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I. INTRODUCTION

The United States imports 100 percent of its natural rubber. Ninety-two percent of our natural
rubber production is concentrated in Southeast Asia, which is subject to interruptions through
political action or direct military intervention.

Natural rubber, a critical and strategic material, is necessary in such articles as aircraft
and ground vehicle tires, medical supplies, resilient mounts, and certain acoustical applications.
Synthetic elastomers cannot meet performance requirements in these areas. A domestic source
of natural rubber will assist in assuring a supply of this critical material for industry and
defense.

The U.S. Department of Defense (DoD) and the U.S. Department of Agriculture
(USDA) signed a Master Memorandum of Understanding in 1982 that calls for cooperation
with respect to food, agriculture, forestry, nutrition, and other research of mutual interest.
With this MOU both agencies adopted a supplemental agreement in 1986 that initiated the Joint
Guayule Domestic Rubber Program, whose ultimate goal is to promote an economically viable
domestic guayule rubber industry. To accomplish this goal, both agencies have provided
funding to plant and cultivate guayule shrubs, construct a 150 -long- ton -per -year prototype
plant to extract rubber from the shrubs, and conduct evaluations to establish the performance
capability of military products fabricated with domestic guayule rubber.

A critical component of the supplemental agreement calls for the USDA to assess the
feasibility of a commercial guayule rubber processing facility of 50,000 -long- ton - per -year
nameplace capacity. This report, based on the best available data (1990) and on assumptions
of future advancements in technology (for 1996), is designed to address the commercial
prospects for the establishment of a domestic guayule rubber industry. It also examines the
feasibility and factors involved in meeting either 20 percent or 100 percent of the natural rubber
needs of the U.S. Department of Defense in both peacetime and national emergency conditions.

1



H. ELASTOMER SUPPLY AND DEMAND

Annual natural rubber consumption in the United States today is approximately 800,000 long
tons (1 long ton = 2,240 pounds), all of which is imported at a cost of nearly $1.0 billion.
(Annual U.S. consumption of synthetic rubber is close to 2.4 million long tons.) The natural
rubber needs of the U.S. Department of Defense (DoD) are estimated at 80,000 long tons per
year, or about 10 percent of total U.S. consumption. At the present time the national defense
stockpile of strategic and critical materials is critically short of its natural rubber goal of
850,000 long tons; the current inventory, 127,000 long tons, is approximately 15 percent of
this requirement. DoD estimates for total U.S. natural rubber needs (civilian and military) in a
conventional war situation are 945,000 long tons in Year 1, 1,102,000 in Year 2, 1,260,000 in
Year 3, and 1,417,000 in Year 4 (George Donovan, personal communication, July 1988). It is
estimated that civilian natural rubber consumption would need to be reduced by 20 percent in
such a national emergency to 576,000 long tons per year, military consumption would
therefore be 370,000 long tons in Year 1, 530,000 long tons in Year 2, 685,000 long tons in
Year 3, and 840,000 long tons in Year 4. (These are 1990 figures, calculated before the events
of the Persian Gulf war.)

Before the 1940s, rubber from the Hevea tree was the only elastomer of worldwide
commercial importance. During World War H, synthetic rubber was developed in response to
a cut -off of natural rubber supplies, and after the war the synthetics claimed a progressively
larger fraction of the world rubber market (Foster et al., 1980). World synthetic rubber
consumption grew from approximately 1 million long tons in 1946 to over 10 million long tons
in 1990, while world consumption of natural rubber increased at a relatively slower rate, from
less than 600,000 long tons in 1946 to an all-time high of about 5.1 million long tons in 1990
(Foster et al., 1980; 1990 World Bank commodities figures). Figure 1 compares the
consumption and production of natural and synthetic rubber for the period 1976 -90. World
demand for natural rubber is expected to increase by about 2.4 percent annually up to the year
2000 --to an estimated 6.4 to 6.6 million long tons for natural rubber (Malaysian Rubber
Research and Development Board, 1990).

According to the International Institute of Synthetic Rubber Producers, synthetic rubber
will probably continue to supply about two -thirds of the total world demand for elastomers
(Rubber World, 1986a). However, because synthetic rubber production is dependent on
petroleum, its use may be affected by foreign oil availability and price, as demonstrated during
the Arab oil embargo of the 1970s. When crude oil prices tripled between 1973 and 1975 as a
result of the embargo, production costs for synthetic rubber rose 70 to 100 percent (Foster et
al., 1980). Thus, when petroleum prices rise, synthetic rubber prices rise, and a demand is
created for natural rubber as a substitute. The recent events in the Middle East concerning
Kuwait and Iraq underscore the unpredictability of our oil supply.

Natural rubber continues to hold a place in the world elastomer market because of
inherent properties necessary for many industrial and military applications. About 75 percent
of natural rubber used is chosen for its specific performance characteristics. Natural rubber
demonstrates unsurpassed resilience, resistance to abrasion and tearing, ability to dissipate
heat, and adhesion to reinforcement material, especially metal. Because of these properties it is
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considered an essential component of high -quality truck, bus, and aircraft tires, which are
subject to heavy loads and intense heat build -up. The increasing popularity of radial tires,
which require about twice as much natural rubber and one -third less synthetic rubber than bias -
ply tires, will have a significant impact on natural rubber consumption into the next century
(Smithers Scientific Services, 1985).

The inherent characteristics of natural rubber are also well suited for use in surgical and
other medical products, which in a time of national emergency are likely to be in much greater
demand. Some of these characteristics are its ability to withstand the heat and high- temperature
steam used in sterilization without hardening or deteriorating, its ability to adhere to metal (for
syringes and similar items), its alcohol resistance, and its outstanding resilience and abrasion
and tear resistance. Medical supply manufacturers believe that natural rubber is essential for
their products, and that in the event of a cut -off of supply, synthetic substitutes would be
"vastly inferior" (Smithers Scientific Services, 1985).

Future elastomer supply and demand, and natural rubber demand in particular, will be
significant factors in the success or failure of guayule commercialization in the United States.
Potential demand for coproducts of the guayule extraction process will also play a very
important role in a future guayule industry, based on promising experimental results in the
laboratory. Worldwide demand for rubber is predicted to grow at a faster pace than the growth
of tire production because of the increasing production of radial tires, which contain a much
higher percentage of natural rubber than do bias tires, and because of the significant increases
in nontire rubber demand, particularly in newly industrializing countries (Rubber World,
1986b). In addition to possible future shortfalls in world natural rubber supplies (predicted by
some sources to be likely by 1996 [Smithers Scientific Services, 1991]), there are at least two
potential situations that would make a domestic rubber source desirable. One would be the
case of a national emergency, when U.S. needs for natural rubber might increase suddenly at
the same time that foreign supplies are cut off. Even if some or all import sources remained
intact, they could not respond quickly to a significant increase in demand since Hevea trees
require 5 or more years to become productive. Another potential situation would be the
formation of a cartel by natural rubber producers, which could lead to the withholding of
rubber supplies from the world market to manipulate prices.

Hevea rubber is currently selling for about $0.50 per pound on the New York market
(Spring 1991), but prices have fluctuated between $0.20 and $0.65 in the 30 -year period
between 1960 and 1990 (see Figure 2). Production and processing for guayule must be fully
recovered through product sales if it is to compete with Hevea as a commercial industry.
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III. GUAYULE RUBBER TECHNOLOGY: A STATE -OF- THE -ART
OVERVIEW

CLIMATIC AND AGRICULTURAL CONDITIONS

Guayule is a bushy perennial shrub native to the arid and semiarid plateau regions of the Big
Bend area of Texas and north -central Mexico (see Figure 3). In its natural habitat, its
attitudinal range is confined to a narrow transitional zone (3,000 -7,000 feet) between desert
and grassland elevations, restricted by the severity of the desert climate below and by
competition with grasslands above (Muller, 1946). Guayule grows in scattered patches
throughout this zone, where temperatures as high as 115 °F and as low as 0 °F have been
recorded.

Natural stands of guayule occur in regions that receive an average of 8 to 16 inches of
rain annually. These regions generally show bimodal precipitation patterns, with peaks in the
spring and fall, although in some areas peaks occur in the summer and fall. Dry periods can
last from 4 to 7 months. Guayule is able to survive these periods in part because of its well -
developed taproot, which penetrates as deep as 20 feet into the soil and extends fibrous
auxiliary roots up to 10 feet laterally, thereby allowing the shrub to absorb moisture from a
large volume of desert soil (National Academy of Sciences, 1977).

Guayule is found on shallow, calcareous, stony soils, but also grows well on granitic
or sedimentary noncalcareous soils. Although in the past it was assumed that guayule could be
grown on poor agricultural soils because marginal soils are typical in its native habitat,
experiments showed guayule growth to be unsatisfactory for commercial production on poor
soils subject to compaction (Fangmeier, 1985). Soil type is critical in guayule rubber
production because of its influence on moisture control and on shrub growth. Under both
irrigated and dryland conditions, guayule is most successful on light to medium - textured soils
with an adequate supply of soil moisture. Soils must be permeable, well -drained, and well -
aerated because guayule is more sensitive to flooding than most cultivated crops.

Soil salinity is another important factor determining guayule survival. Established
guayule shrub has a salt tolerance higher than alfalfa and almost has high as Pima and Upland
cotton. However, guayule is exceptionally sensitive to salts during the early emergence and
seedling stages. Thus, successful establishment of guayule by direct seeding requires low -
saline water and irrigation methods that minimize surface salt accumulation (Miyamoto and
Bucks, 1986). After seedlings are established, the chance of survival is high even under
relatively high salinity, and rubber and resin contents are not significantly affected at soil
salinities up to 15 dS m-1. However, under prolonged salination (2 to 3 years), there is a
significant increase in mortality (Maas et al., 1986). Recent experiments have also shown an
increased shrub mortality from the soil -borne fungus Macrophomina phaseolina (charcoal rot)
when saline irrigation water is used (Mihail, Alcorn, and Ray, 1987).

The amount of water necessary to produce unit quantities of guayule shrub and rubber
is essentially constant at irrigation water salinities up to 4.6 dS m-1, but at higher salinities
shrubs require correspondingly more water to produce comparable biomass (Miyamoto and
Bucks, 1986).
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The mortality of shrubs clipped after 2 years was 16, 27, and 39 percent under
irrigation salinities of 0.9, 4.5, and 7.0 dS m-1. Regrowth from a second clipping after 2

more years was reduced significantly (27 and 36 percent) by saline treatments of 4.5 and 7.0
dS m' 1 (Miyamoto, Davis, and Madrid, 1990).

POTENTIAL GROWING AREAS

Research on guayule cultivation indicates that optimal temperatures for growth are between
900F and 1000F, although shrubs can withstand temperatures up to120°F without injury.
Growth rates decrease significantly below 600F, and below 400F shrubs become
semidormant. In the wild, guayule has survived temperatures well below freezing, but
cultivated shrubs are frost sensitive, especially the seedlings. Although young shrubs can be
damaged by a frost of 200F, they are able to withstand much lower temperatures if dormancy
has been previously induced by a gradual reduction of temperatures or moisture (National
Academy of Sciences, 1977). Dormant shrubs in Texas suffered no appreciable injury at 10F

to 40F, while other nondormant individuals showed considerable damage at 140F to 150F
(Bullard, 1946 [IV]).

The guayule shrub under cultivation requires more moisture than it does in the wild
because growth rates in native stands are too slow for commercial production. Fifteen inches
of precipitation per year is considered the minimum requirement for dryland guayule culture,
and 20 inches is probably better for optimal rubber yields. Where annual rainfall is less than
14 inches, supplemental irrigation is needed to produce projected yields of rubber in a
reasonable time (National Academy of Sciences, 1977). Areas that receive 25 inches or more
are not suitable for guayule, particularly if precipitation occurs throughout the year without
intermittent droughts. An ideal climate for guayule production would have rainy periods
during late winter, spring, and early summer, and dry conditions during the last half of the
summer -fall growing season.

In 1942, the Emergency Rubber Project surveyed about 32 million acres of land for
potential guayule cultivation and classified 5 million acres in California, Arizona, New Mexico,
and Texas as suitable for the crop. Figure 4 shows the areas determined to be potential growth
areas for guayule in the 1980 Technology Assessment of Guayule Rubber Commercialization
(Foster et al., 1980). These areas, delineated by counties, possess appropriate temperature
ranges, moisture levels, and soil types for guayule production. Areas outside the potential
growth regions were excluded from consideration mainly because of excessive precipitation
(north -central California and east Texas) or unsuitably low temperatures (eastern California,
northern and eastern Arizona, and northern and eastern New Mexico). The area between the
two appropriate regions in Texas was determined to have limited possibility for guayule
cultivation because of low temperatures and poor soil quality.
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CULTURAL PRACTICES

Water Requirements

Most cultivated crops originated in mesic, or moderately moist, climates; guayule is unique as
a crop because it has many attributes of a desert species (Muller, 1946). However, although
the shrubs are able to produce rubber in very dry climates, commercial guayule probably
cannot be economically cultivated in regions as arid as much of its native habitat without
supplemental irrigation. A National Academy of Sciences report stated that in areas with less
than 14 inches of annual rainfall, irrigation is necessary to produce commercially useful
quantities of rubber (National Academy of Sciences, 1977). Consequently, at the present time
the only area being considered for dryland irrigation is the Winter Garden area in southwest
Texas (although information generated by dryland studies on guayule in New South Wales,
Australia, may help to expand the U.S. program). Preliminary research indicates that for
optimal growth of guayule in Arizona, consumptive water use is 36 to 40 acre -inches per year
(D.D. Fangmeier, personal communication, 1987). In general, if the traditional crops in a
region are irrigated, guayule will also require irrigation to produce the desired biomass.

The optimal irrigation schedule for guayule has yet to be determined. Research during
the Emergency Rubber Project suggested that guayule requires periods of stress, caused by
reduced moisture availability (or low temperatures), to induce rubber production. However,
several more- recent studies seem to contradict the ERP findings, showing that rubber content
increases with increasing irrigation (Miyamoto, Piela, and Davis, 1984; Bucks et al., 1985;
Bucks and Nakayama, 1986; D.D. Fangmeier, personal communication, 1987; Benzioni,
Mills, and Forti, 1988). These studies indicate that although stress can raise the percentage of
rubber in a shrub, a corresponding significant decrease in overall shrub growth reduces the
total pounds of rubber produced on a per -acre basis. Some researchers are suggesting the
potential use of controlled periods of stress within irrigation schemes to increase rubber content
as well as reduce water use (Allen et al., 1987; Benzioni, Mills, and Forti, 1988).

Fertilizer Requirements

Guayule is not a serious soil -depleting crop and does not respond noticeably to most fertilizers
unless the soil is of low fertility. Tests at a demonstration plot at Salinas, California, indicated
that fertilizer applications can improve stand establishment and are important for increasing the
vigor of young transplants. After the plants became established, however, little if any
difference was seen between plants given fertilizer and those not given fertilizer in the same
field.

Because the fertilization needs of guayule will vary with the type of soil, soil tests and
plant material analyses need to be done for each growing area. The optimum fertilization
scheme for maximum rubber production is the subject of continuing research.
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Disease, Weed, and Pest Control

In the wild, guayule is fairly free from insect pests and disease, but cultivated guayule is

susceptible to both. Guayule growers see the same common diseases that affect other crops
such as lettuce and cotton; the most serious are cotton root -rot, charcoal rot, dieback, and wilt
(Foster et al., 1980). The cause of most diseases affecting seedlings is fungi. The fungus
Verticillium dahliae was the major pathogen of guayule during the Emergency Rubber
Program, and has been found in California, Arizona, New Mexico, and Texas. Recent
experiments have been undertaken to determine the tolerance of the USDA lines to this disease
(Oruro and Alcorn, 1986). Disease problems occur mainly on poorly drained soils, or on well -

drained soils that are overirrigated. When soil moisture is in excess of field capacity for
extended periods, chances for disease infestations are increased. For example, a few days of
standing water encourages Phytophthora rot on roots. Losses can be reduced by the use of
wider row spacing, deeper furrows with increased slopes, and soils with higher infiltration
rates (Foster et al., 1980). Guayule seedlings are susceptible to damping -off diseases caused
by species of Phythium, Rhizoctonia, Fusarium, and other fungi. The chemical Thiram, when
included in the seed conditioning process, has been found to be an effective fungicide for the
germination and initial seedling growth stages (ARS 1987 Research Progress Report to GAMC
meeting, May 11 -12, 1988, Las Cruces, N.M.). Efforts to develop disease- resistant strains
are in progress (notably in the Department of Plant Pathology at the University of Arizona), but
the components and procedures for satisfactory control systems for guayule are not yet known.

Several species of insects can cause damage to cultivated guayule, particularly during
the seedling stage. Emergency Rubber Program plants were infested by a number of insect
pests, but only grasshoppers and Lygus bugs had serious economic impact (Foster et al.,
1980). Guayule appears to be highly resistant to two plant -parasitic nematodes common to
annual crops in the Southwest. However, its susceptibility to a third (Criconemella xenoplax)
could be a potential problem in long -term production of this crop (Thomas and Goddard,
1986).

Weed control in nurseries was one of the most costly problems in early efforts to grow
guayule. It continues to plague guayule cultivation in West Texas, where severe infestations of
warm and cool season weeds occur in established stands. Experiments there with Roundup
(glycophosphate) showed it to be effective on the predominant weed species, rocketmustard,
with no toxic effects on the crop because it was in a dormant state (Foster, Carrillo, and
Moore, 1986b). Recently, excellent weed control in transplanted guayule was attained with
prodiamine. 2,4 -D and bromoxynil are also being tested in Texas with positive results (Foster
et al., 1987). In New Mexico, satisfactory weed control without adverse effects on the
guayule stand was noted for Dacthal (DCPA) and Prowl (pendimethalin) on direct- seeded plots
and for Goal (oxyfluorfen) on transplant plots (Whitworth, 1981b). A 1980 Arizona study
rated Goal superior to Treflan and Karmex, providing good weed control with the least damage
to the plants (Fangmeier, 1985). Work is continuing on the development of more-effective
herbicide combinations that do not affect shrub, resin, or rubber production.

Some agricultural chemicals presently being tested on guayule are registered for limited
research use only. For large - scale, commercial cultivation these chemicals will need to be
registered for general use.

11



AGRONOMIC PRACTICES

Seed Production

Scaling -up guayule to commercial levels will require a reliable supply of high- quality seeds. At
the present time, the inadequate stockpile of seeds would be a major obstacle to rapid
commercialization. After the Native Latex Commercialization Act was passed by Congress in
1978, seed research programs were established in Arizona, California, New Mexico, and
Texas to increase the availability of seed from the best guayule varieties developed during the
Emergency Rubber Project in the 1940s. Seed production continues to be recognized as one of
the most important aspects of guayule commercialization by the Guayule Administrative
Management Committee, whose objectives include improving seed production and handling
procedures, and determining seed storage quality requirements.

Guayule is a prolific seeder. When air temperatures and soil moisture are favorable,
guayule shrubs of all ages bloom and set seed continuously throughout the growing season.
Seed yields per acre vary widely according to the age, vigor, and density of the shrubs, and
irrigated fields yield more seeds than those that are dry- farmed. Currently growers are
producing 1 to 2 pounds of clean, viable seed per acre per year, but for commercial feasibility,
annual seed yields of at least 4 pounds per acre are needed. Work is continuing on improving
seed yields, including studies on honeybee pollination of the shrubs. Preliminary experiments
show increases of at least 195 percent more seeds per plot when exposed to these pollinators
(Mamood, Ray, and Waller, 1987).

Because of losses due to wind and the shattering of seeds before harvesting, collected
yields are often only 25 to 30 percent of all seeds produced by the shrubs. In addition, the
bulk of the collected seeds are empty or nonviable. The percentage of guayule seeds containing
an embryo usually ranges between 10 and 45 percent, although counts as low as 0 percent and
as high as 70 percent have been recorded (McGinnies and Mills, 1980). The best germination
rates have been found for seeds collected in May and September, the lowest in June, July, and
August (Mamood, Ray, and Waller, 1987). Although flushing the shrubs with water in the hot
months can induce them to bloom and set seed, a high percentage of these seeds will be
unfilled due to the high temperatures (McGinnies and Mills, 1980). Honey bee pollination has
also been shown to affect germination; seeds from plants pollinated by honey bees had
significantly higher emergence rates than controls in studies conducted in 1984, 1985, and
1986 (Mamood, Ray, and Waller, 1987).

The number of times the same field can be harvested for seed in one season depends on
several factors, including cultural practices, uniformity of ripening, and winds. On dry- farmed
plantations there are usually two collections, but three are sometimes economically feasible.
Irrigated plantations can be harvested up to seven times per growing season depending on the
frequency of water application ( McGinnies and Mills, 1980).

Guayule requires an exceptionally gentle seed harvest method because the seed does not
set uniformly, and consequently the first pass through a field must avoid damaging seed heads
still in the flowering and filling stages. There is also a problem with losses during humidity
extremes: when humidity is low, guayule seeds shatter readily and can be lost on the ground,
whereas during periods of high humidity the seeds tend to be difficult to dislodge. Researchers
working on the development of an efficient guayule seed harvester at the University of Arizona
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have designed a harvesting head that encloses the shrub as well as providing a surface
underneath to catch seeds knocked free during harvesting. It also features a somewhat more
aggressive action than previous designs. Test results indicate that the new head removes
virtually all ripe seeds from the shrubs without damaging unripe seed heads, collecting an
average of 2.21 pounds per acre of clean and threshed seed from four guayule varieties
(Coates, 1986c). A supplemental ground seed harvester for fallen seeds has also been tested,
and was shown to add an average of 0.9 pounds per acre to the total yield. In germination
trials, the harvested seed from the new harvesting head appeared to be equal in quality to seed
collected by earlier models (Lorenzen and Coates, 1986).

Because harvesters work most efficiently on shrubs of uniform size and shape,
increasing the uniformity of stands could improve collection yields. Preliminary experiments
on shrub hedging indicate that regrowth on trimmed plants tends to be uniform, including
height of seed heads (Coates, 1985). Hedging may therefore allow harvesting equipment to
collect a higher percentage of seed.

After harvesting, guayule seed is cleaned and then either stored or prepared for
planting. The cleaning method currently used at the Texas Agricultural Experimental Station
first removes leaves, stalks, and other trash with screens; then separates the seeds from their
enclosing structures with a Forsberg Burr Clover Huller, and lastly eliminates any remaining
debris with a Clipper Cleaner (Ranne et al., n.d.). Seed is then separated into three quality
classes based on size and weight.

If the seed is to be stored, ERP studies determined that it should be air -dried to 6 to 10
percent moisture to prevent molding or heating. Where humidity is high, unthreshed guayule
seed in open storage is likely to lose viability rapidly after 3 years, but seed sealed at 4 percent
moisture immediately after cleaning will keep for at least 10 years. High temperatures do not
seem as damaging to guayule seeds as to other traditional seed species. Seeds stored by the
Intercontinental Rubber Company at hot, dry locations in Arizona and California kept well for
at least 4 years, and experiments have shown that seeds can withstand temperature extremes for
short periods ( -112°F for 3 days, 200°F for 40 to 80 hours) without impairment to
germination (McGinnies and Mills, 1980).

If seeds are sown directly after harvest, very few (1 to 6 percent) will germinate
because of two types of dormancy characteristic of guayule seeds. One type is an embryo
dormancy of short duration, generally lasting about 2 months after harvest. The other is a seed
coat dormancy that makes the inner seed coat impermeable to gas exchange. This
impermeability may last 12 months or longer --up to many years under dry, nonaerated storage
conditions.

Seed dormancy for most guayule seeds can be shortened to about 6 months simply by
storing cleaned seed in an aerated and humid environment, but for more immediate and reliable
germination various seed treatments have been devised. ERP researchers found that chemical
treatment with sodium or calcium hypochlorite rendered the seed coats permeable to oxygen,
presumably by the oxidation of resins (McGinnies and Mills, 1980). Recent experiments have
demonstrated that a conditioning treatment of polyethylene glycol, gibberellic acid, potassium
nitrate, and thiram effectively broke dormancy, and enhanced germination and normal seedling
development over a broader range of temperatures (Chandra and Bucks, 1986).

Continued research on seed treatments, harvesting, and yields is critical to successful
commercialization of guayule, which will be dependent on abundant, high -quality seed and
uniform germination and seedling survival.
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Growing

One of the biggest remaining obstacles to guayule commercialization is the development of
direct seeding technology. Currently seedlings must be germinated in greenhouses or nurseries
and then transplanted, at a cost of about $0.02 per seedling. It is estimated that production
costs could be reduced over $200 per acre with direct seeding (Chandra, 1987), making
perfection of the technology an economic necessity. A discussion of the seedling establishment
method presently in use, transplanting, is given below, followed by a consideration of the
problems with direct seeding and current efforts to overcome them.

Transplanting. Transplanting was the method of field establishment most widely used
by the Emergency Rubber Project, whereby plants were grown in nurseries for 4 -12 months
before being removed for field plantation (Foster et al., 1980). In more- recent experiments,
the time period was reduced to 2 -3 months in a greenhouse and then 2 -3 weeks in a nursery to
condition the seedlings for transplanting (Rubis, 1979). In selecting the planting season for
guayule, temperature (especially at night) is the most critical factor, for both nursery and field
plantings. When night air temperatures are below 60°F, germination and emergence slow
progressively, and below 50°F stands develop poorly or fail completely (Foster et al., 1980).
Seedlings can be damaged by prolonged temperatures below 20°F or above 95 °F.

After planting, proper irrigation and regular fertilizer applications are considered
essential for healthy greenhouse growth of guayule plants. ERP plantings received 20 gallons
per minute per net acre of nursery bed. Because of its minimal emergence energy, guayule is
very sensitive to the depth of seed cover, which can vary from 1 /10 inch to 3/16 inch,
depending on the type of soil used ( McGinnies and Mills, 1980). Weeds are usually a severe
problem in young stands and, along with pests, must be conscientiously controlled. Seedling
losses can also result from damping off diseases caused by various fungi. It was discovered
that fungal infections were occurring during the seed conditioning procedure and that the
chemical Thiram, added to the conditioning process, acted as an effective fungicide without
adversely affecting seed viability (Chandra, Svrjcek, and Bucks, 1987).

Before transplanting, it is important to harden off or condition the greenhouse or
nursery stock (slowly induce dormancy) by gradually reducing the water supply, a procedure
that toughens them to withstand the shocks of the transplant process. At this stage it is
possible to hold properly packed seedlings in cold storage (32 -38 °F) up to 30 days without
damage to the plants (McGinnies and Mills, 1980).

Favorable plantation sites for dryland production should not have a slope greater than 7
percent, and for irrigated production no greater than 3 percent ( McGinnies and Mills, 1980).
The best season to plant, according to ERP findings, is the dormant or winter season.
Optimum conditions are found in California from October 15 to March 15, whereas in Texas,
Arizona, and New Mexico they occur from October 1 to April 1, a somewhat longer period
because of more -friable (easily crumbled) soils and the fairly even distribution of precipitation
in planting areas (McGinnies and Mills, 1980).

The spacing of plants in the field, or stand density, has considerable effect on rubber
development. Of the two standard spacings used by the ERP - -20 and 16 inches between plants
in a row --the more dense condition resulted in increased competition for soil moisture, thereby
stressing the shrubs and stimulating higher rubber deposition (Foster et al., 1980). The same
result was found in a recent experiment in Arizona (Fangmeier, 1985), with shrubs planted two
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rows per meter producing more rubber in pounds per acre than shrubs planted in a single row
per meter.

The growth habit of guayule is in part determined by cultural methods. Plants that are
well irrigated tend to have open crowns with coarse, heavy branches and no central stem.
Dry land conditions produce a somewhat higher leaf bulk per unit weight of entire dry shrub
than does irrigation.

Direct Seeding. During the ERP direct seeding was shown to be possible, but
transplanting seemed more practical and economical because of the labor and cost necessary to
meet guayule's germination and emergence requirements in the field. Daily temperatures
cannot go below 500F or above 90°F for more than short periods of time; soil cover must be
very shallow (no more than 1/8 inch), and soil crusting, which can impede emergence, must be
prevented. Adequate soil moisture must be maintained at the planting level during germination
and emergence (Taylor, 1946), and weed control must closely follow emergence because
seedlings are intolerant of competition and shade (Foster et al., 1980). Other problems include
seedling injury due to salt build -up in the soil from irrigation water, and losses due to predators
and severe weather. As a consequence of these obstacles, percent emergence and subsequent
survival of the seedlings is generally poor, they ranged from 10 to 40 percent in a typical trial
of 12 cultivars in New Mexico (Whitworth, 198la).

Optimal planting times also need to be considered for each potential site. During
seeding trials in Ft. Stockton, Texas, a higher survival percentage was obtained in stands
planted in the fall than in those planted in the spring or summer. The earlier plantings suffered
losses due to high temperatures, wind, heavy rain, and bird predation (Foster, Carrillo, and
Moore, 1986a). In Salinas, California, appropriate temperatures prevail from May 15 through
the summer, and in the Salt River Valley in Arizona, high temperatures in the summer and low
temperatures in the winter limit direct seeding to spring and fall (Foster et al., 1980).

Despite the many difficulties, it is essential to institute direct seeding to eliminate
transplant costs and the loss of time while plants recover from transplant shock. At least two
research groups are working on this problem at the present time: at the Texas Agricultural
Station at Ft. Stockton, and at the Water Resources Laboratory in Phoenix. In various recent
experiments, the following factors have been shown to improve seedling establishment: (1)
polyacrylamide soil amendments, which improve water penetration and aeration of the soil
(Quarterly Report to GAMC, November 1987); (2) sprinkler over drip irrigation (Fangmeier,
1985); (3) dry seeds over pelleted bulk seeds or those applied in a gel (Foster, Carrillo, and
Moore, 1986a); and (4) seed conditioning (in one experiment, a combination of PEG, KNO3,
gibberellic acid, and light: Foster, Ramie, and Moore, 1988). It has been shown that
conditioned seed can be planted deeper (10 to 15 mm) than unconditioned seed, especially if
covered with low- density vermiculite. Seeds at a lower planting depth are protected from
temperature extremes and salt and water stress (Fink et al., 1987).

One recent experiment in Arizona (Allen et al., 1988) tested different irrigation
treatments and row covers on direct- seeded plots. Intermediate levels of irrigation (twice a
week, once a week, and once every two weeks) resulted in better stand establishment than
either wetter or drier treatments. Among the three row covers tested, a shade cloth material
(which reduced midday solar radiation by 20 percent) produced a higher stand count than
vermiculite, which in turn was better than a soil cover. Another Arizona study determined that
the combination of a fungicide and a solar blanket material significantly enhanced germination
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of directly sown seeds over only one of them or neither (Mihail and Alcorn, 1988).
Possibly the most immediate, practical concern in developing direct seeding technology .

is the seed itself. With seed in short supply and quite expensive, few growers will be willing
to plant the 0.25 to 0.30 pound of seed per acre required for direct seeding when the same
amount of seed will furnish enough transplants for 8 to 10 acres (D.A. Bucks, personal
communication, July 1988). Seed quality is also critical. The large percentage of
nongerminable seeds in even the best seed lots remains a problem, underscoring the need for
improved seed production techniques.

Direct seeding may only be feasible for irrigated operations. Transplanting may be the
only practical method for dryland areas because of inadequate soil moisture during germination
and for some other areas because of unfavorable climatic conditions. However, from an
economic standpoint, perfecting direct seeding is a necessity for the successful
commercialization of guayule.

Yields

The yield of rubber per acre in guayule is a function of percent rubber content and amount of
biomass produced. Guayule rubber accumulates in individual thin - walled cells, rather than in
continuous vessels as in Hevea trees, and is found in greatest amount (70-85 percent) and
quality in the bark of the roots, stems, and branches (Estilai, 1988). The accumulation of
rubber in various parts of the plant depend on the age, morphology, and genetic potential of the
plant, as well as on climatic and soil factors such as light intensity, moisture availability,
temperature, and time of year (Foster et al., 1980). The actual percentage of rubber varies
widely between plants and varieties. Young seedlings contain 1 percent rubber or less, and
some older native plants have been reported to contain as much as 18 percent.

Rubber production follows distinct seasonal patterns. In the spring, when plant
resources are allocated to vegetative growth, rubber deposition almost stops completely. ERP
data showed that the lowest rubber content, regardless of plant age, usually occurs in May after
growth begins again in the spring. During summer and fall, rubber build -up accelerates, the
rate depending on moisture stresses the plant experiences. By February and March plants
reach their maximum rubber content and yield, before they break their winter dormancy and
begin a new growing season ( Fangmeier, 1985).

Research on dryland versus irrigated guayule production indicates that dryland shrubs
have a higher rubber percent and also a higher rubber -to -resin ratio, thus producing a better
grade of crude rubber (Foster et al., 1980). However, other studies demonstrate that the
highest rubber yield, in pounds per acre, are obtained with irrigated shrubs, because of the
larger amount of biomass produced (Bucks, Nakayama, French, Rasnick, and Alexander,
1985; Bucks, Roth, Nakayama, and Gardner, 1985; Fangmeier, Ray, and Garrot, 1983;
Miyamoto, Piela, and Davis, 1984). These studies indicate a linear relationship between
amount of water applied and rubber yield, at least up to 36 inches ( Fangmeier, Ray, and
Garrot, 1983).

Regardless of cultivation method, the greatest rubber content for a given age or weight
of shrub has been found in plants that grew at a moderate rate and experienced definite rest
periods or dormant seasons. The slow growth allows relatively more phloem tissue, in which
rubber is deposited, to develop (McGinnies and Mills, 1980). In addition to growth rate, age
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is also a factor in total rubber yield from an individual shrub. One study recommends
harvesting closely planted shrubs before they reach the age of 3, because as lower branches
become shaded they frequently die and their rubber is lost (Fangmeier, 1985).

Rubber yield also varies significantly among guayule varieties. Since guayule
cultivation began, various strains have been recognized and several crosses have been
identified. Of the several varieties selected and planted by the Intercontinental Rubber
Company in the early 1900s, variety 593 appeared to be the best overall variety for cultivation,
and subsequently most Emergency Rubber Project (ERP) plantings consisted of this strain.

Breeding and genetics studies were conducted by the ERP between 1942 and 1946, and
by the USDA at Salinas, California, between 1948 and 1959 (Foster et al., 1980), leading to
the selection of 25 high -yielding varieties including N565, 11604, 11605, and A48118 (Lopez -
Benitez and Kuruvadi, 1985). These USDA selections produced average rubber yields of
about 400 pounds per acre per year. The principal variety planted in Sacaton, Arizona, for the
Guayule Scale -Up Study was AZ101 (Gila), developed at the Gila River Indian Community.
Although this strain has approximately twice the biomass of USDA varieties, it has a lower
rubber percentage and therefore a lower yield of about 200 pounds per acre per year.

For commercial feasibility, rubber yields need to be increased to at least 1,200 pounds
per acre per year, and one of the goals of the guayule commercialization program is to meet this
level of production by 1996. Because a rubber content of at least 10 percent is considered
essential for this goal, the development of new varieties that can produce two to three times the
rubber yield of existing U.S. Department of Agriculture varieties is an important area of current
research. Recently, several high -yield strains were developed through genetic selection. Two
of the most promising are Cal -6 and Cal -7, developed and released by the University of
California, Davis. These strains produced 810 and 609 pounds per acre per year, respectively,
during experimental yield trials in Shafter, California, in 1985 (Estilai, 1986). Subsequent
trials of these and six older varieties at six different localities revealed a wide range of yields for
each variety among the different trial sites. For example, Cal -6 produced a maximum of 835
pounds per acre per year at Riverside, California, and a minimum of 288 pounds per acre per
year at Rio Grande City, Texas (D. Ray, personal communication, August 1989). These
preliminary results suggested that guayule varieties may be site - specific and that, for maximum
yields, individual strains may need to be developed for each potential growth region. A
stability analysis of data from two 3 -year guayule variety trials showed a negative correlation
between stability, a measure of the extent to which different cultivars of a crop are affected by
environmental variance, and all yield components. Thus breeding efforts may be most
successful if they concentrate on particular environments, rather than trying to achieve a stable
line adapted to all environments (USDA -ARS, 1990).

After identifying high -yielding lines, the next step is to cross the high -yield lines and
continue the screening and selection process. To aid in predicting the rubber percentage and
yield of individual plants, guayule breeders need to identify measurable plant characteristics
that correlate with these factors. In a recent study researchers found that dry weight had the
closest correlation to rubber yield (r = 0.92) and that plant volume was the best predictor of dry
weight. Percent rubber did not correlate well with either (Dierig, Thompson, and Ray, 1987),
indicating that the goal of maximum per -acre yields may not necessarily be achieved by the
variety with the highest rubber percent. However, because excessive biomass can make
harvest, transport, and processing of the shrub more difficult, rubber content must still be a
consideration in plant selection (Thompson et al., 1988).
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Harvest and Transport

During the Emergency Rubber Project, guayule plants were harvested beginning in November,
after the fall period of high rubber deposition. Today, however, the technology for rubber
extraction requires that the processing plant operate continuously (24 hours a day, at least
several months at a time) for maximum economic efficiency. This technical constraint presents
two options for the processing schedule: operate the plant year -round, or shut down the facility
during non -optimal times of the year. In the case of the first option, growers forced to harvest
their fields during lower -rubber -content periods of the year would have to be compensated for
the reduced yields if they were paid for pounds of rubber per acre. An alternative would be to
pay all growers a flat rate to grow the crop. If year -round operation proved economically
unfeasible, guayule production could be suspended during the low- rubber -content periods,
although this option could create problems with labor and continuity of production. It was
hoped that data would be obtained from the operation of the prototype processing plant on the
extent and timing of rubber content variability and how these affect yields, which could have
aided in the determination of optimal operation schedules for commercial production.
However, no data of this type were collected during the project because of production and
processing problems.

According to the Technology Assessment of Guayule Rubber Commercialization
(Foster et al., 1980), the best age at which to harvest guayule is when the canopy of branches
in the field is nearly closed. After that, the lower, shaded branches begin to die, which causes
loss of rubber and tends to lower the shrub's overall rubber quality. Canopy closure is
dependent on soil and moisture conditions, as well as on shrub spacing. When conditions are
favorable, irrigated fields reach this stage during the second or third year of growth. Available
data indicate that although older plants can have a higher rubber percentage, they do not
necessarily produce higher yields per acre (U.S. Department of Agriculture, Bureau of
Agricultural and Industrial Chemistry, 1953; Bucks et a1.,1987).

The age of the shrub at harvest is also influenced by the method used. Currently there
are two approaches to harvesting: undercutting the plant 6 to 8 inches below the surface and
completely removing it, along with the root system; and clipping, or pollarding, the plant
below the crown, leaving the roots in the ground for regeneration and ultimate reharvest
(McGinnies and Mills, 1980). The advantage of clipping over removing the entire shrub is the
elimination of the expense of ground preparation and replanting; new shoots also tend to grow
more vigorously after clipping because of the already -established root system (Foster et al.,
1980). Consequently, some researchers believe that multiple harvest by clipping may be an
important key to guayule commercialization (Estilai, 1990). Several studies showed that the
cumulative yield of clipped plants exceeded that of unclipped ones (Hammond and Polhamus,
1965; Garrot and Ray, 1983). One study found that clipping at 2 years followed by digging at
4 years yielded 71 percent more rubber per plant than digging alone (Garrot and Ray, 1983).
More -recent experiments have demonstrated less -dramatic increases, if any (Ray, Garrot,
Fangmeier, and Coates, 1986; Bucks et al., 1987). Studies on height of clipping have
determined that plant survival is greatest (for both irrigated and dryland plots) when they are
clipped 4 inches above the soil surface, compared to 2 inches, ground level, and 2 inches
below ground level (Progress Report 5477 -3 to the GAMC; Coates, 1986b). Survival and
regrowth rates can also vary significantly depending on variety and harvest date. Among
several cultivars clipped at ground level in 1985, 1986, and 1987, regrowth rates ranged from
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98 percent to 13 percent for individual selections over the 3 -year study. Guayule genetics
researchers are currently evaluating new high -yield selections with strong regeneration
capabilities and the potential of being maintained on a sustainable 2 -year harvest -and-
regeneration cycle (Thompson, Final Report to GAMC, 1990). Demonstrating the importance
of the date of harvest, the combined survival and regrowth rate of all plants clipped in March of
1985, 1986, and 1987 was 64 percent, but only 5.5 percent for all plants clipped in May 1985
(Estilai, Naqvi, and Waines, 1988). Further investigation is needed of the effects of clipping
interval and time of year of clipping on total pounds of rubber per acre.

The mature guayule plant can reach a height greater than 4 feet and have a main stalk
diameter over 2 inches. Because of its size, and because its stalks and branches are woody, the
harvesting equipment used for most hay and silage crops have not proved satisfactory for
guayule (Coates, 1986b). Special requirements for guayule harvesting include more -durable
cutting blades that can accommodate the brittle nature of the plant, and a feeding device that can
lift and feed lower branches to the cutting head and then move cut material away from the head
to prevent plugging (Coates, 1986a). Researchers have developed a two -row digger, similar
functionally to carrot, potato, and sugar beet diggers, that has been successfully demonstrated
at the Gila River Indian Community and at the Marana seed increase plots to be a commercially
viable implement (Coates, 1990).

After harvesting, transportation and storage of the harvested shrub are the next
important considerations. How the bulky shrub can be transported economically and how long
it can be stored will be significant factors in determining the feasibility of commercial guayule
production. During the Emergency Rubber Project, harvested plants were field cured for 4 to 7
days after digging to lower the moisture content and then baled to densify the shrub for
transport (Foster et al., 1980). For the scale -up study, shrubs are windrowed 2 to 4 days and
then baled in the field (Bridgestone/Firestone, Inc.). Of the various balers tested, the most
suitable for guayule appears to be the fixed -chamber, large round baler, which produces bales
with an average weight of 2,200 pounds (Coates and Lorenzen, 1988). The bales are delivered
to the processing plant over a 10- to 16 -hour period per day, in quantities that maintain a 2 -day
supply of shrub at the plant (or possibly more, especially during rainy seasons) (Dravo Process
Description, 8- 31 -88). In a commercial operation, the plant would run 24 hours a day, 7 days a
week. A commercial facility would be equipped to receive fresh shrub without having to off-
load it to long -term storage, because it has been shown that the total amount of crude rubber
recovered per ton of harvested shrub decreases as storage time of bales increases (USDA,
Bureau of Agricultural and Industrial Chemistry, 1953). Experiments have indicated a
correlation between the oxidative degradation of guayule rubber and storage temperature,
handling methods prior to storage, and guayule variety. Increased understanding of these
factors may help reduce losses of rubber to oxidation (Black, Swanson, and Hamerstrand,
1986). In recent genetic studies, significant differences were measured among different
genotypes in regard to the rate of rubber degradation and loss of rubber content after 6 weeks'
field storage of harvested whole plants. It appears feasible to select for genetic variability to
improve postharvest storage capability (Thompson, Final Report to GAMC, 1990).
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PROCESSING DESCRIPTION

The rubber extraction method used at the GRIC prototype facility is a solvent extraction
process, developed by The Firestone Tire and Rubber Company (now Bridgestone/Firestone,
Inc.). Because this was the first implementation of the facility design and processing
procedures, adjustments were made as problems were identified during operation. Throughout
the project, Firestone sampled and tested the extracted rubber to determine the effects of
different shrub storage and processing methods on rubber quality and quantity, in addition to
conducting engineering experiments. In the following description, the numbers in parentheses
refer to the diagram in Figure 5.

The process begins (1) with baled guayule shrub delivered to the facility from the field.
A front -end loader deposits the bales into a bale shredder (2), which cuts the shrub into 8- to
15 -inch pieces. The shredded shrub is conveyed to a hammer mill that chops the shrub into
smaller pieces (3). At both the bale shredder and hammer mill, large amounts of dust, seed
stems, and leaves are removed via high -velocity air exhaust. From the hammer mill the shrub
goes to a vibrating screen (4), which separates out the finest particles of chopped shrub (these
have been shown to have a lower percentage rubber than the coarser particles). All removed
debris is deposited in a dumpster located outside of the building. The shrub is moved to a
storage silo (5). In a commercial facility, shrub may simply be chopped as needed, with the
silo holding only enough to supply the facility for about 8 hours (William M. Cole, personal
communication, Feb. 1, 1990).

From the silo the chopped shrub is conveyed to the flaking mill (6). After flaking, the
shrub flows to the solvent extraction/separation facility via conveyors and an in -line,
continuous weighing device (7). In this facility the shrub passes through the premix feeder,
which compresses the granulated shrub through an adjustable die. This step prevents
"blowback" of solvent vapors from the premix tank to the atmosphere at the point of shrub
introduction. In the premix tank (8), solvents (actually recycled miscella from the centrifuge)
and antioxidizing agents are introduced to the process. From the premix tank the slurry is sent
to the extractor tank (9), and mixing is continued for a predetermined residence time.
The slurry then moves from the extractor to a centrifuge (10), which separates liquids and
solids. The solids, in the form of bagasse (plant residue), are washed by a fresh rinse of
solvent and then are sent to a desolventizer (11), where the solvent is recovered and sent to a
solvent recovery tank. The desolventized bagasse is deposited in a dumpster for removal from
the plant site (12). (At this time bagasse is simply being discarded, but in the future it may be
used for electric cogeneration or for other uses [see "Co-Product Characterization and Use"
below].) The liquids (miscella) are pumped from the centrifuge to the miscella clarifier, in
which the bulk of the fines settle out. After the miscella is pumped through filters to remove
remaining fines, it is mixed with acetone and enters the fractionation system (13). The acetone
causes the miscella to separate into two distinct phases: "rubber cement," which is the rubber
product contaminated with solvent, resin, and low -molecular -weight (LMW) rubber, and the
"by- product" phase, which contains solvent, resin, and LMW rubber. The rubber cement
phase is passed through a series of five fractionators (with a countercurrent of fresh solvent),
which have the purpose of removing sufficient resin and LMW rubber from the rubber cement
phase to allow specification -grade rubber to be recovered.
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The decontaminated rubber cement that exits the fractionator is mixed with antioxidant
to stabilize it for long -term storage , and then is pumped to the rubber desolventizer (14). Here -
the solvent trapped in the swollen rubber is vaporized (volatilized), and the final desolventized
product rubber is extruded from the machine in the shape of a rope. The rubber rope is
transported to the rubber baler, which produces approximately 73 -pound bales measuring
about 28 x 14 x 7 inches. The bales are cooled, wrapped, and crated as 1,000 -pound "lots."

The final "by- product" phase exiting from the fractionator is desolventized (15) and
then pumped into drums for storage. In a commercial plant, this phase would be separated into
LMW rubber cement and resin.

Solvents used throughout the extraction process are recovered for reuse. Vaporized
solvents are sent to the extraction vent recovery system (16), and all condensed solvents flow
to the solvent separator and then to appropriate storage tanks.

RUBBER QUALITY AND UTILIZATION

The final inventory of guayule rubber produced by the prototype processing facility in Sacaton
was 3 tons of SMR20 -grade rubber, which will be used for Navy F18 aircraft tire tests; i ton
of modified FEMA -grade rubber for Army truck -tire tests; and about 4 tons of rubber of other
quality. This rubber will be examined for quality and performance. If guayule rubber is to be
used as a replacement for Hevea rubber, it must demonstrate comparable physical properties
and levels of performance.

Guayule rubber is made up of linear chains of the five -carbon molecule isoprene, as is
Hevea, and has a similar molecular weight. Consequently, guayule rubber has the same
bounce, stretch, and general properties as Hevea rubber. The attachment and geometry of the
isoprene units, or microstructure, in rubber is critical to suitability for use in many rubber
products today, especially those used under extreme conditions. Analysis with nuclear
magnetic resonance spectroscopy has shown that the microstructures of guayule and Hevea
rubber are identical (National Academy of Sciences, 1977). Hevea and guayule also share a
particular configuration of the isoprene bonds, which synthetic polyisoprenes do not match,
that has a significant effect on certain performance characteristics (for example, hot tear
strength). Infrared and X -ray measurements and differential thermal analysis have confirmed
the identical structures of guayule and Hevea rubber (National Academy of Sciences, 1977).

Other properties of rubber include "green strength" and "building tack." Green strength
is a measure of the strength of raw rubber during extension. This property does not affect the
quality of the final rubber product but is important during manufacture, when a tire with low
green strength can stretch out of shape before vulcanization. Preliminary data indicate that
guayule rubber is intermediate between Hevea and synthetic rubber in green strength (National
Academy of Sciences, 1977); however, other studies suggest that chemical additives could
improve guayule's green strength to the level of Hevea (Campos Lopez, Neavez Camado, and
Maldonado Garcia, 1978). Building tack measures how well layers of raw rubber cohere
before vulcanization, an important property in the manufacture of certain tires. Unlike synthetic
polyisoprenes, Hevea and guayule rubber have good building tack. Guayule's excellent
tack and flow characteristics should make it suitable for manufacturing radial and large tires
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(National Academy of Sciences, 1977) .

The process of reversion (the deterioration of physical and mechanical properties such
as tear resistance, tensile strength, and stiffness) and the degree to which it occurs in an
elastomer is also an important consideration. One study showed that the percentage change in
tensile properties in samples of guayule and Hevea were equivalent (Winkler, Schostarez, and
Stephens, 1978), and other data demonstrate a degree of reversion in guayule lower that that in
Hevea under identical conditions (Sloan, Magliochetti, and Hart, 1986). These results indicate
that guayule has sufficient stability to age at the same rate as Hevea.

One direct measurement of rubber quality is molecular weight. Guayule produces both
high -molecular- weight and low -molecular- weight rubber, the latter being suitable only for low -
quality uses such as adhesives and rubber cement. Studies have shown that amounts of each
type of rubber vary within the plant, with bark rubber having about twice the molecular weight
of wood rubber (Estilai , 1987b), and fluctuate throughout the year, with more high- molecular-
weight rubber found in shrubs after periods of water stress and cold stress (Schloman, Garrot,
and Ray, 1986). The guayule shrub also shows a long -term increase in high -molecular- weight
rubber over the life of the plant (Garrot, Schloman, and Ray, 1986). It was recently reported
that most of the USDA guayule lines, as well as the latest selections, contain high molecular
weights averaging 1.0 x 106 and that consequently, despite variability and seasonal
fluctuations within and between lines, the average rubber quality of guayule is satisfactory for
commercial applications (Naqvi, 1987).

The molecular weight of guayule also varies according to harvesting and storage
methods used. Several guayule varieties were evaluated for rubber quality (as indicated by
molecular weight) in a recent experiment under three different harvesting treatments: (1) plants
were harvested, chipped, and analyzed immediately; (2) plants were harvested, chipped, and
left in the field for 2 weeks before analysis; and (3) plants were harvested, left whole in the
field for 2 weeks, and then chipped and analyzed (Ray et al., 1987). Evaluation showed that
plants from treatment 2 had the significantly lowest molecular weight, and plants from
treatment 3 had the significantly highest. These results indicate that field drying actually
increases molecular weight, whereas chipping has a negative effect.

The ultimate test of the quality of guayule rubber will be the performance of guayule
rubber products. Little was learned during early periods of guayule production about its
performance under full operating conditions because almost all of the 120,000 tons of resinous
rubber purchased and used by rubber companies between 1903 and 1946 were blended with
Hevea (National Academy of Sciences, 1977). However, in the early 1950s several tons of
deresinated rubber were distributed to industry for performance testing. In one federally
supervised test by The Firestone Tire and Rubber Company, a guayule tire and a Hevea tire
were placed on the back wheels of three loaded trucks. Guayule performed as well as Hevea,
with one guayule tire lasting 50,900 miles without a body break (National Academy of
Sciences, 1977). More recently, rubber companies in the United States, Mexico, and Europe
have been testing guayule rubber for use in tires and other products. Laboratory and field trials
by the University of Akron and Goodyear Tire and Rubber Company have confirmed that
guayule is capable of yielding a high -quality rubber, and that it is acceptable as a substitute for
Hevea and synthetic rubber in many tire formulations (Foster et al., 1980). The U.S. Navy in
1979 conducted tests of rebuilt aircraft tires containing 100 percent guayule rubber tread
replacement compounds and concluded that guayule is an acceptable replacement for Hevea in
these high -stress uses (Berger and Fontanoz, 1980).
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More research is needed in the area of guayule rubber quality. Because uniformity is
very important in rubber applications, researchers need to develop a standard guayule rubber,
that is, a product of predictable properties. Studies are also needed to determine guayule
rubber's sensitivity to oxygen, ozone, nitrogen oxides, sulfur oxides, and oils, as well as
climatic factors such as sunlight, humidity, and cold (National Academy of Sciences, 1977).

CO- PRODUCT CHARAC; rERIZATION AND USE

Guayule is a plant that produces many different products, not only a high quality, high -
molecular- weight rubber. The co-products produced by a guayule processing plant are in part
determined by whether the plant operates on a two -way or three -way split. In the case of a two -
way split, which was used at the prototype plant, there are two end -products; everything that is
left after the high -molecular -weight rubber is obtained is categorized as resin. In a three -way
split, which would be used by a commercial processing plant, low -molecular -weight rubber is
separated out from the resin so that three products result (high- and low -molecular- weight
rubber, and resin). Both processes also produce bagasse, or plant residue.

Resin shows the most promise as a high -value co- product. For every pound of rubber
produced, a pound or more of resin is obtained; in a recent growth trial of guayule varieties, the
highest - yielding line produced about 1,350 pounds of resin per acre per year (Dierig,
Thompson, and Ray, 1990). At present there is a fairly consistent resin percentage among all
lines and age groups (from 1 to 3 years) of around 6 percent. However, resin yield has been
shown to vary with cultivation site, harvest date, and shrub strain, and its composition also
varies seasonally ( Schioman et al., 1986). These variations will have direct implications for
guayule processing and for co-product use, since the availability of some resin constituents will
fluctuate.

Guayule resin contains a wide variety of components with commercial value, including
volatile and nonvolatile terpenoids, a high melting wax, a shellac -like gum, drying oils, and
cinnamic acid (National Academy of Sciences, 1977). In October 1987 work began at Texas A
& M to separate guayule resin into its various fractions and to analyze the material properties of
concentrated resin samples. A research priority is to recover a water -soluble component from
the resin obtained by the solvent -extraction processing method because of the high value of
coatings made from similar materials (J.P. Wagner, personal communication, January 1988).

Other areas of resin research include investigating the use of guayule resin in termite
control for wood and polyvinyl chloride ( Bultman et al., 1986; Bultman and Bailey, 1988), as
a source of derivatives that can improve rubber building tack and green strength (Schioman,
1987), and as a plasticizer /extender for more- expensive epoxies (Armistead, Bultman, and
Griffith, 1987). Recent experiments showed that epoxy coatings containing up to 10 percent
guayule resin demonstrated performance characteristics similar to unmodified epoxies when
applied to treated surfaces -- excellent adhesion, good impact resistance and hardness. On
untreated surfaces, the guayule resin -modified epoxy coating exhibited the properties of a
strippable coating, another commercially valuable product (Thames and Wagner, 1989). The
Naval Research Laboratory is evaluating guayule resin as a fungicide for wood used in both
terrestrial and marine environments ( Bultman et al., 1987). Resin -impregnated pine sapwood
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exhibited significantly improved inhibition of brown rot, white rot, and soft rot fungi over
control specimens. Interest has also been shown by commercial paint and chemical companies,
who are testing resin samples for possible applications in their industries (J.P. Wagner,
personal communication, January 1988) .

The other major co-products of guayule rubber processing are low -molecular- weight
rubber and bagasse. The low -molecular- weight fraction of guayule rubber has potential value
in rubber cements, adhesives, and low -cost elastomers. It could also possibly be
used as a feedstock in depolymerized rubber production, an application in which it has
advantages over Hevea (Schioman, 1987). Researchers are experimenting with the addition of
chlorine to low -molecular- weight rubber to form chlorinated rubber, a very promising
guayule co- product. This product increases the durability and weather- resistance of coatings
and finishes, and is used in street paints, corrosion -resistant paints, marine paints, swimming
pool paints, and floor varnish paints, as well as in printing inks. Preliminary analyses show the
chemical structure and composition of chlorinated rubber made from low -molecular- weight
guayule rubber to be quite similar to that of commercial -grade chlorinated rubber (Thames and
Wagner, 1989). Recent performance tests comparing chlorinated guayule rubber with
commercial chlorinated rubber demonstrated that guayule performed equally as well as, and in

some cases surpassed, the commercial product (McNeal, 1990).
Proposed uses for the bagasse include formation into paper, cardboard, and

construction materials (hardboard overlays and insulation); application as a soil amendment;
and manufacture of guayule fireplace logs. Recent analyses of the smoke from the logs
revealed no unusually toxic constituents except for chromium, if present in the hexavalent state
(Thames and Wagner, 1989). Laboratory formulations of exterior hardboard siding utilizing
guayule bagasse as an overlay fiber exhibited excellent surface profile, water resistance, and
overall physical integrity. This co-product has also been considered for use as a fuel source for
energy cogeneration; ERP studies concluded that properlydried bagasse can supply all the heat
requirements for a large processing facility (Foster et al., 1980). Other studies have
investigated potential uses of charcoal made from the bagasse. Preliminary results indicate a
possible value as a source of chemical feedstocks for the petroleum industry, and as a
component in the manufacturing of direct process steel (Esemplare and Steiner, 1990). More
research is needed, however, to determine the actual value of bagasse in these applications, and
to determine any environmental constraints to burning this material.

Uses have also been proposed for a wax produced in large quantities by guayule
leaves, which has one of the highest melting points ever recorded for a natural wax (1690F),
and for the seeds, which contain 11 to 14 percent protein and may have value as a human or
animal food (Foster et al., 1980).

At Arizona State University, researchers have been developing a process to convert
various renewable, low -value biomass materials into diesel -type fuels, and guayule is among
the approximately 100 materials under consideration. This process would convert the co-
products from a guayule processing operation into a high -grade liquid hydrocarbon fuel
(Kuester and Wang, 1986). This fuel has potential either for internal use (agricultural
machinery or processing facility needs) or for external sale.

Samples of resin and bagasse produced by the prototype processing plant have been
provided to researchers for testing and determination of potential uses. If values can be found
for these co- products, the economic outlook for commercial guayule production will be
significantly improved.

25



IV. SCALE -UP SCENARIOS FOR COMMERCIAL PRODUCTION
AND NATIONAL EMERGENCY PRODUCTION

If the United States were to begin utilizing guayule as a domestic source of natural rubber,
what technological, resource, and time factors would be involved? Two development scenarios
are presented in this report: (1) establishing a commercial guayule industry under normal
market conditions that could meet 20 percent of the estimated 1990 peacetime natural rubber
needs of the Department of Defense (or 16,000 long tons per year) and (2) meeting 100 percent
of DoD natural rubber needs in a worldwide conventional war situation, in which Hevea
imports are cut off or severely disrupted. These needs would total 370,000 long tons in Year 1,
530,000 long tons in Year 2, 685,000 long tons in Year 3, and 840,000 long tons in Year 4.
The first scenario is considered at both 1990 and 1996 levels of technology, and the second at
the 1996 level only, since there is simply not enough seed currently available to meet 100
percent of DoD wartime needs.

1990 TECHNOLOGY

Presented in this section is a best -estimate time frame for establishing a commercial guayule
industry in 1990 with the capability to produce 20 percent of DoD peacetime natural rubber
needs.

1990 State -of- the -Art Assumptions

The 1990 time frame is based on the following assumptions:
400 pounds of good -quality seed would be available (200 pounds of USDA
varieties and 200 pounds of the Gila variety).
Adequate acreage would be available.
Fields would be established with seedling transplants, and 1 pound of seed would
furnish enough transplants for about 8 acres of guayule.

Seed yields of the newly planted fields would be approximately 0.5 pound per acre
the first year, 2 pounds per acre the sec and year, and 1 pound per acre the third
year (because of shrub harvest during the third year).
Shrubs would be clipped in the second year after transplanting and dug up in the
fourth year. USDA varieties would yield ab out 400 pounds of rubber per acre per
year, and Gila would yield about 200 pounds per acre per year.

Given these assumptions, how much time would be required for the United States to
produce a minimum of 16,000 long tons of guayule rubber if production were started in 1990?
As shown in Table 1, if 1,600 acres of each kind of guayule seedling were transplanted in the
spring of 1990, 1,600 pounds of seed (at 0.5 pounds per acre) would be harvested that year.
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Table 1. 1990 commercial production time frame.

Yeu Operation Quantity

1990 Plant: USDA 200 lbs seed' x 8 ac/lb 1.600 ac
(Gila) 200 lbs seed' x 8 ac/lb 1,600 ac

Harvest
Seed: (USDA) 1,600 ac z 0.5 lb seed/ac 800 lbs

(Gila) 1,600 ac x 0.5 lb seed/ac 800 lbs
Total 1,600 lbs

Rubber 0

1991 Plant: (USDA) 800 lbs seed x 8 ac/lb 6,400 ac
(Gila) 800 lbs seed a 8 ac/lb 6,400 ac

Harvest
Seed: (USDA) 1,600 ac a 2 lbs seed/ac 3.200 lbs

(USDA) 6,400 ac z 0.5 lb seed/ac 3,200 lbs
(Gila) 1,600 ac x 2 lbs seed/ac 3,200 lbs
(Gila) 6,400 ac x 0.5 lb seed/ac 3.200 lbs

Total 12,800 lbs
Rubber. 0

1992 Plant: (USDA) 6,400 lbs seed x 8 ac/lb 51.200 ac
(Gila) 6,400 lbs seed a 8 ac/lb 51,200 ac

Harvest
Seed: (USDA only) 1,600 ac z 1 lb seed/ac 1,600 lbs

6,400 ac x 2 lbs seed/ac 12,800 lbs
51,200 ac z .5 lb seed/ac 25,600 lbs

Total 40,000 lbs
Rubber. (USDA) clip 1,600 ac planted in 1990

z 400 lbs/ac/yr a 2 yrs 570 LT'
(Gila) clip 1,600 ac planted in 1990

x 200 lbs/ac/yr z 2 yrs 285 LT
Total 855 LT

1993 Plant: (USDA only) 140,000 ac'
Harvest
Seed: As needed

Rubber. (USDA) clip 6,400 ac planted in 1991
x 400 lbs/ac/yr x 2 yr 2,286 LT

(Gila) clip 6,400 ac planted in 1991
x 200 lbs/ac/yr x 2 yrs 1.143 LT

Total 3,429 LT

1994 Plant: (USDA) 140,000 ac
Harvest

Seed: As needed
Rubber. (USDA) dig 1,600 ac planted in 1990

x 400 lbs/ac/yr x 2 yrs 570 LT
(Gila) dig 1,600 ac planted in 1990

x 200 lbs/ac/yr x 2 yrs 286 LT
(USDA) clip 51,200 ac planted in 1992

x 400 lbs/ac/yr x 2 yrs 18,286 LT
(Gila) clip 51,200 ac planted in 1992

x 200 lbs/ac/yr x 2 yrs 9,143 LT
Total 28,285 LT'

1995 Plant: (USDA) 140,000 ac
Harvest

Seed: As needed
Rubber. (USDA) dig 6,400 ac planted in 1991

x 400 lbs/ac/yr x 2 yrs 2,286 LT
(Gila) dig 6,400 ac planted in 1991

x 200 lbs/ac/yr x 2 yrs 1,143 LT
(USDA) clip 140,000 ac planted in 1993

x 400 lbs/ac/yr x 2 yrs 50,000 LT
Total 53,429 LT

Total seed available by 1990.
' Long ton (LT) = 2,240 pounds.

Capacity of one 50 ,000 -long- ton -per -year processing plant.
4 20 percent of DoD peacetime natural rubber needs are met by 1994.
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In 1991, 12,800 more acres could be planted from that seed and would produce 6,400 pounds

of seed, in addition to 6,400 pounds of seed produced by the original 3,200 acres. This 12,800

pounds of seed would plant 102,400 new acres in 1992, and the combined acres would

produce a total of 40,000 pounds of seed. The plants on the original 3,200 acres would at that

time be clipped and would yield 855 long tons of rubber [(1,600 USDA acres x 400 pounds

per acre per year x 2 years) + (1,600 Gila acres x 200 pounds per acre per year x 2 years)].

Up to that point (1992), number of acres planted would be determined and limited by

the amount of seed available; number of acres in subsequent years would be determined by the

level of production desired. Also, as soon as enough USDA seed were available, Gila seed

would not be planted because of its lower yield. Thus starting in 1993, growers would need to

plant 140,000 acres each year (based on supplying one 50,000 -long- ton -per -year processing

plant) if the objective were to establish a commercial industry and provide 20 percent of DoD

natural rubber needs. 1993 would see the production of 3,429 long tons of rubber from the

12,800 acres planted in 1991. In 1994, 28,285 long tons of rubber would be produced, which

would more than fulfill 20 percent of DoD requirements . And by 1995, a yearly rubber yield

of 50,000 long tons could be produced.
Therefore, a guayule operation started in 1990 would take until 1994 and require a total

of 118,000 acres of land to produce 20 percent of DoD needs. One processingplant with a

50,000 -long- ton -per -year capacity would be more than adequate to meet this need and could be

constructed during 1990 -92, while the guayule crop was maturing. To keep the processing

facility operating at capacity, 280,000 acres would need to be put under guayule production

(140,000 acres harvested each year).

Commercial Agrisystem Requirements

Seed Production Costs. Seed production costs include both harvesting and seed

cleaning costs. Based on the use of a modified International Harvester two-row cotton picker

chassis, a best estimate for harvesting costs is approximately $25 per acre. This figure includes

the cost of the machine and the operator. It is likely that seed would be harvested two to three

times per year, the best times being spring and fall for maximum seed viability.

Cleaning is absolutely necessary for guayule seed, since a large percentage of them can

be empty and nonviable. Currently theonly equipment available for this procedure is that

designed for cleaning vegetable and grass seed. The estimated cost for guayule is $40 per

pound of cleaned, viable guayule seedproduced; with improved technology, this cost will be

lowered.

Establishment and Growing Costs. Establishment costs include the cost of seed -bed

preparation and the cost of seedling purchase and planting (until direct seeding techniques are

perfected). These expenses would be incurred by the farmer every 4 years, after the previous

planting was dug up.
Total seed bed preparation costs are estimated to be $30 per acre (Table 2). This figure

is based on average costs of these operations for any field crop on previously farmed land. In a

scenario that required the use of raw land, for example in a national emergency, additional

operations and expenses would be involved. A major concern would be securing water rights

for the land, which could require special legislative dispensation and additional costs of at least
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$1,000 per acre.
The total cost to purchase and plant seedlings is estimated at $330 per acre, assuming

11,000 seedlings per acre at a price of $0.025 each, planted by an outside commercial planting
operation. Thus the total establishment cost for irrigated guayule would be $360 per acre.

Growing costs include all of the costs of weed and insect control, fertilizer, and
irrigation, as well as the farmer's overhead costs. Table 3 shows per -acre costs for weed
control (both chemical and mechanical), insect control, fertilizer, and irrigation for each of the 4
years of cultivation, based on guayule data from central Arizona. In practice these chemicals
would be applied as needed, and amounts could vary among fields. To determine fertilizer
needs, a pre -planting analysis of the soil and periodic leaf analyses may be necessary. It is
important to note that, at present, use of these chemicals on guayule is restricted for the most
part to experimental applications. The development of any commercial industry would have to
include the registration of appropriate chemicals for large -scale use on guayule.

Annual overhead costs for a commercial guayule operation are given in Table 4, based
on typical per -acre charges for central Arizona. The land is assumed to be rented, and general
farm costs include all labor, materials, and maintenance. Total overhead costs each year would
be $165.

The total growing costs for the 4 years of guayule cultivation, including chemical,
irrigation, and overhead costs, are shown in Table 5.

Harvest and Transport Costs. Harvest and transport costs would be the same for either
commercial or national emergency production. At this time these costs must be estimated, in the
absence of a commercial -scale operation -- estimates here are based on harvest and transport data
for alfalfa (Wade, Stedman, and Harper, 1989), which is considered to provide the best
approximation to guayule. The projected scenario assumes that the shrub would be clipped
during the second year and dug up completely during the fourth year. The shrub material
would be baled in the field and then transported to the processing plant.

The estimated average cost of these operations in 1990 is $25 per ton, FOB the field.
An additional $7 per ton cost to transport the shrub to the processing plant would be charged.
This figure is based on a hauling distance of approximately 25 miles; it is assumed that shrub
would not be grown outside of a 50 -mile radius of the processing plant because of the cost of
transport. It is also assumed that the harvesting will be performed by an outside harvesting
crew because of the cost of the equipment.

Shrub and Acreage Requirements. To calculate the amount of shrub required daily by
one 50,000- long- ton -per -year processing plant, the number of long tons of rubber is converted
into pounds (112,000,000 pounds) and divided by the annual number of operating
days of the plant (330 days per year). This yields a figure of approximately 340,000 pounds of
rubber produced per day. Given as hrub rubber content of 4 percent, 8,500,000 pounds of
shrub would be needed each day to run the plant. The acreage requirement can be calculated by
dividing the amount of shrub required per day by the best current estimate of shrub produced
per acre (20,000 pounds per acre). The result, 425 acres per day, is multiplied by 330
operating days per year to yield an annual acreage requirement of 140,250 acres.

To establish a commercial guayule operation capable of supplying at least 20 percent of
DoD natural rubber peacetime needs (16,000 long tons), one 50,000- long- ton -per -year
processing plant would be needed. Therefore the operation would have a daily shrub
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Table 2. Seed -bed preparation costs (per acre).

Plow $ 10
Disc 8

Leveling 7
List rows 5

Subtotal 30

Seedlings (11,000 @ $.025 each) _ $275
Planting seedlings (custom) 55

Subtotal 330

Total $360

Table 3. Guayule growing costs (per acre).

Year

1 2 3

Weed control $ 16 $ 8 $ 8
Chemical
Mechanical 12 6 12

Irrigation
Water (2.5 ac- ft/ac /yr) 125 125 125

Labor 25 25 25

Fertilizer 16 8 16

Insect control 10 0 10

Total $204 $172 $196

4

$

o

125
25

8

0

$158
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Table 4. Overhead costs (per acre).

Annual costs

Land $75
General farm (materials and labor) 60
Supervisory/management 30

Total $165

Table 5. Financial analysis of guayule production in central Arizona (per -acre costs).

Year

Operation 1 2 3 4 Total

Stand establishment
Seed bed preparation $ 30 $ 30
Seedlings (11,000) 275 275
Plant seedlings 55 55

Growing
Weed control 28 14 20 0 62
Irrigation 150 150 150 150 600
Fertilizer 16 8 16 0 40
Insect control 10 0 10 0 20

Subtotal 564 172 196 150 1,082

Overhead 165 165 165 165 660

Total preharvest costs 729 337 361 315 1,742

Harvesting
Harvest/bale ($25 /ton) 0 250 0 250
Haul ($7 /ton) 0 70 0 70

0 320 0 320 640

Total cost $729 $657 $361 $635 $2,382
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requirement of 8,500,000 pounds and an annual acreage requirement of 140,500 acres.
As mentioned in the time frame section above, there is simply not enough seed

currently available to produce 100 percent of military wartime requirements in 1990, so shrub
and acreage requirements for this scenario are not calculated.

Processing

Scale -Up Costs. The following costs for a 50,000 -long- ton - per -year guayule
processing plant were developed by Dravo Engineering Companies, Inc. (now Davy Dravo),
of Pittsburgh, Pennsylvania. These estimates are based in part on data generated by the 150 -
long- ton -per -year prototype plant in Sacaton, Arizona, utilizing the Firestone process, and in
part on industry averages for labor and materials. (The per -pound processing costs assumed
here could be substantially different if the commercial -scale plant requires extensive
reengineering of the Firestone process or adoption of a different processing technology.) This
section is a summary of scale -up processing costs; the complete cost analysis is given in the
Appendix in the form of a spread -sheet sensitivity analysis.

The total estimated cost to build a 50,000- long- ton -per -year guayule processing plant is
$82 million. If a decision were made to add the capability for electricity cogeneration, as a use
for the bagasse co- product, the capital investment would increase substantially.

The plant would employ more than 90 people for a direct labor cost of over $2 million
per year and a total labor cost, including taxes, overhead, and other additional expenses, of
$3.5 million. Total cost per year for all utilities, including electricity (assuming no
cogeneration), fuel, and make -up water, would be almost $1.9 million. Annual figures for
other plant operation expenses -- solvent, antioxidant, rubber product packaging, and trash
disposal- -would add up to $9.6 million. Thus, total plant operating expenses, including labor,
materials, and utilities, would equal almost $15 million per year. Local taxes and insurance
would contribute an additional $2.2 million, for a total annual operating expense of
approximately $17.2 million.

The operating cost per pound of rubber product is calculated by dividing the annual
operating expense by pounds of rubber produced per year (50,000 long tons of rubber = 112
million pounds). The resulting cost figure is $0.15 per pound of rubber produced.

Co- Product Quantity and Value. The composition of current varieties of guayule shrub
is approximately 4 percent rubber, 4 percent resin, 1 percent low -molecular- weight rubber, 64
percent bagasse, 25 percent water, and 2 percent trash. One 50,000- long -ton -per -year
processing plant would therefore produce 50,000 long tons of resin, 12,5000 long tons of
low -molecular- weight rubber, and almost 1 million long tons of bagasse. As described above
in the section on co- product characterization and use, researchers are studying these co-
products to find potential uses with economic value. Based on this preliminary research, it is
estimated that the resin and low- molecular -weight rubber would each be worth approximately
$0.20 per pound as feedstocks for various value -added products. This is roughly the market
value of similar feedstocks that guayule co-products would be substituted for (see Schioman,
1989). If facilities to manufacture a value -added product from the feedstock were built in
conjuction with the rubber processing plant- -for example, to make chlorinated rubber from the
low -molecular- weight fraction --co- product values would be significantly higher, although there
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would be increased costs for the additional facilities and processing.
At the present time bagasse is estimated to have a value of $0.02 per pound. Because it

is produced in such large quantities, any increase in value could have an important effect on the
processing facility's return on investment. Its value could increase if it were used in electricity
cogeneration for the facility, but the additional expense of the cogeneration plant would have to
be considered.

1996 TECHNOLOGY

For 1996, two time frames are given: one for commercial production of 20 percent of DoD
natural rubber needs in peacetime and one for production of 100 percent of DoD natural rubber
needs in the event of a world -wide conventional war. 1990 estimates for DoD natural rubber
requirements are used for the 1996 time frames, although it is likely these would be low for
actual 1996 needs.

1996 State -of- the -Art Assumptions

The 1996 time frames for the two production scenarios anticipate improvements in seeding
technology and rubber yields. The following assumptions are made:

As much seed as needed would be available.
Adequate acreage would be available.
Fields would be direct seeded and irrigated, and 1 pound of seed would plant 10 acres.
Shrubs would be clipped in the second year and dug up completely in the fourth
year, and would yield approximately 2,400 pounds of rubber per acre during each
harvest (1,200 pounds per acre per year).

As mentioned under the 1990 time frame, one 50,000 -long- ton -per -year processing
plant would be more than adequate to supply 20 percent of DoD peacetime needs (even
assuming an increase by 1996 over the 1990 figure of 16,000 long tons). Given the above
assumptions, to produce enough feedstock for the facility to run at capacity, a commercial
guayule operation in 1996 would need to direct seed 50,000 acres every year (Table 6). Fields
would begin to yield approximately 53,000 long tons per year by 1998. Therefore, a guayule
operation started in 1996 would take until 1998 and require 100,000 acres of land to produce
enough rubber to meet 20 percent of DoD peacetime natural rubber needs.

To determine the time frame necessary to provide 100 percent of DoD wartime natural
rubber needs in 1996, calculations were based on the 1996 assumptions above and on the
number of 50,000 -long- ton -per -year processing facilities required for each of the first four
years of a wartime situation (Table 7). It must be noted that, because it takes guayule shrubs
24-28 months of growth to produce a reasonable rubber yield, it would take at least this long to
produce Year l's requirement, and that is assuming that the acreage, seed, and necessary
infrastructure for a full -scale guayule operation are already in place.

If national emergency production were to begin in 1996 (Table 8), 375,000 acres
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Table 6. 1996 commercial production time frame.

Year Operation Quantity

1996 Plant 50,000 ac'
Harvest

Seed: As needed
Rubber: 0

1997 Plant: 50,000 acres
Harvest

Seed: As needed
Rubber: 0

1998 Plant As needed
Harvest

Seed: As needed
Rubber: clip 50,000 ac planted in 1996 53,000 LT'''

x 1,200 lb /ac /yr x 2 yr

' Capacity of one 50,000 -long- ton - per -year processing plant.
b Long ton (LT) = 2,240 pounds.

20 percent of DoD peacetime natural rubber needs is exceeded.

Table 7. DoD natural rubber and processing facility requirements for the first 4 years
of a worldwide conventional war.

Natural rubber
(long tons)

Number of
processing plants

Year 1 370,000 8

Year 2 530,000 11

Year 3 685,000 14

Year 4 840,000 18

Note: These figures are 1989 estimates.
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Table 8. 1996 national emergency production time frame.

Year Operation Quantity

1996 Plant 375,000 ac
Harvest

Seed: 65,000 lbs
Rubber: 0

1997 Plant 517,000 ac
Harvest

Seed: 35,000 lbs
Rubber: 0

1998 Plant 283,000 ac
Harvest

Seed: 41,000 lbs
Rubber: clip 375,000 ac (planted in 1996)

x 1,200 lbs/ac /yr x 2 yrs 402,000 LT° (Y1)

1999 Plant 329,000 ac
Harvest

Seed:
Rubber: clip 517,000 ac (planted in 1997)

x 1,200 lbs/ac/yr x 2 yrs 554,000 LT (Y2)

2000 Plant 563,000 ac
Harvest

Seed: 65,000 lbs
Rubber: dig 375,000 ac (planted in 1996)

clip 283,000 ac (planted in 1998)
658,000 ac x 2,400 lbs/ac 705,000 LT (Y3)

2001 Plant 517,000 ac
Harvest

Seed: 35,000 lbs
Rubber: dig 517,000 ac (planted in 1997)

clip 329,000 ac (planted in 1999)
846,000 ac x 2,400 lbs/ac 906,000 LT (Y4)

2002 Plant 283,000 ac
Harvest

Seed: 41,000 lbs
Rubber: dig 283,000 ac (planted in 1998)

clip 563,000 ac (planted in 2000)
846,000 ac x 2,400 lb /ac 906,000 LT

2003 Plant 329,000 ac
Harvest

Seed: 70,000 lbs
Rubber: dig 329,000 ac (planted in 1999)

clip 517,000 ac (planted in 2001)
846,000 ac x 2,400 lb /ac 906,000 LT

2004 Plant
Harvest

Seed:
Rubber: dig 563,000 ac (planted in 2000)

clip 283,000 ac (planted in 2002)
846,000 ac x 2,400 lb /ac 906,000 LT

Long ton (LT) = 2,240 pounds.
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would be planted (the number of acres necessary to provide feedstock for eight processing
plants, which would produce the rubber for Year i of DoD wartime needs. The amount of seed

that would need to available to plant these acres is approximately 47,000 pounds.). At the
end of 1996, at least 65,000 pounds of seed would need to be harvested to plant 517,000 acres
in 1997 (enough to supply 11 processing plants for Year 2 in 1999). In 1997, at least 35,000
pounds of seed would need to be harvested, which would plant the number of acres in 1998
(283,000 acres) that, when added to the rubber obtained by digging the shrubs planted in
1996, would supply the 14 processing plants for Year 3 in the year 2000. In 1998, the shrubs
planted in 1996 would be clipped, producing 402,000 long tons of rubber and thereby
providing the Year 1 requirement. At least 41;000 pounds of seed would need to be harvested
to plant in 1999 the 329,000 additional acres needed to produce the requirements for Year 4 in
2001. In 1999, the acreage planted in 1997 would be clipped, yielding 554,000 long tons for
Year 2. (If the Year 4 level of production is to be continued in subsequent years, at least
70,000 pounds of seed would need to be harvested in 1999 to plant the 563,000 additional
acres in the year 2000 needed to produce the Year 4 requirement again in 2002.)
In the year 2000, a total of 705,000 long tons of guayule rubber would be harvested from
clipping the 1998 shrubs and digging the 1996 shrubs, which would satisfy the Year 3
requirement. (At least 65,000 pounds of seed would need to be harvested to plant the acreage
in 2001 that would maintain the Year 4 level of production in 2003 [517,000 acres].) In 2001,
digging the shrub planted in 1997 and clipping the shrub planted in 1999 would produce a total

of 906,000 long tons, thus providing the Year 4 requirement.
To maintain Year 4 production levels in following years, the amount of acreage planted

each year would simply rotate through the progression established during the preceding years:
517,000, 283,000, 329,000, and 563,000 acres (starting the rotation in 2001).
Correspondingly, the amount of seed that would need to be harvested each year to plant these
acres would follow the progression of 35,000, 41,000, 70,000, and 65,000 pounds (starting
in 2001).

Thus, if national emergency guayule production were begun in 1996, to produce 100
percent of DoD needs for Year 1 would take until 1998 and would require 375,000 acres and 8
processing plants. To produce 100 percent of DoD needs for Year 4 would take until 2001 and
would require 846,000 acres and 18 processing plants.

Commercial Agrisystem Requirements

Seed Production Costs. A modest decrease in seed production costs could be expected
by 1996 due to improved technology that would increase the percentage of viable seeds
produced. Cleaning methods should also be improved, which would help bring down these
costs.

Establishment and Growing Costs. The perfection of direct seeding techniques by
1996 should substantially reduce establishment costs, in conjunction with improved planter
technology. It is estimated that the cost of establishment could drop to $100 per acre or less.
However, there is no current research that promises to have much effect on growing methods,
and so growing costs would probably not change significantly.
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Harvest and Transport Costs. For both commercial and national emergency production
scenarios, it can be assumed that harvest and transport operations would be more efficient than
in 1990. However, it is difficult to predict whether the overall cost to the farmer would
decrease from the 1990 estimate of $25 per ton, since logically costs of equipment, gas, and
other expenses would rise.

Shrub and Acreage Requirements. The 1996 shrub and acreage requirements for one
50,000 -long- ton -per -year processing plant would be calculated the same way as for 1990 but
using 10 percent rather than 4 percent for the rubber content of the shrub. Thus, for the
processing plant to produce its daily output of 340,000 pounds of rubber, it would require
3,400,000 pounds of shrub containing 10 percent rubber. The acreage requirement is
determined by dividing 3,400,000 pounds of shrub by 20,000 pounds of shrub per acre,
which results in 170 acres per day. Multiplying the daily requirement by 330 plant operating
days per year gives the annual requirement of 56,100 acres per year.

A commercial industry capable of producing 20 percent of DoD natural rubber needs in
peacetime would require enough shrub and acreage to run two 50,000- long- ton - per -year
processing plants, or 6,800,000 pounds of shrub per day and 340 acres per day (112,200
acres per year).

To fulfill 100 percent of military natural rubber needs, the guayule industry must
provide 370,000 long tons in Year 1, 530, 000 in Year 2, 685,000 in Year 3, and 840,000 in
Year 4. As shown in Table 3, eight 50,000 -long- ton -per -year processing plants would be
needed for the Year 1 requirement. Using the figure determined above for the shrub
requirement of one plant (3,400,000 pounds per day), the requirement of eight plants is
calculated to be 27,200,000 pounds of shrub per day. The acreage would correspondingly
be 170 x 8 = 1,360 acres per day, or 448,800 acres per year. Table 9 shows shrub and acreage
requirements for the subsequent years 2, 3, and 4 of a conventional, world -wide war situation.

Processing

Because of operational problems, the Sacaton processing plant was primarily run on a "batch
mode" basis instead of on a continuous basis. Therefore, not enough of the necessary data
was produced to generate processing cost estimates for a commercial operation in 1996.
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Table 9. DoD shrub and acreage requirements for the first 4 years of a worldwide
conventional war.

Daily shrub
requirement (lbs)

Daily acreage
requirement

Yearly acreage
requirement

Year 1 27,200,000 1,360 448,800

Year 2 37,400,000 1,870 617,100

Year 3 47,600,000 2,380 785,400

Year 4 61,200,000 3,060 1,009,800
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V. COMMERCIAL PROSPECTS

1990 PROFITABILITY

The profitability of guayule production is currently calculated based on three factors: market
price of natural rubber, rubber yield, and cost of production. (Co- products, which as yet have
no established markets, are held constant at assumed values.) The average yield for irrigated
guayule at this time is approximately 400 pounds per acre per year, and Hevea rubber prices on
the New York market in 1990 ranged between $0.45 and $0.50 per pound. The following
profitability tables show how market price and rubber yield, for both irrigated and nonirrigated
guayule, affect the profitability margin given fixed production costs and current technology,
which includes the use of the Firestone extraction process.

Table 10 values are based on an average resin yield of 500 pounds per acre per year
(worth $0.20 per pound); and an average seed value of $100 -$150 per pound, or $22 per acre

per year (there is currently no established market value for guayule seed, so these figures are
strictly estimates). The yield of plant residue, or bagasse, is set at 6,400 pounds per acre per
year (worth $0.02 per pound). Processing costs are set at $0.15 per pound of rubber
produced, based on a computer -generated guayule shrub processing plant simulation model.
Production costs, based on the use of seedling transplants and a 4 -year production cycle, with
shrub clipped in the second year and dug up in the fourth year, are assumed to be $700 per acre

per year.
Given these 1990 assumptions, guayule growers would have to produce over 1,300

pounds of guayule rubber per acre per year to break even. At the current per -acre yield for
guayule of 400 pounds per year, market prices would have to increase to $1.35 per pound of
rubber for a guayule operation to start showing a profit. Thus, at the current market price and
rubber yield, guayule would not be a profitable crop.

Using numbers generated by researchers at Texas A &M University (Hall, Lacewell,
and Mulkey, 1988), a profitability analysis was done for nonirrigated guayule production.
Total growing costs for dryland guayule are about half of irrigated costs, or slightly higher than
$300 per acre per year. Dryland guayule production operates on a 5 -year cycle (1 year more
than irrigated guayule), with the plants clipped in the third year and the complete plant dug in

the fifth year. Some experimental guayule shrub grown in the Winter Garden area near Uvalde,
Texas, has yielded slightly over 240 pounds of rubber per acre per year. Based on the same
assumptions for resin and bagasse values and processing costs given above for irrigated
guayule, in order for a farmer to break even with a 240 -pound- per -acre yield, guayule rubber
would need to be worth $1.05 per pound (Table 11). At the current price of $0.50 per pound
for Hevea rubber, a dryland guayule grower would need to produce 600 pounds per acre or
2.5 times the present yield.
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Table 10. 1990 per -acre profit for irrigated guayule production and processing.

Lbs rubber
produced/ac /yr

Price of rubber /lb

$0.40 0.55 0.70 0.85 1.00 1.15 1.30 1.45

200 -$425 -395

400 -385 -325

600 -345 -255

800 -305 -185

1,000 -265 -115

1,200 -225 -45

-365

-265

-165

-65

-335

-205

-75

-305 -275 -245 -215

-145 -85 -25 35

1,400 -185 25

35

135

235

55

185

315

445

15 105 195 285

175 395 415 535

335 485 635 785

495 675 855 1,035

655 865 1,075 1,285

Assumptions:
1990 dollars.
Resin/LMWR: 500 lbs/ac /yr (value: $0.20/1b).
Seed value: $22 /ac.
Bagasse: 6,400 lbs/ac /yr (value: $0.02/1b).
Processing costs: $0.15 /1b rubber produced.
Production costs: $700 /ac /yr.
Four -year production cycle.
Seedlings, irrigated.
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Table 11. 1990 per -acre profit for nonirrigated guayule production and processing.

Lbs rubber
produced/ac /yr

Price of rubber /lb

$0.40 0.55 0.70 0.85 1.00 1.15

200 -$167 -137 -107

300 -147 -102 - 57

400 -127 - 67 - 7
500 -107 - 32 43

600 - 87 3 93

700 - 67 38 143

800 - 47 73 193

-77 -47 - 17

-12

53

118

183

284

313

33 78

113 173

193 268

273 363

353 458

433 553

Assumptions:
1990 dollars.
Resin /LMWR: 250 lbs/ac /yr (value: $0.20/1b).
Seed value: $22 /ac.
Bagasse: 2,600 lbs/ac/yr (value: $0.02/1b).
Processing costs: $0.15/lb rubber produced.
Production costs: $300 /ac /yr.
Four -year production cycle.
Seedlings.
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1996 PROFITABILITY

The economic projections in Table 12 for 1996 assume increased yields and decreased costs as
a result of technological improvements, particularly direct seeding. Only irrigated guayule is
considered, as estimates for 1996 nonirrigated guayule production have not been made. The
average rubber yield is projected to reach 1,200 pounds per acre per year, and the average resin
yield 800 pounds per acre per year. It is assumed that, as a result of research currently under
way to find uses for the resin, it will have a 1996 value of at least $0.25 per pound. The seed
value is assumed to remain the same ($100 -$150 per pound, $22 per acre per year). The value
of bagasse remains at $0.02 per pound. Processing costs are estimated at $0.20 per pound of
rubber produced (based on the Firestone extraction process). Production costs are assumed to
have been reduced to $600 per acre as a result of the use of direct seeding and the increased
efficiency of machinery and harvesting methods. All of these estimated costs are in 1990
dollars; the actual costs in 1996 will probably be higher due to inflation.

Given 1996 technology, at a production rate of 800 pounds per acre per year (twice the
current yield), guayule would start to show a profit above a market price of $0.68 per pound;
and at the 1996 projected yield of 1,200 pounds per acre per year, guayule would be profitable
at a market price above $0.47 per pound. Thus, if improvements in guayule production
technology occur as projected, guayule could be a profitable crop in 1996.

PROFITABILITY OUTLOOK

The increase in profitability between 1990 and 1996 shown by Tables 10 and 12 suggests that
increased values for the co- products would significantly improve the economic prospects for a
commercial guayule industry. The following figures illustrate the effect of changes in co-
product value on per -acre profit and on the per -acre yield needed to pay all production and
processing costs (i .e., to break even).

Figures 6 and 7 show the extent to which increasing the value of individual co-
products would improve per -acre profit at three different rubber yields. The price of rubber is
assumed to be $0.50 per pound, processing costs are set at $0.15 per pound of rubber
produced, and production costs are set at $700 per acre. In Figure 6, the value of bagasse is
assumed to be $0.02 per pound, and in Figure 7, resin is assumed to be $0.20 per pound.
Thus, at current rubber yields of 400 pounds per acre, guayule would not show a profit even
with a resin value of $0.50 (Figure 6). However, at the projected rubber yield for 1996 of
1,200 pounds per acre, a resin value of $0.30 per pound would result in a positive return on
investment.

Increasing bagasse values has an even greater effect on profitability (Figure 7). At the
current 400- pounds -per -acre rubber yield, no profit would be shown with a bagasse value as
high as $0.05 per pound. Guayule with an increased rubber yield of 800 pounds per acre,
however, would begin to be profitable when bagasse reaches .a value of about $0.05 per
pound; and with a yield of 1,200 pounds per acre, guayule would start to show a profit with a
bagasse value as low as $0.025 per pound.
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Table 12. 1996 per -acre profit for irrigated guayule production and processing.

Price of rubber /lb

$0.40 0.55 0.70 0.85 1.00

Lbs rubber
produced /ac /yr

700 -$280 -125 +35 +195 +350

800 -270 - 90 +90 +270 +450

900 -260 - 55 +145 +345 +550

1,000 -250 -20 +200 +420 +650

1,100 - 240 +15 +255 +495 +750

1,200 -230 +50 +310 +570 +850

1,300 -220 +85 +365 +645 +950

Assumptions:
1990 dollars.
Resin /LMWR: 800 lbs/ac /yr (value: $0.20/1b).
Seed: 3 lbs /ac /yr.
Bagasse: 5,000 lbs/ac /yr (value: $0.02/1b).
Processing costs: $0.20 /lb rubber produced.
Production costs: $600 /ac /yr.
Four -year production cycle.
Direct seeding, irrigated.
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Figure 7. Effect of bagasse value on per -acre profit at three rubber -yield levels.
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The relationship of resin value and the market price of natural rubber to profitability is
shown in Figure 8, with rubber yield held constant at 400 pounds per acre per year. At the
current natural rubber market price of $0.50 per pound, per -acre income would be negative
even with a resin value of $0.50 per pound. At a market price of $1.00 per pound, guayule
would just begin to be profitable at the $0.50 resin value. These figures indicate that at the
current price for natural rubber (and current yield), guayule production would require
approximately a $0.45- per -pound subsidy even if the value of resin were to reach $0.50 per
pound.

Figure 9 illustrates how increasing values for resin and bagasse reduce the rubber yield
necessary for a guayule operation to break even. If bagasse were held constant at $0.02 per
pound, the rubber yield required to break even would range from 1,400 pounds per acre per
year when resin is worth $0.10 per pound to around 900 pounds per acre per year when resin
is worth $0.50 per pound. If both resin and bagasse were varied, the break -even rubber yield
would drop from 1,600 pounds per acre per year when the resin value is $0.10 per pound and
the bagasse is $0.01 per pound to approximately 300 pounds per acre per year when resin is
$0.50 per pound and bagasse is $0.05 per pound. It is clear that research and development
resulting in higher -value uses for both co- products could improve the profitability of the
guayule industry.

MODEL SENSITIVITY ANALYSIS

Using a computer program based on Lotus 1 -2 -3 developed by Davy Dravo of Pittsburgh, a
processing cost sensitivity analysis was conducted based on a model for the production and
processing of guayule. This type of analysis allows a researcher to determine how sensitive
one variable is to changes in selected other variables. The analysis focused on two variables in
the operation of a 50,000 -long- ton -per -year guayule processing plant: (1) cost per pound for
rubber produced, and (2) internal rate of return for the processing plant.

In the analysis of the first variable, the two inputs that showed sensitivity to the cost of
rubber produced were (1) capital cost of the plant and (2) percent rubber in the guayule shrub
processed.

Capital costs for a 50,000 -long- ton -per -year guayule processing plant using the
process developed by Firestone is estimated to be $82 million. If an electric co- generating
component is added, capital costs increase to an estimated $220 million, over a 260 percent
increase. Cost per pound of rubber produced with 4 percent shrub is $0.16 per pound with the
conventional processing plant . When the co- generation component is added, processing costs
increase $0.03 per pound to $0.19 or slightly less than 20 percent (Table 13). Shrubs that
contain 7 percent rubber cost $0.15 per pound to process with the conventional plant and $0.18
with a plant that contains a co- generation component.

Guayule shrub currently available for processing averages about 4 percent rubber,
some new guayule cultivars still in the experimental stage contain 7 percent rubber.

These results show that cost per pound of rubber produced is not very sensitive to a
260 percent increase in capital costs or a 75 percent increase in shrub rubber percentage.
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The second variable analyzed was the internal rate of return (IRR) for the guayule
processing plant. IRR is one method used to predict the profitability of investing in a particular
manufacturing or processing facility. Investors usually want to be assured a 20 to 25 percent
return on their investment before they will finance an undertaking with a high degree of risk.
The variables found to have the greatest effect on IRR were (1) percentage rubber contained in
the plant and (2) co- product value.

Table 14 looks at the IRR for a 50,000 -long- ton -per -year guayule processing plant
with a capital investment of $82 million when the price of guayule shrub FOB the processing
plant is varied from $2.00 to $5.00 per cwt. Sensitivity on shrub containing 4 and 7 percent
rubber was calculated. In central Arizona shrub is estimated to cost about $4.00 per cwt in
1990. Shrub with 4 percent rubber had an IRR of -39 percent, and 7 percent shrub had an IRR
of +15 percent. A conservative investor would most likely not provide funds to build a guayule
processing plant where 4 percent shrub is available unless the shrub could be grown for less
than $2.50 per cwt. This cost is not obtainable under irrigated conditions using 1990
technology in the U.S. Southwest (Table 14). These calculations assume that any resin and/or
low- molecular- weight -rubber (LMWR) feedstock could be sold for $0.20 per pound and
bagasse would bring $0.02 per pound. A commercial use does not currently exist for these
products at this price, although ongoing research on resin/LMWR and bagasse show promise.

The sensitivity of the IRR to co- product values was calculated for shrub with 4 and 7
percent rubber by varying the value of resin/LMWR from $0.10 to $0.50 per pound and
bagasse from $0.01 to $0.05 per pound (Tables 15 and 16). Shrub cost FOB the processing
plant was also varied from $3.50 to $4.00 per cwt.

Assuming that investors would require an IRR of 25 percent, what price must
resin/LMWR and bagasse bring to arrive at the desired IRR?

If resin/LMWR were worth $0.20 per pound, bagasse would have to be worth $0.05
per pound to attain an IRR of 29 percent, assuming a shrub cost of $4.00 per cwt and 4 percent
rubber. When resin/LMWR increases to $0.50 per pound, an IRR of 28 percent can be
achieved with a bagasse value of $0.03 per pound.

When the cost of shrub FOB the processing plant is reduced to $3.50 per cwt, $0.20
resin/LMWR would need $0.04 bagasse to a chieve an IRR of 26 percent. If resin/LMWR
were worth $0.50 per pound, bagasse could be reduced to $0.02 per pound to achieve the
same IRR of 26 percent (Table 15).

The same sensitivity analysis was run using shrub containing 7 percent rubber (Table
16), with all other inputs remaining the same. At the 7 percent rubber- content level,
resin/LMWR at $0.10 per pound would require bagasse worth $0.05 per pound to give an
IRR of at least 25 percent (for shrub costing $3.50 and $4.00 per cwt FOB the processing
plant). Bagasse worth $0.01 per pound would require a resin/LMWR value of $0.40 per
pound to obtain an IRR of at least 25 percent.

These sensitivity analyses demonstrate that co- product values have a greater effect on
the internal rate of return than do changes in capital costs or shrub rubber percentage. These
results indicate the importance of further research into high -value uses for guayule co-products
in the commercialization of this crop.
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Table 13. Processing cost sensitivity to shrub rubber content.

Capital cost of guayule
processing plant

$ cost/lb rubber produced

4% shrub rubber 7% shrub rubber

$ 82,000,000

$220,000,000'

0.16 0.15

0.19 0.18

' Contains electrical co- generation component.

Table 14. Sensitivity of internal rate of return to shrub cost and shrub rubber
content.

Cost of shrub
Internal rate of return ( %)

($ /cwt)' 4% shrub rubber 7% shrub rubber

$2.00 29 34
2.50 21 29
3.00 13 25
3.50 1 20
4.00 (39)b 15

4.50 (61) 9

5.00 (71) 1

' FOB the processing plant.
b Parentheses indicate negative values.

Assumptions:
1990 dollars.
Resin /LMWR value: $0.020/1b.
Bagasse value: $0.02/1b.
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Table 15. Sensitivity of internal rate of return to co- product value at
4 percent shrub rubber.

Resin /LMWR ($ /lb) Bagasse ($ /lb)

Internal rate of return ( %)

$4.00 /cwt shrub' $3.50 /cwt shrub'

0.10
0.10
0.10

0.01
0.02
0.03

(79)b
(63)
(14)

(72)
(40)
( 7)

0.10 0.04 11 20
0.10 0 05 22 29
0.20 0.01 (70) (55)
0.20 0.02 (39) 1

0.20 0.03 6 16

0.20 0.04 19 26
0.20 0.05 29 35
0.30 0.01 (53) (13)
0.30 0.02 0 12

0.30 0.03 15 23
0.30 0.04 25 32
0.30 0.05 34 41
0.40 0.01 (15) 7
0.40 0.02 11 20
0.40 0.03 22 29
0.40 0.04 31 38
0.40 0.05 40 46
0.50 0.01 6 16
0.50 0.02 19 26
0.50 0.03 28 35
0.50 0.04 47 43
0.50 0.05 45 51

' Shrub cost FOB the processing plant.
b Parentheses indicate negative values.
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Table 16. Sensitivity of internal rate of return to co- product value at 7 percent
shrub rubber.

Resin /LMWR ($ /lb) Bagasse ($ /lb)

Internal rate of return (%)

$4.00 /cwt shrub' $3.50 /cwt shrub'

0.10 0.01 or 6

0.10 0.02 8 14

0.10 0.03 15 19

0.10 0.04 20 24
0.10 0.05 25 29
0.20 0.01 10 16

0.20 0.02 15 20
0.20 0.03 22 26
0.20 0.04 27 30
0.20 0.05 31 35
0.30 0.01 19 23
0.30 0.02 24 28
0.30 0.03 28 32
0.30 0.04 32 36
0.30 0.05 37 40
0.40 0.01 25 29
0.40 0.02 30 33

0.40 0.03 34 38
0.40 0.04 38 41

0.40 0.05 42 45
0.50 0.01 31 35

0.50 0.02 35 39
0.50 0.03 39 43
0.50 0.04 43 46
0.50 0.05 47 50

' Shrub cost FOB the processing plant.
b Parentheses indicate negative values.
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VI. FUTURE AGRICULTURAL RESEARCH NEEDS

Significant progress has already been made toward commercialization of guayule rubber, but
continuation of the work is critical. Efforts to develop guayule as a commercial crop have
historically been hindered by inconsistant funding of research programs, and it is important to
take advantage of the momentum of the widespread work currently being done on all aspects of
this project, particularly in the following areas.

PLANT BREEDING, GENETICS, AND BIOTECHNOLOGY

Breeding and selection programs have improved guayule plant stock significantly from the
strains used in the Emergency Rubber Project, but further advances are needed to make
guayule commercially successful. Researchers must continue efforts to increase rubber content
in general as well as to develop cultivars that produce high yields in specific guayule growing
areas. Additional research in guayule genetics and biotechnology is needed to create cultivars
with the following characteristics:

1. Rubber content of 10 percent or more.
2. Yields of 1,200 -1,500 pounds per acre per year.
3. Uniform rubber quality.
4. Disease resistance.
5. Insect resistance.
6. Ability for regrowth after multiple harvests at or near ground level.
7. Delayed or reduced post -harvest rubber degradation.
8. Abundant production of seeds that germinate easily and show vigorous growth.
9. Increased cold tolerance.

10. Increased drought tolerance.
11. Increased salt tolerance, especially during germination and establishment stages.
12. Specific cultivars adapted to nonirrigated production.
13. Continued improvement of plant stock through genetic engineering.

SEEDLING ESTABLISHMENT AND GROWTH TECHNOLOGY

Traditionally the only known method of guayule stand establishment has been the use of
transplants, a labor- intensive and expensive process. The technology for direct seeding, a
method that could lower establishment costs significantly, is close to being perfected for use on
a commercial scale. Other aspects of guayule cultivation also need further study in order to
develop methods that achieve the highest production rates at the lowest possible cost.
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Specific research areas in which additional efforts are needed are the following:

1. Improvement of the mechanical precision planter.
2. Pre- planting conditioning of the seed.
3. Testing of different planting dates between April and October, in which

germination, seedling vigor, and survival rates are compared.
4. Determination of optimum seed numbers and spacing in field plantings.
5. Relationship of soil temperature to seed germination, vigor, and survival.
6. Identification of site specificity in individual cultivars.
7. Herbicide research on both pre- and post- emergence application.
8. Growth trials to determine the interaction of planting season (spring or fall) and

establishment method (seedlings or direct seeding).
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VII. FUTURE PROCESSING AND CO- PRODUCTS
RESEARCH NEEDS

PROCESSING

The quality of the rubber produced by the Firestone pilot facility when it was able to operate
continuously did not achieve a grade of SMR 20 or better as specified in the contract with
USDA. Consequently almost all processing was done on a "continuous batch" basis. To be
commercially viable, a guayule operation will require a processing facility that can continuously
process and separate "spec grade" rubber, low- molecular- weight rubber, and resin on a 24-
hours -a -day, 7- days -a -week basis. When such a processing facility is on -line, it will be
possible to address the following questions that are critical both for processing and for large -
scale farming:

1. Do rubber and resin percentages remain constant in a particular field of guayule
throughout the year?

2. Is the quality of rubber and resin consistant throughout the year?
3. Does the storage of shrub between harvesting and processing change rubber or

resin content or quality?
4. Is there a difference in rubber or resin content or quality in clipped versus dug

shrubs?

If it is determined that rubber and/or resin percentage or quality is lower at some times
of the year than at others, it may be necessary to compensate those farmers required to harvest
their guayule during the off -season(s) in order to keep the processing facility operating
throughout the year.

CO- PRODUCTS

Precise definitions and compositions of guayule resin, low -molecular- weight rubber, and
bagasse must be clearly determined, and potential uses should continue to be explored and
identified. On -going research has shown that in some cases the potential value of these co-
products is as great or greater than that of the spec -grade rubber. Finding a use for the bagasse
alone, which accounts for 60 percent of the plant material entering the processing plant, would
greatly increase the economic feasibility of a guayule industry. Very little information is
currently available on the costs to convert the raw materials (resins and low -molecular- weight
rubber) into marketable products. These costs, as well as market demand and market entry
price, must be determined for each of these value -added products.
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VIII. CONCLUSIONS

Guayule has been proposed as an alternative, low- water -use crop for the U.S. Southwest.
With the continued concerted efforts of government, industry, and researchers, this desert
plant can become a commercially successful crop as well as provide a strategically
important material for the United States. This goal can only be reached, however, if
current research on guayule genetics, production, processing, and co- products use is
allowed to continue through the provision of long -term funding for these projects.

From the economic and production data currently available, it can be concluded that
the future of guayule as an economically feasible crop rests on continued success with
increasing shrub rubber content, decreasing shrub establishment costs with direct seeding,
and identifying and developing uses and markets for the co- products. Also critical is the
maintenance of a sustained seed increase program, as there is currently an inadequate
supply to support a commercial industry start -up.

To succeed commercially, guayule must be integrated into the mainstream natural
rubber market. It must be accepted as a legitimate replacement for Hevea, both in terms of
performance and price. Internally, the industry must be vertically integrated to maximize
returns on all facets of the operation. Farmers must be contracted to grow the crop, and,
because the co-products have been shown to be a critical economic component of the
industry, processing facilities and markets for these co- products must be developed.

A complete scale -up analysis was not possible with the data produced by the
Sacaton prototype processing facility. The guayule commercialization program needs a
prototype -level processing plant that can be scaled -up to commercial size. It is
recommended that a post- operation evaluation be performed that would provide an overall
identification and quantification of processing plant parameters. This step would aid in the
development of new or modified processing designs for a future facility.
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APPENDIX: SPREAD -SHEET SENSITIVITY ANALYSIS
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ASSUMPTIONS:

Y PROJECT LIFE IS 20 YEARS
OPERATING BASIS IS 330 DAYS PER YEAR
BAGASSE MOISTURE CONTENT IS 10 PERCENT
RUBBER PRODUCT IS SOLD F.O.B. NEW YORK. ALL OTHER PRODUCTS ARE SOLD
F.O.B. PLANT.

* WASTE WATER TREATMENT IS INCLUDED IN THE CAPITAL COST OF THE PLANT
* TRASH DISPOSAL IN THE FIRST YEAR INCLUDES ALL OFF -SPECIFICATION PRODUCTS.

NOTES ON PROGRAM USE:

CHANGES IN ANY SINGLE VARIABLE OR MULTIPLE VARIABLES DO NOT CHANGE
OTHER VARIABLES. CARE MUST BE TAKEN TO USE CONSISTENT SETS OF INPUT DATA.

THE CALCULATION OF ROI IS AN ITERATIVE PROCESS WHICH REQUIRES AN INITIAL
ESTIMATE OF THE ANSWER IN THE LOTUS 1,2,3 FUNCTION. THE ESTIMATE USED IN
THE LOGIC IS 15 %. THIS CAN BE EASILY CHANGED IN CELL B276 IF ERRONEOUS
RESULTS OCCUR.

PRESSING THE "ALT" AND "P" KEYS AT THE SAME TIME INVOKES A MACRO COMMAND
WHICH PRINTS THE PROGRAM. THE KEYSTROKES ARE STORED IN CELL A8192.
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INPUT VARIABLES FOR CALCULATION OF COST PER FOUND OF RUBBER PRODUCED:

RUBBER PRODUCT

SHRUB COMPOSITION:

PLANT COST

EMPLOYEES:
OPERATORS
SUPERVISORS
LAB TECHS
MAINTENANCE
OFFICE
MANAGEMENT

SOLVENT COST:
ACETONE
PENTANE
ELECTRICITY COST
FUEL COST
MAKE -UP WATER COST
PRODUCT PACKAGE COST
ANTIOXIDANT COST
TRASH DISPOSAL COST

48
8
8

20
b

LOCAL TAX '< INS
EXTRA WORKERS, O.T., ETC
TAX ?< FRINGES
ADMIN & GEN OH
START -UP COSTS
SUPPLIES

ELECTRICAL LOAD
ELEC USAGE FACTOR
THERMAL LOAD
MAKE -UP WATER
ANTIOXIDANT USAGE
SOLVENT LOSS

EXTRACTION EFFICIENCIES:
RUBBER
RESIN
LMW RUBBER

TRASH REMOVAL EFFICIENCY

100,000,000 POUNDS PER YEAR

4
4
1

,=

_h4

X RUBBER
X RESIN
X LMW RUBBER
X WATER
X TRASH
X BAGASSE

82,000.000 $

0.20
0..:;0

0.07
7.00
1.00
0.05
2.97
0.02

2.7
10
25
JS
15
,70

100

2.<:00
80
50
5<i

0.15

10
1_
9

11

8

S /HR
S / HR

S/HR
:E/HR
_£/HR

S/HR

PER FOUND
X PER POUND
X PER KWHR
PER 1,000,000 BTU'S

X PER 1000 GALLON
X PER POUND OF RUBBER PRODUCT
X PER POUND
X PER FOUND

X OF TOTAL PLANT COST
X OF DIRECT LABOR
X OF DIRECT LABOR
X OF DIRECT LABOR
X OF GROSS OPERATING COST
X OF OPERATING LABOR PLUS
X OF MAINTENANCE LABOR

CONNECTED HP
X OF CONNECTED LOAD
MILLIONS OF BTU'S PER HOUR (GROSS)
GAL /MIN
LB /100 LB OF RUBBER PRODUCT
LB /100 LB OF SHRUB FEED

95 X
95 X
95 /.

95 X
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INPUT VARIABLES FOR RETURN ON INVESTMENT CALCULATION:

DELIVERED COST OF SHRUB 3.00 $ FER 100 FOUND OF 7FF:UD

COMBINED INCOME TAX RATE 37

DEPRECIATION SCHEDULE (200% DB): 20.00 % YEAR 1

2.00 % YEAR ^

19.20 % YEAR
11.52 YEAR 4

11.52 % YEAR 5
5.76 % YEAR 6

GENERAL ESCALATION RATE 5.00 '.

BY-PRODUCT VALUES:

RESIN 0.15 S PER FOUND
LMW RUBBER 0.10 $ FER FOUND
BAGASSE 0.02 3 FER FOUND

RUBBER VALUE BY YEAR (X PER POUND): 0.50 YEAR 1 1.00 EP
YEAR " 1.5

0.60 YEAR 0 1.10
0.65 YEAR 4 1.15 YEAR :4

0.70 YEAR S 1.20 ,,E4F

0.75 YEAR 6 1.25 .EAF :6

0.90 YEAR 7 1.70 ''7:7R, 17

YEAR S 1.75 7.,-14; 13

YEAR 9 1.4c,

0.95 YEAR 10 1.45 ,E47.

TRANSPORTATION COST: X FER FOUND OF RUBBER

FIRST OPERATING YEAR EFFICIENCY: -0 % SALEABLE PRODUCTS
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RESULTS: 100.000,000 POUNDS PER YEAR OF RUBBER PRODUCT
OPERATING COST PER POUND OF RUBBER

SHRUB REQUIRED 2.6.7E +09 LEIS. PER YEAR
1.715,789 TONS FER YEAR

PRODUCTS:

RUBBER 100,000,000 # PER YEAR
RESIN 100,000.000 # PER YEAR
_MW RUBBER 25,0OO,00 # PER YEAR
TRASH 50,000,000 * PER YEAR
BAGASSE 1.88E +09 * PER YEAR

OPERATING LABOR
SUPERVISION LABOR
TECHNICIAN
MAINTENANCE LABOR
OFFICE STAFF LABOR
PLANT MGT LABOR

DIRECT LABOR

EXTRA WORKERS, O.T., ETC
TAX & FRINGES
ADM I N °c GEN OH

TOTAL LABOR

SUPPLIES
SOLVENT
ANTIOXIDANT
RUBBER PRODUCT PACKAGING
TRASH DISPOSAL

ELECTRICITY
FUEL
MAKE -UP WATER

TOTAL UTILITIES

PLANT OPERATING EXPENSES

LOCAL TAX y INS

ANNUAL OPERATING EXPENSE

OR 942,251 TONS PER t =.R

998,400
216,720
149,760
457,600
99,840
124,800

2.046,720

204,672
511,680
716.752

661,466
1,188,000

2',760

',479,424

757,120
911,842

5,940,000
50,000

1,000,000

1,87',226

14,011.612

2,214,000

16,225,612

OPERATING COST PER FOUND OF RUBBER PRODUCT 50.16
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