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ABSTRACT
In‐state bioenergy production from crop sources at best will contribute to, but not be sufficient
for the state’s needs for alternative fuels and power. Based on the use of readily grown crops
and simpler conversion technologies suitable for high quality feedstocks, it is reasonable to
anticipate that current in‐state liquid biofuel production could increase from all feedstock
sources investigated by approximately 140 Mgge/y of ethanol and biodiesel fuel, plus small
additional amounts of power. The crops considered include winter annual oilseeds useful for
biodiesel, energy (sugar) beets, sweet and grain sorghum, and sugar and energy cane for
ethanol. There are unique opportunities for a small number of crop‐based bioenergy based
businesses in California supported by the exceptional, place‐specific agroecological and policy
conditions that prevail here. These new biofuel facilities will create approximately 350
permanent jobs. Many of these benefits would be concentrated in rural, disadvantaged
communities. There are no significant adverse environmental effects anticipated from the small
modifications to existing cropping systems in the state required for these new bioenergy
businesses. Feedstock production will be sustainable based on current, broadly accepted
understandings of that term. There is little risk of adverse climate consequences. Opportunities
for crop‐based biofuel businesses in California are overlooked in aggregated analyses and
macro‐scale models and require the locally adapted methods used here for assessment.
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EXECUTIVE SUMMARY
Use of crops and crop residues as feedstocks for the manufacture of liquid transportation fuels
increases the supply and diversifies the sources of these fuels, creates domestic supplies,
industries and jobs, spares petroleum, and may result in reduced greenhouse gas (GHG)
emissions from transportation fuel use. But using crops for energy also raises the price of other
crops, not just those used for energy feedstocks, making annual crop production more
profitable, but may make livestock production less. Uncertainty about the best crop and residue
sources for biofuel production, the best technology for its manufacture, the interactions among
crop type and technology, the effects of uncertain, future public policies, and the future global
supply, availability and price of oil all make it difficult to predict the best approach to the use of
crops and residues for biofuels. The California Energy Commission and the California Air
Resources Board (CARB) both have policies affecting biofuel production and use in California
and would benefit from an assessment of the diverse consequences of those policies on the in‐
state production and use of biomass for fuels and power. In California, biomass from urban
sources, forests and agriculture is abundant, but not equally accessible
(http://biomass.ucdavis.edu/). This assessment focuses on agricultural feedstocks, specifically
crops that have a reasonable likelihood of being produced in the state for energy purposes.
The US currently uses corn grain for ethanol and vegetable oils from crops like soybeans and
canola for biodiesel production. These feedstocks are currently used by some California based
businesses to produce biofuels used in‐state, but the supply of feedstocks for their manufacture
is imported from outside the state.
Likely sources of in‐state agricultural biomass differ from those emphasized elsewhere. The
crops considered most likely to find near‐term use in California include winter annual oilseeds
(canola and Camelina), sugar (energy) beets, sweet sorghum, grain sorghum, sugarcane, and
energy cane (Fig. 9). These crops can be produced efficiently at very high yields, are well‐
known to farmers, are compatible with current farming systems, and can be produced at
relatively low levels of GHG emissions per unit of fuel. Crops commonly mentioned as
bioenergy feedstocks like switchgrass and Miscanthus have little chance of being grown in
California. Agricultural residues like livestock manures have energy potential and some other
residues like prunings from almonds and other fruit and nut trees already have a role in the
production of electricity in California and have been discussed elsewhere or will appear in
forthcoming reports. Rice straw is the most significant agricultural residue and has also been
discussed elsewhere, in a previous California Biomass Collaboration report.

1

Figure 9: Potential ethanol yields and technological availability for selected feedstocks. Crops like
beets can be produced in California with high yields and efficiency and manufactured into fuels using
current or near‐term technology at yields equal to or greater than other feedstocks. See page 32 for
additional explanation.

The Low Carbon Fuel Standard (LCFS) and its resulting alternative fuel market provide greater
potential price stability or predictability than some other agricultural or commodity‐based
markets to in‐state feedstock growers. This creates opportunities for California businesses to
supply transportation fuels while helping the state to meet its GHG reduction goals. New
biorefineries will also in many instances generate power from feedstock residues. The actual
amount of biofuel production likely to occur in California, however, remains difficult to predict
because of uncertainty associated with changing technology and public policy. Our estimate
assumes favorable circumstances for all the most active, current efforts by in‐state companies to
create new or expand existing biofuel/bioenergy businesses (Table 33). Conservatively, these
result in approximately 150 M gge/y of new fuels produced from 345,000 acres of land. An
important caveat, however, is that this analysis is based on the assumption that historical levels
of surface and groundwater will be available on average for farming in the future. The
availability of water for irrigation is particularly critical, made less certain by below average
rainfall and drought in recent years and a lack of sufficiently supportive public policies.
Concern for adverse effects from fossil energy sources has led to policies to reduce GHG
emissions that lead to atmospheric warming, with potential consequences that may threaten
continued human thriving. Fuel and power from biomass can be alternatives to fossil sources.
The most important state policy with respect to transportation fuels is the LCFS. The state also
supports innovation in alternative transportation fuels and infrastructure through its
Alternative and Renewable Fuel and Vehicle Technology Policy (ARFVTP‐AB 118), which
provides grants and loans to new companies and groups to help develop lower GHG emission
alternatives to current transportation systems in California. Federal policies like the Renewable
Fuel Standard (USEPA, 2009) also provide incentives for the development of new businesses
focused on alternative sources of fuels and power.
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If fuels and power are to be derived from in‐state biomass, the production of these energy
sources will have a wide range of potential consequences.
In 2011, California agriculture gave rise to 32.24 Tg CO2eq, or 7.2% of the state’s total emissions
(Chapter 1). GHG emissions from agriculture are small in absolute terms relative to other
economic sectors, but include gases that have a more significant potential influence on climate
than CO2, most significantly CH4 and N2O. Reducing such emissions where prudent is a
reasonable goal. But agriculture is multifunctional and affects both social and environmental
systems, many of which are not readily evaluated in terms of green house gases. Its objectives
now include the production of feedstocks suitable for power and fuel. In California, the
feedstocks identified in this analysis are evaluated for a wide range of possible effects and
consequences, called here Integrated Assessment (IA). IA attempts to evaluate a range of
consequences for a particular policy choice: in this case, the decision to support or use
biofuels/bioenergy from in‐state production based on agricultural feedstocks. These include
their economic and agronomic roles in diverse cropping systems throughout the state, potential
for adoption, fuel and power production, effects on soil quality and soil erosion, wildlife
habitat, attributional life cycle GHG emissions, and jobs and economic benefits. Here both
models and more generalized assessment approaches are combined. Models are useful but also
introduce their own sources of error, and are not used for their own sake if satisfactory
conclusions can be reached based on less formal but adequate methods of inference. The goal of
IA here is to provide decision‐makers a more thorough estimate of the tradeoffs associated with
supporting new biorefineries and biofuel as well as biopower development in the state
(Chapters 2 and 9).
California includes a diverse landscape that supports a large number of different cropping
systems that vary by region based on soils, local climate, social factors and profitability (Fig. 8).
This diversity provides opportunity for new crop adoption, including bioenergy crops, if
production is efficient. Agricultural land‐ use data over time indicate that 5 to 10% of the state’s
irrigated land has shifted annually in and out of fallow status and into new crops. Within this
amount of land, there is opportunity for bioenergy crop production.
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Table 33: Estimated new biofuel volumes and in‐state prices for likely biofuel feedstocks and fuels for near to mid‐term biofuel
production in California.

Crop

Current
Commodity
Price
(2013‐14)

$/t
seed
meal
Camelina
seed
meal
Sorghum
grain
Sorghum
sugar*
livestock feed
biogas
Beets
sugar**
livestock feed
biogas
Sugarcane
sugar***
bagasse
biogas
Energy cane## bagasse
biogas

Canola

Location
Estimated
with most
Yield (as Feedstock
acres
Fuel type
likely
harvested)
cost
(thousands)
adoption

$/t
475

BCAM
entry
price
(2007)
$/t
385

SAC, SJV

100

biodiesel

gal/t
129.15

$/gge
2.85

340*

525

SAC, SJV

0

biodiesel

96.11

5.22

100
15

ethanol
ethanol

110.95
21.54

1.81‐1.88
1.65

296

CNG
ethanol

25.20

2.38

21.54

63‐79.2

134‐139 SAC, SJV
23.75 SJV, IV

65

40

NSJV, SAC

60

45

IV

60

45

IV

40

CNG
ethanol
electricity
CNG
ethanol
electricity

In‐state
potential
gge/ac
169

gge/ton Mgge/y
135.22
16.90

Assumptions#

lb/ac
2500

t/ac
1.25

Quality
43% oil

100.63

0.00

1600

0.8

32% oil

73.97
14.36

29.59
8.62

8000

4
40

13% brix

672

16.80

40.32

40

16% sucrose

3.13

646

14.36

38.78

45

13% brix

0.85‐1.07

622‐781

42‐52.8 31.9‐40.1

45###

* $/t as harvested;
** Current average in the Imperial Valley;
*** Estimated
Camelina price estimated from previous BCAP program price in 2010‐11. ($0.16/lb + $85/ac subsidy)
# Based on Kaffka et al., 2014, and other sources
Conversion factor assumptions are in http://www.energyalmanac.ca.gov/transportation/gge.html & http://www.nrel.gov/docs/fy14osti/60663.pdf.
## Cellulosic ethanol yield at commercial scale is unknown, but a median estimate is 75 gallons/dry ton, more conservative estimation 63‐72 gallons/ton is applied for energy cane
(from Hsu, 2008)
### Energy cane productivity: 20.0 ± 3.5 dry short tons per acre with the moisture 20%, resulting in 14.8 dry tons per acre (suggested fresh 45 t/ac with 33% DM). (Monge et al., 2013.)
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The set of possible bioenergy feedstock crops analyzed are derived from several sources. Most
important is the self‐declared interests of potential bioenergy companies applying for support
from the state’s ARFVTP. Other sources include expert opinion derived from a technical
advisory process supporting agronomic work on new biofuel feedstocks established for the
Commission and California Department of Food and Agriculture (CDFA), and contacts
between companies and staff at the California Biomass Collaborative (CBC) and other industry
and trade associations, and professional judgment (Chapter 3).
Figure 8: Estimated per acre average profit based on regional cropping system patterns (clusters) in
California. NCA: Sacramento Valley and Delta; CEN: northern San Joaquin Valley; SSJ, southern San
Joaquin Valley; SCA: Imperial Valley and Palo Verde Valley; COA: coastal irrigated valleys.

The Bioenergy Crop Adoption Model (BCAM) is used to evaluate the most likely locations and
prices of new feedstock crop adoption across California. Entry prices and acres adopted for the
crops evaluated are reported by region and sub‐region (cluster). In complex cropping systems,
changes in one crop affect a range of several other crops as well, with some being displaced and
others expanding. BCAM identifies the crops displaced and additional new crops adopted
locally or regionally as a consequence of bioenergy crop production (Chapter 4).
The new biorefineries likely to be developed in California to support the use of in‐state
feedstocks use well‐known technology, have lower capital costs than more uncertain, first in‐
kind processes, and are available in the near‐term for adoption. Combined with high yielding,
high quality and easily transformed feedstocks like sugar and oil crops, the opportunity exists
to develop several new or expanded bioenergy systems in the state. Some of the proposed
biorefinery projects also generate power from direct combustion of residues, (sugarcane) or
from biogas production from sillage or other residual material (sugarcane, energy beets, grain
sorghum), or produce glycerin which can be used in anaerobic digester systems to produce
biogas (biodiesel) (Chapter 5).
5

Agricultural feedstock based businesses employ a large number of people in feedstock
production, assembly and transport, and result in permanent manufacturing jobs, often in rural
areas with underserved populations. Estimates of jobs associated with biorefinery production
are provided here using as examples some of the possible biorefinery projects identified in this
analysis. Input‐output (IMPLAN) analyses are reported for potential energy beet, biodiesel and
sugarcane businesses as examples that project direct, indirect, and third order economic effects
in the communities where these biorefineries may be established. Using some irrigation water
for feedstock production and biofuels or biopower results in high quality job creation in
predominantly rural areas and benefits underserved populations (Chapter 6).
No significant new adverse effects at the landscape level are foreseen for the production of the
bioenergy feedstocks evaluated here. The crops considered likely feedstocks for bioenergy
under California conditions are largely current, past or easy to adapt potential crops that
integrate readily into current farming systems without any additional or special environmental
consequences, and in some cases additional benefits. In this assessment, we assumed that total
cropping system water use in each region of the state producing new bioenergy feedstock crops
was constrained to be equal to or less than traditional water use by arable crop farmers locally.
This assumption is based on the determination that new water supplies for agriculture will not
be developed in California, and is the condition that will prevail under any reasonable future
scenario in which modest levels of bioenergy feedstock crops are produced. As a consequence,
we estimate that no additional water will be used for feedstock production above that available
to farmers under longer‐term average conditions in the recent past in California. It is also
unlikely that new land in California will be converted from rangeland or forest acres and
cultivated since little new land has been added to state farmland for many years, with the
exception of recent expansion of land for tree and vine crops. Tree and vine expansion are
unrelated in any way to bioenergy crop production. These have much greater economic value
than bioenergy feedstocks. Similar to water use, total land use is also constrained to currently
cultivated land.
Many wildlife species are common on cropland in the state or use cropland for all or part of
their habitat. Since the crops evaluated already are produced in the state, or are similar to others
that are, no new beneficial or adverse effects on wildlife or other species are anticipated, unless
short –term perennials replace some annual crops. In that case, additional wildlife habitat
benefits are anticipated. Erosion is one of the most serious environmental concerns in
agriculture in some regions. In addition to removing fertile topsoil and ultimately reducing
yield, erosion transports harmful substances (pesticides, fertilizer, sediment itself) from fields to
aquatic systems. The severity of potential erosion from biofuel crop production systems was
evaluated through a literature review focused on California and the use of the USDA’s Revised
Universal Soil Loss Equation (RUSLE2). Biofuel cropping systems do not experience
appreciably different erosion compared with current cropping systems, and erosion from these
systems is below levels considered harmful. When used as cover crops, winter oilseed (biofuel)
crops have the potential to reduce erosion from existing agricultural systems producing trees
and vines. Some increased use of winter bioenergy crops, if they displace current summer
crops, will be more protective of arable soils during the rainfall season, and require less
6

irrigation water. For the last 6 to 7 decades, surveys indicate soil quality (including soil organic
matter) has been maintained or improved in arable lands in the state, and no changes in these
trends are anticipated if some of the crops evaluated here are adopted to support bioenergy
businesses. None of the crops evaluated here are invasive, or are not already produced in
California. No new pest management issues are anticipated but there are potential
agroecological benefits associated with greater cropping system diversity by additional crop
choices associated with bioenergy. Emissions to surface and ground water will be similar to or
less than that of other existing crops produced in the state. The LCFS provides an incentive to
follow resource conserving Best Management Practices (BMPs), since doing so lowers the
carbon intensity of feedstocks (Chapter 7).
Attributional Life Cycle Assessment (ALCA) tracks energy and material flows associated with
bioenergy crop production. Consequential LCA (CLCA) estimates the wider effects of feedstock
production on greenhouse gas reductions at the level of the economy. Estimates for ALCA are
reported here from diverse sources. If crops are produced using BMPs and achieve the high
yields possible in California, ALCA values tend to be low relative to other reported values and
low enough to support the production of low carbon intensity fuels, estimated only on a
feedstock basis. Crop adoption levels for most of the crops evaluated here are small relative to
the total land cultivated in the state in an average year. The small‐scale land shifting considered
here primarily involves periodically fallowed land, or is accommodated with only small
consequences for crop acreage of commodity crops likely to influence markets and land use
elsewhere. Crops with winter production potential are more likely to fill fallow periods in crop
rotations and use less water than summer crops they may displace. While some crops are
substituted and some replaced, others may also be increased with the addition of a new crop.
This results from complex interactions among crops, seasonality, resource use and practical
factors influencing farmers’ choices about what to plant.
Periodic drought and variations in water supply to agriculture in California due to policy
decisions have significantly greater effects on land use than the modest levels of crop shifting
for bioenergy feedstock production estimated here. Since land is often fallow in California due
to water policy and drought, it is difficult to establish a consistent land use baseline for
comparison. The effects of changing land use due to bioenergy crop adoption are overwhelmed
by these other, far more significant factors. There are no adequate mechanisms for evaluating
such changes in current CLCA methods. For example, one of the crops most likely to be
displaced is cotton, an industrial (non‐food) crop whose production has been declining in
California even without competition from biofuel feedstock production. These circumstances
make CLCA estimates that attempt to model the actual consequences on commerce (and
ultimately climate) of small, regionalized land shifts in California (affecting mostly minor,
unaccounted crops) especially challenging and unlikely to produce accurate values for market
related effects.
Indirect Land Use Change (ILUC) is the term used to describe the effects of changes in
agricultural commodity markets on land use worldwide. For biofuel crop production, land
diversion results from changing crops and land use from current uses to bioenergy feedstock
production. ILUC cannot be measured directly but is inferred from complicated, global scale
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economic models. The model used in California for this purpose has improved over time but
still lacks sufficient detail to measure the level and types of changes identified and foreseen by
this analysis. Complicating land change calculations in California is the significant influence the
loss of reliable irrigation water has on in‐state production. Half a million acres or more will be
idled and others under‐irrigated by curtailment of surface water deliveries in 2014. If the
drought and current policy framework persists, then even greater losses will be observed in
future years. Changes due to bioenergy feedstock production will affect land use and markets
far less and be largely unmeasurable in comparison. Lands fallowed in 2014, once brought back
into production for energy feedstocks, will not displace any current crops in any way, since
markets will already have adjusted to missing production. For several reasons, there is little
likelihood of measureable ILUC occurring from the scale and manner of biomass crop adoption
considered likely here. The more likely consequence is that in‐state production of biodiesel and
ethanol may substitute for imported ethanol or biodiesel produced in tropical regions with
fragile habitats sparing land in such locations (Chapters 8 and 9).
Sustainability and sustainability standards are important considerations in any IA. Most simply,
sustainability concerns resources and institutions that individuals and society as a whole
identify as valuable, together with determinations about how best to preserve those resources
and institutions for use by future generations. It is an attribute that everyone hopes applies to
all valued aspects of the natural environment and human society. Since public concerns vary
with time, what is considered sustainable also varies. This makes sustainability difficult to
define and problematic as a regulatory concept. In agriculture, resource use efficiency (RUE) is
the key feature of sustainable bioenergy feedstock production. This means that there will be
increasing levels of energy production using the same (or even diminishing) levels of resources.
This pattern characterizes modern agriculture generally, and is further supported by the LCFS,
which rewards fuels made from feedstocks produced using the most efficient farming practices
and cropping systems. Other issues associated with sustainability involve economic benefits
and their distribution, and effects on emissions from farming systems like soil erosion,
maintenance of productive capacity (soil quality), species invasiveness, and effects on wildlife.
All these were considered here and found to be sustainable characteristics of anticipated
bioenergy feedstock production in California.
California has the most advanced regulatory programs in the world focused on landscape
protection. These statues, regulations, public advisory processes, incentive and enforcement
programs reflect the state’s consensus on what is important to protect in environmental and
social areas and are characterized by political legitimacy. Third party sustainability standards
for in‐state biomass energy production are redundant with respect to current and anticipated
future regulations in California. Nonetheless, the production of bioenergy feedstocks is
anticipated to meet or exceed the general descriptions of sustainable activities found in most of
these standards (Chapter 10).
There are limited but real opportunities for the development of new biorefineries for fuel and
power production, and for the expansion of some existing ones. In‐state production at best will
contribute to, but not be sufficient for the state’s needs for alternative fuels. For the most part,
new biorefineries could develop in the San Joaquin and Imperial Valley regions, benefitting
8

rural areas and underserved groups. There will be few, if any special, adverse effects on the
state’s landscape from the development of crop‐based biofuels in the state, but important social
benefits. Risks to climate through indirect effects on land use elsewhere are potentially small if
not positive (protective). Based on this analysis, policies that promote in‐state development of
innovative bioenergy production from agricultural sources are consistent with the state’s GHG
reduction goals and the public’s interest in the development of a green economy (Chapter 11).
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CHAPTER 1:
Introduction
Summary
The use of high quality energy sustains modern life. Energy production and use has diverse
consequences on both society and supporting ecosystems. Concern for adverse effects from
fossil energy sources has led to policies to reduce GHG emissions that are thought to induce
atmospheric warming, with potentially unintended consequences that could be a threat to
human well‐being. Policies aimed at reducing GHG emissions in California and at the national
level provide opportunities for new bioenergy businesses to develop in California. Fuel and
power from biomass are alternatives to fossil sources. The most important state policy with
respect to transportation fuels is the LCFS. The state also supports innovation in alternative
transportation fuels and infrastructure through its Alternative and Renewable Fuel and Vehicle
Technology Policy(ARFVTP‐AB118) program which provides grants and loans to new
companies and groups to help develop lower GHG emission alternatives to current
transportation systems in California. Federal policies like the Renewable Fuel Standard
(USEPA, 2009) also provide incentives for the development of new businesses focused on
alternative sources of fuels and power. In California, biomass from urban sources, forests and
agriculture is approximately equally abundant (http://biomass.ucdavis.edu/), but not equally
accessible. Here we focus on the use of agricultural biomass for energy, especially for
alternative transportation fuels, though fuel production can also result in associated production
of power from residual biomass. Likely sources of in–state agricultural biomass differ from
those discussed elsewhere in the United States. In California, purpose grown crops (winter
annual oilseeds, grain and sweet sorghum, sugarcane and energy cane, and energy (sugar)
beets), appear to be the most promising alternatives and are evaluated here for a wide range of
possible effects and consequences. These include their economic and agronomic roles in diverse
cropping systems throughout the state, potential for adoption for fuel and power production,
effects on soil quality and soil erosion, wildlife habitat, attributional life cycle greenhouse gas
emissions, jobs and economic benefits.

Biofuels from Crops and Crop Residues in California: Policy
Background
The demand for alternative fuels is driven by significant state and federal policies seeking to
reduce GHG emissions from transportation. California’s Global Warming Solutions Act (2006;
AB32) is an ambitious attempt to reduce society‐wide carbon emissions within California, and
also to provide a model for how to achieve such emission reductions elsewhere. As part of
AB32, the LCFS provides an incentive for in‐state development and use of alternative vehicles
and fuels to help reduce the large amount of carbon emissions associated with transportation in
the state. This is achieved by gradually lowering the carbon intensity (CI) of transportation
fuels, and through fuel type and vehicle substitution (vehicle electrification and increased
mileage standards) (Fig. 1). Still, projections for fuel demand over the next decade leaves in
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place the need for significant quantities of alternative transportation fuels, including ones that
might be derived from the purpose‐grown agricultural feedstocks evaluated here.
Figure 1: Compliance schedule for the declining average fuel carbon intensity of gasoline and diesel
sold in California.
Legal challenges have affected the implementation of the state’s policy. (Renewable Fuels Association
from Life Cycle Associates. 2014)1.

In addition to the state’s LCFS, the federal Renewable Fuel Standard (RFS) requires the use of
alternative fuels and mandates the amount and type of the fuels to be used. These mandates
include demands for biodiesel fuels and advanced biofuels including sugarcane ethanol.
Biodiesel qualifies under both its own mandate and as an advanced biofuel.
Both the LCFS and RFS require that alternative fuels release less CO2 to the atmosphere per unit
of energy used than conventional gasoline and diesel fuels. Since all liquid fuels release CO2,
savings from biofuels are derived from the recycling of atmospheric CO2 captured by plants
through photosynthesis, compared to the release of fossil or geologically stored CO2 from the
use of fossil fuels like petroleum. Hence, biofuels can be characterized as a carbon‐neutral
alternative fuel. DeCicco (2013), however, has argued that unless additional CO2 is captured by
feedstocks compared to a business‐as‐usual scenario, there is little to no savings from the use of
biomass‐based fuel and power. The CO2 savings from using biofuels in both regulatory
programs are estimated through Life Cycle Assessment (LCA). Attributional LCA estimates the
CO2 costs of creating and using biomass feedstocks and correlated fuel production and use.
Other types of LCA methods are used to estimate additional CO2 costs associated with
biofuels/bioenergy attributed to trade and a variable list of additional correlated consequences.
For the RFS, biodiesel and advanced biofuels must have 50% lower CO2 emissions per unit
http://www.ethanolrfa.org/page/‐/rfa‐association‐
site/studies/LCA_Marginal_GHG_Emissions_2014.pdf?nocdn=1
1
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energy than gasoline. The LCFS does not set a lower limit for CO2 emissions, but instead sets a
target for CO2 emissions from gasoline and diesel (Fig. 1), and leaves it up to fuel providers,
who are the obligated parties to find fuels to blend with petroleum that reduce overall fuel CI.
The combined effect is to favor the use of biofuels that have the lowest possible CI.
There are several possible pathways for achieving the state’s goals that have been proposed by
CARB. One scenario that emphasizes the gradual increased use of advanced biofuels is
provided in Table 1, but there are many potential variations possible. Advanced biofuels would
include the fuels produced from crops and residues evaluated here. As the standard becomes
more stringent, the importance and value of advanced biofuels becomes greater. Advanced
biofuels can be imported from other locations, most notably Brazil. But producing them in
California, if done at competitive prices, creates green jobs within the state and greater total
benefits from the regulation for Californians. At the same time, all biomass use involves and
affects landscapes, the plants and animals and people who rely on them, and creates some
emissions. These must be assessed and compared where possible. This kind of comparative
assessment is referred to here and in supporting literature as Integrated Assessment (IA). IA is
reviewed in Chapter 2 of this report.
There are also tradeoffs between diverse uses of biomass between power and fuel. The use of
biomass for power is reported on elsewhere2 and in other analyses. Here the focus is on the use
of biomass for transportation fuels, though power production is also associated with
biorefineries. Public policy has much to do with the most profitable use of feedstocks for either
fuel or power and some of the feedstocks used here or analogouse crops could be used for
power if favored by policy.

2

(TASKS 2, 5, 6, 7, 8) and in other analyses
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Table 1: Sample compliance schedule for declining average fuel carbon intensity of gasoline and
diesel sold in California that emphasizes the role of biofuels3.
Vehicles (millions)
Year

CI of
Gasoline

FFV's

Conventional Low CI Corn
Corn EtOH
EtOH
(billion gal (billion gal)

PHEV

Cellulosic Advanced Sugarcane
%
EtOH
Renewable
EtOH
Ethanol
(billion EtOH (billion (billion
in
gal)
gal)
gal)
Gasoline

2010

96.7

0

0

1.21

0

0

0

0
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2011
2012
2013
2014
2015
2016
2017
2018

96.7
96.2
96.2
95.7
94.7
92.8
91.4
89.4

0
0
0
0
0
0.1
0.3
0.6

0
0
0
0
0
0.2
0.6
1.3

1.21
1.03
1.03
0.85
0.52
0.05
0
0

0
0.05
0.05
0.09
0.12
0.17
0.19
0.21

0
0.05
0.05
0.1
0.22
0.38
0.42
0.45

0
0.04
0.04
0.07
0.12
0.28
0.31
0.34

0
0.05
0.05
0.1
0.23
0.39
0.44
0.48

10
10
10
10
10
10.4
11.3
12.2

2019

87.5

0.9

1.9

0

0.23

0.51

0.38

0.53

13.9

2020

86.5

1.3

2.3

0

0.25

0.55

0.41

0.57
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Table 2: Total transportation energy use (in billion gge for CARBOB and ULSD, and the rest in
million gge) reported in California LCFS program. (Yeh and Wicover, 2014.)

CARBOB (gasoline)
ULSD (ultra‐low sulfur diesel)
Ethanol
Biodiesel/renewable diesel
CNG/LNG
Electricity
Total
Alt Fuel (% of total energy)

2011
12.87
3.92
1.03
13.8
82.2
0.35
17.91
6.3

2012
12.79
4.01
1.00
23.5
91.8
1.22
17.91
6.2

http://www.ethanolrfa.org/page/‐/rfa‐association‐
site/studies/LCA_Marginal_GHG_Emissions_2014.pdf?nocdn=1
3
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2013 (thru Jun)
6.14
1.94
0.49
49.4
51.9
1.19
8.67
6.8

CHAPTER 2:
Integrated Assessment
Summary
Agriculture is multifunctional and effects both social and environmental systems. Its objectives
now include the production of feedstocks suitable for the generation of power and fuel. GHG
emissions from agriculture are small relative to other economic sectors, but include gases that
have a more significant global warming potential and influence on climate change than CO2,
particularly CH4 and N2O. In 2011, California agriculture gave rise to 32.24 Tg CO2eq, or 7.2%
of the state’s total emissions. If fuels and power are to be derived from in‐state biomass, the
production of these energy sources will have a wide range of potential consequences. The most
important are assessed here and include water use, soil erosion, GHG emissions, wildlife
effects, and employment and economic benefits. Sustainability and sustainability standards are
important considerations in any integrated assessment and the need and use of standards is
considered for California systems.

Agriculture is Multifunctional: Potential Tradeoffs from In-State
Production of Biofuels from Agriculture
Agriculture has many important functions. A reasonable list of these includes:
(1) Providing an adequate food supply for a growing human population at a reasonable
price,
(2) Providing an increasingly high quality diet for all the world’s people,
(3) Maintaining the income of farmers at levels comparable to that of the urban
population,
(4) Maintaining the natural resource base of agriculture,
(5) Using non‐renewable resources prudently, and
(6) Providing habitat and resources for wildlife.
Not all of these objectives are commensurable, so tradeoffs among them are unavoidable.
Integrated Assessment seeks to evaluate these tradeoffs.
The current agricultural system in the United States generally and in California particularly
embodies a rough social consensus and balancing of interests among these objectives. In this
sense, agricultural Best Management Practices (BMPs) are those that allow farmers to achieve a
locally optimum outcome with respect to these diverse objectives, as currently defined by
society through markets, statues and regulations. Public discussion about agricultural
sustainability occurring in the last years, including criticism of the current food system (Francis
et al. 2006), is a debate about the proper balancing of these objectives.
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Since 2004 the passage of the federal Energy Independence and Security Act (EISA) society has
added another objective for agriculture:
(7) Producing transportation fuels and other forms of useful energy from crops and
agricultural residues.
Adding this new function affects the balance among the others, and raises many questions
about the future of agriculture which are difficult to answer with certainty, including how
sustainable the use of agricultural biomass for energy will be in an unknown and unknowable
future. Another more recent concern related to agriculture is the amount of GHG emitted as a
whole. The state’s Global Warming Solutions Act (AB32), of which the LCFS is a part, creates a
target of 80% reduction in CO2 emissions by 2050 from all sources in California relative to a 1990
baseline. Worldwide, anthropogenic GHG emissions are dominated by fossil fuel use, but
emissions from agriculture, forestry and other forms of land use are also significant, collectively
estimated as approximately 33% (Fig. 2).
Figure 2: The largest uncertainty associated with anthropogenic emissions is for nitrous oxide,
primarily from agriculture. UNIPCC‐AR5

Agricultural is a GHG emissions intensive economic sector and contributes approximately 8%
of the US total (Fig. 3). In 2011, California agriculture gave rise to 32.24 Tg CO2eq, or 7.2% of the
state’s total emissions (CARB 2013; see Table 3). While CO2 emissions dominate most sectors in
the US and California, compared to other sectors of the economy, agricultural emissions are
dominated by methane (CH4) and nitrous oxide (N2O) gases, rather than CO2, accounting for
58% and 30% of total California agricultural GHGs, respectively. Most emissions arise from
enteric fermentation by ruminant animals (cows, sheep, goats, horses) in the form of methane
16

and from manure. The other large source, N2O, is ultimately derived from fertilizers and the use
of organic amendments in soils. The livestock sector accounted for 4.4% of California’s total
emissions, with enteric fermentation and manure management contributing roughly equally.
An estimated 2.0% of the state’s total was from croplands, most of which is estimated to result
from fertilizer use and, to minor degrees, soil preparation, disturbances and crop residue
burning. N2O was particularly prominent in crop production, accounting for 65% of emissions
from that sector.
Each GHG results in a different amount of warming per mass, so emission values must be
standardized when discussing GHGs. GHG emissions are thus expressed in terms of CO2
equivalents (CO2eq)—the mass of CO2 that would result in the same amount of warming as the
emissions being referred to. Within the scope of a 100‐year period, the CARB currently uses
multiplicative factors of 21 for CH4 and 298 for N2O, derived from the Intergovernmental Panel
on Climate Change (IPCC) Second Assessment Report. Mass units for CO2eq are often metric
tonnes (as t CO2eq) or teragrams (1015 g, as Tg CO2eq).
Figure 3: Greenhouse gas emissions by sector in the United States. Agriculture contributes 8% of all
GHG emissions. USEPA data.

Figure 4: Agricultural and forestry greenhouse gas emissions and sequestration.
http://www.ers.usda.gov/data‐products/chart‐gallery/detail.aspx?chartId=4597&ref=collection
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Table 3: GHG emissions of agricultural activities in California with their portions of total emissions
from California agriculture and all sectors statewide.

California Total, 2011
Agriculture Total
Livestock Total
Manure Mgmt.
Enteric Fermentation
Cropland Total
Fertilizer
Rice Cultivation
Histosol Cultivation
Other Soil Mgmt.
Residue Burning
Energy and Fuel Use

Emissions
(TgCO2eq)
in 2011

Portion of Total
Agriculture
Emissions (%)

Portion of Total California
Emissions (%)

448.11
32.24
19.62
10.28
9.34
8.96
7.54
0.6
0.16
8.13
0.08
3.66

‐
100
60.9
31.9
29.0
27.8
23.4
1.9
0.5
25.2
0.2
11.4

100
7.2
4.4
2.3
2.1
2.0
1.7
0.1
0
1.8
0.0
0.8
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Table 4: Breakdown of GHGs in the agriculture sector and statewide, with portions of total emissions
from each level.

Agricultural Emissions in
TgCO2eq (% of total)

Total California Emissions
in TgCO2eq (% of total)

CO2

3.82 (11.8%)

387.42 (86.5%)

CH4

18.73 (58.1%

32.47 (7.2%)

N2O
Other
Total

9.69 (30.1%)
‐
32.24 (100%)

13.05 (2.9%)
15.17 (3.4%)
448.11 (100%)

Agriculture is perhaps the most essential human economic activity and some N2O emissions are
unavoidable. For the purposes of bioenergy production, N2O emissions are included in the
calculation of attributional Life Cycle carbon costs. In general, agricultural systems should not
be undermined by GHG regulations that fail to account for the needs and constraints of
farming, and which misunderstand the evolutionary character of agricultural improvement. It is
unwise to restrict focus on N2O emissions, as doing so reduces the overall efficiency of
agricultural systems (De Wit, 1992). Recent work has suggested that some N emissions for
agriculture are self‐cancelling with respect to climate effects and that the adverse health effects
of nitrogen pollution are of greater importance than GHG effects (Bodirsky, et al., 2014).4 Efforts
to improve resource use efficiency (RUE) with respect to N use in agriculture, or to reduce
tillage effects, are important and rewarded by the state’s Low Carbon Fuel Standard (LCFS). IA
can help provide a broader understanding of the costs and benefits of agricultural practices,
including the production of feedstocks for fuels and energy.

Integrated Assessment (IA) Applied to Agriculture
Integrated Assessment (IA) seeks to quantify the most important consequences of new projects
and policies, and assess the tradeoffs associated, for example, with new uses for biomass,
particularly feedstock production for biomass energy and bio‐based products (van Ittersum, et
al., 2008; Fig. 5). IA allows for a systematic comparison and assessment of the tradeoffs among
dynamic processes and shifting public policy goals. It will allow the Commission to better
estimate how projects proposed for California affect a wider array of social and agroecological
processes. To be worthwhile, IA must first be based on experienced professional judgment

“The nitrogen cycle is interwoven with the climate system in various ways…” Nitrous oxide … on the
one hand is one of the major greenhouse gases. On the other hand, nitrogen containing aerosols scatter
light and thereby cool the climate. And as a fertilizing nutrient, nitrogen enhances the growth of forests
which binds CO2. Currently the health effects of nitrogen pollution are clearly more important, because
the different climate effects largely cancel out…”. (Lotze‐Campen, H. at: http://www.pik‐
potsdam.de/news/press‐releases/dangerous‐nitrogen‐pollution‐could‐be‐halved)
4
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about agriculture, forestry and other landscape production systems. In the case of bioenergy
crops, IA is based on data from applied agricultural research and an informed use of modeling,
supported by detailed, local information on crop performance, climate, soils and other effects of
feedstock production). IA must include the capacity to understand the capabilities of current
and proposed bioenergy transformation technologies and systems and their environmental
performance. It then unites several complimentary quantitative methods and qualitative
assessments, including: simulation modeling, economic optimization, LCA, ecosystem
assessment, cost and benefit analysis and policy comparisons. Not all methods are or need be
included in any given assessment. IA may be done using a single grand simulation system,
requiring innovative software to link different tools as discussed by van Ittersum et al. (2008), or
as carried out here, in a disaggregated fashion in which information from several
complimentary approaches is combined. Modeling for its own sake is not always necessary or
desirable and can lead to increased error rather than greater certainty. Ultimately, the goal of
analysis is how best to inform public decision‐making: here, whether and how best to support
in‐state production of biofuels relying on agricultural biomass.
Figure 5: An Integrated Assessment framework for the analysis of agricultural biomass projects.
Similar schemas apply to forested ecosystems and mixed‐use landscapes. (Based on van Ittersum et al.,
2008)

Level of organization (complexity)

Standards and policy/
LCA/Net benefits
Economic sector/process
engineering

Supply-demand
(Social)

Landscape/
ecosystem model
Whole farm/
watershed model

Biophysical

Crop/field/woodlot
model
Field
Woodlot

Farm

Region

Watershed

Markets/Policy

Scale

Based on van Ittersum et al., 2008)

Crop/Field Scale or Small Watershed Assessment and Modeling
Traditional, applied research at agricultural experiment stations, farmers’ fields, or in woodlots,
or watersheds provides quantitative recommendations for BMPs. Crop simulation modeling
allows for broader estimation of yield and RUE across a wider‐range of productive landscapes
in California compared to more limited locations were experiments take place. Crop simulation
20

is often used for purposes of IA. Here, widespread testing of crops in multiple locations across
the state, or in specific locations where crop adoption was considered most likely, provided the
sources of data used (Kaffka et al., 2014). This research was supported by the Commission and
the CDFA and provides information on the agronomic performance and BMPs for several of the
crops reviewed here.

Whole Farm/Watershed Models
Farms are aggregations of fields, combined via crop rotations with complimentary crops. In
complex cropping systems like those common in most irrigated areas of California, a change in
one crop may and commonly does affect more than one other crop. Cropping systems can be
analyzed with various techniques, depending on the information required. Simulation
modeling, partial enterprise analyses and whole farm economic models are useful. Information
from all these sources can be used to guide or test complimentary modeling approaches. Here,
the Bioenergy Crop Adoption Model (BCAM, Kaffka and Jenner, 2011) is used as a whole farm
model and accounting tool. The model starts with current cropping patterns from diverse
regions of the state and evaluates where new bioenergy crops are most likely to be adopted, the
profit level at which they become economically competitive, and which crops are displaced as a
result. Data useful for LCA from each crop can be derived from the model output and crop
budgets used for its construction (Chapter 4).

Landscape-Scale Effects and Models
Ecosystem models can be of many types. They can produce information about the landscape
effects of resource use, including processes like soil erosion, nutrient leaching to groundwater,
and denitrification. Runoffs and potential effects on surface water quality can be estimated.
Here, the most likely new potential effects from biofuel feedstock crop production focus on soil
erosion, and wildlife habitat in croplands. No other landscape effects are considered likely that
are not already associated with farming in California and subject to current regulation.

Economic and Process Engineering Models
Economic analysis is commonly used as the primary basis of policy analysis. Often the natural
resource effects in such models are greatly simplified. Some of the problems resulting from such
simplification are avoided here, because of the case study focus used. Whole farm economic
analysis is the primary means used for crop and crop residue based analyses. The BCAM
model, developed by the California Biomass Collaborative and continuously modified, can be
used at the farm, farming systems, section or regional scale and are based on the most current
data available for California farms.
For future biorefineries, many of which will evolve to produce multiple products, assessment of
the costs and benefits of such biorefineries is essential for prudent decisions about state
investments. For example, corn grain based ethanol refineries also produce livestock feeds, and
now commonly extract corn oil for biodiesel or feed purposes, recover additional materials from
corn hulls for additional energy production, and some factories are now creating ethanol from
cellulosic residues (corn stover). New biorefinieries established in California may similarly
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produce both fuels and power, and useful residues for feed, fertilization and other purposes.
The establishment of new biorefineries will also create both temporary and permanent jobs,
many in rural or otherwise disadvantaged areas.
New biorefineries will have positive local, regional, and statewide economic benefits, especially
if sited in rural areas with high levels of unemployment and disadvantaged populations. These
potential benefits are reported from several sources and independently evaluated for a small
selection of potential new biorefineries using Input‐Output analysis, discussed below.
Any new industrial facility built in California will need appropriate air, water, and other
environmental permits, so environmental compliance by facilities is assumed here. This
assumption is equivalent to determining that the state’s existing permit processes are
sufficiently protective of the environment and operate effectively. No additional modeling of
these effects is provided here.

Life Cycle Assessment, Sustainability Standards and New Policy
Options
LCA is carried out in many ways. There are different assessment models. LCA models embody
many assumptions about the data used. Accurate LCA is best done by creating calculations and
models specific to the task. This allows for greater transparency for all calculations and explicit
declaration of critical assumptions. The Greenhouse Gases, Regulated Emissions, and Energy
Use in Transportation (GREET) model5 is used by CARB for LCA purposes, but literature
values from multiple sources are compared here when possible for potential GHG emissions
associated with each of the feedstocks evaluated.
Sustainability standards tend to be formulated in general ways, focusing on economic, social
and environmental factors. There are many alternative and competing approaches to definition
and certification (IEA Bioenergy, 2013; Beall et al., 2012). In practice, positive economic effects
are often assumed and given less weight than social and especially environmental factors. The
application of such standards is often subject to considerable interpretation and subjectivity.
Subjectivity is unavoidable if sustainability assessment is broadly inclusive (Giampietro, 2004).
Importantly, a focus on GHG reductions or climate change effects is an assumption that these
are the most important issues to consider when thinking about sustainability. In part this
implicit assumption is an artifact of regulations seeking to reduce GHG emissions as their
primary or sole consideration. But this assumption itself constrains the broader meaning and
implications of the term sustainability usually implied by its use (Fig. 6). It may be that climate
change from anthropogenic GHG emissions is the most important issue facing societies, but this
concept is disputed. This makes the notion of sustainability an especially difficult intellectual
and regulatory concept.

5

https://greet.es.anl.gov/
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Figure 6: Traditional notion of sustainability contrasted with a more restrictive definition in which
GHG reductions are the primary value to be optimized.

California has many advanced or model statutes, regulations and model participatory processes
focused on environmental protection and just distribution of economic opportunity. These
provide an adequate basis for defining sustainability. They are discussed here from the
perspective of sustainability. The assessment of bioenergy crop production sustainability
(particularly resource use efficiency) within California can be carried out based on the modeling
tools and related methods discussed here. Assessment is facilitated by the LCFS’s performance‐
based, case‐specific assessment (quantitative) structure for evaluating fuel carbon intensity in
ways probably unrecognized when it was designed. These methods also allow for estimating
the most important consequences of new policies, from the field to the regional scale.
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CHAPTER 3:
Likely Purpose-Grown Crops
Summary
California is an exceptionally diverse landscape that supports a large number of different
cropping systems that vary by region based on soils, local climate, water availability and social
factors. This diversity provides opportunity for new crop adoption, including bioenergy crops,
if production is efficient. We have analyzed a set of possible bioenergy feedstock crops
identified from several sources. Most important is the self‐declared interests of potential
bioenergy companies applying for support from the state’s ARFVTP. Other sources include
expert opinion derived from a technical advisory process supporting agronomic work on new
biofuel feedstocks established for the Commission and the CDFA, and contacts between
companies and staff at the California Biomass Collaborative and other industry and trade
associations, and professional judgment. The crops considered most likely to find near‐term use
in California include winter annual oilseeds (canola and Camelina, sugar (energy) beets, sweet
sorghum, grain sorghum, sugarcane, and energy cane. Crops commonly mentioned as
bioenergy feedstocks like switchgrass and Miscanthus have little chance of being grown in
California. Perennial tropical grasses may have a role in desert regions in the state, due to high
yields. The use of salt‐tolerant grasses in salt‐affected (marginally) areas of California is
discussed in an upcoming report.

Which Crops, Residues, and Uses for Biomass Crops Are Best?
It remains uncertain which will be the best agricultural biofuel feedstocks in the future. In the
US currently, it is most economical to ferment starch from corn to ethanol and create biodiesel
from low cost soybean oil, but many alternative sources are being investigated, including those
evaluated here. Many analyses indicate that the conversion of crop residues and purpose‐grown
crops that produce large amounts of biomass per acre rather than grains or seeds will be more
efficient and have the largest environmental benefits (Zan et al., 2008; Schmer et al., 2008; Adler
et al., 2007; Sommerville et al., 2010). Some researchers also have concluded that lignocellulosic
biomass feedstocks such as switchgrass, Miscanthus, and energy cane, could grow in California
and meet transportation fuel needs (Gopal and Kammen, 2009; Pedroso et al., 2011; Wang et al.,
2013; Wyman and Yang, 2009; Xie et al., 2014; Zhang et al., 2010). Some estimates for the
conversion of cellulosic feedstocks approach the efficiency of newly developed petroleum
supplies (U.S. Department of Energy, 2011). But compared to calculations made for grain, sugar
and oil seed crops, estimates for biofuel yields from cellulosic sources are still theoretical and
have not yet been realized commercially (Liska and Cassman, 2008). That has much to do with
the difficulty of breaking down resistant plant cell walls to sugars that can then be fermented to
ethanol, other alcohols, or carboxylic acids (US DOE, 2006) (Chapter 5).
Much new, basic research is focused on the genetics and biology of plant cell wall degradation,
including work on microorganisms that could more effectively degrade cell walls and other
secondary compounds also present like hemicellulose and lignin (Orts et al., 2008; Rubin, 2008;
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Himmel et al., 2007). Simultaneously, but separately, research is progressing on plant
transformation and manufacturing processes for cell wall fermentation, with specific
approaches to improve ethanol yield. Notably, a 50% ethanol increase for sugar fermentation by
synthetic non‐oxidative glycolysis was reported from the Liao group (Bogorad et al., 2013;
Gardner & Keating, 2010; Kumar & Wyman, 2009; Phitsuwan et al., 2013; Scully et al., 2013;
Shen et al., 2013; Yang et al., 2013; Zhang et al., 2014; Lau and Dale, 2009; Kunan et al., 2009;
Wyman et al., 2006). Simultaneously, but separately, research is progressing on manufacturing
processes for cell wall fermentation (Lau and Dale, 2009; Kunan et al., 2009; Wyman et al., 2006).
Low energy‐density biomass feedstocks must be harvested and concentrated economically, and
stored without loss (Mupondwa et al., 2012; Wilson et al., 2014; Hess et al., 2006). Such research
and development may eventually lead to improved cellulosic ethanol manufacturing processes
that are more efficient and economical than those now available. Three new facilities based on
the use of corn storage are scheduled to begin production in summer 2014. With work on crops
and biofuel manufacturing processes occurring simultaneously, it is difficult to predict what the
future will reveal to be the best combination of crops and processes. But processes relying on
low quality or recalcitrant biomass are unlikely to be sueful in the near to mid‐term period.
Despite California’s well developed agricultural economy focused primarily on food crops,
there are opportunities for biomass production from crops. These result from heterogeneity in
the environment (Fig. 7) and climate. The character of farms and farming systems reflects that
heterogeneity (Fig. 8) These opportunities vary from large, (like the production of ethanol from
sugarcane and other crops in the Imperial Valley), to smaller opportunities for individual
farmers or farmer coops to produce crops useful for biofuel production as part of their cropping
systems.
The amount and extent of potential biofuel production in California are difficult to predict
because of uncertainty associated with changing technology and public policy. The availability
of water for irrigation is particularly critical. The future price of oil is also important. At current
oil price levels, and especially at higher ones, using crops and crop residues makes economic
sense. Crop use also makes energetic sense when well‐adapted crops can be grown with the
highest efficiency. Depending on the crop and location, biofuels may also help reduce the
accumulation of CO2 in the atmosphere compared to petroleum use. But the ultimate value of
biofuels as a carbon reduction pathway is debated. Plevin and Delucchi (2013) argue that there
is too much epistemic uncertainty to say definitively that a given biofuel will reduce GHG
globally, and suggest that avoiding the use of biomass feedstocks, exept from wastes, is a
prudent policy. But current state policy supports the use of low CI biofuels, and there will be
continuing demand for liquid fuels for air travel, heavy duty vehicles, ships and trains.
Additional public and private benefits from biofuel production include new employment
opportunities and wealth creation, especially valuable in rural areas and for underserved
populations, and more robust economic health for the state’s farms, vital to a thriving economy
and the need for sustained food, feed and fiber production within the state. Even CO2 neutral
biomass use still adds diversity to the state’s transportation fuel supply. The adoption of
regulations like the LCFS in California and the Renewable Fuel Standard at the federal level
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embodies the legislative judgment that the benefits from prudentially developed biomass‐based
systems outweigh the risks.
Figure 7: Soils vary across the California landscapes and traditional crop uses vary with soil types.
This diversity, combined with climate variation and differential access to water, has led to similar
diversity in farming throughout the state. View northwards from the Delta towards Mt. Shasta through
the Sacramento Valley (NCA).

Diverse soils and landscapes lead to differing cropping systems in CA
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Figure 8: Estimated per acre average profit based on regional cropping system patterns (clusters) in
California (Kaffka and Jenner, 2011). See Appendix C.

California produces a large array of diverse crops, mostly for food. Biomass can be made from
residues from woody perennial crops like nut and fruit trees and grape vines, and from by‐
products from harvests like walnut shells and grape pomace (Amon et al., 2010). Here we focus
on annual and short‐lived perennial crops, especially those suitable for conversion to
transportation fuels. Possible crops include starch sources: corn, grain sorghum; sugar sources:
sweet sorghum, sugarcane, sugar (energy) beets; oil sources: (safflower, canola, Camelina,
castor, other); cellulosic crops: short rotation woody biomass, perennial grasses (salt‐tolerant
grasses, energy cane, other tropical grasses); annual grasses (sorghums, sudan grass, other
grasses), and crop residues (annuals: wheat, rice and barley straw, corn stover , perennials:
alfalfa seed hay). Of these, a subset are considered here. A CDFA/ Commission technical
advisory panel identified winter annual oilseed crops and sweet sorghum and sugar and energy
cane crops as worthy of investigation in diverse locations in California as energy crops (Kaffka
et al., 2014).
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One source of information about potential crops of interest in California comes from
applications made to the states ARFVTP program (AB118; Table 5). Another source of
information is the list of currently operating biofuel companies in California (Table 6)6

6

http://biomass.ucdavis.edu/tools/california‐biomass‐facilities‐reporting‐system/
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Table 5: Advanced biofuel project concepts submitted to the stateʹs ARFVTP program.
Applicant

Project Title

Grant

Feedstocks

Location

Fuel Type/Size
Biofuel ethanol

Size

Status

Mendota Advanced Bioenergy Beet Cooperative Advanced Bioenergy Center Mendota

PON-09-604 Sugar Beets

Mendota

Great Valley Energy, LLC

Feasibility of Fractioned Sweet Sorghum to Ethanol and Products

PON-09-604 Sweet Sorghum

San Joaquin Valley Biofuel ethanol

EdeniQ Inc.

California Cellulosic Ethanol Biorefinery Utilizing California Waste Products and Feedstocks

PON-09-604 Corn stover, switchgrass, and wood chips Visalia

Cellulosic ethanol

50,000 gal/year Not Funded

Alt Air Fuels, LLC

Feasibility Study for Renewable Jet and Diesel Fuels Biorefinery

PON-09-604 Camelina Oil

Seattle

Biofuel diesel

30 M gal/year

California Ethanol & Power, LLC

Sugarcane-to-Ethanol and Electricity Production Facility

PON-09-604 Sugarcane

Imperial Valley

Ethanol and Electricity

Not Funded

Amyris Biotechnologies, Inc

Renewable Hydrocarbon Diesel Production from Sweet Sorghum and Sugar Cane

PON-09-604 Sweet Sorghum

Thousand Oaks

Biofuel diesel

Did Not Pass

Pacific Ethanol Inc.

Madera Combined Heat and Power

PON-09-604 Grain Sorghum

Madera

Cellulosic ethanol

Pacific Ethanol Inc.

Incorporation of Cellulosic Ethanol Technology into Pacific Ethanol's Stockton Facility

PON-09-604 Grain Sorghum

Stockton

Cellulosic ethanol

California Biofuels, LLC

Sweet Sorghum & Agriculture Waste Project

PON-09-604 Sweet Sorghum

Mendota Bioenergy, LLC (MBLLC)

Advanced Biorefinery Center-Mendota Integrated Demonstration Plant

PON-11-601 Sugar Beets

Mendota

Biofuel ethanol

285,000 gal/year Awardee
50,000 gal/year Awardee

3.15 M gal/year Awardee

40 M gal/year

Not Funded

Did Not Pass
Did Not Pass
Did Not Pass

ZeaChem Inc.

Pilot Plant and Commercial Feasibility Study for Biobased Gasoline Blendstocks

PON-11-601

EdeniQ Inc.

California Cellulosic Ethanol Biorefinery

PON-11-601 Corn stover, switchgrass, and wood chips Visalia

Cellulosic ethanol

Canergy, LLC

Pre-Work Low-Carbon Ethanol Production from Sugarcane and Sweet Sorghum

PON-11-601 Sugarcane and Sweet Sorghum

Cellulosic ethanol

Pacific Ethanol Development, LLC

Madera Biomass Refinery

PON-11-601

California Ethanol & Power, LLC (CE&P)

Permitting for California Sugarcane Ethanol Plant

PON-11-601 Sugarcane

Partnership for Environmental Progress, Inc.

Agave Biofuel Feasibility Study

PON-11-601
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285,000 gal/year Awardee

Awardee
Imperial Valley

Not Funded
Not Funded

Imperial Valley

Ethanol and Electricity

Did Not Pass
Did Not Pass

Table 6: Current biofuel businesses in California.
Category

Plant Name

Biofuel‐Ethanol
Biofuel‐Ethanol
Biofuel‐Ethanol
Biofuel‐Ethanol
Biofuel‐Diesel
Biofuel‐Diesel
Biofuel‐Diesel
Biofuel‐Diesel
Biofuel‐Diesel
Biofuel‐Diesel
Biofuel‐Diesel
Biofuel‐Diesel
Biofuel‐Diesel
Biofuel‐Diesel
Biofuel‐Diesel
Biofuel‐Diesel
Biofuel‐Diesel

Aemetis Biofuels
Calgren Renewable Fuels, LLC
Pacific Ethanol
Parallel Products
Bay Biodiesel, LLC
Biodiesel Industries of Ventura, LLC
Blue Sky Biofuels
Community Fuels
Crimson Renewable Energy, LP
Ecolife Biofuels, LLC
GeoGreen Biofuels, Inc.
Imperial Western Products
New Leaf Biofuel, LLC
Promethean Biofuels Cooperative Corporation
San Francisco Public Utilities Commission
Simple Fuels Biodiesel, Inc.
Yokayo Biofuels, Inc.

Gross Liquid Fuel Capacity (MGY) Project Status
55
60
60
4
3
3
4
10
25
1.5
3
8
1.5
1.5
0.09
1
0.5
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Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating
Operating

Feedstock
Corn/Sorghum
Corn/Sorghum
Corn/Sorghum
Mixed Beverages
Multi Feedstock
Multi‐Spectrum
Waste Oil
Multi Feedstock
Multi Feedstock
Multi Feedstock
Multi Feedstock
Multi Feedstock
Used Cooking Oil
Multi Feedstock
Waste Oil
Recycled Cooking Oil

Multi‐feedstock sources in Table 6 are primarily recycled fats, oils and grease, and vegetable
oils. This list does not include some crops that are frequently mentioned as likely sources like
switchgrass, Miscanthus giganteus, and Arundo donax (giant reed). It is unlikely that low value
biomass materials will displace higher valued agricultural crops in California’s cropping
systems. Low‐cost, efficient conversion systems for low value biomass have not yet been
developed or adequately demonstrated commercially.
Traditional crop based feedstocks have several advantages that may lead to their use in
California. Those that are sources of high quality substances like sugar (sucrose), starch, and oils
are easily converted to a wide range of useful products at low cost and mostly use now well‐
known technology (Fig. 9). They are easily produced, transported and stored using existing
technology and infrastructure, and they are familiar to growers. If produced with high yields, as
they would be in California, they will result in per acre biofuel yields equivalent to the high
estimates made for cellulosic feedstocks, but at much lower initial capital and operating costs.
Many of these crops already are produced or have been produced in the state and are familiar
to and valued by farmers. Annual crops increase diversity in cropping systems in the state and
provide greater management flexibility compared to reliance on perennials only.
To help evaluate potential feedstocks for California, it was useful to compare ethanol yields
from different major sugar or starch based feedstocks and frequently mentioned cellulosic
feedstock crops. Crop productivity is critical for ethanol yield, which will vary significantly
with respect to local climate, irrigation, fertilizer and other agronomic conditions. The ease and
cost of fuel production from different quality feedstocks also influence prospects for their use.
Sommerville et al. (2010) compared average productivity, ethanol yield, water use and other
requirements for several feedstocks including corn, sugarcane, Miscanthus, poplar, and Agave
spp. These comparisons are included in Table 5 and Figure 7. Additional values for sugar
(energy) beet have been added to this comparison for European and Californian conditions.
Crops like energy (sugar) beets and sugarcane, when produced with high yields in California,
have correspondingly high yields of ethanol that are achievable with current technology at
lower cost than other advanced biofuel feedstocks.
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Figure 9: Potential ethanol yields and technological availability for selected feedstocks. Crops like
beets can be produced in California with high yields and efficiency and manufactured into fuels using
current or near‐term technology at yields equal to or greater than other feedstocks.
Cellulosic or low quality feedstock sources have been slow to enter the market, and are less likely to be
produced in California. Light blue: current or simple technology; mid‐blue: new of pilot‐scale technology;
dark blue: no current technology available‐the theoretical conversion limit. Data from diverse sources
(see Table 7).
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Table 7: Ethanol yield per hectare from different feedstocks.
Feedstocks for
ethanol
production
Corn (Average
in USA)
Stover
Sugar beet (EU)
C6 sugar
(Bowen et al.,
2010)
Sugar beet root
yield
Sugar beet (CA)
Sugar
Non‐sugar
Sugarcane*
Sugar
Bagasse
Miscanthus
(average in EU)
Miscanthus (IL
USA)*
Agave ssp.*
Poplar
Switchgrass*

Range of
productivity,
as harvested
‐1

‐1

MT ha year

Average
Theoretical
Current
Theoretical
productivity ethanol yield ethanol yield* ethanol yield
‐1

‐1

MT ha year

9

160 bu/ac
(est)
9

74‐100

69

80‐300 bu/ac

74‐100
100

‐1

L ton

‐1

L ha

5748 (total)
430

1600

2000

7400

7600

650

80
11
10

100
16
1.6
80
11
10

21

‐1

L ha

7600

650
440

10,000
9200
940
9950 (total)
6900
3000

21

430

7100

8900

15‐40

28

430

8500

12,000

10‐34
5‐11
8

22
10
8

390
350

6800
3200
3900

3700
2900

650
65

11,000
1150
7100
4400

Notes: In Table 7, the range and average of the productivities of different feedstocks were listed as the parameters for current
ethanol yields along with theoretical ethanol yield estimates from the literature. The average productivity of corn in U.S. was set at
160 bushels per acre per year, which has 1:1 grain to stover and half of the stover was assumed harvested for ethanol production
(2014). Sugar beet yields in California were 40 tons per acre (~100 tons per hectare) with the sugar content of 16.3%.
##*conversion factor derivation:
(1.11 pounds of C6 sugar/pound of polymeric sugar or 1.136 pounds of C5 sugar/pound of C5 polymeric sugar) x (.51 pounds of
ethanol/pound of sugar) x (2000 pounds of ethanol/ton of C6 (or C5) polymeric sugar) x (**1 gallon of ethanol/6.55 pounds of
ethanol) x (1/100%)
**specific gravity of ethanol at 20ºC
http://www.agweb.com/article/2013_average_yields_158.8_bu.acre_corn_43.3_bu.acre_soybeans_NAA_AgWebcom_Editors/2014.
2013 Average Yields: 158.8 bu/acre Corn, 43.3 bu/acre Soybeans, (Ed.) A.C. Editors.

For these reasons we focus on annual and short‐lived perennial crops, especially with a primary
intended use for transportation fuels. The transportation fuel potential from all technically
available residual biomass materials in California, based on data reported in the recently
updated CBC biomass resource inventory7 is included in Appendix D for comparison and
convenience.
7

http://biomass.ucdavis.edu/
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CHAPTER 4:
Economic Analysis
Summary
The Bioenergy Crop Adoption Model (BCAM) is used to evaluate the most likely locations and
prices of new feedstock crop adoption across California. Entry prices and acres adopted for the
crops evaluated are reported by region. In complex cropping systems, changes in one crop
affect a range of several other crops as well, with some being displaced and others expanding.
The crops displaced and additional new crops adopted as a consequence of bioenergy crop
production are identified as well. Data are presented by crop and region.
Worldwide, the most important crops used for biofuel feedstocks are sugarcane and corn (for
ethanol), oil palm, soybean, and canola or rapeseed (for biodiesel). Europeans also use wheat
and sugar beets for ethanol production. Soybeans and palm oil are the principal crops used for
biodiesel production, 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 produced has been too low compared to other crop alternatives.
Canola, used for biodiesel production in Canada and Europe, grows well in California but is not
yet widely produced. Like wheat, canola grows in the winter and can take advantage of winter
rainfall and has higher water use efficiency than most summer crops. It is reported to be a
selenium accumulator and may serve to help remediate selenium problems in the San Joaquin
Valley (Stapelton and Banuelos, 2008). Approximately 140 Mgge/y of new in‐state biofuel
production from diverse sources in the near‐term is estimated based on this analysis.

The Economic Conditions for New Bio-Energy Crop Adoption in
California
The crops evaluated were sweet sorghum, grain sorghum, canola and Camelina, sugar beets,
sugarcane, and energy cane. To assess the likelihood of bioenergy crop adoption in diverse
regions of the state, a multi‐region, multi‐input and multi‐output model that was developed for
California, BCAM was used. This model uses positive mathematical programming (PMP)
methods to capture local marginal cost information, to calibrate the model to previously
observed cropping patterns in the region (Appendix A, Kaffka and Jenner, 2011; Howitt, 1995).
Cropping patterns are based upon farmers’ choices and behavior in the near recent past
throughout California. This behavior was determined from data analysis of actual crop
production in fields in California, reported by the California Department of Pesticide
Regulation as part of its regulatory role overseeing pesticide use. This data is reported at the
section level (640 square acres) and can be used to identify common cropping patterns or crop
rotations spatially distributed throughout California (Appendix B).8 By using farmers’ actual
PUR data from the period 1997‐2009 was available when initial cropping pattern analyses were carried
out. Subsequently, data has become available through 2013. In 2008‐09, exceptional increases in the price

8
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crop choice data over time, analysis using BCAM embodies the diverse patterns of land use that
have emerged in California as a result of the many and varying factors influencing or
constraining farm management decisions at a local scale throughout the state. The outcome is
an estimate of the economic conditions and crop substitution patterns resulting from adoption
of likely bioenergy feedstocks crops in the state, based on existing location‐specific conditions
found across the state. Besides adoption prices, model results include crop substitution, and a
range of crop displacement and adoption effects, some of which are complex.

Limitations of the model
BCAM is a static model. It estimates the instantaneous change in the cropping patterns of
incumbent crops in a single cropping cycle due to the adoption of a bioenergy crop as its price
increases ; hence making it more profitable for adoption. The market price for all other
incumbent crops are held constant in the model, and only the price of the new bioenergy crop is
adjusted until adoption occurs. Further price increases result in additional crop substitution in
the model. Outcomes reflect the price a bioenergy firm would expect to pay if all other crops
were priced at levels that reflect their relative competitiveness during the historical period
analyzed. In reality, prices are dynamic and adjust with respect to each other. If large amounts
of land are used for a new bioenergy crop, then the prices of at least some other incumbent
crops would be expected to rise in response, up to the limits set by markets. Modeling such
relationships economically is difficult, and estimating the elasticity of crop substitution for
multiple crops under changing conditions is subject to error. Both static and dynamic models
have value, but here we are concerned mostly with small acreage adjustments thought likely to
occur in California. If only small amounts of land are required for a new bioenergy crop, then
price adjustments of incumbent crops would be less likely to occur. This is the case for most of
the crops considered here, with the possible exception of the Imperial Valley. There if both
sugarcane and energy cane were grown, (approximately 100,000 acres out of 420,000) it is likely
that they would compete with each other and with other incumbent crops currently produced
resulting in price adjustments.
In general, these results should be interpreted as indicators of the relative competitiveness as
well as value of current crops in different regions of the state. It helps identify the most likely
locations for new crop adoption. A new bioenergy crop has to provide a higher level of profit
compared to the profit level of other crops under business as usual, and/or significant
agronomic advantage to growers in order for incumbent crops to be displaced in their current

of oil occurred, influencing crop production input prices for fertilizer and fuel particularly, but all other
inputs as well. Crop prices for primary commodities also increased. Following that period, the influence
of drought and court decisions affecting water management in the state and federal water projects
affected irrigation deliveries. For these reasons, we have used the ten year period from 1997 to 2007 to
establish baseline cropping patterns and water use expectations. Additional analyses using more current
data are underway, but identifying a baseline year or set of patterns for California agriculture remains an
on‐going challenge given the dynamic nature of change observed and unpredictable legal policy and
weather related events.
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system. Once a biorefinery were built, it would be necessary to maintain feedstock supply
against price competition from other crops, similar to all other in‐state processed crops.

Geographic Division and regional cropping systems
For the purposes of analysis and to simplify discussion, California was subdivided into five
production regions (Figure 10). These five regions are: Sacramento Valley (SAC), Northern San
Joaquin Valley (NSJ), Southern San Joaquin Valley (SSJ), Southern California (SCA) (including
Imperial, Riverside, and San Diego Counties), and Coastal California (COA) primarily the
Ventura‐Oxnard region, Santa Maria, and Salinas‐Pajaro River Valleys.
Figure 10: The geographical subsets of California.
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Using cluster analysis techniques, eight or nine production clusters for each of the five regions
were identified (Kaffka and Jenner, 2011; Appendix B). The major crops within each crop cluster
were determined by identifying the fewest number of crops that accounted for 95 percent of the
crop frequency over the ten year period analyzed. Those crops that fit this criterion established
the cropping pattern for each of the clusters in each of five regions. Once the number of crops
was determined, the prominent crops were rescaled by 95 percent so that the primary crops
summed to 100 percent. This makes results here conservative since 5% of California’s irrigated
land is approximately equivalent to 400,000 to 500,000 acres, equal to the amount of land likely
to be used for bioenergy crops estimated below. It is important to emphasize that in this project
we conducted an equilibrium analysis. What was needed for this purpose are those crops that
accurately represent the consistent, recurring crop choice decisions of farmers in California. The
5 percent of land that is not included represent those marginal or occasional crops that change
constantly, which do not reflect the long‐term equilibrium of the system. It is also important to
note that this same amount of land is highly subject to change as a characteristic of farming
strategies and conditions in California and is not unique to an economic environment where
bioenergy crop adoption is possible.
The representative cropping patterns in each of the clusters for the bioenergy crop adoption of
the species evaluated are given in Tables 8 through 11.
Table 8: Observed cropping pattern in Sacramento Valley measured in acres (1997‐2007 data). (Kaffka
and Jenner, 2011.)
Crops
Alfalfa
Barley
Beans
Corn
Oat Hay
Onion
Rice
Safflower
Sudangrass
Tomato
Wheat

CL1
16,260
2,463
6,661
11,754
17,491
1,987
12,426
3,246
1,987
3,666
19,338

CL2
11,303
4,155
27,260
23,188
10,804
13,796
8,062
17,037
78,123
88,512

CL3
110,473
4,698
16,918
15,413
16,304
11,115
5,373
10,992
34,634

Sacramento Valley
CL4
CL5
9,245
13,456
7,625
7,946
5,761
121,619
3,289
47,289
3,588
214,136
8,266
6,984
9,291
7,817
6,929
30,437
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CL6

9,764
5,029
2,966
5,933
46,303
6,660

CL7
36,245
18,001
59,719
76,260
16,906
49,867
12,649
33,812

18,368
22,906

252,255
191,806

CL8
64,580
3,573
7,827
53,235
19,909

9,654
3,000
10,472
23,590

CL9
349,180
46,641
110,281
37,932
27,465
64,142
293,663
236,136

Table 9: Observed cropping pattern in Northern San Joaquin Valley measured in acres (1997‐2007
data).
Crops
Alfalfa
Barley
Beans
Broccoli
Corn
Cotton
Garlic
Lettuce
Oathay
Onion
Potato
Rice
Tomato
Wheat

CL 1
8,988
7,793
2,103
8,628
4,653
2,866
13,396
30,039
7,577
2,132
9,507
9,219

Northern San Joaquin Valley
CL 2
CL 3
CL 4
CL 5
CL 6
CL 7
CL 8
CL 9
18,623 330,359
15,265
96,538
67,033
47,747
94,004
6,361
3,719
4,436
90,824
2,435
8,042
15,209
4,018
13,349
2,740
14,480 155,074 101,158
4,961
31,088
61,171
15,468 103,021
113,497
29,318
83,160
91,072
21,486
51,827
8,077
24,680
6,236
26,683
69,241
59,408
7,067
14,422
3,693
71,751
9,081
21,291
3,564
14,352
8,669
2,957
3,899
25,989 117,272
108,579
13,194
3,949
40,361
8,708
47,123
36,804
18,005
19,565
24,021
30,340
11,543
16,719

Table 10: Observed cropping pattern in Southern San Joaquin Valley measured in acres (1997‐2007
data).
Crops
Alflafa
Barley
Beans
Broccoli
Carrots
Corn
Cotton
Garlic
Lettuce
Oathay
Onion
Potato
Safflower
Tomato
Wheat

CL 1
22,450
3,836
4,316

CL 2
11,176

22,189
5,841
23,409

3,637
52,134
18,256

23,409
4,359
5,013

13,633

6,713
23,104

2,685
11,176
93,384

CL 3
10,917

Southern San Joaquin Valley
CL 4
CL 5
CL 6
69,238
45,420

3,107

3,478

11,968
3,621
96,958
5,741

5,142
27,082
10,635

4,818
6,653
70,348
6,228
7,856
10,545

2,075
3,616
18,364
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CL 8
102,940

CL 9
66,071

2,594

9,248

5,188
9,658
44,574
1,472

7,669
138,495
221,050

119,713
18,335

64,143
54,177

11,504

14,424

6,114

16,353
13,083
170,299

101,707

48,189

6,930
8,060
8,383
4,979
22,616
22,049

CL 7
73,420

21,939
60,864

2,870

15,782
6,167

3,642
12,583

3,866

Table 11: Observed cropping pattern in Southern California measured in acres (1997‐2007 data).
Southern San Joaquin Valley
CL 1
CL 2
CL 3
CL 4
CL 5
CL 6
CL 7
Alflafa
10,175
66,691
13,801
2,290
18,833
22,488
Barley
1,631
Beans
1,825
6,049
Bermudagrass
3,767
5,282
18,142
1,151
8,799
Broccoli
3,301
4,226
1,218
10,974
1,267
1,422
Carrots
2,330
2,052
14,819
668
906
13,609
1,282
1,325
Corn
4,350
2,633
Cotton
2,253
3,169
874
13,458
1,605
Lettuce
5,010
5,741
437
24,886
1,748
808
Oathay
5,670
1,638
1,468
528
Onion
2,019
3,537
1,155
4,104
379
5,008
Potato
7,146
406
6,783
Safflower
2,719
1,439
408
129
1,124
524
1,120
Sudangrass
1,087
3,077
Tomato
1,087
Wheat
23,069
16,994
12,949
2,247
3,831
10,501
Crops

CL 8
21,337

522
10,377
4,095
3,994
2,890
18,085

CL 9
32,917
92,896

1,891
11,259
25,569
8,852
28,319

18,177
19,226
29,188
10,137
9,176
49,463

4,978

18,951
2,578

55,231
2,796

1,947

3,352

9,855

16,072

4,806
2,534
52,609

Data Sources
Crop choice decisions and production areas were defined by two datasets: the mandatory
pesticide use reporting data collected by the California Department of Pesticide Regulation9
(DPR) and the historical crop land use recorded by the respective County Agricultural
Commissioners (CAC). This analysis excludes land planted to woody perennial crops, like
orchards and vineyards, under the assumption that such areas are not frequently rotated to new
crops in response to small marginal changes in crop prices.
DPR data includes land area for each crop within a designated 259 ha (640 ac) section. There are
gaps in the DPR land area/crop choice data because: 1) DPR did not query data from some
areas, and 2) some crops were grown without pesticide application. For these reasons, we also
used data from the CAC to create the foundation datasets for delineating production areas.
Thus, we collected CAC historical data for all the available crops at the county‐level during five
years (2004‐08) and we used their average to help provide missing data in the DPR records.
For economic information about crop production of the incumbent crops, we used a set of
enterprise crop budgets obtained from Cost and Return Studies published by the Department of
Agricultural and Resource Economics at UC Davis10. These budgets were derived from a
combination of sources, including growers’ reports, observations by UCCE extension advisors
in each county, and literature sources. They have been developed over a multi‐year period and
vary in what is reported as well as prices. To be used for simultaneous comparisons, they must

9

http://www.cdpr.ca.gov/

10

The UC Davis Cost and Returns Studies are available on this website: http://coststudies.ucdavis.edu/
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be adjusted to reflect a consistent format and timeframe. Then, these diverse budgets were
adjusted for price levels using 2007 as a base year (Kaffka and Jenner, 20011).
In the case of the data for new bioenergy crops being evaluated that had little or no prior
production history (i.e. sweet sorghum, canola and sugarcane) different sources of information
were used. For the cost of production of sweet sorghum, we used a silage sorghum enterprise
budget from the UC‐Davis C&SR as a proxy. We updated this sweet sorghum budget first using
2012 prices; and then in order to standardize it with respect to the base year of the budgets of
the incumbent crops used in the BCAM model, we adjusted the sweet sorghum budget again
using 2007 prices (Table 12). In addition, for sweet sorghum yields, professional judgments
were made based on field trials conducted and reported in Kaffka et al., (2014), in the western
San Joaquin Valley.
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Table 12: Estimated cost per acre to produce sweet sorghum in California (base year: 2012).

INPUT

Quantity
(per Ac)

Unit

Price

WATER
Irrigation
HERBICIDE

Total
$249.90

30

Ac-in

$8.33

$249.90
$57.21

6
3

onz
pint

$5.72
$7.63

$34.32
$22.89
$16.00

Sorghum Seed
FERTILIZER

10

lb

$1.60

$16.00
$89.60

80-0-0
INSECTICIDE

140

LbN

$0.64

$89.60
$3.79

Lorsban 15G

2

oz

$0.20

$0.40

Lorsban 4E
CUSTOM

1

pint

$3.39

$3.39
$36.00

Plant
Injection-Fertilizer
LABOR

1
1

acre
acre

$21.00
$15.00

$21.00
$15.00
$33.55

Labor (Machine)
Labor (Non-machine)
FUEL

1.67
0.5

hrs
hrs

$16.08
$13.40

$26.85
$6.70
$29.42

Gas
Diesel
MACHINE COSTS

0.95
7.52

gal
gal

$3.82
$3.43

$3.63
$25.79
$15.00

Yukon
Prowl H2O
SEED

Lube
Repair
WORKING CAPITAL

$7.00
$8.00
$7.63

Interest
Total Operating Cost per Acre
Total Overhead per Acre
Total Cost per Acre (2012)
Total Cost per Acre (2007)
Yield per Acre

$7.63
$538.10
$370.00
$908.10
$830.00
40 Tons

In the case of canola the estimated cost of production and yield crop were obtained from field
trials and simulations conducted by Kaffka et al. (2014) and other ongoing applied research,
under the assumption of appropriate input use and soil water depletion derived from rainfall or
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irrigation of 450 mm (1.5 ac ft) or greater. This could be considered a conservative estimate of
the costs of production and yields of this crop, since the best observed yields from recent trials
are in the range of 1.75 to 2.0 t/ac. In addition, as in the case of sweet sorghum, the canola
production budgets were adjusted using 2007 prices to standardize it with respect to the base
year of the incumbent crops budgets (Table 13).
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Table 13: Estimated cost per hectare to produce canola in California (base year: 2012).

INPUT

Quantity
(per Ac)

UNIT

Cost/Unit

FERTILIZER

Total
$227.90

Nitrogen (dry)
Phosphorous (dry)
Potassium (dry)
Sulfur (dry)
PESTICIDES

175
20
120
20

lb
lb
lb
lb

$0.74
$0.74
$0.54
$0.94

$129.50
$14.80
$64.80
$18.80
$56.40

Assure II
Ammonium Sulfate
M90
Capture
SEED

2
4
50
1

pint
pint
ml
Ac

$20.00
$0.35
$0.05
$12.50

$40.00
$1.40
$2.50
$12.50
$48.00

6

lb

$8.00

$48.00
$47.17

2.1
1

hrs
hrs

Diesel
REPAIR & MAINTENANCE

9

gal

$3.43

$30.87
$12.80

Lubricants
Repair
CUSTOM & CONSULTANT

1
1

Ac
Ac

$2.20
$10.60

$2.20
$10.60
$31.37

Rental Sprayer
Custom Aerial Spray
Rental Ripper Shooter
Soil Test
OTHERS

1
1
1
1

Ac
Ac
Ac
Ac

$2.16
$8.03
$6.18
$15.00

$2.16
$8.03
$6.18
$15.00
$266.53

Canola
LABOR
Labor (Machine)
Labor (non-machine)
FUEL

Overhead
Crop Insurance
Interest on Operative Capital
Total Cost per Acre 2012
Total Cost per Acre 2007
Yield per Acre

16.08
13.4

$33.77
$13.40
$30.87

$250.00
$10.00
$6.53
$721.04
$659.09
2,500 lb
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For sugarcane we used as a proxy the cost of production for cotton and Bermuda grass
provided by Bali et al (2012) as well as the 2011 projected cost and returns for the production of
sugarcane in Louisiana (Salassi and Deliberto, 2011). The 2012 cost of production, similar to the
other two energy crops, was adjusted using 2007 prices (Table 14). Data on crop rotations and
management strategy were also derived from interviews with California Ethanol and Power11,
and Imperial Bioresources, which are two companies that have pursued diverse strategies for
establishing sugarcane ethanol businesses in the Imperial Valley. Based on their experience and
reports, a typical sugarcane crop would be harvested four times during a five‐year period,
including establishment. For well‐adapted cultivars, an average of 45 t/ac/y harvest could be
expected and 12% Brix (sugar).
Table 14: Estimated cost per acre to produce sugarcane in California (base year: 2012) (4‐year
production cycle).

Input

Total Cost per Acre

Seed

$1,016.10

Planting
First Rattoon
Second Rattoon
Third Rattoon
Fourth Rattoon

$872.57
$512.24
$512.24
$512.24
$512.24

Fertilization
Irrigation
Others
Total per Acre 2012 (4 year period)
Total per Acre per year 2012

$1,432.00
$1,157.32
$2,000.00
$8,526.95
$2,131.74

Total per Acre per year 2007
Yield per Acre per harvest

$1,948.85
45 Tons

Camelina is a new oilseed crop being evaluated in California. There is no commercial
experience with this crop and its performance is estimated based on recent research throughout
the state. The same cost structure used for canola was used for Camelina, but altered to suit the
less demanding crop. The use of fertilizer is half compared to canola, and yields are lower
(equal to 1,600 lbs/ac on average; Kaffka et al., 2014).

11

www.californiaethanolpower.com
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Table 15: Estimated cost per acre to produce Camelina in California (base year: 2012) (4‐year
production cycle).

INPUT

Quantity

UNIT

(per Ac)

Cost/Unit

FERTILIZER
Nitrogen (dry)
Phosphorous (dry)
Potassium (dry)
Sulfur (dry)
PESTICIDES
Assure II
Ammonium Sulfate
M90
Capture
SEED

$157.60
80
20
120
20

lb
lb
lb
lb

$0.74
$0.74
$0.54
$0.94

$59.20
$14.80
$64.80
$18.80
$56.40

2
4
50
1

pint
pint
ml
Ac

$20.00
$0.35
$0.05
$12.50

$40.00
$1.40
$2.50
$12.50
$48.00

6

lb

$8.00

$48.00
$47.17

Canola
LABOR
Labor (Machine)
Labor (non‐machine)
FUEL

Total

2.1
1

hrs
hrs

Diesel
REPAIR & MAINTENANCE

9

gal

$3.43

$30.87
$12.80

Lubricants
Repair
CUSTOM & CONSULTANT

1
1

Ac
Ac

$2.20
$10.60

$2.20
$10.60
$16.37

Rental Sprayer
Custom Aerial Spray
Rental Ripper Shooter
Soil Test
OTHERS

1
1
1
1

Ac
Ac
Ac
Ac

$2.16
$8.03
$6.18
$15.00

$2.16
$8.03
$6.18
$15.00
$266.53

Overhead
Crop Insurance
Interest on Operative Capital
Total Cost per Acre 2012
Total Cost per Acre 2007
Yield per Acre

16.08
13.4

$33.77
$13.40
$30.87

$250.00
$10.00
$6.53
$635.74
$581.12
1,600 lb
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The budget information for grain sorghum, presented in Table 16, was based on UC Davis Cost
and Return studies for grain sorghum grown in southern San Joaquin Valley. For sugarbeet, the
most recent estimates com from the Imperial Valley where the crop is still produced for sugar.
This budget was used as a basis for modeling.
Table 16: Estimated cost per acre to produce grain sorghum in California (base year: 2009).

INPUT

Quantity
(per Ac)

UNIT

Cost/Unit

IRRIGATION

Total
$137.40

Water
FERTILIZER

30

acin

$4.58

$137.40
$63.00

80-0-0 (NH3)
INSECTICIDE

140

lb N

$0.45

$63.00
$9.03

Lorsban 15G

2

oz

$0.19

$0.38

Lorsban 4E
HERBICIDE

1

pint

$8.65

$8.65
$43.41

Yukon
Prowl H20
SEED

6
3

oz
pint

$3.80
$6.87

$22.80
$20.61
$16.00

10

lb

$1.60

$16.00
$28.72

1.67
0.5

hrs
hrs

$13.94
$10.88

$23.28
$5.44
$31.01

Gas
0.95
Diesel
7.52
REPAIR & MAINTENANCE

gal
gal

$3.36
$3.70

$3.19
$27.82
$11.00

Lubricants
Repair
CUSTOM & CONSULTANT

1
1

ac
ac

$5.00
$6.00

$5.00
$6.00
$118.00

Plant
Injection-Sidedress NH3
Harvest Combine Grain
Harvest: Haul Grain
OTHERS
Overhead
Interest on Operative Capital
Total Cost per Acre 2009
Yield per Acre

1
1
4
4

ac
ac
ton
ton

$20.00
$14.00
$14.00
$7.00

$20.00
$14.00
$56.00
$28.00
$251.00

Sorghum Seed
LABOR
Labor (Machine)
Labor (non-machine)
FUEL

$244.00
$7.00
$708.57
8,000 lb
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Table 17: Estimated cost per acre to produce sugarbeets in California (base year 2004). Non‐machine
labor costs are calculated into unit costs in each category.

INPUT

Quantity
(per Ac)

UNIT

Cost/Unit

FERTILIZER
11‐52‐0
Ammonium Nitrate
INSECTICIDE

Total
$102.58

250
160

lb
lb

$0.15
$0.41

$36.38
$66.20
$82.20

Insecticide
HERBICIDE

4

$20.50

$82.00
$87.50

Herbicide
SEED

3

$17.50

$87.50
$63.00

$41.00

$63.00
$87.50

Sugar Beet
LABOR
Labor (Machine)
FUEL
Diesel
OTHERS

1.54
3

lb
hrs

29.17

$87.50
$7.52

2.14

gal

$3.52

$7.52
$101.25

Overhead

$349.38
$12.74

Interest on Operative Capital
Total Cost per Acre 2004

$893.67
84,000 lb

Yield per Acre

Results
Canola
BCAM was calibrated using the observed cropping patterns in the five California regions, as
well as any reported production costs and yield information for each crop in each of those
regions. The price of canola was then increased iteratively to simulate the effect of a continuous
increase in the price of canola. This allows a determination of 1) the entry price in each of the
five California regions; and 2) which incumbent crops are affected by this introduction.
For canola, only one production cycle from November to June was modeled, which is consistent
with the multi‐year observations of crop performance (Kaffka et al., 2014). To simulate the effect
of changing prices, we started with a base price of $340/ton of canola and increase the price
iteratively by $1/ton up to $384/ton. Yields were assumed (conservatively) to average 1.25 t/ac of
seed at 45 percent oil. Actual yields can be much higher at times. Under favorable conditions, 2
tons/acre have been observed for superior varieties (Kaffka et al., 2014). Based on these

47

iterations, the entry price range for each region, defined as the minimum price in which a
bioenergy crop begins to appear in the agricultural system in these five regions, was
determined. The regional entry price for canola and the number of acres adopted for canola
production at different entry prices measured in $/ton are reported in Table 18. As shown in
Table 18, the SSJ region has the lowest entry price of $344/ton of canola. As acreage demand
increases, a higher price is needed to acquire more acres of land. The last row in Table 18 shows
the total acres of land adopted for canola production over a range of the prices shown. The NSJ
region has the highest acres of land adopted for canola production, i.e. 153,087 acres, for a
canola price range of $347‐363/ton.
Table 18: Regional entry price for canola and the number of acres adopted at different entry prices
measured in $/tons.

Price of Canola
($/ton)
$344
$346
$347
$348
$350
$351
$353
$354
$355
$358
$359
$360
$361
$363
$370
Total acres adopted in
each region

Northern
Sacramento San
Valley
Joaquin
Valley

1,767
76
23

13,604
15,470

Southern
San
Southern Cumulative
Joaquin California adoption
Valley
8,664
8,664
17,129
25,793
305
14804
40,902
2,011
42,913
23
42,935
266
43,202
5682
48,884
50,651
28199
78,926
78,949
1
78,950
9
78,959
113,248
192,207
39,269
231,475
245,079

153,087

27,804

48,716

Crop adoption resulted in heterogeneous crop displacement effects by region, reflecting
regional variation in cropping patterns. However, across regions, barley, dry beans and oat hay
are always among the five most affected crops in each region; even though the magnitude of the
displacement effects for each of these crops is different in each of the five regions.
Table 18 shows the acres of land displaced for the top crops in each region when canola is
adopted at the minimum price as shown in Table 18. Cotton, a non‐food crop, is the most
affected in the SAC region with an approximate displacement of 22.5% from the initial acreage,
but the model shows that cotton production increased in the SCA and in the SSJ region where it
has long been produced and remains an important crop. Other important crops that are
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displaced are oat hay, dry beans, and wheat across all four regions, and sudangrass hay in the
SCA and Northern California (NCA) region (see Table 19)12.
Table 19: Top five crops displaced due to the adoption of canola (acres).

Sacramento Valley
Cotton
Oat hay
Wheat
Bean
Lettuce

-22.51%
-0.50%
-0.24%
-0.07%
-0.05%

Tomato
Alfalfa hay
Rice
Corn silage
Sugar beet

0.02%
0.03%
0.34%
0.22%
190.04%

Northern San Joaquin Valley

Southern San Joaquin Valley

Southern California

56,894 Oat hay
-94.70% 117,865 Oat hay
-42.12%
20,049 Sudan hay
-66.39%
310 Sudan hay -100.00%
16,876 Bean
-24.07%
7,181 Oat hay
-100.00%
149 Bean
-14.54%
9,956 Barley
-11.47%
1,115 Wheat
-0.28%
28 Wheat
-2.58%
4,244 Wheat
-0.52%
825 Bean
-1.64%
7 Corn
-1.17%
2,894 Safflower
-1.06%
42 Barley
-0.77%
An increase in crop production due to the adoption of canola (acres)
17 Tomato
0.01%
6 Sugar beet
0.36%
41 Carrot
0.12%
44 Sugar beet
0.68%
77 Carrot
0.10%
58 Bermuda grass
0.39%
60 Rice
0.14%
569 Corn silage
0.06%
104 Sugar beet
0.49%
153
Alfalfa hay
0.11%
291 Alfalfa hay
0.18%
42,996
Cotton
0.27%
927 Cotton
29.84%

41,776
13,979
154
96
33
31
155
203
285
6,692

Not only were some crops displaced across these four regions, acres of land for some other
incumbent crops were increased as canola is adopted since cropping patterns (rotations)
adjusted to shifts in timing, and other resource allocation. Most adjustments are modest and can
be interpreted as a modeling artifact (allowing the model to completely balanced land use), but
in the SAC region, sugar beet is predicted to increase by 190% and cotton to increase by 29.8%
in the SCA region. Where there are multiple crop choices, land use effects from bioenergy crop
adoption influence several crop choice activities. Sugar beets have not been produced in the
SAC region since the sugar factories at Woodland, Hamilton City, and Tracey closed. But
historical land use reflects their role in cropping systems in the past and the valuable role they
played. Sugar beets are also a possible future bioenergy feedstock crop in that region.

Camelina
Camelina sativa is a winter annual oilseed crop similar to canola that may have utility in
California cropping systems. Agronomic data from Kaffka et al. (2014) was used to analyze the
adoption of Camelina in all five regions of the state. A similar planting and harvest date is
assumed for all four regions (i.e. from November to May), which is one month to two months
less inspiring than canola in practice. Higher prices were needed for Camelina crop adoption
compared to canola due to both lower seed and oil percentage yields. Camelina uses less water
and fertilizer N than canola as well. Yields were assumed (conservatively) to average 0.8 ton/ac
of seed at 38% oil. Prices were increased iteratively by $1/ton until the price variable reached a
maximum of $1,000/ton.
There is no canola adoption in the coastal regions, which produce mostly high value vegetable crops,
hence Table 19 only shows the results for 4 regions.

12
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Using the BCAM simulation framework, the entry price range for each region, defined as the
minimum price range in which the crop (in this case Camelina) begins to appear in the
agricultural system in these five regions, was determined. Results are reported in Table 20. The
NCA region has the greatest opportunity for Camelina adoption (i.e. 123,138 acres given a price
range for Camelina of $639‐$658/ton). On the other hand, the COA region appears to offer the
least opportunity (i.e. 11,245 acres given a price range of $633‐ $641/ton). These are very high
prices and unlikely to be available to support Camelina adoption in commercial irrigated
cropping systems. Entry prices for Camelina are much higher compared to canola despite their
shorter growing season required. Both yields and the oil content of Camelina are lower as well,
making it less likely to be an attractive feedstock to biodiesel producers, except when dry
farming conditions, which are not adequately modeled here.
Table 20: Regional entry price for Camelina and the number of acres adopted at different entry prices
measured in $/ton.

Northern
Sacramento San
Valley
Joaquin
Valley

$665.00

12,348

Southern
San
Southern
Cumulative
Coastal
Joaquin California
adoption
Valley
3460
293
141
3,894
35
0
2,524
6,454
421
6,875
45604
2
8,401
60,882
855
61,738
63,080
179
63,300
63,315
689
20,873
84,876
112,826
197,702
8,769
206,471
218,819

Total acres adopted
in each region

13,747

123,138

Price of Camelina
($/ton)
$633.00
$634.00
$636.00
$638.00
$639.00
$640.00
$641.00
$643.00

1,342
42
15

$644.00
$656.00
$658.00

49,099

21,590

11,245

Similar to canola, there was a great deal of variation in the crop displacement patterns
associated with Camelina adoption. Table 21 shows the acres of land displaced for the top five
crops when Camelina is adopted at the minimum price in each region. Across all five regions,
oat hay, bean, and wheat are consistently amongst the top five crops displaced by the adoption
of Camelina. Barley is displaced 100% in the Sacramento Valley while sudangrass hay is the
crop that is displaced completely in the Northern San Joaquin Valley. The BCAM model also
shows that the adoption of Camelina has led to a modest increase of certain food crops such as
rice in Sacramento Valley and corn in Coastal regions. More notably, however, sugar beet
production increased by 146% (44,717 acres) in Sacramento Valley, cotton increased by 63.8%
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(14,304 acres) in Southern California, and grass hay increased by 20.5% (1,189 acres) in the
Coastal region.
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Table 21: Top five crops displaced due to the adoption of Camelina (acres).

Sacramento Valley
Cotton
Barley
Oat Hay
Wheat
Bean

‐25.01%
‐100.00%
‐1.38%
‐0.39%
‐0.14%

Northern San Joaquin Valley
56,358 Oat Hay
1,341 SUDH
927 Bean
244 Corn
53 Wheat

-92.47%
-100.00%
-7.30%
-2.24%
-1.85%

Southern San Joaquin Valey

94,881 Oat Hay
16,876 Bean
4,533 Barley
4,434 Wheat
2,504 Safflower

‐58.19%
‐17.94%
‐43.12%
‐0.51%
‐0.72%

Southern California

37967 Sudan hay
5781 Oat Hay
5148 Wheat
1061
58

‐69.00%
‐2.26%
‐0.05%

Coastal
35774 Bean
316 Wheat
24 Barley
Oat Hay
Lettuce

‐42.04%
‐23.79%
‐6.49%
‐1.95%
‐0.01%

8,226
2,240
1,793
720
11

0.44%
0.40%
0.11%
7.89%
20.52%

24
43
66
420
1,190

An increase in crop production due to the adoption of Camelina (acres)

Tomato
Alfalfa Hay
Corn silage
Rice
Sugar Beet

0.02%
0.03%
0.23%
1.21%
146.88%

8 Sugar beat
52 Rice
210
212
44,718

0.31%
0.42%

12 Sugar beet
1,760 Carrot

0.23%
0.05%

Corn silage

0.04%

Alfalfa hay

0.07%

Cotton

0.18%
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29 SWTC
36 Sugar beet
63 Bermuda grass
188 Alfalfa
628 Cotton

0.03%
0.18%
0.22%
0.07%
63.77%

5
67
86
95
14,305

SWTC
Alfalfa
Broccoli
Corn
GRAS

Sweet Sorghum (SSGM)
Based on Kaffka et al. (2014), we assume that sweet sorghum is produced from May to October.
A range of prices was used based on current prices for corn silage, beginning at $26/ton, and
was increased iteratively by $0.03/ton until the price variable reached a maximum of $27.37/ton.
The number of acres adopted for a given sweet sorghum entry price are reported in Table 22.
Sweet sorghum would be preferentially produced in the SSJ region. As the entry price of sweet
sorghum increases above $27.22. Adoption could occur in the SAC region as well.
Table 22: Regional entry price for sweet sorghum and the number of acres adopted at different entry
prices measured in $/ton.

Price of Sweet Sorghum
($/ton)
$
26.19
$
26.22
$
26.59
Total acres of land adopted

Southern San Joaquin Valley
(Acres)
1,846
22,679
978
25,503

Table 23 includes data on crop displacement from sweet sorghum adoption in the SAC and SSJ
region. Sweet sorghum requires a long growing season and can only be planted after the
beginning of May, due to the crop requirements. Based on in‐state agronomic trials and
literature review, the San Joaquin Valley and the Imperial Valley regions are the two areas of
the state where sweet sorghum can be produced over a long enough growing season to consider
making use of the feedstock as a basis for a biorefinery. Other regions would support its
adoption but it is unlikely that a market would develop. Great Valley Energy was one of the
potential businesses identified through submission to the state’s ARFVTP (Table 5). Great
Valley based its business model on the use of sweet sorghum as the primary feedstock for
multiple purposes and products, including fuel ethanol and based their focus on the SSJ region
where sweet sorghum might serve as a stand‐alone feedstock crop. Their initial business plan
called for less than 20,000 acres per year of feedstock. Extending the crop’s harvest period by
harvesting earlier and late, sub‐optimal yields increases feedstock costs for earlier harvests
(Table 25). Very few crop acres would be affected based on this land requirement. In the SSJ
region, dry beans are completely displaced but there was a high percentage of cotton, sugar beet
and barley displaced in the SAC. While there was a modest increase in acreage of land devoted
to the production of broccoli, wheat, and oat hay in the SAC region, the adoption of sweet
sorghum resulted in no increase in any other crops in the SSJ region.
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Table 23: Top five crops displaced due to the adoption of sweet sorghum (acres).

Sacramento Valley

Southern San Joaquin Valley

COTT
‐66.69%
168,581 BEAN
‐100.00%
SGBT
‐70.37%
15921
OATH
‐2.42%
CORS
‐2.20%
8206
COTT
‐0.32%
BARL
‐89.73%
1405
WHEA
‐0.38%
RICE
‐5.08%
1203
CORS
‐0.29%
An increase in crop production due to the adoption of sweet sorghum (acres)
BROC
0.02%
2
WHEA
0.54%
333
OATH
2.71%
1620
Table 24: Cropping schedule from field experiments of Kaffka et al., 2014.

Planting Harvesting
Yield
Date
Date
(tons/acre)
23‐May
23‐May
13‐Jun
13‐Jun
2‐Jul

20‐Sep
9‐Oct
12‐Oct
31‐Oct
1‐Nov

41.42
40.76
37.28
34.09
29.73

2‐Jul

21‐Nov

26.54

Table 25: Minimum price ($/ton) that is required to get production of sweet sorghum equal to 50,000
tons/month (or 200,000 tons/year) for each production cycle in each county.

Planting Harvesting
Date
Date
1‐May
15‐Aug
1‐May
1‐Sep
15‐May
15‐Sep
15‐May
1‐Oct
15‐Jun
15‐Oct
15‐Jun
1‐Nov
1‐Jul
15‐Nov
1‐Jul
1‐Dec

Yield
20
30
40
40
35
35
30
25

Kern

$22.97
$ 23.38
$ 26.05
$ 26.26
$ 30.49
$ 36.69

Prices (2013)
Kings
Tulare

$23.02
$ 23.56
$ 26.08
$ 26.54
$ 30.66
$ 36.80

$23.03
$ 23.60
$ 26.14
$ 26.71
$ 30.71
$ 37.08

Fresno
$49.22
$32.81
$24.07
$ 24.48
$ 27.29
$ 27.78
$ 32.14
$ 38.69

Sugarcane
The analysis for sugarcane was restricted to Imperial Valley and Palo Verde Valley (Figure 11).
The crops that account for 95 percent of the crop frequency in these two areas was established
as the cropping pattern of Imperial Valley and Palo Verde (see Table 26).
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Figure 11: Southern California clusters or regions: the Imperial Valley and Palo Verde Valley.

55

Table 26: Observed Cropping Pattern in Imperial Valley and Palo Verde Valley measured in acres
(1997‐2007 data).

Crops
Alfalfa
Bermudagrass
Broccoli
Carrots
Sugar beets
Corn
Cotton
Lettuce
Onion
Sudangrass
Wheat

Imperial Palo Verde
184,326.33 61,860.91
53,026.94
3,143.13
33,765.14
4,041.16
38,096.20
25,000
21,826.24
2,590.49
10,457.22 35,196.13
63,056.76
6,735.27
54,024.23
12,907.69
83,344.34 10,154.72

Sugarcane is a short‐lived perennial likely to be grown for 5 years in California desert farming
regions (Kaffka et al., 2014). Prices that began at $30/ton, were increased iteratively by $0.5/ton
until it reached a maximum of $100/ton. Hence, we were able to determine that for sugarcane
to be adopted in both the Imperial Valley and Palo Verde; sugarcane price has to reach a
minimum of $45/ton and at this price a total of about 23,000 acres of land will be adopted (see
Table 27).
In order for at least 60,000 acres of land to be adopted for sugarcane production in the Imperial
Valley, which is the acreage target as reported in the California Ethanol and Power, the BCAM
model shows that sugarcane has to be priced at least $49/ton. Given these acreage of sugarcane
adoption, the BCAM model predicts that the three primary crops displaced in both of these
areas are cotton, alfalfa hay, and Bermuda grass (Table 28 and 29). At a price of $49/ton of
sugarcane, the BCAM model shows that the acreage of land displaced is much higher in the
Imperial Valley than it is in Palo Verde. For over 100,000 acres of land to be adopted for
sugarcane however, the model shows that price of sugarcane has to increase to at least about
$53.00. At 100,000 acres of sugarcane crop adoption, the types of crops displaced are identical
to what is displaced when 60,000 acres is adopted but at a much higher level (see Table 29).
However, the BCAM model also shows that the adoption of about 60,000 acres and 100,000 of
land for sugarcane production resulted in an increase in wheat production by 38% (about
32,000 acres) and 66% (54,000 acres) in Imperial Valley, and an increase respectively (see Table
28 and 29). However, the adoption of sugarcane also led to a modest increase in different types
of food crops such as onion, lettuce, broccoli, and carrots in Palo Verde.
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Table 27: Number of acres adopted for sugarcane production at different levels of sugarcane prices
measured in $/ton.

Price of Sugar Cane
($/Ton)
$
44.00
$
45.00
$
46.00
$
49.00
$
48.00
$
49.00
$
50.00
$
51.00
$
52.00
$
53.00

Imperial Valley
Palo Verde (Acres)
(Acres)
3,511
16,508
2,657
27,994
6,349
39,479
10,041
50,965
13,733
62,451
17,452
73,936
21,117
85,422
24,809
96,907
28,501
108,393
32,193

Table 28: Top crops displaced when the price of sugarcane is $49.00/ton and a little more than 60,000
acres is adopted in the Imperial Valley.

Imperial Valley % displaced

Acres

Palo Verde % displaced Acres

Cotton
-100%
10,400 Cotton
45.63%
16,055
Sudan hay
-39.44
5,091 Alfalfa Hay
-21.82%
13,501
Bermuda grass
-38.78%
20,563 Bermuda
-17.67%
555
Alfalfa hay
‐28.62%
52,751
An increase in crop production due to the adoption of sugar cane (acres)
Sugar beet
20.10%
5,026 Lettuce
3.87%
260
Wheat
35.86%
29,891 Broccoli
10.36%
418
Corn silage
104.60%
2,710
Wheat
91.54%
9,297
Table 29: Top crops displaced when the price of sugarcane is $53.00/ton and a little more than 100,000
acres is adopted in the Imperial Valley.

Imperial Valley
Palo Verde
Crop Type
% Displaced Acres Displaced
Crop Type
% Displaced Acres Displaced
Cotton
‐100%
10,457 Cotton
‐84%
29,671
Sudan Hay
‐70%
8,991 Alfalfa Hay
‐40%
24,940
Bermuda Grass
‐68%
36,293 Bermuda
‐33%
1,026
Alfalfa Hay
‐51%
93,531
An Increase in Crop Production Due to the Adoption of Sugar Cane (Acres)
Wheat
65.9%
54,952 Lettuce
7%
482
Broccoli
19%
774
Corn Silage
169%
17,180
Wheat
193%
5,008
57

Grain Sorghum
Based on Kaffka et al. (2014), we assume that grain sorghum is produced from May to
November. Beginning at $124/ton, grain sorghum price was increased iteratively by $1/ton until
the price reached $168/ton. The number of acres adopted for grain sorghum in each region
given different levels of entry price is reported in Table 30. The lowest prices at which grain
sorghum will be adopted are between $126‐$128/ton in the SSJ region. When the price of grain
sorghum increases to between $130‐$133/ton, the BCAM model predicts that about 80,000 acres
of land will be adopted for grain sorghum production in the NCA region. While grain sorghum
will only be adopted in the SAC region when the entry price reaches $134/ton, the BCAM model
indicates that the SAC region can produce up to 352,000 acres of grain sorghum for a grain
sorghum price range of between $134‐$141/ton.
Table 30: Regional entry prices for grain sorghum and the number of acres adopted at different entry
prices in $/ton.

Price of Grain
Sorghum ($/ton)
$126
$128
$130
$132
$133
$134
$135
$137
$138
$139
$141
Total Acres Adopted
in each Region

Sacramento Northern San
Southern San
Valley (ac) Joaquin Valley (ac) Joaquin Valley (ac)
39,387
1,870
20,917
17,460
42,124
45,651
153,641
1299
8,277
147,648
4,034
352,273

88,777

Cumulative
adoption (ac)
39,387
41,257
62,174
79,633
121,757
167,408
321,049
322,348
330,625
478,273
482,307

41,257

Table 31 shows the acreage of crops displaced due to the adoption of grain sorghum in the SAC,
NCA, and SSJ region. Oat hay and wheat are the two crops that are displaced by a certain
number of acreage across all three regions. The type of crop that is completely displaced across
these three regions vary, sugar beet, sudangrass hay, and bean are displaced completely in the
SAC region, NCA, and SSJ region respectively. The adoption of grain sorghum led to a modest
increase in food crop production, i.e. rice by 5.57% (2441 acres) in the NCA, and various food
crops such as garlic, melon, potato, and carrot in the SSJ (see Table 31).
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Table 31: Top five crops displaced due to the adoption of grain sorghum (acres).

Sacramento Valley

Northern San Joaquin Valley

Southern San Joaquin Valley

Cotton
‐73.16% 153,388 Bean
‐57.70%
36,830 Bean
‐100.00%
Corn silage ‐46.60% 996,429 Sudan hay ‐100.00%
16,875 Oat hay
‐9.53%
Oat hay
‐50.35%
57,426 Corn
‐7.22%
14,507 Cotton
‐0.71%
Sugar beet ‐100.00%
15,712 Wheat
‐2.44%
3,420 Wheat
‐0.78%
Wheat
‐3.22%
2,400 Oat hay
‐2.25%
1,368 Corn silage
‐0.67%
An increase in crop production due to the adoption of grain sorghum (acres)
Alfalfa hay
0.16%
429 Rice
5.57%
2441 Garlic
0.11%
Melon
0.11%
Potato
0.15%
Sugar beet
0.73%
Carrot
0.15%

32,025
4,535
2,459
1,227
1,067
5
9
58
81
119

Energy (Sugar) Beets
Sugar beets were once grown throughout the state of California, from the Oregon border in
Tulelake to near Mexico in the Imperial Valley. Over time, 11 sugar factories have operated in
the state, but currently only one still does, in Brawley, Imperial Valley. Sugar beet yields there
are the highest in the world (Panella et al., 2014). In 2014, two separate businesses (Mendota
Advanced Beet Energy Cooperative and Tracey Energy Development Partnership, LP) are
attempting to develop ethanol production based on beets as a feedstock. The Mendota Group is
focused on beet production in both the NSJ and SSJ regions. The Tracey Group is focused on the
beet production in the NSJ and SAC regions.
Based on discussions with both groups we assume that sugar beet is produced throughout the
year (12 months). Beginning at $37.75/ton, sugar beet price was increased iteratively by
$0.05/ton until the price reach $39.95/ton. The number of acres adopted for sugar beet in each
region given different entry prices is shown in Table 32. The lowest prices at which sugar beet
will be adopted are between $37.80 and $37.90/ton in the SAC region. Once the price of sugar
beet reaches $38.50/ton, the BCAM model predicts that about 58,000 acres of land in the SAC
region will be adopted for sugar beet production. Sugar beet has the greatest potential to be
adopted in the SAC region. The BCAM model shows that for a price range between $37.80‐
$39.90/ton, a total of 256,730 acres of land in the SAC region is shown to adopt sugar beet
production. On the other hand, sugar beet production will only be adopted in the SSJ region if
price reaches $51.45 and for a price range between $51‐$53.20/ton. The BCAM model predicts
that only 11,362 acres in the SSJ will adopt sugar beet production (see Table 32).
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Table 32: Regional entry price for sugar beets and the number of acres adopted at different entry
prices measured in $/ton.

Price of Sugarbeet Sacramento
($/ton)
Valley
1,568
$
37.80
44,470
$
37.90
$
38.50
$
39.00
94,688
$
39.40
$
39.70
3,339
109,588
$
39.80
$
39.85
$
39.90
3,076
$
51.45
$
51.90
$
53.20
Total acres adopted
256,730
in each region

Northern San
Joaquin Valley

Sothern San
Joaquin Valley

13,457
44,470

10,025

67,952

Cumulative
Adoption
1,568
46,039
59,495
103,966
198,654
201,993
311,581
321,606
324,682
9,433
334,115
396
334,511
2,530
337,041

12,358

Table 33 shows the acreage of crops displaced due to the adoption of sugar beet in the SAC,
NCA, and SSJ region. The type of crop that is displaced across these three regions vary, i.e.
cotton and corn silage are displaced by about 69% and 60% respectively in the SAC region,
whereas sudangrass hay and bean are displaced completely in the NCA and SSJ region
respectively. The adoption of sugar beet led to a very small increase in broccoli and wheat in the
SAC region and oat hay in the NCA region (see Table 33).
Table 33: Top five crops displaced due to the adoption of sugar beets (acres).

Sacramento Valley
Cotton
Corn silage
Oat hay
Rice
Bean
Broccoli
Wheat

Northern San Joaquin Valley

Southern San Joaquin Valley

-68.54% 160,474 Sudan hay -100.00%
16,876 Bean
-100.00%
-60.91% 102,314 Bean
-28.73%
11,990 Cotton
-3.48%
-11.08%
10,302 Corn
-6.58%
9,913 Oat hay
-6.72%
-11.07%
1,985 Rice
-0.19%
743 Corn silage
-0.26%
-1.62%
862 Wheat
-0.80%
691 Barley
-1.23%
An increase in crop production due to the adoption of sugarbeet (acres)
0.19%
21 Oat hay
4.07%
3,755
2.07%
1,288

17,932
5,158
2,013
239
92

Comparison of Near to Mid-Term Prospects for Bioenergy from Crops
and Crop Residues
Based on some preliminary results from BCAM, the prospects for adopting canola as a
bioenergy crop appears to be promising, but this is not the case for Camelina. Camelina seed
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and oil yield is too low to be competitive with other crops, but might have a role as a cover crop
in orchards and vineyards. Sweet sorghum grows and yields well but can only be harvested for
a brief period in fall in the San Joaquin Valley, likely not sufficient to sustain a biofuel
production facility for more than a few months. Other feedstock resources would be necessary
to supplement the use of sweet sorghum. It may, however, complement the production of
sugarcane and energy cane in the Imperial Valley. Energy beets used for ethanol will be
competitive in the Sacramento and San Joaquin Valleys if a biofuel business can pay the entry
price identified for roots and remain profitable. It should be emphasized that prices reported
here are 2007 prices and that current prices and the competitive position of crops are both
higher and different. The value of this analysis is in comparing the relative competitiveness of
incumbent crops in each region of the state and identifying where new bioenergy crop adoption
is most likely to occur. Any business seeking feedstocks would be required to carry out their
own, more current analyses.

Salt Tolerant Perennial Grasses
An additional way to think about RUE in agriculture comes from considering potential biofuel
crops at the landscape scale, where energy crops may help manage environmental problems.
Salts and salt disposal are a problem in all regions of the world with semi‐arid climates where
irrigation is used. In California, salinity is a particular problem in the western San Joaquin
Valley (WSJ) where naturally occurring salts and trace elements like selenium are mobilized
and concentrated by irrigation practices (Stapelton and Banuelos, 2009). Some fields in the
region have been retired due to salt accumulation and a lack of sufficient water or drainage
options to sustain crop production. In addition to the retirement of land, salinity from irrigation
on better locations produces salts which find their way to underlying aquifers (Schoups et al.
2006; Deverel and Millford, 1988). It would be better to intercept a portion of this saline
drainage water. Some crops are capable of growing on salt‐affected land or can use lower
quality water sources without loss of yield. Several perennial forage grasses in particular are
salt tolerant and easy to manage (Grattan et al. 2004; Corwin et al., 2008, Alonso and Kaffka,
2014.).
Various species have been suggested as good sources for cellulosic material for biofuel
production. Among the grasses, switchgrass is the most commonly mentioned species in the
United States (Schmer et al 2008; Hill et al 2006), but it is not known to be especially salt
tolerant. It is indigenous to large regions in the plains states and is used on conservation reserve
lands that have uneconomic yields of annual crops or which are too erosive. Being perennial, it
does not require annual tillage and planting. It survives dry years. These are all advantages of
switchgrass. But climate in that part of the US is highly variable, adding uncertainty about the
supply of switchgrass in dry years and increasing transport distances during such years to
biorefineriews set up for its use.
In contrast, the production of a salt tolerant perennial grass in California using moderately
saline water for irrigation, produced on salt‐affected soils, could provide reliable and
predictable supplies of biomass to a factory sited near the point of production. If yields are high,
the distance biomass must be moved to the point of manufacture would be minimized. It is easy
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and inexpensive to store dry forages at low cost and without deterioration in California’s semi‐
arid climate. The use of saline land and water may seem like an exception to the idea that the
most efficient response to inputs 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
only marginally affected by salinity because it is salt tolerant, or if it is produced when salt
stress is reduced (winter production), then crop response to inputs could still be efficient.
Such systems will not be without risks. For example, in the western San Joaquin Valley trace
elements like selenium and boron must be accounted for and managed to avoid adverse wildlife
effects or crop loss. But such risks are subjects for research and management can be improved
over time. The management of Se in the Tulare Lake region was shown to be possible without
adverse ecological effects (Hanson, 2003). The treatment of drainage water for salt and trace
elements at a landscape or local scale was estimated to have significant financial costs (Wichelns
and Oster, 2007). Bioenergy production form perennial soalt‐tolerant forages may help reduce
such costs. More detailed evaluation of the use of Bermuda grass in diverse locations in
California for bioenergy production and its consequences can be found in Kaffka and Jenner
(2011) and in Zhang and Kaffka (forthcoming).
In this and other ways, biofuel cropping systems in California could be used to help manage
waste resources and related environmental problems. If this were possible, then the cost of
feedstock production will be subsidized by the reduction in the cost of management of the
related environmental problem.

The Link between Fuel Carbon Intensity and Feedstock Price
Because the price of fuel that can be derived from different feedstocks is partially a function of
feedstock carbon intensity, and corresponding fuel carbon intensity, the prices that a particular
firm can pay for feedstock may vary. Lower carbon intensity feedstocks (and resulting fuel and
power) should be more valuable in California’s marketplace than elsewhere. Producers can also
add the value of federal credits called RINS to fuels sold in California, making the state an
especially desirable market for low carbon intensive biofuels. The LCFS provides a mechanism
for recognizing and valuing reductions in fuel carbon intensity. These are credits estimated per
gallon that reflect the difference in fuel carbon intensity compared to conventional gasoline or
diesel.13 We do not attempt to estimate those prices because an individual firm’s manufacturing
costs are both proprietary and difficult to determine externally, and are dependent on projected
capital and operating costs. The costs of diverse feedstocks for acquisition as estimated here or
from recent market prices are reported in Table 34. If both sugarcane and energy cane
businesses develop, then 180 M gge/y14 may be produced. If a second energy beet business

13

A recent estimate of the value of this credit is $0.0694/CI unit. If gasoline is 99 gCO2eq/MJ and an
alternative fuel is 30, the additional value of the alternative fuel for its CI advantage is equal to: (99‐
30)*0.00694 = $0.46 per gal.
14

Mgge/y= Million gallons of gasoline equivalents per year.
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develops, then approximately 210 M gge/y could be produced in‐state. A conservative estimate
of approximately 85 M gge/y is provided from this source if all circumstances are favorable to
support some of these biofuel production opportunities. The most important circumstance is the
availability of traditional supplies of water for irrigation. This table only evaluates the
agricultural feedstocks discussed in this report. Other potential sources include salt‐tolerant
grasses produced to help manage salts and saline waste as well as drainage waters featured in
an upcoming report (Zhang and Kaffka, in prep), and some potential use of straw from small
grain crops. This use is unlikely in the near term since California is a forage‐ and livestock‐
bedding deficient market and straw currently is used for these purposes as well, creating
alternate demand and price pressure on these resources. Rice straw is partially an exception,
and is a potential feedstock for bioenergy as discussed in Kaffka et al. (2013). But the most
promising pathway for rice straw conversion likely is anaerobic digestion to biogas. Biogas can
be used for transportation fuel or for power. It is unclear which pathway will be favored by
public policy and markets in the future.
We have made conservative assumptions about the number of businesses that will successfully
develop over the next five year time period. It is possible that oilseed production will expand to
include the use of cover crops in orchards and vineyards, providing an estimated additional
100K acres of supply and 15 M gge/y of biodiesel. Research is underway on this option but it is
premature to count on its wide adoption. The use of biogas for transportation fuels from AD of
manures is discussed in a forthcoming report (Zhang et al, in preparation).

63

Table 34: Estimated new biofuel volumes and in‐state prices for likely biofuel feedstocks and fuels for near to mid‐term biofuel production in
California.
Crop

Commodity

Current Price BCAM entry Location with most Estimated
Yield (as Feedstock
Fuel type
(2013‐14) price (2007) likely adoption
harvested)
cost
acres
$/ton
$/ton
gal/ton
$/gge
475
385
SAC, SJV
100
Biodiesel
129.15
2.85

In‐state potential

Assumptions#

$/ton
gge/ac gge/ton
Mgge/y
lb/ac
t/ac
Quality
seed
169
135.22
16.9
2500
1.25
43% oil
meal
Camelina
seed
340*
525
SAC, SJV
0
Biodiesel
96.11
5.22
100.63
0
1600
0.8
32% oil
meal
Sorghum
grain
134‐139
SAC, SJV
100
Ethanol
110.95
1.81‐1.88
296
73.97
29.59
8000
4
Sorghum
sugar*
23.75
SJV, IV
15
Ethanol
21.54
1.65
14.36
8.62
40
13% brix
livestock feed
biogas
CNG
Beets
sugar**
65
40
NSJV, SAC
60
Ethanol
25.2
2.38
672
16.8
40.32
40 16% sucrose
livestock feed
biogas
CNG
Sugarcane
sugar***
65
45
IV
60
Ethanol
21.54
3.13
646
14.36
38.78
45
13% brix
bagasse
Electricity
50 MW
biogas
CNG
930 MSCF
Energy cane ## bagasse
45
IV
40
Ethanol
63‐79.2
0.85‐1.07 622‐781 42‐52.8
31.9‐40.1
45###
biogas
Electricity
Total
84.45
* $/t as harvested;
** Current average in the Imperial Valley;
*** Estimated
Camelina price estimated from previous BCAP program price in 2010‐11. ($0.16/lb + $85/ac subsidy)
# Based on Kaffka et al., 2014, and other sources
Conversion factor assumptions are in http://www.energyalmanac.ca.gov/transportation/gge.html & http://www.nrel.gov/docs/fy14osti/60663.pdf.
## Cellulosic ethanol yield at commercial scale is unknown, but the moderate estimate is 75 gallons/dry ton, more conservative estimation 63‐72 gallons/ton is applied for energy cane
(from Hsu, 2008)
### Energy cane productivity: 20.0 ± 3.5 dry short tons per acre with the moisture 20%, resulting in 14.8 dry tons per acre (suggested fresh 45% with 32.9% dry). (Monge et al., 2013.)
Canola
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CHAPTER 5:
Transformation Systems for Agricultural Biomass
Likely to Be Used in California
Summary
The new biorefineries likely to be developed in California to support the use of in‐state
feedstock use are likely to adopt well‐known technology, have lower capital costs than more
sophisticated processes focused on cellulosic or other low quality feedstocks, and are likely to
be available in the near‐term for installation. Combined with high yielding, high quality and
readily transformed feedstocks like sugar and oil crops, the opportunity exists to develop
several new or expanded bioenergy systems in the state. Some of the proposed project also
generate power from direct combustion of residues, (sugarcane) or from biogas production
from sillage or other residual material (sugarcane, energy beets, grain sorghum), or produce
glycerin which can be used in anaerobic digester systems (biodiesel).

Biochemical Pathways
A range of oilseed, sugar, grain, and cellulosic feedstocks may be used by in‐state bioenergy
producers. The most likely ones are reviewed here and evaluated based on readiness and cost.

Vegetable Oils to Biodiesel
The characteristics of biodiesel fuels derived from vegetable oils or fats and greases depend on
the fatty acid composition of the feedstock source (Knothe, 2005). In general, the shorter the
fatty acid carbon chain length, the more readily the resulting biodiesel fuels will tend to solidify
in cold weather (at a temperature called the cloud point), and also exhibit oxidative instability
leading to water formation and other undesirable changes with storage. Fats, oils, and greases
(FOG) generally have shorter chain fatty acids and free fatty acid contaminants and are more
difficult to be converted into high quality biodiesel than vegetable oils using the most common
process, called FAME (discussed below). Alternatively, they are subject to hydrocracking in
which they are converted to esters with the addition of hydrogen and are made into green
diesel or renewable diesel. These fuels are largely indistinguishable from conventional
petroleum diesel. In a similar manner, they can serve as a source for biojet fuel (discussed
below). Vegetable oils with a large amount of oleic fatty acids (18:1) generally can be converted
into well‐performing biodiesel with a lower cloud point and better oxidative stability, and are
desirable feedstock sources.
Typical oil composition of the oilseed crops investigated here and comparisons with safflower
(commonly produced in California) are presented in Table 35.
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Table 35: Typical fatty acid composition of vegetable oils, with data from diverse sources.

Species
Canola (Br.
Napus)
Rape Seed
Indian
Mustard (B.
Carinata)
Camelina
Meadowfoam
Safflower

Principal Fatty Acids
18:1
18:2
18:3
20:00
Oleic
Linoleic Linolenic

16:0
Palmitic

18:0
Stearic

6.20

0.00

61.30

21.60

6.60

3.50

1.40

60.00

20.50

10.00

7.80

3.00

16.80

23.00

31.20

20.70
0.60
5.00

6.10
0.20
<1.00

53.50
1.00
77.00

9.80
0.90
15.00

0.80

20:1*

22:0;
22:1

0.90

0.20

12.00
64.20

2.80
10.40

22:2**+>
22:2

19.50

The protein‐rich meals remaining after oil extraction are valuable livestock feeds and can be
further converted into other products, including, in some cases, biopesticides.
Fatty Acid Methyl Ester (FAME) Process
Fatty acid methyl esters (FAME) are long‐chain mono alkyl esters converted from oils or fats,
also called biodiesel. As shown in Figure 12, the core technique of the FAME process is a
transesterfication reaction between methanol and triglycerides, which contain three fatty acids
in vegetable oils, animal fats, or recycled cooking oil. A transesterfication reaction is reversible
and carried out with either strong base or acid catalysts at low temperature and pressure
conditions. At an industrial scale, sodium hydroxide or potassium hydroxide is the catalyst
most used because of its low cost. Methanol is mostly used for the transesterfication process due
to advantages of low cost and easy post‐reaction separation from glycerol residues compared to
other alcohols. If anhydrous ethanol were available at low cost, it could be used as well. To
achieve nearly complete conversion of triglycerides, excessive methanol (4.5 to 6 molar ratios to
triglycerides) must be employed in the transesterification reaction, which results in high yields
(~95% of fatty acid methyl esters). However, excessive methanol also affects subsequent
separation of methanol from glycerol (Figure 12).
Overall, the FAME process is a relatively simple technique and has modest capital costs, which
allows for small production units to be built without excessive extra costs. Smaller units can be
located nearer to sources, with potential savings from reduced feedstock transportation and
other related logistical costs. This basic process for biodiesel production has been successfully
employed for many different vegetable oils, fats, and other feedstocks. However, the FAME
process has very limited scope for modifying FAME biodiesel properties since the structures of
fatty acids including unsaturated carbon‐carbon bonds and the oxygen content remain
unchanged. Therefore, the properties of biodiesel produced via the FAME process are highly
dependent on the composition of the feedstocks. In this case, the distribution of fatty acids in
the vegetable oils or fat quality determines the properties of its biodiesel. For example, the
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cetane number increases with longer C chain fatty acids, and with more saturated C bonds
(Gerpen, 1996).
Canola oil, Camelina oil, and meadowfoam are useful feedstocks for biodiesel production for
the FAME processes. However, the compositional differences among these three oils resulted in
the corresponding qualities of biodiesel as the fatty acid profiles in the oils transfer to biodiesels.
As a commercially available source, canola oil has 92.6% unsaturated C18 fatty acids (63.9%
C18:1, 19.0% C18.2, and 9.7% C18.3) and less than 2% erucic acid (Sanford, 2009). Compared to
canola oil, Camelina oil has more carbon‐carbon double bonds, since the largest portion of
unsaturated C18 fatty acids is C18:3 (37.9%) and 73.6% unsaturated C18 fatty acids (17.7%
C18.1, 18.0% C18.2, and 37.9% C18.3), as well as 11.4% unsaturated C20 fatty acids (9.8% C20:1
and 1.6% C20:2) and 4.5% unsaturated C22.1 fatty acids, which resulted in lower oxidative
stability and higher cold soak filtration15 (223 s) values versus 113 s of canola biodiesel (Sanford,
2009). Overall, Camelina biodiesel is comparable to canola oil for average oil quality values, but
less is known about variation in oil quality by variety and location.
Figure 12: Diagram of the simplified FAME process.
transesterfication reaction
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There are thirteen companies producing biodiesel in California in 2013. Most use residual FOG,
but some also use vegetable oils derived from diverse sources. Total in‐state capacity varies
between 30 and 60 mgy. The state has emphasized the use of FOG through support from its AB
118 program.
Renewable Diesel and Biojet Fuels from Vegetable Oils
Instead of the esters that comprise biodiesel, renewable diesel or jet fuels can be made by
hydrogenation and deoxygenation of vegetable oils, resulting in hydrocarbons that can be
added to petroleum‐based fuels with mostly similar properties avoiding blending limits. Low‐
cost H2 is needed to produce biodiesel esters. H2 is commonly available at petroleum refineries
and Neste Oil, Inc. and others have created such facilities in Europe and Indonesia. In
California, both Crimson Industries and Alt Air, Inc., have investigated or proposed using this
pathway.
15

http://enterprise.astm.org/filtrexx40.cgi?+REDLINE_PAGES/D7501.htm
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The process for renewable diesel production includes hydrogenation and deoxygenation of
vegetable oils and animal fats, which is similar to those used at a petroleum refinery. The
catalysts usually include metals, such as nickel or platinum, and base materials, such as carbon,
alumina, and zeolite (Snåre, 2007). Generally speaking, the most effective catalyst is composed
of costly metals, such as platinum. The choice of an economically effective but less costly
catalyst, such as Raney nickel, for hydrogenation and deoxygenation, is very critical for the
economic optimization of the process (Munoz, 2012; Horáček, 2013). The deoxygenation results
in an increase of energy content. Because hydrogenation eliminates carbon‐carbon double
bonds, the fuel cetane number (CN)16 is improved. When the hydrogenation is controlled, as
partial or full hydrogenation with deoxygenation, the melting point is modified for good low
temperature properties. The techno‐economic analysis for hydrogenation‐derived renewable
diesel from canola and Camelina showed the largest component of total oil production costs
was feedstock cost (75‐85%) including harvest, and on‐farm storage (if any). However, seed
transportation costs will have a greater effect on overall oil cost as plant size increases.
Therefore, the optimum plant size was most sensitive to transportation cost for feedstocks,
capital and operation cost; resulting in little economic benefit for plants larger than 5,000
bbl/day (Miller, 2012). There is interest in making biojet fuels from vegetable oils as well, which
require decarboxylation of free fatty acids followed by catalytic isomerization/cracking to make
n‐alkanes with C chain lengths of C10‐C14 in order to achieve the required chemical and
physical properties of biojet fuels. Besides biodiesel and biojet fuels produced via this process,
low chain length alkanes could be used for the production of biogasoline (primarily hexane and
its isomers).Alt Air has investigated the production of jet fuel from Camelina oil. Federal policy
favors the use of non‐food oils over those with potential use for food, even if such feedstocks
are significantly less efficient to produce than edible oil crops.

Sugar to Ethanol
Besides biodiesel, bioethanol is the other important liquid transportation fuel widely used.
Bioethanol is currently made from common crops including sugarcane and corn at large scale.
In the future, lignocellulosic sources may become more important, due to its abundance in
nature. Biofuel and biochemical production from agricultural crops are based on the production
of the monomeric sugars from biomass. Sweet sorghum and sugarcane store in their stems
soluble carbohydrates produced from photosynthesis primarily as six‐carbon sugars and, in the
case of sweet sorghum, additional five‐carbon sugars. These are removed by crushing and
expressing plant juices, which are either purified and crystalized as sugar, or fermented using
yeast to ethanol. These crops also accumulate large amounts of lignified cellulosic biomass as
stems and leaves. Converting lignified cellulosic compounds to simple sugars requires
additional treatments. Both C6 and C5 sugars can be derived from lignified crop residues by

Cetane number is a measurement of a fuel’s ignition delay, the time period between the start of
injection and the first identifiable pressure increase during combustion of the fuel. ASTM D613‐13
http://enterprise.astm.org/
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decomposing cellulose using various pre‐treatment methods. Depending on the conversion
technology used, different mixes of C5 and C6 sugars of varying purity can be produced.

Sugarcane Conversion
In contrast to corn ethanol in the USA, sugarcane ethanol is well‐established in Brazil, where it
is the primary source of renewable energy (15.4% of fuel supplies), second only to petroleum
and its derivatives (39.2%). A typical sugarcane ethanol plant in Brazil costs USD 150 million,
and processes 2 million tons of sugarcane per year, based on 30,000 hectares of land, and
produces 200 million liters ethanol (Chum et al., 2014; Goldemberg, 2008). Based on sugar
content of the juice alone, energy budget analysis under sub‐tropical Hawaiian conditions
(Ming et al., 2006) suggested that an energy input: output ratio of 1: 3 is attainable for ethanol
from commercially produced sugarcane sugar. In Brazil’s highly developed sugarcane/ethanol
economy, the analogous input: output ratio is 1: 9 (Macedo, 2000; Ming et al., 2006). In contrast,
maize fermentation to ethanol exhibits a ratio below about 1: 1.5, and is often less (U.S. DOE,
2007). Inclusion of lignocellulosic material will increase this substantially.
Calculations based on Keffer et al. (2009) and Waclawovsky et al. (2010) estimate the potential
yields of lignocellulosic fuel ethanol from sugarcane. Based on sugarcane bagasse, assuming
that 14% of stalk biomass is sugar and 70% of fresh cane is water, and that yields in the Imperial
Valley of 45 ton acre‐1 at 70 % moisture and 12‐14% Brix may be sustainable with suitable
agronomic practices, a yield of approximately 9 m3 of EtOH ha‐1, or about 960 gallons of EtOH
acre‐1 appears feasible in California. This is larger than other potential or current sources of
ethanol from crop‐based feedstocks except sugar beet.
Lignocellulosic technology is not yet commercial, and the optimum end‐product, EtOH, may
evolve to butanol, which is not subject to the same blending limits as ethanol. Several other
technologies are in development in California and elsewhere (Lynd et al., 2008). Candidate
technologies for the production of advanced biofuels in California include deconstruction using
thermophilic bacteria (maximum growth temperatures of ~70°C; Cann, 2010). Alternative
technologies include chemical deconstruction by hydrodeoxygenation (dehydration‐
hydrogenation) processes (Ellman, 2010). Molecular genetic modification of the energy cane
itself may facilitate commercialization of these approaches. Combinations of these approaches
(Ferreira‐Leitão et al., 2010; Yang and Wyman, 2006, 2008; Chu, 2010) will ultimately lead to the
utilization of sustainably produced lignocellulosic biomass from energy cane and other
regionally appropriate feedstocks. Some of these processes are beginning to reach
commercialization, but at high initial cost.
Traditionally, sugarcane residues (bagasse) have been burned at sugar or ethanol refineries for
power. Waste heat has not been captured for other uses. More recently, there have been efforts
in Brazil, where most sugarcane is produced, to use residual bagasse for ethanol or biochemical
production as well, including capturing some waste heat for biorefinery uses (Alvira et al.,
2010). California Ethanol and Power17 has proposed building a modern biorefinery in the
17

http://www.californiaethanolpower.com/
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Imperial Valley based on this technology using bagasse to produce steam and electricity along
with the fermentation of the extracted juice to ethanol.
Based on the sugar content of the juice alone, energy budget analysis under sub‐tropical
Hawaiian conditions suggested that an energy input: output ration of 1: 3 is attainable for
ethanol from commercially produced sugarcane sugar (Ming et al., 2006). In Brazil’s highly
developed sugarcane/ethanol economy, the analogous input: output ratio is 1: 9 (Macedo, 2000;
Ming et al., 2006). In contrast, maize fermentation to ethanol exhibits a ratio below about 1: 1.5,
and is often less (U.S. DOE, 2007), though efficiency has been increasing and the use of maize
results in large amounts of high quality animal feed by‐products (DDGS) and oil that is made
into biodiesel or used for feed. Inclusion of lignocellulosic materials like corn stover will
increase this energy efficiency substantially. Three small commercial scale cellulosic ethanol
projects are scheduled to open in the Midwest in the next months that will use corn stover as a
feedstock and be attached to starch (grain) based facilities.
Figure 13: Modern sugarcane refinery in Brazil. Source: Unica.

Energy (Sugar) Beets to Ethanol
Two processes have been discussed in California. The first resembles traditional sugar
extraction followed by refining to ethanol and the production of beet pulp feeds from residual
beet root biomass (Tracey). This process is similar to beet ethanol production attached to sugar
factories in Europe and is the process analyzed in USDA’s and other economic and feasibility
studies (Bowen et al., 2010; Krajnc & Glavic, 2009; Munoz et al., 2014; Schweitzer, 2006;
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Shapouri et al., 2006). The second is a more novel approach and by‐passes sugar diffusion, and
instead ferments ground whole beets and a portion of the beet fiber to ethanol with biogas,
water and fertilizer produced as co‐products or as an alternative livestock feeds. It relies on the
liquefaction of sugar beets ready to ferment sugars to ethanol, a new pathway). After washing,
the beets are sliced to coarse cossettes, and sent to a grinder pump rather than to a thermal
diffusion step in traditional sugar factories. The ground beet solids in suspension are
conditioned in a slurry tank ready for liquefaction with enzymes. The substrate after
liquefaction undergoes enhanced simple fermentation to produce ethanol. Ethanol is then
distilled and the stillage can be re‐fermented with other residual components such as cellulose
and hemicellulose. The final stillage can be used as a feedstock for anaerobic digestion and
biogas and further used as fertilizer.
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Figure 14: Initial proposal for ethanol and other forms of energy production from beet crops in the San
Joaquin Valley.
Three technologies are depicted: biomass gasification, ethanol productions using yeast, and anaerobic
digestion. Both power and fuel are produced. Courtesy of Mendota COOP.

Celluosic Crops and Residues to Ethanol and Other Fuels
Candidate technologies for production of advanced biofuels in California include
deconstruction using thermophilic bacteria (maximum growth temperatures of ~70˚C (158˚F;
Cann, 2010). Alternative technologies include chemical deconstruction by hydrodeoxygenation
(dehydration‐hydrogenation) processes (Ellman, 2010). Molecular genetic modification of the
energy cane itself may facilitate commercialization of these approaches. Combinations of these
approaches (Ferreira‐Leitão et al., 2010; Yang and Wyman, 2006, 2008; Chu, 2010) will
eventually allow for increased use of lignocellulosic biomass. Energy cane (S. spontaneum)
would be used primarily for cellulosic conversions and cellulosic biofuels18. Canergy, Inc. has
Based on Keffer et al., (2009) and Waclawovsky et al, (2010), the potential yields of lignocellulosic fuel
ethanol from energy can can be estimated.

18

Eq. (3)

1 metric ton hectare‐1 = 0.45 ton acre‐1

Eq. (4)

m3 EtOH = (ton cane)
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proposed an energy facility in the Imperial Valley based on the Proesa TM technology discussed
below19. Lignocellulosic technology is in its earliest stages of commercialization. Chemtex, in
partnership with Beta Renewables, has an operating facility in Crescentino, Italy, based on the
use of wheat straw that produces 13 M gal/y. This same technology is proposed for a site in
North Carolina based on the use of Arundo donax, and in the Imperial Valley based on energy
cane (S. spontaneum) and some perennial grass hay.
The ProesaTM technology is now being used to produce cellulosic ethanol at an industrial scale.
The first commercial scale facility is operating in Crescentino, Italy, based on wheat straw and
some perennial grass hay20. Canergy, Inc. LLC, an Imperial Valley‐based company, may adopt
this technology. The cellulosic biomass is treated by steam and water in order to reduce
subsequent chemical costs and minimize sugar degradation products in the raw biomass, which
could decrease overall sugar recovery and cause inhibition in the subsequent hydrolysis and
fermentation stages. Steam and water pretreatments are optimized for overall sugar recovery.
The core technology of the ProesaTM process is hybrid hydrolysis and fermentation with an
engineered microbial strain that converts both C5 and C6 sugars to ethanol with a high final
concentration. This technology is an example of consolidated processing, similar to the concept
of Consolidated Bioprocessing (CBP) (Lynd, 1996, 2005). Compared to NREL’s multi‐step
cellulosic ethanol production system (Humbird, 2011), a solid‐liquid separation step after
pretreatment was removed in the CBP system and separate fermentation steps for C5 and C6
sugar were replaced with co‐fermentation (hybrid fermentation) of both C5 and C6 sugars. This
simplification effectively reduces both capital and operational costs, as shown in Figure 16.

× {(0.14 ton raw sugar/ton cane) [(0.96 ton fermentable sugar/t raw sugar)
+ (0.276 t molasses/ton raw sugar) (0.482 t fermentable sugar/ ton molasses)]
× (0.588 m3 EtOH/ton fermentable sugar) +

[(0.3 ton stalk fiber– 0.14 t sugar) / ton cane
+ (0.65 ton trash fiber/ ton stalk fiber) (0.3 ton stalk fiber/ ton cane)]
× (0.292 m3 EtOH/ton fiber)}
The first term in Eq. (2) gives ethanol (EtOH) from sugar, the second term gives EtOH from molasses, and
the third term gives cellulosic ethanol from the remaining biomass (bagasse, field trash, attached leaves,
etc).
19

http://www.canergyus.com/

20

http://www.biofuelsdigest.com/bdigest/2013/06/11/beta‐renewables‐begins‐shipping‐cellulosic‐
biofuels/
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Figure 15: ProesaTM technology in Italy (Rubino, 2012)

Figure 16: Consolidated bioprocessing next generation biofuel process (BESC). Sweet sorghum, sugar,
and energy canes.

Biofuel and biochemical production from agricultural crops is based on the production of
monomeric sugars from biomass. These are primarily soluble and removed by crushing and
expressing plant juices. They also accumulate large amounts of lignified cellulosic biomass as
stems and leaves. Converting lignified cellulosic compounds to simple sugars requires
additional treatments. Both C6 and C5 sugars are derived from crop residues. Depending on the
conversion technology used, different mixes of C5 and C6 sugars of varying purity can be
produced.
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Integrated Biorefineries
Some potential in‐state feedstock systems have the potential to produce both biofuels and
biopower, from novel integrated biorefineries that maximize energy recovery from the biomass
processed. There are examples of multiple feedstocks being used at ethanol plants. For example,
POET Inc.21, the world’s largest ethanol producer, has developed a process to use corn stover
and combines the ethanol produced from this cellulosic source with grain based ethanol at one
of its facilities in Emmettsburg, Iowa. Similarly, DuPont (Nevada, Iowa) and Abengoa
(Hugoton, Kansas) are opening cellulosic ethanol processes attached to existing or new
facilities. This is one type of integrated biorefinery and appears to be a practical pathway
towards the use of cellulosic feedstocks, blurring the practical distinction between current and
“advanced” biomass feedstocks (Table 34).
Alternative uses for biomass that substitute for petroleum for uses other than transportation
fuel may be more efficient. For example, Hermann et al (2007) and Ragauskas et al (2006) report
that producing bio‐based bulk organic chemicals offer clear environmental and energetic
advantages, compared to the use of petroleum as a feedstock. This comes in part from avoiding
expensive oxygenation and catalytic steps to convert petroleum to alcohols, carboxylic acids
and esters. About 5 % of the petroleum entering a modern refinery goes towards the
manufacture of such precursor chemicals (Ragauskas et al., 2006) and replacing this use of
petroleum may be a more efficient use for biomass than for transportation fuels. Furfuryl from
biomass is an example (Su et al., 2009).
There is significant interest in the creation of high value products from biomass as the primary
products with residuals from this process being used for fuel production. For example,
Solazyme is a California‐based company that converts sugars produced agriculturally to
valuable products like food additives and cosmetic oils and some transportation fuels. They use
heterotrophic algae in bioreactors utilizing sugar as a feedstock to produce oils used for
cosmetics, foods, other high value industrial ingredients and fuels. As bioproduct processes
develop, they may compete for biomass used for fuels. In both cases, these products substitute
for petroleum.
Biodiesel will not generate any excess energy from the FAME process, but produces glycerin,
which has potential energy yields in anaerobic digestion systems, particularly as a co‐digestate
with other feedstocks. For example, the Mendota group is co‐locating their pilot facility with a
biodiesel company (Biodico). Stillage from the ethanol process and glycerin from the biodiesel
process will be co‐digested.

http://www.renewableenergyworld.com/rea/partner/poet‐7042/news/article/2009/05/research‐
reinforces‐economic‐environmental‐benefits‐of‐corn‐cobs‐as‐source‐for‐cellulosic‐ethanol

21
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Figure 17: A bio‐based economy would make complete use of biomass delivered to the refinery and
produce multiple energy and bioproducts.

Bio‐based Economy

(bio‐) Products

(bio‐) Fuel

(bio‐) Power

Energy, Fuel and Product Markets

BIOREFINERIES
BIOMASS

Future biorefineries will produce a number of diverse energy outputs and
diverse bio‐products.
(Based on Kamm et al., 2011)

Alternatively, combustion for electricity may be more efficient than converting biomass to
liquid fuels, including for transportation. Campbell et al. (2009) recently reported the results
from an analysis that compared miles driven for biomass converted to ethanol or used to
generate electricity for battery powered vehicles, concluding that conversion to electricity
resulted in more miles driven with better environmental outcomes for the same amount of
biomass. Electric vehicles are important parts of future scenarios developed by ARB for meeting
increasingly stricter GHG reduction targets, but it is not clear how many such vehicles will be
added by 2020.
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CHAPTER 6:
Green Jobs and Economic Effects
Summary
Agricultural feedstock based businesses employ a large number of people in feedstock
production, assembly and transport, and result in manufacturing jobs, often in rural areas with
underserved populations. Estimates of jobs associated with the construction and operation of a
biorefinery plant are provided here. Input‐output analyses are reported for a sugar beet,
biodiesel, and sugarcane businesses. Using irrigation water for feedstock production, the
production of biofuels or biopower can spur local economic growth and development and lead
to the creation of high‐quality job opportunities.

Jobs from potential California biorefineries based on agricultural
feedstocks
David Roland‐Holst and colleagues (2009) has studied the effects of adopting energy efficiency
and GHG reduction policies on job generation in California. The oil and gas industry does not
generate many jobs per unit of economic activity based on this analysis, especially compared to
new energy efficiency and manufacturing jobs in the state. They suggest that a dollar saved on
traditional energy is a dollar earned by 10‐100 times as many new workers (Roland Holst et al.
2009). They foresee that the growth of an in‐state biofuels sector and plug‐in hybrid and other
alternative vehicle technologies will result in significantly greater employment opportunities.
Similarly, analyses by the US Department of Commerce (2006) emphasized impressive rural
employment and welfare gains associated with the expansion of the grain‐based ethanol
industries, mostly in the Midwest.
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Figure 18: The employment content of output across over one hundred different economic activities.
Roland‐Holst et. al., 2009, pg. 9.

Job and economic activity projections from one energy beet biorefinery, a sugarcane ethanol
system in the Imperial Valley, and expanded biodiesel production in central California are
evaluated based on IMPLAN analysis and assumptions about the productivity of these facilities
derived from self‐reported descriptions or conversations with the companies themselves.
Biofuel companies commonly report jobs associated with their biorefineries and jobs created in
the construction of the facilities. Some also report jobs correlated with feedstock production,
harvesting and assembly. Selected estimates are provided in Table 36.
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Table 36: Biorefineries and associated permanent and temporary jobs.
Location

Company

City, State

RFS

Feedstock

Capacity

Jobs announced

(Million gallons per year) Biorefinery Total potential
372
200
222

Pacific Ethanol, Inc Sacramento, CA ethanol

sorghum

Mendota Bioenergy Mendota, CA
California Ethanol Imperial Valley,
and Power Project CA
Imperial Valley,
Canergy
CA
Community fuels
Encinitas, CA

ethanol

sugar beet

1

50

350

ethanol

sugarcane

66

240

1200

ethanol

energy cane

25

100

21.8

34

biodiesel canola oil

Bently Biofuels|Got San Francisco,
used cooking
biodiesel
Grease?
CA
oil

Springboard
Biodiesel LLC

Chico, CA

any
vegetable or
animal oil,
biodiesel
including
used cooking
oil

North Star Biofuels Watsonville, CA biodiesel animal fat

12

0.35

12

22.75

14

Poet‐DSM Advanced
Emmetsburg, IA ethanol
Biofuels

cellulosic
and organic
(corn cobs)

20

240

INEOS Bio

Vero Beach, FL

ethanol

cellulosic

8*

400

USDA & Chemtex

Sampson
County, NC

ethanol

energy
grasses and
agricultural
waste

20

65

Greenwood, WI ethanol

waste
product from
cheese
production

5

150

Crescentino,
Italy

ethanol

cellulosic

19.8

100

FL Biofuels LLC

Lee County, FL

biodiesel

waste
vegetable oil

2.1

14

Green Energy
Partners

Maribel, WI

biogas

food waste

N/A

20

Dubay‐Biofuels

Beta Renewables

1

300

Notes: # including construction, cultivation, harvesting, etc.; *plus 6MW power per year. Boundaries of these diverse systems are
defined differently by each company. Biorefinery positions could include the feedstock cultivation, transport, and biorefinery
operation, etc. Temporary positions include construction, engineering and design, and others (included in total). Permanent jobs to
operate the biorefinery facility are listed in that column. Plant locations may not reflect the exact location of the installation, but
rather the closest city or county. Biodiesel: Source: Data from the Alternative Fuels and Advanced Vehicles Data Center (AFDC)
station locator. Ethanol Source: NREL, Renewable Fuels Association (RFA). Data is updated every two months. See also: Renewable
Fuels Association (RFA), Ethanol Producer.
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IMPLAN Based Estimates
Background
There are three established, traditional input‐output economic impact models in use in the
United States. They are RIMS, developed and operated by the US Department of Commerce,
Bureau of Economic Affairs (BEA); the private Regional Economic Models, Inc., (REMI); and the
private, IMPLAN (IMpact analysis for PLANning) system by IMPLAN Group, LLC. A broad
comparison on multipliers and factors between the three models was conducted by Rickman
and Schwer (1995). They asserted that IMPLAN would provide the greatest flexibility and
efficiency in allocation of time. IMPLAN is a private, economic data and software provider that
compiles US economic data on state and county levels by year, and sells the data to
independent users. The structure and set up of economic impact analyses has great flexibility,
but the data, settings, and filters selected, affect model predictions. IMPLAN analysis relies on
existing technologies and economic data for its preditions. New biorefineries must be modeled
by analogy with existing ones, so results are only estimates based on analogy.
IMPLAN software is commonly used to estimate detailed local and regional effects from the
establishment of new businesses22. IMPLAN is used in numerous studies to assess the economic
impact of a new economic activity. For example, Bergstom et al. (1990) have used IMPLAN to
study the economic impacts of recreational spending on rural areas and Lazarus and Tiffany
(2009) also used IMPLAN to look at the economic impact of using short rotation woody biomass
to support energy production in Minnesota. It is used here to estimate the economic effects of
three model potential biofuel feedstock‐biorefinery businesses that have reasonable chances of
being developed in California. These are an expanded biodiesel manufacturing operation using
vegetables oils produced in‐state located near the Delta region, an ethanol biorefinery using
energy beets in the San Joaquin Valley, and a sugarcane refinery in the Imperial Valley.

Model Construction in IMPLAN
Model
‘Models’ are the term in IMPLAN that identifies the analysis study area. Economic data enters
the software in geographic units such as states and counties. The “Model” refers to the
geographic boundaries in specific models. The economic impact is influenced by the size and
economic footprint of each geographic boundary. The models are developed to measure the

22

“IMPLAN software consists of (1) an input‐output data base; (2) several program modules for
constructing inter‐industry models for the user designated impact region; and (3) a model that
calculates the direct, indirect, and induced effects of changes in final demand. The IMPLAN
input‐output data is composed of a national‐level technology matrix and county‐level estimates
of final demand, final payments, gross output, and employment for economic sectors”
Bergstrom et al. (1990).
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economic impact of each of these biorefineries within each county, i.e. in Fresno, Imperial, and
San Joaquin Counties in California.
Scenarios
IMPLAN Scenarios are described as ‘containers for activities. They represent an implementation
or calculation of the economic impact based on the events and activities established within each
scenario.
Activities
IMPLAN activities serve as the containers for one or more events. Activities involve specific
changes in economies such as expanded production, new facility construction, or operation of a
newly constructed facility. The activities included in the economic impact analysis include: (1)
biorefinery construction; (2) canola seed or sugar beet or sugarcane production depending on
the type of plant analyzed; (3) the production of co‐products such as biogas or glycerin; (4) the
operation of the biorefinery; and (5) the production of the biofuel.
Events
IMPLAN events identify specific industries that are involved in each activity and the levels at
which they are involved. There is flexibility in how the events are quantified. For example,
sugar beet production was based on increased profit per acre of sugar beet grown. The sugar
beet production activity is represented by industry number 9: Sugarcane and sugar beet
farming; canola seed production is represented by industry number 1: Oilseed farming; and
sugarcane production is represented by 9: Sugarcane and sugar beet farming. The construction
of the biorefinery activity is represented by industry number 36: Construction of other new
nonresidential structures. The operation of the biorefinery activity has multiple events and they
include the ethanol production (represented by industry number 49 Beet sugar manufacturing)
or biodiesel production (represented by industry number 45 Soybean and other oilseed
processing) and the co‐production of biogas (represented by industry number 31 Electric power
generation, transmission, and distribution) or glycerin (represented by industry number 46: Fats
and oils refining and blending). IMPLAN requires an analogous industry to be chosen to model
the events in our scenario analysis. These industries have been selected because they most
closely resemble the new enterprises being analyzed, but results are only an approximation of
actual effects of a new first‐of‐kind business in the region.
Event Year
The data that was used for this analysis was created for the calendar year 2010. Since prices vary
with time, the year for which the various events are set matters. In this economic analysis, the
construction of the biorefinery was set in 2014. The other annual activities of the biorefinery
plant operation and crop production (e.g. sugarcane, sugar beet, and canola) were modeled as
taking place in 2015.
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Inputs for the Model in IMPLAN
Details for the IMPLAN economic impact analysis are derived from information about three
companies attempting to create biorefineries in the state or expand current operations based on
public documents and information from the companies themselves23. The results reported here
are model estimates and may differ from the actual scale, design and location of any business
that is established. The prices used to calculate the value of the feedstock, value of the fuel, and
value of the co‐products are based on recent market prices.24
A biodiesel plant using canola oil is based on an estimated crop yield of 1.25 tons per acre with
42‐44% oil when crushed (Kaffka et al., 2014). Canola oil has low saturated fatty acids, which
results in FAME biodiesel with a lower cloud point and other favorable characteristics. We
assumed that 100,000 acres of canola were adopted statewide and the seed supply needed to
support an expanded biodiesel plant. We further assume that the biodiesel plant achieves the
conversion ratio 1:1 of biodiesel to oil and 10‐20% glycerin.25 The construction cost was based on
estimates for other canola biodiesel plants (van Gerpen, 2008). The operational cost of the
biodiesel plant was based on the process reported by Community Fuels26.
The sugar beet ethanol plant was based on the final project report by Mendota Bioenergy Fuel
in 2012 to the state’s ARFVTP, including the construction and operation cost for the sugar beet
ethanol unit. Although sugarcane ethanol plants play a very important role for fuel and energy
in Brazil, the constraint for feedstock cultivation limits the expansion of this conversion
technology to the Imperial Valley. California is one of the few states which could produce new
sugarcane supplies and thus adopt the technology used for Brazilian sugarcane ethanol plants.
For the purposes of estimating its economic impact analysis, the sugarcane ethanol plant was
simulated based on a typical Brazilian sugarcane plant (Somerville et al., 2010; Chum et al.
2014). The IMPLAN input data used to estimate the economic impact of each activity is
presented in Table 37.

23

These are the Mendota Advanced Beet Energy Coop LLC, California Ethanol and Power, and
Community Fuels.
24 Biogas price calculation is based on the natural gas price and the energy (biogas: 600 BTU per cubic foot
versus natural gas 1000 Btu per cubic foot). Natural gas: $7.71/MMBtu for industrial, pipeline CH4 in
California, monthly, Feb‐14 (Source: http://www.eia.gov/dnav/ng/ng_pri_sum_dcu_nus_a.htm). Based on
this information, a biogas price of $4.63 per thousand cubic feet biogas is used, since biogas density is
1.15 kg/cubic meter, it is equivalent to $142 per tons of biogas. Glycerin price calculation is based on
crude glycerin (80%) FOB Midwest price of $0.1200/lb. Hence, $0.12 per lb *10.523 lbs per gallon=$1.26
per gallon (Source: www.opisnet.com/images/productsamples/EBISnewsletter‐sample.pdf )
25 http://www.energyfuturecoalition.org/biofuels/fact_biodiesel.htm
http://www.biodiesel.org/what‐is‐biodiesel/biodiesel‐fact‐sheets
26Available at: http://www.communityfuels.com/wp/wp‐content/uploads/2014/01/CVBJ‐4‐2012.pdf

82

Table 37: Input data for the three biorefinery plants in California.
Type of biorefinery

Location

facility
Ethanol plant
Biodiesel plant
Ethanol plant

Feedstock

Level of

Level of

Value of

feedstock (tons)

Feedstock

Fresno, CA
Sugar beet
San Joaquin, CA Canola seed
Imperial, CA
Sugarcane

1,140,000
125,000
2,700,000

biofuel

Value of fuel Co‐product

produced
$48,279,000 30,000,000 $81,000,000 biogas
$59,375,000 16,143,750 $65,382,188 glycerin
$121,500,000 71,300,000 $192,510,000

Yield

Value of co‐
product

48,000 ton
$6,816,000
3,549,688 gal $4,472,607.00

Construction

Operation

cost (CAPEX) cost (OPEX)
$38,000,000 $20,121,000
$28,628,882 $3,228,750
$86,706,741 $1,322,508

Table 38: The components of production costs of three biofuels.

Crop

Fuel type

Yield (as
harvested)
gal/t

Canola
Beets

biodiesel
ethanol

Sugarcane ethanol

Total CAPEX CAPEX CAPEX
gge/ton $

Total
OPEX

OPEX OPEX Total Total

Feedstock

$/gal

$/gge

$

$/gal

105000
34440000

0.2
1.15

0.19
1.72

3.61
2.41

3.45
3.62

82.5
65.8

1322508 2.09*

3.13*

*3.30 *4.95

63.2*

129.15
25.2

135.22
16.8

1791631
38000000

3.41
1.27

3.26
1.9

21.54

14.36

86706741

1.22

1.82

$/gge $/gal $/gge

of total

*The energy beet biorefinery modeled includes three complex technologies (gasification of woody biomass residues), ethanol fermentation and distillation, and anaerobic
fermentation. The OPEX costs include all three technologies and overestimate the cost of ethanol production alone.
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%

Table 38 summarizes the results for the different components of production costs modelled by
IMPLAN. Canola oil for biodiesel production has the highest feedstock share of total
production cost. However, beet ethanol resulted in comparable total costs per gge to biodiesel.
Sugarcane input data was based on typical Brazilian ethanol plants. However, the feedstock
cost was up to $3.13 per gge with a BCAM entry price of $45 per ton as harvested in California
compared with an estimate of $1.48 per gallon (equal to $2.22 per gge based on an earlier
estimate for sugarcane of $28.9 per ton (Shapouri, 2006). Feedstock cost as modified is ~63.2% of
total cost. Energy from electricity or biogas production or by product sales converted to an
energy equivalent is not provided.

Results
Overview of the economies in the San Joaquin, Fresno, and Imperial Counties
In 2010, the Gross Regional Product (GRP) in Fresno was about 6 times larger than the GRP in
Imperial County. IMPLAN produces this data in economy‐wide values with the exception of
the average household income (total personal income/total households). The average household
income is about the same in San Joaquin and Fresno county and slightly higher in Imperial
County. Since this economic impact is tied to a land‐based industry, a section (presented in
italics) was added with selected characteristics in terms of the land area (square miles). Here the
wealth per land area unit (GRP/square mile) in San Joaquin County is about 12 times greater
than the Imperial County. The number of households as well as population per square mile are
also higher in San Joaquin County than in Fresno and Imperial County.
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Table 39: Summary of economies in San Joaquin, Fresno, and Imperial Counties from IMPLAN.
County

San Joaquin

Fresno

Model Year

2010

Imperial
2010

2010

GRP

$21,965,310,701

$33,014,011,739

$5,320,928,974

Total Personal Income

$20,823,880,000

$28,138,740,000

$4,874,060,000

Total Employment

266,208

421,173

71,794

Number of Industries

290

296

183

Land Area (Sq. Miles)

1,399

5,963

4,175

Population

683,494

924,691

169,354

Total Households

219,157

291,553

46,678

Average Household Income

$95,018

Population per Square Mile

$96,513

489

$104,419

155

41

GRP per Square Mile

$15,700,722.45

$5,536,476.90

$1,274,474.01

Personal Income per Square Mile

$14,884,832.02

$4,718,889.82

$1,167,439.52

Households per Square Mile

157

49

11

Value Added
Employee Compensation

$10,939,091,842

$16,480,820,749

$2,816,405,239

Proprietor Income

$2,111,388,341

$3,751,052,480

$547,103,748

Other Property Type Income

$7,230,323,165

$10,345,651,002

$1,557,092,029

Tax on Production and Import

$1,684,507,354

$2,436,487,508

$400,327,959

$21,965,310,701

$33,014,011,739

$5,320,928,974

Total Value Added

Final Demand
Households

18,148,120,306

24,910,486,261

4,107,941,436

State/Local Government

$2,854,922,129

$4,584,847,607

$1,733,218,877

Federal Government

$1,084,032,055

$2,567,643,343

$1,016,424,422

Capital

$1,949,183,368

$4,121,478,294

$313,673,963

Exports

$14,922,949,732

$22,528,607,406

$4,062,878,606

Imports
Institutional Sales
Total Final Demand

($16,103,609,193) ($24,431,058,153)
($890,287,721)
$21,965,310,675

($1,267,993,069)
$33,014,011,690

($5,624,916,853)
($288,291,428)
$5,320,929,022

Scenario Analysis
Table 40 summarizes the economic impact of the construction of the biorefinery alone in 2014
Table 41 summarizes the economic impact of all of the above activities, which includes the
construction of the biorefinery; the operation of the biorefinery; the production of the respective
feedstock, i.e. canola seed, sugar beet, or sugarcane; the production of fuel; and co‐products for
each biofuel plant in each county. Table 42‐44 summarizes the top ten industries by
employment affected by all of the above mentioned economic activities in each county.
Direct Effect = values known to be associated with the specific activity
Indirect Effect = values from support industries (derived from historical data in the model)
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Induced Effect
activity

= values from additional spending and consumption from additional economic

The IMPLAN software is set up for an expected, known economic direct effect to be entered for
a specific event within each activity. Then the software relies on historical economic
relationships between subsectors to calculate the indirect and direct effects. There are different
influences regionally and between activities in the relationships between direct, indirect, and
induced effects.
The preliminary results predict that biorefinery construction alone can result in the creation of
9, 210, and 505 jobs in San Joaquin, Fresno, and Imperial county, respectively (see Table 40). In
our preliminary analysis, the value of biorefinery construction alone makes up a large
proportion of the overall economic impact based on employment numbers. The construction
and operation of a biorefinery will not only have an economic impact on the bioenergy industry
alone but will also have an impact on other non‐related industries such as offices of physicians,
dentists, and other health practitioners, food services and drinking places, as well as retail stores
(see Table 42‐44).
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Table 40: Summary of the economic impact of the construction of each biorefinery in each county.

Impact
Type

Employment

Labor

Value

Income

Added

Output

San Joaquin County‐Canola Seed Biodiesel Plant

Direct
Effect
Indirect
Effect
Induced
Effect
Total
Effect

150.2 $11,045,783 $13,748,596 $28,682,882
45.5

$2,449,180

$3,775,216

$6,711,722

78.8

$3,273,279

$6,471,288

$10,218,244

274.5 $16,768,243 $23,995,100

$45,612,848

Fresno County‐‐Sugarbeet Ethanol Plant

Direct
Effect
Indirect
Effect
Induced
Effect
Total
Effect

210 $13,434,802 $17,228,386

$38,000,000

69

$3,623,056

$5,438,330

$9,303,782

107

$4,478,436

$8,695,275

$13,808,331

388 $21,536,294 $31,361,991

$61,112,113

Imperial County‐Sugarcane Ethanol Plant

Direct
Effect
Indirect
Effect
Induced
Effect
Total
Effect

505 $28,220,833 $37,308,853

$86,706,471

114

$5,178,721

$8,013,771

$14,203,807

124

$3,891,602

$8,843,710

$13,779,150

743 $37,291,155 $54,166,333 $114,689,428
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Table 41: Summary of the economic impact of all the activities involved for constructing and operating
a biorefinery.
Impact
Type

Employment Labor Income

Value Added

Output

San Joaquin County‐Canola Seed Biodiesel Plant
Direct
Effect
Indirect
Effect
Induced
Effect
Total
Effect

645.7

$19,980,262

$43,687,243

$89,466,246

258.6

$10,650,933

$22,092,833

$35,662,847

179.8

$7,458,888

$14,751,822

$23,278,083

1084.1

$38,090,083

$80,531,898

$148,387,176

Fresno County‐‐Sugarbeet Ethanol Plant
Direct
Effect
Indirect
Effect
Induced
Effect
Total
Effect

1,557.7

$36,759,029

$61,251,617

$188,423,348

1,088.8

$25,140,452

$52,390,525

$91,291,439

391.1

$16,238,401

$31,535,316

$50,065,033

3,037.50

$78,137,882

$145,177,458

$329,779,819

Imperial County‐Sugarcane Ethanol Plant
Direct
Effect
Indirect
Effect
Induced
Effect
Total
Effect

2,530

$73,943,203

$129,867,621

$404,664,654

1,140

$34,477,301

$68,160,231

$119,050,938

403

$12,663,388

$28,789,916

$44,838,729

4,074

$121,083,892

$226,817,769

$568,554,321

*Proxy for sugarcane used in IMPLAN.
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Table 42: Top ten industries by employment affected by the construction and operation of a biodiesel
plant in San Joaquin County, California.
Sector

Description

1 Oilseed farming

Employment Labor Income

495.9 $

Value Added

8,943,622 $

Total Output

29,969,283

$

60,825,543

13,748,596

$

28,682,882

Construction of
36

other new
nonresidential

150.2 $

11,045,783

$

structures
Support
19

activities for
agriculture and

91.0 $

3,180,992 $

3,118,312 $

3,698,040

57.0 $

1,065,065 $

9,839,603 $

11,667,146

25.2 $

510,416 $

841,172 $

1,574,430

10.7 $

692,926 $

1,383,355 $

1,587,934

10.5 $

563,531 $

2,219,033 $

4,688,559

9.8 $

600,725 $

615,052 $

1,159,521

9.6 $

551,331 $

651,833 $

1,291,871

9.4 $

283,115 $

207,375 $

387,068

forestry
360

Real estate
establishments
Food services

413 and drinking
places
Wholesale
319 trade
businesses
Monetary
authorities and
354

depository
credit
intermediation
activities
Architectural,

369

engineering,
and related
services
Nondepository
credit

355 intermediation
and related
activities

382

Employment
services
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Table 43: Top ten industries by employment affected by the construction and operation of a sugar beet
ethanol plant in Fresno County, California.
Sector

Description

Employment Labor Income

Value Added

Total Output

Sugarcane and
9 sugar beet

1,826.2 $

12,888,172

$

38,257,906

$

77,260,976

210.8 $

13,434,802

$

17,228,386

$

38,000,000

179.0 $

15,081,549

$

19,552,074

$

101,012,529

68.2 $

1,086,199 $

11,596,079

$

13,775,448

59.8 $

1,167,341 $

19,532,314

$

3,694,966

55.5 $

1,669,162 $

1,630,944 $

2,005,483

45.5 $

2,908,812 $

3,445,503 $

6,191,123

33.8 $

2,101,016 $

2,717,870 $

5,445,138

29.4 $

816,206 $

1,085,812 $

2,082,471

27.5 $

1,710,863 $

1,751,193 $

3,285,008

farming
Construction of
36

other new
nonresidential
structures

49

360

Beet sugar
manufacturing
Real estate
establishments
Food services

413 and drinking
places
Support
19

activities for
agriculture and
forestry

335

Transport by
truck

Maintenance
and repair
39 construction of
nonresidential
structures
Services to
388 buildings and
dwellings
Architectural,
369

engineering,
and related
services
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Table 44: Top ten industries by employment affected by the construction and operation of a sugarcane
ethanol plant in Imperial County, California.
Sector

Description
9

Sugarcane and
sugar beet farming

Employment Labor Income Value Added Total Output
2,184.90

$30,923,115

$80,581,612 $162,732,753

505.1

$28,220,833

$37,308,853

356.1

$22,095,605

$30,989,287 $193,625,962

142

$3,878,683

$3,780,902

$4,769,709

80

$6,043,866

$6,987,121

$11,825,880

74.3

$1,474,588

$2,451,413

$4,616,577

49.4

$656,627

$8,262,129

$9,832,676

43.8

$2,209,986

$2,274,210

$4,686,317

43.4

$923,796

$1,321,075

$2,774,715

31.1

$1,997,424

$3,995,887

$4,589,156

Construction of
36

other new
nonresidential

$86,706,471

structures
49

Beet sugar
manufacturing
Support activities

19 for agriculture and
forestry
335 Transport by truck

413
360

Food services and
drinking places
Real estate
establishments
Architectural,

369 engineering, and
related services
Services to
388 buildings and
dwellings
319

Wholesale trade
businesses

The creation of new industrial facilities in California results in a large number of direct and
indirect jobs and significant increases in economic activity in the counties where they are
located and the state as a whole. In each case, these facilities are located in economically
disadvantaged rural areas, populated by underserved groups. These jobs and the related social
benefits to the state are a positive outcome of the development of a green economy, anticipated
in the AB 32 scoping plan and both Governor Schwarzenegger and Governor Brown’s
objectives for the transformation of the state’s economy.
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CHAPTER 7:
Landscape Effects
Summary
No significant adverse effects at the landscape level are foreseen for the production of the
bioenergy feedstock crops evaluated here, based on results from this analysis. The crops
considered likely as feedstocks for bioenergy production under California conditions are largely
current, past or easy to adopt crops that integrate readily into current farming systems without
any additional or special environmental effects, and in some cases actually additional benefits.
In this assessment, we assumed that total cropping system water use in each region of the state
producing new bioenergy feedstock crops was constrained to be equal to or less than traditional
water use by arable crop in the state. This assumption is based on the determination that new
water supplies for agriculture will not be developed in California. This is the condition that will
prevail under any reasonable future scenario in which modest levels of bioenergy feedstock
crops are produced. As a consequence, we estimate that no additional water will be used for
feedstock production above that available to farmers under longer‐term average conditions in
the recent past in California. Similar to water use, total land use is constrained to currently
cultivated land. It is also unlikely that new land in California will be converted from rangeland
and then cultivated since little new land has been added to state farmland for many years, with
the exception of recent expansion of land for tree and vine crops. These have much greater
value than bioenergy feedstocks. Many wildlife species are common on cropland in the state or
use cropland for part of their habitat. Since the crops evaluated are already produced in the
state or similar to others that are, no new beneficial or adverse effects on wildlife or other
species are anticipated, unless short –term perennials replace some annual crops. In that case,
additional wildlife habitat benefits are anticipated.
Erosion is one of the most serious environmental concerns in agriculture. In addition to
removing fertile topsoil and ultimately reducing yield, erosion transports harmful substances
(pesticides, fertilizer, sediment itself) from fields to aquatic ecosystems, sometimes with serious
ecological effects. The severity of potential erosion from biofuel crop production systems was
evaluated through a review of results from California research and the use of modeling using
the USDA’s Revised Universal Soil Loss Equation (RUSLE2). Biofuel cropping systems do not
experience appreciably different erosion from standard cropping systems. When used as cover
crops, biofuel crops have the potential to reduce erosion from existing agricultural systems.
Some increased use of winter bioenergy crops, if they displace current summer crops, will be
more protective of arable soils, and require less irrigation water. For the last 6 to 7 decades, soil
quality (including soil organic matter) has been maintained or improved in arable lands in the
state, and no changes in these trends are anticipated if some of the crops evaluated here are
adopted to support bioenergy businesses in the state. None of the crops evaluated here are
invasive or are not already produced in California. No new pest management issues are
anticipated but there are potential agroecological benefits associated with greater cropping
system diversity. Emissions to surface and ground water will be similar to or less than that of
92

other existing crops produced in the state. This is because the LCFS provides an incentive to
follow resource conserving BMPs since doing so lowers the carbon intensity of feedstocks.

Introduction
There are both positive and negative aspects associated with the production of any crop. Biofuel
crops can help with environmental remediation in some instances, as well as making farming
systems more economically resilient (Kaffka, 2009). Here the focus is on annual crops and short‐
term perennial crops which have few obstacles for adoption in California apart from economic
viability. Since these feedstocks are common agricultural crops, there will be few exceptional
changes in the behavior of cropping systems, and in levels of emissions or other secondary
effects from their production compared to incumbent cropping patterns. Crops are adopted if
they represent an improvement, i.e. in farmer’s profitability,over current options.. But improved
economic performance can often be attributed to greater RUE.
For example, the adoption of winter annual oilseed crops also has the potential to reduce
modestly or allow for more economically efficient water use on farms due to their use and
primary alliance on winter rainfall, rather than irrigation. In this, they may substitute for lower‐
value summer crops that must be irrigated. Camelina, a winter annual oilseed, requires only
modest fertilizer N levels and is an efficient water user. Canola requires more N but can also
recover residual N left in shallow soil layers by previous summer crops.
Winter annual crops can act like cover crops by increasing infiltration and slowing runoff. They
are protective of soils and fields exposed to winter rainfall, reducing erosion under those
conditions to the degree they substitute for bare fallow in winter. Reducing soil erosion also
reduces sediment and associated contaminant transport, such as pesticide residues and
nutrients. C4 grasses, like sugarcane and sweet sorghum, are reported to be efficient users of
nutrients, especially fertilizer N, compared to many other crops. Perennials, like sugarcane,
have a potential to reduce erosion to the degree they substitute for annual crops in crop
rotations.
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Water Use

Data used to identify regional cropping patterns useful for BCAM analyses were derived from
the Department of Pesticide Regulation’s Pesticide Use Reporting (PUR) database (Chapter 4
and Appendix B). These data include both the pesticide used and the crop to which it was
applied, and the location of each use and crop, resolved to the section level (640 acres). These
data can be used to discern cropping patterns throughout the state. PUR data analyzed range
from 1997 to 2011. Over this period of time, water supplies to California have varied from year
to year and in the last years, especially, declined in parts of the state due to the effects of
environmentally focused water management, related restrictions on agricultural water supply,
and drought. Cropping patterns identified based on this data reflect farmers’ actual choices in
different regions throughout the state about how best to use the water available to them from all
sources, including precipitation and groundwater, over that period. By estimating average crop
water use associated with each crop for that region, the amount of water used and available for
farming locally also can be estimated. This amount of water is used in the BCAM model as a
constraint. New crops adopted plus crops remaining in the cropping system cannot use more
water than what was used historically, which is based on long‐term patterns in each region. No
additional water will be used than previously in any of the cropping regions modeled.. In some
cases, water may be saved if the cropping pattern results in a mix of crops with lower overall
water use. This can occur when a winter annual crop is adopted instead of a summer annual
crop due to superior profitability. More likely, any extra water will go to additional cropping.
In some of the cases reported here, bioenergy crops substitute for cotton, an industrial, non‐food
crop (Chapter 4). At one time, more than a million acres of cotton was produced each year, but
acreage has declined due to declining price, changes in crop supports, and declining demand
for cotton as synthetic fibers become more common in clothing. In other instances, some forage
crops or other low‐cost livestock feed crops are replaced. In yet others, grains, dry beans or
alfalfa are displaced. At the same time, some additional acres of food crops may be added due
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to shifts in crop timing, acreage availability, and lower water requirements for the bioenergy
crop compared to the crop displaced (canola, Camelina or sugar beets (over‐wintered) for
summer crops like cotton, dry beans, or sudan grass hay).
The scale of crop adoption for biofuel production or bioenergy is unlikely to be large in
California. Realistic economic models like BCAM reflect the reality that higher value crop
alternatives than most biofuel feedstocks are both numerous and preferred in most instances
economically. There are no future scenarios likely in California where biofuel feedstock crops
will displace food crop production in any but marginally small amounts. Under current policy
and the operation of normal agricultural markets and prices, bioenergy feedstock crop
production may occur in a few regions, on relatively small amounts of land and in cropping
systems where the feedstock crops result in greater overall RUE or provide some additional
benefits to farmers not readily captured in an economic model.
Concerns that bioenergy production will consume large amounts of water and displace most
crops or use a significant amount of land are not meaningful in California, because they are not
grounded in a realistic view of the character of agriculture in the state. For this reason, other
model‐based assessments and conjectures about green, blue and grey water are not useful for
thinking about bioenergy crop water use (Gerben‐Leenes and Hoekstra, 2009). Unless public
policies change in ways that artificially price fuels above food, there is no reasonable scenario
that results in widespread crop displacement for bioenergy crops in California.

Pest Management and Invasiveness
The crops that are most commonly discussed as feedstock sources, especially for cellulosic
biofuels, are perennial grasses, especially switchgrass, Miscanthus, and giant reed (Arundo
donax, Fig. 19). Only a few new perennial grasses have been evaluated for invasiveness in
California. The CDFA has a program to identify and prohibit the use and introduction of
invasive plant and insect species. This program identifies Arundo donax as an invasive weed
species and prohibits its use.
DiTomaso et al., (2013, 2007) and Barney et al (2012), considered the characteristics of potential
biofuel species for invasiveness in general and of particular species for California in particular27.
One that is thought to be promising (giant reed, Arundo donax; Fig. 19) is already invasive and
considered noxious by CDFA.

“Ample evidence does exist, …, that nonnative species present a high risk of becoming invasive when
they possess few resident natural enemies, exhibit rapid establishment and growth rates, tolerate broad
environmental variation, and produce large quantities of easily dispersed propagules (i.e., seeds or other
vegetative reproductive structures).” Page 4. DiTomaso et al., 2007.
27
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Figure 19: Arundo donax (giant reed) in California. From: DiTomaso et al., 2007.

Transgenic crops
The use of transgenic crops in agriculture is regulated by USDA through its APHIS28 program.
In the US, 90% or greater of all corn, soybean and cotton acres are planted to crops with
transgenic traits (Fernandez‐Cornejo, et al., 2014). This has led to significantly reduced overall
use of herbicides and insecticides on these crops, and greater use of reduced or conservation
tillage practices, but also with time the development of some herbicide tolerant weeds (ibid.). A
number of these same transgenic crops and others are produced or might be produced in
California including corn, cotton alfalfa, canola and sugar beets. Others like soybeans are not
grown commercially and are unlikely to be produced here because they are poorly adapted
agroecologically. The use of most of these crops is not considered further here since risks from
their use have been evaluated through the USDA APHIS program and judged not significant.
For herbicide tolerant sugar beet, the record of decision allows for use of herbicide tolerant
varieties subject to restrictions from seed suppliers requiring that any flowering plants be
removed from fields to prevent seed formation and the establishment of beets as a weed
(USDA‐APHIS, 2012)29. Flowering can occur in over‐wintered crops if varieties are prone to
flowering, though reduced flowering characteristics have long been required varietal traits in
California. Under these conditions, the use of herbicide tolerant beets was judged to be without
any other additional risks.
Some canola varieties currently available in California are herbicide tolerant, and herbicide
tolerant varieties are commonly produced in Canada, Australia and elsewhere in the United

28

http://www.aphis.usda.gov/wps/portal/aphis/home/

29

http://www.aphis.usda.gov/newsroom/2012/06/sugar_beets.shtml
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States. There are a number of different types of herbicide tolerance, while some varieties are not
tolerant. Most commercial breeding programs incorporate herbicide tolerance so non‐tolerant
lines will likely become less common and eventually less productive. In areas where canola is
produced commercially, control of volunteer plants is not considered a significant problem in
subsequent crops or elsewhere in the landscape. In California, several species of introduced,
wild mustards are widespread throughout the landscape and are even seen as aesthetic in some
settings. Nonetheless, as herbicide tolerant canola production increases, it will become part of
the winter weed complex in areas where it is produced. Munier et al., (2012) discussed some
disadvantages of herbicide tolerant canola. As with other uses of such crops, the benefits must
outweigh the risks of use. In California, canola will provide another economical, winter annual
crop alternative with benefits including potential for reduced water use compared to summer
alternatives, counter‐cyclic pricing compared to wheat, increase food oil and biodiesel feedstock
production‐supporting an increased in‐state industry, larger amounts of oilseed meal by‐
products valued as animal feeds in dairy systems, and for reduced erosion risks in some
settings, including perhaps young orchards and vineyards on slopping lands, and more bee
pasture.

Erosion, Nutrient and Pesticide Loss
Introduction to Erosion Estimation
Erosion is the removal and transport of topsoil by water and/or wind. In California cropland,
water is generally the dominant erosive force and is the focus of this study. Water erosion
consists of three steps: detachment, transportation, and deposition of soil particles. Detachment
may occur by the force of droplets falling on soil and/or the force of surface runoff. The latter is
generally a greater force and may result in serious erosion problems such as rills (small
streamlets), channels (characterized by scouring and sidewall sloughing), and gullies (channels
that have grown too deep and wide to till across). Rainfall and irrigation both contribute to
irrigation; either may be the dominant driver depending on climate and management practices.
Erosion of soil is of concern for two reasons: 1) soil loss degrades onsite soil quality and
productivity, and 2) sediment and associated chemicals can impact the areas in which they are
deposited. As soil is lost, so are all associated nutrients along with it. In most cases, the majority
of nutrients and organic matter exists at or near the soil surface, the first portion to be eroded.
Underlying soil that becomes exposed is often not only less fertile but also has less organic
matter, resulting in lower water infiltration and more runoff.
After being removed from the source field, sediment is transported and eventually deposited
elsewhere. Sediment clogs drainage systems and degrades aquatic habitat. Pollutants associated
with transported sediment such as pesticides, herbicides, and pathogens can be detrimental to
downstream water quality (Wauchope 1978, Yeghiazarian and Montemagno 2001). Nutrients,
particularly nitrate and phosphate, that are beneficial to soil fertility in agricultural settings can
cause eutrophication in natural aquatic environments, a severe problem in some parts of the
country (Dodds et al. 2008) and worldwide (Smith 2003).
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Several factors determine how much soil is eroded from a given field. Generally, these factors
are climate, soil type, topography, and land management (USDA‐ARS 2013). Climate dictates
amount and intensity of rainfall. Soil erodibility, a measure of how susceptible a soil is to
erosion, varies greatly across soil types depending on physical soil characteristics such as soil
texture and structure. Topography includes steepness, slope length, and slope shape (convexity
or concavity). Steepness is particularly important; Berg and Carter (1980) found that erosion in
furrow‐irrigated fields increases sharply above a slope of 1%. Fields in California’s Central
Valley are generally well below 1% slope, while dry‐farmed fields along the Central Coast may
have slopes well above 1%. Management comprises several subfactors. Presence and type of
cover crop, vegetation residue or mulch, surface operations such as tillage or compaction, and
conservation practices such as erosion barriers are all management factors that can influence
erosion greatly. Amount and type of irrigation plays a significant part, as well. In order to
generate erosion, an irrigation event must be substantial enough to cause runoff, the vector of
sediment transport. Major types of irrigation in California are gravity (furrow and border, for
example), drip (either surface or subsurface), and sprinkler (Orang et al. 2005).
The diversity of California’s agriculture echoes that of its geography; the multitude of climatic
conditions, landscape configurations, and soil types presents unique challenges and
opportunities for different cropping systems across the state (see Figure 21). The Central Valley
is home to some of the most productive land in the world, but this land generally—especially in
the case of its southern portion, San Joaquin Valley—requires irrigation. The rugged
topography of the Central Coast forces incoming ocean air to unload its moisture in the form of
precipitation, providing farmers with the opportunity to dry farm (forego irrigation), but its
steep slopes are much more vulnerable to erosion than the flat Central Valley, so field use on
valley bottoms prevails. (Fig. 21 and 22).
Erosion may be reported in any of several units, but here is expressed in tons per acre per year
(t/ac/yr). In most studies, erosion is considered to be the mass of sediment leaving a given field;
sediment transport between two locations in the same field is not included.
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Figure 20: Mean annual precipitation in millimeters (left); Soil capacity class (right), a qualitative
indicator of fertility and crop viability.

Figure 21: Dry farmed fields in rangeland in the Central Coast region.
Dry farmed systems long used in California could produce oilseeds for bioenergy use.

Figure 23 provides relative wind and water erosion estimates across the country in 1982 and
2007. Modeling efforts suggest that erosion decreased by about 43% nationwide during that
period (NRCS 2010). Note that California experiences relatively little erosion by both water and
wind despite intensive agriculture, though the estimates shown do not consider sediment
transport due to irrigation.
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Figure 22: Estimates of erosion by wind (red) and water (blue) from cropland in 1982 (left) and 2007
(right) generated using the Universal Soil Loss Equation (USLE) and the Wind Erosion Equation
(WEQ).
Each dot within a 10x10‐mile cell represents 100,000 tons of erosion per year occurring within that cell.
(Thus, each dot per 100 square miles represents 1.6 tons of erosion per acre per year.) Source: NRCS 2010.

Due in part to the difficulty of measuring erosion, there are few existing erosion estimates for
California fields. Estimates for biofuel crops grown in California are even scarcer since most of
these crops have not yet been widely adopted in California, but are expected to be similar to
other annual crops. An extensive erosion study in southern Idaho found that erosion from
furrow irrigated silt loam fields ranged from 0.2 to 63.0 t/ac per irrigation season, depending on
slope (between 1% and 4%) and irrigation scheduling (Berg and Carter 1980).
Erosion has been measured in the Imperial Valley for compliance with total daily maximum
load (TDML) requirements there. Using concentration of suspended sediment and irrigation
runoff volume, Bali (final report for SWRCB) found that soil loss from irrigation on Imperial
Valley agricultural lands in the form of sediment averages about 1 t/ac/yr. Many fields in the
Imperial Valley use border irrigation, which is generally less erosive than the furrow irrigation
sometimes used for biofuel crops (Bali, email correspondence). This could indicate that fields
using furrow irrigation in the Imperial Valley have erosion rates higher than the average of 1
t/ac/yr. However, perennial crops like sugarcane retain cover year‐round for several years,
similar to alfalfa, likely reducing erosion compared to annual crops. Differences among annual
crops like wheat, lettuce, onions and potential biofuel crops like canola are likely to be small. In
the absence of field tests for new crops, it is reasonable to assume that crops grown in the
Central Valley will have erosion values similar to those from the Imperial Valley, approximately
1 t/ac/yr.
Similar erosion studies have been performed in the Salinas Valley. Though annual sediment
transport has not been directly quantified there, total suspended solid (TSS) measurements
have. An estimate of soil flux from a field can be obtained by multiplying the concentration of
TSS by the volume of water running off from the field. In a study of seven coastal fields
irrigated with sprinklers, Cahn and Smith (2013) reported an average TSS value of 1456 mg/L in
runoff, with a minimum of 433 mg/L and maximum of 3870 mg/L. Annual irrigation varies by
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crop but was estimated to be 28 acre‐inches per year (Cahn, email correspondence). Cahn et al.
(2005) report runoff rates for sprinkler‐irrigated fields generally between 4% and 12% of applied
water. Given these ranges, irrigation‐induced sediment transport is estimated to be between
0.05 and 1.47 t/ac/yr. In addition to irrigation, rainfall is responsible for some sediment transport
in the Salinas Valley. Cahn and Smith (2013) observed 1200 lbs/ac (0.6 t/ac) of sediment loss
from a bare field during the rainy season and only 2.1 lbs/ac (0.001 t/ac) from a field planted
with rye. This wide range demonstrates the significance of the management factor in
determining erosion amount and highlights the importance of avoiding bare soil during the
rainy season.
Horwath et al. (2008) studied sediment transport during the 2003‐2006 winter storm seasons in
fields in and around Davis, CA under several contrasting cover treatments (fallow [no cover],
cover crop under conventional practices, and cover crop under USDA organic standards) and
tillage (standard and conservation). Data from experimental fields are given in Table 45 and
grower fields in Table 46. For experimental fields, following corn harvested for grain in 2004‐05,
sediment transport ranged from 123 to 429 kg/ha (0.055 to 0.191 t/ac) depending on
management; following a tomato crop in 2005‐06, the values ranged from 230 to 1385 kg/ha
(0.102 to 0.617 t/ac). Higher sediment transport in the second storm season is due to lower crop
residue remaining after harvest and possibly rainfall intensity and frequency.
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Table 45: Volume‐weighted average load of total suspended solids from experimental fields during
the 2004‐05 and 2005‐06 storm seasons following corn and tomato crops, respectively (from Horwath et
al., 2008).

Sediment Loss
(kg/ha)

Treatment

Cover

Tillage

2004-05 2005-06
(following (following
corn)
tomato)

Fallow

standard

Fallow

conservation 429 (107)

1385 (127)

Cover
Crop

standard

706 (47)

245 (3)

123 (26)

Cover
conservation 358 (43)
Crop
Organic
standard
159 (23)
Cover
Crop
Organic
conservation 391 (111)
Cover
Crop
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1091 (43)

591 (44)

322 (71)

230 (73)

Table 46: Volume‐weighted seasonal load of total suspended solids from two grower fields during the
2003‐6 storm seasons (from Horwath et al., 2008).

Grower

Treatment
Cover

Sediment Loss (kg/ha)

Tillage 2003-04 2004-05 2005-06

Fallow

standard

502

357

1245

Cover
Crop

standard

17

10

62

Fallow

standard

-

39

398

Cover
Crop

standard

-

0

Fallow

conservati
on

-

87

A

B

-

17

Erosion from Orchard Middles
The strips between orchard tree rows, also known as orchard row middles, could serve as
biofuel cropland using winter annual oilseeds, especially in newly planted orchards and
vineyards. This strategy is a form of double‐cropping and requires no new agricultural land. It
also has the potential to reduce erosion from orchards in winter, similar to annual cropping
systems. Studies show that the presence of a cover crop dramatically decreases erosion over the
bare soil alternative (Cahn and Smith 2013, Langdale et al. 1991). Cover crops slow water
velocity, shield soil from raindrop impacts, and increase infiltration. Cover cropping provides
additional benefits compared to bare fields like organic matter addition if crops are
incorporated, nutrient retention, and greater crop diversity (Mitchell et al. 2012). However,
nutrient and water demands of row middle crops may compete with trees, requiring additional
fertilizer or irrigation where winter rainfall is insufficient for the bioenergy cover crop. It is also
expensive to plant and manage cover crops, so they mostly have failed to find a place in
farming systems in the state. The economic return from a feedstock crop, however, might pay
for the costs and benefits of a cover crop.
Several studies have investigated the erosion benefits of cover crops in orchards, but as with
erosion from fields, research specific to California is limited. Table 47 summarizes literature
findings on erosion from orchards and effectiveness of cover crops at reducing it. Cowart and
Savage (1944) observed that a permanent leguminous cover crop “practically eliminated
erosion” in an American peach orchard. The study also found that young peach trees could not
achieve optimal growth and yield if with a cover crop present, though older trees were able to
tolerate the competition.
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Table 47: Summary of literature findings on erosion and runoff from orchards and vineyards, and
effectiveness of cover crops and other treatments at reducing those impacts.
In many cases, percent reduction is calculated from data given.

Locale

U.S. (state
unknown)

Spain

Slope %

-

16-22

Chile

U.K.

California

peach

Bare
Soil
Value

erosion

-

Treatment

erosion

47 avocado

erosion

0.46
t/ac/yr

cover crop

erosion

0.2
t/ac/yr

mulch

prune

16-Apr grape

Reduction
Reference
%

Coward &
cover crop nearly 100 Savage
1944

olive

0.28 apricot

-

Impact
Metric

0.573.66
t/ac/yr

2 apple

California

California

Orchard
Crop

cover crop

Marquez80.5 Garcia et al.
(2013)
99.6

Atucha et
al. (2013)

85

Hipps et al.
(1990)

40% cover crop

77.5

Angermann
et al.

runoff from
(75,474
simulated
cover crop
liters)
rainfall event

38

Zalom et al.
(2002)

87

Battany and
Grismer

runoff
fraction

erosion

(1.7 t/ac
during
tilled pruning
simulated
residue
rainfall
event)

Marquez‐Garcia et al. (2013) studied erosion from Spanish olive orchards with slopes between
16% and 22% over the course of four years. They reported that cover crops reduced erosion by
81% from bare, tilled soil experiencing annual loss between 1,276 and 8,216 kg/ha (0.57 and 3.66
t/ac). Additional benefits included a 68% organic carbon loss reduction and an increase in
annual soil carbon sequestration by 12.3 Mg/ha of CO2 equivalent. In a study on erosion from a
Chilean avocado orchard with 47% slope, Atucha et al. (2013) found soil loss with no cover crop
to be 1034.1 kg/ha (0.46 t/ac); this value was reduced to 4.5 kg/ha for vegetation strips in row
middles and 0.4 kg/ha for entire ground vegetative coverage in the first year of the study.
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Nutrient losses were also reduced dramatically. However, yields from trees in bare soil were
150% higher than trees with vegetation strips and 250% higher than trees with full ground
coverage, due to reduced water availability after cover crops; trees in bare soil had more fruits
but not larger ones.
In order to attain cover crop production goals and erosion benefits while avoiding competition
with orchard crops, cover crops may be grown during the winter months when rain is plentiful
and erosion is most severe and then harvested in the spring before competition becomes an
issue. Joyce et al. (2002) found that, in addition to reducing runoff, cover cropping has the
ability to increase soil water storage due to increased infiltration as long as the crop is destroyed
before infiltrated water is evapotranspired.
Though the effect of cover cropping on erosion from California orchards has not been reported
directly, several studies demonstrate runoff (which is generally correlated with erosion) and
pesticide transport reductions. Angermann et al. (2002) found that vegetation ripped by three
60‐cm shanks in orchard row middles increased infiltration and reduced runoff by roughly an
order of magnitude relative to bare soil, with non‐ripped vegetation producing intermediate
results. Zalom et al. (2002) observed approximately 50% greater runoff from orchard rows with
no vegetation and notably higher pesticide concentrations relative to vegetated rows.
Vineyard middles, by the same token as orchard middles, may be used as biofuel cropland. As
with orchards, vineyard studies indicate that cover cropping and residue retention can
dramatically reduce erosion. In California, Battany and Grismer (2000) report that cover was the
most significant factor in determining erosion in a hillside vineyard, even more so than slope.

Erosion Modeling
Revised Universal Soil Loss Equation 2 (RUSLE2)
Here, the RUSLE2 model was used to estimate erosion for some representative bioenergy crop
production systems. RUSLE2 is a program30 that houses the latest version of the USLE
(Universal Soil Loss Equation) 31, which provides estimates of erosion due to rainfall for a given
site. By providing a series of inputs, the user may estimate sediment transport from a given
field under a specified management regime. A number of management scenarios may be
developed for that field; conversely, a management scenario or series of scenarios may be
applied to different fields. In all cases, though, RUSLE2 provides estimates for a specific field
rather than landscape or regional estimates. These estimates do not account for erosion
stemming from irrigation or wind, though irrigation may be considered for future uses of the

30

available at: http://www.ars.usda.gov/Research/docs.htm?docid=6038

31

a = r*k*l*S*c*p

where: a = net detachment (mass/unit area), r = erosivity factor, k = soil erodibility factor, l = slope length
factor, S = slope steepness factor, c = cover‐management factor, and p = supporting practices factor
(USDA‐ARS 2013). See Appendix C.
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model. A more complete description of the modeling methods used here is included in
Appendix C.

Methods
Since RUSLE2 is intended to provide field‐specific erosion estimates, single fields were selected
to represent each of two regions of interest: 1) the Central Coast, and 2) the San Joaquin Valley.
To represent the Central Coast, a California Biomass Collaborative (CBC) experimental field
used for research on winter annual oilseed crops (canola and Camelina) was selected; it lies just
west of the city of Paso Robles in San Luis Obispo County, CA. The San Luis Obispo site is
unirrigated (rain fed). The San Joaquin Valley field is located at the University of California
West Side Research and Extension Center (WSREC) in Five Points in Fresno County, CA within
the Westlands Irrigation District. Fields in this area are irrigated except in drought. To provide
context, erosion was also modeled for a sample field in western Kansas, a region with cropping
systems similar to those of the Central Coast and San Joaquin Valley of California.
Rainfall data were selected from the nearest localities; the climate file corresponding to the
average annual rainfall within the appropriate county was selected for each field. Soil type was
determined using SSURGO in ArcGIS. GoogleEarth was used to estimate path length and slope.
Path length was determined by measuring the field along the longest furrow. WSREC path
length was measured as 2,578 ft. and but RUSLE2 allows for a maximum of only 1,000 ft. Slope
was estimated by dividing the difference in elevation between the top and bottom of the longest
furrow by the path length. Model input data is provided in Table 48.
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Table 48: Data used to parameterize the RUSLE2 model.

Field
Paso
Robles

Average

Soil Type
Path
Slope
14 Lynne
(Paso
Channery clay
215
14
Robles, CA) loam
7

WSREC
(Five Points,
CA)

Panoche clay
loam

1,000

0.19

Richfield silt
loam

1,000

0.18

19
Western
Kansas
(Garden City,
KS)
The fields in Paso Robles vary in slope. One corner of this field has a 15% slope, while the rest varied from 1% to 14%. The higher
slope was chosen for modeling purposes.

Five potential biofuel crops were considered in this study: canola, Camelina, sweet sorghum,
Bermuda grass, and sugarcane. Only canola and Camelina were modeled at the Paso Robles site
since these are the only crops of the five that are viable for the Central Coast dry‐farm region.
Management regimes for the latter three crops were developed using growing guides from the
UC Cooperative Extension. Since neither a growing guide nor a built‐in RUSLE management
was available for canola and Camelina, the built‐in management for wheat was used instead,
which has many agronomically similar characteristics, including sowing date and rate of
ground cover (Leaf Area Index) increase. These two crops were modeled with two‐year crop
rotations: one year of growth and harvest, and one year of fallow to accumulate precipitation in
the soil. With sugarcane, rattoons from the same rootstocks are harvested each year for four or
more consecutive years before replacement, so a five‐year crop rotation was used.
Scenarios for wheat and barley (two alternative crops) and for bare soil are also provided for
context. Note that bare soil might not occur in reality if weeds are allowed to grow or the field is
used for other crops.
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Extrapolation of results to orchards
The version of RUSLE2 used in this study does not have the ability to model erosion from a
heterogeneous cropping scenario such as an orchard with cover crop. However, using the area
ratio of bare soil under trees to row middles with modeled erosion values from bare soil and a
cropping scenario provides an estimate. This method likely overestimates the erosion truly
occurring since the bare soil under trees is partially protected by canopies and elevated above
the row middles, both reducing erosion from the bare soil estimate. Canola was modeled as the
cover crop. This study assumes that row middles and bare soil occupy equal areas within the
orchard, meaning that estimates for orchards are simply averages of values for bare soil and
canola.

Erosion Modeling Results
Modeled erosion values are provided in Table 49. More variation occurred between sites than
within sites. Paso Robles showed the highest erosion values, Western Kansas showed the
second highest, and WSREC showed the lowest, each separated by roughly an order of
magnitude.
Since modeled managements (including cover) were identical across sites, the factors
influencing erosion were climate (rainfall), slope, soil type, and field length. Since Paso Robles
had slightly less rainfall than Western Kansas, its higher erosion value can be attributed to its
substantially greater slope in some parts of the field. Rainfall and soil type may have led to the
greater erosion at Western Kansas than at WSREC. Both soils are loams, but the slightly finer
grains of the WSREC’s clay loam may have enabled better aggregate stability and resistance to
erosion. Soil type and climate are regionally inherent, indicating (albeit with a small sample
size) that when all else is equal erosion from agricultural lands in California is generally lower
than in western Kansas.
Slope and rainfall appear to be the most important factors in determining erosion. Field length
probably did not have a great impact, since the field with the shortest length (Paso Robles)
exhibited the highest erosion. Though soil type may have contributed to some degree, it is not
likely that minor differences in grain size composition led to substantial differences in erosion.
Modeled SCI values are provided in Table 50. In general, trends followed those of erosion;
greater erosion results in more soil organic matter (SOM) loss. Most values are positive,
indicating that most scenarios would result in an accumulation of SOM as opposed to a loss.
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Table 49: Modeled annual soil loss (tons/acre/year) for a series of cropping scenarios in two California
biomass production fields and a sample field from Western Kansas.
Biofuel cropping scenarios include: canola, Camelina, sweet sorghum, Bermudagrass, sugarcane, and
canola in orchard row middles; alternative scenarios of wheat, barley, and bare soil are also provided.
Crop rotation length is also provided. *Values for orchard row middles assume that rows between trees
are bare.
Crop
Scenario

Annual Soil Loss
Crop
(tons/acre/year)
Rotation
Western
Length Paso
WSREC
Kansas
(yrs) Robles

Canola

2

2.1

0.021

0.23

Camelina

2

2.7

0.027

0.29

Sweet
sorghum

1

-

0.066

0.48

Bermudagrass

1

-

0.0024

0.22

Sugarcane

5

-

0.0073

0.08

Orchard row
middles canola

2 7.55*

Barley (alt.)

2

3.3

0.031

0.25

Wheat (alt.)

2

2.8

0.024

0.2

Bare soil (alt.)

1

13

0.14

0.59
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0.081*

0.41*

Table 50: Modeled Soil Conditioning Index (SCI) for a series of cropping scenarios in two California
biomass production fields and a sample field from western Kansas.

Crop
Scenario

Soil Conditioning Index
Paso
Robles

Canola

WSREC

Western
Kansas

0.21

0.53

0.12

Camelina

0.062

0.39

0.077

Sweet
sorghum

-

0.068

-0.12

Bermudagrass

-

0.34

-0.087

Sugarcane

-

4.2

1.3

Orchard row
middles canola

-0.39

0.282

0.06

Barley (alt.)

-0.07

0.29

0.055

Wheat (alt.)

0.081

0.44

0.1

Bare soil (alt.)

-0.99

0.034

-0.00057
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Mitigation Strategies
Various conservation techniques can serve to reduce soil loss from agricultural fields and/or
sediment transport to water bodies.
Ground Cover
Cover crops, surface residues, and mulch are all effective means of mitigating erosion (Cahn
and Smith 2013, Langdale et al. 1991, Mitchell et al. 2012, Mailapalli et al. 2013, Horwath et al.
2008, Hipps et al. 1990). Ground cover slows water velocity, which reduces the force of particle
removal, reduces the water’s carrying capacity, and increases the opportunity for infiltration. It
also shields soil from raindrop impact. Tables 37 and 38 show that Horwath et al. (2008)
observed lower sediment loss with winter cover crops than without; furthermore, the study
indicated that the presence of a winter cover crop is more effective at reducing sediment loss
than conservation tillage or organic farming practices.
Conservation Tillage and Reduced Tillage
Conservation tillage refers to tillage practices that reduce soil disturbance, preserve surface
residues, and generally protect natural resources (Mitchell 2012). Tilling loosens soil particles
and destroys soil structure, rendering the soil more susceptible to erosion. The presence of
residues at the surface (even stubble left after harvest) curbs erosion; when these are tilled into
the soil, their erosion benefits are erased. Thus, reducing or eliminating tillage can greatly
reduce erosion. Minimum tillage is one form of conservation tillage that reduces the number of
tillage passes by at least 40% relative to standard tillage. No‐till is another form and entails the
complete elimination of soil disturbance between harvest and seeding, with the exception of
fertilizer injection. Several studies indicate that conservation tillage can significantly reduce
agricultural erosion (Laflen et al. 1978, Owens et al. 2002, Tiessen et al. 2010). Many studies
attribute a majority of erosion reduction in conservation tillage systems to presence of residue,
but Knapen et al. (2008) calculated that increased bulk density and root stabilization in no‐till
systems may account for 90% of this reduction. Horwath et al. (2008) found that, while
conservation tillage consistently reduced discharge over standard tillage, it did not always
reduce sediment loss (Tables 45 and 46).
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Figure 23: Energy beets established using reduced tillage in the San Joaquin Valley in 2013.

Soil Conditioning Chemicals
Chemical soil additives have proven effective in reducing erosion in furrow irrigated systems,
particularly polyacrylamide (PAM). PAM is an organic polymer that causes particle flocculation
and stabilizes soil structure, thereby reducing erosion. Trout et al. (1995) found that PAM
application reduced erosion by 70% in southern Idaho furrow fields and increased infiltration
rate. Other studies report similar findings (Lentz and Sojka 1996, Sojka et al. 2000). Field trials
by Cahn et al. (2005) in California’s Salinas Valley showed a 95% reduction in sediment loss
under PAM treatments, but a decrease in infiltration rate possibly due to the increased viscosity
of water containing PAM and, in some cases, an increase in runoff.
Vegetated Ditches
Agricultural runoff is usually drained from fields into bare ditches that lead to surface water
bodies. During high‐flow events, drainage has enough force to erode particles from the sides of
such ditches, further contributing to sedimentation of downstream surface water bodies.
Establishment of vegetation in these ditches stabilizes channel sides, dramatically inhibiting
particle detachment within (Cahn and Smith 2013). It also slows water velocity, allowing larger
suspended particles to settle out.
Similarly, a vegetative filter strip may be established along the lower end of the field, between
the tails of furrows and the drainage ditch. Vegetation catches particles and slows water passing
from the furrow into the ditch, allowing more particles to settle out (Berg and Carter 1980).
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Not all erosion control measures are effective at preventing pesticide transport, however.
Insoluble pesticides such as organochlorines, paraquat, and arsenicals generally sorb to soil
particles and are transported with sediment (Wauchope 1978), but compounds with a solubility
of 10 ppm of higher are lost in the water phase of runoff whether sediment is lost or not.
Sediment Basins and Traps
Using the same concept as vegetation in drainage ditches of slowing water velocity to remove
suspended particles, sediment basins and traps can be effective in reducing the amount of
eroded sediment that reaches downstream water bodies. Basins retain water at nearly zero
velocity for a certain period of time; the longer this time—in other words, the larger the basin—
the more sediment will settle out. Traps act in a similar way, but are smaller and less effective at
removing clay‐sized particles (Cahn and Smith 2013).

Conclusions
California experiences relatively low water and wind erosion (see Figure 22), especially
considering that it is one of the most intensively farmed regions in the country. RUSLE2
modeling results show that erosion from a sample Central Valley field is less than a comparable
western Kansas field due to soil type and precipitation. This makes it a favorable location for
agriculture in general, but particularly for biofuel crops given that environmental sustainability
is a key driver of transitioning to non‐petroleum‐based energy.
Based on modeling performed for this study, field erosion does not appear to be appreciably
different between biofuel crops and standard crops. Findings from both literature and modeling
underscore the importance of two factors in determining erosion: slope and cover.
Slope is site specific, so the only reason that biofuel and standard crops would experience
different erosion due to slope is if one was preferentially farmed on steeper land. It has been
proposed that biofuel crops be produced on marginal land—land with some constraint on crop
production such as limited water or nutrients—to ease competition with food crops. In some
cases, marginal land includes land historically considered too steep to farm, as in the some of
the Central Coast region. If biofuel crops are preferentially produced on such land, erosion from
those systems may be higher than from historically arable systems, but that is not considered
likely here. Rather, oilseed crops will provide farmers additional crop choices for such systems.
Cover is not likely to be substantially or inherently different between biofuel and conventional
crops, like wheat or barley. Perennial crops may reduce erosion over annual ones, since some
cover is retained year‐round in many cases (as with sugarcane); thus, if a high portion of biofuel
crops are perennial, biofuel systems as a whole may have lower erosion than standard cropping
systems. Several crops being investigated for use as biofuel feedstock are grasses (though
broad‐leafed crops are also being investigated). Little research has been done on the differences
in erosion between annual grasses and broad‐leafed crops. It is not clear whether grasses would
result in more or less erosion, but the difference, if any, is not likely to be substantial.
Other factors influencing erosion are not likely to be measurably different between biofuel and
standard crops. Climate and soil type could differ for the same reason as slope, but are not
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likely to increase erosion significantly if they do. It is not likely that field length or management
practices would be inherently different between biofuel and standard crops.
When used as cover crops, biofuel crops reduce erosion from existing agricultural systems and
require no new land. Biofuel crops may be grown in orchard middles or as an alternative to
fallowing fields during the winter season, when a majority of rainfall occurs and cover is
needed most. However, as water and nutrients are often limited, cover crops can compete with
primary crops and reduce yield. Under certain circumstances, cover crops may actually increase
soil water storage due to increased infiltration (Joyce et al. 2002). Type of crop and timing of
planting and harvest are key factors in minimizing competition. Growing a cover crop once
every two or more years and fallowing the other year(s) may allow the water bank to recharge
sufficiently. Camelina shows particular potential as a cover crop, as it requires little water and
thus would deplete the soil water bank minimally.
If erosion from biofuel crop production (or any crop production) does become an issue, several
relatively low‐cost mitigation strategies can effectively curb erosion

Soil Organic Matter Maintenance
Soil organic matter (SOM) contributes to soil fertility, aggregate stability, and resistance to
erosion (Seybold et al. 1998). For the most part, alternating annual crops in rotation results in
little change in soil carbon behavior in California soils. Soils in annual cropping systems in
California are low in SOM compared to more temperate regions. It is difficult to increase SOM
under farming conditions in California, and laboriously accumulated increases established over
a period of years are easily reversed in a matter of months if not sustained, or can occur with a
change in cropping patterns. Nor is it clear that efforts to increase SOM are always beneficial in
measureable ways. Results from long term research suggest mixed outcomes in cropping
systems in California due to the presence of increased SOM (Kaffka et al., 2005). Alternatively,
some of the feedstock crops analyzed here may be suitable for reduced tillage or no‐till systems,
which may increase SOM under California conditions (Suddick et al., 2010). Energy beets,
canola and Camelina and grain and sweet sorghum all are possible candidates for reduced
tillage systems (Fig. 23). sugarcane, energy cane, and Bermuda grass are perennials. To the
degree they displace annual crops, they provide the opportunity to increase SOM or other
remediation benefits. In the case of Bermuda grass, reclamation of salt‐affected soils has been
documented (Corwin, 2012). As discussed in the previous section, perennial crops also reduce
erosion relative to annual ones since they retain cover for a greater portion of the year.
DeClerq and Singer (2003) carried out novel and unique research to evaluate long‐term changes
in soil quality over time in California by comparing soil quality characteristics in archived soil
samples with samples from the same locations collected for their study in 2001. Different sets of
archived samples were collected in 1945 and over a number of years before 1959. Soils from tree
crop, viticulture, row crop and rangeland sites were compared. They analyzed soil pH, salinity
(as ECe), P, total N, organic matter, and soil texture (sand, silt and clay). A number of measures
changed in ways that suggest improvement in soil quality (plant‐available P, total N, and
organic matter increased with time, soil salinity declined with time, pH remained stable). On
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the adverse side, soil clay content increased, which the authors interpret as a sign of soil erosion
over the 50 year period (Fig. 24). Overall they concluded that most of the properties measured
representing soil fertility changed positively, including SOM. Increased clay percentages
indicated some erosion of more transportable silt and sand particles, but overall they concluded
that farmed soils in California have maintained their chemical and physical quality over the 50
to 60 year period during which agriculture intensified. This evidence, combined with increasing
crop yields and efficiency in crop production (Kaffka, 2009), suggests that the soil resource is
being conserved and maintained in ways that serve the public interest in sustaining agricultural
productivity over time.
Figure 24: Changes in SOM and soil clay content by types and location. From DeClerq and Singer
(2003).

Wildlife (Biodiversity)
In general, after urbanization, the most significant ecological intervention in landscapes is the
conversion from natural or low intensity management landscapes to ones suitable for intensive
crop farming (Dale et al., 2013). Such conversion occurred in large areas of California during the
late 19th and early 20th centuries, and has largely ceased since that time. There are approximately
10 million irrigated acres in farm use in California, out of a total of approximately 100 million
acres of all landscape types. All of the proposed bioenergy feedstock crops evaluated here are
traditional in California or grown elsewhere in agricultural regions with sufficiently similar
climates. In no case assessed in this analysis would land in California be converted from a more
natural condition (less intensive management) to the more highly modified character of
farmland.
A number of wildlife species inhabit managed landscapes, and some thrive. Altering annual
crops produced in a given area of the state where a large range of crop species already are in
production will not alter the character of the landscape with respect to wildlife or other relevant
aspects of biodiversity for the most part. The introduction of perennial grasses into largely
annual crop dominated landscapes may provide some features favorable to species benefitting
from grassland type habitats where these are missing.
Stoms et al., 2012a & b, used an earlier version of the BCAM model (Kaffka and Jenner, 2011) to
estimate the potential effects on wildlife in California of a diverse set of potential biofuel
feedstock crops based on the character of the crop habitat and its potential or observed
suitability for wildlife. This analysis focused on canola, Bermuda grass (a salt‐tolerant species
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used on marginal lands), safflower, sugar beets and sweet sorghum, as representative of a
larger group of other potential bioenergy species. Safflower, sugar beets and Bermuda grass are
established crops in California. Bermudagrass is somewhat analogous to sugarcane, much
shorter in stature but also a perennial grass. Sugarcane, however, is a much larger crop growing
up to several meters high compared to Bermuda grass, and would be grown in a limited part of
the state compared to Bermuda grass’ larger distribution, mostly the Imperial Valley. They
evaluated large‐scale landscape cropland conversion based on meeting a significant portion of
biofuel demand from within the state, compared to the few hundred thousand acres considered
economically likely here. Stoms et al.’s larger analysis included 25,715 sections (~16% of total
land area of California, or 16.5 M acres) as the set of candidate sites for conversion to biofuel
crops.
No cropland conversion is considered here so their results for a low‐impact, business as usual
case are discussed. Even under that circumstance, there were pathways for limiting harm to
wildlife species using agricultural and rangeland habitats32. Nearly half of the terrestrial
vertebrate species in California use the state’s agricultural lands (defined to include rangelands
as well), and a number of the native plants and animals associated with these landscapes are
threatened or endangered (Brosi et al. 2006). The maximum area of land use discussed here
under the most favorable conditions for biomass production by purpose grown crops for energy
is less than 500,000 acres.
In contrast, in this analysis, only currently farmed lands, including several hundred thousand
acres of land located primarily in upland or rangeland areas, already used for dry‐farming
systems combined with cattle and sheep ranching are considered. They analyzed the adoption
of sugar beets, canola and Bermuda grass. Their analysis focused on wildlife species of special
concern. At large scale, each species had different effects on wildlife by species, location and
magnitude. Bermuda grass, a perennial grass species, had the most beneficial effects when
substituted for annual crops. Presumably, other perennial species would have similar positive
effects. But no crop was superior for all species. A diverse agricultural landscape provides
opportunities for a range of species, but perennials have the largest beneficial effects on species
of special concern. They concluded that the spatially explicit identification of crop adoption and
displacement made possible by the BCAM analyses was a more robust basis for analyzing
wildlife effects than more aggregated approaches.

“Application of the framework did not identify any large geographic areas where wildlife
appears particularly vulnerable to conversion to biofuel crop production except on the
grassland fringe of the Central Valley, which is probably not feasible to cultivate in any
practical way. Agricultural lands in California have relatively low suitability for agroecosystem
wildlife species. The choice of biofuel crop, however, does make some difference in the effects
on wildlife that are already faced with many threats. For all five crops assessed in this study,
relatively minor redistribution of lands allocated to biofuel could produce the same energy
yield with much less impact on wildlife and at very small increases in transportation costs.” (page 4).

32
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Figure 25: Lands considered in Stoms et al., 2012b, page 20.

Figure 26: Map of suitability‐weighted species density for agroecosystems species by section based on
several factors, including habitat suitability. Page 33. Stoms et al., 2012b.
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Figure 27: Spidergram of trade‐offs between criteria for the three biofuel crops in the minimize habitat
loss scenarios for species of special concern.
Axes drawn with best outcome at 100, poorest at zero. In this analysis, no one crop provided
overwhelming advantages for wildlife and other conservation measures. See Stoms et al., 2012a for
additional details.

Some crops will have positive effects for wildlife. In current research trials in the central coast
region, fencing to keep out deer and deliberate feeding of quail to distract them from grazing
growing canola and Camelina seedlings has been necessary. These crop species also provide
excellent feed for a range of wildlife species (Fig. 28).
In evaluating economic effects of new crop adoption in this report, overall landscape changes
and levels of crop adoption are likely to be tentative and modest. For the most part, either there
will be limited or marginal effects due to crop shifting, or potential for positive environmental
effects due to improved RUE with lower GHG emissions from farming on a per unit yield basis
both locally and globally. Improving overall RUE is a significant way to protect nature while
still carrying out necessary activities, like producing food, feed, fiber and fuels in a
complimentary manner (De Wit, 1992).
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Figure 28: Deer grazing of canola plots (left) and quail grazing of Camelina plots (right), in San Luis
Obispo County near Paso Robles in rangeland/dry farming agroecosystems.
These crops can also be used for grazing by cattle and sheep.
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CHAPTER 8:
Life Cycle Assessment (LCA) of GHG Emissions from
Agricultural Feedstock Use
Summary
Attributional LCA tracks energy and material flows associated with bioenergy crop production.
Consequential LCA estimates the wider effects of feedstock production on GHG reductions at
the level of the economy. Estimates for ALCA are reported here. If crops are produced using
best management practices and achieve high yields, ALCA values tend to be low relative to
other reported values and low enough to support the production of low carbon intensity fuels,
estimated only on a feedstock basis. Crop adoption levels for most of the crops evaluated here
are small relative to the total land cultivated in the state in an average year. We suggest that
small‐scale land shift primarily involves fallow land, or is accommodated with only small
consequences for crop acreage of commodity crops likely to influence land use elsewhere.
Drought and variations in water supply to agriculture in California have significantly greater
effects on land use than the modest levels of crop shifting anticipated due to bioenergy
production discussed here. Since land often is fallow in California due to water policy and
drought, it is difficult to establish a land use baseline for farming and the effects of changing
land use due to bioenergy crop adoption are overshadowed by other, far more significant
factors.

Overview of Life Cycle Assessment
The use of biofuels and biopower should reduce the global warming potential (GWP) of
transportation fuel use. Because fuel made from plant materials recycles atmospheric CO2
captured by plants, bioenergy use is seen as potentially beneficial in reducing GHGs (Farrell et
al., 2006; Hammerschlag, 2006; Zah et al., 2008). But a more complete analysis may reduce or
eliminate that benefit (Plevin and Delucchi, 2013; DiCicco, 2013). The federal Renewable Fuel
Standard (RFS) specifies minimum levels of GHG reductions for diverse types of biofuels
(USEPA, 2009). A process called life cycle assessment (LCA) is mandated by the RFS (USEPA,
2009) and the LCFS in California (CARB, 2009) and is required for most sustainability standards
(van Dam et al., 2008). LCA is used to estimate the net GHG reduction from biofuel production
and use, compared to conventional petroleum fuels. This involves calculating the total GHG
costs and benefits (compared to petroleum fuels) involved in the complete biofuel cycle from
crop production to end use. The LCA model most commonly used in the United States is the
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GREET33 model (Wang et al., 2007, 2012). Two California resource agencies, CARB and the
Comission have adopted a modified version of GREET called CA‐GREET34.
Two types of LCA approaches are used. Attributional LCA (ALCA) tracks energy and material
flows along a product’s supply chain and during use, disposal or recycling (Fig. 29 and 30).
Most LCA tools and studies use this approach (Plevin et al., 2013). ALCA’s reflect the average
operation of a static system. Consequential LCA estimates how flows to and from the
environment would be affected by different decisions (Plevin et al., ibid.). Ideally, CLCA
analyses are dynamic, context specific, and reflect marginal changes (Plevin et al, 2013). CLCA
reflects the effects of actions, while ALCA does not. CLCA models are data intensive and seek
to include all the significant factors in economic systems affected by the production of biofuel
feedstocks and fuels, even at the scale of the world economy and the world landscape. This
epistemological challenge is formidable and limits the value of predictions from even the most
comprehensive CLCA models. ALCA does not reflect adequately the climate and other
economic and environmental consequences of bioenergy production. These are unavoidable
consequences of the adoption of comprehensive policies like the LCFS and federal RFS, inherent
in the policies themselves. Because such consequences cannot be estimated with any degree of
precision, they are unavoidable.
Adopting the LCFS is equivalent to a policy level assumption that the consequences of prudent
bioenergy use will be beneficial on the whole, and implies a willingness to accept a range of
associated consequences. In this IA, we provide local estimations of a range of effects and
ALCA values where available for the feedstocks and fuels analyzed, addressing a wide range of
potential secondary consequences of in‐state energy feedstock production. Since few acres of
incumbent crops are likely to be displaced, market effects are likely to be inconsequential,
minimizing risks associated with ILUC as well.
GREET generates ALCA estimates, and CARB uses GTAP35 to estimate broader effects on
markets and land use (CLCA). USEPA uses different models. GREET is used for ALCA
estimates, while FASOM36, a CLCA model, is used for domestic (US) estimates of GHG, and
FAPRI37, a partial equilibrium model, is used for international effects and land use change
estimation. These models are supplemented with the use of satellite imagery when possible
(Lave et al., 2011). Even the most careful LCAs, however, involve assumptions and decisions
about qualitative criteria used in making quantitative assessments (Zah et al., 2008). LCAs are
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https://greet.es.anl.gov/

34

(http://www.lifecycleassociates.com/
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https://www.gtap.agecon.purdue.edu/models/current.asp

36

http://agecon2.tamu.edu/people/faculty/mccarl‐bruce/FASOM.html

37

http://www.fapri.iastate.edu/publications/
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not predictive. They do not include anticipated future conditions and technical breakthroughs,
so are best used for purposes of comparison rather than for setting absolute standards.
Figure 29: General structure of attributional life cycle assessment (ALCA).

Figure 30: ALCA applied to biofuel life cycle assessment. ILUC values are exogenous. 38

38

Courtesy of Dr. A.M. Kendall, Dept. of Civil and Environmental Engineering, UC Davis.
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US EPA and CARB both use life cycle assessment (LCA) methods to determine a fuel’s carbon
intensity (CI). This alternative fuel CI is then compared to the CI of average petroleum derived
gasoline and diesel. The methods used by each agency have areas of similarity, but also differ.
They differ chiefly in how they assess market effects on land use. This is referred to as Indirect
Land Use Change (ILUC) and embodies the economic idea that diversion of farmland and crops
for bioenergy production in the United States or elsewhere provokes an increase in land use for
crop production in diverse locations to meet national and global demand for those crops no
longer met due to crop diversion. Carbon emissions from altered terrestrial carbon stocks (forest
destruction and loss of SOM from carbon rich soils in native pastures) are released to the
atmosphere and must be included with the carbon emissions of the crop‐based biofuel that led
to that effect. Such effects and associated CI values cannot be directly measured but are artifacts
(estimates) of models. They are inferred by using complicated economic models of global trade
and production. Because US EPA and CARB use different models and different sets of
assumptions, they come to different estimates for these values, but fuel providers in California
must meet both sets of estimates to remain compliant with federal and state regulations.
Models used to operate at the national and world scale lack sufficient detail to accurately reflect
the complex, exceedingly diverse character of California’s agriculture. The BCAM model was
created to more accurately reflect this complicated land use system and better estimate crop
displacement and changes in farmland use. Estimates of total land and the individual crops
displaced for the potential bioenergy crops evaluated here are provided in Section 4 above.
Crops like dry beans, cotton, Bermuda grass and Sudan grass hay, and even wheat are not
included in the models used in California by CARB, and poorly characterized, in our view, in
the models used by US EPA. The fact that new crops or additional acres of incumbent crops
may be brought into production when crops are adopted is not accounted, and the effects on
fallow land or fallow periods during the multi‐year operation of many of the state’s complex
cropping systems also is not accounted in state and federal modeling efforts. The consequences
of common farming and crop rotation practice in California that aggressively supports new
crop adoption (for any purpose), and opportunities in the agricultural system for more efficient
total resource use when new crops are adopted, are that in‐state feedstock production is likely
to have small to no market‐based effects within or outside the state. This should give in‐state
producers an opportunity to be lower CI feedstock producers, compared to others who rely on
common agricultural commodities and locations and derive their feedstocks from markets with
well‐developed trade channels.
CARB (2013) has evaluated both canola biodiesel and sugarcane ethanol from imported sources
and provided fuel CIs for these. Camelina has not been assessed because there is no current in‐
state production and national levels of production are modest. EPA has made a preliminary
estimate for Camelina produced from dry‐farmed systems in the Pacific Northwest that is lower
than either soybean or canola derived biodiesel39. Canola oil made from North American
sources is given a presumptive fuel CI of 62.99 gCO2eq /MJ, compared to 94.71 gCO2eq /MJ for
39

http://www.gpo.gov/fdsys/pkg/FR‐2013‐03‐05/pdf/2013‐04929.pdf
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conventional petroleum diesel and 83.25 gCO2eq /MJ for biodiesel from soybean oil. Of this, an
estimated 31 gCO2eq /MJ is from ILUC related emissions, leaving 31.99 for farming related
carbon costs, transportation of feedstocks, and biodiesel conversion. If canola is produced in
largely fallow winter periods in California, with higher yields and with greater RUE than
elsewhere in North America, and if new crops are added to farming systems due to canola’s
inclusion, then both the CI of farming related costs and ILUC values should be lower for in‐state
biodiesel production. An alternative land use for these oilseeds may involve their use for cover
crops in winter in orchards and vineyards. Particularly replanted orchards have large amounts
of fallow land that may be used for crop production while the orchard (or vineyard) is still
small.
Shonnard et al. (2010) have provided an initial assessment of jet fuel and advanced biodiesel
from Camelina oil feedstocks produced in the prairie regions of the United States. They
reported a value of 22.4 gCO2eq /MJ for the farming related costs of Camelina production and a
FAME conversion pathway. EPA40 assumes no or limited ILUC effects (equal to zero). Adding
CARB’s estimated ILUC value for canola to this estimate for Camelina, provides a comparable
estimate of 53.5 gCO2eq /MJ. There is no current approved CARB determination, however, for
this feedstock and pathway to date. Camelina is qualified for support under the federal Biomass
Crop Adoption Program. This program subsidizes production of selected new feedstocks and
biofuel pathways. To date, it has had little effect on the production of Camelina in California.
CARB also has estimated the fuel CI for ethanol produced from sugarcane in Brazil. For
mechanized harvests and efficient use of bagasse‐derived electricity at the mill, the value from
CARB is 58.6 gCO2eq /MJ compared to 95.66 gCO2eq /MJ for conventional petroleum‐based
gasoline. Of this value, 46 gCO2eq /MJ is attributed to ILUC and only 12.4 gCO2eq /MJ to
feedstock production. More recently, CARB has proposed reducing this value to 26.5 gCO2eq
/MJ41. If farming sugarcane in California simulated less ILUC, or even spares land from
conversion in Brazil, in‐state feedstock production could result in very low fuel CIs.
There are four larger scale ethanol production facilities operating in California, and thirteen
smaller‐scale biodiesel facilities42. The ethanol facilities use corn grain and more recently grain
sorghum and each produce approximately 60 mgy. California’s current fuel ethanol use is
approximately 14.6 billion gal per year43. Nearly 10% of that amount is ethanol blended to
increase fuel octane levels and to comply with LCFS, so demand for ethanol in the state is
approximately 1.46 bgy, far in excess of that produced by the state’s three significant facilities.

40

Ibid.

41

CARB, March 11, 2014.

42

http://biomass.ucdavis.edu/tools/

43

http://www.boe.ca.gov/sptaxprog/reports/MVF_10_Year_Report.pdf
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The biodiesel facilities in California are smaller and vary in size considerably. They use waste
fats, oils and grease and some use vegetable oils and produce about 50 mgy collectively, though
actual production is variable. Demand for biodiesel due to the LCFS and RFS is much larger.
Diesel fuel use in California in 2012 was 2.65 bgy. Blended with 5% biodiesel, demand could be
as large as 130 mgy, greater than in–state supplies to date. Higher blending rates are possible
with current infrastructure and used in some instances and would further increase total
demand. Currently, most biofuel used in California is imported, primarily from corn ethanol
refineries in the mid‐western United States and out‐of‐state biodiesel producers. Increasing
amounts of sugarcane ethanol are being used as well, due to its estimated lower CI than corn
ethanol according the CARB44. There is sufficient demand to support in‐state businesses, which
would increase direct employment and investment in California, if economically competitive
bioenergy businesses can be developed.
Figure 31: Carbon intensity default values determined by the CARB.
Glowing lines represent opt‐in values through Methods 2A and 2B. The horizontal line represents the
default gasoline (CARBOB) and diesel (ULSD) values (not distinguished at this scale). Numbers under
each bar represent the number of default and opt‐in CI values for each pathway. Some opt‐in values can
be lower than the default values in a particular pathway due to differences in the designed vs. actual
technologies used. CI values are adjusted with an energy efficiency ratio (EER) of 3.4 for electricity and
2.5 for hydrogen (gasoline displacement). Corn+ pathway is ethanol produced from a mix of grain‐based
feedstock including corn, sorghum, and wheat slurry. “Ethanol Other” includes feedstock from other
grains (e.g. sorghum) or waste (e.g. waste beverage). “BD/RD Other” includes biodiesel or renewable
diesel from other oil seeds or corn oil. Yeh and Witcover, 2014. Used with permission.
http://www.its.ucdavis.edu/research/publications/publication‐detail/?pub_id=2008

44

http://www.arb.ca.gov/fuels/lcfs/121409lcfs_lutables.pdf

http://www.arb.ca.gov/fuels/lcfs/2a2b/internal/mixed‐feedstock‐bd‐071312.pdf
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There are critics of the use and value of these methods. Plevin et al. (2013) and Delucchi (2012)
have argued that LCA does not allow definitive determination of whether a particular biofuel
or bioenergy project actually reduces GHG emissions in a meaningful way when all possible
direct and secondary interactions are included. They suggest that the values used by CARB and
US EPA may not have any real connection to reduction of the impact of CO2 emissions from
transportation using those fuels on rising global temperatures.

Selected California Feedstocks (Literature Values)
ALCA based estimates from a range of sources of the potential fuel CI for the crops produced
here are reported in Table 51. Under the current regulations governing the use of alternative
fuels in California, only fuels with low CI values, calculated using the CARB methods, will find
a place in markets in the state. Low CI feedstocks may also be more valuable than higher CI
feedstocks. The fuels made from low CI sources will support a higher price in the market and
may support a higher price for such feedstocks, increasing the incentive to reduce GHG
intensity in feedstock production and allowing companies to acquire more feedstock in the
process.
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Table 51: Summary of literature values of carbon intensity (CI).
Crop

Source

Country

Oilseeds
Canola
USEPA
USA
CARB
USA
IEU
Germany
(S&T)2
Canada
(S&T)2
Europe
de Vries
Netherlands
Lund University
Sweden
Resources Conservation & Recycling Europe
FEAT‐Penn State
USA
Camelina
(S&T)2
Canada
USEPA
USA
Pennycress Michigan State University
USA
Sugar Crops
Sugar Cane USEPA
USA
CARB
USA
IEU
Germany
Lund University
Sweden
Resources Conservation & Recycling Europe
Machedo et al.
Brazil
Unica
Brazil
Energy Cane USEPA
USA
Giant Reed USEPA
USA
Switchgrass USEPA
USA
USA
Sugar (energy) USEPA
CARB
USA
beets
IEU
Germany
de Vries
Netherlands
Lund University
Sweden
FEAT‐Penn State
USA
UC Davis/Mendota
USA
Grain/Starch Crops
USA
Grain Sorghum Cai et al., 2013
USEPA
USA
CARB
USA

ILUC
accounted?

ILUC
estimate

Fuel CI

45.46
31.99
49.7
5
21
45
26.4
260
41
21.3‐30.3
36.9
28.4

Y
Y
N
N
N
N

39.36
31

74.82
62.99

0

36.9

36.66
12.4‐27.4
15.3
17.6
48
21.3
29
16
10
12
n/a
n/a
37.7
50
16.9
16
25.65

Y
Y
N

4
46 (26.5*)
34.4

40.66
62
49.7

28.8
30 (17.5*)

66.98
96.24

g CO2eq/MJ

50
38.2
66.24

N
N
Y
N

Y
N
N
Y
Y
Y

N
N
N
N
N
N
Y
Y

Notes:
* Indicates 2014 data
http://www.arb.ca.gov/fuels/lcfs/workgroups/workgroups.htm#pathways
http://www.arb.ca.gov/fuels/lcfs/lu_tables_11282012.pdf
http://www.arb.ca.gov/fuels/lcfs/regamend13/Draft_Crude_CI_Values_%28OPGEEv1.1_DraftA%29_March_4_2013.pdf
http://www.epa.gov/otaq/fuels/renewablefuels/new‐pathways/rfs2‐pathways‐determinations.htm
http://www.ifeu.de/index.php?bereich=nac&seite=ENZO2

Potential for Agricultural Emissions and Emissions Reductions from
Crops Produced in California
In agriculture, the major greenhouse gases (GHG) are methane (CH4) and nitrous oxide (N2O).
Methane is unimportant except for rice cultivation or if ruminant livestock production is
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involved. Livestock systems are not discussed here but are included in an upcoming report on
livestock manures as a source of energy and GHG reduction offsets. Since plants require N, and
crops in particular are given fertilizers or livestock or green manures, N is lost from soils as a
normal part of the soil N cycle. Some N is converted to N2O which has a GWP equivalent to 297
CO2 molecules. N2O is the most important GHG emission from agriculture (Snyder et al., 2007),
but significant uncertainty exists about its measurement (Adler et al, 2007; Adviento‐Borba et
al., 2007; Snyder et al, 2007).
In their literature review, Culman et al. (2014) found that the management practices with the
most mitigation potential in California are farmland preservation, expansion of perennial crops
(as opposed to annual ones), and manipulation of nitrogen fertilizer rates. These were selected
as the most relevant and promising activities for California agriculture from a broader review
that investigated 42 agricultural management activities for GHG mitigation potential
nationwide (Eagle et al. 2012).
Farmland Preservation
Between 1984 and 2008, more than 1 million acres of farmland were converted to urban land
uses in California (FMMP 2008). Though reduction of farmland resulted in a decrease in GHG
emissions from the agriculture sector (Haden et al. 2013), the overall result is an increase in
GHG emissions since cities have greater GHG footprints per land area than farmland. An
inventory conducted by Haden et al. (2013) in Yolo County revealed that urban land use
accounts for 152.0 t CO2eq ha‐1 yr‐1 and cropland only 1.99‐2.19 t CO2eq ha‐1 yr‐1, a discrepancy of
about seventy‐fold. Though not an agricultural GHG mitigation strategy itself, farmland
preservation is an important part of overall GHG mitigation in California. Providing a larger
range of economically viable crop choices helps farms remain economically viable.
Shifting to Perennial Crops
Shifting from annual crops to perennial ones has great potential to reduce GHG emissions
(Eagle et al. 2012). Perennial crops are known to allocate more carbon (C) belowground than
annual ones, and hence ultimately sequester more C as soil organic carbon (SOC) and reduce
CO2 emissions (Smith et al. 2008, West & Post 2002). Carbon sequestration is further enhanced
in perennial crops since they grow for a greater portion of the year than annual ones. This in
turn leads to more evapotranspiration than annual crops, potentially drying soil and slowing
decomposition rates and leading to greater addition to SOC (Paustian et al. 2000). N2O
emissions are also lower in perennial grasslands than in cultivated land (Machefert et al. 1999,
Grant et al. 2004).
An alternative to completely transitioning from annual crops to perennial ones is adding annual
and short‐term perennial crops with greater economic value to a mixed cropping rotation.
Based on a review of several studies, Eagle et al. (2012) estimate that inclusion of perennials in
crop rotations reduces GHG emissions by 0.7 t CO2eq ha‐1 yr‐1 owing to lower fertilizer needs,
N2O emissions, and field operations.
Important perennial cropping systems in California include orchards, vineyards, alfalfa and
other grass hay, as well as rangelands and pastures. Orchards and vineyards account for 34% of

128

cropland in California, a much greater portion than the national average of 1% and one that
appears to be increasing, suggesting potential GHG mitigation as C is sequestered in woody
biomass (UCAIC 2009). Alfalfa and hay occupy another 23% of California cropland, bringing
the total land under perennial cropping systems to 57% of California cropland.
Nitrogen Fertilizer Management
Several factors may influence N2O flux from croplands, including nitrogen (N) management
and the availability of C and N along with soil type, temperature, water content, and oxygen
levels (Culman et al. 2014). Variability of these and other factors often results in emissions that
vary greatly over time and space, making quantification of N2O emissions difficult and
uncertain. N cycling is complex, and there are several pathways leading to N2O production.
Partial denitrification of nitrate to atmospheric N2 gas is thought to be the most common one,
occurring mostly in moist to saturated soils under anaerobic conditions, though nitrification in
aerobic environments may also be a significant source.
N fertilization rate is known to be an important factor in N2O flux (Bouwman et al. 2002, Burger
& Horwath 2012). The general understanding is that N2O flux increases linearly with increasing
N rate until available N exceeds crop requirements, at which point N2O flux may increase
substantially (McSwiney and Robertson 2005; Grant et al. 2006; van Groenigen et al. 2010). Yield
also tends to increase proportionally with N rate, eventually plateauing as crop N requirements
are met. Emissions can be reported as “yield‐scaled emissions” in order to better express the N
use efficiency of cropping systems and report emissions per unit output, which is valuable
when considering overall impact at the system level.
Burger and Horwath (2012) performed a two‐year study of the relationship between N rate and
N2O flux in California lettuce, tomato, and wheat fields (see Figure 32). Their findings, too,
suggest that yield and N2O flux generally increase with an increasing N rate, at which point
yield plateaus and N2O flux increases substantially (with some exceptions at high N rates).
Smart, Suddick, and Pritchard (2006) observed similar trends in a Napa County, CA, vineyard.
With N rates ranging from 0 to 44.9 kg ha‐1, N2O emissions increased from 14.88 to 40.3 kg
CO2eq ha‐1 yr‐1.
GHG emissions from fertilizer production and direct field emissions both vary by fertilizer
type. Table 52 shows production GHG estimates from Burger and Venterea (2011) and amount
sold in California between 2002 and 2007 (CDFA 2007). Switching to lower emission fertilizers
has potential to mitigate GHGs from croplands, though some crops require specific forms of
fertilizer.
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Figure 32: N2O emissions, emission factors (EF: portion of applied N emitted as N2O), yields, and
yield‐scaled emissions under lettuce, tomato, and wheat over two growing seasons in California.
Source: Burger and Horwath (2012).

Table 52: Estimated GHGs from fertilizer production and amount sold in California between 2002 and
2007 by fertilizer type. Source: Burger and Venterea (2011) and CDFA (2007).

Fertilizer Type

Production Emissions
-1

(kg CO2 -C kg N)

Metric tonnes sold in
California, 2002-2007

ammonia

0.53-0.77

146,000

urea

0.69-0.93

72,000

urea ammonium
nitrate

1.24-1.36

182,000

ammonium
nitrate

1.94
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Effect of fertilizer type on N2O emissions is more difficult to quantify. Burger and Venterea
(2011) compiled N2O emission values in corn fields from several studies (Table 53). Though
results were variable, the review found that field emissions for anhydrous ammonia tended to
be higher than for other N fertilizers. Comparative studies agree (Burton et al. 2008, Fujinuma et
al., 2011).
Table 53: Review of N2O emissions of major fertilizer types under different cropping regimes. Source:
Culman et al. (2014), adapted from Burger and Venterea (2011).

a Placement of anhydrous ammonia (AA) is always through injection, whereas other N fertilizers (UAN, Urea, CAN, CN, Aqua
Ammonia) can be applied by surface spraying, injection (Urea), and broadcast (Urea) methods.

I = injected; SS = surface sprayed; SB = surface banded; B = broadcast.

Timing of fertilization can play a role in N2O emissions. Plant N demand starts small in the
initial growth stage but increases as growth progresses (Eagle et al. 2012). In order to minimize
excess N in the soil that could be converted to N2O, N applications should be scaled according
to growth stage. N application depth may also be a factor dictating N2O emissions, but there is
no consensus on optimal depth among the few existing studies (Culman et al., 2014).
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Increasing N uptake efficiency can increase yield and decrease N loss as N2O emissions and
NO3‐ leaching. Methods of doing so include polymer‐coated fertilizers, nitrification inhibitors,
and urease inhibitors (Culman et al., 2014). No studies are available for California, but a review
by Akiyama et al. (2010) indicates that polymer coated fertilizer and nitrification inhibitors have
a greater potential to reduce N2O emissions (35% and 38% on average, respectively) than urease
inhibitors (10% on average).
Irrigation
As with fertilizer, irrigation results in GHG emissions from delivery (energy required for
pumping) as well as directly from the soil. For the former cause, a decrease in irrigation volume
and transport distance and gradient would decrease energy required and thus GHGs. Soil
emissions are related to soil wetting and drying. Though these periodic moisture changes may
have small effects on CO2 and CH4 dynamics, it mainly impacts N2O emissions by stimulating
denitrification (Appel, 1998; Fierer and Schimel 2002). Since furrow and flood irrigation
generally result in greater soil moisture extremes than low‐volume pressurized irrigation
systems (microsprinklers and surface and sub‐surface drip, Hanson and Bendixon 2000), a
reasonable hypothesis is that low‐volume systems reduce N2O emissions. Indeed, in a meta‐
study of data from Mediterranean climates, Aguilera et al. (2013) found emissions from
conventional irrigation systems to be higher than from drip irrigation, at 4.0 and 1.2 kg N2O‐N
ha‐1 yr‐1, respectively. Rain fed systems yielded only 0.4 kg N2O‐N ha‐1 yr‐1, but were less
productive.
Conservation Tillage
Conservation tillage is defined as a reduction or elimination (termed “no‐till”) of tilling
intensity. Reducing tillage results in a direct reduction of GHG emissions from fossil fuel
combustion. However, field emissions are more complicated and uncertain. Several studies
observed lower CO2 emissions in conservation tillage relative to conventional (see Culman et al.
2014). However, Angers and Eriksen‐Hamel (2008) did not observe any change. Most studies
reviewed by Abdalla et al. (2013) found that N2O emissions increased following a shift from
conventional to conservation tillage, possibly resulting from favorable denitrification conditions
created by soil compaction, though some studies observed a decrease. N2O emissions tend to be
higher immediately after conversion to conservation tillage and decrease over time, according
to Six et al.,( 2004). Little effect on CH4 emissions was observed.
Organic Soil Amendments
Organic soil amendments such as manure, compost, biosolids, and incorporated cover crops
have potential to reduce GHG emissions, as they have a longer residence time and may be less
likely to be lost as N2O than inorganic fertilizers. (This also reduces NO3 leaching.) In their
meta‐analysis of fields in Mediterranean climates, Aguilera et al. (2013) found that fields with
solid organic fertilizer yielded the lowest N2O fluxes—lower than synthetic, synthetic/organic
mixtures, liquid organic, and even untreated fields. Burger et al. (2005) also reported lower
emissions from an organic system than a conventional one. However, if the organic amendment
is incorporated cover crops, the growth stage may increase N2O emissions; for example,
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Kallenbach, Rolston, and Horwath (2010) found that presence of a winter leguminous cover
crop in a tomato cropping system increased N2O emissions by 1.69 kg CO2e ha‐1 yr‐1.

Conclusions
The two activities deemed by Culman et al. (2014) to have the most potential to mitigate GHG
emissions from California croplands are preservation of farmland and conversion from annual
to perennial crops. Expansion of biofuel feedstock production has the potential to support both
of these actions. It will provide more alternatives for the economic use of farmland, potentially
discouraging urban expansion with its correlated increased GHGs emissions. Though some
biofuel crops are annual (sugar beets, canola, Camelina, sweet sorghum, grain sorghum), others
are perennial grasses (Bermudagrass, tall wheat grass, sugarcane, energy cane) that have the
potential to reduce the GHG footprint of biofuel crop production.
Different conclusions about the consequences of crop production (or any biomass process) can
be made depending on the boundary conditions considered. Krueseman et al (1996) depicted
these differing levels in Figure 34. Producing feedstock crops in California affects all three levels
and may have different benefits and costs, changing the relative value of a project depending on
the scale at which it is evaluated. At the field level, each crop requires different levels of inputs,
and has different yields and consequences for soil quality and field level emissions. At the
individual field scale, several GHG reduction opportunities exist, especially to reduce N2O, the
most substantial of the three major GHGs. The most significant is the careful fertilization of
crops to more closely achieve maximum yield per unit of N applied, avoiding excess application
(Fig. 33). To the degree that these BMPs and others used on farms and accounted in LCA
analyses, they can help reduce the fuel CI of biofuels made from California grown feedstocks.
The LCFS encourages the use of these practices and provides a quantitative basis for their
assessment through LCA, and an economic incentive to adopt them. Under the assumption of
the use of BMPs for each crop, and under the assumption that crop production efficiency will
continue to improve, the further assumption of neutral effects from new crop adoption are well‐
justified.
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Figure 33: Summary or meta‐analysis of the relationship between N fertilizer surplus (amounts greater
than uptake), or deficiency applied to crops and N2O emissions (scaled by yield).
(a) is N2O emissions (b) per unit of yield. When crops are fertilized efficiently (equal to crop removal),
N2O emissions remain small, equal to the amount estimated by IPCC or approximately 1% of applied
fertilizer across a wide range of crops and sites. Van Groenigen et al., 2010.

Over time, most crop yields have continued to increase in California while inputs have
remained static or declined. Soil quality has been maintained or is improving, and regulations
affecting field practices, especially those reducing runoff to surface waters, have become more
strict and effective, among other developments (DeClerq and Singer, 2003; Kaffka, 2009; Alston
and Zilberman, 2003). The adoption of a new crop for any purpose represents an addition to
overall farm performance. In aggregate, more crop choices and financially viable farms
represent a policy level of agroecological scale benefit. The greatest threat to farm level
sustainability is uncertain water supplies due to policy changes and drought. No additional
water resources beyond what are currently used on average for agriculture are likely to
occurand land use will likely become more efficient. Farm‐level and regional effects on wildlife
are unlikely to be altered or degraded (Stoms et al., 2012a&b). At the social (policy) level, in‐
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state bioenergy production is consistent with the objectives of the state’s major GHG regulations
and other state and federal policies. In‐state job creation from bioenergy production is seen as a
policy level social good, especially favoring disadvantaged rural populations. Jobs in rural
communities also represent policy level outcomes that are beneficial to the state and contribute
to equity.

In‐state agricultural production is subject to stricter standards than in most other jurisdictions
and yields and RUE tends to be greater, so larger scale effects from agriculture are potentially
minimized by in‐state enterprises compared to those occurring elsewhere in general, where
regulation is less demanding and farming is less efficient. To the degree that low carbon
intensity ethanol and biodiesel are produced in California, its production may displace
imported ethanol from Brazil and other tropical locations producing sugarcane and palm oil use
for advanced (bio)diesel from Indonesia and Malaysia (Fig 35‐37). Both of these locations have
rainforests with high value biotic diversity and large amounts of terrestrial carbon stored in
ecosystems under pressure from land conversion. None of these concerns apply to the use of
existing farmland in California. Increased in‐state production of biodiesel also would have a
policy level effect of this type. The role of regulation and sustainability standards is considered
in Chapter 10.
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Figure 34: Differing boundary conditions influence conclusions about sustainability.
Green boxes are features of the agroecosystem directly related to land use and influence by BMPs.
Krusemann et al., (1996).

What we call a BMP depends on the boundary conditions
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Figure 35: Biodiesel and renewable diesel imports to the US and Canada have been stimulated by
federal and state regulations (LCFS) and have increase substantially in the last year.
The primary source is soy oil from Argentina, but other countries contribute as well, including Asian
sources of palm oil for renewable diesel45.

Figure 36: Palm oil planting and a palm oil plantation in Indonesia46.

45

http://www.eia.gov/todayinenergy/detail.cfm?id=16111&src=email

“Wide swaths of Indonesian rain forest have been clearcut in recent years to make way for palm oil
plantations. This particular bit of deforestation is located in a concession belonging to Persada. The palm
oil giant Wilmar sold Persada due to the companyʹs alleged involvement in land grabs. Some companies
in Indonesia have sought to distance themselves from the assault on villagers and the environment
perpetrated by many of their counterparts. But supply lines are anything but opaque and it seems likely
that major suppliers like Wilmar continue to get some of their product from companies that pursue
questionable practices.” Der Spiegel on‐line. May 2, 2014.
http://www.spiegel.de/international/world/indonesian‐villagers‐driven‐from‐villages‐in‐palm‐oil‐land‐
theft‐a‐967198.html
46
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Figure 37: Ethanol exports and imports for US. The US exports more ethanol to Brazil than it imports,
except for California, which uses 30% or more of all Brazilian sugarcane ethanol imports. (USDA‐
ERS)47

U.S. ethanol imports enter the country primarily on either the East Coast (PADD 1) or West Coast
(PADD 5). West Coast imports of ethanol averaged 30% of total U.S. imports. Despite the geographic
disadvantage of shipping Brazilian ethanol to the West Coast compared to other U.S. regions, imports
into PADD 5 continued to benefit from the advantage that sugarcane ethanol provides in meeting the
California LCFS. The California LCFS regulates the carbon intensity (CI) of gasoline and diesel fuels sold
in the state. Depending on the production process, Brazilian sugarcane ethanol has among the lowest CI
values of any fuels currently available for meeting the LCFS target.

47

http://www.eia.gov/todayinenergy/detail.cfm?id=16131&src=email
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CHAPTER 9:
Land Use Change and Issues Unique to California
Summary
Irrigated farmland in California declines due to the development for alternative uses, primarily
urban expansion, and more significantly from loss of water for irrigation due to water policy
changes and drought. Other seasonal changes include a tendency to allow land to remain fallow
in winter compared to summer. Crop shifting is a common occurrence in the state’s dynamic
farming systems as new crops are adopted and less profitable ones are abandoned. Over the last
decade, a substantial shift has occurred from annual crop production to perennials like nuts and
grapevines. Based on analyses of Pesticide Use Report data, within arable cropping systems,
between 5 and 10 percent of land (approximately 450K to 900K acres) is shifted annually in and
out of temporary fallow and into new crops of all kinds. Biomass feedstock crops would be part
of that activity. At the scale of biofuel feedstock production considered likely in this analysis,
the amount of land concerned is potentially equal to the lesser of those amounts. While some
crops are substituted, and some replaced, others may also be increased with the addition of a
new crop (Chapter 4). This is a result of complex interactions among crops, seasonality, resource
use and practical factors influencing farmers’ choices about what to plant. Indirect Land Use
Change (ILUC) is the term used to describe the effects of agricultural markets on land use
worldwide resulting from land diversion from current uses to bioenergy feedstock production.
This change cannot be measured directly but is inferred from complicated, global scale models.
The model used in California for this purpose lacks sufficient detail to measure the level and
types of changes identified and foreseen by this analysis. Complicating land change calculations
in California is the significant influence the loss of reliable irrigation water has on in‐state
production. An unknown but large number of acres, probably exceeding 500,000, will be idled
and an unknown but large amount of cropland also will be adversely affected by deficit
irrigation in 2014. If the drought and current policy framework persists, then even greater losses
will be observed in future years. Changes due to bioenergy feedstock production estimated to
occur here will affect land use and markets far less, suggesting that appropriate ILUC values
will not significantly influence fuel CI calculations.

Introduction
The factors included or left out of LCA calculations can lead to strikingly different assessments
about the value of biofuels. Similarly, the boundaries assumed for the calculation of life‐cycle
effects also influence results (Fig. 34). Another critical factor is the discount rate assumed to
apply to damage from GHG emissions from biofuel production (USEPA, 2009; CARB, 2009).
Most initial calculations about the GHG reduction benefits of biofuels were based on estimates
at the field boundary and the fuel manufactured from those fields. But Searchinger et al. (2008)
argued that previous LCA calculations showing positive GHG effects from the use of crop‐
based biofuels (Farrell et al, 2006) become significantly negative if indirect effects related to land
conversion are considered. Stated briefly, Searchinger et al.’s hypothesis was that using staple
commodities like corn or soybeans for biofuels in one part of the world will lead to an increased
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use of land in other parts of the world to replace the lost food crops. Converting forest land to
farm land in places like Brazil releases such large amounts of carbon from vegetation and SOM
to the atmosphere that the positive effects of crop‐based biofuel use on GHG reduction are
reversed. In effect, they argued that it is essential to broaden the boundary conditions of LCA
calculations about biofuel crop production beyond the field‐scale to include the entire
worldwide system of agricultural markets and use the global atmosphere as the system
boundary. They estimated that the use of corn ethanol would result in a net increase of 104 g
CO2eq per MJ of ethanol. This change resulted from including carbon loss from land conversion
in remote regions, called market‐mediated effects or indirect land use change (ILUC). More
recently, Liska et al. (2014), have challenged the reputed benefits of using corn stover as a
biofuel feedstock on the basis that its use reduces the storage of carbon in soils resulting from its
in situ decomposition.
Adopting this argument, but using a more appropriate set of methods, staff at CARB reduced
Searchinger, et al.’s (2008) estimate of ILUC carbon losses substantially to 30 g CO2eq per MJ
(CARB, 2009). In 2014, CARB proposed a yet lower value of 24 g CO2eq per MJ. Other recent
estimates lower it further (See Fig. 30). Adding that value to CARB’s estimate for the generic life
cycle CO2eq costs for corn ethanol, however, makes most corn ethanol nearly equivalent to
gasoline in its GHG effects on the atmosphere, rendering it useless in helping fuel blenders to
meet the LCFS 2020 goal of 10 % lower GHG emissions from transportation fuels, so long as the
amount of ethanol in gasoline is limited to 10%. The use of cropland is the key issue. Any crop
based biofuel will be assessed with additional carbon GHG costs. The federal RFS specifically
allows for corn ethanol use in the national standard (USEPA, 2009), but most corn ethanol
eventually will not be of use in California.
The method chosen by CARB to assess the indirect or market‐mediated effects of corn ethanol
and other crop‐based biofuels is based on the use of the Global Trade Analysis Project48 (GTAP)
model. The GTAP model, a Computable Global Equilibrium (CGE) model developed at Purdue
University, is used in California’s LCFS to estimate this indirect carbon cost by inferring land‐
use change elsewhere in the United States and internationally. GTAP uses data on land values
and crop production from around the world, together with estimates of most significant
international economic sectors, to analyze world food markets subjected to pressure from the
use of corn for ethanol in the United States, or other crop uses for fuel. All other factors are held
constant. One of the mechanisms for market adjustment required by the model structurally
when crop production in the United States is altered is change in land allocated for crop
production. These estimates of land use inferred from the GTAP CGE model are combined with
estimates of the carbon content of terrestrial biomass and soil carbon on affected acres to
estimate carbon losses from changes in land use. The attribution of indirect effects has not been
attempted in any regulatory mechanism before the LCFS and RFS and is difficult to apply. The
EU to date has refrained from adopting ILUC values in its alternative fuel regulations.
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https://www.gtap.agecon.purdue.edu/default.asp
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The use of GTAP for this purpose has been criticized. Critics think that the decision to use
GTAP to infer ILUC effects was identical to a decision to bias the LCFS against crop‐based
biofuels, that the model is being used inappropriately and does not accurately estimate ILUC in
the real world, (Liska and Perin, 2009; Kline et al., 2009; Babcock, 2009), that it does not account
for new technologies and is unbalanced in its treatment of them (Kim et al., 2009), that it fails to
predict accurately even induced land‐use change in the United States (Babcock, 2009; Glauber,
2009; Mueller et al., 2009), and that it is poor policy for agencies to pick preferred technologies
rather than allow the best fuels to emerge over time, especially at early stages in the
development of biomass‐based fuels. Additional problems arise with the interpretation of land
use, even in California. A record of this vigorous and interesting debate is available at the CARB
website49.
For example, currently, due to drought and regulatory policies, nearly five hundred thousand
acres of farmland are idle in California, particularly in the San Joaquin Valley. Idling of this
land, logically, has effects on land use elsewhere in ways similar to those if it had it been used
for biofuel feedstock production, because it has been withdrawn from food production just the
same. This raises interesting regulatory considerations. If that land were to be brought back into
production once irrigation water becomes available, would its use for biofuel feedstock be
assessed for indirect land use changes that may have already occurred when it was first idled?
For example, USEPA discounts land use effects from the production of Camelina in the Pacific
Northwest on lands they assert otherwise would have been fallow or used less intensively
(EPA, 2013).

Farmland Use is Highly Dependent on the Amount of Irrigation Water
Available
California is subject to periodic droughts. Especially in recent years, these droughts have
resulted in reduced irrigation water deliveries to agriculture, especially south of the Delta. In
addition, environmental litigation sometimes has affected water deliveries for farming and
other uses. As a consequence, farmers idle some of their land, especially land used for annual
and short‐term perennial crops. This is the land evaluated here for biofuel feedstock production.
These changing land use patterns make it difficult in California to determine what constitutes a
baseline land use pattern. The regional cropping systems identified in our analysis and used to
test crop adoption thresholds reflect longer term average behavior. But these patterns depend
on the assumption that water will be available in the future at levels similar to the past. This
may not be a reliable assumption. But to evaluate land use change using CGE models in the
way chosen by CARB for the LCFS, requires that crop substitution be estimated. This is done
above using the BCAM model (Chapter 4). Nonetheless, actual crop displacement is likely far
more subject to water supplies and natural and political factors affecting water supply than
actual crop competition.

49

http://www.arb.ca.gov/fuels/lcfs/lcfscomm.htm
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Additionally, changing land use is subject to economic forces and decisions made elsewhere in
the world, some of which are political in character. The decline in the production of cotton in
California is an example of these influences (Fig. 40). At one time, as many as 1.5 million acres
of land were used for cotton, an industrial crop. Evaluating ILUC for cropland in California is
made all the more difficult by the fact that the GTAP model does not currently include
California’s farmland and specialty crops in sufficient detail in its estimates of market‐mediated
effects. A small amount of land allocation to industrial crops in California is a case of business
as usual. As a consequence, there is little reason to consider that at the modest levels of biofuel
feedstock adoption considered here, there is any reason to regard such adoption as having
significant or predictable effects on land change elsewhere in the world.
Figure 38: A recent estimate is that at least 410,000 acres in California’s central valley will receive no
irrigation water this year, and other acres will be under‐irrigated50.
Additional emergency curtailments of surface water rights are occurring and are not accounted fully at
the time of this report. Photo: NY Times.

Changes in Annual Field Crop Acres in California
Changing Land Use Patterns
Crop shifting is common in California. The BCAM model is conservative in that only 90 to 95%
of conventional land use is represented (Appendix B). With low levels of adoption, land that is
often idle or subject to change in that category may be sufficient in some areas to sustain a
bioenergy enterprise. Farmers follow no rigid crop rotation pattern for the most part. California
is not an important commodity export source except for specialty crops. In most cases these are
non‐essential foods and there exists strong social movements to increase local production,
50

http://www.nytimes.com/2014/04/21/business/energy‐environment/californias‐thirsting‐
farmland.html?src=twr
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including year‐round production, of many horticultural crops close to where they are
consumed rather than relying on California as a source.
Figure 39: Changes in corn acres in California. There has been a shift from corn grain production to
corn silage production to support dairy systems.

Figure 40: Changes in cotton acres in California. Cotton acres in California have declined since the
1980s due to international market forces. Cotton, an industrial crop, once dominated land use in the
San Joaquin Valley.
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Figure 41: Changes in wheat in California. Wheat acres have declined from historic highs since the
1980s but have remained steady at about 400,000 acres since that time. Some of these acres are from
non‐irrigated (dry‐farmed) fields in coastal and valley foothills.
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Figure 42: Changes in dry bean acres have declined in California. As a summer crop, they require and
use water less efficiently than winter crops like wheat, canola, and Camelina.
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Figure 43: Changes in land allocation by crop type in California. Non‐cultivated lands are devoted to
trees and vines, primarily. (USDA/NRCS, 2009)
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Besides responding to economic factors, land use in California also responds to variation in
rainfall patterns, especially drought, and to legal developments affecting the operation of the
state’s and the federal water infrastructure projects. Substantial amounts of land in California
are idle in 2014 because of the combined effects of regulatory decisions about water allocation
and drought. But fallowing of productive land has been occurring for several years due to these
influences. In future years, the economic effects of forced fallowing of California farmland, if
any, will already have been integrated into global markets. In that sense, any land planted
following fallow periods due to policy and drought contributes to new crop production on
existing land and reduces pressure to use land elsewhere to make up for shortfalls from
California.
Another common pattern observed in California agriculture is the tendency for reduced land
use in winter periods compared to summer, despite a year‐round growing season (Fig. 44). This
is due to fewer crop choices in winter and higher levels of productivity during summer’s longer
days. Nonetheless, there is opportunity to more fully utilize slack production periods in winter
in the Central Valley with crops like winter annual oilseeds and energy beets, for example.
DeCiccio (2013) has argued that to be useful as a strategy, bioenergy must absorb additional
CO2 from the atmosphere, compared to average levels of atmospheric removal by crops,
pastures and forests. Increased use of slack periods in crop rotations, and enhanced overall RUE
at both the crop and cropping system level address to a significant extent the carbon accounting
issue raised by DeCiccio.
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Figure 44: Inter‐annual variations of summer/winter Normalized Difference Vegetation Index (NDVI)
derived from Landsat images in San Joaquin Valley region.
a) The study area is defined as the jointed 50‐mile buffer area from Hanford and UCWSREC; b) Lines
indicates the median NDVI values during summer period fluctuating among years, and points indicate
lower NDVI values during selected winters (winter images are not available in most years due to ground
fog; c) and d) NDVI map in 2010 overlapped with cropping area derived from California Pesticide Use
Report (PUR) data. Source: NASA Landsat Program, 2013, Landsat TM+
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CHAPTER 10:
Sustainability Standards and Methods for California’s
Low Carbon Fuel Standard and ARFVTP Program
Summary
Most simply, concern for sustainability addresses resources and institutions that individuals
and society as a whole identify as valuable. It involves judgments about how best to preserve
those resources and institutions. It is an attribute that everyone hopes applies to all valued
aspects of the natural environment and human society. Since public concerns vary with time,
what is considered sustainable similarly varies. This makes sustainability difficult to define and
problematic as regulatory concept. In agriculture, resource use efficiency (RUE) is the key
feature of bioenergy feedstock production. Increasing levels of sustainable production using the
same (or even diminishing) levels of resources is an estimated feature of sustainable feedstock
production. This pattern characterizes modern agriculture and is further supported by the
LCFS, which rewards fuels made from feedstocks produced using the most efficient farming
practices and cropping systems. Other issues associated with sustainability involve economic
benefits and their distribution, and effects on emissions from farming systems like soil erosion,
maintenance of productive capacity (soil quality), species invasiveness, and effects on wildlife.
All these were considered here and found to be sustainable characteristics of anticipated
bioenergy feedstock production in California. California has the most advanced regulatory
programs in the world focused on landscape protection. These statues, regulations, public
advisory processes, incentive and enforcement programs reflect the state’s consensus on what is
important to protect in environmental and social areas and are characterized by political
legitimacy. In a broad sense, the production of bioenergy feedstocks already fits the general
descriptions of sustainable activities found in most of these standards.

What Does Sustainability Mean?
Integrated assessment must address the broader social objective referred to as sustainability. In
its most simple formulation, sustainability concerns resources and institutions that individuals
and society as a whole identify as valuable and determinations about how best to preserve
those resources and institutions. It is an attribute that everyone hopes applies to all valued
aspects of the natural environment and human society. Since public concerns vary with time,
what is considered sustainable similarly varies. This makes sustainability difficult to define and
problematic as a regulatory concept. Starting in 1973 and for about a decade afterward, there
was widespread discussion about energy use efficiency in agriculture and whether such energy
use was sustainable (Stanhill, 1984). Since that time, discussions of agricultural sustainability
have focused more on soil quality, pesticide use, the relative benefits or disadvantages of
organic farming, and the social aspects of farming (Francis et al, 2007). Policies to use crops as
feedstocks for biofuels add fossil energy use efficiency and concern for direct and indirect
effects on the natural world to the list of concerns included in the term sustainability. New state
laws like AB32 and AB 118 include requirements to address and ensure sustainability. The
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Biomass Roadmap created by the CBC51 and used to guide the development of biomass energy
in California makes the sustainable development of such sources a primary objective. The
federal Renewable Fuel Standard (RFS) includes sustainability concerns through specified
minimum levels of lifecycle GHG emission reductions for diverse types of biofuels, the
requirement to account for ILUC, a limit on the use of federal forest land for biomass, an overall
limit on land that can be used for agricultural feedstock production, and through a requirement
to have the National Academy of Sciences assess environmental and social issues associated
with the RFS, satisfied in part by a National Research Council Report (Lave et al., 2011; USEPA,
2009). California’s low carbon fuel standard (LCFS) also mandates reductions in lifecycle GHG
emissions through changes in the carbon intensity of fuels and includes a requirement for some
type of sustainability standard. California also has created and funded the state’s Alternative
Fuel and Vehicle Technology Program (AB118)52 and invested more than $100 M to date in new
fuels, vehicles and related infrastructure53. The ARFVTP has a set of sustainability guidelines
(discussed below).

The Importance of Efficiency for Agricultural Sustainability
Kaffka (2009) addressed the potential for the agricultural derived biomass produced in
California to support for biofuels production in California. In brief, the sustainable use of crops
for biofuels will depend primarily on ever‐increasing efficiency in crop production and
improving returns to the use of all energy‐containing inputs in farming systems (Figure 45).
Without this, there is no reasonable basis for using crops for biofuels. Similarly, adequate
supplies of irrigation water are necessary for any crop production in California, including
biofuel crops.
Figure 45: Sustainability classification for farming systems (Monteith, 1990).
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Consistent with this understanding, sustainability standards must include the measurement
and evaluation of trends in important biophysical characteristics of farming systems. Properly
conceived and constructed standards should allow and encourage, not inhibit, innovation that
leads to increasing RUE while seeking the least environmental perturbation necessary to
achieve energy production objectives. A means of valuing and assessing sometimes
incommensurable 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. Creating sustainability standards and guidelines that
embody these characteristics is a significant policy challenge.
This challenge is simplified, however, because the LCFS rewards economically the most
efficiently produced biomass feedstocks through the calculation of fuel carbon intensity based
on LCA. Fuels with a lower CI are worth more in the market. Also, to a substantial degree,
existing statues, regulations and regulatory processes in California already embody advanced
sustainability standards safeguarding managed and natural landscapes, and include the
procedural qualities like expert consultation and public participation thought essential for
sustainability standards by all observers (Graedel, et al., 2013). This discussion focuses on what
is needed to develop robust sustainability standards for the LCFS, and emphasizes agricultural
feedstocks, though the principles apply across all sources of biomass.
In thinking about the practical meaning of agricultural sustainability, it is prudent to start
simply and proceed cautiously when adding additional criteria to a definition of sustainability,
and to any standards based on it. One of the simplest, yet most relevant ways to evaluate
agricultural sustainability was suggested by Montieth (1990) (Fig. 45). Montieth’s framework is
useful because it emphasizes RUE, the most fundamental concern when thinking about
agriculture as a source of transportation fuels or other forms of energy. The sustainability ideal
in Figure 45 is a farming enterprise or system that creates ever greater outputs for ever‐
decreasing inputs on a per unit product basis. Unsustainable systems are those that require
increasing inputs for decreasing outputs. It would be especially unwise to use agricultural
biomass for energy production if more energy were consumed in the process than is recovered
(Schmer et al 2008; Cassman et al., 2007; Farrel et al., 2006; Hammerschlag, 2006). In the long‐
term, it seems apparent that agricultural systems that are increasingly efficient over time will
not be achievable if resource quality is declining in significant ways, and that decreasingly
efficient systems will be degrading their resource base. Correlated to increasing RUE is a decline
in cost per unit product, an essential outcome if biofuels made from crops and crop residues are
to be affordable.
Research to support increasing agricultural efficiency, including new technologies like precision
agriculture (Williams et al., 2008; Kaffka et al., 2006; Kitchen et al., 2005; Lerch et al., 2005) and
reduced tillage (Mitchell et al., http://casi.ucanr.edu/ ), remains essential to sustaining
agriculture (Wang et al., 2012; Alston and Zilberman, 2003; Cassman et al., 2003) and reducing
GHG emissions from agriculture (Lindquist et al., 2011; van Groeningen et al., 2010). In part
because of research, entrepreneurial creativity and variation in production conditions, biofuel
production has potential in California. Still, it remains challenging to achieve both efficient and
low polluting cropping systems because high rates of throughput (intensification) tend to be
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more damaging locally, even if large‐scale RUE is enhanced (De Wit 1992; Giampietro, 2004).
Reconciling these issues remains an important challenge for the agricultural sciences and for the
formation of public policy like sustainability criteria. To the extent that adoption of a bioenergy
crop can improve overall farming system efficiency, it advances the sustainability of agriculture
in California. It is incumbent upon crop‐based biofuel businesses to demonstrate such overall
improvement in cropping systems.
An alternative approach to the view that bioenergy feedstock crops are competitors with food
crops is to assess whether they help improve the agronomic sustainability of current cropping
systems, farm profitability, and other concerns about agriculture. Biofuel feedstock crops can
serve useful roles in California in rotation with other more valuable horticultural crops.
Safflower, an oilseed crop produced in California, for example (Kaffka and Kearney, 1998)
illustrates how potential biofuel crops can have multiple benefits. It may be the deepest rooting
annual crop and this characteristic allows farmers to use residual water stored in well‐drained
soil profiles resulting from winter rainfall or the previous season’s irrigations, and to recover N
fertilizer from soils at greater depth 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 irrigated
(partially) with saline water (Bassil and Kaffka, 2002a, b). In rotation with higher value
horticultural crops that are not as efficient, it has a role to remediate some of the environmental
effects of intensive agriculture and capturing water and fertilizer resources left behind by these
crops. Since N fertilizer is usually the most energy‐intensive input in crop production, this in
turn improves the potential energetic efficiency of biodiesel made from safflower. To the degree
that other biofuel feedstock crops have these traits, their inclusion in cropping systems will
improve the sustainability of farming and RUE of cropping systems. Efficiencies of this sort are
difficult to recognize and capture in large‐scale surveys of costs and benefits (Zah et al., 2008).
More generally, diversifying cropping systems generally provides a number of agronomic and
economic benefits. Since there is constant pressure for farms to specialize in modern agriculture
(De Wit, 1992), biofuel crops may provide economic incentives to capture the positive
agronomic benefits from more diverse cropping systems. The BCAM model provides a
framework for quantifying crop rotation effects of this sort.
Fuglie et al. (2012) have created broad scale estimates for increased productivity in agriculture
and its causes (Fig. 46 and 47). This is consistent with the analysis and predictions of de Wit
(1992). California is the most productive agricultural state in terms of income (Johnston and
McCala, 2004). This is due to the ability of farmers to produce a diversity of high value crops,
but it also results from a nearly year‐round, frost free growing season, high levels of solar
radiation, good soils, the ability to irrigate (largely avoiding yield losses to crop water stress), to
manage pests and diseases, and high yields. In the absence of water and nutrient stress, crop
yield is limited primarily by solar radiation and tends to be more consistent than in rain‐fed
agriculture locations. Because yields are high, efficiency also can be greater than in other
locations. Over the 1950 to 1990 period, many crops in California were produced with
increasing returns to inputs as overall production technology has improved. Over that period,
productivity of field crops was estimated to increase by a factor of 2.4 while inputs increased by
only approximately 0.6. This increase was primarily due to technological change than to an
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increase in inputs, though both occurred. However, the rate of increase in crop productivity
during the 1990 to 2002 period fell to half that rate for most crops as it did elsewhere in the
United States (Alston and Zilberman, 2003).
Figure 46: From Fuglie et al., 2013 via USDA‐ERS. http://www.ers.usda.gov/amber‐waves/2012‐
september/global‐agriculture.aspx#.U2ezX7Hn8uU
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Figure 47: While growth in total factor productivity has increased worldwide, it has varied between
and within countries.
Californiaʹs increased conversion of land to lower productivity crops like nuts and vines reduced the
potential for productivity increases seen in arable crops worldwide54. Some field crop additions would
likely increase this rate once again.

Landscape Scale Management and Biofuels
An additional way to think about efficiency comes from considering potential biofuel crops at
the landscape scale, where energy crops may help manage environmental problems (Dale et al.,
2012). Salts and salt disposal are a problem in all regions of the world with semi‐arid climates
where irrigation is used. In California, salinity is a particular problem in the western San
Joaquin Valley (WSJV) where naturally occurring salts and trace elements like Se are mobilized
and concentrated by irrigation practices (Stapelton and Banuelos, 2009). Some fields in the

In the United States, productivity growth is moderately strong in the Corn Belt and Lake States but low
in the Plains States, Appalachia, and major horticultural States of California and Florida.
http://www.ers.usda.gov/amber‐waves/2012‐september/global‐agriculture.aspx#.U2ezX7Hn8uU
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region have been retired due to salt accumulation and a lack of sufficient water or drainage
options to sustain crop production. In addition to the retirement of land, salinity from irrigation
on better locations produces salts which find their way to underlying aquifers (Schoups et al.
2006; Deverel and Millford, 1988). It would be better to intercept a portion of this saline
drainage water. Some crops are capable of growing on salt‐affected land or can use lower
quality water sources without loss of yield. Several perennial forage grasses in particular are
salt tolerant and easy to manage (Alonso et al., 2014; Grattan et al. 2014; Corwin, 2014).
Various species have been suggested as good sources for cellulosic material for biofuel
production. Among the grasses, switchgrass is the most commonly mentioned species in the
United States (Schmer et al 2008; Hill et al 2006), but it is not known to be especially salt
tolerant. It is indigenous to large regions in the plains states and is used on conservation reserve
lands that have uneconomic yields of annual crops or are too erosive. Being perennial, it does
not require annual tillage and planting. It survives dry years. But climate in that part of the US
is highly variable, adding uncertainty about the supply of switchgrass in dry years and
increasing transport distances during such years to factories set up for its use. Salt tolerance
would increase the likelihood of use of perennial grasses in California, especially on marginal
lands.

Existing Relevant Statutes, Regulations, and Advisory Processes
Focused on Sustainability
Mention is made in the Goals and Criteria of the ARFVTP of production practices and
standards, some of which may arise from the work of self‐appointed and independent bodies
like non‐governmental agencies or businesses. Rather than adopt existing third party standards
and certification procedures as part of the sustainability requirements for the LCFS and
ARFVTP, it would be more valuable if the Commission and CARB used this requirement as an
opportunity to review the many relevant existing or pending statutes and regulations, affecting
the work of the diverse resource agencies already charged with managing the environment of
California. This effort is consistent with the intent of all the state’s recent governors, including
Governor Brown, who collectively have called for greater policy integration and better
coordination of government to achieve agreed public goods55. It also conforms with a central
concept of sustainability identified by Graedel et al. (2013), that federal (and state) resource
agencies should integrate their regulatory and rule‐making efforts to support a more
comprehensive approach to sustainability at the federal level.
California has created and continues to support an advanced public policy process focused on
most economic and social activities directly affecting the state’s natural resources. Current
regulatory standards collectively reflect the outcome of legislative and executive agency
Governor Brown has made an on‐going effort to streamline government and make it more effective:
http://gov.ca.gov/docs/Cover_Letter_and_Summary.pdf . An example of efforts to improve efficiency by
reducing unnecessary reporting requirements is a recent executive order (B‐14‐11):
http://gov.ca.gov/news.php?id=17495
55
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activities, and many have been tested by courts. Many California statutes and regulations
currently are characterized by strict prohibitions, quantitative limits on many emissions to air,
land, and surface56 and ground water. Enforcement provisions exist. Associated penalties
include financial and criminal liability57. Concern for adequate public participation and effective
process also is included in the notion of sustainability. CARB’s LCFS sustainability advisory
group is an example, but there are many others. Public hearings are used to evaluate most if not
all significant regulations adopted in the state. There are strong transparency protections
embodied in law58. Collectively, these reflect and result in the broadest sense, in a level of social
agreement about how natural resources should be conserved or used to advance public welfare.
There are a number of programs that focus particularly on agriculture that are relevant to the
issues of sustainability and are consistent with and usually exceed the requirements found in
third party standards. The state’s Irrigated Lands Regulatory Program (ILRP) regulates
discharges from irrigated agricultural lands59. Its purpose is to prevent agricultural discharges
from impairing the waters that receive discharges. To protect these waters, regional water
boards have issued conditional waivers of waste discharge requirements to growers that
contain conditions requiring water quality monitoring of receiving waters and corrective
actions when impairments are found60. Watershed coalitions are required to monitor water
quality at strategic locations, report exceedances of standards, and address upstream practices
leading to those exceedances. Continued violations are subject to fines and potential civil
liability. Watershed groups are organized around compliance and problem solving and
obviously involve the participation of the affected parties directly.
In addition, the State Water Resources Board carries out a series of publicly accessible rule
making activities focused on sub‐regional regulation of specific practices or materials like the
use of specific pesticides (chlorpyrifos plan)61. Most recently, a rule making activity to regulate
the use of fertilizer amendments has been initiated.
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http://www.waterboards.ca.gov/centralvalley/board_decisions/adopted_orders/index.shtml#r520120116
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http://www.waterboards.ca.gov/centralvalley/water_issues/irrigated_lands/compliance_outreach_activiti
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http://oag.ca.gov/government
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http://www.waterboards.ca.gov/centralvalley/water_issues/irrigated_lands/management_plans_reviews
/coalitions/east_sanjoaquin_waterquality/index.shtml
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A related program is the Central Valley Salts program62. In 2006, the Central Valley Water
Board, the State Water Board, and stakeholders began a joint effort to address salinity and
nitrate problems in California’s Central Valley and adopt long‐term solutions that will lead to
enhanced water quality and economic sustainability. Central Valley Salinity Alternatives for
Long‐Term Sustainability (CV‐SALTS) is a collaborative basin planning effort aimed at
developing and implementing a comprehensive salinity and nitrate management program. In
July 2008, the Central Valley Salinity Coalition (CVSC) was formed. CVSC represents
stakeholder groups working with the Board in the CV‐SALTS effort. Its purpose is to organize,
facilitate and fund efforts needed to fulfill the goals of CV‐SALTS. CVSC coordinates the
meetings of the CV‐SALTS committees, maintains an independent web site, and manages the
projects originating from this effort63.
The California Department of Food and Agriculture (CDFA) supports the Fertilizer Research
and Education Program (FRAP)64. FRAP funds research to advance the environmentally safe,
agronomically sound use of fertilizing materials. This program supports research on ways to
improve fertilizer use efficiency across a range of crops in the state, and ways to reduce the
harmful effects of fertilizer use where they occur.
The California Department of Pesticide Regulation awards grants to reduce pesticide risks in
neighborhoods, schools, and farm fields across the state. DPRʹs Pest Management Alliance
program65 encourages industry‐wide innovations that benefit workers, consumers, and the
environment. Integrated Pest Management works with nature to minimize pests, nurture
beneficial organisms, and promote least‐toxic pest control. The program focuses on reduced risk
pest management strategies. Since 1996, more than 200 projects have received support. These
projects by their nature involve self‐assembled coalitions focused on local or regional
management issues with the goal of reducing the use and improving the management of the
most damaging pesticides over time.
Also, in the area of pest management, besides state programs, the University of California
maintains the Integrated Pest Management Program66 which has long been a model for the rest
of the world.
California also has a number of programs to support the better integration of wildlife with
agricultural lands. Most of these are voluntary and are operated by the state’s Wildlife
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http://www.waterboards.ca.gov/centralvalley/water_issues/salinity/

63

www.cvsalinity.org.\

64

http://www.cdfa.ca.gov/is/ffldrs/frep/index.html

65

http://www.cdpr.ca.gov/docs/pestmgt/grants/alliance/

66

http://www.ipm.ucdavis.edu/
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Conservation Board.67 These include (from the website) programs for habitat restoration and
enhancement of water corridors, streams, ditches, canals, tail water and return basins and
ponds on agricultural lands, vegetated filter strips, hedgerows and other wildlife buffers,
development of wetland areas, riparian and floodplain restoration, fencing to protect and
enhance native habitats, restoration and enhancement of native grasslands, agricultural habitat
management activities that provide significant environmental co‐benefits including water
quality improvements, greenhouse gas reduction. Support for projects is awarded through a
public advisory process. The impending Bay/Delta Conservation plan is another example of a
multi‐year effort to address critical but difficult water supply and management issues in
California, including wildlife and fisheries habitat68.
These programs and others not included here are models for regulatory action and public
participation with significant consequences for improving the environmental performance of
agricultural systems within the state. Collectively they match or may exceed all current third
party standards and requirements. What is not addressed currently in law or regulation in
California nonetheless has a high probability of being addressed in the future, even in the
absence of the LCFS and its requirement for sustainability standards, based on past and current
precedent.

ARFVTP (AB118) Sustainability Goals and Evaluation Criteria
The Commission has established sustainability goals to guide awards made under the ARFVTP
(AB 118) program69. These include goals, a weighting scheme and some specific examples. The
goals are:
1) the substantial reduction of greenhouse gas emissions associated with California’s
transportation system to help meet California’s 2020 and 2050 targets as defined in
Health and Safety Code Section 38550 and the Governor’s Executive Order S‐03‐05.
(2) to protect the environment, including all natural resources, from the effects of
alternative and renewable fuel development and promote the superior environmental
performance of alternative and renewable fuels, infrastructure and vehicle technologies.
(3) to enhance market and public acceptance of sustainably produced alternative and
renewable fuels by developing, promoting, and creating incentives for the production of
such fuels in accordance with certified sustainable production practices and standards as
established by government agencies, academic institutions, and non‐governmental
organizations.
https://www.wcb.ca.gov/Programs/AgriculturalLands/ProjectExamples.aspx ;
https://www.wcb.ca.gov/Programs/AgriculturalLands/ProjectCriteria.aspx
67
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http://baydeltaconservationplan.com/Home.aspx

http://www.energy.ca.gov/ab118/documents/2009‐04‐09_meeting/2009‐04‐
09_AB_118_SUSTAINABILITY_GOALS_AND_EVALUATION_CRITERIA.PDF
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Preference is given to proposed projects that help meet the state’s climate change policy goals,
including the LCFS. These include significant reductions in GHG emissions per MJ of
alternative fuel produced, compared to the petroleum baseline, superior environmental
performance (defined using terms drawn from ecological science)70.
Specifically for purpose grown crops for biofuel feedstocks, these criteria include:
1) Development and implementation of a sustainability best management practices plan
developed by institutions such as the University of California at Davis,
2) Use of lands historically used for agricultural purposes,
3) Use of marginal crop lands that are not used for food crops and that do not displace
or disrupt cropping patterns for food production, and
4) Use of crops uniquely suited to climate, water and natural resource constraints in
California and the arid west that require less irrigation water than commonly produced
agricultural commodities.71
These goals and criteria require careful consideration to be of use in guiding the development of
crop‐based bioenergy feedstock production in the state. Used rigidly, or interpreted without an
understanding of the nature of modern agriculture, they simply inhibit all prospects for crop‐
based biofuels produced within the state. When used for guidance rather than prohibition, they
can be useful aids in project evaluation. But all these goals and criteria cannot be achieved
equally in any instance and in some cases are contradictory. Since agriculture is multi‐
functional from both social and landscape perspectives (Chapter 1), best management practices
(BMPs) can be defined as those which allow farmers to achieve the largest set of social and
environmental benefits consistent with the clearly expressed preferences of society in statutes,
regulations and other sets of guidancee adopted by legislatures and regulatory bodies. BMPs
will change with time and are strongly influenced by dynamic economic conditions, the
adoption of new technology, resource availability like water for irrigation, and ever‐evolving
law and regulation. Particular practices cannot be specified in any but qualitative statements.
The key characteristic of a useful requirement for BMP’s is the recognition that they are
dynamic in character. A sustainability standard must encourage adaptability, which requires
learning.
The LCFS supports this uniquely compared to the RFS and European standards by
incentivizing RUE in feedstock production. The most efficient use of resources results in the
lowest use of energy embodying inputs per unit of biomass and fuel produced. This is achieved

The commission will fund projects that best demonstrate and implement practices that preserve
ecosystem integrity, protect and enhance the resiliency of natural ecosystems, and respect the physical
carrying capacity limits of natural systems at the local, regional, and global scale. (page 19). ibid.
70

71

Ibid.
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in agriculture for the most part through intensification and the use of the best farmland. Hill et
al (2006), writing about the possibility of perennial grass production in the prairie states,
suggested that biomass feedstocks should be produced on land of low agricultural value and
with low inputs. Such lands, however, will have low yields, and it is not possible to sustain the
yield of any crop without eventually replacing nutrients harvested in the crop. Crop response to
nutrients on poor quality land is not well understood, easy to manage, or efficient (DeWit, 1992;
Cassman et al., 2003). Efficiency is important because among other things, it takes energy to
produce crops for energy use. The larger the difference between the energy used for feedstock
production and the energy returned from the feedstock, the greater the potential benefits from
the use of that feedstock. Since land use is one of the critical issues affecting the determination
of sustainability as well as greenhouse gas (GHG) intensity, high energy yield per acre of
cropland is an important consideration (Liska and Cassman, 2008). Lastly, acquiring crops and
residues from fewer acres at high efficiency allows for other lands to be used for conservation
purposes and natural systems, like forests, which may also accumulate significant amounts of
carbon (Robertson et al., 2000). This lowers the ecological footprint of agriculture and results in
reduced GHG emissions from agriculture in general (Burney et al., 2010). Since the productivity
of farming and agricultural RUE in California is superior to most other locations in the world,
and since many uniquely valuable crops are produced, sustaining healthy agricultural systems
in California has important conservation value and GHG implications for the rest of the world.
If the production of crops for bioenergy improves the overall performance of cropping systems
in the state, then this practice will contribute to sustainability with useful local and international
consequences.
De Wit (1992) explained the phenomenon of increasing returns to total factor productivity in
agriculture generally by describing a “law of the minimum,” operating due to diverse,
complimentary technological improvements and retirement of poorer quality lands as
productivity increased on better quality land. Under these conditions, when yields are high,
crops still respond to an increase in the most limiting factor just as efficiently as when yields are
lower. Some farmland becomes marginal if climate becomes limiting, soil physical or chemical
conditions limit productivity to insufficiently high levels, or if additional inputs are unavailable.
But lands may become marginal elsewhere, outside California where climate conditions or
other factors necessary for farming are less favorable, particularly for specialty crops with
unusual climate requirements. This spares land for other purposes elsewhere. Because of this
general condition of improving efficiency over time that characterizes modern agriculture
(Fuglie et al., 2012; Fig. 46), and because of favorable soils, climate and the availability of
irrigation water, crop production in California has clear ecological benefits with respect to
efficient natural resource use. Feedstock production for biofuels will tend to be more efficient
per unit yield in California than in many other locations, especially rain fed ones where drought
can occur (Kaffka, 2009). There is a well‐documented history of improving RUE over time for
crop production in California, reviewed in Kaffka (2009). If crops or crop residues are used for
bioenergy in California, it will be because they can be produced more efficiently under the
state’s agroecological conditions than elsewhere. In this sense, particular biofuel feedstock crops
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may be better suited (rather than uniquely suited) to California’s exceptional agroecological
conditions than elsewhere72.
An essential concept for sustainability standards to recognize and include is that progress in
agriculture is incremental. Even important new technologies are only adopted over time, and
change in farming practices and farming systems is constrained by a wide range of economic,
social and agro‐ecological factors. So the sustainability requirement in AB 118 standards, or
more accurately the desire that biomass energy feedstock production result in farming practices
that are “much better than average,” is problematic with respect to the reality of change in
agriculture, and unrelated to the observed character of change. It also includes terms that are
prone to subjective interpretation.
Since change is incremental, improvements in resource use efficiency over time are the key
metric for assessing sustainability for both the LCFS and ARFVTP programs. Improvement over
time may occur at the level of the crop and field, but it may also result from the superior
performance of an entire cropping system to which a newly adopted bioenergy feedstock crop
is added. The BCAM model described above is one tool for quantifying such improvements.
Combined with whole farm data management and appropriate levels of monitoring, trends in
RUE over time can be documented. The value of the LCFS is that it rewards improvements in
RUE through the calculation of fuel carbon intensity.

The Low Carbon Fuel Standard Encourages Sustainable Practices
The LCFS is a performance standard. It functions to identify and reward resource use efficiency
(RUE) in transportation fuel production. Between the extensive safeguards and processes
regulating environmental quality in California, and the performance based incentives towards
resource use efficiency (RUE) embedded in the LCFS, significant guarantees of sustainability
already exist to influence alternative fuel production within California. Besides a specific
requirement to identify sustainability criteria, this feature of the LCFS functions as a powerful
incentive towards sustainable transportation fuel production. By maximizing the efficient use of
the most GHG intensive inputs and transformation processes when producing alternative fuels,
the LCFS provides incentives to achieve the lowest possible fuel Carbon Intensity (CI) and the
best price in the fuel market. The production of biofuel feedstocks from agriculture is thus
congruent with modern trends in agriculture and with farmers’ interests in producing crops of
all kinds in the most efficient manner.
RUE in fuel production, together with documentation of improvements in RUE over time by
feedstock producers, are the most fundamental aspects of site‐specific sustainability assessment.
Both activities are an example of a congruence of interests between feedstock producers and the
public’s objectives for its alternative energy programs. This important sustainability outcome is
a beneficial consequence of the character of the regulation as a performance based standard. The
ARFVTP sustainability standrds emphasize crops that are “uniquely suited” to the state’s farming
conditions.
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LCFS’s individualized fuel pathway option (2A/2B) allows fuel providers the opportunity to
demonstrate superior performance of their fuel compared to conventional petroleum and
competing alternative fuels (based on fuel CI). They can also document improvements over
time as learning occurs in their production and manufacturing processes. Capturing all such
improvements is essential for the success of the LCFS and RUE improvement over time is
central to the concept of sustainability.
Extending the state’s currently strict sustainability requirements beyond the state’s borders may
be difficult. For US domestic biofuels imported into California, there may be serious
jurisdictional issues associated with the Energy Independence and Security Act (EISA) and
RFS2. This has already resulted in a legal setback for the state’s regulation of alternative fuels73.
Establishing a sustainability standard that acts as a further restriction or import barrier may
further complicate implementation of the LCFS. US EPA is charged with regulating the RFS
regulations, including issues associated with sustainability. It may be necessary for California to
use US EPA’s determination of acceptability for domestic fuel production. In that case, fuel
producers in CA will be subject to more stringent regulation than those in other locations, by
virtue of California’s generally more extensive regulatory environment. US EPA also regulates
and determines the suitability of imported biofuels. It is unclear if California will need or be
allowed to include its own additional requirements.

Third Party Standards
Many groups around the world are working on sustainability standards for biofuel production.
(van Dam et al., 2008; Pelkmans et al., 2013; others). Since trade in biofuels is international, a
common standard for trade based on international set of guidelines is thought by some to be
necessary. For non‐domestic biofuels that would be imported into the state, there are, however,
several competing frameworks for evaluating sustainability that might provide sufficient
assurance to the state, but which are not relevant when discussing in‐state production. There
have been many recent efforts both domestically and internationally to define sustainability
standards to influence and guide trade in bioenergy feedstocks and fuels. Many are high level
efforts and have created detailed rationales and procedures74. These may be of value for
purposes of comparison with the state’s own programs and in evaluating the sustainability of
any biofuels imported into California.
There are several competing standards and certification systems. It is not apparent why small
variations among these standards would make any practical difference in outcomes, given the
complexity of certification processes and the subjectivity involved. If additional certification
beyond that required for the federal RFS standard is judged necessary for imported fuels, the
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http://www.ascension‐publishing.com/BIZ/LCFS‐plaintiff‐ruling‐122911.pdf

The Roundtable on Sustainable Biofuels is one of the best known and most detailed (http://rsb.epfl.ch/ ),
but there are a number of others, many recognized for this purpose as well by the European Union:
http://ec.europa.eu/energy/renewables/biofuels/sustainability_schemes_en.htm
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purveyors of such standards should be welcomed to make a case for their system, and judged
on a cost basis, other things being equal. But third party standards should not be substituted or
adopted as guidelines for in‐state (California) production in ways that undermine or supersede
California’s existing laws, regulations and public participation processes. These already
constitute a model for sustainability standards. The judgment of outside reviewers, even if
competent, should not substitute for legitimate political and regulatory process within the state
for evaluating in‐state biofuel production. Such costs and administrative requirements function
merely as barriers to new enterprises. BMPs and optimum practices for biofuel feedstock
production are unavoidably local. Broad‐scale, common sustainability standards might
constrain crop based biofuel production and inhibit innovation by failing to cope with local
characteristics. Narrative standards or poorly quantified definitions lead to interesting
discussion but it is unclear that they can provide a sufficient basis for evaluating the
sustainability of biofuel production. For example, it seems common to find in standards the
assertion that biofuel production should not lead to the degradation of land, air or water
quality, or biodiversity. Applied literally, no agricultural system or crop production activity
could qualify since all lead to some level of ecosystem change, resource alteration or
degradation, so a great deal depends on how such standards are interpreted and applied. It will
also be difficult to apply generic criteria to site‐specific enterprises. There is no need for further
discussion or specification about the meaning of sustainability beyond a general level. There is
no reason to add costs to the process of producing biofuels if nothing substantive is provided
(Fig. 48)75.

This limitation on specificity about the meaning of sustainability was considered adequate to allow for
useful research assessing sustainability in a recent report from the National Research Council: Millett and
Estrin (eds). 2012. Computer Research for Sustainability, National Academies Press, Washington, DC:
“An often‐cited definition of “sustainability” comes from the Brundtland Commission of the United
Nations (UN): Sustainable development … meets the needs of the present without compromising the
ability of future generations to meet their own needs.”1 The UN expanded this definition at the 2005
world summit to incorporate three pillars of sustainability: its social, environmental, and economic
aspects.2 This report takes a similarly broad view of the term.” (page 14) This broad definition was
sufficient to support a focus on more specific, concrete examples of sustainability issues and the
supportive research needed.
75
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Figure 48: Common concepts underlying the desire for sustainability and for standards to insure its
achievement. Kline, 2013.

Sustainable Agriculture
Sustainability standards for agricultural biomass must be based on a concept of sustainable
agriculture. Hanson (1996) provided a still useful categorization of differing definitions of
agricultural sustainability. Some were goal proscribing and focused on motivating change,
based on preferences about what would be best for agriculture (Francis et al., 2006). Many other
definitions were descriptive and focused on either the ability of agriculture to fulfill a set of
goals or standards, more simply on an agricultural system’s ability to continue through time.
Meeting a set of goals or standards involves defining those standards. Once defined, a circular
process is created in which meeting the standards is sufficient for sustainability to be asserted. It
becomes impossible to evaluate the contribution of a set of farming practices to sustainability if
adherence to a priori criteria (especially qualitative or subjective criteria) is sufficient. Instead,
Hansen argued for the use of a literal definition of sustainability (the ability to continue over
time), the quantitative assessment and measurement of properties associated with sustainability
as continuous variables within well‐defined systems, and accounting for the variation that
occurs inevitably with time (stochasticity). These criteria support site‐specific definitions of
sustainability in agriculture, based on measureable criteria.
Social and environmental concerns are often associated with the idea of agricultural
sustainability (Francis et al., 2006). These recognize the multiple roles played by agriculture in
human society, but are also more difficult to define, and may not be measurable like biological
and physical phenomena. The values and perceptions that underlay many of these concerns
vary widely, evolve or change. Contributors to the book edited by Francis et al., (2006) provide
good examples and arguments for such concerns. John Ikerd suggests that his and others idea of
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sustainability is …” rooted in a worldview that is fundamentally different from the mechanistic
worldview that has dominated the modern era of science and industrial development” (pg.
120); that … “Long run ecological issues are fundamentally ethical or moral in nature,” and that
such issues…”cannot be decided in the market place or by majority vote; they must be resolved
by consensus.” (Pg. 123). Giampietro (2004), echoing this last sentiment suggests that in
discussing sustainability, substantive rationality must give way to procedural rationality.
Substantive rationality assumes that quantitative methods like those used to model
economically optimum outcomes for well‐defined boundary conditions have limited value for
deciding what is sustainable. Instead, he argues (pg. 83‐85) that such approaches are illegitimate
if they substitute for the need to incorporate diverse and changing world views into decision
making processes that are inclusive and politically legitimate, especially during a time of
substantial social change. Such a process will not be primarily quantitative or reach a stable
endpoint. These kinds of comments reveal the purely political character of some notions about
sustainability and of any certification efforts that embody them, and caution against making
such standards a basis for public policy like the LCFS.

Comparisons of the Biofuel Feedstock Crops Evaluated Here with
Common Elements in Third Party Standards
Pelkmans et al, 2013, and others (ISCC, 2010)76 have carried out reviews of sustainability
standards and summarized key elements. These broad requirements can be used to compare the
results from the integrated analysis carried out here on likely feedstock crops and enterprises
with an international consensus of minimum sustainability requirements.
Feedstocks and fuels must be characterized by:
1) Sustainable production: Raw materials for biofuels may not come from land that has
been converted (e.g. primary forest, protected area, highly biodiverse grassland, areas
with high stocks of carbon, or peat lands) and must come from legal sources. Raw
materials in the EU must be cultivated in accordance with the Common Agricultural
Policy and/or correspond to criteria or guidelines for Sustainable Forest Management.
For comparison, the ISCC (2010) standards are listed here. There are many others that are similar. See
for example: http://rsb.org/ 4.1 PRINCIPLE 1: Biomass shall not be produced on land with high
biodiversity value or high carbon stock and not from peat land (according to Article 17, 3. of the
76

Directive 2009/28/EC and § 4 to 6 of the German BioSt‐NachV). HCV areas shall be protected; 4.2
PRINCIPLE 2: Biomass shall be produced in an environmentally responsible way. This includes the
protection of soil, water and air and the application of Good Agricultural Practices; 4.3 PRINCIPLE 3:
Safe working conditions through training and education, use of protective clothing and proper and
timely assistance in the event of accidents . 4.4 PRINCIPLE 4: Biomass production shall not violate human
rights labour rights or land rights. It shall promote responsible labour conditions and workersʹ health,
safety and welfare and shall be based on responsible community relations; 4.5 PRINCIPLE 5: Biomass
production shall take place in compliance with all applicable regional and national laws and shall follow
relevant international treaties; 4.6 PRINCIPLE 6: Good management practices shall be implemented.
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How does California compare? Existing farmland will be used for all the feedstocks
evaluated here and likely to be produced in the state. Some farm land in the Delta region
includes high carbon content soils, but the use of these will be excluded by the LCFS due
to the need to produce low CI biofuels, and carbon emissions from these soils may add
to feedstock derived CI values. All crop production practices in California must conform
to state laws and regulations, which collectively are the most advanced regulations for
agriculture in any jurisdiction.
2. Significant greenhouse gas (GHG) reductions compared to fossil fuels: The GHG
emissions of bioenergy chains should be less than the lifecycle GHG emissions of the
fossil fuel that it replaces.
How does California compare? The LCFS rewards and incentivizes GHG reduction levels
more efficiently than any equivalent regulation in the world.
3. No other environmental impacts: The production, conversion and logistics may not
lead to negative impacts on soil, water and air quality.
How does California compare? This standard is poorly expressed and impossible in a literal
sense. As noted in 2, crop production in California must meet the most aggressive air,
water and soil protection standards currently in use. This is not the same, however, as
no impacts, an irrational requirement.
4. Efficient energy conversion: Bioenergy chains should strive for maximum energy
efficiency in feedstock production, conversion and logistics.
How does California compare? This is already a feature of current policy and guaranteed
by the policy’s operation. The LCFS rewards GHG reduction levels more effectively than
any equivalent regulation in the world.
5. Protection of biodiversity: The production of biomass may not negatively affect
biodiversity.
How does California compare? As discussed here, there are no significant adverse effects
on biodiversity within the state foreseen for the crops potentially produced in California.
If perennial crops are used, additional habitat quality will be added.
6. Contribute to local prosperity and welfare: Bioenergy chains should contribute
towards social well‐being for employees and local population.
How does California compare? New employment opportunities and second and third order
economic benefits will occur from in‐state biofuel production. Many or most of these
will occur in rural communities and benefit disadvantaged populations.
For the purpose‐grown feedstock crops evaluated here, all would be produced on existing
farmland, none on any of the restricted landscape types identified here. To be viable entries into
California’s transportation fuel market, they must have low fuel CI values. So the second
criterion is ensured by the state’s LCFS as a matter of policy. As discussed, it is impossible for
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any landscape based process to be carried out without some perturbation. So this is unrealistic
and unachievable. But feedstocks can be produced with greater RUE and with fewer
undesirable emissions. The crops discussed here must meet the state’s aggressive standards for
emissions reductions. Farmers operating legally in California already must satisfy standards
judged protective by the state that in many ways exceed requirements set in any other
jurisdiction. Wildlife protection has been discussed and shown not to be a risk when production
occurs on currently cultivated land in the state. All these enterprises, if successful will add
meaningfully to employment, especially in rural areas and among disadvantaged populations
that reside there.

Auditing Versus Certification
The LCFS and other state regulations affecting agriculture result collectively in a set of
sustainable practices that must be created elsewhere but are part of common practice in
California. The LCFS creates market access based on superior fuel performance, so standards
are not needed for customers to recognize that quality or realize that value. Businesses do not
benefit from any additional identity acquired through third party labeling and such recognition
is not needed to operate in California’s markets. Third party certification will provide no price
premium in a fuel market in addition to price incentives for lower CI fuels already supported
by the LCFS. Supply chain practices are ensured by the state’s carbon tracking system and the
economic self‐interest of companies to ensure that their fuels receive appropriate recognition in
terms of carbon credit that they claim. Additional supply chain certainty is not needed from
third party certification. There is no market advantage gained from the expense of third party
certification in California, so in‐state producers can be spared the cost, complexity and
administrative difficulties of such certification.
The need for auditing, which accounts for specific practices and provides assurance to
responsible state agencies, is distinct from certification about some qualitative aspect of
feedstock production, often referred to as sustainability (Ohmart, 2010). Certification often
involves a set of judgments about whether a bioenergy enterprise satisfies some set of criteria,
many of them subjectively determined and subjectively judged. The LCFS is based on GHG
reduction goals and individual fuels must have an accurate accounting of the GHG values of
those fuels. CARB provides some standard values for the most common fuels, but individual
fuel providers are allowed to propose different values for the fuels they offer. They must
provide their own well‐documented estimate of the GHG intensity of their fuel and provide
documentation for their assertions. Staff at CARB then evaluates the application and either
approves or denies it based on their own analysis. Once approved, fuel enters the market with
the CI value associated with it.
CARB also requires some assurance that the values reported are observed in practice. This
requires a mechanism to collect data and monitor actual operations. Self‐auditing or third party
auditing, or more likely a combination of both, are needed for this purpose. There are a number
of ways this might be carried out and there should be latitude for creativity in developing novel
means to meet this legitimate public interest in the LCFS’s proper operation.
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An alternative, quantitative system is possible, based on the methods discussed here and
centered on the use of the BCAM model described above. Data used for BCAM is identical to
that needed for Life Cycle Assessment (Fig. 45). The LCA model will translate quantities of key
environmental flows like fertilizer, pesticides, and water used in production budgets for all the
crops in the diverse farming systems present in the San Joaquin Valley into lifecycle carbon
costs for energy beet production. LCAs can be calculated from crop inputs used for partial
budgets for all the crops produced on a farm (the cropping system). Total carbon costs can be
evaluated for both the crop itself and the cropping system with and without the feedstock crop.
These estimates will be the most accurate possible and set a precedent for fuel carbon intensity
assessment. In addition, through ever improving record keeping, it is possible to compare
progress over time in a number of important crop management factors, including energy use,
water use and pesticide use. Similar to the notion suggested by Monteith (Fig. 43), if yields are
increasing while inputs to crop production are stable or decreasing, then crop production is
becoming ever more efficient and sustainable. Multi‐year trend analysis provides the best
criteria for analyzing sustainability because it is quantifiable and consistent with a well‐
maintained natural resource base for agriculture. Improvements over time are impossible
without the preservation of the resources needed for farming, and consistent with a clear
definition of the larger society’s interest in the sustainability of agriculture.
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Figure 49: Data required for economic modeling, LCA, and for ustainability assessment are similar and
can be shared among models using BCAM as an accounting and organizing system.
Image courtesy of Mendota Beet Energy. See text for further explanation.

Learning must be the defining characteristic of sustainability standards, because the key
characteristic of sustainability is flexibility: the capacity to respond to changing factors. A
project‐based (or ground‐up) approach embodies learning and self‐improvement and should be
used for all California based biofuel production businesses when in‐state agricultural biomass is
used for feedstocks. Whole farm and representative farm models, defined for well‐chosen
regions, provide useful baselines for a number of regulatory purposes as well as for
documenting small, incremental improvements in GHG reductions associated with feedstock
production. Such models can be used to account for crop resource use, farm resource use, and
crop displacement in diverse cropping systems. This data can be used in LCA models to
estimate carbon intensity related to feedstock production. Actual data or locally adjusted
representative farm models can be used to create fuel CI estimates (CARB’s 2A/2B pathway).
This includes actual crop displacement to be used for estimation of market‐mediated effects, if
any. An additional value includes the possibility to document changes in resource use at the
crop and farming system level over time. It is advantageous for feedstock producers to reduce
their costly, energy embodying inputs over time, and also allows for documentation of reduced
biofuel CI values.
Improving RUE overtime is the key feature of sustainable farming practices. More qualitative
criteria like shifting pesticide use to less toxic materials, or other desirable but non‐economic
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objectives can also be documented in this way. Sustainability is then a process of self‐
improvement over time. Van der Werf and Petit (2002) suggested similarly, that indicators for
agricultural improvement be linked to environmental (and other) effects observed, rather than
simply to practices followed. Similarly, Rossing et al., (2007) advocated a goal‐oriented
approach to supporting a range of multi‐functional benefits from agricultural systems. Figure
49 provides a scheme for achieving this goal. Eventually, data may be managed for all farms
and fields in the system using this framework. This would allow an approximate real time
accounting of LCA values and the ability to track ganges over time.
There is one commercial firm that currently provides services and systems in this area77. Others
may eventually enter this business and compete. The use of services that help organize farming
system analysis and self‐assessment and set goals for improvement is congruent with feedstock
producers’ interests under the LCFS, which rewards improvements in resource use efficiency.
New biofuel businesses will likely take advantage of the state’s 2A/2B pathway under the LCFS
to assert lower fuel CI values than available as default pathways. The LCFS also allows for the
endogenous process of technical change to be accounted. An individualized self‐assessment for
each application is possible for those landscape and related issues thought to be necessary in
any given instance. This will vary by the nature of the feedstock system and location, and
provides the opportunity for individualized assessments.

The Need for a Programmatic Certification for California Producers
The European Union requires the use of sustainability certification for biofuels imported into
the EU. The majority of the light duty vehicles (LDV) fleet in the EU uses diesel engines, so
large amounts of biodiesel or renewable diesel are required. Some of this is produced
domestically within Europe based on the use of rape seed (similar to canola), but some is
produced using palm oil imported from Malaysia and Indonesia, soy oil from Brazil or
Argentina, or canola from Canada. The use of vegetable oils for biofuel generally involves a
large number of crop acres since, with the exception of palm oil, oilseed yields are lower than
those of grain from corn or sugarcane used for ethanol. Palm oil is much higher yielding but is
being produced for the most part in developing countries with fragile land and biotic resources
(Fig. 37) and poorly developed systems of governance. The exception is Brazil. These
requirements are consistent with the nature of governance in the EU, and concern that EU
demand for vegetable oils will have adverse ecological social consequences (exploitation of
nature and people). In contrast, the US EPA certifies entire sectors of feedstock production as
being in compliance. For example, corn production in the US, sugarcane production in Brazil
and canola production in Canada. It does not require third party certification.
Existing statues, regulations and public policy processes ensure that farming in California
follows the strictest environmental standards and labor and employment practices of any
jurisdiction. Most third party standards aspire to a condition similar to those already achieved
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in California. Current public processes in California are sufficient to ensure continued progress
towards ever more efficient agriculture with reduced levels of emissions. The LCFS provides a
robust incentive to minimize resource use per unit of biofuel produced. This incentive is
congruent with many characteristics associated with sustainability. In order to create
consistency with efforts in the EU to ensure sustainable biofuel feedstock production, California
should use its existing sets of standards and criteria embodied in law, regulation and public
process as a requirement for imported fuels, and examine third party certification systems for
consistency with the state’s own policy preferences.
To be consistent with European preferences, California producers of feedstocks could receive a
compliance waiver by virtue of operating lawful businesses within the state, equivalent to third
party certification elsewhere. California could develop a programmatic sustainability
compliance definition for its in‐state producers and require that its equivalent be implemented
by all producers exporting fuels to the state. This is consistent with and extends to the area of
certification the fundamental concept behind the LCFS as well, which already requires all fuels
imported and used in the state to conform to the state’s GHG requirements. The state regards its
program as a model that should be adopted by more jurisdictions. By the same principle, the
state’s environmental and other social sustainability standards can be used as a model for other
jurisdictions. Figure 49 illustrates how a performance based system could be quantified at the
cropping system level. When joined to a formal process for self‐evaluation programs designed
to quantify and track improvement over time, such as those offered currently by a firm like Sure
Harvest78, then a robust, quantitative basis for sustainability is possible based on learning, and
accounting for the evolutionary nature of change in agriculture. Such a system integrates
readily to the scheme depicted in Figure 49. It would provide the most robust practical system
for determination of sustainability, improvement over time in quantifiably verified traits
associated with agricultural sustainability.
Fuels imported into California to help with compliance with the LCFS are not a focus of this
report. The state could defer to third party standards as an alternative to insisting on the use of
similar regulations governing compliance within the state. For fuels imported into California,
there are many third party standards that have been developed. All are likely to provide
assurance that a set of guidelines have been followed, with few substantive differences likely to
result among them. In that case, several should be allowed, providing they are consistent with
California’s current standards, letting the fuel providers decide among a range of acceptable
certifies. The cost of compliance should be the primary distinguishing characteristic among the
standards. Standards that presumptively discriminate against irrigated systems or the use of
modern crop varieties should not be considered, since they are inconsistent with improving
resource use efficiency and scientific progress. To our knowledge, no in‐state biofuel firm
exports fuels. If this were to occur, then these firms would have to comply with whatever
requirements were established by the countries to which their fuel was exported.
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CHAPTER 11:
Prospects for Bioenergy Businesses in California
Based on Agricultural Biomass
Like California and the US as a whole, the EU countries use advanced farming techniques and
produce a wide range of food and feed crops. Some biofuel feedstock production occurs,
notably rapeseed for biodiesel production. Some sugar from beets and wheat is converted to
ethanol. DeWit and Faaij (2010) carried out an EU wide assessment of the biomass potential of
the European landscape. They found that there was significant opportunity to generate crop‐
based feedstocks on surplus land, defined as the land not needed for food and feed production
to meet domestic (EU) needs. Europe is densely settled and has high land values, though there
is considerable variation across the European continent in these characteristics. Most
opportunities were found in Eastern Europe, but potential for bioenergy crop production was
also identified in areas in Western Europe as well (including France, Spain and Italy). In this
outcome, there are many similarities to the US and California. Crop use makes energetic sense
when well‐adapted crops can be grown with the highest efficiency. At current oil price levels,
and especially at higher ones, using crops and crop residues makes economic sense in some
circumstances.
This Integrated Assessment suggests that there are economic opportunities for crop production
for bioenergy in California under conditions of average long‐term water availability. The
feedstocks with the greatest potential are traditional crops for the most part, rather than low
value cellulosic feedstocks, though in some cases such species could be produced in California.
This is because the more traditional crop types can be produced with high yields and RUE, and
can be easily and efficiently converted to fuels and other forms of energy using current, less
expensive technology. These opportunities vary from large, (like the production of ethanol from
sugarcane and energy cane in the Imperial Valley, or significant expansion of biodiesel
feedstocks from winter annual oilseeds), to smaller opportunities for individual farmers or
farmer owned coops to produce crops useful for biofuel production as part of their cropping
systems. A recent membership survey carried out by the California Biodiesel Alliance
mentioned that abundant, plentiful feedstocks with low CI values was the most important
factor that would lead to the expansion of in‐state biodiesel production79. Stable biofuel policy,
especially the LCFS and RFS, were considered only slightly less important. Similar conclusions
would apply to ethanol or advanced biofuels produced in the state.
Based on the use of readily grown crops and simpler conversion technologies suitable for high
quality feedstocks, it is reasonable to anticipate that current in‐state biofuel production could
increase from all feedstock sources investigated by approximately 180 to 220 M g/y (Table 34).
These new biofuel facilities will create approximately 350 to 400 permanent jobs and numerous
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local and statewide secondary economic benefits. Many of these benefits would be concentrated
in rural, disadvantaged communities. Achieving these outcomes requires policy stability at the
state and federal level, and that traditional amounts of irrigation water be available to farmers.
We anticipate that the fuels produced will be low carbon fuels based on estimated attributional
life‐cycle estimates of embodied carbon, and minimal impact on land use and international
trade in commodities associated with land use. In‐state production could be protective of other,
more fragile and biologically important landscapes elsewhere.
To be viable in the market place given the generally higher costs of production in California,
fuels must be low carbon intensity fuels. This is possible due to the high yields and high levels
of efficiency of feedstock production that characterize farming in general in the state. But
opportunities for in‐state companies would be adversely affected if large values of embodied
carbon were added to their fuel CI values through estimated ILUC values. We suggest that the
crop shifting suggested here would have only small to no market impact outside of California
for a number of reasons, and that the quantities and substitution involved would not be easy or
possible to analyze using existing methods. The modeling tools commonly employed to
estimate these values for large scale conversion of world ‐wide commodity crops like corn,
soybeans and sugarcane are not capable of analyzing land change and crop substitution
patterns (including secondary crop increases) at the local scale depicted here, so are of little
value in estimating accurate values. In addition, domestic production of ethanol and biodiesel
can be seen as land‐sparing in tropical regions with biotically important landscapes and high
terrestrial carbon stocks, compared to the use of existing farmland in California, so very low
ILUC values would be both technically accurate and beneficial for many reasons.
The ultimate value of biofuels is debated. Cruetzig et al, (2012), Plevin et al, (2013), and Delucchi
(2012) argue that there is too much epistemic uncertainty to assert definitively that a given
biofuel will reduce GHG emissions globally and be protective of the climate. This uncertainty
depends especially on the difficulty of estimating accurately carbon emissions from land use
change (ILUC), but also from secondary economic consequences on worldwide fuel use due to
increased, modestly priced alternative fuels. They suggest that avoiding the use of biomass
derived materials is the prudent policy given these uncertainties. But so too would the use of
electricity or non‐biogenic hydrogen or any other alternative fuel for vehicles if unmeasurable
rebound or similar effects are feared. The key difficulty rests with real or imagined adverse
landscape consequences and GHG emissions that are feared to be associated with biomass use.
As an alternative, Creutzig et al. (2012) argue that uncertainty should be added to IA models,
especially for ILUC. In this analysis, we have used a combination of models, surveys and
professional judgment to assess a range of landscape and ecosystem effects from in‐state
biomass production for energy. This is largely a bottom up approach and addresses most of the
deficiencies identified by these authors. Values of ILUC, however, are not specifically
determined. But based on a number of approaches to agricultural land use and land use change
in California, we anticipate that such impacts will be insignificant. The modeling tools used for
the LCFS unfortunately are not able to identify the actual patterns and consequences of crop
shifting on California’s arable lands identified here. The methods used by USEPA, particularly
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the FASOM model, are more fine‐scaled, but still much less detailed than the methods used
here.
Current state policy requires the use of low CI biofuels, and there will be continuing demand
for liquid fuels for air travel, heavy duty vehicles, ships and trains. Additional public and
private benefits include new employment opportunities and wealth creation within the state,
especially valuable in rural areas and for underserved populations, and more robust economic
health for the state’s farms, vital to a thriving economy and the need for sustained food, feed
and fiber production within the state, and opportunities to sustain more diverse cropping
systems, including maintaining more annual crops. Even CO2 neutral biomass use, however,
still adds diversity to the state’s transportation fuel supply and results in a number of
substantial economic and agro‐ecological benefits. Having a LCFS involves some acceptance of
risk in policy implementation.
In a fundamental sense, the adoption of the LCFS, and the RFS at the federal level, implies that
legislators and the governor regarded such risks as acceptable. This is a reasonable assumption
for in‐state biomass production from agricultural crops at the level considered likely here. We
suggest, based on a broad, integrated assessment of a number of associated consequences of in‐
state biofuel production, that risks are very small and potential benefits much larger for the
state, and that such production meets broad definitions for sustainability.
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Appendix A:
Theoretical Foundation of the BCAM Model
The BCAM model is a multi‐region, multi‐input and multi‐output model, which uses PMP
optimization principles. PMP methods, estimate the parameters of the production functions of
each incumbent crop (i.e.i and i) using the shadow prices of inputs in the base system, which
can be defined as the maximum price that farmers are willing to pay for an extra unit of inputs
(i.e. land or water) for producing a crop i. The PMP model then transforms these opportunity
costs into parameters of a quadratic production function (i.e. i and i) that preserves the core
relationship information within the system as new crops are introduced. This allows the land
area values for each crop to vary with a change in price, while holding the marginal values of
the base system constant. In addition the additional PMP curvature adds flexibility to the
traditional linear objective function avoiding overspecialization (i.e. to allocate all the resources
to produce only one crop –the most profitable one) (Howitt 1995). In other words, the BCAM
model used a PMP optimization approach to calibrate against the existing cropping system in
order to obtain some parameters that would help to recover the marginal input costs from the
observed average costs of those inputs. The model structure allows the output price and the
input costs to be varied. Once the PMP coefficients were established, incremental changes in
profit of the new (exogenous) energy crop was optimized by adjusting the energy crop output
price over a range of price increases at specified, regular increments.
The yields of the incumbent crops are substituted with the PMP derived quadratic production
function. New crop alternatives are tested by holding the non‐linear coefficients of the existing
cropping system constant while incrementally increasing the profit for the exogenous energy
crops, which enter in the model as a linear equation. Exogenous energy crops are not part of the
initial system and have no opportunity cost constraint.
A quadratic system of equations, which embody the previous information, is maximized (Eq. 1
and 2) for each cluster in each region. Then results are aggregated to determine the final
outcome at a regional level.

∑

,

,

subject to: ∑

,

(1)

,
,

∀

(2)

where is the historical price of crop i and in the case of the energy crops (i.e. i=Energy) is the
variable used for simulation, is the intercept of the quadratic production function of crop i,
is the slope of the quadratic production function of crop i, is the cost per acre of crop i, , is
is the expected yield
the amount of input j (land or water) that is used to produce crop i,
of the new energy crop (i.e. either SSGM, CANO or CANE) derived from agronomic research
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reported here, and
of a region.

is the maximum amount of input j (land or water) available in the cluster

It is common in bioenergy supply and demand discussions to focus on changes in biomass
yield, output price, and input costs. However, in BCAM profit was maximized instead. Profit is
a composite function of those three factors. The solution represents a marginal profit level that
acts like a long run incentive, similar to a production contract price. Thus in the BCAM model,
the results are generated as profit; however, it is possible to work backward from the profit to
infer other variables (price, yield or cost per acre) by keeping constant two of them and solving
for the third. In this case the BCAM model generates a profit and we can identify the underlying
price, keeping yield and input costs constant at the cluster level.
Storage and transportation costs to the processing facility are not included here. Also model
outputs rely on existing technology and production practices as a foundation for examining the
adoption of the new crop. Therefore, any new cropping pattern generated by the model, if
different from the current pattern, will only be adopted if it is more profitable than the observed
pattern of crops that was identified using farmers’ prior crop adoption and production
behavior.
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Appendix B:
Ordination and Classification of California Main
Cropping Systems80
Methodology
The frequency of the primary crops grown in California by location within the state was
accounted for by analyzing data from the Department of Pesticide Regulation’s Pesticide Use
Report data. The date reported here were from 1997 to 2007. This information reflects actual
crop choices made by growers throughout the state over that time period. It is aggregated in
sections of 1 square mile and for reporting purposes, grouped in five subsets of data: Northern,
Central, Coastal northern San Joaquin Valley, southern San Joaquin Valley (Kern, Tulare, Kings
Counties) Southern California, (principally the Imperial Valley and Palo Verde Valley). We
performed non‐metric multidimensional scaling in R81 for the 5 major subsets of the data. A
matrix of crop frequencies by section was created. The matrix of annual frequencies for each
crop within each section over the 10‐year period for each region was used to perform a non‐
metric multidimensional analysis using Manhattan distance. Kruskal and Wish (1978) describe
the procedure as minimizing the distance of function stress as:

  f    d 

2

ij

Min

i

j

 d
i

j

ij

2
ij

(3)

where f(δij) is the density function of the system and dij is each element of matrix with rows i,
and columns j. The resulting minimized distances, based on three coordinates, were further
grouped with a cluster analysis within each region from which we found the nine clusters for
each California subregion. We used the dimensions representing a satisfactory solution
reflecting our best judgment and those of others familiar with agricultural practice throughout
the state, to carry out and guide cluster analyses using JMP (SAS Institute Inc. 2007). These
clusters group cropping common patterns within each major region into clusters, and these are
aggregated in regions for simplicity in reporting outcomes. The sections in each subset are
aggregated based on the composition of the crops grown. Results from this analysis were

Maximo F. Alonso, Mark Jenner and Stephen R. Kaffka. See Kaffka and Jenner, 2011 for additional
details.
80

81

(The R foundation for Statistical Computing 2005)
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reported in Chapter 4. Areas with similar colors in each regional map reflect common cropping
patterns in those areas.

Results
The 1 sq‐mile sections of the 30 counties with main agricultural activity where grouped in 5
subsets of data (Table 54).
Table 54: Counties included in main subsets of data.

Central CA
Northern CA
Amador
Butte
Glenn
Humboldt
Lake
Lassen
Placer
Sacramento
San Joaquin
Solano
Sutter
Tehama
Yolo
Yuba

Northern San
Joaquin Valley
Calaveras
Fresno
Madera
Merced
Stanislaus

Southern
Southern
Coastal CA San Joaquin
CA
Valley
Alameda
Kern
Contra Costa Kings
Monterey
Tulare
San Benito
Santa Barbara
Ventura

Imperial
Riverside

Table 55: Summary of crop acres, counties and clusters in both the Census of Agriculture and the
Department of Pesticide Regulation (DPR).

Crop Acres
Annual
Total
DPR
Crop/Farm
(Census of Ag) Crop Acres Counties Counties Clusters
3,190,441
1,538,971
29
14
9

Region

model code

Northern CA

NCA

Central CA

CEN

2,314,332

1,193,056

9

5

9

South SJV

SSJ

2,094,486

1,193,752

3

3

8

Southern CA (IV)

SCA

818,787

599,237

6

2

6

Coastal CA

COA

1,038,340

395,633

11

6

13

9,456,386

4,920,650

Total Acreage

45

Examples of the steps used in translating patterns into cropping systems are provided by Kaffka
and Jenner (2011). Two examples from that report are provided here. The universe of crop
choices is based on the 24 crops utilized in the multidimensional scaling of the California
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pesticide use analysis described above. To model the crop cover shifts from economically‐
driven cropping pattern decisions, three datasets have been developed. The first dataset is
based on this historical representation of cropping pattern choice on 640 acre sections. The
second dataset is the historical crop acreage data developed by California Agricultural
Commissioners. The third dataset is based on the economic crop enterprise budgets developed
from the University of California‐Davis, Cost and Return Studies, on‐farm interviews, and best
professional judgment. As an example, the 10‐year crop frequency scores for the 9‐cluster result
of the northern California region is presented for each of the 24 crops in Table 56. These scores
served as a weighting factor to establish the predominant cropping patterns within each cluster.
Table 56: 10‐year crop frequency scores for Northern California.
Alfalfa
Barley
Beans
Bermudagrass
Broccoli
Carrots
Corn
Cotton
Forage Grasses
Garlic
Lettuce
Melons
Oats
Onion
Potato
Rape
Rice
Ryegrass
Safflower
Sorghum
Sudangrass
Sugarbeet
Tomato
Wheat

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6 Cluster 7 Cluster 8 Cluster 9
0.37
4.67
0.09
6.65
0.16
5.80
0.54
0.22
8.70
0.09
0.12
0.02
0.11
0.22
0.16
0.03
0.30
0.09
0.21
1.25
0.11
0.39
2.77
0.38
2.49
0.90
1.48
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.03
0.21
0.00
0.01
0.03
0.07
0.01
0.14
0.01
0.04
0.19
0.12
0.24
0.07
0.18
0.92
2.71
0.26
2.27
2.94
1.27
1.27
2.57
2.70
0.02
0.12
0.08
0.05
0.09
0.21
0.27
0.13
0.19
0.05
0.06
0.00
0.13
0.06
0.09
0.00
0.04
0.11
0.02
0.02
0.00
0.03
0.06
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.04
0.11
0.60
0.11
0.17
1.30
0.32
2.28
0.53
0.55
0.62
0.56
0.12
1.16
0.44
1.09
0.13
0.32
0.90
0.05
0.50
0.03
0.09
0.78
0.17
0.42
0.28
0.49
0.05
0.04
0.00
0.03
0.02
0.00
0.00
0.20
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.16
0.08
8.73
0.06
0.26
8.27
7.22
0.19
0.13
0.04
0.09
0.00
0.20
0.03
0.12
0.02
0.04
0.16
0.08
0.92
0.14
0.25
1.19
0.35
2.29
0.48
1.19
0.05
0.15
0.03
0.26
0.09
0.12
0.13
0.17
0.21
0.12
0.06
0.03
0.14
0.01
0.12
0.01
0.05
0.15
0.04
0.37
0.03
0.30
0.27
0.16
0.06
0.18
0.53
0.12
5.11
0.15
0.69
6.88
0.54
3.94
1.83
5.74
0.59
4.18
0.25
1.47
5.79
1.65
3.28
2.98
4.53

The frequency score for each crop within a cluster was summed to determine crop distribution.
This weighted crop distribution is the foundation of the cropping pattern assignment. Since
each record within the DPR represents a 640‐acre section, each crop distribution can be
multiplied by 640 acres to illustrate prominent crop choices.
The individual crop scores, and weighted distribution, are presented in Table 57. Some crops
occur more frequently than others. The most frequent crops within clusters were identified to
narrow the inputs into the economic optimization. The fewest number of crops that account for
90 percent of distribution within the cluster serves as the cropping pattern selection metric. The
last crop included in the cropping rotation is the next smallest distribution that accounted for 90
percent of the frequency score. In Table 57, Cluster 1 has a cropping pattern of the 13 most
frequent crops in the cluster. Once the number of crops has been determined the distributions
were rescaled by 90 percent across cropping pattern crops so that the cropping pattern crops
summed to 100 percent.
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Table 57: Crop distribution in cluster #1 in Northern California (Sacramento Valley).

Northern California
The 9 clusters are well defined in a tridimensional space (Fig. 50) and clearly defined in a
Northing x Easting plot (Fig. 51) for UTM Zone 10.
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Figure 50: Scatterplot 3D Northern CA

Figure 51: Bubble Plot of UTM_N by UTM_E Sized by Cluster_9gp.
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Figure 52: Map of California with northern counties highlighted.

Central California
The 9 clusters are well defined in a tridimensional space (Fig. 53) and clearly defined in a
Northing x Easting plot for UTM Zone 10 (Fig. 54) and UTM Zone 11.
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Figure 53: Scatterplot 3D Central CA

Figure 54: Bubble Plot of UTM_N by UTM_E Sized by Cluster_9gp. UTM Zone 10.
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Figure 55: Central Valley counties highlighted.
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Southern San Joaquin Valley
The 8 clusters are well defined in a tridimensional space (Figure 56) but a few clusters are very
dispersed. The sections are clearly grouped in a Northing x Easting plot for UTM Zone 10 and
UTM Zone 11 (Figure 57).
Figure 56: Scatterplot 3D Southern San Joaquin Valley.

Figure 57: Bubble Plot of UTM_N by UTM_E Sized by Cluster_8gp. UTM Zone 11.
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Figure 58: Southern San Joaquin Valley counties highlighted.

Southern California
The 6 clusters are well defined in a tridimensional space (Fig. 59), although some clusters are
disperse. The sections are clearly grouped in a Northing x Easting plot for UTM Zone 11 (Fig.
60).

200

Figure 59: Scatterplot 3D Southern CA.

Figure 60: Bubble plot of UTM_N by UTM_E sized by Cluster_6gp. UTM Zone 11.
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Figure 61: Southern California counties highlighted.

Representative cropping systems were derived from these analyses. General characteristics of
the five regions discussed and clusters within each region based on the most recent census of
agriculture are summarized here. All tables first appeared in Kaffka and Jenner (2011) and are
reproduced for convenience.
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Appendix C:
Erosion Modeling
Revised Universal Soil Loss Equation 2 (RUSLE2)
In this study, the RUSLE2 model was used to estimate erosion for some representative
bioenergy crop production systems. RUSLE2 is a computer program82 that houses the latest
version of the USLE (Universal Soil Loss Equation) 83, which provides estimates of erosion due
to rainfall for a given site. By providing a series of inputs, the user may estimate sediment
transport from a given field under a specified management regime. A number of management
scenarios may be developed for that field; conversely, a management scenario or series of
scenarios may be applied to different fields. In all cases, though, RUSLE2 provides estimates for
a specific field rather than landscape or regional estimates. These estimates do not account for
erosion stemming from irrigation or wind, though irrigation may be considered in future
versions of the model.

Model Inputs
RUSLE2 contains databases for climate, soil, and prescribed management regimes. The user
queries these databases to model conditions within the field of interest. Alternatively,
management may be customized by the user. Degree of slope and field length along the slope is
provided by the user.

Climate
One of the most important factors in RUSLE2 is rainfall, which is captured by climate; the
amount, intensity, and timing of rainfall are crucial. The appropriate climate file is selected from
the climate database by identifying the county in which the field is located and the average
annual rainfall the field experiences. This file dictates the rainfall erosivity factor, reflecting how
it varies throughout the year.

Soils
Soil erodibility differs across different soil types. RUSLE2 includes a soils database with soil
types corresponding to those mapped in SSURGO (Soil Survey Geographic Database)84, a
service provided by the Natural Resources Conservation Service (NRCS) branch of the USDA.

82

available at: http://www.ars.usda.gov/Research/docs.htm?docid=6038

83

a = r*k*l*S*c*p

where: a = net detachment (mass/unit area), r = erosivity factor, k = soil erodibility factor, l = slope length
factor, S = slope steepness factor, c = cover‐management factor, and p = supporting practices factor
(USDA‐ARS 2013).
84

web interface available at: http://websoilsurvey.sc.egov.usda.gov
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The user selects which soil type is the predominant one in the field of interest, and the model
calculates erodibility accordingly.

Path Length
Since more runoff accumulates moving downslope, the path length is important; a greater
amount of water running over the surface increases the amount of erosion, so a greater path
length does the same. Path length is measured as the distance from the top of the slope to either
the bottom of the field or the bottom of the slope, whichever comes first.

Slope
Degree of slope greatly impacts erosion amount; the steeper the slope, the greater the erosion.
Like path length, this value is determined by the user and input directly.

Cover Management
Vegetation
Vegetation may partially or fully cover the land surface, curbing erosion from droplet impact.
However, rain falling onto leaves still drips onto the land surface; the velocity of the droplets
when they strike the soil depends on the height of the leaves from which they fall. Roots are
also important since they stabilize soil and retard erosion. Thus, canopy cover, droplet fall
height, and root mass in the top 10 cm are all factors that change as vegetation grows and affect
erosion estimates in RUSLE2. The software includes a database containing a variety of crops,
each with prescribed values for the three vegetation parameters that change with time.
Alternatively, the user may build a customized vegetation regime.
Residue
Surface residue from mulch, killed weeds, or crops may cover land surface in varying amounts.
Since residue is in direct contact with the soil, it slows runoff by absorbing the impact of
raindrops and physically impeding water movement over the field, allowing greater
infiltration. Residue also provides cover from rain droplet impact.
Processes
Processes are activities that affect soil, vegetation, or residue in the model. They are the most
basic level of management input and reflect effects of management activities rather than those
activities themselves. Examples include disturbing soil, beginning vegetative growth of a given
crop, removal of biomass, and addition of residue.
Operations
An operation is a series of processes that represents an actual management activity performed
by farmers. Operations include tilling, planting, harvesting, and spraying various pesticides,
among others. A planting operation, for example, may consist of two processes, disturbing soil
and beginning growth.
Managements
A management refers to a series of operations that represents an entire management plan or
cropping scenario. A management may consist, for example, of tilling, planting, and harvesting
operations. Management systems may be built to encompass a rotation of multiple crops over
204

several years, the common practice in irrigated areas of California. Each crop in Tables 5 and 6
reflect a unique management used for calculations in this report.

Conservation Practices
The final factor in RUSLE2 allows for consideration of a variety of conservation practices.
Contouring, sediment traps or basins, and flow diversions are some forms of conservation that
RUSLE2 is capable of modeling. This parameter is optional since many fields do not contain any
form of conservation practice.

Model Outputs
In addition to erosion estimates (given in tons per acre per year), RUSLE2 outputs estimated
values for Soil Conditioning Index (SCI). SCI is a unitless value that quantifies the degree to
which soil organic matter (SOM) is accumulated or lost under a given management; a positive
value indicates accumulation, while a negative one indicates loss.
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Appendix D:
Biofuel Potential from Residual Materials (Williams et
al., 2014) (TASK 3 DRAFT Report)
Table 58: Estimated annual biomass residue amounts and fuel potential for California.

Feedstock

Agricultural
Residue
(Lignocellulosic)
Animal Manure
Fats, Oils and
Greases

Amount
Technically
Available

5.4 M BDT

a

3.4 M BDT

a

207,000 tons

Biomethane
Potential (billion
cubic feet)

‐
11.8
b

Waste Water
Treatment Plants

106 BCF

7.0 M BDT

272

h

32.7

102

i

12.3

710

h

85.4

457

i

55

c

10

d

f
g

‐

e

(LHV basis)§

‐
53

11.8 BCF (gas)

PJ

56

a

0.94 M BDT

(million gge)

(assume
conversion to
biodiesel)

Forestry and Forest
a
14.2 M BDT
Product Residue
Landfill Gas
Municipal Solid
Waste (food waste
fraction)
Municipal Solid
Waste
(lignocellulosic
fraction)

a

Biofuel Potential

7.7

Total

86

350

k

66

j

6.7

i

10.3

h

42.1

i

2,100

7.9
252.5

* Diesel gallon equivalents can be estimated by multiplying gge by 0.89
Notes and Sources for Table 58:
M BDT = million bone dry (short) tons
BCF = billion cubic feet
a. Williams, R. B., B. M. Jenkins and S. Kaffka (California Biomass Collaborative). 2014. An Assessment of Biomass Resources in
California, 2012 – DRAFT. Contractor Report to the California Energy Commission. PIER Contract 500‐11‐020.
b. From: Wiltsee, G. (1999). Urban Waste Grease Resource Assessment: NREL/SR‐570‐26141. Appel Consultants, Inc. 11.2 lbs./ca‐y
FOG and California population of 36.96 million. Biodiesel has ~9% less energy per gallon than petroleum diesel.
c. Technical potential assumed to be 67% of amount disposed in landfill (2012). Reference (a) uses a 50% technical recovery factor for
MSW stream going to landfill, however it is not unreasonable to assume higher recovery factors as market value of bioenergy
product increases or for cases where biomass does not need to be separated before conversion. (waste characterization and disposal
amounts are from: http://www.calrecycle.ca.gov/Publications/General/2009023.pdf)
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d. 67% of mixed paper, woody and green waste and other non‐food organics disposed in landfill (2012). Note (c) discusses rational
for using a higher technical recovery factor than that assumed for MSW in reference (a). (waste characterization and disposal
amounts are from: http://www.calrecycle.ca.gov/Publications/General/2009023.pdf)
e. From EPA Region 9; Database for Waste Treatment Plants
f. Assumes 50% methane in gas
g. Assumes VS/TS= 0.83 and biomethane potential of 0.29g CH4/g VS
h. Using 50 gge per dry ton (75 gallons EtOH per dry ton) yield. See, for example: Anex, R. P., et al. (2010). Techno‐economic
comparison of biomass‐to‐transportation fuels via pyrolysis, gasification, and biochemical pathways. [Article]. Fuel, 89, S29‐S35. doi:
10.1016/j.fuel.2010.07.015
i. ~116 ft^3 methane is equivalent to 1 gge (983 Btu/scf methane and 114,000 Btu/gallon gasoline, lower heating value basis)
j. 7.5 lbs FOG/ gallon biodiesel. Biodiesel has ~9% less energy per gallon than petroleum diesel, gives 50 M gallons diesel equivalent.
1 dge = 1.12 gge
Compiled by Rob Williams, University of California, Davis. April 2014 (revised 19 May 2014)
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