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Range of Biobased Products

t the turn of the century most nonfuel industrial products—dyes,
inks, paints, medicines, chemicals, clothing, synthetic fibers, and

plastics—were made from trees, vegetables, or

crops. By the

1970s, organic chemicals derived from petroleum had largely replaced
those derived from plant matter, capturing more than 95 percent of the

Numerous opportunities are emerging to address industrial needs
through the production and processing of biological materials, Today’s
biobased products include commodity and specialty chemicals, fuels, and
materials. Some of these products result from the direct physical or chemi-

cal Processing of biomass—cellulose, starch, oils, protein,

lignin, and ter-

penes. Others are indirectly processed from carbohydrates by biotech-
nologies such as microbial and enzymatic processing. Table 3-1 shows

58
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BIOBASED INDUSTRIAL PRODUCTS

TABLE 3-1 Increase in Worldwide Sales of Biotechnology
Products, 1983 and1994¢

1983 1994¢
($ millions) ¢ ($ millions)
Fuel and industrial ethano} 8004 1,500¢
High-fructose Syrups 1,600 3,100
Citric acid 500 900
Monosodium glutamate 600 800
Lysine 200 700
Enzymesf - 400 1,000
Specialty chemicals2 © 1,300 3,000
Total 5,400 11,000

4 Table excludes pharmaceutica] Producis.

b Data from Hacking (1986).

¢ Data from John VicRoy, Michigan Biotechnology Institute, Market
Analysis, 1994,

4 Data based on Hacking (1986): 1983 ethano} price = $1.70 per galion
and veluine = 180 million bushels com {approximately 2.5 gallons ethanol
per bushel). Total ethanol sales = $0.8 billion,

¢ Data based on February 21, 1994, Ethanoi Profile, Chemical Marketing
Reporter: 1994 industrial ethanol (fermentation) Price = $1.70 per gallon
and volume = 75 miilion gallons; fuel ethanol Price = $1.1 per gallon and
volume = 1.2 billign gallons. Total ethanol sales = $1.5 billion.

fincludes feed grades,

& Includes diverse products such as gums, vitamins, and flavers,

duction from Lignocellulosic plant materials may become cost competitive
with petroleum fuels, In other cases, biobaged technologies such as en-~
Zyme catalysts are Promising replacements for more hazardous industria]
chemical processes, Increasingly, niche markets will be sought for a wide
array of custom-engineered plant polymers (e.g., chiral compounds) not
available in betrochemical-based products.
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RANGE OF BIOBASED PRODUCTS 57

COMMODITY CHEMICALS AND FUELS

Biobased industries of the future will include plant-derived commod-
ity chemicals (those selling for under $1.00 per pound) to provide trans-

fuel and also is a precursor to many other industrial chemicals, For ex-
ample, comn starch fermentation yields ethanol, which then can be dehy-
drated for production of ethylene, the largest petroleum-based commod-

Ethanol

Large imports of foreign crude oil in the 1960s and 1970s stimulated
interest in fuel ethanol (Harsch, 1992). In the United States the primary

In the United States, ethanol occupies a niche in the transportation
fuel market as an OXygenate in urban areas that do not attain U.S. Envi-
ronmental Protection Agency air quality standards for carbon monoxide

potential health effects of MTBE and other oxygenates (Committee on
Environment and Natura] Resources, 1997). In its review of the draft
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stormwater (Delzer et al,, 1996), and drinking water (Committee on Envi-

ronment and Natural Resources, 1997). Because MTBE is

very soluble in

water, is not readily sorbed by soil and aquifer materials, and generally
resists degradation in groundwater, the interagency group recommended
that there be an effort to obtain more complete monitoring data, behavior
and fate studies, and aquatic toxicity tests for wildlife and to establish, if

warranted, a federal Water quality criterion,

Specific well-targeted research will be needed to answer questions
about potential tradeoffs in using these chemicals as additives to gasoline
(NRC, 1996b). Demand for starch-based ethanol is influenced by the
commodity market price for cormn, During the 1995 to 1996 marketing

period of high input pricing in 1995 to 199¢ (ERS, 1997b).

In the long term, large-scale production of fue] ethanol from lignocel-

lulose materials could become technically feasible and e

conomically fa-

vorable. A key will ba demonstrating that recent and anticipated techni-
cal innovations work at larger scales with representative raw materials.
"The cost of bioethanol must drop significantly if it is to penetrate a much
larger fraction of the fransportation fuel market. This change will occur
only if economical lignocellulose conversion technologies are developed—
a long-sought achievement. Use of these alternative feedstocks with new

uct in the near term. Vegetable-based diesel fuels are appealing in part
because these biobased fuels confer some potential environmental ben-
efits. Because production costs for soy-based diesel currently are ex-
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RANGE OF BIOBASED PRODUCTS 59

diesel fuel in the long term.

Biodiesel is made by transesterifying Plant 0il(s) with methanol in
the presence of a catalyst to produce fatty acid methyl esters. Methanol
for the reacton is readily available from biomass, natural gas, or coal,

the Energy Policy Act of 1992. If this acceptance cecurs, government-
owned fleets of small diese] engines will be able to meet alternative fuel
guidelines with biodiesel under that act,

Biodiesel does confer Some environmenta] benefits. Ope advantage
of biodiese} over petroleum-derived diesel is the virtual absence of sulfar
and aromatic compounds (Abbe, 1994). Further, combustion of biodiese]
produces lower emissions of carbon monoxide, unburned hydrocarbons,
and particulate matter than combustion of petroleum-baged diesel (Abbe,
1994). Consideration of emissions is particularly important in urban ar.
eas suffering from poor ajr quality. Biodiesel may be valuable in the
future because the fuel can be used in today’s diegel engines without
modification and in various blends without negative impacts on engine
performance (Hayes, 1995).

An increased focus on biodiesel largely results from its success in

Copyright 2004 © National Academy of Sciences. All rights reserved,
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60 BIOBASED INDUSTRIAL PRODUCTS

pensive alternatives (Hayes, 1995). Some research on other plant-based
diesel fuel alternatives may be warranted. Direct substitution of plant oils
for diesel fuel would be cheaper than the manufacture of biodiese] because
the transesterification process imposes significant additional costs, Unfor-
tumately, the high viscosity of the oils causes poor atomization and creates
flow characteristics that are generally incompatible with present-day diesel
engines (Harsch, 1992). A different lower-cost alternative that merits con-
sideration is the use of ethanol or butanol solvents for transesterification

of plant oil.

In the United States, biodiesel would be unlikely to completely re-

place petroleum-based diesel. Even if all of the vegetable

oil currently

produced in the United States (about 3.1 billion gallons per year) went

INTERMEDIATE CHEMICALS

Intermediate chemicals Play an integral role in the U.S, economy.
Organic chemicals are synthesized primarily from petroleum for produc-
tion of numerous nonfuel industria] products such as paints, solvents,
clothing, synthetic fibers, and plastics. Without these products the United
States could not maintain its modern way of life. When petroleum sup-

biobased raw materials could help mitigate economic downturns created
by oil shortages. Thus, intermediate chemicals are an important market

targeted by the biobased industry.

Ethylene

Ethylene is perhaps the most important petrochemical because of the
value of its numerous derivatives such as polyethylene, ethylene dichlo-
ride, vinyl chloride, ethylene oxide, styrene, ethanol, vinyl acetate, and
acetaldehyde. Before the new lignocellulose conversion technology came
on the horizon, the ethylene market was considered inaccessible to

Copyright 2004 ® Natjonal Academy of Sciences. All rights reserved.
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RANGE OF BIOBASED PRODLICTS 61

TABLE 3-2 Hypothetical Production Cost Comparisons for Ethylene

Average Average Average

Variable Fixed Total Price
Commodity Year  Cost*($/lb.)  Cost? (§/Ib.) Cost ($/1b)  ($/1b.)
Petroethylene 1993  0.02 0.08 0.10 0.21
Projected petroethylene 2005 (0.06 0.08 0.14
Biobased ethylen 1993  0.13 0.01 0.14

4 Average variable costs include coits for lbor, inputs, and energy in the case of biobased
ethylene, but labor is omitted in the case of Petroethylene because the figure was not avail-
able. This will mise the average total cost for the petrocthylene somewhat but by only

the ethylene process).
SOURCE: Gallagher and Johnson (1995).

Acetic Acid

Acetic acid could be a large-volume chemical target for the biobased
industry. It is used primarily as a raw material in the production of viny!
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62 BIOBASED INDUSTRIAL PRODUCTS

acetate, acetic anhydride, cellulose acetate, acetate solvents, terephthalic

acid, and various dyes and pigments and as a solvent in the chemical
Processing industry. The food, textiles, and pharmaceuticals industries

These three important classes of intermediates are used in the manufac-
ture of surfactants, cosmetics, alkyd resins, nylon-6, plasticizers, hubri-
cants and greases, paper, and pharmaceuticals (Ahmed and Morris, 1994).
Of the approximately 2.5 million tons of fatty acids produced in 1991,
about 1.0 million tons (40 percent) were derived from vegetable and natu-
ral oils; the remaining 1.5 million tons were produced from petrochemical
sources. Twenty-five percent of all plant-derived fatty acids used in the
coatings industry comes from tall oj] (a byproduct of kraft paper manu-
facture). The range of compounds in tall oil js quite large and unique,
including long-chain unsaturated fatty acids.

SPECIALTY CHEMICALS

products; flavors and fragrances; nutraceuticals (e.g., antioxidants,
noncaloric fat replacements, cholesterol-lowering agents, and salt re-
placements); chiral chemicals; pharmaceuticals (e.g., Taxol); plant growth
promoters; essential amino acids; vitamins; industrial biopolymers such as
xanthan gum; and enzymes.

Specialty chemicals can be made using fermentation and enzymatic
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chemicals (Zeikus, 1990). Likewise, one could engineer plants to produce
some of these same chemicals, Furthermore, industrial researchers are
discovering that plants can be altered to produce molecules with func-
tionalities and properties not present in existing compounds (e.g., chiral
chemicals). It is anticipated that advances in biotechnologies will have
significant impacts on the growth of the specialty chemicals market.

Enzymes

Fermentation of biological materials will continue to be a primary
source of most enzymes used teday and new enzymes produced in the

dry detergents, diagnostics, laboratory reagents, or digestive aids.
Worldwide enzyme sales totaled $650 million in 1989 (Layman, 1990)
and grew to approximately $1 billion in 1993 (Thayer, 1994). European

enzyme market in 1989 broke down into 40 percent for detergents, 25
percent for starch conversion, and 15 percent for dairy applications (Lay-
man, 1990). The remaining 20 percent included leather, pulp and paper,

because it includes industries that historically have caused adverse envi-
ronmental impacts and, consequently, may have incentive to use more
environmentally benign Pprocesses like those based on enzymes.

Soaps and Detergents

Industrial production of soaps and detergents in the United States
totaled $14.9 billion in 1993 (Ainsworth, 1994). Almost half of the laundry
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the soap and detergent industry due to their compatibility with the newer

additives (Ainsworth, 1994).

Enzymes are naturally diverse and function in various cleaning agent
roles. Protease, lipase, and cellulase enzymes are used in soaps and deter-
gents to break down and help remove dirt stains. Celluzyme, a Novo
Nordisk product, removes microfibrils that emerge from cotton fibers

after use and cause an “old and gray” appearance (Falch,
tion, detergent enzymes reduce energy use because they
much cooler wash waters. -

Food Processing Enzymes

1991). In addi-
are effective in

Zyme rennin coagulates milk protein and is used to make dairy products
milk.

such as cheeses. Lactase is used to produce lactose-free

Cellulase Enzymes

Relatively small amounts of cellulage €nzymes are used now, prima-
rily in the food industry. A large-scale fermentation indusiry based on

lignocellulosic materials will require huge volumes of «

ellulases, much

larger amounts than for any other enzyme, at much lower enzyme prices
than currently avaiiabie. Reducing the costs of cellulage enzymes is a key

product (Falch, 1991). The pulp and paper industry also uses enzyme
technologies, especially xylanases for bleaching to replace chlorine. The
textile industry uses cellulases for making “stonewashed” jeans

(Wrotonowski, 1997).
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RANGE OF BIOBASED PRODUCTS 65

Animal Feed Industry

The animal feed industry is currently developing beneficial applica-
tions of enzymes on a large scale. Certain antinutritional compounds are
present in animal feeds. Beta-glucans create viscous mixtures after being
solubilized, and these impair animal digestion by causing poor absorp-
tion, poor diffusional rates of solutes in the digestive tract, and a low rate
of nutrient uptake. Addition of beta-glucanases (enzymes that degrade
beta-glucans) to animal feeds removes the beta-glucans and their associ-
ated problems. This technique makes it possible to produce efficient
animal feeds from grains that are high in beta-glucans, such asbarley and
oats. It also decreases the amount of manure produced by animals con-
suming the feed.

Enzymes may lessen the contribution of animal feeds to phosphate
pollution. Phytic acid, the major plant storage compound for phosphate,

phate pollution. Addition to animal feeds of phytase, an enzyme that
degrades phytic acid, allows animals to digest the phytic acid and better
assimilate the iron and zinc ions. Less phosphorus consequently needs to
be added to the feed, thereby reducing the contribution of animal feed to

BIOBASED MATERIALS

Increased consumer demands for environmentally benign products
are leading to numerous opportunities in the biobased materials market,
Diverse materials are produced from agricultural feedstocks, including
wood and Paper; cotton, kenaf, and other textiles; industrial starches; and
specialty polysaccharides such as xanthan, fats and oils, and proteins
(Narayan, 1994). Also under development are biobased composites such
as one made of soybean protein and waste paper.

Copyright 2004 ® National Academy of Sciences. All rights reserved.
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Bioplastics

Renewable resources such a
etable oils can serve as source
plastics—such as starch esters,
moplastic proteins (e.g.

s industrial starches,
s for bioplastics. Bio
cellulose acetate blends, polylactide, ther-
zein), and poly(hydroxybutyric  acid)

fatty acids, and veg-
degradable thermo-

L P_laéf[_ds from

alkanoates, are natural

_-able large-scale producti
synthesis In the host bacterium by m
Anothar Is to move the geries for PH

- yeasts for increased.

. ‘colleagues pioneered this approach

loroplast)-dramaticatly increaseq
Increased understanding of the bas
al metabolic and biosynthatic: '
oprrient.- New polymer structures cani
metabolic pathway in vatious plants

such polymers in living cells holds th
bioprocess.

e

SQURCE: Poirier et al., (1995),

BOX3-1 ©
Plants and Microbes

Poiy(hydrd;ybu_tyrata)‘(PHB) and its vatianis,
polymers ?ommonl_y p

on. One pessibls

production. At Mi
ch using the common weed Ardbidopsis as a
*hioreactor.” The researchers manipulated genes for PHE synthesis in Arabiclop-

pathways has made
now be engineered by manipulating the PHB
and microbes. For example, less brittle plas-
tics may result if iow amounts of poly(hydroxyvalerate) are coproduced in bacterial
. These polymers are readily biodegradable

generally knownras polyhydfoxy.-'
roduced by plants and r_nicr_obes._

utati
B

ng the existing biosynthetic pathway.
synthesis into other bacteria, plants, or
ichigan Stais University, Sommenville and

ic science underlying the plant and bacteri-
possible another exciting devel-

*engineer” chemical derivatives of
promise of a truly environmentally benign
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(PHB)—show great promise for replacing the plastics derived from petro-
chemicals that generally are not biodegradable (see Box 3-1). Graft plastic
polymers (plastics based on plant materials and petrochemicals) are Jess
bio- degradable than plant-based bioplastics. Bioplastics comprise about
5 percent of the total polymer, plastics, and resin market (Ahmed and
Morris, 1994).

Processing into plastic and polymeric resins.

A graft copolymer of latex and starch is used to make coated papers.
Certain starch-based Plastics are also in commercial use, as are various
graft polymers between starch and synthetics. One class of graft poly-
mers absorb many times its weight in water and has many applications
such as absorbent soft goods (e.g., absorbents for body fluids, disposable
diapers, hospital underpads, and related products), hydrogels, and agri-

been hydrolyzed with aikali. Many new starch-based polymers and ap-
plications are expected to appear soon in commercial yses.

Soybean oil-based inks were introduced to U.S. markets in the 1970s
in response to the oil shortages. More recently increased emphasis on
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about 15 percent farther than petroleum-based inks, offsetting the differ-

ences in cost (EPA, 1994).

Forest Products

high-value materials and chemicals,

The pulp and Paper indusiry is one of the largest industries in the

United States, producing 64 million tons of pulp and 88

Paper in 1991 (imports, exports, inorganic fillers, and re

million tons of
cycled pulp ac-

count for the difference in tonnage between pulp and paper; Miller Free-

many potential uses, for example, in car bodies and Packaging materials.
Courtaulds, a company from the United Kingdom, and Lenzing, an

Cotton and Other N atural Fibers

Cotton is one of the most promising industrial crops. Cotton is a
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.- BOX 3-2
‘Biopolymers

used'In lacquers and vamishes,

products are biodegradable.

The great majority of all biomass consists of natural polymers, and the great
majority of all biomass is carbohydrate in nature, This means that the majority of
all'blomass is in the form of carbohydrate polymers, called polysaccharides, These
natural polymers (biopolymers) can be used both as nature provides them and as
the skeletal framework of other derived polymers. By far the most abundant of
these carbohydrate, polymers Is cellulose, the principal component of cell walls of
all higher plants, Itis esﬁmated,thal_'rs_}pillion-tous of callulose are biosynthesized
and disappear each year, most of the disappearance being through naturat decay.

.. Cellulosic plant faterials arg used as fuel, lumber, and textiles, Cellulose is
.. cumently used to make paper, celiophane, photographic film, ;
. sives, textile fibers, waler-solubla gums, -and organic-solvent-soluble polymers

* The principal celiulose derivative is cellulose acetate, which is used 1o make:

oy photogmphl_c fiim, acetate rayon, various thermoplastic products; and lacquers.
~ The world's annual consumption of cellufose acetats is about 750,000 tons,

- 400,000 to 450,000 tons being produced in North America. Callulose acetate’.

While use of biopolymers, largely polysaccharides, as is and in madified formis
now considerable, only a inﬁnites‘lma] amount of that avallable Is now utillzed com- -

plant fiber composed of 90 percent cellulose. The long fibers of cotton
make it an ideal material for weaving and spinning into cloth. Cotton
confers qualities on fabrics that are difficult to duplicate with synthetic
fabrics. Demand for cotton products has resurged in recent years, and the
United States harvested approximately 18 million bales of raw cotton in

vars with improved pest resistance, yield, and quality, thereby poten-
tially reducing production costs and better matching cotton characteris-

tics to specific applications.

Natural fibers other than cotton Occupy various U.S. niche markets,
such as specialty fabrics, papers, cordage, and horticultural mulches and

mixes. Heightened environmental concerns are helping natural fibers
find their way into new markets as well. Jute, hemp, sisal, abaca, coir

fibers, and products derived from these fibers are
ported but could be produced domestically.

Copyright 2004 ® National Academy of Sciences. All rights reserved.,
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70 BIOBASED INDUSTRIAL PRODUCTS

TARGETING MARKETS

by additional chemica], thermal, and physical processing steps—can pro-
duce a number of oxygenated intermediate chemicals, including ethylene
glycol, adipic acid, ethanol, acetic acid, isopropanol, acetone, butanol,
citrie acid, 1 4-butanediol, methyl ethyl ketone, N-butanol, succinic acid,

of all of the plant matter consumed for food and nonfood purposes com-
bined (Ahmed, 1993). Large-scale production of ethano] fuel from ligno-
cellulose may become economically feasible with new Pprocessing tech-
nologies, although this may take decades to materialize.
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Unless otherwise indicated, all materials in this PDF File provided by the National Academies Press {www.nap.ed) for research
Purposes are copyrighted by the National Academy of Sciencas, Distribution, pesting, or copying is strictly prohibited withaut

written permission of the NAP.,
Generated for faure@csir.co.za on Tue Sep 28 07:42:47 2004



-

hl!p:llbooks.nap.edulcaialongZQS.html

il

RANGE OF BIOBASED PRODUCTS

71

Specialty chemicals represent a rapidly growing and diverse group of
high-value industrial products. The benefits of some of these biobased
products are well known (e.g., enzymes). At the same time, rapid ad-
vances occurring in the life and materials sciences will lead to discoveries
of plant compounds that cannot be produced with petroleum feedstocks.

more than $6 billion.

Scale-up and commercialization costs are significant barriers in moy-
ing laboratory discoveries into the market. Industria] researchers esti-
mate that the relative costs of discove » cale-up, and commercialization
are 1:10:100. Hence, $1 million invested in basic research generates suffi-
cient promising technologies to justify $10 million invested in scale-up

Copyright 2004 ® National Academy of Sciences. All rights reserved.
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TABLE 3-3 Estimated Capital Requirements for Target Biobased
Organic Chemicals Produced from Glucose

Biobased Organic 1993 Qutput Capital Requirements  Com Required
Chemical (Million pounds)  ($ millions ¥ (Bushels per day)
Acetic acid 3,658 1,350 378,000
Acetone 2,462 1,221 342,000
Butanol 1,328 1,157 342,000
Maleic anhydride 424 230 60,000
Methyl ethy! ketone 556 484 126,000
Isopropanol 1,236 1,084 ] 303,000
Butanediol 200 196 ) 42,000
Adipic acid 760 230 60,000

Lactic acid 10,063 2,208 882,000

SOURCE:
Culberson (1983).

and Johnson, (1995), based on model developed by Donaldson and

,)}\4 A CASE STUDY OF LIGNOCELLULOSE-E'IHAN OL PROCESSING

(Bozell and Landuc, 1993). This case study adapts the DOE cost study of
wood chips to a process based on com stover and examines how the
supply of corn stover, process yields, and material flow can affect pro-
cessing costs. The analysis assumes that processes for conversion of the
lignocellulosics of corn stover to ethanol will be developed successfully,
considers the potential impacts of transportation costs on the Iocation ofa
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without subsidies. An additional 4.5 billion gallons of ethanol may be
produced at higher costs due to potentially higher prices for com stover
when the corn stover for alcohol has to compete with its use for anima]

will require scale-up and demonstration of the technology at the pilot
scale to confirm rates, yields, and performance on real feedstocks for
extended periods. Additionall , the real cost of corn stover must be veri-
fied through actual collection and utilization tests. Additional research
would be necessary to determine the competitiveness among various feed-
stocks, such'as residues, plant byproducts, and crops from marginal low-
rent areas. The implications of widespread harvesting of crop residues on
soil and water quality is another area for investigation. Finally, upstream
handling, pretreatment, and lignocellulose conversion technologies must
be demonstrated before investment and operating costs can be more pre-
cisely established. Large-scale production of biobased ethanol may be a
long-term possibility, but some major technical barriers still need %o be
overcoirie to reduce costs.

Until now technologies for converting lignotellulosics to ethanol via
hydrolysis and fermentation have not aroused commercial interest. How-

stration phase is just starting and may require as long as five years to
confirm or refute current high expectations.

A key to the production of fuel ethanol from lignocellose will be to
demonstrate that recent technical innovations work at larger scales with
representative raw materials. Apart from pulp and Paper, ethanol fuel is
probably the largest single biobased industrial product. In recent years
the United States has generated over 1 billion gallons of fue] ethanol
annually from corn starch, less than 1 percent of annual domestic gasoline
consumption. Today’s cost of bicethanol must drop significantly if it is to
penetrate a much larger fraction of the transportation fuel market. This
change will occur only if economical lignocellulose conversion technolo-
gies are developed—a long-sought achievement but one that is also much
nearer than it was two decades ago.
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