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Can feedstock production for biofuels  
be sustainable in California?

by Stephen R. Kaffka

The use of crops and crop residues 

as feedstocks for biofuels increases 

domestic and global supplies, creates 

new industries, and may result in 

reduced greenhouse-gas emissions. 

Uncertainty about the best crop and 

residue sources, technologies for 

manufacture, future public policy, 

and the global supply and price of oil 

make it difficult to predict the best 

approach. California growers can pro-

duce feedstocks from grain, oilseed 

and woody crops and, in the Imperial 

Valley, from sugar cane. If the tech-

nology for making ethanol or other 

liquid fuels from cellulose becomes 

cost-effective, then saline and other 

wastewaters may be used in biofuel 

feedstock production of salt-tolerant 

crops, particularly perennial grasses. 

However, recent global increases in 

biofuel production have raised ques-

tions about their impacts on food 

and feed prices, climate change and 

deforestation. New state laws af-

fecting energy use and mandating 

greenhouse-gas reductions require 

that the sustainability of all biofuels 

be assessed. Sustainability should 

take into account factors at both 

the global and local scales, including 

resource-use efficiency, cropping-

system adaptability and the potential 

of biofuels to remediate agriculture’s 

environmental effects.

Use of crops for biofuels has devel-
oped rapidly in the United States 

since the U.S. Congress passed federal 
energy bills emphasizing biomass in 
2005 and 2007. The Energy Indepen-
dence and Security Act (EISA 2007) 

provides targets for bioenergy use in 
transportation and other sectors, and 
subsidies to increase the domestic 
manufacture and supply of ethanol and 
biodiesel for transportation. Current 
federal fuel mandates call for 15 billion 
gallons annually of corn ethanol, 1 bil-
lion gallons of biodiesel (primarily soy) 
and another 20 billion gallons from ad-
vanced (noncorn grain) biofuels, chiefly 
cellulosic sources.

California has mandated the use 
of alternative transportation fuels in 
AB32, the Global Warming Solutions 
Act of 2006 (CARB 2009a), and created 
guidelines for qualifying fuels through 
the Low Carbon Fuel Standard (LCFS) 
(CARB 2009b). The LCFS requires that 
greenhouse gases (GHG) from com-
busting petroleum-based transporta-
tion fuels decline over time, primarily 
through substitution and blending with 
less carbon-intensive alternative fuels, 
including those from biomass. 

These and other policies have re-
sulted in substantial investment in 
corn-grain-based ethanol manufactur-
ing in the United States, although cur-
rent economic conditions have slowed 
or idled new facilities. At the same 
time, oil price volatility makes invest-
ment in alternative biofuels uncertain. 
While price volatility will continue, 
the demand for corn grain for etha-

nol likely will remain high as long as 
federal policies continue to encourage 
ethanol use and the price of oil is high 
(Tokgoz et al. 2007).

As petroleum reaches its practical 
limits, the importance of biomass as 
a transportation-fuel feedstock will 
increase. California scientists from UC 
and other institutions are now work-
ing to develop clear metrics and goals 
for sustainable biofuel production. 
This discussion has been spurred by 
the LCFS and subsequent California 
Air Resources Board resolution 09-31 
(CARB 2009c), which call for — among 
other things — a science-based defi-
nition of sustainability, and provi-
sions to incentivize sustainable fuels. 
The deadline for these provisions is 
December 2011.

Evaluating agricultural efficiency

The definition of “sustainability” in 
agriculture has been, and continues to 
be, the cause of much controversy and 
debate. Montieth (1990) formulated one 
of the simplest, most relevant ways to 
evaluate agricultural sustainability. His 
sustainability ideal is a farming system 
that creates ever-greater outputs for ever-
fewer inputs on a per-unit product basis. 
An unsustainable situation occurs when 
inputs increase or are static as output 
declines. Increasing resource-use ef-

While corn grain has been the primary feedstock for ethanol in the United States, sugarbeets 
have a higher per-acre ethanol yield, especially given the high root yields achieved in recent 
years in California.
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ficiency, and sustainability, is correlated 
with a decline in cost per-unit product. 
Resource-use efficiency is important be-
cause it takes energy to produce energy 
crops. The larger the difference between 
the energy used for feedstocks and that 
returned from the feedstock, the greater 
the net energy yield. High-energy yield 
per acre of cropland is a critical factor af-
fecting sustainability (Liska and Perrin 
2009). Many of the adverse greenhouse-
gas effects of current biofuel production 
are attributed to the crop production 
component (Zah et al. 2008). Acquiring 
crops and residues from fewer acres at 
high efficiency allows other agricultural 
lands to be used for conservation, as well 
as natural systems such as forests, which 
may also accumulate significant amounts 
of carbon (Robertson et al. 2000).

Research to support increasing 
agricultural efficiency, including new 
technologies such as precision agricul-
ture (Kaffka et al. 2006) and reduced 
tillage (Mitchell 2009), remains essen-
tial (Alston and Zilberman 2003). The 
challenge is to achieve both efficient 
and low-polluting cropping systems, 
because intensive practices involving 
irrigation, fertilizer and pesticide use 
may be more damaging locally, even 
if large-scale resource-use efficiency 
is enhanced (de Wit 1992). Reconciling 
these concerns remains an open issue 
in developing performance standards 
for sustainable production, and is an 
essential objective for adaptive agricul-
tural research.

California is the most productive ag-
ricultural state in terms of income, due 
to farmers’ ability to produce diverse, 
high-value crops. In addition, the state 
has a nearly year-round, frost-free grow-
ing season, high levels of solar radiation, 
good soils, irrigation capacity (largely 
avoiding crop water stress), pest and 
disease management, and high yields. 
In the absence of water and nutrient 
stress, crop yields are limited primarily 
by solar radiation and tend to be more 
consistent than in rainfall-dependent 
areas. Because yields are high, efficiency 
also can be greater. 

Data from California demonstrates 
this process. From 1950 to 1990, the pro-
ductivity of field crops was estimated 
to increase by a factor of 2.4 while in-
puts increased by only about 0.6. This 
increase was due more to technological 

change than to an increase in inputs, 
although both occurred. However, 
the rate of increase in crop productiv-
ity was less during the 1990-to-2002 
period for most crops than it was else-
where in the United States (Alston and 
Zilberman 2003).

Defining sustainability

Sustainability has many defini-
tions, which usually include more than 
just efficiency considerations. Efforts 
are under way to develop practical 
standards to satisfy diverse aspects 
of sustainability. For about a decade 
after the oil shock of 1973, there was 
widespread discussion about energy-
use efficiency in agriculture (Stanhill 
1985). Since then, discussions have 
focused on soil quality, pesticide use, 
the relative benefits or disadvantages 
of organic farming, and social aspects 
of farming (Francis et al. 2007), as well 
as direct and indirect effects on global 
land use, greenhouse-gas emissions 
and other sustainability attributes.

 The Biomass Roadmap prepared by 
the California Biomass Collaborative, 
to provide guidance on the sustain-
able development of biomass energy in 
California, calls for enforceable,  
performance-based standards that are 
locally relevant and internationally 
consistent (http://biomass.ucdavis.edu). 
New state laws like California’s AB32 
and AB118 (CEC 2009) support the de-
velopment of alternative transportation 
fuels and include requirements to ad-
dress and ensure sustainability. 

Many groups around the world are 

writing sustainability standards for bio-
fuel production (van Dam et al. 2008). 
Some are goal-proscribing and focus 
on motivating change, based on ideas 
about what would be best for agricul-
ture (Francis et al. 2007). Other defini-
tions are descriptive and focus on either 
the ability of agriculture to fulfill a set 
of goals or standards, or more simply 
on an agricultural system’s ability to 
continue through time.

The Roundtable on Sustainable 
Biofuels (RSB 2009), a nonprofit based 
in Lausanne, Switz., recently published 
an updated draft of sustainability 
principles and criteria, derived from a 
broadly consultative process. The draft 
is an attempt to protect environmen-
tal conditions and human welfare as 
biofuels are brought into global trade 
and use, and to create international 
consensus. However, optimum or best 
management practices are locally devel-
oped and interact with highly diverse 
social circumstances, making the for-
mulation of an international standard 
a formidable challenge. Also, since all 
agricultural systems lead to some level 
of ecosystem change, principles that 
minimize landscape alteration — or 
resource depletion — may inevitably 
stifle biofuel development.

Standards for energy crops must be 
based on a clear definition of sustainable 
agriculture. Hansen (1996) provided a 
still-useful categorization of differing def-
initions, arguing for (1) a literal definition 
of sustainability — the ability to continue 
over time, (2) the quantitative assessment 
of properties associated with sustain-

Some biofuel crops may help remediate environmental problems. UC researchers and a grower 
evaluate bermudagrass pastures in Kings County that were produced on saline soils and 
irrigated primarily with recycled, saline drainage water.
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ability, measured as continuous variables 
within well-defined systems and (3) an 
accounting for the variation that inevita-
bly occurs with time. 

Sustainability standards should 
include requirements for the measure-
ment and prediction of relevant bio-
physical processes, such as changes 
in soil organic matter, crop yield and 
environmental effects. Agricultural 
research institutions are generally re-
sponsible for these measurements, not 
individual farmers or vendors. The best 
way to develop these measurements is 
dedicated, long-term research closely 
integrated with simulation modeling, 
but neither alone is sufficient (Tubiello 
et al. 2007). Specific measurements can-
not define sustainability, but rather are 
objective considerations essential for 
its definition. Since the measurement 
of long-term trends and environmental 
effects is difficult and expensive, suf-
ficient public support for high-quality 
agricultural research focused on these 
public objectives is necessary for regu-
latory programs to be effective.

Social and environmental concerns 
reflect the multiple roles played by 
agriculture in human society, but they 
are also difficult to define and measure 
(Francis et al. 2007). No one best policy 
can result from such considerations; 
diverse views about the character of 
the productive landscape, the appropri-
ate place for wildlife, measurable and 
perceived consequences from pesticide 
use, and the distribution of benefits and 
costs must be considered. A dynamic, 
ongoing and broadly inclusive consulta-
tive process to guide public policy may 
be the only legitimate way to combine 
such considerations together with more 
quantitatively measurable phenomena. 

Innovation occurs continuously in 
agriculture. Consequently, best man-

agement practices constantly evolve in 
response to new research discoveries, 
technological advances and changing 
economic circumstances. To be use-
ful, sustainability standards must ac-
count for and encourage innovation. 
The optimum mix of farming practices 
varies locally and is guided by applied 
research and farmer adaptation; one 
good example is the UC integrated pest 
management guidelines (UC IPM 2009), 
which are updated continuously. Rigid 
concepts of sustainability will stifle in-
novation, and lead to less-than-optimal 
management locally. In a fundamental 
and seemingly contradictory sense, 
sustainability involves flexibility and 
adaptation, that is, the ability to change. 
Achieving this is a significant challenge 
for the regulatory community.

Best biomass crops and uses

Which agricultural feedstocks will 
be best in the future remains uncertain, 
and a number are being investigated. 
Many analyses indicate that rather than 
grains or seeds, crop residues and  
purpose-grown crops that produce 
large amounts of biomass per acre 

will be more ef-
ficient and have 
the greatest 
environmental 
benefits (Schmer 
et al. 2008; Adler 
et al. 2007). Some 
estimates for the 
conversion of cel-
lulosic feedstocks 
approach the ef-
ficiency of newly 
developed petro-

leum supplies (table 1). But compared to 
calculations for grain, sugar and oilseed 
crops, biofuel yields from cellulosic 
sources are still theoretical and have 
not yet been realized commercially 
(Liska and Perrin 2009). It is difficult 
to break down tough, resistant, plant 
cell walls into sugars that can then be 
fermented into ethanol, other alcohols 
or carboxylic acids (US DOE 2006), and 
much related research and development 
is under way (see pages 178 and 185).

Biomass may also be an efficient petro-
leum substitute for uses other than trans-
portation fuel. For example, Hermann 
et al. (2007) and Ragauskas et al. (2006) 
reported that bio-based bulk organic 
chemicals offer clear environmental and 
energetic advantages compared to petro-
leum as a feedstock. This comes in part 
from avoiding expensive oxygenation 
and catalytic steps to convert petroleum 
into alcohols, carboxylic acids and es-
ters. About 5% of the petroleum enter-
ing a modern refinery goes toward the 
manufacture of such precursor chemicals 
(Ragauskas et al. 2006), and replacing this 
use of petroleum may be a more valuable 
use for biomass than producing trans-
portation fuels. For both these markets, 
sourcing sufficient, reliable and sustain-
able supplies of feedstock is an essential 
but unmet challenge.

Sustainable feedstocks

Crops produced with increasing 
resource-use efficiency will be better 
candidates for biofuel feedstocks. For 
example, sugarbeets have been grown 
in California since 1870, and in recent 
years yields have risen substantially (fig. 
1). With increased fertilizer efficiency, 

Fig. 1. Sugarbeet yield increases from 1978 to 2004. Data courtesy of California Beet 
Growers Association, Stockton, Calif.

TABLE 1. Estimated average and range for energy return on investment 
(EROI)* of various biofuel feedstocks

Corn 
ethanol

Sugar cane 
ethanol

Switchgrass  
and other 

cellulosic sources Biodiesel Petroleum†

Average 1.3:1 9:1 6:1 3:1 15:1
Range 0.84–2.96 6.0–11.0 0.69–15.0

	 Sources: Hammerschlag 2006; Cassman et al. 2007; Schmer et al. 2008. 
	 *	EROI = Energy out/energy in (nonrenewable). The larger the EROI, the more  

renewable energy is delivered per unit of fossil fuel used in its production. 
	 †	Value for new petroleum recovery in the United States, from Cleveland (2005),  

is provided for comparison.
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Fig. 2. Sugarbeet root yields and nitrogen 
fertilizer levels in a series of trials, 1954 to 
2005, UC Desert Research and Extension 
Center, Holtville, Calif., and the author’s 
research.

the Imperial Valley has had the highest 
sugarbeet yields globally for the last sev-
eral years. In July 2007, Desert Sky Farms 
produced about 11 tons (22,000 pounds) 
of sugar per acre for a July-harvested 
field, substantial yield progress over 
the last decade. Researchers and farm-
ers have learned that lower amounts 
of fertilizer nitrogen per unit yield 
can be used (fig. 2). Similar efficiency 
gains are needed if traditional crops 
are to be used for biofuels. In recent 
life-cycle comparisons of biofuel crops 
(Sharpouri et al. 2006; Zah et al. 2008), 
sugarbeets were among the most ef-
ficient ethanol feedstocks, even at much 
lower yields than in California.

Worldwide, the most important 
crops used for biofuel feedstocks are 
sugar cane (in Brazil and other tropical 
locations) and corn for ethanol, and oil 
palm, soybean and canola or rapeseed 
for biodiesel. Europeans also use wheat 
and sugarbeets for ethanol produc-
tion. Soybeans are the principal crop 
feedstock used for biodiesel, followed 
by canola. Soybeans have never been 
produced on a commercial scale in 
California because older varieties were 
not well adapted to the state’s climate, 
and because the value of the oil pro-
duced has been too low compared to 
other alternative crops. Canola grows 
well in California but is not widely 
produced here. It is reported to be a 
selenium accumulator and may help 
remediate selenium accumulation 
problems in San Joaquin Valley soils 
(Stapleton and Banuelos 2009). Like 
wheat, canola grows in the winter and 
can take advantage of winter rainfall, 
minimizing the need for irrigation. 

The oilseed crop grown most widely 
in California for the last 60 years is 
safflower, which is well adapted to 
California’s semiarid climate (Kaffka 
and Kearney 1998). Its fatty-acid com-
position makes it one of the most suit-
able oilseed feedstocks for biodiesel 
production using the fatty-acid methyl 
ester or FAME process, resulting in a 
high-quality biodiesel fuel. It is also 
relatively easy to grow and if irrigated 
properly does not have many pest or 
disease problems. 

Finally, several groups are attempt-
ing to develop ethanol production 
from sugar cane in the Imperial Valley. 
Initial evaluations suggest that produc-

tivity will be high and water use will 
be approximately in line with that of 
alfalfa (Bazdarich and Sebasta 2001). 
Additional quantification is needed to 
substantiate these claims. If obstacles to 
its development can be overcome, sugar 
cane can provide ethanol for fuels, elec-
tricity from the combustion of residual 
biomass (bagasse) and other possible 
secondary products.

Biofuels in agronomic systems

There are concerns that biomass crops 
should be restricted because of an inher-
ent conflict between their use for food 
or for fuels, especially affecting the poor 
(see page 191). A more useful way to 
think about the production of crops for 
energy, however, involves considering 
individual crops in cropping systems. 

Biofuel feedstock crops can serve 
useful roles in California in rotation 
with other more valuable crops. For 
example, safflower may be the deepest-
rooting annual crop, allowing farmers 
to use water stored in well-drained 
soil from winter rainfall or the previ-
ous season’s irrigation, and to recover 
nitrogen fertilizer from soils at greater 
depths than other crops (Bassil et al. 
2002). Safflower is also moderately salt-
tolerant, so it can be grown on soils 
with some salt limitations or partially 
irrigated with saline water (Bassil and 
Kaffka 2002a, 2002b).

In rotation with higher value crops 
that are not as deep-rooted such as 
tomatoes or cotton, safflower can re-
mediate some environmental effects of 

intensive agriculture. Because nitrogen 
fertilizer is usually the most energy-
intensive input in crop production, this 
in turn improves the potential energetic 
efficiency of biodiesel made from saf-
flower. Efficiencies of this sort are not 
recognized in large-scale surveys of 
costs and benefits (Zah et al. 2008).

More generally, diversifying crop-
ping systems provides a number of 
agronomic and economic benefits. Since 
there is constant pressure for farms to 
specialize (de Wit 1992), biofuel crops 
may provide economic incentives to 
capture the positive agronomic benefits 
from more diverse cropping systems.

Landscape-scale management

Another way to think about effi-
ciency is to consider potential biofuel 
crops at the regional landscape scale, 
where they may help manage envi-
ronmental problems. Salts and salt 
disposal are a problem in all irrigated 
agricultural regions of the world with 
semiarid climates. In California, salin-
ity is a particular problem in the west-
ern San Joaquin Valley, where naturally 
occurring salts and trace elements like 
selenium are mobilized and concen-
trated by irrigation practices (Stapleton 
and Banuelos 2009). Some fields in the 
region have been retired due to salt 
accumulation and a lack of sufficient 
water or drainage to sustain crop pro-
duction. In addition, even irrigation 
at better locations produces salts that 
find their way into underlying aquifers 
(Schoups et al. 2005). Some crops can 
grow on salt-affected land or can use 
lower-quality water sources without 
yield losses, and could help intercept 
this saline drainage water. 

Several perennial forage grasses in 
particular are salt-tolerant and easy to 
manage (Corwin et al. 2008). Various 
species have been suggested as good 
sources for cellulosic material for bio-
fuel. Among the grasses, switchgrass 
is most commonly mentioned in the 
United States (Schmer et al. 2008). A 
perennial indigenous to large regions in 
the Plains states, switchgrass does not 
require annual tillage and planting, and 
is grown on conservation reserve lands 
that have uneconomic yields of annual 
crops or are too erosive. But variable 
climate in that part of the United States 
makes switchgrass supplies uncertain 
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in dry years, potentially limiting pro-
duction levels in biorefineries using it 
as a feedstock. In contrast, the produc-
tion of a salt-tolerant perennial grass 
in California using moderately saline 
water for irrigation could provide reli-
able, predictable supplies of biomass to 
a factory sited near the point of produc-
tion. If yields are high, the distance bio-
mass must be moved would be reduced 
because the area needed to produce 
it would be smaller and biorefineries 
could be centrally located. 

Likewise, the author and others 
(Corwin et al. 2008) have grown ber-
mudagrass on a severely salt-affected 
site in Kings County since 1999, using 
a mixture of saline drainage water, 
wastewater from the town of Lemoore, 
and King’s River irrigation water, 
while maintaining soil quality. This 
forage was grazed but could also be 
harvested as a biofuel feedstock, given 
suitable markets. 

The use of saline land and water 
may seem like an exception to the idea 
that the most efficient response to in-
puts occurs on better quality land, and 
the most efficient use of agricultural 
inputs occurs at higher yield levels (de 
Wit 1992). But if a crop is unaffected 
or marginally affected by salinity be-
cause it is tolerant, or if it is produced 
when salt stress is reduced (winter 
production), then the crop’s response 
to inputs could still be efficient (Bassil 
and Kaffka 2002a, 2002b). In these and 
other ways, biofuel cropping systems 
in California could help manage waste 
resources and related environmental 
problems, and improve overall sys-
tem sustainability. Further, the cost of 

feedstock production is subsidized by 
reductions in the cost of managing re-
lated environmental problems.

Reducing greenhouse gases

Even if crop production is efficient, 
biofuels also should reduce the global 
warming potential of transportation 
fuel. Because fuel made from plant 
materials recycles atmospheric carbon 
dioxide captured by plants, biofuels can 
potentially reduce greenhouse gases 
(Farrell et al. 2006). However, more 
complete analysis may uncover effects 
that reduce or eliminate that benefit. 
The federal Renewable Fuel Standard 
specifies minimum levels of life-cycle 
greenhouse-gas emissions reductions 
for diverse types of biofuels (US EPA 
2009). California’s Low Carbon Fuel 
Standard also mandates reductions in 
such emissions through changes in the 
carbon intensity of fuels.

Life-cycle analysis calculates all the 
energy costs and benefits of a biofuel 
production process, from field to final 
use (Wang et al. 2007). Even the most 
careful life-cycle analysis, however, 
involves assumptions and decisions 
about qualitative criteria used in mak-
ing quantitative assessments (Zah et 
al. 2008). Life-cycle analysis cannot 
anticipate future conditions and techni-
cal breakthroughs, so it is best used for 
comparison rather than setting abso-
lute standards. Transparency and ease 
of use of life-cycle analysis models is 

needed to legitimize them as a basis for 
important public policy decisions (Liska 
and Perrin 2009).

A complete accounting of all green-
house gases is required for life-cycle 
analysis. While crops absorb green-
house gases, producing crops also 
generates them. Nitrogen fertilization 
results in increased nitrous oxide 
(N2O) emissions from soils. Because 
nitrous oxide has a global warming po-
tential that is 297 times that of carbon 
dioxide, heavy use of nitrogen fertil-
izer with energy crops may in some 
cases negate the effects of atmospheric 
carbon uptake in the biomass. Nitrous 
oxide is one of the most important 
greenhouse-gas emissions from agri-
culture (Snyder et al. 2007), and there 
is significant uncertainty about its 
measurement (Adler et al. 2007; Snyder 
et al. 2007). High-quality agricultural 
research is also needed to ensure ac-
curate analysis of the greenhouse-gas 
costs of biofuels.

Implications for California biofuels 

The sustainable use of crops for bio-
fuels will depend on ever-increasing 
efficiency in crop production and 
improving the returns for all energy-
containing inputs in farming systems. 
Without this, there is no reasonable 
basis to use crops for biofuels. Similarly, 
adequate supplies of irrigation water 
are necessary for any crop production 
in California, including biofuel crops. 
Sustainability standards must include 
the measurement and robust predic-
tion of trends in important biophysi-
cal characteristics of farming systems. 
Standards must account for and encour-
age — not inhibit — innovation, while 
seeking the least environmental pertur-
bation. A means of valuing incommen-
surable social values must be included 
in the standard-setting process. Lastly, 
any useful sustainability standard for 
biofuel production from crops must 
include adequate investment in public 
agricultural research, and a continu-
ous commitment to broadly inclusive 
consultative processes in setting and 
maintaining standards. 

Biofuel cropping systems in California could help 
manage waste resources and related environmental 
problems, and improve overall system sustainability.

Cattle graze on a bermudagrass pasture grown on saline soils in Kings County; the fast-growing 
grass could also be harvested as a biomass feedstock if suitable markets were available nearby.
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California’s agricultural economy 
provides opportunities for biomass 
production, ranging from the large-
scale industrial production of energy 
crops such as sugar cane in the Imperial 
Valley and the use of salt-affected lands 
and saline water in the western San 
Joaquin Valley, to the smaller scale, 
integrated production of biomass to 
help meet individual on-farm energy 

demands. The amount and extent of po-
tential biofuel production in California 
are difficult to predict because of uncer-
tainty associated with changing tech-
nology and public policy. Foreseeable 
increases in the price of oil, regulatory 
requirements, increased efficiency in 
crop production and supportive stan-
dards will make possible the produc-
tion of crops for biofuels in California. 

The best and most sustainable choices 
will be based on the interaction of these 
factors and locally varying production 
conditions.
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