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Abstract 

In this paper, we address the design and planning of an integrated ethanol and gasoline supply chain. We assume that 

the supply chain is composed of harvesting sites, production sites for ethanol, petroleum refineries, distribution centers 

where blending takes place, and the retail gas stations where different blends of gasoline and ethanol are sold. We 

postulate a superstructure that combines all the components of the supply chain. We consider different means of 

transportation that connect the nodes in the superstructure. We model this multiscale design of integrated ethanol and 

gasoline supply chain as a multiperiod MILP model for given forecasts of demand for different blends over the entire time 

horizon. In order to identify the regions of the US where investments are needed and the optimal configuration of the 

network, we first consider a strategic planning model in which gasoline stations are aggregated in the different regions. 

We then consider a second detailed formulation where regions are disaggregated into gas stations in order to also 

determine the retrofit projects for the selection of blending pumps over their expected life. A bilevel decomposition 

algorithm is proposed to solve the detailed model. We illustrate the application of these MILP models with two large-scale 

problems.. 

 

Keywords 

Supply Chain, Gasoline and Ethanol, Gas Stations Planning, Bilevel decomposition 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Corresponding author: grossmann@cmu.edu 
 



  

2 
 

1. Introduction 

During the last decade the increasing concern on limited fossil fuels and environmental issues has brought attention to 

ethanol as a major energy source from biomass. Ethanol can help to address the need for new liquid fuels as complement 

of fossil fuels for the next decades. Furthermore, ethanol is the most promising liquid fuel that stands for the commitment 

of the RFS (Renewable Fuel Standard), part of the Energy Independence and Security Act of 2007 from the US, where the 

goal is to accomplish the production of 16 billion gallons of cellulosic biofuels by 2022 (Energy Independence and 

Security Act of 2007; National Biofuels Action Plan, USDA, DOE, 2008).The feasibility of introducing ethanol in fuel 

markets has already been proved. Currently, blends of gasoline and ethanol can be used by more than 80% of the current 

light-duty transportation vehicles (Datta et al., 2011).Some ethanol production technologies have already been developed 

and are being improved with the purpose of making ethanol more competitive as compared to gasoline, and releasing the 

dependence on governmental subsidies. Along this line, Martín and Grossmann (2012) have optimized production 

processes taking into account the use of raw materials, water and energy for first, second and third generation of biofuels. 

Vimmerstedt et al. (2012)haveused a systems dynamics approach to provide a framework to execute subsidies policy, 

focusing on the downstream supply chain.Theseauthors conclude that subsidies are required for the distribution and 

dispensing infrastructure to introduce high-blend ethanol into fuel markets. Akgul et al. (2012) haveanalyzed a hybrid 

first/second generation biofuel supply chain, taking into account trade-offs between economic and environmental 

objectives. 

However, there are other challenges that have not yet been solved. Main concerns are related to the downstream supply 

chain, where petroleum and ethanol industries must be coordinated when blending their products. Other issues of concern 

are related to biomass transportation, supply chain design of bioethanol and its integration to gasoline supply chain. 

Wakeley et al. (2009) evaluate the transportation effects for the production of E85 (a blend of 85% ethanol and 15% 

gasoline) by a combination of corn and cellulosic ethanol and recommends regional concentration of E85 blends to reduce 

costs. In the areas where feedstock sources are not easily available, these authorsrecommend to explore other fuel 

alternatives. Ethanol transportation by truck is especially useful to reduce storage requirements at biorefineries because it 

offers more flexibility to accommodate to uncertain market demands (US Department of Agriculture). Eksioglu et al. 

(2009) analyze logistical challenges on the biomass distribution and supply. Theyconclude that when biomass availability 

is low and transport costs are high, smaller size biorefineries become economical. The integration of ethanol and gasoline 

has been studiedby Russell et al.(2009) who focusonthe logistics management process, railway transportation and 

intermediate storage. These authors propose the inclusion of intermediate hub storage to better complement railway 

transportation, the building of strategic relationships among petroleum distribution centers, ethanol producers and 

transportation providers. Furthermore,recent reports of NREL, DOE and USDA analyze the impact of blending ethanol 

and gasoline. To address some of the issues investigated, Russell et al. (2009) propose the use of intermediate hub storage 

to better complement railway transportation,the building of strategic relationships among petroleum distribution centers, 

ethanol producers and transportation providers. 

Supply chain problems are often modeled as mixed integer linear problems (MILP), which canbecome intractable due 

to their size (Grossmann, 2012). To overcome this issue, decomposition strategies are applied, such as Lagrangean 

decomposition, Benders decomposition and Bilevel decomposition. Iyer and Grossmann (1998) address the Long-Range 

Planning with a Bilevel Decomposition Algorithm where the higher level problem determines the processes that should be 

selected and the capacity and production planning are determined at the lower level problem. Since the former provides an 
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upper bound for the profit and the latter a lower bound, these sub problems are solved iteratively by adding cuts until the 

bounds are within a given tolerance.  

In this work, we propose MILP models for the design of the integrated supply chain of ethanol and gasolineand we 

apply a Bilevel Decomposition algorithm to reduce the computational expense.This paper is organized as follows. Section 

2 provides the background to gasoline and bioethanol supply chains. The problem statement ispresented in Section 3. The 

MILP formulation is given in Section 4 where constraints for harvesting sites,ethanol plants,distribution centers,retail 

centers and objective function are described. In Section 5 two examples are presented for the aggregate and detailed 

models. Finally, the decomposition algorithm and results for the detailed model are discussed in the supplementary 

material. 

 

2. Background 

The petroleum supply chain is often divided into two major components: upstream and downstream.It can further be 

classified into different stages such asexploration and extraction itself, petroleum refining and retail consumption. These 

stages are illustrated in Fig. 1. 

 

 
                      Fig 1. Petroleum Supply Chain                                                      Fig. 2 Ethanol Supply Chain 

 

The different echelons of the supply chain are connected to each other mainly by pipelines. The petroleum extracted at 

the very beginning of the chain is transported to crude oil terminals. These terminals supply refineries with crude oil, 

where it is transformed into an assorted set of products. The one of interest in this paper is gasoline, which is transported 

to distribution centers and then sent to retail centers. The petroleum pipeline network is well developed within the US 

andmost transportation in the petroleum supply chain takes place by pipeline (Neiro and Pinto, 2004). 

A general scheme of the bioethanol supply chain is illustrated in Fig. 2, where the raw material (either first, second or 

third generation) is harvested and sent to collection facilities or ethanol plants. Collection facilities feed the ethanol plants 

with biomass (You and Grossmann, 2008). Once ethanol is produced, it is sent to distribution centers for storage 

andblending with gasoline. Finally, distribution centers send ethanol blends to retail centers (gas stations). Transportation 

in the ethanol supply chain is mainly carried out by trucks, even though there is the possibility to use railways, even from 

the collection facilities (You and Wang, 2011). 

The multiple warehouses at distribution centers level are placed so as to take advantage of railway transportation. 

Therefore, in many cases intermediate warehouses are needed depending on the existence of railway facilities in ethanol 

plants and in retail centers (Rusell et al., 2009). 

 

 



  

4 
 

The ethanol supply chain must be coordinated with the gasoline supply chain in order to manage a lower cost ethanol 

blend. The integration of these two supply chains is addressed to carry out a cost-effective coordination. Since the main 

focus of the modelis on the downstream of the supply chain, upstream details such as selection of collection facilities have 

been simplified. Figure3 shows the integrated ethanol-gasoline supply chain considered in this paper. 

 

 

Fig. 3. Superstructure of Gasoline and Ethanol Supply Chain 
 

Within the harvesting sites,storage is required for the biomass. After this stage,the biomass is sent to the ethanol plants 

(or biorefineries) where bioethanol is produced through any of the technologies considered: biochemical, thermochemical 

or a hybrid technology between these two (Martín and Grossmann, 2012). Ethanol is transported to the distribution 

centers, which in turn receive gasoline from the refineries. The distribution centers feed the retail centers with the fuel 

blends required by the market, mixing or not E85 and gasoline. Our model considers that the lowest ethanol blend at retail 

centers should be E10, which is currently the gasoline that is sold in most of the US gas stations.Retail centers represent a 

group of gas stations, where every fuel blend can be fed and stored in underground tanks.Some gas stations sell only the 

fuel blends they receive while others can blend the fuels stored in their underground tanks to producealternative blends 

using blending pumps operated by theconsumers. Blender pumps allow the consumer to select between several ethanol 

blends, according to the brands preprinted in the fuel pump. Figure4 shows how the blender pumps work for the case 

when E10 and E85 are stored in the tanks with the possibility of producing the E30 blend.  

The advantage of blender pumps is that they allow having a set of several blends available to consumers. While their 

fixed capital investment is higher than the required for a normal gas station, it is much lower than the investment 

requiredto have each blend available separately with different tanks and facilities. 
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Fig. 4. Blender Pump Scheme 
 

 

One of the main issues aboutselling several fuel blends in the market in the short term is to estimate the demand for 

each blend. This not only depends on the flexibility of the car fleet, but also on the driver’s preference and activities, and 

on how the car performs with each blend in different types of trips (eg. flat vs mountain), and also on the relation between 

price and mileage for each vehicle. Given this situation, it is preferable to have a blending pump in a gas station because it 

allows the sale of several blends regardless of the product stored in the underground tanks. 

Summarizing some of the issues discussed in this section, the present work addresses the optimal design of an 

integrated ethanol and gasoline supply chain (Fig. 3) that accounts for details in downstream operations and general 

characteristics of the upstream operations. A set of harvesting sites to produce the raw materials needed to obtain 

cellulosic ethanol and a set of ethanol plants with different production technologies are considered. Also a set of 

distribution centers for gasoline and E85, or both products together, a set of refineries and a set of retail centers are 

considered. Mixing of fuels can occur within distribution centers or within retail centers, which are defined by a set of gas 

stations. Transport from refineries to distribution centers is only considered with pipelines. Railway and truck 

transportation is considered between ethanol plants and distribution centers. For simplicity, blends considered in this 

model are: E10 (currently used in U.S.), E30 and E85. However, the model can be easily extended to consider additional 

blends. Also, for simplicity we consider that the different grades of gasoline are aggregated into a single grade, although 

once again the model can easily accommodate multiple grades of gasoline. 

 

3. Problem Statement 

The problem addressed in this paperis based on the integrated superstructure of ethanol and gasoline supply chain 

shown in Fig. 3 and is stated as follows. Two different types of biomass are considered: wood residues and switchgrass. 

After harvesting, drying and intermediate storage are required. We assumethat these operations occur within the same 

location of the harvesting site.Biomass transportation to biorefineries, which is a significant bottleneck of the supply chain 

due to the biomass low density, is carried out mainly by truck.Biorefineries produce ethanoland E85, which is composed 

of 85% ethanol and 15% gasoline. A percentage of the ethanol produced is consumed by other industries, and E85 blend is 

sent to gasoline distribution centers. Gasoline is produced at the refineries and sent to the gasoline distribution centers, 

which in turn can feed ethanol plants as it is shown in Fig 3. The E85 blend from the ethanol plants and gasoline from the 

oil refineries are transported to the gasoline distribution centers to produce different blends (E10 or E30) in order to supply 

them to retail centers. Blending of ethanol and gasoline can occur at the distribution centers or in the retail center itself. 

Sales of E10, E30 and E85take place at the retail center. We consider a time horizon of several years during which 
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demands are specified for E10, E30 and E85. The total demand of fuel is estimated from the average fuel consumption 

published on 2002 Economic Census. For each blend we assume that the demand is given by a percentage of this total 

demand. 

We formulate two models of different levels of detail. The first oneis an aggregated model that considers the fuel 

demand per region without details of the gas stations. In contrast, the second model considers the number of gas stations 

per region. Since the only difference between the two models is at the retail centers, the description of the other stages in 

the supply chain (harvesting sites, ethanol plants and distribution centers) is the same for bothmodels. Existing and 

potential capacity for the ethanol plants, refineries and distribution centers are given. Different means of transportation are 

available for each product (truck, railway and/or pipeline) 

 

At each stage of the supply chain the following information is assumed to be given. 

 

 For each harvesting siteand both sources of biomasswe are given the capacity of dry feedstock production. We 

consider harvesting fields and storage facilities in the same node of the supply chain becausethe paper focuses on 

thedownstream of the supply chain (retail centers and gas stations). 

 For each potential ethanol plant in both modelswe consider three available technologies: biochemical, thermochemical 

and hybrid (gasification + fermentation) with three different levels of investment, taking advantage of the economy of 

scale: small, medium and large. For each one,we are givenexisting capacity andyields. 

 For each potential distribution center in both models,we also consider three different levels for the investment. Also 

blending of E85 and gasoline can take place to produce E30 and E10 blends.  

 Finally, for each retail center in the aggregated model, we consider the fuel demandof every blend (E10, E30 and E85), 

frequency of replenishment, initial capacity and investment cost. 

 For each retail center in the detailed model, we consider the possibility of installing blending pumps through retrofits. 

Retrofits on each gas station are mandatory every ten (10) years, and in between they are optional.Additional data are: 

fuel demand of every blend (E10, E30 and E85), frequency of replenishment, initial capacity,number of existing gas 

stations, average capacity of underground storage in gas stations, investment cost for new gas stations,investment cost 

for retrofits on gas stations and thetime required to carry out a retrofit or build a new gas station. 

 

Given the above information the following decisions must be made to design an optimal integrated supply chain: 

 In Harvesting Sites (HS) 

 Location and production capacity 

 Which HS feeds each Ethanol Plant 

 In Ethanol Plants (EP) 

 Location 

 Technology of each EP installed and production capacity 

 Amount of ethanolproduced between 50% and 100% of installed capacity 

 Interconnectionbetween EP and gasoline distribution centers 

 In Gasoline Distribution Centers (DC) 

 Location and storage capacity 
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 Level of Production of blends between 50% and 100% of installed capacity 

 Which Refinery feeds each DC 

 Which DC deliversgasoline for each EP 

 If E10 and E85 are mixed to produce blends (E30), or supply these products to Retail Centers 

 In Retail Centers (RC) for aggregated model 

 Sales of fuel blends to satisfy the total demand 

 In Retail Centers (RC) for detailed model 

 Number and type of Gas Stations (GS) in each RC 

 Operating GS to meet the demand in each time period 

 Schedule of retrofits over each GSand new GS needed 

 Sales of fuel blends to satisfy the total demand 

 

In order to select these decisions two multiperiod MILP models are proposed (aggregated and detailed)to minimize the 

total cost of the supply chain, which includes terms for capital cost, production cost, transportation cost, storage cost, 

distribution cost, and purchase cost of biomass and gasoline. To calculate these costs we have considered linear cost 

models with fixed charges. 

 

The major assumptions in the proposed models include the following. The inventory level of product p is calculated 

through a specified number of replenishments per time period (Eq. (9) for ethanol plants). The amount stored of product p 

is bounded between one and three times the inventory level (Eq. (10) and (11) for ethanol plants) (Guillén-Gosálbez and 

Grossmann, 2009). The turnover ratio considered is 2 weeks for ethanol products, 3 months for biomass, and 10 days for 

fuel blends in gas stations. 

 

The final market of fuel blends is composed of gas stations. However, if we considered one retail center per gas station 

in the supply chain, the size of the problem would be very large. Therefore, in the detailed model, we let retail centers 

represent an entire county in which the gas stations are included. It is only necessary to keep track of the number of gas 

stations to somehow determine the capacity of the retail centers. We assume different types of gas stations classified by 

the products they can sell. This information is displayed inthe first two columns of Table 1.There aregas stations that can 

only provide a unique blend (single product gas stations: G1for E10 and G2 for E30), and those that can provide the 

customers with a set of blends (multiproduct gas stations, G3 for E10, E30 and E85) through the installation of blending 

pumps. 

Every fuel blend in multiproduct gas stations (G3) must be produced by mixing the existing fuel blends stored in the 

underground tanks (this kind of gas stations can also provide customers with the fuel stored without mixing it). The same 

applies to the distribution centers.The equations describing the mixing process of distribution centers introduce in 

principle non-linearities in the model. However a linear model can be derived by computing mass balance coefficients that 

represent fractions of the gasoline and ethanol, or of E10 and E85 to obtain the E30 blend (see Table 2) 
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Table 1. Types of Gas Stations and Retrofits 

Type of 

Gas 

Station 

Product 

produced 

Type of 

Retrofit 

Original 

type of GS 

Final type 

of GS 

G1 E10 
V1 G1 G1 

V2 G1 G2 

G2 E30 
V3 G1 G3 

V4 G2 G2 

G3 E10; E30; E85 
V5 G2 G3 

V6 G3 G3 

 

For investments for gas stations we assume that these could be new stations or retrofits of existing ones. We also 

assume that the gas stations have a specified lifetime after which they must undergo a change of tanks. At this point a gas 

station may keep supplying the same products (V1, V4 or V6), switch the products without large investments (V2) or else 

invest in additional tanks and blending pumps to produce additional products (V3 or V5). The different types of retrofits 

are listed in the last three columns of Table 1. Note that retrofits from G1 and G2 to G3 require installing blending pumps. 

Furthermore, we consider the possibility to satisfy high ethanol blends demand with lower ethanol blends, as flex-fuel 

cars requiring E85 can also work with lower ethanol blends. However, a minimal quantity of each blend demand that has 

to be fulfilled with that blend. 

 

4. MILP formulation 

 

In this section we describe the multiperiod MILP models (aggregated and detailed)to optimize investments in the 

ethanol and gasoline supply chain. 

 

4.1. Harvesting Sites 

The mass balance of the harvesting sites is included in Eq. (1) and establishes that the amount of feedstock b produced in 

harvesting site i in time period t( bitbhs ) must be equal to the biomass sent to the ethanol plants j by transportation mode 

m( IJ
bijmtqb ). 

tibqbbhs
j m

IJ
bijmtbit ,,                (1) 

Eq. (2) states that if in the harvesting site i the feedstock b is produced (yI
bit = 1), then the amount produced (bhsbit) 

should be less or equal to the total available quantity (ABbit). This total amount is related to the level of production. 
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tibyABbhs I
bitbitbit ,,               (2) 

There is also an upper bound on the amount of transported biomass b by transportation modem from harvesting site i in 

time period t. This upper boundtakes into account a maximum number of units in transportation mode m (trucks or freight 

car) and theircorresponding weight capacity. 

 

4.2. Ethanol Plants 

The inventory balance for biomass in ethanol plants in Eq. (3) establishesthat allfeedstock b coming into ethanol plant j 

in period time t( IJ
bijmtqb ) plus the amount stored at the end of the previous time period ( J

bjtsb 1 ), should be equal to the 

amount of feedstock b used as raw material in ethanol plant j in period time t( BI
bjqtw  ) plus the amount that remains stored 

at the end of time period t ( J
bjtsb ). 

tjbsbwsbqb J
bjt

q

BI
bjqt

J
bjt

i m

IJ
bijmt ,,           1   

         (3) 

The mass balances in ethanol plants establish the relationship between the inlet and outlet flows. In Eq. (4), P
bq 

denotes the amount of biomass brequired to produce ethanol with production technology q, and the mass balance 

coefficient used in Eq. (5) B
E85 p’p’’ represents the amount of E85 produced (from the mix of products p´ and p´´) in terms 

of the amount of product p´ consumed; wI-J
jpqt represents the amount of gasoline used to produce ethanol in plant j with 

production technology q in time period t. 

tqjww
b

BI
bjqt

P
bq

JO
qtEj ,,      ,85,            (4) 

tqE pjww JI
qtGASpj

B
EpGASpp

JO
jpqt  , ,85,          ,' ,100'' ,' ,  


        (5) 

In a similar way, the mass balance for gasoline is obtained through Eq. (6). The only difference is that we do not 

include storage terms;qpJK
jkmptrepresents the amount of gasoline transported from distribution center k to ethanol plant j by 

transportation mode m in time period t. 

tGASpjwqp
q

JI
jpqt

k m

JK
jkmpt ,,                 (6) 
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The inventory balance for the product (E85) is represented in Eq. (7), where the amount of E85 produced in plant j 

with production technology q in time period t (wO-J
jpqt) plus the amount stored at the end of the previous time period must 

be equal to the amount transported from ethanol plant jto distribution center k, and other markets of ethanol consumption 

fby transportation mode min time period t(qpJK
jkmpt and qpJF

fjmpt respectively), plus the amount that remains stored at the 

end of time period t.Eq. (8) shows thepercentage of ethanol (j)devoted to the consumption of other industries. 

tEpjspqpqpspw J
jpt

k m

JF
fjmpt

k m

JK
jkmpt

J
jpt

q

JO
jpqt ,85,      1    
      (7) 

, tEj, pwqp JO
jpqtj

f m

JF
fjmpt 85                (8) 

As it was stated in the previous section, we assume that the inventory level of product p (ilEP
jpt) is the minimum 

amount between replenishments required to provide markets with product p. It is defined in Eq. (9) as the ratio of the 

production flows of ethanol plants to the turnover ratio required for each ethanol plant j in each time period t, TORJ
jt. This 

parameter indicates the number of times that the stock will be entirely replaced per time period (number of replenishments 

per time period). Eqs. (10) and (11) provide lower and upper bounds on the stored amount, based on the inventory level 

and based on the factors MAX and MIN. 

tEthpj
TOR

qpqp

il
J
jt

m f

JF
fjmpt

k

JK
jkmpt

EP
jpt  , ,      

 











         (9) 

tpjilsp EP
jptMAX

J
jpt ,,                (10) 

tpjilsp EP
jptMIN

J
jpt ,,                (11) 

The binary variable yJ
jqst represents whether or not the investment takes place for ethanol plant j with production 

technology q and size levels within time period t. Eqs. (12) and (13) set lower and upper bounds on the capacity of the 

new plants, represented by the variable npcJ
jqst. 

tsqjyPCnpcyPC J
jqst

EP
jqs

J
jqst

J
jqst

EP
jqs ,1,,      1         (12) 

tsqjyPCnpcyLBPC J
jqst

EP
jqs

J
jqst

J
jqst

EP
jq ,1,,              (13) 
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The production of ethanol plants is limited by the existing capacity EPCJ
jq, plus the capacity of the new plants built 

from period 1 to period t (Eqs. 14 and15). A scalar between 0 and 1 (J
jq) is used to denote the minimum percentage of 

production that is allowed in each plant j with production technology q. 

tqEthpjnpcEPCw
tt

J
jqst

J
jq

J
jq

JO
jpqt ,,,      

´
´ 










         (14) 

tqEthpjnpcEPCw
tt

J
jqst

J
jq

JO
jpqt ,,,      

´
´ 



        (15) 

Due to the limit on the availability of capital investment, an upper bound on the total number of new ethanol plants per 

year t and per potential region j is imposed in Eq. (16) taking into account all the technologies.A practical limit is the 

number of new ethanol plants depending on their production technology; i.e., the biochemical or thermochemical 

technologies have a largerupper bound than the hybrid one because the former are at a more advanced stage than the 

hybrid plants.This aspect is addressed in Eq. (17). 

tjNJy TOT
tj

q s

J
jqst ,                (16) 

tsqNJy qst
j

J
jqst ,,              (17) 

4.3. Gasoline Distribution Centers  

 

The equations involved in this section are similar to those representing ethanol plants. 

Eq. (18) is the inventory balance for gasoline, where the amount shipped from every refinery l by transportation mode 

mto distribution center k in time period t( LK
klmptqg ),plus the amount of gasoline stored in distribution center k at the end of 

the previous time period, should be equal to the amount of gasoline that remains stored at the end of the time period t plus 

the gasoline sent to every ethanol plant j by transportation mode m in period t( JK
jkmptqp ),plus the amount of gasoline mixed 

with every product p´´ to produce product p´in period t ( KI
tppkpw 

´´´ ). 

tGASpkspqpwspqg K
kpt

j m

JK
jkmpt

q p p

KI
tppkp

K
kpt

m l

LK
klmpt ,,      

´ ´´
´´´1   

     (18) 

In the same way, the amount of E85 delivered from every ethanol plant jto distribution center k by transportation mode 

m in period t( JK
jkmptqp ) plus the amount of E85 stored in distribution center k at the end of the previous time period(
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K
kptsp 1 ) must be equal to the quantity of E85 mixed with each product p´´ to produce any product p´( KI

tppkpw 
´´´ ) plus the 

amount of E85 that remains stored in distribution center k at the end of the time period t( K
kptsp ) (Eq. 19). 

tEpkspwspqp K
kpt

q p p

KI
tppkp

K
kpt

j m

JK
jkmpt ,85,      

´ ´´
´´´1     

      (19) 

The mass balance for products (Eq.20), states that the amount of each product pproduced in distribution center k in 

time period t( KO
kptw  ) should be equal to the amount of product p delivered from distribution center kto all retail 

centersdby any transportation mode m in this time period t ( KD
dkmptqp ). 

tpkqpw
d m

KD
dkmpt

KO
kpt ,,               (20) 

All fuel blends are obtainedby mixing different amounts of gasoline and E85 according to the amount of ethanol 

required for the final blend. The mass balance coefficientfor different products can be calculated based on densities of 

gasoline and E85 and the amount used of each blend. Therefore, the mass balance coefficientB
pp´p´´, relates the input of p´ 

with the output of p, mixing p´and p´´, as shown in Eq. (21) (see Table 2). 

tpkww
p p

KI
tpkpp

B
ppp

KO
kpt ,,       

´ ´´
´´´´´´             (21) 

The definition of the inventory level in distribution centers is analogous to the definition of the inventory level in 

ethanol plants. The inventory level of product p that should be kept in each distribution center k in time period t(il DC
kpt),is 

calculated with Eq. (22) with the turnover ratio of this distribution center k in time period t (TORK
kt), and the inlet flow of 

product p that is needed to produce every product p´ in a mixture with any product p´´ in distribution center k and time 

period t(wI-K
p’pp’’t) 

tpk
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w
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K
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q p p

KI
tppkp
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kpt  , ,      ´ ´´

´´´


  





        (22) 

The amount of product p stored in distribution center k in time period t is bounded by the average inventory level that 

is required to keep the necessary production.MAX and MIN are factorsrelated to the desired reliability of the storage. 

tpkilsp DC
kptMAX

K
kpt ,,                (23) 

tpkilsp DC
kptMIN

K
kpt ,,                (24) 
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The binary variable yK
kst represents whether a distribution center k of size s is installed or not in time period t. The new 

capacity (npcK
kst)of distribution center kof size s in time period t (npcK

kst), is bounded between lower and upper bounds, 

according to Eqs. (25) and (26). 

tskyPCnpcyPC K
kst

DC
ks

K
kst

K
kst

DC
ks ,1,      1          (25) 

tskyPCnpcyLBPC K
kst

DC
ks

K
kst

K
kst

DC
k ,1,               (26) 

In Eq. (27) the production capacity of all products p produced in distribution centerk within time period t(wO-K
kpt) is 

limited bythe capacity of the initial set of distribution centers, plus the capacity of those distribution centers installed 

before the current time period. 

tknpcEPCw
s tt

K
kst

K
k

p

KO
kpt ,       

´
´  



         (27) 

Finally, Eq. (28) limits the total number of distribution centers that can be installed in time period t and in potential 

location k (taking into account all the sizes considered in the model), and Eq. (29) limits the number of distribution centers 

of size sthat can be installed in time period t. 

tkNKy TOT
tk

s

K
kst ,                (28) 

tsNKy st
k

K
kst ,               (29) 

As indicated in the problem statement, we first consider an aggregated model without gas station details and then a 

detailed model with gas stations details. The difference is in the retail centers formulation. Equations (1) to (29) are 

included in both the aggregated and detailed models. In section 4.4 we describe the retail centers equations for the 

aggregated model, and in section 4.5 we discuss retail centers formulation for the detailed model. 

 

4.4. Retail Centers – Aggregated Model 

 

Due to multiple inlet and outlet products of the retail centers and the combination of these inputs to produce any 

product, non-linearities might arise in the mass balances. A disaggregation scheme is introduced to avoid these non-

linearities. Specifically, variables DI
tpdppw 

´´´  are defined to represent the amount of product p´ mixed with product p´´ to 

produce product p within retail center d in time period t. The mass balance for inlet products on retail centers is expressed 

in Eq. (30). It states that every product p that gets into a retail center d in time period t from any distribution center k and 

by any transportation mode m (qpKD
dkmpt) plus the amount of product p that remains stored in retail center d since the end 

of the previous time period (spD
dpt-1) must be equal to the consumption of product pto produce every product p´´ with a 

mix of product p´ in retail center d in time period t(wpI-D
dp´pp´´t) plus the amount stored at the end of time period t (spD

dpt). 
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tpdspwpspqp D
dpt

p p
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D
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k m
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dkmpt ,,      

´ ´´
´´´1    


      (30) 

Eq. (31) states that the amount of product p that is sold in retail center d in time period t (wpO-D
dpt) must be equal to the 

sales. 

tpdsaleswp dpt
DO

dpt ,,              (31) 

The relationship between inputs and outputs is given by the mass balance coefficientB
pp´p´´ as it is shown in Eq. (32). 

This coefficientrelates the amount of product p produced by mixing products p´ and p´´. Table 2 shows two examples: in 

the second line it can be noted that E30 can be obtained with 73.33%of E10 and 26.67% of E85 (volume). The numerical 

value for the coefficientB
E30,E10,E85 [kg E30/kg E10] is obtained with the value of the density of each blend. 

tpdwpwp
p p

DI
tpdpp

B
ppp

DO
dpt ,,      

´ ´´
´´´´´´            (32) 

Table 2. Mass balance coefficient for mixing fuel blends 

 Raw materials 

 GAS E10 E85 Eth 

E30 0.7 - - 0.3 

E30 - 0.7333 0.2667 - 

 

Eqs. (33) to (35) represent constraints on blend sales as explained in Section 3.The demand of higher ethanol blends 

can be satisfied with lower ethanol blends. In these equations, parameter DEMdtrefers to the demand of fuel (all ethanol 

and gasoline blends) in retail center d in time period t, and the parameter PBp expresses what percentage of this demand 

corresponds to the demand of blend p (Anderson, 2012). 

Eq. (33) states that the summation of sales of every product p´ that has a greater content of ethanol than blend p, should 

be less or equal than the summation of the demand of these fuel blends.Eq. (34) ensures that the sales of all fuel blends 

must be greater than these product demands. It is possible to relax this constraint because sales will increase to satisfy the 

demand, but a further increase would increase the objective function value, which is being minimized.Eq. (35) states that 

sales of E10 have to be greater or equal than E10 demand, because there is no other fuel blend that can satisfy its demand 

and also E10 can be used to satisfy the demand of other blends. 

tEpdPBDEMsales
pp

pdt
pp

tdp ,10,      
´

´
´

´ 


       (33) 

tdPBDEMsales
p

pdt
p

dpt ,              (34) 

tEpdPBDEMsales pdtdpt ,10,              (35) 
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We define the inventory level of product p in retail center d in time period t (ilGS
dpt) asthe ratio between the amount of 

product pconsumed in retail center d in this time period and the turnover ratio of retail center d in time period t (TORD
dt). 

tpd
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p p
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dpt ,,      

´ ´´
´´´




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
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



 





        (36) 

The inventory level of the retail centersis used to set bounds on the amount of product p stored, using MAX and MIN as 

factors related to the desired availability of the storage in Eqs (37) and (38). Our model assumes values of one and three 

for these factors, respectively. 

tpdilsp GS
dptMAX

D
dpt ,,               (37) 

tpdilsp GS
dptMIN

D
dpt ,,               (38) 

 

4.5. Retail Centers – Detailed Model 

 

The detailed model includes a description of gas stations inretail centers. In this model, each retail center represents a 

set of gas stations where the fuel is sold. To avoid the use of 0-1 variables for individual gas stations, we introduce integer 

variables to represent the number of gas stations of the same type, age and demand zone. 

The equations take into account the fact that gas stations have different designs according to the number of products 

they can produce (single or multiproduct). The variables wpI-D
dp´pp´´t and wpO-D

dpt indicate the flows of product consumed 

and produced, respectively.The equations corresponding to the aggregated model (mass balances; demand and inventory 

equations - Eqs (30) to (38)) are also included in the detailed formulation.  

Every gas station has a lifetime�G, after which a retrofit must be performed to keep the gas station working. 

Otherwise, this gas station becomes inactive or idle.Figure5 shows a scheme to describe the modeling of the aging of gas 

stations. The dashed line divides the figure into two main parts: the one above represents the active gas stations (all the 

circles, except the last row) and the one below represents the inactive gas stations (the last row of circles). The rows 

represent the age aof gas stations and the columns the yeartin the time horizon. 

In this way, the thick arrows at the very top of Fig. 5represent the new gas stations that are added to the set of active 

ones. The arrows that connect all the active gas stations of a time period t with the set of inactive gas stations in the same 

period of time (dotted arrows) represent those gas stations that have been closed. The lines that connect the circle of age a 

and time period t with the circle of age a+1 and time period t+1 (continuous lines) represent the aging of the gas stations. 

The arrows that connect the set of inactive gas stations in year t with the circle in the very top in the same year (dashed 

arrows) represent the retrofit over inactive gas stations. Finally, the arrows that connect the set of inactive gas stations to 

each other throughout years (arrows of dots and dashes) represent the flow of gas stations that remain inactive from year t-

1 to year t. 
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Fig. 5. Modeling of Gas Stations 

 

Eqs. (39) and (40) represent inventory balances for active gas stations (ndgta) and idle gas stations (nI
dgt) respectively. 

These groups can link to each other in the way that was explained above: closing an active gas station (nD
dgta); performing 

a retrofitto an idle gas station (nR
dvt) or just building a new one (nN

dgt).Here,ndgta is the number of active gas stations of type 

gandage a within retail center d in time period t;nI
dgt is the number of inactive gas stations of type g within retail center d 

in time period t;nD
dgta is the number of dropped off gas stations of type g of age a within retail center d in time period t; 

nR
dvt is the number of type v retrofits that take place within retail center d in time period t and nN

dgt is the number of new 

gas stations of type g within retail center d in time period t.The initial set of gas stations is specified (NINITdga). 
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Other important constraints for the gas stationsare those related to their capacity. The capacity is represented by both 

the storage capacity inthe underground tanks and the capacity of delivering product p in each gas station. 

 

The capacity of the underground tanks in gas stations is determined in Eqs. (41) and (42). Lower and upper bounds are 

imposed. They are related to the number of active gas stations of type gandage a within retail center d in time period t 

(ndgta), and to the use of a factor of maximum and minimum capacity of the underground tanks that store product p in type 

g gas stations within retail center d, (SCMAX
dgp and SCMIN

dgp). These bounds may correspond to safety considerations (Code 

of Federal Regulations 40 C.F.R Part 280). The subset DPI(d,p) represents those products p that are input in retail center 

d. 

a=1

a=2

a=3

a=G

t‐1 t t+1

a=G‐1
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Thecapacity to deliver product p in retail center d in time period tmust be less than or equal to the total capacity of 

delivery of those gas stations that are able to produce product p. This fact is imposed by Eqs. (43) to (45).  The 

variablecN
dgt represents the equivalent quantity of gas stations of type g that are under construction in retail center d in time 

period t. This variable is subtracted in the capacity formula, because the gas stationsunder construction are not available to 

deliver fuel in the construction period.It is calculated in Eq. (46). 
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The factor PTOG
dgt represents the percentage of the time period t during which a gas station of type g within retail 

center d is being built (from new). In a very similar way, PTOV
dvt can be defined for the retrofitted gas stations. With these 

factors we define the capacity under construction of type g within retail center d in time period t.
 

If a gas station exists, it must deliver at least a minimumamount of fuel. To take this fact into account, a lower bound 

on the amount of fuel delivered is imposed in Eqs (47) and (48). 
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4.6. Objective Function 

 

The investment cost for the different stages of the supply chain is calculated with Eqs. (49) – (53) as follows: 
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For the investment cost in harvesting sites, defined in Eq. (50), fixed and variable cost coefficients are used. For the 

investment in gas stations, defined in Eq. (51), two fixed costs are usedcorresponding to retrofits of gas stations (FCRdv) or 

construction of new ones (FCNdg).No variable cost is includedbecauseonly one size is considered in investments on gas 

stations. For the remaininginvestment costs, defined in Eqs (52) and (53), the variable cost coefficients are implicitly 

involved (You and Wang, 2011; You et al., 2012). 

The processing and maintenance cost is also calculated with a variable and a fixed cost for each industry involved in 

the supply chain (Eq. (54)) (You and Wang, 2011).  
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The cost of transportation in Eq. (55), is calculated as the summation of fixed and variable costs(regarding distance) 

over all the possible connections in the supply chain by all the feasible transportation modes and in all time periods (You 

and Wang, 2011). 
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Finally, storage cost is computed from Eq. (56). Eq. (57) calculates the purchase cost of the gasoline required to 

perform the blending (we use the wholesale price). 
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The objective function is calculated as the summation over the previously described costs asshown in Eq. (58).  

PUSTTRPRINV cccccc  min         (58) 

 

5. Examples 

 

We have formulated two models as stated in Section 3. The first one is an aggregated model that is described by Eqs. 

(1) to (38) and (49) to (58), in which the retail center formulation has no details about how the fuel is distributed to 

customers. And the second one is a detailed model described by Eqs. (1) to (58), in which the retail center formulation 

includes information about gas stations in each region. 

The time horizon for both problems is 20 years with periods of 4 months for the first 10 years, and periods of 6 months 

for the next 10 years, requiring a total of 50 time periods.Each retail center represents one county of Alabama state. The 

fuel demand is estimated based on the population of each county and the gasoline consumption of the entire county (US 

DOE, EERE, apps1.eere.energy.gov/states/transportation.cfm/state=AL and 2002 Economic Census).Figure 6 shows total 

fuel demand profile for Alabama state in the next 20 yearstime horizon. We consider that the normal growth of the number 

of cars throughout the time is reflected in an initial increase of demand, but in the middle term this effect is roughly 

balanced with the increase of engine efficiency. And the decrease at the end of the time horizon is due to a further increase 

of energy efficiency and/or the possibility to use another energy source for transportation. 

Figure 7 shows the nodes in the potential supply chain. The shadowed region (AL state) represents the place where one 

retail center per county is considered. The profile of the demand for E10, E30 and E85 is shown in Tables 3 and 4. Table 3 

shows the total demand of fuel estimated by the gasoline consumption per year per capita reported in US 2000 census 

(2002 Economic Census, US DOE EERE).  
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Fig. 6. Total fuel Demand in Alabama State [M ton / yr] 

 

The estimation in Table 3 is for the first year of the time horizon, and in the subsequent years the demand is increased. 

While in the last year of the time horizon the demand is 20% higher than the value in the first year, in the middle term it 

has a peak of 50% of the value in the first year. 

Table 4 shows the percentage of the total demand that correspond for each fuel blend. 

 

 

 
Fig. 7. Potential locations for the nodes of the supply chain 
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Table 3. Total demand of fuel in the first year of the time horizon 

County 

Gasoline 

Consumption 

[ton/yr] (2005) 

County 

Gasoline 

Consumption 

[ton/yr] (2005) 

County 

Gasoline 

Consumption 

[ton/yr] (2005) 

Autaga 90,136 Dallas 72,378 Marengo 34,731 

Baldwin 301,050 DeKalb 117,452 Marion 50,833 

Barbour 45,351 Elmore 130,986 Marshall 153,641 

Bibb 37,849 Escambia 63,292 Mobile 682,145 

Blount 94,680 Etowah 172,489 Monroe 38,102 

Bullock 18,027 Fayette 28,477 Montgomery 378,843 

Butler 34,598 Franklin 52,366 Morgan 197,364 

Calhoun 195,847 Geneva 44,249 Perry 17,493 

Chambers 56,513 Greene 14,940 Pickens 32,615 

Cherokee 42,926 Hale 26,031 Pike 54,340 

Chilton 72,086 Henry 28,578 Randolph 37,846 

Choctaw 22,891 Houston 167,727 Rusell 87,453 

Clarke 42,669 Jackson 87,916 St.Clair 138,072 

Clay 23,012 Jefferson 1,087,599 Shelby 322,225 

Cleburne 24,729 Lamar 24,056 Sumter 22,733 

Coffee 82,500 Lauderdale 153,129 Talladega 135,921 

Colbert 89,900 Lawrence 56,718 Tallapoosa 68,738 

Conecuh 21,849 Lee 231,648 Tuscaloosa 321,516 

Coosa 19,059 Limestone 136,732 Walker 110,703 

Covington 62,377 Lowndes 18,663 Washington 29,039 

Crenshaw 22,969 Macon 35,433 Wilcox 19,276 

Cullman 132,808 Madison 553,013 Winston 40,441 

Dale 83,000     

 

 

Table 4. Percentage of the total demand for each blend 

Year 

Blend 

1-2 3-5 6-10 11-15 16-20 

E10 80 68 50 35 22 

E30 15 25 35 40 43 

E85 5 7 15 25 35 

 



  

22 
 

The main data are shown in Table 5 and Fig. 8. Table 5 shows the yield of ethanol from biomass (Martin and 

Grossmann, 2012; Wei et. al, 2009). Figure 8 shows data for investment size and cost (Martin and Grossmann, 2012) and 

the projection with the six tenth rule. 

 

Table 5. Yields of Ethanol Technologies [ton Ethanol / ton biomass] 

 Switchgrass Wood Chips 

Biochemical 0,28 0,17 

Thermochemical 0,20 0,19 

Hybrid 0,33 0,26 

 

 

 

Fig 8. Investments on different Ethanol technologies 

 

In this section, one example is solved with both models. These examples are solved with CPLEX12.4 in GAMS 

(Brooke et al., 2011) 

 

 

5.1. Aggregated Model Example 

 

This example is solved for the state of Alabama with the 67 counties shown in Table 3. We consider 5 harvesting sites 

with2 raw materials (wood chips and switchgrass), 5 ethanol plants with 3 feasible production technologies, 2 petroleum 

refineries, 5 distribution centers and 67 retail centers (one for each AL county).  

 

The results can be summarized as follows. As shown in Fig. 9, three out of five potential locations for harvesting sites 

are selected. In these harvesting sites, switchgrass is sown. The optimal solution includes investment in three potential 

locations for ethanol plants according to Table 6. The location of these ethanol plants are shown as stars in Fig. 9. 
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Fig. 9. Optimal locations for the nodes of the supply chain 

 

Table 6. Ethanol Plants built over 20- yearshorizon  

 
 

Carmi[IL] Number of Plants / Capacity [M ton / yr] 

Year Biochemical Thermochemical Hybrid 

1 2 / 280 1 / 180  

6   3 / 540 
    

TOTAL 2 / 280 1 / 180 3 / 540 
    

  

Scottsboro [AL] Number of Plants / Capacity [M ton / yr] 

Year Biochemical Thermochemical Hybrid 

1 2 / 330 1 / 180 2 / 350 

4   3 / 510 

9   1 / 180 

11   3 / 460 
    

TOTAL 2 / 330 1 / 180 9 / 1,500 
  

  

Montgomery [AL] Number of Plants / Capacity [M ton / yr] 

Year Biochemical Thermochemical Hybrid 

1 2 / 265.8 1 / 180  

11   3 / 460 
    

TOTAL 2 / 265.8 1 / 180 3 / 460 
    

 

 

 

Distribution Centers
Ethanol Plants
Harvesting Sites

Retail Centers
AL counties (76)

Refineries
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Figure 10 shows the integrated supply chain for fuel distribution to the retail centers in the state of Alabama. It can be 

noted that the distribution center located in the state of Louisiana (LA2) provides the southwest of AL with fuel (first 

map), and the distribution center located in the state of Georgia (GA3) provides fuel to the east of AL State (last map). 

The rest of retail centers in this stateare supplied by distribution centers within the same state (the distribution centerAL4 

provides the region in the second map and AL5 provides the region in the third map). 

 

 

 

Fig. 10. Optimal connections between the nodes of the supply chain 

 

The price of fuels with higher content of ethanol is lower than the retail price of fuels with lower content of ethanol. 

For that reason, we consider a lower production cost for blends with higher ethanol content. We have also considered 

blending pumps associated to the commercialization of E85 in retail centers. Because of that and because of the entire cost 

of blends, Figure 11 shows that sales are as follows: the demand of E10 is fully satisfied with E10 blend; sales of E85 

satisfies only the 50% of its demand, and the demand is fully satisfied with lower ethanol blends; and sales of E30 at the 

beginning of the time horizon are at the minimum level too (50% of the demand).However, throughout the time horizon 

sales of E30 increase with respect to its demand in order to partially satisfy the E85 demand. In summary, ethanol 

consumption increases as compared to gasoline consumption, to meet the demand. 
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Fig. 11. Demand and sales of fuel blends in Alabama State [M ton / yr] 

 

The computational results are shown in Table 7, where it can be seen that the model was solved in about 5 minutes 

CPU time with an optimality gap of less than 1%. 

 

Table 7. Computational Results for Aggregated Model 

Solver CPLEX 12.4 

Equations 109,363 

Variables 136,223 

Discrete Variables 1,400 

Total Cost [MM USD] 140,282.7 

Solution Time [sec] 332.5 

Gap [%] 0.5329 

Processor: Intel Core i7-2640M 2.80GHz - 8GB RAM 

 

 

5.2. Detailed Model Example 

This example is solved as the previous onefor 5 harvesting sites with2 raw materials (wood chips and switchgrass), 5 

ethanol plants with 3 feasible production technologies, 2 petroleum refineries and 5 distribution centers. We consider 67 

retail centers (one for each AL county) and we consider the number of different types of existing gas stations for each one 

of them. As before, the time horizon is 20 years.  
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As we described in Section 3 (Problem Statement), the difference betweenthe aggregated and the detailed model is in 

the retail center formulation. Therefore, the data provided in Section 5 are valid for the detailed model. Additional data for 

the detailed modelinclude the initial number of gas stations in each county of AL state. Theinformation on the number of 

gas stations in each county is obtained from 2002 Economic Census,and has been updated to 2012 asa linear function of 

populationgrowth. We have indicated the total number of gas stations according to their age. Table 8 shows the initial 

number of gas stations for some counties as an example. 

 

Table 8. Initial Number of Gas Stations in Alabama State (detail of three counties) 

Type 
Age 

1 2 3 4 5 6 7 8 9 10 TOT 

 Autaga county  

G1 (E10) 4 7 1 5 1 5 2 1 4 4 34 

G2 (E30) 1   1  1 1    4 

G3 (All) 1    1      2 

 Baldwin county  

G1 (E10) 2 11 11 25 22 22 22  5 12 132 

G2 (E30) 1  2 3 2   3 2 3 16 

G3 (All) 4 1 2 1       8 

 Monroe county  

G1 (E10) 1 2 2 3  1 1  2 1 13 

G2 (E30)  1   1      2 

G3 (All) 1          1 

 Talladega county  

G1 (E10) 1 7 3 8 2 8 2 3 9 9 52 

G2 (E30) 1   1  1 1   1 5 

G3 (All) 1  2        3 

 ALABAMA STATE  

G1 (E10) 323 263 280 268 304 276 294 218 217 276 2,719 

G2 (E30) 26 31 40 41 32 26 37 32 29 21 315 

G3 (All) 48 34 31 16 5      134 

 

The results obtained in the detailed model are similar to those obtained with the aggregated one (previous section). 

However, it is worth to point out the change in the number of gas stations involved in the supply chain as a function of 

time. Figure 12 shows the time profile of number and type of gas stations throughout the 20 year time horizon. While in 

the first years the number of G1 (E10) gas stations remains almost constant, the major change occurs in the middle part of 

the time horizon, when the number of G1 (E10) gas stations decrease. By this time the number of G2 (E30) and G3 (E10, 

E30, E85) gas stations increase mainly due to retrofits on G1 (E10) gas stations. 
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Fig. 12. Time profile of total number of gas stations in AL state 

 

The information displayed in Fig. 12 can be useful to obtain an investment plan over gas stations in order to satisfy the 

predicted demand of blends. Even though this plan does not contain information about which gas station may be subjected 

to retrofit, it provides information about the number of gas stations that should be retrofitted within each county 

considered in the model. 

 

The gas stations that have blending pumps can in principle provide any product. Therefore, each G3 gas station can 

sellany blend. As anexample, we include two figures with results obtained for Jefferson and Monroe counties. Figure 

13shows totaldemand and the salesof each blend in G3 gas stationsfrom Jefferson county throughoutthe 20 year time 

horizon. Most of the E10 demand is satisfied with G1 gas stations, but almost all E30demand is satisfied with 

multiproduct gas stations (G3). It can be concluded that new multiproduct gas stations are not selected to provide the 

market with E10 (because the infrastructure for this blend is already developed). Regarding E85 sales, only 50% of total 

demand is produced; the amount of demand which is not satisfied with this blend is mostly satisfied with E10. On the 

other hand, given that the demand of fuel in the near future will be composed by several blends, it is more convenient to 

install multiproduct gas stations instead of single product gas stations for different blends. 

 

 

Fig. 13. Demand and sales in multiproduct gas stations within Jefferson county 

 

Figure 14 shows the time profile for the production of each blend in multiproduct gas stations within Monroe county, 

throughout the 20 years time horizon. We can conclude that the production of E30 and E85 in multiproduct gas stations 

within Monroe county increases with time and the production of E10 decreases with time. 

Throughout time horizon the number of G1 gas stations is reduced (see Fig. 12). Then, most of E10 consumed is 

provided by G3 gas stations (see Fig. 15). 
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Fig. 14. Time profile for the sales of multiproduct gas stations within Monroe county 

 

 

Fig. 15. Time profile for E10total sales and the sales of E10 in multiproduct gas stations within Monroe county 

 

In the detailed model, which considers integer variables for gas stations in each one of the 67 AL counties, and taking 

into account an initial set of almost 3,500 gas stations, it becomes a challenge to obtain a solution within reasonable time. 

As shown in Table 9, the solution time for this MILP problem is more than 3 hours to reach an optimality gap of 1%. 

 

Table 9. Computational Results for Detailed Model 

Solver CPLEX 12.4 

Equations 211,875 

Variables 240,745 

Discrete Variables 53,660 

Total Cost [MM USD] 165,414.2 

Solution Time [sec] 11,856.2 

Gap [%] 1.00 

Processor: Intel Core i7-2640M 2.80GHz - 8GB RAM 

 

We can note that the difference in the objective function between aggregated and detailed model is due tothe cost of 

the gas stations. In the detailed model, we take into account costs on gas stations that are not considered in the aggregated 

model, such asinvestment costs in the new and retrofitted gas stations.  

0

5

10

15

20

25

30

35

0 5 10 15 20
Sa
le
s 
 [
M
 t
o
n
 /
 y
r]

Time [yr]

E10 E30 E85

0

10

20

30

40

50

60

0 5 10 15 20

E1
0
 S
al
e
s 
 [
M
 t
o
n
 /
 y
r]

Time [yr]

E10  (from G3)

E10  (Total)



  

29 
 

On the other hand, the number of discrete variables in the detailed modelis 97,880. However, as certain integer 

variables (ndgta and nI
dgt) are calculated with an equation that involves only integer variables and integer coefficients, they 

can be defined as continuous variables ranging between 0 and 1. Therefore, the number of discrete variables is reduced to 

53,660 which is still much larger than the 1,400 discrete variables in the aggregated model. Since the computational time 

is quite large (11,856 CPUs), this motivates the use of a bilevel decomposition method that is described in the 

supplementary material.In this scheme the problem is decomposed into an upper level problem that makes the decisions 

on the selection of major nodes in the supply chain, and into a lower level problem that is concerned with the detailed 

retrofit design of the gas stations. The proposed bilevel decomposition reduces the computational time to 7,137 CPUs, 

yielding a computational saving of about 40%. 

 

6. Conclusions 

In this work, we have proposed anMILP model for the gasoline and ethanol supply chain, including harvesting sites to 

retail centers. Different levels of detail are included within a superstructure. We have formulated two models, an 

aggregated one that considers the fuel demand per county, and a detailed model that also considers the number of gas 

stations needed to satisfy the fuel demand in each county. Gas stations details are considered within retail centers 

formulation. In the latter model, the need for retrofit projects, blending pumps and new gas stations are easily detected. 

Five potential locations and three ethanol technologies are included for ethanol plants: biochemical, thermochemical and 

hybrid. Numerical results show that the hybrid process is as competitive as biochemical and thermochemical processes 

(larger yield and higher costs).Distribution centers receive pure ethanol and/or E85 from ethanol plants and gasoline from 

refineries, and they are able to produce any required blend. For simplicity, this paper takes into account only E10, E30 and 

E85, but the model can be easily extended to any other set of fuel blends. 

In this sense,we have considered different types of gas stations: those that can commercialize only one type of blend 

and those that can commercialize every blend with the use of blender pumps. Future trends predicted by the model 

indicate that single blend gas stations will be replaced by multiple blend gas stations, with blender pumps. Optimal results 

indicate that most gas stations work during their entire lifetime (10 years) before any retrofit is carried out. However, at 

the beginning of the time horizon, many gas stations that can only provide E10 to the market are retrofitted to provide 

multiple blends to the market with the addition of a blender pump. 

Finally, we have proposed a bilevel decomposition algorithm (see Supplementary material) which first solves a 

strategic planning model that takes the more general decisions and iteratively uses this solution to bound a more detailed 

model. Computational time is roughly reduced in almost 40%. 
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NOTATION 

 

SETS DESCRIPTION 

A Age of Gas Station 

B Biomass feedstock 

D Demand Zones (Gas Stations) 

F Alternative Ethanol Markets  

G Type of Gas Stations 

I Harvesting Sites 

J Ethanol Plants 

K Gasoline Distribution Centers 

L Gasoline Supply 

M Transportation Modes 

P Products 

Q Technologies 

S Capacity Levels 

T Time Periods 

TY Years 

V Retrofit Mode 

DPI (d,p) If product p is an input of retail center d 

DPO (d,p) If product p is an output of retail center d 

GPI (g,p) If product p is an input of type g gas station 

GPO (g,p) If product p is an output of type g gas station 

GVI(g,v) If a retrofit type v is done over a type g gas station 

GVO(g,v) If a retrofit type v generates a type g gas station 
 
 

VARIABLE DESCRIPTION UNITS 

bitbhs  Biomass b available in Harvesting Site i in Time Period t ton B / per 

c  Total Cost $ 
INVc  Total Investment Cost $ 

N
dgtc  Gas Stations of type g under construction in Retail Center d In time Period t GS / per 

PRc  Operation and Maintenance Cost $ 
PUc  Gasoline purchase cost $ 
STc  Storage Cost $ 
TRc  Transportation Cost $ 

DC
kptil  Inventory level of Product p kept in Distribution Center k in Time Period t ton P / repl 

EP
jptil  Inventory level of Product p kept in Ethanol Plant j in Time Period t ton P / repl 

GS
dptil  Inventory level of Product p kept in Gas Station d in Time Period t ton P / repl 
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dgtan  No. of active type g Gas Stations with Age a in Retail Center d in Time Period t GS / per 

ref
dgtn  No. of active type g Gas Stations in Retail Center d in Time Period t for reformulated 

model 
GS / per 

D
dgtan  Number of dropped-off type g Gas Stations with Age a in Retail Center d in time 

Period t 
GS / per 

refD
dgtn ,  Number of dropped-off type g Gas Stations in Retail Center d in time Period t for 

reformulated model 
GS / per 

I
dgtn  Number of idle type g Gas Stations in Retail Center d in time Period t GS / per 

N
dgtn  Number of new type g Gas Stations in Retail Center d in time Period t GS / per 

R
dvtn  Number of type v retrofitted Gas Stations in Retail Center d in time Period t GS / per 

J
jqstnpc  New Production Capacity of Ethanol Plant j with Production Technology q of Size s 

in Period Time t 
ton Eth / per 

K
kstnpc  New Production Capacity of Gasoline Distribution Center k of Size s in Period Time 

t 
ton Blend / 
per 

IJ
bijmtqb  Flow of Biomass b from Harvesting Site i to Ethanol Plant j by Transportation Mode 

m in Time Period t 
ton B / per 

LK
klmptqg  Flow of Gasoline from Refinery l to Distribution Center k by Transportation Mode m 

in Time Period t 
ton G / per 

JF
fjmptqp  Flow of Product p from Ethanol Plant j to Alternative Ethanol Markets f by 

Transportation Mode m in Time Period t 
ton P / per 

JK
jkmptqp  Flow of Product p from Ethanol Plant j to Distribution Center k by Transportation 

Mode m in Time Period t 
ton P / per 

KD
dkmptqp  Flow of Product p from Distribution Center k to Retail Center d by Transportation 

Mode m in Time Period t 
ton P / per 

  dptsales  Sales of Product p within Retail Center d in Time Period t ton P / per 

J
bjtsb  Storage of Biomass b in Ethanol Plant j in Time Period t ton B / per 

D
dptsp  Storage of Product p in Retail Center d in Time Period t ton P / per 

J
jptsp  Storage of Product p in Ethanol Plant j in Time Period t ton P / per 

K
kptsp  Storage of Product p in Distribution Center k in Time Period t ton P / per 

DC
kttic  Total Capital Investment Cost in Distribution Center k in Time Period t $ 

EP
jttic  Total Capital Investment Cost in Ethanol Plant j in Time Period t $ 

GS
dttic  Total Capital Investment Cost within Retail Center d in Time Period t $ 

HS
ittic  Total Capital Investment Cost in Harvesting Site i in Time Period t $ 

BI
bjqtw   Amount of Biomass b consumed in Ethanol Plant j of Production Technology q 

within Time Period t 
ton B / per 

DI
tpdppw 

´´´  
Amount of Product p´ mixed with Product p´´ to produce Product p within Retail 
Center d in Time Period t 

ton P´ / per 

JI
jpqtw   Amount of Product p consumed in Ethanol Plant j of Production Technology q within 

Time Period t 
ton P / per 

KI
qtpkppw 

´´´  Amount of Product p´ mixed with Product p´´ to produce Product p with mixing 
Technology q in Distribution Center k in Time Period t 

ton P´ / per 

DO
dptw   Amount of Product p produced in Retail Center d in Time Period t ton P / per 

JO
jpqtw   Amount of Product p produced in Ethanol Plant j with Production Technology q in 

Time Period t 
ton P / per 

KO
kptw   Amount of Product p produced in Distribution Center k in Time Period t ton P / per 
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I
bity  Whether Biomass b is sown in Harvesting Site i in Time Period t or not  

MPI
biy  Whether Biomass b is sown in Harvesting Site i or not for MP model  

J
jqsty  Whether Ethanol Plant j with Production Technology q and Size s is installed in Time 

Period t or not 
 

MPJ
jqy 

 
Whether Ethanol Plant j with Production Technology q is installed or not for MP 
model 

 

K
ksty  Whether Distribution Center k of Size s is installed in Time Period t or not  

MPK
ky   Whether Distribution Center k is installed or not for MP model  

 

PARAMETER DESCRIPTION UNITS 

DC
kt  Fixed Production Cost in Distribution Center k in Time Period t as a percentage of 

Investments 
% 

EP
jt  Fixed Production Cost in Ethanol Plant j in Time Period t as a percentage of 

Investments 
% 

GS
dt  Fixed Production Cost in Retail Center k in Time Period t as a percentage of 

Investments 
% 

HS
it  Fixed Production Cost in Harvesting Sites i in Time Period t as a percentage of 

Investments 
% 

 j  Percentage of ethanol in Ethanol Plant j destinated to consumption of other industries % 

MAX  Factor to estimate the maximal storage capacity to handle the needed inventory % 

MIN  Factor to estimate the minimal storage capacity required to handle the needed 
inventory 

% 

B
ppp '''  Amount of Product p´ needed to produce p in a mix with p´´ 

ton P/ ton 
P ` 

P
bq  Yield of ethanol to biomass b associated to Production Technology q 

ton E100 / 
ton B 

J
jq  

Minimal percentage of production allowed in Ethanol Plant j with Production 
Technology q 

% 

bitAB  Amount of Available Biomass b in Harvesting Site i in Time Period t ton B / per 

ltCG  Cost of Gasoline in Refinery l in Time Period t $ / ton G 

DK
dkmD  Distance between Distribution Center k and Retail Center d by Transportation Mode 

m 
km 

FJ
fjmD  Distance between Ethanol Plant j and Alternative Market f by Transportation Mode m km 

IJ
ijmD  Distance between Harvesting Site i and Ethanol Plant j by Transportation Mode m km 

JK
jkmD  Distance between Ethanol Plant j and Distribution Center k by Transportation Mode 

m 
km 

KL
klmD  Distance between Refinery l and Distribution Center k by Transportation Mode m km 

dtDEM  Demand of Fuel in Retail Center d in Time Period t ton / per 
J
jqEPC  Existing Production Capacity of Ethanol Plant j with Production Technology q 

ton Eth / 
per 

K
kEPC  Existing Production Capacity of Distribution Center k 

ton Blend / 
per 

dgFCN  Fixed Capital Investment for new type g Gas Stations within Retail Center d $ / GS 

dvFCR  Fixed Capital Investment for type v retrofits within Retail Center d $ / GS 
DC
ksFIC  Fixed Investment Cost on Distribution Center k of Size s $ 

EP
jqsFIC  Fixed Investment Cost on Ethanol Plant j with Production Technology q of Size s $ 
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HS
iFIC  Fixed Investment Cost on Harvesting Site i $ 

B
bmtFTC  Fixed Transportation Cost of Biomass b by Transportation Mode m in Time Period t $ / ton B 

P
pmtFTC  Fixed Transportation Cost of Product p by Transportation Mode m in Time Period t $ / ton P 

EP
jqLBPC  Lower Bound on Production Capacity of Ethanol Plant j with Production Technology 

q 
ton Eth / 
per 

DC
kLBPC  Lower Bound on Production Capacity of Distribution Center k 

ton Blend / 
repl 

dgaNINIT
 Amount of type g existing Gas Stations with Age a within Retail Center d No GS 

qstNJ  
Max number of ethanol plants per Production Technology q, Size s and year t 

No Eth 
Plants 

TOT
tjNJ   Max number of ethanol plants per year t and per potential location j 

No Eth 
Plants 

stNK  Max number of distribution centers per size s and year t No DC 

TOT
tkNK   Max number of distribution centers per year t and per potential location k No DC 

pPB  Percentage of Fuel Demand corresponding to Product p % 

DC
ksPC  Production Capacity of Distribution Center k and Size s 

ton Blend / 
repl 

EP
jqsPC  Production Capacity of Ethanol Plant j with Production Technology q and Size s 

ton Eth / 
per 

D
dgPC

 Production Capacity of type g Gas Stations within Retail Center d 
ton Blend / 
GS 

G
dgtPTO  Proportional Time of Construction of type g new Gas Stations within Retail Center d 

in Time Period t 
Idle hr / hr 

V
dvtPTO

 
Proportional Time of Construction of type v retrofitted Gas Stations within Retail 
Center d in Time Period t 

Idle hr / hr 

BJ
bjtSC  Storage Capacity of Biomass b in Ethanol Plant j in Time Period t ton B / per 

MAX
dgpSC

 
Maximal Capacity of the underground tanks that stored Product p in type g Gas 
Stations within Retail Center d 

ton P / per 

MIN
dgpSC

 
Minimal Capacity of the underground tanks that stored Product p in type g Gas 
Stations within Retail Center d 

ton P / per 

PD
dptSC  Storage Capacity of Product p in Retail Center d in Time Period t ton P / per 

PJ
jptSC  Storage Capacity of Product p in Ethanol Plant j in Time Period t ton P / per 

PK
kptSC  Storage Capacity of Product p in Distribution Center k in Time Period t ton P / per 

D
dtTOR  Turnover Ratio of Retail Center d within time Period t days / repl 

J
jtTOR  Turnover Ratio of Ethanol Plant j within time Period t repl / per 

K
ktTOR  Turnover Ratio of Distribution Center k within time Period t repl / per 

HS
iVIC  Variable Investment Cost on Harvesting Site i $ / ton B 

D
dptVPC  Variable Production Cost of Product p in Retail Center d in Time Period t $ / ton P 

I
bitVPC  Variable Production Cost of Biomass b in Harvesting Site i in Time Period t $ / ton B 

J
jqtVPC  Variable Production Cost in Ethanol Plant j with Production Technology q in Time 

Period t 
$ / ton E85 

K
ktVPC

 
 

Variable Production Cost in Distribution Center k in Time Period t 
$ / ton 
blend 
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B
bmtVTC  Variable Transportation Cost of Biomass b by Mode of Transportation m in Time 

Period t 
$ / ton 
B.km 

P
pmtVTC  Variable Transportation Cost of Product p by Mode of Transportation m in Time 

Period t 
$ / ton 
P.km 

imtWC  Weight Capacity of Transportation Mode m from Harvesting Site i in Time Period t ton B / per 
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1. Decomposition Algorithm 

Due to the multiscale nature of the model for the design of the integrated supply chain of gasoline and ethanol, we 

have developed a bilevel decomposition algorithm where the upper level problem makes the long-term decisions and the 

lower level one performs the short-term decisions, including information on retrofits over gas stations. The decomposition 

algorithm is based on the one presented by Iyer and Grossmann (1998), where the upper level problem is solved to decide 

the selection of processes over the entire time horizon, and in the lower level the problem is solved for the selected set of 

processes. We have extended this problem to the multisite and multimarket case, because we have addressed the 

shipments between potential production sites and retail centers through the supply chain model (Dogan and Grossmann, 

2006; Terrazas-Moreno and Grossmann, 2011) 

According to the flowchart in Fig. 1, the proposed decomposition algorithm solves a higher level problem (MP – 

master problem) where the decisions taken are related to the selection of processes in each location, regardless of size and 

year; and are also related to the sales of fuel blends in every retail center, regardless of the number of gas stations required 

to comply with these sales. The higher level problem is a relaxation of the original problem (P), and therefore its solution 

provides a lower bound to the cost. 

After solving the MP, a lower level problem (SP – subproblem) is solved for the optimal processes selected in the 

master problem, and with tighter bounds on the integer variables that represent the number of gas stations. These bounds 

also come from the solution of the master problem. As this lower level problem is solved for the selected processes in the 

higher level problem, the feasible region is included within the feasible region of the original model P, and therefore it 

yields an upper bound on the objective function. The solution of the problem is obtained by solving iteratively MP and SP 

problems according to the flowchart on Fig. 1 until convergence is achieved within a specified tolerance. Computational 

results show that reductions of the order of 40% can be achieved. 
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Fig. 1. Flowchart for the bilevel decomposition algorithm 

 

1.1. Higher Level Problem – MP  

 

The main idea in this part of the decomposition algorithm is to address higher level decisions and simplify other parts 

of the model as was explained at the beginning of this section. The major decisions are as follows: 

1- Aggregate binary variables to represent the selection of processes over the entire time horizon in each location, 

simplifying the dimensions of size and time of the investments. (y
I-MP

bi, y
J-MP

jq, y
K-MP

k). 

2- Consider all the integer variables associated to the number of gas stations as continuous variables. 

3- Consider an alternative formulation for the dynamic set of gas stations- Eqs (48) and (49) 

 

The reasons for these approximations are not only to reduce the number of binary variables, and in that way decrease 

the combinatorial complexity of the problem, but also to reduce the number of integer variables to obtain a faster solution 

of the master problem. Items 2 and 3 are related to the formulation of gas stations in different ways. The second one 

considers a relaxation of all integer variables, and the third one considers a reformulation to achieve a smaller 

representation. As these items refer to modifications on the same part of the model (retail centers), only one of them can 

be applied in MP model at the same time. We address only the third issue, because it considers integer variables for the 

representation of gas stations even though the reformulation is applied. 

 

The reformulation is presented in subsection 1.1.1. :  

 

1.1.1. Reformulation of gas stations equations 

 

Approximately 40% of the variables (96,480 out of 233,475) correspond to the formulation of dynamic sets of gas 

stations. If we are able to simplify this formulation, the entire problem will be easier to solve. 

Solve Master Problem
MP to get a design

(yI-MP
ib, yJ-MP

jq, yK-MP
kq)

Solve Subproblem SP to
planning on supply chain
and retrofits for a fixed

design

Feasible ?

?tol
LB

LBUB




Stop

Integer
Cuts 2

Integer
Cuts 1

LB

UB

Fix design variables

NO

YES

YES

NO

Solution = UB
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Consider the general scheme represented in Fig. 5 (or LHS of Fig. 2). A pattern that repeats over the dimension of age 

of gas stations can be identified. Therefore, the dimension of age can be eliminated to obtain another representation of the 

same behavior with the inclusion of additional equations. Graphically, the LHS of Fig. 2 can be transformed into its RHS. 

 

Fig. 2. Simplification for modeling the behavior of gas stations 

 

This projection eliminates age index for each gas station and Eqs (39) and (40) can be re-written without the age 

subscript as Eqs. (59) and (60), which are simple inventory balances of the RHS of Fig 2. 

 
tgdnnnnNINITn

refD
dgt

N
dgt

vgGVOv
dvt

R

t

ref
dgt

a t
dga

ref
dgt ,,           

,

,1
11





          

 (59) 

 
tgdnnnn

vgGVIv
dvt

RrefD
dgt

t

I
dgt

I
dgt ,,            

,

,

1
1 


             (60) 

Since aging is no longer included in the previous equations, the mandatory retrofits after G years of continuous 

operation are not included either. In the conversion of the LHS into the RHS of Fig. 2, it can be seen that the arrows that 

connect the circle of active gas stations of age G with the circle of idle gas stations (solid line arrows) are no longer 

represented. This means that the required number of gas stations that must be eliminated because their lifetime is over is 

not clearly represented in the RHS of Fig. 2. 

 

An overall balance on the number of gas stations from year t-G to year t can be formulated. The goal of this balance is 

to impose a minimum number on the dropped-off gas stations (n
D

dgt), which might be equal to the number of gas stations 

that must be retrofitted to keep working. This feature is stated in Eq. (61). 

 

tgdnnNINITn
ttt

refD
dgt

ref
dgt

ta
dga

refD
dgt

G
G

G

,,         
'

,
'

1

,





 




                                (61) 

 

a=1

a=2

a=3

a=G

t-1 t t+1

a=G-1

a=1..G
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In this equation, the number of gas stations that must be dropped-off according to their age is given by the number of 

gas stations that were active G years ago ( ref
dgt G

n


) minus the summation over all dropped-off gas stations since G years 

up to the current year ( 
 ttt

refD
dgt

G

n
'

,
'



). It is clear that when the current year is lower than G, the set of initial gas stations 

must be considered in this calculation. 

 

In this formulation (Eqs. 59 to 61), it is assumed that the gas stations are being dropped-off according to their age. In 

the first place the older ones, and later the younger ones. In the previous formulation, theoretically, some younger gas 

stations can be dropped-off while the older ones keep working. However, because the older ones have not only a shorter 

remaining lifetime but also larger operation and maintenance costs, it is more convenient to drop off the oldest gas stations 

in the first place. Consequently, the formulations are equivalent. 

 

Finally, the higher level problem is defined as follows: 

 

1.1.2. Higher Level Problem with Reformulation – MP 

 

The description of most equations is omitted here, because it is provided in the description of the general model P.  

In this subsection we list all the equations included in MP, writing only those that are modified with respect to the 

original problem P. 

 

Equations 

Then, the higher level problem with the reformulation of the retail centers part is defined by: 

 

MP:       PUSTTRPRINV cccccc  min                   (58) 

subject to: 

The equations on Harvesting Sites with the simplification of binary variables. 

 Eq. 1 

 tibyABbhs MPI
bibitbit ,,                                                     (62) 

The equations on Ethanol Plants with the simplification of binary variables. 

 Eq 3-11 

 tsqjyPCnpc MPJ
jq

EP
jqs

J
jqst ,,,       

                                      (63) 

 Eq. 15 
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    
j

tcardscard

NJ

y t

TOT
tj

q

MPJ
jq         

 

 








                  (64) 

 
   

q
tcardscard

NJ

y t s
qst

j

MPJ
jq         

 





                    (65) 

The derivation of equations 64 and 65 is provided in Appendix A. 

 

The equations on Distribution Centers with the simplification of binary variables. 

 Eqs. 18 – 24 

 tsqkyPCnpc MPK
k

DC
ks

K
kst ,,,                                             (66) 

 Eq. 27 

    
k

tcardscard

NK

y t

TOT
tk

MPK
k          

 

 







                  (67) 

 
   tcardscard

NK

y t s
st

k

MPK
k

 






                  (68)
 

The derivation of equations 67 and 68 is also provided in Appendix A. 

 

The equations on Retail Centers with the reformulation of gas stations modeling: 

 Eqs. 30 – 38 

 

The inventory level is re-written in Eqs. (69) and (70):. 

 

 
 

  td,pDPIp dnSCil
pgGPIg

ref
dgt

MAX
dgp

GS
dpt ,,  

,


     

          (69) 

 
 

  td,pDPIp dnSCil
pgGPIg

ref
dgt

MIN
dgp

GS
dpt ,,  

,


     

          (70) 

 

The reformulation of gas station balance as is described above is represented by: 

 

 Eqs. 59 – 61 

 

The next equations represent upper and lower bounds in the amount of fuel that gas stations can provide. 
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    tEEEpdcnPCw
pgGPOg

N
dgt

ref
dgt

D
dg

DO
dpt  85;30;10            

),(

 




    

        

 (71) 

 
 

 
 

        tEEEEEEppdcnPCww

pgGPO

pgGPO
g

N
dgt

ref
dgt

D
dg

DO
tdp

DO
dpt  85,30;85,10;30,10´,            

´,

,
´  













    

     (72) 

 

 
 
 

     tEEEpppdcnPCwww N
dgt

ref
dgt

pgGPO

pgGPO

pgGPO

g

D
dg

DO
tdp

DO
tdp

DO
dpt  85,30,10´´´,,             

´́,

´,

,
´́´ 





















    

     (73) 

 

 Eq. 46 

 

 
      tGEGEgpdnPCw

ref
dgt

D
dg

DI
dpppt  2,30,1,10,              50.0 

             (74) 

 
   t,EEp´pdnPCwww

ref
tGd

D
Gd

DI
tppdE

DI
tppdE

DI
tppdE  8510,         50.0 3́´3́´´85´30´10  

           (75) 

 

The equations in the Objective Function are: 

 Eq 49 

 tibhsVIC
AB

bhs
FICtic

b
bit

HS
i

bit

bitHS
i

HS
it         













                  (76) 

 tj
PCPC

FICFIC

PC

npc
PCnpc

PC

npc
FICtic

q s
EP
jqs

EP
jqs

EP
jqs

EP
jqs

EP
jqs

J
jqstEP

jqs
J
jqstEP

jqs

J
jqstEP

jqs
EP
jt          

1

1
11 


































































     (77) 

 tk
PCPC

FICFIC

PC

npc
PCnpc

PC

npc
FICtic

s
DC
ks

DC
ks

DC
ks

DC
ks

DC
ks

K
kstDC

ks
K
kstDC

ks

K
kstDC

ks
DC
kt          

1

1
11 


































































      (78) 

 Eqs. 53 – 57 

In Eqs. (76), (77) and (78) the binary variables were replaced by the underestimation obtained from Eqs. (62), (63) and 

(66). 

 

The equations are displayed in the same order as in problem P definition. 
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Integer Cuts 

Integer cuts are added at each iteration (from iteration 2 onwards) in order to incorporate information provided in 

previous MP models and the last SP model. 

Eq. (79) is used to exclude previous feasible solutions. Eqs. (80) to (85) are integer cuts to preclude solutions that are 

already known as suboptimal alternatives, based on the information obtained in previous higher level problem. These cuts 

were developed and presented by Iyer and Grossmann (1998). Eq. (86) sets a lower bound on the number of gas stations, 

using the optimal solution obtained in the previous higher level problem (MP). The reason for this equation is to assure an 

amount of petrol stations that can satisfy the demand, at least in the same way as in the previous iteration.  

 

 

   

   
  RrZZ

I
Zyyy

yyy

rKrJr

Z

MPK
k

Zqj

MPJ
jq

Zib

MPI
bi

Z

MPK
k

Zqj

MPJ
jq

Zib

MPI
bi

rKrJrI

rKrJrI







































































           1
,

    ,
1

,
11

k  , ,

k  , ,

,
0

,
0

,
0

,
1

,
1

,
1

      (79) 

 

 
  RrZibZyy rIrIMPI

bi
Zib

MPI
ib

rI






  ,           ,
0

,
1

 ´,́
´´

,
1

             

 (80) 

 
  RrZqjZyy rJrJMPJ

jq
Zqj

MPJ
qj

rJ






  ,           ,
0

,
1

 ´,́
´´

,
1

           (81) 

RrZkZyy rKrKMPK
k

Zk

MPK
k

rK






             ,
0

,
1

 ́
´

,
1

            (82) 

 
  RrZibyy rIMPI

bi
Zib

MPI
ib

rI






  ,           1 ,
1

 ´,́
´´

,
0

                 (83) 

 
  RrZj,qyy rJMPJ

jq
Zqj

MPJ
qj

rJ






             1 ,
1

 ´,́
´´

,
0

        (84) 

RrZkyy rKMPK
k

Zk

MPK
k

rK






             1 ,
1

 ́
´

,
0

       (85) 

 

1       Rd t  rnn
g

r
ref
dgt

g

ref
dgt

                                  (86) 

 

 

Where  







 


1|,

,,
1

rMPI

bi
rI yibZ ; 







 


0|,

,,
0

rMPI

bi
rI yibZ ; 







 


1|,

,,
1

rMPJ

jq
rJ yqjZ ;  







 


0|,

,,
0

rMPJ

jq
rJ yqjZ ; 












1|
,,

1

rMPK

k
rK ykZ ; 












0|
,,

0

rMPK

k
rK ykZ  
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Main Changes 

Summarizing, the changes in the model with respect to P are as follows: 

 

a. Objective function: eq. (50) is replaced by (76); (51) by (77); (52) by (78). 

b. Upper bound on capacity:  eq. (2) is replaced by (62); (12) and (13) by (63); (25) and (26) by (66). 

 

Changes in the objective function have been implemented through the investment cost (Eqs. 76 to 78); with the 

replacement of binary variables according to the new equations for the upper bound on capacity (Eqs. 62; 63 and 

66). Investment costs have been underestimated since: 

tiby
AB

bhs MPI
bi

bit

bit             

tsqjy
PC

npc MPJ
jqEP

jqs

J
jqst

          

 

tsky
PC

TOR

npc

MPK
kDC

ks

K
kt

K
kst

           

And because of the minimization direction of the optimization problem, the objective function is also 

underestimated. 

 

c. Logic Cuts: eq. (16) is replaced by (64); (17) by (65); (28) by (67); (29) by (68). 

d. Lower bounds on Production: eq. (14) is eliminated 

Items c and d involve the elimination of the lower bounds of production and the projection of the logic cuts into 

the new dimensions of the problem (fewer than before). These features lead to a relaxation of the problem. 

 

e. Retail centers: eq. (41) is replaced by (69); (42) by (70); eqs. (39) and (40) by eqs. (59) – (61); eqs. (43) to (45) by 

(71) to (73); eqs. (47) and (48) by (74) and (75). 

 

f. Integer cuts: Adding integer cuts to reduce the feasible space. Eqs. (79) to (86). 

Integer cuts reduce the search space taking into account information of previous iterations. Iyer and Grossmann 

(1998) prove that these integer cuts do not exclude better solutions. 

 

Finally, because of the underestimation of the objective function and the relaxation of the problem, the solution of this 

model yields a lower bound on the solution of general problem P. 
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1.2. Lower Level Problem – SP  

 

In this subsection we list all the equations included in SP, writing only those that are modified with respect to the 

original problem P. 

 

The description of most equations is also omitted here, because it is provided in the description of the general model P. 

The point in this problem is to solve the model P addressing information about the solution of previous models to limit the 

search space. The processes not selected in MP are excluded with Eqs (87) – (89) and the number of gas stations that can 

be installed are cut down according to the solution of previous MP, with Eq. (90). In this way, the main objective is to 

solve a problem like P but in a lower time due to a reduction of the feasible region due to these cuts. 

 

Equations 

Therefore, the lower level problem (SP) is defined by: 

 

SP:       PUSTTRPRINV cccccc  min                   (58) 

subject to: 

 Eqs. (1) – (57). 

 

We can note that problem SP is similar to problem P (it has the same equations), but with the addition of integer cuts in 

Eqs (87) – (90). 

 

Integer Cuts 

The integer cuts are: 

 

 tibyy rMPI
bi

I
bit ,,      ,                                                            (87) 

 

 tsqjyy rMPJ
jq

J
jqst ,,,      ,                                                       (88) 

 

 tskyy rMPK
k

K
kst ,,      ,                                                       (89) 

 

 tgdnnn
r

ref
dgt

a
dgta

r
ref
dgt ,,        

























                       (90) 
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Each magnitude with a line above (i.e.
rMPI

biy
,

, 
r

ref
dgt

n , etc) refers to the value of this variable in the solution of model 

MP at iteration r. 

 

The model SP yields an upper bound because only integer cuts have been added to the original problem P, which 

reduce the feasible region. 

 

 

1.3. Algorithmic Steps 

 

The detailed algorithm implemented according to Fig. 1 is as follows: 

 

Step 1: Set r = 0; UB = ∞; LB = - ∞; and fix the maximal tolerance allowed between bounds 

 

Step 2: Set r = r + 1 and R = r. Solve the aggregate model MP to obtain a configuration of processes. Set LB = c (value 

of the objective function). Define: 

 


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
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
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
1|,

,,
1
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





 


0|,

,,
0

rMPJ
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rJ yqjZ  







 


1|,

,,
1

rMPK

kq
rK yqkZ  







 


0|,

,,
0

rMPK

kq
rK yqkZ  

 

Step 3: Incorporate the information of the solution of model MP through Eqs. (87) – (90). Solve model SP to determine 

a plan of investments in different industries and the number of petrol stations required to meet the demand. 

a- If model SP is infeasible, add Integer Cuts 1 to problem MP in order to avoid previous solution. 

Go to Step 2 

 

Integer Cuts 1: {Eq. (79)} 

 

b- If model SP is feasible set UB = c (value of the objective function). Check convergence. 

If (UB-LB) / UB ≤ tolerance, then stop and the optimal solution is the one obtained in SP and the corresponding 

UB. Otherwise, continue with step 4: 
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Step 4: Add the Integer Cuts 2 to model MP in order to increase the lower bound. 

Go to Step 2. 

 

Integer Cuts 2: 

{Eq. (79) to avoid previous solutions} 

{Eq. (80) – (82) to preclude supersets} 

{Eq. (83) – (85) to preclude subsets} 

{Eq. (86) to guarantee demand satisfaction} 

 

End 

 

 

1.4. Results of the Decomposition Algorithm 

This algorithm is applied to the Detailed Model Example described in Section 5.2 and the results obtained are 

summarized in this section. All problems have been modeled with GAMS 23.8 and solved with solver CPLEX 12.4.0.0 on 

a processor Intel Core i7-2640M 2.8GHz and RAM of 8 GB. 

The results for the full space method are presented in Table 9 of the main work, and the results for the decomposition 

algorithm are presented in Table 1. 

 

MP has 177,339 equations and 174,854 variables, 21,939 out of them are discrete. 

 

The main goal of this algorithm is to obtain a solution for the Detailed Model Example with a gap less or equal than 

the full space one (Table 9), and to decrease this gap in a computational time lower than the computational time required 

for the full space method. 

 

Table 1. Results for Bilevel Decomposition algorithm 

   CPLEX 

Gap 

Algorithm 

Gap  Cost Time 

Iter – Model [MM USD] [CPU s] [%] [%] 

1-MP 162,862.6 385.1 0 
1.56 

1-SP 165,954.5 2,150.3 0.500 

2-MP 163,750.5 1,125.7 0.051 
1.06 

2-SP 165,510.1 1,244.0 0.325 

3-MP 164,012.1 910.2 0.033 
0.86 

3-SP 165,440.1 1,501.7 0.310 

TOTAL 

TIME 
165,440.1 7,317.0  0.86 
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Table 1 and Figure 3 show that not only the gap is lower than the one obtained with the full space method (1%), but 

also the computational time is lower (7,317 CPU seconds vs. 11,856.2 CPU seconds). 

 

 

Figure 3. Results of Bilevel Decomposition algorithm 

 

 

2. References 

 

1. Dogan E., Grossmann I.E. A Decomposition Method for the Simultaneous Planning and Scheduling of Single Stage Continuous 

Multiproduct Plants. Ind. Eng. Chem. Res. 2006, 45, 299-315. 

2. Iyer R., Grossmann I.E. A Bilevel Decomposition Algorithm for Long-Range Planning of Process Networks. Ind. Eng. Chem. 

Res.1998, 37, 474-481. 

3. Terrazas-Moreno S., Grossmann I.E. A multiscale decomposition method for the optimal pla nning and scheduling of multi-site 

continuous multiproduct plants. Chemical Engineering Science 66 (2011) 4307-4318 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

162.500

163.000

163.500

164.000

164.500

165.000

165.500

166.000

166.500

1 2 3

To
ta

l C
o

st
 [

M
M

 U
SD

]

Iteration

OBJ MP SP



  

    13 

 

 














tcard
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y

J
jqMPJ

jq

int3

Appendix A 

 

In the derivation of the higher level problem, the subscripts of size and year was eliminated from the binary variables. 

Then, Eqs. (16); (17); (28) and (29) are modified according to the following description. 

tjNJy TOT
tj

q s

J
jqst ,                                                          (16) 

The main idea is to eliminate the subscripts of size and time (s and t) and obtain a relaxation for Eq. (16). In the 

following line, we apply a summation over index s and the whole equation is divided by card (s). 

 
tj
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ytjNJytjNJy

TOT
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q

J
jqt

iTOT
tj

q

J
jqt
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q s

J
jqst ,                    ,                    ,      

 
   










nt2int    

with:     10  and  0 
J
jqt

iJ
jqt yscardy nt2int       where:   

 scard

y
y

J
jqtJ

jqt
i

int
nt2 

 

 

Then, over the summation of t: 

   
j

scard

NJ

yj
scard

NJ
y t

TOT
tj

q

J
jq

t

TOT
tj

q t

J
jqt

i                                  
 

 




 int3nt2

 

with:    tcardy
J
jq  int30

 
 

Finally, if we divide all the equation by card(t) Eq. (16) can be replaced by its 

relaxation in the formulation of the higher level, Eq. 64.  

   
j

tcardscard

NJ

y t

TOT
tj

q

MPJ
jq         

 

 






                                                  (64) 

 

And the relaxation of Eq. (17) can be performed in a similar way: 

tsqNJy qst
j

J
jqst ,,                                                             (17) 

The main idea is to eliminate the subscripts of size and time (s and t) and obtain a relaxation for Eq. (17). In the 

following line, we apply a summation over index s and the whole equation is divided by card (s). 

 
tq

scard

NJ

yq,tNJytqNJy s
qst

q

J
jqt

i

s
qst

j

J
jqt

s
qst

j s

J
jqst ,                                        ,      



 









nt2int    



  

    14 

 

Then, over the summation of t: 

   
q

scard

NJ

yq
scard

NJ

y t s
qst

q

J
jq

i

t

s
qst

q t

J
jqt

i                                  







 nt3nt2

 

Finally, if we divide all the equation by card(t) Eq. (17) can be replaced by its relaxation in the formulation of the 

higher level, Eq. 64.  

   
q

tcardscard

NJ

y t s
qst

j

MPJ
jq         

 





                                                  (65) 

In a very similar way, Eqs. (28) and (29) can be converted into Eqs. (67) and (68). 

 


