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ABSTRACT 

This review assesses the status of research and development in the area of 
plants that produce hydrocarbons as a possible replacement for traditional 
fossil fuels. The information is meant to be used as a basis for determining 
the scope of a possible R&D program by DOE/FFB. 

Except in the case of guayule (Parthenium argentatum Gray), research on 
hydrocarbon species generally has not advanced beyond preliminary screening, 
extraction, and growth studies. Virtually no field studies have been initi- 
ated; hydrocarbon component extraction, separation, identification, and 
characterization have been only timidly approached; the biochemistry of 
hydrocarbon formation remains virtually untouched; and potential. market 
analysis has been based on fnsufficient data. 

Research interest is increasing in this area, however. Industrial interest 
understandably centers about guayule prospects and is supplemented by NSF and 
DOE research funds. Additional support for other research topics has been 
supplied by DOE and USDA and by certain university systems. 

Due to the infant state of technology in this area of energy research, it is 
not possible to predict or satisfactorily assess at this time the potential 
contribution that plant hydrocarbons might make toward decreasing the nation's 
dependence upon petroleum. However, the general impression received from 
experts interviewed during this review was that the major thrust of research 
should be directed toward the manufacture of. petrochemical substitutes rather 
than fuel production. 





SECTION 1.0 

INTRODUCTION 

Considerable  a t t e n t i o n  has  r e c e n t l y  focused on t h e  p o s s i b i l i t y  of s u b s t i t u t i n g  
hydrocarbons produced by. p l a n t s  f o r  t hose  ob ta ined  from crude o i l .  The 
development of l i k e l y  p l a n t  sources  would reduce dependence upon f o r e i g n  
petroleum and, through the  development of new a g r i c u l t u r a l  and i n d u s t r i a l  
a c t i v i t i e s ,  c r e a t e  job o p p o r t u n i t i e s .  

Because t h e  Department of Energy (DOE) i s  developing new sou rces  of energy and . 
a t t empt ing  t o  decrease  t h i s  coun t ry ' s  dependence on imported energy sou rces ,  
t h e  S o l a r  Energy Research I n s t i t u t e  was asked t o  prepare  a  document desc r ib ing  
t h e  i n t e r e s t  i n  developing hydrocarbon s p e c i e s  and the  r e sea rch  a c t i v i t i e s  
proposed o r  i n  progress .  With t h i s  review a s  a  background, op t ions  a r e  t o  be 
formulated f o r  cons ide ra t i on  by DOE i n  suppor t  of a n  R&D program. This  r e p o r t  
i s  d iv ided  i n t o  two main s e c t i o n s .  Sec t ion  2.0 o u t l i n e s  t h e  s t e p s  r equ i r ed  t o  
reach  commercial product ion of a  hydrocarbon from t h e  t i m e  a  p l a n t  i s  f i r s t  
found t o  c o n t a i n  such compounds. This  i s  followed by a  d e s c r i p t i o n  of ongoing 
o r  proposed r e sea rch  i n  each s t e p  and a  d i s cus s ion  of r e sea rch  i n t e r e s t s .  

S e c t i o n  3.0 of t h e  r e p o r t  l i s t s  t h e  o rgan iza t ions  and i n d i v i d u a l s  who a r e  
conduct ing o r  have expressed i n t e r e s t  i n  p l a n t  .hydrocarbon research .  An 
a t t empt  i s  a l s o  made t o  i n d i c a t e  t h e  amounts and sources  of funding. 





SECTION 2.0 

ACTIVE HYDROCARBON SPECIES RESEARCH TOPICS 
,' 

The objective of the program under consideration is to develop hydrocarbon 
production from plant sources to replace hydrocarbons now imported into the 
United States in either their commercial form, such as natural rubber, or in 
the form of parent materials (crude oil). 

2.1 SCOPE OF A RESEARCH AND DEVELOPMENT PROGRAM 

Such development programs may involve a number of major research areas: 

species identification and characterization, 

e domestication and field production of selected species, 

extraction and fractionation of hydrocarbons, 

biochemistry of hydrocarbon production, 

e improvement of the species through genetic research, and 

environmental impact of plant hydrocarbon farming. . 

Representative research components within each of the major research areas are 
outlined in Table 2-1. 

Once a species has been found to have some commercial potential, work may be 
started in any or all of the other research areas. Work will continue in 
these areas as long as the plant is used as a source of hydrocarbons. Thus 
research has continued on the development and management of various species 
producing food, fiber, and naval stores, even after such species have attained 
prominence as agricultural crops. 

2.2 SPECIES IDENTIFICATION AND CHARACTERIZATION 

This section outlines in detail the steps involved in a research and develop- 
ment program and indicates areas in which research is currently underway or 
for which there is an active interest in new research. 

Several species have already been selected as potential hydrocarbon plants for 
the United States. Duririg World War II many species were evaluated as poten- 
tial rubber sources. Included were Chrysothamnus spp. (rabbit brush), Cryp- 
t os tegia sp. , Parthenium argentatum (guayule) , Taraxacum khok-saghiz% (Russian 
dandelion) , and Solidago (goldenrod). Of these, only guG;le seems to have 
survived as a potential crop for commercial rubber production. The other 
species may warrant reevaluation as sources of other hydrocarbons. Pine trees 
which produce naval stores are already in plantatiou producrlon. 

5 



Table 2-1, OUTLINE OF COMPONENTS OF A RESEAItCH AND DEVELOPMENT 
PROGRAM ON HYDROCARBON SPECIES 

I. Plant Species Identification and Characterization 
A. Species Screening 

1. Survey and selection of test species 
2. Collection of propagative material 
3. Greenhouse growth studies and chemical production 

analysis 
4. Chemical extraction/fractionation/identification 

B . Species Evaluation 
1. Market value assessments 
2. Feasibility for field production in the United States 
3. Land availability studies and systems arlalyses 

C. Bench-Scale ExtractionISeparation Studies 

11. Field Production 
A . '  Propagation and Stand Establishment 

1. Direct seeding 
a. Seed production studies 
b. Seed germination studies 
c. Seed handling and cleaning methods 
d. Seedling crop establishment 

2. Seedling transplant 
a. Seed germination studies 
b. Seed-hed preparation and management 
c. Srrdling handling and transplanting 
d. Transplant crop establishment 
e. Tissue culture/single cell studies 

3 .  Cuttings 
a. Cuttings preparation 
b. Cut Lings handllng a1111 5 Lorage 
c. Planting and establishment 

4. Planting equipment development 
B . Crop Mavag~ment Practices 

1. Fertilization requirements 
2. Irrigation requirements 
3. Irsigation/fertilization techniques 
4. Weed control requirements 
5. Insectldisease control requirements 
6. Inductive treatments and techniques 

a. Ac tlve coiupaunds 3crc?cuiu& 
b. Rate of application 
c. Time and frequency of application 

7. Economic assessments and evaluations 
8. Energy consumption assessments 

C . Harvesting 
1. Time of harvest 
2. Length of rotation period (coppicing species) 
3. Crop storage requirements 
4. Integrated product harvesting systems 
5. Specialized equipment development 
6. Tapping techniques and systems 
7. Economic assessments 



Table 2-1. (Continued) 

D. Production Plantings 
1. Installation/operation of pilot farms and LEFst 
2. Demonstration farms 

111. Product Extraction and Separation 
A. Materia1.s Handling Techniques 
R .  Pretreatment Req~irel~~e~lLs 

1. Mechanical/physical 
2. Chemical 

C. Mechanical Extraction Techniques 
D. Solvent Extraction Techniques/Solvent Recovery 
E. Fractionation and Separation 
F. Economic/Energetic Assessments 
G. PDU~LEF Operationstt 
H. Demonstration Operations 

IV. Biochemistry of Plant Hydrocarbon Production 
A. Biochemical Pathway identification 
B. Pathway Modification and Control 

V. Genetics Research 
A. Breeding for High-Yielding Strains 
B. Genetic Control of Hydrocarbon Production 

VI. Environmental Assessments 

t LEE = Large Experimental Fariils 
ttPDU/LEE = Process Demonstration Units/Large Experimental Facilities 
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2.2.1 Survey and  S e l e c t i o n  of T e s t  Spec i e s  

Before  a  s p e c i e s  can be eva lua t ed  a s  a  p o t e n t i a l  hydrocarbon producer ,  s tan-  
d a r d i z e d  methods a r e  needed t o  i d e n t i f y  t h e  hydrocarbons p re sen t  and t o  
de te rmine  t h e i r  y i e l d s  r e l a t i v e  t o  t h e  d r y  weight of t h e  p l a n t .  

A t  t h e  Lawrence Berkeley Labora to r i e s  a t  t h e  U n i v e r s i t y  of C a l i f o r n i a ,  
Berke ley ,  Melvin Ca lv in  . and  h i s  group have developed a  procedure f o r  t h e  
q u a n t i t a t i v e  a n a l y s i s  of l a tex-bear ing  p l a n t s ,  i nc lud ing  Euphorbia l a t h y r u s .  
The method invo lves  s o l v e n t  e x t r a c t i o n  of t h e  d r i e d ,  ground p l a n t  w i th  ace- 
t o n e ,  t hen  b ~ n ~ ~ n r ,  a n d  then methanol and hexane. The compounds i n  t he  
v a r i o u s  f r a c t i o n s  a r e  determined by gas  chromatograplly and mass spcctrophoto-  
met ry  (GCMS). C a l v i n ' s  ana lyses  of t h e  hydrocarbons p re sen t  I d  several 
s p e c i e s  of p l a n t s  a r e  r epo r t ed  by Nie lsen  e t  a l . ,  1977, and a r e  d i scussed  i n  
d e t a i l  i n  t h i s  s e c t i o n .  

A t  t h e  Northern Regional  Research Center ,  A g r i c u l t u r a l  Research Se rv i ce ,  USDA 
a t  P e o r i a ,  I l l . ,  R.A. Buchanan and h i s  coworkers have been sc reen ing  l a t ex -  
b e a r i n g  and non-bearing p l a n t s  f o r  u s e f u l  hydrocarbons. They a l s o  have 
developed a  procedure f o r  e s t i m a t i n g  t h e  n a t u r e  and amounts of hydrocarbons 
produced i n  v a r i o u s  s p e c i e s .  The i r  procedure (Buchanan, 1976) i s  s i m i l a r  t o  
t h a t  used by C a l v i n ' s  group and i s  presen ted  i n  F igure  2-1. 

Lawrence Berkeley and t h e  Northern Regional  Research Center  a r e  t h e  only 
l a b o r a t o r i e s  making a  concer ted  e f f o r t  t o  s c r e e n  numbers of s p e c i e s  f o r  
hydrocarbon cun ten t .  The Berkeley group has  concent ra ted  o~ai,nly on la tex-  
producing p l a n t s  n a t i v e  t o  t h e  a r i d  southwestern p a r t s  of t h e  United S t a t e s .  
T h i s  work has been '  r e p o r t e d  i n  s e v e r a l  p u b l i c a t i o n s ,  i nc lud ing  Ca lv ln  (1974) 
and (1977) and Nie l sen  e t  a l .  (1977) .  These e f f o r t s  have concent ra ted  prima- 
r i l y  on s p e c i e s  of Euphorbia ,  which a r e  i n  t h e  same family a s  Hevea b r a z i l i -  
e n s i s ,  t h e  rubber  cree.  They have a l s o  r cpo r t ed  on Asc lep ias  (milkweed). 
Most of t h e  work has  been dune on Euphorbia --- l a t h y r u s ,  an annual  found i n  t h e  
southwes te rn  United S t a t e s .  

Buchanan's s t u d i e s  a t  P e o r i a  (USDA) have covered a  much wider range of 
s p e c i e s .  Refore embarking on t h e i r  program, however, they e s t a b l i s h e d  a  
p re l imina ry  e v a l u a t i o n  procedure based on probable  s p e c i e s  a d a p t a b i l i t y  and 
c r o p  p o t e n t i a l ;  p robable  biomass y i e l d s ;  and hydrocarbon, o i l ,  crude p r o t e i n ,  
and f i b e r  composi t ion (Buchanan e t  a l . ,  1976).  I n  a l l ,  about  300 s p e c i e s  have 
been eva lua t ed  (Buchanan e t  a l .  , 1976, 1977, 1978).  Although most spec i e s  
were n a t i v e  t o  o r  a t  l e a s t  found i n  t h e  v i c i n i t y  of P e o r i a ,  Ill., s e v e r a l  
s p e c i e s  known i n  o t h e r  p a r t s  of t h e  United S t a t e s  were inc luded  t h a t  had been 
shown e a r l i e r  t o  have a  h igh  hydrocarbon con ten t .  A s  a  r e s u l t  of t h e  screen-  
i n g  program, which cons idered  both a g r i c u l t u r a l  p roduct ion  p o t e n t i a l  and 
hydrocarbon c o n t e n t ,  t h e  fo l lowing  s p e c i e s  were determined t o  have t h e  g rea t -  
e s t  p o t e n t i a l  f o r  development: 
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Whole Plant Material 
Acetone Extract ion 

4 b Ext rac t ives - 

Extract ion 

0 
O i l  Fract ion Polyphenol Fract ion Hydrocarbon Fract ion O i l -  and 
f a t s  Polyp henolics Isoprene Polymers Hydrocarbon-Free 

f a t t y  Acids Phlobaphenes Waxes W esidue 

Resins Tannins Terpenoids Cellulose 
Terpenes Complex Lipids Lignin 
Phytostero ls  Protein 
Waxes Inorganic 

Saponif icat ion 

Hexane 50Y0 Aq. ;than01 

Unsaponifiables Soaps . 
Phytostarols 
Terpenes 
Wax Components thanol  

Free Organic Acids Glycerol 
Fat ty  Acids 
Rosin Acids 

F i g u r e  2-1. GENERALIZED SCHEME FOR THE EXTRACTION AND ANALYSIS  OF 
PLANT HYDROCARBONS (USDA, PEORIA, I L L .  ) . 



Parthenium argentatum guayule  
Chrysothamnus nauseosus r a b b i t  brush 
Sol idago  spp. goldenrod 
La r r ea  t r i d e n t a t a  c r e o s o t e  bush ( r e s i n s )  
S a s s a f r a s  albidum s a s s a f r a s  o i l  
Euphorbia l a t h y r u s  euphorbia  
Asc l ep i a s  spp. milkweed 

According t o  Buchanan (1978) ,  f i e l d  work on t h e  domes t ica t ion  of t he se  s p e c i e s  
cou ld  be s t a r t e d  immediately.  Much work has  a l r eady  been done on guayule 
(Hammond and Polhamus, 1965; Anon., 1977),  and commercial f i e l d  p l a n t i n g s  a r e  
i n  o rde r .  

I n  t h e  course  of t h e i r  work the  USDA group has  emphasized t h e  importance of 
c o n s i d e r i n g  products  o t h e r  t h a n . t h e  hydrocarbons i n  e v a l u a t i n g  a  s p e c i e s  a s  a  
p o t e n t i a l  c rop .  The t o t a l  biomass may be of va lue  a s  a  source of erude I i L e c ,  
and t h e  p r o t e i n  c o n t e n t  may enhance t h e  va lue  of t h e  r e s idue  a s  l i v e s t o c k  fccd 
a f t e r  hydrocarbon removal. The USDA. group has a l s o  determined i11aL sulue 
p l a n t s  have whole-plant o i l  c o n t e n t s  of 5% and h igher .  I f  t h e  whole p l a n t  
were e x t r a c t e d ,  o i l  y i e l d s  could exceed by s e v e r a l  t imes the y i e l d  of conven- 
t i o n a l  o i l s e e d  c rops  (Buchanan e t  a l . ,  1978) .  Another f e a t u r e  of t h e  work a t  
P e o r i a  i s  the  d i scovery  t h a t  c e r t a i n  g r a s s e s  c o n t a i n  g u t t a .  Among them a r e  
Agropyron repens (quack g r a s s ) ,  one of t h e  worst  weeds of t h e  c e n t r a l  United 
S t a t e s ,  and Elymus . -- - canadens i s  (Canadian r y e  g r a s s )  (Buchanan e t  a l . ,  1978).  

The Diamond Shamrock Co. i s  i n t e r e s t e d  i n  low molecular  weight hydrocarbons 
and i s  f i n a n c i n g  a  program w i t h  t h e  O f f i c e  of Arid Land S t u d i e s ,  Univers i ty  of 
Arizona,  i n  which n a t i v e  d e s e r t  s p e c i e s  w i l l  be screened f o r  hydrocarbon 
product ion .  This  w i l l  be followed by s t u d i e s  on e f f e c t s  of environmental 
f a c t o r s  i n  growth chambers and on methods of e x t r a c t i o n  and by development 
programs wi th  t h e  most p roduct ive  spec i e s .  P ro j ec t ed  funding i s  $ 2  m i l l i o n  
f o r  a  f ive-year  per iod.  

Although the  USDA and t h e  Berkeley l a b o r a t o r i e s  have done che ma jo r i t y  of the  
work i n  s c r een ing  p l a n t s  f o r  hydrocarbons, t he  U.S. Dept. of Agr i cu l tu re  and 
t h e  U n i v e r s i t y  of Arizona have developed a n  o i l  seed c rop  based on Simmond~ia 
c h i n e n s i s  ( j o j o b a ) ,  a  llaLive p l a n t  135 the Arizona dcce r t .  The seeds nf this 
p l a n t  con ta in  an  o i l  t h a t  can be s u b s t i t u t e d  f o r  sperm whale o i l .  A t  t h e  
p r e s e n t  time s e v e r a l  thousand a c r e s  have been p lan ted  i n  C a l i f o r n i a  and 
Arizona. Because t h e  o i l  i s  i n  g r e a t  demand, e s p e c i a l l y  i n  Japan ,  t h i s  p l a n t  
i s  w e l l  on t h e  way t o  provid ing  t h e  b a s i s  f o r  a  new a g r i c u l t u r a l  i n d u s t r y  
(Na t iona l  Academy of Sc i ences ,  1975; Sherbrooke and Haace, 1976; J o  joha 
Happenings,  June  1978). 

J o j o b a  a l r eady  has  passed t h e  f i e l d  p l o t  and demonstrat ion s t a g e  i n  t h e  United 
S t a t e s .  It i s  an e s t a b l i s h e d ,  i f  smal l ,  i n d u s t r y  i n  i t s  own r i g h t ,  and 
p roduc t ion  is inc reas ing .  Fore ign  c o u n t r i e s  have a l s o  shown an i n t e r e s t  i n  



this crop. The Unilever Corporation has established test plots in Turkey and 
Africa. Plantings have been made in the state of Rajasthan, India (Weber, 
1978), and efforts are being made to develop jojoba plantings in Haiti. 
Successful plantings are reported in the northern Negev Desert in Israel, and 
local growers have established plantings near Cape Town, South Africa (Jojoba 
Happenings, June 1978). As a whole oil substitute, jojoba oil could. be 
developed for a variety of industrial uses. 

Another potential oil crop, buffalo gourd (Cucurbita foetidi.ssima), grows wild 
in the arid lands of the western united States. Its seeds have been found to 
contain as much as 34% oil, although the nature and commercial potential of 
the oil have yet to be determined. In addition, buffalo gourd produces a tap 
root that may weigh as much as 145 kg (310 lb) after three years. More 
research is needed on seed oil quality and applications (Advisory Committee on 
Technical Innovation, 1975). 

In studies on American deserts conducted at the University of Texas, the 
predominance of creosote bush (Larrea tridentata) and its high content of 
aromatic compounds led to a study of the nature of the compounds and the 
possible use of this plant as a source of industrial chemicals. The compounds 
were found to be mostly phenolic, and the leaves contained as much as 15% 
organic-solvent extractables. The Mexican Government has initiated studies to 
develop commercial use of these compounds. They appear to be of some value as 
plasticizers and may contain some antibiotics. Studies are in progress on the 
Larrea growth responses to clipping, with the hope of harvesting the plant in 
the wild and then allowing it to regrow before harvesting it again. Larrea is 
a very slowly growing shrub, and large acreages of wild plants must be avail- 
able for commercial production. No attempt has been made yet to cultivate the 
plant. Some studies are being made on propagation to provide experimental 
material (Mabry 1978). The cost of the aromatic compounds, practical methods 
o f  extraction, etc., have no t  been estimated, nor have the effects of irriga- 
tion or 'fertilization been studied. Much more information is needed about the 
compounds and their potential industrial uses before the value of Larrea as a 
hydrocarbon plant can be determin~d. 

The island of Puerto' Rico has a subtropical climate, and there are some areas 
on the south side of the island that are fairly dry. Preliminary investiga- 
tions have revealed some 65 species of plants there with potential for devel- 
opment as hydrocarbon crops. Enough is known about 35 of these species to 
warrant investigations of methods of propagation and studies on the effects of 
water, nutrient supply, and temperature on hydrocarbon production. Investiga- 
tors believe that field plots n f  two promising species (Euphorbsta lactea and 
Calatropis procera) should be established. 

The University of Puerto Rico, Center for Energy and Environment Research, has 
submitted a research project proposal entitled "Evaluation of Hydrocarbon 
Bearing Plants as a Renewable Energy Source" with Alex Alexander as principal 
investigator. They propose to screen the 65 species for the amounts and types 
of hydrocarbon produced. Over a four-year period they then would develop 
methods of propagation, cultural practices, etc., with ,greenhouse and field 



experiments. This project would add a fourth location for screening of many 
species. Since this is a new area for such evaluations a whole new type of 
plant would be brought under surveillance, and an additional center of exper- 
tise would be developed. 

Thus far, this section has dealt with hydrocarbon production by higher plants. 
For many decades the lower plants, especially algae, have been considered as 
potential sources of food protein and possibly fuel (Burlew, 1953). A species 
of diatom, Phaeodactylum tricornutum, was found to have particularly strong 
potential as a food or fuel source. Its potential as a fuel source ranks 
especially high because it may contain as much as 81% lipids, based on dry, 
ash-free plant weight. Pilot plant cultures of this diatom have been grown in 
Hawaii in nutrient-supplemented sea water. Under the system used, production 
equivalents of 23.07 tons ot protein, 13.28 L o l l s  of lipids, and 0.112, ton of 
carbohydrates per acre were claimed. This is a total productiorl of almost 38 
tons of dry matter per acre-year, a reported yield much greater than that 
obtained from higher plants (Raymond, 1977). 

2.2.2 Greenhouse/Pield Growth Studies 

Greenhouse and field-plot studies are a logical sequel to species screening. 
Several of the more promising hydrocarbon species are currently in this stage 
of investigation with guayule receiving most of the attention. 

Research at the Los Angeles County Arboretum, primarily with guayule breeding, 
is also rnnr.erned with the treatments rcquired for accepca1.12e levels of sccd 
~orminatinn (Hansen.1978). As a result of pest problems that have ar isen 111 
seedling production, Hansen's research has been expanded to ~ncliide p e s ~ l c l d e  
evaluations. Similar studies are underway at the University of Arizona, where 
a breeding program and plant physiology studies are in progress (Rubis, 1978). 
These studies overlap to some extent those conducted during the Emergency 
Rubber Project, 1941-1954 (Hammond and Yolhamus, 1965). 

The Firestone Tire and Rubber Company has constructed a greenhouse near Fort 
Stockton, Tex., for guayule growth studies (Glymph, 1978), and physiological 
stiidic..; on growth and rubber production are in progress in Israel at the Ben 
Gurion University of the Negev (~chechter, 1916 ) .  

The Border Commission has awarded the Agricultural Development Committee of 
Texas A & M University a $100,000 grant for a technological evaluation of 
guayule production. Field plots have been established at the agricultural 
experiment station at El Paso, Tex., under the direction of James Tipton. 
Field plots have also' been installed at New Mexico State University at Las 
Cruces under the supervision of Wayne Whitworth. 



Other  p o t e n t i a l  hydrocarbon s p e c i e s  a r e  r e c e i v i n g  a t t e n t i o n .  The Berke ley  
g roup  has  e s t a b l i s h e d  f i e l d  p l o t s  of Euphorbia  l a t h y r u s  a t  a f i e l d  s t a t i o n  
n e a r  Oceans ide ,  C a l i f . ,  and c r o p  management and p r o d u c t i o n  s t u d i e s  a r e  under- 
way. Greenhouse growth s t u d i e s  of t h i s  s p e c i e s  a r e  be ing  conducted on t h e  
R i v e r s i d e  campus. Diamond Shamrock i s  s p o n s o r i n g  growth chamber s t u d i e s  of 
Euphorbia  and o t h e r  s p e c i e s  a t  t h e  U n i v e r s i t y  of Arizona (Off i c e  of Ar id  Land 
S t u d i e s ) ,  which shou ld  supplement t h e  r e s e a r c h  i n  C a l i f o r n i a .  

The r e s e a r c h  proposed by Alexander i n  P u e r t o  Rico  would a l s o  i n c l u d e  green- 
house  and f i e l d - p l o t  s t u d i e s ,  and t h e  USDA h a s  subiui t ted  a p r o p o s a l  t o  DOE f o r  
greenhouse and f i e l d  s t u d i e s  on guayule ,  j o j o b a ,  and c r e o s o t e  bush i n  t h e  
sou thwes t .  S t u d i e s  on c r e o s o t e  bush a r e  r e l a t i v e l y  r e c e n t ,  and few d e t a i l s  
a r e  a v a i l a b l e .    re en house and f i e l d  s t u d i e s  have been s t a r t e d  a t  t h e  Univer- 
s i t y  of Texas (Mabry, 1978) on t h i s  s p e c i e s ,  however, and w i l l  supplement t h e  
s t u d i e s  a t  t h e  U n i v e r s i t y  of Arizona sponsored by Diamond'shanirock. 

P l a n t i n g s  of b u f f a l o  gourd have been made i n  Lebanon and by t h e  U n i v e r s i t y  of 
Arizona n e a r  Tucson. Bemis e t  a l .  (1978) have  r e p o r t e d  o i l  seed  y i e l d s  of 
1 ,800  pounds p e r  ac re -year  d u r i n g  t h e  t h i r d  y e a r  of growth. 

2.2.3 Hydrocarbon Composit ion S t u d i e s  

The f i n a l  s t e p  i n  s c r e e n i n g  i s  t o  de te rmine  i n  some d e t a i l  Clie hydrocarbons  
p r e s e n t  and t h e  r e l a t i v e  amounts of each  by s o l v e n t  e x t r a c t i ' o n  and GCMS. I n  
some i n s t a n c e s ,  however, because  of s p e c i f i c  i n t e r e s t  i n  a  g i v e n  hydrocarbon 
o t h e r  p o t e n t i a l l y  v a l u a b l e  compounds may be over looked.  For example,  w h i l e  
t h e  guayu le  p l a n t  produces  l a r g e  amounts of benzene-soluble  hydrocarbons  
( r u b b e r ) ,  i t  a l s o  produces  c o n s i d e r a b l e  q u a n t i t i e s  of a c e t o n e - s o l u b l e  com- 
pounds ( r e s i n s )  t h a t  have been l a r g e l y  n e g l e c t e d .  There  may w e l l  be compounds 
p r e s e n t  i n  t h e  a c e t o n e  f r a c t i o n  of h i g h  commercial v a l u e  t h a t  would enhance 
t h e  economic. f ~ a s ~ b i l i t y  of guayu le  as a ciup. Consequent ly ,  t h e . I n s t i t u t e  of 
Polymer S c i e n c e  a t  t h e  U n i v e r s i t y  of Akron i n  Ohio h a s  been awarded a n  NSF 
g r a n t  t o  i n v e s t i g a t e  the r e s i n s  found i n  guayule .  The two-year s t u d y  w i l l  
deve lop  i n f o r m a t i o n  on t h e  r e s i n s  and t h e i r  the rmal  c h a r a c t e r i s t i c s .  

The group a t '  Berke ley  ( N i e l s o n  e t  a l .  , 1977) used  a  s t a n d a r d  method of e x t r a c -  
t i o n  i n  de te rmin ing  t h e  hydrocarbon c o n t e n t  of v a r i o u s  l a t e x - b e a r i n g  p l a n t s .  
They have s i n c e  improved t h i s  method, a s  d e s c r i b e d  i n  a  d r a f t  r e p o r t  t o  DOE 
(Otvos  and C a l v i n ,  1978) .  

The work a t  P e o r i a  under  Buchanan (1977) h a s  a l s o  c h a r a c t e r i z e d  t h e  compounds 
p r e s e n t  based on t h e i r  s o l u b i l i t y .  To e v a l u a t e  t h e i r  u s e f u l n e s s  a s  r e p l a c e -  
ments f o r  o i l  p r o d u c t s  i n  a  chemical  i n d u s t r y ,  t h e  i n d i v i d u a l  compounds and 
t h e i r  p h y s i c a l  p r o p e r t i e s  shau1.d be i d e n t i f i e d .  Except Lur t h e  work on 
guayule  r e s i n s  and s t u d i e s  on jo joba  o i l ,  l i t t l e  work i.s be ing  done i n  t h i s  
a r e a .  
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2.2.4 Market P o t e n t i a l  Assessments 

E s t i m a t e s  have been made f o r  t h e  product ion ,  e x t r a c t i o n ,  and p u r i f i c a t i o n  of 
guayule  rubber  based on assumed y i e l d s  of rubber  per  ac re .  Assuming rubber  
y i e l d s  of 400 t o  500 pounds per a c r e  per  year  over  a  5-year per iod ,  F i r e s t o n e  
e s t i m a t e d  e x t r a c t i o n  c o s t s  from 20.5 t o  25 d l l b .  The va lue  of r e s i n s  and pulp 
a s  byproducts  were a l s o  c a l c u l a t e d  a s  12 t o  20.5 d / l b  rubber .  Consider ing 
t o t a l  c a p i t a l  o u t l a y  of $35 t o  $50 m i l l i o n ,  t he  c r e d i t e d  c o s t s  f o r  rubber 
would vary  from 29 t o  54 d l l b .  The p r o j e c t e d  1985 p r i c e  of rubber  v a r i e s  from 
54 t o  63  d / lb .  I n  o r d e r  t o  r e t u r n  12% on  t h e  investment ,  t h e  p r i c e  would have 
t o  be 46 t o  78 d l l b .  These a r e  e s t i m a t e s  f o r  1985; a t  t h a t  d a t e  guayule 
p roduc t ion  may o r  may n o t  be p r o f i t a b l e  (Cfymy11 aud Nivea, 1378) ,  

Ca lv in  e s t i m a t e s  a  p roduc t ion  of hydrocarbon from Euphorbia i s  equ iva l en t  t o  8 
b a r r e l s  of u i l  (about  1  ton)  p e r  a c r e  a t  a t o t a l  p roduct ion  c o s t  of  $20 pe r  
b a r r e l .  A t  p r e s e n t  t h i s  could no t  compere w i th  crude o i l ,  which is s e l l i n g  
f o r  about  $14 a b a r r e l .  I f  y i e l d s  could be  i nc reased  a n d  product ion  c o s t s  
lowered a  more f a v o r a b l e  comparison might be made (Calv in ,  1978).  

Raymond (1978) e s t i m a t e s  t h a t  c u l t u r e s  of t h e  a l g a  Phaeodactylon t r icornutum 
i n  Hawaii would produce t h e  equ iva l en t  of 150 b a r r e l s  of o i l  per  acre-year  and 
t h a t  an  a r e a  of 200 squa re  mi les  even tua l ly  could supply a l l  bf ~ a w a i i ' s  crude 
o i l .  

J o j o b a  p l a n t a t i o n s  a r e  being e s t a b l i s h e d  i n  southern  C a l i f o r n i a  and Arizona. 
One p r i v a t e  grower i s  planning 14,000 a c r e s  i n  southern  C a l i f o r n i a .  Since the  
J apanese  a r e  hl.lyl.ng a l l  Llle u i l  a v a i l a b l c ,  thi ,c  p l a n t  se.ems t n  he approaching 
f u l l  c r o p  s t a t u s  and i t s  market va lue  i s  no loriger i n  ques t ion .  S t u b b l e f i e l d  
and Wright (1977) .  have  provided informat ion  on t h e  economic f e a s i b i l i t y  ol: 
j o  joba c u l t u r e .  

Es t ima te s  were made f o r  t h e  productiorl  of Buffa lo  gourd seed i n  Sy r i a  and 
Lebanon where h a r v e s t i n g  and weeding was done by hand and i r t i g a c l o n  was done 
t h r e e  t o  Lour t imes che f i r s L  yea1 and once o r  twice t h e  second year. I f  t he  
development c o s t s  a r e  p ro ra t ed  over  a  ten-year per iod ,  t h e  c o s t  of producing 
seed  w i t h  a  y i e l d  of 1800 l b  per  a c r e  would be 5.2 d l l b .  The seed i s  e s t i -  
mated t o  be worth about  6.1 d ' l lb  ( t h e  equ iva l en t  of c o t t o n  s eed ) .  I f  y i e l d s  
of 2400 l b  per  a c r e  a r e  ob ta ined ,  t h e  c o s t  per  pound would drop t o  about  4.5 
d / l b .  Th i s  i n c l u d e s  land  r e n t a l ,  water  c o s t s ,  and a n  8X r e t u r n  on investment 
(Wright ,  1974). 

The Energy Kes.ources Conservat ion and Development Commission of t h e  S t a t e  of 
C a l i f o r n i a  i s  s tudying  t h e  economic p o t e n t i a l  of guayule and Euphorbia i n  t h a t  
s t a t e .  The program w i l l  i d e n t i f y  and e s t a b l i s h  p l a n t i n g s . o f  guayule and 
Euphorbia a t  f a v o r a b l e  s i t e s .  The chemistry of t he  formation of t h e  va r ious  
hydrocarbons i n  t h e s e  l a t e x  p l a n t s  w i l l  be o u t l i n e d  and t h e  chemicals  produced 
w i l l  be i d e n t i f i e d .  A t  t h e  same t i m e ,  t h e  p o s s i b i l i t y  of conve r t i ng  t he se  



compounds i n t o  i n d u s t r i a l  chemica l s  and f u e l s  w i t h  e s t a b l i s h e d  u s e s  w i l l  be 
exp lored .  The e n g i n e e r i n g  and economics of a n  i n d u s t r i a l  p l a n t  t o  e x t r a c t  t h e  
compounds w i l l  be e v a l u a t e d .  I n d u s t r i e s  p r e s e n t l y  u s i n g  t h e s e  compounds w i l l  
t h e n  be asked  t o  h e l p  i n  e s t a b l i s h i n g  j o i n t  p r o j e c t s  and programs. 

An economic a n a l y s i s  of t h e  hydrocarbon compounds produced by Euphorbia  i s  
b e i n g  done by SRI I n t e r n a t i o n a l  based on t h e  work of C a l v i n ' s  group. 

2 -3 FIELD PRODUCTION 

At p r e s e n t ,  f i e l d  p r o d u c t i o n  s t u d i e s  a r e  l i m i t e d  t o  guayu le ,  j o j o b a ,  b u f f a l o  
gourd,  and Euphorbia .  

2.3.1 P r o p a g a t i o n ,  S t a n d  E s t a b l i s h m e n t ,  and  Crop Management S t u d i e s  

S t u d i e s  on g ~ l a y u l e  a r e  i n  p r o g r e s s  a t  t h e  Lus Angeles County Arboretum and t h e  
' U n i v e r s i t y  of Arizona a s  a i d s  t o  p r o v i d i n g  and m a i n t a i n i n g  p l a n t s  f o r  t h e  
b r e e d i n g  programs r a t h e r  t h a n  t o  e s t a b l i s h  f i e l d  s t a n d s .  Some ' s t u d i e s  w i l l  
s e e k  t o  deve lop  a method f o r  making s e e d  i n t o  p e l l e t s ,  which would make d i r e c t  
s e e d i n g  i n  t h e  f i e l d  a n  e a s i e r  t a s k .  Rubis a t  t h e  U n i v e r s i t y  of Arizona and 
Hansen a t  Los Angeles a r e  conduc t ing  s t u d i e s  on p o l l a r d i n g  of guayule;  how- 
e v e r ,  t h e s e  s t u d i e s  a r e  i n c i d e n t a l  t o  a  b reed ing  program. 

I n  a c t u a l i t y  a l l  of  t h e  f i e l d  p r o d u c t i o n  s t u d i e s  a r e  l a r g e l y  i n c i d e n t a l  o r  
c o n s i s t  p r i m a r i l y  of ' f i e l d  p l o t s  where f e r t i l i z a t i o n  and i r r i g a t i o n  can be 
s t u d i e d  on a n  e x p e r i m e n t a l  b a s i s .  No l a r g e - s c a l e ,  we l l -de f ined  r e s e a r c h  
programs a r e  i n v e s t i g a t i n g  t h e  c u l t u r a l  needs of guayu le ,  j o j o b a ,  b u f f a l o  
gourd,  o r  Euphorbia  d u r i n g  , t h e i r  en t i ' r e  growth and development. For  example, 
b e f o r e  a  c r o p  such as guayule  can  be proven t o  be a p p r o p r i a t e  f o r  a  g i v e n  
a r e a ,  i t  i s  e s s e n t i a l  t o  know i t s  w a t c r  requ i rements .  Yet t h e r e  a r e  no 
p r o j e c t s  i n t e n s i v e l y  i n v e s t i g a t i n g  t h i s  problem. The same c a n  be s a i d  f o r  t h e  
o t h e r  c r o p s  t h a t  have a l r e a d y  shown promise.  The USDA p r o p o s a l  f o r  f i e l d  
r e s e a r c h  on jo joba ,  guayu le ,  and c r e o s o t e  bush i n  t h e  Southwest would a d d r e s s  
t h e s e  needs .  

A s  a n  a i d  i n  o b t a i n i n g  a s  many c l o n e s  as p o s s i b l e  from a  s i n g l e ,  e s p e c i a l l y  
d e s i r a b l e  p l a n t  and a s  a n  a i d  i n  c l a s s i c a l  b reed ing  programs, methods have 
been developed whereby i n d i v i d u a l  p l a n t s  can be d e r i v e d  from s i n g l e  c e l l  
c u l t u r e s ,  each  w i t h  t h e  g e n e t i c  make-up of t h e  p a r e n t  ce l l .  Such t i s s u e  
c u l t u r e  s t u d i e s  a r e  be ing  conducted on guayule  and jo joba  by D r .  Toshio  
Murashige a t  t h e  U n i v e r s i t y  of C a l i f o r n i a ,  R i v e r s i d e ,  suppor ted  by a n  NSF 
g r a n t .  D r .  Schech te r  a t  t h e  Ben Gurion U n i v e r s i t y  of the Negev, I s r a e l ,  i s  
also d i r e c t i n g  work on t i s s u e  c u l t u r e  f o r  jo joba  and guayule .  I n t e r e s t  i n  
conduc t ing  f u r t h e r  such r e s e a r c h  h a s  been expressed  by C a l v i n  ( ~ e r k e l e y )  on  



Euphorbia and by Hansen at the (Los Angeles County Arboretum) on guayule. 
Native Plants, Inc., of Salt Lake City has submitted a proposal to DOE 
entitled "A Demonstration of Economic Feasibility of Plant Tissue Culture" 
requesting $123,000 for two years for work on guayule and jojoba. 

2.3.2 Pest Control Studies 

No specific programs have been initiated or proposed on pest control problems 
in hydrocarbon plants, but weeds, plant diseases, and insects have been 
problems where breeding is in progress, and incidental studies on these 
problems are being done by Hansen at the Los Angeles County Arboretum and by 
Rubis at the University of Arizona. 

In developing the use of paraquat to increase the oleoresin content of pine 
trees (see Section 2.3.3) it was found that paraquat treatiuents increased thc 
tree's susceptibility to bark beetles, which often killed large proportions of 
the treated stands. In general more trees have been killed as a result of 
insect infestation following paraquat treatment than by any other agent. 
Considerable work has been done in the southeastern United States to control 
such infestations (Lightwood Kesearch Coordinating Council Session I1 Meet- 
ings, January' 1976, Jacksonville, Fla.) . 

2 -3 -3 Inductive Treatments 

It has been found that treatment of carotenogenic plant tissues with growth 
regulating or related compounds increases production of tctraterpenoids, for 
example, lycopin in lemon rinds. It has been postulated that similar treat- 
ments might be used to increase hydrocarbon production in such plants as 
guayule, Euphorbia, and even Hevea. Tests with guayule have produced raLllei 
spectacular results. In vigurvusly grawing plunto four to aight mnnths old, 
tvo- to sixfold increases in the rubber content were obtained (Yokoyau~a et 
al., 1977). Yokayama (1978) is continuing these srud:l.es wlLll Euplilsrbia ---- and 
guayule and feels confident that compounds can be developed to produce similar 
effects in any hydrocarbon-producing plant. Accvr ding to theory, plants 
contain genetic factors which depress u~ inhibit thc formation of hydrnr~r- 
bons; the treatments mitigate or inhibit the the effects of these factors. If 
repeatable and consistent, these experiments could have a tremendous impact on 
the hydrocarbon potential of many species and could change thc method of 
culture. However, the experimental results should be treated cautiously 
until studies on multiple plant treatments arid rates of application cctablish 
accuract dose-response curves. Such research should be given high priority. 

Additional information is needed on the molecular weight and other physical 
characteristics of the rubber formed via bioinduction treatments. It is also 
not known whether rubber is formed at the expense of other compounds, such as 



resins and carbohydrates, that might affect a plant's longevity, growth rate, 
etc. Thus, bioinduction should be tested on mature plants. If consistent 
results continue to be demonstrated under laboratory conditions, field tests 
should be started. 

Another instance o f  bioinduction that has been verified and supports the 
results on guayule is the application of paraquat, a growth-regulating herbi- 
cide, to pine trees to increase the yield of oleoresins. Applying a 2% to 8% 
solution of paraquat to a wound on the trunk of a tree induces resin formation 
extending from the wound to the center of the tree and upward for as much as 
15 ft, depending on the species of pine. This section becomes saturated in 
about two years (Collier, 1976), producing a two- to fivefold increase in the 
oleoresin content of the wood (Drew and Roberts, 1977; Stubbs, 1977). 

Studies to date have shown that (1) the increase in oleoresins is indeed real 
and can be repeated easily; (2) the increase in oleoresins appears to occur at 
the expense of carbohydrates, possibly proteins; and (3) the chemical composi- 
tion of the oleoresins is not greatly changed by the treatment and consists of 
resins, terpenes, and turpentines. Assuming a threefold increase in oleoresin 
yield and that one third of the trees currently grown for oleoresin produc- 
tion were treated, the total increase would amount to 206,229,000 lb of tall 
oil resin and 11,564,000 gallons of turpentine. These increases would corres- 
pond to 36% and 52%, respectively, of the total yield of the two materials 
during the crop year 197.5-76. While the percentage of displaced petroleum 
represented may be small, the absolute amounts of tall oils and turpentine are 
significant. Research on the effects of paraquat on oleoresin production was 
conducted at the Southeast Forest Experiment Station, Aiken, S.C.; Olustee, 
Fla.; Georgia Institute of Technology; and Battelle Memorial Institute, 
Columbus, Ohio. 

2 -3 -4 Production Plant ings . 

Production plantings of jojoba have been made in Arizona and Southern 
California by private interests. The office of Arid Land Studies in Arizona 
has established demonstration plots of buffalo gourds. The Goodyear Tire and 
Rubber Company has made a small demonstration planting of guayule near 
Phoenix, Ariz.,and the Firestone Rubber Company is beginning a large planting 
of guayule (2000 acres) for demnnstration and actual productiol;. The studies 
in Puerto Rico if undertaken would establish demonstration plots. 

2.4 HYDROCARBON EXTRACTION AND SEPARATION 

Centro De Investigation En Quimica Aplicada in Saltilln, Mexico, hac bccn 
investigating both grinding and solvent (acetone) extraction methods for 
guayule rubber for several years under the direction of Enrique Campos Lopez. 



The F i r e s t o n e  N a t u r a l  Rubber and Latex  Company i s  i n v e s t i g a t i n g  a so lven t  
e x t r a c t i o n  method i n  which t h e  ground p l a n t  m a t e r i a l  is  f i r s t  e x t r a c t e d  wi th  
ace tone  t o  remove t h e  r e s i n s .  The remaining pulp i s  d r i e d  and t r e a t e d  wi th  
hexane t o  e x t r a c t  t h e  rubber .  The hexane i s  s t r i p p e d  and recovered. These 
a r e  t h e  on ly  c u r r e n t  r e s e a r c h  e f f o r t s  on rubber  e x t r a c t i o n  methods. 

Cons iderab le  work has  been done on the  e x t r a c t i o n  of t h e  wax and o i l s  from 
jo joba .  One e f f o r t  suppor ted  by t h e  T r i b a l  Counci l  of t he  Arizona I n d i a n s ,  
h a s  developed a s a t i s f a c t o r y  commercial process .  

E x t r a c t i o n  processes  f o r  Euphorbia and o t l ~ e r  llyclrocarbon p l a n t s  a r e  i n  p r ~ l i m -  
i n a r y  s t a g e s  01 development. 

2 -5 BIOCHEMISTRY OF HYDROCARBON FORMATION 

Th i s  a r e a  of r e s e a r c h  has  rece ived  l i t t l e  concer ted  a t t e n t i o n  t o  da te .  
Cur ren t  r e s e a r c h  on b i o i n d u c t i v e  t r ea tmen t s  of guayule and Euphorbia ,  however, 
c an  be expected t o  provide  in format ion  concerning t h e  g e n e t i c  and p h y ~ ~ n l o g i -  
c a l  f a c t o r s  t h a t  c o n t r o l  hydrocarbon format ion  i n  p l a n t s .  Addi t iona l  emphasis 
on t h i s  q u e s t i o n  seems warranted a t  t h i s  time. 

2 -6 GENETICS RESEARCH 

Ao mentioned e a r l  i er, g e n e t i c s  r e sea rch  ur breeding programs designed t o  
deve lop  more p roduc t ive  v a r i e t i e s  of guayule a r e  underway a t  t h e  L 6 s  Angeles 
County Arbortum and t h e  U n i v e r s i t y  of Arizona. S e l e c t i o n  c r i t e r i a  used by 
Hansen a t  t h e  Los Angeles Arboretum inc lude  p l a n t  v igo r ,  growth r a t e ,  and 
rubber  conten t .  I n  working w l ~ l l  guayule and o t h e r  s p e c i e s  nf Parthenium. 
Harisen has  d i scovered  a c o r r e l a t i o n  between l e a f  h a i r  c h a r a c t e r i s t i c s  and 
rubber  con ten t  of i n d i v i d u a l  p l a n t s ;  t h i s  r e l a t i o n s h i p  I s  b e l ~ l g  used a s  a t o o l  
i n  s e l e c t i n g  p l a n t s  f o r  sLudy . The work i n  funded by t h e  NSF. 

A t  t h e  Un ive r s i t y  of Arizona Rubis h a s  used the  c r i t e r i a  f o r  s e l e c t i o n  used by 
Hansen, wi th  a n  a d d i t i o n a l  c r i t e r i o n  of co ld  t o l e r ance .  There a r e  vas t  a r e a s  
i n  t h e  United S t a t e s  t h a t  supply a l l  growth requirements  f o r  guayule except  
f a v o r a b l e  temperatures .  I f  more co ld - to l e r an t  v a r i e t i e s  could be developed, 
t h e  a r e a s  i n  which guayule  could be grown would be g r e a t l y  increased .  Rubis' 
program was funded i n i t i a l l y  by the. NSF but  i s  now supported by t h e  Four 
Corners  Commission. Genet ics  r e sea rch  on o t h e r  p o t e n t i a l  hydrocarbon s p e c i e s  
h a s  n o t  been s t a r t e d .  



2.7 ENVIRONMENTAL/TECHNOLOGY ASSESSMENTS 

In the development of any new industry there are environmental, economic, and 
sociological effects. Consequently the Midwest Research Institute, in cooper- 
ation with the Office of Arid Lands Studies at the University of Arizona, has 
begun a project entitled "A Technology Assessment of the Commercialization of 
Guayule: Domestic Rubber Source of the Future". This study will examine the 
technical, economic, social, and national forces that might stimulate develop- 
ment of this tec.hnology; the possible impacts of commercialization; the 
alternative approaches open to government and the private sector; and the 
results that might be expected from exercising different options. . 

2.8 DEVELOPMENT OF BYPRODUCT VALUE 

Very often the value of a single substance found in a plant is not great 
enough to make plant production profitable. Thus although the compound of 
direct interest may bring the greatest returns, economic feasihflity may hinge 
upoil the sales value of secondary products. In the economic analysis of 
guayule production and processing, it is estimated that the resins extracted 
will bring about 20 dllb and the pulp about 1-2 d/lb. Work is being done at 
the University of Akron on the nature and physical characteristics of guayule 
resins. Work is also underway at the Jet Propulsion Laboratory in Pasadena, 
California to convert guayule bagasse (pulp) into a desirable fuel by means of 
pyrolysis (Baurnan, 1978). Some attempts have been made to convert the leaves 
into stock feed. Guayule is a very prolific seed producer, and the possibil- 
ity of the seed containing useful hydrocarbons (oils) should be investigated. 

Jojoba seed meal appears.to have promise as a stock feed as it is fairly high 
in protein (McGinnies, 1978). However, some toxic material seems to be 
present in the meal that could cortlproollse its utility as an animal feed. The 
nutritive value of buffalo gourd meals is being investigated at the Office of 
Arid Lands Studies in Arizona. 

The conversion of all vegetative residues-into a more usable fuel seems highly 
desirable. Commercial guayule production would result in a huge tonnage of 
bagasse. Various paper companies have shown interest in this material. 
Hydrocarbon production from Euphorbia lathyrus would also produce large 
amnvnts of b a g a ~ ~ e ,  as wo,uld n~osL  of the annual and scrubby plants mentioned 
earlier. 



2.9 DISCUSSION OF RESEARCH STATUS 

A rev iew of t h e  work and i n t e r e s t  i n  hydrocarbon p l a n t s  i n d i c a t e s  t h a t  a  g r e a t  
many p l a n t s  c o n t a i n  d e s i r a b l e  hydrocarbons i n  amounts war r an t ing  f u r t h e r  
i n v e s t i g a t i o n .  Neve r the l e s s ,  t h e r e  a r e  only a  r e l a t i v e l y  few s p e c i e s  about 
which enough i s  known t o  j u s t i f y  f i e l d  p l a n t i n g s ;  t h e s e  a r e  d i s cus sed  ind iv id-  
u a l l y  i n  S e c t i o n  2 . 2 . 2 .  There seems t o  be a  wide gap i n  in format ion  concerning 
what hydrocarbons t h e  p l a n t s  may produce and t h e i r  p o t e n t i a l  i n d u s t r i a l  
a p p l i c a t i o n  and market.  More d e t a i l s  a r e  needed on t h e  exac t  chemical n a t u r e  
of  t h e  hydrocarbons found i n  l a t e x ,  seed,  and o t h e r  p l a n t  p a r t s .  The s t u d i e s  
a t  t h e  U n i v e r s i t y  of Akron on guayule r e s i n s ,  a t  t h e  U n i v e r s i t y  of C a l i f o r n i a ,  
Berke ley ,  and a t  the USDA Northern Research L a b o r a t o r i e s ,  P e o r i a ,  a r e  s t e p s  i n  
t h i s  d i r e c t i o n .  Informat ion  on such cu~uyuunds and t h c i r  uce i n  i ndus t ry  
should  be examined t o  provide bo th  a  background and f u t u r e  d i r e c t i o n  f o r  
hydrocarbon p l a n t  r e s e a r c h  and development e f f o r t s .  

Three  l a b o r a t o r i e s  a r e  i n t e r e s t e d  i n  s p e c i e s  sc reen ing .  I n i t i a l  s c r eens  have 
uncovered many s p e c i e s  of unusual ly  h igh  hydrocarbon con ten t .  L i t t l e  i n t e r e s t  
h a s  been shown i n  b a s i c  p l a n t  phys io log i ca l  s t u d i e s  needed t o  determine t h e  
f a c t o r s  a f f e c t i n g  t h e  amount and n a t u r e  of t h e  hydrocarbons produced. 

One f a c t  made appa ren t  throughout  t h i s  review i s  t h e  unnecessary r e p e t i t i o n  of 
work a t  d i f f e r e n t  l o c a t i o n s .  Not enough a t t e n t i o n  has  been paid t o  o r i g i n a l  
p u b l i c a t i o n s  on guayule  by t h e  new workers i n  t h e  f i e l d ,  and t o o  I I IUC~I  r e l i a n c e  
h a s  been placed on review a r t i c l e s  such a s  t h a t  by Polhamus and Hammond 
(1965).  As e x c e l l e n t  a  review a s  t h i s  was, i t  could not  g ive  t h e  d e t a i l s  of 
o r  descsdh~ a11  t h e  publ ished experiments  conducted du r ing  t h e  Emergency 
R~lbber  P r o j e c t .  For  t h i s  reason  some c e n t r a l  coo rd ina t ion  a c t i v i t y  s e e m  
a d v i s a b l e .  

Of a l l  p l a n t s  cons idered  Lu d a t e ,  s e v e r a l  dcrnonstrate p o t e n t i a l  f o r  supplying 
hydrocarbon chemicals  t o  s u b s t i t u t e  f o r  those  now obLained from o i l .  A 
t e chn ique  t h a t  seems t o  have immediate promise i s  t h e  b i o - i n d u c l i u ~ ~  of hydro- 
carL~ons by paraqua t  in pine t r e e s .  While optimum t r ea tmen t s  f o r  d i f f e r e n t  
a g e s ,  c o n d i t i o n s ,  and o t h e r  s i t e - s p e c i f i c  c h a r a c t e r i s t i c s  have no t  bee11 
determined,  f i e l d  t r i a l s  a r e  con t inu ing  toward t h i s  end. More s t u d i e s  a r e  
needed on t h e  methods of t rea tment  and t h e  biochemistry of o l e o r e s i n  forma- 
t i o n .  This  could  l e a d  t o  even h ighe r  o l e o r e s i n  y i e l d s  o r  perhaps to  a  cllange 
i n  t h e  type  of hydrocarbons formed. 

Guayule probably ranks  next  i n  o rde r  of immediate a v a i l a b i l i t y ,  p a r t i a l l y  
because of t h e  in for lua t ion  accumulated dur ing  t h e  Emergency Rubber P r o j e c t .  
The immediate need i s  t o  e s t a b l i s h  l a r g e  demonstrat ion p l a n t i n g s  t o  provide 
s u f f i c i e n t  m a t e r i a l  f o r  growth, ha rves t i ng ,  e x t r a c t i o n ,  and p u r i f i c a t i o n  
t r i a l s .  There remain some important  q u e s t i o n s ,  many of which were asked by 
Benedict  (1977) i n  t h e  Proceedings of t he  Second I n t e r r i a t i o n a l  Guayule Con- 
f e r e n c e  held i.n ' ~ a l t i l l o ,  Mexico, i n  1977. S ince  t h a t  paper was presen ted ,  
t h e  work on b io induc t ion  of rubher  i n  guayule  by Yokoyama e t  a l .  (1978) has  



appeared. These results are so spectacular that, if they can be duplicated in 
field experiments, guayule will immediately become a profitable crop. 

Euphorbia culture today is at approximately the same stage of development that 
guayule culture had reached at the beginning of the Emergency Rubber Project. 
Research on stand establishment, growth, and production in experimental and 
field plots remains to be done; however, the plant shows enough promise to 
make such studies worthwhile. Large-scale methods of latex extraction and 
purificatiorl will have to be developed. Fortunately these studies can proceed 
simultaneously. Genetic studies should be started to determine existing 
variability and selection of desirable factors should begin. 

As far as production per acre is concerned, Raymond's (1977) culture of diatom 
yielded much more than any of the higher plants studied. The yields should be 
analyzed carefully under field co.nditions, and the nature of the lipids should 
be determined. Also, experiments are needed on the effects of variations in 
nutrient solutions and all other features of diatom culture. 

Jojoba. seems to have progressed into a true commercial crop. Where at first 
it was harvested from wild plants, now plantations of hundreds of acres are 
being grown. The processors are utilizing all of the jojoba crop that is 
grown at present. While further research is undoubtedly of value, this crop 
is sufficiently established so that special stimulus is not needed to ensure 
that the plant becomes and remains a commercial crop. 

In summary, there is research in progress and abundant interest expressed in 
screening plants for hydrocarbon production and in characterizing the hydro- 
carbons produced; however, there is a lack of research and interest in the 
physiology and agronomy of plants that show promise. This is also generally 
true for the plants that have proceeded well beyond the screening stage. 
There is an active interest in bioinduction studies but little activity o r  
interest in testing these practices in the field, despite their importance and 
potential, There is little research in progress or interest in thc biochemi- 
cal steps that occur in hydrocarbon formation but considerable interest in 
tissue culture and single cell culture, plant breeding, and genetics. In 
other words, the glamorous phases of hydrocarbon production are being investi- 
gated, but the applied phases such as the agronomy of crop production need the 
stimulus that might be provided by a d d i t i o n a l  f ~ l n d i n g .  

Overall, plant hydrocarbon research is in a fledgling stage, such that esti- 
mates or predictions of potential hydrocarbon yields in terms of equivalent 
barrels of oil, or costs per barrel-equivalent, are rendered meaningless by 
the vast technological uncertainties that now prevail. Sentiments of the 
pioneer investigators currently working in this field, however, suggest that 
the primary use potential lies in the production of substitutes for petroleum- 
derived industrial chemicals. The ligno-cellulosic residues from plant 
hydrocarbon processing, conversely, could either be used as a fuel by the 
processor or sold for use as a fuel. 
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SECTION 3.0 

ORGANIZATIONS AND PERSONNEL INTERESTED IN RESEARCH ON 
HYDROCARBON-PRODUCING PLANTS 

This section summarizes the activities and interests of government agencies 
and legislatures and of industry in research on hydrocarhon production by 
plants. 

3.1 FEDERAL LEGISLATION 

Two bills before the U.S. Congress are designed to support research and 
development of hydrocarbon-producing plants. A bill passed by the Senate 
(S. 1816), designated "Guayule Rubber Demonstration and Economic Development 
Act," would authorize expenditure of $30 million over a five-year period for 
research and development of a guayule rubber industry. The Department of 
Co~u~ierct! would have responsibility for activities under this bill, which 
concerns only the -commercialization of guayule. 

A bill before the House (I1.R. 12559) differs somewhat from S. 1816 and is 
entitled "Native Latex Commercialization Act of 1977". This bill provides for 
the development of economically feasible means of culturing Parthenium 
(guayule) and other hydrocarbon-containing plant species for extraction of 
latex and other products. The funds are to be made available to the Depart- 
ment of Agriculture., The House bill has been unanimously recommended for 
approval by the House Committee on Science and Technology; however, it does 
not go into effect until fiscal year 1980. Both the Senate and House bills 
focus on domestic rubber producti0.n and do not provide for the development of 
other plant hydrncarbons. 

3.2 STATE LEGISLATION 

A bill before the California State Assembly provides for the establishment of 
a pilot guayule development program, which includes establishing of ten test 
plots in suitable growing areas in the State of CaliEornia. Also included is 
the development of a breeding and selection program to improve rubber yield; 
expand insect and disease resistance; determine effects of irrigation on plant 
growth, rubber yield, and survival potential; determine economic methods for 
obtaining acceptable stands; study nursery stock; and direct seeding methods. 
The program would extend from the autumn of 1978 until January 1, 1982. The 
original bill included an appropriation of $2 million; however, i.t was later 
amended to require the California Director of Food and Agriculture to seek 
federal funding to carry out the provisions of the Act. This bill has not yet 
been approved by the Assembly. 



3 -3 FEDERAL AGENCIES 

DOE i s  con t inu ing  t o  suppor t  l i m i t e d  r e s e a r c h  on hydrocarbon spec i e s .  A f ive-  
y e a r  s tudy  t o  develop t h e  procedure f o r  t r e a t i n g  p ine  t r e e s  w i th  paraquat  has  
been funded i n  t h e  amount of about  $620,000. Th i s  work i s  headquartered a t  
t h e  Sou theas t e rn  F o r e s t  Experiment S t a t i o n  i n  Aiken, S.C., under t h e  d i r e c t i o n  
of  J a c k  Stubbs. 

C a l v i n ' s  work a t  Berkeley .on Euphorbia has  rece ived  about  $35,000 i n  support  
from DOE. P roposa l s  f o r  a d d i t i o n a l  r e s e a r c h  on hydrocarbon s p e c i e s  develop- 
ment have been submi t ted  t o  DOE by v a r i o u s  r e s e a r c h  i n s t i t u t i o n s .  

The Department of A g r i c u l t u r e  (USDA) i s  suppor t ing  t h e  work of Buchanan e t  a l .  
a t  P e o r i a ,  I l l . ,  on sc r een ing  p l a n t s  f o r  hydrocarbon product ion;  t h e  work of  
Yokoyama a t  t h e  F r u i t  Labora tory  i n  Pasadena, C a l i f . ,  on t h e  b io induc t ion  of 
hydrocarbon format ion ;  and a  p r o j e c t  t o  assemble aud ca t a logue  t h e  r e p o r t s  und 
m a t e r i a l s  accumulated by t h e  Emergency Rubber P r o j e c t .  

Through the  Four Corners  Commission t h e  Department of Commerce (DOC) i s  
suppor t i ng  a  breeding  program on guayule a t  t h e  Un ive r s i t y  of Arizona i n  t h e  
amount of about  $100,000 a  year  and f i e l d  p l o t  s t u d i e s  w i th  guayule a t  New 
Mexico S t a t e  U n i v e r s i t y  under t h e  d i r e c t i o n  of Wayne Whitworth. S imi l a r  work 
i s  be ing  supported by t h i s  commission i n  Nevada. 

The Four Corners Commission supported t h e  O f f i c e  of Arid Land S t u d i e s  (OALS) 
of  the U n i v e r s i t y  of Arizona i n  e s t a b l i s h i n g  a c o l l e c t i o n  of guayule- re la ted  
m a t e r i a l  a s  a p a r t  of the l a r g e r  p r o j e c t  mentioned i n  t h e  prev ious  paragraph. 

The Border Commission of DOC i s  suppor t i ng  a n  e v a l u a t i o n  program of guayule a t  
the U n i v e r s i t y  of Texas. 

The Na t iona l  Sc ience  Foundation (NSJ?) iS supporr ing  a Cl~ree-year gclayule 
breeding  program a t  t h e  Los Angeles County Arboretum under t h e  dlr . ecLiu~ i  of 
George Hansen and p a r t  of t h e  work of Yokayama a t  t h e  USDA F r u i t  Laboratory.  

The NSF i s  a l s o  funding  a  technology assessment  program of guayule i n  the 
amount of $260,000 over  a  15-month per iod.  The work i s  being done a t  Midwest 
Research I n s t i t u t e  through t h e  O f f i c e  of Arid Lands S t u d i e s  of t h e  Un ive r s i t y  
of Arizona 'under t h e  s u p e r v i s i o n  of Edward Lawless of M R I  and K.E. Foc te r  of 
OALS. Funded by NSF, OALS i s  a l s o  sponsor ing  a  systems a n a l y s i s  of t h e  jojoba 
p l a n t i n g s  on I n d i a n  l ands  i n A r i z o n a  i n  conjunc t ion  wi th  MRI (Ed Lawless,  
p r o j e c t  l e a d e r ) .  



The OALS has  submit ted a  proposal  t o  NSF t o  coo rd ina t e  guayule r e sea rch  
r e p o r t s  a t  Tucson. The OALS e f f o r t s  would be coord ina ted  w i th  t h e  s i m i l a r  
USDA e f f o r t .  

A t  t h e  Un ive r s i t y  of Akron t h e  NSF i s  suppor t ing  a  s tudy on t h e  chemical 
composition of guayule r e s i n s .  The NSF has a l s o  awarded a  g r a n t  t o  t he  
Un ive r s i t y  of C a l i f o r n i a ,  Rivers ide ,  t o  develop a  t i s s u e ' c u l t u r e  method f o r  
propagat ing jojoba. 

3 - 4  STATES 

C a l i f o r n i a  has  con t r ibu t ed  t o  t h e  work on Euphorbia i n  t h e  fo l lowing  ways: by 
f u r n i s h i n g  bu i ld ing  space and equipment f o r  Ca lv in ' s  l a b o r a t o r y  a t  t h e  
Berkeley f a c i l i t y ,  by suppor t ing  a  Euphorbia c o l l e c t i o n  a t  Davis ,  and by 
e s t a b l i s h i n g  smal l  f i e l d  p l o t s  of Euphorbia i n  San Diego County through t h e  
v a r i o u s  f a c i l i t i e s  o.f t h e  Un ive r s i t y  .of C a l i f o r n i a  and t h e  s t a t e  Experiment 
S t a t i o n .  

I n  a d d i t i o n ,  t h e  C a l i f o r n i a  Energy ,Resources  Conservat ion and Development 
Commission p lans  t o  expend about  e i g h t  man-months on e v a l u a t i o n  s t u d i e s  of 
guayule and Euphorbia. 

Arizona, through i t s  u n i v e r s i t y  and experiment s t a t i o n ,  has c o n t r i b u t e d  funds ,  
f a c i l i t i e s ,  and manpower t o  t h e  development o fguayu le ,  jo joba ,  and b u f f a l o  
gourd a s  p o t e n t i a l  c rops ,  e s p e c i a l l y  f o r  i t s  a r i d  l ands .  

Through i t s  Na tu ra l  Energy I n s t i t u t e ,  Hawaii has  supported a  p r o j e c t  on 
developing diatoms a s  a  source  of energy t o  r e p l a c e  crude o i l  imports .  

3 - 5  OTHER SOURCES OF RESEARCH SUPPORT 

A s  p a r t  of a  s tudy on t h e  d e s e r t s  of North and South America, and because of 
t h e  dominance of t h e  c r e o s o l e  bush, Lar rea  t r i d e n t a t a ,  i n  t h e  Arizona and 
Mexican d e s e r t s ,  some $50,000 over  a  s ix-year  per iod has  been devoted t o  t h e  
a n a l y s i s  of t h c  c ~ r t r a c t a b l e  m a t e r i a l s  Irum Larrea  a t  t h e  Un ive r s i t y  of Texas. 

F i r e s t o n e  T i r e  and Rubber Co. has e s t a b l i s h e d  obse rva t ion  p l o t s  of guayule 
nea r  F o r t  Stockton,  Tex., and p lans  t o  expand them even tua l ly  t o  2,000 a c r e s .  
A greenhouse has  been cons t ruc t ed  f o r  experimental  work on s t and  e s t a b l i s h -  
ment, f e r t i l i z e r ,  and water  requiremcnts .  The a r e a  p lan ted  t o  d a t e  i s  e s t i -  
mated t o  be 100 a c r e s .  



F i r e s t o n e  has  a l s o  been s tudying  methods of e x t r a c t i n g  and pu r i fy ing  t h e  
rubbe r  from guayule ,  w i t h  emphasis on s o l v e n t  e x t r a c t i o n  r a t h e r  t han  on t h e  
o l d  mace ra t i on - f lo t a t i on  method. An e x t r a c t i o n  m i l l  i s  being b u i l t  a t  Ft .  
S tockton .  

Goodyear Rubber Company has  e s t a b l i s h e d  a  smal l  p l a n t i n g  of guayule near  
Phoenix,  Ariz. ,  bu t  i s  no t  planning a  r e sea rch  program. Goodyear has a l s o  
made a n  economic a n a l y s i s  of t h e  c o s t  of producing guayule rubber ,  inc lud ing  
byproduct  c r e d i t s .  

The hydrocarbons produced by p l a n t s  have uses  o t h e r  t h a n  f o r  rubber.  Chemical 
companies such a s  Gulf O i l  Research and Development Company, ARC0 Cheiuical 
Company, and Swi f t  A g r i c u l t u r a l  Chemical Company a r e  t ak ing  a "look-see" 
a t t i t u d e .  They know of t h e  s t u d i e s  on guayule ,  jo joba ,  and Euphorbia bu t  a r e  
n o t  working on t h e  product ion ,  e x t r a c t i o n ,  o r  p u r i f i c a e i o n  of t h e s e  p i u ~ l u c t s .  

One excep t ion  i s  t h e  Diamond Shamrock Company of P a i n e s v i l l e ,  Ohio, which i s  
suppor t i ng  work i n  t h e  O f f i c e  of Arid Land S t u d i e s ,  Un ive r s i t y  of Arizona, t o  
de te rmine  t h e  c l i m a t i c  l i m i t a t i o n s  of guayule ,  jo joba ,  Euphorbia,  and some 40 
a d d i t i o n a l  d e s e r t  p l a n t s  t h a t  may c o n t a i n  compounds of va lue  t o  t h e  chemical 
i n d u s t r y .  

Another i n s t a n c e  where i n d u s t r y  has  taken  a n  a c t i v e  i n t e r e s t  i n  t h e  develop- 
ment of p l a n t  hydrocarbons i s  t h e  use  of paraqua t  t o  i n c r e a s e  o l e o r e s i n  
c o n t e n t  of p i n e ' t r e e s .  The Ortho Div i s ion  of t h e  Chevron Chemical.Company has 
suppor ted  some of t h e s e  s t u d i e s .  IL llas a l s o  been p o s s i b l c  t o  o b t a i n  coopera- 
t i o n  from a t  l e a s t  20 companies thaL grow pine  t r e e s  i n  t h e  ~ o u t h e a s t e r n  
r e g i o n  of t h e  United S t a t e s ,  i n  provid ing  t r e e s  ( l a n d ) ,  equipment, and man- 
power f o r  f i e l d  s t u d i e s .  

Summaries of r e s e a r c h  suppor t  a r e  presen ted  i n  Tables  3-1 and 3-2. 
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Table 3-1. SUMMARY OF ACTIVE OR RECENT HYDROCARBON SPECIES 
RESEARCH SUPPORT BY GOVERNMENT AND INDUSTRY 

Es tima ted Funding 
Agency Level 

Federal Government 
Guayule Legislation (pending) 
DOE 
U SDA 
N SF 
I BRF 
DOC 

State o f  Calif 6rnj.a 
State of Arizona 
State of Hawaii 
Industry 

'Diamond Shamrock. Funds expended by Fires tone and Goodyear undetermined. 



Zable  3-2. 

AREAS OF RESEARCH ON HYDROCARBON SPECIES SUPPORTED BY GOVERNMENT AND INDUSTRY 

Research Support  Source * 
Hydrocarbon Spec ies  F e d e r a l  Goverxnent S t a t e  Government I n d u s t r y  Other  
Research A c t i v i t y  DOE NSF USD.4 DOC C a l i f .  A r i z .  Haw. F G DS IBRF Fore ign  

Spec ies  s c r e e n i n g  o o o 
.................................................................................................................... 
Greenhouse s t u d i e s  • o o o o 
...................................................................................................................... 

- Propaga t ion  and s t a n d  o • o o • o 
e s t a b l i s h m e n t  

...................................................................................................................... 
Market e v a l u a t i o n s  o • e • 

h) ....................................................................................................................... 
Crop management 
....................................................................................................................... 
I n d u c t i v e  t r e a t m e n t s  o • 4 
........................................................................................................................ 
Produc t ion  p l a n t i n g ~  
........................................................................................................................ 
E x t r a c t i o n  s t u d i e s  o c o o 0 o 
....................................................................................................................... 
Biochemical  s t u d i e s  
........................................................................................................................ 
Genet ic  s t u d i e s  • • 
........................................................................................................................ 

assessment  
........................................................................................................................ 
Byproduct u t i l i t y  o o • • 

*DOE : U. S. Department of Energy, NSF: N a t i c n a l  Sc ience  Foundat ion,  USDA: U.S. Department of A g r i c u l t u r e ,  DOC: U. S. 
Department of Commerce, 3 :  F i r e s t o n e  T i r e  and Rubbsr Company, G: Goodyear Rubber Company, DS: Diamond Shamrock 
Company, IBRF: I n t e r n a t i ~ n a l  B i o l o g i c a l  Research Fund 

Research l i m i t e d  t o  guayule.  
o Research on s p e c i e s  o t h e r  t h a n  guayule .  
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