
C H A P T E R  1 0  

Natural Biochemical 
Liquefaction 

I. I N T R O D U C T I O N  

The conversion of solar radiation into chemical energy via photosynthesis 
results in the growth of woody, herbaceous, and aquatic biomass and the 
formation of many organic compounds in situ, each of which has an intrinsic 
energy content. The lower the oxygenated state of the fixed carbon in these 
compounds, the higher the energy content. As discussed in previous chapters, 
c~wcellulose, or cellulose as it is more commonly known, is usually the chief 
structural element and principal constituent of many biomass species, particu- 
larly woody biomass, but is not always the dominant carbohydrate, especially in 
aquatic species. The lignins and hemicelluloses comprise most of the remaining 
organic components. In addition, other polymers and a large variety of nonpoly- 
meric organic solids are formed naturally, although not equally, in biomass. 
Many of these chemicals are or have been used in specialty applications such 
as pharmaceuticals and industrial formulations. Natural products continue to 
be discovered, and many have been found to have useful applications. Hundreds 
of biomass species have also been found to produce low-molecular-weight 
organic liquids, several of which are used or proposed for use as transportation 
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fuels for vehicles driven by spark- or compression-ignition engines. These 
liquids are glycerides and terpenes. The glycerides, which are the primary 
members of a group of organic compounds called lipids, are mainly triglyceride 
esters of long-chain fatty acids and the triol glycerol. Lipid is a general name 
for plant and animal products that are structurally esters of higher fatty acids, 
but certain other oil-soluble, water-insoluble substances are also called lipids. 
The fatty acids are any of a variety of monobasic acids such as palmitic, stearic, 
and oleic acids. Among more than 50 fatty acids found in nature, almost all 
are straight-chain acids containing an even number of carbon atoms. A few 
biomass species produce esters of fatty alcohols and acids. Certain glycerides 
are essential components of the human diet and are obtained or derived from 
animal fats and vegetable oils. In addition to cooking and food uses, many 
natural glycerides have long been used as lubricants and as raw materials for 
the manufacture of soaps, detergents, cosmetics, and chemicals. Some are 
directly useful as motor fuels as formed or can be converted to suitable fuels 
after relatively simple upgrading using established processes. The derivatives 
formed on transesterification (alcoholysis) of several natural glycerides with 
low-molecular-weight alcohols are useful as neat diesel fuels or in diesel fuel 
blends or as diesel fuel additives. An example is the ester formed on methanol- 
ysis of soybean oil. 

The term terpenes originally designated a mixture of isomeric hydrocarbons 
of molecular formula C10Hl6 occurring in turpentine obtained from coniferous 
trees, especially pine trees. Today, the term refers to a large number of naturally 
occurring hydrocarbons that can be represented as isoprene adducts having 
the formula (CsHs),, where n is 2 or more, and to an even larger number of 
derived terpenoids in various states of oxidation and unsaturation. Terpenes 
are widely distributed in many biomass species and are often found in biomass 
oils, resins, and balsams. They are classified according to the number of iso- 
prene units contained in the empirical formula: for example, CIoH16, monoter- 
penes; C~sH24, sesquiterpenes; C20H32, diterpenes; C30H48, triterpenes; and 
(CsHs)x, polyisoprenes. The terpenes thus range from relatively simple hydro- 
carbons to large polymeric molecules. The lower molecular weight terpenes 
are usually liquid at room temperature at n = 2 or 3 and are mainly alicyclic 
structures. Terpenes are monocyclic, bicyclic, tricyclic, etc.; open-chain acyclic 
terpenes are also known. Examples of terpenes are the dienes limonene (mono- 
cyclic monoterpene) and cadinene (bicyclic sesquiterpene), the monoenes c~- 
and/3-pinene (bicyclic monoterpenes), the triene myrcene (acyclic monoter- 
pene), the hexaene squalene (acyclic triterpene), and natural rubbers, which 
are high-molecular-weight polymers of isoprene. 

In this chapter, the sources of natural biochemical liquids potentially suit- 
able as motor fuels, their basic properties and conversion chemistry, and their 
process economics are examined. 
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II. SOURCES 

A. GLYCERIDES 

Biodiesel Fuels 

Natural glycerides have been investigated as alternative fuels for the 
compression-ignition engine since the late 1800s. Rudolph Diesel, the inventor 
of the engine that bears his name, demonstrated a diesel-cycle engine fueled 
with peanut oil in 1900 at the Paris Exposition. In 1912, Diesel wrote: "The 
use of vegetable oils may become in the course of time as important as petro- 
leum and the coal tar products of the present time." This obviously has not 
happened, since the majority of heavy-duty farm and construction vehicles 
and large trucks are powered by diesel engines that operate on petroleum 
diesel fuels. Of the two basic types of diesel engines, direct injection, in which 
the diesel fuel is injected directly into the combustion chamber, and indirect 
injection, in which the fuel is injected into a precombustion chamber, the 
direct injection design is more commonly used for the larger vehicles. The 
direct-injected engines are easier to start and less expensive than the more 
elaborate but quiet indirect-injected engine (Quick, 1989). 

Many natural glycerides can be used with little or no difficulty as diesel 
fuels for vehicles equipped with indirect-injection engines. Several problems 
arise when they are used to fuel direct-injection engines. One of the problems 
is caused by the higher viscosity and lower volatility of natural glycerides as 
compared with the corresponding properties of petroleum diesel fuels (cf. 
Krawczyk, 1996). A comparison of selected properties of No. 2 diesel fuel, 
soybean and rapeseed oils, their corresponding transesterification products 
with methanol and ethanol, and the fatty acid makeup of the glyceride oils 
and esters is shown in Table 10.1. 

Performance of the glycerides as a diesel fuel is improved by conversion of 
the fatty acid moieties of the glycerides to the corresponding methyl or ethyl 
esters. Fouling problems are significantly reduced, and the viscosities, pour 
points, and combustion characteristics of the esters in blends with diesel fuel 
or as neat liquids are superior to those of the natural glycerides. The cetane 
numbers of the methyl and ethyl esters are about 50 to 65, and they have 
lower ash, sulfur, and volatilities and higher flash points than conventional 
diesel fuels. The cetane numbers of the methyl and ethyl esters of the pure 
fatty acids in the oils have been correlated with the chain length and degree 
of saturation (Freedman et al., 1990; Clements, 1996; Knothe, Bagby, and 
Ryan, 1996). For the ethyl esters of the C18 fatty acids, stearic, oleic, linoleic, 
and linolenic acids, the reported cetane numbers are 77, 54, 37, and 27, 
respectively. The corresponding cetane numbers determined for the free acids 
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are 62, 46, 31, and 20. These trends would be expected because of the increasing 
degree of unsaturation from stearic to linolenic acid and the fact that more 
paraffinic hydrocarbons usually have higher cetane numbers. Similar correla- 
tions were found for other esters. 

Since the methanol and ethanol transesterification products of a variety of 
commercial biomass-derived oils, such as soybean, rapeseed, peanut, palm, 
and sunflower oils, and even waste animal fats have generally been found to 
be suitable as additives or neat fuels for diesel-powered engines without engine 
modifications, programs were started, first in several European countries and 
then the United States, to develop and market what has been termed "biodiesel." 
Biodiesel is defined as monoalkyl esters of long-chain fatty acids derived from 
renewable feedstocks, such as vegetable oils and animal fats, for use in compres- 
sion ignition engines. The emphasis in European biodiesel programs has been 
on the methyl ester of rapeseed oil, and in the United States, the methyl esters 
of soybean and rapeseed oils have received the most attention (cf. Krawczyk, 
1996). In Europe, the most advanced program is in Austria. Pilot plants, small- 
scale farm cooperatives, and industrial-scale plants (10,000 to 30,000 t/year 
capacities) have been built, and fuel standards for rapeseed oil methyl ester 
have been adopted. In Malaysia, the methyl ester of palm oil is being developed 
as biodiesel, and in Nicaragua, biodiesel applications of the oil from Jatropha 
curcas, a large shrub or tree native to the American tropics, are under investiga- 
tion (cf. Jones and Miller, 1991). 

Many projects are underway in the United States to complete the U.S. 
database on the properties and performance of biodiesel. Included in this work 
are studies on the emissions and performance of engines and vehicles fueled 
with biodiesel as additives, neat fuels, and fuel blends; the effects of oxygenated 
additives in biodiesel on cetane number; the effects of interesterification of 
different vegetable oils followed by transesterification with methanol on bio- 
diesel properties; and the low-temperature flow properties, long-term storage 
effects, and toxicities of a variety of methyl and ethyl esters. The information 
being developed in this work continues to support the marketing of biodiesel. 
Some engine test results and fields trials with diesel vehicles indicate that a 
few issues must be addressed before biodiesel can be successfully commercial- 
ized. In order of importance and frequency of occurrence, these issues concern 
fuel quality, fuel filter plugging, injector failure, material compatibility, and 
fuel economy (Schumacher and Van Gerpen, 1996; Schumacher, Howell, and 
Weber, 1996). It appears that the fledgling biodiesel industry is approaching 
a stage similar to that of the petroleum industry many years ago, when detailed 
motor fuel specifications and test procedures were needed to facilitate fuel 
compatibility and interchangability from different suppliers across the country. 
The tentative specifications being developed for biodiesel by the American 
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TABLE 10.2 Tentative ASTM Biodiesel Specifications ~ 

Property ASTM method Unit Value 

Flash point D 93 ~ 100.0 min. 

Water and sediment D 1796 vol % 0.050 max. 

Carbon residue, 100% sample D 4530 or wt % 0.050 max. 
equivalent ASTM 

Sulfated ash D 874 wt % 0.020 max. 

Kinematic viscosity at 40~ D 445 mm2/s 1.9-6.0 

Sulfur D 2622 wt % 0.05 max. 

Cetane number D 613 40 min. 

Cloud point D 2500 ~ By customer 

Copper strip corrosion D 130 No. 3b max. 

Acid number D 664 mg KOH/g 0.80 max. 

Free glycerol Gas chromatography wt % 0.020 max. 

Total glycerol Gas chromatography wt % 0.240 max. 

~chumacher, Howell, and Weber (1996); Weber and Johannes (1996). These are tenative specifi- 
cations for 100% biodiesel and are being evaluated by the American Society for Testing and Ma- 
terials as of March 4, 1996. A considerable amount of experience exists in the United States with 
blends of 20% biodiesel and 80% diesel fuels. Although biodiesel can be used in this form, the 
use of blends over 20% biodiesel should be evaluated on a case-by-case basis until further expe- 
rience is available. The GC method for glycerol is the Austrian update (Christiana Planc) of the 
U.S. Department of Agriculture method. 

Society for Test ing and  Materials  (ASTM) are s h o w n  in Table 10.2. After fine- 

tun ing  and  approval ,  the ASTM s tandards  are expected  to e l iminate  m a n y  of 

the potent ia l  p rob lems  that  can resul t  f rom the large n u m b e r  of vegetable  oils 

and an imal  fats that  can be used  to p roduce  biodiesel.  In o ther  words ,  w h e n  

a par t icular  manufac tu r ing  source  suppl ies  biodiesel  that  meets  the ASTM 

standards ,  it is a s sumed  it will be fully compat ib le  with all o ther  sources  of 

biodiesel  and  exhibi t  the same end-use  character is t ics  even t h o u g h  the feed- 

s tock may  not  be the same at each manufac tu r ing  site. 

Marke t  p ro jec t ion  s tudies  indicate  that  biodiesel  which  meets  the ASTM 

s tandards  will be manufac tu red  and d is t r ibu ted  initially for niche marke t  

appl ica t ions  such  as g o v e r n m e n t  bus  and  t ruck  fleets where  the manda tes  of 

the Clean Air Act of 1990 require  the use of c leaner  bu rn ing  al ternat ive fuels. 

A major  difficulty regarding  large-scale marke t ing  of biodiesel  is c o n s u m e r  

cost. This  subject  will be examined  later in Sect ion IV, bu t  is no t  expec ted  to 

be an i n s u r m o u n t a b l e  barr ier  in the long term. 
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Potential Sources of Biodiesel 

Various oilseed crops afford natural triglyceride esters several of which are 
under development as diesel fuels as already mentioned. Some biomass species 
produce natural esters of fatty acids and fatty alcohols, such as the desert 
shrub jojoba (Simmondsia chinensis [Link] Schneider) which yields esterification 
products of C20-C22 straight-chain, monounsaturated fatty alcohols and acids 
(National Academy of Sciences, 1977). These esters have not been considered 
as a source of biodiesel, but could be readily converted to normal paraffinic 
hydrocarbons. The largest source of feedstock for conversion to biodiesel is 
the seed oils. Seed oils are largely triglycerides and typically contain three 
long-chain fatty acids, each bound to one of the carbon atoms of glycerol via 
an ester linkage. The fatty acid distributions of soybean and rapeseed triglycer- 
ides in Table 10.1 are typical of most seed oils. An analysis of the average and 
potential annual yields of oilseeds and seed oils is shown in Table 10.3. With 
the exception of the Chinese tallow tree (Sapium sebiferum), the range in 
potential oil yields is about 400 to 1800 I~a-year  (2.5 to 11.3 bbl/ha-year), 
but average commercial yields are about 30 to 60% of these values. The 
estimates of potential yields are based on discussions with experts in breeding 
and agronomy of the individual oilseeds, analyses of potential yields under 
experimental conditions, and knowledge of crop improvement considerations 
(Lipinsky et al., 1984). In addition, the confidence limits associated with 
potential yields of commercial oilseeds such as corn and soybeans are much 
narrower than are the estimates for the newer oilseed crops, such as the Chinese 
tallow tree. 

Soybeans are the most widely planted oilseed in the United States and 
account for more than 50% of the world's oilseed output. Annual soybean oil 
production in the United States and worldwide in the mid-1990s was about 
7 million and 12 million tonnes, which in petroleum industry terms is about 
48 million and 82 million bbl/year, a substantial amount of potential liquid 
fuel. Worldwide, annual commercial production in the mid-1990s of biomass- 
based glycerides, which includes nonseed oils such as palm, olive, and coconut 
oil production of about 14 million tonnes, was about 62 million tonnes. 
Essentially all production is used for foodstuffs and specialized industrial 
applications. So although the amounts of biomass glycerides that could poten- 
tially be converted to biodiesel are significant, it is obvious that large-scale 
biodiesel manufacture from existing commercial production under ordinary 
market conditions is problematic. Development of a large-scale biodiesel indus- 
try in almost any industrialized country would in all likelihood require dedi- 
cated, incremental production of biomass glycerides over that which is required 
for foodstuffs and industrial use. 
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TABLE 10.3 Annual Commercial Yields of Oilseeds and Seed Oils in the United States a 

Seed yield 

Common Average Potential 
name Species (kg/ha) (kg/ha) 

Castorbean Ricinus communis 950 3810 

Chinese tallow Sapium sebiferum 12,553 
tree 

Cotton Gossypium 887 1910 
hirsutum 

Crambe Crambe abssinica 1121 2350 

Corn (high Zea mays 5940 
oil) 

Flax Linum 795 1790 
usitatissimum 

Peanut Arachis hypogaea 2378 5160 

Safflower Carthamus 1676 2470 
tinctorius 

Soybean Glycine max 1980 3360 

Sunflower Helianthus 1325 2470 

Winter rape Brasica napus 2690 

Seed oil yield 

Average Potential 

(kg/ha) ( I _~a )  (kg/ha) (L/ha) 

428 449 1504 1590 

5548 6270 

142 150 343 370 

392 421 824 940 

596 650 

284 309 758 840 

754 814 1634 1780 

553 599 888 940 

354 383 591 650 

530 571 986 1030 

1074 1220 

aAdapted from Lipinsky et al. (1984). Growth is under dry-land conditions except for cotton, which is 
irrigated. The yield for the Chinese tallow tree is one reported yield equivalent to 6270 L/ha of oil plus 
tallow and is not an average yield from several sources. It is believed that the yield would be substantially 
less than this in managed dense stands, but still higher than that of conventional oilseed crops. 

The Chinese tallow tree, which  has been cult ivated and natural ized in the 

South Atlantic and the Gulf  States, deserves special considerat ion because 
the yields of potential  biodiesel feedstocks are m u c h  higher  than those of 
convent ional  oilseed crops, and because the seeds are not  current ly  harvested 
for commercial  processing or foodstuff  usage in the Uni ted States. The tree is 

a m e m b e r  of the Euphorbiaceae  family and is native to subtropical  China, 

where  it has been cult ivated for 14 centuries  as a specialty oilseed crop, 

medicinal  plant, and source of vegetable dye, and  for uses similar to those of 

l inseed oils (Morgan and Schultz, 1981; Scheld, 1986). Plantat ions can be 

established from cuttings, seedlings, or seed. The most  convenient  and econom- 
ical m e t h o d  of s tand es tabl ishment  is direct plant ing of seeds by standard,  

mechanical ,  row-crop planters. The tree grows well in saline lands which  are 

marginal  for convent ional  agriculture.  Dense plantat ions of 0.60 to 0.75 m 

spacing are practical, and coppicing is a feasible system of management .  The 
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seed pods yield both a hard vegetable tallow on the outside and a liquid oil 
on the inside, which together comprise 45 to 50 wt % of the seed. Expressed 
as weight percentages of the seed, the tallow is typically 25 to 30% of the seed, 
the oil is 15 to 20%, the hull is about 40%, and the remainder is seed protein 
and fiber. In some strains, the tallow mainly consists of a single triglyceride, the 
palmitic-oleic-palmitic triglyceride. The oil is composed largely of glycerides of 
oleic, linoleic, and linolenic acids and is chemically similar to linseed oil and 
dehydrated castor oil. Both the tallow and oil have good potential as a source 
of biodiesel. The annual yields of tallow and oil are also remarkably high, each 
probably near 14.8 bbl/ha-year from a planting with seeds of about 11,200 kg/ 
ha (10,000 lb/ac). 

Certain microalgae represent another source of natural triglycerides. Much 
research has been done on the culture and compositional characteristics of 
certain microalgae as a source of "algal oils" (cf. Klass, 1983, 1984, 1985; 
Brown, 1993). This work has been focused on the growth of the organisms 
under conditions that can promote glyceride formation. The oils are high in 
triglycerides and can be transesterified to form biodiesel in the same manner 
as other natural triglycerides (Hill and Feinberg, 1984). As mentioned in 
Chapter 4, the production of natural triglycerides from microalgae can some- 
times eliminate the high cost of cell harvest and extraction because it may be 
possible to separate the lipids by simple flotation or extraction from the culture 
media if they are leaked as extracellular products. As already mentioned, 
stressed growth conditions can often be used to increase the formation of 
natural lipids as shown for several microalgae in Table 10.4. The stress was 
caused by either the use of nutrient-deficient media or the addition of excess 
salt to nutrient-enriched media. The combination of both nutrient deficiency 
and salt enrichment appears to enhance lipid formation with Isochrysis sp., 
but to reduce it with Dunaliella salina. Interestingly, the free glycerol content 
can apparently be quite high for Dunaliella sp. This suggests either that all of 
the intracellular glycerol was not esterified, or that the esters were hydrolyzed 
after formation. Botryococcus braunii exhibited relatively high lipid contents 
under each set of growth conditions, but were the highest, 54.2 dry wt %, 
under nutrient-deficient growth conditions. Other microalgae have also been 
found to exhibit similar lipid contents. For example, the lipid content increased 
from 28 to over 50% of the cell dry weight with increasing nitrogen deficiency 
for Nannochloropsis sp. when grown in media under nitrogen-limited condi- 
tions (Tillett and Benemann, 1988). Lipid productivity was demonstrated to 
have a maximum of 150 mg/L-day at 5 to 6% cell nitrogen and was apparently 
independent of the light supply and cell density when the initial nitrogen 
concentration exceeded 25 mg~.  The key to the practical use of triglycerides 
from microalgae as feedstock for biodiesel production is the rate of triglyceride 
formation during the growth of microalgae. The yield on conversion of carbon 
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dioxide to microalgae is important, but high yields are not essential to obtain 
high triglyceride productivities. They are also a function of the growth rate of 
the particular microalgae and its triglyceride content. Commercial net produc- 
tivities of triglycerides from microalgae per unit growth area were projected 
to be 23 g/m2-day or 66 ~ha-year several years ago, and improvements through 
continued research were estimated to raise these figures to 43 g/m2-day or 
124 t/ha-year (Hill and Feinberg, 1984). Although many species of microalgae 
have since been isolated and characterized, and small outdoor test facilities 
have been operated to collect data on optimal growth conditions, the sustained 
production of microalgae and the harvesting of the triglycerides in integrated, 
large-scale systems have not yet been demonstrated (Brown, 1993). Very high 
cell densities of the order of 46 million/ml have been achieved in a shallow, 
outdoor, 50-m 2 raceway in Hawaii for the marine diatom Phaeodactylum tricor- 
nutum, the lipid content of which was found to be as high as 80% of its dry 
weight (Glenn, 1982; National Renewable Energy Laboratory, 1982; Shupe, 
1982). This and similar projects on the growth of microalgae in fresh and 
saline water in California and the Southwest have since been terminated. 
Methods of maintaining optimal levels of nutrients, carbon dioxide, salinity, 
and temperature for continuous, outdoor microalgal growth, as well as eco- 
nomic methods of recovering triglycerides, must be developed and tested to 
allow design of large-scale systems. 

Research on aquatic biomass by French researchers has resulted in several 
interesting results with the microalga B. braunii. In laboratory studies, this 
microalga, which under the growth conditions used is reported to have a 
hydrocarbon content as high as 75% of its dry weight, was reported to have 
been cultured at hydrocarbon productivities per unit growth area up to 15 g/ 
m2-day (Casadevall and Largeau, 1982). The dominant hydrocarbons produced 
are branched-chain olefins. In subsequent work, the French confirmed the 
high hydrocarbon content of B. braunii (Casadevall, 1984; Brenckmann, 1985; 
Brenckmann et al., 1985; Metzger et al., 1985). Nitrogen limitation was not 
found to be necessary for high hydrocarbon production, the highest productivi- 
ties of which were observed during exponential growth. Light intensity did 
not affect the structure of the hydrocarbons, mainly C27, C29, and C31 alkadienes, 
which were produced in continuously illuminated batch cultures. But adjust- 
ment of the light intensity to the proper level gave maximum biomass and 
hydrocarbon yields. One strain was reported to yield straight-chain alkadienes 
and trienes as odd-numbered chains from C23 to C31 , and another strain pro- 
duces triterpenes of the generic formula CnH2,_10 where n varies from 30 to 37. 

The French results with B. braunii contrast sharply with the U.S. results 
and are unexpected because most of the literature on this organism describes 
lipids and not hydrocarbons as metabolites. The formation of lipids and hydro- 
carbons together for certain biomass species is not unique, as indicated in this 
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chapter. It is surprising, however, that an organism is reported to produce 
higher lipid content under stressed growth conditions than that produced 
under nonstressed growth conditions with no mention of hydrocarbons, and 
high hydrocarbon production under nonstressed growth conditions with no 
mention of lipids. It may be that the unknown organic components in B. 
braunii (Table 10.4) are hydrocarbons, but it is unlikely. It is more probable 
that a major shift in biochemical metabolite formation can occur from one 
strain to another. In any case, it appears that certain microalgae are capable 
of high productivities of lipids or hydrocarbons. Such organisms could provide 
significant benefits in processes designed for the manufacture of liquid fuels 
from biomass. 

B. TERPENES 

Polyisoprenes 

Hydrocarbon production as polyisoprenes in terrestrial biomass by natural 
biochemical mechanisms is a well-known phenomenon that has been used by 
industry for many years. Commercial production of pure hydrocarbons as 
natural rubber, the highly stereospecific polymer cis-l,4-polyisoprene, is an 
established technology. Natural rubber has been reported to occur in hundreds 
of biomass species including dandelions and goldenrod, but commercial pro- 
duction has been limited to two species: the hevea rubber tree and the perennial 
desert shrub guayule. Natural rubber has a molecular-weight range between 
about 500,000 and 2,000,000 and is tapped as a latex from the hevea rubber 
tree (Hevea brasiliensis), a member of the family Euphorbiaceae that grows in 
the tropical climes of South America and southeast Asia, The trees are native 
to the equatorial, lowland rainforests in the Amazon basin of South America, 
but have been transplanted to Malaysia and agronomically improved. The trees 
grow to heights of 15-20 m in 5-7' years and are planted at densities of about 
400-500/ha; 200-250 cm/year of precipitation is required for normal growth. 
The polymer occurs in a cell system between the outer bark of the plant and 
the cambium, and when an incision is made that penetrates the outer bark, 
the milky latex oozes out. Mature trees continue to yield latex until they are 
over 40 years of age. A new incision is generally made on the trunk each day, 
and about 0.25 kg of latex containing about 30-40 wt % rubber is collected 
daily. The crude latex rubber contains about 90-95% hydrocarbons, 2.5-3% 
fatty acids, and sugars, resins, and proteinaceous substances. The annual yield 
of dry crude rubber from ordinary, mature trees is about 2 kg/tree, but specially 
selected high-yield trees can yield 9-14 kg/tree or more. The collected latex 
is strained, diluted with water, and treated with acid to coagulate the colloidal 
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rubber particles. Natural rubbers can be transformed on heating to 280~ 
into the liquid monoterpene dipentene, the racemic form of limonene. The 
chemistry of these and similar transformations to potential liquid fuels will 
be discussed in Section III. 

Guayule (Parthenium argentatum Gray), a member of the sunflower family, 
Compositae, that grows in the southwestern United States and in northern 
Mexico, is another source of natural rubber almost identical with hevea rubber 
(National Academy of Sciences, 1977). Two-thirds of the rubber is contained 
in the stems and branches. The remainder is in the roots, so the whole plant 
must be harvested and extracted. The rubber is contained in single, thin-walled 
cells in the outer layers, mostly in newly grown tissues. The older cells of the 
inner xylem and pith produce rubber for several years. There is no rubber in 
the leaves. In 1910, about 50% of all commercial U.S. rubber was extracted 
from wild guayule. At that time, the belief that guayule fortunes were soon to 
be made caused a land boom in the desert areas of the United States and New 
Mexico. The extensive wild stands, however, could not sustain continued 
harvesting without replanting, cultivation, or rotational cropping. The wild 
stands were almost completely devastated. By 1912, many guayule extraction 
mills were forced to close. 

The idea of growing guayule and extracting the rubber latex from the whole 
plant was tested in full-scale plantations during the rubber shortage in World 
War II and found to be technically feasible. More than 12,000 ha of guayule 
were cultivated in California under the Emergency Rubber Project. About 1.4 
million tonnes of rubber were produced in two processing facilities. The plants 
had to be processed within a few days after harvest because of oxidative 
degradation of the rubber once the plant cells had been exposed to air. Hevea 
rubber latexes contain antioxidants that preclude such degradation. In the 
1940s, guayule strains containing up to 26 dry wt % of rubber were found, 
and laboratory research indicated that certain amine sprays stimulate guayule's 
rubber-producing genes to afford plants that contain more than 30% rubber 
content when harvested (Yokoyama, 1977). However, the strains that were 
widely cultivated during World War II had been selected before the war and 
were able to produce only about 20% of the plant's dry weight as rubber after 
4 years' growth. The distribution of the components in harvested guayule 
shrubs is moisture, 45-60 wt %; and expressed in dry weight percentages 
rubber, 8-26; resins, 5-15; bagasse, 50-55; leaves, 15-20; cork, 1-3; and 
water solubles, 10-12. It is apparent that the methods for commercially extract- 
ing rubber from guayule would have to be considerably more complex than 
the relatively simple processes used for processing hevea latexes. A process 
developed for commercial use in Mexico, for example, consisted of the sequen- 
tial steps of parboiling the shrubs to coagulate the rubber in the latex cells; 
milling to release the rubber from the cells; separation of the rubber in flotation 
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tanks in which the waterlogged bagasse sinks and the rubber "worms" float 
and are skimmed off; washing the worms to remove the residual caustic soda 
used in the milling operations; deresination of the worms with acetone, which 
is subsequently distilled to obtain the resin and recycle solvent; and purification 
of the rubber using rubber solvents to remove insolubles. 

When guayule is in an active growth phase, it produces little or no rubber, 
but if the plants are stressed, such as in cool weather or because of reduced 
moisture supply, biomass growth slows and the photosynthetic products are 
diverted to rubber production. The rubbers are not metabolized by the plant, 
even when it is deprived of all carbohydrates and other energy sources, and 
continue to accumulate for at least 10 years. The resins, which include terpenes, 
sesquiterpenes, diterpenes, glycerides, and low-molecular-weight polyiso- 
prenes, are found in resin ducts throughout the plant; they constitute 10- 
15 dry wt % of the plant. 

Although wild stands of guayule are remarkably free of disease and insect 
pests, cultivated plants are susceptible to both. It is not clear that guayule can 
be economically cultivated in the arid regions of much of its native habitat 
because the plant may take more than 7 years to develop commercially useful 
quantities of rubber, presuming natural rubber is the desired product. Guayule 
plants can survive arid conditions, but if annual rainfall is less than about 
36 cm, supplemental irrigation is needed to provide sufficient rubber yields 
in a reasonable time. In contrast, annual precipitation exceeding about 64 cm 
can cause excessive biomass growth rather than rubber formation. The intro- 
duction of synthetic rubber processes and the unfavorable economics of pro- 
ducing natural rubber in the Southwest from guayule because of the problems 
alluded to here and the requirement to harvest and extract whole plants 
basically eliminated guayule rubber from commercial rubber markets. Some 
reports indicate that the certain areas of the Southwest may provide opportuni- 
ties for commercial cultivation and rubber production (Texas Agricultural 
Experiment Station, 1990). This evaluation suggested that guayule must be 
direct-seeded with varieties containing at least 10% rubber before it can com- 
pete for cropland in these areas, and that a viable market is needed for the 
resin. An option that seems to have been given little consideration is the use 
of guayule for hydrocarbon liquids production. It is probable that stressed 
growth conditions would increase both polyisoprene and terpene production, 
or hydrocarbon production generally. Presuming the polyisoprenes can be 
converted to terpene liquids, the liquid hydrocarbon yield could then be 
equivalent to as much as 40 wt % of the dry plant with suitable strains 
of guayule. 

Naval Stores 

Terpene extraction from pine trees and other biomass species is also established 
technology. Naval stores, which are the various resinous substances such as 
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gum turpentines, rosins, and pitches, were obtained from conifers for maintain- 
ing wooden ships and as rope coatings for many years. Until recently, the 
longleaf pine forests in the South constituted the only indigenous U.S. source 
of naval stores, but the rapid loss of forests due to commercial lumbering 
operations caused the industry to decline. The pine stumps remaining from 
lumbering activities were a smaller source of naval stores. The first plant for 
recovering turpentine and rosin from old stumps was built in 1909. The pine 
oleoresin industry began to decrease in importance after its peak around that 
time. Competition from petroleum- and coal-derived substitutes and cheaper 
products obtained by extraction and steam distillation techniques during pulp- 
ing operations resulted in oleoresin production of only a small fraction of that 
in the early 1900s. Research in progress on the stimulation of natural oleoresin 
formation by chemical injections into trees, and on the benefits of combined 
timber and oleoresin production in mixed stands, has provided a few leads to 
improved technology. However, restoration of the naval stores industry as a 
major source of raw materials for the manufacture of liquid terpenes such as 
dipentene for conversion to liquid motor fuels seems remote, even though the 
resulting new markets would stimulate industry growth. The total U.S. and 
world production of gum, wood, and pulping turpentines was only about 
750,000 and 2 million bbl/year in the mid-1990s, each of which is much less 
than 1 day's U.S. oil consumption. Also, the largest source of turpentine in 
the United States today, sulfate pulping, is capacity-limited. Major additions 
are not expected to occur in the next several decades. 

Other Herbaceous Biomass 

Hundreds of herbaceous biomass species native to North America or that can 
be grown there have been tested as sources of hydrocarbons as well as glycer- 
ides. The objectives of this work have generally been to identify those species 
that produce potentially useful hydrocarbon fuels, to characterize the yields 
of hydrocarbons and other components, and to learn what controls the struc- 
ture and molecular weight of the hydrocarbons within the plant so that genetic 
manipulation or other biomass modifications might be applied to control these 
parameters. Some efforts have concentrated on plants that might be grown in 
arid or semiarid regions of the United States without competition from biomass 
grown for foodstuffs (cf. Calvin, 1978, 1979, 1985, 1987; Hoffmann, 1983; 
Johnson and Hinman, 1980; Kingsolver, 1982; McLaughlin and Hoffmann, 
1982; McLaughlin, Kingsolver, and Hoffmann, 1983; Adams, 1982; Adams et 
al. 1983; Adams, Balandrin, and Martineau, 1984; Balandrin, 1984, 1985). 
Other work has been aimed at perennials adapted to wide areas of North 
America (cf. Bagby, Buchanan, and Otey, 1981; Buchanan et al., 1978). Table 
10.5 lists some of the best mesophytic and xerophytic candidates that have 
been found to contain natural hydrocarbons and/or triglyceride otis (Klass, 
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TABLE 10.5 Some Triglyceride- and Hydrocarbon-Producing Biomass Species Potentially 
Suitable for North America a 

Family Genus and species Common name 

Aceraceae Acer saccharinum Silver maple 

Anacardiaceae Rhus glabra Smooth sumac 

Asclepiadiaceae Asclepias incarnata Swamp milkweed 
sublata Desert milkweed 
syriaca Common milkweed 

Cryptostegia grandiflora Madagascar rubber vine 

Buxaceae Simmondsia chinensis Jojoba 

Caprifoliaceae Lonicera tartarica Red tarterium honeysuckle 
Sambucus canadensis Common elder 
Symphoricarpos orbiculatus Corral berry 

Companulaceae Companula americana Tall bellflower 

Compositae Ambrosia trifi~ Giant ragweed 
Cacalia atriplicifolia Pale Indian plantain 
Carthamus tinctor/us Safflower 
Chrysathamnus nauseosus Rabbitbrush 
Circsium discolor Field thistle 
Eupathorium alFtssimum Tall boneset 
G rinde l ia aphanactis Sunflower 

camporum Sunflower 
squarrosa Sunflower 

Helianthus annuus Sunflower 
Parthenium argentatum Guayule 
Silphium integrifolium Rosin weed 

laciniatum Compass plant 
terbinthinaceum Prairie dock 

Solidago graminifolia Grass-leaved goldenrod 
leavenworthii Edison's goldenrod 
rigida Stiff goldenrod 

Sonchus arvensis Sow thistle 
Vernonia fasciculata Ironweed 

Cruciferae Brassica alba White mustard 
napus Rapeseed 
nigra Black mustard 

Curcurbitaceae Cucurbita foetidissima Buffalo gourd 

Euphorbiaceae Euphorbia denta 
lathyris Mole plant, gopher plant 
ulcherima Poinsettia 
tirucalli African milk bush 

Ricinus communis Castor 

Gramineae Agropyron repens Quack grass 
Elymus canadensis Wild rye 
Phalaris canariensis Canary grass 
Zea mays Corn 

(continues) 
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TABLE 10.5 (Continued) 

Family Genus and species Common name 

Labiatae Pycnanthemum incanum Western mountain mint 
Teucrium canadensis American germander 

Lauraceae Sassafras albidium Sassafras 

Leguminosae Arachis hypogaea Peanut 
Copaifera langsdorfii Copaiba 

multijuga Soybean 
Glycine max 

Linaceae Linum usitatissimum Linseed 

Malvaceae Gossypium hirsutum Cotton 

Papaveraceae Papaver somniferum Poppy 

Pedaliaceae Sesamum indicum Sesame 

Rhamnaceae Ceanothus americanus New Jersey tea 

Rosaceae Prunus americanus Wild plum 

Phytolaccaceae Phytolacea americana Pokeweed 

aAdapted and revised from Klass (1994). 

1994). It is apparent that the formation of these substances is not limited 
to any one family or type of biomass. Interestingly, certain species in the 
Euphorbiaceae family, which includes H. brasiliensis, have been reported to 
form terpene liquids at a yield of 8 dry wt % of the plant and a minimum of 
25 bbl/ha-year (10 bbl/ac-year) (Calvin 1978, 1987). As will be shown later, 
many ot these products are suitable as motor fuels or feedstocks for upgrading 
to motor fuels. "Gasoline plantations" are thus not totally in the realm of 
science fiction (Maugh, 1976, 1979). It is necessary to emphasize, however, 
that in order for a liquid hydrocarbon yield of 25 bbl/ha-year to be sustained 
in the field, the yield of dry biomass per unit growth area must be about 
42.1 t/ha-year (18.8 ton/ac-year) when 8 wt % of the dry plant is terpenes. 

In extensive research carried out by the U.S. Department of Agriculture 
over many years on hundreds of indigenous, herbaceous, mesophytic biornass 
species that grow in the Midwest, the highest yields of "oil" in the best producers 
ranged from about 1 to 7 wt % of the dry biomass (Buchanan et al., 1978). The 
oils contain sterols, other free alcohols, free acids, glycerides, and nonglyceride 
esters, in addition to hydrocarbons. The hydrocarbon fraction contains waxes, 
isoprene polymers, and terpenoids, and the hydrocarbon yields in the best 
producers ranged from 0.5 to 1.5 wt % of the dry plant. The highest rated 
species was common milkweed, Ascelepias syriaca; its composition is shown 
in Table 10.6. The hydrocarbon fraction is essentially all high-molecular- 
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TABLE 10.6 Composition of Common Milkweed" 

Component Amount in whole dry plant (wt %) 

Crude protein 11.06 

Acetone extract 
Polyphenol fraction 7.2 
Oil fraction 4.28 

Hydrocarbon fraction 1.39 

Ash 9.86 

Cellulosics (by difference) 66.21 

Total 100.00 

aBuchanan et al. (1978). 

weight polyisoprene, and the oil fraction contains 60.6 wt % saponifiables, 
presumably esters. The remaining unsaponifiables in the oil fraction should 
contain the terpenes. Assuming all of the unsaponifiable fraction is terpene, 
an unlikely possibility since this fraction also contains unsaponifiable resins, 
sterols, and waxes, the maximum terpene yield is then 1.7 wt % of the whole 
dry plant. The bulk of the material is clearly cellulosic. 

Similar studies on xerophytic biomass species that grow in the Southwest 
and northwestern Mexico indicate that plants having the greatest potential in 
these areas are resinous members of the Compositae family including Grindelia, 
Chrysothamnus, and Xanthocephalum species (McLaughlin and Hoffmann, 
1982; Hoffmann, 1983). Latex-bearing plants, many of which have received 
widespread attention in recent years, appear to be of secondary importance. 
The cyclohexane extractables from over 100 of these plants ranged from about 
4 to 5.5%. 

Figure 10.1 illustrates one of the processing schemes that might be used 
for separating the various components in hydrocarbon-containing biomass. 
Acetone extraction removes the polyphenols, glycerides, and sterols, and ben- 
zene extraction or extraction with another nonpolar solvent removes the hydro- 
carbons. If the biomass species in question contained low concentrations of 
the nonhydrocarbon components, exclusive of the carbohydrate and protein 
fractions, direct extraction of the hydrocarbons with a nonpolar solvent might 
be preferred. 

Only a few species out of several thousand nonoilseed biomass species that 
have been screened have been given serious consideration in the United States 
as a source of liquid hydrocarbon motor fuels. One of the most interesting 
programs to develop biomass as a source of hydrocarbons was started as a 
result of reports that the Brazilians recovered liquids suitable for direct use as 
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FIGURE 10.1 Example of solvent extraction scheme for separating various components  in 
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diesel fuel in trucks without modification from the tropical tree Copaifera 
multijuga, a member of the Leguminosae family, in a manner similar to tapping 
H. braziliensis for natural rubber (cf. Calvin, 1978, 1980). The main compo- 
nents of the collected copaiba oil are caryophyllene, bergamotene, and copaene; 
all are cyclic C]5 hydrocarbons (Calvin, 1987). Copaiba is the common name 
of a group of species of the genus Copaifera which grow throughout Brazil. A 
hole is bored horizontally in the trunk into the heartwood of the tree and a 
bung is placed in the hole. The bung is removed at certain times of the year 
and the oil flows directly into a container. A single hole in a large tree may 
yield about 20 to 30 liters of oil in 24 h. The bung is reinserted and 6 months 
later, another 20 to 30 liters of oil is drained out. 

It was estimated that in tree plantation settings, this species should be 
capable of producing 62 bbl/ha-year (25 bbl/ac-year) of terpene hydrocarbons, 
so an extensive research program was initiated in the mid-1970's to develop 
"petroleum plantation agriculture" (Calvin, 1978). Since the tree does not 
grow in the United States, other species in the Euphorbiaceae family were 
examined, many of which grow in semiarid areas. It was found that almost 
every species of the genus Euphorbia produces a hydrocarbon latex whose 
molecular weight is much lower than that of the latex from H. brasiliensis. 
The literature indicated the concepts of growing this species in large plantations 
and of producing motor fuels from such species were not new (Calvin, 1978, 
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1979). The French harvested 125,000 ha of Euphorbia resinifera in 1938 in 
Morocco and obtained 10,000 L of latex/ha, from which 1700 kg of rubber 
(benzene extractables) and 2750 kg of gum resin (acetone extractables) were 
obtained. Three tonnes of hydrocarbons were produced. In addition, the Ital- 
ians had plans for using various species of Euphorbia to produce a material 
they called "vegetable gasoline" in a refinery at Agodat, but it was not clear 
what happened to this endeavor. The U.S. work began to focus on the species 
Euphorbia lathyris (gopher plant, mole piano and Euphorbia tirucalli (African 
milk bush) (Calvin, 1980). Each species can grow in the semiarid western and 
southwestern parts of the United States where rainfall is about 25 to 50 cm/ 
year, neither requires good soil, and both will grow well in uncultivated rocky 
areas which are not suitable for food crops. Both also grow upright and are 
adaptable to mechanical harvesting. E. lathyris is an annual, biennial, or even 
a perennial introduced from the Mediterranean regions, but is now widely 
naturalized in California and elsewhere in the United States (Sachs et al., 
1981). The plant grows from seed to a harvestable height of about 1.2 m in 
7 months, is frost hardy, and if not harvested, will survive some winters and 
grow to seeding maturity the following year. E. tirucalli is a perennial propa- 
gated from cuttings, grows to a height of about 0.6 m in one year, can reach 
heights of about 6 m in tropical climes, and is widespread in tropical dry 
regions (Calvin, 1980; Fukumoto, 1980). This species is sensitive to frost and 
its range is limited to mild climates in the United States. The origins of E. 
tirucalli are East Africa and Madagascar; it is widespread in India, Java, Oki- 
nawa, Sri Lanka, and Taiwan. E. tirucalli is actually a shrublike tree and not 
a herbaceous biomass species; when mature, it might be tapped to collect the 
latex rather than undergo annual harvesting and processing to recover the 
product oil. In a plantation in Okinawa planted at a spacing of 0.4 x 0.8 m and 
a planting density of 30,900/ha, the annual hydrocarbon yield was projected to 
be about 11 bbl/ha (Fukumoto, 1980). 

The initial experimental plantings in southern California showed that E. 
lathyris produced about 8-12% of its dry weight as oil, or not less than about 
20 bbl/ha-year with unselected seed and no agronomic experience over a 7- 
month growing season from February to September (Calvin, 1978, 1980; 
Nielsen et al., 1977). With proper seed selection, it was felt that oil yields 
could be raised to about 50 bbl/ha-year (Calvin, 1978), and through genetic 
and agronomic development, to as high as 65 bbl/ha-year (Johnson and Hin- 
man, 1980). The product oil and other solubles were obtained by harvesting, 
drying, and extracting the finely powdered plants with selected solvents. The 
hydrocarbon extract was found to produce the expected suite of products by 
catalytic cracking at 500~ over Mobil Corporation's zeolite catalyst, and the 
methanol extract contains hexoses that are all fermentable to ethanol (Calvin, 
1980). The product oil from E. tirucalli resembles that from E. lathyris, and 
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was estimated to be capable of hydrocarbon production at yields of 25-  
50 bbl/ha-year. 

Examination of the literature shows that the solvent extracts from E. lathyris 
and E. tirucalli are not "oil" in the sense that they are mainly sesquiterpene 
hydrocarbons as produced by the tree C. mulFtjuga. The  compositions of succes- 
sive acetone and benzene extracts of E. lathyris, R. tirucalli, and H. brasiliensis 

are shown in Table 10.7 (Nielsen et al., 1977). The compositions vary with 
the plant parts of E. lathyris and the glycerides are dominant components in 
the acetone extract of each species. The respective rubber contents of the 
latexes from these species are 3, 1, and 87 dry wt % of the latex, and the 
corresponding sterol contents are 50, 50, and 1 dry wt % of the latex. The 
rubber fraction from each species is 100% cis-polyisoprene.  It was concluded 
that the solvent extracts are complex mixtures of hydrocarbons and other 
organic compounds. Further study of the compositions of solvent extracts of 
E. lathyris supported the complex nature of the extractables (Nemethy, Otvos, 
and Calvin, 1981). The dried whole plants were successively extracted with 
heptane and methanol. The heptane extract is 5% of the dry plant weight and 
consists of 7% hydrocarbons, 33% fatty acid esters of triterpenoids, 41% tetra- 
and pentacyclic triterpenoids, ketones, and alcohols, 5% phytosterols and 
bifunctional compounds, and 15% bifunctional triterpenoids. Methanol extrac- 
tion of the residue from the heptane extraction, 95% of the dry plant weight, 
yielded 30% of the dry plant weight, most of which was made up of four 
simple, water-soluble, fermentable sugars, sucrose, glucose, galactose, and 
fructose (27% of the dry plant weight) and an ether-soluble fraction (3% of 

TABLE 10.7 Compositions of Acetone and Benzene Extractables from Dried, Ground 
Euphorbia lathyris, E. tirucalli, and Hevea braziliensis a 

Acetone extract' Benzene extract' 

Glycerides Isoprenoids Others d Rubber Wax 
Biomass species (dry wt %) (dry wt %) (dry wt %) (dry wt %) (dry wt %) 

E. lathyris (leaves) 13.7 2.2 8.3 0.1 0.2 
(seeds) 40.0 <0.1 <2.0 
(stems) 1.9 <0.5 2.0 

E. tirucalli 2.4 <0.5 2.0 0.07 0.13 
E. tirucalli b 4.4 <0.5 3.4 0.1 0.3 
H. brasiliensis 

"Adapted from Nielsen et al. (1977). 
bAnalysis from University of California, Los Angeles; others from Berkeley. 
CSuccessively extracted for 8 h with acetone and then 8 h with benzene. 
dOther terpenoids. 
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the dry plant weight). The insoluble residue from the methanol extraction, 
65% of the plant dry weight, was bagasse. This work shows that the total 
amount of hydrocarbons produced by E. lathyris, which appears in the heptane 
extract, is only about 0.4% of the dry plant weight (10010.05 x 0.07]). Direct 
acetone extraction of E. lathyris, however, yields about 8% of the dry weight 
of the plant. This fraction is equivalent to the sum of the heptane extract and 
the ether-soluble fraction in the methanol extract. As will be shown in Section 
III, most of the acetone extract, which might best be characterized as a terpenoid 
rosin or hydrocarbon-like products (biocrude), can be converted to substitute 
petroleum motor fuels (cf. Schmalzer et al., 1988). 

The projections of liquid hydrocarbon yields from the Brazilian tree C. 
multijuga in plantation settings and the yields of biocrude from E. lathyris and 
E. tirucalli have been quite optimistic. However, the main difficulties with the 
concept of natural hydrocarbon production from biomass are that most of the 
species that have been tested exhibit low liquid yields compared to the mass 
of biomass that must be harvested, and the naturally produced liquids are 
complex mixtures and not pure hydrocarbons (or glycerides). Moreover, the 
relationship between the minimum hydrocarbon content of dry biomass and 
biomass yield required to sustain a terpene yield of 25 bbl/ha-year tends to 
preclude sustainable production at this level. This is perhaps best illustrated 
by Fig. 10.2. The curve is constructed by assuming the density of terpene 
hydrocarbons is in the range 0.1347 t/bbl, which is the literature value for 
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dipentene (density of 0.847 g/cm 3 at 15.5~ When the biomass yield-terpene 
content relationships illustrated in Fig. 10.2 are compared with the yield ranges 
commonly encountered in agriculture, about 5 to 20 dry t/ha-year (2.2 to 
8.9 dry ton/ac-year), it is evident that the minimum terpene content of the 
biomass required to sustain yields of 25 bbl/ha-year ranges from about 17 to 
67 wt %, which for most whole-plant extraction systems is very unlikely. 
For more intensive agricultural practices characterized by high fertilization 
and irrigation in moderate and semiarid climates, each of which can signifi- 
cantly increase biomass production costs, biomass yields can range up to 
about 35 dry t/ha-year (15.6 dry ton/ac~ The minimum biocrude content 
required at that yield level to sustain liquid yields of 25 bbl/ha-year is still 
high, about 10 wt % of the dry biomass. There are only a few cases where 
terrestrial biomass yields are reported to be higher, and most of these species 
do not produce biocrude. This rather simple explanation of why there has 
been little success in the search for sustainable biocrude producers at rates 
of 25 bbl/ha-year has considerable historical support in the literature. Some 
researchers have suggested that there may be an upper limit for whole-plant 
hydrocarbons in biomass such as E. lathyris that is physiologically determined 
(Sachs et al., 1981). 

One of the ideas to increase the natural production of liquid hydrocarbons 
in biomass species that can grow in nontropical climates is to transfer the 
gene that codes for hydrocarbons in C. multijuga to Euphorbia species (Calvin, 
1983). If the functionality of the gene could be retained, relatively pure sesqui- 
terpene liquids might be formed by E. lathyris or E. tirucalli at high selectivity 
and sufficient yield to make natural production of liquid hydrocarbon fuels a 
practical process in the United States. Little research appears to have been 
done on this concept. Other research has shown that hydroponically grown 
E. lathyris when exposed to increasing levels of salinity caused an increase in 
the percentage of both hydrocarbons and sugars (Taylor, Skrukrud, and Calvin, 
1988). The hydrocarbon fraction, containing mostly triterpenoids, increased 
by 50% and the sugar fraction, containing mostly sucrose, increased by 88%. 
This resulted in a shift of available biomass from lignocellulose to sugars and 
hydrocarbons, although there was little change in the total energy content of 
the plant and overall growth decreased. A twofold increase in the activity per 
unit leaf area of the enzyme/3-hydroxymethylglutaryl-coenzyme A reductase 
was also observed with increased salinity. This enzyme is involved in the 
biosynthesis of triterpenoids, and its response to increased salinity indicates 
a role in the regulation of natural hydrocarbon productivity. The results suggest 
that the hydrocarbon content of E. lathyris can be changed by manipulation 
of the growth conditions, so perhaps genetic manipulation could have a similar 
effect. It is also possible that the stressed growth conditions that occurred at 
increasing levels of sodium chloride are responsible for reduced biomass yield 
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and higher hydrocarbon yields. Stressed growth has been found to cause similar 
changes in composition and yield with other biomass species. For example, 
the phenomenon is well known in the field of polyisoprene rubber production, 
as already discussed in this chapter, and in the culture of microalgae. Nutrient 
deprivation and other types of stress are standard means for induction of 
increased algal production of hydrocarbons and lipids (Shifrin and Chisholm, 
1980). Note, however, that in most of the reported cases of increased hydrocar- 
bon content of biomass that produce biocrude under stressed growth condi- 
tions, the yield of biomass decreases. So when the objective is to grow and 
harvest biomass for maximum biocrude, the biocrude production rate per unit 
biomass growth area is the prime factor, and not necessarily maximum biomass 
yield. It is doubtful that high biomass yields and high biocrude content will 
be found in the same biomass species (cf. McLaughlin, Kingsolver, and Hoff- 
mann, 1983). 

C. OTHER SOURCES OF SUBSTITUTE DIESEL FUELS 

Tall Oils 

During the production of wood pulps by the sulfate (kraft) process, a by- 
product called tall oil is formed by saponification of fatty acid glycerides and 
esters of the resin acids, particularly from the pulping of pine woods. Soaps 
are formed as a foam on the black liquor, which itself has an annual worldwide 
production of about 200 million tonnes and is a major energy resource for 
the paper industry (Chapter 5). The sodium salts are skimmed from the surface 
of the black liquor and acidified to yield crude tall oil, which contains about 
35% resin acids such as abietic and pimaric acids, 30% fatty acids, and 35% 
unsaponifiable terpene hydrocarbons and terpenoids such as phytosterols. 
Crude tall oil can be further separated by vacuum distillation into depitched 
tall oil and pitch. Depitching refers mainly to removal of the unsaponifiable 
substances. Catalytic hydroprocessing of tall oil yields a high-cetane product 
suitable as a diesel fuel blending agent, the cetane number of which in- 
creases linearly with the addition of the product (Feng, Wong, and Monnier, 
1993). The hydroprocessed tall oil consists largely of normal alkanes, over 
70% of which are n-heptadecane and n-octadecane. The product has a 
cetane number of 56. The paraffinic hydrocarbon n-hexadecane (or cetane) is 
used as the standard in determining the ignition qualities of diesel fuels, and 
by definition has a cetane number of 100. Commercial No. 2 diesel fuel has 
a cetane number of about 49. It is estimated that a blend of 25% hydroprocessed 
tall oil and 75% low-grade diesel fuel stock would have a cetane number over 
40. Because of the worldwide distribution of wood pulp manufacturing 
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plants, tall oils could represent a significant source of feedstocks for the manu- 
facture of diesel fuel components. Hydroprocessing will be discussed in more 
detail in Section IIIA. 

Carbohydrate Blends 

An interesting alternative to the use of transesterified natural oils and hydro- 
treated tall oils as substitute diesel fuels is the use of carbohydrates in blends 
with water and alcohols. These blends are of course not natural oils, but 
formulations of about 66 wt % glucose, 23 wt % methanol, and 11 wt % 
water were found to be an effective diesel fuel in experimental demonstrations 
(Suppes and Wei, 1996). The pentoses and hexoses, as well as polysaccharide 
mixtures such as the sugar syrups, can be used in place of glucose as long as 
the carbohydrates are solubilized, presumably by adjusting the water and 
alcohol content and limiting the average molecular weight of the polysaccha- 
rides. Significant cost reductions are projected for such formulations because 
the fuel costs of the mixtures are estimated to be up to 50% less than the 
equivalent energy in ethanol. Should this approach to the development of 
diesel fuel substitutes prove to be practical, the direct use of primary biomass 
derivatives that are readily obtained from low-grade feedstocks in large quanti- 
ties (Chapter 11) would be expected to open large fuel markets for biomass 
fuels. The carbohydrates could be obtained in large quantities with minimal 
processing. 

III .  C O N V E R S I O N  C H E M I S T R Y  

Basically, the chemistry involved in the conversion of natural biomass liquids 
to conventional motor fuels depends on whether the resulting products are 
for compression-ignition (diesel-fueled) or spark-ignition (gasoline-fueled) en- 
gines. Diesel fuels as already discussed preferably have normal paraffinic struc- 
tures or properties. One of the reference fuels is n-hexadecane; it has a cetane 
number of 100. This does not mean, however, that diesel fuels consist entirely 
of normal paraffinic hydrocarbons having cetane numbers in this range. Many 
other organic compounds such as various cyclohexane derivatives occur in 
diesel fuels, and the cetane number ranges from 30 to 55 depending on the 
grade and additives. In a petroleum refinery, diesel fuel is that fraction which 
distills after kerosine from a temperature of about 260~ (500~ up to a 
maximum of 338~ (640~ at 90% of the endpoint, and is similar to a gas oil. 
Gasolines, in contrast, are more complex mixtures of hydrocarbons generally 
boiling from 32~ (90~ up to 216~ (420~ and are blended from a large 
number of refinery process streams including light virgin naphthas, isomerate, 
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catalytic naphthas, reformate, alkylate, polymer gasoline, hydrocracked naph- 
thas, and C4-Cs light hydrocarbons. Isooctane (2,2,4-trimethylpentane) is one 
of the reference fuels; it has an octane number of 100. Chemically, modern 
gasolines contain hundreds of organic compounds, the main groups of which 
are aromatics, branched-chain hydrocarbons, and substituted cycloparaffins. 
The amounts of aromatic and isomerized paraffinic compounds in the blending 
components are increased by various refinery processes to increase octane 
number of the final gasoline blends, and butanes are often added to meet vapor 
pressure specifications. The Clean Air Act of 1990 requires that reformulated 
gasoline (RFG) be marketed in certain "nonattainment" areas of the United 
States to help meet emission standards set by the U.S. Environmental Protection 
Agency. The benzene content is limited to a maximum of 1.0 vol % of the 
RFG, and the total aromatic content cannot exceed 25 vol %. RFG must also 
contain specified amounts of dissolved oxygen to help control emissions. The 
requirement in the mid-1990s is 2.0 or 2.7 wt % dissolved oxygen, depending 
upon the area and time of year, and is achieved by blending an oxygenated 
compound such as ethanol or methyl t-butyl ether with gasoline or RFG. 

It is important to emphasize that all conventional motor fuels--petroleum 
gasolines and diesel--are produced by complex refining processes. These fuels 
are mixtures and contain hundreds of organic compounds. None is a single, 
pure substance. Similarly, almost all biomass-based liquid motor fuels contain 
numerous organic compounds, but in some cases can consist of relatively few 
compounds, as in the case of the methyl esters of fatty acids in biodiesel. The 
exceptions are the lower molecular weight alcohols and a few derivatives that 
can be used directly as neat motor fuels. They can easily be manufactured 
from biomass feedstocks as individual compounds. 

A. TRIGLYCERIDE FEEDSTOCKS 

For biodiesel fuels, the basic idea is to convert natural glycerides to liquid 
products that have properties closer to those of diesel fuels than those of 
gasolines. The feedstocks for conversion to biodiesel are usually triglyceride oils 
from oilseeds. These oils normally contain small amounts of monoglycerides, 
diglycerides, and free fatty acids. Animal fats and natural non-seed-oil triglycer- 
ides are also suitable starting materials. 

The first steps in the recovery of oil from oil seeds are to "crush" the seeds 
and then to separate the oil from the residual seed material (meal). The 
separation process can involve mechanical presses, solvent extraction, or a 
combination of both pressing and extraction (cf. Carr, 1989). Mechanical 
pressing is usually used to separate oil from seeds exceeding 20% oil content. 
Solvent extraction may be used for materials such as soybeans or press cakes 
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with oil contents less than 20%. Oilseeds and nuts that contain high oil con- 
tents are usually processed first by mechanical presses. The crude oil can 
contain gums that can be removed by water- or acid-degumming treatments. 
The degummed oils can then be purified further if desired by conditioning 
with acid or alkali, bleaching, and other treatments, but can be used tor 
conversion to biodiesel without extensive purification. When triglyceride- 
bearing biomass species such as microalgae and nonseed oils are utilized as 
sources of the triglycerides, the separation process is modified accordingly for 
oil recovery. 

The chemistry involved in the conversion is illustrated by the accompanying 
equation. One equivalent mole of triglyceride is reacted with 3 mol of methanol 

0 
II 

OH2-- OCR 1 

i ~ II 
CH--OCR2 + 3CH30H 

I ~ II 
CNe-OCR 3 

Tdglycedde 

(R 1- R a mainly Cla- C17 ) 

CH20H 
Catalyst I 

, CHOH 
I 

CH20H 

+ R1CO2CH 3 + R2CO2CH 3 + R3CO2CH 3 

(or other lower molecular weight alcohol) to yield the products of the trans- 
esterification reaction--the methyl esters of the fatty acids (biodiesel) in the 
original triglyceride and glycerol. Variables that affect the yield and purity of 
the methyl esters include the ratio of the alcohol to triglyceride, the type of 
catalyst used (acid or alkaline), the temperature, and the purity of the triglycer- 
ide (cf. Shay, 1993). At temperatures of 60~ or higher, and stoichiometric 
ratios of methyl, ethyl, or butyl alcohols to fully refined triglyceride oils, 
transesterification is complete in 1 h (Freedman, Pryde, and Mounts, 1984). 
At a 6 to 1 molar ratio of alcohol to triglyceride, a 98% yield of ester is obtained. 
At the theoretical stoichiometric ratio of 3 to 1, the yield of ester decreases to 
82%. The use of crude triglyceride oils instead of the fully refined oils decreases 
biodiesel yields by 10% or more. Quantitative yields of the methyl and ethyl 
esters of rapeseed oil can be produced in 1 h at room temperature using 6 to 
1 molar ratios of alcohol to oil and 1% sodium hydroxide catalyst (Nye and 
Southwell, 1983). A typical product yield distribution per tonne of triglyceride 
feedstock containing 2.5% free fatty acids and 115 kg of methanol is 946 kg 
of methyl esters, 89 kg of glycerol, and 23 kg of fatty acids (Stage, 1988). A 
typical flow diagram for the manufacture of methyl esters is shown in Fig. 10.3. 
Batch processing is the most common method for manufacturing biodiesel. 
Continuous processes are being developed using techniques such as high- 
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FIGURE 10.3 Methyl biodiesel production by conventional transesterification of seed oil 
with methanol. 

shear-rate mixing (cf. Noureddini, Harkey, and Medikonduru, 1996; Anony- 
mous, 1992). Transesterification of triglycerides with lower molecular weight 
alcohols occurs initially in a two-phase system in which the solubilities of 
triglyceride and catalyst in the methanol phase, for example, are low. Examina- 
tion of the chemical and mass transfer characteristics of the reacting systems 
suggested that a single-phase process can be developed to accelerate production 
of biodiesel by use of a nonreactive cosolvent such as ethers (Boocock et al., 
1996). The addition of 1.27 volumes of cosolvent tetrahydrofuran (THF) per 
volume of methanol was found to form an oil-rich single phase of a 6:1 
methanol-soybean oil mixture. The transesterification process is over 80% 
complete in 1 min and 95% complete in 20 min. Glycerol separation occurs 4-5  
times faster in the presence of the cosolvent. Continuous processes utilizing the 
cosolvent concept should now be more feasible. 
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Instead of transesterification, other chemistry can be applied to produce 
substitute diesel fuels from triglyceride oils as well as animal fats. Catalytic 
hydroprocessing at elevated temperature and pressure of the oils using conven- 
tional refinery processing techniques has been found to convert them to substi- 
tute diesel fuels and diesel fuel additives (Stumborg et al., 1993; Wong and 
Feng, 1995). Typical operating conditions are 300 to 400~ and 2 to 10 MPa. 
The results are similar to those reported for the hydroprocessing of tall oils 
discussed in Section II of this chapter (Feng, Wong, and Monnier, 1993). 
Soybean, canola, and palm oils, for example, are converted under medium- 
severity, hydroprocessing conditions with cobalt-molybdenum catalysts to 
products in the diesel-fuel boiling range having cetane numbers of 75 to 100. 
The respective yields were 77.4%, 70.1 to 81.1%, and 71.1%. The products 
are straight-chain paraffinic hydrocarbons identical to many of the high-cetane- 
number hydrocarbons found in conventional diesel fuels, and the process 
occurs under conditions commonly used in the refinery. The accompanying 

o 
II 

CH2-- OC(0H2)12 OH 3 
I 0 OH 3 

II Catalyst I 
CH--OC(CH2)14CH 3 + 12H 2 , CH 2 + CH3(CH2)12CH3 + CH3(CH2)14CH3 + CH3(CH2)16CH 3 + 6H20 
I o , II CHa 

CH2-- OC(CH2)16 CH 3 

equation illustrates the theoretical stoichiometry for a specific triglyceride. 
Twelve moles of hydrogen are necessary in theory for complete reduction of 
1 tool of triglyceride to hydrocarbons. Synthetic diesel yields of 80% of the 
triglyceride oil feedstocks were routinely achieved after the initial research 
was completed. Other products produced in the process are propane, carbon 
dioxide, water, some naphtha, and a small amount of residual material. Since 
the term biodiesel has been used in the literature to describe the lower molecu- 
lar weight alkyl esters of natural fatty acids, it may seem inappropriate to 
use the same term to describe the substitute diesel fuels made from natural 
triglycerides by catalytic hydroprocessing. The products from hydroprocessing 
of the oils have been called "super cetane" by some because of their superior 
properties compared to those of conventional diesel fuel and the methyl and 
ethyl esters of natural triglycerides. It is evident that the catalytic hydropro- 
cessing of triglycerides can provide a direct route to synthetic diesel fuel 
components that are fully compatible with conventional diesel fuels without 
use of methanol or ethanol. This work has also shown that the hydrocarbon 
products from the process are miscible in all proportions with diesel fuel. 
They also have a linear effect on the cetane number when blended with 
petroleum diesel fuel, unlike commercial alkyl nitrate cetane improvers. 
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It is well known that Mobil Oil Company's MTG process uses shape-selective 
zeolite catalysts of the ZSM type to promote the conversion of methanol alone 
to high-grade aromatic gasolines at high selectivities (cf. Yurchak and Wong, 
1992). The process was first commercialized in 1985 in New Zealand. Similarly, 
catalytic conversion of triglyceride oils as well as the monounsaturated ester 
jojoba oil over shape-selective zeolite catalysts of the ZSM-5 type affords good 
yields of aromatic-rich gasoline-range liquids (Weisz, Haag, and Rodewald, 
1979; Furrer and Bakhshi, 1989, 1990). ZSM-5 catalyst is a crystalline alumino- 
silicate and is a member of the family of highly siliceous, porous tectosilicates. 
The high selectivity for methanol conversion results from the fact that the 
terminal size of the products, mostly aromatics, is limited by the molecular 
shape selectivity of the catalyst, that is, by the constraining size of the intracrys- 
talline cavities. This is believed to be the reason why ZSM~ also promotes 
the conversion of the glycerides, and even terpenes, to a very similar product 
mixture. Experimental data that illustrate the product distributions with ZSM- 
5 catalysis are shown in Table 10.8. The behavior of ZSM-5 catalysis contrasts 
with that of other cracking catalysts for biomass components. The synthetic 
clay catalysts, for example the nickel-substituted, synthetic mica montmoril- 
lonite, and the alumina-pillared, nickel-substituted, synthetic mica montmoril- 
lonite, promote the conversion of fatty acids to high-quality gasoline products, 
but they contain high percentages of branched alkanes and low percentages 
of aromatics (Olson and Sharma, 1993). 

B. TERPENES AND HYDROCARBON-LIKE COMPOUNDS 

A wide range of terpenes and terpenoids can occur in various biomass species. 
Representative structures are shown in Fig. 10.4. The compounds shown in 
this figure and related organic structures can be refined and upgraded by 
processes such as hydrogenation to high-cetane-number liquid fuels. The com- 
pounds can also be refined and upgraded for improved combustion characteris- 
tics when used as liquid fuels for internal combustion engines. To effectively 
use terpene liquids as fuels for internal combustion engines, the alicyclic 
structures can be aromatized by known chemistry to yield p-cymene, for 
example, as in the case of dipentene conversion to high-octane, substituted 
aromatics, which are established gasoline components. Alternatively, the ali- 
cyclic and acyclic terpenes can be cracked, hydrogenated, and/or isomerized to 
yield high-octane isoalkanes, which are also established gasoline components. 
Terpene-derived fuels have low ash and sulfur contents, are miscible with 
gasolines and diesel fuels, and can have high octane or cetane numbers depend- 
ing on their structures and the refining procedures used. Fuel components 
having structures identical to those of the aromatized, cracked, hydrogenated, 
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or isomerized terpene derivatives are found in certain petroleum refinery 
streams and crude oils. 

Polyisoprenes from biomass latexes such as natural rubbers can also be 
depolymerized and converted to lower molecular weight hydrocarbons by a 
variety of thermal processes. Zeolite catalysts of the HZSM-5 type have been 
found to be especially effective as catalysts (cf. Table 10.8). Guayule resin, a 
by-product from guayule rubber extraction, contains terpenes, fatty acids, low- 
molecular-weight rubber, high-molecular-weight alcohols, and other products. 
It is readily converted in the presence of zeolite catalysts to good yields of 
C5-C10 aromatic and nonaromatic hydrocarbons (Costa et al., 1992). The best 
results were obtained using a physical mixture of 70 wt % HZSM-5 catalysts 
(Si/A1, 13) and 30 wt % silica-alumina amorphous matrix (Si/A1, 20), bound 
with 30 wt % sodium montmorillonite. The light liquid hydrocarbon fraction 
obtained contains more than 80 wt % C6-C10 aromatics. 

IV. P R O C E S S E S  A N D  E C O N O M I C S  

Numerous methods have been tested, demonstrated, and commercialized for 
the separation and purification of the organic liquids produced by natural 
biochemical processes. As already discussed, some biomass species produce 
organic liquids that can be collected over a period of time without harvesting 
or destroying the plant simply by "tapping" as for copaiba oil, or in the case 
of microalgae, by skimming the microalgal oil from the water surface after 
the algal cells are disrupted. Most natural hydrocarbon separation processes, 
however, involve biomass size reduction, drying, solvent extraction, and sepa- 
ration of the extracted products from the solvent, the recovery and recycling 
of which is important to minimize costs. Physical separation of the liquids by 
treatment in extrusion devices or presses is often used for seed-oil separation. 
Some processes use several solvents for fractionating the different liquid and 
solid components in the biomass. Depending on the composition and properties 
of the biomass and the products and purities desired, the separation method 
may also use thermal and chemical processing techniques in combination with 
physical processing methods. After separation of the liquids and sometimes 
co-products, a relatively large amount of residual biomass is left that must 

FIGURE 10.4 Typical organic compounds in hydrocarbon extracts. For nonpolymeric com- 
pounds, a bonded . . . . .  denotes a methyl group at the free end. Similarly, a bonded " ~ "  denotes 
a methylene group at the free end. 



366 Natural Biochemical Liquefaction 

either be processed further to obtain other components of value, disposed of, 
or used as solid fuel. 

A. TERPENES AND BIOCRUDE 

A conceptual process sequence to recover biocrude and other products from 
E. lathyris grown in California was analyzed in the early 1980s for economic 
feasibility (Kohan and Wilhelm, 1980). The process was based on solvent 
extraction. Since it had been experimentally shown that the entire crude carbo- 
hydrate fraction extracted from E. lathyris by hot water washing could be 
directly converted without purification to fermentation ethanol, the sugars 
were assumed to be produced for sale in this study as a water solution with 
subsequent conversion by the purchaser to ethanol. Some or all of the bagasse 
was optionally used on-site for raising steam, and the balance was assumed 
to be sold as solid fuel. The processing sequence for acetone extraction of 
field-dried E. lathyris (20 wt % moisture) is illustrated in Fig. 10.5. Analysis 
of the dry feedstock showed that it contained approximately 8 wt % biocrude, 
26 wt % hexose sugars, and 7.3 wt % ash. These data were used for the 
economic analysis. The hypothetical mass and energy balances for the base 
case of the conceptual process are shown in Table 10.9 for a 907-dry t/day 
plant (1000 dry ton/day). It is apparent that the sugar and bagasse fractions 
are the major products. Three cases were assumed for the economic analysis: 
the optimistic, base, and pessimistic cases. It was assumed that all of the 
biocrude and sugars are extracted in the process and sold, that all of the 
bagasse not used as process fuel is sold for $16.10/t, and that the market value 
of the product sugars is $44.10, $88.20, or $132.30/t for the pessimistic, 
base, and optimistic cases, respectively. Nonregulated industrial financing was 
assumed at 100% equity, and the revenue required for biocrude was then 
calculated for each case. The details of the analysis are shown in Table 10.10. 
It is evident that at the time of this analysis, when the average price of crude 
oil at the wellhead in the United States was near its peak during the Second 
Oil Shock, the estimated market value of the biocrude required for the optimis- 
tic case was still about three times that of petroleum. It was concluded that 
an eightfold and even greater decreases in feedstock costs appear to be necessary 
to reduce product revenue requirements to levels competitive with petroleum 
liquid fuels. It was also concluded from sensitivity studies of the revenue 
required from the sale of biocrude-to-feedstock costs that even if E. lathyris 
containing 10 wt % biocrude and 26 wt % sugars could be successfully culti- 
vated in the central and southern regions of the United States without irrigation 
at an estimated low feedstock cost of $35.42/t  ($2.05/GJ, $12.10/BOE), the 
revenue requirements would still be too high for the biocrude. For those 
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FIGURE 10.5 Conceptual processing sequence for recovering biocrude, sugars, and bagasse 
from Euphorbia lathyris. 

conditions, the revenue requirement for the biocrude is reduced to $7.62/GJ 
or $44.40/BOE, a price that was $5 to $15/bbl higher than that of petroleum 
crude oil at that time. Adjustment of the estimated costs of this study to today's 
markets by taking inflation into account would not appear to change the 
conclusions of this analysis because today's petroleum crude oil prices are still 
much less in nominal dollars than in 1980. 

Field trials to study the growth and compositional characteristics of E. 
lathyris indicated that biocrude would have to sell for $150-$200/bbl, even 
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TABLE 10.9 Mass and Energy Balances for Recovery of Biocrude, Sugars, and Bagasse by 
Solvent Extraction of Whole Euphorbia lathyris* 

Mass rate Energy rate 
Process parameter (t/day) (TJ/day) 

Inputs 
Field-dried E. lathyris 

Organic matter 841 
Ash 66 
Moisture 227 

Total feedstock 1134 15.8 
Makeup solvent 3 0.1 
Purchased electricity 0.3 

Total: 1137 16.2 

Outputs 
Biocrude 73 2.8 
Sugars (10.7 wt % aqueous solution) 236 4.0 
Bagasse to sales 174 2.6 
Bagasse to process fuel (without ash) 377 
Ash from process fuel 47 
Solvent loss 3 0.1 
Water condensed and treated 227 
Process heat losses 6.7 

. 

Total: 1137 16.2 

aAdapted from base case of Kohan and Wilhelm (1980). 

Energy 
distribution (%) 

97.5 
0.6 
1.9 

100.0 

17.3 
24.7 
16.0 

0.6 

41.4 

100.0 

with credit for by-products from the extraction process (Sachs et al., 1981). 
Additional studies supported a cost of biocrude from E. lathyris before refining 
closer to $100/bbl (Hoffmann, 1983; Calvin, 1985). 

In other economic analyses of biocrude production, the conversion of resid- 
ual bagasse to salable co-product electric power was evaluated in an integrated 
biomass growth-processing system to determine whether the cost of biocrude 
could be reduced to a practical level (McLaughlin, Kingsolver, and Hoffmann, 
1983). Four of the best potential biocrude crops for the Southwest were selected 
from extensive surveys of native species as model feedstocks. In addition 
to E. lathyris, Calotropis procera, Grindelia camporum, and Chrysothamnus 
paniculatus were chosen. In this model, biocrude is extracted with nonpolar 
solvents from the whole plants, and therefore the carbohydrates are in the 
bagasse fraction. The corresponding biocrude yields are projected to be 8.6, 
7.7, 12.7, and 10.8 bbl/ha-year, and the corresponding weight percentages of 
biocrude in the dry biomass are 8, 5, 15, and 20. The system consists of a 
907-dry t/day processing plant and the surrounding acreage required to sup- 
ply the plant with feedstock for 300 day/year (272,000 t/year). The processing 
sequence includes feedstock receiving and storage, feedstock preparation in 
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TABLE 10.10 Estimated Costs for Recovery of Biocrude, Sugars, and Bagasse from 
Euphorbia lathyris in California at Feed Rate of 907 Dry Tonne per Day ~ 

Parameter Optimistic case Base case Pessimistic case 

Operating basis 
Annual operating time, h/year 7008 7008 7008 
Heating value of biocrude, GJ/t 38.39 38.39 38.39 
Value of sugar solution, $/t sugars 132.30 88.20 44.10 
Value of bagasse, $/t 16.10 16.10 16.10 
Solvent-to-feed solids ratio 1 3 3 
Steam, kg/t dry extractor feed 960 2050 2050 
Bagasse fuel usage, t/day 200 424 599 
Purchased electricity, MW 2.7 3.2 0 
Biocrude to sales, t/day 73 73 73 
Sugar to sales, t/day 236 236 236 
Bagasse to sales, t/day 399 174 0 

Capital costs, $106 
Feedstock receiving and preparation 2.0 2.5 5.3 
Solvent extraction of biocrude 1.2 2.5 3.5 
Aqueous extraction of sugars 2.7 4.5 6.6 
Utility facilities 3.7 11.4 19.1 
General services facilities 1.5 3.1 5.2 
Royalties 0.6 1.2 5.0 
Land 0.3 0.5 2.0 
Interest during construction 0.9 1.9 0.8 
Start up expenses 0.3 1.2 3.1 
Working capital 1.9 3.1 3.4 

Total capital investment 15.1 31.9 54.0 

Revenue required, $/GJ biocrude produced 
Feedstock 23.75 29.05 34.32 

(Feedstock cost, S/t) (72.96) (89.18) (105.40) 
Operating and maintenance 0.98 1.38 1.83 
Purchased utilities 1.21 1.72 2.44 
Labor costs 1.69 2.75 4.39 
Fixed costs 1.14 1.41 1.81 
Nonregulated industrial financing 4.31 9.22 15.78 

Total revenue required 33.08 45.53 60.57 
(Regulated utility financing) (31.16) (41.50) (53.42) 

Revenue required, $106/year 27.07 37.26 49.57 
From sugars 9.17 6.11 3.05 
From bagasse 1.87 0.82 0.00 
From biocrude 16.03 30.33 46.52 

Biocrude cost, $/GJ 19.64 37.06 56.85 
$/BOE 115.95 218.80 335.64 

aAdapted from Kohan and Wilhelm (1980). Nonregulated industrial financing is 100% equity 
and 15% DCF-ROR; regulated utility financing is 65/35 debt/equity ratio. 
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hammer and flaking mills, continuous solvent extraction, solvent-biocrude 
separation by steam-stripping, bagasse drying using waste heat from the power 
plant, and bagasse combustion in a 40-MW power plant. The electric power 
is assumed to be sold to the local grid at $0.04/kWh. The annual biocrude 
revenue is that required to balance the annual capital and operating costs. 
This model is based on fuel, power, equipment, and materials required for 
furrow-irrigated agriculture in Arizona. The capital required for agricultural 
equipment and the conversion plant, and the cost of capital are included in 
the analysis, the results of which are shown in Table 10.11. 

This economic analysis of integrated biomass production-conversion sys- 
tems indicates that the production cost of biocrude is not competitive. The 
estimated cost of biocrude from the biomass species selected was not competi- 
tive with the high petroleum crude prices at the time of the study. One of the 
major economic factors that tended to preclude economic feasibility is feed- 
stock cost. In Table 10.11, the cost per dry tonne of feedstock ranges from a 
low of $62.50 for C. procera to a high of $84.93 for C. paniculatus. It is apparent 
that significant reductions in feedstock costs are necessary to effect large 
reductions in biocrude cost. However, it is perhaps unexpected that as the 
yield of each of the four species decreases in the order C. procera, E. lathyris, 
G. camporum, and C. paniculatus, the cost of biocrude also decreases. The 
reason for this is that there is a corresponding simultaneous increase in bio- 
crude content of the biomass that is more than sufficient to overcome biomass 
yield reductions. For example, C. paniculatus is grown at the lowest yield, 
about 35% that of the highest yielding species, C. procera, but supplies biocrude 
at about 70% lower cost. This result emphasizes the importance of feedstock 
composition when the production of natural products, in this case biocrude, 
rather than biomass energy itself is desired. The market value of the co-product 
electric power seems to have little impact on biocrude cost under the conditions 
assumed for the analysis because the revenue from power sales decreases only 
slightly as biomass yields decrease. If electric power were the only target 
product, then maximum biomass yield for conversion to electric power would 
be the prime objective. In the ideal case, a multiproduct, integrated biomass 
growth-harvesting-processing system should have sufficient operating flexi- 
bility to maximize or minimize the production of individual products at any 
given time to take advantage of market fluctuations. Of course, the potential 
changes in feedstock composition could also affect product distributions and 
would have to be closely monitored. 

B. TRIGLYCERIDES 

Figure 10.3, shown earlier, illustrates a typical process configuration for the 
manufacture of methyl biodiesel by transesterification, or methanolysis since 
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glycerol is displaced by methanol. Most biodiesel production systems utilize 
similar schemes; historically, the process has been conducted in the batch 
mode, although some effort has been devoted to development of continuous 
processes (cf. Noureddini, Harkey, and Medikonduru, 1996). Transesterificao 
tion is promoted by alkaline catalysts such as hydroxide or alkoxides and by 
acids. Relatively large amounts of alcohol are used to shift the process toward 
the product monoesters. The excess alcohol is then recovered for recycle. As 
shown in Fig. 10.3, the products of the process in addition to biodiesel are 
glycerol and meal if oilseeds are the feedstock. 

A detailed economic analysis was performed for methyl biodiesel production 
plants having processing capacities of 2.72, 4.54, and 21.77 t/day of rapeseed 
(Gavett, Van Dyne, and Blase, 1993). It was assumed that the feedstock con- 
tained 42 wt % oil. The oil content of Brassica oilseeds generally ranges from 
38 to 44% of the dry weight. This oil content offers a best-case condition even 
though the plants are smalloscale facilities. Biodiesel production from the 
facilities is 393,700, 656,200, and 3,244,400 L/year. The results of the analysis 
are summarized in Table 10.12. The operating conditions and product credits 
for the analysis are shown in the table. Oilseed presses are used to extract the 
oil, and established transesterification technology is used to produce the methyl 
esters. The methyl esters turned out to cost $79.61, $78.81, and $70.71/bbl. 
The larger facility, which had eight times the capacity of the smaller facility, 
afforded biodiesel at the lower cost as expected. Sensitivity analysis indicated 
that a reduction in the annual capital cost to 10% from 21.7% of the investment 
reduced the ester costs by $2.94 to $3.78/bbl, while a 20% reduction in feed~ 
stock cost from $220.50/t to $176.40/t, reduced the cost of the methyl esters 
about 27% to $57.96, $57.45, and $52.50/bbl, a substantial reduction. How- 
ever, it was concluded that the production of biodiesel in small-scale plants 
could not compete with petroleum diesel at the prices that prevailed in the 
early 1990s. In 1990 and 1991, U.S. farmers paid an average of $36.54 to 
$37.80/bbl in nominal dollars for bulk diesel fuel delivered to the farm; the 
price structure was about the same in the midm1990s. Farmers are exempt 
from federal road taxes on diesel fuel used in farm production. 

The market price of the feed alcohol and the market prices of the by-product 
glycerol and meal affect the prices of the esters. The relatively low seed-oil 
yield compared to the total amount of biomass that must be harvested and 
processed is one of the prime reasons for high triglyceride costs and the high 
cost of the methyl or ethyl esters from the transesterification process. Since 
the esters must be competitive with petroleum diesel fuels for large-scale 
biodiesel markets to emerge, it is unlikely that they will become commercial 
fuels in the United States in the near term unless triglyceride yields and 
therefore costs are significantly improved. However, because of the properties 
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TABLE 10.12 Estimated Costs of Producing Refined Biodiesel from Rapeseed in Small 
Commercial Plants a 

Feedstock capacity 

Parameter 2.72 t/day 4.54 t/day 21.77 t/day 

Operating basis 
Oil in rapeseed, wt % 42 42 42 
HI-IV methyl ester, MJ/L 38.0 38.0 38.0 
Purchased rapeseed, $/t 220.50 220.50 220.50 
Purchased methanol, S/L 0.159 0.159 0.159 
Residual oil in meal, wt% 15 15 11 
Value of glycerol, $/t 73.00 73.00 73.00 
Value of meal, $/t 159.86 159.86 159.86 
Value of recycle methanol, $/L 0.159 0.159 0.159 
Methyl ester to sales, L/year 393,700 656,200 3,244,400 
Glycerol to sales, t/year 324.2 540.4 2457 
Meal to sales, t/year 347.8 579.6 2770 

Capital Cost, $ 75,000 115,000 250,000 

Capital and Operating Cost, S/year 
Capital cost 16,275 24,955 54,000 
Operating cost 234,590 390,190 1,821,880 
Sales and administration 25,087 41,514 187,563 
Working capital 2875 4758 21,249 

Total Cost 278,827 461,417 2,084,692 

Revenue Required, S/year 
From glycerol 23,668 39,446 179,341 
From recycle methanol 2453 4089 19,627 
From meal 55,593 92,655 442,891 
From ester 197,113 325,227 1,442,825 

Methyl Ester Cost, $/GJ 13.38 13.05 11.71 
$/bbl 79.61 78.81 70.71 

aAdapted from Gavett, Van Dyne, and Blase (1993). The meal is sold at its protein value with 
soybean meal and no credit is taken for the oil in the meal. Oilseed presses are used to extract 
the oil and established transesterification technology is used to produce the methyl ester. 

of b iod i e se l -d i e se l  b lends ,  marke t s  for b iodiesel  as c e t a n e - e n h a n c i n g  addit ives 

in p e t r o l e u m  diesel  fuels are expec ted  to develop.  

An a l ternat ive  to the in tegra ted  process ing  of oilseeds and  seed-oi l  t ranses-  

terif icat ion is to pu rchase  the  oils on  the open  m a r k e t  and  t r ans fo rm t h e m  

into  biodiesel .  This  e l imina tes  the b y - p r o d u c t  meal ,  s implif ies the process,  and  

lowers  the capital  and  opera t ing  costs. In this case, the  pr inc ipa l  e conomic  

barr ie r  in the Un i t ed  States is the di rect  pu rchase  cost  of $0.53 to $0.79/L ($2 

to $3/gal) for t r iglyceride otis. This  is acceptable  in cer ta in  E u r o p e a n  regions  
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where heavily taxed diesel fuels sell for $0.53 to $1.06/L, but not in North 
America (cf. Reed, 1993). In the mid-1990s, the wholesale prices of large 
volumes of natural triglycerides such as palm, soybean, corn, and cottonseed 
oils ranged from $84 to $126/bbl. The cost of transesterification is about $21/ 
bbl, including glycerol credits, so the cost of biodiesel would still be excessive, 
about $105 to $147/bbl. 

It appears that one of the few approaches to profitable production of biodie- 
sel at petroleum prices under $45/bbl is to utilize the Minor Oilseed Provision 
of the 1990 U.S. Farm Bill (Gavett, Van Dyne, and Blase, 1993). In this option, 
the farmer grows rapeseed on land that is removed from production of a crop 
such as corn, wheat, cotton, and soybeans. The bill permits a farmer to harvest 
and sell minor oilseed crops grown on this "set-aside" land without losing the 
program participation payment. In effect, the farmer is paid land rent by the 
government, but can still produce minor oilseed crops. If allowed by the 
government, U.S. farmers would grow oilseed crops on set-aside land for 
subsequent processing and conversion to biodiesel in a farmer cooperative 
without losing the government subsidy. Also, tax incentives may be legislated, 
because they are available for other alternative transportation fuels such as 
ethanol from biomass. Subsidies have been provided for biodiesel in some 
European countries. 

The production of super cetane by direct hydrotreatment of natural triglycer- 
ides can, in principle, significantly reduce the operating costs of converting 
triglycerides to diesel fuel substitutes. The process is less complex than transes- 
terification, as illustrated by the basic operations of the processing sequence 
shown in Fig. 10.6. Conventional refinery processing is used to produce a 

Hydrogen 
Hydrogen ,~, 

recycle 

Oil , Catalytic 
reactor 

, Fuel gas 

�9 Separator 

, Distillation 
, Naphtha 

"Cetane" 
0 Residual fuel 

FIGURE 10.6 Catalytic hydroconversion of natural oils, tall oils, and animal fats to cetane en- 
hancers. 
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paraffinic hydrocarbon product, in which the dominant compounds can be 
cetane itself and closely related homologues. Super cetane is virtually identical 
to some of the high-cetane-number normal paraffins in petroleum diesel fuels 
and is therefore suitable for direct use in diesel fuel blends. The high cetane 
number of super cetane and its linear effect on the cetane number of any fuel 
to which it is added are expected to make it valuable as an additive for 
low-quality middle distillates. A summary of the economic analysis of the 
production of super cetane from triglycerides and tall oils in which the feed- 
stock is priced at three levels--S67.37, $84.21, and $126.32/t--is shown in 
Table 10.13 (Stumborg et al., 1993). Although the corresponding costs per 
barrel are $9.86, $12.32, and $18.48, which are much too low for natural 
triglycerides, the objective of this study was to determine the sensitivity to 
feedstock cost for different operating scenarios based on a medium-sized 
Canadian refinery (5500 m3/day, 34,600 bbl/day). Feedstock consumption is 
23,552 t/year (160,998 bbl/year). The options included a stand-alone, grass- 
roots treating facility (case I), a new conversion unit in an existing refinery 
or chemical plant (case II), an additional hydroprocessing unit in an existing 
refinery (case III), and conversion in an existing hydrotreating unit (case IV). 
The stand-alone facility is not economic because there is insufficient value 
added to the product and capital expenditures are quite high along with the 
high overhead costs associated with a small plant. Integrating new units or 
adding facilities to existing units (cases II and III) shows more promise. These 
options are limited by feedstocks in the $10/bbl range. Tall oil is the only 
feedstock that meets this criterion as natural triglycerides cannot be obtained 
at that price. Case IV is the most tolerant of feedstock price and is viable up 
to a price of $18.50/bbl. It was concluded from this analysis that use of a waste 
biomass oil such as tall oil in an existing hydrotreater would be the most likely 
scenario for commercial exploitation of the technology. 

C .  COMMERCIAL PROSPECTS FOR NATURAL LIQUID 

FUELS PRODUCTION 

The data presented here indicate that biomass species that contain high levels 
of hydrocarbon-like compounds and that also grow at high yields per unit growth 
area are rare. High biomass yield and hydrocarbon content are unlikely to 
occur simultaneously in the same species on a continuous basis. This is under- 
standable when considered in terms of the biochemical energy exchanges that 
occur during biomass growth. When biomass with higher concentrations of 
the high-energy compounds such as hydrocarbons and triglycerides is formed, 
more biochemical energy is needed to form reduced carbon compounds than 
is required to form the conventional structural components which contain 
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carbon in a higher oxidation state. The structural components make up the 
bulk of most biomass. Stressed growth conditions can increase the content of 
the higher energy compounds within the biomass, but usually at the expense 
of biomass yield. It appears that the protection of biocrude crops from adverse 
conditions of water and nutrient stress, in order to avoid a reduction in 
their growth, may have the ironic effect of impeding formation of the desired 
biocrude (McLaughlin, Kingsolver, and Hoffmann, 1983). The idea of transfer- 
ring the gene that codes for terpene hydrocarbon production from the Brazilian 
tree Copaifera multijuga to Euphorbia species to try to improve hydrocarbon 
yields for biomass that grows in the United States would therefore be expected 
to be difficult to achieve for herbaceous species intended for whole-plant 
harvesting and extraction. Continuous removal of high-energy compounds 
from growing biomass should offer more opportunity to produce hydrocarbon- 
like compounds, because the particular biomass would then be used as a 
continuous manufacturer of natural liquid fuels. 

Excluding oilseed-bearing plants, the data developed from intensive searches 
to discover plants that produce good yields of nonpolar solvent extractables 
(lipids, terpenes, waxes) in the United States are not too encouraging. Those 
species that appear to be promising candidates still need large improvements 
in yield to make them practical sources of liquid fuels on a sustainable basis. 
The plants found to afford the highest yields of hexane extractables are gener- 
ally either latex-bearing plants belonging to the Asclepiadaceae (milkweed), 
Asteraceae (Compositae), or Euphorbiaceae (spurge) families, or resinous and/ 
or "gummy" Asteraceae plants such as the so-called gumweeds, resinweeds, 
rosinweeds, tarbushes, and tarweeds (Balandrin, 1985). Much research remains 
to be done to make it possible to design economically practical biomass produc- 
tion-extraction systems for the production of natural biocrude liquid fuels. 

The economic data presented here on the production and conversion of 
triglycerides to biodiesel show that it is not competitive with petroleum diesel 
fuels in North America. Commercial markets have developed in certain areas 
in Europe, but the transportation fuel price structure is considerably different 
than in North American markets. The production costs of biodiesel are still 
much higher than those of conventional diesel fuel. Considerable research is 
in progress to develop improved transesterification processes, but little effort 
has been expended to develop new cultivars that yield less expensive triglycer~ 
ides. Barring an oil embargo or a significant increase in diesel fuel prices, 
research on the development of superior, triglyceride-yielding biomass strains 
through intensive breeding programs or genetic engineering improvements 
will have to be carried out before biodiesel can compete in an open energy 
market. In lieu of significant decreases in biocrude costs, higher value chemical 
applications of biocrude products would seem to be more attractive until 
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the price of petroleum crude oils increases to the point where biocrudes 
are competitive. 

The largest biomass producers of commodity seed oils--soybean, cotton- 
seed, groundnut, sunflower, rapeseed, sesame, palm, linseed, and castormdo 
not appear to be practical sources of diesel fuels without new government 
mandates or tax incentives. The yields of the triglycerides are too low, and 
the costs are too high. It is of course possible that the application of modern 
genetic engineering techniques could be applied to increase the yields of 
triglycerides and that new higher yielding strains could be developed. This 
remains to be discovered in long-range research programs. Oilseed crops cannot 
be a practical source of hydrocarbon fuels either for the foreseeable future 
because the yields of terpenes, when they are produced at all, are even lower 
than the triglyceride yields. It appears that even the high triglyceride yields 
of rapeseed are insufficient to justify use of the transesterification products 
with methanol or ethanol as fuel at current U.S. petroleum prices (about 
$20/bbl range in mid-1997). 

The Chinese tallow tree, however, clearly has good potential as a source 
of triglyceride feedstocks for biodiesel and other useful products. Further, the 
tree exhibits good genetic diversity, which suggests that selection might lead 
to even higher yields of tallow and oil, and it apparently has no natural enemies 
in Texas, where it is an introduced species. Although the goal of transferring 
the gene that codes for terpene hydrocarbon production to a biomass species 
that grows in the United States has not been achieved yet, it appears that the 
Chinese tallow tree could be grown commercially now in the Southwest and 
"tapped" as a large-scale source of substitute hydrocarbon fuels in the form 
of triglyceride feedstocks for biodiese| or conversion to hydrocarbons. This 
approach would also avoid whole-plant harvesting. The tree may also be 
suitable as a source of valuable co-product fiber and chemicals, and possibly 
wood fuel when the tree is finally harvested. The Chinese tallow tree should 
be given serious consideration for growth in the United States and elsewhere 
as a commercial, dedicated energy crop. 

The technology for triglyceride production from microalgae has not yet 
been commercialized. Most of the economic analyses for the production of 
microalgal liquids reported in the literature indicate they are much too expen- 
sive to compete with petroleum fuels. Considerable additional research must 
be carried out to perfect the process despite the fact that research on microalgal 
fuel production has been in progress for at least the past two decades. 

An economically attractive approach to commercial production of diesel 
fuel substitutes from natural biomass liquids in North America appears to 
be the direct conversion of waste biomass oils to super cetane by catalytic 
hydrotreatment. This technology is expected to be commercialized first in 
Canada where it was developed. The availability of large amounts of feedstock 
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may initially limit production, but in the near term, this type of process 
technology, which utilizes conventional refinery processing, is expected to be 
the entree of natural biomass liquids to diesel fuel markets in North America. 
Indeed, conventional refinery processes are expected to be the most economic 
and practical technologies for producing both diesel fuels and motor gasolines 
from natural biomass liquids. There is little or no technical barrier to the 
application of refinery processes to these liquid feedstocks, whether they are 
triglycerides, terpenes, terpenoids, or mixtures. 

An innovative option that should be examined further is the use of aqueous 
carbohydrate blends containing small amounts of alcohol as diesel fuels. These 
formulations are not natural oils, but if they turn out to be effective fuels, 
they would be available at relatively low cost from a wide range of biomass 
feedstocks, including waste biomass. 
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