
105 
 

 

 

A mathematical model for a hybrid first/second generation of 

biodiesel supply chain design with limited and reliable multimodal 

transport  

Masoud Rabbani1*, Elham Moazam1, Niloofar Akbarian-Saravi1, Hamed Farrokhi-Asl2 

1School of Industrial Engineering, College of Engineering, University of Tehran, Tehran, Iran 
2 School of Industrial Engineering, Iran University of Science & Technology, Tehran, Iran 

 

mrabani@ut.ac.ir, elham.moazam@ut.ac.ir, akbarian.niloofar@ut.ac.ir,  

hamed.farrokhi@alumni.ut.ac.ir 

 

Abstract 
Designing a biofuel supply chain plays an important role in the reduction of biomass 

transportation costs. This study aims to present a comprehensive decision support 

tool (DST) for designing of the integrated biodiesel supply chain (BSC). In addition, 
so far no research has been found that examined hybrid first/second generation of 

biodiesel with considering all economic, environmental and social costs. In 

achieving this goal, we developed a new optimization model using mixed integer 
linear programming with the objective of maximizing the total profits of BSC 

incorporating environmental and social costs.  To do so, practical constraints 

including the limit of biomass, the capacity of technologies, the land availability, and 

especially limited capacity of each transportation vehicles are applied to this 
mathematical model. The main purpose of this study is to develop a DST to evaluate 

the commercial feasibility of BSC with focusing on multimodal and reliable 

transport.  To illustrate the capability of the proposed model, Iran is considered as a 
real application. The findings of this study indicate that some factors such as 

biomass availability, transportation reliability, and biofuel price can play as a pivotal 

role in this supply chain design and optimization. All in all, 31% increase in amount 
of produced biodiesel leads a marginal increase in environmental-related costs.   

Keywords: Decision support tool, biodiesel supply chain, multimodal transport, 

mixed integer linear programming, hybrid first/second generation  

 

1-Introduction 
   Fossil energy scarcity is a major problem causing increasing attention towards a renewable source 

(Botard et al., 2015). In this regard, In 1990 renewable energy sources including biomass, aquaculture, 

heat energy, sun, and wind were introduced as alternatives of fossil fuels (e.g. coal, crude oil) (Light, 
1976). Biofuel is considered as a substitution of oil fuels which not only reduces the energy crisis and 

environmental degradation but also it has  economic and social benefits (Timilsina & Shrestha, 2011). 

Although the production of first-generation biofuels (food, sugars, starch, oil and animal fats) is 
commercialized around the world (Yazan et al., 2016), it threats the food-related sources. In the wake of 

this, second-generation biomass such as agricultural residues and forestry biomass can play an important 

role in reducing the food crisis (Carriquiry et al., 2011).  
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   High investment costs and logistic-related decisions are of important reasons for limited biofuel 
production. Such decisions like location, capacity, material flow, inventory level, pre-processing, 

transportation, production planning, and delivery should be taken as pivotal decisions in designing the 

BSC. The recent expansion of biofuels has encouraged researchers to study the biofuels supply chain by 

developing mathematical models and optimization economic cost and manage energy supply chains 
(Castillo-Villar, 2014). Thus, it is necessary to reduce system cost and improve supply chain efficiency so 

that  economic feasibility and competitiveness of biofuels will be increased (Li & Hu, 2014). Ekşioğlu, 

Acharya et al. (2009) presented a model to minimize the inventory, processing costs, biomass 
transportation during a time period. Also they determined the numbers, locations, and capacities of 

biorefineries.  Nevertheless, the high transportation cost has a serious effect on unit biofuel production 

cost. Converting of biomass to biofuel by using fast pyrolysis process leads reduction in total 
transportation costs (López-González et al. 2014). Regards as high transportation costs of raw materials 

(first and second generation of biomass), we propose a hybrid first/second production pathway that 

consists of two-stage process; First, fast pyrolysis facility is considered in which the bio-oil is derived 

from biomass in cost-effective way. second, produced bio-oil will be converted to transportation-related 
fuels in refining facility. 

   In the modern era, environment issues have been increasing at an alarming rate. So, practitioners came 

up with idea of incorporating of sustainability issues into the BSC design. For example, R. and S. (2008) 
defined sustainable supply chain management (SSCM) involving environmental and economic goals in 

the systemic for improving the long-term economic performance of an individual company. Perimenis, 

Walimwipi et al. (2011) provided a decision support tool (DST) to evaluate biofuel production pathways. 
This tool integrates technical, economic and environmental aspects along the entire chain of biofuels 

starting from biomass production to customer zone.  Zhong et al. (2016) considered design of a 

sustainable switch grass supply chain incorporating environmental consideration. They also determined 

the potential tradeoffs required to minimize feedstock costs, GHG emissions, soil erosion, and evaluated 
the imputed costs of abating GHG emissions and soil erosion in the switch grass supply chain. 

   Regarding the aforementioned gaps, this paper seeks to remedy these problems by developing a DST to 

evaluate a hybrid first/second production pathway along with designing a BSC comprehensively. The 
proposed DST is responsible for solving the mathematical model involving strategic and tactical level 

decisions with objective function of minimizing the cost with regard to economic, environmental and 

social aspects. The strategical decisions include the locations of the decentralized fast pyrolysis facilities, 

gasification facilities, their capacities, and a transportation mode. Tactical level decisions related to 
production planning include the amount of production, inventory levels in each period are determined in 

this study. As a matter of fact, the major objective of this mathematical model is to focus on 

transportation issues. In this regard, a limited capacity of transportation vehicles is taken into account as 
an overriding assumption of this problem. The proposed BSC consists of five echelons including 

cultivation land, decentralized fast pyrolysis facilities, gasification facilities, Transportation, demand 

location over the 10-years planning horizon.  
   The remaining part of the paper proceeds as follows: In section 2, the recently presented mathematical 

models for designing BSC network are reviewed. In section 3, the proposed model is described in detail. 

the case study and the results of the calculations are reviewed and compared, and the final section 5 is 

devoted to conclusions, suggestions and future research directions. 

 

2-Literature review 
   In the last decade, there have been many studies about designing, analyzing, scheduling and planning of 

biofuel Supply chain along with real-world examples. A number of researchers have reported the related 

works reviewed as follows: 

2-1-Hybrid generation biodiesel Supply chain (HGBSC) 
   The first generation of biorefinery for biodiesel production includes rapeseeds, wheat, and soybeans. 
However, a major problem with this kind of biomass is its interferences with the food sector and water 

consumption (especially for corn cultivation). Thus, the second generation of biorefineries, which 

transformed lignocellulose raw materials into biodiesel, was developed in order to reduce utility 

consumption in the transformation process and the competition with food (Miret et al., 2016). In this 
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paper, a combination of first and second generation biomass is applied to the model so as to produce 
biodiesel. Giarola et al. (2011) proposed a mixed integer linear programming to optimize the 

environmental and financial performances, simultaneously. They presented the strategic design and 

planning of corn grain- and stover-based bioethanol supply chains through first and second generation 

technologies. Gonela et al. (2015) developed a deterministic model to design HGBSC aiming to improve 
economic and environmental aspects of sustainability.  

2-2-BSC network design 
   One major stream of research in bio-fuel supply chain literature is related to the optimal locations of 

bio-refineries so as to minimize the total supply chain costs. Such problems are generally considered as 

extensions of classical facility location design problem. The literature on the topic of facility location and 
supply chain design is so broad. The first work on facility location problem dates back to the Weber 

problem (Weber, 1929) and since then extensive research have been conducted on different variants of 

the classical facility location problem, such as Ekşioğlu et al. (2009) proposed a model to minimize the 

inventory, processing, and biomass transportation costs during a time period. They also determined the 
numbers, locations, and capacities of the biorefineries. The model was applied for Mississippi in the U.S. 

Nixon et al (2014) presented a goal programming model for optimizing location, size, amount of plants 

and materials processed for Supply chain of pyrolysis plants in Punjab, India. Maheshwari et al.  (2017) 
considered a model aiming to minimize total supply chain costs comprising  installation costs, storage 

facility installation costs, operating costs (RBPD processing costs, and transportation costs. 

   Transportation-related properties including transport mode (e.g. trucks, railways and ships), vehicle 
capacity and travel distance have a significant impact on shipping costs and overall supply chain costs 

(Akhtari et al., 2014). Eriksson and Björheden (1989) optimized the production of biofuels minimizing 

transportation costs. Searcy et al. (2007) investigated the cost of biomass transportation materials by 

trucks, railways, and ships. Johansson et al.  (2006) reported the cost of various transportation methods 
and examined the circumstances that would be one of the preferred transportation methods. Mohamed 

Abdul Ghani et al.  (2018) considered choice of transportation mode as a tool for assessing the reduction 

in GHG emissions.  

2-3-Considering environmental and social aspects  
   The literature about supply chain management (SCM) has increasingly focused on issues relating to 

social and  environmental issues in addition to economic aspects (Ageron et al., 2012).  Mele et al., 
(2009) addressed the problem of optimizing the supply chains for bioethanol and sugar production. Their 

bi-criteria MILP model addressed economic and environmental concerns. The model minimizes the total 

cost of managing the supply chain network, and minimizes the environmental impact over the entire 
product life cycle. You and Wang (2011) considered the dual-objective of economic and environmental 

optimization which is solved by using the ε-constraint method. Gonela, Zhang et al., (2015) developed a 

MILP model to design a HGBSC that aims to maximize profit under GHG emissions and irrigation land 
usage restrictions. They also indicated that the design of HGBSC is changed under different sustainability 

considerations. Rabbani et al. (2018)  proposed a multi-period MILP model for designing a switchgrass-

based bioenergy supply chain; the model is aimed to produce electricity by considering economic, 

environmental and social aspects.  

2-4- Recognizing literature gap and contributions  
   The purpose of handful researches was to minimize total costs   and greenhouse gas emissions as well 
as maximize total job creation at the same time. It is worthy to note that job creation will be cause of 

increase in total supply chain costs as well. Simply input, it will reduce the profit of biofuel production. 

So, it is necessary to consider the total cost of creating a job in economic objective function. As 

mentioned before, a high transportation cost in designing a BSC is the most widely problem. As a 
consequence, Also, some researchers considered a multi modal transport for biomass and biofuel 

regardless of limitation in capacity of vehicles. While in real case study, restricted capacity for 

transportation vehicles should be considered to obtain an efficient result. In this research, therefore, 
limited capacity of multimodal transport is involved in designing the BSC. Overall, this paper examines 

the significance of multimodal transport, hybrid first/second generation of biodiesel in designing BSC by 

using a DST. No previous studies have investigated designing and optimizing a BSC with considering 
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such assumptions. To wrap this up, the aim of this study is to provide a DST to design a BSC involving 
economic, environmental, and social aspects all of which have an impact on total profit of BSC design.  

 

3-Problem statement 

   As discussed in the literature review, one of the most important decisions for the production of biofuel 

is designing and efficient supply chain. According to figure 1, the designed bio-oil gasification network 

includes five echelons: 1. Cultivation land 2. Decentralized fast pyrolysis facilities 3. Gasification 
facilities 4. Warehouse 5. Transportation 6. Demand location. The feedstock supply chain includes a 

combination of 1st generation and 2nd generation biomass: 1. Wheat 2. Wheat straw. All the available 

land is the potential source to supply 1nd generation and 2nd generation biomass, but in each period 
amount of biomass can be changed due to condition (e.g. climate changes, pest plant). Biomass is 

collected from supply centers, and transported to decentralized fast pyrolysis facilities to be converted to 

bio-oil. There are losses of biomass resources and bio-oil during transportation and production. hydro-
treated bio-oil is transported to centralized gasification facilities to produce bio-diesel. After processing, 

the fuels are distributed to gas stations for sale. Inventory holding as safety stocks is possible in bio- 

refineries so a limited amount of the biofuels can store to meet future demand. 

   The goal of this paper is to determine the configuration of a bio-diesel network and the associated 
planning decisions with the objective of maximizing the net present value (NPV) within a framework that 

includes fixed time horizon, the cost for production, storage and transportation, the demand for products, 

the capacity data for plants, the transportation mode, the capacity storage, the upper limit for the capital 

investment. 

 

Fig 1. The structure of proposed BSC 

3-1- Assumptions 
   The problem is formulated under the following assumptions: 

 The concerned biodiesel supply chain network is a multi-echelon, one-product, and multi-period. 

 The potential locations of cultivation and facilities (biomass supply centres, decentralized fast 
pyrolysis facilities, bio-refinery centres) are known, but the optimal locations among potential ones 

should be determined by using DST. 

 All decentralized fast pyrolysis facilities can be processed types of biomass to bio-oil. 

 Transportation and transhipment of biodiesel is performed via two transportation modes namely road 

and rail with limited capacity. Road mode is possible among all 6 considered cities, but rail mode is 
possible only among 5 cities.  

 Transportation capacity are assumed to be limited and each device has a certain reliability. 
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 Bio-diesel storage is possible in the refinery.  

 The per capita bioethanol requirement in each demand zone is assumed to be known and 

deterministic. 

 All biodiesel demands should be satisfied otherwise penalties are imposed on the unmet demand. 

As shown in the following, all sets, parameters and decision variables are described: 

Subscripts 

i 

j 

Biomass supply locations 

Candidate fast pyrolysis facility locations 

m Candidate refining facility locations 

c Biofuel demand zones 

l Fast pyrolysis capacity levels 

v transportation mode 

b type of biomass 

t time periods 

Parameters 

𝑃𝑐 Biofuels price at demand zone c 

𝐷𝑐
𝑡  Biofuels demand at demand zone c in time period t 

𝐻𝑚
𝑡  Inventory holding cost of Biofuels in refining facility m in time period t 

𝑃𝑒𝑐
𝑡 Shortage cost of Biofuels in refining facility for customer c in time period t 

𝐶𝑙
𝑐𝑎𝑝

 Capital cost of the decentralized fast pyrolysis facility at capacity level l 

𝑈𝑙 Capacity of fast pyrolysis facility at level l 

𝐶𝑢𝑝 Capital cost of the centralized refining facility 

𝐶𝑚𝑜 Unit conversion cost from dry biomass to bio-oil 

 𝐶𝑂𝐹 Unit conversion cost from bio-oil to biofuels 

𝐶𝑖𝑗𝑏𝑣
𝐵𝑀  Unit biomass shipping cost from supply location i to candidate fast pyrolysis facility location 

j by transportation mode v 

𝐶𝑗𝑚𝑣
𝐵𝑂  Unit bio-oil shipping cost from supply location j to location m by transportation mode v 

𝐶𝑚𝑐𝑣
𝐵𝐹  Unit bio-diesel shipping cost from supply location m to location c by transportation mode v 

𝐶𝑚𝑐𝑣
𝐹𝐼𝑛𝑣  Unit bio-diesel shipping cost from inventory m to location c by transportation mode v 

𝑔ℎ𝑔𝑖𝑗𝑏𝑣
𝑡  The amount of CO2 Emission emitted while shipping biomass from i to j by transportation v 

in period t 

𝑔ℎ𝑔𝑜𝑡 The amount of  CO2 Emission per ton of product bio-oil in period t 

𝑔ℎ𝑔𝑗𝑚𝑣
𝑡  The amount of CO2 Emission emitted while shipping bio-oil from j to m by transportation v 

in period t 

𝑔ℎ𝑔𝑓𝑡  CO2 Emission per ton of product biodiesel in period t 

𝑔ℎ𝑔𝑚𝑐𝑣
𝑡  The amount of CO2 Emission emitted while shipping biodiesel from m to c by transportation 

v in period t 

𝐺𝑃𝑡 The amount of GHG emissions permitted in time period t 

𝐽𝑖𝑗𝑏𝑣
𝑡  Human resource cost per ton of  biomass transport by transportation v in period t 

𝐽𝑂𝑖𝑗𝑏𝑣
𝑡  Human resource cost per ton of bio-oil production 

𝐽𝑗𝑚𝑣
𝑡  Human resource cost per ton of  bio-oil transport by transportation v in period t 

𝐽𝑓𝑗𝑚𝑣
𝑡  Human resource cost per ton of biodiesel production 

𝐽𝑚𝑐𝑣
𝑡  Human resource cost per ton of  biodiesel transport by transportation v in period t 

𝐵 Budget 

𝛽 Sustainability factor 

𝐴𝑖𝑏
𝑡  The amount of biomass of type b at place i in period t 

𝐶𝑎𝑝𝑟𝑒𝑓 Capacity of refining facility 

𝛾 The loss factor of biomass during collection 

𝛿 Availability factor 

𝑆𝑡𝑜𝑟𝑒𝑚 Capacity of storage 
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𝑁𝑖𝑗𝑣
𝑡  The max number of vehicle v needed for biomass from i to j during period t 

𝑅𝑗𝑚𝑣
𝑡  The max number of vehicle v needed for bio-oil from j to m during period t 

𝑄𝑚𝑐𝑣
𝑡  The max number of vehicle v needed for bio-diesel from m to c during period t 

∆ Reliability factor 

𝐶𝑣
𝑣𝑒ℎ𝑖𝑐𝑙𝑒 Capacity of transportation v 

Decision variables 

𝑤𝑗𝑙  
Whether a fast pyrolysis facility of capacity level l is planned at candidate facility location j 

(binary variable) 

𝑔𝑚 Whether a refining facility is planned at candidate refining facility location m (binary 

variable) 

𝑋𝑖𝑗𝑏𝑣
𝑡  Amount of biomass transported from supply location I to candidate fast pyrolysis facility 

location j in time period t 

𝑌𝑗𝑚𝑣
𝑡  Amount of bio-oil transported from candidate fast pyrolysis facility location j to candidate 

refining facility location m in time period t 

𝑍𝑚𝑐𝑣
𝑡  Amount of biofuels transported from refining facility location m to demand location c in time 

period t 

𝑂𝑚𝑐𝑣
𝑡  Amount of biofuels transported from refining facility store m to demand location c in time 

period t 

𝐼𝑛𝑣𝑚
𝑡  Inventory holding of  biodiesel in refining facility m in time period t 

𝑆𝑐
𝑡  Amount of shortage of  bio-diesel in location c in time period t 

𝑏𝐼𝑛𝑣𝑚
𝑡  Amount of bio-diesel transferred to the warehouse in time period t 

 

3-2- Model formulation 
   Based on the problem description and notations, the mixed integer linear mathematical model for 

biofuel supply chain design is presented below: 

 

𝐌𝐚𝐱 𝐳 =∑∑∑ ∑𝑃𝑐

𝑉

𝑣=1

𝑀

𝑚=1

𝐶

𝑐=1

𝑇

𝑡=1

∗ (𝑍𝑚𝑐𝑣
𝑡 + 𝑂𝑚𝑐𝑣

𝑡 ) (1) 

 

− ∑∑𝐶𝑙
𝑐𝑎𝑝

𝐿

𝑙=1

𝐽

𝑗=1

∗ 𝑤𝑗𝑙 + 𝐶
𝑢𝑝 (2.1) 

 

− 𝐶𝑚𝑜 ∗ (1 − 𝛾) ∗ ∑∑∑∑∑𝑋𝑖𝑗𝑏𝑣
𝑡

𝐵

𝑏

𝑉

𝑣

𝐽

𝑗

𝐼

𝑖

𝑇

𝑡

 (2.2) 

 

− 𝐶𝑂𝐹 ∗ ∑∑∑∑𝑌𝑗𝑚𝑣
𝑡

𝑉

𝑣

𝑀

𝑚

𝐽

𝑗

𝑇

𝑡

 (2.3) 
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− ∑∑∑∑∑𝐶𝑖𝑗𝑏𝑣
𝐵𝑀

𝐵

𝑏=1

𝑉

𝑣=1

𝐽

𝑗=1

𝐼

𝑖=1

𝑇

𝑡=1

∗ 𝑋𝑖𝑗𝑏𝑣
𝑡  (2.4) 

 

− ∑∑∑∑𝐶𝑗𝑚𝑣
𝐵𝑂 ∗ 𝑌𝑗𝑚𝑣

𝑡

𝑉

𝑣

𝑀

𝑚

𝐽

𝑗

𝑇

𝑡

 (2.5) 

 

− ∑∑∑∑𝐶𝑚𝑐𝑣
𝐵𝐹

𝑉

𝑣

𝐶

𝑐

𝑀

𝑚

𝑇

𝑡

∗ 𝑍𝑚𝑐𝑣
𝑡  (2.6) 

 

− ∑∑∑∑𝐶𝑚𝑐𝑣
𝐹𝐼𝑛𝑣

𝑉

𝑣

𝐶

𝑐

𝑀

𝑚

𝑇

𝑡

∗ 𝑂𝑚𝑐𝑣
𝑡  

           

(2.7) 

 

− ∑∑ 𝐻𝑚
𝑡 ∗ 

𝑀

𝑚=1

𝑇

𝑡=1

𝐼𝑛𝑣𝑚
𝑡     (2.8) 

 

−∑∑𝑃𝑒𝑐
𝑡 ∗ 𝑆𝑐

𝑡

𝐶

𝑐=1

𝑇

𝑡=1

   (2.9) 

 

− 

{
 
 

 
 
∑∑∑∑∑𝑋𝑖𝑗𝑏𝑣

𝑡

𝐵

𝑏

𝑉

𝑣

𝐽

𝑗

𝐼

𝑖

𝑇

𝑡

∗ (𝐽𝑖𝑗𝑏𝑣
𝑡 + 𝐽𝑂𝑖𝑗𝑏𝑣

𝑡 ) +∑∑∑∑𝑌𝑗𝑚𝑣
𝑡

𝑉

𝑣

𝑀

𝑚

𝐽

𝑗

𝑇

𝑡

∗ (𝐽𝑗𝑚𝑣
𝑡 + 𝐽𝑓𝑗𝑚𝑣

𝑡 ) 

+ ∑∑∑ ∑(𝑍𝑚𝑐𝑣
𝑡  

𝑉

𝑣=1

𝑀

𝑚=1

𝐶

𝑐=1

+ 𝑂𝑚𝑐𝑣
𝑡 )

𝑇

𝑡=1

∗  𝐽𝑚𝑐𝑣
𝑡

}
 
 

 
 

 

 

 (2.10) 

 

 

Subject to: 

𝐶𝑢𝑝 + ∑∑𝐶𝑙
𝑐𝑎𝑝

𝐿

𝑙

𝐽

𝑗

∗ 𝑤𝑗𝑙   ≤  𝐵  (3) 

 

∑∑𝑋𝑖𝑗𝑏𝑣
𝑡

𝑉

𝑣

𝐽

𝑗

≤ (1 −  𝛽) ∗ 𝛿 ∗ 𝐴𝑖𝑏
𝑡  ∀ 𝑖, 𝑏, 𝑡 (4) 
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∑∑𝑌𝑗𝑚𝑣
𝑡

𝑉

𝑣

𝐽

𝑗

 ≤  𝐶𝑎𝑝𝑟𝑒𝑓 ∗  𝑔𝑚 ∀ 𝑚 (5) 

 

(1 − 𝛾) ∗∑∑∑𝑋𝑖𝑗𝑏𝑣
𝑡

𝑉

𝑣

𝐵

𝑏

𝐼

𝑖

 ≤  ∑𝑈𝑙 ∗ 𝑤𝑗𝑙  

𝐿

𝑙

 ∀ 𝑡 (6) 

 

∑𝑤𝑗𝑙

𝐿

𝑙=1

 ≤ 1 ∀ 𝑗 (7) 

 

∑ 𝑔𝑚 = 1

𝑀

𝑚=1

 ∀ 𝑡 (8) 

 

(1 − 𝛾) ∗ ∑∑∑∑𝑋𝑖𝑗𝑏𝑣
𝑡  

𝑉

𝑣

𝐵

𝑏

𝐽

𝑗

𝐼

𝑖

= ∑∑∑𝑌𝑗𝑚𝑣 
𝑡

𝑉

𝑣

𝑀

𝑚

𝐽

𝑗

 ∀ 𝑡 (9) 

 

∑∑∑𝑌𝑗𝑚𝑣
𝑡 = ∑∑∑𝑍𝑚𝑐𝑣

𝑡

𝑉

𝑣

𝑀

𝑚

𝐶

𝑐

𝑉

𝑣

𝑀

𝑚

𝐽

𝑗

  +  ∑𝑏𝐼𝑛𝑣𝑚
𝑡

𝑀

𝑚

 ∀ 𝑡 (10) 

 

𝑏𝐼𝑛𝑣𝑚
𝑡 + 𝐼𝑛𝑣𝑚

𝑡−1 =  𝐼𝑛𝑣𝑚
𝑡 + ∑∑𝑂𝑚𝑐𝑣

𝑡

𝑉

𝑣

𝐶

𝑐

 ∀ 𝑚 , 𝑡 (11) 

 

𝑏𝐼𝑛𝑣𝑚
𝑡 = 𝐼𝑛𝑣𝑚

𝑡 + ∑∑𝑂𝑚𝑐𝑣
𝑡

𝑉

𝑣

𝑀

𝑚

 ∀ 𝑚 , 𝑡 (12) 

 

𝐷𝑐
𝑡 − 𝑆𝑐

𝑡  =  ∑∑𝑍𝑚𝑐𝑣
𝑡

𝑉

𝑣

𝑀

𝑚

+ ∑∑𝑂𝑚𝑐𝑣
𝑡

𝑉

𝑣

𝑀

𝑚

 ∀ 𝑐 , 𝑡 (13) 

 

Invm
t  ≤  𝑆𝑡𝑜𝑟𝑒𝑚 ∀ 𝑚 (14) 

 

∑𝑋𝑖𝑗𝑏𝑣
𝑡

𝐵

𝑏

 ≤  ∆ ∗ 𝑁𝑖𝑗𝑣
𝑡 ∗  𝐶𝑣

𝑣𝑒ℎ𝑖𝑐𝑙𝑒 ∀ 𝑖, 𝑗, 𝑣, 𝑡 (15) 
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𝑌𝑗𝑚𝑣
𝑡  ≤  ∆ ∗ 𝑅𝑗𝑚𝑣

𝑡 ∗  𝐶𝑣
𝑣𝑒ℎ𝑖𝑐𝑙𝑒 ∀ 𝑗,𝑚, 𝑣, 𝑡 (16) 

 

𝑍𝑚𝑐𝑣
𝑡 + 𝑂𝑚𝑐𝑣

𝑡 ≤ ∆ ∗  𝑄𝑚𝑐𝑣
𝑡 ∗ 𝐶𝑣

𝑣𝑒ℎ𝑖𝑐𝑙𝑒 ∀ 𝑚, 𝑐, 𝑣, 𝑡 (17) 

 

− 

{
 
 
 
 

 
 
 
 
∑∑∑∑𝑋𝑖𝑗𝑏𝑣

𝑡

𝐵

𝑏

𝑉

𝑣

𝐽

𝑗

𝐼

𝑖

∗ ( 𝑔ℎ𝑔𝑖𝑗𝑏𝑣
𝑡 + 𝑔ℎ𝑔𝑜𝑡) 

+∑∑∑𝑌𝑗𝑚𝑣
𝑡

𝑉

𝑣

𝑀

𝑚

𝐽

𝑗

∗ (𝑔ℎ𝑔𝑗𝑚𝑣
𝑡 + 𝑔ℎ𝑔𝑓𝑡) 

+ ∑∑ ∑(𝑍𝑚𝑐𝑣
𝑡 + 𝑂𝑚𝑐𝑣

𝑡

𝑉

𝑣=1

𝑀

𝑚=1

𝐶

𝑐=1

) ∗  𝑔ℎ𝑔𝑚𝑐𝑣
𝑡

}
 
 
 
 

 
 
 
 

≤  𝐺𝑃𝑡 

∀ 𝑡 (18) 

 

 𝑤𝑗𝑙 ∈ {0,1} 

 𝑔𝑚 ∈ {0,1} 

∀ 𝑗, 𝑙 

∀ 𝑚 
(19) 

 

𝑋𝑖𝑗𝑏𝑣
𝑡 ≥ 0 

𝑍𝑚𝑐𝑣
𝑡 ≥ 0 

𝑂𝑚𝑐𝑣
𝑡 ≥ 0 

𝐼𝑛𝑣𝑚
𝑡 ≥ 0 

𝑆𝑐
𝑡 ≥ 0 

𝑏𝐼𝑛𝑣𝑚
𝑡 ≥ 0 

∀ 𝑖, 𝑗, 𝑏, 𝑣 

∀ 𝑚, 𝑐, 𝑣 

∀ 𝑚, 𝑐, 𝑣 

∀ 𝑚 

∀ 𝑐 

∀ 𝑚 

(20) 

 

   The objective function is to maximize the total profit of the biodiesel supply chain. The total profit is 

defined as the revenue subtracted by total system costs. Equation (1) represents the total supply chain 
revenue by selling the end product. The second objective function is dedicated to the costs. Equation (2.1) 

denotes total capital investment cost for the decentralized fast pyrolysis facility at level l and gasification 

facilities. Equation (2.2) and equation (2.3) denote conversion costs of biomass to bio-oil and bio-oil to 

biodiesel. Equation (2.4-2.7) is transportation costs. Equation (2.8) represents storage costs. Equation 
(2.9) is shortage costs of unfulfilled demands. The last objective function, equation (2.10) shows cost of 

using human resources.  

   Constraint (3) ensures that the sum of capital costs of decentralized fast pyrolysis facilities and a 
centralized biorefinery does not exceed the total budget. The total amount of biomass transported from 

supply location i to all the candidate fast pyrolysis facility locations should not exceed the available 

feedstock for each supply location as denoted in constraint (4). Beta (𝛽) is the sustainability factor which 
is the percentage of biomass that has to be left in the field to sustain the soil nutrients. The facility 

capacity limits are included in the model in constraint (5) and constraint (6). The loss factor gamma (𝛾 ∈
[0,1]) is the fraction weight loss of biomass during the collection, transportation. There should be no 

more than one fast pyrolysis facility in each candidate facility location, illustrated in constraint (7). In 
addition, only one centralized refining facility will be constructed in one region of interest (typically one 
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state) as denoted in constraint (8). Constraint (9) states the amount of biomass received from collection 
centers with related amount of bio-oil produced at decentralized fast pyrolysis facility in each period. 

Constraint (10) states the amount of bio-oil transfer to refinery with related amount of biodiesel transfer 

to customer zone and store in gasification facility in each period. Constraint (11), (12), (13) shows 

balance equations for inventory in refinery and customer zone. Capacity limitation of store is checked by 
Constraint (14). Limitations reliability transportation for transporting biomass, bio-oil and biodiesel are 

indicated by constraint (15-17). Constraint (18) ensures that GHG emissions are less than the maximum 

allowable permit limit in any given time period. The estimate of GHG emission in a given time period is 
the sum of the GHG emitted while transporting products, GHG emitted while producing bio-oil, 

biodiesel. Constraints (19) and (20) provide the logical binary and non-negativity integer necessities for 

the decision variables. 
 

4-Case study 
   This section presents the configuration of the case study. A case study of central and northern region of 

Iran is used to illustrate the efficiency and effectiveness of the proposed biodiesel supply chain network 

design model. At the following the potential of Iran for biodiesel utilization is described. Then, the system 

structure and model inputs are presented in subsection 4.1. Finally, a number of computational results and 
various analyses are reported and discussed in subsection 4.2. 

Iran is one of the middle-east countries rich in fossil fuels and one of the world's largest oil exporters. 

Air quality problems in large cities of Iran have caused some serious problems, such as respiratory, 
warming up, and decrease in quality of living conditions in these cities, due to GHG emissions. In order 

to reduce the burden on the mentioned issues, the Iran's government has decided to reduce domestic fossil 

fuels and use biofuels and other renewable energy applications to move towards sustainable development. 
Biodiesel extension programs of Iran have been initiated since 2009 and Iran has been planning to 

substitute about 20% of its diesel consumption with biodiesel. 

   Due to the emerged challenges in biodiesel production from edible oleaginous sources, it is necessary to 

use non-edible sources to produce biodiesel. The use of a combination of the first and second generation 
of biomass helps reduce the use of food for biodiesel production. In Iran, one of the most suitable country 

for biodiesel production of wheat and wheat straw. 

   In this section, a case study model is presented for biodiesel supply chain network evaluation with 6 
candidate locations for wheat and wheat straw cultivation (shows amount of wheat and wheat straw 

cultivation table.1, table.2) , 3 candidate locations for collection decentralized fast pyrolysis facilities , 1 

candidate locations for gasification facilities, 4 customer figure 3 and 2 transportation modes. 

   To estimate the economic and technical parameters used in the proposed model, reliable historical data 
and scientific reports are used. To estimate biodiesel demands for 8 periods, first fossil demands are 

predicted for 8 periods according to historical data. Then, the predetermined percentages of fossil diesel 

in different periods are considered as biodiesel demands. Table 3 shows the estimated biodiesel demand 
for 4 considered customer centers in northern region and Central region.  

 

 
Table 1. Input data related to amount of wheat cultivation 

                      Period 
provinces  

   1    2    3   4   5    6    7   8 

Mazandaran 400 200 300 420 450 450 480 500 

Esfahan 400 300 380 370 370 400 350 360 

Markazi 150 180 230 280 250 300 350 350 

Semnan 500 420 900 500 480 450 480 500 

Znjan 300 400 450 400 410 400 420 450 

Gazvin 300 480 550 600 670 600 620 650 
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Table 2.  Amount of wheat straw cultivation 

                      period 

provinces  
   1    2    3   4   5    6    7   8 

Mazandaran 600 350 400 470 400 470 450 470 

Esfahan 500 300 350 280 310 350 400 410 

Markazi 240 150 200 250 300 330 350 310 

Semnan 450 300 500 550 410 450 470 450 

Znjan 250 350 380 350 400 380 400 420 

Gazvin 380 400 450 500 550 600 630 600 

 

      
Table 3. Biodiesel estimated demand for different cities (million ton) 

                      period 

Demand 
   1    2    3   4   5    6    7   8 

Mazandaran 150 210 300 360 210 100 100 90 

Esfahan 180 250 350 380 400 380 400 400 

Alborz 80 150 250 300 320 340 350 330 

Gazvin 250 300 450 450 500 580 610 660 

 

 
 

 

 
Fig 2. The illustration of the sustainable SBSCN based on the robust model 

 

4.1. Results and discussion 
   In the following, to examine the performance and efficiency of the rendered model, the computational 

results of the mentioned case are presented and analyzed. Due to MILP structure of the proposed model, it 
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is coded in GAMS® optimization software and CPLEX solver is used for solving the model. Objective 
function value and its components according to Iran currency have been demonstrated in table 4. All 

objective function's components have major share in total value of objective function. These components 

create clear insight for senior management to make a better decision.  

Table 4. Objective function value and its components 

Profit revenue 
Total 

capital cost 

Conversion 

cost 

Total 

shipping 

cost 

Inventory 

holding costs 

Shortage 

cost 

Human 

resource cost 

4.2034E+6 4.8897E+6 1.4000E+5 3.0039E+5 1.22E+5 1.74E+04 2.81E+05 1.0251E+5 

 

   Figure 3 shows that transportation accounts for 17% of the total BSC cost. However, in absolute terms, 

the transportation cost is quite large. If the reliability transportation is reduced, the related costs will 
increase. according the storage costs, it is better to save an excess amount of production, so that we can use 

the stored inventory if it does not respond to demand over a period of time.  

 

 

 

 

 

 

 

 

 

 

   Table 5 provides the annual itemized costs and profit for a variety of availability factor 𝛿's. The total 

capital cost, biomass collection cost, and total shipping cost increase when the availability factor 𝛿 

increases from 0.4 to 0.6. This is because of the increase of the facilities' production and capacities. It 

should be noted that when the biofuel production capacity can meet the target biofuel demand, the total 
shipping cost and biomass collection cost will decrease as the availability factor increases. After that, the 

total capital cost will not change since the same number and capacities of facilities are considered. As a 

result, the yearly profit will increase as the availability factor increases. In summary, the total supply chain 
costs will decrease and annual profit will increase with increase in the farmers' participation due to the fact 

that there is more flexibility in choosing the biomass suppliers and better decisions can be made. 

Table 5.  Annual itemized costs and profits for different 

𝛿 0.4 0.6 0.7 0.8 0.9 

Profit 1.8504E+6 2.1404E+6 2.9254E+6 3.1034E+6 4.2034E+6 

Total capital cost 1.0000E+5 1.4000E+5 1.4000E+5 1.4000E+5 1.4000E+5 

biomass collection 
cost 

1.0000E+03 1.850E+03 1.610E+03 1.501E+03 1.0039E+5 

Conversion cost 2.2539E+5 2.6739E+5 2.6939E+5 2.9009E+5 3.0039E+5 

Total shipping cost 1.44E+05 1.60E+05 1.29E+05 1.27E+05 1.25E+05 

 

   Figure 4 shows the ratio of production to greenhouse gas emissions. With increasing production, 

greenhouse gas emissions from decentralized fast pyrolysis facilities gasification facilities and 

20.43%

43.85%

17.81%

2.54%

0.41%

14.96%

Total capital cost

Conversion cost

Total shipping cost

Inventory holding costs

Shortage cost

Human resource cost

Fig 3. Breakdown of total annual cost of biodiesel supply chain. 
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transportation are rising. In the production range from 5200 to 6861, greenhouse gas emissions change with 

a more moderate slope than other production levels.  

 

 

Fig 4. The ratio of production to GHG emission  

   Table 6 provides the annual itemized costs and profit for a variety of reliability factor ∆'s. If the number 

of transportation is reduced, the amount of transport of biomass to the production center will be reduced, 

thus the amount of production will be reduced and customer demand will not be met. By decreasing 
reliability, the cost of shortage and shipping increase. Increasing these two costs will reduce the amount of 

profit.  

   In overall, the results show the capability of model so as to evaluate the transportation-related decisions. 

These findings will help practitioners and government to modify the supply chain design with regard to the 
commercial feasibility. It is appropriate to consider all sustainable factors in estimating the total cost of 

supply chain. We viewed the design of BSC considering all aspects of economic, environmental, and social 

as well as analyzed the framework with respect to the most important transportation-related decisions. 
Moreover, this DST has the capability of applying in other cases and countries.  

   The computational results demonstrate that factors such as availability of biomass, transportation 

reliability, and biofuel price can be an important factor in this supply chain design and optimization. In 
addition, the results show that locations of fast pyrolysis plants and logistic decisions are sensitive while 

the capacity levels are insensitive. Besides, farmers' participation will increase the total profits of this 

supply chain.  

Table 6. Annual itemized costs and profits for different reliability factor 

∆ 0.4 0.6 0.7 0.8 0.9 

Profit 2.9604E+6 3.1404E+6 3.5254E+6 3.6034E+6 3.9134E+6 
Shortage cost 3.81E+03 3.55E+03 3.31E+03 3.21E+03 2.65E+03 

Total shipping 

cost 
1.80E+05 1.60E+05 1.55E+05 1.52E+05 1.52E+05 

5-Conclusion 
   Cellulosic biofuels play an important role in reducing energy dependence. The hybrid thermochemical 

production pathway of bio-oil gasification which combines fast pyrolysis and gasification is one of the 
promising production pathways for advanced biofuel production. In this production pathway, widely 

distributed small-scale fast pyrolysis processing plants could avoid transporting bulky solid biomass over 

a long distance and a centralized gasification and fuel synthesis facility could take advantage of the 
economies of scale. Due to the significance of supply chain costs, the design of biofuel supply chain 

networks plays an essential role in the commercialization process. This paper provides a mathematical 

programming framework for determining capital investment decisions including the locations and 

capacities of facilities as well as reducing shipping, social, and greenhouse gas emissions costs from 
production and transportation. This paper provides a mathematical modeling framework to study the 

advanced biofuel production pathway with regard to hybrid first/second generation of biodiesel. we 

assume the equivalent sustainability factor and farmers' participation for each county. However, these 
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factors may vary based on the land characteristics and agricultural management pract. A Decision Support 
Tool (DST) provides the aforementioned decision by involving all strategical and tactical decisions. In 

order to illustrate and validate the mathematical model and DST, a case study of Iran is carried out. The 

results show that factors such as biomass availability, transportation reliability, and biofuel price can be 

pivotal in this supply chain design and optimization. The locations of fast pyrolysis plants and logistic 
decisions are sensitive while the capacity levels are insensitive. Besides, farmers' participation has a 

significant impact on the decision making process. To put it in an opposite word, the profit of supply 

chain will increase dramatically. For further research, additional constraints such as water use constraints 
can be included to better describe biomass availability, implementing production/emission taxation. 

sensitivity analysis of feedstock prices for estimating the associated impact of suppliers on the economic 

performance, or subsidies can be addressed.  
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