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• Increase of oil price

• Concerns over green-
house gas emission 
and air quality

• Alternative “Fuels”

Background

4

• Alternative “Fuels”
– Renewable (e.g. solar, 

wind energy)
– Hydrogen
– Electrical
– Non-fossil natural gas
– Bio-diesel
– Bio-ethanol

(Source: U.S. EPA, 2008)



Background

• Bio-ethanol
- E10: 10% Ethanol+90% Gasoline
- E85: 85% Ethanol+15% Gasoline

• Feedstock
- Sugarcane
- Corn- Corn
- Cellulosic Biomass (Corn stover, 

Miscanthus, Switchgrass, etc)
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Background – Bio-ethanol Economy
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Background – Ethanol Supply Chain

Transport

Harvest

7

Bio-refinery Consumption



Background

• Renewable Fuel Standard (RFS), 2007
– By the U.S. Environmental Protection Agency
– Mandates production targets for corn-based and cellulosic ethanol*

8

* Source: RFA. 2008 “Industry Statistics”, Renewable Fuel Association, accessed 28 November 2008,
http://www.ethanolrfa.org/industry/locations



• U.S. Bio-refineries in Operation or Under Construction 
as of January 2008

Background
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• Rapid growth of the biofuel 
industry impose pressure on 
existing infrastructure systems
– Transportation, agricultural, 

hydrological, ecological, 
social- economical systems

• Supply chain related issues
– impact of biomass shipment 

Motivation

 

Biofuel refinery

Weather/
Climate

Biofuel crop 
production
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Proximity

Supply/
demand

Proxim
ity

DischargeIrrigation– impact of biomass shipment 
on traffic congestion

– how to achieve low cost 
operation in biomass supply 
chain

– how to expand bio-ethanol 
production infrastructure 
while minimizing negative 
social-economical impacts 
(e.g., traffic congestion)

Water supply Transportation

Human 
Inputs 

Natural 
Resources

Discharge

ProximityDischargeIrrigation



• When traffic volume approaches road 
capacity, travel delay increases dramatically! 
� Empirical “link-performance function” (BPR)

Motivation
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• # and 
locations of • Feedstock supply 

Motivation

Congestion 
and Delay

Interrelationship between facility location decisions and 
shipment operations

locations of 
refineries

• Feedstock supply 
and distribution

• Routes for biomass 
transportation

12

Shipment
Destinations



Literature Review

• Biofuel refinery location problem
– Capacitated fixed charge facility location problem (Daskin,1995)

– Biofuel refinery location models (Tursun et al., 2008; Kang et al, 2009) 

• Biomass logistics and supply chain design
– Simulation and GIS based models (Sokhansanj et al., 2006;  WBAT at 

UC-Davis,2008;  Eathington et al., 2007; Panichelli et al., 2007)UC-Davis,2008;  Eathington et al., 2007; Panichelli et al., 2007)

– Biomass transshipment cost estimation by mixed integer 
programming (MIP) models (Mapemba, 1993)

– Multiyear supply chain design (biomass production, consumption of 
ethanol and by-products) by MIP (Kang et al., 2009)
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Literature Review

• “Congestion” effect in supply chain design
– Congestion in logistics operations (McKinnon, 1999; Sankaran et al, 

2005; Sankaran and Wood, 2007)
– Congestion due to customer queuing at service line (Desrochers et al., 

1995; Berman and Krass, 2001)
– Uncertainty or time dependency of travel cost (Hodgson, 1978; Bahatia 

et al., 1998)

• Route choice under congestion -- Traffic assignment

• No existing model explicitly incorporates network traffic 
congestion into the facility location problem

14

• Route choice under congestion -- Traffic assignment
– convex combination method (Frank &Wolfe, 1956; Sheffi, 1985)
– disaggregated simplicial decomposition method (Larsson and 

Patriksson, 1992) 

– origin-based assignment method (Bar-Gera, 2002)
– gradient projection method (Jayakrishnan et al. 1994)



Objective: Minimize total cost 
(capital cost + shipment cost 
+ travel cost)
• balance infrastructure 

investment and travel cost
• incorporate congestion into 

location decision

Problem Statement

Biomass 
production region Refinery

Transportation 
demand h1

demand h2

Transportation 
cost 

Fixed 
Cost 
m1

•location decision
• minimize congestion

Decisions
• the number and location of 

the bio-refineries
• biomass shipment routing 

plan
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Model Formulation
Input

1. Quantity of biomass at production 

regions

2. Candidate refinery locations

3. Refinery capacity

4. Highway network configuration

5. Road capacity and link performance 

function Assumptions

•
•
•

Biomass 
production region Refinery

demand h1

demand h2

demand hi

Transportation Fixed Cost 
m1

mj

•
•

•
•
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function

6. Background traffic volume

Output 

• Number and location of refineries

• Supply allocation 

• Biomass shipment flow pattern 

• Network congestion

Assumptions
• Biomass transportation demand in each 

production region is given
• Background traffic is fixed and 

independent of the biomass flow
• Transportation of downstream product 

(i.e. ethanol ) from refineries is not 
considered (for simplicity)

• Consider only one type of bio-refinery with 
known capacities



Notations 

 

Parameters:

  biomass production location set in network 

   biomass supply (or trip demand) at production region   

   candidate facility location set

  fixed cost of building a refinery at

i

j

I

h i I

J

m

=

= Î

=

=  candidate site 

   background traffic flow on link a

j J

b a A

Î

= Î
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   ( ) link performance function

   time value ($/time)

a

a at x

a

=

=

Biomass
production

region

Candidate 
refinery

ih

jm



Notations

Decision variables: 

1,  if a facility is constructed at candidate site 
  

0,  otherwise

   volume on link 

   throughput of refinery 

j

a

j
Y

x a A

v j

�
= �

�
= Î

=
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   throughput of refinery 

   volume on path  out of origin  

j

i
k

v j

f k i

=

=

Biomass
production

region

Candidate 
refinery

ih

jm



Model Formulation - MIP

Fixed cost Biomass transportation cost+  
public travel cost

Fulfilling biomass shipment 

Minimize the total cost

Link and path flow relationship

( )Minimize      j j a a a
j J a A

m Y x t xa
Î Î

+� �

,subject to            
i

i i
a a k a k

i I k K

x b f a Ad
Î Î

= + " Î� �

,             
i

i i
j k j k

i I k K

v f j J
Î Î

= D " Î� �

Integrality and non-negativity 
constraints

Fulfilling biomass shipment 
demand

Throughput              only if there is a 
facility in candidate site j (             )   1jY =

0jv >

                      
i

i
k i

k K

f h i I
Î

= " Î�
                       jj jCv Y j J£ " Î

ji j
i I j J

Ch Y
Î Î

£� �

{ }0,1                       jY j J= " Î

0            ,i i
kf i I k K³ " Î Î

Refinery capacity constraint
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Solution Techniques

• Lagrangian Relaxation (LR) based heuristic

• Branch and bound framework (B&B)
– Linear programming (LP) relaxation bounding

21

– Lagrangian relaxation bounding
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Sub-problem 1 (location selection) Sub-problem 2 (traffic assignment)

Lagrangian Relaxation

Minimize    ( )j j j
j J

jm YCm
Î

-�
subject to    i

i
j j

I j J
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Solution:
•

• Check feasibility                       ?

• If not, solve a 0-1 knapsack     
problem over all  

Solution: convex combination method
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Lagrangian Relaxation

• Solving LR iteratively
– Update the multipliers
– Update upper and 

lower bounds of the 
optimal solution

– Easy to obtain feasible 
solution
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solution

• May have a residual gap 
between upper and 
lower bounds

24

�

�

�
�

�
�
�

�
�

�
�

�
�

�
�
�

�

����
��
��
�� 
�!�

�

���������

������	���	������
����� �

���
�������

1 2

( )

( ) ( )

k
D

k k

Z

Z Z

m

m m= +
�

���
��� ���� �

1 2min{ , }k
UB UB UBZ Z Z=

�

��������
� �

1 1,  k k k kt tm m+ +¬ ¬ �



Branch-and-Bound Framework

• Branch and bound algorithm 
(B&B) is applied to reduce the 
residual gap

• The problem at each node can be 
solved by either Linear 

Yn1=1

Root
node

Yn1=0

LR
heuristic

Initial upper-
bound (UB)

solved by either Linear 
programming (LP) relaxation or 
LR

• Whenever the lower bound of a 
node >= UB of the original 
problem, trim the branch

25

Child node Child node

Child node Child node

Yn2=0Yn2=1

•
•
•

•
•
•
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m
v Y
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+ +� �( )Minimize     j j a a a
j J a A

m Y x t xa
Î Î
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Branch-and-Bound
- LP relaxation at each node

,subject to              
i
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j
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j J

C

v
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J: total candidate location nodes, J’: unsearched variable set

Traffic 
Assignment 

Problem
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Branch-and-Bound
- LR relaxation at each node

J: total candidate location nodes, J’: unsearched variable set 27
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Test Cases
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Number of 
Candidate 
locations

Number 
of zones / 
Number 
of nodes

LR based heuristic B&B with LP                        B&B with LR                           

% from 
optimality

Max 
iterations

CPU 
Time

(s)

Residual 

Gap (%)

Total 
tree  

nodes

CPU Time
(s)

Gap (%)
Total 
tree  

nodes

CPU 
Time
(s)

Residual 
Gap (%)

12 node 
network 12/12 99.9% 500 25.4 0.7% 113 56.2 0.0% 113 186.00.0%

Test Cases

TABLE 1 Computational Results of The Two Test Problems

Sioux-
Falls 

network
24/24 98.8% 500 2.3 2.0% 329 2845.7 0.0% 535 248.81.0%

30

• LR based heuristic method 
– solves problems within short times 
– solutions very close to optimality

• B&B framework with LR or LP bounding 
– close or further reduce the residual gap 



Illinois Case Study

Scenario: Illinois State in 2022
– a leading state for bio-ethanol production 
– expected to produce a large share of the 
nation’s ethanol mandate in 2022

Network :
• 76 Links

20

1

2 3

4

5 6

7 10
8 9

11

14
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• 76 Links
– most interstates and some local 
highways

• 20 Nodes
– major conjunctions of the highway
– candidate locations of refineries
– origins of biomass transshipment

"��
�����
� �� ��#

Origin of truck flow

����	� �� ��#

12

13

15

14

17

18 19
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Illinois Case Study

• Traffic data
– roadway capacity-2200 pcphpl
– background traffic from National Transportation Atlas Database 
(RITA, 2008) and 3% annual growth to 2022

– BPR function ta(xa) = t0[1+0.15*(xa/Ca)4]

32

• Shipment demand data
– convert target ethanol demand (corn and cellulosic) in 2022 to 
equivalent quantity of corn shipment demand
– use county-level corn production data in 2007 from USDA as 
the share of production for each county in 2022
– demand of nearby counties are aggregated to the network 
nodes



TABLE 2 Computational Results of Illinois Case Study

Illinois Case Study
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Illinois Case Study
- Sensitivity to the value of time

Fixed cost Total transportation cost

( )Objective: Minimize      j j a a a
j J a A

m Y x t xa
Î Î

+� �
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• Benchmark solution: ignore congestion effect and assign biomass 
shipment and design facility location based on the shortest travel 
distance

• Compared with the benchmark solution, the proposed model yields a 
solution that
– reduced the transportation costs of biomass shipments
– reduced the public total travel time

Findings from Illinois Case Study

– reduced the public total travel time
– minimized the congestion costs caused by biomass shipment flow

• Sensitivity analysis of time value
– the optimal number of refineries increases as %goes up
– the total cost increases rapidly and stabilizes soon
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4. Conclusions
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Conclusions

• Shipment route decision under congestion is incorporated into the 
traditional facility location model 
– an MIP optimization model
– NP hard 

• A LR heuristic along with two B&B algorithms are developed• A LR heuristic along with two B&B algorithms are developed
– the LR heuristic is shown to find very good feasible solutions within 

a relatively short time
– B&B algorithms can further reduce or close the small optimality 

gap
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Conclusions

• Illinois case study shows that the proposed solution can considerably 
reduce the transportation costs of biomass shipments compared with the 
benchmark result

• The proposed model also reduced the public total travel time compared 
with the benchmark result

• The congestion costs caused by biomass shipment flow were shown to 
be minimized by the proposed model

• A sensitivity analysis revealed how the values of social-economic 
parameter (i.e. time value %) affect the optimal design
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Future Research

• Extension of current model
� Transportation of ethanol and by-products 
� Multiple refineries types (e.g., corn, cellulosic, etc)
� The peak/off-peak hour transportation of biomass
� Larger scale applications (e.g., national or regional level) 
� Multiyear dynamic location framework
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• Incorporate decisions on transportation infrastructure investment
– highway road link capacity expansion
– infrastructure investment in other modes (e.g., rail)?

• Reliability and/or robust optimization models addressing probabilistic 
refinery failure (e.g. due to drought)



Thank You.
Any Questions?

Yun Bai  yunbai1@illinois.eduYun Bai  yunbai1@illinois.edu
Taesung Hwang  hwang7@illinois.edu
Seungmo Kang  skang2@illinois.edu

Yanfeng Ouyang   yfouyang@illinois.edu



Notations 

 

Parameters:

  biomass production location set in network 

   biomass supply (or trip demand) at production region   

   candidate facility location set

  fixed cost of building a refinery at

i

j

I

h i I

J

m

=

= Î

=

=  candidate site j JÎ
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