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Economic sustainability modeling provides decision support for 
assessing hybrid poplar-based biofuel development in California 
by Varaprasad Bandaru, Nathan C. Parker, Quinn Hart, Mark Jenner, Boon-Ling Yeo, Jordan T. Crawford, Yuanzhe Li, Peter W. Tittmann, Luke Rogers, Stephen R. 
Kaffka and Bryan M. Jenkins

Biofuels are expected to play a major role in meeting California’s long-term energy 
needs, but many factors influence the commercial viability of the various feedstock and 
production technology options. We developed a spatially explicit analytic framework 
that integrates models of plant growth, crop adoption, feedstock location, transporta-
tion logistics, economic impact, biorefinery costs and biorefinery energy use and emis-
sions. We used this framework to assess the economic potential of hybrid poplar as a 
feedstock for jet fuel production in Northern California. Results suggest that the region 
has sufficient suitable croplands (2.3 million acres) and nonarable lands (1.5 million 
acres) for poplar cultivation to produce as much as 2.26 billion gallons of jet fuel annu-
ally. However, there are major obstacles to such large-scale production, including, on 
nonarable lands, low poplar yields and broad spatial distribution and, on croplands, 
competition with existing crops. We estimated the production cost of jet fuel to be $4.40 
to $5.40 per gallon for poplar biomass grown on nonarable lands and $3.60 to $4.50 
per gallon for biomass grown on irrigated cropland; the current market price is $2.12 
per gallon. Improved poplar yields, use of supplementary feedstocks at the biorefinery 
and economic supports such as carbon credits could help to overcome these barriers. 

California policies designed to re-
duce greenhouse gas emissions 
are creating a new economic 

reality for in-state bioenergy production 
through the cap and trade program, the 

low carbon fuel standard (LCFS) program, 
Senate Bill 1122, which requires that 
utilities procure at least 250 megawatts 
of bioenergy, and increasingly stringent 
renewable portfolio standards. Assembly 

Bill 32 sets a goal of reducing greenhouse 
gas emissions in the state to 1990 levels by 
2020, while the LCFS program aims to re-
duce transportation fuel carbon intensity 
by 10% to achieve those targets. In addi-
tion, an executive order issued by Gov. 
Jerry Brown in April 2015 calls for an 80% 
reduction in greenhouse gas emissions 
statewide by 2050. Locally produced re-
newable energy sources such as biomass-
derived fuels have the potential to help 
achieve these goals and meet California’s 
energy needs (Jenkins et al. 2009; Mor-
rison et al. 2014; Youngs and Somerville 
2013). 

Numerous cellulosic biomass resources 
are potentially available for biofuel pro-
duction in California, including crop resi-
dues (e.g., rice and wheat straw), perennial 
grasses (e.g., switchgrass [Pennisetum 
purpureum]), forest residues (e.g., logging 
slash and forest thinnings), and wood 

Online: http://californiaagriculture.ucanr.edu/ 
landingpage.cfm?article=ca.v069n03p171&fulltext=yes

doi: 10.3733/ca.v069n03p171

Gr
ee

nW
oo

d 
Re

so
ur

ce
s

Partially irrigated hybrid poplar plantation 
at a demonstration field site in Clarksburg, 
California, about 1 1/2 years after planting.

Research Article

http://californiaagriculture.ucanr.edu
http://californiaagriculture.ucanr.edu/landingpage.cfm?article=ca.v069n03p171&fulltext=yes
http://californiaagriculture.ucanr.edu/landingpage.cfm?article=ca.v069n03p171&fulltext=yes


172 CALIFORNIA AGRICULTURE • VOLUME 69, NUMBER 3

Feedstock and Fuel Logistic Cost 
Analysis

Input:
• Road and rail transportation 

network
• Location of feedstock availability 

and fuel distribution center

Output:
• Feedstock transportation costs
• Fuel distribution costs

3PG-Coppice Forest 
Growth Model

Input:
• Climate
• Soil
• Management

Output:
• Biomass yield
• Crop water use

Geospatial Bioenergy System Model (GBSM)

Input:
• Location of feedstock availability, feedstock 

farm gate price
• Transportation and distribution costs
• Facility construction and operation costs

Output:
• Optimum biore�nery sites and sizes
• Feedstock and fuel demands and logistics
• Fuel supply curves

Bioenergy Crop Adoption Model 
(BCAM)

Input:
• Historic land use
• Budgets of incumbent crops and poplar
• Irrigation requirements

Output:
• Area of poplar adoption and 

displacement of incumbent crops at a 
range of poplar price

Aspen Techno-Economic Analysis

Input:
• Steps in the production reaction 

network
• Input costs for facility construction
• Expenses associated with 

production

Output:
• Capital expenses
• Operation expenses

Life-Cycle Assessment

Input:
• Biore�nery locations and land use 

changes
• Inputs associated with feedstock 

production and conversion
• Energy and CO2 conversion factors

Output:
• Net energy
• Global warming potential

IMPLAN Economic Impact Analysis

Input:
• Biore�nery locations
• Costs associated with construction 

and operation of facility, and poplar 
cultivation

Output:
• Number of jobs
• Revenue generation

chips from dedicated energy crops (e.g., 
hybrid poplar [Populus spp.], willow [Salix 
spp.] and eucalyptus [Eucalyptus spp.]) 
(Youngs and Somerville 2013). 

Hybrid poplar is a widely studied 
short rotation (harvested frequently) 
woody crop that not only can serve as 
a feedstock for biofuel production, but 
also can offer multiple ecological benefits 
including carbon sequestration — in 
amounts ranging from 0.2 to 0.7 tons car-
bon per acre per year in the topsoil (Baum 
et al. 2009; Garten 2002) — restoration of 
degraded lands such as former mining 
sites (Werner et al. 2012), stream protec-
tion from agricultural runoff, and habitat 
for wildlife (Ugarte et al. 2003). Due to its 

rapid growth and suitability for coppicing 
(harvesting trees near ground level and 
allowing the trees to resprout for the sub-
sequent growth interval), poplar has the 
ability to provide a flexible and consistent 
supply of biomass for biofuel production 
(Yemshanov and McKenney 2008). Ease of 
propagation and interspecies hybridiza-
tion will likely facilitate the development 
of hybrid genotypes that are highly pro-
ductive and suitable for a wide variety of 
soil and climatic conditions (Wang et al. 
2013). 

In addition, earlier studies have sug-
gested that hybrid poplar can be grown 
on various lands (e.g., marginal lands) 
and that its growth depends on soil 

productivity and management (Netzer 
et al. 2010; Pearson et al. 2010; Xue et al. 
2014). The average water requirement for 
trees 3 years or older is approximately 45 
acre-inches/acre in a semi-arid environ-
ment (Shock et al. 2002), which implies 
that in drier regions, irrigation may be 
required to ensure plant survival and rea-
sonable yields. 

 Although poplar is already recog-
nized as a potential feedstock source 
for low-carbon biofuel production, com-
mercial deployment is not yet realized 
due in part to economic conditions (e.g., 
net revenue constraints) and uncertain-
ties about resource availability (e.g., 
land and water resources for poplar 

Fig. 1. Integrated modeling framework used to assess the feasibility of poplar-based biofuel in Northern California. This framework consists of models and 
commercial software to assess various sustainability aspects related to poplar-based biofuel industry development. The arrows reflect the flows of data from 
model to model. 
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cultivation). As part of a larger research 
and development initiative in the Pacific 
Northwest on sustainable production 
of biofuel from poplar (for details, visit 
hardwoodbiofuels.org), we used an inte-
grated modeling framework comprised 
of multiple models (fig. 1) to assess the 
potential for poplar-based biofuel indus-
tries in a region comprised of 32 coun-
ties in Northern California (fig. 2). In 
this study, we evaluated poplar-based jet 
fuels, hydrocarbon fuels that meet cur-
rent fuel quality specifications and are 
compatible with the existing infrastruc-
ture for handling and using petroleum-
based fuels. 

Aviation grade biofuels are particu-
larly interesting because they are the only 
near-term option for low-carbon aircraft 
propulsion that does not require a com-
plete redesign of aircraft. Over the longer 
term, other renewable energy carriers 
such as hydrogen and electricity may 
emerge if aircraft are developed to utilize 
those fuels. Liquid fuels generated from 
sunlight are another promising alterna-
tive that is currently in the laboratory de-
velopment stage, e.g., methanol synthesis 
from carbon dioxide and water (Fairley 
2011). 

Modeling approach

The framework integrates seven 
models that represent the elements of a 
poplar-based biofuel supply chain (fig. 
1): feedstock production, optimization of 
biofuel production, facility-specific tech-
nical and economic performance, trans-
portation network costs and life-cycle 
environmental and economic impacts. 
The framework includes (1) the 3PG-
Coppice growth model, (2) the Bioenergy 
Crop Adoption Model (BCAM), (3) the 
Geospatial Bioenergy System Model 
(GBSM), (4) feedstock and fuel logistics 
cost analysis, (5) Aspen Plus techno-
economic modeling software, (6) IMPLAN 
social and economic impact analysis soft-
ware and (7) SimaPro life-cycle assess-
ment software. BCAM and GBSM were 
developed at UC Davis. 3PG-Coppice 
was also developed at UC Davis as a 
modification of the original Physiological 
Principles in Predicting Growth (3PG) for-
est growth model created by Landsberg 
and Waring (1997) that did not allow for 
coppicing of the crop. The other models in 
the framework are commercially available 
products.

Poplar biomass yield. We used the 3PG-
Coppice model to predict potential yields 
of poplar biomass on available lands. 
When poplar is grown as a short rota-
tion crop, coppicing facilitates multiple 
harvests during the production cycle. 
However, since the original 3PG model 
does not include algorithms for coppicing 
regrowth, we included a coppicing sub-
module to account for the root contribu-
tion to stem regrowth after harvesting 
(Prilepova et al. 2014). 

Transportation costs. Where pop-
lar biomass is produced influences the 
economic performance of refineries, as 
biomass collection and transportation 
costs depend on the location of feedstock 
production relative to the refinery site 
and the amount of feedstock demanded. 
To calculate the transportation costs for 
biomass, feedstock logistics data were ap-
plied within a GIS network analysis uti-
lizing cost values from the literature for 
different transport modes (truck, rail and 
barge) (Parker et al. 2010). 

Crop adoption. To be adopted by grow-
ers, poplar produced on croplands must 
economically outperform other crops. 
BCAM was used to examine the potential 
for poplar to compete with existing crops. 
BCAM is a whole-farm economic profit 
maximization model based on Positive 
Mathematical Programming optimiza-
tion principles (Jenner and Kaffka 2012). 

It uses production budgets for hybrid 
poplar estimated from simulated biomass 
yields along with budgets for current 
crops with yields from U.S. Department of 
Agriculture (USDA) National Agricultural 
Statistics Service (USDA 2010) histori-
cal data, and it computes crop shifting 
and area of poplar adoption at different 
market prices in a given region based on 
profit levels. 

Biofuel industry optimization. GBSM 
is a spatially explicit optimization model 
developed using mixed-integer linear pro-
gramming principles (Parker et al. 2010). 
The model considers the entire biofuel 
supply chain (i.e., distribution of biomass 
resources, costs associated with biomass 
production and harvesting, transporta-
tion costs of biomass supply to the refin-
ery, and capital and operating costs of 
biorefineries as a function of size) and de-
termine the optimal sites for the refineries 
based on maximizing overall profit. The 
capital and operating costs of biorefiner-
ies used in GBSM were estimated using 
a techno-economic model created in the 
process simulation software Aspen Plus 
(AspenTech 2011) and process-specific 
information regarding the conversion of 
biomass to fuel (Crawford 2013). 

Environmental and economic impacts. 
The data from GBSM on optimum refin-
ery sites and spatial land use change, and 
bioconversion data from Aspen Plus, were 

Harvesting hybrid poplar at a demonstration site in Clarksburg, CA.
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Suitable croplands

Suitable nonarable lands

used in SimaPro v.7.3.3 (PRé Consultants 
2012) to assess environmental impacts of 
poplar production. The socioeconomic 
impacts (e.g., job creation, revenue genera-
tion) at regional and state levels were ana-
lyzed using IMPLAN software. Results 
on the environmental and socioeconomic 
impacts are preliminary and are not 
discussed further here pending further 
analysis.

Potential poplar cultivation sites

We used land quality metrics and 
2009 USDA land use and land cover data 

(Johnson and Mueller 2010) to identify 
potential nonarable lands (pasture and 
grasslands) and croplands for poplar cul-
tivation in the study region, then used the 
3PG-Coppice model to estimate the inher-
ent biomass yield potentials on these lo-
cations under irrigated and nonirrigated 
conditions. Lands that were character-
ized by soil salinity (> 4.0 dS/m), steeper 
slope (> 15%), acidity (pH < 4.0), alkalinity 
(pH > 8) and shallow soil and water table 
depth (< 20 inches) were excluded and re-
maining soils were considered as suitable 
for poplar cultivation. 

Our analysis showed that there are 
approximately 2.3 and 1.5 million acres 
of suitable croplands and nonarable 
lands available in Northern California, 
respectively. While suitable nonarable 

lands are scattered widely across the 
region, croplands are mostly concen-

trated in the Central Valley (fig. 
2). Simulated biomass growth 
suggests that biomass poten-
tial varies substantially across 
the study region and ranges 

from 1.5 to 14.1 dry tons/acre per year 
depending on location, land type, cli-
matic conditions and management (fig. 3). 
Irrigated croplands result in considerably 

higher yields (on average 44%) than non-
arable lands (which are not irrigated) 
with spatial averages of 8.2 and 4.6 dry 
tons/acre per year, respectively (fig. 3). 

Overall, irrigated croplands and nonar-
able lands in Northern California have the 
potential to provide 18.9 and 7.1 million 
dry tons of poplar feedstock annually, 
which could result in 1,648 and 618 mil-
lion gallons of jet fuel per year based on 
projected fuel yields of 80 gallons per dry 
ton of biomass feedstock (Crawford 2013). 
However, it is important to recognize that 
the actual amount of biomass available for 
biofuel production and amount of jet fuel 
produced depend on many factors, such 
as the amount of available cropland that 
will be converted to poplar cultivation. 

Economics of poplar production

Higher profits from poplar cultiva-
tion compared to other feasible crops are 
needed for landowners to adopt hybrid 
poplar for bioenergy purposes. We evalu-
ated the economics of poplar production 
on both irrigated croplands and nonarable 
lands. 

We estimated that the average poplar 
production cost (not including transport 
to the biorefinery) on nonarable lands in 
Northern California is $74/dry ton; for 
irrigated croplands, the average cost is 
$53/dry ton, due mostly to higher yields 
and lower establishment costs. Even 
though the production cost for irrigated 
croplands is lower than that for nonirri-
gated lands, the opportunity costs of dis-
placing other crops are likely to be much 
higher, as poplar must compete with ex-
isting crops and typically incurs a 20-year 
production commitment. 

Nonarable lands. In the case of nonar-
able lands, the opportunity cost of land is 
less than on irrigated cropland; however, 
due to lower biomass yield potentials and 
higher production costs associated with 
establishment and harvesting, poplar 
production is on the whole less economi-
cally viable. In addition, the intermittent 
cash flow from 2- to 3-year harvesting 
cycles may discourage some landowners 

Irrigated croplands

Biomass (dry ton acre−1 y−1)

0 2 4 6 8 10 12 14 16

Nonirrigated nonarable lands

Fig. 3. Spatial estimates of poplar biomass yields (dry tons per acre per year) from suitable irrigated 
croplands and nonarable lands (nonirrigated pasture and grasslands). 

Irrigated croplands and nonarable lands in Northern California 
have the potential to provide 18.9 and 7.1 million dry tons of 
poplar feedstock annually, which could result in 1,648 and 618 
million gallons of jet fuel per year.

Fig. 2. Available croplands and nonarable lands 
(nonirrigated pasture and grasslands) in the 
study region (32 counties in Northern California) 
suitable for poplar cultivation under model 
analysis. Black lines represent county boundaries.
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Suitable nonarable lands

Major roads and rail network

Jet fuel cost (dollars/gal)
 4.5–5.0 5.0–5.8

from growing poplar. Therefore, to make 
poplar production economically attractive 
on nonarable lands, substantial incentives 
may be required, such as the Biomass 
Crop Assistance Program (BCAP) 
(Schnepf 2014). Research efforts targeting 
plant breeding to develop high yielding 
varieties could help further by increas-
ing the profitability of hybrid poplar on 
nonarable lands (Berguson et al. 2010), al-
though water is likely to remain a critical 
constraint for such lands in California. 

Irrigated croplands. Croplands in 
California are characterized by highly di-
versified farming systems comprising nu-
merous high-value specialty crops such as 
vegetables, fruits and nuts, and field crops 
(e.g., rice, wheat, corn). As such, poplar 
will encounter significant competition 
from these cropping systems. The total 
potential for poplar adoption in a given 
region depends on local farming patterns. 
A region with a high number of lower-
value crops could witness a high fraction 
of poplar adoption. Economic analysis us-
ing BCAM indicates that hay followed by 
corn silage are the crops most likely to be 
displaced by poplar.

Another important observation is that 
the entry price (the market price at which 
poplar is likely to be adopted) will vary 
from region to region depending on the 
demand for existing crop commodities, 
poplar biomass potential and poplar 
production costs. For instance, BCAM 
results suggest that because of higher 
average yields, the north central region 
of California has a lower entry price 
($48/dry ton) for poplar adoption when 
compared to northwestern ($54/dry ton) 
and northeastern California ($69/dry ton). 

Economics of potential biorefineries

The financial performance of the bio-
fuel industry is influenced by many fac-
tors, including the distribution of biomass 
resources, collection and transportation 
costs, and economies of scale associated 
with facility construction and opera-
tion (Leduc et al. 2010). The interactions 
among these factors and how they influ-
ence each other is important in determin-
ing the overall economic feasibility of the 
biofuel industry. We used GBSM to as-
sess the economic efficiency of potential 
poplar-based jet fuel facilities in Northern 
California each with a production capac-
ity of 100 million gallons per year (MGY). 
A total of 212 representative potential 

facility sites were selected from a set of 
locations having existing industrial land 
or similar industrial facilities in the vi-
cinity (figs. 4 and 5). Site-specific capital 
costs were based on the cost of adding in-
frastructure (such as building a rail spur 
to the site) and the value of industrial 
land at the location. Facility construc-
tion and operating costs were based on 
data from the ZeaChem demonstration 

biorefinery at Boardman, Oregon (Verser 
and Eggeman 2011), which was designed 
with a production yield of approximately 
80 gallons of jet fuel from each dry ton of 
biomass feedstock.

As mentioned earlier, suitable nonar-
able lands in Northern California are 
widely scattered across the region and are 
characterized by lower biomass yields. 
These factors lead to substantially higher 
biomass acquisition and transporta-
tion costs and impact the final cost of 
jet fuel. GBSM results indicate that for 
nonarable lands, the average jet fuel price 
from an optimized 100-MGY facility is 
$4.90/gallon, or about $2.78/gallon higher 
than current jet fuel price (U.S. Energy 
Information Administration 2015). An 
analysis of sensitivity to poplar yield, har-
vest cost and biorefinery capital cost sug-
gests a range of optimized costs between 

$4.40 and $5.40 per gallon (average 
plus or minus one standard de-

viation). Thus, under current 
market conditions, poplar 

from nonarable lands 
alone may not be enough 
to support a poplar-
based biofuel industry. 

When suitable croplands are considered 
along with nonarable lands for poplar 
production, jet fuel might be produced 
at a significantly lower cost — $3.60 to 
$4.50 per gallon with an expected value of 
$4.04/gallon  — but one that is still above 
the current market price. 

The estimate of adopted croplands 
for this analysis is strictly economic, but 
a number of other elements, including 
social (e.g., individual perceptions, envi-
ronmental justice) and regulatory factors 
(e.g., environmental policies), also influ-
ence the adoption of new crops. As such, 
there remains substantial uncertainty 
as to how much cropland might realisti-
cally shift to poplar production. In future 

work, we plan to use the life-cycle 
analysis and IMPLAN models to 

develop a clearer picture of the 
prospects for poplar as a vi-

able biofuel crop. 

Conclusions 

Even though there is 
a reasonable amount of 

suitable nonarable land available, lower 
biomass yields on nonirrigated land and 
the dispersed geographic distribution 
of suitable lands are major barriers to 

Fig. 4. Possible sites for independent 100-million-
gallon per year (MGY) biorefineries in Northern 
California and optimum jet fuel price for each site 
based on biomass supply from suitable nonarable 
lands (nonirrigated pasture and grasslands). 

Fig. 5. Possible sites for independent 100-million-
gallon per year (MGY) biorefineries in Northern 
California and optimum jet fuel price for each 
site based on biomass supply from both suitable 
croplands and nonarable lands (nonirrigated 
pasture and grasslands). 
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poplar adoption. Continuing research 
efforts to improve poplar biomass yields 
may be able to reduce production costs. 
Developing technology that utilizes ad-
ditional biomass resources such as crop 
residues (e.g., wheat straw, rice straw) and 
forest residues for jet fuel at the same fa-
cility could improve prospects for the bio-
fuel industry. Poplar feedstock also can be 
used to produce other bio-based products 
(e.g., organic chemicals, adhesives) that 
may be economically more promising due 
to the lower costs of feedstock conversion 
and higher value in the marketplace. 

Policy measures, particularly higher 
value carbon credits, could also improve 
prospects for a larger biofuel industry in 
California. Companion research from the 

University of Washington indicates that 
the global warming potential of poplar-
based jet fuels produced using lignin 
gasification technology is 27% to 71% 
lower than that of petroleum-based jet 
fuels. Thus, carbon credits could help a 
poplar-based jet fuel industry to become 
an economically competitive alternative. 
The modeling framework outlined here 
is designed to provide important decision 
support capacity in the analysis of agro-
nomic, technology and policy alternatives 
not only for biofuel production, but for 
other resource management questions, in-
cluding crop and livestock development, 
and soil and water conservation, more 
generally. c
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