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Preface

Key players in chemistry and chemical engineering sectors believe
that generating economically viable alternatives to current reli-
ance on fossil fuels and business practices that degrade the regen-

erative capabilities of natural systems—sustainability—are critical to glo-
bal leadership by the U.S. chemical industry. Government interest in
sustainability revolves around assuring the future environmental and eco-
nomic integrity of the nation, while industrial interest usually arises from
a concern for the long-term viability of a company or an entire industry.

An interagency group has been meeting informally on the topic of
science for sustainability for several years. Membership in this group in-
cludes officials from the Environmental Protection Agency (EPA), Na-
tional Institute of Standards and Technology (NIST), National Science
Foundation (NSF), the Department of Energy (DOE), the National Insti-
tutes of Health (NIH), the Department of Agriculture (USDA), and the
Food and Drug Administration (FDA). Members of this group have been
meeting with representatives from organizations such as the American
Chemical Society (ACS), the American Institute of Chemical Engineers
(AIChE), the American Chemistry Council, and the Council for Chemical
Research to focus on the goal of achieving a “sustainable chemical enter-
prise”. This subgroup wants to increase the application of the principles
of sustainability to decision-making in the chemical industry by improv-
ing the science and technology base that can inform such decisions.

The Committee on Grand Challenges for Sustainability in the Chemi-
cal Industry, established by the National Academies, through its Board on
Chemical Sciences and Technology (BCST), was asked to assist this group
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viii PREFACE

of government and non-governmental representatives in defining a path
forward for the chemical industry in this area. The committee was com-
posed of 10 experts in the areas of: chemistry, chemical synthesis and pro-
cess engineering, green chemistry and engineering approaches and edu-
cation, biotechnology, agricultural chemicals, petrochemicals,
pharmaceuticals, industrial research management, business strategy and
innovation, toxicology, and environmental health and safety. The group
met nine times via teleconference to plan the workshop held February 7-8,
2005 in Washington, DC. The full committee met for the first time in a
face-to-face meeting held in conjunction with the workshop. The funda-
mental premise of the committee’s efforts throughout this study was to
focus attention on those areas posing the greatest science and technical
challenges for addressing sustainability in the chemical industry. The
committee would like to thank all the organizations funding the study for
recognizing the need to provide leadership and help stimulate work to
address sustainability in the chemical industry. Major sponsors include
the American Chemical Society, the U.S. Environmental Protection
Agency, Los Alamos National Laboratory (U.S. Department of Energy),
and the National Science Foundation, with additional sponsorship from
the National Institute of Standards and Technology, and the American
Institute of Chemical Engineering.

Jim Trainham,
Chair
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1

Executive Summary

The purpose of this study was to assist the chemical “industry”1 in
defining the necessary research objectives to enable the ongoing
transition towards chemical products, processes, and systems that

will help achieve the broader goals of sustainability. Based largely on the
results of a workshop held February 7-8, 2005, and the knowledge and
experience of organizing committee members, this report identifies a set
of overarching Grand Challenges for Sustainability in chemistry and
chemical engineering, and makes recommendations about areas of re-
search needed to address those Grand Challenges. At the same time, this
report is not inclusive of every research topic of relevance to sustainability,
and it does not provide an in-depth economic analysis or policy assess-
ment of all that is needed to achieve sustainability in the chemical indus-
try—such as regulation and other government policies that have been his-
torically critical in driving needed changes. The report is meant as a
starting point for further analysis, with a focus on those areas that present
unique challenges and opportunities where the chemical industry and

1Throughout this report the committee uses the term “chemical industry” in its broadest
sense—which encompasses allied industries such as pharmaceuticals and agricultural
chemicals as well as educational practices that ultimately feed into the industry—that is, all
those entities involved in the lifecycle of chemicals. Sometimes this broad definition of the
chemical industry is referred to elsewhere as the “chemical enterprise,” or “chemical and
allied industries.” Use of the term “chemical processing industry” specifies only that part of
the industry involved in the actual manufacturing of chemicals.
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2 SUSTAINABILITY IN THE CHEMICAL INDUSTRY

government research and development funding efforts can help address
larger sustainability goals.

In the context of this report, “sustainability” is a path forward that
allows humanity to meet current environmental and human health, eco-
nomic, and societal needs without compromising the progress and suc-
cess of future generations.2,3 Sustainable practices refer to products, pro-
cesses, and systems that support this path. For example, such processes
might involve developing new energy resources to meet societal needs;
but to be sustainable they must also be economically competitive and not
cause harm to the environment or human health. The Grand Challenges
and research needs identified in this report warrant further attention
(largely through research investment) because one or more of the three
criteria of sustainability is lacking. Working toward such sustainability
goals is thus both wide in scope and deep in complexity. Addressing
sustainability necessarily cuts across all disciplinary boundaries and re-
quires a broad system view to integrate the different and competing fac-
tors involved. This includes “strategic connections between scientific re-
search, technological development, and societies’ efforts to achieve
environmentally sustainable improvements in human well-being,”4 and
involves the creative “design of products, processes, systems, and organi-
zations, and the implementation of smart management strategies that ef-
fectively harness technology and ideas to avoid environmental problems
before they arise.”5 In this report, progress in the chemical industry is
considered within these broader efforts to address sustainability.

There are more than 80,000 chemicals registered for use in the United
States, and an estimated 2,000 new ones introduced each year.6 Modern
society depends on, and greatly benefits from having most of these chemi-
cals in the market place. According to the American Chemistry Council,7
“the business of chemistry [in the United States] is a $460 billion enter-
prise8  and is a key element of the nation’s economy . . . Chemistry compa-

2World Commission on Environment and Development. 1987. Our Common Future (The
“Brundtland” Report). Oxford: Oxford University Press. National Research Council. 1999.
Our Common Journey: A Transition Toward Sustainability. Washington, D.C.: National Acad-
emy Press.

3Graedel, T. E., and B. R. Allenby. 1995. Industrial Ecology. New Jersey: Prentice Hall.
4National Research Council. 1999. Our Common Journey: A Transition Toward Sustainability.

Washington, D.C.: National Academy Press.
5National Academy of Engineering. 1997. The Industrial Green Game: Implications for Envi-

ronmental Design and Management. Washington, D.C.: National Academy Press.
6National Toxicology Program:http://ntp-server.niehs.nih.gov/
7www.americanchemistry.com
8This is about 26 percent of the global chemical production.
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EXECUTIVE SUMMARY 3

nies invest more in research and development than any other business
sector.” However, the effects of many chemicals on human health and the
environment are far from benign, and are often largely unknown. Moni-
toring and controlling chemicals in the environment is also costly; each
year more than $1 billion is spent just on cleaning up hazardous waste
Superfund sites.9

Trends in fossil fuel consumption as well as compliance with regula-
tory policies have led to a significant evolution of the chemical processing
industry (CPI) over the past 50 years. These forces, combined with trans-
parency requirements, liability risks, and health indicators make
sustainability goals, along with innovation, increasingly integral compo-
nents of a company’s ability to compete in the marketplace. These goals in
the business world are now often referred to as the “triple bottom line.”10

At the same time, the trend toward decreasing,11 or at least flat research
and development spending in industry as a whole makes it difficult to
advance the scientific knowledge to support these goals.

Going forward, the chemical industry is faced with a major conun-
drum—the need to be sustainable (balanced economically, environmen-
tally, and socially in order to not undermine the natural systems on which
it depends)—and a lack of a more coordinated effort to generate the sci-
ence and technology to make it all possible. As the feedstock industry for
modern society, the chemical industry thus plays a major role in the
sustainability effort—to advance the science and technology to support
the design, creation, processing, use, and disposal of chemical substances
that provide a foundation for sustainability.

The set of Grand Challenges and accompanying research needs to
move towards chemical products, processes, and systems that will help
achieve the broader goals of sustainability are summarized below. Al-
though the Grand Challenges are numbered, they are all important in the
context of this report and to the triple bottom line of the chemical industry
now and in the future. However, Figure ES-1 illustrates how the different
Grand Challenges (ovals) address the sustainability transition (large ar-
rows) from the current paradigm to the ideal vision over the course of two
critical time frames:

9Government Accountability Office. June 30, 2005. Hazardous Waste Programs: Information
on Appropriations and Expenditures for Superfund, Brownfields, and Related Programs. GAO-05-
746R.

10Elkington, J. 1997. in Cannibals with Forks: The Triple Bottom Line of 21st Century Business.
Oxford: Capstone Publishing.

11NSF (National Science Foundation) InfoBrief (NSF 04-320). May, 2004. Largest Single-
Year Decline in U.S. Industrial R&D Expenditures Reported for 2002.
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4 SUSTAINABILITY IN THE CHEMICAL INDUSTRY

1. The next 20 years (2005–2025) of continued use of fossil fuels (es-
pecially oil) as the predominant source of energy and chemical feedstocks,
where managing carbon, reducing the intense use of energy resources,
and educational efforts to promote sustainability thinking will be critical;
and

2. The next 20–100 years (2025–2105) in which the use of fossil fuels
will be phased out, and where the ability to carry out green chemistry and
engineering (built on fundamental understanding of the full life cycle im-
pacts and toxicology of chemicals), and having access to alternative re-
newable sources of fuels and feedstocks will be critical.

Fossil Fuels
Renewable 
Feedstocks

Energy-
intensive

Processes

Renewable 
Energy

Waste 
generating 
chemistry

Atom 
economy 

(Zero waste)

Earth Systems 
Illiterate

Earth Systems 
Literate

Current 
Paradigm Ideal Vision

2005 2105
Year

Toxicology

Life Cycle 
Analysis

Green 
Chemistry 

and 
EngineeringSustainability 

Education

Renewable 
Fuels

Reduced 
Energy 

Intensity

Carbon 
Management

Renewable 
Chemical 

Feedstocks

Sustainability

2025

2005–2025: 
Continued use 
of fossil fuels

2025–2105: 
Phase out of fossil fuels

FIGURE ES-1 The Grand Challenges (ovals) for Sustainability (large arrows) that
address the transition from current thinking to the ideal vision for the chemical
industry over the next 100 years. See text for a more detailed description of figure
and the Grand Challenges.
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EXECUTIVE SUMMARY 5

GRAND CHALLENGES

The eight Grand Challenges below were chosen because they were
considered to pose the greatest science and technical challenges for ad-
dressing sustainability—balanced economic, environmental, and societal
progress—in the chemical industry over the next 100 years.

1. Green and Sustainable Chemistry and Engineering
Grand Challenge: Discover ways to carry out fundamentally new chemical
transformations utilizing green and sustainable chemistry and engineer-
ing, based on the ultimate premise that it is better to prevent waste than to
clean it up after it is formed.12,13 Over the next twenty years this will involve
replacing harmful solvents or improving catalytic selectivity and effi-
ciency in chemical reactions that also provides cost savings. This area will
grow in importance as fossil fuels are phased out of use and alternative
and innovative approaches are required.

Research Needed:
• Identify appropriate solvents, control thermal conditions, and

purify, recover, and formulate products that prevent waste and that are
environmentally benign, economically viable, and generally support a
better societal quality of life.

2. Life Cycle Analysis
Grand Challenge: Develop life cycle tools to compare the total environmen-
tal impact of products generated from different processing routes and
under different operating conditions through the full life cycle. This is
another area that is already being explored, but will play an increasingly
significant role in the chemical industry in the longer term as fossil fuels
are phased out of use and application of green chemistry and engineering
practices become critical.

Research Needed:
• Improvements are needed in the quantity and quality of data re-

quired for such comparisons and in the approach used to evaluate life
cycle metrics. There needs to be an appropriate understanding of the
methodology of life cycle analysis, the influence of the life cycle inventory

12Anastas, P. T.,  and J. Warner. 1998. Green Chemistry Theory and Practice. Oxford: Oxford
University Press.

13Poliakoff, M., J. M. Fitzpatrick, T. R. Farren, and P. T. Anastas. 2002. Green Chemistry:
Science and Politics of Change. Science 297:807–810.
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6 SUSTAINABILITY IN THE CHEMICAL INDUSTRY

data on the analysis results, the interpretation of the results, and how the
results will be used.

3. Toxicology
Grand Challenge: Understand the toxicological fate and effect of all chemi-
cal inputs and outputs of chemical bond forming steps and processes.
This is already an area of concern for the chemical industry, and will be
increasingly important as fossil fuels are phased out of use and applica-
tion of green chemistry and engineering practices become critical.

Research Needed:
• Development of critical tools for improved understanding of

structure-function relationships for chemicals and chemical mixtures in
humans and the environment. This includes computational and genomic
approaches.

• Development of methods to communicate this information to ef-
fectively move it from science disciplines and bench research to applica-
tion in product designs.

4. Renewable Chemical Feedstocks
Grand Challenge: Derive chemicals from biomass—including any plant
derived organic matter available on a renewable basis, dedicated energy
crops and trees, agricultural food and feed crops, agricultural crop wastes
and residues, wood wastes and residues, aquatic plants, animal wastes,
municipal wastes, and other waste materials.14 This is a long term chal-
lenge that will become increasingly important as fossil fuels are phased
out over the next 100 years.

Research Needed:
• Development of a catalog of biomass derived chemicals, building

on what DOE has already begun,15 to provide the research community
with starting points in the development of alternative pathways to achieve
the desired end materials.

• Explore obtaining current basic chemicals such as simple
aliphatics and aromatics, as well as fundamentally new compounds from
platforms such as lignin, sugar, or cellulose.

• Improve biomass processing—including pretreatment as well as

14U.S. Department of Energy definition.
15U.S. DOE Biomass Program. August 2004. Top Value Added Chemicals from Biomass, Vol-

ume 1: Results from Screening for Potential Candidates from Sugars and Synthesis Gas. Report
#35523.
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EXECUTIVE SUMMARY 7

the breakdown processes for transforming biomass material into chemi-
cals. This requires a better understanding of the basic chemical pathways
involved in biomass conversion processes as well as separation or extrac-
tion processes to isolate the basic chemicals from biomass.

5. Renewable Fuels
Grand Challenge: Lead the way in the development of future fuel alterna-
tives derived from renewable sources such as biomass as well as landfill
gas, wind, solar heating, and photovoltaic technology.16 This is another
long term challenge that will become increasingly important as fossil fu-
els are phased out over the next 100 years.

Research Needed:
• In the area of solar energy technology:

— reduce the cost and environmental impact of producing pho-
tovoltaic systems;
— directly use solar energy for cost-effective splitting of water
to produce hydrogen;
— improve heat transfer fluids that enable direct use of solar
energy for meeting some of the heating requirements of the CPI;
and
— advance storage systems for solar generated electric power.

• Simultaneously develop biomass derived fuels together with
chemical feedstocks (Grand Challenge 4), while addressing the energy
intensity of chemical processing (Grand Challenge 6). While the growing
need for sustainable energy can be met by improvements in capturing
and utilizing renewable resources such as solar, wind, and geothermal,
and biomass, biomass is the only renewable resource that produces car-
bon-based fuels and chemicals.

6. Energy Intensity of Chemical Processing
Grand Challenge: Continue to develop more energy efficient technologies
for current and future sources of energy used in chemical processing.
Addressing this challenge will be critical during the continued use of fos-

16It should be noted that nuclear energy is often mentioned as a potential long-term source
of energy as an alternative to fossil fuels. As pointed out in the workshop and elsewhere,
current (fission based) nuclear reactor technology does provide electricity without carbon
dioxide emissions. However, it also generates highly toxic wastes, presents safety and
security concerns for centuries (half life of plutonium is 24,100 years), and utilizes limited
uranium resources; thus it is not a sustainable energy option. At the same time, nuclear
technology based on the energy released by the fusion of deuterium and tritium is a prom-
ising long-term energy source (greater than 30 years) without the negative attributes of
nuclear fission, but it still requires significant research advances to make it a viable option.
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8 SUSTAINABILITY IN THE CHEMICAL INDUSTRY

sil fuels as the predominant source of energy and chemical feedstocks
over the next 20 years, and will continue to be important even when re-
newable energy resources are predominant.

Research Needed:
• Develop more energy and cost efficient chemical separations, es-

pecially effective alternatives to distillation.
• Explore biotechnology and other emerging technological solu-

tions. Research and development needs in these areas include reducing
production costs, increasing stability, and discovering catalysts with
greater specificity.

• Better understand the mechanisms of friction, lubrication, and
wear of interacting surfaces (tribology)—which leads to one third of the
loss of the world’s energy resources in present use. 17

7. Separation, Sequestration, and Utilization of Carbon Dioxide
Grand Challenge: Develop more effective technology and strategies to man-
age the resulting carbon dioxide (CO2) from current and future human
activity. Addressing this challenge will also be critical during the contin-
ued use of fossil fuels as the predominant source of energy and chemical
feedstocks over the next 20 years, and will continue to be important as
long as carbon based fuels are in use.

Research Needed:
• Develop energy and cost efficient technologies (Grand Challenge

6) for CO2 separation from flue gas and the atmosphere.
• Develop technologies for CO2 sequestration that will address the

technical feasibility of making and storing compressed forms of CO2 in
geological formations and elsewhere.

• Explore utilizing low cost, nontoxic, and renewable CO2 as a feed-
stock for entirely new materials and for new routes to existing chemicals
such as urea, salicylic acid, cyclic carbonates, and polycarbonates.18

8. Sustainability Education
Grand Challenge: Improve sustainability science literacy at every level of
society—from informal education of consumers, citizens and future sci-
entists, to the practitioners of the field, and the businesses that use and
sell these products. Advances in chemistry and engineering must be ac-

17Bhushan, B., ed. 1996. Handbook of Micro/Nano Tribology. Boca Raton, Florida: CRC Press.
18Marks, T. J. et al., 2001. Catalysis Research of Relevance to Carbon Management. Chemical

Reviews 101(4):973–975.
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EXECUTIVE SUMMARY 9

companied by cross-disciplinary education in sustainability science and
its application to the business community. This includes greater under-
standing of earth systems science and engineering, ecology, green chem-
istry, biogeochemistry, life cycle analysis, toxicology. Addressing this
challenge will be critical over the next 20 years as changes in thinking are
needed to make the transition to more sustainable processes, products,
and systems.

Research Needed:
• Provide professional development opportunities for educators to

learn more about sustainability and how it can be advantageously incor-
porated into their research and teaching. This includes providing incen-
tives for faculty to change curricula while addressing the needs of gradu-
ate students entering this complex field.

• Persuade professional societies to integrate sustainability and green
chemistry and engineering concepts into standardized testing, accredita-
tion, and certification programs such as those developed by the ACS Com-
mittee on Professional Training or ABET (Accreditation Board for Engi-
neering and Technology). This also includes developing educational
materials such as lab modules, LCA modules, and new textbooks that in-
fuse sustainability and green chemistry concepts into the core material.

• Incorporate sustainability concepts across secondary and tertiary
education curricula. This includes chemistry and chemical engineering as
well as the educational practices in professional schools such as medicine,
law, and business, with particular emphasis on management education
and schools that educate buyers, advertisers, and designers of consumer
goods.

• Provide professional development for current and future manag-
ers and executives. Equally important is the communication of sustain-
ability thinking to middle and upper level managers and executives in
business management and incorporation of sustainability objectives in
annual performance goals as well as corporate strategy.
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1

Introduction

Nearly 150 years ago, English chemist William Perkin set out to
synthesize the alkaloid quinine from coal tar in an attempt to
help treat malaria. He did not succeed in synthesizing quinine,

but what he did do was create the beautiful purple dye—mauve—which
would forever change everything from fundamental chemical synthesis and
the design of the latest fashions, to the state of the physical environment
and human health. It was the beginnings of using fossil fuel-derived hydro-
carbons as the foundation of the twentieth century industrial revolution.

Today, modern society continues to depend on fossil fuel based hy-
drocarbons to make dyes and develop almost every chemical or material
in the market place. Fossil fuels also serve as the main source of energy.
But it is not clear this dependence can continue long into the future. One
of the main issues with this dependence is that the combustion of fossil
fuels produces carbon dioxide (CO2) and other waste products such as
particulate matter, which end up in the atmosphere and have significant
consequences for human health and the environment. It is generally ac-
cepted that the rise in concentrations in CO2 is causing global climate
change1—warming the atmosphere, which in turn is causing sea level to
rise. The CO2 absorbed by the oceans is in turn acidifying the water. An-
other significant issue involves reliability of global fossil fuel supplies.

There is a need to examine this situation and attempt to map a path

1“Joint science academies’ statement: Global response to climate change,” http://
nationalacademies.org/onpi/06072005.pdf
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INTRODUCTION 11

forward that is sustainable—which allows humanity to meet current en-
vironmental, economic, and societal needs without compromising the
progress and success of future generations.2 As the feedstock industry for
modern economies, the chemical industry plays a major role in advancing
the sciences and applications to support this—to work toward the design,
creation, processing, use, and disposal of substances that better support
the goals of sustainability.

SUSTAINABILITY AND CHEMICALS

According to the American Chemistry Council,3 “the business of
chemistry [in the United States] is a $450 billion enterprise [about 26 per-
cent of the global chemical production] and is a key element of the nation’s
economy. It is the nation’s largest exporter, accounting for ten cents out of
every dollar in U.S. exports. Chemistry companies invest more in research
and development than any other business sector.” As a result of trends in
fossil fuel supplies, as well as compliance with chemical regulatory poli-
cies, business drivers for the chemical industry have evolved significantly
over the past 50 years. There is an increasingly competitive landscape.
Once a major net exporter, the U.S. chemical industry is now essentially a
net importer (trade went negative in 2000–2001).4 These forces combined
with transparency requirements, liability risks, and health indicators make
sustainability goals, along with innovation, increasingly integral compo-
nents of a company’s ability to compete in the marketplace.5 Go to the
web site of any global top 50 chemical companies6—from the top three,
Dow Chemical, BASF, and DuPont who each have 2004 sales in the $30-40
billion range, to number 45 on the list Lyondell Chemical with 2004 sales
of about $6 billion—and there will be a statement of commitment to
achieving sustainability goals. For example, the following statement ap-
pears on the Lyondell web site:

We aim to achieve excellence in every aspect of our economic, social, and
environmental performance. We are committed to operating our world-

2World Commission on Environment and Development. 1987. Our Common Future (The
“Brundtland” Report). Oxford: Oxford University Press. National Research Council. 1999.
Our Common Journey: A Transition Toward Sustainability. Washington, D.C.: National Acad-
emy Press.

3www.americanchemistry.com
4Storck, W. J. 2005. “UNITED STATES: Last Year Was Kind to the U.S. Chemical Industry;

2005 Should Provide Further Growth.” Chemical and Engineering News 83(2):16–18.
5Bakshi, B. R., and J. Fiksel. 2003. The Quest for Sustainability: Challenges for Process

Systems Engineering. AIChE Journal 49(6):1350–1358.
6Short, P. L. 2005. Global Top 50. Chemical and Engineering News 83(29):20-23.
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12 SUSTAINABILITY IN THE CHEMICAL INDUSTRY

wide business in a way that brings the greatest benefit to all of our stake-
holders (employees, customers, investors, communities) and builds a
sustainable future for generations to come,

One of the ways in which Lyondell says they work toward achieving
these goals is by: “Investing in product and service innovations that use
natural resources, as well as social and financial resources, in an efficient,
effective, and economic manner over the long-term.” Achieving such goals
in the business world, including the chemical industry, is often referred to
as the “triple bottom line.”7 Many chemical companies are now even part
of investment indexes such as FTSE4Good and the Dow Jones sustain-
ability indexes that seek to raise business standards and investor aware-
ness by tracking the financial performance of leading sustainability-driven
companies.

However, the trend toward decreasing or at least flat research and
development spending by the top 50 chemical companies and in industry
as a whole8  (Figure 1.1) makes it difficult to advance the science and technol-
ogy needed to support such sustainability goals. Going forward, the chemi-
cal industry is faced with a major conundrum—the need to be sustainable, a
desire to support science and technological innovation, and a lacking invest-
ment in fundamental research and development to make it all possible.

Despite these overall conditions, many companies are making the ex-
tra effort to advance sustainability goals. Pharmaceutical companies in
particular have been quite successful. In 2002, prescription and over the
counter drug companies invested more than $32 billion in discovering
and developing new medicines, marking the thirty-second straight year
the industry has increased its investment in R&D.9 As part of this effort,
many companies are turning to green chemistry—“the design, develop-
ment, and implementation of chemical processes and manufactured prod-
ucts to reduce or eliminate substances hazardous to human health and the
environment”10—and applying the twelve principles11 (Box 1.1) to rede-
sign their active pharmaceutical ingredient (API) manufacturing pro-
cesses. In this way, they have been able to dramatically reduce wastes
generated. This success is highlight by the fact that five of the 52 winners

7Elkington, J. 1997. In Cannibals with Forks: The Triple Bottom Line of 21st Century Business.
Oxford: Capstone Publishing.

8NSF (National Science Foundation) InfoBrief (NSF 04-320). May, 2004. Largest Single-Year
Decline in U.S. Industrial R&D Expenditures. Reported for 2002.

9See the Pharmaceutical Research and Manufacturers of America web site: www.phrma.org
10Anastas, P. T., and J. Warner. 1998. Green Chemistry Theory and Practice. Oxford: Oxford

University Press.
11Poliakoff, M., J. M. Fitzpatrick, T. R. Farren, and P. T. Anastas. 2002. Green Chemistry:

Science and Politics of Change. Science 297:807–810.
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INTRODUCTION 13

of a U.S. EPA Presidential Green Chemistry Award12 are members of the
pharmaceutical industry: Lilly (1999), Roche (2000), Pfizer (2002), Bristol
Meyers Squibb (2004), and Merck (2005), which have all reported such
kinds of improvements when green chemistry principles are applied.

Green chemistry thus offers a viable path for achieving sustainability
goals across the chemical industry. That is, there is the potential to de-
velop industrial technologies that could provide goods, products, and ser-
vices in a way that does not reduce the supply chain of resources, harm
the environment and human health, or limit the opportunities and choices
for future generations.

More recently, a complimentary set of green engineering principles was
developed (Box 1.2).13 Together with green chemistry, the application of
these principles ideally provide one or more of the following benefits:

• Lower costs of chemical processing
• Require less energy
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FIGURE 1.1 U.S. research and development funding, by source of funds: 1973–2003.
SOURCE: National Science Foundation, Division of Science Resources Statistics,
National Patterns of R&D Resources, annual series, appendix tables B-2 and B-22.

12See EPA Presidental Green Chemistry Challenge web site: http://www.epa.gov/
greenchemistry/presgcc.html

13Ritter, S. K. 2003. A Green Agenda for Engineering. Chemical and Engineering News.
81(29):30–32.
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14 SUSTAINABILITY IN THE CHEMICAL INDUSTRY

BOX 1.1 The Twelve Principles of Green Chemistry

1. Prevent waste: Design chemical syntheses to prevent waste, leav-
ing no waste to treat or clean up.

2. Design safer chemicals and products: Design chemical products to
be fully effective, yet have little or no toxicity.

3. Design less hazardous chemical syntheses: Design syntheses to use
and generate substances with little or no toxicity to humans and the envi-
ronment.

4. Use renewable feedstocks: Use raw materials and feedstocks that
are renewable rather than depleting. Renewable feedstocks are often made
from agricultural products or are the wastes of other processes; depleting
feedstocks are made from fossil fuels (petroleum, natural gas, or coal) or
are mined.

5. Use catalysts, not stoichiometric reagents: Minimize waste by us-
ing catalytic reactions. Catalysts are used in small amounts and can carry
out a single reaction many times. They are preferable to stoichiometric
reagents, which are used in excess and work only once.

6. Avoid chemical derivatives: Avoid using blocking or protecting
groups or any temporary modifications if possible. Derivatives use addi-
tional reagents and generate waste.

7. Maximize atom economy: Design syntheses so that the final prod-
uct contains the maximum proportion of the starting materials. There should
be few, if any, wasted atoms.

8. Use safer solvents and reaction conditions: Avoid using solvents,
separation agents, or other auxiliary chemicals. If these chemicals are nec-
essary, use innocuous chemicals.

9. Increase energy efficiency: Run chemical reactions at ambient tem-
perature and pressure whenever possible.

10. Design chemicals and products to degrade after use: Design
chemical products to break down to innocuous substances after use so that
they do not accumulate in the environment.

11. Analyze in real time to prevent pollution: Include in-process real-
time monitoring and control during syntheses to minimize or eliminate the
formation of byproducts.

12. Minimize the potential for accidents: Design chemicals and their
forms (solid, liquid, or gas) to minimize the potential for chemical acci-
dents including explosions, fires, and releases to the environment.

Copyright © National Academy of Sciences. All rights reserved.

Sustainability in the Chemical Industry:  Grand Challenges and Research Needs - A Workshop Report
http://www.nap.edu/catalog/11437.html

http://www.nap.edu/catalog/11437.html
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• Produce both basic and fine chemicals in a way that is less haz-
ardous to both humans and ecosystems.

• Be a source of chemical substitutes that improve quality of life.
• Provide a way of ensuring prosperity and social wealth.

At the same time, there are barriers that exist in developing and imple-
menting these green chemistry and engineering principles. A study by
RAND14 identified a set of barriers which fall into four main areas:

1. Lack of research, technology development, and new process en-
gineering;

2. Industrial infrastructure problems and integration barriers;
3. Up-front investments required; and
4. Lack of coordinated actions by means of regulations, incentives,

and government purchasing.

BOX 1.2 Green Engineering Principles

1. Engineer processes and products holistically, use systems analysis,
and integrate environmental impact assessment tools.

2. Conserve and improve natural ecosystems while protecting human
health and well-being.

3. Use life-cycle thinking in all engineering activities.
4. Ensure that all material and energy inputs and outputs are as inher-

ently safe and benign as possible.
5. Minimize depletion of natural resources.
6. Strive to prevent waste.
7. Develop and apply engineering solutions, while being cognizant of

local geography, aspirations, and cultures.
8. Create engineering solutions beyond current or dominant technolo-

gies; improve, innovate, and invent (technologies) to achieve sustainability.
9. Actively engage communities and stakeholders in development of

engineering solutions.
10. There is a duty to inform society of the practice of green engineering.

14Lempert, R. J., P. Norling, C. Pernin, S. Resetar, and S. Mahnovski. 2003. Next Generation
Environmental Technologies: Benefits and Barriers. Arlington, VA: RAND.
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16 SUSTAINABILITY IN THE CHEMICAL INDUSTRY

Complementary barriers have been identified elsewhere,15,16 such as
inadequacy of education and training of chemists and chemical engineers
as well as managers who direct them, the difficultly with measuring
progress in green chemistry, and the lack of tools for effectively compar-
ing green chemistry with conventional approaches.17

Overcoming such barriers requires defining a “green” or “sustain-
able” agenda for the chemical industry. For example, the WTEC (World
Technology Evaluation Center) Panel Report on Environmentally Benign
Manufacturing18 identified the environmental research challenges facing
the polymer processing industry, and the Vision2020 roadmap19 discusses
environmental considerations for the CPI as a whole. In 2003, the UK
Royal Society of Chemistry released the report Benign and Sustainable
Chemical Technologies, which identified research opportunities to support
sustainability in several areas, including: raw materials, agriculture and
chemistry; new chemical routes (solvents and chemicals); catalysis,
biocatalysis, and materials; new processes and process strategies; and en-
vironmental biotechnology.

STUDY AND REPORT

The purpose of this study was to assist the chemical industry in defin-
ing this sustainability agenda—that is, the necessary Grand Challenges
and research objectives to enable the ongoing transition towards chemical
products, processes, and systems that will help achieve the broader goals
of sustainability. As a first step toward defining these objectives, a work-
shop was convened on February 7-8, 2005 that brought together a broad
cross section of disciplines and organizations that make up the chemical
industry (see Appendix C for the workshop agenda).

A detailed summary of the presentations and discussion from the
workshop, a summary of the break-out sessions, and a list of participants
appear in Appendixes D-G, respectively. Briefly, the workshop sessions
are summarized below:

In the opening session, on Sustainability Science Literacy and Edu-
cation to Enable the Adoption of More Sustainable Practices, speakers

15Woodhouse, Edward. 2004. In Congressional Report.
16Adler, Robinson, and Rogers. 2002. In Sustainability Workshop AIChE Center for Waste

Reduction Technologies.
17See presentation comments of Berkeley W. Cue in Appendix D, p. 116.

18International Technology Research Institute. 2001. Baltimore, MD.
19Vision2020 Technology Partnership. 1996. Technology Vision 2020—The U.S. Chemical

Industry.

Copyright © National Academy of Sciences. All rights reserved.

Sustainability in the Chemical Industry:  Grand Challenges and Research Needs - A Workshop Report
http://www.nap.edu/catalog/11437.html

http://www.nap.edu/catalog/11437.html


INTRODUCTION 17

Braden R. Allenby, Lauren Heine, and Mary Kirchhoff discussed oppor-
tunities to improve education at every level—from education of consum-
ers and citizens, young people, scientists in government and business, to
the employees of businesses that use and sell products. They addressed
how to promote incorporation of sustainability concepts into educational
curricula; develop educational materials, which include sustainability
concepts as part of standardized testing programs; and provide profes-
sional development opportunities for faculty to learn about sustainability
and advantageously incorporate it into research and educational efforts.

Next, speakers Berkeley W. Cue Jr., Richard Helling, and Robert J.
Kavlock, talked about Enabling Technologies that Drive the Applica-
tion of Green Chemistry and Engineering. They discussed the need for
dedicated tools to evaluate and appreciate the numerous benefits, and
potential impacts and consequences of sustainability efforts. The basic re-
quirements, research tools, and enabling technologies needed to drive the
application of green chemistry and engineering for sustainability in the
chemical industry were provided.

In the third session, on New Chemistries and Processes that Lead to
Commercially Viable Alternative Feedstocks to Fossil Fuels, speakers
Stanley R. Bull, Mark T. Holtzapple, and Douglas C. Cameron highlighted
the utilization of biomass, and other renewable and recyclable feedstocks
for the production of current and future commodity chemicals. Consider-
ation was also given to the impact of resources, materials used in the pro-
cessing such as catalysts, recycling, water use, and waste generated.

Finally, Jeffrey J. Siirola, Glenn E. Nedwin, William J. Koros, and Klaus S.
Lackner presented in the session on Reducing the Energy Intensity of the
Chemical Process Industry, which focused on the high energy usage (inten-
sity) of the chemical and allied industry, and the need for pursuing energy
efficiency and renewable energy resources. They discussed improvements in
energy efficient separation processes; utilization of enzyme catalysts for en-
ergy reduction and selectivity increases; improvements in energy efficiency
for the production of biofuels and biofeedstocks; development of more effec-
tive lubricants; step change improvements in the use of solar energy and
other renewable energy sources; and technological breakthroughs in CO2
separation, sequestration and use, were all addressed.

Based largely on the results of the two-day workshop, and the knowl-
edge and experience of organizing committee members, this report iden-
tifies a set of overarching Grand Challenges for achieving sustainability
in the chemistry industry, and makes recommendations about areas of
research required to address those challenges. At the same time, this re-
port is not inclusive of every research topic of relevance to sustainability,
and it does not provide an in-depth analysis or an assessment of all that is
needed to achieve sustainability in the chemical industry. This report is
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18 SUSTAINABILITY IN THE CHEMICAL INDUSTRY

meant as a starting point for further analysis, with a focus on those areas
that present unique challenges and opportunities for the chemical indus-
try that can also help address larger sustainability goals. Chapters 2-5 of
the report provide more focused discussion on aspects of the four areas
covered in the workshop. Based on these discussions, the set of recom-
mended Grand Challenges and related research needs are provided in
Chapter 6.
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2

Enabling Science and Technology
That Drives the Application of

Sustainable Chemistry

Today, chemists can make virtually any molecule, no matter how
structurally complex, using the synthetic methods available to
them. On the other hand, only a very small percentage of the chemi-

cal products are made following the principles of green chemistry—which
is based on the ultimate premise that it is better to prevent waste than to
clean it up after it is formed.1,2

Building this capacity to carry out what often needs to be fundamen-
tally new chemical transformations requires a global view as well as a
strong tie between academe and industry. Because the design of the
chemical synthesis occurs too often without engineering input in the early
stages of research and development (R&D) when it can be the most valu-
able, more collaboration and dialog between chemists and engineers is
essential. Overall, approaches are needed to create more cross-talk be-
tween all members of the chemical enterprise. Ideally, the science and
technology carried out by chemists and chemical engineers will be identi-
cal to the practices of green chemistry and engineering3 and the over-
arching sustainability goals they support.

1Anastas, P. T., and J. Warner. 1998. Green Chemistry Theory and Practice. Oxford: Oxford
University Press.

2Poliakoff, M., J. M. Fitzpatrick, T. R. Farren, and P. T. Anastas. 2002. Green Chemistry:
Science and Politics of Change. Science 297:807–810.

3Green chemistry and engineering is additionally discussed in Chapter 1. Many good web
sites also exist at: the EPA (www.epa.gov/greenchemistry/), the Royal Society of Chemistry
(www.chemsoc.org/networks/gcn/), and the American Chemical Society’s Green Chemistry In-
stitute (www.chemistry.org).
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20 SUSTAINABILITY IN THE CHEMICAL INDUSTRY

4It should also be noted that there are many excellent examples of green chemistry and
engineering successes in industry and academe that could not be highlighted in this report.
The U.S. EPA Presidential Green Chemistry Challenge web site is an excellent source for
such examples: http://www.epa.gov/greenchemistry/presgcc.html.

Chemists need to understand that adding an environmental or sustainability
layer over research is not a constraint on creativity but rather is a challenge
to creativity . . . Forward-thinking companies are beginning to realize this
point. The economic advantages need to be understood.

John B. Carberry, E.I. du Pont de Nemours and Company

xxx

GREEN CHEMISTRY AND ENGINEERING

Important green chemistry and engineering needs and capabilities are
provided below.4 In some cases the status of these capabilities may be
closer to the ideal state than indicated. For these situations, the most im-
portant task is educating chemists and engineers to inform them about
the availability and utility of these tools. In order to design the least waste-
ful process possible, it is essential that the chemist and chemical engineers
know the fates and effects of all chemical inputs in the bond forming steps.
This will require that they be informed by adequate life cycle analysis and
toxicological data, which are discussed later in this chapter.

Efficient Chemical Bonding

Too often, a large excess of the nonlimiting reagent is used to convert
the limiting reactant to product in the highest yield possible. The concept
that the limiting reagent defines chemical yield encourages waste in
chemical processing by focusing more attention on the end product than
on how it is produced. One principle of green chemistry is that catalytic
processes are preferred to stoichiometric ones. Catalysis is often used in
petrochemical and bulk chemical industries where semicontinuous and
continuous processing is commonplace, but less so in the fine chemical
and pharmaceutical industries where batch processing is the rule. A rap-
idly growing area of catalysis use for these latter industries is in the area
of biotransformations. This is driven, in part, by the need for chiral mol-
ecules as building blocks for drugs which have very specific stereochemi-
cal (or three-dimensional spatial) relationships with the enzymes and re-
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ceptors they influence. The emergence of directed enzyme evolution5 to
modify natural microorganisms in order to carry out transformations with
higher chemo and stereochemical selectivity has helped fuel this growth.
Asymetric chiral catalysis is an alternate route.

As pointed out by Glenn Nedwin during the workshop,6 the produc-
tion of textile derivatives synthesized by means of an enzymatic based
process instead of a traditional multi-step chemical synthesis can lead to
significant environmental benefits. It was found that utilizing enzymes
can (1) reduce aquatic pollution by limiting the utilization of solvents,
acids, chlorine derivates, oxidizing agents, sulphides, and other chemicals;
(2) save energy by reducing process temperature; and (3) avoid having to
resort to useful agricultural raw materials needed for other applications.

There are many other approaches to catalytic bond formation that still
need to be explored, such as those being carried out at the Center for
Environmentally Beneficial Catalysis (CEBC). CEBC is a multi-university
NSF Engineering Research Center, headquartered at the University of
Kansas with core partners at the University of Iowa, Washington Univer-
sity in St. Louis, and Prairie View A&M University. The center was cre-
ated with a mandate to make “sustainable” manufacturing processes
available to industry—that is, improved processes that minimize their
“environmental footprint” while remaining profitable. CEBC’s approach
to doing this is by reducing or eliminating the use of hazardous materials
in manufacturing (including the catalysts themselves or hazardous sol-
vents), minimizing the formation of wasteful byproducts, and by improv-
ing energy efficiency. In pursuit of its vision and research goals, CEBC is
guided by the principles of “Green Engineering” and “Green Chemistry”.

Safer Solvent Selection

Another important green chemistry principle is to use safer solvents
and reaction conditions by avoiding use of organic solvents, separation
agents, or other auxiliary chemicals. When these chemicals are necessary,
innocuous chemicals should then be used to the greatest extent possible.

Manufacturing chemicals can generate significant amounts of waste
by-products and pollutants, such as halogenated or toxic organic solvents,
volatile toxic or ozone-depleting organic compounds, hazardous air pol-
lutants such as NOx, COx, SOx, and aqueous wastes. Roger Sheldon devel-

5For a review of this topic see: Farinas, E. T., T. Butler, and F. H. Arnold. 2001. Directed
Enzyme Evolution. Current Opinion in Biotechnology 12:545–551.

6See comments by Glenn Nedwin, Workshop Summary in Appendix D, p. 143.
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22 SUSTAINABILITY IN THE CHEMICAL INDUSTRY

oped the E-factor as a measure of the efficiency of the chemical industry,
and this formula is expressed mathematically as: E = amount of waste
(kg)/ amount of product (kg) for an overall process (Table 2.1). According
to Sheldon,7 “Waste is defined as everything produced in the [chemical]
process except the desired product. It consists primarily of inorganic salts
(e.g., sodium chloride, sodium sulfate, ammonium sulfate), formed in the
reaction or subsequent neutralization steps, or derived from stoichiomet-
ric inorganic reagents (e.g., a stoichiometric metal oxidant). The E factor
increases dramatically on going downstream from bulk to fine chemicals
and specialties such as pharmaceuticals. This is partly owing to the fact
that the production of fine chemicals involves multi-step syntheses but is
also a reflection of the use of stoichiometric reagents rather than catalytic
methodologies.”

Recently scientists at GSK reported8 that in a life cycle study for waste
produced from pharmaceutical manufacturing facilities, approximately
80 percent of the waste is solvent-related with the remaining 20 percent
being solid-related waste. Therefore, dealing with solvent waste and using
green solvents in the process has become very important. Solvents can
often be recovered and recycled, but recovery efficiencies typically range
from 50-60 percent .9

TABLE 2.1 Sectors of the Chemical Industry by Quantity of Byproduct
per kilogram (kg) of Product Generated.

E-factor
Industry Sector Product tonnage (kg byproducts/kg product)

Oil refining 106-108 ca 0.1
Bulk Chemicals 104-106 <1-5
Fine Chemicals 102-104 5-50
Pharmaceuticals 10-103 25-100+

SOURCE: Sheldon, R. A. 2000. Atom Efficiency and Catalysis in Organic Synthesis, Pure
Appl. Chem., 72(7):1233–1246.

7Sheldon, R. A. 2000. Atom Efficiency and Catalysis in Organic Synthesis. Pure Appl. Chem.,
72(7):1233–1246. (originally published in: Sheldon, R. A. March, 1994. CHEMTECH 38–47.)

8Gonzalez, Curzons, Constable, and Cunningham. 2004. Int. J. LCA 9(2):114.
9Mojica, C. June 28-30, 2004. 8th Annual Green Chemistry & Engineering Conference,

Washington, D.C.
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Process Analytical Technologies

The use of real time, inline, and online analysis for pollution preven-
tion is another principle of green chemistry that relates to solvent selec-
tion. Once the desired product has reached its maximum yield in the reac-
tion, further reaction time can lead to yield loss due to degradation to one
or more side products. Moreover, traditional analytical methods that re-
quire removing a sample for analysis can expose the worker and work
environment to chemical hazards. Process Analytical Technologies (PAT)
tools are an important emerging technology for cleaner chemical manu-
facturing. PAT tools include analytical systems for the analysis and con-
trol of manufacturing processes based on timely measurements during
processing. They also include measurements of critical quality parameters
and performance attributes of raw and in-process materials and processes
to ensure acceptable end product quality at the completion of the process.
The use of inline and online PAT tools to monitor solvent distillation dur-
ing recovery operations should improve the recovery efficiency. Also,
improved technologies for recovering solvents, now typically achieved
via distillation, may improve recovery yields. More extensive use of PAT
tools in the R&D and manufacturing phases will contribute to lowering
the environmental burden of chemical manufacturing.

It is well accepted within chemical processing that the development
of green process chemistries to fully utilize green solvents improves prod-
uct selectivity and conversion as well as reduces aqueous wastes.10 The
pharmaceutical industry’s current work with global regulatory agencies
to create a harmonized approach to residual solvents may be a useful tool
for the rest of the chemical enterprise.

Selection Tools

Synthetic chemists expend much intellectual energy trying to answer
the question, “How do I select a green solvent for the process?” This task
is difficult because most of them have received little training in green
chemistry, either in their academic or industrial experience. Fortunately,
there are resources becoming available from a variety of sources. For ex-
ample, in their guidance document on impurities and residual solvents,
the U.S. Food and Drug Administration (FDA) provides information on
classes of solvents based on patient safety and environmental consider-
ations (reference: http://www.fda.gov/cder/guidance/Q3Cfinal.htm). In addi-

10Anderson, N. G. 2000. Practical Process Research & Development. Academic Press. Pp. 81–
108; Nelson, W. M. 2003. Green Solvents for Chemistry: Perspectives and Practice. Oxford Uni-
versity Press.
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24 SUSTAINABILITY IN THE CHEMICAL INDUSTRY

tion, the EPA Office of Pollution Prevention and Toxics (OPPT) has also
produced the Green Chemistry Expert System (GCES)—which is readily
available from their web site at http://www.epa.gov/greenchemistry/tools/
html. GCES allows users to build a green chemical process, design a green
chemical, or survey the field of green chemistry. It includes a green sol-
vents/reaction condition module which compares information on green
solvent alternatives to traditional choices based on physiochemical prop-
erties. The system is equally useful for new and existing chemicals and
their synthetic processes, and includes extensive documentation.

Elsewhere, in a recent publication11 of the American Institute of
Chemical Engineers (AIChE), the Center for Waste Reduction Technolo-
gies and Center for Chemical Process Safety has reported such a useful
tool for selecting solvents—MERITT—which stands for Maximizing EHS
(Environmental Health and Safety) Returns by Integrating Tools and Tal-
ents. This tool encompasses input regarding pollution prevention, inher-
ent safety, green chemistry, and related topics. MERITT outlines a way to
integrate these considerations for a chemist when designing a manufac-
turing process and includes a solvent selection tool.12 This guide ranks
solvent choices according to required waste treatment, impact on health,
and safety. The reader is encouraged to study these references for a more
comprehensive understanding.

Several other resources exist for selecting green solvents. A spread-
sheet tool for solvent selection in chemical processing called CAPEC/
CAMD (http://www.capec.kt.dtu.dk) is gaining popularity. There is an
excellent tutorial program on solvent selection available at http://
www.chemsoc.org/pdf/gcn/solventsystem.ppt. The SAGE alternative solvent
guide, which was developed collaboratively by the U.S. EPA Air Pollu-
tion Prevention and Control Division (APPCD) and the Research Triangle
Institute, is available at http://www.clean.rti.org/index.cfm.

Finally, no matter what scale is employed, chemists should at the very
least always consult the material safety data sheet (MSDS) for any solvent
they plan to use in a synthesis.

Controlling Thermal Conditions

Photochemistry, microwave chemistry, and ultrasonic chemistry that
involve control of thermal reaction conditions offer new or expanded op-
portunities for greener transformation tools. Long used at laboratory scale,
these technologies have not seen a commensurate use at commercial scale

11See: www.aiche.org/cwrt/projects/inherentsafety.htm
12Bendixen, L., www.CEPmagazine.org, February 2002.
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due to the perception of many chemists that these technologies are diffi-
cult to use commercially. Consequently, chemists redesign processes, of-
ten creating ones that generate more waste, in order to avoid using these
tools. Hence, more development is needed to make these thermal control
technologies for chemical processes commercially viable at larger scales.

Purification and Recovery

Once a molecule of interest has been created it must be separated and
isolated from the reaction at a desired state of purity consistent with prod-
uct specifications. As reported by Sheldon, and amplified by Constable
and coworkers at GSK,12 solvents are a major component of chemical
manufacturing waste. Continuing investment in the development of sepa-
rations tools such as commercial scale chromatography and membranes
can play an important role in limiting the formation of waste solvents.

Crystal Engineering

For solid state chemical products, the crystalline form is critical to
product performance. Traditional crystallization methods use large
amounts of solvent. Once crystals are formed, they must be removed
quickly in order to avoid continued growth beyond the specified size.
Otherwise, energy intensive and potentially hazardous particle size re-
duction using high energy grinding must be used to restore the desired
size range.

The emergence of crystal engineering as an important tool in the
chemist’s toolbox should continue to be encouraged and financially sup-
ported. Novel tools such as impinging jet crystallization (IJC) offer a
unique opportunity for collaboration between chemists and chemical en-
gineers. There are basically two types of IJC: counter-solvent and reactive
crystallization that are used to produce crystals with very narrowly de-
fined particle size distribution. Such size limitations are mandatory for
optimum performance of many chemical products. In some parts of the
chemical enterprise this tool is well established, while in others it is just
emerging.

Equipment Cleaning

The involvement of equipment cleaning in purification and product
recovery is another area that would benefit from new technologies, par-
ticularly in the batch manufacturing chemical industries represented by
the Pharmaceutical Research and Manufacturers of America (PhRMA)
and Synthetic Organic Chemical Manufacturers Association (SOCMA).
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26 SUSTAINABILITY IN THE CHEMICAL INDUSTRY

The traditional way to clean manufacturing equipment is to fill, boil, drain,
sample, and assay (usually using an organic solvent). This cycle is re-
peated until the equipment is clean according to some predetermined
specification. Spray balls, which use less solvent, are being used with in-
creasing frequency but for the most part only in non aqueous systems.
Ultrasonic cleaning has been studied; however, the common cleaning
agents used with aqueous solutions have been found to be abrasive to
glass lined equipment. Combing water-based technology (or organics as a
last resort) and the use of PAT represents an opportunity for improving
the cleaning process.

Formulation

Site-Specific Delivery

In the pharmaceutical industry, research into drug delivery technol-
ogy offers a great opportunity to reduce its overall environmental impact.
This is because for many drugs less than 50 percent is actually used in the
body, with the rest being emitted from the body unused. Improved
bioavailability by overcoming solubility and permeability limitations can
reduce the overall amount of drug a patient consumes. The biggest payoff
could come from targeted drug delivery, which is defined as a system to
direct the flow of a drug to the target organ, tissue, or synthetic medical
structure such as a graft. Site-specific delivery enables a therapeutic con-
centration of a drug to be administered to the desired target without ex-
posing the entire body to a similar dose. When one considers that a typi-
cal daily dose of a pharmaceutical can contain a billion-fold more
molecules than are needed to occupy every disease related receptor, the
potential benefits of site-specific delivery technology are obvious.

Design for Degradation

Design for degradation is another principle of green chemistry.
Chemical products should be designed to break down into innocuous sub-
stances after use so that they do not accumulate in the environment. Prod-
ucts need to be stable for their intended use lifetime before being rapidly
degraded once they enter the environment. Intended lifetime includes the
time to incorporate the drug into the dosage form (tablet, capsule, inject-
able, etc.) as well as time to produce therapeutic effects within the patient.
To address the growing issue of chemicals in the environment, research is
needed to study molecular triggers or chemical switches to activate deg-
radation of active pharmaceutical ingredients (API’s) following excretion
into the environment after use.
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In order to change something, you have to be able to measure it, and you
have to be able to do it quantitatively, and life cycle analysis gives us one
way of doing that.

Richard Helling, Dow Chemical Company

xx

LIFE CYCLE ANALYSIS

As discussed, achieving sustainability requires a broad system view
that integrates the multiple factors of social responsibility, environmental
stewardship, and economical success. This involves having a keen under-
standing of the metabolism of chemical products—that is, their industrial
ecology13—from the extraction of raw materials and creation of products,
to their use and management of any resulting wastes. Life cycle analysis
or assessment (LCA) and life cycle inventory (LCI) are tools that provide
a means for systematic evaluation of the largest number of issues related
to these impacts of the manufacturing of products through their full
life cycle.

LCA is sometimes viewed as more comparative than absolute, and is
found most useful for internal assessment and process development.14

Some differences exist between the two approaches: LCI is a data inten-
sive method (with quantitative figures, databases, and subsequent analy-
sis), while LCA incorporates damage metrics and consequences through
approaches of sometimes questionable subjectivity.

The need for effective LCA is illustrated by the example of chlorofluo-
rocarbons (CFCs), which were developed as safer alternatives to the sul-
fur dioxide and ammonia refrigerants in the late 1920s and early 1930s.
Applying the metrics of what is often considered green—low in toxicity,
safe to use (nonflammable, noncorrosive, and nonreactive with other
chemical species), and having other superior properties (desirable ther-
mal-conductivity and boiling-point characteristics)—CFCs to a large ex-
tent fit the bill. Unfortunately, as pointed out by Brad Allenby during the
workshop, what made CFCs desirable on one scale—their stability and
safety to humans—made them highly undesirable when they managed to
enter the upper atmosphere and destroy ozone. CFCs were found to be
present in only trace quantities in the atmosphere and yet, because of the

13Frosch, R. A. 1995. The Industrial Ecology of the 21st Century. Scientific American
273(3):178–181.

14See comments by Richard Helling in the Workshop Summary, Appendix D, p. 120.
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28 SUSTAINABILITY IN THE CHEMICAL INDUSTRY

dynamics of the system, they turned out to be extremely critical. Today,
there continues to be these same gaps in the way that chemistry and its
impact on global systems is thought about.

Thus, the challenge going forward is to be able to foresee such unin-
tended consequences by accounting for such properties as stability within
a large complex systems analysis. The major areas in which LCI/LCA
tools require improvement are:

•  Economics (based on an appropriate standardized matrix such
as total cost analysis—TCA)

•  Social issues (for which many options and matrices have been
proposed)

•  Management of energy and process-related resources (water,
temperature, pressure, etc.)

•  Emissions of pollutants in the different ecosystems (solid waste,
aqueous effluents, air, etc.)

•  Availability, accessibility (extraction and related impacts), qual-
ity, and supply chain of raw and platform chemicals (including the man-
agement of their toxicity—MSDS contents need to be completed and veri-
fied for numerous products)

•  Optimization of the chemical processing industry (CPI): solvents,
separation chemistry, etc.

•  Replacement of multi-step, wasteful chemistry by more selective
and innovative biologically driven procedures

•  Reduction in environmental impacts for workers (occupational
regulation, collective and personal protection) and local residents (disper-
sion and eventual transformation of pollutants)

• Establishment of routes and yields of formation of waste and by-
products, management, and recycling when initiating projects: The end-
of-life disposition or recovery of chemical products (especially those gen-
erated in large quantities and which present potential long term toxicity)
constitutes a strategic element which is now largely used on the commer-
cial side (percentage of recycling materials; set up of a recovery channel;
injection of the excess of electric energy into the local network, etc.)

• Interpretation, utilization, and dissemination of the study results
(data sharing with other companies)

Some of these items are priority elements that will be emphasized in
the forthcoming European REACH (Registration, Evaluation and
Authorisation of Chemicals)15 program and regulations. They are also

15European Commission. 2001. White Paper on the Strategy for a Future Chemicals Policy
(COM(2001)88); available at: europa.eu.int/comm/environment/chemicals/whitepaper.htm

Copyright © National Academy of Sciences. All rights reserved.

Sustainability in the Chemical Industry:  Grand Challenges and Research Needs - A Workshop Report
http://www.nap.edu/catalog/11437.html

http://www.nap.edu/catalog/11437.html


SUSTAINABLE CHEMISTRY 29

incorporated in the principles of green chemistry and green engineering
discussed earlier in this chapter.

Despite the fact that there is no systematic, comprehensive method
for analyzing opportunities for chemical processing improvement, LCA
(now an ISO-standardized methodology of the 14040-14043 series) has
expanded the traditional process boundary, considering up and down-
stream processes in terms of energy and materials use, waste generation,
and business value creation.16 Some of these items require further techno-
logical developments and other related sustainability research programs
in order to provide adequate answers and solutions.

According to Warner and coworkers,17 LCA should function as a stra-
tegic link between green chemistry and Environmental Impact Assess-
ment (EIA). As pointed out by Helling during the workshop, many com-
mercial and publicly released software and data that could assist chemists
and chemical engineers in this way already exist, such as: Ganzheitliche
Bilanzierung, version 4 (GaBi IV, found at www.gabisoftware.de), and Tool
for Reduction & Assessment of Chemical & other Environmental Impacts
(TRACI) from the U.S. Environmental Protection Agency (EPA). How-
ever, use and interpretation of such LCA software largely remains a job
for specialists because most chemists and chemical engineers do not have
the training to interpret the results they obtain.

Going forward, many scientists believe that more emphasis should be
placed on understanding the toxicity of chemicals and on increasing the
capacity of chemical sciences and toxicology to provide this necessary basic
information. The current unavailability of reliable toxicity data and corre-
sponding uncertainties (discussed in more detail later in this report) consti-
tute major hurdles that hamper the application of efficient LCA studies and
hinder progress in sustainability. There is also a need to understand the
long-term impacts of chemicals in the environment—such as persistence,
bioaccumulation, global warming potential, or ozone depletion—and be
able to evaluate within LCA as discussed earlier. However, it is clear that
present state-of-the-art LCA methodologies such as GaBi IV and TRACI are
very useful for internal comparative assessments of environmental and so-
cietal impacts for those who know how to use them. The need for more
effective and easier to use tools to guide sustainable chemical process de-
velopment is essential to the future of the chemical industry.

16Consoli et al. 1993. Guidelines for Life Cycle Assessment: A Code of Practice.  Society for
Environmental Toxicology and Chemistry.

17Warner, J. C., A. S. Cannon, and K. M. Dye. 2004. Green Chemistry. Environmental Impact
Assessment Review 24:775–799.
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TOXICOLOGY

Many data related to human and environmental toxicology of chemi-
cals are either questionable or missing, which has significant implications
for advancing the application of green chemistry and engineering and
overall sustainability goals. For example, ionic liquids,18 which provide
both superior properties and environmental benefits, are promising re-
placements for volatile organic solvents currently used by industry. How-
ever, as it has been recently pointed out,19 “Despite the potential for ionic
liquids to reduce [volatile organic compound] emissions. . . . Little is
known about the toxicity or mobility of ionic liquids in the environment.”

Thus, there is clearly a role for all involved in the chemical industry to
assist in funding and otherwise supporting the collection of critical data
related to the most pervasive—and the most potentially useful—chemi-
cals in the industrial environment.

Such a resource is essential for more effective LCA, which requires a
large volume of data input in order to produce reliable final figures to
support decision making. Current data sources for LCA are derived from
MSDS and other technical fact sheets, but numerous others have to come
from separate sources that must often be identified, retrieved, and cor-
rectly handled by the user on a case-by-case basis. Other information is
either inconsistent or not thorough in terms of relevant environmental
data.

Human Toxicity Data

In order to increase basic knowledge of the biological impacts of
chemicals on human health, and to generate the experimental and/or
theoretical values needed for a quantitative toxicological assessment of a
larger number of products (all major elements qualified to justify the forth-
coming European REACH program), priority should be given to research
in the topics discussed in this section.

In Vitro Biological Assays

In vitro biological models (see Figure 2.1) are of primary importance
in providing the numerous data needed in LCA studies. This is because
management of toxicity pathways plays a key role in LCA. Measurements

18For a recent review, see: Welton, T. 1999. Room-Temperature Ionic Liquids. Solvents for
Synthesis and Catalysis. Chem. Rev. 99(8):2071–2084.

19Gorman-Lewis, D. J., and J. B. Fein. 2004. Experimental Study of the Adsorption of an
Ionic Liquid onto Bacterial and Mineral Surfaces. Environ. Sci. Technol. 38(8):2491–2495.

Copyright © National Academy of Sciences. All rights reserved.

Sustainability in the Chemical Industry:  Grand Challenges and Research Needs - A Workshop Report
http://www.nap.edu/catalog/11437.html

http://www.nap.edu/catalog/11437.html


31

R
ec

ep
to

r/ L
ig

an
d

In
te

ra
ct

io
n 

D
N

A
 B

in
di

ng
P

ro
te

in
 O

xi
da

tio
n

C
he

m
ic

al
 

R
ea

ct
iv

ity
 

P
ro

fil
es

-G
en

e 
A

ct
iv

at
io

n
-P

ro
te

in
   

   
P

ro
du

ct
io

n
-A

lte
re

d 
S

ig
na

lin
g

-P
ro

te
in

 
D

ep
le

tio
n

-A
lte

re
d 

P
hy

si
ol

og
y

-D
is

ru
pt

ed
 

H
om

eo
st

as
is

-A
lte

re
d 

Ti
ss

ue
 

D
ev

el
op

m
en

t o
r 

Fu
nc

tio
n

-L
et

ha
lit

y
-Im

pa
ir

ed
 

D
ev

el
op

m
en

t
-Im

pa
ir

ed
 

R
ep

ro
du

ct
io

n
-C

an
ce

r

T
o

xi
ca

n
t

M
ac

ro
-M

o
le

cu
la

r 
In

te
ra

ct
io

n
s

C
el

lu
la

r 
R

es
p

o
n

se
s

O
rg

an
 

R
es

p
o

n
se

s
In

d
iv

id
u

al
 

R
es

p
o

n
se

s

In
 S

ili
co

M
o

d
el

in
g

In
 V

it
ro

 A
ss

ay
s

In
 v

iv
o

 A
ss

ay
s

R
ec

ep
to

r/ L
ig

an
d

In
te

ra
ct

io
n 

D
N

A
 B

in
di

ng
P

ro
te

in
 O

xi
da

tio
n

C
he

m
ic

al
 

R
ea

ct
iv

ity
 

P
ro

fil
es

-G
en

e 
A

ct
iv

at
io

n
-P

ro
te

in
   

   
P

ro
du

ct
io

n
-A

lte
re

d 
S

ig
na

lin
g

-P
ro

te
in

 
D

ep
le

tio
n

-A
lte

re
d 

P
hy

si
ol

og
y

-D
is

ru
pt

ed
 

H
om

eo
st

as
is

-A
lte

re
d 

Ti
ss

ue
 

D
ev

el
op

m
en

t o
r 

Fu
nc

tio
n

-L
et

ha
lit

y
-Im

pa
ir

ed
 

D
ev

el
op

m
en

t
-Im

pa
ir

ed
 

R
ep

ro
du

ct
io

n
-C

an
ce

r

T
o

xi
ca

n
t

M
ac

ro
-M

o
le

cu
la

r 
In

te
ra

ct
io

n
s

C
el

lu
la

r 
R

es
p

o
n

se
s

O
rg

an
 

R
es

p
o

n
se

s
In

d
iv

id
u

al
 

R
es

p
o

n
se

s

In
 S

ili
co

M
o

d
el

in
g

In
 V

it
ro

 A
ss

ay
s

In
 v

iv
o

 A
ss

ay
s

FI
G

U
R

E
 2

.1
E

xa
m

pl
e 

of
 a

 t
ox

ic
it

y 
pa

th
w

ay
.

SO
U

R
C

E
: 

A
 F

ra
m

ew
or

k 
fo

r 
a 

C
om

pu
ta

ti
on

al
 T

ox
ic

ol
og

y 
R

es
ea

rc
h 

P
ro

gr
am

 U
.S

. 
E

nv
ir

on
m

en
ta

l 
P

ro
te

ct
io

n 
A

ge
nc

y,
 1

5,
ht

tp
://

w
w

w
.e

pa
.g

ov
/c

om
pt

ox
/p

ub
lic

at
io

ns
/c

om
pt

ox
fr

am
ew

or
k0

6_
02

_0
4.

pd
f.

Copyright © National Academy of Sciences. All rights reserved.

Sustainability in the Chemical Industry:  Grand Challenges and Research Needs - A Workshop Report
http://www.nap.edu/catalog/11437.html

http://www.nap.edu/catalog/11437.html
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performed on human and animal cells, subcellular fractions, or specific
biological receptors or biomolecules have the potential to provide an effi-
cient alternative to tedious, labor intensive, and costly standard toxicity
test methods based on in vivo experimentation. Only a small number of
chemicals can be processed by animal based toxicological assays. In some
industrial countries, green politicians and parties are lobbying to lower
the number of animals incorporated into toxicity tests, and regulations in
this direction become more stringent each year. At the same time, it is
crucial for scientists and toxicologists to generate reliable quantitative in-
formation on individual chemicals according to their respective biological
effects (from identification of discrete molecular initiating events to ad-
verse outcomes to molecular alterations and linkages across biological lev-
els of organization).

There is pressure to develop sensitive new assay methods for measur-
ing those biological effects that are most likely to cause dramatic human
health impacts. These impacts include: reproductive and developmental
impacts, neurotoxicity, carcinogenicity and cancer hazard, and endocrine
disruption and fertility.

The views presented for in vitro testing above are complementary to
those presented by Robert Kavlock during the workshop,20 and several
FDA21 and other22 scientific and technical reports. There is agreement that
intensive research should be conducted in order to increase the number of
toxicological tools and reliable data needed to verify and validate theo-
retically generated figures (see discussion later in this chapter).

Efforts need to be made to better understand chemical mixtures. New
experimental biological assays based on precise study protocols are nec-
essary to approach the impacts of binary and tertiary chemical mixtures.
Enzymatic induction, inhibition, or any other mechanisms of interaction
with fundamental and critical metabolic pathways related to important
endogenous compounds such as thyroidal and steroid hormones should
be thoroughly investigated. Identification of synergistic, promoting, in-
hibitory, and antagonistic effects would be a great benefit to increasing
understanding in toxicology. Management of waste, which involves treat-
ing complex matrices containing trace amounts of pharmaceuticals or en-
docrine disrupting chemicals (EDCs), would largely benefit from these

20See comments by Robert Kavlock, Workshop Summary in Appendix D, p. 124.
21See the FDA Office of In Vitro Diagnostics (OIVD), www.fda.gov/cdrh/oivd/
22Sam Brauer (Business Communications Company Inc.), June 2003, The Market for In Vitro

Toxicology Testing (B110R report); and ECVAM (European Center for the Validation of Alter-
native Methods) reports: Workshop Report 45: Novel Advances in Vitro Methods for Long Term
Toxicity Testing (2001).
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such advances. Data metrics would also be required to set a priority list of
potentially active compounds that could be detrimental to human health.

These experimental data would be integrated into dose-response re-
lationships that are generally used to establish dose of exposure values.
This would be accomplished by performing calculations on appropriate
models, such as those proposed by implementation of a threshold level to
the biologically measured effect. Whenever possible, more sophisticated
mathematical models should be promoted, such as the Physiologically
Based Pharmacokinetic (PBPK) model, which measures time of exposure
to a target dose, and the Biologically Based Dose-Response (BBDR) model,
which identifies target organ dose to early biological effects. These mod-
els require larger sets of data which could be supplied by experiments.
The selectivity and sensitivity of newer assay methods would have a posi-
tive impact on the accuracy and overall quality of the data, which in turn
would affect the evaluation of uncertainty values that accompany pub-
lished reference dose or concentration figures. Data issued from comple-
mentary toxicity studies (animal in vivo assays, epidemiological studies,
computational toxicology, etc.) would complete those databases that pro-
vide validated bio-statistical analysis.

Metabolic and Degradation Pathways

The characterization of the various toxicity properties of chemicals
requires additional information such as the identification of their meta-
bolic pathways in humans and the (bio)degradation routes of compounds
in various environmental ecosystems.

Modern analytical instrumentation based on combined HPLC–mass
spectrometry technique offer many opportunities to perform these experi-
ments on biological models, ranging from simplified in vitro tests to in
vivo studies on animals. High-throughput, sensitive assays can now be
performed at reduced cost. Metabolic and transformation patterns of
chemicals would also be useful for generating valuable kinetic informa-
tion. These patterns could be used to set up priorities in lists of compounds
that require additional testing. This type of prioritization would be neces-
sary because such compounds are widely spread into the environment
and could enter the food chain as a result of their long life in ecosystems.
For example, the part of the food industry that prepares flour-based food-
stuff uses nutrients recycled from materials of different origins, and this is
a source of great concern in various western European countries. Biotrans-
formation studies will also identify enzymatic reactions related to well
known genetic polymorphism. Specific tests are now available to identify
individual metabolic deficiencies such as those related to the P-450’s isoen-
zyme activities or to phase II metabolic pathways like those regulated by
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N-acetyltransferase. These data also have positive impacts for the uncer-
tainty linked to heterogeneity in different populations.

Computational Approaches

The gap of missing toxicity data is so large that it will be impossible to
perform the complete battery of tests required to fill up databanks. Toxi-
cologists need additional data on numerous chemicals. Agencies such as
the EPA, which are charged with protecting human health and the envi-
ronment from exposure to potentially harmful compounds in water, food,
air, and soil, are interested in assessing—by alternative, non invasive
methods—possible hazardous effects for tens of thousands of compounds.
Such information would allow for prioritization of additional data re-
quirements and accurate risk assessments.

Over the last ten years, advances in theoretical, computational chem-
istry, and molecular biology have led to generation of data related to po-
tential biological activity and toxicity. The pharmaceutical companies
largely rely on these new tools to design drugs. This new area, known as
“computational toxicology,” may be able to predict the potential effects of
compounds from their chemical (sub)structures if substantial develop-
ments, validation steps, and budgets are created to achieve the objectives
and validate these computer tools. Understanding how structures are cor-
related and transformed to chemical functions and biological activities
(including deleterious toxic effects), requires additional and sustainable
efforts. In 2003, the Office of Research and Development (ORD) of the
EPA launched an ambitious research program leading to the installation
of a Framework for Computational Toxicology.23 This program already
involves the collaboration of several partners: NIEHS, DOE, NERL, NCER,
NCEA, NRMRL and NHEERL.

Computational toxicology is designed to address the questions of
“when” and “how” to test chemicals because they could be hazardous,
improving the prioritization of data requirements, and risk assessment.
This multidisciplinary project of the EPA has been peer reviewed and
evaluated by the experts in toxicology. Computational toxicology estab-
lishes the links with the other resources needed to reach the goals and
objectives of sustainability in the chemical industry. The main objectives
of the framework are to:

23See more details in R. J. Kavlock’s presentation in the Appendix D, p. 124, and on the
EPA Web sites: www.epa.gov/comptox/ (a general survey of the project) and www.epa.gov/
comptox/comptox_framework.html (the entire text of the proposal).
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• Improve linkage across the source-to-outcome continuum (Fig-
ure 2.2)—from adding the chemical into the environment to the eventual
biological effects

• Develop approaches for prioritizing chemicals for subsequent
screening, testing, and data generation in order to enhance the predictive
understanding of toxicity pathways

• Produce faster accurate assay methods (e.g. using systems biol-
ogy to understand cells and organ’s mode of functioning) and provide
predictive models for a secure hazard identification and enhancement of
reliable quantitative risk assessment. This would permit the classification
of chemicals by their potential to influence molecular and biochemical
pathways of concern. The program could also integrate developments in
cross species extrapolation and in the mixtures issues.

Quantitative Structure Activity Relationship (QSAR) development
(see the DSSTox program of the EPA at www.epa.gov/NHEERL/dsstox/
About.html) will also be considered by the Europeans in their REACH pro-
gram as a bearing tool to supply more toxicity data without resorting to
complex and costly in vivo experimentation. It is important that there be
some collaboration on both sides of the Atlantic Ocean (and elsewhere) to
validate harmonized approaches of these computerized tools in order to
avoid future controversial discussions and conflicts.

Source/Stressor  
Formation  

Exposure 

Environmental  
Concentration  

Dose 

Effect/Outcome  Biological Event  

Computational Methods/  Computational Methods/  
Bioinformatics  Bioinformatics  

  
  
  

Genomics/Proteomics/Metabonomics  

Integrate molecular biology and chemistry to 
prioritize data requirements 

and to improve risk assessment 

FIGURE 2.2 Source to outcome continuum—Development of Sound Structure-
Activity Tools to Predict Health and Environmental Impact of Specific Chemicals.
SOURCE: Robert Kavlock, U.S. EPA.
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Toxicity studies are ideally focused on the applications of chemicals;
a component present in various products at different concentration levels
likely has diverse toxicity profiles that should be addressed as well. This
is a very challenging issue as is the question of the toxicity of isomers. The
scientific literature has reported well-known examples of different dra-
matic toxic effects observed between isomeric forms. In such cases, ex-
perimentation is the only solution to solve this question.

Boundaries of assessment should be delimited in these topics; the main
objective is to deliver indicative, pertinent, and relevant sources of informa-
tion. The proposed solution should not transform scientific consideration
into pure speculation that leads to questionable or subjective conclusions.
Heuristic tools are also needed to fix boundaries and limitations to the
implementation of such computerized solutions in LCA studies.

A strategic approach is recommended in order to provide the most
appropriate toxicity data. To set up priorities and risk, computational toxi-
cology should be the first line of investigation. In vitro testing should be
carried out for a large number of compounds to provide preliminary dose-
response data (and establish temporary Reference Doses (RfDs) or Refer-
ence Concentrations (RfCs). Then, in vivo experimentation could take place
for a limited number of very hazardous chemicals present in measurable
quantities in materials issued from any sources (including environmental
ecosystems) and which come in contact with human beings.

How do we get into that list of 850 pesticidal inerts and tell the agency,
these 63 are the ones you should worry about; and you should worry about
21 of them for birth defects and 32 of them for cancer effects; and be able
to put some kind of a priori knowledge in the system?

Robert Kavlock, U.S. Environmental Protection Agency

xx

Ecotoxicity Data

Environmental metrics often expressed as “Eco-Efficiency” do not
exist under global standard protocols. Instead, most approaches involve
energy intensity and consumption, mass intensities (including fossil re-
sources and water), and pollutant emissions (limited to the major com-
pounds released in the air, water, and soil). However, numerous factors
can influence the fate and dispersion of chemicals into the different envi-
ronmental compartments and ecosystems. Persistence, (bio)degradation,
and mobility represent key elements that exert direct threats on surface,
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ground water, and soil with consequences for the food supply chain (ac-
cording to the importance of the enrichment factors associated to each
trophic level). The establishment of physico-chemical parameters related
to environmental fate, transport, and bioconcentration effects can be re-
garded as cost-effective surrogates for data generated from more complex
laboratory experimentations.

For specific classes of compounds (i.e. endocrine disrupting products
and carcinogens), the EPA has launched a series of databases (such as
ECOTOX at: www.epa.gov/ecotox/), which contain comprehensive figures
on the ecotoxicity of chemicals towards aquatic and terrestrial organisms,
including plants. This internationally recognized source of information is
also linked to predictive models for ecotoxicity endpoints and physico-
chemical properties in the absence of empirical data. Similar trends con-
cern other priority pollutants like pesticides, pesticidal inerts (constitu-
ents added to the active ingredients of a registered pesticide), heavy
metals, and small particulate matters with high uptake coefficients (e.g.
diesel exhaust).

Additional basic research is needed to better screen and identify per-
sistent chemicals that would play an active role in the adverse health ef-
fects stressed by eco-toxicologists. Application of emerging technologies
into new assay methods should be encouraged to generate complemen-
tary robust data sets relative to impacts resulting from the biology of
chemicals in various environmental compartments. The development of a
new discipline to better understand these issues would be very useful. It
should incorporate and integrate basic concepts taken from geology,
hydrogeology, agronomy, chemistry, and biology, particularly when it is
related to soil and water dispersion.

The feasibility of a separate “Environmental Fact Sheet” assembling
the items that should be integrated into LCA studies should be envisioned.
Its content should be defined, evaluated, and thoroughly reviewed. There
must be guidelines and standardized techniques for supplying such in-
formation.

CENTRALIZED DATA COMPILATION AND MANAGEMENT,
AND INCREASED COLLABORATION

Many companies are building internal capacity to address sustain-
ability parameters into their daily operations. One excellent example can
be found at GlaxoSmithKline (GSK). Part of GSK’s Eco-Design Tool Kit
includes a Green Chemistry Guide that offers guidance to GSK scientists
and engineers on applying green chemistry concepts. This would allow
them to enable more efficient use of resources, reduce environmental,
health and safety impacts, and minimize costs. It includes:
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• A ranking and summary of the most used chemistries and ‘best-
in-class’ examples from well-developed GSK processes.

• A ranking and review of issues encountered during process de-
sign and development.

• A ranking and summary of common technology alternatives for
chemical processing.

• Guidance on materials, process alternatives, synthetic route strat-
egies, and metrics for evaluating chemistries, technologies, and processes.

A larger wide-scale effort is needed to compile such information from
across industrial and academic R&D institutions, as well as other high-
tech industries (e.g. defense-related). Such an effort would help identify
technologies that have been developed by one member of the enterprise
that can be useful, but are unknown, to the other.

The EPA’s Green Chemistry Program is currently compiling and or-
ganizing journal articles into specific sub-topics for a literature database
on the subject. Topic areas include alternative synthesis methods, cataly-
sis, reaction conditions, and alternative solvents. The goal of this project is
to have a database compilation of green chemistry literature which is pub-
licly accessible that will enable researchers across the chemical industry
to identify the new approaches to chemical synthesis. In addition to com-
piling such information, it will be important that greenness parameters
such as E-factors24 and atom economy25 be supplied (or even required) for
all chemical synthetic routes published in the scientific literature.

There is also a need to expand the availability of sound LCI data and
methods. Future LCA studies and risk assessments would largely benefit
from additional experimental and computer-generated (eco)toxicological
data. In order to facilitate their utilization and incorporation into studies,
some complementary practical measures should be taken. Verification and
validation operations should be performed by agency senior staff, and
centralization on a dedicated site should be made accessible to all (free of
charge or at affordable cost) while being duly managed and maintained.
This centralized and standardized repository of information, which re-
quires coordinated efforts, must be adequately organized and presented
in inventory matrices to provide easy pattern recognition and transfer to
LCA platform and templates. Lauren Heine has proposed26 a toxicology

24E stands for efficiency, and is the amount of waste (kg) generated per amount of product
(kg) for an overall process. This is discussed more later in this chapter under Solvent Selec-
tion in the section on Chemistry Tools.

25Atom economy is the ability to avoid loss of atoms in a chemical synthesis—and is one
of the 12 principles of green chemistry discussed in the Introduction.

26See Lauren Heine’s comments, Workshop Summary in Appendix D, p. 112.
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and exposure summary table. Improvements and complimentary figures
should be incorporated into this model (i.e. the introduction of quantified
parameters).

Chemistry is a complex discipline. Providing ways to deal with this
complexity and determining where decisions should be made is not an
easy task. Therefore, the organization and classification of data should be
associated with a quantification process (scoring methods, weighing fac-
tors, and heuristics) that will allow for prioritization of hazard and risk
and for further multi-criteria based analysis. These metrics should be
evaluated extensively in order to reach a balanced agreement, since no
validated equation to accurately evaluate “sustainability” has been pre-
sented thus far. Communicating the results of a complex analysis into a
single figure, or into a simple and readily understood form that does not
oversimplify the analysis conclusions, is an additional challenge that
needs to be addressed.

CONCLUSIONS AND RECOMMENDATIONS

New scientific developments and more efficient tools to evaluate them
are needed to enable the chemical industry to more effectively incorpo-
rate sustainability into general practices. Such an effort will require sci-
ence, technology, and harmonized strategic approaches across disciplines,
industries, and geographic boundaries:

Green Chemistry and Engineering. While chemists can currently make
virtually any molecule using synthetic methods available to them, much
more effort is needed in the development of green chemistry and engi-
neering capabilities. These include the ability to:

• efficiently form chemical bonds,
• select solvents,
• control thermal conditions,
• purify and recover chemical products,
• develop analytical methods,
• formulate products,
• model chemical reactions, and
• perform all these tasks in an environmentally benign manner

These are essential for the development of industrial technologies that
support sustainability.

Life Cycle Analysis. Life cycle assessment (LCA) is considered to be a
powerful tool for comparing the environmental performance of products
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generated under different operating conditions. In order to effectively
implement LCA, there is a need to be more systematic about the genera-
tion and handling of data inputs and models. Improvement in the quan-
tity and quality of data being used is necessary, and agreement on the
approach used to evaluate LCA metrics (environmental indicators, im-
pact factors, etc.) is crucial. LCA metrics should be easy to calculate with
available data, useful for decision-making, reproducible, scientifically rig-
orous, usable at multiple scales of analysis, and extendable with improved
understanding.27

Toxicology. At the foundation of improved life cycle and chemistry tools
is the development of methods to supply toxicity data on chemicals and
chemical mixtures. Computational toxicology and QSAR (Quantitative
Structure Activity Relationship) analysis will be significantly involved in
generating such data, which will also need to be compiled in centralized
and accessible databases.

Data Compilation, Management, and Collaboration. There is a need to
create a network system of all upstream, lateral, and downstream chan-
nels that will enable exchanges between different companies and differ-
ent countries. Ideally, one end-of-line material will serve as a feedstock
supply to another activity to create a chain of supply. Close partnership
and collaboration between subcontractors of services, suppliers of materi-
als, clients, and authorities should be identified, encouraged, and demon-
strated with concrete actions such as sharing of databases and related sci-
entific resources. It is crucial that closely related aspects of chemical safety
and environmental impacts are approached more consistently and man-
aged in all developed countries.

27Schwarz et al. 2002. Use of Sustainability Metrics to Guide Decision-Making. Chem. Eng.
Prog. 98(7):58.
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3

New Chemistries and Processes That
Lead to Commercially Viable

Alternative Feedstocks to Fossil Fuels

Since 1850, there has been an evolution of both energy resources
(Figure 3.1) as well as the source of feedstocks for the commodity
chemical industry. In 1850, the predominant fuels were wood or

other biomass depending upon location. During this time period, the
chemical enterprise was relatively small. However, as the industrial revo-
lution gained momentum, the need for new chemicals and new materials
to meet the growing demands of industry and consumers increased. At
the turn of the twentieth century, carbon-based chemical feedstocks were
already primarily derived from coal. Over the course of the twentieth cen-
tury, global political and economic forces initiated significant change.
During that time, the United States, and subsequently the global chemical
enterprise, moved farther away from renewable sources of carbon-based
feedstock and became heavily dependent on fossil fuels—crude oil and
natural gas—both as a feedstock for commodity chemicals and as a pri-
mary energy source.

As concerns about the fundamental nature of the crude oil supply
and concerns about impacts on the environment and human health arose,
there was a shift from crude oil (as a fundamental energy source) to natu-
ral gas (and to a limited extent, non-fossil sources such as nuclear, wind,
solar, and biomass). Thus, today there is a multitude of fossil based fu-
els—coal, oil, and natural gas—used for energy, but overall energy con-
sumption has also increased (Figure 3.2). There are also simultaneous de-
mands on fossil fuels as energy resources and feedstock for the commodity
based chemicals.

Thus, the chemical enterprise is faced with two fundamental ques-
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FIGURE 3.1 U.S. energy production by source—1850–2000.
SOURCE: U.S. Department of the Interior. 1975. 1850–1949, Energy Perspectives:
A Presentation of Major Energy and Energy-Related Data; 1950–2000, Annual En-
ergy Review 2000, Table 1.2.

FIGURE 3.2 U.S. Energy consumption by source—1850–2000.
SOURCE: U.S. Department of the Interior. 1975. 1850–1949, Energy Perspectives:
A Presentation of Major Energy and Energy-Related Data; 1950–2000, Annual
Energy Review 2000, Table 1.3.
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tions that drive the need for the development of the new chemistries and
processes for a sustainable future:

1. Where is the fuel needed to support the energy demands of the
economy and quality of life that the developed world currently enjoys
(and the developing world—especially rapidly developing China and In-
dia1 —is striving for) going to come from?

2. What feedstock sources are going to be used in the future to produce
the basic chemical building blocks of the chemical enterprise (which are re-
quired for the production of materials and products consumers demand)?

Drivers for Change

The current prognosis for the fossil fuel economy in terms of global
supply over the next 20 years is good. According to a recent analysis2 by
the U.S. Energy Information Administration, “For the forecast period out
to 2025, there is sufficient oil to meet worldwide demand. Peaking of
world oil production is not anticipated until after 2030.” The EIA also
estimates adequate supplies of natural gas over the next 60 years, and coal
supplies for 100 years or more. However, this is an optimist picture, be-
cause it largely assumes a business-as-usual market environment, with no
disruptions to these supplies from geopolitics, weather, or regulatory con-
trols on using fossil fuels. The current challenge is about the amount of
hydrocarbon that will be available over the next 20 years, and the
sustainability of producing and transforming that hydrocarbon into use-
ful feedstocks.

Fossil Fuel Quality and Security

Crude oil quality3 is changing significantly as is the political stability
of the areas that have oil versus those who use oil (Table 3.1), presenting
considerable challenges for U.S. national security. For example, the United
States currently depends heavily on Middle Eastern nations for oil sup-

1According to the U.S. Energy Information Administration, China is world’s second larg-
est energy consumer (after the United States), and India is the world’s sixth.

2Energy Information Administration, International Energy Outlook 2005, DOE/EIA-
0484(2005), p. 29 http://www.eia.doe.gov/oiaf/ieo/index.html.

3High quality (light sweet) crude oil is low in hydrogen sulfide and carbon dioxide and
easier to refine, and provides high yields of high-value products such as gasoline, diesel
fuel, heating oil, and jet fuel.
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plies, but crude oils from these areas tend be lower quality than from
North and South America or West Africa.4 Thus, one driver for change is
to reduce the dependency on foreign sources of oil and ensure that there
will not be a disruption in the energy supply.

Problems also arise from the basic economics and reliability of trans-
forming fossil fuels into useable materials. As the quality of crude oil de-
clines, and there is a shift from one fossil fuel to another—the regulatory
and technical requirements for processing such as coking, hydrocracking,
and sulfur removal increase and hence the cost associated with process-
ing increases. This is then transferred throughout the economy to in-
creased feedstock costs for commodity chemicals and an increase in trans-
portation fuel costs. At some point, these resulting economic factors
become the ultimate driver for change to alternative feedstocks. Although
it is anticipated that the total amount of fossil fuels (coal, natural gas, and
oil) available can support current and future needs for at least another
hundred years (Chapter 4, Table 4.1), at some point there must be a shift
from nonrenewable fossil fuels to renewable sources.

Resource Demands and Impacts

However, achieving sustainability is not just about addressing the
supply of fossil fuels; it is also a matter of addressing the demand for their

TABLE 3.1 U.S. Dependence on Foreign Oil

Have Oil Percent Use Oil Percent

Saudi Arabia 26 U.S. 26
Iraq 11 Japan 07
Kuwait 10 China 06
Iran 09 Germany 04
UAE 08 Canada 04
Venezuela 06 Russia 03
Russia 05 Brazil 03
Libya 03 S. Korea 03
Mexico 03 France 03
China 03 India 03
Nigeria 02 Mexico 03
U.S. 02 Italy 02

SOURCE: Energy Information Administration. 2001. International
Energy Annual, Tables 11.4 and 11.10.

4For more information see the Energy Information Administration at: www.eia.doe.gov
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use and their full life cycle of impacts. Taking a look at the concept of the
demise or “tragedy” of the commons,5 another fundamental driver for
change emerges—reaching the production capacity of the planet because
of the consequences of population growth. That is, given the current de-
mands of 6 billion people on the planet, and a projected population of 9
billion in 2050 with its increased demands for consumer goods, the im-
pacts of fossil fuels (mainly due to the combustion of hydrocarbons) on
the environment and human health cannot continue regardless of there
being adequate supplies.

In the past, the demand and use of fossil fuels were limited and the
impact on the environment was not seen or detected. As the use increased,
or the concentration of the use increased, there were significant impacts
on the environment. Examples include smog, coal dust, and widespread
environmental blight in cities and other congested areas that persisted
until about 1970 with the passage and enforcement of legislation to pro-
tect the environment. Other impacts such as how wildlife became harmed
by pesticide use, led Rachel Carson to write the book Silent Spring, which
awakened the general public to the underlying issue of sustainability later
articulated by Hardin. That is, how can resources (even renewable ones)
continue to be utilized without fundamentally “trashing” the commons?
This becomes a significant driver for the need to look for alternative
sources of feedstocks and fuels.

OPPORTUNITIES FOR RESEARCH AND DEVELOPEMENT

Exploring alternative, sustainable feedstocks requires simultaneous
consideration with development of alternative energy sources and future
fuels, as well as continued improvements in the efficient use of current
resources (see Chapter 4 for more detailed discussion of energy). As alter-
native, sustainable feedstocks and fuels are explored and new processes
or technologies are developed, the impact on resources must be consid-
ered. First, from the perspective of the base materials used in the pro-
cess—the alternative feedstock. Secondly, from the materials use of the
process itself, such as what type of catalyst does this process require? What
type of recycling is employed? What materials are needed, particularly if
the process utilizes water? What is the impact on the recycled material?
What wastes are generated from these processes? Are these wastes better
or worse than the current processes? How are the wastes managed?

These considerations lead to a level of understanding that is essential
for the future development of the chemical enterprise. The enterprise

5Hardin, Garrett. 1968. The Tragedy of the Commons. Science 162(3859):1243–1248.

Copyright © National Academy of Sciences. All rights reserved.

Sustainability in the Chemical Industry:  Grand Challenges and Research Needs - A Workshop Report
http://www.nap.edu/catalog/11437.html

http://www.nap.edu/catalog/11437.html


46 SUSTAINABILITY IN THE CHEMICAL INDUSTRY

needs to have tools and guidelines for the consideration of the risks and
rewards. It needs to be able to adequately assess the various alternatives
being proposed. There needs to be a means of providing a value assessment
associated with the alternatives. Hence, the physical science professional is
going to have to take a multi-disciplined approach in the evaluation of the
potential gains or risks associated with the technology (see Chapter 5 for
discussion of education needed to support sustainability goals).

Alternative Energy Sources

Energy is a key need in the development of future growth. This par-
ticular area and potential research applications have been previously ad-
dressed by others,6 and will also be addressed in Chapter 4; therefore it
will not be discussed in much detail here. However, it is important to note
that the chemical process industry (CPI) consumes about 7.7 percent of all
the energy (fossil fuels, electricity, etc.) resources used in the United
States.7 Of this, about 50 percent of the energy resources are used as chemi-
cal feedstocks, rather than consumed as energy. Because of the competing
needs for feedstocks and fuels, it is thus a grand challenge for the chemi-
cal enterprise to lead the way in the development of future fuel alterna-
tives. These alternatives could be in the development of hydrogen, land-
fill gas, and biomass8 fuel sources utilizing fuel cell, wind, solar heating,
and photovoltaic technology.

Biomass is an especially promising avenue to pursue for the chemical
industry. According to the U.S. DOE, biomass recently surpassed hydro-
power as the largest domestic source of renewable energy and currently
provides over 3 percent of the total energy consumption of the United
States. Current efforts to integrate production of fuels and feedstocks from
biomass—biorefineries—show great promise for developing future fuels.
This has been demonstrated by efforts of the DuPont-DOE Integrated
Corn Biorefinery project, which not only uses the starch, but also the cel-
lulose, the corn, and the corn stover to produce chemicals, bioethanol and
power, and to feed the production of Dupont’s Sorona® polyester.

In addition to specific future fuel alternatives, the chemical enterprise
should accelerate its efforts to examine the technologies needed to fully

6Hoffert, M. I., et al. 2002. Advanced Technology Paths to Global Climate Stability: Energy
for a Greenhouse Planet. Science 298:981–987.

7http://www.eere.energy.gov/industry/about/pdfs/chemicals_fy2004.pdf
8Any plant derived organic matter available on a renewable basis, including dedicated

energy crops and trees, agricultural food and feed crops, agricultural crop wastes and resi-
dues, wood wastes and residues, aquatic plants, animal wastes, municipal wastes, and other
waste materials.
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integrate, or close the loop on, production activities— such as in the pulp
and paper industry where waste products are utilized as fuel for the pro-
cess—and thereby reducing current energy needs. These applications
could be expanded and potentially integrated into additional processes.

Finally, the chemical enterprise should be a significant player in the
development of enabling energy technologies. These include:

• Energy storage materials and devices
• Materials that improve energy efficiency
• Biomass pretreatment processes
• Fermentation processes
• Separation processes
• Water treatment processes

All of these enabling technologies are going to be required to bring
the innovative technologies from the laboratory to a commercially viable
alternative.

Alternative Feedstocks

Today’s economy relies on inexpensive access to chemicals and re-
lated materials—from basic and fine commodity chemical building blocks
to finished products such as textiles, pharmaceuticals, and agricultural
chemicals—which are largely derived from a fossil fuel based feedstock.
It is thus essential that commercially viable alternative feedstocks and pro-
cesses be developed.

Biologically Derived Basic Chemical Building Blocks

As pointed out by Stanley Bull in the workshop, and discussed briefly
in the previously section, the growing need for sustainable energy can be
met by improvements in capturing and utilizing renewable resources such
as solar, wind, and geothermal, and biomass; however, biomass is the
only renewable resource that produces carbon-based fuels and chemicals.
It is important to note that biomass is not just derived from agricultural
food and feed crops, it includes any plant-derived organic matter avail-
able on a renewable basis, including dedicated energy crops and trees,
agricultural crop wastes and residues, wood wastes and residues, aquatic
plants, animal wastes, municipal wastes, and other waste materials. Ac-
cording to a recent DOE-USDA analysis, by 2030,9 combined forest and

9U.S. DOE and USDA Report. April 2005. Biomass as a Feedstock for a Bioenergy and
Bioproducts Industry: The Technical Feasibility of a Billion-Ton Annual Supply.
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agriculture land resources alone have the potential of providing a sustain-
able supply of more than one-third of the nation’s current petroleum con-
sumption. In addition, the U.S. Department of Energy (DOE) has identi-
fied twelve sugar-based chemical building blocks via biochemical or
chemical conversion (Figure 3.3) as a starting point for the development
of biomass as a feedstock for commodity chemicals.10 Such chemicals are
seen as essential in the development of a commercially viable biomass
generated feedstock. Much research is still needed to determine the means
of producing these materials.

However, questions remain. What building block chemicals are cur-
rently available? Are these chemicals the right ones? Do they lead to what
the chemical enterprise currently obtains from fossil fuel sources—basic
aliphatic and aromatic building blocks—which feed into the products that
consumers demand? A fundamental challenge for the sustainability effort
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FIGURE 3.3 DOE biomass program “Top 12” sugar-based building block chemicals.

10U.S. DOE Biomass Program. August 2004. Top Value Added Chemicals from Biomass, Vol-
ume 1: Results from Screening for Potential Candidates from Sugars and Synthesis Gas, Report
#35523.
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is the development of a catalog of biomass derived chemicals, which DOE
has already begun to work on. Fundamental studies on biomass could
provide such building blocks—lignin chemistries, a re-examination of cel-
lulose chemistries, or other biomass-based chemistries that were histori-
cally viewed as uneconomic or difficult. This “catalog” of potential start-
ing chemicals would provide the research community with starting points
in the development of alternative pathways to achieve the desired end
materials.

We [in biomass] need to be doing the same thing [as] the petroleum folks,
and that is, get every value . . . of every product possible out of it.

Stanley Bull, National Renewable Energy Laboratory

xx

Technologies for Converting Biomass into Chemical Feedstocks

While the “catalog” of potential starting chemicals is extremely im-
portant, the development of technologies to produce these chemicals is
equally important. The chemical enterprise is going to have to address the
pretreatment as well as the “breakdown” processes to take the starting
biomass material (this could be switch grass, corn, grains, energy cane,
water hyacinth, etc.) to the potential building blocks to develop the plat-
form chemicals.

A common method of initial “breakdown” is a fermentation process.
The development of specific organisms for the express purpose of pro-
ducing a specific compound from the biomass is a viable avenue of re-
search. The development of the specific organism—whether by directed
evolution, gene splicing, or a traditional selective isolation—is a signifi-
cant need to enable the technology. At the same time, the development of
such organisms leads to a number of ethical and social issues surround-
ing the genetic modification. This is another area where the chemical en-
terprise is going to have to develop tools to deal with the potential risks
associated with genetic modification and examine the social implications
of the technology.

Fermentation processes are but one potential initial step. There could
be other potential pathways to the building block chemicals; there could
be direct extraction from the plant or biomass material, enzymatic reac-
tions, etc. These other pathways also need directed research in order to
achieve the platform chemicals.

Once the base chemicals have been obtained via what ever selected
pathway, the chemical will then have to be separated from the complex
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mixture. This identifies the need for better separation chemistries that will
be required—particularly aqueous separations as well as concentrating
techniques as it is anticipated that many of these platform chemicals will
be produced in very dilute mixtures. The dilute mixtures also point to
another significant research need—understanding of water chemistries.
Water will be of significant concern in the production of platform chemi-
cals from biomass—identification of sources, water quality, and the water
treatment.

Fermentation processes imply the production of biomass as a waste
product. Waste treatment, handling, and disposal are also going to be
issues associated with the bio-production of platform chemicals. Hence,
research opportunities abound related to the basic chemistries associated
with fermentation, separations, water treatment, water chemistries, waste
management, etc.

From this brief discussion of the various process chemistries, it should
become evident that a life cycle analysis of the process from biomass
through use and disposal is essential. The complex chemistries and po-
tential side products of production need to be analyzed and considered as
potential feedstocks for alternative processes. The fermentation liquor is
going to be a complex mixture with potential chemistries that are not cur-
rently well understood by chemists.

The development of the building block chemical assumes that chem-
istries exist for such transformations to the ultimate production chemical.
Since the fundamental platform chemicals may be significantly different
than those obtained from the fossil fuel based starting materials, there
needs to be a firm understanding of the steps to take the platform chemical
to the production chemical. Thus, research in the areas of basic chemical
transformations—such as oxidation, hydrogenation, and Fischer-Tropsch
synthesis—is essential. Figure 3.4 illustrates how 3-hydroxypropionic acid
(3-HP) derived from sugar (Figure 3.3) can be transformed into more use-
ful chemicals with varying moieties.

Finally, since the handling of biomass materials is different than that
of handling fossil fuels, one would anticipate that materials handling is-
sues would also be a fruitful area of research. Mixing, solid handling, and
heat transfer are areas where it is anticipated that new process chemistry
and engineering technologies will have to be developed.

CONCLUSIONS AND RECOMMENDATIONS

In order to develop the required new commercially viable alterna-
tives to fossil fuel feedstocks, attention must be given to a number of criti-
cal research areas. Many of these are already being addressed through
increased federal funding or collaborative efforts between industry and
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government. All of these issues need to be tempered through the lens of
life cycle analyzes as well as the ethical and social risk assessments. This is
a new lens for the chemical enterprise, which means that there needs to be
a fundamental change in thinking regarding how one approaches re-
search—a need for sustainability literacy (see Chapter 5 for more discus-
sion). Issues surrounding the biomass life cycle need to be considered—
the seasonality of the growth cycle, the land nutrient cycle, and biomass
waste (see Chapter 2). Taking such a holistic approach to the problem is a
different viewpoint for the chemical enterprise.

Fundamentally, the underlying issue surrounding all of these research
topics is that of functionality. At the consumer level, the fundamental need
is functionality—transportation from point A to B, a pharmaceutical that
treats a specific illness or pain, a material with specific properties, etc. The
ultimate grand challenge is how to change the approach to research to
provide for the desired functionality in a way that is sustainable.

The need for a “catalog” of biomass derived materials. A fundamental
challenge for the sustainability effort is the development of a catalog of
biomass derived chemicals, which DOE has already begun to work on.
This would mean fundamental studies on biomass could provide such
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building blocks—lignin chemistry, a re-examination of cellulose chemis-
tries, or other biomass-based chemistries that were historically viewed as
uneconomic or difficult. This “catalog” of potential starting chemicals
would provide the research community with starting points in the devel-
opment of alternative pathways to achieve the desired end materials.

Future fuel alternatives. Because of the competing needs for feedstocks
and fuels, clearly, it is a grand challenge for the chemical enterprise to
lead the way in the development of future fuel alternatives. These alterna-
tives could be in the development of hydrogen, landfill gas, and biomass
fuel sources utilizing fuel cell, wind, solar heating, and photovoltaic tech-
nology. A great example of such efforts includes the integration of pro-
ducing fuels and feedstocks from biomass via biorefineries, such as the
DuPont-DOE Integrated Corn Biorefinery project. Such efforts need to be
emulated and expanded.

Integration of process chemistries. In addition to developing future fuel
alternatives, the chemical enterprise should accelerate its efforts to exam-
ine the technologies needed to fully integrate production activities—
thereby reducing current energy needs. Examples of where this is already
taking place include smaller niche operations such as the pulp and paper
industry where waste products are utilized as fuel for the process. These
applications could be expanded and potentially integrated into additional
processes.

Development of platform chemicals (sugar, lignin, etc.) from biomass
that lead to basic building block chemicals. There needs to be an alterna-
tive means of producing the basic commodity chemicals such as simple
aliphatics and aromatics since the chemistry will be quite different from
transforming fossil fuel hydrocarbons. Much research is still needed to
determine the means of producing these materials from sugars, starch,
lignin, and cellulose. An example includes the efforts by the DOE, which
identified sugar-based chemical building blocks via biochemical or chemi-
cal conversion as a starting point for the development of biomass as a
feedstock for commodity chemicals. Such building block chemicals are
seen as essential in the development of a commercially viable biomass
generated feedstock.

Understanding of the basic chemical processes to transform the plat-
form chemicals to the final production processes. While the “catalog” of
potential starting chemicals is extremely important, the development of
technologies to produce these chemicals is just as important. The chemi-
cal enterprise is going to have to address the pretreatment as well as the
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“breakdown” processes to take the starting biomass material (this could
be switch grass, corn, grains, energy cane, water hyacinth, etc.) to the po-
tential building blocks to develop the platform chemicals.

Understanding the basic separation or extraction processes need to iso-
late the building block chemicals from biomass. Once the platform
chemicals have been obtained via whatever selected pathway, the chemi-
cal will then have to be separated from the complex mixture. This identi-
fies the need for better separation chemistries that will be required—par-
ticularly aqueous separations as well as concentrating techniques as it is
anticipated that many of these platform chemicals will be produced in
very dilute mixtures. The dilute mixtures also point to another significant
research need—understanding of water chemistries. Water will be of sig-
nificant concern in the production of platform chemicals from biomass—
identification of sources, water quality, and the water treatment.
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4

Addressing Energy Intensity of the
Chemical and Allied Process Industry

The high standard of living accorded by the availability of food, water,
clothing, shelter, transportation, and recreation, are the result of
great advances in chemical and biological sciences and technology.

However, the chemical products resulting from these advances require
considerable energy input or intensity.1 The U.S. energy use constitutes
about 24 percent of the global consumption of energy, 88 percent of which
is derived from fossil fuels (petroleum, coal, and natural gas combined).2
Industrial activity accounts for 33 percent of all the energy (fossil fuels,
electricity, etc.) used in the U.S. The U.S. chemical process industry (CPI)
consumes nearly 25 percent of this,3,4 or about 7.7 percent of all the energy
resources used in the United States. In short, energy use in the CPI is
significant. The readily available and relatively inexpensive sources of fos-
sil fuels that the chemical industry has enjoyed for the last century are in
part responsible for the present situation.

The implications for sustainability of the high energy use in the CPI
are well documented. Similar to the discussion in Chapter 3, these include
business risks associated with the:

1Energy consumption relative to total output (gross domestic product or gross national
product).

2U.S. Department of Energy, Energy Information Administration. 2003. Annual Energy
Review.

3http://www.eere.energy.gov/industry/chemicals/pdfs/annual03_chemical.pdf
4Schwarz, J. M., B. R. Beloff, E. R. Beaver, and D. Tanzil. Winter 2001. Practical Minimum

Energy Requirements for Chemical Product Manufacturing: A Management Tool for Achiev-
ing Sustainable Products. Environmental Quality Management 75–89.
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• Increasingly higher cost of energy which is reflected in the in-
creasing production cost of chemical products;

• Uncertainties in the reliability of supply;
• Impacts on global climate change from emissions of greenhouse

gases (CO2, etc.) as well as ones causing acid rain and ground-level ozone
pollution (NOx, etc.)

• Competition with other industries (transportation, domestic, etc)
for fossil fuel resources.

Global events in the last three decades, however, have brought the
realization that fundamental changes in energy use are necessary for con-
tinued sustainability of the chemical and allied industries. Recently, the
price of a barrel of oil reached more than $60, and is likely to continue to
fluctuate, with the mean value staying substantially above the price over
the last 20 years. The price of natural gas is at an all time high in the
United States, which is the highest price in the world. This places the U.S.
chemical industry at an economic competitive disadvantage. The fourfold
increase in oil prices since the mid-1990s has driven the CPI to discover
energy efficient technologies that have contributed to more useful prod-
ucts, reduced emissions, and improved productivity. Indeed, there are
numerous examples of real gains made by the chemical industry in ad-
dressing the high energy intensity. One company has publicly reported5

achievements of more than 20 percent improvement in energy efficiency
in a ten year period from 1994 to 2004. However the exploration, discov-
ery and implementation of innovative and more energy efficient technol-
ogy are, and must remain, ongoing pursuits.6

The goal of these pursuits is for the chemical industry to continue to
deliver products essential to improved living conditions of the current
generation and still be able to meet the needs of future generations. As
pointed out by Jeff Siirola during the workshop, it is expected that in the
near term the chemical industries will continue to rely on fossils fuels,
eventually converting from oil and natural gas to coal, as dictated by price.
However, it is anticipated that carbon (i.e., CO2) management—closing
the carbon cycle—will become vital prior to the depletion of fossil fuel
reserves (Table 4.1).7 Eventually, the use of renewable energy sources will
be required. The following innovative strategies and technologies are nec-
essary for success:

5http://www.dow.com/commitments/stewardship/increase.htm
6Hoffert, M. I., et al. 2002. Advanced Technology Paths to Global Climate Stability: Energy

for a Greenhouse Planet. Science 298:981–987.
7See comments by Jeff Siirola and Klaus Lackner, Workshop Summary, Appendix D, p.

139 and p. 151, respectively.
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• Continually reduce the energy intensity of the CPI towards prac-
tical minimum levels, with the obvious benefit of reducing the cost to
manufacture

• Reduce dependence on the increasingly costly and unreliable sup-
ply of fossil fuels

• Allow the greater use of renewable energy resources, including
solar energy and biomass-derived energy

• Reduce the environmental impact by decreasing carbon emissions

OPPORTUNITIES FOR R&D

One area of opportunity for research and development in
sustainability for the chemical industry has to do with improving energy
efficiency and reducing the energy intensity of the CPI. Well known en-
deavors towards reduction of energy intensity involve continuous im-
provements and optimization of existing processes and operating prac-
tices, heat recovery and heat integration methods (including co-generation
of electric power and steam), selection and use of equipment with en-
hanced mechanical and electrical efficiencies. Greater investments are be-
ing made to capture and use currently wasted natural gas in the form of
liquefied natural gas (LNG). At the workshop, several other ideas for re-
ducing the energy intensity of the chemical and allied process industry
were suggested. Several of these ideas are already in use at some level but
require further research and development to achieve breakthrough inno-

TABLE 4.1 Fossil Fuel Reserves

Reserve life at
Recoverable Reserves Reserve life at current projected GDP
(Gigaton Carbon)a consumption rate (years)b growth (years)c

Oil 120 035 025
Natural Gas 075 060 045
Coal 925 400 100

aSOURCE: Energy Information Administration website (www.eia.doe.gov).
bEstimated reserves divided by current consumption
cSOURCE: Population trends for each geographic sector of the world were taken from the

Population Reference Bureau website (www.prb.org) and GDP per Capita for every country
were taken from a table at www.photius.com/wfb1999/rankings/gdp_per_capita_0.html. Estimates
were made for how fast GDP/Capita (in constant dollars) might grow in each country, and
were then multiplied by the expected population growth in each country and summed for
the whole world to get a ratio for how energy demand will grow (energy demand grows
historically at half the rate of GDP growth). Provided courtesy of Jeffrey Siirola.
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vations. A few of these ideas are presented below, and note the research
challenges to be addressed.

Energy Efficient Separations

Chemical processes typically include one or more energy intensive
separation steps. Distillation is by far the most common separation
method, and this one unit operation consumes 35-40 percent of the all the
fuel used for energy by the CPI (dominated by petroleum refining),
amounting to roughly 3 percent of all the energy needs of the entire United
States.8 At the same time, as shown in Figure 4-1, distillation is quite a
mature technology that is becoming increasingly difficult to improve
upon.9 A large percentage of achievable technical improvements have
been made and a large percentage of envisioned uses have already been

Technology maturity index 
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FIGURE 4.1 Maturity of separation technologies.
SOURCE: William Koros, adapted from Humphrey, J. L. and Keller, G. E., II, 1997,
Separation Process Technology, McGraw-Hill.

8U.S. Department of Energy (Energy Information Administration). 2004. Country Analysis
Brief, USA. www.eia.doe.gov/emeu/cabs/usa.html

9Humphrey, J. L., and G. E. Keller, II. 1997. Separation Process Technology. McGraw-Hill,
and comments by William Koros during workshop, p. 147.
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applied to distillation. In contrast, less mature technologies such as mem-
brane separations, adsorption, and extractions usually occur at lower tem-
peratures and consequently tend to be lower energy intensive processes.
However, there are significant technical challenges that currently limit
the use of these alternative separation processes and that must be over-
come to realize significant reductions in the energy intensity of the CPI.

Membrane Separations

Membranes are increasingly being used in separation processes and
novel synthetic processes.10 As pointed out by William Koros during the
workshop,11 membranes have the greatest potential for low energy inten-
sity processing, but they are the least technologically mature of large scale
separations. Further growth in membrane applications will require re-
search and development effort that includes the following:

• Development of advanced membrane materials with well-char-
acterized physical and performance (selectivity and permeability) prop-
erties as well as appropriate selection and applications guidelines

• Development of quantitative predictive models that relate mem-
brane structure to the performance characteristics for separating complex
mixtures

• Development of catalytic membrane reactors
• Manufacturing technology for cost effective assembly of reliable

membrane separation modules for both liquid and gas phase separations
• Fouling: understanding the mechanisms for fouling and ways to

reduce or prevent it.

[Membrane separation] technology is about where I would say aqueous
reverse osmosis was in the late 1960’s. It was clear that it worked, but it
didn’t work very well, and there still has to be a significant investment
made. We are making a decision. We are either going to invest in some-
thing that has this ability to cause an order of magnitude reduction [in
cost], or we won’t.

William Koros, Georgia Institute of Technology

xx

10Koros, W. J. 2004. Evolving Beyond the Thermal Age of Separation Processes: Membranes
Can Lead the Way. AIChE J. 50(10):2326–2334.

11See comments by William Koros in the Workshop Summary, Appendix D, p. 147.
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Adsorption

The design of novel materials provides the opportunity for highly
selective adsorption separations. Research challenges associated with ad-
sorption include the following:

• Finding adsorbents with appropriate selectivity for specific sepa-
rations and that retain their integrity through many adsorption-desorp-
tion cycles

• Energy efficient and cost effective desorption strategies
• Improving the science and technology of simulating moving beds

technology to make adsorption technology effective for essentially con-
tinuous operations.

Extraction

While not new technology, liquid-liquid extraction needs to be more
fully exploited in the CPI. The primary limitations have been selectivity,
cross-contamination, and the toxicity of the solvents. Thus, the primary
research challenges that exist are:

• Developing and identifying solvents that give the appropriate se-
lectivity and partition coefficients, without significant loss of the solvent
to the raffinate12

• Developing and identifying solvents with lower toxicity

Separation and Recovery of Components from Dilute Aqueous Solutions

Separation of valuable components and waste products from dilute
solutions is a particularly challenging separations problem that warrants
special attention. Removing contaminants from wastewaters is vitally
important, as is the recovery of products from fermentation broths. Evapo-
ration of large amounts of water is usually a poor choice from an energy
standpoint due to the large heat of vaporization of water. Thus, strategies
for removal of components from dilute aqueous solutions constitute a
particularly urgent research challenge.

12This is portion of an original liquid that remains after other components have been dis-
solved by a solvent.
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Novel and Effective Catalysts

As pointed out in a recent special issue of Science magazine on cata-
lysts,13 “Industrial catalysis will continue to require chemical engineers to
take the work of chemists, and increasingly biologists, and run it effi-
ciently on a grand scale.” Improvements in chemical and biological cata-
lytic selectivity and activity under varying conditions has the potential to
substantially reduce the energy intensity of the CPI, in addition to other
aspects of achieving sustainability discussed elsewhere in the report (e.g.,
managing carbon dioxide, producing feedstocks from biomass, developing
green chemistry and engineering, etc.). Recent advances in nanoscience14,15

are now contributing to a greater understanding of how particle size,
structure, and composition affect catalyst performance, which should lead
to greater opportunities for reducing the energy intensity of the CPI.

Biocatalysis16 through use of enzymes was highlighted in the work-
shop as a promising approach to reducing the energy intensity of the CPI,
and as a way of creating innovative solutions to fuel growth for future
generations without the environmental insult (also see discussion in Chap-
ter 3 on “Technologies for Converting Biomass into Chemical Feed-
stocks”). Glen Nedwin pointed out how the use of enzymes exploits their
key properties, which include: specificity of catalytic activity; effective-
ness at low temperature and concentrations; ability to biodegrade; and
availability from renewable resources.

Nedwin suggested several areas of research and development that
need to be explored to reduce the manufacturing cost of enzymes, and
increase the enzyme specific activity per gram. Many of these advances
will involved improvements in overall genetic engineering capabilities to
support enzyme production, and include:

• Finding less costly feedstocks for the manufacture of enzymes
• Enhancing enzyme recovery and separation methods to make

them less costly
• Ways to increase fermentation yields for enzyme production
• Developing process technologies for on-site or in-situ production
• Finding more stable enzymes or develop methods to enhance

their stability

13Coontz, R., J. Fahrenkamp-Uppenbrink, and F. Szuromi. 2003. Introduction to special
issue: Speeding Chemistry Along. Science 299(5613):1683.

14Bell, A. T. 2003. The Impact of Nanoscience on Heterogeneous Catalysis. Science
299(5613):1688–1691.

15Rolison, D. R. 2003. Catalytic Nanoarchitectures—The Importance of Nothing and the
Unimportance of Periodicity. Science 299(5613):1698–1701.

16Thomas, S. M., R. DiCosimo, V. Nagarajan. 2002. Biocatalysis: Applications and Poten-
tials for the Chemical Industry. Trends in Biotechnology 20(6):238–242.

Copyright © National Academy of Sciences. All rights reserved.

Sustainability in the Chemical Industry:  Grand Challenges and Research Needs - A Workshop Report
http://www.nap.edu/catalog/11437.html

http://www.nap.edu/catalog/11437.html


ENERGY INTENSITY 61

• Discovering enzymes with greater specificity
• Optimization of cellulase enzyme mix

Alternative Fuels

Reducing the energy intensity of biofuel17 and biofeedstock produc-
tion (see Chapter 3 of this report) is another important research area. A
major challenge associated with biomass utilization for both fuels and
feedstocks is developing technologies for carrying out separations, espe-
cially separation of relatively dilute chemicals from aqueous solutions
(e.g., fermentation broths), as mentioned in Chapter 3. According to
Stanley Bull, only recently has even ethanol production from corn sugars
(which has been invested in heavily) become efficient enough that it is a
net energy producer.18

There is also a continued need for technologies for cogeneration of
high value chemical building blocks and power starting with fossil fuel
feedstocks, such as coal and lignite as oil supplies dwindle in the short
term and renewables become more viable sources of fuel in the long term.
The chemical industry has steadily increased its cogeneration capacity
over the years, more than doubling between 1985 and 1998—providing
about 20 percent of the net demand for electricity in for the CPI in 1998.19

Optimization of production of chemical feedstocks, power production and
efficient heat recovery will continue to be needed regardless of the sources
of energy.

Lubrication

A vast amount of the energy used by modern societies is wasted as a
result of unproductive friction in internal combustion and aircraft engines,
gears, cams, seals and bearings. According to some estimates,20 one third
of the world’s energy resources in present use disappear as friction in one
form or another. Typical automobile engines convert only 20-35 percent
of the chemical energy of combustion to useful mechanical work. The rest
is lost due to frictional losses and heat via engine cooling and exhaust. Jost
has estimated21 that the United States could save in excess of $16 billion

17This includes fuel such as methane produced from renewable resources, especially plant
biomass and treated municipal and industrial wastes.

18See comments by Bull in the Workshop Summary, Appendix D, p. 128.
19Energy Information Administration. 2001. Manufacturing Energy Consumption Survey.
20Bhushan, B., ed. 1996. Handbook of Micro/Nano Tribology. Boca Raton, Florida: CRC Press.
21Jost, P. 1976. Economic Impact of Tribology. Proc. Mechanical Failures Prevention Group.

NBS Spec. Pub. 423. Gaithersburg, MD.
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per year from better tribological practices. Advances in nanoscience have
led to new understanding of adhesion, friction, wear, and thin-flm lubri-
cation at sliding surfaces taking place from the atomic and molecular
scales to microscales.22 Further developments in micro/nanotribology
have the potential to provide breakthrough technology for reducing the
energy intensity of the CPI. Major research challenges include:

• Development of a fundamental understanding of how lubrica-
tion works to allow design and selection of compounds and mixtures with
the appropriate properties

• Development of more stable, higher temperature lubricants

Solar and Other Non-Fossil Fuel Sources of Energy

While reduction in energy intensity and improvements in energy effi-
ciency of using fossil fuels in the short term are absolutely vital for the
sustainability of the CPI, eventually the CPI must look to alternative and
renewable feedstocks and energy sources. These may include landfill gas,
wind, and solar energy. Renewable sources are a vital component of any
effort to be less dependent on conventional feedstocks and fuels, to re-
duce manufacturing costs, and to decrease the impact of the CPI on the
environment.

Among the options that exist, solar energy is the only truly sustain-
able energy solution. Obviously the sun is the primary source of energy
on earth. Solar energy is abundant, clean, and renewable, but unfortu-
nately it is intermittent and diffuse. To realize its potential, it must be
captured, concentrated and stored or converted to other useful forms. The
research challenges include:

• Advances in technologies that will reduce the cost and the envi-
ronmental impact of producing photovoltaic systems.

• Advances in technologies that allow the direct use of solar energy
for cost-effective splitting of water to produce hydrogen

• Improvements in heat transfer fluids that enable direct use of so-
lar energy for meeting some of the heating requirements of the CPI

• Advances in storage systems for electric power generated from
solar energy.

22Bharat, B. 1999. Handbook of Micro/Nano Tribology, Second edition. Boca Raton, Florida:
CRC Press.
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It should be noted that nuclear energy is often mentioned as a potential
long-term source of energy as an alternative to fossil fuels. As pointed out
in the workshop and elsewhere,6,23 current (fission based) nuclear reactor
technology does provide electricity without carbon dioxide emissions.
However, it also generates highly toxic wastes, presents safety and security
concerns for centuries [half life of plutonium is 24,100 years], and utilizes
limited uranium resources; thus it is not a sustainable energy option. At the
same time, nuclear technology based on the energy released by the fusion
of deuterium and tritium is a promising long-term energy source [greater
than 30 years] without the negative attributes of nuclear fission, but it still
requires significant research advances to make it a viable option.6

Carbon Management

Since fossil fuels are significantly less expensive than alternative en-
ergy sources (due to the many research challenges; see section on “Solar
and Other Non-Fossil Fuel Sources of Energy” above), it is anticipated
that the CPI will continue to use fossil fuels for energy for many decades
into the foreseeable future. In addition, there is significant capital invest-
ment that would be required to convert from fossil fuels to renewable
sources. When the price of oil and natural gas becomes prohibitively high
due to dwindling supplies or other factors, the CPI will convert to rela-
tively abundant coal. Even with steady growth in GDP, it is anticipated
that coal reserves will last for at least another century (Table 4.1).24 There
is general agreement among the scientific community that there is a link
between atmospheric CO2 concentrations and global temperature in-
creases.25 Moreover, as atmospheric CO2 concentration increases, it is pro-
jected that the associated global climate change will reach a critical stage
by mid century, well before the depletion of all fossil fuel reserves. Thus,
developing technology and strategies for effective carbon management is
a key to sustainability of not just the CPI, but life on earth in general.

Current estimates for the energy required for CO2 recovery from flue
gas by amine scrubbing, pressurization, and re-injection into geological
formations varies from about 13-25 percent of the energy value of the

23Pacalal, S. and R. Socolow. 2004. Stabilization Wedges: Solving the Climate Problem for
the Next 50 Years with Current Technologies. Science 305(5686):968–972.

24See Workshop Summary: comments by Siirola on p. 139; Lackner on p. 151.
25National Research Council. 2005. Radiative Forcing of Climate Change: Expanding the Con-

cept and Addressing Uncertainties. Washington, D.C.:The National Academies Press.
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original fuel that produced the CO2 (natural gas vs. pulverized coal).26

This is a very significant burden that needs to be reduced if effective CO2
management is to be employed on a widespread basis. In addition, there
are issues with regard to leakage from geological formations that have not
been fully resolved.

Thus, the research and development challenges for carbon manage-
ment include:

• Development of energy efficient technologies for CO2 separation,
not just from flue gas, but also from the atmosphere

• Development of technologies for CO2 sequestration. Questions
that need to be addressed include:

— Is it technically feasible to make carbonates from CO2 without
excessive energy use and with a viable carbonate disposal plan?
— Is it possible to effectively utilize CO2 in the production of
cement?
— Can CO2 hydrates be made a practical solution?
— What are the issues (e.g., leakage) associated with storage of
compressed CO2 in geological formations?

Development of technologies for CO2 utilization is needed. CO2 is con-
sidered to be a cheap, nontoxic, and renewable feedstock that is currently
being used to produce entirely new materials and for new routes to existing
chemicals such as urea, salicylic acid, cyclic carbonates, and polycarbon-
ates.27 With further progress, utilizing CO2 for synthesis of chemicals could
play a more significant role in managing global carbon emissions.

CONCLUSIONS AND RECOMMENDATIONS

Reducing the energy intensity of the CPI is an absolutely vital compo-
nent in ensuring the sustainability of the chemical and allied industries.
Continued reliance on fossil fuels can be anticipated, with eventual con-
version from less abundant oil and natural gas to more abundant coal.
This makes the issue of carbon management extremely important. The
CPI will eventually need to look to renewable energy resources. Finally, it
is clear that development of more energy efficient technologies will be

26David, J. 2000. Economic Evaluation of Leading Technology Options for Sequestration of
Carbon Dioxide. MIT Masters Thesis; Herzog, H. J., and D. Golomb. 2004. Carbon Capture
and Storage from Fossil Fuel Use., in C. J. Cleveland, ed. Encyclopedia of Energy. New York:
Elsevier Science Inc. Pp. 277–287.

27Marks, T. J., et al. 2001. Catalysis Research of Relevance to Carbon Management. Chemi-
cal Reviews 101(4):973–975.
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necessary whatever the source of energy being used by the CPI, with pri-
ority given to research and development in the following areas:

More energy efficient separation processes. Chemical processes typically
include one or more energy intensive separation steps. Distillation is by
far the most energy intensive. In contrast, membrane separations, adsorp-
tion, and extractions tend to be lower energy intensive processes. How-
ever, there are significant technical challenges that currently limit the use
of these alternative separation processes and that must be overcome to
realize significant reductions in the energy intensity of the CPI.

Utilization of improved catalysts for energy reduction and selectivity
increases. Biotechnological and other emerging technological solutions
need to be explored to reduce the energy intensity of the CPI. In contrast
to the typical catalysts in chemical reactions that require high tempera-
tures and pressures while offering low selectivity, biocatalytic approaches
and new developments in nanoscience have the ability to provide greater
specific catalytic activity under mild reaction conditions. In the case of
enzymes, such activity can be very specific under mild reaction condi-
tions, while at the same time being biodegradable and produced from
renewable resources. Such approaches present possible solutions for re-
ducing the energy intensity of the CPI, and as a way of creating innova-
tive solutions for future generations without harming the environment.

Improvements in energy efficiency for the production of biofuels and
biofeedstocks. A major challenge for sustainability in the chemical indus-
try is how to reduce the energy intensity of biofuel and biofeedstock pro-
duction (see Chapter 3 of this report for more discussion). There is a need
for an effective biomass feedstock process to recover not only hemi-cellu-
lose and sugars for oxygenated molecular building blocks but also lignin
as a source of aromatic molecules.

Development of more effective lubricants. A vast amount of the energy
used by modern societies is wasted as a result of unproductive friction in
internal combustion and aircraft engines, gears, cams, seals, and bearings.
Fundamental understanding of how lubrication works is needed to allow
design and selection of compounds and mixtures with the appropriate
properties. There also needs to be development of more stable, higher
temperature lubricants

Step change improvements in the use of solar energy and other renew-
able energy sources. While reduction in energy intensity and improve-
ments in energy efficiency are absolutely vital for the sustainability of the
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CPI, eventually, the CPI must look to alternative and renewable feedstocks
and energy sources. These may include landfill gas, wind, and solar en-
ergy. Renewable sources are a vital component of any effort to be less
dependent on conventional feedstocks and fuels, to reduce manufactur-
ing costs, and to decrease the impact of the CPI on the environment.

Technological breakthroughs in CO2 separation, sequestration, and use.
It is anticipated that the CPI will continue to use fossil fuels for energy for
many decades into the foreseeable future. This is mainly due to abundant
supplies of coal and the significant capital investment that would be re-
quired to convert from fossil fuels to renewable sources. At the same time,
there is general agreement among the scientific community that there is a
link between atmospheric CO2 concentrations and global temperature in-
creases. As atmospheric CO2 concentration increases, it is projected that
the associated global climate change will reach a critical stage well before
fossil fuel reserves run out. Thus, developing technology and strategies
for effective carbon management is a key to sustainability of not just the
CPI, but life on earth in general.
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5

Sustainability Science Literacy and
Education That Enables the Adoption of

More Sustainable Practices in the
Chemical Industry

Progress in all other areas discussed so far depends upon greater
literacy in what is coming to be called sustainability science, which
brings together “scholarship and practice, global and local perspec-

tives from north and south, and disciplines across the natural and social
sciences, engineering, and medicine.”1 Given its ubiquitous influence over
economies, effective transitional steps for the chemical industry to move to-
ward sustainability are based fundamentally upon the initial stepping stone
of communicating the dispersed science knowledge that makes sustainability
thinking clear. While seemingly fragmented, the fields of green chemistry,
industrial ecology, and earth systems science are interconnected constituents
of this knowledge. Exposure to these ideas through education and training is
essential to chemical industry adoption of practices that will enhance the
nation’s economic strength and security, and position the industry advanta-
geously as an innovative force for future prosperity. Engagement with
sustainability principles offers the United States the opportunity to lead on
the inevitable path toward more intelligent industrial activity with respect to
nature’s dynamics, human health, and political stability.

THE CHALLENGE OF COMMUNICATING SUSTAINABILITY

Addressing the gap between the dominant conventional understand-
ing of the nature-human relationship on the one hand, and the different

1Clark, William C., and Nancy M. Dickson. 2003. Sustainability Science: The Emerging
Research Program. Proceedings of the National Academy of Sciences (USA) 100(14):8059–8061.
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mindset required for businesses to function effectively going forward on
the other, is the first hurdle. The gap will be filled with state of the art
knowledge about the nature-human interface, which in turn establishes
the requisite mindset for innovation. At present, the knowledge base is
distributed across disciplines. But the challenge can be expressed simply.
The chemical industry and society at large must understand the reality
and implications of the economy existing within society, which in turn is
embedded within a biosphere. The biosphere has countless interdepen-
dent systems from the planet’s scale to human’s most recent frontier of
microscopic inquiry, the nanotechnology scale. Bench level chemistry
changes in material design and diffused molecular concentrations above
normal background levels influence and alter the dynamics of these sys-
tems. In other words, we are now engineering—or designing—nature,
and should therefore proceed with as much caution and information about
consequences as possible. In this context, the government must under-
stand and guide economic development according to its best comprehen-
sion of conditions which favor greater prosperity for more people.

Unless we understand that something that is designed at bench scale will,
in fact, in many cases, impact systems at regional and global scale, we
have not yet begun to grapple with what is already occurring in our world;
not what is going to occur, what is already occurring.

Brad Allenby, Arizona State University

xx

Understanding Earth Systems

Adoption of “sustainability practices” in any industry presupposes at
the outset a clear understanding of society at multiple levels and why one
would be concerned about these issues. What does it mean when the term
“sustainability” is used? While the term may sound ambiguous, there is
consensus on the foundational science that forms the bedrock of sustain-
ability frameworks currently used. Accumulated data from scientific com-
munities, ranging from earth scientists and demographers to immunolo-
gists and toxicologists, argue that humans have become a central force in
nature, shaping nature through potentially irreversible modifications to
its systems. The distinction between “impacting” and “shaping the
dynamics” of natural systems needs emphasis. As a species, humans have
moved from the assumption that relatively small activity could have no
enduring influence on nature, to understanding that such impacts have
occurred. In 2005, there has been sufficient evidence that the scale and
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character of industrial activity can and have already irreversible changed
the chemical dynamics of what had once been considered “stable” sys-
tems in nature.

This reality needs to be communicated through education and train-
ing. Today, it is still relatively segregated and marginalized in the study
of ecology and other environmental sciences. In management education,
the actions are segregated (and therefore marginalized) in Environment
Health and Safety (EH&S) offices or in debates about ethics and social
responsibility. As central topics in the science communities and related to
the health and stability of societies today, these issues are migrating to the
core of corporate strategy, but education has not kept up. While having
always influenced the physical environment, the reach of humans has
been extended dramatically in the last 100 years through technology and
globalization, yet we still design feedstocks and final products, and main-
tain industries that produce them as though we were ignorant of these
changes. Anthropogenic impact fundamentally alters the chemistry, ecol-
ogy, and biology of living and nonliving systems. Historically unprec-
edented population growth, with accompanying exponentially expanded
throughput of industrial materials, has led to unavoidable pollution and
health challenges. Moreover, growth demands and technological ad-
vances place ever growing requirements for natural and synthetic materi-
als. The scale and accelerating rate of change results in activity and waste
streams that disrupt and degrade natural systems worldwide (e.g. air,
hydrologic, and biogeochemical cycles). Yet these same systems provide
critical services on which society and the economy depend—clean water,
healthy air, clean energy, productive soil, and safe food. This knowledge
cannot remain marginal to the education of citizens. Not only does the
knowledge base of scientists need augmenting but those working in in-
dustry, including throughout supply chains to final product users, need
the systems orientation of green chemistry and sustainability science.

Recognition of this reality has spread outward from the scientific com-
munities to governments, international and national standard setting bod-
ies, advocacy organizations, and community- and professionally-based
groups worldwide concerned with human health and environmental deg-
radation. Greater awareness drives public policy decisions as well as cor-
porate strategy to respond and adapt and attempt to function successfully
given these changing conditions, but the knowledge of how to respond
and adapt has to be communicated. In summary, population growth com-
bined with the expanding materials intensity of economic activity and the
scientific capabilities to better understand their implications presents the
current generation with a simply reality: The global demand for resources
and the waste generated now collide with the ability of natural systems to
regenerate.
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Many describe the situation as humans consciously and uncon-
sciously designing (engineering) natural systems.2 For example, gene
manipulation is an example of conscious engineering, and ozone deple-
tion, and dead zones in coastal areas are examples of unintended engi-
neering. The first step in a research agenda for sustainability in the chemi-
cal industry should include how to effectively educate the people in
industry to this reality.

EDUCATIONAL PRIORITIES

Enhancing the level of sustainability literacy generally and incorpo-
rating the concepts and strategies of sustainable practices in science and
business education are key to attaining sustainability in the chemical en-
terprise. Broader implementation of sustainable practices depends both
on “market pull” from consumers and “technological push” from the re-
search and development community. Priorities for education efforts in
sustainability should thus address the purchasers of innovative products,
the designers, and the business practitioners. Goals for sustainability lit-
eracy and education must include:

• Supporting the research agenda put forth in the preceding sections
of this report through education about underlying drivers and science

• Stimulating demand for environmentally benign technology
among industrial scientists, business people, and consumers

• Advocating a better understanding of the science challenges and
opportunities associated with sustainability within the chemical enter-
prise, and overcoming resistance within the disciplines

A number of barriers to change exist. One of these has to do with the
ability of industry to adopt new practices, which can be difficult because
of: (1) mature products and processes that make innovation risky, diffi-
cult, or unwarranted, (2) lack of reliable metrics to drive decision making
and societal impact quantification, and (3) the perception that economic
pay-offs are too distant and not well understood.

In fact, the contribution to corporate value creation is increasingly
well understood. While changes in course content are relatively constant,
there needs to be integration of “green” into standard course materials.
Textbooks need updating. New approaches that focus more on sustain-
ability take time and resources to develop and implement, compete with
existing programs, and must overcome the inertia of well-entrenched

2See comments by Brad Allenby in the Workshop Summary, Appendix D, p. 103.

Copyright © National Academy of Sciences. All rights reserved.

Sustainability in the Chemical Industry:  Grand Challenges and Research Needs - A Workshop Report
http://www.nap.edu/catalog/11437.html

http://www.nap.edu/catalog/11437.html


SUSTAINABILITY EDUCATION 71

teaching practices. Thus updates to core and essential course materials
are essential. In addition, accreditation and standardized testing procedures
favor the existing programs, contributing an additional barrier. Finally,
there has been little recognition of economic opportunities for business
creativity, opportunity, and innovation inherent in addressing issues of
sustainability, making the field less attractive to researchers and educa-
tors and keeping the issues marginalized as “ethics” or “environmental
compliance.” A shared barrier in both the industrial and academic venues
is a lack of clear definition of terms describing the field (e.g. “green” vs.
“sustainable” vs. “green chemistry”). Again, there exists the research chal-
lenge of framing and articulating science knowledge in terms and ways
that the ideas are well communicated to diverse audiences. The timing for
change is now. A wide variety of factors have converged to stimulate
change. Among others are shareholder petitions, Dow Jones Sustainability
Indexes driving corporations to achieve sustainability goals, global full
cost accounting and financial reporting standards, and leadership by firms
through organizations such as the World Business Council on Sustainable
Development.3

There is an opportunity to improve sustainability education at every
level—from informal education of current and future consumers and citi-
zens to future scientists, to the chemistry and engineering practitioners, to
the business leaders who sell these products and define corporate strat-
egy. In order to make progress toward this goal, these efforts need to be
prioritized, identifying the audiences to target and what they need to
learn. In the short term, efforts should be placed on educating the practi-
tioners of the field (scientists and engineers) who are capable of discover-
ing and developing new, more sustainable technologies and the business
leaders who will decide if and how these technologies are implemented.
In the longer term, educational efforts that target K-12, university students

Many people today distrust business. Yet younger people, idealistic and
full of creative ideas, want to do meaningful work. What if research and
educational funding supported clean technology innovation and a shift
toward sustainability practices? Why couldn’t, why shouldn’t, this country
lead in ideas, education, and the transformation of its economy.

Andrea Larson, Darden Graduate School of Business Administration

xx

3See: Willard, B. 2005. The Next Sustainability Wave. New Society Press; Larson, A. 2003.
Reframing Global Environmental Issues through an Innovation and Entrepreneurship Lens. #UVA-
ENT-0041. University of Virginia: Darden Business Publishing.
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and teachers, consumers, and policy makers are needed now to create
demand for more sustainable products and practices. Efforts by pioneer-
ing individuals and institutions are already underway. Identifying and
supporting these early efforts and seeding additional initiatives are essen-
tial. As with any new area that changes how people think, and therefore
act, the pioneers often work in relative isolation and even opposition. If
these topics are to be taken seriously by the U.S. government, those who
have laid the cornerstone to the new house need support.

EDUCATING FUTURE PRACTITIONERS—
WORKFORCE AND EDUCATORS

As the source of innovative ideas and technologies for the future
chemical enterprise, future practitioners are a critical audience for educa-
tional programs that promote a more sustainable industrial system. Al-
though the details of the changes in the curriculum will depend upon the
target group, in general, changes in education should: address the inter-
disciplinary nature of the research problems introduced earlier in this re-
port; develop the fundamental tools for solving complex problems; give
students experience assessing the relative merits of different technologi-
cal solutions; and help students appreciate the relevance of their work to
industry and society as a whole. At the most basic, education is needed to
communicate an understanding of why the chemical industry must
change and the probable consequences of maintaining the status quo.
More specific needs are described below for each group.

Educators

Within the context of this report, there currently exist three broad
classes of educators: a small number that are already incorporating
sustainability into their courses, a growing number who would like to do
so, and many who are resistant to or unaware of this type of change. Thus,
there is a need for new educational materials and incentives that support
those who are pioneering or are interested in change and incentives that
encourage faculty to incorporate sustainability into their coursework. Ex-
amples of educational materials that are needed will be described below.
Although there has been considerable progress made in developing mate-
rials,4 there exists an appetite for new materials that span a broad range

4See Stuart L. Hart’s work at Cornell’s Johnson School of Business, Andrea Larson’s work
at the University of Virginia’s Darden Graduate School of Business Administration for busi-
ness management educational materials, and the textbooks: Allen, D. T., and D. R. Shonnard.
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from introductory, stand-alone materials to fully integrated curricula
across multiple disciplines. Incentives to promote adoption include:

• Resources to encourage development of new educational materi-
als, such as the National Science Foundation (NSF) Course, Curriculum,
and Laboratory Improvement (CCLI) program;

• Changes in the direction of accreditation and certification pro-
grams, such as the American Chemical Society (ACS) Committee on Pro-
fessional Training, similar to what the Accreditation Board for Engineer-
ing and Technology (ABET) has put in place to catalyze engineering
curriculum reform through its Engineering Criteria 2000 (EC2000);

• The inclusion of this subject matter on standardized exams (e.g.,
ACS subject exams); and

• Opportunities to align faculty research and education objectives,
such as the NSF Faculty Early Career Development (CAREER) program,
which can be powerful motivators for young faculty to pursue activities
that will promote a more sustainable chemical enterprise. Interested insti-
tutions can hold forums to disseminate the research and concepts to intro-
duce young faculty to materials and topics. Pedagogy programs to con-
solidate and accelerate understanding can be established to move this
agenda forward more expeditiously. This acceleration is necessary be-
cause the natural course of change will be slow due to disincentives. These
include promotion paths that support specialization and discourage cross-
discipline and cross-field research and teaching efforts, inertia that per-
sists without funding to direct intellectual effort toward change, and the
tenure system that defends and preserves the status quo knowledge.

Chemistry and Chemical Engineering Graduate Students

In order to solve the complex research challenges described earlier in
this report, chemists and chemical engineers will need a range of skills
that span from fundamental chemistry to applied science that enable them
to work effectively with colleagues from biology to business. In addition,
they will need to acquire new skills such as life cycle assessment and toxi-
cology that permit them to assess and develop new technologies that offer
high performance and have a minimal environmental footprint. The fol-
lowing elements are needed to prepare students to excel in careers in this
area:

2002. Green Engineering: Environmentally Conscious Design of Chemical Processes. Prentice Hall;
Parent, K., and M. Kirchhoff., eds. 2004. Going Green: Integrating Green Chemistry into the
Curriculum. Washington, D.C.: American Chemical Society.
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1. A strong component of interdisciplinary research that helps stu-
dents learn to integrate their work with other disciplines while contribut-
ing to the development of a knowledge base needed to address
sustainability challenges. In particular, activities that get chemists and
chemical engineers working together should be included. Also important
is research and curricula that span schools and disciplines to insure chem-
istry and engineering concepts are integrated with professional schools:
medicine, business, and law.

2. A strategic approach that encourages students to apply their ba-
sic chemistry knowledge to real problems and provide them with famil-
iarity of business thinking and industrial practices, business opportuni-
ties, and challenges.

3. An emphasis on skills such as communication and teamwork that
are needed to work effectively with a broad range of professionals.

4. A basic understanding of current science and alternative risk as-
sessment methods associated with the biological impacts on natural sys-
tems resulting from new compositions of matter and routes of exposure.

A model similar to the NSF Integrative Graduate Education and Re-
search Traineeship (IGERT) program—which helps establish innovative
new models for graduate education and stimulates collaborative research
that transcends traditional disciplinary boundaries—would seem an ex-
cellent way to provide incentives for faculty to change curricula while
addressing the needs of graduate students entering this complex field. 5

Specialized Masters Degree programs that assist students in applying
the basic science they have learned during their undergraduate education
toward industrially-relevant problems may be an important approach to
assist students in preparing to make contributions to the challenges faced
in developing a more sustainable chemical enterprise.

Chemistry and Chemical Engineering Undergraduate Students

At the undergraduate level, effort should be made to introduce stu-
dents to the concepts of sustainability within the context of the core cur-
riculum. Although there is considerable pressure to add new material to
the curriculum, it is possible to incorporate green chemistry (and related
topics regarding sustainability) without giving up the core learning objec-
tives. Students are often more interested in learning these core objectives

5This NSF-wide endeavor was initiated in 1997, is now comprised of approximately 125
award sites, and in 2005 continues into its sixth annual competition. For more information
see the NSF-IGERT web site: http://www.nsf.gov/crssprgm/igert/intro.jsp
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when the relevance has been made clear, for example through relation-
ship to their everyday lives or to the environment. Chemistry majors who
gain exposure to these topics are better prepared to address sustainability
challenges in the workforce or in their graduate work.

. . . it is important to hold students’ interest in green chemistry as early as
possible, and to show them that chemistry is not the grand polluter of the
planet and, instead, offers solutions to some of these environmental chal-
lenges that we face.

Mary Kirchhoff, American Chemical Society

xx

Research and Development Managers

As the industrial world begins to shift to the production of more and
more sustainable products and services in response to a changing market
place, R&D managers will have to understand and support innovations
that have a reduced environmental and social impact. They will need the
tools and time to be able to teach the chemists and engineers in their orga-
nizations the basic concepts of sustainability in business, and green chem-
istry and engineering. These tools can take many forms from external
short courses certified by the ACS and AICHE to internal topical sympo-
sia to self-taught e-learning tools. To ensure this happens it is recom-
mended that this responsibility of research management be codified in
their annual performance goals. These managers will be more successful
the more they understand the interrelationship between synthetic chem-
istry and the natural biological systems in nature. All research directors
will be best served by being prepared in the biological sciences. As petro-
leum based raw materials become scarce and costly, renewable (biobased)
sources will likely become preferred based on their life cycle and more
competitive as well as benign to the biosphere and human health. With
these factors in mind, science majors in their educational preparation and
industrial scientists in seeking diversity in their work experience, will ul-
timately reshape our future.

Business Administration Education

MBA Students and Executive Education

Awareness of cost reduction, risk avoidance, market differentiation,
and other benefits from sustainable business strategies is spotty at best in
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MBA curricula and advanced management training. This is not to ignore
the leadership role of a small number of faculty. However, these early
stage efforts need resources to accelerate and deepen their influence. The
contribution sustainability can provide to business practices and financial
performance (as well as public health and safety) needs to be dissemi-
nated through teaching materials at both the MBA and executive levels to
address deficiencies in current education and to inform working manag-
ers and executives of changing competitive conditions.  Business educa-
tion is key to the transformation of the chemical enterprise because most
chemists and chemical engineers in firms are not business unit managers,
nor are they typically on senior management teams. Yet it is these posi-
tions that determine operating and strategic policies within firms. The
science and empirical evidence driving markets toward green chemistry
alternatives, as well as the market shifts that create opportunities for new
products and processes based on sustainability concepts, are urgently
needed in management education. Programs that collect, integrate, and
disseminate teaching materials are needed. Research funding that rewards
research and knowledge creation is also essential to overcome obstacles to
change.

General Education

In order to increase the demand for more sustainable products, edu-
cation within the K-12 school systems, in introductory university courses,
and of consumers will be essential. This education is necessary to allow
for change within the industry as this creates the consumer pull for sus-
tainable processes and products. Development of materials for use in K-
12 settings and getting greater involvement of graduate students (such as
supported by the NSF GK-12 fellowship program), ACS student affiliate
groups, and others familiar with sustainability concepts in these settings
can help K-12 students and teachers become more familiar with the op-
portunities for young scientists to craft a more sustainable future through
science or citizenship. In the universities, introductory science courses that
include the concepts of sustainability or multidisciplinary nonmajors
courses that bring together chemistry or engineering with other disci-
plines such as business, public policy, or environmental science can be
excellent vehicles to raise awareness among nonscientists within our
universities. Universities and businesses should collaborate with non-
governmental organizations (NGOs) to educate the broader public about
the choices that they make as consumers and citizens and how these
choices can promote a sustainable future.
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Unified Instruction of Life Cycle Analysis/Life Cycle Inventory

Across the disciplines there is the need to develop methods that facili-
tate comparison of alternative technologies and processes. One of the most
powerful approaches to make these comparisons is through life cycle as-
sessment (LCA). The development of effective LCA tools and inventory
information that can be used in these analyses would be of considerable
benefit to students in chemistry and engineering from the undergraduate
to graduate level. In each venue, an appropriate treatment should address
the process of life cycle analysis, the influence of the inventory data on the
analysis results, the interpretation of the results, and how results will be
used. Awareness of the tools, frameworks (industrial ecology and green
chemistry, for example), and how their application benefits companies
must be addressed in professional schools, particularly business schools.

CONCLUSIONS AND RECOMMENDATIONS

Progress in all other areas discussed so far—development of green
chemistry and engineering capabilities, alternative fuels and feedstocks,
and energy efficiency—depends upon greater literacy in sustainability
science. Education targeted to business leaders, buyers, and product/pro-
cess designers is essential. This educational agenda is the fundamental
grand challenge. Chemists and chemical engineers need to have a firm
grasp of their disciplines’ subject matter from the theoretical to the practi-
cal, but at the same time deeply understand how their work has global
and local impacts, and how they can inform and be informed by other
disciplines across the natural and social sciences, engineering, and busi-
ness. Business decision-makers must understand why these are priorities
and how to implement change. Exposure to these sustainability ideas
through education and training is essential to chemical industry adoption
of practices that will enhance the nation’s economic strength and security.
These steps also position industry advantageously as an innovative force
for national competitiveness and future prosperity. In summary, there is a
need to improve sustainability education at every level—from informal
education of consumers and citizens to future scientists to the practitio-
ners of the field to the businesses that use and sell these products. In order
to make progress toward this goal, attention must be given to a number of
important research areas described below.

Research Needed

Promote incorporation of sustainability concepts—into curricula, par-
ticularly in chemistry and chemical engineering, but also spanning pro-
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fessional schools with special emphasis on management education be-
cause knowledge in this sector can significantly accelerate application and
learning in the “real” world of business and markets. Without this link,
certainly industry will adapt much more slowly, particularly compared
with its international competition that is under pressure from the same
set of changing conditions. At a minimum, infuse fundamental concepts
of sustainability—green chemistry, industrial ecology, earth systems sci-
ence, ecology, biogeochemistry, and sustainable business innovation—
into core curricula as appropriate.

Develop and promote educational materials (e.g. lab modules, LCA mod-
ules, new text books that infuse sustainability and green chemistry con-
cepts into the core material). There is a need for new educational materi-
als and incentives that support those who are pioneering or are interested
in change, and incentives that encourage faculty to incorporate
sustainability into their coursework. Incentives to promote adoption in-
clude resources to encourage development of new educational materials
such as the National Science Foundation (NSF) Course, Curriculum, and
Laboratory Improvement (CCLI) program.

Include sustainability concepts as part of standardized testing pro-
grams. Changes are needed in the direction of accreditation and certifica-
tion programs such as those developed by the ACS Committee on Profes-
sional Training or ABET, and the inclusion of this subject matter on
standardized exams such as ACS subject exams.

Develop effective life cycle assessment (LCA) tools and inventory in-
formation. LCA would be of considerable benefit to students in chemis-
try and engineering from the undergraduate to graduate level. In each
venue, an appropriate treatment should address the process of life cycle
analysis, the influence of the inventory data on the analysis results, the
interpretation of the results and how results will be used. LCA is also a
powerful teaching tool in business education. If business students have
never heard of LCA (and other sustainability approaches and tools), their
understanding of how these issues integrate into corporate strategic deci-
sions will be limited.

Provide professional development opportunities for faculty. Educators
need to learn about sustainability and how it can be advantageously in-
corporated into their research and education. Opportunities to align fac-
ulty research and education objectives such as the NSF Faculty Early Ca-
reer Development—CAREER—program can be a powerful motivator for
young faculty to pursue activities that will promote a more sustainable
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chemical enterprise. More senior educators also need exposure and edu-
cation. The problem is often lack of understanding, not opposition per se.

Provide sustainability focused NSF-IGERT-like training grants. Such
programs are needed to help establish innovative new models for gradu-
ate education and stimulate collaborative research that transcends tradi-
tional disciplinary boundaries. This would be an excellent way to provide
incentives for faculty to change curricula while addressing the needs of
graduate students entering this complex field.

Include sustainability as part of annual performance goals for R&D
managers, product development heads, and business unit managers. As
the industrial world shifts to the production of more and more sustain-
able products and services in response to feedback from nature and the
human body and a changing market place, these managers will have to
first understand and then support innovations that have a reduced envi-
ronmental and social impact (or, literally eliminate risk). They will also
need the tools and time to be able to teach the chemists and engineers in
their organizations the basic concepts behind sustainability and green
chemistry and engineering.
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6

Conclusions and Recommendations

Based on the discussion provided in the previous chapters of this
report, a set of grand challenges and accompanying research needs
were identified and are summarized below. Although the Grand

Challenges are numbered, they are all important in the context of this
report and to the triple bottom line of the chemical industry now and in
the future. However, Figure 6-1 illustrates how the different Grand Chal-
lenges (ovals) address the sustainability transition (large arrows) from the
current paradigm to the ideal vision over the course of two critical time
frames:

1. The next 20 years (2005–2025) of continued use of fossil fuels (espe-
cially oil) as the predominant source of energy and chemical feedstocks,
where managing carbon, reducing the intense use of energy resources, and
educational efforts to promote sustainability thinking will be critical; and

2. The next 20-100 years (2025–2105) in which the use of fossil fuels
will be phased out, and where the ability to carry out green chemistry and
engineering (built on fundamental understanding of the full life cycle im-
pacts and toxicology of chemicals), and having access to alternative re-
newable sources of fuels and feedstocks will be critical.

GRAND CHALLENGES

The eight Grand Challenges below were chosen because they were
considered to pose the greatest science and technical challenges for ad-
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dressing sustainability—balanced economic, environmental, and societal
progress—in the chemical industry over the next 100 years.

1. Green and Sustainable Chemistry and Engineering
It is a grand challenge for all chemists and chemical engineers to be in-
volved in discovering ways to carry out more chemical transformations
utilizing green and sustainable chemistry and engineering. This builds on
the ultimate premise of green chemistry1,2 that it is better to prevent waste
than to clean it up after it is formed, and its integration into processing and
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Continued use 
of fossil fuels

2025–2105: 
Phase out of fossil fuels

FIGURE 6-1 The Grand Challenges (ovals) for Sustainability (large arrows) ad-
dress the transition from the current thinking to the ideal vision for the chemical
industry over the next 100 years. See text for a more detailed description of figure
and the Grand Challenges.

1Anastas, P. T., J. Warner. 1998. Green Chemistry Theory and Practice. Oxford: Oxford Uni-
versity Press.

2Poliakoff, M., J. M. Fitzpatrick, T. R. Farren, and P. T. Anastas. 2002. Green Chemistry:
Science and Politics of Change. Science 297:807–810.
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other operations through green engineering. 3 Achieving this grand chal-
lenge ideally provides production of both basic and fine chemicals in a
less hazardous environment for humans and ecosystems, uses less en-
ergy, and lowers costs of production. Over the next twenty years this will
involve replacing harmful solvents or improving catalytic selectivity and
efficiency in chemical reactions that also provides cost savings. This area
will grow in importance in the long term as fossil fuels are phased out of
use and alternative and innovative approaches are required.

Research Needed:
While chemists can make most any molecule no matter how structurally
complex, they need to develop with their engineering partners lower en-
ergy reaction pathways for current synthetic processes, and more envi-
ronmentally benign solvent systems with higher yield efficiencies and less
toxic waste.

2. Life Cycle Analysis
Today, there continue to be gaps in the way that chemistry and its impact
on global systems is thought about. There is a need to understand the
long-term impacts of chemicals in the environment—such as persistence,
bioaccumulation, global warming potential, or ozone depletion—and to
account for such properties within a large complex systems analysis. This
involves having a keen understanding of the metabolism of chemical
products—that is, their industrial ecology4—from the extraction of raw
materials and creation of products, to their use and management of any
resulting wastes. Life cycle analytical tools are especially needed for com-
paring the total environmental impact of products generated from differ-
ent processing routes and under different operating conditions through
the full life cycle. This is another area that is already being explored, but
will play an increasingly significant role in the chemical industry in the
longer term as fossil fuels are phased out of use and application of green
chemistry and engineering practices become critical.

Research Needed:
Improvements are needed in the quantity and quality of data required for
such comparisons and in the approach used to evaluate life cycle metrics.
There needs to be an appropriate understanding of the methodology of
life cycle analysis, the influence of the life cycle inventory data on the

3Ritter, S. K. 2003. A Green Agenda for Engineering. Chemical and Engineering News.
81(29):30–32.

4Frosch, R. A. 1995. The Industrial Ecology of the 21st Century. Scientific American
273(3):178–181.
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analysis results, the interpretation of the results, and how the results will
be used.

3. Toxicology
In order to successfully develop green and sustainable chemistry and en-
gineering approaches, it is a grand challenge that chemists know the toxi-
cological fate and effect of all chemical inputs and outputs of bond form-
ing steps. Many data related to human and environmental toxicology of
chemicals are either missing or questionable, which to a large extent af-
fects the significance of some LCA studies, as well as the usefulness of
material safety data sheets (MSDS) and other technical fact sheets. This is
already an area of concern for the chemical industry, and will be increas-
ingly important as fossil fuels are phased out of use and application of
green chemistry and engineering practices become critical.

Research Needed:
Development of critical tools for improved understanding of structure-
function relationships for chemicals and chemical mixtures in humans and
the environment is needed. It would be tremendously useful to have a
centralized repository for human health related data (issued from vali-
dated industrial, occupational, and community-generated resources) as
well as ecotoxicity figures (for LCA studies) in the public domain at little
or no cost to all interested parties. There is clearly a role for the associa-
tions within the chemical industry to assist in the funding and develop-
ment of critical data related to the most pervasive and problematic chemi-
cals in the industrial environment. Computational and genomic
approaches to toxicology must be included in such efforts, such as those
already underway at the U.S. Environmental Protection Agency and their
partners at the National Institute of Environmental and Health Sciences
and the Department of Energy.

4. Renewable Chemical Feedstocks
In order to provide desired chemical functionality in a way that is sustain-
able, another grand challenge for sustainability in the chemical industry
is to derive chemicals from biomass. This includes any plant derived or-
ganic matter available on a renewable basis, including dedicated energy
crops and trees, agricultural food and feed crops, agricultural crop wastes
and residues, wood wastes and residues, aquatic plants, animal wastes,
municipal wastes, and other waste materials.5 This is a long term chal-
lenge that will become increasingly important as fossil fuels are phased
out over the next 100 years.

5U.S. Department of Energy definition.
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Research Needed:
There is a need to develop a catalog of biomass derived chemicals, building
on what DOE has already begun.6 This “catalog” of potential starting chemi-
cals would provide the research community with starting points in the devel-
opment of alternative pathways to achieve the desired end materials.

This effort should involve studies on biomass that can provide cur-
rent basic chemicals such as simple aliphatics and aromatics as well as
fundamentally new compounds from platforms such as lignin, sugar, or
cellulose. This should include a review of biomass-based chemistries that
were historically viewed as uneconomic or difficult. It may also mean
providing support for proven chemistries that need further research on
applications and commercialization.

In developing biomass as a source of chemicals, improvements in pro-
cessing are critically important. Pretreatment as well as the breakdown
processes for transforming biomass material into useful chemicals must
be addressed. This requires a better understanding of the basic chemical
pathways involved in biomass conversion processes. While the catalog of
potential starting chemicals is extremely important, the development of
sustainable technologies to produce these chemicals is just as important
(Grand Challenge 1).

Separation or extraction processes to isolate the basic chemicals from
biomass are a very important part of processing (Grand Challenge 6). In
particular, aqueous separations as well as concentrating techniques re-
quire attention because many biomass platform chemicals will likely be
produced in very dilute and complex mixtures. As a result, the removal of
water is a significant concern in the production of chemicals from biom-
ass; identification of sources, and water treatment must all be addressed.

Overall, issues surrounding the biomass life cycle (Grand Challenge
2) need to be considered—the seasonality of the growth, the land nutrient
cycle, and waste products. It is essential that a holistic approach to devel-
oping renewable chemical feedstocks be taken.

5. Renewable Fuels
The chemical process industry (CPI) consumes about 7.7 percent of all the
energy (fossil fuels, electricity, etc.) resources used in the United States.7

6U.S. DOE Biomass Program. August 2004. Top Value Added Chemicals from Biomass, Vol-
ume 1: Results from Screening for Potential Candidates from Sugars and Synthesis Gas. Report
#35523.

7http://www.eere.energy.gov/industry/about/pdfs/chemicals_fy2004.pdf
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Of this, about 50 percent of the energy resources are used as chemical
feedstocks, rather than consumed as energy. Because of the competing
needs for feedstocks and fuels and the substantial use of energy by the CPI,
it is a grand challenge for the chemical industry to lead the way in the
development of future fuel alternatives derived from renewable sources
such as biomass as well as landfill gas, wind, solar heating, and photovol-
taic technology. This is another long term challenge that will become in-
creasingly important as fossil fuels are phased out over the next 100 years.

Research Needed:
The only truly global sustainable source of energy is abundant, clean, and
renewable solar energy. Unfortunately, it is intermittent and diffuse. To
realize its potential, it must be captured, concentrated and stored or con-
verted to other useful forms, and will require significant research ad-
vances including:

• Reduction in the cost and the environmental impact of producing
photovoltaic systems;

• The ability to directly use solar energy for cost-effective splitting
of water to produce hydrogen;

• Improvements in heat transfer fluids that enable direct use of so-
lar energy for meeting some of the heating requirements of the CPI; and

• Advances in storage systems for electric power generated from
solar energy.

Development of biomass derived fuels is also an important area of
research that is intimately connected with biomass derived chemical feed-
stocks (Grand Challenge 4) and the energy intensity of the chemical pro-
cessing (Grand Challenge 6).

6. Energy Intensity of Chemical Processing
Reducing the energy intensity of the CPI is another grand challenge for
sustainability in the chemical industry. Continued reliance on fossil fuels
can be anticipated, with eventual conversion from less abundant oil and
natural gas to more abundant coal over the next 100 years. This makes the
issue of carbon management extremely important (Grand Challenge 7), and
presents a need for the CPI to transition to renewable sources of energy
(Grand Challenge 5). However, it is clear that the continued development
of more energy efficient technologies will be necessary whatever the source
of energy being used by the CPI. Addressing this challenge will be critical
during the continued use of fossil fuels as the predominant source of en-
ergy and chemical feedstocks over the next 20 years, and will continue to be
important even when renewable energy resources are predominant.
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Research Needed:
The energy efficiency of chemical separations is a key research compo-
nent of this grand challenge. Finding effective alternatives to distillation
are especially needed. While membrane separations, adsorption, and ex-
tractions tend to be less energy intensive, significant technical challenges
must be overcome in the development of these alternatives in order to
realize any significant reductions in the energy intensity of the CPI.

Biotechnological and other emerging technological solutions need to
be explored to reduce the energy intensity of the CPI. In contrast to the
typical catalysts in chemical reactions that require high temperatures and
pressures while offering low selectivity, biocatalytic approaches8 and new
developments in nanoscience have the ability to provide greater specific
catalytic activity under mild reaction conditions. In the case of enzymes,
such activity also occurs while being biodegradable and produced from
renewable resources. These approaches present ways of creating innova-
tive solutions to fuel growth for future generations, without harming the
environment or human health. Research and development needs in these
areas include reducing production costs, increasing stability, and discov-
ering catalysts with greater specificity.

Fundamental understanding of the mechanisms of friction, lubrica-
tion, and wear of interacting surfaces—tribology—also presents a fruitful
area of research for addressing energy loss in the CPI. According to some
estimates,9 one third of the world’s energy resources are consumed due to
frictional losses. It has been estimated10 that the United States could save
in excess of $16 billion per year from better tribological practices. Ad-
vances in nanoscience have led to new understanding of adhesion, fric-
tion, wear, and thin-flm lubrication at sliding surfaces taking place at the
atomic and molecular scale.11 Further developments in micro/
nanotribology has the potential to provide breakthrough technology for
reducing the energy intensity of the CPI .

7. Separation, Sequestration, and Utilization of Carbon Dioxide
Developing technology and strategies to manage the resulting carbon di-
oxide (CO2) of current and future use of fossil fuels is a grand challenge
for sustainability for not only the chemical industry but life in general. As

8Thomas, S. M., R. DiCosimo, and V. Nagarajan. 2002. Biocatalysis: Applications and Po-
tentials for the Chemical Industry. Trends in Biotechnology 20(6):238–242.

9Bhushan, B., ed. 1996. Handbook of Micro/Nano Tribology. Boca Raton, Florida: CRC Press.
10Jost, P. 1976. Economic Impact of Tribology. Proc. Mechanical Failures Prevention Group.

NBS Spec. Pub. 423. Gaithersburg, MD.
11Bharat, B. 1999. Handbook of Micro/Nano Tribology, Second edition. Boca Raton, Florida:

CRC Press.
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global industrial society continues to use fossil fuels for energy, there is
general agreement among the scientific community that CO2 concentra-
tions and global temperature will also increase.12 At the same time, cur-
rent estimates for the energy required for CO2 recovery from flue gas by
amine scrubbing, pressurization, and re-injection into geological forma-
tions varies from about 13-25 percent of the energy value of the original
fuel that produced the CO2 (natural gas vs. pulverized coal).13 This is a
very significant burden that needs to be reduced if effective CO2 manage-
ment is to be employed on a widespread basis. Addressing this challenge
will also be critical during the continued use of fossil fuels as the pre-
dominant source of energy and chemical feedstocks over the next 20 years,
and will continue to be important as long as carbon based fuels are in use.

Research Needed:
Energy efficient technologies (Grand Challenge 5) need to be developed
for CO2 separation from flue gas and the atmosphere.

Technologies for CO2 sequestration will need to address the technical
feasibility of making carbonates from CO2 without excessive energy use
and with a viable carbonate disposal plan; effectively utilizing CO2 in the
production of cement; storage of compressed CO2 in geological forma-
tions; and whether or not CO2 can be successfully stored adjacent to the
ocean floor.

Ways of utilizing CO2 as a feedstock need to continue to be explored.
CO2 is considered to be a cheap, nontoxic, and renewable feedstock that
can be used to produce entirely new materials and for new routes to exist-
ing chemicals such as urea, salicylic acid, cyclic carbonates, and polycar-
bonates.14 With further progress, utilizing CO2 for synthesis of chemicals
could play a more significant role in managing global carbon emissions.

8. Sustainability Education
Progress on all other grand challenge areas discussed depends upon
greater literacy in the triple bottom line15 from the perspective of business

12National Research Council. 2005. Radiative Forcing of Climate Change: Expanding the Con-
cept and Addressing Uncertainties. Washington, D.C.: The National Academies Press.

13David, J. 2000. Economic Evaluation of Leading Technology Options for Sequestration of
Carbon Dioxide. MIT Masters Thesis and Herzog, H. J., and D. Golomb. 2004. Carbon Cap-
ture and Storage from Fossil Fuel Use., in C. J. Cleveland, ed. Encyclopedia of Energy. New
York: Elsevier Science Inc. Pp. 277–287.

14Marks, T. J. et al. 2001. Catalysis Research of Relevance to Carbon Management. Chemical
Reviews 101(4):973–975.

15Elkington, J. 1997. Cannibals with Forks:The Triple Bottom Line of 21st Century Business.
Oxford: Capstone Publishing.
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and the sciences. There is a need to improve and accelerate sustainability
education at every level—from informal education of consumers and citi-
zens, to future scientists, practitioners of the field, and businesses that use
and sell these products. Advances in chemistry and engineering must be
accompanied by cross-disciplinary education in sustainability science and
its application to the business community. This includes greater under-
standing of earth systems science and engineering, ecology, green chem-
istry, biogeochemistry, life cycle analysis, and toxicology. Exposure to
these sustainability ideas through education and training underlies chemi-
cal industry adoption of practices that will enhance the nation’s economic
strength and security, and position the industry advantageously as an
innovative force for future prosperity. Addressing this challenge will be
critical over the next 20 years as changes in thinking are needed to make
the transition to more sustainable processes, products, and systems.

Research Needed:
Educators across disciplines need to be sensitized to the finite nature of
the planet and its natural systems. Opportunities to align research and
educational objectives such as the NSF Faculty Early Career Development
(CAREER) program can be a powerful motivator for young faculty to pur-
sue activities that promote a more sustainable chemical industry.
Sustainability focused NSF IGERT-like training grants—which help es-
tablish innovative new models for graduate education and training and
stimulate collaborative research that transcends traditional disciplinary
boundaries—should also be encouraged. This would be an excellent way
to provide incentives for faculty to change curricula while addressing the
needs of graduate students entering this complex field.

Professional societies also play a significant role here by encouraging
the integration of sustainability and green chemistry and engineering con-
cepts into standardized testing, accreditation, and certification programs
such as those developed by the ACS Committee on Professional Training
or ABET (Accreditation Board for Engineering and Technology). Educa-
tional materials such as lab modules, LCA modules, and new textbooks
that infuse sustainability and green chemistry concepts into the core ma-
terial must be developed. If these efforts are not mirrored in fields that
intersect with chemistry and that can amplify or discourage sustainability,
the goals will be difficult to achieve. There is also a need to support pio-
neers who are interested in effecting change by offering incentives that
encourage faculty to incorporate sustainability into their coursework and
research, whether in chemistry, engineering, product development, pro-
cess methods, or business education. An example of such an incentive is
the National Science Foundation (NSF)—Course, Curriculum, and Labo-
ratory Improvement (CCLI)—program.
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Curricula are needed that incorporate sustainability concepts—earth
systems science and engineering, ecology, green chemistry, biogeochem-
istry, life cycle analysis, toxicology—into secondary and tertiary educa-
tion. Building on existing efforts and accelerating their delivery is needed.
Although particular focus must be placed on training chemistry and
chemical engineering students, sustainability concepts and practices
should also be a part of the educational practices in professional schools
such as medicine, law, and business. There should be special emphasis on
management education where knowledge about sustainability as a de-
sign protocol and corporate strategic advantage could significantly accel-
erate application and knowledge of new products and technology in the
business world. Sustainability concepts, science, systems analysis, new
product development, emerging markets, full cost accounting, and valua-
tion metrics need attention in business management to enable systematic
implementation of sustainability practices. Ignoring management educa-
tion creates a disconnection between chemistry and corporate leadership.
Business managers and executives more broadly need customized cur-
ricula on sustainability ideas.

Business executives (including general managers, R&D managers, and
financial managers) also need professional development in sustainability.
R&D managers, in particular, need to first understand and then support
innovations that avoid or reduce environmental and societal impact.
Equally important is the communication of sustainability thinking to
middle and upper level managers and executives in business manage-
ment and incorporation of sustainability objectives in annual performance
goals as well as corporate strategy.
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A

Statement of Task

The National Research Council, through its Board on Chemical Sci-
ences and Technology (BCST), will work with the chemistry and chemical
engineering community to define the research needed to move toward
green chemistry and engineering, and sustainable products, processes,
and systems for the chemical industry.  This project will:

1. Identify a set of Grand Challenges for sustainability research in
chemistry and chemical engineering; and

2. Make specific recommendations about areas of research required
to address those Grand Challenges.

Copyright © National Academy of Sciences. All rights reserved.

Sustainability in the Chemical Industry:  Grand Challenges and Research Needs - A Workshop Report
http://www.nap.edu/catalog/11437.html

http://www.nap.edu/catalog/11437.html


B

Committee Biosketches

94

James A. Trainham (Chair) is vice president of science and technology for
PPG Industries.  Trainham joined PPG in 2005 from Invista, Inc., formerly
DuPont Textiles and Interiors, where he was chief technology officer from
2002 until its divestiture from DuPont in 2004.  After two years on the
faculty at the University of South Carolina, Trainham joined DuPont as a
research engineer in polymer products. His almost 25 years with DuPont
included assignments in central research and development and in busi-
ness units with responsibility for process and product technology.  In 1987
he led the development of HFC-134a, the ozone safe replacement for
Freon®12, then in 1992 he was appointed director of engineering research,
and in 1996 global technology director for Dacron® polyester fibers and
intermediates.  In 1999 he assumed responsibility as global technology
director, Lycra® synthetic fibers and Terathane® polyether glycols. He was
then appointed global technology director, apparel and textile sciences,
before the formation of DuPont Textiles and Interiors.  Trainham earned
bachelor and doctoral degrees in chemical engineering from the Univer-
sity of California, Berkeley, and a master’s degree in chemical engineer-
ing from the University of Wisconsin, Madison.  He was elected to The
National Academy of Engineering in 1997, and received the Chemical
Engineering Practice Award from the American Institute of Chemical En-
gineers in 2002.

Victor Atiemo-Obeng is a Scientist in the Engineering Science and Mar-
ket Development (ESMD), a capability within the Corporate Research and
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Development (CR&D) at The Dow Chemical Company (TDCC). Prior to
his transfer to CR&D in 1997, Atiemo-Obeng spent 14 years in Global Pro-
cess Engineering.  He was lead process engineer for several multimillion-
dollar capital projects that were recognized with Global Engineering Ex-
cellence Awards. He previously conducted process scale-up and modeling
studies as a research engineer on various projects in the Applied Process
Research and Process Development Departments in the Michigan Opera-
tions of the TDCC.  Atiemo-Obeng is an active member of the American
Institute of Chemical Engineers (AIChE), and currently serves as the Dow
Director for the AIChE Mid-Michigan Section. He was the 2003 recipient
of NOBCChE’s prestigious Percy Julian Award for significant contribu-
tions in applied engineering science, the Dow Michigan Consultants
Award in 1997, the 1995 Chemical Engineer of the Year for the Mid-Michi-
gan AIChE section, and TDCC President’s Community Service Award in
1993.  He received a Ph.D. in Chemical Engineering from the University
of Wisconsin, Madison in 1975, and a bachelor degree in Chemical Engi-
neering from The Catholic University of America, Washington DC.

Michael D. Bertolucci is the president of Interface Research Corporation
(IRC), chairman of the Envirosense® Consortium, Inc.—a not-for-profit
organization concerned with Indoor Air Quality—and Senior Vice Presi-
dent of Interface, Inc. He serves on the board of the CEO Coalition to
Advance Sustainable Technology (CAST). He spent six years as Vice Presi-
dent of Technology for Highland Industries, an industrial fabrics com-
pany, fifteen years in numerous research and development management
posts with the General Electric Plastics Business Group, and four years in
chemical research at Union Carbide Chemicals and Plastics. He received
his Ph.D. in Physical Chemistry from the California Institute of Technol-
ogy, and his BS degree in Chemistry from San Jose State.

Joan F. Brennecke is the Keating-Crawford Professor in the Department
of Chemical and Biomolecular Engineering at the University of Notre
Dame. She joined the faculty at Notre Dame after completing her Ph.D.
and M.S. degrees at the University of Illinois at Urbana-Champaign and
her B.S. at the University of Texas at Austin. Her research has focused on
studies of supercritical fluids, including supercritical CO2 and supercriti-
cal water. Brennecke was awarded the 2001 Ipatieff Prize from the Ameri-
can Chemical Society in recognition of her pioneering high-pressure stud-
ies of the local structure of supercritical fluid solutions and the effect of
this local structure on the rates of homogeneous reactions. Much of her
current research involves ionic liquids, which are organic salts that are
liquid at temperatures around ambient. These salts have received tremen-
dous recent attention as potential substitutes for volatile organic solvents

Copyright © National Academy of Sciences. All rights reserved.

Sustainability in the Chemical Industry:  Grand Challenges and Research Needs - A Workshop Report
http://www.nap.edu/catalog/11437.html

http://www.nap.edu/catalog/11437.html


96 APPENDIX B

since the ionic liquids are nonvolatile and, thus, cannot contribute to air
pollution. In developing these solvents, Brennecke’s primary interests are
in thermodynamics, phase behavior, and separations.

Berkeley W. Cue, Jr. retired from Pfizer in April 2004 after almost 29 years.
As vice president of Global Research and Development he was respon-
sible for the six departments that comprise Pharmaceutical Sciences at
Pfizer’s Groton R&D site. He was a member of the Worldwide Pharma-
ceutical Sciences Executive Team and the Groton Laboratories Leadership
Team. Cue led Pfizer’s Green Chemistry initiative and has spoken exten-
sively on this topic since 2000. He started in Pfizer in 1975 in the Animal
Health Organic Chemistry Department. He transferred to the Process
R&D Department of Developmental Research in 1979. He received a BA
from the University of Massachusetts-Boston (1969), and his Ph.D. in
Organic Chemistry from the University of Alabama (1974). Dr. Cue com-
pleted postdoctoral research at Ohio State University (1974) and was a
National Cancer Institute Research Fellow at the University of Minnesota
in 1975. In 2000 he was appointed to the Science Advisory Board at the
University of Massachusetts-Boston. In 2003 he was appointed to the
Green Chemistry Institute Board of Directors. He is a member of the Board
of Directors of Bend Research, Inc. in Bend, Oregon.

Jean De Graeve is a professor of Occupational and Environmental Toxi-
cology at the University of Liege in Belgium. His research fields include
analytical chemistry (traces identification and measurements), toxicology
(drugs, occupational and environmental risk evaluation), and clinical
pharmacology (drug distribution, metabolic pathway, and kinetic com-
partmental analysis).  De Graeve is also Executive Manager of Advanced
Technology Corporation since 1985 and serves as a Scientific Advisor to
various public and private analytical laboratories. He is member of the
Scientific Council of the Hormonology division of the Centre d’Economie
Rurale of Marloie, Belgium; member of the Agreement Commission for
the accreditation of Hazardous Waste companies (transport, transforma-
tion, and elimination of hazardous waste); and, member of various Scien-
tific and Technical Commissions created by the Belgian Authorities in
order to control hazardous waste installations (like cement kilns, munici-
pal incinerators, dump sites, industries, and their impact on workers and
neighbor’s health (Health consultation program),  He received a B.S. and
Ph.D. in chemistry from the University of Liege.

James E. Hutchison is an associate professor of chemistry at the Univer-
sity of Oregon, where he also serves as director of the Materials Science
Institute. Professor Hutchison received his Ph.D. in organic chemistry

Copyright © National Academy of Sciences. All rights reserved.

Sustainability in the Chemical Industry:  Grand Challenges and Research Needs - A Workshop Report
http://www.nap.edu/catalog/11437.html

http://www.nap.edu/catalog/11437.html


APPENDIX B 97

from Stanford University and his B.S. from the University of Oregon. He
received a NSF Postdoctoral Fellowship to work on analytical and surface
chemistry at the University of North Carolina, Chapel Hill. Hutchison
conducts research on gold nanoparticles and self-assembled monolayers.
He is also very involved in green chemistry curriculum development and
recently directed the renovation of a green chemistry organic laboratory
at the University of Oregon. Professor Hutchison has received several
awards and honors including the Alfred P. Sloan Research Fellow and the
NSF CAREER Award.

Andrea Larson is Associate Professor of Business Administration at the
Darden School teaching in the MBA program and in Executive Education
in the areas of entrepreneurship, innovation, and sustainable business.
Sustainable business is a “triple bottom line” approach by corporations
incorporating economic, social, and environmental performance con-
siderations into operations and strategy. Building upon earlier research in
entrepreneurship, alliances, and network organizations, her current re-
search, teaching, and curriculum development focuses on innovation by
companies engaged in sustainable business as a strategic and competitive
advantage. She holds a PhD from Harvard University, awarded jointly by
the Harvard Business School and the Harvard Graduate School of Arts
and Sciences.

Pamela G. Marrone is the Chairman and Founder of AgraQuest, Inc., a
firm she founded that has a portfolio of proprietary natural-product pes-
ticide discoveries and products. Marrone has substantial management
expertise in startup and multi-international biotechnology firms. Before
this endeavor, Marrone was president of Entotech, a subsidiary of Novo
Nordisk, and senior group leader of insect control at Monsanto Agricul-
tural Company. She received her PhD degree in entomology from the
North Carolina State University. She served on the NRC Committee on
the Future Role of Pesticides in Agriculture (study published in 2000) and
her company won the Presidential Green Chemistry award in 2003.

Frankie Wood-Black is the Director, Business Services for Downstream
Technology, ConocoPhillips. In this position, she has responsibility for
those business functions—finance, business analysis, training, and assets
for Downstream Technology. Prior to this position, Frankie was the Tech-
nology Services Marketing Manager for Phillips, and was responsible for
in-sourcing research and development activities into the Bartlesville Tech-
nical Center. Before that she was Quality Assurance Team Leader at the
Borger Refinery and NGL Center. Wood-Black began her career with
ConocoPhillips in 1989 in Bartlesville, Oklahoma, as a research scientist
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for research and development. At ConocoPhillips she as held the position
of environmental scientist with responsibilities for regulatory compliance
for air, Community-Right-to-Know, and the Toxic Substance Control Act.
She was also a member of the Corporate, Health, Environment and Safety
in the Property Risk Management Group, where she was the site manager
for nonoperating sites. Wood-Black received a B.S. in physics with a mi-
nor in chemistry from Central State University (now the University of
Central Oklahoma), Edmond, OK in 1984, a Ph.D. in physics from Okla-
homa State University in 1989, and completed her MBA in Dec. 2002. She
has been active in numerous professional activities and serves as the
ConocoPhillips representative on Corporation Associates of the Ameri-
can Chemical Society. Wood-Black is a registered environmental manager.
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CRITICAL BUILDING BLOCKS AND TOOLS FOR
SUSTAINABILITY IN THE CHEMICAL INDUSTRY: IDENTIFYING

AN AGENDA FOR NATIONAL RESEARCH

Monday, February 7, 2005

8:15 a.m. Welcome and Overview of Workshop
James Trainham
PPG Industries
Chair, Committee on Grand Challenges for
Sustainability in the Chemical Industry

SESSION 1:  Sustainability Science Literacy and Education
that Enables the Adoption of More Sustainable Practices in
the Chemical Industry
Chair: Andrea Larson
University of Virginia

8:30 a.m. Overview Speaker: Current Knowledge about the Nexus of
Industrial Activity and Natural Systems (Earth Systems to
Infant Immune System Impacts)
Braden R. Allenby
Arizona State University
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9:30 a.m. Targeting and Guiding Demand for Green Chemistry in
Product Design
Lauren Heine
GreenBlue Institute

10:00 a.m. Is Chemistry Education Sustainable?
Mary Kirchhoff
American Chemical Society

10:30 a.m. Break

10:45 a.m. Concurrent sessions (five groups)

12:30 p.m. Lunch

SESSION 2: Enabling Technologies that Drive the
Application of Green Chemistry and Engineering
Chair: Michael D. Bertolucci
Interface Research Corporation

1:30 p.m. Overview Speaker: Enabling Technologies that Drive the
Application of Green Chemistry and Engineering
Berkeley W. Cue, Jr.
Pfizer, Inc. (retired)

2:30 p.m. Life Cycle Analysis—A Tool for Change
Richard Helling
The Dow Chemical Company.

3:00 p.m. Development of Sound Structure/Property Relations, and
Tools to Predict the Health and Environmental Impacts of
Specific Chemicals
Robert J. Kavlock
U.S. Environmental Protection Agency

3:30 p.m. Break

3:45 p.m. Concurrent sessions (five groups)

5:30 p.m. Adjourn
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Tuesday, February 8, 2005

SESSION 3: New Chemicals and Processes that Lead to
Commercially Viable Alternative Feedstocks to Fossil Fuels
Chair: Frankie Wood-Black
ConocoPhillips

8:00 a.m. Overview Speaker: Current Fossil Fuel Dependence and
Future Alternative Feedstocks
Stanley R. Bull
National Renewable Energy Laboratory

9:00 a.m. Sustainable Fuels and Chemicals
Mark T. Holtzapple
Texas A&M

9:30 a.m. Specialty Intermediate and Complex Molecule Synthesis
Douglas C. Cameron
Cargill Research

10:00 a.m. Break

10:15 a.m. Concurrent sessions (five groups)

12:00 p.m. Lunch

SESSION 4: Reducing the Energy Intensity of the Chemical
Process Industry
Chair: Joan Brennecke
University of Notre Dame

1:00 p.m. Overview Speaker:
Sustainability, Stoichiometry, and Process Systems
Engineering
Jeffrey J. Siirola
Eastman Chemical Company

2:00 p.m. Enzymes: Advances in Sustainable Industrial Processes and
Bioenergy
Glenn E. Nedwin
Novozymes Biotech, Inc.
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2:30 p.m. Membrane Processes as Low energy-Intensive Enablers for
Energy Conservation in the Chemical Industry
William J. Koros
Georgia Institute of Technology

3:00 p.m. Green Chemistry for Carbon Management
Klaus S. Lackner
Columbia University

3:30 p.m. Break

3:45 p.m. Concurrent Sessions (five groups)

5:30 p.m. Adjourn
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D

Workshop Summary

EDUCATION

In the first item on the agenda, participants debated the value of green
chemistry on the curriculum of the future and spoke about the challenges
of rooting sustainability in both the curriculum and textbooks. The need
to educate faculty, industrial scientists, and the general public was also
discussed. As an introductory comment, Andrea Larson stated that the
challenge lay in approaching education at all levels and emphasized the
difficulty in understanding the scope and scale of the challenges facing
the chemistry community.

Brad Allenby described education in sustainable chemistry within the
larger context of the overall changes taking place in this field. Chemistry
is shifting in meaning right now, he said. “We appear to be in the period
of fundamental redefinition of much of the intellectual landscape, and I
think that is important to bear in mind when we think about what we
know and what we don’t know,” Allenby said.

Allenby believes the current education system fails to equip any stu-
dent for the world in which they will be working and living. In particular,
the topics of ethics and systems complexity are either missing or severely
de-emphasized. In his opinion, no student should be permitted to gradu-
ate from any institution of higher learning without completing a course
that equips him or her to think about complexity. This should not be a
technical course that teaches modeling; instead, it should be designed to
teach them how to intuitively consider complex systems and the limita-
tions when working with them.
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Many American students also obtain the best education in terms of
the specifics of their disciplines. However, education at all levels currently
lacks conceptual insight in sustainability and green chemistry. The cur-
ricula, teaching materials, and emphasis on multi-disciplinary programs
that cover not only technical competence but also the social and environ-
mental dimensions of green chemistry are missing. Allenby stressed that
there is a need for the ability to understand large-scale systems at an ap-
propriate scale, especially since this is not something that an individual
scientist or firm will do effectively. “We need an institutional basis to
maintain a dialogue with these systems so that, for example, when the
atmosphere begins to display strange chemistry based on a very, very
small percentage of CFCs, we are able to respond,” Allenby said.

There is also a need for an appropriate prioritization of values, ethics,
and goals. Opinions differ on the values placed upon different aspects of
green chemistry. “If I am working in a factory and you find a way to
substitute for a carcinogen that I am being exposed to, then I am going to
like that. I may not care too much if that has impacts down the line on
ecosystems,” Allenby explained. These problems are currently being
solved on an individual scale. The policy structure at the moment encour-
ages the imposition of individual values, an adversarial process. A single
set of values applied to difficult questions will most likely be inadequate,
which the field of chemistry needs to move beyond. To achieve this, insti-
tutional capability must exist. However, Allenby warned that there might
not be any easy solutions. “I think that we need to appreciate the com-
plexity of what we are doing and begin to develop tools that allow us to
do better in the short run, while we are working on evolving the institu-
tions we need in the longer run,” he said.

Mary Kirchhoff of the American Chemical Society (ACS) looked at
some trends in green chemistry education. The ACS Green Chemistry In-
stitute is a strong advocate for green chemistry education. Other voices
are also joining this call, which helps to build the case for increased edu-
cation in this area. “Right now, there are a few champions who are very
passionate about what they are doing, believe very strongly in green
chemistry, but it is not across the board, and that is really where we have
to keep working,” she said.

Schools with green chemistry courses include Carnegie Mellon Uni-
versity, Davidson College (North Carolina), and Hendrix College. “You
are not limited by the size of your institution, if you want to integrate
green chemistry into the curriculum,” Kirchoff said. The green chemistry
lab at the University of Oregon offers the most comprehensive approach
she has seen. All undergraduates who take organic chemistry are exposed
to a green chemistry approach in the lab. The University of Massachusetts
has instituted a Ph.D. program in green chemistry. At the University of
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Scranton, Michael Cann has developed a number of online modules that
are easily accessible for use in different categories, such as in physical
chemistry, general chemistry, and organic chemistry. However,
sustainability education must move beyond four-year-colleges. For ex-
ample, community colleges tend to be overlooked in the educational pic-
ture. In a critical move, the University of Oregon has partnered with the
local community college to encourage transfers from two-year to four-
year colleges. When these students move to the four-year schools, educa-
tors want them to have been exposed to green chemistry and sustainability
concepts.

Educational textbooks are also devoid of green chemistry, sustain-
ability, or many of the related topics. General Chemistry, Brown and
LeMay’s most recent edition, contains five pages on green chemistry
within its “chemistry and the environment” chapter. Zumdahl1 has a
sidebar on green chemistry that describes the use of CO2 for dry cleaning.
Kirchoff said that these are steps in the right direction, but educators tend
to skip sidebars in an effort to get through an overly ambitious syllabus.
Many interesting topics, especially the more modern research areas, tend
to be in sidebars and side boxes. As a result, they do not get covered in the
main body of the course. However, Organic Chemistry is very encourag-
ing; Solomon’s most recent edition has five different green chemistry ex-
amples embedded in the text. Overall, green chemistry is starting to creep
into mainstream textbooks. “This is where I think we really need to be
focusing our efforts, if we want to see a lot of students impacted by green
chemistry,” Kirchhoff said. In addition, the subjects of toxicity and toxi-
cology should receive more appropriate attention. Usually, the LD50—
the “lethal dose” that kills 50 percent of a group of test animals exposed to
a material—is the only toxicity or toxicology topic covered. Occasionally,
the textbook will refer to poisons and cover the alkaloids and poison dart
frogs. There is room for improvement to incorporate these subjects into
educational material.

Lab lectures should also incorporate more information on
sustainability. Even in her own teaching experiences, Kirchhoff only pro-
vides technical information about chemicals, such as whether a chemical
is hazardous or toxic, when to use it in a hood, or where MSDS sheets are
located if students want to look at them. “We don’t have a culture of em-
phasizing green chemistry topics or related topics like toxicology,” she
said.

1Zumdahl, Steven S. 2003. Introductory Chemistry: A Foundation, Fifth Edition. Houghton-
Mifflin.
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In addition to the lack of educational materials and the over-crowded
chemistry education curriculum, the perceived lack of rigor of green
chemistry and sustainability is another barrier. It is challenging to con-
duct and teach green chemistry, because the easy reactions, which involve
the use of hazardous materials at high temperatures and pressures, have
already been identified. Inertia is also another challenge. Today’s educa-
tors have not been trained in green chemistry; it was not part of the cur-
riculum when many of today’s working chemists and chemical engineers
were in undergraduate and graduate school. It is a challenge to get over
this mind set.

What, then, are the available resources? Paul Anastas and John
Warner came out with their pivotal work, Theory and Practice, in 1998.
Since then, other green chemistry texts have emerged. Even though
Doxsee and Hutchison’s lab manual2 focuses on the organic lab, the infor-
mation is widely applicable to green chemistry in general, and it forms
more than just a simple collection of experiments. About a year ago, the
Journal of Chemical Education began running a regular feature about topics
in green chemistry. One can find lab experiments and different activities
regarding green chemistry that can be integrated into the curriculum. In
addition, Kirchoff praised the environmental chemistry text by Colin
Baird and Mike Cann.3 It provides a breakthrough in terms of integrating
green chemistry into mainstream textbooks.

A number of different ACS resources also exist. Introduction to Green
Chemistry is specifically designed for high school students and is the most
popular of the green chemistry materials that ACS has. Students at the
high school level and teachers appear to be very interested in this topic. In
terms of general public outreach, ACS’ Outreach video provides a good
introduction of green chemistry. This informational video focuses on the
work of three Presidential Green Chemistry Challenge award winners in
a way that is accessible and understandable.

Kirchhoff and other speakers noted that chemistry should be consid-
ered in the broader context of societal issues. Beyond the Molecular Fron-
tier,4 a National Academies report, specifically emphasized the need for
scientists and engineers to understand societal implications in order to
enhance stewardship of the planet and recommended a greater emphasis

2Doxsee, K. M., J. E. Hutchison. 2004. Green Organic Chemistry: Strategies, Tools and Labora-
tory Experiments, First Edition. Brooks/Cole. 244.

3Baird, C., M. Cann. 2004. Environmental Chemistry, Third Edition. WH. Freeman.
4Beyond the Molecular Frontier. 2003. Washington, D.C.: The National Academies Press.
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on the human aspect of the scientific endeavor. ACS also has an ongoing
project called Exploring the Molecular Vision, an initiative by the Society
Committee on Education division to examine the reform of chemical edu-
cation. Project participants have cited the need for emphasizing toxicity
education, highlighting the role of chemistry in supporting the environ-
ment, and promoting high ethical standards in environmental performance.

Green chemistry, sustainability, ethics, toxicology, and safety issues
are generally absent from the chemistry curriculum at this point. ACS
recommends that green chemistry be taught at the high school, under-
graduate, and graduate levels in terms of classroom lectures and labora-
tory training. The Committee on Professional Training (CPT) also stresses
interdisciplinary work. CPT guidelines currently emphasize subjects such
as economics, marketing, and business within an environmental context,
generally pointing out connections between science and society. CPT also
has an environmental chemistry option in which the ACS Committee on
Environmental Improvement has recommended that green chemistry
should be included.

Kirchhoff described different approaches for integrating green chem-
istry into existing courses and curricula. One method is to develop a whole
new course around green chemistry, which has the advantage providing
great depth into the subject. The disadvantage is that a new course is usu-
ally treated as an elective and therefore does not impact as many people
as a required course does. Nevertheless, it is still an excellent way to intro-
duce students to the real “nuts and bolts” of green chemistry. Another
route is to integrate green chemistry into existing courses both within the
classroom and the laboratory. This can be tricky, especially if educators
use textbooks that do not include green chemistry, which requires them
to be creative with introducing the subject into their courses.

Students should also be encouraged to explore green chemistry on
their own. Kirchhoff suggested that, as an alternative to teaching research
students the use of established methods, have them instead look in the
literature for “greener” tools. There should be an over-arching philoso-
phy of “what are you producing when you do this reaction, what are the
by-products,” Kirchhoff said. Educators should consider this even as they
teach organic chemistry. Many textbooks do not include the by-products.
“There are by-products, and those by-products have consequences,” she
said.

Conferences, symposia, and school activities provide great opportu-
nity to educate students more about this subject. For example, ACS is
organizing their third summer school on green chemistry for graduate
students and postdoctoral researchers to be held at McGill University at
Montreal in July. The ACS student affiliates program also recognizes
green chemistry chapters at schools. Another often-overlooked opportu-
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nity is the incorporation of sustainability into campus building construc-
tion and landscaping. St. Olaf College not only received $500,000 from the
Keck Foundation to integrate green chemistry into their curriculum, but
they also were awarded $98,000 from the Kresge Foundation for the de-
sign of an environmentally friendly science center. “In the end, what you
ideally want is a building that is green, with a program that is green. Tie
these two together,” Kirchhoff said.

There are several benefits in the incorporation of green chemistry into
the education curriculum. One is professional preparation; as industry
moves toward an increased emphasis on sustainability, they will need
students who are trained in green chemistry and sustainability issues. Stu-
dents themselves have an interest in environmental issues and in demon-
strating that chemistry and environmental stewardship are not mutually
exclusive. On a practical level, sustainability and green chemistry educa-
tion can increase lab safety and decrease lab waste.

In terms of continuing education opportunities, summer workshops
such as the program at the University of Oregon may help faculty mem-
bers feel comfortable with introducing these topics into their teaching.
Many faculty members are uncomfortable because they lack the back-
ground in sustainability or green chemistry education and practice. How-
ever, continuing education programs may enable them to teach and prac-
tice sustainability on their own campuses. Industrial chemists may need
similar workshops. Many chemists who currently work in industry also
do not have training in green chemistry or sustainability, so they also
need to enhance their skills.

One participant pointed out that it might also be important to educate
patients and doctors concerning the metabolism of drugs. There is a ques-
tion of how to educate people to take 100 milligrams of a cox-2 inhibitor,
instead of pressing for 400 milligrams, he said.

Mary Kirchhoff emphasized that it is important to hold students’ in-
terest in green chemistry as early as possible, and to show them that that
chemistry is not the grand polluter of the planet but instead offers solu-
tions to some of the environmental challenges that we face.

DEFINITION OF GREEN CHEMISTRY

One of the recurrent themes was the search for a term for sustainable
chemistry, and discussion about the use of the label “green chemistry” or
“environmental chemistry” and its definition.

Some participants thought the term “green chemistry” did not do jus-
tice to the multidisciplinary and integrative nature of the projects they are
working on. Some asked if the name green chemistry is not a detriment to
what they are trying to achieve. Mary Kirchhoff said it might be a ques-
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tion of moving “away from the model that, here is chemistry and here is
everybody else.” She said there is a need to see that chemistry does not
operate in a vacuum, especially at the industrial level.

There was also the question that the label green sometimes doesn’t
just mean biologically derived; in fact, it means “stop and think about
whether it really is better all the way through the life cycle.” Mary
Kirchhoff pointed out that the term biologically derived is not so much of
the confusion as is the term environmental chemistry. She said when she
sometimes receives applications to review green chemistry chapters,
many of them have included monitoring the pH in a local stream or clean-
ing up trash as green chemistry activities. “So, they are sort of confusing
care of the environment with green chemistry,” Kirchhoff said.

Lauren Heine said it was a great challenge to define what is green.
There is no green chemical, she pointed out. “Water, of course, you can
drown in it,” she pointed out. But everything is context based, and the
material and the metabolism in which it flows have to be considered, she
said.

According to Heine, the lack of agreement on what defines a sustain-
able product or sustainable chemistry makes it hard for companies to
market a new product. People are often averse to taking a chance in de-
signing a green material, if they don’t know that that definition is going to
hold up in the market place. “Because if somebody comes out with a dif-
ferent definition, they may well have invested in a green product that is
not perceived of as green,” she said.

Heine pointed out that companies should not focus on developing
just one or two green chemical products, because it does not demonstrate
real commitment to customers, and it does not educate customers. It in-
creases vulnerability at the corporate level if companies only make green
that which is profitable. But if a company commits to a corporate-wide
strategy of green chemistry, the company will be respected.

One participant said the environmental performance and life cycle
costs should not be put into an MSDS sheet, because an MSDS sheet is
more regulatory and compliance based, that green chemistry deserves its
own sheet.

Berkeley Cue said green chemistry is the definition he is most com-
fortable with. It is the utilization of a set of principles that reduces or
eliminates the use or generation of hazardous substances in the design,
manufacture, and application of chemical products. He added that many
people think green chemistry is just about organic chemistry. Analytical
chemistry, physical chemistry, inorganic chemistry, biochemistry, all of
the disciplines that interface with chemical synthesis are covered by this
definition, Cue said.

He reminded the participants of the 12 principles of green chemistry
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as articulated by Paul Anastas and John Warner, the most important be-
ing prevention. “It is better to prevent waste than to have to deal with it
once you have produced it,” Cue said. He listed atom economy, less haz-
ardous chemical synthesis, safer chemicals, design for energy efficiency,
renewable feedstocks, catalysis, and finally, design for degradation. From
the pharmaceutical industry perspective, this is the biggest challenge. The
challenge is for the molecules to be stable when they are synthesized,
stored, and incorporated in the dosage form. They then should have at
least a two-year shelf life where there is no appreciable degradation. They
should be stable in the patient when they ingest them, because the active
drug has to get to the site of action. Then, as the drug leaves the patient
through the biological processes, it would be ideal to have them com-
pletely degrade into innocuous materials.

There is also a series of 12 green engineering principles that go along
with the green chemistry principles. Material and energy inputs and out-
puts are as inherently non-hazardous as possible. Processes and systems
designed to maximize energy, space, mass, and time efficiency, embedded
atrophy and complexity, should be viewed as an investment when making
design choices. We should target durability and not immortality. Design
for all unnecessary capacity capability, one-size-fits-all solutions should
be considered a design flaw.

Brad Allenby used CFCs (chlorofluorocarbons) as an example to show
how the understanding of what is green has changed. CFCs are a classic
example of green chemistry because they substituted for fairly toxic, dan-
gerous materials. “If I apply any of the metrics, the heuristics that we tend
to use in green chemistry—lower toxicity, lower impact on workers, safer
for users, more stable—I would love CFCs,” Allenby said. What made
CFCs desirable on one scale—their stability—made them undesirable
when they got up into the upper atmosphere and began to break up the
ozone. He also pointed out that this happened on a very small scale. “If
you were looking at volumetric chemical consumption in the United
States, you would not have looked at CFCs,” he said. They were a minor
trace atmosphere and yet, because of the dynamics of the system, they
turned out to be extremely critical. “So, a green chemical de-stabilized
major earth systems with effects that we are probably not entirely familiar
with at this point,” he said.

CFCs show us that at the time, we did not have the ability to know
how to think about what was or was not green, Allenby explained. This
means there are gaps in the way that chemistry and its impact on global
systems is thought about. But Allenby also said the response to CFCs was
positive; alternatives were found, and used where CFCs had been em-
ployed, in the electronic sector, cleaning circuit boards, cleaning piece
parts. This means the other lesson from CFCs is not to go into paralysis
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mode just because a green chemical may be potentially harmful some
years down the line.

Another example is to reflect on green chemistry network compo-
nents, Allenby said. None of these products exist by themselves. They all
tend to be used in a particular context, a network structure, especially
something like a telephone. “If you just have a telephone and there are no
towers and nobody else has a telephone, then you have got a really kind
of interesting paperweight and that is it,” Allenby said. The technology of
designing a telephone and designing the way different components and
materials work in a telephone is very complex.

One of the mistakes that is made in policy, teaching, and thinking is
that there seem to be things that are so bad a ban is immediately needed.
There are some cases where that has worked well; lead in gasoline is a
classic example.

Allenby recounted moving to corporate intranets at AT&T. This sig-
nificantly reduced the material demand of the company in terms of paper.
But corporate intranets also add to the value of the whole set of material-
based products, like telephones with lead in them. “Is that good or bad? Is
that green or is that not green? I don’t know,” Allenby argued.

Part of that is the refusal to understand that green chemistry does not
operate at the scale of the bench or at the scale of the reaction. It operates
at the scale of regional and global systems. “To me, that is an irreducible
responsibility of green chemistry and it is one that so far, I think, has not
been adequately addressed,” Allenby pointed out.

Allenby said green—not environmental science, but green—is a fairly
normative kind of concept. Green chemistry injects the normative into the
heart of what has traditionally been a physical science. He reminded the
audience of C.P. Snow and his theory of social science versus physical
science, which are thrown together in green chemistry. “It is a very, very
interesting sociological phenomenon, which is not what I think green
chemistry intends to be, but I think it clearly is,” Allenby said.

He went on to point out that given the scale of human activities, sci-
entists are actually doing earth systems design and engineering. He gave
pharmaceuticals as an example. A pharmaceutical is designed to have a
specific impact in a specific human system but, at the scale at which any
successful pharmaceutical is used, through any metabolic processes that
result in products that are released into aqueous systems, it is also design-
ing aqueous systems in developed countries.

Data from a number of different fields shows this link clearly, al-
though it is not clear from the way pharmaceuticals are thought about, or
regulated and taught. “Unless we understand that something that is de-
signed at bench scale will, in fact, in many cases, impact systems at re-
gional and global scale, we have not yet begun to grapple with what is
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already occurring in our world; not what is going to occur, what is al-
ready occurring,” Allenby said

Allenby said it is important to learn to how to pay more attention to
scale, to know that metabolic products are going to end up widely dis-
persed in the environment. “We should ask if we should be designing not
just the pharmaceutical, but also the metabolic product,” he stressed.

Earth systems engineering and management is where the serious busi-
ness of green chemistry begins, and it is an area that hasn’t really been
focused on enough at all. “Where is our sense of responsibility? That
doesn’t mean simply retreating to ideological structures. Ethics and val-
ues need to be comprehensive. We need to learn how to dialogue with
these systems, and we need to develop the institutional capability,” he said.

Green chemistry is classic white space, it imports a lot of concepts
from social science and in particular, historically contingent viewpoints
into the practice of chemistry, which is very much a white space practice.
Unfortunately, Allenby said, we are not really good at dealing with white
spaces. A strongly disciplinary scientist or engineer, will tend to view
white space work as being fluffy, and an admission by the person doing it
that they couldn’t handle the discipline. It is awfully hard to get interdis-
ciplinary work funded. The staff at the NSF tends to appreciate the impor-
tance of interdisciplinary work, but the peer review committee thinks a
multidisciplinary researcher is a complete flake, and the process breaks
down.

DEMAND AND PRODUCT DESIGN

Lauren Heine gave the participants some background on GreenBlue,
and cradle-to-cradle design. She talked about some of the drivers and ob-
stacles for green chemistry, product formulation, and gave some examples
of projects that are designed to facilitate adoption of green chemistry.

Lauren Heine talked about the furniture flame retardency partner-
ship and the Design for Environment (DfE) Green Formulation Initiative
for cleaning products. She also gave an example of a company using green
chemistry as a strategy for product development. The furniture flame
retardency partnership was an EPA project, part of the DfE program.

GreenBlue is about a year and a half old. It is a not-for-profit organi-
zation in Charlottesville, Virginia, that was founded by William
McDonough, a well-known green architect, and the German chemist
Michael Braungart. They wrote a book called Cradle to Cradle: Remaking the
Way We Make Things. The book argues that industry and the public can
use the following design principles: using current solar income, celebrat-
ing diversity of people, products, geographies, cultures, needs, and de-
sign, and that waste equals food. The waste equals food theme is very
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powerful, Heine explained, as biological materials can be perceived of as
nutrients, flowing within biological metabolisms, and technical materials
such as metals or polymers can be perceived of as technical nutrients,
flowing in technical metabolisms.

The value of these materials gives rise to the thought of designing an
entire system, and a biological metabolism may be the environment in the
broader sense or it also may be a wastewater treatment plant. There has to
be thought about designing the biological material, so that it can be me-
tabolized. Sometimes the focus is on designing materials for existing me-
tabolism, and sometimes on designing metabolisms for materials.

In the application of these ideas, the first step is to analyze the chemi-
cal composition of materials used, to select materials based on safety to
humans and ecological systems, and then to design these materials to be
nutrients, for high-value recovery or other beneficial uses. Energy recov-
ery could be considered one of the recoverable values, Heine argued.

Heine talked about the cradle-to-cradle model. There is value in a big
picture mental model, like cradle-to-cradle design, she said. While it ini-
tially may sound hokey to an engineer, it is powerful because it engages
technical and non-technical people alike. Secondly, it provides a vision,
but not a prescriptive approach. Thirdly, the focus on materials and me-
tabolisms points to the importance of systems, and collaboration with oth-
ers within the value change.

GreenBlue sees this as a short-term strategy to move companies and
organizations toward sustainability. How well the strategies will work 10
or 20 years from now is not clear, as there may be more important strate-
gies to take.

Heine then named some of the obstacles to integrating green chemis-
try into product formulation. First, change is always difficult, she said.
There are huge manufacturing and market challenges. There is a big cus-
tomer disconnect. Manufacturers will say, we have the brain power, we
can make anything, but our customers are not asking for green materials.
They might say, we make green chemistries, but our customers aren’t
buying them. There is a big disconnect there. A lot of human and ecologi-
cal toxicology and life cycle impact data is missing that could support
decision making. There is a lot of data out there, but it is not necessarily in
a form that can support decisions.

Two examples are material safety data sheets (MSDS) and technical
fact sheets. People look to these to help support decision making, but they
are not always very useful. Heine showed an MSDS for a green product
that did not show any ingredients. MSDS’s are often wrong, they are gen-
erally incomplete, and there is no standard format for them. There is an
American National Standards Institute (ANSI) format that is a very good
format, that includes environmental attributes, but there are no require-
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ments that everybody needs to use the same MSDS format, and they only
have to report what is hazardous anyway.

Technical fact sheets can be very useful to formulators, because they
give an idea as to whether or not it is useful to try this ingredient, based
on performance properties. However, they are very inconsistent. Envi-
ronmental attributes very often are not listed in technical fact sheets, and
only the information the manufacturer sees as most relevant can be found.
“It would be very helpful, I think, to have environmental attributes con-
sistent, whether they are positive in that case or not, available to people to
compare,” Heine said.

Heine talked about the drivers of green chemistry, for example a recent
phase out of penta- and octa-brominated diphenol ethers (PBDEs) and a
pending national regulation requiring flame retardancy in furniture.

First she talked about flame retardants and the DfE-formulated flame
retardant partnership. People desire to avoid making the same mistakes
as they did with PBDEs. The Furniture Flame Retardancy Partnership was
formed with the purpose of providing up-to-date toxicology and envi-
ronmental information on flame retardant alternatives to the penta-
brominated materials used in polyurethane foam and to identify environ-
mentally preferable approaches to designing furniture that meet the
pending fire safety regulations.

The impending tasks of the effort include identifying and evaluating
the existing chemical substitution for penta-brominated materials, target-
ing research and data needs, investigating non-chemical additive ap-
proaches, such as barrier technologies, construction techniques, batting
fill, alternative formulations of foams, and possibly posting targeted DfE
innovation challenges to identify chemical and non-chemical solutions.

Heine then showed some of the information sheets. The sheets allow
manufacturers to look at a particular flame retardant chemical and com-
pare it on different end points. For example, one can examine whether the
flame retardant is additive or reactive, which affects the exposure poten-
tial. The two-and-a-half page matrix is the distillation of about 450 pages
of research on the chemical alternatives, done with the EPA and Syracuse
Research Corporation.

The sheet allows consumers to choose which attributes are important
to them. Acute aquatic toxicity could, for example, be less of a concern,
while very low persistence and bioaccumulation potential could instead
be the highest priority. “None of the existing options are perfect, but at
least this model, I believe, is a really nice way of presenting data to help
people make choices,” Heine pointed out.

Heine then went on to talk about the Green Formulation Initiative for
cleaning products. The drivers for green chemistry in product formula-
tion are an executive order for government purchasing called Greening
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the Government Through Waste Prevention, Recycling, and Federal Ac-
quisition. The U.S. Green Building Council LEED program has an existing
building program that gives points for green cleaning products and for
green cleaning programs.

Eco-labels are growing, Heine said. Green Seal has certified about 130
different cleaning products. Canada has the Environmental Choice Pro-
gram and Europe has its programs.

Heine introduced the U.S. EPA Design for the Environment formula-
tor program, which is a partnership where companies can partner with
DfE. The companies submit their formulations to the EPA’s technical ex-
pert staff for review. This team reviews all ingredients in the formulations
and identifies ingredients of concern. The manufacturers are then respon-
sible to finding alternative chemicals and reformulating. If successful, they
can use the DfE logo on their product labels. This is a very powerful learn-
ing experience for the formulators who engage in this partnership. “They
really love this program, and are very proud of the success of the partner-
ship,” Heine said.

GreenBlue has a related project, in part because there is so much de-
mand for that service at EPA, and it is a very small program. GreenBlue is
creating a resource to promote green chemistry in the design of industrial
and institutional cleaning products and to enhance environmental and
human health and safety. It is a multi-stakeholder process with about 170
or more formulators, raw material suppliers, industry associations, and
NGOs working together to establish the relevant attributes and support-
ing data needed to identify ingredients that can be used to design clean-
ing products with potential environmental benefits.

GreenBlue is starting with surfactants. Steps include: identifying the
attributes, building the database, soliciting ingredients and supporting
data, and then posting this information to a public website to promote the
greener chemistries. The initial attributes of concern for surfactants will
be biodegradability (including consideration of breakdown products),
aquatic toxicity, skin irritation, and additional product features such as
percent bio-based. The attributes may be of toxicological, regulatory,
policy and/or of eco-labeling significance. It will be a fact-based resource
for formulators that allows them a one-stop opportunity to select ingredi-
ents to enhance the environmental profiles of their products and to com-
municate ingredient information.

The information will liberate manufacturers. Putting the data out
there will allow formulators to consider environmental information when
making their choices. Formulators do not want to be told how to use a
particular ingredient and whether or not it is “green”. They want to see
the information so that they can make their own choices and determine
the environmental benefits based on the application, Heine said.

Copyright © National Academy of Sciences. All rights reserved.

Sustainability in the Chemical Industry:  Grand Challenges and Research Needs - A Workshop Report
http://www.nap.edu/catalog/11437.html

http://www.nap.edu/catalog/11437.html


116 APPENDIX D

Heine went on to talk about a small formulating company, Coastwide
Laboratories, in Oregon that has used a green chemistry strategy in devel-
oping their products. They have established positive criteria for product
efficacy and environmental health and safety by creating a product devel-
opment standard that is publicly available on their web site. They thor-
oughly assess all candidate ingredients to understand their potential hu-
man and environmental health impacts. Then they formulate and
re-formulate new and existing products to meet the standard. The com-
pany has received external verification of their products’ environmental
profiles through eco-labels and the DfE Formulator Partnership

Their full corporate commitment—not to just a few green products—
but to all product development has paid off, Heine says. Their sales
growth from 2003 to 2004 went up 430 percent. People are asking to li-
cense their technology. The company is educating all of their sales, mar-
keting and technical staff as well as customers in their community about
the value of green chemistry in their products.

Heine said programs like EPA’s Formulator and Furniture Flame
Retardancy partnerships are voluntary programs that are funded by mini-
mal amounts. However, they provide a huge educational experience for
industries, especially smaller companies.

Heine said she has a small company in mind when she talks about a
strategy of green chemistry “I am not sure how you implement that at a
very large company, but I think the principles will hold as well. You need
a green chemistry strategy and a corporate goal—to say where you are
trying to go,” Heine said.

TECHNOLOGIES

Berkeley Cue talked about the importance of green technology to
chemical enterprises, and the business argument that needs to be made to
convince companies to be more active in green chemistry. He narrated
some green chemistry success stories, and gave an overview of some tech-
nologies that enable green chemistry and engineering. He also talked
about some of the barriers to adopting new technologies in green chemis-
try and engineering.

Cue introduced the concept of the triple bottom line, which was ar-
ticulated by Elkington in the late 1990s, and is generally regarded as an
important consideration in business success. It states that simply focusing
on economic success without equally focusing on environmental stew-
ardship and social responsibility is not the right business model for
sustainability. “In fact, some people have said that the companies that
largely focus on this are simply green washing the issue, and they are not
paying attention to the important parameters that they should,” he added.
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There is a double economic penalty in sustainable production, Cue
said. Only ten percent of the raw materials taken out of the earth actually
wind up in goods and services. Ninety percent of them wind up as waste,
and re-enter the environment as pollutants. Companies pay to use them
and pay to dispose of them.

But even a 10 percent conversion factor would be great for the phar-
maceutical industry, Cue said, which has a conversion factor of less than
one percent. The industry has always argued that they produce more com-
plex molecules, through more complex synthesis, with lower overall
yields, so it is no surprise that it would be like that. But, Cue argued, it
might not have to be.

One of the other driving factors is the presence of what Cue called
“six billion consumption machines.” If everyone had the same quality of
life as the population of United States or Western Europe, three planet
earths would be necessary in order to provide sufficient raw materials.

That combination of a ten percent conversion rate for raw materials,
and the need for three earths for the emerging countries suggests the need
for at least a three-fold improvement in the conversion of raw materials to
goods and services. Since the demand grows as the global population
grows, “there is a certain amount of urgency involved here to addressing
these issues,” Cue said.

Change may have to be the initiative of the companies themselves.
For a long time companies have tried to live in a compliance mode; they
reacted to regulations that were promulgated, which was feasible until
about the 1960s, Cue said. But any company that believes it can exist by
simply trying to comply with regulations, including regulations that have
yet to be promulgated, is probably following the wrong business model,
Cue said. This compliance costs U.S. industries over $200 billion, $200
billion that could be better used elsewhere, investing in R&D to discover
new products or newer valuable products, Cue pointed out.

Responsible care is another important business driver for adopting
green chemistry and engineering principles. That is a binding obligation
of the chemical industry: self-responsibility in the area of health, safety,
and the environment.

Another important driver is REACH (Registration, Evaluation and
Authorisation of Chemicals),5 and the European regulations that are be-
ing introduced. The European Union with its 450 million citizens outnum-
bers the U.S. economic market now, and those regulations will have an
impact on the United States if the U.S. is not more proactive in terms of

52001 European Commission White Paper on the Strategy for a future Chemicals Policy
(COM(2001)88) available at: europa.eu.int/comm/environment/chemicals/whitepaper.htm
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addressing some of the shortcomings. But companies may also gain
through REACH. “One of the things our customers are going to learn, as
they work through REACH, is that the gain from going from 70,000 chemi-
cals on the chemical inventory, to 15,000 chemicals on the chemical inven-
tory is going to be an enormous gain to them,” John Carberry said. The
regulatory process is going to drive chemical simplification toward chemi-
cals that are known to be safe, which is a big switch from chemicals that
are not known to be hazardous.

Another reason to promote green chemistry is homeland security as
this would reduce hazardous waste that could be used by terrorists as a
weapon. “A rallying cry would be terrorists hijacking a tanker truck with
8,000 gallons of hazardous waste, driving it to Times Square, and kicking
open the valve,” Cue said.

Waste reduction could be a big incentive for green chemistry in the
pharmaceutical industry. The pharmaceutical industry pointed to the pet-
rochemical industry for a long time, and said: “We don’t make large quan-
tities of material, relative to those guys.” However, it does produce an
awful lot of waste overall. Cue calculated that the pharmaceutical indus-
try could be producing somewhere between half a billion and 2.5 billion
kilos of waste for every kilo of active drug produced.

This amount can be reduced, Cue argued. By applying green chemis-
try principles companies could see a dramatic reduction in waste, by an
order of 10-fold. Cue lauded Glaxo for doing a very nice job in life cycle
analysis, which not many pharmaceutical companies do. Cue then called
for one of the outcomes of the conference to be an increase in cross-talk
between the pharmaceutical industry, the oil industry, the fine chemical
industry, and the bulk chemical industry, in order to share best practices
and to learn they each address these important issues.

Some of the success stories of green chemistry are legislative ones.
Cue described a bill pending last year designed to integrate the federal
government approaches to green chemistry by the EPA, the Department
of Energy, National Institutes of Health, and NIST. It passed the House of
Representatives, over 400 yea, to 14 nay. It was sponsored by Senators
Snow and Rockefeller in the Senate but did not get called to vote before
the last congress expired. It has to go through again.

Cue also called the Presidential Green Chemistry Awards a great tool
for encouraging more green chemistry and engineering in the chemical
enterprise industries. He recounted the experience of working for a com-
pany that won one. “It is one of the most motivational things that you can
ever experience, and will really drive the entire company to look for other
examples of success stories to submit for applications,” he said. There are
five award categories, including small business, academic investigator,
alternate synthetic pathway, alternate reaction conditions, and design of
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safer chemicals. In the pharmaceutical industry, Lilly, Roche, Pfizer, and
Bristol received awards. It is important that the pharmaceutical industry
be very active in these areas because their mission is to bring innovative
health care solutions to patients, but if that happens at the expense of a
healthy environment, that is an incomplete mission, Cue said.

The award for Bristol—won in collaboration with Phyton—was given
for an improvement in the manufacturing of paclitaxel, for plant cell fer-
mentation from renewable nutrients such as sugars, amino acids, vita-
mins, and trace elements. The company ferments paclitaxel directly, with-
out a need to stockpile needles. Overall, they have eliminated 10 solvents
and six drying steps.

Some of the enablers of greener manufacturing process will be
biotransformations, process analytical technology, robotics and automa-
tion, crystal engineering, separations technology, green solvents, micro-
wave chemistry, equipment cleaning, and bio-based raw materials.

As an example, Cue talked about the work of Codexis, a biotransfor-
mation company in California. The company isolates genes from natural
enzymes or substrates, which facilitate biotransformations. They then cut
them up with DNA shuffling, generate a library of novel genes by recom-
bining them in random methods, screen them for yield improvement, and
find novel genes with improved properties. The president of Codexis
claims that if the yield can be detected, they can develop a manufacturing
process with a high yield.

The basic building block of cephalosporin antibiotics—7080CA—was
made this way. It starts out with penicillin G, which is made from fermen-
tation of feedstock and phenylacetic acid. Using the proprietary technol-
ogy, they basically found a more streamlined conversion. In terms of yield
efficiency, and in vitro activity, which is very low with the traditional pro-
cess, there is about a 40-fold improvement in overall yield in the engi-
neered process.

There is a need to look for potentially relevant technologies outside of the
chemical industry, Cue said. For example, Foster-Miller is a company that
manufactures a military robot to investigate potentially hazardous materials,
and the same technology allows them to design lab automation for the phar-
maceutical industry for a totally automated, analytical laboratory.

One of the challenges is the science of scale. One goal is to go right
from the lab to the 4,000-gallon reactor. Another way is to run a whole
bunch of small reactors, and that is what Velocys does with their micro
channel reactor approach. It has some advantage including high yield and
selectivity, and eliminating the need for catalyst recovery, because the
catalyst is embedded. So, based on how much you need to produce deter-
mines how many modules you need and, at the individual reactor level,
they are small and inexpensive.
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Another important technology is product purification and particle
size control through impinging jet crystallization. A synthesized molecule
has to be recovered in a pure state, which is a process that is energy-, sol-
vent- and waste-intensive. The pharmaceutical industry not only needs the
crystalline form but also a precise particle size. In impinging jet crystalliza-
tion, there are two streams of solvent. One stream carries the material to be
crystallized, the other is an anti-solvent. The streams are slammed together,
and the concentration and velocity determine the particle size.

Simulated moving bed, or multiple column chromatography is an-
other area that is getting a lot of attention in pharma. The costs have come
down for the equipment and the column material, a substantial reduction
in solvent, and the FDA is much more comfortable with the technology
now. Companies are using it to produce commercial quantities of mate-
rial, and in the early stages of clinical supply synthesis. There are a lot of
predictions that in the future, drug companies are going to need this tech-
nology more and more.

Microwave chemistry is another area of great interest. Right now it is
an interest that is still in the laboratory stage, because there is a bias that it
is not going to be engineerable and scalable.

Solvents are getting a lot of attention in green chemistry and engi-
neering. Ionic liquids, for example, are seeing a tremendous growth in the
number of publications. Near critical and super-critical solvents, for which
Liotta and Eckert won a green chemistry award last year are very interest-
ing. There is no reason, with proper engineering technology, that those
temperature and pressure ranges are impossible to operate at, and some
new chemistry that will lead to new products may be uncovered.

Equipment cleaning is a further important field, as a large amount of
solvent or water waste is generated in cleaning chemical and manufactur-
ing equipment. Right now, spray balls are kind of the gold standard, at
least in the pharmaceutical industry. Some companies have looked at us-
ing ultrasonics, but the problem is that the detergent used is abrasive to
the glass that lines many of the reactors.

The metrics of green chemistry are another big challenge, Cue said.
He said an agreement on the metrics, the definition of the metrics, the
measurables, and how to measure them would be important. The drug
industry has a bad track record with incorporating technology, and this
could actually be a negative. People could assume it hasn’t been success-
ful up until now and question the success of a new technology.

LIFE CYCLE ANALYSIS

Richard Helling talked about some of the drivers for sustainability
metrics in general and life cycle analysis in particular, and some of the
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key challenges revolving around data quality and availability, the art of
impact assessment and how it is done from a methodology point of view.
“In order to change something, you have to be able to measure it, and you
have to be able to do it quantitatively, and life cycle analysis gives us one
way of doing that,” Helling said.

Helling first explained which characteristics make a good metric. A
good metric needs to be scalable, understandable, reproducible, and be
able to describe all three dimensions of the sustainability environment.
For economic metrics, there are a number of well-established descriptions
for performance and accounting standards. A recent innovation is to look
at what is called total cost accounting, which is looking to the future to
quantify some of the noneconomic factors and convert them into dollar
terms, so that a comparison based on a common dimension, dollars, is
possible. “It is great in principle, a little hard to do in practice, because
there is a lot of subjectivity and forward looking uncertainty with that,”
Helling said.

Life cycle analysis is still not well established, and there is not a glo-
bally agreed-upon set of metrics. In general, LCA starts by looking at the
intensity of energy use or mass use or pollutant emissions, such as the
kilograms of CO2 per kilogram of product, or by looking at the economic
side—the dollar value of production per megajoule of fossil fuel use—as
an eco-efficiency. These values can be quantified in life cycle analysis.

Sociometrics is another relatively new area of research. While there is
less consensus on what makes a good sociometric, it is clear that, when
something is measured, people’s behavior can be changed. A clear ex-
ample is to look at industry’s tracking of work place injuries, which have
been reduced by the order of a magnitude over the years.

Many metrics have been developed for nations, or for looking at the
status of the planet, rather than for individual companies or projects. But
it is unclear if there is a need to find the best set of metrics for the chemical
industry or to find separate and distinctive measurements on the social
dimensions for each case.

Life cycle analysis is an analytical tool for the systematic evaluation of
environmental aspects of a product or service system through all stages of
its life cycle. Importantly, it is quantitative and looks at the full life cycle
and does not just move waste or problems from one stage to another. It is
a comparative tool, with standards from the international standards orga-
nization (ISO). The framework of classic life cycle assessment from the
ISO standards defines four parts in the process. There is the goal, scope,
definition, and inventory analysis.

Impact assessment asks the question of how the product and the emis-
sions relate to mortality, and the interpretation asks what to do with the
data. “The how is very well defined by these standards. The what, though,
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is really left to the particular study that you are trying to do,” Helling
said.

But in looking at LCA results, one has to consider the very specific
question that the authors are trying to answer, because they may not be
trying to answer the exact same question that you are interested in. The
inventory calculations need a tremendous amount of data or time, or usu-
ally both. Then, in the impact assessment there are a lot of different choices
to be made of how to relate emissions on a mass basis to impacts, either
midpoint on global warming potential or on mortality, for example.

The first challenge for a new LCA practitioner is picking the right
software tool. There are many tools available; universities, national labs,
and companies have developed their version of the tools, all of which can
vary in terms of their specific strengths, weaknesses, and costs. BEES and
TRACI both exist on web sites or are publicly available. OMNITOX is
being created in Europe and should be coming out soon. But there is a risk
to software that is not self-developed, in that a certain amount of faith or
understanding in how it is going to work is needed. While it is very easy
to generate numbers, it is more difficult to understand what those num-
bers mean.

Helling presented an example of life cycle assessment, looking at a
flexible foam polyol, such as might be used in seat cushions in cars. It
concerned the possibility of using a soy-based material and comparing
that to petrochemical alternatives.

A very key first step is to define the functional unit, the level of per-
formance that will be compared, and the different options for meeting
that level of performance. In this case, it was very important for the prod-
uct to have certain mechanical properties. The soy-based route was not
100 percent soy based, and a certain amount of petrochemical derived
ethylene oxide was required to get product properties identical to those
currently used.

The study was done as a cradle-to-gate impact assessment, meaning
that the end use, fate, and disposal of the product were the same, regard-
less of the route. This limited impact assessment, as some impacts were
stopped at midpoint, such as global warming potentials. It also did not
estimate any health or toxicity impacts.

The basis for making polyols in Europe was used as the reference case
for the petrochemical route. This is based on a survey of 12 different sites
using three different technologies in 1998 in four countries. Another route
based on patents published by BASF, using hydrogen peroxide as an oxi-
dant instead of chlorine, was also used.

A typical result from a life cycle analysis might show the megajoules
of gross energy consumed per kilogram of product. The 1995 data, the
BASF patent information, and the two different farming models for the
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soy polyol were available. In summary, the soy polyols gave a very excit-
ing opportunity to reduce the total energy of the product to about 65 to 70
percent of what it is today. In looking at just the fossil feedstock compo-
nent, they require only 40 to 45 percent of the energy intensity, which is
better than a lot of potential biomaterials.

The BASF route, by not using chlorine, decreased mass intensity and,
more important, freed this route from chlorine infrastructure. The use of
chlorine can be very economic if the infrastructure is in place but, if not, it
is rather expensive, and there are concerns about dealing with chlorinated
by-products.

There was a big difference between the greenhouse gas emissions
from the two different farming models for making soy-based polyols. This
is due to the different assumptions of the generation of nitrous oxide from
the use of fertilizers in the farm. The two different groups took two differ-
ent approaches. They both looked at the same data but came to different
conclusions, and this has a big impact on the overall view of the process.

Helling then talked about some of the challenges facing the chemical
industry. There is an opportunity to gather and share information more
effectively on the broad scope of the chemical industry. A lot of databases
have been set up for specific applications, like in plastics for building
materials, but not necessarily for the breadth of the chemical industry.
Sharing information really started with the APME work and on the eco–
profiles from Europe. It is continuing now with the American Plastics
Council work in order to do the same thing as part of the U.S. life cycle
database initiative being led by DOE and NREL, and Dow is fully contrib-
uting a lot of data for that effort. There will probably still be segments of
the chemical industry that aren’t covered by that because the focus is
plastics, though. The need for access to data is also recognized by the
UNEP SETAC life cycle initiative, which is another recently launched
initiative.

In the area of impact assessment, a consistent procedure is needed.
This means the most appropriate impact assessment methodology for
chemical processes should be found. Helling credited BASF, who has done
a superb job advocating for eco-efficiency analysis.

Some of the participants wanted to know why the tools come from a
negative perspective. They were interested in balancing costs or greater
negatives with greater benefits. They were looking for a way to add a
benefits analysis along with cost assessment. Helling said it was a matter
of definition. “Do you want zero to be good or infinite to be good?” he
asked. Terry Collins said he was not aware of a single case where a pollut-
ant put out in the environment has had a good effect, the inverse of toxic-
ity or eco-toxicity. He added the damage that was done to American soci-
ety by lead in paint and gasoline is incomprehensible, and it will never be
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quantified, because there will never be the experiment of having a civili-
zation without lead.

Richard Scott asked if LCA took the scale of technologies into account
when they are adopted on a widespread basis. Richard Helling answered
that any time Dow looks at a new product, they look at its unit cost, and at
total capital cost to get into that business, or the total market size, which
will be unit cost times some hopefully very large number. The same ap-
proach is taken to look at the LCA results.

STRUCTURE-ACTIVITY TOOLS

Robert Kavlock talked about computational toxicology, which uses
the best of modern chemistry, information technology, and biology to do
a better job at assessing risk. He talked about how the EPA views this
research strategy and presented some of applications the EPA is using.

The EPA views the world through this source to predict outcome
paradigms, Kavlock said. An event takes place in the environment, a trans-
formation followed by an exposure, which is a contact of a chemical with
an organism. That is translated into an internal dose, which becomes a bio-
logical event, and eventually an adverse outcome, which the EPA regulates.

That has been the driving force in coming up with a computational
toxicology program, Kavlock said. There is a lot of data for some kinds of
chemicals. For example, the EPA asked the regulated industry for about
$19 million in studies for pesticides, but there are other cases in which the
EPA does not have legislative authority to ask for data.

Congress constantly gives the EPA new lists of chemicals to worry
about, like endocrine disrupting chemicals, pesticidal inerts or high pro-
duction volume chemicals, Kavlock said. The EPA has no way to sort
through these and look at the risk-based criteria for setting testing priori-
ties. So it really needs a different way of evaluating the way it approaches
prioritization, screening, and testing.

Kavlock gave one example of the problems EPA faces. This has to do
with so-called pesticidal inerts or nonactive ingredients. These substances
are not necessarily chemically or biologically inert, but they are not the
active ingredients. The EPA issues what are called tolerance exemptions
for these. To do that, the agency conducts a risk assessment, for which
there are no data requirements. “Basically, what we wind up doing is a
margin exposure estimate, where we calculate what the likely human ex-
posure is going to be,” Kavlock said. This is done through literature re-
search and toxicity estimates. The burden of proof is that there is a reason-
able certainty of no harm. The problem with this is that there are 850
pesticidal inerts being used. There are no testing requirements, and the
agency has been told to finish this work by August 2006.
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This list goes on, Kavlock said. There are 350 non-food use antimicro-
bial agents in the same category, and 3,000 food use inerts. Because of
that, the EPA four years ago began to think about how it could approach
doing a better job of looking at these kinds of hazards.

Now, finally, this year the National Center for Computational Toxicol-
ogy will open, Kavlock announced. It will have a small group of systems
modelers, computational chemists and bioinformaticians. Concordant with
this, there is a request for applications for a center for environmental bio-
informatics, which will cost $1 million a year for the next five years, to help
sort through the enormous amounts of data that this program will generate.

The EPA is planning to use computational chemistry tools and
proteomic, genomic, or metabonomic technologies and apply them to risk
assessment. This will aid the agency in screening and prioritizing chemi-
cals through an understanding of the toxicity pathways with which these
chemicals interact. In five or ten years the agency hopes to have faster and
more accurate risk assessments.

There are two objectives in the framework, Kavlock pointed out. The
first is to improve the linkages and their source to outcome paradigms.
The FDA has been good at looking at individual steps of that paradigm,
but not predicting what will happen at the next stage, Kavlock explained.
There could be freight and transport models. There could be physiologi-
cally–based pharmacokinetic models. There could be biologically–based
dose response models, or a version of system biology models, which basi-
cally show how a chemical interacts with the normal biology. The second
objective is to provide predictive models for hazard identification, and
this involves quantitative structure activity determinations. The final step
is enhancing quantitative risk assessments. These technologies can cross
levels of biological organizations. The goal is to find out how looking at
the cell level can inform the organism or population level, Kavlock said.
Other questions are how to translate from high doses to low doses and
how to extrapolate across species.

The concern is not just with human health, but also with wildlife
health. The EPA is using some molecular biology tools to sequence, ex-
press, and clone estrogen and androgen receptors from a variety of eco-
logically relevant species. Chemicals are then tested against them to see
the similarity with estrogen or androgen receptor binding.

Kavlock talked about the national center for computational toxicol-
ogy. It will have about 20 people in it when it is fully formulated this year
and function as sort of a think tank to the agency. “The center will have a
strong emphasis of developing partnerships, because in the era of the U.S.
government, we have to stretch our resources as far as you can go, and
there are a lot of other organizations out there that have very similar mo-
tivations,” Kavlock said.
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Likely focus areas are information technology and prioritization.
“How do we get into that list of 850 pesticidal inerts and tell the agency,
these 63 are the ones you should worry about, and you should worry
about 21 of them for birth defects and 32 of them for cancer effects, and be
able to put some kind of a priori knowledge in the system?” Kavlock ex-
plained. Quantitative risk assessment models are primarily focused
around physiologically–based pharmacokinetic models, and how they can
be more routinely used in risk assessment.

The center has already developed some partnerships. The Department
of Energy has helped with some of the genomic work. For instance, there
is no gene chip available for the fathead minnow. The Department of En-
ergy has helped sequence part of the fathead minnow, so that the EPA can
develop microarray chips and be able to do some of the same kinds of
studies in wildlife species as you can do now with rodents.

Kavlock also talked about some of the other partnerships. The De-
partment of Defense has several ongoing efforts such as new program in
eco-toxicogenomics. The EPA is also working closely with the National
Center for Toxicogenomics and the national toxicology program to do
genomics and prioritization techniques.

One example is the work with hormone activity. In 1996, Congress
passed the Food Quality Protection Act that stated the EPA needed to
screen chemicals for estrogenic activity. The agency employed an expert
panel that came back with a number of screen assays based upon whole
animals for looking at estrogens and androgens as well as thyroid hor-
mones. There were a number of assays recommended, and their total cost
exceeded $250,000 to $300,000 per chemical, with the number of chemi-
cals screened in the range from 1,000 to 1,500.

The EPA has tried from the start of the program to think about in vitro
studies to short–circuit some of the testing, and in silico studies to actually
avoid the use of tissues altogether. Kavlock said the assay might be rec-
ommended for replacement of an animal test.

The agency is also pursuing a number of activities with quantitative
risk assessment. Basically, it is developing a three-dimensional plot of the
TSCA (Toxic Substances Control Act) inventory. The challenge is to pre-
dict the binding of chemicals that are out here. One of the challenges is
just to understand what that chemical space is, and then develop strate-
gies for sampling chemicals out in further domains so that more robust
and quantitative structure activity models can be developed.

Another of the agency’s approaches approach is completely in silico.
One of the EPA’s researchers is collecting crystallized nuclear receptors
for androgens, estrogens, and thyroid hormones. The scientist extracts the
ligand computationally. Using computational models, he can put other
chemicals in that receptor and see what the dynamics are and how they
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fit. About 40 chemicals have been studied across a number of different
mutant receptors with this approach, and it is actually correlating and
binding very well.

But there is more to do, as it is not good enough to look at the
parent chemicals, Kavlock pointed out. Even for simple chemicals like
bromobenzine, the metabolism can get fairly complicated. The metabo-
lites could be causing the toxicity. One of the projects in the EPA’s Athens
laboratory is a metabolic simulator, and it predicts likely metabolites and
gives the probability that they are going to be present, and whether they
are terminal metabolites. Another display will show the metabolic profile
of the probability of different ones being formed, and it can be made into
a QSAR model. Then it will be possible to say: “Well, it is the metabolites
that we think are going to be more active or less active”. It is a more
comprehensive approach of structure activity relationships, Kavlock
explained.

Kavlock then talked about some of computer databases that are use-
ful for computational toxicology. ECOTOX, for example, is not a product
of the computational toxicology program but holds information sources
on ecological effects. It has over 500,000 scientific records covering several
thousand species and close to 10,000 chemicals. It is available on the web.
“You can go there, you can query your chemical, and you can see all the
known literature that is available on these chemicals,” Kavlock said. It is a
peer-reviewed database with very strict standards for data acceptance.

Another project is called DSSTox, distributed structures searchable
toxicity database. It captures available public toxicity databases, cleans
them up, annotates them for clinical structure, and then provides them in
standard data format files.

Kavlock then talked about a toxicogenomics database that deals with
a group of chemicals called the conazoles or fungicides with which the
pesticide office has been concerned. Although the substances are all
conazoles, they have very different toxicity profiles. Some are liver car-
cinogens in mice; others are testicular toxins in rats. To determine why
these chemicals cause different profiles, the EPA is trying to use a combi-
nation of genomics, proteomics, and metabonomics to understand that.

Using acute genomic expression profiles, the agency hopes to sort
through chemical toxicity and look for toxicity pathways more efficiently.
Two companies actually have the same kind of approach with much big-
ger databases; one is Miconics. They now have looked at almost 600
chemicals, and have come up with these genomic fingerprints that they
state are predictive of chronic health effects from acute exposure. Kavlock
ended by saying toxicology and green chemistry both have a lot in com-
mon. “Have you made one monster from another, have you traded one
devil for another devil?” he said.
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CURRENT FOSSIL FUEL DEPENDENCE AND
FUTURE ALTERNATIVE FEEDSTOCKS

Stanley Bull first talked about the history of feedstocks. Historically,
feedstocks were dominated by wood. “We were in the renewable feed-
stock business once upon a time, but then we discovered things [such as]
oil and natural gas,” Bull said. Nuclear, hydro–, and some non–hydro
renewables soon followed, Bull said.

Bull stated that oil is in many ways the biggest challenge. The first tier
of countries that have oil are not necessarily friends of the United States.
At the same time, the U.S. has a large appetite for oil.

Despite that, Bull said, there is good news. The world energy con-
sumption and energy intensity is getting better. It has been improving at
one percent a year, and in the United States, at double that rate. In other
words, energy efficiency or energy conservation has grown at about two
percent per year. Still, this is not adequate to keep up with our energy
demand. The energy goes to several different end users. The end use sec-
tors are industry, buildings, and transportation, which all use roughly a
third of the total energy. A certain fraction, about 32 percent, is delivered
by way of electricity. The feedstocks are petroleum, followed by coal, natu-
ral gas, and nuclear.

Further good news is that renewable energy is on the map, Bull said.
It breaks down primarily to about 45 percent hydroelectric, and bit more
than that in biomass. In previous years hydroelectric held the number one
spot, but it is losing ground primarily because of continuing drought in
the west.

The two fastest growing renewable energy sources are wind and so-
lar, even though they are a small part of the total at the moment. The key
drivers for renewable energy and energy efficiency are energy security,
climate change, air emissions, and then electrical liability.

Public acceptance of renewable energy is large, but public under-
standing of it isn’t. Solar is tangible. “I think they are starting to get the
idea of wind, because wind is growing rapidly,” Bull said.

Bull then talked about the role the five renewable sources—solar,
wind, geothermal, hydroelectric, and various kinds of biomass—can play
in efficiency. Efficiency should be done first, Bull pointed out, as energy
not used is the best energy. Efficiency can and should be a factor in all
three end use sectors, Bull stated. Wind is primarily an electricity produc-
ing technology, but it can also be viewed as a link to the end use sector
through hydrogen. Solar and biomass can also go through the hydrogen
route. Solar is likely to be more distributed, whereas wind can be essen-
tially deployed and utilized in larger quantities virtually all of the
renewables go through the electricity route to the end use sector. Biomass
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electricity is another approach, and it is also useful as a renewable fuel,
which adds to its appeal.

Bull named some of the challenges facing feedstocks. One is the an-
thropogenic production of carbon dioxide that has accelerated in modern
day, and the second is the release of carbon dioxide into the atmosphere
in the future. “Depending on your perspective, I believe most scientists
believe we need to be doing something about this,” Bull said. The popula-
tion challenge is another important factor.

Bull then went on to talk about biomass. The public doesn’t under-
stand what the term means, he said. In addition to that, an enormous
amount of biomass is still put in landfills. “Cardboard, waste paper, grass
clippings, broken branches, we put a ton of things in the landfill, that I am
embarrassed,” Bull said. Woodchips and forest thinnings are another im-
portant biomass resource. Agricultural crop residues are also an impor-
tant biomass resource. Corn stover is the one program area that the De-
partment of Energy is currently looking at, which also could be combined
with the harvesting of corn. Then there are energy crops of various kinds,
like switch grass, poplars, as well as alfalfa. “Ultimately, once you use the
waste, then you would think about migrating to the use of energy crops,”
Bull said.

With the crops at hand, the next step is to think about the equivalent
of petroleum refineries, Bull pointed out. All biomass is not equal, and
there are various forms of biomass in terms of chemical constituents. Fur-
thermore, every piece of biomass needs to be utilized to make biomass an
economic business, and it is expensive to bring it to a processing plant.
“We need to be doing the same thing [as] the petroleum folks, and that is
get every value . . . of every product possible out of it,” Bull stressed. The
Department of Energy’s program is now focused on this point.

Biomass is the only renewable source that produces carbon-based fu-
els and chemicals. Non-cellulosic biomass is traditionally starch, corn,
wheat, or other starches. Sugar complexes that are easy to hydrolyze are
currently used for ethanol. Oils, such as soy or cornoil, are also relatively
easy to process and to deal with. This leads to its current use as biodiesel,
which benefits from the advantage that a significant element of the cur-
rent fuel supply is already diesel.

Transitioning to biomass fuels is another challenge. The transition will
either effect a change in engine type or a change in the fuel supply.

Then there is non-cellulosic biomass with proteins that can be used
for soybean meal and other chemicals and materials. Byproducts from
corn meal, for example, are animal feed and other food products. The
processing of glucose is as follows: hydrolyzation of glucose, before its
fermentation to ethanol.

For cellulosics the constituents are both an opportunity and an in-
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tense challenge, Bull said. There are three main constituents, the first one
being lignin, which makes up 15 to 25 percent of the biomass. Lignin con-
tains aromatics, but since they are oxygenated, they may not be easily
developed. Currently there are thoughts about just using it in a fuel, or
gasifying or pyrolizing it. Ultimately, though, it should have a greater
value as a chemical constituent. Hemi-cellulose is another component,
making up 23 to 32 percent, and is made up primarily of 5 and 6 carbon
sugar polymers. It is easier to hydrolyze. Six carbon sugars are easy to
deal with but five carbon sugars are a greater challenge. The cellulose
component is up to 50 percent. It is a polymer of glucose, and is generally
hydrolyzed by using enzymes, which then makes it easy to ferment to
ethanol. One participant pointed out that a number of technologies that
are needed to process lignin or cellulose do not exist, and that there is a
big need for R&D.

But fuels cannot be the only focus of these processes. The Department
of Energy’s programs primarily concentrate on ethanol, electricity, and pos-
sibly heat. For this to be an economically viable operation, products in the
form of chemicals, materials, food, feed, and fiber have to be developed.

Bull named some examples for producing by-products. There is a
partnership with Dupont that is working on integrated quantitative
biorefining. This process uses not only the starch, but also the cellulose,
the corn, and the corn stover. It produces chemicals, bioethanol, and
power, and it feeds the production of Dupont’s Sorona® polyester.

Another area is the forest, pulp and paper industry. Bull said this
industry should think about producing not only pulp and paper, but also
ethanol and other chemicals by stripping the hemi-cellulose away and
using cellulose for the pulp manufacturing. The lignin and other residuals
can be subjected to a thermochemical process, and a variety of chemicals
can be produced from there.

Bull said industry in general does not associate the word biomass and
its possibilities with their products. The challenge is to make their indus-
try more viable and at the same time, really start up this business of a
biorefinery. Genomics, proteomics, and bioinformatics are going to be key
technologies in the biomass industry, Bull said. It may be new chemistry,
but it is related to chemistry.

One of the areas that need to be worked on is producing chemicals to
subsidize the ethanol production. The projected cost today to build a plant
would be on the order of $2.50 a gallon, compared to corn ethanol at $1.20.
Bull said a cost reduction is feasible in the future through improvements
in technology and processing. Adding chemical products and materials
would bring cost down at a more rapid rate.

While it is easy to think of biomass as the primary alternative feed-
stock, water could also fit that category. Hydrogen does not exist in na-
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ture nor can it be mined. However, it can be obtained from fossil energy.
Hydrogen is embodied in biomass, and it is also in water, but energy is
necessary to obtain it. This energy has to come from somewhere else, like
nuclear, geothermal, solar, or wind. There are two key routes: One breaks
down the hydrocarbons to elemental hydrogen and usually CO2. A
cleaner and neater way is to generate hydrogen from water, for example,
by electrolysis.

There are several ways to produce hydrogen, Bull said. But if it is
derived from natural gas, coal, gasification, or other forms, then all the
problems that conventional fossil fuels have are not avoided. However,
there is the option of using biomass and reforming it. “You can gasify it,
pyrolize it, and get there,” Bull stressed. Photo-optochemical water split-
ting with direct sunlight is another possibility. There is enough energy in
sunlight to split water, but lakes bubbling hydrogen do not exist. This is
because the water is transparent to the sun, and there is not enough ab-
sorption. There are two ways to bypass this problem. One method is to
use a combined photovoltaic system and electrolyzer as a single device.
By doing this, the system can be at least 30 percent more efficient than a
two-step system in which a solar panel produces electricity to electrolyze
water to hydrogen. The second method employs photosynthetic algae.
The idea would be to have ponds of algae to efficiently absorb sunlight
and manipulated to produce hydrogen.

Klaus Lackner raised the possibility that competition for agricultural
land would arise between growing biomass and feeding the world’s popu-
lation, which may reach between 10 and 20 billion people. This is espe-
cially pressing in the light of the fact that many people in China and India
move away from these diets toward ones which involve more meat.

Stanley Bull replied that the U.S. economy could handle that, as the
food supply is adequate. He said that was why there is significant atten-
tion on cellulose parts, because they may in principle not compete head-
to-head with fuel. Switch grass can be used on marginal lands; it can grow
and sustain itself and maintain productivity for up to 10 years. Food
would always be provided first, because that is going to be more eco-
nomical, Bull said.

One participant asked if municipal waste contains many contaminants
that may be difficult to deal with like PVC or fluorescent light bulbs. Trash
that has been separated works best, Bull said. “So, I think that is really the
best answer, is to do as much source separation as you can,” Bull stressed.
“That is why the public doesn’t like it, because you put it through an
incineration plant and you have got stuff that is really hard to control
coming out,” he added.

Valerie Thomas asked if it would be effective to have the kinds of
subsidies that exist now for corn ethanol and for some of the other fuels.
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Bull said without some significant advantages, like used equipment or
free feedstock, a plant could not compete. He said the price drop in en-
zyme cost has helped to reduce the total cost. Technology is important,
the industry will need incentives, things like the production tax credit,
Bull pointed out. He gave wind as an example. Electricity can be pro-
duced from wind at five cents a kilowatt hour, which is competitive but
the utilities want an additional margin to feel comfortable in putting their
future in that technology. The 1.8 cents per kilowatt hour incentive fills
that gap, Bulls pointed out. When that production tax credit is in place,
the wind industry booms, but when it is in a hiatus, everybody stops. ”Of
course, part of the reason they stop is, they think the tax incentive is going
to come back, so why go build something until it is going to come back. It
is a chicken and egg thing a little bit,” Bull said. Translating this to the
biomass world would mean that more tax incentives will help stimulate
the industry. “Our whole target is to get it to be cost competitive without
tax incentives of any form, but we need it today,” Bull said.

James Wishart mentioned that one of the other potential competitors
to hydrogen as a basis for a fuel economy is methanol, which has been
advocated by some people, including George Olah. He added that while
the route to methanol from biomass is more difficult than with ethanol,
methanol could be used in a closed cycle for forming fuel by photoelec-
trochemical or photochemical activation of CO2. Methanol has the advan-
tage of being a liquid form of chemical energy as opposed to hydrogen,
which is a gaseous form, and difficult to store. Methanol can be obtained
by gasification and doing methanol synthesis from that. There are also
researchers working on CO2 catalytic conversion to methanol, but thus
far, no results have appeared. Unfortunately, methanol is not as friendly a
fuel from a toxicity point of view as ethanol.

There is a problem with too many fuels that are not compatible or im-
miscible, because infrastructure for everything is not affordable. “The prob-
lem is, who is going to play God and decide which one of them we are going
to focus on. Right now, the President is saying it is hydrogen,” Bull said.

Richard Wool said that to meet 100 quads of energy in the United
States in terms of solar energy, a piece of land 100 miles by 100 miles
would have to be covered in today’s solar collectors. Solar is at least twice
as expensive as gas. However, as niche applications are used more and
more, and manufacturing is geared up, the costs will continue to come
down and “one day we will all be using solar,” Bull predicted.

SUSTAINABLE FUELS AND CHEMICALS

Mark Holtzapple talked about the MixAlco process. The process fixes
solar energy in the form of biomass and then runs through a biorefinery.
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The refinery produces alcohol fuels, which are burned. This releases car-
bon dioxide, which is fixed into the biomass through photosynthesis. This
cycle doesn’t add new carbon dioxide to the atmosphere. As long as the
sun shines, there will be a perpetual source of energy, Holtzapple said.

Holtzapple proposed ideal features of a biomass process. As a source,
any feedstock, such as trees, grass, agricultural residues, energy crops,
municipal solid waste, sewage sludge, and animal manure could be used.
The alcohol potential from waste biomass is about 135 billion gallons per
year in total. Gasoline consumption is 130 billion gallons a year, and die-
sel 40. This means that alcohol from biomass could have the potential to
replace a significant amount of our liquid transportation fuels.

Ideally, high productivity feedstocks could be used. Right now, corn
is the source of biomass and it only produces about 3.4 dry tons per acre
per year. Compared to alternatives such as sweet sorghum and energy
cane, it is not a productive crop.

Ideally, farming would be an economical activity. Right now, a farmer
sells corn at $2.40 a bushel, which generates $340 per acre as gross in-
come. If they were to grow sweet sorghum at $40 a ton, they would double
their income. If they were to grow energy cane at $40 a ton, they would
triple their income. Furthermore, the environmental impact, in terms of
water, fertilizer, pesticides, herbicides, and soil erosion would be lower.

Holtzapple then talked about aquatic biomass, which is phenomenally
productive. In addition, water hyacinths, for example, are a very beauti-
ful crop. If they are grown without any CO2 enrichment, the yield is up to
70 dry tons per acre per year, which dwarfs energy cane. Enriched with
carbon dioxide the yield can be 100 dry tons per acre per year.

Next Holtzapple described the ideal refinery. Ideally, it would not be
sterile, because it is very hard to maintain sterility on a large industrial
scale. It would be preferable not to use genetically modified organisms
because of public concern, which would be costly due to disposal meth-
ods that prevent their release into the environment. The process should
be adaptable to varying feedstocks. Ideally, it would not need enzymes or
vitamins, because they incur costs, and there would be high product
yields. The process should not be based on the economics of co-products,
such as proteins. Currently, corn–derived ethanol has a protein byproduct
that is responsible for about a third of the income.

Lastly, the fuel itself has to be competitive in terms of the octane rat-
ing, the volatility, the ability to ship it through pipelines, its energy con-
tent, the heat of vaporization, and whether it will damage the ground
water if accidentally released. MTBE is problematic, but ethanol is consid-
ered to be a good alternative. It has a very high octane rating, and it is
considered an innocuous chemical, a highly desirable characteristic if it
is accidentally released into the ground water. However, it has some major
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drawbacks. For example, it raises the vapor pressure of gasoline. Also, it
cannot be shipped through pipelines since it can pick up water and causes
problems when used in downstream applications. It has a fairly low rela-
tive energy content (about 84,000 BTUs per gallon), and there can be cold
start problems with pure ethanol. “What I would suggest is that mixed
alcohols are superior on all of these various features,” Holtzapple said.

The MixAlco process produces a product that has all these ideal fea-
tures, Holtzapple argued. He first described the process in its original
version. First, the biomass is treated with lime. This treated biomass is
then fermented with a mixed culture typically derived from soil.
“[L]iterally, you just throw dirt on the biomass and let it rot,” Holtzapple
said. What comes off the rotting biomass is a carboxylate salt, and some
calcium carbonate is added to neutralize the acids. Acetic acid, propionic
acid, and butyric acid are then added during the rotting process. The car-
bonate reacts with the acids to make calcium acetate, propionate, and bu-
tyrate. The water is removed from the salts, which are then heated to pro-
duce ketones such as acetone and, if hydrogen is added, alcohol, such as
isopropanol. “We are turning cattle manure into salts of vinegar, nail pol-
ish remover, and rubbing alcohol,” Holtzapple said.

Holtzapple said he believed the hydrogen economy could viable
through the MixAlco process, because this process hydrogenates biofuel.
Biofuel is a hydrogen carrier, and it converts the energy of the hydrogen
into a liquid transportation fuel that is completely consistent with the cur-
rent infrastructure. As much as 35 percent of the energy content of that
alcohol can come from the hydrogen. This means it is a very safe, reason-
able way of getting to the hydrogen economy, Holtzapple said.

To assess how well the technology works Holtzapple uses an in situ
digestion method. Scientists take about two grams of biomass and put it
in a container resembling a tea bag. The tea bags are put into a porous sac,
and the porous sacs are placed into the rumen of a cow by way of a surgi-
cal hole called a fistula. The bags are incubated, washed, dried, and
weighed. Digestion yields are measured based on the mass of biomass
remaining. For example, if the experiment starts with two grams and one
gram is left over, it was 50 percent digested.

More recently, Holtzapple has come up an advanced lime treatment
process. For this, he built a big pile of biomass with lime in it and then
aerated it to get the combined effect of oxygen and lime. The addition of
air is a necessary step, for without the air, a third of the lignin will not be
fermented. The next step is the fermentation. Organic acids naturally oc-
cur everywhere, including within the rumen of cattle, sheep, deer, and
elements, sewage digesters, swamps, and termite guts. Nature favors the
production of organic acids, because the process is thermodynamically
driven. As a result of the fermentation, acetic acid as well as propionic
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and butyric acid are produced. Methane can also be produced, but
Holtzapple adds an inhibitor that blocks methane production. As a result,
the energy that would have been lost to methane is accumulated into the
higher acids.

The product distribution is a function of the temperature. At meso-
philic conditions—at the temperature of a cow—the distribution is about
41 percent acetic acid. If the temperature is raised to 55, the process highly
favors acetic acid production. The process utilizes a proprietary marine
organism that is resistant to the high salt concentrations. The microbe is
used in the inoculum, leading to high product concentrations.

The grand vision is to build the pile with biomass, lime, and calcium
carbonate. During the first month or so, air is ventilated up through it to
remove the lignin and make the biomass digestible. A tarp cover is then
thrown on top, the microbe-infused dirt is added, and the pile allowed to
rot and produce organic acids. The next step is the de-watering step.
Vapor compression is the preferred de-watering method, since placing a
vacuum on a salt solution will cause it to boil, producing distilled water
and concentrated salts.

The thermal conversion step is next. The calcium acetate becomes ac-
etone, and the higher acids become higher molecular weight ketones. A
99 percent conversion at about 440 degrees Celsius takes about 25 min-
utes. Finally, the hydrogenation step takes place, in which the ketones
become the corresponding alcohols. This step uses a Raney nickel catalyst
in liquid phase. The process is geared toward ethanol at the moment, as
that is where the tax credits are. The calcium acetate solution is run over
several steps to produce ethanol.

Holtzapple then introduced the economics of the process. The ketones
sell for about 60 or 70 cents a gallon, providing a substantial profit margin
at the moment, as the current price of acetone is $3.50 a gallon. Alcohols
are around 80 cents a gallon. The acetic acid, for example, is in the six
cents a pound range, and it sells for about 25 cents a pound. The alcohols—
in this case mainly ethanol—are in the 60 to 70 cents a gallon range. These
prices are calculated for a corn price of $40 a bushel.

A possible scenario is taking the sugar cane, extracting the sugar, and
then producing alcohol from the fiber. The sugar could be used to make a
range of products, such as biodegradable polymers, rubber, or even fibers
such as Dupont Sorona®.

Holtzapple then named the factors for replacing gasoline. With cur-
rent engine efficiency, 248 biorefineries would be needed, and a land area
of 300 by 300 miles would be required for sugarcane. At double the effi-
ciency, the required area is reduced to 200 by 200 miles. At triple the effi-
ciency, it shrinks to 174 by 174 miles. In comparison, the land requirement
for sweet sorghum would be 340 by 340 miles. Holtzapple is currently
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testing an engine that could be 49 to 55 percent efficient. This translates
into a gas efficiency of 75 to 100 miles per gallon in a full sized car.

One participant wanted to know the time scale for realization of the
project. Holtzapple estimated that a small demonstration plant should be
running by the end of 2005; a full scale commercial plant might take two
or three years.

Another participant asked if sustainable agricultural practices were
part of the project. Sugar cane has been growing in Cuba on the same land
for hundreds of years, and the land still maintains its productivity. “So, if
you do it right, the soil doesn’t wear out,” Holtzapple said.

Frank Flora asked how the process is controlled. Calcium carbonate is
self-buffering, it maintains a pH range of 5.8 to 6.2.The temperature is
controlled by circulating liquid through the pile, which can then go
through a heat exchanger. “[A]ll the control that we need is just tempera-
ture, pH, and keep that inhibitor in there so that we don’t degenerate to
methane,” Holtzapple said.

ROUTES AND COMMODITY CHEMICALS FROM
RENEWABLE RESOURCES

Douglas Cameron spoke about Cargill’s work in the area of green
chemistry and sustainability. He also talked about two carbohydrate-
based examples of the chemistry bio-refinery, lactic acid, and 3-
hydroxypropionic acid (3-HP).

Cameron predicted that biomass feedstock prices will continue to
drop in real terms, due to improvements in agronomic practice and in
biomass conversion technologies. Process technology has to continue to
evolve in order for this to happen, and government funding is needed to
help spur this along. Novel catalysts are going to be important, he said.
Product development and selection of the right products are important,
as are platform chemical concepts and partnerships between companies
like Cargill, who understand agriculture and chemical companies.

Cameron then introduced some examples. He started with the pro-
duction of polylactic acid (PLA). The concept is to make lactic acid by
fermentation of sugars, which is extremely attractive. It is then chemically
converted to lactide. Starting mainly with the L,L form, the product is
primarily L,L lactide with a small amount of the D,L lactide and an even
smaller amount of the D,D lactase, which can be removed by vacuum
distillation. The polylactic acid is recovered through ring opening poly-
merization.

Cargill now has a large production plant, where it makes various
types of fibers, clothing, and other applications that are being developed,
such as carpets and tile squares. PLA has the property of dead fold, so it
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can be used in wrapping, typical biodegradable type applications, and
bottles. Recently, a company in Colorado started selling bottled water
made out of PLA bottles.

Cargill is now the biggest producer of lactic acid, and its process uti-
lizes a wide range of renewable sugars, including glucose. Lactic acid pro-
duced by an anaerobic fermentation, which means it is not energy inten-
sive since oxygenation is one of the most energy intensive parts of
fermentation. The theoretical yield of lactic acid from glucose is 100 per-
cent, which compares favorably with the theoretical yield from other glu-
cose-derived products, such as ethanol (51%). There are two functional
groups in lactic acid, which means that it can act as a platform molecule
for other chemistry.

One potential product from lactic acid is hydroxypropionic acid,
which may primarily be 2- or 3-hydroxypropionic acid. This acid is not
widely available through the chemical industry, not even from Sigma
Chemical or Aldrich Chemical. Since it is not readily available, its possi-
bilities have not been extensively explored. Cargill also determined that
no microorganisms had previously been used to make it.

This case exemplified the concept of green chemistry design that po-
tentially looked attractive, Cameron said. However, in practice, there were
many unanswered questions. Cargill evaluated hydroxypropionic acid in
terms of its properties and its safety. Like lactic acid, it could act as a
platform chemical; for example, it could be oxidized to malonic acid, a
pharmaceutical intermediate currently manufactured through a chemically
messy route. It could also lend itself to polymerization and hydrogenation
to 1-3 propane diol, which would provide an alternative route to make a
chemical ingredient for the Dow product Sorona®. Hydroxypropionic
acid could also be dehydrated to acrylic acid, which is a seven billion
pound product with a rapidly growing demand; it is the basis of super-
absorbent polymers used in diapers and other products.

What this could potentially do is give Cargill a renewable route to a
compound like acrylic acid and a whole host of other materials. Since it
had not previously been investigated, Cargill researched some of its appli-
cations. One of the things the company found is that the calcium salts of 3-
hydroxypropionate are very highly soluble relative to many other organic
acids. This provided an opening for unique opportunities for this acid in
cleaning applications such as removing “scale” (substance buildup) from
various materials. In addition, the corrosiveness of hydroxypropionic acid
is much lower than that of a number of other acids, making 3-HP or its
salts a potentially good antifreeze agent.

While Cargill now saw opportunities with hydroxypropionic acid,
there was yet no microbial method to make the chemical. Cargill wanted
to determine if they could design and build metabolic pathways to do
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this. Criteria for the process included a 100 percent theoretical yield, the
availability of necessary genes and enzymes, and several other design fac-
tors. To begin, Cargill mapped every possible metabolic pathway from
glucose to 3-HP and found the most intriguing one to be the beta alanine
pathway. This route only requires a microorganism to ferment glucose to
pyruvate and an additional four steps to make beta-alanine directly from
pyruvate. These additional steps could potentially be engineered into the
microorganism.

How does the pathway compare to the criteria? Energetically, it is
very favorable. The theoretical yield of this pathway translates into one
gram of 3-HP per gram of glucose under anaerobic conditions, with iden-
tical thermodynamics to those of lactic acid production. The one major
challenge in the pathway is that it requires a catalytic step that doesn’t
exist in nature. However, enzymes exist in nature to convert alpha-lysine
to beta-lysine.

Ideally, the pathway could be transferred into an organism like E. coli
and the various byproducts could be eliminated. “So, you would have an
organism that makes 100 percent 3-HP from glucose, and that is what we
are proceeding to do,” Cameron said.

Vegetable oils are another important research area for Cargill. One of
the current business divisions is involved with industrial oils and lubri-
cants, and they study how to produce hydraulic fluids, transformer flu-
ids, and various other codeines and things made from vegetable oils. For
example, vegetable oil is used to make biodiesel in Europe, and a
byproduct of biodiesel is glycerol. “So, there are opportunities to figure
out what to do with that,” said Cameron. He also mentioned that Cargill
has a very active research program in polyurethane polyols, and there are
some compelling reasons to make polyols from vegetable oils. For ex-
ample, polyols are used for the production of polyurethanes for automo-
tive seats.

Cameron said Cargill uses fatty acids and performs various chemical
reactions with them, such as metastasis chemistry (the interchanging of
double bonds). This is done in partnership with a company called Mate-
ria. Dienes for rubbers, or alpha olefins for polyethylenes, can be made
from unsaturated fatty acid starting materials.

When asked about toxicity studies on 3-HP acid, Cameron said the
data shows lower toxicity than lactic acid both in fathead minnow aquatic
toxicity tests as well as in various animal feeding studies. However,
the concern is that it is quite easy to dehydrate 3-HP acid to acrylic.
He added that the chemical is a component of what is called the 3-
hydroxypropionate cycle, which is present in many bacteria species, lead-
ing researchers to think that it could be rapidly metabolized in nature.
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SUSTAINABILITY, STOICHIOMETRY, AND
PROCESS SYSTEMS ENGINEERING

The chemical industry has been driven by material substitution for
decades, Jeff Siirola said. Products are mostly made from methane, ethane,
propane, and aromatics. Eighty percent of all manufacturing energy, and
80 percent of all manufacturing wastes, are associated with the processing
industries. Today, even though the chemical processing industries are
considered to be energy intensive, energy cost has not actually been a
dominant economic factor, not even in distillation processes. Siirola said
that in his company products that cost more than 5,000 BTUs per pound
are not made. With coal priced at 80 cents per million BTUs, energy does
not comprise more than five percent of the sales price, which means that it
rarely costs more than two, perhaps three cents per pound of product.

The cost of energy has gone up by an order of magnitude, but the
relative ratio of energy to capital is unchanged and has remained so for
the last century. But sometimes, certain sources of energy change in price
relative to others, Siirola said. For example, the price of natural gas today
is really more expensive relative to coal.

There will be an increase in the global demand for energy, Siirola
predicted. The increase in the world’s population to between nine and ten
billion people will increase the GDP (gross domestic product) by a magni-
tude of six to seven times. At the same time, most commodities, most
materials of construction, and the chemical industry will increase by five
or six fold. The energy demand is expected to increase by a factor of about
three and a half, which translates into a growth rate about half that of
GDP growth. This growth rate has remained fairly constant for the last
several decades due to technological innovations.

According to Siirola, the imperative of not harming the environment
and not increasing the impact on it would be the basis of his discussion.
He then asked what it means to not limit the choices available to future
generations. He discussed how a choice should be made between two
different sources of a raw material or energy with two different costs for
the chemical industry. “Should I only use the more expensive one and
leave the cheaper one to future generations, [or should] I extract from
both sources in the same percentage that I find them so that I leave the
future generation the same problem that [I’ve] got?” Siirola asked. He
argued that the cheaper one will be exploited, resulting in a price rise and
leaving the future generation to fend for itself. “No customer will pay
extra to exploit something more expensive so that future generations are
left with a cheaper alternative,” he said.

Siirola then spoke about raw material selection for the chemical in-
dustry. Selection characteristics or criteria include factors such as avail-
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ability, concentration, extraction cost, competition for the material, other
alternatives, and how close the raw material is in chemical or physical
structure and in oxidation state to the product.

The oxidation state of material is a particularly important factor, es-
pecially for carbon. Carbon has eight oxidation states, which range from
−4 (methane) to +4 (carbon dioxide). Free energy changes between [e]ach
of those states are almost exactly equal, amounting to about 25 kcals per
milliliter per oxidation state. Most of the polymers in the world lie some-
where between the −2 and −0.5 state, and most oxygen organics exist be-
tween −1.5 and zero oxidation state. Methane is −4, ethane is −3, many
hydrocarbon type materials are −2, and many oxygenates are a little bit
higher, with acetic acid at zero. Carbonate salts are found at the bottom of
this chain. Carbon in the +4 state is acidic and can be neutralized, and its
salt has a free energy state some 40 kilocalories per milliliter lower than
that of the free acid.

Siirola then counted up the available carbon on earth. There are about
75 gigatons of carbon in natural gas, 120 gigatons of carbon in oil, 900-
plus gigatons in recoverable coal and about 250 gigatons each in oil shale
and tar sands. There are about 2,500 gigatons that are recoverable at prices
higher than today’s prices. This means tighter oil or tighter gas supplies,
as coal seems currently too thin to mine. Carbon is also found in methane
hydrates with an estimated tonnage range from a few thousand to a num-
ber so large that they could not have been generated biogenically. The
total biomass on the top of the earth is 500 gigatons, and the amount of
carbon located in the soil one meter below the surface, plus peat, is four
times as high. The total amount of biomass produced each year on the
earth is 60 gigatons, and an equal amount is destroyed. More than half of
that amount is located in the tropical rain forest and the tropical savan-
nah. The total amount of chemicals produced in the world is three tenths
of one gigaton of carbon.

Upon looking at oxidized carbon atoms, the total amount of CO2 in
the atmosphere at today’s concentration supplies 750 gigatons of carbon.
There is twice as much coal as there is biomass, and there is more coal
than there even is CO2 in the atmosphere. There are approximately 40,000
gigatons of carbon that exist as dissolved carbonates in the ocean and an
additional 100 million gigatons of carbon found in limestone, chalk, and
dolomites.

In sum, this means that the world is not running out of carbon atoms,
Siirola said. Many of them are in a reduced state or in their oxidized state.
If the raw material for carbon is in a lower oxidation state than the prod-
uct, it has to be oxidized. This may occur through direct and indirect par-
tial oxidation. The oxygen source is almost always atmospheric oxygen,
and the reactions overall are oxylformic. Selectivity is sometimes an issue,
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purification is oftentimes an issue. Sometimes a proportionation reaction
will form the desired oxidation state. The carbonaceous material is oxi-
dized and at the same time co-produces hydrogen. Often, almost all the
hydrogen produced is used, often for environmental purposes, for ex-
ample to remove sulfur from raw materials. In carbonylation chemistry a
molecule is oxidized to carbon monoxide, which then reacts to the desired
oxidation state, and this is the only oxidation that is very easy to reverse.

If the raw material is at a higher oxidation state, it has to be reduced.
The reduced state ultimately produces hydrogen. Hydrogen production
and the reduction reaction frequently occur in tandem and are net endot-
hermic. This means energy has be added to reduce carbon. Starting with
an intermediate oxidation state, a disproportionation process can be a
good choice. It drives part of the carbon into a lower state. Fermentations,
for example, work that way. Glucose will make ethanol at the -2 state
while oxidizing an equal number of carbon atoms to the +4 state to pro-
duce energy.

In the total synthetic reduction, the energy comes from the sun and
CO2 which co-produces oxygen. To make a milliliter of hydrogen, either
water has to be split or a carbon atom has to be oxidized by two states. In
steam reforming to methane or in biomass gasification, a material at raw
oxidation state reacts with water to make hydrogen and CO2. Splitting
water into hydrogen and oxygen can be done by electrolysis, and there
are experiments to achieve this directly by photosynthesis.

Taking this into account, there is a question of what is the most sus-
tainable raw material for the chemical industry, Siirola said. “Should it be
the one that is the most abundant, which means that we would make
everything out of limestone? Should it be the one for which a natural pro-
cess already exists to do some of the energy change that would be re-
quired to exploit it, which would be atmospheric carbon dioxide?” he
asked. Oil might require the least addition energy to process it into the
most final products. Methane or condensate are likely to be least contami-
nated with unwanted elements like sulfur and nitrogen. Glucose or lignin
might be structurally closest to some desired products.

If the world population stabilizes at a number below 10 billion with
subsequent GDP growth and energy needs, there will be new energy de-
mands of 2,500 quads. This demand distribution breaks down to one third
transportation, one third electricity, and one third domestic heating and
industrial requirements, which will mean close to 5,000 gigawatts of new
power. This is not a great demand for power, and it would mean one
gigawatt power plant every three days for the next 50 years, or about
1,000 square miles of new solar cells at 10 percent efficiency and annual
sunlight conditions similar to a cross between those of Tennessee and
Nevada. It means carbon emissions climbing from today’s seven gigatons
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a year to maybe 26 or 30 gigatons a year. That assumes the same fossil and
nonfossil mix and the same mix of fossil fuels. “Actually, if we run out of
methane, the amount of carbon [produced] will be even greater than this
for the same amount of energy,” Siirola pointed out.

There are 6,000 gigatons of fossil fuels available, counting the biom-
ass, peat in the ground, unrecoverable reserves, but not including the hy-
drates. At some price more and more—but not necessarily all—will be
exploited, growing to three times the current demand of seven gigatons
per year. “Will we run out? Yes, at this rate we will, but not tomorrow,
[and that] is the point,” Siirola said.

Siirola counted the number of options for sequestering CO2, such as
burial or absorption into geological formations, into coal beds, the deep
ocean, saline aquifers, or into tight formations, all of which he deemed not
entirely satisfactory. There are even fewer options for the energy involved
in transportation. In transportation, mass counts, so technology to absorb
CO2 on board light weight vehicles does not exist. Even the lightest absor-
bent known, lithium oxide, is still too heavy to be useful.

Siirola then talked about non-fossil options. Biomass costs too much
in terms of cropland. The total world’s net production of biomass is close
to 60 gigatons. The total world’s crops currently are six gigatons, and that
is likely to grow to nine gigatons as the world’s population approaches
nine billion. Most of the cropland will be needed to feed the people. The
current energy crops currently comprise a hundredth of a gigaton. The
projected energy need will be 26 gigatons per year by the time the popula-
tion levels out, and the projected chemical needs, at the same time, might
rise to 1.5 gigatons per year. However, there are 60 gigatons of net biom-
ass which could be utilized, but it means having to harness half of the
annual biomass produced on the planet for energy needs. “So, could you
do it? Yes. Are you likely to do it? I kind of doubt it. I just don’t see an
infrastructure to collect 50 percent of the biomass,” Siirola said.

If CO2 cannot be captured, fossil fuel cannot be a viable option, Siirola
pointed out. Solar power could be a worthy alternative. Compared to bio-
mass, solar power has a much higher energy density. Siirola calculated
that the power density that could be obtained by turning biomass into
pyrolized coke would be four tenths of a watt per square meter, assuming
no energetic cost of growing the biomass. A solar cell on average provides
between 20 and 40 watts per square meter, 20 in a place like Tennessee
where it is cloudy, 40 in a place like Nevada.

But the difference in capital costs between the two choices becomes
an issue. The capital costs for planting hundreds of square miles of biom-
ass could be minimal compared to the capital costs of photo well tanks,
which are nearly an order of magnitude higher than the capital costs for
making a coal fired power plant of the same production.
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Solar energy must be collected and stored. It could be stored in atmo-
spheric pressure gradients as is done for wind. It can be stored in eleva-
tion gradients as molecular hydrogen or as carbon in the zero oxidation
stage. It may also be stored as latent or sensible heat in thermal storage.
“All these things are possible,” Siirola said.

Hydrogen has many advantages, Siirola pointed out. First of all, it
produces fewer pollutants and no CO2 at the point of use. But molecular
hydrogen is not available, is difficult to store, has a very low energy den-
sity, and is an energy carrier rather than an energy source. “If hydrogen
comes from reduced carbon, then the same amount of CO2 is going to be
produced whether or not we just burn the carbon or make the hydrogen
and burn the hydrogen,” Siirola argued.

Solar and nuclear are the only long-term energy solutions, Siirola con-
cluded. “By a factor of 105 there are far more carbon atoms in the high
oxidation states than the low oxidation states,” he calculated. The envi-
ronmental impact of having the rest of them oxidized may be smaller than
is currently thought. There is plenty of available carbon in the low oxida-
tion states, and it exists close to the activation state of most of the desired
chemical products. In addition, the high availability and the existence of
photosynthesis do not necessarily argue for starting from CO2 as the prin-
cipal raw material as it requires too much energy to be added to the sys-
tem to obtain the products. “We can, however, get to any carbon oxida-
tion state from any other, but going down an oxidation state costs you
energy,” Siirola said.

One participant objected to nuclear being called a viable option. Siirola
said he did not spend time talking about nuclear because the risk is a very
large number multiplied by a very small number. But he said he suspected
that in the end the product is going to be such that it is going to remain
among the alternative choices. Siirola said the problems of storage were
serious, but not insurmountable, in terms of being able to handle the long-
term sequestration of solids. One of the participants added that nuclear
looked very much like a green energy.

Klaus Lackner said there might be more carbon reserves than ac-
counted for. He stated that there may well be that there are 20,000 gigatons
available. However, that still would not change Siirola’s conclusion. If
anything, he argued that this point supports his opinion. Finally, Siirola
offered that the amount of oxygen in the atmosphere is a key to estimat-
ing how much CO2 was reduced.

ENZYMES

Glenn Nedwin talked about how enzymes can help to achieve a sus-
tainable future. “In the last century, we have had the industrial revolu-
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tion, and what we believe is that we want to get to the industrial evolu-
tion,” he said.

Enzymes are ubiquitous. They are used in detergent, starch, textile,
fuel ethanol, pulp and paper, baking, brewing, wine, juice, food special-
ties, and animal feed. Nedwin listed enzymatic properties that contribute
to sustainable development. First, they are biological catalysts with very
specific properties that drive chemical reactions in living cells. They work
at mild conditions in small quantities and are fully biodegradable. They
are made by fermentation from renewable resources, and the excess bio-
mass waste is used as a soil conditioner and fertilizer.

Enzymes can improve product quality and save water, energy, chemi-
cals, and waste while speeding up production processes and enabling new
products. Most enzymes come from microorganisms in the soil, with
nearly half the enzymes in the world originating from bacteria and the
remainder found in fungi.

Enzymes can be tailored to different uses, such as in laundry deter-
gent where the conditions of the water in different places can vary. To
find a substitute enzyme, scientists search within organic environments
that mimic desired reaction conditions. For example, for cold temperature
conditions, an organism that thrives in a cold environment is ideal. If it
can’t be found in nature, it is evolved in the lab.

Native enzymes can be altered to change their activity in different
areas, making them more alkaline, thermally stable, or pH-sensitive. After
an enzyme is discovered, it has to be made at very high levels by large-
scale fermentation of microorganisms, which are initially streaked on a
petri disk and inoculated into gradually larger volumes of nutrient-rich
broth. From these fermentations emerge the purified enzymes: proteases,
amylases, cellulases, carbohydrases, lipases, esterases, and oxidoreduc-
tases. The challenge lies not only producing them at high levels but also in
finding uses for them.

How are enzymes involved in sustainable development? The deter-
gent industry is an important example, as a mixture of proteases, amy-
lases, lipases, cellulases, and manonases is used in detergents. The use of
these enzymes has allowed the washing temperature to be lowered from
60 ºC to 40 ºC. In Denmark alone, this has resulted in a savings of 28,000
tons of coal per year.

Enzymes also help save on the use of other chemicals and render de-
tergents more effective. By using enzymes, fewer phosphates and other
chemicals are needed while simultaneously making laundry cleaner. The
enzymes are fully biodegradable and gentler to fabrics. If the average
washing temperature in Europe is decreased from 40 to 30 degrees, about
a third of the household electricity consumption can be saved.

Another application is textiles. The average pair of jeans consists of
cellulose fabric woven into denim. Previously, it was dyed but required
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additional chemical and mechanical treatments to remove the remaining
starch in it and obtain the desired “look.” Historically, oxidizing agents or
sodium hydroxide pressure-cooking were needed to get rid of the starch.
Now, amylases are added. Cellulases in laundry machines replace the
pumice stone that was originally used to make stone washed jeans. The
bleaching process now operates with lactase instead of chlorine and other
bleaching agents.

To demonstrate that the environmental burden of making the enzyme
is outweighed by its sustainable applications, Novazyme performed a
cradle-to-grave life cycle analysis. For the analysis, the company compares
two systems: a combination enzymatic/chemical system and an enzyme-
only system.

Scalazyme, a pectin ligase enzyme that breaks up pectin in cotton,
was presented as an example for the life cycle analyses. It was incorpo-
rated into the entire process from cotton processing to knitting. First, a
scouring step is required to bleach the cotton and prepare it for coloring, a
process which normally requires sodium hydroxide, acetic acid, surfac-
tants, energy, and voluminous amounts of water. Novazyme examined
this step and found that the scalazyme enzyme could provide a tremen-
dous reduction in the amount of resources that are used in the original
process. With the enzymes, the energy demand is reduced by 25 percent,
resource consumption is decreased by more than 25 percent, and water
use is cut by 65 percent. If the process by which all cotton in Europe is
scoured could be converted to this scalazyme process, it could prevent the
pollution of enough water to supply 400,000 people. In 2001, Novazyme
won a Presidential Green Chemistry Award for the process.

Another example for waste reduction is phytase, an enzyme that
breaks up phytic acid in plant material. It can be used to replace the addi-
tion of inorganic phosphate to animal feed. Animals fed from phytase-
treated feed need less inorganic phosphate in their diet, which results in
less phosphate released to the environment. A significant reduction in
nutrient salt pollution is also seen. If 23 million pigs in Denmark were
given phytase-treated feed, the estimated reduction of aquatic phosphate
pollution would be enough to supply an additional amount of potable
water for 300,000 people.

Another example is amylase in baking, which is used for extended
shelf life of bread. Bread treated with amylase has a modified structure of
starch such that it doesn’t recrystallize, effectively preventing the bread
from going stale. This reduces waste in terms of transportation and wheat
production for the supply of bread. “If this was used in all the white bread
in the United States, you would probably save the CO2 effects of 50,000
people,” Nedwin said.

A future use of enzymes could be in the production of bioethanol,
which is made from corn starch, and the challenge is to make it this way
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as economically as possible. Bioethanol is sustainable and is an almost
CO2-neutral energy source. It can replace MTBE as an opting booster in
gas. Ten states have successfully banned MTBE, which creates a 1.4 bil-
lion gallon per year market right now. Fuel ethanol as a fluid energy
source for the transportation sector is the only alternative to gas, except
for biodiesel and gas. Today there are blends of 10 percent ethanol, and
20 percent ethanol biofuel is used in Minnesota.

In the year 2000 alone, it is estimated that the ethanol industry added
22,000 new jobs and more than $15.3 billion to the gross output of the
American economy. Replacement of all MTBE used in gasoline comprises
about six percent of total gasoline substitutions, which amounts to a need
for 10 billion gallons of ethanol a year. The current corn ethanol produc-
tion is about three billion gallons a year, an amount that can only provide
ethanol gasoline substitution for 30 percent of all gas in the United States.
Furthermore, the total MTBE replacement would consume about 30 per-
cent of the farm land growing corn.

These facts prompted the Department of Energy to fund a very sig-
nificant research project with Novazyme and Genencor to evaluate alter-
natives, operating on a budget of about $18 million over four years. Corn
is currently broken down by amylases to corn starch and glucose. The
alternative to corn-derived cellulose material is the use of corn stover,
which consists mainly of cellulose and hemicellulose. NREL worked out
an acid pretreatment process for corn stover, which delivers 56 percent
cellulose. The cellulose is further broken down by using a mixture of cel-
lulases. Unfortunately, the corn stover/cellulase process is 50 to 100 times
more expensive than the corn/amylase route.

There are several different ways of making enzymes less expensive,
Nedwin said. These include reducing enzyme production costs by reduc-
ing the cost of feedstocks and enzyme recovery processes, by employing
onsite production of enzymes where the corn is grown, by increasing the
fermentation yield, or by increasing enzyme activity on a program basis.

All factors point to novel enzymes that can be genetically engineered
to be tailor-made to specific industrial processes. Enzyme candidates can
be integrated into an expression host, characterized biochemically, and
tested on the conversion of pretreated corn stover to ethanol. The enzyme
cost to make a gallon of ethanol from corn starch is between five and ten
cents. The enzyme cost from biomass was $5.40 at the onset of this project,
and it is now down to 27 cents,6 which is a 20-fold reduction. The ultimate
goal in order to compete with cornstarch is about 10 cents. For this work,

6This figure was current at the time of presentation in February 2005. However, at press
time, Novozymes announced that the enzyme cost had been lowered to $0.10-0.18 per gal-
lon ethanol, a 30-fold reduction.
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Novazyme received two awards in 2004, the Scientific American 50 award
and, together with NREL and Genencor, an R&D-100 award.

Nedwin said pretreated corn stover is about the furthest advance-
ment in terms of technology today. The future needs other pretreatments
and mixes of enzymes with different types of substrates. “If we look at
making the biorefinery happen in a big way out of biomass, we need gov-
ernment support. If we look here historically, the government has had
tremendous help in pushing industry, in the railroads, in the Detroit auto-
motive industry, and even the biotech, by changing patent laws,” he
pointed out.

Nedwin summarized the role of enzymes in sustainability. Today,
only five percent of fine chemical, polymer, bulk chemical, and specialty
chemical industries are impacted by enzyme processes or wholesale mi-
croorganisms. McKinsey & Company estimated that by 2010 this number
can be up to 10 to 20 percent, which translates into sustainable develop-
ment to produce less pollution using enzymatic routes. He added that
knowledge of enzymology in the chemistry industry needs to be broader,
as does the awareness of applications and demand. But in the end, en-
zymes must be price competitive.

Participants asked about enzymes in nonaqueous environments, as
enzymatic hydrolysis is found only in aqueous environments. Glenn
Nedwin said there are some breakthroughs being made in that area, such
as lipases which work in organic solvents and immobilization of lipases
and other enzymes.

MEMBRANE PROCESSES

William Koros talked about membranes and separation processes and
their energy saving potential. He showed that this technology has great
potential with the help of some examples; nevertheless, it is nonetheless
still underdeveloped.

Separation technology is a possible application to save energy. In the
United States, around 33 percent of the total energy use is in the industrial
arena, and 40 percent of that fraction is used for separation. This trans-
lates into about 15 percent of the total energy use. If this number could be
lowered, it would have an enormous impact. This is a huge opportunity,
because global capacity will grow over that period of time. If the capacity
that is installed today is based on current, largely thermally-driven tech-
nology, then membranes will not sustain it as the world stabilizes at a
population of 10 billion. “[W]e are buying what we are going to live with
in terms of thermal separations if we don’t do something,” Koros said.

Membranes have great potential as energy savers, Koros said. Look-
ing across the separation spectrum, membranes are the low energy inten-
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sity enablers that can allow energy conservation in the chemical industry.
In an ideal sense, this technology is not thermally driven, but instead me-
chanically driven. “So, one avoids a lot of the second law restrictions that
are currently plaguing separation processes,” Koros said.

But the technology is insufficiently developed. Although membranes
have the greatest potential to facilitate low energy processes, they are by
far the most immature in terms of technical development. The reason for
their lack of application is due to a failure to implement improvements for
installation of those membranes.

Koros pointed out that membranes could be used in large-scale pro-
cesses. Many times people are under the mistaken impression that mem-
branes do not scale, Koros said. Other very selective processes like chro-
matography and affinity methods do not scale very well, but membranes
and adsorption do. In fact, membranes and adsorption are a very power-
ful “one-two punch,” because adsorption can deal with very dilute solu-
tions, while membranes can deal with more concentrated solutions. In
many cases, hybrid systems incorporating these two technologies are very
attractive.

There are two fundamentally different kinds of membranes. One op-
erates primarily on the basis of hydrodynamic sieving, which is not actu-
ally a filtration process but rather a more subtle process. The size of the
rejected entity ranges from 20 Angstroms up to chunks of dust, and it is
very easy to shear away and strip away a suspending medium. Usually it
is an aqueous organic suspending medium passing through the mem-
brane, and in which some undesirable component is rejected.

Something very different happens when the scale of what is being
stripped is on the same order of magnitude as the medium from which it
is being stripped. Separation of an aqueous suspending medium with salts
or organic components is very energy intensive to separate. In a process
called ultrafiltration (or microfiltration), a physical pore is built into a
membrane in order to separate particles that are less than 20 Angstroms
in diameter. A transmembrane pressure drives the suspending fluid via
current flow through the membrane, while the rejected biomolecule is
separated because it can’t fit through the pores.

This technology is a very powerful energy saver. As calculated by
Koros, capturing a cubic meter of water using this technology costs about
6.7 kilowatt hours per cubic meter (assuming 33 percent energy efficiency)
compared to about 73 kilowatt hours per cubic meter using an optimized,
fairly efficient triple effect type evaporator method. The real cost, in terms
of mechanical energy, is about 2.2 kilowatt hours per cubic meter.

The problems of this process boil down to the need to obtain better
control of pore size and uniformity. If the process involves larger solids or
more complicated feeds, such as renewable feedstocks, it becomes very
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important to control the physical chemistry at the membrane surface. If
one takes a step into the next part of that spectrum and considers strip-
ping away micromolecules from micromolecules, or ions from water, it
becomes an extremely expensive and energy intensive proposition. Water
must want to be in the membrane more favorably than does the ion or the
organic molecule being rejected. In addition, once it is in the membrane,
there has to be more favorable molecular diffusion process to cause that
separation.

While this technology exists as a functional one, it is only known to
work well for aqueous systems in a highly evolved state, Koros pointed
out. Seawater reverse osmosis is the only well developed example. This is
very compatible with wind generation, because it could be off-shore and
wind could drive the pump to bypass some of the second law restrictions
regarding thermal generation of energy. The energy cost is about 10 times
more efficient than that for the thermal option.

This could have implications on a worldwide basis. Around the globe,
there are about a billion people who do not have adequate drinking wa-
ter. About nine billion gallons of water are desalinated every day around
the globe, half of which performed thermally in plants that were con-
structed before membrane technology existed. Due to investment in re-
search, most of the new de-salination plants are now membrane-based.
The savings could be about 1.4 quads a year, Koros calculated, which is
essentially a payback on the roughly $1 billion of research that was in-
vested in the membrane option over the last 40 years.

There is a whole array of other kinds of membrane applications such
as olefin paraffin separations which remove sulfur and benzene from
gasoline or isomer separations that distinguish between normal and more
bulky isomers. These kinds of separations can be performed but not very
well with the current generation of membranes. To have an impact on the
energy use, they would have to be as efficient as a reverse osmosis unit.

Koros looked at another example of separation: propane and propy-
lene, a significant market of about 25 billion pounds a year with a growth
potential on par with the GDP. Currently, it is a very expensive and en-
ergy intensive process conducted through cryogenic distillation. A new
unit costs about $50 million, but membranes could cut both energy costs
and the capital costs, Koros said. The problem is whether such a mem-
brane actually exists. Propane and propylene are very similar; propylene
has a compact and a bulky end, but propane only has a bulky end. The
difference in size is about half an Angstrom. “If you simply take a poly-
mer and turn it into a carbon molecular sieve at 500 or 550, all of a sudden,
you get an enormous selectivity because it becomes possible to do size
and shape discrimination that is simply not possible by a polymer alone,”
Koros explained. Tenths of Angstroms can be easily distinguished.
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However, cost is still a problem. This process is about a thousand
times more expensive per square meter of membrane than the polymer
process. “I think the only thing that can be done is analogous to walking
on both legs. You don’t count on all your left leg or your right leg. Organ-
ics or polymers are very easy to process,” Koros explained.

Both technologies need to be developed. Inorganic- and carbon-based
membranes are extremely selective because of their rigid size and shape
discriminating ability. There must be investment into the development of
the next generation of membranes that retains this exquisite size and shape
separating capability. In some cases, organic polymers do fine, such as in
reverse osmosis. However, as there is a need for increasing selectivity, the
next generation technology is being pushed almost to a pure inorganic
glued together by a polymer.

 It can be achieved, as early work in the last couple of years has dem-
onstrated. It is possible to put a million of these fibers into a module that
is about a foot in diameter and about a meter long with the surface area of
a football field. If the hybrid material can be put on the outside of the fiber
while maintaining the inside as a flexible material, “it thinks it is a poly-
mer in terms of mechanical properties but, in terms of its separating prop-
erties, it thinks it is a molecular sieve, or at least a hybrid material,” Koros
said. The idea is to integrate this material into a practical process in which
mixtures of molecular sieve entities and polymers are made up as a
“dope.” It is spun into a hollow fiber about 200 microns in diameter,
placed through fluid exchange, and dried. Instead of a thousand-fold
higher cost, the estimate is about $5 a square foot or $50 a square meter.

“This technology is about where I would say aqueous reverse osmo-
sis was in the late 1960’s. It was clear that it worked, but it didn’t work
very well, and there still has to be a significant investment made. We are
making a decision. We are either going to invest in something that has
this ability to cause an order of magnitude reduction or we won’t,” Koros
said.

Participants asked if membranes offer an opportunity to separate a
molecule the size of water from a 300-, 400-, or 500-gram per mole phar-
maceutical, for example as in a waste water treatment facility. This pro-
cess would be somewhere between a true solution diffusion process and
one that has aspects of a filtration process, Koros said. There are mem-
branes in this dimension, and they are not difficult separations in aqueous
systems.

Separations for hydrocarbons have the problem that hydrocarbon
molecules are dissolved on the surface of the inorganic membrane, one of
the participants noted. A major interest is in organic membranes because
they withstand very high temperature conditions. There are some
thoughts that, by cutting the surface of the membrane material, the ad-
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sorption factor could be eliminated. Koros replied that membranes are
variations of that idea, which are easier to process. Usually, depending on
what the hydrocarbon is, it is possible to have the material tight enough
that it won’t allow large molecules in. The membrane already does part of
the separation, and it acts as a sort of a raincoat for the membrane that is
doing the fine separation. “Now, in terms of being able to use a pure inor-
ganic or carbon, I won’t say that that will never happen. I am afraid that
what has to be done is, we need to get onto the field with some technology
that actually works, so that people don’t invest in these high energy inten-
sive things,” Koros said.

GREEN CHEMISTRY FOR CARBON MANAGEMENT

Klaus Lackner talked about the challenge of using fossil fuels, a new
fuel economy, and how to intelligently and safely dispose of CO2 pro-
duced by the world’s population.

The situation of fossil fuels is precarious. If 10 billion people—the
potential future global population—start consuming energy at the same
rate as the United States, Lackner said that CO2 emissions will lead to
climate change on an unprecedented scale. He stated that there is a high
likelihood that there will be shortages in oil and gas and pointed out that
the global population has been faced with the situation of 30 remaining
years of reserves for the past 100 years. “The other unfortunate point is
[that] all of that oil is concentrated in the Middle East,” Lackner added.

He said two problems—climate change and the end to global oil re-
serves—will become acute at the same time, which will occur some time
in the middle of the century. He emphasized that fossil energy is abso-
lutely vital to the economy. “It is about 85 percent of the total, and I have
a very hard time seeing that, in the short term, it is going to be replaced,”
Lackner said.

But the scale of energy consumption is so large that it might be diffi-
cult to find alternatives. The three big alternatives are solar energy, nuclear
energy, and fossil fuels. Solar energy is not likely to provide a complete
substitution anytime soon; only one ten thousandth of the solar energy on
earth is being used. Nuclear energy is the other big player. People argue
that the uranium reserves might be too limited. However, if the technol-
ogy were better, it would not be a problem, Lackner said. With current
research, there is a decade or two left for the world energy consumption
to use fossil fuels. Lackner projected that there will be fossil fuel for the
next 100 to 200 years at a price similar to today’s prices. To underscore
that point, Lackner recounted South Africa’s situation under embargo, a
time when the country still managed to produce gasoline for about $45 a
barrel.
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From a raw resource point of view, Lackner argued there is no guar-
antee that fossil fuels will run out in this century. Unfortunately, the envi-
ronmental havoc will be horrendous if the CO2 problem is not resolved.
This means that the fossil fuel cycle has to be engineered; products must
be benign and safe, either for use, or for ultimate disposal. It also means
that fuel has to be produced from all fossil resources, and advances in gas
to liquid and solid to liquid transformations must be made to bring prices
down.

Disposing of the carbon dioxide is a major challenge, Lackner said.
Lackner stated his point of view that any chemical returned to the envi-
ronment should be in its ground state. This requires a thermodynamic
transformation from CO2 to an even lower state, the carbonate form.

The amount of CO2 in the atmosphere is increasing. In 1800, it held
about 550 gigatons of carbon. It is now in the 750 gigaton range. Current
consumption of fossil fuels is about 600 gigatons per year, which is equal
to the entire standing biomass. But it is not clear if fossil fuel use will
increase by three or four times as much in the coming century. Neverthe-
less, the CO2 output could potentially amount to orders of magnitude that
are huge compared to soil and biomass content. It is already large com-
pared to the storage capabilities of the ocean. In other words, there may
be 39,000 gigatons of carbon dioxide dissolved into the ocean, but it can-
not be removed or added without drastically changing the pH of the
ocean. A pH change of 0.3 would be equivalent to roughly 1,200 to 1,400
gigatons of dissolved CO2.

Some hypothetical disposal grounds for CO2 are the ocean, biomass,
and the soil. If 30 percent of the ocean’s volume were to be acidified, it
would cover some fraction of CO2 disposal, and if biomass could be in-
creased by 50 percent, the disposal of carbon in soil could be increased by
another 30 percent. None of these options are ecologically acceptable, fea-
sible, or practical with current technology, Lackner said, and that still
wouldn’t come close to covering the emissions if business ran its course as
usual.

Even in a no growth scenario, CO2 will be a huge problem. The last
200 years has produced 300 gigatons of CO2, and there will be another 300
gigatons released before 2050. “So, this, in a nutshell, is the problem. The
fossil carbon pie, in some sense, is rather limited,” Lackner said.

To cope with these problems, Lackner said all three major energy op-
tions had to be left open since current solar capacities could not be counted
on as a full replacement strategy. Nuclear energy, on the other hand, is far
too complex and too expensive to replace fossil carbon. “We simply can-
not abandon in the foreseeable future the one option which currently
works, but I don’t want to belittle the problems,” Lackner said.

This still requires massive changes. An entirely new energy industry
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has to be built, and CO2 emissions between now and 2050 must be held
constant. It also means the establishment of an energy economy at the
current, or double the current, size that will not emit CO2 while simulta-
neously allowing the current CO2-emitting energy economy to exist.

Lackner cautioned against depending on rising efficiency. “If you
throw every efficiency and every trick in the book into this game, you
might be able to hold things constant until 2050. The problem is, at that
point, when the options run out and CO2 levels start rising again natu-
rally, the effect is effectively zero by the end of the century,” Lackner said.

This is why there is a need for new technologies to keep CO2 levels
constant. CO2 has to be collected and disposed of at the big concentrated
sources in a permanent and safe manner. At the same time, CO2 has to be
captured from the air in order to deal with the waste produced by the
transportation sector.

Lackner then discussed the options for disposing of carbon dioxide.
One of the proposed routes is storing it in the ocean. Since the oceans will
simply acidify, Lackner said that idea has been discredited. Furthermore,
the turnover requires an 800-year time scale, which means the greenhouse
gas problem is merely postponed to be dealt with by future generations.

The second option is to put CO2 under the ground. This is done to-
day, as the United States buries some 20 to 30 million tons of CO2 for the
sake of enhanced oil recovery. CO2 can also be pumped on to coal bed
methane or into saline aquifers. Most people suggest 300 gigatons of car-
bon can be stored in these ways. “But by the scale we are looking at, this is
not enough,” Lackner pointed out. Furthermore, there needs to be a mini-
mum of 10,000 years in securely storing the carbon.

The third possibility could be going to the thermodynamic ground
state. Carbonates are in a lower state than carbon dioxide. Carbonic acid
dissolves serpentine rocks, and the serpentine reacts, forming silica and
magnesium carbonate. It is an exothermic reaction, producing about 63
kilojoules per milliliter and giving free energy points in the right direc-
tion, even with ambient CO2.

But there are still some drawbacks, Lackner said. While the reaction is
spontaneous and will stabilize itself, it takes about 100,000 years to occur.
As a result, there is a need for an industrial process to bring the reaction
time to under an hour. Claiming the rock and dealing with metallics are
both affordable. Reclaiming the mine is also affordable, and all this can be
done for less than $10 a ton for CO2, but the reaction is simply not fast
enough. Using energy would be self-defeating, but at this point, with a 40
or 50 percent energy panel, it can be done for $100 per ton of CO2. That is
a factor of three or four higher than the desired cost of about $30 per ton of
CO2, “at which point you add maybe two cents to the kilowatt hour and
about 25 cents to the gallon a gas,” Lackner said.
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There is a need for the right catalyst and the right preprocessing step.
Lackner suggested using a weak acid to first dissolve this material, mak-
ing the magnesium salt, and then switching it to the carbonate to recover
the acid. The weaker the acid, the easier it is to recover, but it also corre-
sponds to a smaller reaction rate. Determining how to gain another factor
of three to five, perhaps even ten, in this process would make all the dif-
ference between success and disaster, Lackner said. From a policy point
of view, it is absolutely critical because it signals an open door. “The only
one of the methods which… opens the door to the next 100 to 200 years is
this dramatic step of forming carbonates,” Lackner stressed. There is
plenty of peridotite rock, which contains olivine, serpentine, and magne-
sium silicates. Oman alone has more serpentine than would be needed to
deal with all the carbon reserves in the world, but it is highly distributed
all over the world, Lackner said.

The obvious place to store CO2 is in power plants, Lackner said, which
could also be hydrogen plants. Since hydrogen is likely to come from fos-
sil fuels for a long time. Lackner estimated a price range in gigajoules of
energy for various fuels to back this prediction. At a gigajoule, coal on
average usually costs less than a dollar. Oil is $6 per gigajoule at $30 per
barrel, and electricity, at five cents, is $14 a gigajoule. If hydrogen is to be
made from electricity, the cost will be at least $20 a gigajoule for hydro-
gen. From natural gas or coal at today’s prices, it is $6. The obvious pre-
diction is that hydrogen will be made from the cheapest source—coal.
Hydrogen can also be derived from tar, coal, shale, or biomass, but it is
very unlikely in the foreseeable future to come from wind, photo well
tanks, or nuclear energy. “Unless you put on your burner one cent a third
kilowatt hour, which I think is an achievable goal for photo well tanks in
the long term, you cannot make hydrogen from it,” Lackner said.

Bypassing the CO2 problem by using windmills may not be possible.
The energy that feeds the wind is about 20 times the energy the world
consumes today.  It is not clear how much wind energy can be harvested
without having an impact on the wind field and thus perhaps on climate.
Furthermore, a windmill would require at least 80 square meters of rotor-
swept area in order to supply enough energy for a single person in the
United States. In comparison, the CO2 output per person would flow
through an opening the size of a television screen. Therefore, a device to
capture the CO2 produced per person would be a factor of several hun-
dred times smaller than one to collect wind energy for that same person.
With the ability to capture CO2 from the air comes the option of either
making hydrogen from fossil fuels and collecting the CO2 at the hydrogen
plant or running your cars on gasoline and capturing an amount of CO2 from
the air that compensates for the emission. In addition, if renewable energy
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becomes affordable, it is possible to create synthetic carbon-based fuels from
CO2 and H2O by using the energy to reduce carbon and hydrogen.

Even hydrogen might not be feasible. If the cost drops to $30 per ton
of CO2, hydrogen will still not be competitive because the distribution
system for the hydrogen will be very expensive. If hydrogen is piped from
a central power plant which collects its own CO2 to destinations across
the country, it will cost a lot of money.

However, the dream of the hydrogen economy is to close the loop
and have a renewable energy source to split water into oxygen and hy-
drogen, giving hydrogen to the consumer who then recreates water. If
CO2 can be captured from the air, the same loop is slightly more compli-
cated. The CO2 and hydrogen can be used to run an old-fashioned fissure
trough to make gasoline. This means the ability to capture CO2 may actu-
ally open doors for carbon in any of its hydrocarbon forms to become an
alternative energy carrier. The world may then no longer need fossil fuels
if this alternative energy carrier to hydrogen can be used in a vehicle.

The future might hold a spectrum of pure carbon to pure hydrogen
and, in that spectrum, there is a fuel of choice that can be oxidized. “At the
point where you use it, you make CO2 and water, and you give it back,”
Lackner said. In a situation where it is very easy to obtain hydrogen for an
application—for example, a city bus in a bus fleet—hydrogen might be
preferable. This opens up a whole new chemistry of sorting out what fu-
els are appropriate for the right circumstances and how many different
ones can be supported.

New power plants, recovering CO2, and the chemical transformation
of CO2 into a stable deposit, will all open doors. But there will have to be
an energy revolution in the next 60 years. “If we did what we did the last
50 years, which was essentially doing the same thing slightly better, and
incrementally more and more and more of it, we cannot repeat this for
another 50 years,” Lackner said.
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E

Summary of Workshop
Breakout Sessions

SUSTAINABILITY SCIENCE AND LITERACY
1. What is the intellectual and conceptual content required to form a

solid educational foundation on which green chemistry—and other
(related) sustainable research and technology—might rest?

General/philosophical/ethical
• Adopting an obligation to leave our descendants a habitable

planet
• Making decisions on the right time scale in order to influence

change.
• Knowledge and basic awareness of the environment we live in—
• Presenting an appreciation for nature to a generation that accesses

information through electronic media
• Understanding ethics and how they create barriers
• Awareness is needed before literacy.
• Teaching complexity at multiple levels.
• Taking advantage of the introductory level of complexity found

in children’s curiosity to begin teaching about sustainability.
• More effectively building on what adults already know
• Present sustainability message from corporate leaders to custom-

ers, shareholders, employees.
• Knowing who the relevant “public” is that needs to be reached and

provide them with simple evaluation tools for making decisions.
• Teaching cycles (economic, life, etc.) assessments at many levels
• Understanding of interacting systems and the ability to look at
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things from a systems perspective— at all educational levels and
for policy makers

• Understanding what function product ultimately serves and how
will it be delivered

Chemistry
• Effectively conveying the basic fundamentals of chemistry and

chemical engineering to the general public.
• R&D facilities awareness of green chemistry at the corporate level
• Understanding that chemistry is not going away, but is dissemi-

nating into all other disciplines.
• Providing more chemistry for engineers—a better understanding

of chemistry and product design is needed.
• Incorporating a sense of design and systems perspectives into the

chemistry curriculum. .
• Introducing the life cycle component into chemistry and chemical

engineering thinking.

Business and Economics
• Presenting economics as an essential element of literacy—which

drives industrial production.
• Understanding of perceived benefits and perceived risks
• Understanding how industry operates.
• Identifying Markets.
• Customer understanding of green chemistry and sustainability in

order for there to be a “pull-through” effect—analogous to the
construction effect. (People want “green” houses because they
understand the benefits—both social and environmental—that
come with living in them. This drives the construction of “green”
houses.)

2. What do the informed engineer, chemist, and other related subfield
specialists (not to mention business, law, and medicine practitio-
ners) need to know that current educational institutions fail to com-
municate?

• Holistic Approach
• Systems Integration
• Life Cycle Assessment
• Sustainability Ethics
• Multidisciplinary Education/Course Content
• Relation to the Industry
• How to Cope with the Industry Demand
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• Toxicity & Eco-Toxicity Concepts
• Problem-Based Approach

3. How might this foundation be continuously expanded as we move
forward in order to stay current with rapid technology advances and
new science applications for design, process, and products?

• Understanding of biological organisms as chemical producers
• Understanding the waste balance between human and environ-

mental generators

4. What are, and what explains, the key areas of resistance to introduc-
tion of sustainability research and technology into materials and
product design as well as educational curricula?

Culture
• “culture eats strategy for breakfast every day of the week”
• Lack of support from accreditation agencies
• Inertia in an aging industry–“why change?”
• Perception that green chemistry is not “real” chemistry
• Stovepipes
• Lack of understanding of the importance of sustainability
• Multidisciplinary and cross-functional nature
• Question is currently not natural
• Need individual incentives to adopt sustainable practices; incen-

tives will be different for individuals in different roles
• Lack of acceptance from students, who are worried they are not

going to learn what they need to get into medical school or other
programs

• Inherent problem with long-term thinking (intergenerational is-
sues) and with definitions that tend to raise value issues that are
difficult to handle

• The ethical question is a bigger question–more so than the science
and technological capabilities.
o One cannot divorce ethics and S&T; we must consider trade-

offs in making decisions. How do we begin to arrive at mak-
ing these choices?

Money
• Funding constraints at federal, state, etc. level
• Unwillingness to pay for green chemistry
• The need to design for economic competitiveness and profit must

be considered when developing sustainability practices and form-
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ing regulatory rules. Otherwise, the willingness to be clean will
be absent.

• Perceived lack of financial incentives
• Slowness in the turnaround time for economic payoff for green

chemistry

Metrics
• Inadequacy of societal impact evaluation
• Lack of metrics

Structure/Nomenclature
• There is no clear definition of green chemistry to articulate to

people outside of chemistry. We need a clear definition of green
chemistry to allow us to talk to different audiences.

• Perhaps we should refer more often to “sustainable products and
processes.” “Green chemistry” may be too narrow a term

• There is also disagreement about whether green chemistry should
be a separate discipline or if it should be a framework for ad-
dressing chemistry

• Complexity itself

Other
• Do environmental implications challenge creativity?
• What we perceive as green now may not be so in the future—how

do we avoid the case of CFCs?

5. Where should efforts be targeted if sustainable research and tech-
nology are to be incorporated into the chemical industry? Should it
be towards consumers, student chemists/chemical engineers, and
other scientists in training, business executives, MBA students, etc?

General
• We need to communicate the complexity of sustainability and the

web of life. Perhaps engage the artistic community? In other
words, we should try to reach an audience who is scientifically
less-knowledgeable.

• The scale of the effort differs for different audiences (e.g., chemist
vs. process engineer).

Business/economics/corporate leaders
• The thinking around sustainable consumption needs to be

coupled in a systems way.
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o We need to demonstrate that the ability to make profits does
not disappear with green chemistry.

o This message needs to reach consumers, business executives,
and middle management.

• CEOs can set the tone. Real leadership provides resources to back
up its words, and this would provide incentives if the market for
such thinking exists (e.g., hybrid cars).

• We need to convince leaders of the business/leaders of produc-
tion of the economic and environmental benefits of sustainability.

• Purchasing agents in chemistry should be targeted for education.

Future practitioners/Research Community:
• We should take advantage of the tremendous opportunity to train

at the undergraduate and graduate level. Currently, industry is
doing all the training.
o There would be more incentive if sustainable skills are in de-

mand at the Ph.D. and undergraduate levels.
o We should also think about educating K-12 students

• Types of thinking skills that should be taught:
o Critical decision-making tools
o Technical skills
o Systems-wide consideration in thinking skills

• Universities can also play a role in sustainability education at the
high school and middle school level. Unfortunately, this topic is
not on everyone’s front burner.

• Business Schools

Current and future consumers
• There is a tremendous lack of understanding among consumers

about sustainable products and processes.
o E.g., market for organic foods, genetically modified crops
o Who is responsible for educating the consumer? How is it

done, and how should it be funded?

Government
• The government needs to get involved in raising public aware-

ness and enthusiasm for sustainability (e.g., the space program/
Sputnik).

• We need to educate legislators and tailor the message to different
audiences. The issue of complexity needs to be introduced within
this message.

Copyright © National Academy of Sciences. All rights reserved.

Sustainability in the Chemical Industry:  Grand Challenges and Research Needs - A Workshop Report
http://www.nap.edu/catalog/11437.html

http://www.nap.edu/catalog/11437.html


APPENDIX E 161

Professional societies and Nonprofit/Nongovernment Organizations
• The topic of green chemistry is missing from ACS’s 2015 vision-

ing exercise.
• Relations between nonprofit organizations and industry should

be established or improve (e.g., GreenBlue Institute).

6. What, if any, policy can be implemented to encourage better degrees
of sustainable chemistry and chemical engineering practices?

“Carrots”
Culture/leadership
• Create a culture that reinforces the message of sustainability (e.g.,

procurement, buildings, preferred purchasing, etc.). People re-
spond to aspirations, goals, and positive rather than negative
messages.

• Can we learn from nano- and biotech (HGI?) initiatives?
• Offer awards and monetary incentives for improving or practic-

ing sustainability (e.g., targeted gifts for universities).
• Reward partnerships between government, industry, NGOs, and

universities. Facilitate interdisciplinary research and interactions.
• Determine how to improve profitability in sustainable practices.
• Develop a sound intellectual property position.
• Determine how to reduce liability.
• Reduce the regulatory burden (industry).
• Compare U.S. efforts on sustainability with other international

efforts.

Education
• Develop an NSF-IGERT-like program for sustainability research

and practices.
• Form sustainability centers (e.g., GUI partnerships, centers for

product design, Shell center for sustainability at Rice University).
• These centers need to be centers of excellence, working on key

problems.
• Include NGOs
• Increase recruiting capacity.
• General information: The EPA is performing a benchmarking of

sustainability in all engineering departments.
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Green chemistry can be used to innovate and make new products and com-
pounds that other methods can not. This will create markets and drive green
practices.
• Meet downstream consumer’s demand.
• Provide green chemistry federal funding.
• Incorporate green chemistry into regulation—to create an oppor-

tunity for innovation.
o Create capacity and willingness to change through an effec-

tive regulatory environment.
o Improve the management of chemicals in commerce.

• Complexity is inherent in whole systems. To determine where
decision points lie in chemical processes and reactions, one first
needs to understand this complexity.

• Elevate green chemistry to the level of green engineering. This
brings us to systems-level understanding that is more easily mea-
sured through metrics. It also allows us to begin acquiring the
ability to make comparisons of whether one thing is more sus-
tainable than another.

• Understand toxicity. For example:
o Look at the need for chemicals within different products (e.g.

flame retardants within furniture).
o Examine the use of adhesives (formaldehyde vs. bio-based).
o ACC and EPA have an agreement to screen HPV chemicals.
o We should examine the EPA-IRIS system. We need to have

information management, comparison metrics, and other con-
sistent ways to convey information.

• We need to address the lack of information on chemicals. How do
we obtain it? The lack of data is one of the drivers for REACH.
o Europe is phasing out chemicals, but without much thought

for the ramifications. For example, what are the broader im-
pacts, what will the replacements be, and what are the im-
pacts of those replacements?

o Problems lie in regulation by people with only cursory knowl-
edge of the issues. For example, the MTBE decision was made
by legislators (and the population at large) for reasons that
were not scientifically based.

• Why are some educational departments developing curriculum
and others aren’t?

• How do we move green chemistry and sustainability into com-
merce? Green chemistry may be a tool to move society and trade
towards sustainability.
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“Sticks”
• Mandated green chemistry courses in universities—degree re-

quirements vs. integration of subject throughout the curriculum.
• Purchasing policies:

o Mandated government and university purchasing
o Leadership purchasing programs

• Green Tax Reform
o One potential idea: introduce tax credits to encourage

sustainability
• Greater penalties for mistakes

ENABLING TECHNOLOGIES THAT DRIVE THE APPLICATION OF
GREEN CHEMISTRY AND ENGINEERING
Introductory Discussion/Commentary: What are the enabling technolo-
gies that drive the application of green chemistry and engineering?

• There is a need for good metrics in green chemistry; we do not
have the ability to address, or to assess, whether changes are made
for the better.
• How does one measure progress?

o We first need to know what measurements are impor-
tant.

o We should also try to have metrics from the chemical
level to the systems level

o Whenever you have metrics, you must have a system in
mind or one that is already defined.

• What’s the next frontier for life cycle?
• Tools are needed to determine prices of chemicals and related

products. The chemical industry is not so concerned with tox-
icity or environmental impact because they have developed
technologies to control these risks.

• There must be a way to use current knowledge to help make
better decisions for today and the future. Today’s decisions
should not be based on the past.

• There is a need to gather, list, and prioritize hazards, but cur-
rent abilities to accomplish this are very inadequate. The ideal
steps of metrics:
1. Gather, list, and prioritize.
2. Replace.
3. Update continuously.
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Suggested table for identifying metrics:

At what At what
For whom? For what purpose physical scale timescale

Government human safety, Physical: Today vs. Tomorrow-
natural systems Technology, person to-global
stability, to guide institutional,
regulation regional (e.g.,

watershed), global

Business (Supply compliance, etc . . .
chain, Company, ultimately to create
Product) innovative solutions

to be successful
economically

Education Awareness,
intelligence, integrity
—well-trained

General Audience—
Public

xx

• The desire to reduce information down to a single number is not
useful; it creates value that may provide useful information. We
should be able to deal with large amounts of information (e.g.,
nutrition labels, etc.) where we can weigh trade-offs.

• Heine’s table visualization (from her presentation) is useful. Per-
haps perform a similar exercise in consideration of what makes a
successful proposal at NSF, e.g., pattern recognition.

• Categories and taxonomy of impacts are needed:
o Include examples of bench-level activity that seems small

scale but could have significant large-scale impact (e.g., pho-
tovoltaics).

o Is it valid to evaluate the intrinsic toxicity of a material’s mo-
lecular content?

o Context is also important; a benign chemical can be used in-
appropriately.

o Example: Progress would be made if the photovoltaic indus-
try incorporated green chemistry principles (use benign
chemicals, etc.)

• Global Impacts: Europeans and Japan are very far ahead of us on
thinking about green chemistry metrics and life cycle analysis
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(LCA), but how they utilize the information is not necessarily ben-
eficial (going to single score).
o Global standards set by other countries will impact trade.
o The U.S. also has to create our own culture. Currently, Cali-

fornia leads sustainability thinking and policy, and the rest of
the country follows.

o The potential that current chemicals may be deauthorized
under REACH is an extremely effective driver for industry.
There has to be a real incentive to scale from the benchtop
chemical processes considered to be business risks.

o In addition, any research investment by the U.S. government
over the next 5-15 years must be conducted with a compre-
hensive understanding of what has happened and what is
happing in Europe (REACH).

• Education and Public Perception
o There is no degree program in LCA; colleagues are going to

South Africa and elsewhere to get degree.
o There is a lack of communication between subfields; the de-

sign aspect is usually assigned to engineers, while the mo-
lecular aspect is assigned to chemists.

o Look at models for collaborative research:
✔ Collaborative Research in Chemistry (NSF) brought

many disciplines together to solve complex problems.
Are there a sufficient number of scientists to do this?

• Motivation for Better Policy and Research Funding:
o Thinking green globally helps us to recognize where our

shortcomings are and leads to needed research —to the en-
abling technologies.

o There is a growing consumer concern about chemicals in the
environment, especially as it relates to health.

o The market fails to deal with the externalities (e.g., impact of
ethanol). Products should be priced according to impact on
society.

1. What tools are required to identify shortcomings in chemistry or
chemical engineering in terms of reducing environmental/health risks?

These tools should allow us to:
i) prioritize areas or activities requiring better sustainability (strate-

gical products, independent resources, . . .)
ii) identify these area/activities from different perspectives, includ-

ing economical development (local, national)
• environmental security (fixing problems; improving situations)
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• long-term quality of life (cultural, societal) for surroundings

Research Tools:
• Molecular design tools

o What is the structural relationship to function?
o Address the disconnect between macro and micro scale.

• Transformation toolbox
• Separations
• Assessment (LCA, scenario tools, etc.)

o Lack of standardization in the compilation of data mean that
different research results can’t be compared.

o Performance metrics and decision trees for making the right
decisions

o Consideration of the environment in which the design is to
exist

• Prediction tools (toxicity, bioactivity)
o Chemists need to access chemical toxicology information ear-

lier during the product design process.
o The EPA ecotox database may be sufficient but is relatively

unknown to chemists and chemical engineers.

Research Grand Challenges:
• Switches in stability/ the ability to turn on instability
• Physical advantage of heterogeneous/selectivity of homogenous

catalysis
• Elimination of batteries
• Elimination of toxic chemicals in everyday products (lamps, com-

puters, etc.)
• Incorporation of toxicity training into research
• Safer energy – photovoltaic technologies that are safe
• Diversify the feedstocks (e.g., CO2)

Policy
• We need mechanisms or tools to provide incentives for industry

to incorporate sustainability into chemical processes and prod-
ucts. Should industry or society by targeted initially?
o We should educate consumers so that they make better

sustainability decisions.
✔ Sell sustainability to the public.
✔ Sell positive messages to kids about sustainability.

• Agreement upon important values and standards for public
policy research are needed.

• Scientific proof vs. peace of mind.
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2. What kind of guidelines should be incorporated into the LCA to
which every process and product should be subjected before it is
commercialized?

Suggested impacts include:
• Resource accessibility, disposal, and renewal
• Energy production and renewal
• Product manufacturing, including production conditions
• Product end-of-life analysis (impact of disposal) and after-life

management (waste treatment and recycling)

• There should be a clear delineation of assessment boundaries:
o Is tire wear of the truck that brings coal to the electricity plant

counted?
o Guidelines are different for products/materials (e.g., end-use

consumer products vs. chemicals).
o Does the boundary include the use phase?
o There is a need to understand the definition of the product.

For example, do we assess a whole tractor, or do we count the
reuse of the indestructible engine?

• Different languages or measurements are required for each leg of
the stool. We need to put these externalities on a common basis,
such as dollars, so that they can be traded off one for the other.
o E.g., value of a quality-of-life year—This can be valued very

differently from country to country.
o How is allocation amongst multiple products in one facility

measured?
o How is allocation of ancillary benefits measured?

• What is the set of environmental impacts that should be consid-
ered in the LCA? This requires information on interactions be-
tween environmental factors (law of unintended consequences).
We will need to bridge the disciplinary divide between engineers
and environmental scientists to develop these.

• Who sets the criteria for final decisions? Values, ethics, etc.
• Tools need to be global in their scope and considered beyond an

American-centric type of thinking.
• A qualitative approach may be more desirable. (Ask the right

questions)

Criticisms of LCA:
• Utilization of LCA in the chemical industry is critical but not fea-

sible at this time.
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• LCA analyses are proprietary; one can only make an assumption
of results.

• LCA is not being widely used.
• Results from LCA were found not to be credible or useful to most

companies.
• Data from LCA expires; there is poor data quality (supply chain

data).
• Products not regulated by compliance are not measured by LCA.
• LCA is a good comparative tool, but it can be misused as a design

tool.
• There is no such thing as a “final” LCA—inputs can change (i.e,

energy costs).

3. What are the priority problems that routinely come up during the
life cycle analyses of chemical products? What alternatives could be
suggested for meeting these problems?

Priority Problems:
• Strategic approach of LCA in terms of:

o Validation of the methodology
o Priorities
o Management of unknown parameters
o Criteria for LCA values
o Risk assessment—agreement on acceptable risk, evaluation,

communication.
• Validation of the LCA process and control of the data implemen-

tation
• Failure to capture systems level impacts
• Data as the limiting factor—Uncertainty is dictated by the amount

and quality of data.
• Visualization/viewing of the high dimensionality of the data in a

manner that is understandable
• Quantitative vs. qualitative data for LCA
• Where does green chemistry fit into LCA?

Suggestions to Improve LCA:
• Perhaps we should broaden the scope of LCA (for example, to

capture social and cultural values).
• In the pharmaceutical industry, values are governed by human

toxicity (one species), backed up by rat and mouse toxicity data.
• Research dollars should be focused upon data collection for LCA.

Data collection needs to be a coordinated effort. The data is avail-
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able, but it needs to be inventoried. We need a central, refereed
source of data

• We need heuristic tools to guide the boundaries of data for LCA.
o We need a standard format for delineating what is entered

and what is obtained from LCA.
o Agreement is needed on a weighting system for various com-

ponents of the analysis.

 4. To assess the health and environmental impacts, how can the fol-
lowing problems and issues be resolved?

Development and validation of new assay methods, including computerized
approaches, to enable human and ecosystem toxicity evaluation

• Encourage cross-talk between industries.
• We should develop the ability to predict life cycle profiles, in-

cluding toxicity values, based on a priori models.
• Again, this is limited by the quantity and quality of data avail-

able.
• For future consideration: what about secondary interactions (e.g.,

synergy)?

Identification of priority compounds, including assessment of quantities,
long-term effects vs. environmental half-life, etc.

• EPA has recognized the need to begin this task.
• How are compounds determined to be toxic? What is the process

by which these compounds are identified?
o Who are the leading toxicologists? Are they in academia or

industry?
o The different fields need to interact—more crosstalk with the

chemical community, joint training programs are needed.
• Development of high-throughput analytical methods to measure

toxicity and other chronic and multi-generational effects.
o Screens, especially the reference materials used as standards

• Develop alternative methods of measuring toxicity and other im-
pacts.

• Develop modeling that analyzes systems level impacts. There is a
need for large-scale system modeling.

Risk assessment methodologies, including incorporation of missing data
• Better/more toxicological data.

Solutions to the mixtures problem (deviation from the additivity rule)
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Measurement of environmental impacts (methodology, parameters, food
chain contamination, …)

Adequacy and availability of technical solutions to environmental impacts,
including actual R&D developments)

• We need to balance negative effects with positive impacts.
• We should trace materials in effluents of wastewater treatment

plants
• Under what circumstances should a state-of-the-art LCA be re-

quired? Currently no standard exists to evaluate these circum-
stances.

• What are best practices?

Final Discussion/Commentary:
• MSDS sheets not useful for chemists. Do we need a separate envi-

ronmental sheet? It may depend on data content
• Source Database contains carcinogenic information, etc. of all

compounds.
• Green chemistry database consisting of what happens from pro-

duction to dispersion into the environment.
• Suggestion: workshop on Grand Challenges in Green Chemistry
• Before conducting this workshop, address grand challenges in

chemistry to connect molecular structures with material products.
• Methodology from Bhavik Bakshi (professor at Ohio State Uni-

versity).

NEW CHEMISTRIES AND PROCESSES THAT LEAD TO COMMER-
CIALLY VIABLE ALTERNATIVE FEEDSTOCKS TO FOSSIL FUELS
1. What plant derived feedstocks and building blocks provide the

most viable alternative to fossil fuels?

Plant-derived feedstocks and building block suggestions
• Energy cane may be utilized. New plants should be constructed

near the sources of these feedstocks.
• Hydrothermal depolymerization allows the use of carbon wastes

which, when mixed with hydrogen, can be converted into useful
fuels.

• Other brainstorming ideas:
o Algae as a viable feedstock
o Soybeans, corn, and sugar cane (from DOE workshop)
o Corn stover (pre-treated)—best for fast commercialization
o Lignin—can be broken down into useful aromatics, may give
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rise to a new industry as well as providing substitution for
current chemicals (e.g., vanillin)

o Peanuts
o Potatoes
o Beet pulp
o Manure (e.g., animal waste in general—pig waste, chicken

waste) and other rendered animal by-products—may need to
use caution, particularly with BSE concerns

o Chicken feathers (6 billion lbs/yr)
o Jatropha (a type of tropical tree)—may be grown in Florida,

other tropical climates.
o Waste stream from agriculture—see hydrothermal depoly-

merization suggestion above
o Tobacco
o Urban Solid waste (pre-sorted)
o Flax (as a waste by-product)
o Oil seeds

• Perform a technology assessment to determine the downstream
consequences of developing the aforementioned options.

Ethanol Issues
• Scientifically, should ethanol be our focus? Is it currently driven

by politics?

Biomass Issues
• Burning agricultural residue for energy needs may be a better

near-term goal (e.g., palm oil, sugar gases, husks from palm oil).
• How should we address the seasonality issue of biomass produc-

tion against the year-round need for products?
• Flexible infrastructure and processes may allow use for multiple

types of biomass.
• Can biomass production be linked to restorative technologies,

such as water hyacinths and “energy cane?”
• The high moisture content of biomass is problematic; we need

drying technologies to help deal with this issue.
• Biomass economics are still strongly linked to fossil fuel economics

General Comments
• Is there enough information available to identify plant-derived

feedstocks? Should further research be performed to make these
decisions?
o Gather research experts in this area to collect information.
o There is sufficient information to identify substitute feed-
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stocks for fossil fuels. To identify feedstocks and/or processes
for specific platforms, more research may be needed. (Biochem-
istry, microbial information are potential research areas.)

• The U.S. vs. global economic outlook makes a difference.
o U.S. tariffs exclude Brazilian cane-based ethanol.
o Cellulose is not cost competitive on its own merits.

• We need to investigate economic options, such as new incentives
and risk reductions for industrial investment.

• Most technologies are niche or regional technologies. This may
have to be the approach; perhaps there is no one-size-fits-all strat-
egy. This may involve significant changes in business models with
a more distributed infrastructure.

• Perhaps we should focus on compatibility between fuels with the
current infrastructure. However, the current infrastructure is also
a burden.

• Diesels have particulate problems; this may not be the best focus
for long-term efforts.

• The best products from alternative feedstocks will depend on the
particular feedstocks utilized.

• Systems analysis are required to determine the best inputs, routes,
and products—emphasis should be placed on research challenges
that must be met to enable such analysis.
o Extracting materials from very dilute solutions (e.g., boiling

off water) becomes an energy issue. We need total LCA or
LCI.

o Has LCA been performed on alternative feedstocks to com-
pare them to the current (petroleum-based) processes?

o PLA has been compared to nylon, PET, etc. using LCA. LCA
is useful in identifying weak points in the processes (e.g.,
farming practices).

o What should be the demarcation points for LCA analysis?

2. What new chemistries and processes will enable the use of plant-
derived feedstocks and building blocks as viable alternatives to
fossil fuels?

• Engineered microorganisms to allow new bioconversions, e.g.,
how can the top 10 chemicals be produced biologically?
o Investigate whether a systematic approach exists towards us-

ing microorganisms for recovery of higher-value chemicals
from bio-based feedstocks

o Biocatalysis and enzymology
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• Metabolic engineering and energetics: more research in metabolic
pathway design and construction is needed.
o This will require both biology/biotechnology and chemistry

research. It will involve a better collaboration between these
disciplines.

• Energy-efficient water removal and other separation technologies
o Recovery of organic chemicals from aqueous/fermentation

solutions
o May be process-dependent

• Green chemistry alternatives to production of large volume mate-
rials such as solvents, salts, acids, and bases. This may involve:
o Green transformations from defined platform chemicals
o Green transformations using alternative technologies

• Source separation—paper vs plastics, etc.
• Identification of technical nutrients, ie., things that are not biode-

gradable but can be recycled numerous times
• Development of methods to obtain sugars from carbohydrates

(hydrolysis of cellulose)—a large limiting step
• General lignin chemistry/convergence

o Recovery of aromatics from plant lignin
o Establishment of research centers to address this problem
o Reference: John Frost (fermentation research)

• Development of pre-treatment chemistry or of processes that
eliminates the need for pre-treatment

• Advances in fuel cell technology (e.g., methane instead of hydro-
gen, which may create a use for urban waste)

General Discussion and Comments
• What does viable mean? From what point of view?

o Use of this technology may cause greenhouse warming (true
for any carbon based fuel).

o CO2 by-product must still be handled
o We must develop a carbon-neutral fuel (e.g., hydrogen)

• We must perform cost-benefit analyses to examine economic
trade-offs. Studies should be robust and standardized.
o Strategic study should not be constrained by short-term eco-

nomics, benefits, and risks.
o Cost-benefit analysis

• Compare the quantity of water use in bioprocesses relative to that
used in fossil-based processes

• Perhaps NSF and other government agencies should establish
programs to fund this type of research.
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o Example: DOE program to promote development of building
blocks from carbohydrates, lignin, and vegetable oil

3. Are there green chemistry options?

Improve energy efficiency: devise efficient designs for
• Industrial processes
• Building construction
• Transportation materials
• Insulation materials
• Development of new catalyst systems in bio-refining

Lower toxicity
• Understand the environmental fate and effects of producing/us-

ing new chemistry from a toxicity perspective.
• Perform life cycle analysis (LCA) to determine if an approach is

intrinsically “green” and how to optimize it.
• Include the final downstream products produced from the plat-

form chemicals.

Improve recycling design and implementation
• Perform extractions and separations where solvents are recycled

or supercritical fluids are used.
• Incorporate biomass from agricultural resources as a feedstock,

which can safely be returned to the environment.
• Use energy cane, which also stabilizes soil erosion.
• Formulate a Top 10 DOE wish list

Economic analyses
• Determine what the sensitivity of the current systems are to pe-

troleum costs:
o Are there infrastructure costs that will rise as the petroleum

costs rises?
o Is the system in question resistant to the inflationary conse-

quences of rising petroleum costs?
• Evaluate the effect of a subsidy on gasoline; determine the impact

of biomass-derived fuels and whether support can be directed
away from petroleum.

• Reevaluate large processes (i.e., paper industry) in light of green
chemistry principles.
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4. Which areas of application require the most attention, or will pro-
vide the greatest opportunities (e.g., specialty intermediate and
complex molecule synthesis)?

Focus should be placed upon:
• More efficient/less energy-intensive conversion of lignin to aro-

matic molecules via better catalysts/enzymes
o Lignin applications: burned as fuel for pulp mills

• Process intensification; for example:
o Continuous fermentation
o Simultaneous saccrification and fermentation
o Separation processes (e.g., removal of alcohol as it is produced

to avoid reaction inhibition)
• Biotechnology; examples include:

o Extremophiles (e.g., cold tolerance)
o Genetic engineering of plants
o Genetically modified goats that produce pharmaceutical

drugs
• Biofuels (bio-ethanol, bio-diesel, etc.)
• Biofilms
• Conversion of biomass directly to heat and electricity as well as

higher-value applications:
o If efficiently performed, this could significantly reduce petro-

chemical productions.
o However, although this is very efficient, it is also the lowest

value output from the biomass.
• Replacement of the most hazardous materials and processes with

greener alternatives.

Breakthrough technologies
• Production of large volumes of clean, pure, and simple molecules

from biomass
• Improvement of CO2 sequestration and possible utilization of it

as a value added commodity: does a form exist where CO2 can be
sequestered in a safer or greener manner than dumping/burying
it?

• Low-energy separations in aqueous solutions (this research is
vastly underfunded).

Discussion/Commentary
• We should target the “low-hanging fruit,” which is dependent on

the target goal (energy reduction, recyclables, utilization of biom-
ass to replace fossil resources).

Copyright © National Academy of Sciences. All rights reserved.

Sustainability in the Chemical Industry:  Grand Challenges and Research Needs - A Workshop Report
http://www.nap.edu/catalog/11437.html

http://www.nap.edu/catalog/11437.html


176 APPENDIX E

• Also, what are net sustainability impacts? For example, where do
the petrochemicals go if they are not being used to manufacture
chemical products or gasoline? Will there be a net gain?

• Feedstocks originating from biomass are different from existing
feedstocks. They will enable new products and chemistries and
produce molecular diversity.
o Basic chemistry research will be required. (Potential question:

what can one do with these novel molecules?)
o Products and their use will be based on available plant mate-

rials.
o New plant-based materials may be engineered or bred.
o What should be done with residual biomass?
o We also need to consider how to replenish the soil for sus-

tainable production of biomass.
o Perhaps consider applying biomass feedstocks to chemicals

production.
• Inventory chemicals present in biomass to determine available

opportunities (e.g., taxol)
• Is there enough dialogue between academia and industry?

o Academics should be allowed to work on fundamental re-
search for the sake of knowledge. Applied research will re-
sult from discoveries.

o Industry should be brought in early in academic research.
o Relationships within the chemical industry must be strength-

ened.
• Investment in sustainable research and development:

o Are there R&D issues that suggest a new institutional base
(e.g., Sematech model)? Should institutional opportunities for
collective research be established?

o At what point is the imperative there to push investment? A
social decision must be made to invest in promising “green”
or sustainable sciences and technologies.

o Given the capital investment in the plant infrastructure and
the expense, we cannot expect to have new approaches com-
ing out of the industry.

o The industry has bought into globalization—fewer and fewer
customers are willing to pay for R&D—more of a luxury—
focused on solving current problems. The ability to do long
term research has been reduced.

• Encourage multidisciplinary research:
o Intermarriage of biology and chemistry

✔ Several chemical engineering departments have inte-
grated biology into their curricula.
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✔ Emphasize opportunities for biologists and chemists to
work together.

✔ Are there other areas of chemistry that should be encour-
aged for alternative feedstock research?

o Students do not recognize how to integrate biological pro-
cesses into chemistry processes—this is an educational prob-
lem that should be addressed.

o Use case studies and real-life examples; AIChE encourages
tying life cycle and bio-design issues into senior design project
courses

• Should molecular platforms be investigated for sustainable pro-
duction of chemicals?
o The notion of building blocks is tricky; should we use this

type of plan to build up bio-based feedstock processes?
o We can identify the cheapest feedstocks using the idea of

building blocks. The idea of using platforms and building off
of them is also useful for identifying additional products and
energy sources.

• Perhaps the search for sustainability should be focused on exist-
ing processes.
o Can more energy, products, etc. be produced out of current

bio-based and alternative feedstock processes?
o Can additional products be derived from feedstocks that are

already used?

5. What is the best way to address the regulatory approval challenges
in implementing new chemistries and processes?

Research Agenda:
• Research should be focused by making a list of priorities based on

chemical hazards to target.
• Develop a framework for identifying platform chemicals.

o Biomass to platform chemicals and fuels
o Start with high value materials
o Match availability of resources with potential applications
o DOE Platform Chemicals Report (www.nrel.gov/docs/fyotosti/

35523/pdf) provides a good starting point
• Integrate these platforms chemicals into a sustainable process. In

particular:
o Address the energy required for separations processes and

operations.
o Determine how to extract additional high-value products

from reaction mixtures
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o Capture complexity from plant feedstocks.
o Perform selective oxidation/reduction reactions to accom-

plish goals.
o Guidelines for processes:

✔ Performance
✔ Genetically modified organism (GMO) concerns, e.g., “re-

lease” into agriculture, cross-breeding
✔ Risk management and understanding

o Suggestion/example: Start with the simplest molecules from
biomass and build the value chain of products from there.

• Examine post-process treatment of waste (ash, spent microbes):
potential reuse value, disposal, and/or treatment as hazardous
material

• Examine patent implications, which may restrict sharing of infor-
mation.

• Address fundamental scientific challenges in a way that is eco-
nomical, reliable, efficient, and cross-cutting. Challenges includes:
o Analytical processes
o Process chemistry and engineering, especially intensification
o Biomimicry to harness complexity
o Unusual chemistries across taxa: perform an examination or

set up a database
o Atom energy
o Systematic benign design
o CO2 utilization, potentially as a fuel source

• Perform a risk analysis examining past, present, and future needs.
Look for discontinuous changes as a opposed to incremental.

Perceptions of Sustainability
• Institutional barriers exist due to the perception of liability (e.g.,

garbage as a good source of biomass)
o Perform social science research on facilitating acceptance of

new technologies and new infrastructures (large compost
piles).

• There is a negative opinion about sustainability; it connotes re-
strictive practices (a “list of don’ts”; sustainability = limits to
growth).
o This attitude is pervasive in both Congress, educational de-

partments, and industrial companies.
o This audience, especially legislative staffers, need to be en-

lightened to the fact that sustainability does mean growth.
o Also, sell the business case for sustainability. For example,

define a message: “Sustainability = yes (and then some)”
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✔ Profits
✔ Job creation

• Does the business management establishment understand the ar-
guments for sustainability? There is a communication gap be-
tween scientists and financial experts over sustainability.
• Is the internal rate of return set by sustainability proponents

understood?
• What is the risk of business as usual?
• The cost of energy is forcing companies to focus on the front

end sustainability. Companies are also influenced by govern-
ment programs and subsidies.

Regulatory Modifications
• Current regulations are focused on a centralized production system;

examine how this must change for a distributed production system.
o Plant site, permit, process, and zoning issues
o State and local issues.

• The existing regulatory apparatus demonstrates a disconnect be-
tween the current approaches to regulating manufactured chemi-
cals and the new technology being developed.

• GMP rules from FDA create barriers to new processes in the phar-
maceutical industry..
o It currently pits process specifications vs. product specifica-

tions.
o Improved analytical techniques may make this approach ob-

solete.

The role of government in promoting sustainability
• Major government initiatives that are sustained over a long pe-

riod of time are required. Sustained funding effort is needed.
• Congress should pass a green chemistry bill
• The government should address the need for infrastructure modi-

fications when implementing biodiesel and biofuel usage.
• Perhaps focus on incentives rather than regulations; for example:

o Small business incentives (e.g., ethanol model) to enable small
regional chemical plants.

o Local incentives to reduce energy usage.
o Production tax credits, incentives, renewable portfolio standard

• Establishment of a gas tax to fund renewable fuel alternatives:
o Potential drawback: Current gas taxes pay for highway up-

keep. What would happens if these funds were redirected
towards development of alternative fuels?
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o Use a small fraction, e.g., $0.02 tax on gasoline to invest in
researching renewable fuels

• Establish standards, codes, and benchmarks.
o Dramatically higher fuel efficiency standards
o CO2 emissions standards

• Expedite the permit process for developing sustainable processes
or materials.

REDUCING THE ENERGY INTENSITY OF THE CHEMICAL
PROCESS INDUSTRY
1. What is the business case for “reducing the energy intensity of the

Chemical Process Industry (CPI)”?

• The reduction of capital costs will drive innovation in sustainable
practices in the CPI:

• Unfortunately, the trade-off of reducing the energy intensity is
higher capital costs. Higher capital costs may be justified if stock-
holders believe there is a benefit involved.

• Another issue: the developing world is not concerned with
sustainability issues.

2. What approaches are needed to reducing the energy intensity of the
chemical process industry?

• The efficiency and density of energy storage devices must be im-
proved.

• Energy efficient separations (e.g., membranes) must be employed.
Examples of important separation processes:
o Removal of water from microbial solutions
o Separation of active compounds from dilute solutions

• Cogeneration of energy with other processes could be devised
(e.g., supercritical water oxidation).

• Highly selective chemistries coupled with improved separations
are needed.

• Development of aqueous two-phase separation processes are also
important.

3. Dr. Nedwin suggests the use of enzymes as one of the biotechno-
logical answers to reducing the energy intensity of the CPI. What
other biological or biomass-based opportunities deserve serious
consideration?
• Production of simple aliphatics and aromatics from biomass is
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less energy intensive but requires suitable separation technolo-
gies. Examples include:
o Chemical conversion of biomass to polymers, including di-

rect chemical conversion of biomass polymer into functional
products

o Conversion of vegetable oils to chemicals, polymers, and
functional products

• Conversion of lignin to aromatics is another possibility. This is a
tough problem, especially if progression beyond phenol com-
pounds is desired.

• Whole organism biochemical conversion may be useful. How-
ever, this again raises selectivity and separation issues.

• The application of RNA aptamers for selective binding and sepa-
rations might address energy-intensive separation problems. Ad-
vantages:
o They may be optimized through selective evolution.
o They are more easy to scale than protein-based methods.

• Other enzyme-related technologies and topics should be consid-
ered, such as:
o Bioconversion in organic solvent-based systems
o Generation of human metabolites from the API using enzyme

systems
o Separation applications based on selectivity of enzymes—e.g.,

lipases to separate enantiomers
o Creation of a repository of information on natural enzyme

sources as scientists scour the earth for natural products
o Solids and other types of support for enzyme substrates

Other general and miscellaneous topics:
• Process industry synergy should also be considered. This involves

reaching out outside of CPI, ie. collocation (using energy from
pulp and paper, glass, steel, pharma,…)

• Is biotechnology a replacement technology, or does it signal an
entrance into a new field or market area in which traditional
chemistry fails?

• How should disposal and waste treatment of personal care prod-
ucts and pharmaceuticals be handled?
o One solution may lie in programmed drug release. This

would eliminate the need to separate drugs out of regular
waste and reduce energy intensity of this type of separation.
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4. Building on Dr. Koros’s discussion of the use of membranes “as
low energy-intensive enablers for energy conservation in the chemi-
cal industry,” where do you see the breakthrough or game-chang-
ing opportunities for low energy-intensive separation processes for
the CPI?

Membrane Applications/Technology:
• Major reductions in the cost of in-module membranes with ex-

tremely improved separation factors (by at least three orders of
magnitude)

• Improvements in membrane technology for O2 processes (to
avoid poisoning, etc.)

• Development of mixed systems integrating membrane separation
with adsorption

• Non-fouling or self-cleaning membranes (e.g., marry enzymes
with membranes)

• Studying transdermal drug delivery of pharmaceuticals to better
understand transport across membranes

• Use of biomimicry; for example, understanding:
• how cell membranes function in active transport to control flow

across membranes
• how to mimic the production of bone material
• how different types of cellular membranes function, e.g. gills or

lungs
• Membranes or enzymes for equipment cleaning (solvent recovery)

Alternative Technologies/Separation Materials:
• Development of ultra-selective adsorbents that can be regener-

ated with high efficiency and low energy input
• Application of reactive distillation fundamentals to biological sys-

tems
• Development and optimization of distillation alternatives in or-

der to eliminate the use of heat in separation processes; for ex-
ample:
o Self-separating phases and/or products
o Affinity chromatography
o Simulated moving bed (SMB) and Multi-Column Chromatog-

raphy (MCC)
• Application of evaporation–induced self-assembly for molecular

separations (Sandia National Laboratories)
• Development of mineral-organic hollow fiber
• Development of solvent-free processes and solid-state synthesis
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5. Dr. Lackner discussed several “novel chemistry, products, and pro-
cesses for the management of CO2 emissions.” What other novel
chemistry, products, and processes can provide effective manage-
ment of CO2 emissions? What are the R&D challenges in achieving
commercialization of these processes?

Novel chemistry, products, and processes:
• Development of novel catalyst chemistries, e.g., Fischer Tropsch

with CO2
• Innovative electrolysis applications
• Direct photochemical hydrogen production
• Absorption of CO2 from the atmosphere and general adsorption

technology; for example:
o Is there a CO2 absorbent that will reversibly remove CO2 from

the atmosphere?
• Development and use of annually renewable resources for effi-

cient and effective carbon management
• Algae for CO2 fixation
• Sequestration in buildings, e.g., in cement (eco-cement)

R&D challenges for commercialization:
• Revisit older gas-to-liquid technology to circumvent proprietary

issues; perhaps organize an industry roundtable to examine pre-
competitive issues (SEMATECH model)

• Study and improve the kinetics of CO2 sequestration with minerals
• Find ways to catalyze the formation of carbonates (e.g., calcium

carbonate) for CO2 sequestration
• Examine technical issues in the use of silicates for carbon seques-

tration (e.g., mining of silicate)
• Handle volume differences that result from sequestration (larger

final volume vs. smaller initial volume) and its effect upon mate-
rials transportation and storage

• Study the energetics of absorption and desorption
• Study the economics of regeneration and recovery
• Identify alternative CO2 removal chemistries at reasonable rates.
• Encourage wide scale fixative utilization of CO2 (e.g., Climate

Change Program)
• View CO2 as asset rather than waste; for example:

• Utilize CO2 as energy carrier (carbon cycle)

General comments:
• The nation’s capital should be spent today to address CO2 man-

agement rather than spent over the next 50 years as the problem

Copyright © National Academy of Sciences. All rights reserved.

Sustainability in the Chemical Industry:  Grand Challenges and Research Needs - A Workshop Report
http://www.nap.edu/catalog/11437.html

http://www.nap.edu/catalog/11437.html


184 APPENDIX E

grows. We need to communicate a sense of urgency about the
problem.

• We may be able to solve the chemical industry’s energy problems
but not those of the entire world. Also, if the focus is placed solely
on the U.S. chemical industry, is it merely a matter of improving
energy efficiency?

• The self-interest of chemical industry should drive their involve-
ment in the decision-making process for future energy generation
(e.g., new power plants, cogeneration, etc.). A chemical industry
transformation must occur to respond the energy and CO2 chal-
lenge

• We must consider Earth systems engineering (e.g., simultaneous
management of multiple nutrient cycles). We should also encour-
age local solutions for this global problem.

• Implement noncarbon emitting processes and technologies:
o Solar technology (storage and transmission technology for

solar capture) to enable distributed energy production
• A possible grand challenge: Do renewable sources have suitable

properties for use in commodity chemicals? Perhaps renewable
sources with desired properties must be developed. This will in-
volve a large capital cost in terms of money and energy.

• Encourage the production of chemicals onsite.
• Are commodities moving overseas because the customer base is

overseas?

6. Final Thoughts
• Dissemination: Make sure that the final report gets into the hands

of CEOs, or the most appropriate executives, in the chemical in-
dustry.

• Involve policy experts, economists, and politicians in these mat-
ters. They may be able to help by installing incentives to bring
about major changes.

• From a Congressional staffer: So far, a case has not been made for
sustainability to congressional representatives. The House Science
Committee understands the problem, but a broader appeal is
needed.

• The final report should contain an exciting and appealing execu-
tive overview. For instance, a good business case may be made
using case studies or examples.
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Braden R. Allenby is currently Professor of Civil and Environmental En-
gineering, and of Law, at Arizona State University, having moved from
his previous position as the Environment, Health and Safety Vice Presi-
dent for AT&T in 2004. From 1995 to 1997, he was Director for Energy and
Environmental Systems at Lawrence Livermore National Laboratory, and
from 1991 to 1992 he was the J. Herbert Holloman Fellow at the National
Academy of Engineering in Washington, D.C. He is currently President-
elect of the International Society for Industrial Ecology. Allenby has
authored a number of articles and book chapters on industrial ecology
and Design for Environment; and is coauthor or author of several engi-
neering textbooks, including Industrial Ecology: Policy Framework and Imple-
mentation, published by Prentice-Hall in 1998. Allenby received his B.A.
from Yale University in 1972, his J. D. from the University of Virginia Law
School in 1978, his Masters in Economics from the University of Virginia
in 1979, his Masters in Environmental Sciences from Rutgers University
in the Spring of 1989, and his Ph.D. in Environmental Sciences from
Rutgers in 1992.

Stanley R. Bull is currently the Associate Director for Science and Tech-
nology for the National Renewable Energy Laboratory and Vice President
of the Midwest Research Institute, has more than 35 years of experience in
energy and related applications including renewable energy, energy effi-
ciency, transportation systems, bioenergy, medical systems, and nonde-
structive testing. He leads NREL’s RD&D which emphasizes renewable
energy and energy efficiency technologies in support of DOE programs.
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Bull has also held university faculty and private sector responsibilities,
and has authored approximately 85 publications in diverse fields and tech-
nical journals, and presented about 103 papers at international, national,
and other meetings. Professional recognition and honors include a Senior
Fulbright-Hays Professorship in Grenoble, France, the Faculty-Alumni
Award from the University of Missouri-Columbia, and the Secretary of
Energy Outstanding Program Manager Award. Bull has a Ph.D. from
Stanford University and has degrees in Chemical Engineering and Me-
chanical Engineering.

Douglas C. Cameron leads molecular biology and metabolic engineering
R&D in the Cargill Biotechnology Development Center (BioTDC). From
1986–1998, Cameron was a professor in the Department of Chemical
Engineering and an affiliate in the Molecular Biology Program at the Uni-
versity of Wisconsin—Madison. From 1979–1981 Cameron held the posi-
tion of Biochemical Engineer at Advanced Harvesting Systems, a plant
biotechnology company funded by International Harvester. Cameron is a
Fellow of the American Institute of Medical and Biological Engineering
(AIMBE) and of the Society for Industrial Microbiology (SIM). He is on
the editorial board of Metabolic Engineering. Cameron served on the Min-
nesota Governor’s Bioscience Council and is on the board of directors of
MNBIO. He is a member of the MIT Biological Engineering visiting com-
mittee and is on the managing board of the Society for Biological Engi-
neering (SBE). Cameron has a B.S.E. in biomedical engineering in 1979
from Duke University, Durham, North Carolina and a Ph.D. in biochemi-
cal engineering in 1986 from MIT, Cambridge, Massachusetts.

Berkeley W. Cue, also known as Buzz, consults with several technology
companies who serve the pharmaceutical industry to create innovative so-
lutions for pharmaceutical science and manufacturing challenges. Most re-
cently, at Pfizer Cue was responsible for the departments (Analytical R&D,
Bio Process R&D, Chemical R&D, Pharmaceutical R&D, Regulatory CMC
& Quality Assurance and Pharmaceutical Sciences Business Operations)
that comprise Pharmaceutical Sciences at their Groton R&D site. He created
and led Pfizer’s Green Chemistry initiative and has spoken extensively on
this topic since 2000. Cue retired from Pfizer in April 2004 after almost 29
years, but he continues his mission of advancing green chemistry in the
pharmaceutical industry. In 2004, he gave more than a dozen presentations
on green chemistry in the pharmaceutical industry. Cue received a B.A.
with honors from the University of Massachusetts-Boston (1969), his Ph.D.
(Organic Chemistry) from the University of Alabama (1974), and completed
Postdoctoral Research at the Ohio State University (1974), National Cancer
Institute Research Fellow, University of Minnesota (1975).
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Lauren G. Heine, is Director of Applied Science, at GreenBlue. As such,
she guides the development of technical tools and approaches that help
organizations integrate Green Chemistry and Engineering into their prod-
uct and process design and development activities—eliminating toxics
and the concept of waste, and moving toward economic, environmental,
and community sustainability. She was previously Director of Green
Chemistry and Engineering at the Portland, OR-based, Zero Waste Alli-
ance (ZWA) and a Fellow with the American Association for the Advance-
ment of Science in the Green Chemistry Program of the Industrial Chemi-
cals Branch of the U.S. EPA in Washington, D.C. Lauren earned her
doctorate in Civil and Environmental Engineering from Duke University.

Richard Helling has been focused intensely on economic and environmen-
tal life cycle analysis of products made from renewable resources for over 2
years, since his return from a 4-year manufacturing technology role for Dow
AgroSciences in France. The majority of his 18 year career at Dow has been
in process research, primarily in support of agricultural chemical manufac-
turing processes in California.  He has worked on a wide range of classical
chemical engineering technologies and management roles. His largest im-
pacts at Dow have been in waste-reduction technology development and
application, manufacturing process yield improvements and management
of external manufacturing in Europe and Asia. He has a BS in Engineering
(and History) from Harvey Mudd College, a M.S. in Chemical Engineering
Practice from MIT, and a ScD in Chemical Engineering from MIT.  He
taught at MIT prior to joining Dow. He has had continued interest
and research in waste elimination technology, chemical process modeling
and simulation, and supercritical fluid technology since working in these
fields at MIT.

Mark T. Holtzapple is currently Professor of Chemical Engineering at
Texas A&M University, College Station, TX. From 1981 to 1985, Mark
served in the U.S. Army and rose to the rank of captain. While in the
Army, he performed research on water desalination and microclimate
cooling, a method for cooling soldiers encapsulated in chemical protec-
tive clothing. Since joining the faculty Texas A&M in 1986, Mark has been
well recognized for his excellent teaching and has won numerous teach-
ing awards. Mark has authored nearly 100 technical articles and reports,
plus a widely used engineering textbook. Further, he has over 22 issued
patents, numerous pending patents, and over 80 disclosures. His research
interests include fuels and chemical from biomass, food and feed process-
ing, water desalination, air conditioning, high-efficiency engines, jet en-
gines, and vertical-lift aircraft. In 1978, he received his B.S. in chemical
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engineering from Cornell University. In 1981, he received his Ph.D. in
chemical engineering from the University of Pennsylvania.

Robert Kavlock is currently Acting Director of the National Center for
Computational Toxicology. His research interests are oriented toward the
development of improved hazard and risk assessment approaches for non
cancer effects. Kavlock has held a variety of responsibilities for the EPA’s
research program on endocrine disruptors and more recently on compu-
tational toxicology. On the national level, he was a member of the Endo-
crine Disruptor Working Group of the Committee on the Environment
and Natural Resources with the OSTP. On the international level, he has
co-organized EDC workshops with the European Union and the Japanese
Ministry of the Environment, and he was a co-editor of the Global Assess-
ment of the State-of-the-Science of Endocrine Disruptors that was pub-
lished by the World Health Organization in 2001. Kavlock is active in the
Society of Toxicology, where he is a past president of the Reproductive
and Developmental Toxicology Specialty Section and the North Carolina
Regional Chapter and he was President of the Teratology Society (2000–
2001). He received his Ph.D. in Biology from the University of Miami in
1977 and has been with the U.S. Environmental Protection Agency since
that time.

Mary M. Kirchhoff is Assistant Director for Special Projects in the Educa-
tion Division of the American Chemical Society, and previously served as
Assistant Director of the ACS Green Chemistry Institute. She received her
Ph.D. in organic chemistry from the University of New Hampshire and
joined the Chemistry Department at Trinity College in Washington, D.C.
upon completion of her degree. Mary spent nine years at Trinity College,
where she served as Chair of the Division of Natural Sciences and Math-
ematics and Chair of the Chemistry Department. She became involved
with green chemistry when she received an AAAS Environmental Fel-
lowship to work with the U.S. EPA’s green chemistry program. She has
edited two ACS publications on green chemistry education, serving as co-
editor with Mary Ann Ryan on Greener Approaches to Undergraduate Chem-
istry Experiments, and co-editor with Kathryn Parent on Going Green: Inte-
grating Green Chemistry into the Curriculum.

William J. Koros is the Roberto C. Goizueta Chair in Chemical and
Biomolecular Engineering at the Georgia Institute of Technology. He re-
ceived his B.S., M.S. and Ph.D. in Chemical Engineering at the University
of Texas and spent four years with the E. I. DuPont company. In 1977, he
joined the faculty of the Chemical Engineering Department at the North
Carolina State University. Koros joined the faculty of the Department of
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Chemical Engineering at UT Austin in 1984, and served as Chairman of
this Department from 1993 to 1997. He has served as the Editor-in-Chief
of the Journal of Membrane Science since 1991, and he served as the Secre-
tary of the North American Membrane Society from 1991–2004. Koros
joined the School of Chemical Engineering at Georgia Institute of Tech-
nology in 2001. He has published over 250 articles and holds ten U.S.
Patents in the areas of sorption and transport of small molecules in mem-
branes and barrier materials. Koros was elected to the National Academy
of Engineering in 2000, and he was named a Fellow of the American Asso-
ciation for the Advancement of Science in 2003.

Klaus S. Lackner joined the Earth Institute at Columbia University in 2001
as the Ewing-Worzel Professor of Geophysics in the Department of Earth
and Environmental Engineering. He received his Ph.D. in 1978 in theo-
retical physics from the University of Heidelberg, Germany. After
postdoctoral positions at the California Institute of Technology and the
Stanford Linear Accelerator Center, he joined the Theoretical Division at
Los Alamos National Laboratory in 1983. While mostly working in re-
search, he also held positions in the Laboratory’s senior management,
among them as Acting Associate Laboratory Director for Strategic and
Supporting Research representing one third of the Laboratory. Lackner is
a founder of the Zero Emission Coal Alliance, an industry-led effort to
develop coal power with zero emissions to the atmosphere. At present, he
is developing innovative approaches to energy issues of the future focus-
ing on environmentally acceptable technologies for the use of fossil fuels.

Glenn E. Nedwin is President of Novozymes, Inc., Davis, CA, a wholly
owned R&D subsidiary of Novozymes A/S, where he is responsible for
all scientific, financial, and administrative functions. He is a cofounder of
Novozymes, Inc. (inception 1992) and has been with the Novo family over
13 years. Nedwin received his B.S. degree from S.U.N.Y./Buffalo and a
Ph.D. in Biochemistry from U.C. Riverside. He did a post-doctoral fellow-
ship in Molecular Biology at Genentech, Inc. He also holds a M.S. Degree
in the Management of Technology from M.I.T. He is a co-editor of Indus-
trial Biotechnology, a new journal with launch in 2005. Dr. Nedwin is also a
member of several scientific and business associations and is on the Board
of Trustees of the University of California Davis Foundation, an Advisory
Board member to several U.C. Davis Departments, the Explorit! Science
Center and on the Board of Directors of Air MD, Inc., an indoor air quality
start-up company. Glenn is also lead guitarist with the Amplified DNA
band, as well as Novozymes’ CopenDavis band. He resides in Davis, CA
with his wife and identical triplet daughters.
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Jeffrey J. Siirola is a Technology Fellow in the Eastman Research Divi-
sion of Eastman Chemical Company in Kingsport Tennessee where he
has been for 33 years. He received a B.S. in chemical engineering from the
University of Utah in 1967 and a Ph.D. in chemical engineering from the
University of Wisconsin-Madison in 1970. His areas of interest include
chemical process synthesis, computer-aided conceptual process engineer-
ing, engineering design theory and methodology, chemical process devel-
opment and technology assessment, resource conservation and recovery,
sustainable development and growth, artificial intelligence, non-numeric
computer programming, and chemical engineering education. Siirola is
an international program evaluator and past engineering accreditation
commissioner for the Accreditation Board for Engineering and Technol-
ogy. He has served on numerous National Science Foundation and Na-
tional Research Council panels, and on the advisory boards of several
journals and chemical engineering departments. Siirola is a member of
the National Academy of Engineering and is the 2005 President of the
American Institute of Chemical Engineers.
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