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The practice of life cycle assessment has been well documented as a tool for comparing products and processes or
comparing various components within a life cycle. This paper addresses the question of how changes can be made
once an assessment has been completed, such as identifying the improvements that can be made to address
environmental problems and to decrease impacts on human health and the environment. Green chemistry, a fairly
recent approach that addresses environmental concerns at a fundamental level, has already demonstrated examples
of what we call ‘life cycle innovation’, that is, improvements at all stages of the product or process life cycle. This
paper explores various applications of green chemistry methodologies to all stages of a product or process life
cycle.

Introduction

Sustainability is often defined as meeting the needs of current
generations without sacrificing the ability to meet the needs of
future generations. The ideas of industrial ecology provide a
systems-based view of how, where, and why environmental
improvements can be made to move towards an environmen-
tally sustainable economy. Life cycle assessment (LCA) is a
powerful tool for industrial ecology to facilitate understanding
and characterization of the range and scope of environmental
impacts at all stages within a product or process (see, for
example, refs. 1 and 2). Streamlined life cycle analysis, as
recently articulated,3 can make this approach more easily
accessible to the population of potential users. With the results
from these assessments, interested parties are empowered with
knowledge about where the most important problems lie within
a life cycle. The question then becomes how to best address
these problems. One method that is generating notable and
quantifiable answers to this question is green chemistry.

Background

Introduced in the early 1990s, green chemistry is an approach to
addressing the environmental consequences of products or
processes at the design stage. A new but straightforward
method, green chemistry is defined as the design of chemical
products and processes that reduce or eliminate the use and
generation of hazardous substances.4,5 For the purposes of this
definition, the use of the term ‘chemistry’ is used in its formal
definition as applying to the structure and transformation of all
matter, making the applicability extremely broad. It should be
noted that since the consequences of energy generation and use
are directly and inextricably linked to the materials used to
generate, capture, store and transport it, energy concerns are
inherently addressed by the above definition. Therefore the
methods and techniques of green chemistry address these issues

at the design stage and at the most fundamental level, i.e. the
molecular level, dealing with the intrinsic rather than the
circumstantial properties of a product or process.

Another important clarification in the above definition is the
term ‘hazardous’. The hazards addressed in the definition of
green chemistry include the full range of threats to human health
and the environment. This includes, but is not limited to,
toxicity, physical hazards (e.g. explosions, fires, etc.), global
climate change, and resource depletion. All of these hazards can
be and are being addressed through green chemistry because
they are all derived from the physical, chemical, and structural
properties of the molecule or molecular transformations that
take place.

The growth in environmental regulations has produced
dramatic and beneficial results to the environment over the
course of the past generation. However, the costs both to
industry and society have made this approach, as a unilateral
strategy, unsustainable. During the introduction of pollution
prevention as a way of achieving environmental goals, green
chemistry was immediately recognized as a tool for decreasing
waste and emissions at the source. However, it was not long
before green chemistry was also recognized as a powerful tool
for sustainable technology and industrial ecology. Green
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Green Context
The key feature of this paper is that it demonstrates the
essential nature of green chemistry in achieving life cycle
innovations. As this article shows green chemistry can
facilitate environmental improvements at every stage of the
life cycle, and implementation of green chemistry technol-
ogy can offer environmental benefits that propagate
throughout the life cycle. This dual nature of green
chemistry provides great potential for improving process
environmental impacts both at a particular life cycle stage
and also up- and down-stream of a specific improvement.
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chemistry differs from historical approaches to environmental
protection in several major ways:
• It addresses hazard rather than exposure
• It is economically driven rather than economically draining
• It is non-regulatory
• It prevents problems before they occur through avoidance

approaches
• It considers the full life cycle impacts at the design stage

The examples of industry using green chemistry to move
towards sustainable manufacturing are well documented and
have been lauded through the Presidential Green Chemistry
Challenge Awards, established in 1995 and presented annually
at the National Academy of Sciences in Washington, D.C. The
design, development, and implementation of green chemistry
have manifested across all of the stages of the product life cycle
(Fig. 1). Advances in green chemistry provide specific methods
and techniques to improve life cycle environmental impacts and
to achieve the goals of industrial ecology.

Discussion: how green chemistry affects all
aspects of the life cycle

Green chemistry effects changes in the hazard of a product at the
most fundamental level, the molecular level. The types of
hazards that are of concern for their impact on human health and
the environment can be viewed simply as physical or chemical
properties of the substances being used. Simply put, the
molecular structure (including, of course, molecular volume
and electronic profile) of a chemical substance determines its
properties, such as potential health hazards. Chemists can
manipulate chemical structure to more closely approach the
desired properties. Practitioners of green chemistry focus on
modifying these intrinsic properties to reduce or eliminate the
hazardous nature of these substances. In the same way that a
substance can be designed to be brittle or to be flexible, it is
possible to design substances such that they do not possess
certain hazardous properties. It is for this reason that green
chemistry is capable of accomplishing its goals throughout the
life cycle of a product or process; inherent properties do not
change merely by moving through the various life cycle stages.
When change is effected by addressing environmental issues via
a circumstantial solution, e.g. how materials will be handled by
workers or consumers, then by definition those solutions are
contextual and therefore cannot transmit throughout the life
cycle. Life cycle innovation, therefore, is recognizing that by
designing the fundamental properties of the substances used in

particular stages of the life cycle, green chemistry has the power
to impact the entire life cycle of a product or process.

Materials acquisition and input

One characteristic that all tangible products share, whether they
are as simple as a piece of paper or as complex as a space
shuttle, is that they are all made from chemical substances.
Since all materials are chemical substances, they lend them-
selves to the advances and advantages that have accompanied
the developments in green chemistry. One of the most important
advantages is versatility in starting materials. While a necessary
material may currently be manufactured by starting with
chemical substance ‘x’ and using basic synthetic chemistry
methodologies, it may also be possible to make the identical
material using, say, chemical ‘y’ or ‘z’. A fortuitous effect is
that the more complex the material, the more chemical
pathways and starting materials are possible from which to
make it. Certainly in the case of some complex pharmaceuticals
there are literally thousands of theoretical routes to manufacture
the product.

For example, Fig. 2 shows the potential for complexity in a
chemical transformation. Each node represents a chemical
reaction which may participate in transforming starting chem-
ical ‘C’ into the target compound ‘T’. As the number of reaction
nodes increases, the total number of potential transformation
pathways also increases. As shown in Fig 2, pathways (A) and
(B) are two potential routes by which the target compound can
be manufactured.

In general, this fundamental chemical fact provides enormous
potential for positive impact on the materials impact require-
ments for product manufacture. Knowing that it is possible to
manufacture a product from a variety of materials allows for
selection and decision criteria in choice of material input.
Therefore, instead of changing the final product and perhaps
affecting product performance, one can manufacture the
identical product while dramatically improving the environ-
mental profile of the product life cycle.

The primary question then becomes what kind of criteria
green chemistry can place on materials inputs to effect a
positive environmental impact. Several are listed below with
examples:
• The methods used to obtain starting materials, e.g. mining,

refining, agriculture, should have minimum impact on the
natural environment.

• The material inputs over the life cycle should be of little or no
toxicity (or at least reduced toxicity by comparison to
traditional methods, if they currently exist).

Fig. 1 Elements of a product life cycle.

Fig. 2 A synthesis tree diagram which demonstrates increasing complex-
ity as the number of processing compounds and pathways increase
(reproduced with permission from ref. 6). The starting compound is
indicated by ‘C’, and the target compound is denoted as ‘T’. (A) and (B)
show two potential pathways out of many by which the target compound
could be synthesized.
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• Feedstocks/starting materials should be renewable rather than
depleting wherever possible.

• When possible, the starting materials for a process should be
the ‘waste’ from another process.
For example, consider the production of adipic acid, which is

used to manufacture Nylon 66. Over 1.9 million metric tonnes
of adipic acid are produced annually, and most commercial
processes use petroleum-derived benzene as the starting
material. Additionally, the last step includes a nitric acid
oxidation, resulting in the formation of nitrous oxide as a by-
product, which accounts for about 10% of the annual increase in
atmospheric nitrous oxide levels.

Recent green chemistry research at Michigan State Uni-
versity has resulted in the development of the Draths–Frost
synthesis of adipic acid where microbes are used for envir-
onmentally benign synthetic catalysis. Glucose is used as the
starting material and is converted to cis,cis-muconic acid using
a genetically-engineered microbe, and this acid is then hydro-
genated to give adipic acid.7 This synthesis both eliminates the
use of benzene as a starting product and the formation of nitrous
oxide as a by-product.

The Draths–Frost synthesis uses a renewable feedstock, and
the process materials are of little or no toxicity. The criteria for
materials input coupled with examples of how this is being
achieved by green chemistry practices demonstrate how
fundamental science can and is empowering the design of
products at the front end of the life cycle.

Product design and manufacture

Manufacturing is the stage in the product life cycle that is
generally associated with green chemistry. This is likely due to
the fact that so many manufacturing processes use chemicals
and chemical techniques. As is well known, the manufacturing
process itself can have significant environmental impacts even
if the product being made is innocuous. A prime example of this
is a pharmaceutical product, where although the product may be
a life-saving drug, the manufacturing process can be envir-
onmentally damaging. It is not uncommon to have pharmaceuti-
cal manufacturing processes that create 100–1000 units of waste
for each unit of product. Therefore it is important to review all
associated manufacturing processes to see if green chemistry
opportunities exist to reduce environmental impacts.

Within a manufacturing process, several green chemistry
changes can be implemented to reduce environmental impacts.
The following examples are a few of the major areas where
green chemistry has been used to improve manufacturing
processes from an environmental perspective.

Through green chemistry techniques of designing safer
products, materials, and chemicals, the end products that are
forwarded to customers can be as innocuous as is scientifically
feasible.

Atom economy. The use of chemicals in manufacturing and
processing can proceed in ways that can either incorporate the
materials into the final product at the molecular level or have the
material pass through the process and emerge as waste. The
consideration of how much of the reactants end up in the
product, i.e. the atom economy, has largely been ignored. While
the percent yield of a product has been carefully monitored, the
amount of waste generated has not been as much of a concern.
Examples of processes that generate large amounts of inorganic
salts include stoichiometric reductions with metals and metal
hydrides and stoichiometric oxidations with permanganate and
dichromate.8

The concept of atom economy illustrates the methods and
benefits of incorporating all of the materials that are used in the
process into the final product (see, for example, refs. 8–11). An
example of a chemical reaction with 100% atom economy is

shown in Fig. 3. Ideally, a manufacturing process would design
a process so that all atoms are included in the product structure;
the goal is a product with high yield and low waste instead of a
high yield with accompanying high waste. To do otherwise
results in paying first for material inputs and again for waste
disposal costs. Ironically, one typically pays less for the
substance as a virgin material. Green chemistry methods have
been extensively studied in this use.

An example from industry of increasing atom economy is the
BHC Company’s improved process for manufacturing ibupro-
fen. The new technology has three catalytic steps with about
80% atom economy, and this increases to about 99% atom
economy with the recovery of the acetic acid by-product. This
process replaces the previous technology with six stoichio-
metric steps and less than 40% atom economy. Anhydrous
hydrogen fluoride is used as both a catalyst and a solvent; this
improves the reaction selectivity and also decreases waste. The
anhydrous hydrogen fluoride is also recovered and recycled
with over 99% efficiency.12

Structural manipulation. For product design, one of the
most powerful tools used in green chemistry is the manipulation
of molecular structure to reduce or eliminate the toxicity of the
molecules and their potential to do harm. It is now possible to
understand at the molecular level how structure gives a
substance the performance characteristics that one needs and
also what structural aspects cause toxicity. With this knowl-
edge, scientists are researching green chemistry techniques on
products ranging from pesticides to photographic film to ensure
that the product performs its function without the hazards and
the resultant mitigation that is normally required to deal with
hazardous materials. Simply stated, reduced hazard is con-
sidered a performance criterion for green chemistry products.

Reduced hazard reagents and solvents. As mentioned
earlier, in cases where both a product and also its feedstock are
innocuous, the chemical transformation agents (reagents) used
may be extremely hazardous. It is important that these reagents
be designed or selected such that the full range of hazard to
human health and the environment is minimized. This necessity
obviously has direct implications for the manufacturing workers
who must handle the hazardous substances and for the
surrounding community, which may have concerns about the
risks associated with hazardous reagent use.

For example, paclitaxel is an anti-cancer compound that is
typically produced using methylene chloride as a solvent. The
company Hauser, Inc. has developed green chemical processes
for extraction and production of paclitaxel at higher quality,
yield, and concentration and at a lower cost than with the
conventional method, and this process also does not use
methylene chloride. The paclitaxel is currently derived from
Yew trees, and with this process the annual production of
254 000 pounds of waste has been eliminated. Current research
may lead to the future development of green synthetic
methodologies for a low-waste synthesis of paclitaxel that do
not require the use of Yew trees. One renewable alternative to
Yew trees is the hazelnut tree; recent research has found that
paclitaxel can be isolated from the hazelnut tree and from the
fungi that grow on the trees, although at a lower concentration
than the Yew trees.13

However, there are also indirect concerns with the reagents
and solvents used, which further compel the reduction of the use
of toxics. These concerns emerge at the intersection of life
cycles, where the manufacturing stage of the product life cycle

Fig. 3 An example of a chemical reaction with 100% atom economy.
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intersects with the use stage of the reagent life cycle (Fig. 4).
Simply by requiring the use of the hazardous reagent, the
product life cycle compels or drives to some degree all of the
other stages of the reagent life cycle. Any reduction in the use
of the hazardous substance in the manufacturing stage of the
product life cycle will have a multiplier effect by impacting all
the upstream and downstream stages of the reagent life cycle,
including material inputs and manufacture and transport of the
reagent.

There are well known examples of products such as paints,
coatings, or adhesives where the environmental concerns did
not stem from the materials themselves, but rather from the
solvents in which they were dissolved. Through the use of green
chemistry techniques, alternative solvents (e.g. water, super-
critical CO2) or even solventless systems are being developed so
that the products can still be used but without the associated
hazards.

Energy use and efficiency. The manufacturing sector is
second only to the transportation sector in the consumption of
energy. Green chemistry is directly involved with energy issues
throughout all of the environmental consequences of the
materials used in the generation, storage, and transport of
energy. However, it is also involved because the design and
manipulation of manufacturing chemistry can have a dramatic
impact on the energy demand of a particular process.

The energy required for a chemical reaction depends upon the
bond dissociation energy of the atoms comprising the mole-
cules. For example, breaking a single carbon–carbon bond (C–
C) requires 347 kJ mol21, while breaking a double carbon–
carbon bond (CNC) requires as much as 611 kJ mol21.14 Thus
the choice of starting materials affects the energy required for
the chemical reaction. Additionally, the chemistry and chemical
pathway chosen may also dictate whether a reaction needs to be
conducted at high temperature or high pressure or requires
extensive separation and purification, all of which have high
process energy requirements.

Many manufacturing operations that use chemicals require a
great deal of energy in the form of either heat or pressure to
drive the chemical process to completion. The use of catalysis
has led to environmental benefits in numerous types of
manufacturing processes from pharmaceuticals to plastics.
Catalytic processes offer several valuable advantages, such as
significantly lowering the energy demands of manufacturing
operations. This is possible in many applications where the
relevant materials can be activated by the catalyst rather than
needing to be driven thermally or through pressurization. For
example, GE Plastics has developed a catalyst that enables them
to synthesize their ULTEM® thermoplastic resin in a more
environmentally friendly manner. The new process uses 25%
less energy per unit of resin, consumes 50% less catalyst,

generates 90% less organic waste, and produces 75% less waste
in the manufacture of the catalyst itself.15

Product selectivity. In virtually all manufacturing processes
using chemicals, there is a constant struggle to produce only the
desired products and to minimize or eliminate the formation of
by-products and waste impurities. Catalysis has been used in
many green chemistry solutions to dramatically improve the
chemical selectivity of a process to eliminate the resulting by-
product wastes and environmental impacts.

For example, the environmental impacts of chlorine-based
paper bleaching have become well known. To reduce the
dissipation of persistent chlorinated compounds into the
environment, the pulp and paper industry has been moving
towards elemental chlorine-free or totally chlorine-free technol-
ogies. As an environmentally friendly alternative to chlorine-
based bleaching, Professor Terrence Collins at Carnegie Mellon
University has developed selective catalysts that enable or
improve the use of hydrogen peroxide for low-temperature pulp
bleaching. These TAML™ catalysts, shown in Fig. 5, are
nontoxic and have easily controlled lifetimes, and the bleaching
process performs best at room temperature.7,16 This technology
is more selective than other totally chlorine-free processes and
is as selective as the current primary delignification technology
based on chlorine dioxide.16 This bleaching method offers
significant environmental benefits over chlorine-based paper
bleaching.

Reduced materials use. As discussed earlier, chemicals are
often used to transform raw materials into a final product. When
a given amount of chemical is needed to produce an equivalent
amount of product, it is called stoichiometric transformation;
however, the actual yield is almost always lower than the
theoretical yield predicted by stoichiometry. Green chemistry
innovations have drastically reduced material requirements for
making products, often by increasing the efficiency of a current
process or by developing an entirely new manufacturing
pathway that requires less materials consumption.

For example, the use of microwaves to facilitate organic
reactions has been studied by both Dr Ajay Bose of the Stevens
Institute of Technology and Dr Rajender Varma of the U.S.
Environmental Protection Agency. Microwave irradiation can

Fig. 4 Selecting an aspect of a chemical manufacturing process, such as
the choice of reagent, will have associated upstream and downstream
impacts over the life cycle of the reagent. The choice of reagent affects the
environmental impacts of the product manufacturing stage, and this in turn
will influence the overall environmental impacts of the product life cycle.

Fig. 5 TAML™ catalysts.
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allow for the use of less or no solvent and can produce fewer by-
products, giving a more pure product. This technology has been
targeted at industrially significant reactions that use toxic or
corrosive chemicals or that generate hazardous waste.7

Final product formulation. While materials input and
manufacturing processes can have significant environmental
impacts, the actual final product will often be what most
individuals encounter. For this reason, the initial green
chemistry design can lead to innovations that reduce the
inherent hazard of a particular product and eliminate significant
negative impacts to human health and environment that may
have been identified during life cycle assessments.

Often, environmental concerns associated with a product are
closely tied to the form and formulation of the product rather
than the product itself. For example, a product may be a human
health concern if sold as a powder that can be breathed in by
users and cause respiratory damage. Since materials and
products exist in different phases, i.e. solid, liquid or gas,
scientists are working to ensure that materials are in their most
innocuous form when sold.

Product packaging and distribution

Green chemistry research typically focuses on manufacturing
processes. However, green chemistry life cycle innovations can
also affect packaging and distribution, an important stage in
terms of environmental impact.

Product conception. The conception of a new product offers
the opportunity to design and choose its characteristics such that
environmental impacts will be minimized. Application of green
chemistry concepts can result in a design where less product is
required for a given use when compared to similar products
currently in use. The initial design of a product will determine
how much of it may be required for a given use. A familiar
example of this is fabric softener. In recent years, ‘concen-
trated,’ liquids have been introduced; the same volume of
softener can be used for, as an example, 40 loads of laundry
instead of 20 loads. Such improvements to the “efficiency
density” of a product will decrease not only the packaging
required per load of laundry, but will also have indirect effects,
such as decreasing the product transportation costs and resource
demands per load of laundry. More subtle benefits can also be
realized, such as possibly decreasing the required number of
trips to the store.

Energy demands and costs for transportation can be lowered
by altering the form of a product, such as having a light powder
rather than a heavy liquid formulation. The choice of a powder
over a liquid can have additional environmental impacts for the
packaging as well. Typically, powders such as laundry soap can
be packaged in paperboard containers, which are more easily
recycled than the colored plastic jugs containing liquids.

Eliminating packaging through product design. At a
minimum, excessive packaging contributes to the consumption
of resources and increases the materials waste problem. There
are examples of products that have been designed to completely
eliminate the need for packaging. For example, in recent years
software has moved from excessive packaging to no packaging.
When software and manuals are downloaded directly from the
internet, the need for packaging is eliminated.

An example of decreasing or eliminating packaging through
green chemistry is a production process that incorporates
desired properties into a material without separate processing
steps. For example, if materials that require a pigmentation or
dyeing step to add color can instead be easily designed at the
molecular level to be a specific color, the environmental
impacts associated with the paint or dye can be eliminated.

Packaging made from the same material as the product.
Historically, the plastics industry has had a problem with the
transfer of raw polymer resin into reactors due to the need for
cleaning and disposing of the polymer packaging. Recent green
chemistry advances have designed these bags such that they are
made of the same polymer that is contained inside the bag. In
this way, the plastics company can merely put the entire
‘package’ in the reactor, and there is no excess packaging
requiring further disposal.

Product use

Ideally, product use would require little or no non-renewable
energy and would have no associated hazards or hazardous by-
products. However, products often impact the environment
through several avenues. The product itself may be potentially
hazardous to human and environmental health, such as
insecticides or the chemicals used in dry-cleaning. An in-
nocuous product may have harmful by-products, such as
phosphate-containing laundry detergents which may cause a
nitrification problem in a nearby river. Finally, while a product
and its by-products may be harmless, the renewal or reuse of the
product may require some consumption of resources. These
impacts are being minimized through the application of green
chemistry.

Energy consumption. Recently revised indoor air quality
standards have doubled ventilation requirements and have
increased the need for dehumidifying and cooling outdoor air.
Studies of desiccant wheel use in heating, ventilation, and air
conditioning systems have shown desiccant wheels to decrease
costs and energy use, and they have the potential to replace
fluorocarbon refrigerant systems. Most desiccants currently
produced are inorganics such as silica gels. However, re-
searchers at Purdue University are investigating the potential for
developing starch- and cellulose-based desiccants. These bio-
based adsorbents are made from renewable resources and are
biodegradable. Additionally, their availability and lower cost
could make them a viable alternative for both industrial and
residential air conditioning.7

Waste generation. Green chemistry can also decrease the
amount of hazardous or non-hazardous by-products generated
during the use of a chemical product, such as fire extinguish-
ment agents. The aqueous film-forming foams developed by the
U.S. Navy in the 1960s for use on volatile hydrocarbon fires
release both hydrofluoric acid and fluorocarbons during use,
and the fluorosurfactants often lead to ground water contamina-
tion. In 1993 PYROCOOL Technologies, Inc. developed Fire
Extinguishing Foam (FEF) as a more environmentally-friendly
alternative to current fire extinguishing agents. The FEF
contains no glycol ethers or fluorosurfactants and is biodegrada-
ble. The FEF has also been demonstrated to be effective. An oil
tanker fire estimated to require 10 days to extinguish was put out
in under 13 minutes using the FEF; as a result the spillage of
78 000 tons of crude oil was prevented.7

End of useful life: reuse, recycling and disposal

At the end of its useful life, a chemical or product may be
reused, recycled, or disposed of, or all three may occur,
depending on the product’s components. The application of
green chemistry methodologies can directly or indirectly impact
the environmental effects of the final stages of product life.

Reuse and recycling. For a material or product whose
manufacture is energy intensive, reuse may be the best option
for decreasing overall environmental impacts. Reusing products
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and materials is also often the least expensive option. When
reuse of a product is technically or economically infeasible,
recycling the materials may be an option. The chemical
processes and materials used to manufacture a product are an
essential determinant in the ability to recycle materials at end-
of-life (EOL).

When materials are recycled after consumer use, the
recovered material may either be used as an input to make the
same product again, termed ‘closed-loop recycling’, or it may
be used to make lower-value products, called ‘open-loop
recycling’.1,2 For example, when a plastic two-liter bottle is
recycled, if the recovered plastic is used to make new two-liter
soda bottles, this would be closed-loop recycling. If instead the
recovered plastic is used to make a product like tennis shoes or
a park bench, the recycling would be open-loop. Current
recycling of plastics and polymers is not profitable, and the goal
of closed-loop recycling is complicated by different colors of
plastics and polymers that are used. If a clear bottle is recycled
along with colored plastics, it is difficult and expensive to
recover the plastic as a potential input for new clear plastic
bottles.

A third option is ‘equivalent closed-loop’ recycling, where
although a recovered material is not used to make the same
product again, it is used in place of virgin material as the input
for a similar product. Equivalent open-loop recycling varies
from the post-consumer recycling described above in that it
replaces virgin plastic of the same value, but to manufacture a
product other than the original item. Further chemical research
for plastics and polymer recycling is still needed to provide
more technically and economically feasible options to facilitate
closed-loop and equivalent closed-loop recycling.

A basic concept of industrial ecology is to design or modify
an industrial system such that the wastes and by-products of one
industry can become the feedstocks for another process or
another industry. For process chemicals used in industry,
immediate reuse is usually not possible, since at least some
minimal processing is often required. However, recycling
process chemicals within a facility and them reusing them is
often feasible, cost-effective, and environmentally desirable.
Such a recycling and reuse process is being used by the Roche
Colorado Corporation in producing an antiviral agent. In their
patented process, in addition to decreasing the use of toxic

chemicals, 100 metric tonnes per year of ammonium hydroxide
are recycled and reused.17 Advances in green chemistry can
make it possible for more feasible reuse or recycling and can
encourage substitution of non-hazardous materials in products
likely to be thrown away.

Disposal. Disposal may be necessary at several stages in a
product life cycle. Materials acquisition and manufacturing
often require disposal of wastes or other by-products that cannot
be economically reused or recycled. Ideally, any product that is
likely to be disposed of should be designed to biodegrade
harmlessly in the environment or should at least minimize use of
toxic materials.

Aside from process wastes, the product may be disposed of at
the end of useful life if reuse or recycling of a chemical or
material is not feasible. The complexity of materials makes
recovery and recycling difficult and often infeasible. Future
innovations in chemistry are needed to overcome these
technical and economic barriers to recycling.

Highest entropy products made most durable and vice
versa. A design consideration that affects all EOL options is the
residence time that a product, material, or chemical will have
during its useful life. Generally, a product that requires the
largest input of resources should also be the most durable and
the most easily reusable. Products which have a short residence
time should be designed such that the minimum amount of
resources is expended to initially produce the product, espe-
cially if reuse or recycling is not feasible. Careful design of the
process chemistry can ensure that resource use is optimized.

The essential nature of green chemistry in
achieving life cycle innovations

One essential aspect of green chemistry is that it can facilitate
environmental improvements at every stage of the life cycle, as
demonstrated in the previous sections of this paper. A second
essential aspect is that implementation of a green chemistry
technology can offer environmental benefits that propagate
throughout the life cycle. As an example of this, consider the

Fig. 6 Summary diagram showing how specific innovations in pollution prevention can be achieved at each stage of the life cycle.
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work of Professor Richard Gross et al. (e.g. see ref. 18) on
biodegradable polymers, surfactants, and emulsifiers. Their
research on fully biodegradable polyhydroxyalkanoates (PHAs)
is an example of a product whose manufacture can offer
significantly improved environmental impacts over current
polymer production. The biodegradable PHAs are made from
inexpensive renewable feedstocks and are processed by fermen-
tation in aqueous media. The biodegradable PHAs can also be
tailored to meet or exceed the desired properties of current non-
biodegradable products. The vision for these polymers at end-
of-life is for them to comprise part of the bio-waste fraction,
suitable for composting. Use of biodegradable polymers can
help avoid the problem of landfill disposal or expensive,
difficult, and typically low-value recycling of currently manu-
factured polymers.

Conclusions

To illustrate the areas and methods of impact that green
chemistry can have and has had at the various stages of the life
cycle, the basic principles of green chemistry and the applica-
tion of these principles are categorized in the various stages of
the life cycle where they have the most effect. In this way, one
can see a pathway for identifying life cycle innovations through
green chemistry. A summary of these potential innovations is
described by Fig. 6.

The dual nature of green chemistry research offers a wide
variety of demonstrable achievements and future potential for
improving process environmental impacts both at a particular
life cycle stage and also up- and down-stream of a process
improvement. As is described in Fig. 6, advances in green
chemistry are essential in providing the specific innovations at
all stages of a product or process life cycle by which we can
achieve the broad goals of industrial ecology while also
maintaining a sustainable economy.
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