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Abgract

Biomass feedstocks have enjoyed a significant renaissance during the period since the
firg world ail crigsin 1973. While the initid focus was grictly on energy—hest, eectricity or
fuels such as ethanol—this has evolved to the concept of multiple uses, in which bioproducts
with a higher vaue can be produced to improve the financid return on the crop. Strategies
towards bioproducts include the development of crops that provide specidty chemicas, such as
Jojoba, or towards crops in which the yidd of biomass is maximized and then the feedstock is
processad into a platform chemicd. At this time there are essentidly two platformsthet are
conddered to be the leading avenues. The syngas platform is based on carbon monoxide and
hydrogen produced by means of gasification of biomass. The sugars platform converts
precursors such as cane sugar, starches (from corn and other crops), cellulose, and hemicellulose
into monomeric sugar streams that can then be converted into arange of higher vaue chemicas
and polymers by both therma and biotechnologica means. Along with the crops and process

devel opment, there is now a need to evauate the life cycle impacts of the entire cycle, from crop

to product, and to eva uate the bioproducts impact on the biosphere.

Introduction
The development of bioproducts other than traditiond feed, food, fiber, and energy
production has to face a series of hurdles as it moves from research, developmert,

demondration, through to deployment (RD3). The traditional emphasis on economics remains,



however, indices of sugtainability are becoming key to the acceptance of not only bioproducts,
but also their processing and the suitability of the crops used as feedstocks. In this short note,
some of theseissues will be highlighted dong with the maor development thrusts thet are
currently in the RD3 cycle.

Feedstocks

Humeanity’ s use of terrestrid biomass production is partitioned between energy (the
dominant use of wood fiber), fiber, feed, and food production. Advancesin agriculturd and
forest technology have increased the yidds of many plant species, and this, coupled with the
recognition of the role of the biosphere in the carbon and energy cycles, hasresulted in
increesing use of both biocenergy and biomaterids to displace fossl carbon in fuds and materids.
The potential biomass feedstocks available for converson into multiple products, induding
bioproducts, are both numerous and very diverse. The Audrdian New Crops group, operding
out of the University of Queendand, has identified over 4200 species of crops thet have been [1]
... associated somewhere in the world, at some time in history, with at least one useful product.
Table 1 isan dphabeticd liging of the gpplications of these 4200 species (excluding energy
use); the actuad number of gpplicationsis greater than 4200 because many plants have multiple
USEs.

A more congrained listing primarily for bioenergy purpases has been produced by
Bassam [2], which contains detailed descriptions of over 70 species that have been considered
for energy and bioproducts production. Thislist includes established agriculturd crops aswell as
commercid tree species. However, in the last three decades, much of the research into new
bioenergy crops has focused on plant species for which the externa inputs of nutrients, weter,
and pesticides are minimized. These include tree gpecies such as eucdypts and pinein the
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Table 1. Applications of 4200 Useful Plants of the World

— Number " Number
Applications of Plants Applications of Plants
Beverages 333 Qil crops 211
Ceredls 72 Pesticide crops 32
Drugs 39 Pseudocereds 15
Dyes 27 Resin crops 31
Elastomers a7 Root crops 484
Forage grasses 53 Spices, herbs and condiments 367
Fibers 68 Starch crops 302
Forage legumes 62 Soil gahilizing crops 19
Fruits 1440 Sugar and sweetener crops 50
Green matter crops 22 Tanning agents 50
Gums 61 Vegetables 817
Legumes 89 Wax crops 10
Medicinal crops 196 Windbreak crops 44
Nuts 161

tropics, and poplar and willow in the Northern hemisphere. Grasses have dso been ahigh
priority. In the USA, switch grass has been the modd, while in Europe the modd is Miscanthus.
In the tropics, awell understood and established grass, sugar cane, is likdly to be the choice for
energy and biomaterias development. Though it is possible to consder awide range of New
crops as asource of phytomass, it is much more likdly that those in which there has aready been
sgnificant development will be more reedily adopted, as there are awide range of
environmental, socid and economic condraints that will severdy limit the range of possibilities.
One of theseissues is the perennid question of food versus fud (or non-food, non-energy) uses
of land. This has been addressed in many studies of the future potentid of the biogphere to
provide bioenergy. Theinvariable answer is—thereis unlikely to be afood versus fud conflict,
asthe agriculturd food sysem is more likdly to intengfy its production on the exigting land base,
thus liberating land thet is currently in agriculturd production, but margind for food crops as,

for example, in India[3].



While there are no forecasts for future biomass supplies for non-energy purposes, there
are alarge number of scenarios that have been put together for both future biocenergy supplies
and demand. The demand scenarios generdly see the 11.1% biomass contribution of today
holding or even gaining alittle as the world' s predicted energy consumption heeds for between
1050 EJ (IHASA-WEC A3 scenario) [4], and more than 1500 EJ (Shell scenario). Thustoday’s
45 EJ of bioenergy would grow to between 110 to 160 EJ under these scenarios. Aswith
descriptions of the future supply of foss| fuds, the estimation of future biomass supplies has
three flavors the theoreticd potentid, which is bounded by the esimate of totd world
photosynthetic biomass accumulation rate of 4000 EJ; the technica potentid, which isafunction
of available technologies and thus changes with time; and findly, the economic potentid, which
isvery varigble, but much less than the technica potentid.

The economic potentid is dearly afunction of the demand for dl biosphere products,
and is driven by populaion growth and growth in per capitaincomes, aswell as competition for
land and other inputs. One detailed scenario for the technica potentid for kionergy has been
developed by Fischer and Schrattenholzer [5] in conjunction with estimations of the arable land
and agriculturd production in the I1ASA world food sysem modd. The results of this scenario
are shown in Fgure 1. This scenario and others presuppose a significant role for energy crops,
even though, today, the bulk of bioenergy is derived from resdue streams generated during
harvest from the fidd, forest, and subsequent industria processing.

Unlike the devel opment of agriculture in both colonia times and the early part of the
twentieth century, the introduction of new species into biomes where they were not present is
now intensvely regulated. Of mgor concern is the introduction of plants and plant pestsinto
regions in which they were previoudy aosent [6]. Thus, it is more then likdy that it is

4



500

Exa (10%) Joule y~ ‘
400 1
300 | I _“-_-'_.-.._u?_ij??_seﬁgl:tpﬁ_
P "7 Animal Ee:ad_w_ugg
200 ————
Enerdgy Grops
100 - L s =
= Woodiwaod residue
0 L& = _Crop Residis
1990 2000 2010 2020 2030 2040 2050

] ] Year
Figure 1. Future Biomass Resources

exiging crops (both indigenous and introduced species) of economic importance thet are going
to be developed for bioproducts and multiple use. A smilar issueisin the introduction of
geneticaly modified organisms (GMO), which today have additiona genes to express resstance
to insect pests or commercid herbicides, but tomorrow may well include nove biochemica
pathways to desired bioproducts. [7].

Bioproduct crops that have been evduated since the energy crisis of 1973 dso include
microagae. These photosynthetic prokaryotes are ancient species, such as blue-green agee as
well as archae. They predate plants and are more akin to a bacteria than to vegetative plants that
reproduce sexudly. Indeed not dl release oxygen, as some do not use water as an electron donor.
The mgority of these yield between 10% and 40% lipid content on adry bass. Unlike terrestria
plants, microagae are free floating in water and will require large aress of water and the
development of harvesting technology; however, for specidty lipids and coloring materids there

are exiding indudtries.



Using the Life Cycle Approach to choose feedstocks, conver sion processes and bioproducts
Sugainable development is more than a cachet to be gpplied to market a product. In the

bioproducts areg, it implies the use of sustainable production of both the raw materid and its

processng. In fact, the introduction of a sustainable bioproduct requires thet alife cycle

approach be taker—from the initid seedling, through its use as a bioproduct, and then itsfind

return to the natura carbon cycle, as shown in Figure 2.
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Figure 2. Closed Loop and Interchangesin the Biomass and Bioenergy Chain

Geis identifies four categories of indugtrial materids groups according to their toxicity and
perdstence in the environment Figure 3 [8]. Thefirg category includes cellulose and other
biopolymers, which are indeed of low persstence in the environment and of rdaivey low
toxicity. Hydrocarbon polymers are in a second category sharing the low toxicity, but of
consderably greater persstence. The third category indludes many of the indudtrid solvents theat
can be produced from biomass, having rdatively low persstence ratings, though much higher
toxicity vaues. The fourth category, with high values of perastence and toxicity, includes many

ha ogenated polymers.
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Figure 3. Chemical Impact Matrix

Clearly productsin category one and two are the preferred sustainability gods. Table 2 shows
the production volumes of plant-derived materidsin the industrid materid economy of the
United States for 1992 and 1996, showing the growth in the application of categories one and
two biomateriasin the economy.

Table2. Bioproductsinthe U.SA.

Product Production Production Shareof Total

(Milliontons)  (Million tons) (%)

1996 1992 1996
Solvent 95% Ethandl 042 037 >05
Surface cleaning agents 35 350 50
Adhesves 5.0 400 48
Madticizers 0.8 150 32
Acdtic Acid 2.3 175 28
Detergents 126 110 18
Inks 35 70 16
Dyes 45 6.0 15
Pigments 15.0 6.0 9
Wl pants 7.8 35 9
Spedidty pants 24 20 45
Plastics 300 18 4.3

Another agpect of bioproducts and biomaterias, namely green processing, is going to

drive the sdection of awide range of crop species so asto minimize the degree of processng and



the contribution of that Sage to the life cycde impacts. The extreme example of thiswould be for
the plant (phytomass) to carry out dl of the processing to the find product using the solar energy
input, and the only manufacturing process involved would be extraction and packaging. In this
respect the production of sucrose from sugar caneis closeto theided, asis the production of
pam oil. That is not to say that elther of theseis a perfectly green process as practiced today—
both have sgnificant emissons to both water and ar that must be mitigated.

Forthcoming regulation of chemicasin Europe will be based on a comprehensve
drategy according to the recent white paper [9]. Thiswill result in sandardizing chemicd and

materias risk assessments to reflect their role in the environment as shown in Figure 4. [10]
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Examples of biproduct pathways- existing and under development

Thefuture of bioproducts is bound up with the other plant materid gpplications, asit is
not possible to only make asingle product - a aminimum there will be hegt production, and
resdue or coproduct Sreams thet can be utilized as feedstocks for biofuels, as with today’ s corn

industry. In other words, the biorefinery concept will apply - whether at asmall scde (babasu)
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or alarge scde in either the C-1 or the sugar platforms that have been proposed. In the case of
the small scale, the gpplications and the technology will be so-caled gppropriate technologies.

At the large scde, the technology choices are much broader. One strategy could be entirely
thermochemicd, involving the production of syn-gas and then following cataytic routes—
epecidly C-1 chemigtry to Fischer Tropsch liquids, methanol, higher dcohols or anmonia, as

an intermediate in nitrogen chemigtry. The advantage of the thermochemicd routesisthat dl of
the feedstock polymers can be converted to syngas. In fact this flexibility opens up co-feedstocks
such as naturd gas, so that the C-1 platform could gain significant advantages from the
economies of scae. The sugar platform could utilize arange of sugar resources including sucrose
(cane sugar), corn garch, cdlulose, and hemicellulose.

Today's corn wet mill industry produces multiple coproducts, with corn oil extraction,
corn gluten feed, and med, followed by corn starch production. Though starch has direct
markets, these are less than 20% of the production and the remainder is used as the foundation of
asugar platform that has two mgor products, high fructose corn syrups (HFCS), and ethanal.
The former is produced by enzymatic hydrolysis, and the latter through hydrolysis and
fermentation with the coproduction of food grade carbon dioxide. The economics of this
coproduct system have been described recently by Schenk [11], who observes that, aswould be
expected in such a biorefinery, the price of corn is the largest sSngle variable manufacturing cost
of the corn wet milling industry. Corn starch and HFCS prices are directly proportiond to corn
price, and the profitability improves with the corn price. Fud ethanal has apricewhichis
independent of corn—due to the various subsidies—and as areault, the ethanal profit is highest

with low corn prices and high gasoline prices.



A new polymer system, based on the sugar platform to produce lactic acid, ismoving
towards deployment. Lactic acid (2 hydroxypropionic acid) has applicationsin the production of
biodegradegble polymers, oxygenated chemicas, green solvents, plant growth regulaors, and
specidty chemicas[12]. Cargill Dow polymersis developing a polylactic polymer trademarked
as NaureWorks™, using sugars derived from the carbohydrate portion of lignocdlulosic
resources. Coproducts for this platform would include ethanal fud and eectricity generated from
the lignin component.

Conclusions

Bioproducts can potentidly meet many of the sustainahility criteria of future chemicas
and bioderived materids. The naturd resource base can be managed for sustainability if specid
atention is paid to land and water use issues, and the quantities and types of inputs are carefully
managed in the production of biomass feedstocks. The conversion of these biomass feedstocks
into bioproducts will proceed through therma, chemical, and biochemical processes, dong with
traditiond and nove separations technologies in what are known as platforms. At thistime there
aretwo bascindudrid platforms; one is based on G-1 chemigtry following the production of
syngas from biomass, and the other is based on fermentation chemigtry following the production
of sugars from the biomass. Both of these are cgpable of indudtrid-scale production in the very
near future. At amuch smdller scae, the use of speciaized plant species to produce many
products will probably be based on lipid and latex resources, such as the babassu pdm and the
jojoba plant. These yidd products thet are rdlatively easy to extract and modify into higher vaue
materias. Ultimately much of the converson that is proposed to take place in the various

industrid process platforms could be undertaken in the living plant, such that solar energy-

10



powered biochemica pathways lead to useful products that can be isolated by rdaively smple

extraction techniques.
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