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Abstract: This paper presents a system of systems (SoS) Biofuel model considering the interdependency among the systems involved in
biofuel development, including biofuel refinery location, transportation infrastructure, agricultural production and markets, environment, and
social communities. The model provides the optimal infrastructure development and land-use allocation for biofuel production in a region
considering socio-economic and water quality and quantity effects. The optimal development plan quantifies economic and hydrologic outputs and specifies biofuel refinery locations and capacities, refinery operations, land allocation between biofuel and food crops, optimal
shipments of products and feedstock, and transportation infrastructure. The model is formulated as a mixed integer linear program (MILP)
and is solved by an algorithm developed specifically to cope with the large size of the optimization problem. In addition to the development of
the SoS-Biofuel model, this paper demonstrates the functionality of the model and its ability to analyze the effects of interdependency among
subsystems by applying it to a watershed in Illinois. The SoS-Biofuel model is used to investigate the effects of different biofuel polices on
infrastructure needs and related environmental consequences, highlighting the interdependencies inherent in the optimal development of the
entire system. DOI: 10.1061/(ASCE)IS.1943-555X.0000238. © 2014 American Society of Civil Engineers.
Author keywords: Biofuel mandate; Boifuel development; Infrastructure; Systems of Systems; multidisciplinary modeling.

Introduction
National mandates for biofuel production stipulate new regional
and national infrastructure requirements that result in several
environmental concerns. This is particularly true considering
the inclusion of advanced biofuel in the renewable fuel standard
(RFS), in which 60 billion liters of advanced biofuels, consisting
of cellulosic ethanol from corn stover, perennial grasses and
woody biomass, will be blended with fossil fuel in the United
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States by 2022 [Energy Independence and Security Act (EISA)
2007]. The cellulosic ethanol mandate requires the construction
of new cellulosic ethanol refineries, whereas current firstgeneration (corn-based) biofuel refineries continue to be maintained and possibly expanded to meet the ethanol demand. Land
allocation decisions depend on the comparative advantages of
producing conventional crops versus dedicated energy crops,
and special consideration is given not only to crop yields and
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production costs but also to proximity to biofuel refineries and
transportation costs (Richard 2010).
The location and capacity of biorefineries affect the traffic-flow
pattern and can induce congestion and accelerate the deterioration
of highway and bridge systems, especially in some rural areas
where transportation infrastructure is not designed for heavy traffic
(Bai et al. 2011; Ng et al. 2011). Thus, transportation infrastructure
expansion, rehabilitation, and maintenance will be key factors in
determining optimal refinery location and capacity and farmland
allocation to biofuel crops.
The changes in land use for biofuel crops and other agricultural
inputs, such as fertilizers, will affect nutrient and sediment loads to
water bodies, soil organic matter, and life-cycle carbon and nitrogen emissions. Introducing second-generation bioenergy crops is
likely to increase water demand. An experimental study by McIsaac
et al. (2010) in Central Illinois showed that Miscanthus has approximately 100 mm more annual evapotranspiration than corn and
soybeans (conventional crops in the study area). Hence, large-scale
planting of Miscanthus or similar perennial crops may alter the flow
regimes at the watershed scale. However, Miscanthus is predicted
to have positive effects on water quality because it requires less N
fertilizer than corn, and produces less nitrate leaching than corn and
soybeans (McIsaac et al. 2010; Ng et al. 2010). These water quality
and quantity effects add complexity to planning biofuel development and associated infrastructural changes.
Moreover, regional and national biofuel targets require not only
engineering infrastructure expansion but also human and social infrastructure development to improve decision making, management, and operations. It is important to consider social and
community resiliency factors when determining the biofuel development plan (Magis 2008) because biofuel development is subject
to social constraints—namely, social welfare and acceptance (or
resistance) of local communities of the building of new biorefineries, expansion or renewal of existing infrastructures, land-use
conversion, and potential negative environmental effects.
Therefore, biofuel development in the United States is likely to
create unique challenges for critical lifeline infrastructure systems,
including food production, energy supply, transportation, and water
supply systems. Increasing ethanol production will lead not only to
the expansion of biorefinery systems but also to straining portions
of existing transportation, water supply and treatment, and other
infrastructures, which are already aging and degrading even without the added load from ethanol production (Ng et al. 2011). Moreover, the nation’s increasing dependence on biofuel crops changes
the vulnerabilities of energy supply, water supply, and transportation systems to climatic and other natural and artificial factors, such
as extreme weather and unexpected events. Thus, thoughtfully
planned and well-maintained infrastructures are fundamental to
the resilience and sustainability of the emerging biofuel economy
(Wright and Brown 2007).
Given the mutual dependencies of different infrastructures and
the environment, identifying the optimal development plan for the
biofuel production system requires a system of systems (SoS)
approach in which multiple infrastructures are simultaneously considered in one holistic framework with environmental and social
constraints. The SoS is characterized by multiple-infrastructure,
multidisciplinary, multiscale (spatial/temporal), multistakeholder,
and multiresource phenomena. Fig. 1 shows the biofuel SoS and
the interdependencies among relevant infrastructure components,
which are primarily caused by physical proximity, operational interactions, competition for natural and human resources, and information communication at the local and regional scales.
Various infrastructure components operate in an environment
characterized by interactions among engineering systems, the
© ASCE

Fig. 1. Systems’ interdependency and schematic representation the
model

natural environment, and socio-economic systems. The interdependencies may stabilize the overall system operation; however, the
damage affecting one infrastructure subsystem may result in damages in connected components, thus affecting large geographic regions and sending ripples through regional and national economies
(Heller 2001). Sustaining the overall combined social and engineering system requires understanding and managing feedbacks and
interrelationships among the subsystems (Fig. 1) across temporal
and spatial scales. Therefore, a holistic approach is required for
planning and designing sustainable and resilient infrastructure to
achieve the biofuel supply target.
This paper presents a computational model designed to represent the SoS, which consists of several infrastructure, environmental, and social subsystems in a holistic framework. The model
is useful for quantifying the effects of the subsystems’ interdependencies (as demonstrated in the results), detecting bottleneck infrastructures, and shedding light on the most dominant factors that
characterize the development of the biofuel system. The effect
of the subsystem’s interdependencies on the overall system solution
is particularly analyzed in details and demonstrated in the results to
show the importance of the propagation of changes from one subsystem to another.

Model Development and Model Features
Comparison with Existing Models
Current biofuel models can be classified into biorefinery location
models and land allocation models. Static biorefinery location
models, which are formulated for a typical year, have been presented in several studies including Eksioglu et al. (2010), Huang
et al. (2010), Bai et al. (2011), and Hajibabai and Ouyang (2013).
For example, Bai et al. (2011) developed a static model for a biorefinery location problem by taking into account not only the transportation cost as a function of distance but also the travel delay
caused by congestion as a function of traffic volume. Hajibabai and
Ouyang (2013) expanded this work by introducing the transportation
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network expansions to address a new tradeoff between congestion
mitigation and transportation infrastructure enhancement.
The multiyear dynamic version of the refinery location problem
has also been addressed in the literature. Kang et al. (2010) considered the multiyear development of a biofuel supply chain, but they
considered neither congestion nor expansion of the transportation
infrastructure in their model. In the aforementioned models, the biomass feedstock supply and the products’ demand are given in advance
as input to the model. Thus, the optimal locations of biorefineries are
determined based on given supply–demand information. In contrast,
Tittmann et al. (2010) solved the static biorefinery location problem
by considering ethanol demand as an exogenous decision variable
and feedstock supply as an endogenous decision variable, but they
did not consider congestion and transportation network expansions.
Various land-allocation economic models have been developed
to estimate the implications of biofuels on the agricultural and fuel
sectors. For instance, the forest and agricultural sector optimization
model (FASOM) is used by the U.S. Environmental Protection
Agency (USEPA) to simulate the effect of the RFS mandate [Energy
Information Administration (EIA) 2010]. FASOM is a multiyear
model for determining land allocation and the price of gasoline
and ethanol endogenously. Chen et al. (2011) developed the biofuel
and environmental policy analysis model (BEPAM), which is a
multiyear, multimarket equilibrium model for the fuel, agriculture,
and livestock sectors. In BEPAM, prices are determined endogenously and decisions regarding land allocation and practices for producing row crops and perennial crops are made based on the spatial
resolution of crop reporting districts.
These land-allocation economic models focus on land allocation
decisions and do not consider the infrastructure aspects, such as
refinery location and capacity, transportation investment, or traffic
congestion. Recently, Chen and Önal (2012a) extended BEPAM to
include biorefinery location. However, the model does not consider
traffic congestion, transportation infrastructure expansion, water
flow, or water quality effects.
This paper proposes a model that integrates a variety of system
aspects that are typically modeled separately and demonstrates the
interdependencies among these complex systems. The proposed
model is holistic and includes a number of distinct features. First,
rather than treating feedstock supply locations and the amount of
feedstock as external inputs, the model handles the location of biorefineries and land allocation among various feedstock simultaneously; therefore, feedstock supply is determined endogenously by
the model based on the spatial and temporal interdependency between the feedstock supply and the biorefinery capacities. Second,
the proposed model is dynamic; it considers the intertemporal
dependency among refinery facilities, feedstock production, and
the supporting infrastructures. As such, the model allows for multistage biorefineries’ capacity expansion corresponding to the increase in the biofuel mandates over the planning horizon.
Third, the model encompasses traffic congestion and transportation infrastructure expansion/renewal decisions. Fourth, it incorporates environmental aspects at the watershed scale—namely,
surface water flows and nitrate loads in the subwatersheds—into
the planning model. The various infrastructures in the system of
systems are traditionally described at different temporal and spatial
scales/resolutions (e.g., annually for agricultural systems, monthly/
daily for water quantity, and hourly for transportation systems).

Interdisciplinary Approach
A SoS approach integrates data, experience, perspectives, and
concepts from more than one discipline. The integrated model
© ASCE

described in this paper was developed under an interdisciplinary
research project involving multidisciplinary engineering, economics, sociology, and natural sciences such as hydrology and atmospheric science.
Researchers from these areas worked jointly on the conceptual
development and implementation of the integrated model. The
models and input and output data sets from the working groups
of the subsystem were used to develop the interrelations among
the subsystems, which were justified by the entire team and were
eventually used to construct the integrated model. The model was
used to address infrastructural support for biofuel development,
which provided a platform for researchers from different groups
to explore various planning scenarios and policy options. Results
from the integrated model were also fed back to the subsystem
models for more detailed simulation and discipline-specific study.
One of the challenges for such interdisciplinary study is that each
discipline uses its own terminology, but intergroup discussions
greatly helped to overcome this barrier.

User Interface
Large-scale models can overwhelm users with input requirements
and output possibilities. Because of the multidisciplinary nature of
the model, communication is needed for developing models that
involve multiple areas among the different groups from different
areas of expertise. To facilitate communication, a user-friendly
graphic user interface (GUI) was developed using a geographic information system (GIS) package. Model users can input the model
parameters through the GUI, and tabular and graphic-based reports
can be automatically generated by the GUI. The GUI incorporates a
spreadsheet input tool for defining the system layout, components,
and parameters; it automatically generates the input data for a
MATLAB code that formulates the optimization problem, solves
it using a specially developed solution algorithm that takes advantage of the problem structure (see the section on the model solution), and generates the solution report. The solution report uses
ArcGIS to create GIS maps that describe the optimal development
of the system along with the planning horizon, and provides spreadsheets with detailed tabular information. The result reports help
users to examine the information obtained from the solution provided by the integrated model efficiently.

Model Components
A schematic representation of the SoS model is depicted in Fig. 1.
The agriculture system produces crops for food markets and refineries. The type of crops determines the runoff and water quality in
the watershed streams. The feedstock is transported through a transportation network to food markets (e.g., export nodes and local
markets) and to biofuel refineries. After extracting the amount of
water needed for the ethanol production process, refineries use the
delivered raw materials to produce ethanol and dried distillers
grains with solubles (DDGS). DDGS is the protein and fiber remaining from the conversion of corn to ethanol; it is used as a secondary commodity to feed different types of livestock. Ethanol and
DDGS are transported through the same transportation system to
their respective demand zones.
The land allocation between food, first-generation, and secondgeneration biomass crops affects the optimal location, size, and operation of biorefineries. The optimal location of refineries depends
on the proximity to both raw material supply regions and ethanol
and DDGS consumers. These two factors are negatively correlated
because the feedstock supply is abundant in rural areas, where
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ethanol demand is limited. Although the cost of transporting raw
materials is greater than that of transporting refinery products, the
right balance between the two is not trivial.
The capital cost of cellulosic refineries is expected to be higher
than first-generation refineries. This may lead to fewer and more
centralized high-capacity cellulosic refineries. However, feedstock
transportation costs will cause the tradeoff between capital and
operational costs given that cellulosic feedstock is bulkier than corn
and therefore requires higher transportation cost.
The location and capacity of a biorefinery affect the traffic flow
patterns, create congestion, and accelerate transportation infrastructure deterioration, especially when refineries are located in rural
areas where the transportation infrastructure may not be designed
for heavy traffic. Land-use change, expansion of refineries, and
expansion of transportation infrastructures face environmental and
social constraints, which will affect the acceptance/resistance of
local communities to proposed changes.
Therefore, it is necessary to develop an integrated model that
considers the interdependencies among the interlinked subsystems,
i.e., system of systems (SoS), for the adequate evaluation of the
optimal biofuel development plan and its effects. The model was
developed as an annual model and was later expanded into a
multiyear model. The annual model served as the building block
for the multiyear model. The state variables corresponding to the
amounts of perennial crops and infrastructure capacities were
used to link the years. The annual model is an integrated model
of SoS, which considers the interlinked subsystems of the biofuel
development. The subsystems of the integrated model are shown
in Fig. 1. The objective of the model is to maximize the profit
from the entire system—without regard to relative individual
profits—under physical, technological, operational, and environmental constraints from all subsystems. In the annual model, the
effect of crop selection and facility location decisions on the
watershed subsystem is represented by a monthly time step to capture the intra-annual seasonality, and the effect on the transportation subsystem is represented by peak-hour traffic to account for
congestion conditions.

Corn stover is also considered as a raw material for secondgeneration refineries. The maximum harvested yield and the production cost of corn stover per unit of area are CY tcs and CCtcs ,
respectively. To facilitate the notation, two sets are defined: I ≡
fc; cs; s; m1 ; m2 ; m3 g where Miscanthus is age-dependent, and
I 1 ≡ fc; cs; s; mg where all Miscanthus, irrespective of age, is included. Based on the data mentioned previously, the model predicts
the fractions of each land parcel, defined as vectors X ti ∀i ∈ I,
which will be allocated to different activities. The total fraction
of land covered with Miscanthus is given in Eq. (1)
X tm ¼ X tm1 þ X tm2 þ X tm3

i∈I

ð2Þ
where diagð·Þ = diagonal matrix; and ð·ÞT = transpose operator.
Given the crop yields and the agricultural area in each land parcel, fixed input-output Leontief production functions are used for
row crops and Miscanthus production. The land parcels feedstock
supply is defined in Eq. (3)
Sti ¼ diagðAÞ · diagðCY ti Þ · X ti

∀i∈I

∀t

ð3Þ

The total amount of Miscanthus is given in Eq. (4)
Stm ¼ Stm1 þ Stm2 þ Stm3

∀t

ð4Þ

In modeling the multiyear dynamics of Miscanthus, crops that
are 2 years or older exist only as a continuation of the current crop.
Furthermore, Miscanthus-planted areas may be converted for growing conventional crops. This former is represented in Eqs. (5)
and (6)

Land-Use Subsystem

© ASCE

ð1Þ

Eq. (2) represents the total annual cost of Miscanthus production, which consists of production cost (i.e., machinery, mowing,
harvesting, baling) and establishment cost in the first two years,
which covers the costs of rhizomes and land preparation to establish the crops
X
K tland ¼
ðCCti ÞT diagðAÞ · X ti þ ðCCtm ÞT diagðAÞ · X tm ∀ t

X tm2 ≤ X t−1
m1

The land-use subsystem models the allocation of land between two
conventional annual crops: corn and soybeans, and an energy crop,
Miscanthus. It also allows for the harvesting of corn stover as a
biofuel feedstock. It is assumed that the owner of a land parcel
can choose crop i, where i ¼ m (Miscanthus), i ¼ c (corn), and i ¼
s (soybeans), respectively. A land parcel level spatial disaggregation is used, in which a given region (e.g., watershed) is divided
into N l land parcels. Accordingly, the land parcel data vectors
in RN l are introduced as described subsequently. A is the area
of a land parcel, whereas CCti and CY ti represent annual crop production cost and crop yield per unit area, respectively. Because of
the perennial nature of Miscanthus, which has a productive lifetime of 15–20 years, significant establishment costs, and a low
yield in the first two years, the yield and cost of Miscanthus are
age-dependent. Both yield and production cost are assumed to stabilize after the third year; thus, Miscanthus age 1 is defined by
i ¼ m1 , Miscanthus age 2 by i ¼ m2, and Miscanthus age >2
by i ¼ m3. Given this notation, Miscanthus production cost consists of two parts: CCtm is the annual crop production cost per unit
area of Miscanthus for all ages, and CCti i ¼ fm1 ; m2 ; m3 g is the
establishment cost per unit area for Miscanthus, which is agedependent. i ¼ m refers to total Miscanthus, irrespective of age.

∀t

∀t

t−1
X tm3 ≤ X t−1
m3 þ X m2

ð5Þ
∀t

ð6Þ

In Eq. (7) the total amount of land used for all agricultural production activities cannot exceed the available agricultural land
X tm þ X tc þ X ts ≤ αa

∀t

ð7Þ

where αa = vector of the fraction of agriculture land in each land
parcel.
Corn stover is considered a raw material for cellulosic refineries.
Because it is a byproduct of cultivating corn, corn stover can only
be harvested from land planted under corn, as in Eq. (8)
X tcs ≤ diagðαcs Þ · X tc

∀t

ð8Þ

where αcs = vector of the maximum fraction of corn area from
which corn stover is harvested for ethanol production.
To avoid extreme monocultures, in which land parcels in specific regions are dedicated to the most profitable crop type, the
historical crop mix pattern is used for each land parcel to constrain
the optimal solution to more realistic land allocations (Chen and
Önal 2012b). Because the model includes a new second-generation
bioenergy crop, deviation from the historically observed crop mix
pattern is allowed as shown in Eq. (9)
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CP − αdv ≤ X ts · diagðX tc Þ−1 ≤ CP þ αdv

∀t

ð9Þ

where CP and αdv = vectors of the observed crop mix pattern
(i.e., the ratio between soybeans and corn land) and allowed
deviation, respectively.
Farmers adhering to sound risk-management practices will not
allocate all of their lands to Miscanthus, which is a relatively new
crop. To simulate this behavior, the model restricts the land allocated to perennial grasses in each land parcel to a maximum fraction Miscanthus X max
m , as shown in Eq. (10)
Downloaded from ascelibrary.org by University of Illinois At Urbana on 11/17/14. Copyright ASCE. For personal use only; all rights reserved.

X tm ≤ X max
m

∀t

ð10Þ

Eqs. (1)–(10) describe the land-use system for biomass production, which represents the constraints on land availability and
land allocations between the first and second generation of biofuel
crops.

Biorefinery Subsystem
The locations of biorefineries and the land-use patterns are interdependent. The comparative advantage of growing energy crops in
a specific region depends on the region’s proximity to ethanol production facilities. A new refinery may induce farmers to switch
from conventional crops to cellulosic energy crops or to sell corn
as biofuel feedstock instead of selling it to food markets; whereas,
land use may attract biorefinery investors to build in the proximity
of feedstock supply to minimize costs. Thus, agricultural land-use
allocations and biorefinery locations should be solved simultaneously using a unified model.
In the refinery subsystem N r , potential refinery locations are
defined in the modeled region. Each of the potential locations
can hold a first-generation biorefinery, a second-generation biorefinery, or both. First-generation biorefineries are fed by corn grain
(i ¼ c) as a feedstock and produce both ethanol and DDGS as
products j ¼ fe; gsg ≡ J. Second-generation biorefineries (i.e., cellulosic refineries) are fed by Miscanthus and corn stover (i ¼
fm; csg) and produce ethanol (j ¼ e).
Consequently, two vectors of decision variables, Ct1 and Ct2 , are
defined in RN r as the refineries’ capacity, corresponding to first
and second-generation biorefineries. The capacities are timedependent as both building and expanding the refineries over the
multiyear planning horizon are considered. This is necessary to reflect the expanding demand of biofuel products and the timedependent supply of the perennial crops. Therefore, building or
expanding a refinery in a given year depends on the system’s needs
throughout the planning horizon. However, the optimal operation
plan of the refineries may require below-capacity operation in
certain years (e.g., as a result of a draught in certain year). The
refineries’ feedstock demand is defined as the decision vectors
DRti ∈ RN r i ¼ fc; m; csg.
The model is designed to include both capital and operation
costs of the biorefineries along the planning horizon. The refineries’ capital and operation costs are influenced by economies of
scale. The capital cost of building a new refinery plant includes
a fixed investment that does not depend on the capacity and a variable cost that is associated with the designed capacity. The operation cost accounts for expenses that result from the refinery’s
process, which does not include the feedstock purchasing cost.
The operation cost consists of a variable operation cost that depends on the amount of processed raw material (e.g., energy cost,
labor cost) and a fixed cost that is not greatly influenced by changes
in production level (e.g., maintenance cost). The capital and the
operation costs have been formulated with fixed and linear variable
© ASCE

costs. The variable cost depends on the activity level, whereas the
fixed cost is constant. Thus, the model prefers the lower capital cost
of the centralized refinery, which reflects the effect of economy
of scale.
Because of the discontinuous terms associated with the
fixed capital costs, two vectors of binary decision variables,
ZI t1,2 ∈ RN r , are defined. These binary variables are used to track
the increase in the capacity of refineries (first and second-generation
refineries), and take values of 1 if there is capacity expansion and 0
otherwise. Consequently, the capital cost associated with the refineries expansion in a given year is given in Eq. (11)
K tCapital ¼

2
X
½ðFCtk ÞT · ZI tk þ ðVCtk ÞT · ðCtk − Ct−1
k Þ

∀ t ð11Þ

k¼1

where FCtk ; VCtk are vectors of fixed and variable capital cost,
respectively.
Unlike the capital cost in which the fixed cost is encountered only
when a capacity expansion occurs, in the operation cost, Eq. (12), the
fixed cost is encountered when the refinery exists. Hence, vectors of
binary decision variables ZEt1,2 ∈ RN r correspond to existing refineries and take values of 1 if the refinery exists and 0 otherwise
K tOperation ¼

2
X

½ðFOtk ÞT · ZEtk þ ðVOtk ÞT · DRtk 

∀t

ð12Þ

k¼1

where DRt1 ¼ DRtc , DRt2 ¼ DRtm þ DRtcs ; FOtk and VOtk = vectors
of fixed and variable operation costs, respectively; and DRt1;2 = vectors of first and second-generation refineries’ feedstock demands.
Once a biorefinery is built at a given location and in a given year,
downsizing the capacity of facilities is not allowed, as given in
Eq. (13). Thus, the model assumes that it remains operational
throughout the planning horizon. However, as discussed previously, the production amount may vary over time and fall below
the facility’s design capacity
Ctk ≥ Ct−1
k

∀ k ¼ 1; 2 ∀ t

ð13Þ

Eq. (14) ensures the desired behavior of the zero/one pattern in
vectors ZI t1;2 and ZEt1,2 (in which the value of one is assigned
whenever the activity level is nonzero); a refinery may only increase its capacity if ZI t1;2 is one
t
t
ΔCaptmin;k · ZI tk ≤ Ctk − Ct−1
k ≤ ΔCapmax;k · ZI k ∀ k ¼ 1; 2 ∀ t

ð14Þ
where ΔCaptmin;k and ΔCaptmax;k are the minimum and maximumcapacity expansion allowed in the case of refinery upgrade. Therefore, a positive increase in the capacity may take place only if the
refinery is expanded. Furthermore, the expansion cannot fall below
a minimum and exceed a maximum-capacity expansion. Similarly,
in Eq. (15), a refinery may have a positive capacity if ZEt1;2 is one
0 ≤ Ctk ≤ Captmax;k · ZEtk

∀ k ¼ 1; 2 ∀ t

ð15Þ

where Captmax;k = maximum allowed capacity. If the capacity Ctk is
positive, then constraint Eq. (13) will keep the capacity positive in
tþ1
the subsequent year Ctþ1
k , which in turn implies that ZE1,2 are
ones. Thus, if a refinery exists in a given year, it will remain operational throughout the planning horizon.
Fixed input-output Leontief production functions are used for
the biorefinery feedstock processing. Given the production per unit
mass of feedstock, the first-generation refineries’ ethanol and
DDGS supply is defined in Eq. (16)
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St1;j ¼ PY tj;c · DRtc

∀j∈J

∀t

ð16Þ

where PY te;c and PY tgs;c = ethanol and DDGS yield per unit mass of
corn, respectively. The second-generation refineries’ ethanol supply is defined in Eq. (17)
St2;e ¼ PY te;m · DRtm þ PY te;cs · DRtcs

∀t

ð17Þ
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where PY te;m ; PY te;cs = ethanol yield per unit mass of Miscanthus
and corn stover, respectively. Furthermore, the amount of ethanol
supplied by each refinery cannot exceed its processing capacity, as
in Eq. (18)
Stk;e ≤ Ctk

∀ k ¼ 1,2

∀t

ð18Þ

Water withdrawal from refineries depends on the amount of raw
material processed by the refineries. The yearly water amount required by the refineries is given in Eq. (19)
X
QRt ¼
WCi · DRti
i ¼ fc; m; csg ∀ t
ð19Þ
i

where WCi = per-unit feedstock water consumption.
Eqs. (11)–(19) describe the type and capacity of biorefineries
and the relations between this and other subsystems such as the
biomass production and water supply systems.

Transportation Subsystem
In the transportation subsystem, both the routine operation (shipment routing) and the development of the transportation network
are considered in the planning horizon.

In the operational component, the model considers the routing of
crop shipments for food and biorefineries’ processing. Once the
feedstock is converted into ethanol and DDGS, these products
are transported to their respective demand zones. In the transportation subsystem, N d potential demand zones (e.g., markets, consumers, or export nodes) are defined. The demands for theses
demand zones are decision variables, represented in the form of
vectors Dti , Dtj ∈ RN d , j ¼ fe; gsg, i ¼ fc; sg. The location of
ethanol demand nodes is given exogenously, but terminal blending
is not explicitly considered. Moreover, it is assumed that the demand is not constrained by the blend wall.
The land parcels, transportation infrastructure, refineries, and
demand zones must satisfy mass-flow conservation for all crops
and products in all years. The network can be represented as a
directed graph consisting of N nodes connected by M directed
edges. Each edge generally represents a roadway link between
two nodes. If the direction of travel is not restricted, each link
is represented by two edges, one in each direction. The topology
of the network is represented by the connectivity matrix G, where
G ∈ RN×M has a row for each node and a column for each edge.
The nonzero elements in each row are þ1 and −1 for incoming and
outgoing edges, respectively. The first subset of rows in G corresponds to the N l land parcels nodes, whereas the last subsets of
rows correspond to the N r refinery nodes and the N d demand nodes, respectively. For each crop i ¼ fc; cs; s; mg ≡ I 1 and product
j ¼ fe; gsg ≡ J in year t, the system of linear equations in Eqs. (20)
and (20) ensures mass-flow conservation at the network nodes

G · f tj ¼ ½0; −Stj ; Dtj 
© ASCE

i∈I 1

j∈J

where TCti ∈ RM = unit transportation cost on each link of the
transportation network.
The biorefineries’ products and corn and soybeans are shipped
to potential N d demand nodes, which represent markets, consumers, or export nodes. The profit from selling these commodities is
based on a fixed price given at each demand node for each type of
commodity. Because the model is designed to work on the watershed level, a significant spatial variation in the commodities’ price
is unlikely to occur, and the supply of products from the biofuel
system is unlikely to affect the prevailing market-equilibrium prices. Therefore, when determining the optimum resource allocation
and infrastructure investment, the model incorporates fixed prices
for ethanol, DDGS, corn, and soybeans as exogenous parameters.
The revenue in each year is defined in Eq. (23)
X
X
Ret ¼
ðPti ÞT · Dti þ
ðPtj ÞT · Dtj ∀ t
ð23Þ
i∈I 1

Routine Operation

G · fti ¼ ½−Sti ; 0; DRti ; Dti 

where fti and ftj = vectors containing the shipment flow on
each link.
The shipment cost varies across commodities because of density
differences between the bulky feedstock and the final biofuel products. For example, Miscanthus is much bulkier than corn and ethanol, and therefore imposes a much higher traffic load and,
consequently, a higher average transportation operation and infrastructure cost per ton. The total operational transportation cost
(i.e., the shipment cost) is considered linear with the shipment
quantity/flow. The linearity assumption is reasonable because biofuel is shipped mostly during nonpeak hours of the day (Foulds
1976). The yearly shipment cost is given in Eq. (22)
X
X
K tShipment ¼
ðTCti ÞT · fti þ
ðTCtj ÞT · ftj ∀ t
ð22Þ

∀ i ∈ I1
∀j∈J

∀t

∀t

ð20Þ
ð21Þ

j∈J

where Pti ∈ RM = price vector containing the price for all demand nodes.
Capacity Expansion
The biorefineries are expected to result in a high traffic volume on
the transportation system, which could cause additional congestion
and delays and could accelerate transportation infrastructure
deterioration. Congestion in roadway links with high background
traffic demand (i.e., public traffic) results in high transportation cost
and community resistance. Moreover, routing the biofuel shipments through congested transportation links may hinder the efficiency of the supply chain. Capacity analysis is performed at the
peak hour in terms of traffic volume, the most critical period of the
traffic system. For that purpose, the peak hour traffic volume, TV t ,
for each link of the transportation system is defined in Eq. (24)
X
X
TV t ¼
diagðCEti Þ · fti þ
diagðCEtj Þ · f tj þ Bt ∀ t ð24Þ
i∈I 1

j∈J

where CEti ∈ RM = conversion rate of feedstock flow to passenger
car equivalent (PCE) per hour in each link; and Bt = peak hour
background traffic on the links.
The biofuel/biomass shipment demand is prorated uniformly
over time to avoid overtime operation and storage requirements that
may be required if peak hours are avoided completely. As such, a
portion of shipments is conducted in the peak hours, during which
the level of service (LOS) may be violated. To ensure the feasibility
of biofuel development, it might be worthwhile to invest in transportation infrastructure. In fact, the capital investment associated
with transportation infrastructure expansion and/or renewal may
be considered part of the biofuel industry’s development plan,
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e.g., through private-public partnerships (Unnikrishnan et al. 2009).
The investment in transportation infrastructure is directly interlinked with the location of biorefineries; therefore, it is necessary
to address the expansion of the transportation network in an integrated framework that encompasses the biorefinery location and the
shipment routing (Bai et al. 2011; Hajibabai and Ouyang 2013).
The increase in transportation network capacity, considering its
effects on travel time and congestion, is known in the transportation
literature as the network design problem (NDP). In the NDP,
improvements or additions to links to the network are sought to
minimize the summation of infrastructure investment and traffic
congestion. This study considers the system-optimal continuous
NDP (CNDP). For details on the classification of the NDP, the
reader is referred to the Supplemental Data. In classical CNDP,
the travel cost is taken as a nonlinear convex function of the traffic
volume, reflecting the fact that the travel time increases quickly in
congested conditions. This nonlinear relation on the travel time
adds significant complexity to the CNDP and requires assigning
a monetary value to the travel time, which may vary across industry
and public users (LeBlanc 1979).
The approach suggested by Davis and Saderson (2002) is
adopted to account for congestion, which does not explicitly require nonlinear travel costs or conversion between travel time
and travel cost. In this approach, the ratio of traffic volume and
capacity is used as an indicator of the LOS (Roess et al. 1998).
Instead of directly computing the travel costs under congestion
for biofuel shipments and the general public, performance guarantee constraints are imposed so that the LOS does not degrade below
a certain threshold on all network links. The LOS requirement is
enforced by the linear constraint in Eq. (25)
TV t − diagðLCt Þ · LOStmax ≤ 0 ∀ t

∀t

ð26Þ

where ΔLCt ∈ RM = capacity increment.
In Eq. (27), the yearly capacity expansion cost is considered to
be a linear function of the capacity increase (Unnikrishnan et al. 2009)
K expansion ¼ ðECt ÞT · ΔLCt

∀t

ð27Þ

where ECt ∈ RM = per-unit capacity expansion cost. The relationships described in the transportation subsystem connect the transportation system development (capacity, traffic congestion, and costs) to
biofuel production, refinery, and fuel shipment to demand sites.

Environmental Subsystem
The integrated model includes a watershed module to represent the
effects of land allocation and refinery water extraction decisions
on the water flow and nitrate load in the streams. The watershed
is modeled as a network of flow, in which the nodes represent
subwatershed outlets and the linkages are defined as the onedirectional flow paths between the subwatersheds. Similar to the
transportation network, the water/nitrate flow network can be represented as a directed graph. However, because of the special spatial relationship between the subwatersheds, this graph consists of a
tree graph, which contains no cycles.
The topology of the subwatersheds’ network is represented by
the connectivity matrix W, in which W ∈ RN w ×N w has a row for
© ASCE

Y ti ¼ OV · X ti

∀ i ¼ fm; c; sg ∀ t

ð28Þ

where Y ti = fraction of land with crop i in the subwatersheds.
As indicated in the land-use subsystem, only a fraction αa of
land parcel is considered agricultural land
Y u ¼ OV · ð1 − αa Þ
Y tf ¼ 1 −

ð25Þ

where LCt , LOStmax ∈ RM = vectors containing the transportation
link capacity and maximum allowed LOS, respectively. In Eq. (26),
the transportation capacity is allowed to be increased over time to
account for the increasing traffic volume
LCt ¼ LCt−1 þ ΔLCt

each node and a column for each linkage between the nodes. Additionally, the last node and the last column in W correspond to the
watershed outlet and the flow at the outlet, respectively. The runoff
contribution (water and nitrate) of each subwatershed is determined
based on the land cover and the water use in that subwatershed.
Thus, the decisions of other subsystems such as land allocation
in the land-use subsystem and water use in the refinery subsystem
define the sources and the sinks of the network.
Land-use decisions are taken in 10 × 10 km land parcels,
whereas delimitation of the subwatersheds is determined based
on the topographic characteristics of the land. Thus, it is necessary
to convert land-allocation decisions in the land-use subsystem into
subwatershed-land allocation. A subwatershed may contain more
than one land parcel and may also contain partial land parcels.
Thus, the overlapping between the land parcels and the subwatershed should be based on a spatial analysis of the modeled region.
Given N w subwatersheds, the overlapping matrix could be defined
as OV ∈ RN w ×N l , in which each row sums to one and corresponds
to the fractions of the overlapping area between the subwatersheds
and the land parcels. Thus, the land allocation in the subwatersheds
is given in Eqs. (28)–(31) as

X
Y ti

ð29Þ

i ¼ fm; c; s; ug

∀t

ð30Þ

i

where Y u = fraction of nonagricultural land in the subwatersheds;
and Y tf = fraction of the fallow land in the subwatersheds.
The runoff from each land parcel is a function of the land cover
defined previously. Given the per-unit area water runoff (or water
yield) for each subwatershed, the fixed input-output Leontief production functions are used to determine the total runoff contribution
from the subwatershed. To capture the intra-annual seasonality, the
time resolution of the runoff is lowered to a monthly scale. Thus,
different production functions are used for each month, and the runoff contribution is defined in Eq. (31) as
X
t
ΔQt;τ ¼
diagðWY t;τ
i ¼ fm; c; s; u; fg ∀ t ∀ τ
i Þ · Yi
i

ð31Þ
Nw
where WY t;τ
= runoff contribution when the entire subwai ∈ R
tershed has the land cover i. Similarly, Eq. (32) defines the nitrate-N
load runoff as
X
t
ΔN t;τ ¼
diagðNY t;τ
i ¼ fm; c; s; u; fg ∀ t ∀ τ
i Þ · Yi
i

ð32Þ
Nw
where NY t;τ
= nitrate-N runoff contribution when the entire
i ∈ R
subwatershed has the land cover i.
A subset of the subwatersheds can have water storage facilities
(i.e., reservoirs). Given N s reservoirs, the volume of the reservoirs’
water along the planning horizon can be represented by Eq. (33) as

V ðt;τ Þþ1 ¼ V t;τ þ ΔV t;τ

∀t ∀τ

ð33Þ

where V t;τ ∈ RN s = water volume in the reservoirs; and ΔV t;τ ∈
RN s = change in the storage. Eq. (34) defines how maximum
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and minimum constraints on storage volume are imposed to reflect
policy and operational limits
t;τ
t;τ
≤ V max
V t;τ
min ≤ V

∀t

∀τ

ð34Þ

The mass conservation should be maintained in the network
flow of the watershed. The linear equation systems in Eq. (35) ensure water-mass conservation in the subwatershed’s network nodes
W · Qt;τ ¼ −ΔQt;τ þ WR · QRt =12 þ WV · ΔV t;τ

∀t

∀τ
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ð35Þ
where WR ∈ RN w ×N r has a row for each subwatershed and a column for each potential refinery. The nonzero elements in each row
have the value of 1 corresponding to refineries that withdraw water
from the subwatershed. Similarly, WV ∈ RN w ×N s has a row for each
subwatershed and a column for each reservoir and nonzero element
of 1 corresponding to the reservoir in the subwatershed.
The mass balance conservation should also hold for the nitrate
mass propagating throughout the subwatersheds, as in Eq. (36)
W · N t;τ ¼ −ΔN t;τ þ WV · ΔVN t;τ

∀t

∀τ

ð36Þ

where ΔVN t;τ = nitrate mass loss caused by denitrification in each
reservoir (David et al. 2006).
Environmental policies are addressed by imposing streamflow
and nitrate load constraints in Eqs. (37) and (38). These constraints
can be specified by location (per subwatershed) and time (monthly)
in the watershed to reflect the spatial and temporal variation of the
regulations
Qt;τ ≥ Qt;τ
min

∀t

∀τ

ð37Þ

N t;τ ≤ N t;τ
max

∀t

∀τ

ð38Þ

t;τ
Nw
where Qt;τ
= minimum flow and the maximum
min , N max ∈R
nitrate of the subwatersheds.
In summary, the environmental system—including water quantity and quality and water supply to the refinery—is depicted at the
watershed scale, with linkages to the biomass production system
and refinery system, and to water resources management policies.

max

Social Subsystem
The biofuel development plan is also subject to social constraints,
which are related to local communities’ acceptance/resistance to
biorefinery development, and to the effects of biofuel activities
on communities. Another layer of N lc local communities is added
to the model, in which each local community lc is associated with
one or more of the potential refinery locations. Positive effects of
the refineries, Poslc (effects that may increase the willingness of the
community to accept the refinery) such as the increase in employment, increase in household spending, and reliability of the refinery
as a crop consumer are identified and quantified as a function of the
outputs of other subsystems. Negative effects Neglc that may trigger community resistance, such as congestion, water limitation,
water pollution and noise, are also identified and quantified.
The final willingness to accept the refinery by the local communities is given in Eq. (39) as
neg T
T
AClc ¼ AC0lc þ ðαpos
lc Þ · Poslc − ðαlc Þ · Neglc

ð39Þ

where AC0lc = initial willingness to accept the refinery by each local
community without considering the possible positive and negative
neg
aspects of the biofuels development; and αpos
lc and αlc = contribution and penalization, respectively, to the willingness to accept
refinery activities neighboring the local communities. For a
development plan to be feasible, the willingness of the local community to accept the activities of the refineries should be higher
than a prespecified threshold, as in Eq. (40)
AClc ≥ ACmin
lc

∀ lc

ð40Þ

Overall Objective
The objective of the multiyear model is to maximize the present
value of the entire system profit over the planning horizon, as in
Eq. (41). The revenue is subject to the gains achieved from selling
corn and soybeans and refineries’ products in the demand zones.
The costs are associated with the investment and the operation of
the different subsystems

X Ret − K tLand − K tCapital − K tOperation − K tShipment − K tExpansion − K tMiantenance
ð1 þ rÞt−1

t

∀ lc

ð41Þ

where r = discount rate.

Model Solution
The resultant model is a very large-scale, mixed integer linear programming (MILP) problem. A special structure of the model is considered to reduce its size. One dependent decision variable is
extracted from each equality constraint. The dependent variables
are then substituted in the objective function and the constraints
to obtain a smaller model with fewer decision variables. The linear
equality constraints are associated with a balance requirement in
the different subsystems, such as the products and raw material
shipment balance in the transportation network and the water flow
and nitrate load in the subwatersheds network.
© ASCE

The dependent variables can be extracted efficiently from the
problem using some of the concepts of the graph theory, which
relates the extraction of dependent variables to the spanning
tree (ST) that could be generated by the breadth-first-search
(BFS) algorithm (Boulos et al. 2006) or any other ST-generating
algorithm.
Following this procedure, each ST link in the transportation network could be eliminated from the optimization. The number of ST
links is dramatically larger than the number of non-ST links, which
is equal to the network loops. Therefore, the number of decision
variables is significantly reduced. The reduction procedure is even
more beneficial in the watershed because the watershed network is
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ST by definition; thus, the water flow and nitrate load variables
could be eliminated from the optimization problem.
Although the size-reduction technique is very useful, it only reduces the number of continuous variables in the model. Attempts to
solve the model using a commercial mixed integer linear programming solver (CPLEX) resulted in inefficient performance because
of the size of the model and the large number of binary decision
variables. To cope with this computational burden, a heuristic
approach called the successive smoothing algorithm (SSA) was
developed to solve the mixed integer linear problem formulated
in this study. The SSA solves optimization problems with a large
number of fixed-cost variables using successive linear programming (LP) approximations for the problems. The SSA uses the
smoothing techniques (Tishler and Zang 1982) to convert the problem to a sequence of nonlinear minimization problems. A specially
designed linearization technique is then used to solve the nonlinear
optimization problem and to identify the zero/nonzero pattern of
the decision variables.
The performance of the SSA was tested on several scenarios of
the integrated model and on a series of randomly generated problems. The SSA generated high-quality solutions in less computational time than the MILP approach. The results indicate that the
maximum optimality gap obtained by the SSA algorithm is as low
as 0.5%, and that the computation time is reduced by a factor of 15
when compared with CPLEX MILP solver.

Demonstration of Model Application and
Corresponding Results
The model was applied to the Sangamon River basin, a 15,000-km2
typical agricultural catchment in Central Illinois, to demonstrate its
capability and potential outcomes. The model required several input data sets to represent the various subsystems, including crop
areas and yields, crop production costs and crop prices, transportation capacities and costs, water quantity and quality, and refinery
capacity and capital and operations costs. Available historical data
were used and other required data were estimated using simulation
models such as the hydrological model, economical model, and
crop yield simulation model. Candidate locations for cellulosic
and corn refineries, and demand nodes, were specified exogenously
for the model. Decisions on the land-use subsystems were taken at
the land parcel level (each land parcels is 10 × 10 km). Therefore,
data on costs and yields for producing conventional crops and cellulosic biofuel feedstock include great spatial heterogeneity. A detailed description of the historical data sets used in the modeling
work may be found in the Supplemental Data. The transportation
mode within the Sangamon River Basin is limited to trucking for
both feedstock and ethanol. However, the model makes no assumptions about the final transportation distance and the mode outside of
the study area, i.e., if the ethanol production is to be exported out of
the study area by other transportation modes (e.g., rail), then this
exporting activity will be originated from the demand/export nodes
(identified in the transportation subsystem), which are supplied by
trucking.
For feedstock supply, use of alternative transportation modes
(e.g., barge, rail) relies heavily on the geographical feature
(e.g., rivers) of the study region and the infrastructure’s availability.
Moreover, past studies show that rail or barge is cost-effective
only in cases of long-distance shipment (e.g., more than 200 km);
however, the typical collection radius of a study area is 80 km
(Mahmudi and Flynn 2006; Searcy et al. 2007).
The results presented in this section serve as a demonstration of
(1) the integrated model outputs, and (2) the effect of subsystem
© ASCE

interdependency on the overall system performance. The model
was used for a 10-year planning horizon (2013–2022). The
2022 results are presented for demonstration purposes unless otherwise indicated. Because of a lack of data for the social subsystem,
it was excluded from all runs presented in the paper.

Model Outputs
The model was used under a business-as-usual (BAU) scenario. No
mandate of cellulosic biofuel was imposed and a scenario with
hypothetical mandate was estimated according to the U.S. Renewable Fuel Standard (RFS) mandate. RFS requires 60 billion liters of
cellulosic ethanol production in the United States by 2022. The
share of the State of Illinois is estimated to be 20% of the total
U.S. mandate (Kang et al. 2010); 2% of the U.S. mandate is estimated for the study site, the Sangamon River watershed in Central
Illinois, which contains approximately 10% of the Illinois cropland.
Specifically, a minimum annual production is established for different types of feedstock in each year in the planning horizon. Moreover, the model restricts the land allocated to Miscanthus in each
land parcel to a maximum fraction of 30% as explained previously.
Land Allocation: BAU versus RFS
The land allocation under the BAU scenario is shown in Fig. 2(a).
The economically optimal solution does not involve any Miscanthus, and the traditional corn-soybean pattern remains. When the
ethanol mandate is imposed under the RFS scenario, the optimal
solution in 2022 includes Miscanthus because corn stover alone
cannot meet the cellulosic ethanol mandate specified for the watershed. Figs. 2(b–f) show the agriculture land converted to Miscanthus along the planning horizon. In the first year, Miscanthus is
planted in two land parcels [Fig. 2(b)]. Miscanthus needs three
years to produce its maximum yield; thus, the first two years depend primarily on corn stover to meet the cellulosic ethanol mandates. In the second year, Miscanthus conversion starts to grow
gradually in the northern and southern regions of the watershed
[Figs. 2(c–f)]. The land parcels chosen for Miscanthus have high
yield potential as estimated by the crop yield simulation model used
in this study. Between years 2 and 7, additional land parcels are
converted to Miscanthus every other year. For example, some
new land parcels are chosen for Miscanthus in year 2 but not in
year 3.
Refineries and Transportation System:
BAU versus RFS
Under the BAU scenario, it is profitable to produce 1.43 billion
liters of corn ethanol at the assumed price of $0.64=L. Seven corn
refineries with different sizes are determined in the watershed
[Fig. 3(a)], which are all put into use in the first year with the
capacities shown in Fig. 3(a). The location of the refineries is primarily affected by the relative cost of shipping the feedstock from
land parcels to refineries and shipping ethanol and DDGS to demand zones. The RFS scenario includes both corn-based and
cellulosic-based refineries in year 10 [Fig. 3(b)]. Under the RFS
scenario, the locations of the corn ethanol refineries are the same
as those under BAU, but some of the corn refineries have smaller
capacities (under the RFS scenario, 1.3 billion liters of corn ethanol
is produced). By the end of the planning horizon, four cellulosic
refineries are built. However, unlike the corn ethanol refineries,
cellulosic-based refineries are built in different years throughout
the planning horizon. Fig. 3(c) shows the capacity expansion of
the refineries in Site A [Fig. 3(b)]. This cellulosic refinery is built
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 2. (Color) Land allocation: (a) BAU scenario and RFS scenario in (b) year 1; (c) years 2–3; (d) years 4–5a; (e) years 6–7a; (f) years 8–10; aland
allocation in successive years is approximately the same

in the first year and is then expanded in the fifth and the sixth year
to reach its maximum capacity. Similar expansions are observed in
other refineries in Sites B, C, and D. Thus, the model chooses to
build cellulosic refineries in the vicinity of Miscanthus supplies because of the cost of shipping Miscanthus and corn stover to refineries. In the earlier years, Miscanthus is introduced in the south and
the northeast of the watershed. Thus, the cellulosic refineries in
Sites A and D are built earlier in the planning horizon to make
use of Miscanthus.
Figs. 3(a and b) display the traffic situation induced by the activities related to biofuel development under the BAU and RFS scenarios, respectively. The RFS scenario induces heavier traffic in the
system, especially in regions having both corn and cellulosic refineries. This system traffic increase becomes more critical when
investigating regions with heavy background traffic.
Under the RFS scenario, one cellulosic refinery is built in the
first year of the planning horizon and Miscanthus feedstock supply
is available only after the first year. Fig. 3(c) shows the feedstock
supply along the planning horizon, indicating that the main feedstock used in earlier years is corn stover. The use of corn stover
decreases along the planning horizon; therefore, some of the land
parcels that are economically viable for harvesting corn stover in
the early years will not be exploited for corn stover after Miscanthus becomes available [Fig. 3(c)]. Starting from the fourth year,
Miscanthus supply in the cellulosic refinery in Site A will exceed
the corn stover supply. A similar behavior is noted in the cellulosic
refinery plant in Site D, as shown in Fig. 3(c). In the first year, corn
stover is used in the whole watershed because there is no Miscanthus supply in the watershed at that stage. In this scenario, it is assumed that farmers plant Miscanthus only after the mandate was in
effect. However, if farmers are provided with sufficient information
and incentives before the implementation of the mandate, it is likely
that some will plant Miscanthus before year 1, and the corn stover–
use pattern will change accordingly. Therefore, the model can be
used to evaluate the effects of alternative start-up assumptions.
© ASCE

Costs and Revenues: BAU versus RFS
The multiyear costs and revenues associated with the system under
the BAU and RFS scenarios are summarized in Table 1. Under
BAU, the highest cost is associated with crop production, followed
by the operation of the refineries. The results also show that the
revenue from selling crops (soybeans and corn) for other demands
(food and feed) exceeds that for biofuel. Although the revenue
under the RFS scenario is higher than that under BAU, the profit
from the system is lower because of the higher costs of meeting the
cellulosic biofuel target under the RFS. The main cost increments
are associated with the following: (1) Capital and operational costs
of the cellulosic refineries under RFS; (2) production costs because
Miscanthus production costs are higher than those of conventional
crops; and (3) transportation costs because cellulosic feedstock materials are bulkier, which entails higher transportation costs.
As given in Table 1, despite the increase in the shipments under
RFS, only a modest increase in the transportation capacity is suggested by the model because the cellulosic refineries are located far
from congested links and only a limited transportation infrastructure expansion or renewal is required, compared with the BAU
scenario.
The total net profit under the RFS scenario is expected to be
lower than the BAU because the RFS represents a more constrained
application of the model. The total net profit under RFS is 8% lower
than that under BAU (Table 1). This reduction in the total profit
implies that the price of cellulosic ethanol will need to increase
from $0.64 per liter (the ethanol price assumed in the model) to
$0.80 per liter to provide incentives for refineries to meet the RFS
requirement in the watershed. Thus, cellulosic ethanol will need to
be sold at a premium of $0.16=L relative to corn ethanol, to induce
its production. This premium could be interpreted as the minimum
difference in the value of a renewable identification number (RIN)
between cellulosic and corn-based ethanol required for cellulosic
ethanol to be profitable.
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Fig. 3. System development in year 10: (a) BAU; (b) RFS; (c) RFS development path for sites A and D and the feedstock demand; pcphpl = passenger
car per hour per lane

Streamflow and Nitrate-N Load: BAU versus RFS
The development of the biorefineries and the increase in the land
fraction converted to Miscanthus has a direct effect on the quality
and quantity of water. With the increase of the cellulosic ethanol
mandate, the change in the land use will alter the water flow and the
nitrate load. The demand for water for both refineries and for growing Miscanthus will cause a decline in the streamflow in the watershed. However, Miscanthus requires less nitrogen fertilization and
therefore causes less nitrate pollution. Fig. 4 shows the yearly reduction in the flow and the nitrate load from each subwatershed
under RFS, compared with the BAU scenario. Although the developed model has monthly temporal resolution, only the annual results are presented in this paper.
Fig. 4(a) shows the reduction in the water flow in each subwatershed. The results show that in the areas that contain 30%
Miscanthus, the annual water flow reduction compared with the
© ASCE

BAU scenario ranges from 3 to 9%, whereas the nitrate-N reduction
ranges from 24 to 41%. The reduction in flow and nitrate-N load in
the upstream subwatersheds also affects flow and water quality in
the downstream subwatershed, as shown in Fig. 4.

Subsystems’ Interdependency
To demonstrate the effect of the subsystems’ interdependency on
the overall system performance, the model was applied in four
additional scenarios, each imposing a direct change on one of
the subsystems and indirectly affecting the other subsystems and
the entire system. The first scenario is run with the land-use subsystem by allowing 60% of the land to be converted to Miscanthus
(instead of 30% under the RFS scenario). This scenario is denoted
as the RFS 60% scenario. This new setting allows the model to
allocate more land to Miscanthus, and the Miscanthus supply is
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Table 1. Summary of Costs and Revenues
Cost and revenue items

BAU

RFS

Revenue: Total (US$ billion)
Corn
Soybeans
Ethanol
DDGS
Cost: Total (US$ billion)
Refinery capital—cellulosica
Refinery capital—corna
Refinery operation—cellulosic
Refinery operation—corn
Crop production
Crop transportation
Biofuel transportation
Transportation infrastructurea
Profit: Total (US$ billion)

29.02
9.49
7.82
9.06
2.65
11.31
0.00
0.39
0.00
2.12
8.26
0.33
0.07
0.14
17.71

31.30
8.50
7.01
13.38
2.41
14.95
0.86
0.36
1.23
2.62
9.01
0.60
0.13
0.15
16.34

southwest of the watershed chosen under the RFS scenario, so that
the traffic congestion added to that area is relieved. However, comparing the traffic volumes surrounding the southeast cellulosic refinery shows that the traffic volume increases as a result of the
increase in the refinery capacity.
The model results also demonstrate the importance of including
the transportation infrastructure expansion/renewal in the transportation subsystem. A no-expansion scenario in which the model runs
without the ability to increase the transportation infrastructure
capacity is also considered. However, this scenario needs to meet
the LOS by avoiding biofuel activities in the links experiencing
congestion by public traffic. The lack of infrastructure development
will force the model to route raw materials and product shipments
to links that do not exceed the prespecified LOS by public traffic.
This changes the optimal refinery locations and sizes in highly congested areas. Once the refinery locations change, the land allocation
will also change and raw material supply becomes closer to the new
refinery sites.
In addition, changes in land allocation will result in changes
in the flow and nitrate load regime in the watershed. Fig. 5(b) shows
the development of the system at the end of the planning horizon in
the no-expansion scenario. As shown in Fig. 5(b), most of the congested links is located in the south of the watershed. Comparing the
system development under the RFS scenario, two of the corn refineries, which are built in the vicinity of congested links, are omitted
in the no-expansion scenario, and the capacity of these refineries
is distributed among other corn refineries. The development of
the cellulosic refinery does not change, compared with the RFS
scenario; the routing for the selected location does not use the congested links.
Considering the factor of congestion affects the optimal solution
of the integrated system. A no-congestion scenario, without LOS
constraints, was also tested. The model still takes the transportation
cost into account as the refinery location is being decided. Therefore, locations and routing decisions are made regardless of potential congestion; transportation costs increase only as a function of
travel distance. The optimal development at the end of the planning
horizon is shown in Fig. 5(c). Without congestion considerations,
the model solution suggests building two refinery plants in highly
congested links, which in turn result in higher congestion in these
links. These results demonstrate the importance of including congestion and travel costs as a function of the distance between the
supply and demand zones.
Finally, the effect of the environmental subsystem on the overall
system is demonstrated by imposing a hypothetical maximum
monthly nitrate load from the watershed. Examining the nitrate load

a

These cost items account for the time of the investment and the lifetime of
the facility.

therefore larger in some areas of the watershed. Unlike the RFS
scenario, in which all land parcels in the northern part of the watershed contain 30% Miscanthus at the end of the planning horizon,
the RFS 60% scenario concentrates on Miscanthus cultivation in
the northeastern part of the watershed.
This direct change in the land-use subsystem changes the solutions of other subsystems such as the refineries’ locations and sizes,
traffic congestion in the transportation network, transportation infrastructure expansion/renewal, and the flow and nitrate load in the
watershed. Fig. 5(a) shows the changes in the system development
in year 10 as a result of the change in the land-use subsystem. The
cellulosic refineries move to the vicinity of the area with more
intensive production of Miscanthus. Additionally, the cellulosic refinery chosen under RFS 30% in the southwest of the watershed is
no longer constructed because the northern area can meet the requirement for Miscanthus after allowing for 60% land conversion.
Corn refinery locations and sizes in the north of the watershed are
also changed compared with the RFS scenario.
In the RFS 60% scenario, the model aggregates the two corn
refineries from the RFS scenario into one large refinery located outside the Miscanthus supply area. The cellulosic refinery activity in
the Miscanthus area increases traffic volumes compared with the
RFS scenario as shown in Fig. 5(a). This traffic volume increment
explains the relocation of the corn refinery and aggregates the two
corn refineries in the north into one large refinery as suggested by
the model. The model also places the cellulosic refinery in the

(a)

(b)
Reduction (%)

0-3

3-9

9 - 24

24 - 41

41 - 54

Fig. 4. (Color) (a) Flow; (b) nitrate yearly reduction in year 10 compared with BAU
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Fig. 5. (Color) Refinery development and Miscanthus supply in year 10 for (a) RFS mandate with 60% maximum Miscanthus fraction; (b) scenario
without infrastructure investment allowed but with LOS constraints; (c) scenario without infrastructure investment and without LOS constraints;
(d) scenario with maximum monthly nitrate load from the watershed

in the watershed outlet shows that the maximum load is obtained in
May, which coincides with corn fertilization application and
the maximum monthly flow in the watershed. For this scenario,
the monthly maximum nitrate load constraint is set to reduce the
critical monthly load (in May) by 20% of the nitrate load under the
RFS 60% scenario.
More Miscanthus results in less nitrate pollution (Smith et al.
2013); therefore, the optimal biofuel development plan under
the environmental scenario relies more on Miscanthus for ethanol
production. Fig. 5(d) shows the Miscanthus supply and system development under the environmental scenario. The results show
that the Miscanthus planting pattern is different from the pattern
presented in the RFS 60% scenario—not only with regard to the
Miscanthus planting area in the watershed, but also with regard to
the locations chosen for the Miscanthus supply.
Under the RFS 60% scenario, the north and south of the watershed are the favorable locations for Miscanthus. However, under
the scenario with the water-quality constraint, Miscanthus is
planted in the west, closer to the outlet. This area has high potential
nitrate load if it is planted with corn and soybeans (according to the
estimates obtained by a hydrologic simulation model). In summary,
imposing environmental constraints will change the biofuel development plan dramatically. Refineries’ location and size, transportation loads, and land allocation are changed as a result of
environmental constraints.

Summary and Conclusions
A model was developed to determine the optimal development of
interdependent systems related to the biofuel development over a
multiyear planning horizon. Unlike a subsystem-level analysis, in
© ASCE

which the effects of one subsystem on the others may be overlooked, the developed integrated modeling approach results in a
SoS model that is essentially based on the formulation of interdependence among the subsystems.
The supply side of the model is represented by the land-use subsystem, in which the model determines the optimal allocation between conventional crops and dedicated energy crops. The land-use
subsystem is linked to food demand zones and biofuel refinery subsystems by transportation network (transportation subsystem). In
the refinery subsystem, the model determines the optimal locations
and sizes in addition to operation and capacity expansion of the
refineries along the planning horizon. For the transportation subsystem, the model determines the optimal routing schemes and
infrastructure-capacity expansion along the planning horizon.
Land-use and refinery subsystems are connected to the watershed
subsystem; therefore, decisions on land use, refinery, and transportation subsystems are taken under environmental constraints on
water flow and nitrate load in the watershed.
Flexibility of model building and the ease of use are achieved by
a user front-end processor that receives system data and automatically builds the model without the need for further programming—
even for a different case study. This enables easy evaluation of the
various scenarios by an interactive mode, which is important for
building such a SoS model with an interdisciplinary research team
through the conceptual and theoretical, numerical, and implementation stages of the model development.
The model demonstrates the interdependence of the subsystems
through its application at the Sangamon watershed. The results
quantify the importance of the integrated modeling approach in
analyzing questions involving multiple interdependent infrastructures. A change in one subsystem (e.g., the land-use subsystem)
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propagates into the entire subsystems. Thus, the subsystem
interdependencies play a key role in determining optimal system
development. For example, changing the Miscanthus maximum
conversion fraction from 30 to 60% has a tremendous effect not
only on land allocation but also on cellulosic and corn-refinery
capacities, locations, long-term development, and transportation
and environmental subsystems. The transportation infrastructure
expansion/renewal and the congestion considerations are both key
factors in shaping the final solution. Omitting these elements from
the modeling framework by exclusively including transportation
travel cost as a function of distance will result in an inadequate
development plan.
The effects on environment and infrastructure systems are externalities to societies as a result of biofuel development. Thus, policy
mandates in some emerging biofuel production countries may
drive biofuel production in an unsustainable fashion without being
buffered by policies to minimize, e.g., potentially disastrous congestion and water pollution, in certain areas. In the context of interdependent infrastructure systems that interact with socioeconomic
and environmental systems, every policy decision may introduce
risks that impose new burdens on other sectors of the economy or
external costs on society; the case with biofuel development as presented in this paper is just one example.
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