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Abstract

Biomass can play a crucial role as one of the main sources of renewable energies. As logistics

holds a signi�cant share of biomass cost, e�cient biomass supply chains must be designed

to provide bio-re�neries with adequate quantities of biomass at reasonable prices, and ap-

propriate times. This thesis focuses on modeling and optimization of multi-biomass supply

chains for several bio-re�neries. A data model is developed to list, analyze and structure the

set of required data, in a logical way. The result is a set of tables that can be loaded into

mathematical models for solving optimization problems. Then, a multi-period mixed integer

linear programming model is proposed to optimize a multi-biomass supply chains for several

bio-re�neries, at the tactical and strategic level. Re�neries can be already placed or located

by the model. The aim is to minimize the total costs, including biomass production, storage,

handling, re�neries setup and transportation costs, while satisfying the demand of re�neries

in each period. Additionally, a multi-objective model is developed to optimize simultaneously

the economic and environmental performance of biomass supply chains. The model is solved

by using the ε-constraint method. Furthermore, large-scale tests on real data for two regions

of France (Picardie & Champagne-Ardenne) are prepared to evaluate the proposed mod-

els. Finally, two-phase approaches are proposed to solve large-scale instances in reasonable

running times, while evaluating the loss of optimality compared to the exact model.
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Résumé

La biomasse peut jouer un rôle crucial comme source d'énergie renouvelable. La logistique

représentant une part importante du coût, des chaînes d'approvisionnement e�caces doivent

être conçues pour fournir aux bio-ra�neries les quantités demandées, à des prix raisonnables

et à des moments adéquats. Cette thèse porte sur la modélisation et l'optimisation de chaînes

logistiques de biomasse pour plusieurs ra�neries. Un modèle de données est élaboré pour

structurer les informations nécessaires à une base de données alimentant les modèles math-

ématiques. Ensuite, un modèle linéaire multi-période à variables mixtes est proposé pour

optimiser au niveau tactique et stratégique une chaîne logistique multi-biomasse. Les em-

placements des ra�neries peuvent être prédé�nis ou déterminés par le modèle. L'objectif est

de minimiser un coût total incluant la production de biomasse, le stockage, la manutention,

la création des ra�neries et le transport, tout en satisfaisant les besoins des ra�neries dans

chaque période. Une version multi-objective est développée pour optimiser simultanément

des critères économiques et environnementaux. Elle est résolue par une méthode de type

ε-contrainte. Des grandes instances avec des données réelles pour deux régions de France

(Picardie et Champagne Ardenne) sont préparées pour évaluer des modèles proposés. En-

�n, des approches en deux phases sont appliquées pour résoudre les grands cas en un temps

raisonnable, tout en évaluant l'écart à l'optimum fourni par la méthode exacte.
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Introduction

The huge rise in global demand for energy, combined to increasing concerns about destruc-

tive e�ects of climate change induced by greenhouse gas emissions, have encouraged many

researchers to look for better alternatives to fossil fuels. These challenges have attracted a

broad attention from various research disciplines which, collectively, are intensively working

on developing renewable energy as a viable solution to replace fossil fuels.

Biomass, which represents any biological material derived from living or recently living or-

ganisms, can play a crucial role in this context. In practice, biomass resource includes a wide

variety of forestry and agricultural resources, animal manure, industrial and municipal waste.

Biomass can be incinerated to produce energy or transformed to obtain various products.

Biofuels derived from biomass are generally classi�ed into three generations. Sugar plants

(sugar cane, beetroot), starch plants (corn, wheat), oilseed crops like rapeseed, and animal

fats are the most commonly used to produce the so-called �rst generation biofuels (biodiesel,

biogas, bio-alcohol and syngas). The problem is that raw materials for �rst generation biofuels

are also used for animal and human consumption, which has raised the famous controversy of

food vs. fuel. Potential con�icts between energy and food consumption have stimulated the

development of second generation biofuels like bioethanol produced from cellulosic biomass.

Lignocellulosic biomass includes the non-edible parts of food crops (stems, leaves, straw, and

seeds), some non-food crops such as switchgrass or miscanthus, as well as wood and industrial

waste. Biofuels based on algae are often called the third generation. Algae can be grown with

high yields using waste water, which requires solar light and mineral salts but no arable land.

Although they have been studied since the 1980s (Sheehan et al., 1998) no plant of industrial

size is currently in operation.

Biomass is a �exible energy source, capable of generating electricity, heat, biofuels or a com-

bination of them. Compared to other renewable energy sources such as wind or sun, the

advantage of using biomass for energy generation is that it can be stored and used on demand

(Hall and Scrase, 1998; Demirbas, 2001). Moreover, this renewable and completely natural

source of energy produces low greenhouse gas (GHG) emissions.

Bio-re�neries are large conversion facilities used to produce biofuels or various intermediate
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products for chemistry. The organization of the �ow of biomass from the lands to a bio-re�nery

is called biomass supply chains. Despite the advantages of using biomass for energy generation,

there are several barriers to its e�cient utilization, including biomass availability, cost and

quality, conversion e�ciency, transportation cost, and more generally the performance of

the supply logistics system. Biomass is often a bulky material with relatively low density

(Demirbas, 2001) and high moisture content (Hall, 2002).

These features a�ect the production process (Rentizelas et al., 2009b), for instance it is di�cult

to collect, transport, handle and store low-density materials. Moreover, raw materials like

oilseed and lignocellulosic crops are produced slowly, seasonally, and with a limited yield over

vast territories. In particular, a re�nery must often use successive crops during the year, for

instance miscanthus (a kind of cane) in spring, rape in July, cereal straws in August, camelina

in October and short rotation trees like willows in winter. Unavailability of biomass in some

months during the year implies the creation of storage facilities in this supply chain. Storage

can take place either in the farms, at the bio-re�neries or at larger intermediate facilities

called centralized storages. The logistics of supplying bio-re�neries with su�cient amounts,

that have to be harvested on a number of areas, stored and transported in each time period

all year around is a very complex task.

In order to make the production of biofuels a�ordable, it is necessary to consider the whole

biomass supply chains from farms to bio-re�neries, and try to optimize it as a whole en-

tirely. biomass supply chains include various activities such as harvesting, handling, baling,

transport, preprocessing operations, storage, biofuel production, and �nally distribution to

demand zones. Di�erent strategic decisions for biomass supply chains can result in drastically

di�erent outcomes regarding economic and environmental aspects. For optimizing this whole

chain, it must be modeled to take into account its structure and constraints. Mathematical

modeling and Operations Research can be used to come to a comprehensive model and help

the decision makers at the strategic, tactical or operational level.

Due to the complexity of biomass supply chains, the design of an accurate model and the

collection of real data are challenging tasks. In this context, this thesis aims at proposing

optimization models to locate and supply several bio-re�neries with adequate amounts of

biomass at reasonable prices, over a multi-period planning horizon. It is included in a project

of the Institute for Energy Transition (ITE), PIVERT (Picardie Plant Innovations Teaching

and Technological Research).

The French Government has launched in 2010 a vast national research program with a vol-

ume of EUR 57 billion to develop key-technologies, called "Investment for the Future". The

ITE PIVERT (www.institut-pivert.com) created in this program aims at developing a

renewable chemistry, using agricultural raw materials to substitute fossil-based sources. Be-

yond biofuels, this is the �rst European center for the valorization of the whole oilseed plant
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into renewable chemical products. PIVERT members are mainly located in the Picardie and

Champagne-Ardenne regions, northeastern France. They gather academic research institu-

tions such as the University of Picardie Jules Vernes (UPJV), the University of Sciences and

Techniques of Lille (USTL), the University of Technology of Compiègne (UTC), the Univer-

sity of Technology of Troyes (UTT), the National Institute of Agronomic Research (INRA), as

well as national technical centers (CETIM, CETIOM, IFPEN) and companies such as Groupe

Avril, Total, Adisséo, Véolia, Téréos, Maguin, PCAS, Limagrain and Solvay.

The research program of PIVERT comprises seven work packages (WP). The WP1 which

concerns this thesis is devoted to biomass mobilization (selection of new crops, cultivation

systems, and logistics). An earlier PIVERT project WP1-P3 conducted from 2013 to 2016 in

our laboratory has focused on the supply chain for a single proximity re�nery (supply radius

30-50 km), already located (thesis of Ba (2016), defended in 2016). The project WP1-P12

that includes this thesis is called AMBRE (in French "Approvisionnement Multi-biomasse

sur des Bassins REgionaux" � in English "Multi-biomass supply over regional basins"). It

constitutes a natural generalization of the previous project since it considers this time several

re�neries, to be located, over much larger territories.

AMBRE involves three partners. The Laboratory for Industrial Systems Optimization (LOSI)

of UTT has developed the optimization models and coordinated the project, while the other

partners AGT-RT and CETIM have gathered real data. AGT-RT (Agro-Transfert Resources

et Territoires), a branch of the National Institute for Agronomic Research � INRA � has

prepared biomass production data, existing or potential, for various crops of interest over

the two French regions Picardie and Champagne-Ardenne. CETIM (Technical Center of

Mechanical Industries) has studied biomass densi�cation techniques and storage solutions.

Research objectives

The main objective of this research is to propose models to help decision makers to design,

evaluate and optimize large biomass supply chains for several bio-re�neries. More speci�c

objectives are:

� To develop a mathematical model able to capture the characteristics of real biomass

supply chains and provide an optimal supply plan. The main features are a large

territory divided in elementary territorial units (currently cantons), a one-year planning

horizon divided in 52 periods of one week, several products (each based on a crop or

crop part), and a set of locations with existing and potential re�neries. Given the needs

of the re�neries for each week and each product, the solution provided by the model

must indicate the amounts of biomass to be produced, stored and consumed in each

canton and in each week to minimize total cost.
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� To analyze and structure the large amount of data required to feed such a model, in

order to de�ne a database structure making the model as independent as possible from

its data.

� To implement, test and validate the model using a mathematical programming software

(XPRESS published by the company FICO, San José, California, was selected). After

simple debugging tests, large case studies with real data over two French regions of

France (Picardie and Champagne-Ardenne) must be solved. In particular, the limits of

the model in terms of instance size and running time must be determined.

� To study the minimization of additional objectives like GHG emissions and energy

consumption.

� To develop heuristics or decomposition approaches to solve large-scale problems in rea-

sonable running times, while evaluating the loss of optimality compared to the exact

model.

Structure of this thesis

Chapter 1 presents the problem with all the de�nitions necessary to understand the subject.

After an introduction to some general concepts and typical activities of biomass supply chains,

the main di�erences between industrial and biomass supply chains, the main features and

assumptions, the raw materials considered, storages and �nally objectives and constraints are

explained.

The aim of Chapter 2 is to propose an overview of existing research on biomass supply

chains. A classi�cation of optimization methods and models developed in this context is

detailed. It introduces the main strategic, tactical and operational decision problems raised

in biomass supply chains as well as di�erent optimization criteria. All selected papers are

classi�ed and discussed according to (1) objective functions, (2) decision levels and (3) solution

methods. Some representative and recent studies are summarized. Finally, some more related

publication to our thesis as well as a critical look at current researches and possible new

directions are presented.

Chapter 3 analyzes the required data for the mathematical model and proposes a data model

which can be implemented in any database management system. This long and tedious step

is necessary to be able to structure and store the large amount of data involved, and to make

the mathematical model as generic as possible. In particular, any logistic network can be

de�ned by the user and stored in the database, instead of imposing a frozen structure in the

mathematical model. The goal is to come to a "data-driven" mathematical model which can

be easily modi�ed and extended.
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Chapter 4 elaborates a multi-period and multi-biomass mixed integer linear program, relying

on the database from Chapter 3. This model satis�es the demand of several bio-re�neries,

existing or to be located, over a planning horizon of one year divided into 52 weeks.

Chapter 5 shows the long work to collect real data then designs large-scale tests based on

these data. A lot of work has been needed to �ll our database with information related to

territorial units (cantons), road distances, biomass production, storages, vehicles, re�nery

demands, etc. To evaluate the robustness of the model and its solution time as a function of

instance size, various tests involving a growing number of existing or potential re�neries and

larger territories have been solved.

Chapter 6 proposes a two-phase heuristic approach for the cases with long running times,

which occur for instance when the decision maker wants to compare many scenarios, or if

we want to extend the study to use more products or include vaster regions. Additionally,

a multi-objective extension of the model developed in Chapter 4 is designed to optimize

simultaneously the economic and environmental performance of multi-biomass supply chains

for several bio-re�neries.

Finally, a general conclusion concludes the manuscript by summarizing the various works

accomplished in this thesis and proposing perspectives for future works.
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Chapter 1

Context and presentation of the

problem

1.1 Introduction

Nowadays, biomass is one of the important renewable energy sources. It can be used to

produce biofuels, electricity, heat, biogas, or a combination of them. One major advantage of

this renewable and completely natural source of energy is its low GHG emissions. Indeed, if a

careful life cycle analysis has been conducted, the crops cultivated in a year should reabsorb

the CO2 generated by burning the biofuels produced the year before.

However, to make it competitive with other sources of energy, some challenges should be

overcome. In fact, because of its important di�erences compared to industrial and business

logistics, the e�ciency of such chains is critical for the economic viability of the conversion

plants. For instance, the production of a crop is disseminated over a large territory and char-

acterized by a strong seasonality. Moreover, in addition to classical functions like storage and

transport, biomass logistics includes special activities, such as harvesting and densi�cation,

as well as advanced preprocessing techniques like torrefaction. Furthermore, as the biomass

itself is relatively cheap, logistic costs can represent an important fraction of the price of a

ton of biomass at the re�nery gate.

The performance and the cost of biomass supply chains depend on critical decisions at both

the design and operations management phases. The structure of the chain must be carefully

determined, with the locations of all involved facilities, the selection of crops and production

areas, as well as the transportation modes. As most crops at US or Europe latitudes are

harvested only once per year, the production plan and the biomass deliveries for a bio-re�nery

must be planned over a one year horizon, divided for instance in weeks. This complexity is

even greater when in addition, criteria like the overall system cost or the GHG emissions are

to be optimized simultaneously.
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The objective of this chapter is to provide a general overview of biomass supply chains and

to present the kind of chain modeled in the PIVERT project. The chapter is structured

as follows. Basic concepts related to biomass transformation and logistics are introduced in

Section 1.2. In Section 1.3, the typical activities and major segments of biomass supply chains

are presented. The following sections give the main feature and assumptions, raw materials,

storages as well as the objective function and constraints considered in this thesis. Finally,

conclusion ends the chapter.

1.2 A few de�nitions

1.2.1 Supply chain management

The de�nition of a supply chain di�ers according to the authors and the professional domains.

A widely accepted de�nition is a linear chain of companies where each actor is a provider or

contractor for the next actor and a customer for the previous one. This de�nition concerns

both manufacturing companies and the service industry. The minimum is two enterprises

but longer chains exist, for instance in the automotive industry: a �rst company can produce

detonators for airbags that are integrated into seats by another company which ships the

seats to a car manufacturer which �nally delivers the cars to distributors. In reality, the

linearity suggested by the word �chain� is restrictive: in our example, the seat producer may

supply several car factories while the latter have probably alternative seat suppliers to secure

their production. Therefore, in practice, a large supply chain can be a complex network

of enterprises. The role of supply chain management is to make all the complex decisions

involved in designing and operating such chains.

Biomass 
resources

Pre-
processing Storages

Bio-
refineries Demands

Figure 1.1: Example of layered graph modeling biomass supply chains.

Due to the complexity of supply chains, most models focus on one or two steps at a time.

However, thanks to fast advances in modeling techniques and computing power, the trend is

now to try modeling and optimizing a supply chain as a single integrated entity. A convenient

8



1.2. A FEW DEFINITIONS

description tool is a graph, often layered, whose nodes correspond to production activities,

end-customers, storages, pre-processing plants, transshipment stations, etc., while the arcs

linking these nodes represent product �ows or transport steps. Figure 1.1 depicts a lay-

ered graph for biomass supply chains. Mathematical models based on such graphs can be

developed, to determine for instance:

� The location and size of all required facilities (production plants, warehouses),

� The transportation modes,

� The number of vehicles required (�eet size),

� The inventory management policies,

� The amounts produced and shipped in each time period.

1.2.2 Biomass

Biomass can be de�ned as any living or recently living biological material produced on the

planet by the process of photosynthesis (Allen et al., 1998). The biomass resource includes a

wide variety of forestry and agricultural resources, animal excrement, industrial and municipal

bio-degradable waste (An et al., 2011b).

1.2.3 Biofuels

Biofuels are solid, liquid and gaseous fuels base on the biomass (Gold and Seuring, 2011). We

just recall hereafter a few keywords for the readers unaware of the domain.

� Carbon �xation. Carbon �xation is a process that takes inorganic carbon (in the form

of things like CO2) and converts it into organic compounds. In other words, any process

that converts carbon dioxide into a molecule that would be found in a living organism is

carbon �xation. If this process occurs in a living organism, it is referred to as biological

carbon �xation.

� Fuels. A fuel is nothing more than something from which humans can get energy.

Carbon �xation can lead to a number of di�erent compounds, like proteins, fats, and

alcohols, just to name a few. If any of those molecules can be used to provide energy in

a mechanical setting, it can be called a fuel.

� Biofuels. A biofuel is any fuel whose energy is obtained through a process of biological

carbon �xation, but in a short period of time (maximum one year). Fossil fuels (e.g.,

coal, petrol, and natural gas) also result from carbon �xation, by terrestrial plants or

marine algae, but they require millions of years to form. Biofuels can be classi�ed in

four generations.
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� First generation. These biofuels can come from a number of edible resources (starch, sug-

ars, animal fats, and vegetable oils). They are produced in practice from food crops and

most existing conversion facilities are designed for them. The most frequent feedstock

sources are sugar cane, wheat, corn, sugar beets, and rapeseed. The main fuels obtained

are ethanol, biodiesel, vegetable oil, and biogas. Ethanol is mainly derived from corn in

USA and from wheat or sugar beets in Europe. Cereal starches are enzymatically hy-

drolysed to yield sugars which can be converted into ethanol by fermentation. Biodiesel,

the most common biofuel in Europe, is derived from oil crops (like rapeseed) or fats,

while vegetable oil is produced from various seeds or fruits. Biogas can be generated

either from biodegradable waste materials or by feeding energy crops into anaerobic

digesters. Normally, the raw materials for �rst generation biofuels can also be used,

directly or indirectly, for animal or human food, which raises the famous controversy

�food versus fuel" (Banerjee et al., 2012). For instance, an increase in corn price has

been observed in Mexico due to the growing US consumption to produce ethanol.

� Second generation. This generation is not based on edible crops. Feed crop residues,

forest by-products, industrial wastes, and non-food energy crops can be used. The most

frequent feedstock sources are various residues of food crops (wheat straw, corn stovers,

rapeseed straw), dedicated lignocellulosic crops (miscanthus, switchgrass, short rotation

coppice), waste biomass, and wood residues. Using fermentation or pyrolysis, virtually

any kind of biofuel can be generated. A few industrial units are already exploited,

e.g., the Abengoa Bionergy re�nery in Hugoton, Kansas, produces annually 25 million

gallons of ethanol from 350,000 tons of biomass.

� Third generation. Two interpretations can be found. The �rst one is the production of

biofuels from algae (Sheehan et al., 1998). Excellent yields can be obtained by cultivating

suspensions of algae into water, which requires solar light and mineral salts but no arable

land. Small-scale production plants have shown that it is possible to produce fuels

which are indiscernible from their petroleum equivalents. A French national research

program (Institut�PIVERT) in progress on the bio-re�nery of the future has a second

interpretation: it de�nes a third generation bio-re�nery as a �exible conversion plant

able to process various crops, valorize all parts of the same crop, produce many di�erent

chemical intermediates and biomolecules (not only biofuels), while being well integrated

(agronomically, ecologically and socially) on its territory.

� Fourth generation. Still in preliminary research, it will rely on synthetic biology, an

emerging domain aiming at genetically modifying or synthetizing micro-organisms for

dedicated applications. Applied to bioenergies, the goal will be to convert CO2 from

the atmosphere directly into usable biofuels, using solar energy for instance.
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1.3 Structure and activities of biomass supply chains

Biomass supply chains are not totally similar to industrial or business supply chains and

some distinct di�erences exist between them. First, biomass production areas are usually

spread over large territories and their e�cient logistics represent a big challenge. Second, the

production is in�uenced a lot by seasonality and if the production schedule is not carefully

designed, bio-re�neries can face shortage or surplus of raw products. Third, biomass supply

chains have some additional activities such as harvesting, densi�cation and preprocessing that

should be added to classical functions such as storage and transport. Fourth, biomass itself

is relatively cheap and its logistic costs can cover a signi�cant part of its overall cost. All

these di�erences make the e�ciency of biomass supply chains critical for the feasibility of

bio-re�nery plants from economical aspects.

Despite all the di�erences, biomass supply chains share some similarities with industrial supply

chains. Same as industrial supply chains, biomass supply chains can involve various distinct

stages with di�erent actors such as farmers, bio-re�neries' owners, transporters and �nal

clients. Also, its performance highly depends on the network design, planning and operational

activities.

Marginal lands Biomass cultivation Biomass harvest

Square bales

Round bales

Preprocessing facilities Biomass transportDensified biomass transportRefinery

Biofuel Transport Biofuel Demand Zones

Figure 1.2: Example of activities in biomass supply chains.

Biomass supply chains involve various activities such as harvesting, handling, baling, trans-

port, preprocessing operations, storage, biofuel production and distribution to demand zones,

as shown in Figure 1.2. Some of these activities such as transport, production, storage are
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common with other supply chains but operations such as harvesting, baling or preprocessing

are too speci�c. These activities require dedicated resources and generate additional costs.

For example, due to seasonal production of some biomass products and in order to provide a

regular supply for bio-re�neries along the year, it may be necessary to store these products

over many periods. Also, some preprocessing operations like drying biomass in order to reduce

transportation cost generate extra-costs. So designing cost e�cient and sustainable biomass

supply chains are even more complex. The following subsections detail the main steps of the

biomass supply chains that deserve more attention due to their speci�c impact on the system.

1.3.1 Biomass harvesting and collecting

Usually, the cultivation system is not included in biomass supply chains. Hence, the logistic

activities begin in the �elds, when the crop is ready. They consist in harvesting the crop, and

collecting its di�erent parts to move them to the edge of the �eld, a covered on-farm storage,

a centralized storage or a preprocessing plant. Harvesting is the most in�uential life cycle

phase in environmental damage and economic costs, so choosing the best harvesting method

is critical (San Miguel et al., 2015).

Three harvesting modes can be distinguished (Sambra et al., 2008).

� Multi-pass harvesting is the most common procedure for wheat, corn and rapeseed.

Using a combine harvester, the grain is separated and stored in a compartment which

is periodically downloaded, while the straw and the cha� (little particles) are released

in a line on the ground, called windrow or swath. Then the windrow is picked up by

a baler which is towed by a tractor. The baler compresses the biomass to form a bale

and once it gets �lled, the bale is released.

� Single-pass harvesting involves a train composed of a combine harvester and a baler. So,

grain and straw are harvested at the same time. Compared to multi-pass harvesting,

this mode is faster but requires more powerful and expensive equipment. Moreover, it

cannot be applied to some crops like rapeseed, whose thick stalks require a few days of

passive drying on the windrow.

� Finally, in whole-crop harvesting, the whole crop is cut without separating its di�erent

components. The cereals harvested in this way are used essentially to produce silage (see

dry chop in the sequel), to feed cattle, or to produce biogas in anaerobic digesters. This

procedure is also the rule for herbaceous energy crops like miscanthus and switchgrass.

The harvested biomass can be collected and prepared in four ways before being stored for a

longer time or transported. The selection of the collection method depends on the desired

moisture level and the �nal use of the product.
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1.3. STRUCTURE AND ACTIVITIES OF BIOMASS SUPPLY CHAINS

� Baling. Round or rectangular bales of dry biomass can be prepared. The aim is to

densify the product to ease storage and transportation (Forsberg, 2000). Each kind

of bale has its own characteristics. For example, round bales can be stored outdoors

because of their ability to shed rain water but their disadvantage is that they are more

di�cult to handle, transport and store.

� Loa�ng. With the help of a loafer or stacker, dry biomass from windrow is compressed

to form large stacks with a doom shape which protects the biomass inside from water.

The resulting stacks are much bigger than bales but have a lower density.

� Dry chop. Herbaceous plants with long stalks like miscanthus can be harvested and

chopped into small pieces which are blown into a forage wagon which moves in parallel

to the harvester. The resulting product can be transferred to a bio-re�nery or stored as

large cones under a farm shed.

� Wet chop. The process is similar to dry chop but applied to wet crops. In general,

the product obtained is carried to a pit to produce silage by fermentation, or to feed

anaerobic digesters to generate biogas.

1.3.2 Preprocessing

Preprocessing, also called pretreatment, aims at densifying biomass, reducing degradations,

and/or preparing it for the conversion processes of bio-re�neries.

Ensiling is one of the rare pretreatments which does not remove moisture. It consists in pro-

ducing silage or biogas from wet biomass via anaerobic fermentation. In pelletization, biomass

is dried and pressed under high pressure to produce small cylinders of extruded product. The

remaining pretreatments require heat. The milder one is passive drying, systematically ap-

plied to wood residues like wood chips to reduce moisture, stabilize the product and increase

its calori�c value (Flisberg et al., 2012; Möller and Nielsen, 2007).

Torrefaction is a stronger thermal process performed at atmospheric pressure in the absence

of oxygen and at temperatures from 200 to 300 ◦C. It yields a stable and solid uniform product

enriched in carbon, with very low moisture content and a high calori�c value. The torrefaction

process is in�uenced by biomass quality. Heating value and moisture content will a�ect the

energy level of in-feed biomass (Mobini et al., 2014).

Finally, in pyrolysis, biomass is decomposed at 400-800◦C in the absence of oxygen to give

gas, liquid hydrocarbons and solid char. Pyrolysis can be classi�ed as slow, intermediate,

and fast; and due to its maximized yield in oil-pyrolysis, the fast mode is often used (Yue

et al., 2014). However, few studies integrate decisions such as pyrolysis plant localisation and

dimensioning in biomass supply chains design. Uslu et al. (2008) present a detailed overview
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CHAPTER 1. CONTEXT AND PRESENTATION OF THE PROBLEM

of these technologies and analyse their in�uence on the performance of supply chain especially

on the logistics part.

The most employed pretreatments nowadays are drying and pelletization. In general, all

cited pretreatments cannot be performed on-farm since they require relatively heavy and

costly equipment. The insertion of preprocessing facilities in biomass supply chains may be

useful but the pros and cons must be carefully analyzed. For instance, due to mass and/or

volume reduction, transportation costs are reduced beyond the preprocessing facility, but an

additional transport step is required to bring biomass to this facility. One of the goals of

biomass supply chain models is precisely to analyze this kind of trade-o�.

1.3.3 Storage

Storage sites are mandatory to play the role of bu�er between the short harvesting windows of

the di�erent crops and their consumptions by the bio-re�neries. They also aim at minimizing

dry matter loss and protecting biomass. Depending on weather and biomass, storages can be

simple open air stacks, covered farm sheds, or centralized storages (Rentizelas et al., 2009b).

The latter have in general a larger capacity and they are also more secure (they are fenced

and even guarded). In practice a centralized storage includes silos equipped with air fans or

dryers to store seeds, and platforms, covered or not, are dedicated to baled products or wood

chips.

Compared to industrial logistics, the total storage capacity required in biomass supply chains

is in general much larger, especially if the bio-re�neries require the same products all over

the year. This drawback is counterbalanced by the fact that centralized storages are well

disseminated in agricultural regions.

1.3.4 Bio-re�nery

Several de�nitions for bio-re�nery can be found in the literature. Globally, in bio-re�nery,

biomass is upgrading to valuable products such as fuels, heat, chemicals and electricity. All

types of biomass can be used, for example wood, straw, cha� and seed. Here, some important

de�nitions are explained:

The International Energy Agency (IEA) de�ned bio re�ning as the �sustainable processing

of biomass into a spectrum of bio-based products (food, feed, chemicals, and materials) and

bioenergy (biofuels, power and/or heat)�. Figure 1.3 shows the renewable feedstocks and

products in bio-re�nery inspired by (Mussatto and Dragone, 2016).

The National Renewable Energy Laboratory (NREL) de�ned bio-re�nery as �a facility that

integrates biomass conversion processes and equipment to produce fuels, power, and chemicals

from biomass� (http://www.nrel.gov/). According to US Department of Energy (DOE) �A

bio-re�nery is an overall concept of a processing plant where biomass feedstocks are converted
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Figure 1.3: Renewable feedstocks and products of bio-re�nery.

and extracted into a spectrum of valuable products�. Bio-re�neries process all type of biomass

(all organic residues, energy crops, and aquatic biomass) into products (fuels, chemicals, power

and heat, materials, and food and feed). In theory, any plant that uses biomass and makes

more than one product is a bio-re�nery. Figure 1.4 shows a concept of bio-re�nery adapted

by (Demirbas and Demirbas, 2010).
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Figure 1.4: Bio-re�nery concept.
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1.3.5 Transportation

In industrial logistics, products can be transported via roadways, railways, waterways or

airways. As in biomass supply chains the biomass is relatively cheap and the amounts handled

are large, aerial transport is never used. Road transport is the best solution since all farms can

be reached in that way. Railways are less expensive if distances are large enough. However,

if many re�neries have a rail connection, biomass collected in the farms must be brought by

road to the closest railway station, implying transshipment. Rivers and channels are even

cheaper than railways but slower, they can be interesting in regions with a dense waterway

network but raise the same transshipment problems.

Some transport steps are illustrated in biomass supply chains of Figure 1.2: from farms to

processing facilities, from these facilities to centralized storages, from storages to re�neries,

and from re�neries to demand zones. Other possible steps not shown in the �gure are the

internal transfers in the farms, e.g. from the �elds to a farm shed or silage pit, and direct

deliveries sometimes used from large farms to a bio-re�nery.

1.3.6 Biomass supply chains segmentation

The activities described in the previous subsections are often regrouped in three major seg-

ments shown in Figure 1.5. The upstream segment takes place before the re�nery. It includes

biomass production, harvest, collection, preprocessing and centralized storage. Themidstream

segment corresponds to the conversion processes of the re�nery. Finally, the downstream seg-

ment covers the output storages of the re�nery and the distribution to customers.

Figure 1.5: Major segments and activities in biomass supply chains.

Very few authors like Eksioglu et al. (2009a) have tried to model the three segments together.

The �rst reason is that very di�erent actors and contract types are involved in the upstream

and downstream. The second one is that the midstream and downstream are less original

since they are similar to the production and distribution in the petroleum industry. This

explains why most research articles focus on the upstream segment which raises the most

interesting problems.

Biomass supply chains planners face complex and challenging problems in di�erent decision
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levels such as bio-re�neries location, transportation mode selection, preprocessing technology

selection and vehicle �eet size.

1.4 Biomass supply chains considered in this thesis

The thesis studies biomass supply chains over a multi-period planning horizon, with di�erent

biomass types called "products", centralized storages and several bio-re�neries which are

already located or not. The goal here is not to describe the models and algorithms used,

which will be done in other chapters, but just to describe the main features and assumptions

that demarcate our study from existing works. Obviously, the characteristics of the supply

chains to be modeled are strongly in�uenced by the agricultural practices in France, the crops

which can be cultivated in the considered regions, etc.

1.4.1 Main features and assumptions

� The supply chain considered ranges from harvested products, ready to be shipped, to

re�nery storages.

� The aim is to optimize biomass supply chains for several re�neries, at the tactical

and strategic decision levels. The planning horizon is divided in discrete time slots

("periods"), currently 52 periods of 7 days. The number and duration of time periods

must be easy to modify. The strategic decisions concern the locations of re�neries. The

tactical decisions involve the amounts collected in the farms, stored and transported, in

each period.

� The area studied corresponds to Picardie and Champagne-Ardenne, not to the new

regions introduced in 2015. It is partitioned into discrete territorial units called "zones"

(currently 279 cantons). The cantons are those of the 2010 agricultural census, used

to prepare biomass production data. Like the time granularity, the spatial granularity

used can change.

� Re�neries are already placed or must be located, and there is at most one re�nery per

zone. Each re�nery de�nes its needs per product and per period over the planning

horizon.

� Biomass production data are computed by one partner of the project (Agro-Transfert

et Territoires � AGT - RT) and include cultivation and harvesting. The density and

humidity of a product is considered to be the same, whatever the zone is. Moreover,

humidity and density of stable products do not change along the chain but storage loss

is handled.
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� Products are currently transported by road but other transport modes can be added.

The transportation network is de�ned by a graph.

� The objective function can be a linear combination of total cost, GHG emission and

energy consumption. It will be also possible to perform a true multi-objective (Costs &

GHG emissions) optimization, using for instance the ε-constraint method. The amount,

cost, GHG emission, fuel and energy consumptions per product depend on the zone.

� The mathematical model for the chain must be "data-driven": all data even the network

structure are stored in external �les. As the goal of the thesis is not to come to a

professional software, the database for one optimization scenario will be simply stored

in an EXCEL workbook. The mathematical programming environment XPRESS is

selected for the implementation because it provides a powerful programming language

(MOSEL).

� The model should be �exible despite current choices (e.g., new products, preprocessing

sites. . . ).

1.4.2 Raw materials

The di�erent types of biomass required by the re�neries were communicated to us by Francis

Valter (Groupe Avril, ex-So�protéol). It should be noted that the mathematical model will

be able to take into account not only these raw materials but also other agricultural biomass

which are not described here. In other words, the model will be �exible enough to add other

types of biomass. This thesis obtained enough data for six crops: rape (colza), Ethiopian

mustard, camelina, cereals, miscanthus (a kind of cane) and willow (short rotation coppice).

Several "products" can be derived from the same crop. Camelina and Ethiopian mustard

are used only for their seeds. The entire aerial part is collected for miscanthus and willow.

Rape and cereals yield three products: seeds, straw (stalks) and cha� (small particles like

husk produced by the harvesting process). These three products can be used by the re�neries

in the case of rape but seeds from cereals are not employed because they are reserved for

traditional markets. As the density and humidity of straw and cha� are very similar for all

cereals, the exact kind of cereal used does not need to be speci�ed in our study, it may come in

practice from wheat, barley, etc. while straw and cha� and two products of cereals including

straw and cha� are considered. In total, we focus on nine products.

Straws, cha�s, miscanthus and willow chips are called lignocellulosic products which can be

transformed by pyrolysis or fermentation, while seeds are used to produce oils which are then

converted in various chemical intermediates.
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1.4.3 Storage(s)

The data concerning storage(s) (storage locations, capacities, storage costs) are provided by

another partner of the project, Coopénergie. In this thesis, seed products are stored in silos

while baled products are stacked on platforms. These two kinds of storages can be located in

farms or in centralized facilities. Farm storages are normally small and used for short periods.

Centralized storages are in general bigger, fenced, guarded, and equipped with dryers and fans.

They can be used for longer periods.

In general, farmers use their tractors and trailers to bring their products to farm storages and

centralized storages. Then trucks are employed to transport the products from centralized

storages to re�neries. They can belong to the centralized storage operator, the re�nery, or to

a company specialized in transportation for agriculture.

1.4.4 Objectives and constraints

The goal is to develop a mathematical model to minimize the costs of the di�erent activities of

the supply chain, from the �elds (biomass production zones) to the entrance of the re�neries,

through farm storages and centralized storages. Other indicators like energy consumptions,

fuel consumptions and greenhouse gas (GHG) emissions can be derived from the cost-optimal

solution. It is also possible to minimize a linear combination of these objectives and even to

do an optimization in the Pareto sense.

The costs considered include:

� Biomass production costs

� Handling costs (loading/unloading operations)

� Farm storage costs

� Centralized storage costs

� Transportation costs

� Bio-re�nery setup costs.

The selected objective function must be optimized subject to constraints that can be parti-

tioned into the following main categories:

� Biomass availability constraints (the total amount of biomass collected cannot exceed

biomass availability.)

� Storage constraints for farm storages and centralized storages (limited capacity, initial

and �nal stock required, degradation during storage, limited �ows on input and output

must be considered).

� Flow conservation constraints (Kirchho�'s laws) must hold for each node in the supply

chain, however some processes such as storage may induce a loss during each period.
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� Satisfaction of the re�nery's needs expressed, for example, in dry tons per week for each

type of biomass.

� Constraints to avoid unrealistic solutions in which an enormous amount of biomass is

collected in a single period. For instance, an "average" equipment can be speci�ed in

each farm to limit the harvesting speed, for example one or two combine harvesters.

� Temporal constraints such as time windows (harvesting periods where each crop is

ready) and number of working hours per period.

� Bio-re�nery constraints, e.g., limits on the numbers and sizes of bio-re�neries.

1.5 Conclusion

This chapter has been inserted in the thesis to provide a general overview of the problem at

hand and avoid drowning the reader in detailed speci�cations. It explains the basic concepts

of biomass supply chains and presents the problems faced in this research. The main de�ni-

tions related to biomass supply chains and typical activities such as harvesting and collecting

biomass, pre-processing, storage and transportation are explained, as well as the main di�er-

ences between industrial and biomass supply chains. Moreover, the kind of chains to model

in the thesis is presented by highlighting its main features and assumptions, the objectives to

be minimize, and the constraints to satisfy.

In the next chapter, the state of the art on modeling and optimization methods applied to

biomass supply chains is discussed. A focus is made on studies tightly related to our topic.
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Chapter 2

State of the art of modeling and

optimization of biomass supply

chains

2.1 Introduction

A growing number of researchers are attracted by the domain of bioenergies, due to the

problems induced by greenhouse gas emissions and increasing energy demand. One possible

way of producing biofuels in a renewable way is to use biomass, however the economic viability

of a bio-re�nery system depends critically on the cost of its supplies. As biomass is not very

expensive, logistics is responsible of an important fraction of this cost.

In biomass supply chains context, models, mainly mathematical, and optimization techniques

can be extremely useful to help decision makers to manage this chain. This chapter is ded-

icated to biomass supply chains and aims to (1) provide a representative overview of the

literature on biomass supply chains optimization, (2) identify and highlight the recent ad-

vances and new challenges posed in this �eld, and (3) bring a look at the current state of the

art and suggest possible future research directions. More generally, our goal is to show the

interesting logistic problems raised in biomass supply chains management and a special focus

will be made on problems tightly related to our thesis subject.

This chapter is structured as follows. Section 2.2 explains the methodology used to build our

review chapter. Section 2.3 introduces the main strategic, tactical and operational decision

problems raised in biomass supply chains and presents the main optimization criteria usually

employed to evaluate these decisions. The two following sections give the main contributions

both in strategic supply chain design and tactical and operation supply chain management.

The solution methodologies developed in the current literature are discussed in Section 2.6.

Section 2.7 some recent studies presenting novelty either in considered biomass supply chains
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structure or in modeling tool or resolution approach used. Section 2.8 focuses on publications

coping with some features of this thesis. A conclusion highlighting new research direction

ends this chapter.

2.2 Bibliography search methodology and results

The search was conducted principally using Scopus and Web of science databases. It includes

studies containing the words biomass supply chains and optimization in title, abstract or the

keywords provided by authors. The results show 552 papers among which 110 were included

in this chapter. This selection is based on the presence of mathematical models, optimiza-

tion techniques or software that have as purpose the quantitative assessment, by means of

optimization criterion or performance indicators, of biomass supply chains e�ectiveness.
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Figure 2.1: Distribution of reviewed papers by year.

Figure 2.1 gathers reviewed publications upon 2017 and shows their distribution over time

periods of two years. Through this �gure one can see the growing interest attached to opti-

mization models and tools in biomass supply chains management.
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Finally, 110 papers are cited in this review. Figure 2.2 depicts the distribution of published

papers over journals. The category Others gathers journals with only one published paper

on our topic. Note that Biomass and Bioenergy is the most represented journal with almost

the same number of papers as in the category Others. This shows a high dispersion of the

publications over journals dealing with di�erent research domains (e.g., chemistry, energy and

agriculture). The �gure points out also that journals linked to decision science, computers

science and applied mathematics are less chosen.

2.3 Decision levels and main optimization criteria

2.3.1 Decision levels

Like in production management, it is convenient to classify decisions in three levels: strategic,

tactical, and operational. This decomposition helps to master complexity and allows phased

optimization approaches. The strategic level gathers long-term decisions which involve impor-

tant �nancial investments and engage companies over one year at least, like the construction of

a new factory. The tactical level involves medium-term decisions over a multi-period planning

horizon of a few weeks or months; it corresponds to production planning in manufacturing

industries. Finally, the operational level concerns short-term (day to day) decisions, such as

the detailed schedule of operations for an assembly line or the determination of vehicle routes

for the deliveries of the day. Figure 2.3 provide examples of decisions in each level for a

biomass supply chains.

2.3.2 Optimization criteria in biomass supply chains models

The main optimization criteria considered in biomass supply chains optimization literature

are listed hereafter.

� Minimize total cost (TC),

� Maximize total pro�t (TP),

� Maximize net present value (NPV),

� Maximize �nancial income (FI),

� Minimize transport distance (TD),

� Minimize transport cost (TRC),

� Minimize greenhouse gas emissions (GHG),

� Maximize energy return in the conversion facility (ER),

� Minimize energy consumption in the supply chain (EC),

� Maximize net energy pro�t (EP),

� Minimize environmental footprint (EF),

� Maximize the number of jobs created (CJ),
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� Minimize social footprint (SF).

Some studies consider more than one criterion either within a same objective-function or in a

multi-objective manner. Among the di�erent optimization criteria listed, the preferred ones

for single-objective optimization are the minimization of total cost, the maximization of total

pro�t, and the maximization of net present value. The other objectives are often introduced

in multi-objective optimization models (see Tables 2.1, 2.2).
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Figure 2.3: Decision levels in biomass supply chains with examples of typical decisions.

2.4 Strategic biomass supply chains studies

In biomass supply chains, strategic decisions are often based on annual demands and biomass

productions. They focus on the location and size of new facilities (centralized storages, prepro-

cessing plants, and bio-re�neries). Some papers add biomass sourcing, allocation of biomass

among facilities, transportation modes, and selection of re�nery conversion processes.

2.4.1 Single objective studies

Total cost objectives are the most frequent ones in industrial and biomass supply chains

at strategic level. For instance, Leduc (2008) develop a Mixed Integer linear Programming

(MILP) model to determine the optimal geographic locations and sizes of wood gasi�cation

plants in Austria, to produce ethanol and recover heat. The costs handled include biomass
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supply and transport, capital and operating costs of created plants, transport of methanol,

and addition of a methanol capacity to existing distribution centers. Shortly after, the same

author published an other paper (Leduc et al., 2010) dealing with location of poly-generation

systems with simultaneous production of electricity, district heating, ethanol and biogas in

Sweden. The aim is to reduce the total production cost which includes the cost for supply of

biomass, operation of production plants, investment in plants and gas stations, handling and

delivery of ethanol at the gas stations, and transportation of biomass and ethanol as well as

the import cost of ethanol. Akgul et al. (2011) model also as a MILP the optimal planning

of a bioethanol supply chain over a 1-year period in the Northern Italy. The model locates

and dimensions bio-re�neries and allocates biomass feedstocks to them to minimize the total

supply chain cost. A model in the same vein is discussed by Wang et al. (2012) to �x the

locations and sizes of biomass-based facilities in an energy crop supply chain. The MILP

developed in Tursun et al. (2009) allows to compute for each plant the construction date, the

optimal capacity, and the amounts of biomass processed, and to design the transport network

of energy crops and ethanol. The objective in this study is to minimize the total system costs

involving transportation and processing of biomass, transportation of ethanol from re�neries

to the blending terminals and demand destinations, capital investment in re�neries, and by-

product credits. A mathematical model to design a bioethanol supply chain is presented in

(Eksioglu et al., 2009a). The goal in the developed MILP is to minimize the annual costs

for harvesting, storing and transporting ethanol, as well as annual costs for locating and

operating bio-re�neries. The number, location and capacity of biofuel are determined. Leão

et al. (2011) propose a methodology to design an optimized supply chain for a biodiesel plant.

The objective function is to minimize the total cost of operations in the agricultural, logistic

and conversion segments. The objective function comprises the investment costs related to

the installation of the units, transportation costs, agricultural production costs, processing

costs at the crushing units, and the costs associated with the purchase of any additional

volumes in the market missing to meet the demand of bio-diesel plants. More recently, Ahn

et al. (2015) propose a mathematical programming model for strategic planning design of

a microalgae biomass-to-biodiesel supply chain network in order to minimize the total cost

as well as satisfying resource, technology, and demand constraints throughout a long-term

planning horizon.

The maximization of total pro�t requires data on possible markets and expected sales. For

this reason, the supply chains considered include the biofuel distribution part. Bowling et al.

(2011) presented a MILP to maximize the pro�t by considering product sales, feedstock cost,

transportation cost, preprocessing hub location assignment, central facility location assign-

ment, and other operating costs for facility location and supply chain optimization. The

model is able to determine the amount of each source sent to each facility and the amount

of products and subproducts that must be produced. A decision support system for forest

biomass exploitation is implemented by Freppaz et al. (2004). It calculates the location, the
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size, and the kind of energy (heat and/or power) produced by each combustion plant to op-

timize the costs including collection, transportation, harvesting and plant costs, and bene�ts

from the sale of thermal and electrical energy. A di�erent MILP is elaborated in Parker

et al. (2010) to locate re�neries, select their technologies, and determine their supplies in the

Western United States. The overall goal is to compute the total pro�t for various hypotheses

concerning biomass production and biofuel selling prices.

Most of previous papers cited before deal with deterministic models. For the stochastic

case, Chen and Fan (2012) developed a two-stage stochastic programming model minimizing

the total expected cost in order to locate re�neries under demand and supply uncertainties.

Awudu (2013) consider also uncertainties but these last occur on biofuel prices and demands

and a stochastic linear programming model is designed to maximize the expected pro�t.

Net Present Value (NPV) is used for planning horizons over several years. This objective is

selected by Marvin et al. (2012) for the economic cost optimization over 10 years of a biomass-

to-ethanol supply chain involving 5 crop residues and 9 states in the Midwestern United States.

Walther et al. (2012) investigate regional production networks for second generation bio-diesel,

with a case study in Northern Germany. A multi-period MILP model covering 20 periods of

one year combines location, capacity and technology planning decisions, with the objective

of maximizing NPV. Demand uncertainty in a sugar and ethanol supply chain is tackled by

Kostin et al. (2012). The authors elaborate a two-stage stochastic MILP approach for the

optimal design and planning of the chain, with a case study in the Argentinean sugarcane

industry for maximizing NPV. The analysis of results unveils two critical factors that a�ect

the supply chain performance under uncertainty: the production capacity and the amount of

storage and transportation units.

2.4.2 Multiple objective studies

Multi-objective optimization in the Pareto sense is useful to handle con�icting criteria. When

examining the literature, few studies deal with multi-objective optimization by considering

simultaneously the criteria. Zamboni et al. (2009) model a complete and generic biofuel pro-

duction network where the territory is subdivided in 50×50 km square regions and all costs

are evaluated over a one-year period. Each region can receive one re�nery and exchange

�ows with adjacent regions. The strategic decisions considered deal with the selection of

biomass cultivation sites, the locations and capacities of re�neries, and the supply networks

from biomass resources to re�neries and from the latter to biofuel blending and distribution

terminals. A bi-objective MILP is solved using the ε-constraint method to minimize system

costs and GHG emissions. In the same spirit, the environmental impact of the combined

production of sugar and ethanol according to the principles of Life-Cycle Assessment (LCA)

is measured in Mele et al. (2009). The functional unit considered in the LCA is the amount of

sugar and ethanol produced and delivered to customers during the time horizon. In addition
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to the cost, the biochemical oxygen demand is chosen as environmental objective to mini-

mize. The model, a MILP, takes into account the number of plants that produce sucrose and

bioethanol, the set of warehouses where these products are stored before being delivered to

the markets, and the set of transportation links that connect the supply chain sections. The

aim of the study is to �nd a set of Pareto optimal supply chain con�gurations, including the

associated production plans, capable of satisfying the demand of the markets. The decision

variables are the numbers, types and capacities of storage and production facilities, the sugar

and ethanol production rates, the inventory levels at each facility, and the transportation

�ows. Grigoroudis et al. (2014) propose a recursive DEA (RDEA) algorithm to optimize

simultaneously the total cost for located facilities and their e�ciency. This paper deals with

these two criteria in a hierarchical way. More recently, a multi-objective MILP that models the

tradeo�s between costs, environmental and social impacts of delivering biofuels is presented

in Roni et al. (2017). The model proposes to minimize total costs including transportation,

penalties for unmet demands and hub location costs, the environmental objective deal with

CO2 emissions and the social impacts are evaluated through the number of jobs created. The

model is solved using an augmented ε-constraint method evaluated by using data from the

Midwest region of the USA.

In the same spirit, Osmani et al. (2017) propose also a multi-objective model to design a

sustainable multi-period second generation biomass-to-bioethanol supply chain under uncer-

tainties. The aim is to simultaneously maximize the economic, environmental, and social per-

formance. Strategic decisions such as land allocation for switchgrass cultivation, bio-re�nery

locations and capacities, and the biomass-to-bioethanol conversion pathway are determined.

The augmented ε-constraint method is used to for the multi-objective optimization and a

modi�ed Sample Average Approximation method and Benders decomposition are employed

to deal with the stochastic part.

Table 2.1 depicts the criteria considered in each reviewed paper: the �rst part of the table

presents the single criterion studies which are separated by a line from the multi-criteria ones

in the bottom part of the table. The table shows that total cost is the most used optimization

criterion. Transportation costs are often considered in a total cost function to be minimized,

or are subtracted from revenues leading to total pro�t maximization. Only problems modeled

as p−medians use total transportation cost alone in single criterion strategic models as in

(Venema and Calamai, 2003).

2.5 Tactical and operational supply chain studies

Tactical decisions involve a multi-period planning horizon, typically one year, divided in

weeks or months. They consist in determining the amounts of biomass harvested, pretreated,

transported and stored in each period. Sometimes, the amount of equipment can be adjusted
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in each period, e.g., vehicle �eet size. Tactical models are more precise than strategic ones

since the dynamics of the chain during the year can be evaluated. However, they require more

data and, as a period index is added to most variables, they are much larger and require more

CPU time to be solved.

2.5.1 Single objective studies

In Gunnarsson et al. (2004), the goal is to satisfy over 12 months the demands of heating

plants fed by forest residues (chipped or not) and saw-mill by-products (bark and saw-dust).

Their model selects in each month the sources of biomass, the amounts chipped or not (in

forests or at storage terminals), the inventory levels and the transported quantities. It aims

to minimize the total cost for satisfying the contracted demand at the heating plants. A

model based on state-task networks is applied in Dunnett et al. (2007) to the supply of one

heating plant in miscanthus, again over 12 months. The chain includes farm sites with local

storage, a transportation step, and the plant with an input storage. Miscanthus may be dried

and/or chopped at the two locations. The monthly quantities harvested, transported, dried

and/or chopped in farms or at the plant, and the required resources (harvesting equipment

and number of trucks) are calculated and the objective function is to minimize the total

system cost. More recently, Sosa et al. (2015) present a tactical linear-based optimization

model to minimize biomass supply chain total costs, including harvesting, storage, chipping

and truck transportation.

The switchgrass supply chain model examined in Zhu et al. (2011) involves original features: a)

optimal location of warehouses and re�neries must be de�ned in addition to tactical decisions

over 12 months time horizon, b) two types of transportation � trucks and train � may be

used, and c) re�nery residues are returned to the �elds as fertilizers. The objective to be

maximized is the total annual pro�t. In the same vein Zhu and Yao (2011) propose a MILP

considering again 12-months planning horizon. Several original features are present in this

paper: a) three feedstocks can be employed (wheat straw, corn stalk, switchgrass), b) they can

be collected during harvesting periods or purchased at any time from external sources, c) they

can be transported by road or train, and d) residues from re�neries can be re-circulated to

switchgrass �elds. The MILP aims to determine the types and amounts of biomass harvested

and purchased, the number of harvesting units required, the locations of warehouses and

re�neries, the amounts of biomass stored and handled each month, and the transportation of

biomass in the system. A case study shows an increase in total annual pro�t if three feedstocks

are used instead of switchgrass alone. An et al. (2011a) describe a MILP to design an ethanol

supply chain based on a lignocellulosic crop (switchgrass) in a region in Central Texas over 12

months time horizon. The pro�t maximized is equal to the discounted revenue from selling

biofuels minus all discounted costs (setup costs and operating costs of opened facilities, costs

for purchasing feedstocks, carrying inventory, and transporting biomass and biofuel).
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Van Dyken et al. (2010) develop an original model, mainly tailored for forest biomass, in which

active or passive drying, chipping, and pelletization can be implemented at each facility. The

strong point is to keep track of the moisture level and energy content at each step of the

chain, with a case study over 12 weeks. More recently, a hybrid, multi-stage stochastic

programming-robust optimization model is also proposed in Shabani and Sowlati (2016) for

the tactical supply chain planning of a power plant over a one-year time horizon with monthly

time steps. In this study, the uncertain parameters hold on biomass quality and availability

and the objective is to maximize the expected pro�t. Azadeh et al. (2014) also studied a

stochastic problem, modeled as a multi-commodity stochastic linear program, considering 3

weeks planning horizon to maximize the expected pro�t of the manufacturer. It includes sales

income, �xed and variable setup costs of re�nery plant, procurement costs of biomass, biofuel

production costs, transportation costs between biomass �elds, bio-re�neries and markets,

inventory related costs, and shortage costs. The uncertainty on this study occurs on biofuel

prices.

The previous models involve complete supply chains and long planning horizons in which

detailed operations cannot be taken into account without an explosion of the number of

variables. In contrast, operational decisions are considered only in short-term scheduling tools

that model only one step of the chain, mainly harvesting and transport. This is why we just

cite one example. Han and Murphy (2012) implement a simulated annealing metaheuristic to

solve a truck scheduling problem involving 45 saw-mills, 20 conversion facilities, 2 truck types

and 3 trailer types. The algorithm selects the trucks and trailers to satisfy a set of transport

requests and determines their successive trips under maximum driving time constraints. The

objective function is a weighted sum of total trucking costs and total working hours.

2.5.2 Multiple objective studies

You and Wang (2011) performs a life cycle optimization of biomass-to-liquid supply chains,

to minimize the total annualized cost and the greenhouse gas emissions covering 12-month

planning horizon. The same objectives are considered in (You and Wang, 2012). A social

objective is added in (Miret et al., 2016; You et al., 2012): the number of local jobs created.

In the last papers, the total cost includes all the operating costs in the chain and amortized

cost for bio-re�neries and storage facilities constructions. In the �rst one, the total costs take

into account in addition to operating costs, governmental incentive.

More recently, Santibañez-Aguilar et al. (2014) develop a multi-objective, multi-period, mixed-

integer linear program to maximize the pro�t of the supply chain, minimize its environmental

impact and maximize the number of jobs generated. Pareto-optimal solutions were obtained

using ε-constraint method which was tested on a case study territory Mexico. This study

focuses on di�erent types of agricultural biomass, wood chips, sawdust and commercial wood

for producing ethanol, hydrogen and biodiesel.
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Overall, Figure ?? shows the number of papers using single criterion and multi-criteria mod-

els at strategic level. Similarly, Figure ?? demonstrates the number of papers using single

criterion and multi-criteria models at tactical and operational levels throughout years. 68%

of papers at strategic level used single criterion and the rest used multi-criteria models. At

tactical and operational levels this number is 67% for single criterion and for 33% multi-

criteria models. As it is shown, multi-criteria models are less common and relatively recent,

especially at tactical and operational levels and all propose a mathematical model which is

often accompanied by an ε-constraint method (see Table 2.1).
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Figure 2.4: Single criterion and multi-criteria models throughout years.
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Table 2.1: Criteria in strategic biomass supply chains literature.

Publication TC ↓ TP ↑ NPV ↑ FI ↑ TD ↓ TRC ↓ GHG ↓ ER ↑ EC ↓ CJ ↑ EF ↓ SF↓
De Mol et al. (1997) X

Venema and Calamai (2003) X

Freppaz et al. (2004) X

Leduc (2008) X

Reche López et al. (2008a) X

Reche López et al. (2008b) X

Eksioglu et al. (2009a) X

Frombo et al. (2009) X

Rentizelas et al. (2009a) X

Tursun et al. (2009) X

Huang et al. (2010) X

Leduc et al. (2010) X

Parker et al. (2010) X

Vera et al. (2010) X

Bowling et al. (2011) X

Kim et al. (2011) X

Leão et al. (2011) X

Alam et al. (2012) X

Kostin et al. (2012) X

Marvin et al. (2012) X

Walther et al. (2012) X

Wang et al. (2012) X

Awudu (2013) X

Continued on next page
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Table 2.1 � Continued from previous page

Publication TC ↓ TP ↑ NPV ↑ FI ↑ TD ↓ TRC ↓ GHG ↓ ER ↑ EC ↓ CJ ↑ EF ↓ SF↓
Marufuzzaman et al. (2014) X

Roni et al. (2014) X

Ahn et al. (2015) X

Li et al. (2016) X

Lim and Lam (2016) X

Rabbani et al. (2016) X

Castillo-Villar et al. (2017) X

López-Díaz et al. (2017) X

Rozakis et al. (2001) X X

Ayoub et al. (2007) X X X

Geijzendor�er et al. (2008) X X X X

Alam et al. (2009) X X

Mele et al. (2009) X X

Zamboni et al. (2009) X X

Ayoub and Yuji (2012) X X

Cucek et al. (2012) X X X

Pérez-Fortes et al. (2012) X X X

Akgul et al. (2014) X X

Grigoroudis et al. (2014) X X

Liu et al. (2014) X X X

Balaman (2016) X X

Paolucci et al. (2016) X X

Osmani et al. (2017) X X X

Roni et al. (2017) X X X
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Table 2.2: Criteria in tactical and operational biomass supply chains literature.

Publication TC ↓ TP ↑ NPV ↑ TRC ↓ GHG ↓ EC ↓ EP ↑ CJ ↑
Cundi� et al. (1997) X
Gunnarsson et al. (2004) X
Chinese and Meneghetti (2005) X
Dunnett et al. (2007) X
Bruglieri and Liberti (2008) X
Ravula et al. (2008) X
Van Dyken et al. (2010) X
An et al. (2011a) X
Zhu et al. (2011) X
Zhu and Yao (2011) X
Han and Murphy (2012) X
Zhang and Hu (2013) X
Azadeh et al. (2014) X
Shabani et al. (2014) X
Santibañez-Aguilar et al. (2015) X
Sharifzadeh et al. (2015) X
Sosa et al. (2015) X
Kumar et al. (2016) X
Mohseni and Pishvaee (2016) X
Shabani and Sowlati (2016) X
Marufuzzaman and Eksioglu (2017) X
Kumar and Sokhansanj (2007) X X X
Elms and El-Halwagi (2010) X X
You and Wang (2011) X X
You and Wang (2012) X X
You et al. (2012) X X X
Fazlollahi and Maréchal (2013) X X
Aldana et al. (2014) X X X
Santibañez-Aguilar et al. (2014) X X X
De Meyer et al. (2016) X X
Miret et al. (2016) X X X
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2.6 Solution methods

This section is devoted to the solution methods that are applied to biomass supply chains

models. They can be partitioned in the following �ve groups. Although Multi-Criteria Deci-

sion Analysis (MCDA) is often based on mathematical programs, we prefer to discuss it in a

separate category:

� Mathematical programming solvers,

� Heuristics,

� Multi-Criteria Decision Analysis (MCDA) methods,

� Geographic Information Systems (GIS),

� Simulation methods.

2.6.1 Mathematical programming solvers

As shown in Tables 2.3 and 2.4, the majority of work develops MILP Models in biomass sup-

ply chains design and planning. The proposed models are hence solved by using commercial

solvers. Huge linear programs can be solved to optimality nowadays, but the running time

grows quickly when integer variables are added. Non-linear formulations are even more prob-

lematic since only a local optimum is achieved, unless convexity properties hold. Fortunately,

many expressions that look non-linear (like piecewise linear cost functions) can be linearized,

often at the expense of additional binary variables.

Cundi� et al. (1997) designed for a herbaceous biomass delivery system one of the rare pure

linear programs (LP) of the literature. By reformulating this LP as a two-stage scenario-based

problem, uncertainties on production levels and weather conditions can be handled. The total

cost, involving transportation, storage expansion, demand schedules and capacity violation

penalties, is to be minimized.

MILPs are required when facilities must be located and sized. The most compact models

consider a single-period but no period index. For instance, Judd et al. (2010) detail an

MILP to locate satellite storages, intermediate between small on-farm storages and larger

centralized warehouses. The objective function consists of the cost of transporting biomass

from production �elds to the centralized storage and centralized storage costs. The MILP in

Kim et al. (2011) deals with a supply chain where �ve forest biomass types feed a pyrolysis

plant whose outputs may be used locally, to produce energy, or sent to a conversion plant to

get gasoline and biodiesel. The two plants are located and dimensioned to maximize total

pro�t.

Larger models address multiple periods. Huang et al. (2010) devise a strategic multi-stage

MILP, involving ten 1-year periods, to deploy and adjust capacities of bio-re�neries and to

determine their biomass sources for minimizing the total system cost. The goal of another
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MILP elaborated by Chinese and Meneghetti (2005) is to recycle wood waste in a chair-

manufacturing district to maximize overall pro�t over 52 periods of one week. Existing or

new boilers can be interconnected and their power is adjusted each week to satisfy demand

curves for heat and electricity. More recently, De Meyer et al. (2016) proposed a strategic

and tactical MILP, involving 5 periods in one year horizon, by considering the temporal

availability and regeneration of biomass to determine the optimal harvesting moments. This

study provides a sensitivity analysis by considering uncertainty on the weather and/or biomass

availability which are integrated through scenarios.

The MILPs in this family of models can be huge. For example, one is formulated in Zhang

and Hu (2013) to locate and supply conversion units for 99 counties, over 30 years divided

in months. It requires 145,000 variables (including 400 binary) and 219,000 constraints. The

considered objective is to minimize total annual cost including biomass transportation, biofuel

conversion, biofuel transportation, facility cost, and biofuel shortage penalty.

Non-linear models are not rare in heat or power production (due to non-linear relations be-

tween moisture and calori�c value), and in network design. Bruglieri and Liberti (2008) study

complex biomass supply chains where energy plant locations, plant capacities and arc capac-

ities in the network must be determined for minimizing the total costs. This later consists of

transportation costs, process costs and supplying commodities costs. The problem is formu-

lated as a Mixed-Integer Non-Linear Programming (MINLP) whose small instances can be

solved using a special branch-and-bound procedure with convergence guarantees. A MINLP is

also given in Akgul et al. (2014), it is dedicated to the optimal design of a bioelectricity supply

chain to optimize the total annual supply chain cost and the total annual GHG emissions.

Shabani et al. (2014) reformulate a multi-period Non-Linear Programming (NLP) model for

optimization of a forest biomass power plant supply chain into a linear programming model

to maximize overall pro�t. The developed model is then extended to a two-stage stochastic

linear programming model to include uncertainty in available biomass from di�erent suppliers.

2.6.2 Heuristics

Heuristics are required when the direct resolution of a mathematical model by a commercial

solver takes too much time. They are designed to be faster than exact algorithms but o�er

no guarantee of optimality. A few researchers on biomass supply chains have developed

metaheuristics, a family of heuristics in which various mechanisms avoid being trapped at a

local optimum. Contrary to mathematical models, which can be quickly implemented using

special languages close to the mathematical syntax, metaheuristics must be tailored for the

problem at hand and implemented in a conventional programming language.

Genetic algorithms (GA) work in parallel on a set of solutions encoded as chromosomes and

generate new solutions using crossover and mutation operators. Venema and Calamai (2003)
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apply this framework for the optimal location of bioenergy supply facilities in a rural region.

The goal is to minimize the total transport cost expressed as the product of demand and

distance, which leads to a variant of the p-median problem. A GA is also designed in Ayoub

and Yuji (2012). This paper describes a �exible framework to model complex biomass supply

chains, the Building Biomass Network (B-NET). A B-NET is de�ned by the authors as a group

of dependent and interconnected processes using one or more biomass resources that leads to

the production of a single or multiple bio-products. The optimization of the supply chain can

be done by solving a MILP derived from the B-NET, large instances are solved by mean of

the GA in reasonable running times. Multi-biomass and tri-generation energy supply systems

(electricity, heating, and cooling) for a living area are addressed in (Rentizelas et al., 2009a;

Rentizelas and Tatsiopoulos, 2010). Their particularity is to ignore the biomass production

and transportation segments: it is assumed that any amount can be purchased at a known

price. Non-linear programs are proposed to satisfy the energy demands of customers while

maximizing the net present value. As these NLPs are computationally intractable, a genetic

algorithm is developed to compute a good initial solution which is then improved using a

Sequential Quadratic Programming (SQP) method.

Swarm-based metaheuristics also manage a set of solutions but obey to di�erent principles.

Inspired by the behavior of �sh and bird swarms, they are based upon search agents which

move in solution space and cooperate to �nd better solutions. Reche López et al. (2008a)

select Binary Particle Swarm Optimization (BPSO) to locate and connect power plants fed

by forest biomass in a rural environment. The BPSO is used to maximize a pro�tability

index under non-linear constraints like voltage pro�les. Compared to a genetic algorithm, it

displays a faster convergence and returns better solutions. The same method is applied to

a smaller case study by Reche López et al. (2008b) and compared to a simulated annealing

procedure and a tabu search algorithm. Another swarm-based algorithm, Binary Honey Bee

Foraging (BHBF), is developed in Vera et al. (2010) and applied to a similar problem where

the biomass is composed of olive tree pruning residues. This BHBF outperforms slightly the

BPSO and the GA of the two previous articles.

In a recent study from Kumar et al. (2016), a heuristic approach based on the Adaptive Large

Neighbourhood Search (ALNS) framework is applied to solve a supplier selection and pro-

curement planning for a biopower plant under time windows and inventory level constraints.

The word matheuristic is used for hybrid methods combining exact solution procedures with

heuristics or metaheuristics. In this category of approaches, we can cite the work from Maru-

fuzzaman et al. (2014) that combine Lagrangian relaxation and L-shaped solution methods to

solve a two-stage stochastic mixed-integer linear programming model for designing and man-

aging biodiesel supply chains. The same year, Roni et al. (2014) develop a biomass supply

chains design model for co-�ring in coal-�red power plants by using a benders based decom-

position heuristic. The objective function minimizes the total of transportation, hub location
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costs, and penalty costs necessary to meet demand in this last work.

2.6.3 MCDA methods

Multi-Criteria Decision Analysis (MCDA) is de�ned as a decision aid and a mathematical

tool allowing the comparison of di�erent alternatives or scenarios according to many criteria,

often con�icting, to guide the decision maker towards a judicious choice (Roy, 1996). As an

example we consider two objectives f(x) and g(x) to be minimized, x being the vector of

decision variables.

The simplest solution method is to aggregate the objectives in a weighted sum λf(x) + (1−
λ)g(x), which is pertinent only if they are commensurable. Elms and El-Halwagi (2010)

apply this approach to maximize both the pro�t from the sale of biofuels and the incentives

received for reducing GHG emissions. Even in such cases, a weak point is that only one

solution is obtained. A solution u is said to dominate another one v if f(u) ≤ f(v) and

g(u) < g(v) or f(u) < f(v) and g(u) ≤ g(v). For instance, a solution with objective values

(20, 30) dominates (20, 32), (21, 30) and (23, 35), while (20, 30) and (19, 31) do not dominate

each other. A solution is non-dominated if no other solution dominates it. The aim of Pareto

optimization is to determine the set of non-dominated solutions or e�cient frontier.

Cucek et al. (2012) construct an MINLP model to optimize two objectives for regional biomass

supply chains: maximizing the total pro�t and minimizing one environmental or social foot-

print, selected in a set proposed by the authors. The ε-constraint method is employed to

approximate the e�cient frontier. Using our example with f(x) and g(x), the principle con-

sists in minimizing f(x) subject to the constraint g(x) ≤ ε, ε being a given constant. By

varying ε, a sequence of single-objective models can be solved to get non-dominated solu-

tions. A rural electri�cation problem is investigated by Pérez-Fortes et al. (2012). Several

pretreatment technologies may be used and economies of scale are modeled via piecewise linear

functions. A multi-objective MILP tackles economic, environmental, and social criteria. Like

in the previous study, it is solved using the ε-constraint technique. Liu et al. (2014) propose

an MILP with three optimization criteria dealing with economic, energy, and environmental

consideration. The �rst is measured through total annual pro�t, the second by the average

energy input and the last by GHG emission. To solve the problem, an ε-constraint method is

employed. In the same year, Aldana et al. (2014) evaluate the potential for producing energy

from agricultural residues with the help of a MILP optimization model. The number, loca-

tion, and size of processing facilities including fermentation, pyrolysis and gasi�cation, and

the amount of materials to be transported between various nodes of the designed network

are determined, while meeting some physical and logical constraints associated with material

and energy balances, technological restrictions, availability of di�erent agricultural residues

through seasons, and product demands. The objective is to maximize the overall gain of en-

ergy, reduction of CO2 emissions and to minimize the total cost. Like in most multi-objective
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approaches already cited, it is solved by using ε-constraint.

In a pioneer MCDA study, Rozakis et al. (2001) evaluate bio-electricity projects under six

optimization criteria. They use the more interactive reference point method to calculate e�-

cient solutions. Roughly speaking, the user selects desirable values (aspiration levels) for the

criteria, then the minimization of a special function based on the augmented weighted Tech-

byche� norm projects these values on the e�cient frontier, which yields one non-dominated

solution. Other e�cient solutions are determined by adjusting the aspiration levels, taking

into account the solutions computed at the previous iterations.

Other approaches exist but they are seldom considered. Ma et al. (2005) wish to select the

optimal sites for installing anaerobic digesters on farms on the basis of various economic,

environmental, and social factors. The Analytic Hierarchy Process (AHP) is used to estimate

the relative importance of these factors. Ahmad and Tahar (2014) also apply AHP for four

major resources, hydropower, solar, wind, biomass (including biogas and municipal solid

waste) by considering four main criteria, technical, economical, social and environmental

aspects.

Alam et al. (2009) employ goal programming to handle three criteria in a forest biomass

supply chains: supply cost, average distance to biomass resources (weighted by the amounts),

and biomass quality (humidity). Goal programming consists in selecting one target value for

each criterion (the goal) and minimizing the total deviation to these goals.

More recently, Paolucci et al. (2016) propose a two-tier optimization approach for biomass

supply chains design where GHG emissions and NPV are to optimize. These two criteria

were integrated within an aggregated objective function, and the performance of the method

is shown through a case study involving a territory in northern region of Italy.

2.6.4 Geographic information systems

A Geographic Information System (GIS) is a software to capture, store, manage, retrieve,

analyze, and display spatial or geographical information. GIS help to make better decisions

in facility location, route selection, evacuation planning, access to natural resources, etc.

Built-in functions allow for instance to compute the length of a road or the area of a land.

A GIS alone is not designed for optimization but the examples below show that it can be

coupled with a mathematical model.

A decision support system for forest biomass exploitation is implemented by Freppaz et al.

(2004). It calculates the location, the size, and the kind of energy (heat and/or power) pro-

duced by each combustion plant. The system uses a GIS-based interface to the characteriza-

tion of the problem and to compute the input parameters involved in the problem formulation,

and a MILP is solved within an optimization module by means of LINGO solver.
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Alam et al. (2012) optimize the supply chain of a forest biomass power plant using a GIS-based

optimization model. The goal is to minimize a total cost including felling, pruning, piling,

loading, and transportation. The GIS is used to estimate transport costs from each forest cell

to the power plant. Accessibility of biomass, logistics, costs and environmental aspects can

be handled by the GIS-BIOLOCO tool presented by Geijzendor�er et al. (2008). Using goal

programming, the �nancial revenue and the energy return can be maximized and the costs

and GHG emissions minimized. The role of the GIS is to compute more precisely transport

costs and expected supply of biomass. Frombo et al. (2009) develop a decision support system

to dimension an energy production plant and plan its supplies in woody biomass. Via a GIS-

based interface, the decision maker may de�ne the forest parcels to harvest, the plant location,

and other data for the optimization module. Also, Velazquez-Marti and Fernandez-Gonzalez

(2010) use a GIS to extract the network of a bioenergy supply chain. The goal is to minimize

transportation costs and setup costs of bioenergy plants. As all the energy produced by a

plant should be consumed, the cities are aggregated to require this amount of energy. A plant

is then located at the centroid of each cluster, using the GIS, and a linear program is developed

to optimize the �ows from the biomass supply zones to the plants. Ayoub et al. (2007) describe

a sophisticated two-level Decision Support System (DSS) to plan and implement bioenergy

production systems. The DSS models the decisions of national planners and their applications

at the regional level. The software combines a GIS, a database, a simulation module, and an

optimization module based on a genetic algorithm. The fuzzy C-means clustering methods

are used to group the collection points and assign them to storages.

2.6.5 Simulation

Optimization models are not convenient for complex systems comprising a large number of

interacting activities, uncertainties on data, stochastic phenomena, or objective functions

without known analytical expressions. Simulation methods are a tool of choice in such situ-

ations. Using a dedicated software, the system at hand is modeled, then a long period of its

real activities is simulated very quickly to compute various performance evaluation criteria.

An early simulation system implemented in the SLAM language is discussed in (Gallis, 1996).

It aims at evaluating di�erent policies to exploit forest parcels, from felling to storage. De Mol

et al. (1997) describe a simulation model called BIOLOGICS (Biomass Logistics Computer

Simulation) and written in PROSIM, to evaluate the supply chain of a conversion unit. In

particular, it can take biomass degradations and moisture contents into account. Nilsson

(1999, 2000) analyze the in�uence of various climatic, geographical, and biological factors on

the delivery costs of straw to heating plants, by using a dynamic simulation model accepting

di�erent straw pretreatments.

Sokhansanj et al. (2006) describe in detail a �exible model called Integrated Biomass Supply

Analysis and Logistics (IBSAL). Implemented in the EXTEND simulation environment, it
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is applied to the collection and transportation of corn stover. This model is known for its

accurate description of activities over planning horizons of up to 365 days. Another example

of simulation study based on IBSAL framework can be found in (Mobini et al., 2011) to

design a logistic system to supply forest biomass to a potential power plant. It allows to

compute the cost of delivered forest biomass, the moisture contents, and the carbon emissions

from logistic operations. It has been improved and applied to various biomass supply chains.

For instance, Kumar and Sokhansanj (2007) employ it for a switchgrass delivery system with

baling, loa�ng and ensiling activities. Finally, simulation can go down to the operational

level, like in (Ravula et al., 2008) where a �rst-in �rst-out logistic system for a cotton gin is

evaluated to analyze the average truck utilization and the impact of �eet size.

One the whole, Figure ?? demonstrates the number of papers using di�erent solution methods

for biomass supply chains models at strategic level throughout the years. Similarly, Figure ??

shows the number of papers using di�erent solution methods for tactical and operational level.

As shown, in both strategic and tactical/operational levels, using mathematical programming

solvers as the solution method is more common. Over these years, the use of heuristic methods

has become more common, but still they do not constitute the biggest proportion of the

utilized methods.
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Figure 2.5: Various solution methods throughout years.
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Table 2.3: Strategic problems studies: classi�cation according to modeling and solution approaches issues.

Publication Multi-

criteria

Stochastic

parameters

Model Solution approach Country (if case

study)

De Mol et al. (1997) No No BIOLOGICS Simulation (PROSIM) Netherlands

Rozakis et al. (2001) Yes No � GIS Farsala-Greece

Venema and Calamai (2003) No No MILP Metaheuristic (GA) Northern India

Freppaz et al. (2004) No No MILP GIS + LINGO solver Italy

Ma et al. (2005) Yes No � GIS + AHP Tompkins - U.S.

Ayoub et al. (2007) Yes No DSS GIS + Simulation + Matlab solver + GA Japan

Leduc (2008) No No MILP � Austria

Reche López et al. (2008a) No No NLP GIS + Metaheuristic (BPSO) No

Reche López et al. (2008b) No No NLP GIS + Metaheuristic (BPSO,SA,Tabu) No

Alam et al. (2009) Yes No MILP Goal programming+LINGO solver Ontario-Canada

Eksioglu et al. (2009a) No No MILP CPLEX solver Mississippi-U.S.

Frombo et al. (2009) No No MILP EDSS-GIS based Savona-Italy

Mele et al. (2009) Yes No MILP GAMS with CPLEX solver Argentina

Rentizelas et al. (2009a) No No NLP Hybrid (GA+SQP) Thessaly-Greece

Tursun et al. (2009) No No MILP � Illinois-U.S.

Zamboni et al. (2009) Yes No MILP GAMS with CPLEX solver +ε-constraint Northern Italy

Huang et al. (2010) No No MILP AMPL-CPLEX solver California-U.S.

Judd et al. (2010) No No MILP CPLEX solver Virginia-U.S

Leduc et al. (2010) No No MILP � Sweden

Parker et al. (2010) No No MILP GIS + CPLEX solver Western U.S.

Vera et al. (2010) No No NLP Matlab solver + GIS + BHBF + GA No

Akgul et al. (2011) No No MILP GAMS with CPLEX solver Northern Italy

Bowling et al. (2011) No No MILP GAMS solver No

Kim et al. (2011) No Yes Stochastic MILP GAMS with CPLEX solver Southeastern U.S.

Leão et al. (2011) No No MILP CPLEX solver Brazil

Continued on next page
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Table 2.3 � Continued from previous page

Publication Multi-

criteria

Stochastic

parameters

Model Solution approach Country (if case

study)

Alam et al. (2012) No No � GIS Ontario-Canada

Ayoub and Yuji (2012) Yes No MILP Matlab solver + B-NET + Metaheuristic (GA) Northern Japon

Chen and Fan (2012) No Yes Two-stage SP Lagrangian relaxation California-U.S.

Cucek et al. (2012) Yes No MINLP ε-constraint + GAMS solver No

Kostin et al. (2012) No Yes Two-stage MILP GAMS with CPLEX solver Argentina

Marvin et al. (2012) No No MILP CPLEX solver U.S

Pérez-Fortes et al. (2012) Yes No MILP GAMS + STN + ε-constraint Ghana

Walther et al. (2012) No No MILP CPLEX solver Germany

Wang et al. (2012) No No MILP GAMS solver Great Britain

Awudu (2013) No Yes LP Benders decomposition + Simulation + Matlab North Dakota-U.S.

Akgul et al. (2014) Yes No MILP GAMS solver U.K.

Grigoroudis et al. (2014) Yes No MILP Metaheuristic (Recursive method) No

Liu et al. (2014) Yes No MILP CPLEX solver +ε-constraint China

Marufuzzaman et al. (2014) No Yes Two-stage MILP Hybrid (Lagrangian relaxation+L-shaped) 9 states-U.S.

Roni et al. (2014) No No MILP Benders decomposition algorithm Midwest U.S.

Ahn et al. (2015) No No MILP CPLEX solver Korea

Balaman (2016) Yes No MILP ε - constraint + CPLEX solver Izmir-Turkey

Li et al. (2016) No No MILP Gurobi solver + GIS California-U.S.

Lim and Lam (2016) No No LP GAMS solver Malaysia

Paolucci et al. (2016) Yes No MILP Two-tier approach+ GAMS with CPLEX solver Northern Italy

Rabbani et al. (2016) No No MILP GAMS with CPLEX solver No

Osmani et al. (2017) Yes Yes MILP Augmented ε - constraint + Bender decomposi-

tion + SAA method

Midwestern U.S.

Castillo-Villar et al. (2017) No Yes Two-stage SP Gourbi solver + Multi-cut L-shaped algorithm Tennessee, U.S.

López-Díaz et al. (2017) No No MINLP GAMS with CPLEX solver Central Mexico

Roni et al. (2017) Yes No MILP Augmented ε-constraint U.S.
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Table 2.4: Tactical and operational studies: classi�cation according to modeling and solution approaches issues.

Publication Multi-

criteria

Uncertain

parameters

Model Solution approach Country (if case

study)

Cundi� et al. (1997) No Yes LP CPLEX solver Virginia-U.S.

Nilsson (1999, 2000) No No SHAM Dynamic Simulation (SIMAN) Sweden

Gunnarsson et al. (2004) No No MILP MILP solver, Heuristic (LP relaxation) Sweden

Chinese and Meneghetti (2005) No No MILP CPLEX solver North Italy

Sokhansanj et al. (2006) No No IBSAL Simulation (EXTEND) U.S.

Dunnett et al. (2007) No No MILP CPLEX solver No

Kumar and Sokhansanj (2007) Yes No IBSAL Simulation Mid-west U.S.

Bruglieri and Liberti (2008) No No MINLP Branch and Bound Marche-Italy.

Ravula et al. (2008) No No � Simulation U.S.

Elms and El-Halwagi (2010) Yes No MINLP MCDA No

Van Dyken et al. (2010) No No MILP CPLEX solver No

An et al. (2011a) No No MILP CPLEX solver Central Texas-U.S.

Mobini et al. (2011) No No IBSAL Simulation (ExtendSim) Quesnel-Canada

You and Wang (2011) Yes No MILP ε-constraint Iowa-U.S.

Zhu et al. (2011) No No MILP CPLEX solver No

Zhu and Yao (2011) No No MILP CPLEX solver No

Han and Murphy (2012) No No ILP Metaheuristic (SA) No

You and Wang (2012) Yes No MILP ε-constraint Iowa -U.S.

You et al. (2012) Yes No MILP ε-constraint Illinois-U.S.

Fazlollahi and Maréchal (2013) yes No MILP Decomposition approach No

Zhang and Hu (2013) No No MILP ArcGIS+CPLEX solver Iowa-U.S.

Aldana et al. (2014) Yes No MILP ε-constraint + GAMS with CPLEX solver Mexico

Azadeh et al. (2014) No Yes LP CPLEX solver No

Santibañez-Aguilar et al. (2014) Yes No MILP GAMS solver + ε-constraint Mexico

Shabani et al. (2014) No Yes SP CPLEX solver No

Continued on next page
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Table 2.4 � Continued from previous page

Publication Multi-

criteria

Stochastic

parameters

Model Solution approach Country (if case

study)

Santibañez-Aguilar et al. (2015) No No MIDO GAMS solver Mexico

Sharifzadeh et al. (2015) No Yes MILP GAMS with CPLEX solver London-U.K.

Sosa et al. (2015) No No LP What'sBest solver+ GIS Ireland

De Meyer et al. (2016) Yes Yes MILP - Belgium

Kumar et al. (2016) No No MILP CPLEX solver+ Metaheuristic (ALNS) No

Miret et al. (2016) Yes No MILP Goal programming (MILP solver) France

Mohseni and Pishvaee (2016) No Yes MILP GAMS with using CPLEX solver No

Shabani and Sowlati (2016) No Yes SP Scenario tree + CPLEX solver No

Marufuzzaman and Eksioglu (2017) No No MINLP Hybrid Benders-based rolling horizon algorithm Southeast U.S.
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2.7 Recent studies presenting novelty

This section reviews studies presenting novelty in biomass supply chains optimization either

by considering particular supply chains structures or presenting new modeling and/or solution

methods. Some references have been already cited brie�y in the previous sections. Here a

focus is made on recent studies, other works published before 2014 can be found in Gold

and Seuring (2011), Sharma et al. (2013), De Meyer et al. (2014) and Cambero and Sowlati

(2014).

López-Díaz et al. (2017) propose a MINLP problem for the design of a bio-re�ning system by

considering the interactions with the surrounding watershed in central-west part of Mexico.

This paper takes into account the three segments of the supply chain including the growing

part, this is seldom done in the literature. Indeed, the majority of published works considers

the products only when they are ready to be harvested. The presented model determines the

optimal facility location for cultivation sites and bio-re�ning facilities, selection of feedstocks,

distribution of raw materials and products, and strategies for water usage and waste water

discharge. The objective is the total annual pro�t that includes the sales of products, minus

the capital and operating costs associated with bio-re�neries, produced feedstocks, water, and

transportation costs.

Little attention is paid to variability of data in biomass supply chains. Castillo-Villar et al.

(2017) develop a two-stage (linear) stochastic programming model to minimize the total cost

of transportation, location, technology selection, and quality (de�ned by moisture and ash

contents) with a case study in the state of Tennessee, U.S. The stochastic parameters in-

clude moisture and ash contents. Di�erent algorithms are designed to solve the problem:

e.g., L-shaped, L-shaped with trust region cuts and algorithmic improvements, and multi-

cut L-shaped algorithm. Few studies are dedicated to handling stochastic parameters in the

current state-of-the-art. The same year, Osmani et al. (2017) published a paper dedicated

to a stochastic sustainable multi-feedstock second generation bioethanol supply chain. The

uncertain parameters are the bioethanol demand and bioethanol sale price. An augmented

ε-constraint as well as a modi�ed Sample Average Approximation (SAA) method used within

a Benders decomposition are tailored to solve the problem. A two-stage MILP optimization

under uncertainty in UK to maximize NPV is proposed by Sharifzadeh et al. (2015). The �rst

stage decision variables such as number, type, location and size of the processing plants and

mobile pyrolyzers are determined, as well as the second stage decisions such as �ow rates of

materials (biomass, pyrolysis oil and fuel) and relocation of mobile pyrolyzers. The uncertain

parameters include the raw material availability, due to its dependence on weather conditions,

and the biofuel demand.

Dynamic Problems are even less studied. Among the recent studies we can cite the contribu-

tion from Marufuzzaman and Eksioglu (2017) devoted to dynamic freight routing in biomass
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supply chains with multi-modal facilities. This paper develops an MINLP model to minimize

the total costs in the transportation network including the �xed cost of using multi-modal

facilities, the �xed cost of transporting cargo containers between two facilities, the variable

transportation costs and the penalty cost of unmet demand. A linear approximation is pro-

posed to solve the MINLP model by using a hybrid Benders-based rolling horizon algorithm.

Another example of mixed-integer dynamic optimization model is investigated by Santibañez-

Aguilar et al. (2015) with the objective of maximizing the total pro�t. This paper proposes

a model based on predictive control methodology to obtain the behavior of the storages and

orders of the supply chain for the optimal planning of a distributed bio-re�nery system. Pro-

cessing technologies, processing facilities, manufactured products and utilizing raw materials

are selected to maximize the satis�ed product demand for the consumers.

Variability of data can also be handled by fuzzy logic. In this spirit, Balaman (2016) develops a

multi-biomass multi-period model for minimization of the supply chain cost and minimization

of the GHG emissions simultaneously. To deal with the multi-objective problem, an integrated

approach based on fuzzy decision making and ε-constraint method is applied with a case study

in Izmir, Turkey. The proposed fuzzy logic based procedure aims to determine the ranges of

ε-constraint method more realistically by integrating uncertainties.

Rabbani et al. (2016) propose a MILP model for biofuel supply chain by considering depre-

ciation cost of installed plants. The objective is to maximize the total bene�ts including the

net present value, minus total costs consisting of setup cost for preprocessing centers, plants

and warehouses, transportation, production, emission and the depreciation. The selection of

preprocessing centers for biomass, biofuel plants, and warehouses to store biofuels are deter-

mined. Moreover, in each period from methods like straight line depreciation, Sum of the

Years Digits and Double Declining Balance Depreciation, the best method is considered.

Considering pretreatment facility is even less studied. Li et al. (2016) measure the economic

impact of combined torrefaction and pelletization processes on forestry biomass supply in Cal-

ifornia. The proposed multi-modal MILP optimize the feedstock supply chain design with and

without distributed pretreatment. The model's objective is to minimize the annualized total

cost including procurement, pretreatment and transportation by using data from GIS analysis

along with torrefaction and densi�cation costs estimated for �ve pretreatment capacities or

production scales.

Biomass Element Life Cycle Analysis (BELCA) is addressed in Lim and Lam (2016) for

biomass supply chains optimization in Malaysia. Instead of considering biomass species, this

approach study the element characteristic of each biomass from plantation site and biomass

generated from process plant. The element characteristic includes cellulose, hemicellulose,

lignin, ash, �xed carbon, moisture content and volatile matter. The formulation of this

method includes mass constraints for overall material balance and element constraints that
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determine the biomass selection based on element acceptance range, with the objective of

maximizing the net pro�t of biomass supply chains system.

An example of future con�guration of microalgae-based biofuel supply chain can be found

in Mohseni and Pishvaee (2016). The robust MILP model is based on batch and continuous

production systems including activities such as transporting freshwater, saline water, waste

water and CO2 by pipeline, procurement of hexane and methanol required for lipid extraction

and conversion from local markets. The objective is to minimize biodiesel production cost

consisting of capital cost, operation costs, water and nutrients costs and transportation cost,

minus the revenue from selling the products.

A decomposition approach is explained in Fazlollahi and Maréchal (2013) for a multi-period

and multi-objective problem raised by the initial design of integrated urban energy systems.

A multi-objective evolutionary algorithm is �rst executed to select and dimension conversion

technologies. Thermo-economic simulation models are run in a second step to determine

parameters for the selected technologies, e.g., the operating temperature. A MILP is solved

in the last step to obtain the utilization rates of the technologies in each period to satisfy

demands.

2.8 Publications more related to this thesis

The goal of this project is to locate several bio-re�neries and to plan their supplies over a

multi-period planning horizon, to minimize total cost and environmental criteria. Hence, it

combines strategic location decisions and tactical decisions, such as the amounts harvested in

each zone in each period. The �rst ones requires binary variables while the others involve a

large number of real variables due to the period index. This leads to hard large-scale models,

which are complicated by additional features which are sometimes tackled in the literature:

� A long planning horizon (1 year) divided in elementary periods (weeks),

� Several types of biomass required by the re�neries,

� Possible preprocessing facilities,

� Existence of centralized storages,

� Multiple re�neries, existing or to be located,

� Possibility of using multiple transport modes.

We gathered in Table 2.5 publications addressing at least one of these features. Like in our

project, all consider a multi-period planning horizon.
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Table 2.5: Publications addressing some features of this thesis.

Publication Multi- Re�neries Main storages Pretreatment Multimodal
biomass Placed To place Placed To place facilities transport

Tembo et al. (2003) X X X
Eksioglu et al. (2009a) X X X X X
Huang et al. (2010) X X X
An et al. (2011a) X X X X
Giarola et al. (2011) X X X
Papapostolou et al. (2011) X
Shastri et al. (2011) X X
Zhu et al. (2011) X X X X X
Zhu and Yao (2011) X X X X X
Akgul et al. (2012) X X X
You and Wang (2012) X X X X
Bernardi et al. (2013) X X X X
Sharma et al. (2013) X
Zhang and Hu (2013) X X X
Xie et al. (2014) X X X
Ba et al. (2015) X X X
Miret et al. (2016) X X X
Shabani and Sowlati (2016) X X X

The reader can notice that no published work covers simultaneously all the features of the

problem tackled in this thesis. In fact, there are other speci�c features of this project that

are not included in the table due to lack of space:

� While published models focus on one crop, or several crops but from the same family

(e.g., seed crops, lignocellulosic crops, or forest residues), the re�neries in this project

require products from di�erent families (e.g. rape and miscanthus).

� Not only several crops are considered, but also several products can be derived from

each crop, e.g., seeds, straw, and cha� from rape.

� On-farm storages and input storages at re�neries are considered to increase storage

capacity of the supply chain.

� For each storage, we distinguish between silo capacity and platform/shed capacity. Silo

capacity can be shared by all seed products while platform/shed capacity can be shared

by baled products and wood chips.

� Depending on the distance between two sites of the supply chain, di�erent vehicles can

be employed to transport biomass.

� The objective function, to be minimized, can be selected among several options: total

cost only, weighted sum of costs and environmental criteria, or multi-objective opti-

mization in the Pareto sense.

Hence, the mathematical model to develop combines for the �rst time several features studied

separately in the literature and adds several original characteristics.
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2.9 Conclusion

This chapter illustrates the variety of models for biomass supply chains, their objective func-

tions, decision levels, and solution methods employed. Biomass logistics di�ers signi�cantly

from industrial logistics because biomass is collected over vast territories, during limited har-

vesting windows, and it must be densi�ed or pretreated to ease storage and transportation

while limiting dry matter losses by degradation. Logistics optimization is critical since the

biomass itself is not very expensive. In fact, an important fraction of the products delivered

to a bio-re�nery resides in logistic costs.

Most researchers working on biomass supply chains are a�liated to departments of agricul-

ture or chemical engineering from various universities. Although they are experts in biomass,

cultivation systems, and conversion processes, they rely too often on mathematical models

which are directly solved using commercial solvers. Still too few specialists in industrial engi-

neering and operations research are involved in biomass logistics, although they could bring

the considerable amount of knowledge accumulated in industrial logistics. In our opinion,

a key-factor of success resides in the constitution of multi-disciplinary teams combining all

these domains.

Another important issue concerns model granularity: to solve larger instances, many authors

divide arbitrarily the territory in rectangular zones or consider longer periods in the planning

horizon. This higher abstraction level can lead to a lack of realism. Among other examples,

except in some simulation models, the required equipment is not detailed enough, especially for

harvesting operations. Inventories are possible only at storage nodes but not in preprocessing

plants and bio-re�neries, although the two latter facilities have their own input and output

storages in reality.

Finally, if a substantial number of publications share some features with our thesis, we found

no research work combining in a single model all the constraints that we have to handle in

the project.
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Chapter 3

Data model

3.1 Introduction

The role of a data model is to list, analyze and structure in a logical way the set of data

required or produced by a software application. The result is a set of tables which can be

recorded in a database management system. Later, the tables containing the input data can

be loaded in a mathematical programming environment to solve optimization problems. The

results of the optimization process (values of variables and objective function) can also be

stored as database tables.

A good example of data model published for biomass supply chains can be found in (De Meyer

et al., 2016). This chapter describes also a relational data model but for the kind of chains

studied in this thesis. This model is currently implemented in EXCEL, simple, widespread,

and well known software, but it can be easily moved to a true database management system

such as ACCESS or ORACLE.

This chapter is structured as follows. Section 3.2 reminds the main features and assumptions

of this thesis. The basic principles of relational database design are recalled in Section 3.3. An

overview of the data model is provided in Section 3.4, with a graphical representation of the

Conceptual Data Model (CDM) and a list of tables. The tables are detailed in Sections 3.5 to

3.17. A simple EXCEL interface to generate optimization scenarios without �lling manually

the biggest tables is described in Section 3.18. Finally, the conclusion is presented in Section

3.19.

3.2 Reminder of main features and assumptions

� The aim is to optimize biomass supply chains for several re�neries, at the tactical

decision level.

� The planning horizon is divided into discrete time slots ("periods"), currently 52 periods
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CHAPTER 3. DATA MODEL

of 7 days.

� The area studied corresponds to Picardie and Champagne-Ardenne, not to new 2015

regions.

� It is partitioned in discrete units called "zones" (currently 279 cantons).

� The cantons are those of the 2010 agricultural census, used to prepare biomass produc-

tion data.

� Each zone yields various "products" de�ned by a crop, a crop part and a form (bulk,

bales. . . ).

� Re�neries are already placed or must be located, and there is at most one per zone.

� Each re�nery de�nes its needs per product and per period.

� The supply chain considered ranges from harvested products, ready to ship, to re�nery

storages.

� Biomass production data are computed by Agro-Transfert and include cultivation and

harvesting.

� The density and humidity of each product is the same, whatever the zone is.

� Humidity and density of stable products do not change along the chain but storage loss

is handled.

� The amount, cost, GHG emission, fuel and energy consumption per product depend on

the zone.

� Products are currently transported by road but other transport modes can be added.

� The data base for one optimization scenario is stored in an EXCEL workbook.

� The mathematical model is a mixed 0-1 linear program.

� The only integer variables are binary variables used to locate re�neries.

� The objective function is a linear combination of total cost, GHG emission and energy

consumption.

� It is also possible to optimize one objective, subject to the others replaced by constraints.

� The math model is "data-driven": all data even the network structure is stored in

external �les.

� It should be �exible despite current choices (e.g., new products, preprocessing sites. . . ).

� The math model is implemented using the mathematical programming environment

XPRESS.

3.3 Basic principles of relational data base design

3.3.1 Conceptual Data Model (CDM)

To avoid typing data directly in the mathematical models, they must be stored in external �les.

This design choice brings several advantages: data can be typed and checked more easily, �les

prepared by the AMBRE partners can be imported, several scenarios can be solved for the

same mathematical model (by copying and modifying the set of �les), the model equations
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3.3. BASIC PRINCIPLES OF RELATIONAL DATA BASE DESIGN

are well separated from its data and can be better protected from unauthorized modi�cations

by the users, etc.

A good way to structure logically a big set of data is to design a database, a set of linked �les

o�ering a better protection against common errors like duplicate or missing records. Instead

of using a true DataBase Management System (DBMS) such as ACCESS or ORACLE, we

selected EXCEL: it is easier for end-users and its �les can be read by most mathematical

programming solvers. Another advantage is that VBA procedures can be developed to perform

useful precomputations in the worksheets.

The structuration of a database, independently of data values, is called data model. Most

databases today comply with the relational data model, in which data must be decomposed

into a set of linked tables. To reduce complexity when designing a relational data model, it is

recommended in a �rst step to prepare a graphical representation called Conceptual Data

Model (CDM). In a second step, this CDM can be converted into a set of tables which are

then implemented in EXCEL or in a true DBMS.

This section explains brie�y how to design a CDM. This is based on only two concepts, entities

and relationships. Note that the examples given in this section are not the real entities and

relationships for AMBRE, which are described from Section 3.4 onwards.

An entity is a set of persons or things (real or abstract) of the same nature, called members of

the entity. An attribute is an information common to all members of the entity, e.g., a set of

people can be modeled as an entity PERSONS, with attributes such as �rst name, last name,

birth date, weight. . . An attribute must be an "atomic" piece of information, i.e., it cannot

be decomposed. For instance, an attribute cannot be a set, an ordered list or a 1-dimensional

array.

The identi�er (ID) or key of an entity is one attribute to identify unambiguously each member.

The key is mandatory and all members must have distinct keys. For PERSONS, it is a bad

idea to use the last name as key if the database contains two "Smith". If we have "John

Smith" "Paul Smith", it is possible to de�ne a key with two attributes, the �rst and last

names, until another "Paul Smith" comes and ruins this design. Moreover, as the key is used

to retrieve members in a database, typing long keys becomes quickly tedious and increases

the risk of mistakes. Therefore, one special attribute is often added to provide a short and

unambiguous key. The simplest one is a sequential number, but other specially designed

identi�ers such as social security numbers and bar codes are well known.

Contrary to the example with John and Paul Smith, identi�ers with several attributes can be

useful. For instance, a graph can be de�ned by a list of arcs with one origin i, one destination

j, one length etc. We can number these arcs sequentially and use the sequential number as

identi�er, but the pair (i, j) can also be used as key and corresponds more to the traditional
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mathematical notation for arcs.

An entity is represented graphically in a CDM by a rectangular box with a chosen name in

the header (the plural is often employed, to recall that we denote a set), followed by selected

attribute names in any order. The attribute for the key are underlined. For instance, Figure

3.1 depicts one entity for cultivated plants, called CROPS, with one identi�er CID (e.g., a

numerical code), one name CName (e.g., "Rape"), one harvesting window with begin and

end period [CBeg, CEnd], etc. We may use the same name for two attributes of two di�erent

entities, but they must be pre�xed by the entity name to avoid ambiguities in database queries:

for instance, if CROPS and another entity FARMS have one attribute called Name, the user

must write either CROPS.Name or FARMS.Name when typing a query. As this naming

system is heavy when names are long, we use a widespread system, where each attribute has

a short pre�x recalling the entity, here a "C" for "CROPS" (see Figure 3.1).

CID        (crop identifier)
CName (crop name)
CBeg     (beginning of harvesting period)
CEnd     (end of harvesting period)
...

CROPS

 

Figure 3.1: Example of one entity for cultivated plants.

Entities are linked by relationships or associations. A relationship is symbolized by an elliptic

box with a selected name in the header, often a verb. Each involved entity (2 or 3, rarely more)

is connected to the ellipse by a line, with two numbers called cardinalities. The �rst number is

the minimum cardinality: 0, if members of the entity may exist without participating to the

relationship, or 1 if all members must participate. The second one is the maximum cardinality:

1, if each member of the entity may be involved at most once in the relationship, or N if it

may be involved several times.

Note that in a CDM two entity boxes or two relationship boxes cannot be connected directly:

there must be an alternation between entities and relationships when following a path. Apart

from this alternation, it is important to notice that each entity has its own existence, while a

relationship cannot exist without the entities it concerns.

Most relationships involve two entities (binary relationships). The simplest case is one with

maximum cardinalities 1 on both sides. Figure 3.2 uses CROPS and another entity

PICTURES that stores one picture PImage for each plant (all DBMS have an attribute type

for this). We could put the picture in CROPS to avoid a second entity. But if only a few

CROPS have a picture, we save space by storing separately the pictures, because they require

much more memory than other attributes (see Figure 3.2).

Apart from saving memory space, by storing separately big attributes, such relationships are
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PID
PImage
PDate
…

PICTURES

CID
CName
CBeg
CEnd
...

CROPS

GIVES 1,10,1

 

Figure 3.2: Example of maximum cardinalities 1 on both sides.

useful to model pairs on a set. In that case, they have two links to the same entity and are

called recursive relationships. Figure 3.3 models the pairing of students to prepare a project.

We de�ne min cardinalities 0 because some students can work alone, for instance if the number

of students is odd (see Figure 3.3).

SID
SFirstName
SLastName
SBirthDate
...

STUDENTS

WORKS WITH
0,1

0,1
 

Figure 3.3: Example recursive relationships.

Most binary relationships have a maximum cardinality 1 on one side and N on the

other. In Figure 3.4 , we keep CROPS but add one entity PRODUCTS with an identi�er

PID, a product name PName like "Rape straw bales", a crop part PPart ("Seeds", "Straw",

"Cha�"), a conditioning PCond ("Bulk", "Bales") and one yield PYield. The entities are

linked by a relationship "GIVES" to model that a crop is used to give products. The line on

CROPS side has min cardinality 1 if each crop registered must yield at least one product of

interest. The max cardinality is N because a crop can give several products. The connector

to PRODUCTS has two numbers 1, 1 because each product corresponds to one and only one

crop (see Figure 3.4).

PID
PName
PPart
PCond
PYield

PRODUCTS

CID
CName
CBeg
CEnd

CROPS

GIVES 1,11,N

 

Figure 3.4: Example of maximum cardinality 1 on one side, and N on the other.

The min cardinality is sometimes not critical. Using 1 on CROPS side, a DBMS will not allow

creating a new crop without creating at least one product for it. Hopefully, this is checked
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only when quitting the software, to let time to the user to do the two updates. If we wish

to enter one crop one day and its products later, we can set the min cardinality to 0. Both

options are possible. However, the min cardinality on PRODUCTS side must be 1: indeed, it

would be abnormal to store a product without crop. This consistency rule is checked by any

true DBMS (but not in EXCEL). For instance, if we delete rape in CROPS, all its products

are automatically removed, e.g., "Rape seeds bulk", "Rape straw bales", etc.

Binary relationships may have a maximum cardinality N on each side. Figure 3.5 has

two entities, PRODUCTS and ZONES, the latter de�ning territorial units (cantons) with an

identi�er ZID, a name ZName, a city chosen as center ZCenter, etc. The entities are linked by

a relationship PRODUCTIONS, de�ning the products obtained in each zone and the zones

yielding each product.

The cardinalities for ZONES are (0, N) because urbanized zones may have no product while

rural ones have several products in general. The ones for PRODUCTS are also (0, N): 0 if we

want to de�ne a product now but its zones later, and N because a product can be produced in

many zones. Note that relationships may have attributes, here an amount produced. Indeed,

it would be a mistake to put the amount in ZONES (amount for which product in this zone?)

or in PRODUCTS (amount of product, but for which zone?): clearly, the amount depends on

each pair (zone, product). This relationship will be implemented as a table of triplets (zone,

product, and amount) in the real database (see Figure 3.5).

ZID
ZName
ZCenter
...

ZONES

Amount

PRODUCTIONS0,N 0,N PID
PName
PPart
PCond
...

PRODUCTS

 

Figure 3.5: Example of maximum cardinality N on each side.

Figure 3.6 gives one example of ternary relation (with three entities), for the demands of a

set of re�neries (entity REFINERIES). The entity PRODUCTS has been already discussed.

The entity PERIODS is the set of periods of the planning horizon. This very simple entity

has only one attribute which is also its key, the period number. The relationship has one

attribute, the amount required (see Figure 3.6).

Roughly speaking, this relationship means that each amount is de�ned by a triplet (re�nery,

product, and period). The minimum cardinalities for REFINERIES and PRODUCTS are 0 if

we wish to enter products or re�neries which are not yet used. However, the 0 for PERIODS

is normal since it is possible to have no demands in some periods, for instance when re�neries

are closed. All maximum cardinalities are equal to N because a re�nery, a product or a period
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RID
RName
RCity
...

REFINERIES

Amount

DEMANDS0,N 0,N PID
PName
PPart
PCond
...

PRODUCTS

PERID

PERIODS

0,N

 

Figure 3.6: Example of ternary relation.

can be involved in several demands.

A natural question is to wonder why not de�ning Amount as a three-dimension array, indexed

by a re�nery i, a product j and a period t. There are two main reasons. First, such an array

would consume too much space, with one amount for each possible triplet (i, j, t). Indeed, the

array is very sparse in practice: some products are available only during a few weeks in the

year, some re�neries may be closed in winter or use only a subset of products, etc. A DBMS

is perfectly able of handling this sparsity. Second, RID, PID and PERID are not necessarily

integer indices: they can also be character strings, which make the �les and model results

more readable.

3.3.2 Conversion of the CDM into a set of tables

The CDM must be translated into a set of rectangular tables which specify the set of members

of each entity and the values of their attributes. Each table can be implemented as one

worksheet in EXCEL.

In a �rst step, each entity of the CDM must be converted into one table. The name of the

EXCEL worksheet is often the same as the entity name. Its rows correspond to the members

of the entity and its columns to the attributes. At this stage, rows and columns are also called

records and �elds. The �rst row (column headers) must give attribute names. It is a good

practice to put the keys in the �rst column. Table 3.1 shows a table translating the entity

CROPS and containing only two records at this moment, rape and camelina. In practice,

this table is stored in a homonymous worksheet in an EXCEL workbook. The structure of

resulting tables is not yet de�nitive, because the translation of some relationships may require

additional attributes in the tables of entities.
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Table 3.1: "CROPS" of cultivated plants.

CID CName CBeg CEnd

C1 Rape 1 14
C2 Camelina 15 28

In a second step, each relationship is examined. Some of them give birth to a table, while

others disappear and are implemented as additional �elds in the tables which represent the

linked entities. A relationship disappears in the �nal �les when it has at most one maximum

cardinality equal to N.

So, the binary relationships with maximum cardinalities 1 on both sides (see Table

3.1 "CROPS" and 3.2 "PICTURES") disappear. The relational data model rules only require

that the key of one entity be copied in the other. So, we may copy the crop identi�er CID in

PICTURES or the picture identi�er PID in CROPS. Consider the �rst option for instance (see

Table 3.1 "CROPS") CID has been copied in PICTURES and renamed into PCID "Picture

crop identi�er" to respect the pre�x "P" and avoid ambiguity with the CID of CROPS. For

each picture, this �eld is a kind of index, allowing a DBMS to retrieve all the attributes of

the crop used to make a product. However, how to �nd quickly the picture associated with

a crop, if it exists, without browsing all pictures? In fact, knowing that the relationship is

a bijection, all true DBMS will create automatically the index for the other direction. If we

want to do the same in EXCEL, we must create a pointer for the other direction, by adding

a �eld CPID "Crop picture identi�er" in CROPS.

Table 3.2: "PICTURES" of crop pictures.

PID PCID PImage PDate

P1 C1 Rape �owers 10/06/2015
P2 C2 Camelina �eld 15/09/2014

A binary relationship with maximum cardinality 1 on one side and N on the other

side disappears too. It is implemented by copying the key on N side into the table of the entity

on 1 side. For our CDM with CROPS and PRODUCTS, we have two tables CROPS 3.1, and

PRODUCTS 3.3. Compared to the CDM, we add one attribute PCID "Crop identi�er for

the product" containing the key for the crop of origin. Of course, the values of PCID must

exist in CROPS and this will be checked by any DBMS. Fields like PCID containing copies

of keys from another table are called foreign keys.

Note that even if a crop like "Rape" gives here 3 products, all data concerning rape are

stored only in the attributes of CROPS. A frequent error of beginners is to use no CDM and

to add columns for crop data in PRODUCTS. The same information is thus repeated in all

product records derived from the same plant. This may consume a lot of disk space for a

large database and induce errors, for instance if a crop attribute is modi�ed for one product
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Table 3.3: "PRODUCTS" of products.

PID PCID PName PPart PCond PYield

P1 C1 Rape seeds bulk Seeds Bulk 3.40
P2 C1 Rape straw bales Straw Bales 2.30
P3 C1 Rape cha� bales Cha� Bales 1.25
P4 C2 Camelina seeds bulk Seeds Bulk 5.20

without updating all its other occurrences.

A binary relationship with maximum cardinality N on each side must be converted

into one table. The new table contains the attributes of the relationship, if any, plus two

attributes used to copy the identi�ers of the two linked entities/tables. This pair of attributes

is used as key for the resulting table. Our CDM with entities ZONES and PRODUCTS and

relationship PRODUCTIONS is translated into the tables ZONES and PRODUCTS already

described, plus one table PRODUCTIONS shown here (see Table 3.4).

Table 3.4: "PRODUCTS" of products.

ZID PID Amount

10010 P1 200
10010 P2 300
10100 P1 500

So, this table contains only the pairs (ZID,PID) for which a production exists. Here, canton

10010 yields products P1 and P2 but canton 10100 gives only P1. The table ZONES and

PRODUCTS may contain records for which no amount exists in PRODUCTIONS. The only

data copied from the two entities (ZID and PID) are the ones required to de�ne the relation-

ship: all other attributes related to zones and products remain in the tables of their entities.

Note: we said that normally there should not be two attributes with the same name in two

di�erent entities. This is not very important for a table coding a relationship (e.g., case of

ZID which exists both in ZONES and PRODUCTIONS), due to the way commercial solvers

read this kind of table, as shown in the sequel.

The case of ternary relationships with maximum cardinality N like DEMANDS is

very similar. We create a table DEMANDS storing copies of re�nery, products and period

identi�ers, with the corresponding amount (see Table 3.5). The key for this table is the

triplet (re�nery, product, and period). As already mentioned, this table can be viewed as a

compacted 3-dimensional array in which some triplets may be unde�ned.

Except for readability reasons, the rows and columns can be in any order, except the at-

tribute/�eld names which must remain on the �rst line. Indeed, the statement to read EXCEL

�les in math programming languages uses the attribute names to establish the correspondence

between the �le and the arrays declared in the model.
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Table 3.5: "DEMANDS".

RID PID PERID Amount

10010 P1 1 20
10010 P1 2 15
10100 P2 1 22

3.3.3 Loading tables in Excel � Example in GMPL

All mathematical modeling languages such as AMPL (and its subset GMPL), OPL STUDIO,

MOSEL and GAMS have statements to load EXCEL tables into internal arrays. We explain

�rst how to do in GMPL, the language used by the public domain mathematical programming

environment GUSEK.

The table format has some restrictions. Each table must be alone in a worksheet and typed in

a rectangle of cells as the examples of Section 3.3.2: each column corresponds to one attribute,

each row to one record, and the �rst row must give the attribute names. The table must begin

at cell A1: no blank lines or columns are allowed before. All cells must have the "Standard"

or "Text" format: special formats like dates, percentages and euros cannot be loaded.

The �xed point format may be used but the value displayed is loaded instead of the real

content of the cell: e.g., if we type "9.178" in a cell with number format "0.00", the model

only gets the rounded value displayed, i.e., "9.18". All values in a column must have the same

simple type, either integer, real, or character string. When loading numerical �elds, no cell

should be empty.

On the other hand, EXCEL tables are safer than text �les, in which additional or missing

values can shift the contents of a line. Moreover, the loading statement can select one of

the worksheets and is not obliged to read all �elds: a subset of columns can be speci�ed.

This is useful to read only the columns required during the optimization. If some columns

are used only to make reports after the resolution, it is not necessary to load them. Finally,

"decoration" e�ects (boldface characters, borders, colors etc.) may be used but they are

ignored by the loading statement.

Each loading statement reads either 1-dimensional arrays (one or more) or a single 2-dimension

array. For instance, to load two vectors A and B, the �rst column is assumed to contain the

distinct keys, while the two next correspond to the two vectors. In other words, each row

must be a triplet (i, Ai, Bi). The �rst column becomes the indexing set of the array. The

other columns are stored by the modeler in 1-dimensional arrays having the same name as

the column headers.

To load a 2-dimension array, e.g., a matrix D of distances between zones, it must be stored in

EXCEL as a table of triplets (i, j,Dij). This is natural since D can be viewed as a recursive

60



3.3. BASIC PRINCIPLES OF RELATIONAL DATA BASE DESIGN

binary relationship on ZONES. In that case, the two �rst columns constitute the key.

To �x ideas, we show how to load our tables CROPS and PRODUCTS in GMPL. Assume

that we have a workbook "small-test.xlsx", containing two worksheets with these names and

the same contents as in Section 3.3.2. The data in each worksheet can be read in GMPL using

a "table" statement, as follows. Assume that we do not want to load crop names, product

names, and conditionings. We use in the GMPL code (see �le "small-test-gmpl.mod") the

same names of variables as in the EXCEL �le.

We �rst declare the sets of keys of the two tables, CID and PID. Their cardinals and data
types are not yet known and will come from the �le. Using the keyword "param", we declare
also one array for each attribute to load, indexed by the key set of their table. By default,
PYield which has no data type contains reals. The data types "integer" and "symbolic"
respectively denote integers and character strings. We use a dummy index for CBeg "i in
CID") but "CID" is su�cient, like in the declaration of CEnd. Note how we state that the
crop identi�er for each product (PCID) must exist in CID.

set CID;

set PID;

param CBeg {i in CID} integer;

param CEnd {CID} integer;

param PCID {PID} symbolic in CID;

param PPart {PID} symbolic;

param PYield {PID};

end;

Then, before the "end", we add two "table" statements to load crops and products and we
show for instance the product attributes loaded using a "display" statement. Each "table"
statement requires an internal table name which has currently no role in GMPL (we took the
same name as the worksheet), a parameter "IN" to read data, a parameter "ODBC" to say
we want to use the ODBC protocol to read the �le, a database driver name (here EXCEL),
the �le name ".\GMPL.xlsx" ( ".\" means current directory) and an SQL statement for the
�elds to load. "&" is the string concatenation.

table CROPS IN 'ODBC'

'DRIVER={Microsoft Excel Driver (*.xls, *.xlsx, *.xlsm, *.xlsb)}; ' &

'DBQ=.\small-test.xlsx'

'SELECT * FROM [CROPS$]': CID <- [CID], CBeg, CEnd;

table PRODUCTS IN 'ODBC'

'DRIVER={Microsoft Excel Driver (*.xls, *.xlsx, *.xlsm, *.xlsb)}; ' &

'DBQ=.\small-test.xlsx'
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'SELECT * FROM [PRODUCTS$]': PID <- [PID], PCID, PPart, PYield;

display {i in PID} PCID[i], PPart[i], PYield[i];

The driver can be replaced by a "data source name" (DSN). In Windows, the DSN "Excel
Files" is pre-declared (see "Control panel -> System and security -> Administrative tools ->
Data sources (ODBC)" :

table CROPS IN 'ODBC'

'DSN=Excel files; DBQ=.\small-test.xlsx'

'SELECT * FROM [CROPS$]': CID <- [CID], CBeg, CEnd;

Via ODBC, EXCEL is called in the background to do the extraction and transmit the result
to GUSEK. EXCEL uses the given �eld names to �nd the columns, which explains that the
order in the "table" statement and in the �le can be di�erent. The "table" statements check
that all keys are distinct. The arrow plays an important role. If we know the elements in set
CID, we could declare for instance:

set CID := {C1, C2, C4, C7}; # Or, if we prefer integer keys: set CID := 1..4;

If we do this, the �eld-list in "table" must have no "CID <-", i.e., it reduces to "[CID], CBeg,

CEnd". The "table" statement does not load CID but checks that the �le contains one record

for each key in the GMPL code. The square brackets are required to specify which column

in the �le contains the keys.

If the number of elements in CID and their type (integer, real, symbolic) are not known

in advance, which is naturally the case, we must use the initial declarations and "table"

statements with an arrow. The arrow means that the set CID in the model must be loaded

from the column CID of the EXCEL �le, in parallel to the arrays. Therefore, the sets and

the arrays are allocated dynamically and consume just the necessary memory space. Finally

the syntax of the "display" statement uses no integer range like "i in 1..4" and so makes

no assumption about the cardinality of PID and the type of its elements. These features

illustrate the power of mathematical programming languages.

The GMPL code and the EXCEL �le may use di�erent names. Below, columns CID, CBeg
and CEnd in "small-test.xlsx" become set S and arrays BegPeriod and EndPeriod in the
GMPL model. For the key set, the two names used are separated by the arrow, for the other
attributes they are separated by a tilde "∼". The �rst name in each pair is always the internal
name. This kind of renaming must be done with caution because it increases the number of
identi�ers (internal and external) for big models, which can be confusing and error-prone.

set S;

param BegPeriod {S};

param EndPeriod {S};
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table CROPS IN 'ODBC'

'DSN=Excel files; DBQ=.\small-test.xlsx'

'SELECT * FROM [CROPS$]': S <- [CID], BegPeriod ~ CBeg, EndPeriod ~ CEnd;

3.3.4 Loading tables in Excel � Example in XPRESS

The modeling language of XPRESS, MOSEL, is more powerful than AMPL/GMPL to execute

pre-computations and algorithms in which the solver is called, but less �exible to manipulate

complex sets. It provides a speci�c module "mmsheet" for EXCEL �les, simpler and more

tolerant than ODBC. For instance, empty cells are interpreted as zeros if numbers are ex-

pected. We use again small-test.xlsx"" to load and display the same columns as in the GMPL

example.

model "small-test-mosel"

uses "mmsheet"

declarations

CID : set of string

CBeg : dynamic array (CID) of integer

CEnd : dynamic array (CID) of integer

PID : set of string

PCID : dynamic array (PID) of string;

PPart : dynamic array (PID) of string

PYield : dynamic array (PID) of real

end-declarations

initializations from "mmsheet.xlsx:skiph;small-test.xlsx"

[CBeg,CEnd] as "[CROPS$](CID,CBeg,CEnd)"

[PCID,PPart,PYield] as "[PRODUCTS$](PID,PCID,PPart,PYield)"

end-initializations

forall (p in PID) writeln (p," ",PCID(p)," ",PPart(p)," ",PYield(p))

end-model

The tables are loaded using simple statements in the "initializations" block. The "mmsheet.xlsx"

module is for EXCEL-2010 and beyond, "mmsheet.xls" exists but for EXCEL 97-2003. "skiph"
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(skip header) means the �rst row contains no data, however this row is used to check attribute

names.

Consider the �rst line after "initializations" which loads CROPS. The list in square brackets

on the left speci�es the internal arrays to be loaded, without the index set CID which is

automatically loaded. The string after "as" is transmitted to the driver, spaces are not

allowed and induce run time errors. It includes the worksheet name in square brackets. The

$ indicates we mean a worksheet. We could have put "[]" since the driver takes in that case

the �rst worksheet of the workbook. The square brackets must be followed by the names of

all columns to be loaded, including the keys (contrary to the list before "as"). The index sets

of the arrays to load must occupy the �rst columns of the sheet.

It is possible to specify the exact range of data after the worksheet name, e.g., "[Crops$A2:D3"]
but this is unsafe since new rows or columns can be added by the user in the EXCEL �le.
Compared with GMPL, we cannot specify in the declarations that the crop ID (CPID) of
each product must be known in PID. However, this can be checked after loading using an
"assert" statement:

forall (p in PID) assert (PCID(p) in CID, "Unknown PCID. Execution aborted.");

The �rst argument must be a Boolean expression. The second argument, optional, is a
message. This works perfectly (if for instance we put "C3" in CPID for the �rst product) but
execution is stopped at the �rst error detected. To detect more errors, we can write a loop.
The "exit" procedure stops the program with a chosen return code, it may be removed to list
all invalid values in PCID.

forall (p in PID) do

if not (PCID(p) in CID) then

writeln ("PCID(" + p + ") is unknown")

exit (10)

end-if

end-do

In GMPL it is possible to load only the key set from a table, e.g.:

table CROPS IN 'ODBC'

'DSN=Excel files; DBQ=.\small-test.xlsx'

'SELECT * FROM [CROPS$]': CID <- [CID];

If we try something similar in MOSEL (since the set of keys is loaded although we don't
specify its name in the list on the left), it does not work:

initializations from "mmsheet.xlsx:skiph;small-test.xlsx"
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[] as "[CROPS$](CID)"

end-initializations

In fact, in this particular case, we have to give on the left the internal name of the key set, but
without square brackets. The "writeln" procedure shows that the set "C1","C2" is correctly
loaded.

initializations from "mmsheet.xlsx:skiph;small-test.xlsx"

CID as "[CROPS$](CID)"

end-initializations

writeln (CID)

A more complicated example of data loading is given in �le "math-model.mos".

3.4 CDM and tables � Design choices

The CDM illustrated in Figure 3.7 is proposed for AMBRE. Before converting it into a set of

EXCEL tables using the rules of Section 3.3.2, we make general comments about its design.

Our initial idea was to de�ne the vertices of the supply chain graph as territorial units like

cantons. The problem is that they contain various sites with di�erent properties, at least �elds

where crops are harvested, on-farm storages, centralized storages, and re�nery storages. In the

future, we could have also transshipment nodes for intermodal transportation, preprocessing

facilities, importations via harbors, and even stocks of by-products from other re�neries.

Moreover, we can notice that the activities on each site are separated per product. For

instance, as we need to know the amount of each product in a centralized storage, this kind

of site can be viewed as one stock per product. In fact, all sites can be viewed as sets of

stocks. This is obvious for on-farm and centralized storages. Concerning cultivated �elds, the

amount harvestable for each product is also a kind of stock. Finally, as the supply chain does

not cover the conversion processes of re�neries, a re�nery site can also be modeled as a set of

input stocks, one for each required product.
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Figure 3.7: Conceptual Data Model (CDM).
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The main design choices can be derived from these remarks:

� We call zones the territorial units considered and nodes the di�erent sites they contain.

They are gathered respectively in two entities "Zones" and "Nodes". The zones selected

are currently cantons because it is di�cult to compute potential productions at lower

levels. However, a smaller or larger granularity can be used, provided ad-hoc data can

be obtained.

� Nodes are partitioned according to their role, called node type. Currently, four node

types are de�ned in an entity "Node types": BP (biomass production nodes), FS (farm

storages), CS (centralized storages), and RS (re�nery storages). Other node types could

be added in future.

� Each node is viewed as a stock, de�ned by a zone, a node type and a product.

As biomass data from AGT-RT are consolidated by zone (canton), we do the same for

all nodes. So, for each zone and each product, there can be at most one node of each

type, e.g., the CS node for rape seeds aggregates all centralized stocks of rape seeds in

a canton. Note that this also implies at most one re�nery per zone. All nodes in a zone

are assumed to be located in a city chosen as geographic center for the canton. This

location is required to compute distances between any two cantons.

� Following discussions with AGT-RT, some product data like the amount available are

associated with the nodes of the zones, but the yield, harvest window and cost depend

on the region, while density and humidity are constant, whatever the zone is. So, these

three types of product data are respectively stored in three di�erent tables: "Nodes",

"Local", and "Products".

� There are many potential re�nery locations but only a few sizes of re�neries. We think

the demands of a re�nery of a certain size will be determined by its conversion processes

but not by its exact location. So, to enter less data, we separate re�nery locations and

re�nery types (sizes). An attribute in entity "Zones" indicates if a zone has already one

re�nery, if it can receive one, or if creation is forbidden. The few re�nery types and

the demands for each type are respectively de�ned in one entity "Re�neries" and one

relationship "Demands". For instance, if we have two small and one large re�nery to

build among 200 possible zones, we have two records only in "Re�neries", instead of

copying the same data into all possible zones.

� We use a classical trick for the general parameters which cannot be considered as at-

tributes of a particular entity. They are stored in a table "Parameters" which contains

a single record, with one parameter per column: number of periods, number of days in

one period, etc.
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� All product �ows, storage and vehicles capacities, and re�nery needs are expressed in

metric tons, i.e., the tons used in Europe and not the US tons. "tRM" means "ton of

raw material".

Other design choices aim at limiting model size. The largest number of variables comes from

product �ows, which are indexed by one arc (pair of nodes) and one period. Each arc can be

de�ned by a zone of origin, its node type, a zone of destination, its node type, and a product.

It is quite likely that the model will be too big if we allow �ows between any two nodes, for

all products and all periods. So, the number of arcs and �ow variables must be as small as

possible. This can be done at 5 levels:

� First level. To avoid �ows F (p, i, t, j, t
′
) like in Shastri et al. (2011), (amount of product

p shipped from zone i in period t and arriving in zone j in period t
′
), we assume that

any product shipped in one period arrives in the same period. This is possible due to

the territory considered (two regions) and the rather long period duration (one week).

As the product is known for each node and as i and j store the same product, we need

no product index and use �ow variables F (i, j, t).

� Second level. The allowed arc types can be restricted using one entity "Arc types".

For instance, (BP,FS), (BP,CS), (FS,CS) and (CS,RS) are always allowed. If the user

permits direct deliveries from farms to re�neries, arc types (BP,RS) and (FS,RS) may

be added. One advantage is that each arc can now be de�ned by one pair of zones, one

arc type, one vehicle and one product. The set of arcs of the logistic network can be

generated automatically, instead of being typed, but only for the arc types allowed in

"Arc types".

� Third level. The arcs with a BP or FS origin can be limited to the products harvested

in the zone.

� Fourth level. For each arc type, we can specify a default distance when nodes i and j

are in the same zone, and minimum and maximum distances otherwise. For instance,

(BP,FS) arcs must not leave a zone, so we can specify an interval [0,0]. As farmers bring

their products to centralized storages at 10 km maximum, we can specify an interval

[0,10] for (BP,CS) and (FS,CS) arc types linking two distinct zones. Long-range arcs

should be exceptional, e.g., between one external port where biomass is imported (Le

Havre, Rotterdam. . . ) and cantons where a re�nery may be located.

� Fifth level. We restrict the periods of �ow variables, e.g., (BP,CS) and (BP,FS) �ows

for a product are limited to the harvest period. Due to insurance problems, on-farm

storage is limited to 1 to 2 months after the end of harvest window, so (FS, CS) �ows

can be de�ned only in these time intervals. More generally, a �ow from node i to node

j may exist only when both nodes are open.
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Finally, an e�ort has been made to have logical names for all tables and attributes. A letter

used in attribute pre�xes or codes like arc types has always the same meaning. Here is the

logic:

A = arc D = distance N = node R = refinery type

AT = arc type Dur = duration NT = node type S = storage/stock

B = biomass F = farm Num = number T = type

C = center/centralized L = local product data P = product/production V = vehicle

Table 3.6 lists the relationships and entities of the CDM that we decided to

implement as tables (worksheets) in our EXCEL database. All these tables store

input data for the math model, except the three last ones which record on output the results

of the optimization (they correspond to relationships in red in the graphical CDM).

Four CDM entities are not stored explicitly in the database: "Planning horizon", "Depart-

ments", "Regions", and "Arcs". The planning horizon is simply de�ned in XPRESS as an

integer interval H=[1,52]. We preferred to place the departments and the regions on the dash-

board presented in Section 3.18, instead of creating two very small worksheets. Concerning

the arcs, we do not use them in XPRESS: �ow variables F (i, j, t) are directly generated for

allowed arc types and stored in a dynamic array.

Concerning relationships, we saw in the conversion rules of Section 3.3.2 that 1-to-many

relationships of the CDM do not give a table, which is the case for "N has Z" ("each node

has a zone") for instance.

Table 3.6: Entities and relationships of the CDM giving a table in EXCEL.

Name Type Contents

Parameters Entity General parameters: number of periods, period duration, etc.
Zones Entity Territorial units considered, currently cantons
Distances Relationship Inter-zone distances precomputed using MapPoint
Crops Entity Crops harvested to get products
Products Entity Products: crop of origin, density, humidity, etc.
Local Relationship Local product variations: yields, harvesting windows, etc.
Node types Entity Node types, currently BP, FS, CS and RL
Nodes Entity Nodes (zone + node type + product) with storage capacity, etc.
Arc types Entity Allowed arc types, at least (BP,FS), (BP,CS), (FS,CS) and (CS,RL)
Vehicles Entity Vehicle types
Re�neries Entity Re�nery types which can be created on RS nodes
Demands Relationship Demands per re�nery type, product, and period
Flows (X) Relationship Flow variables per arc and per period (results)
Stocks (S) Relationship Stock per node and per period (results)
Locations (Y) Relationship Binary location variable per re�nery type and per zone (results)
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The tables are described in the next Sections, 3.5 to 3.17. The �eld names are the ones used

in Visual Basic (VBA) macros and in the mathematical model. The �eld used as key in each

table is underlined. We give also a longer name ("column name") used as a more readable

column header in EXCEL. An asterisk in a table description means that a �eld is

stored in the EXCEL workbook, for instance to do pre-computations or write

reports after the optimization, but is not loaded in the mathematical model.

3.5 Tables of general parameters � Worksheet "Parameters"

Role. Store the general parameters, i.e., the data not linked to a particular entity.

Table 3.7: General parameters � worksheet "Parameters".

Field name Column name Type Role

NumPer Number of periods Integer Length of the cyclic planning horizon
DurPer Period duration Integer Duration of one period in days
Harvest Harvest speed String To limit the harvest speed, see comments
Penalty Penalty cost Real To warrant feasibility, see math model
FSiloCapa* Farm silo capacity Real Average silo capacity per farm in tRM
FPlatformArea* Farm platform area Real Average platform capacity per farm in m2

FSDur* Farm storage duration Integer Maximum farm storage duration in periods
NumHarv Harvesters/farm Real Average nb of combine harvesters per farm
ProdHarv Ha/h harvester Real Productivity in ha/h of harvester
NumChop Choppers/farm Real Average number of choppers per farm
ProdChop Ha/h chopper Real Productivity in ha/h of chopper considered
Hours Hours per day Real Working hours per day, typically 10 (real)
FuelGHG Fuel GHG Real GHG emissions/liter of gasoil in kg.eq.CO2

FuelEnergy Fuel energy Real Energy consumption/liter of gasoil in MJ

Comments:

� If Penalty is not null, the math model allows re�neries to take biomass on virtual stocks

to guarantee feasibility. The method is detailed in the math model document.

� For each zone, FSiloCapa and FPlatformArea are multiplied by ZFarms (number of

farms) to give the capacity of farm storage nodes (FS nodes) for seeds and bales/willow

chips, respectively. FPlatform area includes uncovered platforms and covered platforms

(sheds).

� FSDur is the maximum storage duration in farms after the harvest period, 6 weeks due

to insurance issues.

� Except if Harvest ="Free" (no limit), special constraints will be created in XPRESS

to avoid taking all the biomass of a BP node in a single period. If "Constant", the

amount harvested must be the same in all periods. If "Window", a BP node i may not

70



3.6. TABLE OF ZONES � WORKSHEET "ZONES"� PREFIX "Z"

be emptied before the end of its window: the amount is limited to NQBegi/|Wi|, where
|Wi| denotes the width of the harvest window.

� If Harvest = "Equipment", the harvest speed is limited by the combine harvester used

for seed crops and the chopper used for the other products. AGT-RT selected a 290-350

hp combine harvester with 6 or 8 shakers and a 6.5 m cut width, and a 380-410 hp

corn-like chopper. For a utilization level of 400 ha/year, the "Barême d'entraide 2015"

indicates ProdHarv = 2.3 ha/h and ProdChop = 1.5 ha/h. We can take one machine

of each type per farm on average (NumHarv = NumChop = 1).

The principle of constraints to slow down the harvest due to limited equipment is rel-

atively simple if we take at most one product per crop. Consider for instance a zone

z producing seeds from rape and camelina. The maximum area Az in ha treated per

period by the combine harvesters of z is:

Az = ProdHarv ×NumHarv × ZFarmsz ×Hours×DurPer (3.1)

Rape yields 4 t/ha of seeds and camelina 1.6 t. Moreover, the two seed-crops share the

combine harvesters of the zone. So, if we want to collect for example 12 t of colza and

3.2 t of camelina, we will have to harvest 12/4 + 3.2/1.6 = 5 ha and this area must not

exceed Az. Similar constraints can be generated for non-seed crops (miscanthus and

willow), using ProdChop and NumChop. The case where several products are obtained

in parallel from the same crop (such as seeds, straw and cha� from rape) is a bit more

complicated: it is explained in the math model document.

� GHG emissions and energy consumptions for transport depend only on the gasoil con-

sumed. So, parameters FuelGHG = 3.07 kg.eq.CO2 and FuelEnergy = 45.7 MJ were

added in table "Parameters" for the GHG emissions and energy consumption of one

liter of gasoil.

3.6 Table of zones � Worksheet "Zones"� Pre�x "Z"

Role. Store the zones, i.e., the territorial units containing nodes. Each zone has a center,

i.e., a more or less central city to compute distances. All internal nodes are assumed to be

located at this center.

Comments:

� In the math model, the values of �eld ZID are loaded in a set of zones Z, indexed by z.

� AGT-RT has provided biomass production data for 279 cantons from 7 departments.

� When the chef-lieu de canton is an acceptable center, we have ZCName = ZName.
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Table 3.8: Zones � worksheet "Zones".

Field name Column name Type Role

ZID Code String Zone code, currently the INSEE 4-digit canton code
ZName Name String Zone name, currently name of chef-lieu de canton
ZRef Re�nery String Status: existing type, "Forbidden" or "Allowed"
ZCName* Center name String Name of the city selected as geographic center
ZCCode* Center code String INSEE code of center-city
ZCZIP* Center ZIP code String ZIP code (postal code) of center-city
ZFarms Nb of farms Integer Number of farms in the zone (2010 census)
ZArea* Area of farms Real Total cultivated area of farms in ha (2010 census)
ZSiloCapa* Silo capacity Real Total silo capacity in centralized storages in tRM
ZPlatformArea* Platform area Real Total platform area in centralized storages in m2

� If ZRef is a valid re�nery type, one re�nery of this type exists already in the zone.

"Forbidden" means no re�nery can be created, and "Allowed" one re�nery of any type

can be created.

� ZFarms, ZSiloCapa and ZPlatformArea are used to de�ne storage capacities when FS

and CS nodes are created, see section 3.18.

� ZID and ZRef are used in the math model to check the zones used in table "Distances",

to generate re�nery location variables (see Section 3.17), or to write a sum or a group of

constraints over a set of zones. Zone names are also loaded to write debugging messages

and results. The other �elds are kept in the database mainly to compute the distance

matrix and write reports later.

3.7 Table of distances � Worksheet "Distances"

Role. Table 3.9 implements the binary relation "Distances" shown in the CDM given in

appendix. It de�nes the distances, not necessarily symmetrical, between all pairs of zones.

Table 3.9: Distances � worksheet "Distances".

Field name Column name Type Role

ZO Origin String Code for the zone of origin, in "Zones"
ZD Destination String Code for the zone of destination, in "Zones"
Dist Distance Real Distance value in km

Comments:

� Dist is computed between the centers of the two zones, so it is equal to 0 if ZO = ZD.
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� The math model uses a function D(i, j) which returns the distance between two nodes

i and j, if they belong to the same zone, or a default value otherwise, see tables "Arc

types".

� The distances are currently computed using MapPoint, dropped by Microsoft end 2014.

This software should be replaced by another application like Map Quest.

3.8 Table of crops � Worksheet "Crops"

Role. Table 3.10 is used in XPRESS to display product names and manage harvesting speed

constraints.

Table 3.10: Crops � worksheet "Crops".

Field name Column name Type Role

CID Code String Crop code, e.g. "C1"
CName Name String Crop name, e.g. "Miscanthus"
CSeed Seed crop Boolean True if and only if the crop is a seed crop

Comments:

� In the math model, the values of �eld CID are loaded in a set of crops C, indexed by c.

3.9 Table of products � Worksheet "Products" � Pre�x "P"

Role. A product is a ready-to-ship biomass obtained after harvesting. It is de�ned by a

crop, a crop part, a form, a density and a percentage of dry matter. As agreed with AGT-RT,

density and dry matter fraction do not depend on the zone and there is only one form per

crop and crop part.

Comments:

� In the math model, the values of �eld PID are loaded in a set of products P , indexed

by p.

� AGT-RT has provided data for 9 products but others could be added.

� PDens is required to respect maximum volumes of vehicles.

� PDens and PDry do not vary in time. The only losses considered occur during storage.

The exception is willow chips which must dry 6 months in farm sheds with open sides

before shipping.
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Table 3.11: Products � worksheet "Products".

Field name Column

name

Type Role

PID Code String Product code, e.g., "P1", "P2". . .
PName Name String Free name like "Rape straw in bales"
PCrop Crop String Code of the crop from which the product is obtained
PDens Density Real Density in tons per m3

PDry Dry matter Real Fraction of dry matter, e.g., 0.94 if 6% humidity
PSType Storage type String Type of storage required, "Silo" or "Platform"
PSCost* Storage cost Real Storage cost in e/tRM/period
PSEnergy* Storage energy Real Storage energy consumption in MJ/tRM/period
PSHeight* Storage height Real Maximum height of product for a platform in m
PSLoss Storage loss Real Storage loss per period
PColl* Collectable Real Fraction of available amount collectable in a zone

� Fields PSType to PSHeight are default values which are copied in each node when

table "Nodes" is generated (see Section 3.18). Then the user may adjust these values

for individual nodes if necessary. It is assumed that seeds are stored in silos and other

products on platforms. As silos consume only electricity, we have an energy consumption

PSEnergy but no fuel consumption and GHG emissions.

� The storage loss PSLoss is expressed as a degradation factor per period, e.g., 0.9996 per

week corresponds to 0.999652 = 0.98 per year, so a 2% loss.

� PColl is used to avoid taking 100% of the potential amount computed by AGT-RT.

� Production cost, yields and harvest windows vary for each region, they are given in

Table 3.12 "Local".

� We assume that seeds are always stored in silos and bales and willow chips on platforms.

Moreover, as most centralized storages did not reveal their storage costs, we were obliged

to de�ne a single storage cost per product. So, Table 3.11 "Products" contains now

four new �elds PSType (storage type "Silo" or "Platform"), PSCost (cost), PSEnergy

(energy consumption) and PSHeight (height stored if PStype = "Platform"). E.g.,

a platform may contain 3 m of wood chips or 6.3 m of baled products (7 bales of

2.4× 1.2× 0.9 m). As silos (at least the ones without dryer) do not consume gasoil, no

�eld is needed for fuel consumption and GHG emissions.

3.10 Table "Local" of local product variations � Pre�x "L"

Role. Table 3.12 provides for each product and each region the harvest window, the yield,

and four indicators per tRM: production cost, GHG emission, energy consumption, and fuel
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consumption. Indeed, these data are identical for all cantons of a region in the EXCEL �le

provided by AGT-RT.

Table 3.12: Local product variations � worksheet "Local".

Field

name

Column

name

Type Role

LP Product String Product code, e.g., "P1", "P2". . .
LRG Region String Region "P" (Picardie) or "CA" (Champagne-Ardenne)
LBeg* First period Integer First period of harvesting window
LEnd* Last period Integer Last period of harvesting window
LYield Yield Real Average yield in tRM/ha
LCost Cost Real Cost in e/tRM (cultivation, harvesting, conditioning)
LFuel Fuel Real Fuel consumption in liters of gasoil per tRM
LEnergy Energy Real Energy consumption in MJ per tRM
LGHG GHG Real GHG emissions in kg equ. CO2 per tRM

Comments:

� Harvest windows are not loaded in XPRESS. When preparing an instance using the

dashboard of Section 3.18, the window is copied in all BP nodes having the same product

in a region.

3.11 Table "Node Types" � Pre�x "NT"

Role. The small Table 3.13 lists the di�erent types of nodes currently allowed in the zones.

These types are also used in Table 3.15 "Arc types" to de�ne authorized arc types in the

logistic network.

Table 3.13: Node types � worksheet "Node Types".

Field name Column name Type Role

NTID Code String Node type identi�er BP, FS, CS, RS
NTName Name String Node type name, e.g., "Biomass production"

Comments on each node type:

� In the math model, the values of NTID are loaded in a set of node types NT. Currently

four node types are handled: "BP" (biomass production), "FS" (farm storage), "CS"

(centralized storage), and "RS" (re�nery storage). New node types could be added in

future.

� BP nodes. A zone contains one BP node for each product obtained in the zone. AGT-

RT has de�ned the set of products available in each zone and, for each product, the

amount available in tons of raw material (tRM), the cost per tRM collected, the GHG
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emissions per tRM, etc. The time window of a BP node is the harvest period of its

product. No storage capacity is required as the amount of a product can only decrease.

It is possible to have zones without BP nodes, e.g., urbanized cantons.

� FS nodes. One FS node can be created for each BP node in a zone. Its closes FSDur

weeks after its BP node (delay speci�ed in Table 3.7 "Parameters"). The parameters

indicate also the average capacity of silos FSiloCapa and the area of platforms FPlat-

formArea (per farm). They are multiplied by the number of farms per zone, to give

the total storage capacity for seeds (silos) and the total area for bales and wood chips

(platforms). The capacity can be allocated in a �xed way to the FS nodes of a zone

or shared by several products. FS nodes for seeds are not generated if FSiloCapa = 0,

while those for baled products and wood chips are not created if FPlatformArea = 0.

� CS nodes. Coopénergie gathered the capacities of silos and platforms of centralized

storages. One CS node is created in each zone with centralized storages, for each product

(not only local products, since CS nodes may receive biomass from outside). Like FS

nodes, the storage capacity for seed or non-seed products can be allocated in a �xed

way or shared. Many centralized storages are reserved for traditional markets during

the harvest period. If we respect such time windows, the math model is often infeasible.

So, it is recommended to let CS nodes open all time.

� RS nodes. They model the input storages of a re�nery in a zone. They are absent in

zones where re�neries are forbidden. A zone with existing re�nery has one RS node per

product needed by its type. The other zones have one RS node per re�nery type and

product asked by that type. RS nodes can be open all time but they are often closed

for maintenance at the end of the year.

3.12 Table of nodes � Worksheet "Nodes" � Pre�x "N"

Role. Store the nodes de�ned by a zone, a node type, and a product. There is at most one

node per node type and product in a zone, e.g., the "CS" node for product "P1" aggregates

all real storages containing "P1". For distance computations, all nodes are assumed to be at

the center of their zone.

Comments :

� In the math model, the values of �eld NID are loaded in a set of nodes N , indexed

by i or j. To assist the user, Table 3.14 of nodes can be generated automatically, as

explained in Table 3.17 "Re�neries". In a zone, BP and FS nodes are created only for

the products o�ered by this zone. CS nodes are created only for the zones having known

centralized storages. One RS node is created per re�nery type and required product, in
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Table 3.14: Nodes � worksheet "Nodes".

Field

name

Column name Type Role

NID Code String Node code, e.g., "N1", "N2". . .
NZ Zone String Zone code, must be in "Zones"
NNT Node type String Node type code, must be in "Node types"
NP Product String Stored product code, must be in "Products"
NBeg First period Integer First period when the node may be used
NEnd Last period Integer Last period when the node may be used
NClean Clean Boolean True to empty a node at the end of time window
NQBeg Initial stock Real Amount of product available in tRM (BP nodes only)
NParent Parent String Parent node (representative) if shared storage
NSCapa Storage capacity Real Node storage capacity in tRM if the node is a silo
NSArea Storage area Real Area in m2 if the node is a platform
NSHeight Storage height Real Maximum height of product in m if platform
NSCost Storage cost Real Storage cost in e/tRM/period
NSEnergy Storage energy Real Storage energy consumption in MJ/tRM/period
NIFlow Input �ow Real Maximum input �ow in tRM per period
NOFlow Output �ow Real Maximum output �ow in tRM per period
NR Re�nery String Re�nery type (RS nodes), must be in "Re�neries"

the zones where re�neries are allowed. If one re�nery already exists, the RS nodes are

created only for the products asked by this type.

� The time window [NBeg,NEnd] de�nes the periods in which the node can receive or

send biomass. A node with [1, NumPer] is always open, otherwise NBeg can be larger

than NEnd, e.g., [44, 13] for willow harvested in winter. On a Gantt chart of the year,

this looks like two windows, before and after the closing period, but in fact there a single

window as the planning horizon is cyclic.

� The window of a BP node is the harvest window of its product. For insurance reasons,

FS nodes are not open all year long: an FS node is open during the harvest window of its

product, plus a few periods beyond. The allowed delay is speci�ed in table "Parameters"

(FSDur).

� Most cooperatives use their storages in summer for their traditional activities and gave

us windows like October-May to work for the bio-re�neries. As the math model is

infeasible in these conditions (not enough storage capacity), it is recommended to let CS

nodes open all time. Indeed, if commercial conditions are interesting, the cooperatives

will accept to provide re�neries with biomass in summer and to use a part of their

storage capacity for that.

� In general, RS nodes are closed 2 or 3 weeks at the end of each year because the re�neries

stop their activities for maintenance and New Year holidays. In general, lignocellulosic
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biomasses like straw bales are consumed in all working periods, with windows like [1,

50], while seed-products are triturated one at a time, during successive time windows.

� Boolean NClean, As the horizon is cyclic, the stock remaining in the last period (if any)

becomes the initial stock when the node reopens. This stock is computed by the solver

for nodes open all time, because it is too hard to de�ne a suitable value in the data.

NClean is used only for FS, CS and RS nodes that are not open all time. "True" means

the stock must be emptied at the end of the time window, otherwise the solver is free to

let or not a �nal stock. Note that degradations and storage costs apply when a closed

storage contains biomass. "True" is the rule for FS nodes. For CS nodes, we saw they

should be always open for feasibility, so NClean is ignored. In general NClean = "False"

for RS nodes: they close at the end of the year but keep biomass to restart the re�nery

in January.

� NQBeg, used only for BP nodes, it de�nes the amount of product available at the

beginning of the harvest window. It corresponds to the quantity given by AGT-RT,

multiplied by the coe�cient PColl from table "Products". For the other nodes, the

initial and �nal stocks are either forced to zero (NClean = "True") or calculated by the

solver.

� For NParent, consider a zone with CS nodes "N1" (rape straw), "N2" (rape cha�), "N3"

(miscanthus). These bales are in a shed of 300 tons. To allocate 100 t for each node

i, we set NParenti = i and NSCapai = 100. We can also share capacity by choosing

"N1" as parent: we set NParenti="N1" for the three nodes, NSCapa ("N1")=300 and

left the capacity �eld empty for i 6="N1". To check storage capacity for a node i with

parent k, we have to sum the stocks over all nodes j having k as parent, i.e., such that

NParentj = k, and compare the result with NSCapak.

� NSCapa, NSArea, and NSHeight. When FS or CS nodes are created (Section 3.18),

storage height, cost and energy are copied from Table 3.8 "Products" while capacity

and area come from Table "Zones". These default values are copied to allow the user

to do local adjustments. Silos have a capacity in tons, their area and height are empty.

For bales/wood chips this is the contrary. A stock Sit is de�ned in the math model for

each node i and period t. For a silo, Sit ≤ NSCapai. For a platform, the area occupied

must comply with the total area: Sit/(PDens(NPi)×NSHeighti) ≤ NSAreai.

� NSCost and NSEnergy concern the storage cost and energy consumption in FS, CS and

RS nodes. They must not be confused with the production cost and GHG emissions of

BP nodes, which are stored in Table 3.12 "Local".

� NIFlow and NOFlow can be used to limit the �ow entering/leaving a non-BP node (for

instance due to a slow conveyor at a CS node). The out�ow of BP nodes is limited by

the harvesting speed.
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� Attribute NR. When a re�nery of type r is created in a zone, NR is used in the math

model to close the RS nodes of other types.

3.13 Table of arc types � Worksheet "Arc types" � Pre�x

"AT"

Role. Arc types are used in the math model to know which �ow variables must be created.

They are de�ned by two node types (ATO,ATD) indicating which sites may be connected,

a product ATP and a vehicle to be used ATV. Consider for instance a farm with rape seeds

(P1) and cha� (P2). P1 and P2 can be sent to a centralized storage but P2 can be also

stored on-farm. These features are modeled using three arc types (BP,CS,P1), (BP,CS,P2)

and (BP,FS,P2). For the �rst one, ATV is a tractor with a monocoque trailer, while for the

two others it speci�es a tractor with a �atbed trailer.

The attributes include also a default distance ATDIntra, to be used if the two nodes are in

the same zone, and an interval [ATDMin,ATDMax]: two nodes pertaining to di�erent zones

will be connected if their distance falls within this interval.

Table 3.15 is also the right place for loading and unloading costs. In its data, AGT-RT provides

four indicators per product at a BP node (loading cost, GHG emission, energy consumption,

and fuel consumption) and two options: loading on a tractor + trailer or on a truck. These

indicators depend in fact on the arc type: tractors + trailers are employed by farmers to

deliver biomass to a close centralized storage, while trucks are used by a transport company

to bring biomass to centralized storages or re�neries. We extend this system to the other

node types. By convention, loading/unloading costs may include the costs invoiced by CS

node operators for each ton leaving/entering their facility.

Comments:

� In the math model, the values of �eld ATID are loaded in a set of arc types AT , indexed

by k.

� Table 3.15 may contain a lot of costs and environmental indicators and it is tedious to

retype them if temporarily we delete some arc types. To avoid this, all usual arc types

can be included in the table and �eld ATE indicates the ones that are "enabled" for a

given run of the model. XPRESS will ignore the others.

� Usually, transports from �elds to farm storages, from �elds to close CS nodes, and from

farm storages to close CS nodes are done by the farmers, using a tractor with a trailer.

We assume that other biomass moves are subcontracted to an ETA ("Entreprise de

Transport Agricole"), which explains that transport capacity is not limited.
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Table 3.15: Arc types � worksheet "Arc types".

Field

name

Column

name

Type Role

ATID Code String Arc type code, e.g., "AT1", "AT2". . .
ATE Enabled Boolean Arc type enabled "False" or "True"
ATO Origin String Node type for origin, must be in "Node types"
ATD Destination String Node type of destination, must be in "Node types"
ATP Product String Product code, must be known in "Products"
ATV Vehicle String Code of vehicle to be used, must be in "Vehicles"
ATDIntra Dist intra Real Default intra-zone distance in km
ATDMin Dist min Real Minimum inter-zone distance in km to generate the arc
ATDMax Dist max Real Maximum inter-zone distance in km to create the arc
ATLCost Load cost Real Loading cost per tRM at origin
ATLFuel Load fuel Real Fuel consumption for loading in liters/tRM
ATLEnergy Load energy Real Energy consumption for loading in MJ/tRM
ATLGHG Load GHG Real GHG emissions for loading in kg equivalent CO2/tRM
ATUCost Unload cost Real Unloading cost per tRM at destination
ATUFuel Unload fuel Real Fuel consumption for unloading in liters/tRM
ATUEnergy Unload energy Real Energy consumption for unloading in MJ/tRM
ATUGHG Unload GHG Real GHG emissions for unloading in kg equivalent CO2

� The value of ATDIntra is not easy to compute. There can be only one re�nery in each

zone but several centralized storages, so ATDIntra for (BP,CS) and (FS,CS) arcs should

be smaller than for (CS,RS) nodes. The selected value should also be smaller than the

maximum distance between any two points of the zone ("diameter" of the canton), but

this is di�cult to check. Examples of values: 0.5 km for (BP,FS), 5 km for (BP,CS) and

(FS,CS) and 10 km for (CS,RS).

� It is possible to specify an arc type only for intra-zone or inter-zones biomass moves.

To exclude intra-zone transports, ATDIntra must be set to zero or have empty cells

in EXCEL, which gives a 0 when read by XPRESS. To exclude inter-zone transports,

ATDMin and ATDMax must be both set to zero or left empty. For instance, as the

end-nodes of (BP,FS) arcs must be in the same zone, the associated arc types must

specify a non-zero value for ATDIntra but 0 for ATDMin and ATDMax.

� Several arc types may have the same node types and the same product, but di�erent

intervals [ATDMin,ATDMax] and vehicles. For instance, we may de�ne two arc types

to transport bales from BP to CS nodes: one with a tractor + trailer up to 10 km, and

a truck beyond.

� To avoid ambiguities, only one arc type must de�ne the vehicle used for intra-zone

transport and have a non-zero value for ATDIntra. When several arc types have the

same node types and the same product, their distance intervals for inter-zone transports
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must not overlap. For two adjacent intervals, our convention is that the �rst one includes

its maximum distance while the second one does not include its minimum distance. E.g.,

[0,10] and [10,20] are interpreted as [0,10] and ]10,20].

� Loading/unloading costs includes everything: equipment utilization, manpower, and

fuel.

� The following Figure 3.8 shows examples of allowed arc types for two products P1 and

P2, one farm, one centralized storage, and one re�nery.

P1 
seeds

P2 
bales

BP NODES
Biomass production

P2 
bales

FS NODES
Farm storage (bales only)

P1 
seeds

P2 
bales

CS NODES
Centralized storage

P1 
seeds

P2 
bales

RS NODES
Refinery storage

(BP,CS,P1), 0 to 10 km
Tractor + monocoque trailer

(BP,CS,P2), 0 to 10 km
Tractor + flatbed trailer

(FS,CS,P2), 0 to 10 km
Tractor + flatbed trailer

(BP,FS,P2), default 0.5 km (same 
canton), tractor + flatbed trailer

(CS,RL,P1), 0 to 50 km
Semi-truck + monocoque trailer

(CS,RL,P2), 0 to 50 km
Semi-truck + flatbed trailer

 

Figure 3.8: Examples of arc types.

3.14 Table of vehicles � Worksheet "Vehicles" � Pre�x "V"

Role. As product data are computed by AGT-RT taking cultivation and harvesting into

account, no harvesting equipment is stored in this table. We de�ne transport vehicles only.

In fact, what we call a "vehicle" can be a combination, for instance a tractor 130 hp with a

monocoque trailer 18 t to transport rape seeds from a farm to a centralized storage.

Table 3.16: Vehicles � worksheet "Vehicles".

Field name Column

name

Type Role

VID Code String Code, e.g., "V1", "V2". . .
VName Name String Name, e.g., "Tractor 200ch+�atbed trailer 12t"
VCostHour Cost per hour Real Cost in e per hour
VFuelHour Fuel per hour Real Fuel (gasoil) consumption in liters per hour
VSpeed Speed Real Average speed in km/h
VLoad Load Real Vehicle payload in tons (max weight of goods carried)
VVolume Volume Real Maximum volume carried in m3

Comments:
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� In the math model, the values of �eld VID are loaded in a set V of vehicles, indexed by

v.

� As mentioned for Table 3.15 "Arc types", only one typical vehicle is assigned to each

arc type, for instance in the previous example all farmers will use the same kind of

tractor and trailer for the seeds. Indeed, there is no reason to have a di�erent vehicle,

depending on the zone for instance. However, the user will be able to evaluate di�erent

scenarios by changing this equipment.

� The cost and fuel consumption per ton × km used before were dropped because they

depend on the density of transported product. Per-hour values VCostHour and VFu-

elHour are now used. They are counted only for transport operations, i.e., when the

vehicle moves: the waiting costs during loading/unloading operations are included in

the loading/unloading costs de�ned in Table 3.15 "Arc types". VCostHour includes

everything: vehicle utilization, manpower, and fuel.

� The math model document explains how to derive per-ton values for one arc (i, j), know-

ing the product transported. This is achieved via XPRESS functions V CostTon(i, j)

and V FuelTon(i, j) which are simply multiplied by the �ow variable on the arc. GHG

emissions and energy consumptions per ton are �nally obtained by multiplying VFuel-

Ton by FuelGHG and FuelEnergy from Table 3.7 "Parameters".

� The volume of a product can be deduced from its weight and density. AGT-RT uses a

capacity in number of bales when loading baled products on vehicles. In such cases, we

put in VVolume the total volume of this number of bales.

� The math model uses VLoad and VVolume to compute the maximum load of a vehicle.

Indeed, depending on the product, the maximum load or the maximum volume can be

reached �rst.

3.15 Table of "Re�neries" for re�nery types � Pre�x "R"

Role. Table 3.17 regroups re�neries by type. For instance, there can be 200 potential re�nery

locations, but only 10 re�neries to place on these sites, with two types "Small" and "Big".

So, to have less data, we de�ne the types here, with a cost per year and the number which

must exist at the end, and then their demands in Table 3.18 "Demands". A table of binary

variables (table "Locations") Yzr will indicate if zone z receives one re�nery of type r in the

solution of the math model.

Comments:

� In the math model, the values of �eld RID are loaded in a set R of re�nery types,

indexed by r.
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Table 3.17: Re�nery types � worksheet "Re�neries".

Field name Column

name

Type Role

RID Code String Re�nery type code, e.g., "R1", "R2". . . .
RName Name String Name, e.g., "Typical small re�nery"
RCost Cost Real Re�nery cost per year (capital + operating costs) in e
RNum Number Integer Nb of re�neries of this type that must exist in a solution

� Table "Zones" has an attribute ZRef to specify if a re�nery exists already in a zone, if

it may be created, or if no re�nery is allowed. The way re�nery location variables are

generated using this attribute is explained in Section 3.17.

� For each type r, some re�neries may already exist: by convention, RNum(r) include

them. So, the objective function of the math model includes the cost of existing re�ner-

ies. This does not a�ect the minimization since this cost is a constant.

� The real cost of a re�nery includes the discounted investment and operating costs over its

life duration. To avoid mixing such huge costs with smaller storage and transportation

costs over the 1-year planning horizon, the cost in the table must be expressed for one

year of operations.

� Like CS and FS nodes, the capacity of re�nery storage nodes (RS nodes) generated in

table "Nodes" may be shared or allocated in a �xed way to each product consumed.

3.16 Table of re�nery demands � Worksheet "Demands"

Role. Table 3.18 implements the ternary relationship "Demands" of the CDM. It lists the

demands in dry tons of each re�nery type for each product required and each period when it

is consumed. In practice many triplets (re�nery type, product, period) do not exist since a

re�nery type may use only a few products, and in a few periods in the year. To get the total

demand for a product, do not forget to multiply the corresponding demands in the table by

the number of re�neries of the type (RNum).

Table 3.18: Re�nery demands � worksheet "Demands".

Field name Column name Type Role

Ref Re�nery String Code of re�nery type
Pro Product String Product code
Per Period Integer Period number
Need Need Real Amount required in dry tons

Comments:
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� The dashboard presented in Section 3.18 allows to generate automatically this table,

assuming that the demand for each re�nery type and product is constant over given

time intervals.

3.17 Tables of results of the math model

The results of the math model (variables) are shown as relationships in the CDM. In practice,

they are stored in arrays in XPRESS and exported to EXCEL tables when the math model

is solved

Stock variables

Stock variables Sit are indexed by nodes and periods. To store them in XPRESS, we could

declare a static array S(N,H). As they are not required outside the opening period of the

nodes, it is more e�cient to use a dynamic array S where the stock variables are created one

by one for each opening period. The existence of a given Sit can then be tested in XPRESS

using the function exists(S(i, t)).

Re�nery location variables

We de�ne binary variables Yzr, equal to 1 if zone z contains a re�nery of type r. A dynamic

array is used again to limit their number in XPRESS. Recall that Table 3.8 "Zones" has an

attribute ZRef equal to “Forbidden” if no re�nery can be built in the zone,“Allowed” if one

may be created, or a valid re�nery type if one is already installed. We have three cases

� If ZRef(z) = “Forbidden”, no variable Yzr and no RS node need to be generated for

the zone.

� If ZRef(z) = “Allowed”, we create one variable Yzr for each re�nery type r because we

don't know which type of re�nery will be selected by the math model. One RS node is

also created in Table 3.14 "Nodes" for each re�nery type and each product asked by this

type. A re�nery can be activated or not by multiplying its demands by Yzr in demand

satisfaction constraints.

� If ZRef(z) = r ∈ R, a valid re�nery type, we create one variable Yzr per re�nery

type, like in the "Allowed" case, but add a constraint Yzr = 1. As there will be for

each zone z one constraint
∑

r∈R Yzr ≤ 1, the pre-solver of XPRESS will eliminate the

location variables of the zone. This trick allows to have a unique formulation of demand

satisfaction constraints, whether the re�nery already exists or not. The RS nodes are

created only for each product asked by re�nery type r.
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Finally, relatively few location variables are required. The simplest situation is one re�nery,

already located, like in the WP1-P3 of PIVERT. In that case, Table 3.17 "Re�neries" contains

one type "R1" and for all zones ZRef(z) = “Forbidden”, except for the zone z of the re�nery

where ZRef(z) = “R1”. No location variable remains after the pre-solver of XPRESS. If we

hesitate among 5 zones to create one re�nery of this type, we have only 5 location variables.

Flow variables

The non-negative �ow variables Fijt can be generated using a dynamic array F in XPRESS,

as follows:

Algorithm 1 Flow variables Fijt

for each pair of nodes (i, j) such that NPi = NPj , [NBegi, NEndi] ∩ [NBegj , NEndj ] 6= ∅
do

//Here i and j store the same product and are open together in some periods
if ∃k ∈ AT | ATEk = true and NNTi = ATOk and NNTj = ATDk and NPi = ATPk

and ((NZi = NZj and ATDIntrak 6= 0)
or(NZi 6= NZj and Dist(NZi, NZj) ∈]ATDMink, ATDMaxk])) then

//Here we found the arc type k for these node types and this product,
for each period t in [NBegi, NEndi] ∩ [NBegj , NEndj ] do

Create flow variable Fijt

// Create one variable for each period t when both i and j are open
end

end

end

This algorithm aims at generating as few variables as possible. First, two nodes may be

linked only if they store the same product and have at least one common opening period.

Moreover, a compatible enabled arc type k must exist in Table 3.15 "Arc types": same node

types, same product, a non-zero value of ATDIntra if i and j are in the same zone, and a

distance falling in the speci�ed interval otherwise. In the last case, note that Dist(NZi, NZj)

is strictly positive, so the two nodes will not be connected if the distance interval has been

set to [0,0] to forbid inter-zone biomass moves, see Table 3.15 "Arc types".

Finally, one �ow variable is generated for the two nodes in each period when both are

open. Later, in the XPRESS model, we will know that a �ow variable exists by checking

if exists(F (i, j, t)) = true. Of course, the problem is to retrieve the distance and the vehicle

to be used for each �ow variable. This can be done using functions in XPRESS.

The distance for Fijt can be determined by a function D(i, j). If the zones of nodes i and j

are distinct (NZi 6= NZj), the function simply returns Dist(NZi, NZj). Otherwise, like in

the above algorithm, it looks for the arc type k which gives the value of ATDIntra. The arc

is unique, as we have seen in the description of Table 3.15 "Arc types". The vehicle can also
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be found using a similar function.

In early versions of the math model, D was a matrix, duplicating the distances already in

Zones (�eld Dist). The new implementation needs less memory. The reader could think that

the above functions are time-consuming. In fact, they are called only when the linear program

is generated in numerical form by XPRESS. Then the solver works on a model where function

calls are replaced by their results.

3.18 Assistance for instance generation

We have now a set of structured tables allowing all data for an optimization scenario to be

stored in an EXCEL workbook, which can be read by XPRESS. The data model is �exible

enough to add new node types, new products, etc., and it becomes easier to write the equations

of the math model.

To generate easily various test-scenarios, we designed a workbook "plain-scenario.xlsm". It

contains one worksheet for each table of the data model. All are pre�lled except the largest

ones which contain column names only: Zones, Distances, Nodes, and Demands. These

large tables will be �lled automatically from a set of directives entered by the user in a new

worksheet "Dashboard", inserted before the real tables of the database. A screenshot of this

worksheet is shown in Figure 3.9.

This control panel allows specifying:

� The departments of Picardie and Champagne-Ardenne to consider in the scenario (pink

cells).

� The number of re�neries, existing or to create (cell K3) and their opening periods (cell

K4).

� The products asked by re�neries, among the ones for which we have production data

(orange cells).

� For each product, up to two demand intervals (�rst period, last period, and constant

demand per period in dry tons) can be speci�ed in blue rows 11-14. The other blue cells

are computed by EXCEL. For each product, we have the storage capacity computed

for 4 weeks of demand (row 15), the total need in dry tons for one and all re�neries

(rows 16-17), and the total need of all re�neries in tRM (row 18). The amount available

in table "Nodes" in tRM is also displayed but only if this worksheet has been already

built. Finally, the total demand of re�neries for all products is computed in dry tons in

cell K5.

� The list of cantons where one re�nery already exists and the one where a re�nery may

be created (green cells). Creation in all other zones is forbidden.
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Figure 3.9: Worksheet "Dashboard".
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This provisional interface assumes only one re�nery type "R1". The departments and products

involved in the scenario must be ticked using an "X" or an "x". The two lists of re�nery

locations must contain a list of canton codes separated by commas, or "All", or "None".

Instead of "None", the list may be also left empty. If canton codes are speci�ed in "Existing",

the string "Others" is also accepted in "Allowed".

Then four buttons call VBA macros to �ll automatically the largest tables: "Zones", "Dis-

tances", "Nodes", and "Demands". The idea is to generate data only for selected departments

and products. This is necessary to reduce as much as possible the volume of data loaded in

XPRESS.

Macro to �ll worksheet "Zones"

All zones of Picardie and Champagne-Ardenne and their distances by road are prepared once

for all in a workbook "all-zones-and-distances.xlsm". The zones in worksheet "All zones" of

this workbook are copied into table "Zones" of the scenario, but only if they concern the

selected departments.

Macro to �ll worksheet "Distances"

The distances in worksheet "All distances" of workbook "all-zones-and-distances.xlsm" are

copied into table "Distances" of the scenario, if they concern two cantons of selected depart-

ments.

Macro to �ll worksheet "Demands"

One row is generated with re�nery code "R1" for each product ticked and each period in the

two intervals which may be speci�ed. The amount per period is copied in all the rows of the

interval. Demands may be speci�ed for non-ticked products but they are ignored.

Macro to �ll worksheet "Nodes"

This is the most involved macro. The nodes are created zone by zone. For a given zone, one

BP node is created �rst for each product obtained in the zone, by reading the workbook "all-

production-data" prepared by AGT-RT. The harvest window is copied from table "Local",

knowing the region of the node. The amount available, multiplied by the fraction PColl from

table "Products" is assigned to NQBeg.

FS nodes are created in a second step. First, one FS node is created for each BP node storing

a seed product, if on-farm storage is available (FSiloCapa > 0 in table "Parameters"). Its

opening period is equal to the harvest period of the BP node, plus the FSDur periods speci�ed

in parameters. Storage capacity NSCapa is equal to the number of farms in the zone, ZFarms,

multiplied by FSiloCapa. This capacity is shared by all seed products harvested in the zone

(rape, camelina, Ethiopian mustard). One FS node is generated in a similar way for non-seed

88



3.19. CONCLUSION

products if FPlatFormArea > 0 (straw/cha� from colza and cereals, miscanthus, and willow

chips).

In a third step, CS nodes are created in the zones having centralized storages in the study of

Coopénergie. A zone has silos if ZSiloCapa > 0 in table "Zones". In that case, one CS node

is generated for each seed-product and the storage capacity ZSiloCapa is shared by all these

nodes. A zone has platforms or sheds if ZPlatformArea > 0. If so, one CS node is created

for each non-seed product and the resulting nodes share the storage area ZPlatformArea.

Note that CS nodes are created even for products which are not harvested in the zone: indeed,

centralized storages may store products received from other zones.

Finally, RS nodes are added in the zones where a re�nery exists or may be installed, as

explained in Section 3.17 for variables Yzr.

Generation of a new scenario

To generate a new scenario, the user must take a copy of workbook "plain-scenario.xlsm" and

give it a new name. Then user can modify if necessary the small pre�lled tables "Parameters",

"Products", "Vehicles" etc., enter directives in the dashboard, and generate the large tables

using the four macros. It is possible at any time to change the directives and to rebuild the

large tables. In spite of the automatic generation of the largest table, the user may patch

by hand the resulting tables, for instance to adjust the harvest window of some nodes in one

canton.

3.19 Conclusion

This chapter proposes the data model which describes and structures the real-word data

required for solving the faced biomass supply chain problem. This data model is meant to

serve as a template of the database component of information and decision support systems

related to the upstream segment of biomass supply chains. It covers biomass feedstocks,

storages (farm storage and centralized storage), biomass production zones and demands of

bio-re�neries. It is �exible enough to add new facilities and new biomass feedstocks. When

the data model is separated from the mathematical model, the equations can be written more

easily and modi�cations in the data does not necessarily require reciprocating changes in the

programming model.
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Chapter 4

Mathematical model

4.1 Introduction

Roughly speaking, the math model that we propose is a multi-period and multi-commodity

minimum cost �ow problem, complicated by facility location decisions and both storage ca-

pacities and time windows on nodes. This problem is modeled by a mixed 0-1 linear program,

implemented in XPRESS. In practice, all data for an optimization run are stored in a database

implemented as an EXCEL workbook, called scenario. This workbook includes worksheets

described in the data model: parameters, zones, distances, products, etc. The math model is

automatically generated in XPRESS from the given scenario.

This chapter is structured as follows. Section 4.2 lists the indexing sets while Section 4.3 recalls

the data loaded from the database. Functions to ease the writing of equations are introduced

in Section 4.4. The variables are de�ned in Section 4.5. The constraints with continuous

variables are presented in Section 4.6 and re�nery location constraints in Section 4.7. Section

4.8 is devoted to re�nery demand constraints. The possible terms for the objective functions

are described in Section 4.9 and regrouped into several possible objectives in Section 4.10.

Model feasibility issues are �nally discussed in Section 4.11.

4.2 Sets and Subscripts

The math model uses the sets de�ned in Table 4.1. Z, C, P , N , AT and R correspond to

index sets of tables described in the data model. The other sets are built by XPRESS. For

better readability, alphanumeric keys are used instead of integers, e.g., a sum on nodes must

be written for each i ∈ N and not for i=1,..., |N |.

In the equations, an indexed variable is written equivalently with a subscript or an index in

brackets. Brackets are used to avoid subscripts of subscripts, e.g., PSLoss(NPi) instead of

PSLossNPi .
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Table 4.1: Notations.

Set Index Role
H t Set of the NumPer periods of the planning horizon (usually 52 weeks)
Z z Set of zones into which the territory studied is divided (currently cantons)
C c Set of crops cultivated in the zones
P p Set of products derived from the crops
N i, j Set of all nodes, each node may be viewed as a stock of one product
AT k Set of arc types
R r Set of re�nery types
RF z Set of zones where re�neries are forbidden, RF = {z ∈ Z | ZRefz ∈ "Forbidden"}
RE z Set of zones with existing re�neries, RE = {z ∈ Z | ZRefz ∈ R}
BP i, j Set of biomass production nodes, BP = {i ∈ N | NNTi ∈ "BP"}
FS i, j Set of farm storages, FS = {i ∈ N | NNTi ∈ "FS"}
CS i, j Set of centralized storages, CS = {i ∈ N | NNTi ∈ "CS"}
RS i, j Set of re�nery storages, RS = {i ∈ N | NNTi ∈ "RS"}
SC c Set of seed crops, SC = {c ∈ C | CSeedc = true}

4.3 Data model attributes used in the math model

This section lists the attributes loaded from the database into the math model, with the

names used in the equations, the column headers in EXCEL, the data types, and a reminder

of their roles. The reader is referred to the data model chapter for details about each table

and its attributes.

Worksheet "Parameters"
Math model Database Type Role
NumPer Number of periods Integer Number of periods of planning horizon
DurPer Period duration Integer Duration of one period in days
Harvest Harvest speed String To limit the harvest speed, see comments
Penalty Penalty cost Real Penalty for storage capacity violations
NumHarv Harvesters/farm Real Average nb of combine harvesters per farm
ProdHarv Ha/h harvester Real Productivity in ha/h of harvester considered
NumChop Choppers/farm Real Average number of choppers per farm
ProdChop Ha/h chopper Real Productivity in ha/h of chopper considered
Hours Hours per day Real Working hours per day, typically 10 (real)
FuelGHG Fuel GHG Real GHG emissions/liter of gasoil in kg.eq.CO2

FuelEnergy Fuel energy Real Energy consumption/liter of gasoil in MJ

Worksheet "Zones"
Math model Database Type Role
ZID Code String Zone (canton) code, loaded in indexing set Z
ZRef Re�nery String Status: existing type, "Forbidden" or "Allowed"
ZFarms Nb of farms Integer Number of farms in the zone (2010 census)
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Worksheet "Distances"
Math model Database Type Role
ZO Origin String Code for the zone of origin
ZD Destination String Code for the zone of destination
Dist Distance Real Distance value in km

Worksheet "Crops"
Math model Database Type Role
CID Code String Crop code, loaded in indexing set C
CSeed Seed crop Boolean True if and only if the crop is a seed crop

Worksheet "Product"
Math model Database Type Role
PID Code String Product code, loaded in indexing set P
PCrop Crop String Code of crop of origin
PDens Density Real Density in tons per cubic meter
PDry Dry matter Real Dry matter fraction, e.g., 0.94 for 6 % humidity
PSType Storage type String Type of storage "Silo" or "Platform"
PSLoss Storage loss Real Storage loss factor per period

Worksheet "Local (local product variations)"
Math model Database Type Role
LP Product String Product code, e.g., "P1", "P2". . .
LRG Region String Region code "P" or "CA"
LYield Yield Real Average yield in tRM/ha
LCost Cost Real Production cost in e/tRM
LFuel Fuel Real Fuel consumption in liters of gasoil per tRM
LEnergy Energy Real Energy consumption in MJ per tRM
LGHG GHG Real GHG emissions in kg equ. CO2 per tRM

Worksheet "Nodes"
Math model Database Type Role
NID Code String Node code, loaded in indexing set N
NZ Zone String Zone code, must be in "Zones"
NNT Node type String Node type code, must be in "Node types"
NP Product String Stored product code
NBeg First period Integer First period when the node may be used
NEnd Last period Integer Last period when the node may be used
NQBeg Initial stock Real Amount of product in tRM (BP nodes only)
NParent Parent String Parent node in case of shared storage
NSCapa Storage capacity Real Node storage capacity in tRM if storage in silo
NSArea Storage area Real Area in m2 if storage on platform
NSHeight Storage height Real Maximum height of product in m if platform
NSCost Storage cost Real Storage cost in e/tRM/period
NSEnergy Storage energy Real Storage energy consumption in MJ/tRM/period
NIFlow Input �ow Real Maximum input �ow in tRM per period
NOFlow Output �ow Real Maximum output �ow in tRM per period
NR Re�nery String Re�nery type (RS nodes only)
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Worksheet "Arc types"
Math model Database Type Role
ATID Code String Arc type code, loaded in indexing set AT
ATE Enabled Boolean Arc type enabled "False" or "True"
ATO Origin String Node type for origin
ATD Destination String Node type of destination
ATP Product String Code of product transported
ATV Vehicle String Code of vehicle to be used
ATDIntra Dist intra Real Default intra-zone distance in km
ATDMin Dist min Real Minimum inter-zone distance to create the arc
ATDMax Dist max Real Maximum inter-zone distance to create the arc
ATLCost Load cost Real Loading cost per tRM at origin
ATLFuel Load fuel Real Fuel consumption for loading in liters/tRM
ATLEnergy Load energy Real Energy consumption for loading in MJ/tRM
ATLGHG Load GHG Real GHG emissions for loading in kg.equ. CO2/tRM
ATUCost Unload cost Real Unloading cost per tRM at destination
ATUFuel Unload fuel Real Fuel consumption for unloading in liters/tRM
ATUEnergy Unload energy Real Energy consumption for unloading in MJ/tRM
ATUGHG Unload GHG Real GHG emissions for unloading in kg.equ.CO2/tRM

Worksheet "Vehicles"
Math model Database Type Role
VID Code String Vehicle code, loaded in indexing set V
VCostHour Cost per hour Real Cost in e per hour
VFuelHour Fuel per hour Real Fuel (gasoil) consumption in liters per hour
VSpeed Speed Real Average speed in km/h
VLoad Load Real Vehicle payload in tons
VVolume Volume Real Maximum volume carried in m3

Worksheet "Re�nery"
Math model Database Type Role
RID Code String Re�nery type code, loaded in indexing set R
RCost Cost Real Re�nery cost per year (capital + operating costs) in e
RNum Number Integer Nb of re�neries of this type in a solution

Worksheet "Demands"
Math model Database Type Role
Ref Re�nery String Code of re�nery type
Pro Product String Product code
Per Period Integer Period number
Need Need Real Amount required in dry tons
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4.4 Useful functions

XPRESS allows to de�ne functions computing one result from data. We use this powerful

feature to simplify the writing of the math model.

Function W (i)

As the model considers a cyclic planning horizon, the subset of periods in the time window of

node i is [NBegi, NEndi] if NBegi ≤ NEndi and [NBegi, NumPer] ∪ [1, NEndi] otherwise,

e.g., for crops willow which are harvested in winter. This test is hidden in a function W (i)

that returns the correct range. Indeed, in XPRESS, a function may return a range, i.e., an

interval of integers.

Function Bef(i, t)

As the math model considers a cyclic planning horizon, the stock of a node i at the beginning

of its time window is equal to its �nal stock. The function Bef(i, t) hides these details. It

returns the period "before" a given period t in the time window of the node, taking the cyclic

horizon into account.

Algorithm 2 Function Bef(i, t)

if t = NBegi then
Bef(i, t) = NEndi
else if t > 1 then

Bef(i, t) = t− 1
else

Bef(i, t) = NumPer
end

Function NRG(i)

To avoid de�ning two small tables in the data model for regions and departments, a function

NRG(i) returns the region code of node i : "P" for Picardie if the two �rst characters of zone

code (canton code) ZNamei are "02", "60", "80", otherwise "CA" for Champagne-Ardenne

("08", "10", "51", "52").This function is called to compute biomass production indicators in

the objective function, because the production cost and environmental impacts for a given

product depends on the region.

Function SLoss(i, t)

In the math model, stock variables and inventory balance equations for a node i are de�ned

only for its opening periods. When it is closed the node may contain biomass and the degra-

dation still applies. The function returns the degradation factor for any period t. If the node

95



CHAPTER 4. MATHEMATICAL MODEL

is open all time or t is not the �rst opening period, the answer is the degradation factor per

period PSLoss from table "Products".

Algorithm 3 Function SLoss(i, t)

if |Wi| = NumPer or t ∈W (i)\{NBegi} then
SLoss(i, t) = PSLoss(NPi)
else if t > NEndi then

SLoss(i, t) = PSLoss(NPi)
t−NEnd(i)

else

SLoss(i, t) = PSLoss(NPi)
NumPer−NEnd(i)+t

end

Function T (i, j)

The data model describes the concept of arc type. An arc type is a family of arcs de�ned by

two node types, one product, and one distance interval. It speci�es the ad-hoc vehicle, the

default distance to be used, in [0, 10] km if the nodes are in the same zone, the loading cost

at the origin and the unloading cost at the destination. For instance, we can de�ne two arc

types to move rape seeds from BP to CS nodes: one with a tractor for distances in [0, 10]

and one with a truck for ]10, 50]. Beyond, the two nodes will not be connected.

The function is mainly used to know which �ow variables must be created. It browses table

"Arc types" to return the ad-hoc type for two nodes i and j, if it exists, or an empty string

"" otherwise. It checks �rst whether the two nodes store the same product and have opening

periods in common. If yes, each enabled arc type k is tested to see if one has the same node

types as i and j and the same product. The arc type is returned if the two nodes are in the

same zone and the intra-zone distance is not null, or if they belong to two distinct zones and

their distance lies in the speci�ed interval.

Algorithm 4 Function T (i, j)

if NPi = NPj and Wi ∩Wj 6= ∅ then
for k ∈ AT | ATEk = true and NNTi = ATOk and NNTj = ATDk and NPi = ATPk

do

if NZi = NZj and ATDIntrak 6= 0 then
T (i, j) = k; exit
else if NZi 6= NZj and Dist(NZi, NZj) ∈]ATDMink, ATDMaxk] then

T (i, j) = k; exit
end

end

end
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Function D(i, j)

The distance matrix Dist loaded from table "Distances" contains zeros on its diagonal. For

two nodes in the same zone, the right intra-zone distance is in the arc type determined by a

function T (i, j). These details are handled in a function D(i, j) which must be called only if

there exists one arc type for (i, j).

Algorithm 5 Function D(i, t)

if NZi 6= NZj then
D(i, j) = Dist(i, j)
else

D(i, j) = ATDIntra(T (i, j))
end

Functions for transport costs

These functions are used to compute transport costs in the objective function. They consider

one vehicle rotation on arc (i, j). It is assumed that the vehicle leaves node i when full and

comes back empty. The maximum vehicle load MaxLoad must be computed because the

maximum weight or maximum volume can be reached �rst, depending on product density.

In case of multiple rotations, the vehicle can be partly �lled in the last one. We ignore

this case which requires integer variables for the number of rotations. Indeed, a previous

project studied a smaller supply chain for one re�nery already located in a region divided

in communes. Using real variables for the number of rotations induced only a 5% error on

transport costs. In our case, the error is certainly smaller since the �ows and the numbers of

rotations are larger at the canton level.

Function V CostTon(i, j)

This function returns the transport cost per ton on arc (i, j). The vehicle to be employed

comes from the arc type for (i, j), retrieved by function T (i, j):

v = ATV (T (i, j))

MaxLoad = min(V Loadv, V V olumev × PDens(NPi))

V CostTon(i, j) = 2×D(i, j)× V CostHourv/V Speedv/MaxLoad

Function V FuelTon(i, j)

This function is similar but computes the fuel (gasoil) consumption per ton carried in liters:

v = ATV (T (i, j))

MaxLoad = min(V Loadv, V V olumev × PDens(NPi))

V FuelTon(i, j) = 2×D(i, j)× V FuelHourv/V Speedv/MaxLoad
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Functions V GHGTon(i, j) and V EnergyTon(i, j)

Finally, GHG emissions and energy consumptions are obtained by multiplying VFuelTon by

the values for one liter of gasoil stored in table "Parameters", respectively 3.07 kg.eq.CO2/l

and 45.7 MJ/l:

V GHGTon(i, j) = V FuelTon(i, j)× FuelGHG
V EnergyTon(i, j) = V FuelTon(i, j)× FuelEnergy

4.5 De�nition of variables

Stock variables

Sit represents the amount of product stored at node i at the end of period t, in tons of raw

material (tRM). All FS (farm storage), CS (centralized storage) and RS (re�nery storage)

nodes have a limited storage capacity. As BP (biomass production) nodes have a stock which

can only decrease, stock variables are not necessary for them. Stock variables exist only

during the opening period of the node.

∀i ∈ N\BP,∀t ∈W (i) : Sit ≥ 0. (4.1)

Re�nery location variables

These binary variables Yzr are equal to 1 if and only if a re�nery of type r is located in zone

z. We avoid calling them "setup variables" because they are used also for existing re�neries.

The location variable for an existing re�nery is set to 1 in the sequel, to be eliminated by the

pre-solver of XPRESS. In fact, location variables do not need to be generated for the zones

where re�neries are forbidden (set RF).

∀z ∈ Z\RF, ∀r ∈ R : Yzr ∈ {0, 1}. (4.2)

Product �ow variables

Variable Fijt denotes the �ow of products on arc (i, j) in period t. In fact, a �ow is possible

only if there exists one arc type for (i, j), which can be checked using function T (i, j), and if

both nodes are open.

∀i ∈ N, ∀j ∈ N | T (i, j) exists, ∀t ∈W (i) ∩W (j) : Fijt ≥ 0. (4.3)
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So, �ow variables do not exist for many triplets (i, j, t). In XPRESS, references to non-existing

variables are ignored but the model is generated faster if the existence is checked via the

function exists, like in sum (i in N, j in N, t in H | exists(F(i,j,t))) F(i,j,t). In

the rest of this document we omit this function to make the equations lighter.

4.6 Constraints without integer variables

Storage capacity constraints

BP nodes need no storage capacity constraints as their stock (amount of biomass available)

cannot increase. Their case is handled via constraints (4.8) in the sequel. Hence, storage

capacity constraints are de�ned here only for the other node types FS, CS, and RS.

Recall that a parent node NParenti is de�ned for each node i to handle shared storages.

Node i is a parent if NParenti = i. If no other node has i as parent, node i has its own

storage capacity, otherwise all nodes j such that NParentj = i share the storage capacity of

i. Constraints (4.4) and (4.5) state that the total amount of products stored in each parent

node cannot exceed its storage capacity. Note that they work even if i has its own capacity:

in that case, the sums contain only one term.

Constraints (4.4) concern the case of products stored in silos, for which storage capacity is in

tons:

∀i ∈ N\BP | NParenti = i and PSType(NPi) = “Silo”, ∀t ∈W (i) :∑
j∈N\BP | NParentj=i

Sjt ≤ NSCapai. (4.4)

Constraints (4.5) concern the case of products such as bales and wood chips that are stored

on platforms with storage capacity in square meters. The total mass stored is divided by the

density, to give the corresponding volume, and then by the allowed height to give the required

area:

∀i ∈ N\BP | NParenti = i and PSType(NPi) = “Platform”,∀t ∈W (i) :∑
j∈N\BP | NParentj=i Sjt

PDens(NPi)×NSHeighti
≤ NSAreai. (4.5)

The total storage capacity of the supply chain is critical to ensure feasibility of the math

model, since the stocks act as bu�ers between the limited harvest windows of the products

and the moment when they are consumed by the re�neries. Feasibility issues are discussed in

Section (4.11).
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Inventory balance equations

For RS nodes, the output �ow is replaced by a re�nery demand and inventory balance equa-

tions become demand satisfaction constraints, presented in Section (4.8). The case of BP

nodes is also special, see constraints refavailability. So, inventory balance equations are de-

�ned here only for FS and CS nodes. They just state that the stock of node i at the end of

period t is equal to the one from the "previous" period, multiplied by the degradation factor

of the product, plus the inputs, and minus the outputs.

∀i ∈ FS ∪ CS,∀t ∈W (i) : Si,Bef(i,t) × SLoss(i, t) +
∑
j∈N

Fjit −
∑
j∈N

Fijt = Sit. (4.6)

The degradation is returned by function SLoss(i, t). This function returns the factor for one

day given in table "Products" (PSLoss). The exception is the �rst opening period, for a

storage not open all time: in that case, the degradation is counted from the closing period

onward, over the cyclic horizon.

Stock cleaning constraints

In constraints (4.7), the stock of a node not open all along the year must be emptied at the

end of its time window. This is the case for on-farm storages which must be emptied in

general within 6 weeks after the harvest period. Due to the cyclic horizon, Si,Bef(i,NBeg(i))

will be also null in constraints (4.6).

∀i ∈ N\BP | NumPer > |W (i)| : Si,NEnd(i) = 0. (4.7)

Biomass availability constraints

As the stock of BP nodes can only decrease, instead of using constraints (4.4) and (4.5), we

just state that the total amount collected cannot exceed product availability NQBegi.

∀i ∈ BP :
∑

j∈N,t∈W (i)∩W (j)

Fijt ≤ NQBegi. (4.8)

Maximum input �ow constraints

They are generated for nodes with incoming arcs (all, except BP nodes) and such that cell

NIFlowi is �lled in the scenario. They can be used for CS nodes with a slow input system,

for instance.
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∀i ∈ N\BP | NIFlowi 6= 0, ∀t ∈W (i) :
∑
j∈N

Fjit ≤ NIFlowi. (4.9)

Maximum output �ow constraints

They are generated only for non-BP nodes if cell NOFlowi is �lled. For BP nodes, the

maximum amount collected by period is controlled by the parameter "Harvest" of table

"Parameters", see (4.11-4.18).

∀i ∈ N\BP | NOFlowi 6= 0, ∀t ∈W (i) :
∑
j∈N

Fijt ≤ NOFlowi. (4.10)

Constraints for the case Harvest = "Constant"

The next constraints deal with harvest speed limitation when Harvest = "Constant" in the

database. This means that the amount collected at a BP node must be the same in each

period of the harvest window. A new variable Gi denotes the constant amount harvested in

each period for node i, eventually zero. Then we state that the outgoing �ow of node is equal

to Gi, in each harvesting period:

∀i ∈ BP : Gi ≥ 0, (4.11)

∀i ∈ BP,∀t ∈W (i) :
∑
j∈N

Fijt = Gi. (4.12)

Constraints for the case Harvest = "Window"

In the option Harvest = "Window", a non-zero amount must be collected in each period.

If the amount available is completely collected, the amounts removed in each period will be

identical, like for Harvest = "Constant". However, if the BP node is not completely emptied,

these amounts may be di�erent.

∀i ∈ BP,∀t ∈W (i) :
∑
j∈N

Fijt ≤ NQBegi/|W (i)|. (4.13)
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Constraints for the case Harvest = "Equipment"

If Harvest = "Equipment", the harvesting rate at a BP node is limited by the equipment

available in the zone, using constraints (4.14) and (4.15). They state that the number of

harvested hectares in each zone and each period, for seed crops (4.14) and non-seed crops

(4.15), cannot exceed the capability of the harvesting equipment available in the zone:

∀z ∈ Z, ∀t ∈ H :
∑
c∈SC

max{
∑

i∈BP,NZ(i)=z,NP (i)=p,j∈N

Fijt

LY ieldp,NRG(i)
: p ∈ P | PCropp = c}

≤ ProdHarv ×NumHarv × ZFarmsz ×Hours×DurPer. (4.14)

∀z ∈ Z, ∀t ∈ H :
∑
c/∈SC

max{
∑

i∈BP,NZ(i)=z,NP (i)=p,j∈N

Fijt

LY ieldp,NRG(i)
: p ∈ P | PCropp = c}

≤ ProdChop×NumChop× ZFarmsz ×Hours×DurPer. (4.15)

In constraints (4.14) for instance, the �rst sum gathers the number of hectares harvested for

each seed crop c. The internal sum computes the area in hectares for a product p obtained

from crop c, over all BP nodes growing this product. The outgoing �ows from each BP node

are divided by the yield to get hectares. The right-hand-side is the maximum number of

hectares which can be harvested per period in the zone.

The "max" operator is needed because the products from one crop come from the same

harvester. For colza, typical yields are 4 t/ha for seeds, 2 for straw and 1.5 for cha�. For an

XPRESS solution collecting 4, 1 and 1 tons of these products, we must harvest 1 ha. But for

4, 2.5 and 3 tons, we need 2 ha. So, for a given crop, the number of hectares to harvest is the

maximum of the hectares of its products.

Constraints (4.15) are very similar but concern non-seed products (bales and wood chips).

The number of hectares harvested cannot exceed the capability of the choppers available in

the zone.

Constraints (4.15) and (4.16) are non-linear because of the "max" operator, but they can

be linearized at the expense of additional variables. This is a classical trick for min-max

problems. We show how to do for constraints (4.15) only, knowing that the method is similar

for constraints (4.16). We introduce �rst variables Bztc which represents an upper bound for

the hectares harvested for crop c in zone z and in period t:

∀z ∈ Z, ∀t ∈ H,∀c ∈ SC : Bztc ≥ 0. (4.16)
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In Constraints (4.17) each Bztc is at least as large as the area harvested for each product p

derived from crop c:

∀z ∈ Z,∀t ∈ H,∀p ∈ P | PCropp = c : ∑
i∈BP,NZ(i)=z,NP (i)=p,j∈N

Fijt

LY ieldp,NRG(i)
≤ Bztc. (4.17)

Finally, constraints (4.15) are rewritten to replace the "max" operator by the Bztc :

∀z ∈ Z,∀t ∈ H :∑
c∈SC

Bztc ≤ ProdHarv ×NumHarv × ZFarmsz ×Hours×DurPer. (4.18)

Note that the case Harvest = "Equipment" requires a lot of constraints and variables if they

are created for each t ∈ H. In fact, the values of t can be limited to the harvesting periods of

products obtained in zone z, so we could write instead: t ∈
⋂

j∈BP |NZ(j)=zW (j).

4.7 Re�nery implementation constraints

Limit on the number of re�neries per zone

Constraints (4.19) show that at most one re�nery can be built in each zone where creations

are not forbidden:

∀z ∈ Z\RF :
∑
r∈R

Yzr ≤ 1. (4.19)

Constraints on the number of re�neries for each type

The number of re�neries implemented for each type r must be equal to the number speci�ed

in the database, RNumr. Recall that this number includes the existing re�neries:

∀r ∈ R :
∑

z∈Z\RF

Yzr = RNumr. (4.20)

Constraints for existing re�neries

In the data, a re�nery with a certain type ZRefz, may already exist in zone z. In that case,

the setup variable is forced to 1 and the pre-solver of XPRESS will replace it by its value in

the whole model:
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∀z ∈ RE : Yz,ZRef(z) = 1. (4.21)

4.8 Constraints speci�c to re�nery storages (RS Nodes)

A zone z with an existing re�nery has one RS node (re�nery storage) per product required.

If re�nery creation is possible (ZRefz= "Allowed" in the database), one RS node is created

for each re�nery type and each product asked by this type. These creations are necessary to

enable �ows of products to arrive at new re�neries, as �ow variables are generated between

existing nodes. Of course, the di�culty is to determine the expressions of demand satisfaction

constraints, and to inhibit the RS nodes in a zone if no re�nery is implemented. We present

here ad-hoc constraints.

Constraints (4.22) look like inventory balance equations (4.6) for FS and CS nodes, but the

output �ows are replaced by the demand of the re�nery type which owns the RS node. Recall

that NPi and NRi denote the product and re�nery type of RS node i while Needrpt is the

demand in dry tons of re�nery type r for product p in period t. Hence, the demand in tRM

is NeedNR(i),NP (i),t/PDry(NPi).

∀i ∈ RS,∀t ∈W (i) :

Si,Bef(i,t) × SLoss(i, t) +
∑
j∈N

Fjit −
NeedNR(i),NP (i),t

PDry(NPi)
× YNZ(i),NR(i) = Sit. (4.22)

In these equations, the demand is multiplied by the location variable YNZ(i),NR(i). If no

re�nery is created this variable is null and the demand suppressed, which is a way to inhibit

the RS node. This does not prevent the arrival of an incoming �ow which increases the stock,

but such a stock augmentation is not possible in an optimal solution, since storage costs are

minimized.

We could test other ways of inhibiting the RS nodes of closed re�neries, to see the impact

on running time. For instance, we could cancel each incoming �ow Fjit using the location

variable.

4.9 Possible terms for objective functions

The objective functions of Section 4.10 may cumulate various terms described here. To better

individualize these indicators per activity, one real variable with a 2-letter name is de�ned for

each of them. The �rst letter indicates the kind of indicator: C for costs, G for GHG emission,

E for energy consumption, and F for fuel consumption. The second letter corresponds to the
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activity: B for biomass production, I for inventory, H for handling (loading/unloading), T

for transport, and R for re�neries. For instance, the total energy consumption induced by

handling operations is denoted as EH.

Computation of costs

Biomass costs

The total cost of biomass CB is the cost of the amounts collected at BP nodes. The total

amount picked up at a BP node i is obtained by summing its outgoing �ows Fijt. The

production cost LCost in e/tRM is stored in table "Local" because it depends on the product

NP (i) and the region NRG(i).

CB =
∑

i∈BP,j∈N,t∈W (i)∩W (j)

LCostNP (i),NRG(i) × Fijt. (4.23)

As the demand of re�neries for each product must be satis�ed in our model, CB has a constant

value if all cantons in an instance belong to the same region. But this is no longer true for

instances involving the two regions studied, Picardie and Champagne-Ardenne.

Inventory costs

The total inventory cost CI is not counted for BP nodes. We add the storage costs for the

opening periods and the storage cost for the �nal stock, which is kept in the NumPer−|W (i)|
closing period :

CI =
∑

i∈N\BP

NSCosti × (
∑

t∈W (i)

Sit + (NumPer − |W (i)|)× Si,NEnd(i)). (4.24)

Handling costs

Using the function T (i, j) we can retrieve the arc type for (i, j) which contains the loading

cost ATLCost at node i and the unloading cost ATUCost at node j.

CH =
∑

i∈N,j∈N,t∈W (i)∩W (j)

(ATLCostT (i,j) +ATUCostT (i,j))× Fijt. (4.25)

Transport costs

The transport cost CT is computed using the V CostTon function:
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CT =
∑

i∈N,j∈N,t∈W (i)∩W (j)

V CostTon(i, j)× Fijt. (4.26)

Costs of re�neries

Recall that RCostr gathers the discounted investment costs and the operational cost for one

year of activity. The total cost CR includes existing and created re�neries:

CR =
∑

z∈Z\RF

∑
r∈R

RCostr × Yzr. (4.27)

In fact this cost is constant since the data impose the number of re�neries RNumr for each

type r:

CR =
∑
r∈R

RCostr ×RNumr. (4.28)

The environmental indicators in the sequel are de�ned by similar formulas. They are de�ned

for RS nodes but not for the conversion processes, which are not included in our supply chain

model. There are no GHG emissions for storage.

Computation of fuel (gasoil) consumptions

Fuel consumptions of biomass production

FB =
∑

i∈BP,j∈N,t∈W (i)∩W (j)

LFuelNP (i),NRG(i) × Fijt. (4.29)

Fuel consumptions for inventories

Storage does not consume fuel.

Fuel consumptions for handling

FH =
∑

i∈N,j∈N,t∈W (i)∩W (j)

(ATLFuelT (i,j) +ATUFuelT (i,j))× Fijt. (4.30)

Fuel consumption of transport

FT =
∑

i∈N,j∈N,t∈W (i)∩W (j)

V FuelTon(i, j)× Fijt. (4.31)
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Computation of GHG emissions

GHG emissions of biomass production

GB =
∑

i∈BP,j∈N,t∈W (i)∩W (j)

LGHGNP (i),NRG(i) × Fijt. (4.32)

GHG emissions of inventories

Storage requires energy (ventilation in silos) but does not emit GHG.

GHG emissions for handling

GH =
∑

i∈N,j∈N,t∈W (i)∩W (j)

(ATLGHGT (i,j) +ATUGHGT (i,j))× Fijt. (4.33)

GHG emissions for transport

GT =
∑

i∈N,j∈N,t∈W (i)∩W (j)

V FuelTon(i, j)× Fijt × FuelGHG. (4.34)

Computation of energy consumptions

Energy consumption of biomass production

EB =
∑

i∈BP,j∈N,t∈W (i)∩W (j)

LEnergyNP (i),NRG(i) × Fijt. (4.35)

Energy consumptions for inventories (e.g., ventilation)

EI =
∑

i∈N\BP

NSEnergyi × (
∑

t∈W (i)

Sit + (NumPer − |W (i)|)× Si,NEnd(i)). (4.36)

Energy consumption for handling

EH =
∑

i∈N,j∈N,t∈W (i)∩W (j)

(ATLEnergyT (i,j) +ATUEnergyT (i,j))× Fijt. (4.37)

Energy consumption of transport

ET =
∑

i∈N,j∈N,t∈W (i)∩W (j)

V FuelTon(i, j)× Fijt × FuelEnergy. (4.38)
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4.10 Objective functions

The most classical goal is to minimize the total cost TC of the supply chain:

min TC = CB + CI + CH + CT + CR (4.39)

Alternative optimization criteria are the total GHG emission TG, the total energy consump-

tion TE and the total fuel consumption TF , given respectively by the following equations:

min TG = GB +GH +GT (4.40)

min TE = EB + EI + EH + ET (4.41)

min TF = FB + FH + FT (4.42)

It is also possible to minimize a weighted sum of these partial objectives, where α,β,γ,δ are

non-negative weights such that α+ β + γ + δ = 1:

min WS = α× TC + β × TG+ γ × TE + δ × TF (4.43)

It is well known that this weighted sum method is sometimes unsatisfactory because it yields

a unique solution which can change radically if the weights are modi�ed and non-supported

solutions can not be obtained even by considering all possible values for (α,β,γ,δ).

To explain Pareto optimality lets consider the following example, to minimize TC and TG in

the Pareto sense, a solution with values (90, 100) for the two objectives dominates a solution

(100, 120), as the two criteria are improved. But two solutions (90, 100) and (100, 90) do not

dominate each other and both are interesting for a decision maker. A solution is e�cient or

Pareto-optimal if no other solution dominates it.

The ε-constraint method is a simple approach to get Pareto-optimal solutions from a mathe-

matical programming model, in the case of two con�icting objectives. Taking again TC and

TG as example, we solve our mixed 0-1 linear program to minimize cost, giving a minimal cost

TCmin. Then, we minimize GHG emissions TG to get the associated cost TCmax. Finally,
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we de�ne a threshold ε and minimize TG subject to the additional constraint TC ≤ ε, for n

values of ε regularly equispaced in [TCmin, TCmax].

It is possible in XPRESS to write a loop varying ε and solving the corresponding linear

program. However, the ε-constraint method involves already the resolution of n + 2 linear

programs for two objectives only. This is acceptable to minimize TC and TG, the GHG

emissions being the most used environmental indicator. However, the method is too time-

consuming for three objectives or more. A metaheuristic like the multi-objective genetic

algorithm NSGA-II is better suited in such cases.

4.11 Feasibility issues

Preliminary tests of the math model have shown that it is often infeasible if re�nery demands

are close to the amount of available biomass, and/or if the total storage capacity in the

system is insu�cient, and/or if re�neries ask for a product long after its harvesting period.

Infeasibility is problematic because no solution is produced to identify the reasons. We im-

plemented two complementary systems, the use of "panic variables" to get always a solution,

and necessary conditions for feasibility.

Panic biomass

To have always a feasible math model, we propose a simple system where each re�nery storage

may take biomass in a "panic stock". Each ton taken from this stock is penalized by a cost per

ton Penalty, speci�ed in table "Parameters". The system to ensure feasibility is implemented

only if Penalty > 0.

To implement this system, the amount taken from panic stocks by a re�nery storage node i

in period t is de�ned by a non-negative variable Eit:

∀i ∈ RS, t ∈W (i) : Eit ≥ 0 (4.44)

Constraints (4.45) like demand satisfaction constraints (4.22) are then modi�ed to allow taking

panic biomass.

∀i ∈ RS,∀t ∈W (i) :

Si,Bef(i,t)×SLoss(i, t)+
∑
j∈N

Fjit+Eit−NeedNR(i),NP (i),t/PDry(NPi)×YNZ(i),NR(i) = Sit.

(4.45)

Finally, we add to the selected objective (TC, TG, TE or TF ) the sum of penalties SP for

using panic stocks:

109



CHAPTER 4. MATHEMATICAL MODEL

SP =
∑
i∈RS

∑
t∈W (i)

Penalty × Eit. (4.46)

The optimal solution to the modi�ed model is feasible for the initial model if SP = 0.

Otherwise, some variables Eit are positive in the solution and can be used to identify the

problem. For instance, if the positive panic variables concern products stored on platforms,

this suggests that the total capacity of platforms in the supply chain is insu�cient.

Necessary feasibility conditions

Necessary tests for feasibility without panic variables can be computed on the data, before

solving the math model, so the following equations are not constraints to be added in the

math model. A feasibility condition is that the total demand of re�neries for each product p

is compatible with the total amount which can be produced. The demands given in dry tons

must be divided by the dry matter fraction PDry of the product, to be compared with the

amounts available in tons of raw material (tRM).

∀p ∈ P :
∑
r∈R

RNumr ×
∑
t∈H

(Needrpt/PDryp) ≤
∑

i∈BP | NP (i)=p

NQBegi. (4.47)

The table "Arc types" de�nes distance intervals and vehicles to be used for a given pair of node

types and a product. The maximum distance for a farmer to bring biomass to a centralized

storage is in general DMax = 20 km. In the real data used to test the math model, the

distance of some BP nodes to their closest CS node exceeds this maximum and the biomass

available cannot be delivered. The biomass lost Lostp in this way for each product p can be

computed like below:

Algorithm 6 Lostp

for each product p do
Lostp = 0

end

for i ∈ BP do
DMin = min{D(i, j) | j ∈ CS and NPi = NPj}
if DMin > DMax then

Lostp = Lostp +NQBegi
end

end
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Then constraints (4.47) can be reinforced as follows:

∀p ∈ P :
∑
r∈R

RNumr ×
∑
t∈H

(Needrpt/PDryp) ≤
∑

i∈BP | NP (i)=p

NQBegi − Lostp (4.48)

However, even this condition is not su�cient because infeasibilities often come from insu�-

cient storage capacities between the harvest period of a product and its consumption by the

re�neries. So we introduced other feasibility tests based on storage capacities. Roughly speak-

ing, for seed-products (resp. baled products), they check for each period that the minimum

amount to be stored does not exceed the total capacity of silos (resp. platforms) available. We

explain the principle in the sequel, without giving the algorithms which are rather involved.

First, we compute the total storage capacity for seeds and bales in each period, SeedsCapat
and BalesCapat. Then the minimum amounts to be stored come from an observation: during

the harvesting window of a product, this product can traverse the logistic network to the

re�neries without increasing stock levels. But in the last open period, the stock must be �lled

to supply re�neries until the next harvest.

So, the minimum stock of a product to be stored at the end of its harvest window is equal

to its total demand outside this window. Then, for each closed period, this stock can be

decremented by the demand in this period. By regrouping these stocks for seed and bales, we

can obtain the minimum amount of seeds to be stored in each period, SeedsStoredt, and the

ones for bales BalesStoredt.

There is obviously an infeasibility if there exists a period t such that SeedsStoredt > SeedsCapat

or BalesStoredt > BalesCapat. These tests are very powerful and their principle can be sum-

marized by the following curves.

Periods

Stock and capacity

1 NumPer

Storage capacity curve

Minimum stock curve

Harvest window

FS nodes open

Infeasibility

 
Figure 4.1: Feasibility study for storage capacity.

To simplify, Figure 4.1 considers a supply chain for a single product with a constant demand

per period. In generalm centralized storages (CS) and re�nery storages (RS) are always open
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but the farm storages (FS) can receive and send biomass from the beginning of the harvest

window to 6 weeks after the end, which explains that the total storage capacity in the zones

is not constant. The minimum stock curve shows a typical pattern: the total amount stored

is maximal at the end of the harvest window and then decreases linearly until the beginning

of the next harvest (recall that the year is cyclic). In this example the minimum amount to

be stored exceeds the available capacity when the FS nodes close.

In our model such curves are much more irregular for several reasons. We aggregate in a single

curve all the products that need the same type of storage (seeds or bales). The harvest window

and consequently the FS node windows depend on the product and the region of production.

The total demand for a product may depend on the period. Finally, the re�neries close during

2 weeks for maintenance at the end of the year, inducing a �at interval on the rightmost part

of the stock curve.

4.12 Conclusion

A mathematical model has been developed to optimize the supplies of several re�neries,

existing or to be located, over a large territory equivalent to two French regions. This model

is based on the database described in the data model document and can be automatically

generated from the data. Such a model is said to be "data driven".

As the biomass must be kept in bu�er stocks (centralized storages) between the end of har-

vesting periods and their consumptions by the re�neries, infeasibility is possible and hard to

detect. However, a simple system has been proposed to always get feasible solutions.

The math model has been implemented in the mathematical programming environment

XPRESS (published by the company FICO, San José, California) and tested on real pro-

duction data provided by AGT-RT and storage data gathered by Coopénergie. These tests

and their results are described in the following chapter.
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Chapter 5

Large-scale tests on real data

5.1 Introduction

In Chapters 3 and 4, a data model and a mathematical model to optimize the location and

supplies of several bio-re�neries over a large territory are discussed. The aim of this chapter

is to describe the continuation of the project and the cost minimization tests on real data. It

explains in particular the long process to collect real data, too often underestimated in OR

studies. Tests involving several optimization objectives and decomposition techniques will be

presented later.

Section 5.2 recalls the general structure of the database and gives an overview of the process to

prepare it for an optimization run. Before coming to a complete database, a lot of upstream

work is required to obtain the set of zones considered (cantons), inter-canton distances by

road, centralized storage data, and biomass production data. These preliminary tasks are

exposed in Section 5.3. The data used to �ll the di�erent tables are presented in Section 5.4.

Section 5.5 describes representative large-scale tests.

The symbols used in �owcharts shown in Figure 5.1 are used. Rectangles are EXCEL work-

books while ellipses represent procedures. A workbook may contain several worksheets (inner

rectangles) and macros written in VBA (Visual Basic for Applications, inner ellipses). Arrows

indicate data �ows.

EXCEL WORKBOOK (WB)  WB1

EXCEL WORKBOOK WITH WORKSHEETS (WS)

WS1 WS2

TASK  T1
(VBA MACRO OR NON-EXCEL PROGRAM)

WS3

EXCEL WORKBOOK WITH WORKSHEETS & VBA MACROS

WS1 WS2MACRO  M1

 

Figure 5.1: Symbols used in �owcharts.
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5.2 Overview of scenario generation and optimization

A database for one run of the math model is called scenario. It is implemented as an EXCEL

workbook containing macros in VBA, one worksheet used as user interface, and one worksheet

for each table of the data model. To avoid that the user retypes all data for each new scenario,

we prepared a mother-workbook "plain-scenario" where most worksheets are pre�lled by

default values. To create a new scenario, the user can take a copy of this workbook, rename

it, and modify what he/she wants. Table 5.1 recalls the list of worksheets in a scenario, see

the data model document for details.

The �rst worksheet "Dashboard" (Figure 5.2) is a user interface already brie�y described

at the end of the data model document. It indicates the 7 departments of Picardie and

Champagne-Ardenne and the 9 products for which production data are available. The user

may select departments and products and de�ne the number of re�neries, their locations, and

their demands. The other worksheets of the scenario can be modi�ed too, via the EXCEL

thumbnails at the bottom of the sheet.

Table 5.1: List of worksheets in a scenario workbook like "plain-scenario".

Worksheet Pre�lled Contents

Dashboard Partially Control panel with regions, departments and products to specify demand
Parameters Yes Parameters more rarely changed: number of periods, period duration. . .
Zones No Territorial units (currently cantons), worksheet built by a VBA macro
Distances No Road distances, worksheet built by a VBA macro
Crops Yes Crops for which production data are available
Products Yes Products asked by bio-re�neries: initial crop, density, dry matter content. . .
Local Yes Local product variations: yields, harvesting windows. . .
Node types Yes Node types, currently BP, FS, CS, RL
Nodes No Nodes (stocks in a broad sense), worksheet built by a VBA macro
Arc types Yes Allowed arc types, at least (BP,FS), (BP,CS), (FS,CS) and (CS,RL)
Vehicles Yes Types of vehicles which may be used for biomass transportation
Re�neries Yes Types of bio-re�neries which may be created
Demands No Demands of products per bio-re�nery type, worksheet built by a VBA macro

All tables are pre�lled using default values, except the largest ones "Zones", "Distances",

"Nodes" and "Demands", which can be generated via the blue buttons. Generated data

concern selected products and departments, to minimize the amount of memory required by

the solver. To do so, the buttons call VBA macros which extract data prepared once for all

in two auxiliary workbooks, "all-zones-and-distances" and "all-production-data". The way

these workbooks are built is seen in Section 5.3.

The �rst auxiliary workbook "all-zones-and-distances" contains administrative data for the

279 cantons of Picardie and Champagne-Ardenne: canton code and name, city chosen as

geographic center to compute distances, number of farms, area cultivated, storage capacity

of silos, area of platforms (in a worksheet "All zones"), and inter-canton distances (in a

worksheet "All distances").
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The other auxiliary workbook "all-production-data" was built by AGT-RT. It gathers biomass

production data per canton and per product, e.g., current and potential amount available,

production cost, loading cost, GHG emission, and fuel/energy consumptions. It contains one

worksheet per department.

The links between a scenario and the two auxiliary workbooks is shown in Figure 5.3. The

worksheets not linked by arrows in "plain-scenario" are �lled by hand because they are small

and seldom modi�ed.

 

Figure 5.2: Example of screenshot of worksheet "Dashboard".

To build a scenario quickly, the user may use the dashboard depicted in Figure 5.2. She/He

must tick the departments (row 5) and products (row 10) involved in the scenario. As the

dashboard is a simple and provisional interface, it allows currently one type of re�nery only

(de�ned in table "Re�neries") and all re�neries of this type must have the same demands.

The number of re�neries is speci�ed in cell K3 and their common working periods in K4.

Then, one or two demand intervals with a need per period in dry tons (dt) can be speci�ed

in rows 11-14 for each product selected. The intervals may overlap two years, e.g., weeks

50-10. These demand intervals will be used to �ll table "Demands". Intervals may be given

for non-ticked products but they will be ignored.

Re�nery locations are given in rows 21-22. Cantons with existing re�neries are listed on

row "Existing" and the ones where re�neries may be created on row "Allowed". The other

numeric cells are computed by EXCEL. For each product, the total demand in dry tons is

given for one re�nery on row 16 and for all re�neries on row 17. The latter is divided by the

dry matter fraction to give tons of raw material (tRM) on row 18. If table "Nodes" has been
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generated already, these quantities can be compared to the total amount of product available

in on row 19. The total need of all re�neries is shown in cell K5.

    WB "all-production-data" (AGT-RT)

One worksheet par department

8060525110

    WB "plain-scenario"

WS "Dashboard"

    WB "all-zones-and-distances"

WS "All zones" WS "All distances"

Build/rebuild 
Zones

Build/rebuild 
Nodes

WS "Zones" WS "Nodes"

Build/rebuild 
Distances

WS "Distances"

Build/rebuild 
Demands

WS "Demands"

WS "Parameters"

WS "Crops"

WS "Products"

WS "Local"WS "Node types" WS "Arc types" WS "Vehicles" WS "Refineries"

Call

Call

Chosen cantons Storage capacities Distances Amounts available for BP nodes

0802

 

Figure 5.3: Scenario �le and links with auxiliary workbooks.

The last thing to do to have the scenario ready for optimization is to generate the large

worksheets "Zones", "Distances", "Nodes" and "Demands" using the blue buttons. The

"Build/rebuild Demands" button is independent, it creates in table "Demands" one row

(period, product, demand) for each selected product and each period of its demand intervals.

The other buttons must be pressed from left to right. "Build/rebuild Zones" copies canton

administrative data of ticked departments from worksheet "All zones" of workbook "all-zones-

and-distances" to worksheet "Zones" of scenario (Figure 5.3). "Build/rebuild Distances"

extracts precomputed distances between chosen cantons from worksheet "All distances", to

�ll table "Distances" of the scenario.

The "Build/rebuild Nodes" button needs more explanations. Recall that a node in our model

is a stock of product in a broad sense: even crop �elds are nodes. Four steps are executed in

sequence for each canton of selected departments:

� Step 1. One biomass production node (BP node) is created for each product ob-

tained in the canton. The amount of product available is extracted from workbook

"all-production-data" built by AGT-RT.
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� Step 2. Worksheet "Parameters" in the scenario speci�es the average silo capacity and

the average platform area per farm. If silo capacity is not null, one farm storage node

(FS node) is generated for each seed-product harvested in the zone. If platform area

is not null, one FS node is added for the other products, currently baled products and

willow chips.

� Step 3. If the zone has a non-zero silo capacity in "all-zones-and-distances", one

centralized storage node (CS node) is created for each seed-product ticked. If it has a

non-zero platform area, one CS node is also created for each other product ticked. These

nodes are created even for products not harvested in the zone, as centralized storages

may receive biomass from other zones. Silo and platform capacities were computed from

data gathered by Coopénergie, as explained in Section 5.3.

� Step 4. The node generation for one zone ends by creating one re�nery storage node

(RS node) for each product if the zone has already one re�nery or may receive a new

one. The storage capacity speci�ed in dry tons for each product on the dashboard is

copied in all RS nodes for this product.

No table is frozen. The user may change parameters and press the buttons again to regen-

erate the large tables, or patch them manually, for instance if the demand of re�neries must

be adjusted in one period. The other tables like "Vehicles" are pre�lled but they are also

updatable by hand.

Once the scenario workbook is saved, the optimization can be done by the mathematical

programming software XPRESS. The math model is written for this software in a �le "xpress-

model.mos". To optimize a scenario, the user must start XPRESS, open the math model �le,

specify the name of the scenario �le, and �nally activate the command "Run model". The

data are loaded and undergo the feasibility tests explained in the math model document, then

the scenario is then optimized and the values of the objective function and the variables are

displayed.

Up to now, XPRESS must be launched manually by the user. As this is not a software for

end-users, it is foreseen to call it transparently in the �nal software, using a dedicated button.

5.3 Preparation of auxiliary workbooks

As already mentioned, a scenario �le extracts its canton and biomass data from two auxiliary

workbooks precomputed once for all, "all-production-data" and "all-zones-and-distances".

The data in these workbooks come from a long and complex work performed by two partners

of the AMBRE project, AGT-RT and Coopénergie. This work cannot be detailed here but
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we provide an overview which already illustrates the di�culties to obtain real data in an

operations research study.

5.3.1 Workbook "all-production-data"

This workbook provides biomass production for the 279 cantons of Picardie and Champagne-

Ardenne and 9 products. It results from a 1-year work conducted by Marie-Laure Savouré and

Marion Bondoux (AGT-RT). The reader can �nd a complete description of the methodology

in deliverable WP1-P12-L4 "Données agronomiques en entrée du modèle logistique". We just

summarize this methodology here.

Six crops were studied: rape, cereals (unspeci�ed, but mainly wheat and barley), camelina,

Ethiopian mustard, miscanthus and very short rotation coppice (willow). The re�nery can

process several parts of some plants: seeds, straw and cha� for rape, straw and cha� for

cereals (seeds being reserved to traditional outlets). Hence, nine products can be supplied. A

typical "technical itinerary" was selected for each product. This is a sequence of operations

(soil preparation, sowing, treatments, harvesting, raking, baling, and loading of �nal product

in transport vehicles) with required equipment and consumables. When several products are

obtained from the same crop (e.g., seeds/straw/cha� from rape), the cost of production steps

from soil preparation to harvesting was attributed to the main product, the cost of coproducts

being counted as from the raking step.

The data for rape and cereals (current areas and amounts produced) were prepared by Cyril

Flamin (Coopénergie) from raw data of the 2010 Agricultural General Census (RGA 2010).

For cereal straw and cha�, local consumption by cattle and horses was deducted �rst. The

remaining amount is not entirely available, due to recommendations of INRA, the French

national institute for agronomic research. Depending on the canton, only 20 to 60% of the

rest may be exported, to preserve soil equilibrium. Concerning rape straw and cha�, their

current consumption is negligible but only 17% of rape straw can be exported because the

rest must return to the soil.

As the other crops (camelina, Ethiopian mustard, miscanthus, willow) are little or not at all

cultivated today, their potential production was computed using the OPTABIOM method-

ology designed by AGT-RT. For each crop, the potential amount is a maximum based on

possible 3-year rotations including it. However, it was decided to preserve the current rape

production considered as essential in Picardie and Champagne-Ardenne. Due to the mu-

tual exclusion between the potential amounts of other crops, the user must de�ne in table

"Products" the maximum fraction of the potential amount which can be collected (column

"Collectable", see example in Section 5.4.5). Indeed, it is impossible to collect 100% of the

potential amount of each crop, except if a single product is ticked in addition to rape products.

Possible rotations come from RPG-EXPLORER. This software designed by INRA combines
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a Geographic Information System (GIS) and a national database of farm parcels with their

characteristics. It proposes a list of candidate rotations based on the climatic conditions,

slopes, and soil types of a farm.

Table "all-production-data" has too many columns to be shown here but it contains one row

with the following �elds for each pair (canton, product harvested in this canton):

� Code and name of the canton

� Product, de�ned by the crop and the part concerned (seeds, straw, cha�, whole plant)

� Current production, null or very small for camelina, Ethiopian mustard, miscanthus and

willow

� Potential production for camelina, Ethiopian mustard, miscanthus and willow

� Harvest window (�rst and last week)

� Percentage of dry matter

� Conditioning at the end of technical itinerary (bulk or bales)

� Product density

� Indicators for biomass production, loading on tractor, loading on truck, tractor unload-

ing, and truck unloading: cost per tRM, gasoil consumption, energy consumption, and

GHG emission

The macro "Build/rebuild Nodes" reads this workbook only to a) know which products are

obtained in each canton, b) generate in table "Nodes" one BP node and eventually one FS

node for each product, and c) get the amount available to initialize the initial stock of BP

nodes (column NQBeg).

The other production data are constant or depend only on the region or arc type, so they were

included in "plain-scenario". The density and percentage of dry matter were copied in table

"Products". The harvest window and productions indicators of each product in each region

were moved to table "Local". Finally the indicators for loading and unloading operations

were put in table "Arc types".

5.3.2 Workbook "all-zones-and-distances"

The work�ow to prepare this workbook is illustrated in Figure 5.4. The process is rather

complex because it has been decomposed in successive steps to be more reliable.
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Figure 5.4: Work�ow to prepare workbook "all-zones-and-distances".
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Administrative data in worksheet "All zones"

As we use biomass production data from the 2010 agricultural census, the cantons in worksheet

"All zones" must be those of 2010. They can be found on the web site of INSEE, the National

Institute of Statistics and Economic Studies, at https://www.insee.fr/fr/information/

2028028. We copied the code and name of cantons of departments 02, 08, 10, 51, 52, 60, 80. A

few cantons have been modi�ed since 2010 but their history can be traced easily using earlier

INSEE �les or Wikipedia.fr. To compute road distances more accurately, a central city has

been visually selected for each canton, using ArcGIS Explorer Desktop (http://esri.com).

The base maps used comes from OpenStreetMap (https://openstreetmap.org) and show

roads, forests, cultivated zones and constructed areas. The geographic �les of the GEOFLA

database (https://www.data.gouv.fr/fr/datasets/geofla-r) have been superimposed to

see the contours of communes, cantons and departments.

Centralized storage data in worksheet "All zones"

Worksheet "All zones" includes, for each canton, the total capacity of silos in tons and the

total area of platforms in square meters. They are imported from a workbook "all-storages"

used to clean and preprocess data. Coopénergie asked the main cooperatives of Picardie and

Champagne-Ardenne to provide the list of their storage sites with silos and/or platforms.

One EXCEL workbook was obtained from each cooperative with the sites and their address.

Unfortunately, some cooperatives modi�ed the format and we had to merge all data manually

in a single worksheet "Per commune".

Platform capacities were provided in square meters, with some of them are in tons or m3 of

wheat grains. So, a �rst VBA macro was used to convert all capacities in m2. Tons were

converted assuming a maximum of 2 tons of grains per m2. Volumes were transformed in

tons, assuming a wheat density of 700 kg/m3, and divided again by 2 to get an area. Finally,

a second VBA macro was written to consolidate silo capacities and platform areas at the

canton level in a worksheet "Per canton".

Number of farms and total cultivated area per canton in worksheet "All zones"

The number of farms was used to estimate on-farm storage capacity in each canton, when

generating the FS nodes. It is also employed in the math model to limit eventually the

harvesting speed, assuming a certain equipment per farm. These data are imported from

a preliminary workbook "all-farms-and-areas". This workbook gathers in a worksheet "Per

commune" the number of farms per commune and their cultivated area.

These data come from the 2010 agricultural census on the Internet site of AGRESTE,

the statistical service of the Ministry of Agriculture: http://agreste.agriculture.gouv.

fr/enquetes/structure-des-exploitations-964/recensement-agricole-2010. There,
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a link "Principaux résultats par commune" leads to a large �le "Donnees principales _ com-

munes". We copied in our worksheet "Per commune" the commune code, number of farms,

and cultivated area for each commune of Picardie and Champagne-Ardenne. The canton for

each commune was obtained via the link https://www.insee.fr/fr/information/2028028.

Its menu "Géographie au 1er janvier 2010" leads to a big EXCEL �le "table-appartenance-

geo-communes-10" providing canton codes. Finally, a VBA macro was designed to cumulate

the number of farms and their cultivated areas per canton, giving a worksheet "Per canton"

whose data can be imported in "all-zones-and-distances".

Worksheet "All distances"

The shortest road distances between canton centers of worksheet "All zones" were calculated

using the program MapPoint from Microsoft. This software includes a database of the Euro-

pean road network and can display the computed shortest paths on a map. It can be called in

EXCEL using a VBA macro provided by Microsoft. A loop calling this macro for all pairs of

canton centers allows to compute all distances automatically. The distances obtained are not

necessarily symmetric, because some shortest paths include one-way roads when traversing

urbanized areas.

5.4 Contents of scenario tables

This section presents the data entered in our tables for our tests. As the contents of the largest

tables "Zones", "Distances", "Nodes" and "Demands" depend on the scenario at hand, we

just give for them an example of possible rows. But as the other tables are smaller and do

not depend on the scenario, we scan show their complete contents.

5.4.1 Worksheet "Parameters"

This worksheet gathers parameters which are less often modi�ed than the ones speci�ed in

the dashboard. Its contents are given in Table 5.2.

Table 5.2: "Parameters" with data used in our tests.

Number of
periods

Period
duration

Harvest
speed

Penalty
cost

Farm silo
capacity

Farm
platform
area

Farm storage
duration

52 7 Free 10 000 0 100 6

Harvesters/farm Ha/h harvester Choppers/farm Ha/h chopper H/day Fuel
GHG

Fuel
energy

1 2.3 1 1.5 10 3.07 45.7

This worksheet contains a single record. The tests consider 52 periods of 7 days each, i.e., one

year divided in 52 weeks. The harvest speed "Free" means no constraint is generated to limit
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the harvest speed. The penalty cost of 10 000 is used by the math model to �nd a penalized

solution in case of storage capacity violations, instead of reporting infeasibility.

The farm silo capacity of 0 ton means that seeds are not kept in farms, but it is assumed that

each farm has a platform of 100 m2 to store baled products and willow chips. These data are

used to generate FS nodes when pressing the "Build/rebuild Nodes" button on the dashboard.

The farm storage duration states that each product can be kept in farms up to 6 weeks after

the end of its harvest window, a maximum duration imposed by insurance companies (risk of

�re).

The next �ve parameters are used in the math model if the harvest speed is limited. We

assume that each farm has one 2.3 ha/h combine harvester for seed crops and one 1.5 ha/h

chopper for crops with long stalks like miscanthus and willow. This is the equipment selected

by AGT-RT to get production costs. Knowing these productivities, the working hours per

day (10), and the yields in table "Products", the math model can compute the maximum

amount harvestable each week for each product.

The last two columns respectively indicate the GHG emission in kg.eq.CO2 and the energy

consumption in MJ, for one liter of gasoil. They are used to compute transport costs.

5.4.2 Worksheet "Zones"

This worksheet contains the cantons of Picardie and Champagne-Ardenne selected for a sce-

nario (up to 279). Table 5.3 shows a few lines. It is �lled via the "Build/rebuild Zones"

button on the dashboard, which extracts the cantons of selected departments from workbook

"all-zones-and-distances". The geographic center is used to compute distances.

Table 5.3: "Zones" (extract). The contents depend on scenarios.

Code Name Center name Center
code

Center
ZIP
code

Nb
of
farms

Area
of
farms

Silo
capacity

Platform
area

0201 Anizy-Le-Château Lizy 02434 02320 50 4 247 2 000 2 000
0202 Aubenton Beamé 02055 02500 151 10 879 0 0
0203 Bohain-en-Vermandois Fresnoy-le-Grand 02334 02230 129 11 863 14 300 1 000

5.4.3 Worksheet "Distances"

The "Build/rebuild Distances" button on the dashboard loads this worksheet using the road

distances computed by Map Point in workbook "all-zones-and-distances". The distances

selected are the ones between any two cantons in table "Zones". This worksheet may contain

up to 77 841 distances (279 cantons). For instance, Table 5.4 shows a few lines.
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Table 5.4: "Distances" (extract). The contents depend on scenarios.

Origin Destination Distances(km)
0201 0201 0.000
0201 0202 73.990
0201 0203 61.980
0201 0204 31.790

5.4.4 Worksheet "Crops"

There are currently 6 crops for which accurate production data are available. Crop names

are used in the listings of results after the optimization process. The column "Seed crop" is

used in the math model to know which crops are obtained using a combine harvester, and to

limit the harvesting speed.

Table 5.5: "Crops" with data used in our tests.

Code Name Seedcrop
C1 Rape True
C2 Cereals True
C3 Miscanthus False
C4 Willow False
C5 Camelina True
C6 Eth. mustard True

5.4.5 Worksheet "Products"

Nine products "P1" to "P9" are currently obtained from the six crops at the end of harvesting

process. The crop code allows to �nd other crop attributes in "Crops". The density and dry

matter fraction come from workbook "all-production-data". The storage type indicates if the

product must be stored in a silo (seeds) or on a platform (baled products and willow chips).

In our tests, willow chips cannot be stored in silos. In practice, grains may be stored on

platforms temporarily (1 to 3 days) in harvest periods, but this is invisible using our 1-week

periods. Hence, it is assumed that grains are not stored on platforms in our tests.

Storage costs require some assumptions. The questionnaire sent to cooperatives by Coopén-

ergie allowed to get for each storage site the capacity of silos in tons and the area of platforms

in m2. However, many cooperatives did not indicate their storage costs and silo types, and

if platforms are covered. The few costs mentioned are 11-12 e/t/year for vertical silos, 5-7

e/t/year for horizontal ones, and 2-3 e/t/year for platforms. As storage capacities are aggre-

gated per canton, we had to choose a typical silo and a typical platform. Moreover, product

losses have an impact on storage costs.

We assume that storage costs include energy consumptions and loss values. For seed products

we take 20m vertical silos with 12 e/t/year = 0.2308 e/t/week. For bales, we take 3 e/t/year
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= 0.0577 per week. According to Coopénergie, the storage cost of willow chips range from 6

e/t/year in a second hand shed to 36 in a new shed without subsidies. We use 12 e/t/year

= 0.2308 e/t/week, like storage in silos.

Concerning storage energy, platforms are passive. For silos, we suppose that seeds are

dry enough on input to avoid driers, so energy consumption comes from ventilation only. In

Lasseran (1981), cooling 1 m3 of wheat seeds requires 1 200 m3 of air and a typical fan with

an air�ow rate of 10 m3/h working 6 h/day requires 20 days for one cooling cycle. Lasseran's

computations lead to an associated energy consumption of 3.14 kWh/ton of seeds for a 20m

silo. For a typical frequency of 4 cooling cycles per year on average, this gives 12.56 kWh/ton

or 45.216 MJ (1 kWh = 3.6 × 106 J). We apply this value to all seed products. As expected, it

is relatively small compared with the energy consumption of biomass production, e.g., 4146.5

MJ/tRM for rape seeds.

Storage height is �lled only for products stored on platforms. The 6.30 m for baled products

correspond to 7 bales of 2.40 × 1.20 × 0.90 m (size used by AGT-RT). The height for willow

chips must be limited to 3 m for correct drying. The height is used with product density and

platform area in the math model, to derive the amount of product which can be stored on

platforms at FS, CS and RS nodes.

Table 5.6: "Products" with data used in our tests.

Code Name Crop DensityDry
matter

Storage
type

Storage
cost

Storage
energy

Storage
height

Storage
loss

Collectable

P1 Rape seeds C1 0.700 0.90 Silo 0.2308 45.216 1.000 0.30
P2 Rape straw C1 0.180 0.85 Platform 0.0577 6.30 0.999 1
P3 Rape cha� C1 0.155 0.88 Platform 0.0577 6.30 0.999 1
P4 Cereal straw C2 0.180 0.85 Platform 0.0577 6.30 0.999 0.30
P5 Cereal cha� C2 0.155 0.88 Platform 0.0577 6.30 0.999 0.30
P6 Miscanthus C3 0.190 0.80 Platform 0.0577 6.30 0.999 0.30
P7 Willow chips C4 0.340 0.50 Platform 0.2308 3.00 1.000 0.30
P8 Camelina C5 0.660 0.92 Silo 0.2308 45.216 1.000 0.30
P9 Eth. mus-

tard
C6 0.660 0.92 Silo 0.2308 45.216 1.000 0.30

In our model, storage losses are mass loss factors per period, not dry matter losses. We

selected 1.0 for seeds as their degradations over one year are negligible. For bales, Turhollow

et al. (2009) report an annual loss of 25% on the ground, 13-17% on an uncovered gravel or

concrete yard, 5-10% if this yard is covered by a tarp, 3-10% in an open-sided shed and 2-5%

in a closed shed. According to Cyril Flamin, a vast majority of platforms are uncovered. So,

to limit losses, we assume platforms are tarped, with a loss factor of 0.999 per week (5% per

year).

The collectable fraction depends on products selected. For rape and cereals, the amount

available in "all-production-data" corresponds to current production. For the other products
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it corresponds to the maximum potential production at the expense of all the other crops,

except rape whose production must be preserved. Table 5.6 gives an example where all

products except willow are used. We assume that re�neries can capture 30% of current rape

seed market but 100% of rape straw and cha� since these coproducts are little used today.

The four other crops are in competition and cereals, camelina and Ethiopian mustard are

engaged in rotation of at least three crops, so 30% is a prudent hypothesis.

5.4.6 Worksheet "Node types"

This worksheet is only used to display the node type names in the listings of results of the

math model. Its contents are given in Table 5.7.

Table 5.7: "Node types" with data used in our tests.

Code Name
BP Biomass production
FS Farm storage
CS Centralized storage
RS Re�nery storage

5.4.7 Worksheet "Nodes"

The way of generating worksheet "Nodes" was explained in Section 5.2. Its content depends

on the scenario at hand. A sample for 4 cantons is shown in Table 5.8. Department 80 and

products P1 to P4 were ticked on dashboard. There is only one re�nery, existing in canton

8002. In all storage nodes (FS, CS, RS), seed products share the capacity of silos while bales

and willow chips share the area of platforms.

We can see that there is no BP node for P1-P2 in canton 8001 (Abbeville-Nord) because it

does not produce rape in "all-production-data". No CS node is created in cantons 8001-8002

(Abbeville-Sud) because "Zones" indicates that they have no storage capacity. Canton 8003

(Acheux-en-Amiénois) has some silo capacity but no platform, so one CS node is created only

for rape seeds (P1).
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Table 5.8: "Nodes" (extract). The contents depend on scenarios.

Code Zone Node
type

Product First
period

Last
period

Clean Initial
stock

Parent Storage
capacity

Storage
area

Storage
height

Storage
cost

Storage
energy

Input
�ow

Output
�ow

Re�nery

N1 8001 BP P4 31 33 363.30
N2 8001 FS P4 31 39 True N2 2 900 6.3 0.0577 0
N3 8002 BP P1 28 30 141.75
N4 8002 BP P2 28 30 35.70
N5 8002 BP P3 28 30 157.50
N6 8002 BP P4 31 33 309.90
N7 8002 FS P2 28 36 True N7 2 500 6.3 0.0577 0
N8 8002 FS P3 28 36 True N7 2 500 6.3 0.0577 0
N9 8002 FS P4 31 39 True N7 2 500 6.3 0.0577 0
N10 8002 RS P1 1 50 False N10 4 000.00 0.2308 45.216 R1
N11 8002 RS P2 1 50 False N11 2 839.88 6.3 0.0577 0 R1
N12 8002 RS P3 1 50 False N11 2 839.88 6.3 0.0577 0 R1
N13 8002 RS P4 1 50 False N11 2 839.88 6.3 0.0577 0 R1
N14 8003 BP P1 28 30 1 418.85
N15 8003 BP P2 28 30 357.34
N16 8003 BP P3 28 30 1 576.50
N17 8003 BP P4 31 33 1 816.80
N18 8003 FS P2 28 36 True N18 19 700 6.3 0.0577 0
N19 8003 FS P3 28 36 True N18 19 700 6.3 0.0577 0
N20 8003 FS P4 31 39 True N18 19 700 6.3 0.0577 0
N21 8003 CS P1 1 52 N21 9 000 0.2308 45.216
N22 8004 BP P1 28 30 1 008.45
N23 8004 BP P2 28 30 253.98
N24 8004 BP P3 28 30 1 120.50
N25 8004 BP P4 31 33 1 726.50
N26 8004 FS P2 28 36 True N26 15300 6.3 0.0577 0
N27 8004 FS P3 28 36 True N26 15300 6.3 0.0577 0
N28 8004 FS P4 31 39 True N26 15300 6.3 0.0577 0
N29 8004 CS P1 1 52 N29 16 000 0.2308 45.216
N30 8004 CS P2 1 52 N30 5 000 6.3 0.0577 0
N31 8004 CS P3 1 52 N30 5 000 6.3 0.0577 0
N32 8004 CS P4 1 52 N30 5 000 6.3 0.0577 0
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5.4.8 Worksheet "Local"

This worksheet gathers product characteristics which depend or could depend on the region,

"P" (Picardie) or "CA" (Champagne-Ardenne). Its contains are given in Table 5.9. Cur-

rently, the attributes which vary according to the region are the harvest windows of rape and

cereals and the production indicators (�ve last columns) of rape products and miscanthus.

The cost, fuel consumption, energy consumption and GHG emission come from workbook

"all-production-data" while the yield and harvest window come from the associated method-

ological document written by AGT-RT.

Table 5.9: "Local" with data used in our tests.

Product Reminder Region First
period

Last
period

Yield Cost Fuel Energy GHG

P1 Rape seeds P 28 30 4.00 355.2 21.33 4 146.5 582.5
P2 Rape straw P 28 30 2.00 49.97 4.76 217.4 14.61
P3 Rape cha� P 28 30 1,50 56.74 6.34 289.9 19.48
P4 Cereal straw P 31 33 4.00 35.5 2.38 108.7 7.31
P5 Cereal cha� P 31 33 1.50 50.74 6.34 289.9 19.48
P6 Miscanthus P 7 13 13.25 68.9 2.67 287.3 40.6
P7 Willow chips P 44 13 10.00 46.4 3.83 243.7 22.6
P8 Camelina P 26 31 1.60 603.3 46.02 5140 716.78
P9 Ethiopian

mustard
P 40 42 1.50 659.7 45.55 6 541.36 987

P1 Rape seeds CA 27 30 3.60 360.5 23.67 4 600 652.92
P2 Rape straw CA 27 30 2.00 49.97 4.76 217.4 14.61
P3 Rape cha� CA 27 30 1.50 56.74 6.34 289.9 19.48
P4 Cereal straw CA 28 31 4.00 35.5 2.38 108.7 7.31
P5 Cereal cha� CA 28 31 1.50 50.74 6.34 289.9 19.48
P6 Miscanthus CA 7 13 11.45 81.3 3.1 372.7 49.2
P7 Willow chips CA 44 13 10.00 46.3 3.83 243.7 22.6
P8 Camelina CA 26 31 1.60 603.3 46.02 5140 716.78
P9 Ethiopian

mustard
CA 40 42 1.50 659.7 45.55 6 541.36 987

5.4.9 Worksheet "Vehicles"

The four combinations of equipment listed in worksheet "vehicle" are used in our tests for

transport operations. Table 5.10 shows the content of this worksheet.

For those involving a tractor (V1 and V2), we computed the indicators using the "Barême

d'Entraide 2015" (BE 2015), a document of the Chambers of Agriculture to ease equipment

exchanges. The tractor, bale size and manpower cost are the same as those used by AGT-RT

to get production and loading costs. For most equipment, the BE 2015 provides indicators for
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Table 5.10: "Vehicles" with data used in our tests.

Code Name Cost
per
hour

Fuel
per
hour

Speed Load Volume

V1 Tractor 130 hp + �atbed trailer 8-10 m, pay-
load 10 t, 20 bales 240×120×90 cm

42.7 10 25 10 51.84

V2 Tractor 130 hp + monocoque trailer 22.5 m3,
payload 18 tons

48.3 10 25 18 22.5

V3 Truck 38 tons, payload 30 tons, platform for
50 bales 240×120×90 cm

55 24.3 60 30 129.6

V4 Dump truck 38 tons, payload 30 tons, 50 m3

of seeds
55 24.3 60 30 50

three utilization levels in hours or hectares per year. Like AGT-RT, we took the intermediate

utilization level.

� Volume for 20 bales = (2.4× 1.2× 0.9)× 20 = 2.592× 20 = 51.84 m3.

� Tractor 130 hp, cost including gasoil = 19.5 e/h.

� Trailers costs: �atbed = 5.2 e/h, monocoque = 10.8 e/h.

� Driver's cost = 18 e/h (value selected by AGT-RT).

� Cost per hour for V1 = 19.5 + 5.2 + 18 = 42.7 e/h, for V2 = 19.5 + 10.8 + 18 = 48.3

e/h.

� Gasoil consumption for all tractors = 0.22 l/hp/h.

� Engine load rate = 0.35 for less than 140 hp tractors.

� Gasoil consumption for a 130 hp tractor = 0.22 × 130 × 0.35 = 10 l/h.

Concerning the two combinations with a truck, the 55 e/h all included comes from the

OPTABIOM consortium (2010). This cost is applied by agricultural transport companies for

a truck with driver, whether the truck moves or waits. The "Centre National Routier" (CNR)

indicates for a 38-40 t cereal truck a gasoil consumption of 40.5 l/100 km and an average speed

of 60 km/h, so 0.405 × 60 = 24.3 l/h. The volume capacity of 129.6 m3 corresponds to 50

bales loaded.

GHG emissions and energy consumption do not need to be recorded in the table: they can

obtained by multiplying the fuel consumption by constants FuelGHG and FuelEnergy from

table "Parameters".

5.4.10 Worksheet "Arc types"

This very important worksheet lists the arc types allowed in the logistic network. The data

for our tests is shown in Table 5.11. It is assumed that farmers use their tractors to transport

biomass to close centralized storages but they do not supply re�neries directly. Only baled

products and willow chips may be stored on-farm: seeds must be sent to CS nodes as soon as
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they have been harvested. Re�neries are supplied by truck, from centralized storages only. So,

the table contains only arc types with the following pairs of node types: (BP,FS), (BP,CS),

(FS,CS) and (CS,RS).

The distance from one canton to itself being zero in table "Distances", we must use default

values for transports inside a canton. For our tests we take an average distance of 0.7 km for

(BP,CS) arcs and 5 km for the other arc types. Farmers use a tractor to bring their product

to centralized storages at 20 km maximum. For (CS,RS) arc types the maximum distance is

set to 1000 to guarantee that all centralized storages can supply biomass to all re�nery sites.

The indicators to load products at BP nodes on a tractor or a truck were computed by AGT-

RT. On our request, AGT-RT provided also the indicators to unload baled products from a

tractor or a truck on a platform at centralized storages. In the table next page, we can see

that fuel consumption, energy consumption and GHG emissions are null when loading seeds

on a tractor or a truck at BP nodes. Indeed, the vehicle waits with its engine turned o� until

the combine harvester comes to unload its seeds, and the activity of the latter is counted in

the production cost.

Unfortunately, we had to calculate the remaining indicators as explained in the rest of this

subsection. These tedious computations are based on the process to load or unload a full

vehicle and use again the BE 2015. We compute �rst the indicators to load bales and willow

chips on a tractor with trailer at FS nodes. We cannot reuse the costs calculated by AGT-RT

for BP nodes because the tractor utilization time is larger at BP nodes. For the seeds, the

tractor must wait until the compartment of the combine harvester gets full, while for willow

chips it moves in parallel to the chopper.

To load bales on a tractor with �atbed trailer for 20 bales at FS nodes, the tractor waits with

the engine o� while a telescopic forklift loads 60 bales/h on the trailer. We assume the farmer

is alone for this task, so we count the manpower for the forklift only. The farmer drives the

tractor later to a CS node.

� Tractor 130 hp, cost w/o gasoil and w/o driver = 13.5 e/h. Trailer 10 t/20 bales = 5.2

e/h.

� Volume for 20 bales= (2.4× 1.2× 0.9)× 20 = 2.592× 20 = 51.84 m3.

� Telescopic forklift 90 hp, cost with gasoil but w/o driver = 18.7 e/h, driver's cost = 18

e/h.

� Total loading time = 20 minutes, total loading cost = (13.5 + 5.2 + 18.7 + 18) / 3 =

21.93 e.

� Gasoil consumption of forklift = 0.22 l/hp/h, engine load rate = 0.35.

� Total gasoil consumption = 0.22× 90× 0.35/3 = 2.31l.

132



5.4.
C
O
N
T
E
N
T
S
O
F
S
C
E
N
A
R
IO

T
A
B
L
E
S

Table 5.11: "Arc types" with data used in our tests.

Code Enabled Origin Dest Product Product
Reminder

Vehicle Vehicle Reminer Dist
intra

Dist
min

Dist
max

Load
cost

Load
fuel

Load
energy

Load
GHG

Unload
cost

Unload
fuel

Unload
energy

Unload
GHG

AT1 True BP FS P2 Rape straw V1 Tractor+�atbed
trailer

0.7 0 0 4.43 0.91 41.5 2.79 2.42 0.22 10.1 0.68

AT2 True BP FS P3 Rape cha� V1 Tractor+�atbed
trailer

0.7 0 0 5.14 1.05 48.1 3.24 2.81 0.26 11.7 0.79

AT3 True BP FS P4 Cereal
straw

V1 Tractor+�atbed
trailer

0.7 0 0 4.43 0.9 41.5 2.79 2.42 0.22 10.1 0.68

AT4 True BP FS P5 Cereal
cha�

V1 Tractor+�atbed
trailer

0.7 0 0 5.14 1.05 48.1 3.24 2.81 0.26 11.7 0.79

AT5 True BP FS P6 Miscanthus V1 Tractor+�atbed
trailer

0.7 0 0 4.19 0.86 39,3 2.64 2.29 0.21 9.6 0.64

AT6 True BP FS P7 Willow
chips

V2 Tractor +
monocoque

0.7 0 0 2.59 0.5 22.87 1.54 0.93 0.18 8.41 0.56

AT7 True BP CS P1 Rape seeds V2 Tractor +
monocoque

5 0 20 4.78 0 0 0 3.53 0.05 2.75 0.15

AT8 True BP CS P2 Rape straw V1 Tractor+�atbed
trailer

5 0 20 4.43 0.91 41.5 2.79 2.42 0.22 10.1 0.68

AT9 True BP CS P3 Rape cha� V1 Tractor+�atbed
trailer

5 0 20 5.14 1.05 48.1 3.24 2.81 0.26 11.7 0.79

AT10 True BP CS P4 Cereal
straw

V1 Tractor+�atbed
trailer

5 0 20 4.43 0.91 41.5 2.79 2.42 0.22 10.1 0.68

AT11 True BP CS P5 Cereal
cha�

V1 Tractor+�atbed
trailer

5 0 20 5.14 1.05 48.1 3.24 2.81 0.26 11.7 0.79

AT12 True BP CS P6 Miscanthus V1 Tractor+�atbed
trailer

5 0 20 4.19 0.86 39.3 2.64 2.29 0.21 9.6 0.64

AT13 True BP CS P7 Willow
chips

V2 Tractor +
monocoque

5 0 20 2.59 0.5 22.87 1.54 0.93 0.18 8.41 0.56

AT14 True BP CS P8 Camelina
seeds

V2 Tractor +
monocoque

5 0 20 11.96 0 0 0 3.53 0.05 2.75 0.15

AT15 True BP CS P9 Eth. mus-
tard seeds

V2 Tractor +
monocoque

5 0 20 12,75 0 0 0 3.53 0.05 2.75 0.15

AT16 True FS CS P2 Rape straw V1 Tractor+�atbed
trailer

5 0 20 2.35 0.25 11.42 0.77 2.42 0.22 10.1 0.68

AT17 True FS CS P3 Rape cha� V1 Tractor+�atbed 5 0 20 2.73 0.29 13.25 0.89 2.81 0.26 11.7 0.79
AT18 True FS CS P4 Cereal

straw
V1 Tractor+�atbed

trailer
5 0 20 2.35 0.25 11.42 0.77 2.42 0.22 10.1 0.68

AT19 True FS CS P5 Cereal
cha�

V1 Tractor+�atbed
trailer

5 0 20 2.73 0.29 13.25 0.89 2.81 0.26 11.7 0.79

AT20 True FS CS P6 Miscanthus V1 Tractor+�atbed
trailer

5 0 20 1.7 0.23 10.51 0.71 2.29 0.21 9.6 0.64

AT21 True FS CS P7 Willow
chips

V2 Tractor +
monocoque

5 0 20 1.52 0.17 7.77 0.52 0.93 0.18 8.41 0.56

AT22 True CS RS P1 Rape seeds V3 Truck + mono-
coque trailer

5 0 100 2.46 0 0.46 0 3.46 0.07 3.57 0.21

AT23 True CS RS P2 Rape straw V4 Truck + �atbed
trailer

5 0 100 3.31 0.23 10.3 0.7 2.16 0.17 7.8 0.52

AT24 True CS RS P3 Rape cha� V4 Truck + �atbed
trailer

5 0 100 3.84 0.26 12 0.81 2.51 0.2 9 0.61

AT25 True CS RS P4 Cereal
straw

V4 Truck + �atbed
trailer

5 0 100 3.31 0.23 10.3 0.7 2.16 0.17 7.8 0.52

AT26 True CS RS P5 Cereal
cha�

V4 Truck + �atbed
trailer

5 0 100 3.84 0.26 12 0.81 2.51 0.2 9 0.61

AT27 True CS RS P6 Miscanthus V4 Truck + �atbed
trailer

5 0 100 3.14 0.21 9.8 0.66 2.05 0.16 7.3 0.49

AT28 True CS RS P7 Willow
chips

V3 Truck + mono-
coque trailer

5 0 100 2.24 0.17 7.77 0.52 0.63 0.19 8.55 0.57

AT29 True CS RS P8 Camelina V3 Truck + mono-
coque trailer

5 0 100 2.46 0 0.46 0 3.46 0.07 3.57 0.21

AT30 True CS RS P9 Eth. mus-
tard seeds

V3 Truck + mono-
coque trailer

5 0 100 2.46 0 0.46 0 3.46 0.07 3.57 0.21
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Then the indicators per ton depend on trailer load. The loads for rape and cereal straws

(density 0.180), rape and cereal cha�s (density 0.155) and miscanthus (density 0.190) are

respectively 9.33, 8.04 and 9.85 tons. We can deduce:

� Cost e/tRM. Straw 21.93/9.33 = 2.35, cha� 21.93/8.04 = 2.73, miscanthus 16.73/9.85

= 1.70.

� Gasoil l/tRM. Straw 2.31/9.33 = 0.25, cha� 2.31/8.04 = 0.29, miscanthus = 2.31/9.85

= 0.23.

� Energy MJ/tRM. Straw 0.25 × 45.7 = 11.42, cha� 0.29 × 45.7 = 13.25, miscanthus=

0.23× 45.7 = 10.51.

� GHG kg.eq.CO2. Straw 0.25× 3.07 = 0.77, cha� 0.29× 3.07 = 0.89, miscanthus = 0.71.

To load willow chips on a tractor with monocoque trailer at FS nodes, the tractor waits with

its engine o� while a telescopic forklift with a 2 m3 bucket loads 60 buckets per hour in the

trailer. Like before, the farmer is alone for this operation:

� Tractor 130 hp, cost w/o gasoil and w/o driver = 13.5 e/h. Trailer 22.5 m3/18 t = 10.8

e/h.

� Telescopic forklift 90 hp, cost with gasoil but w/o driver = 18.7 e/h, driver's cost = 18

e/h.

� Chips loaded, density 0.34: 22.5×0.34 = 7.65 t. Number of buckets= 7.65/(2×0.34) =

11.25.

� Total loading time 11.25/60 = 0.19 h, total loading cost (13.5+10.8+18.7+18)×0.19 =

11.59 e.

� Loading cost per ton of chips: 11.59/7.65 = 1.52 e/tRM.

� Gasoil consumption of forklift = 0.22 l/hp/h, engine load rate = 0.35.

� Total gasoil consumption= 0.22× 90× 0.35× 0.19 = 1.32 l. Per tRM1.32/7.65 = 0.17 l.

� Energy consumption = 0.17× 45.7 = 7.77 MJ/tRM.

� GHG emissions= 0.17× 3.07 = 0.52 kg.eq.CO2.

To unload willow chips from a tractor on a platform at FS and CS nodes, we use the tractor

5 minutes to dump the chips, then a telescopic forklift with a 2 m3 bucket during 5 minutes

to shape the heap.

� Tractor 130 hp + monocoque trailer 18 t, 22.5 m3, cost all included = 48.3 e/h, see

Table 5.10 "Vehicles".

� Chips loaded per trailer, density 0.34: 22.5 × 0.34 = 7.65 t.

� Cost for dumping operation time = 48.3 / 12 = 4.02 e.

� Telescopic forklift 90 hp, cost with gasoil but w/o driver = 18.7 e/h, driver's cost = 18

e/h.
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� Cost for shaping the heap: (18.7 + 18) / 12 = 3.06 e.

� Unloading cost per ton of chips: (4.025 + 3.06) / 7.65 = 0.93 e/tRM.

� Gasoil consumption of tractor and forklift = 0.22 l/hp/h, engine load rate = 0.35.

� Total gasoil consumption= 0.22×130×0.35/12+0.22×90×0.35/12 = 0.83+0.58 = 1.41

l.

� Total gasoil consumption per ton of chips = 1.41/7.65 = 0.18 l/tRM.

� Energy consumption= 0.18× 45.7 = 8.41 MJ/tRM.

� GHG emissions = 0.18× 3.07 = 0.56 kg.eq.CO2/tRM.

To unload willow chips from a truck at RS nodes, the truck is also used 5 minutes to dump

the chips but we count 10 minutes instead of 5 to shape the heap using the forklift.

� Truck 38 tons, payload 30 t, trailer 50 m3, cost 55 e/h all included, see Table 5.10

"Vehicles" .

� Chips loaded, density 0.34 = 50× 0.34 = 17 tons (volume constraint is tight).

� Dumping operation time = 55/12 = 4.58 e/h

� Telescopic forklift 90 hp, cost with gasoil but w/o driver = 18.7 e/h, driver's cost = 18

e/h.

� Cost for shaping the heap: (18.7 + 18)/6 = 6.12 e.

� Unloading cost per ton of chips:(4.58 + 6.12)/17 = 0.63 e/tRM.

� Gasoil consumption: forklift = 0.22 l/hp/h, engine load rate = 0.35. Truck = 24.3 l/h.

� Total gasoil consumption = 0.22× 90× 0.35/6 + 24.3/12 = 1.16 + 2.02 = 3.18 l.

� Gasoil consumption per ton of chips = 3.18/17 = 0.19 l/tRM.

� Energy consumption= 0.19× 45.7 = 8.55 MJ/tRM.

� GHG emissions = 0.19× 3.07 = 0.57 kg.eq.CO2/tRM.

To load willow chips on a truck from a platform at a centralized storage, we use the same 50

m3 truck and the same forklift as before. The forklift can load one bucket of 2 m3 per minute

(60 per hour).

� Truck 38 tons, payload 30 t, trailer 50 m3 = 55 e/h, see Table 5.10 "Vehicles".

� Chips loaded, density 0.34 = 50× 0.34 = 17 tons (volume constraint is tight).

� Number of buckets to load = 50/2 = 25, truck loading time = 0.417 h.

� Telescopic forklift 90 hp, cost with gasoil but w/o driver = 18.7 e/h, driver's cost = 18

e/h.

� Total loading cost = (55 + 18.7 + 18)× 0.417 = 38.24 e.

� Loading cost per tRM = 30.73/17 = 2.24 e/tRM.

� Gasoil consumption per ton (forklift only): 0.22× 90× 0.35× 0.417/17 = 0.17 l.

� Energy= 0.17×45.7 = 7.77MJ/tRM, GHG emission= 0.17×3.07 = 0.52 kg.eq.CO2/tRM.
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Note that the cost to load a truck of chips at CS nodes (2.24 e/tRM) is smaller than the cost

computed by AGT-RT at BP nodes (2.59). Indeed, AGT-RT took the harvesting rate into

account: the truck must wait on �eld edge until the tractor + trailer, which moves in parallel

to the chopper, is full.

To unload seeds from a truck to put them in a silo at an RS node, we are going to use the

costs charged by cooperatives like UCAC (input cost 3 e/t, output cost of 2 e/t), but we

must add the waiting time of vehicles. We will apply the same indicators for all seed products,

even if camelina and Ethiopian mustard are a bit less dense than rape.

For all seeds, the payload constraint of 30 t is reached before the maximum volume of 50 m3.

We assume that a full truck with 30 t of seeds spends 15 minutes at the silo (120 t/h): 10

minutes for weighing and quality control, then 5 minutes to dump seeds in receiving pit. The

pit is emptied in parallel to truck arrivals (120 t/h) using a vertical bucket elevator of 20 m

and then a horizontal chain conveyor. According to www.skiold.com, the required power in

kW for a bucket elevator is roughly P = K × Y × (H + 6)/347, where K is the throughput

in t/h, Y a constant equal to 1.15 for grains, and H the height. This gives 10.34 kW for 120

t/h and 20 m. The chain conveyor requires less power due to the horizontal translation and

a 5 kW motor is enough, see for instance www.kongskilde.com.

� Truck 38 tons, payload 30 t, trailer 50 m3 = 55 e/h, see Table 5.10 "Vehicles".

� Truck waiting time 15 minutes: 55 / 4 = 13.75 e.

� Silo input cost per tRM = 3 e (charged by cooperatives) + 13.75 / 30 (truck time) =

3.46 e/tRM.

� Truck fuel consumption (dumping step only) = 24.3 / 12 / 30 = 0.068 l/tRM.

� Bucket elevator energy: 10.34/4× 3.6/30 = 0.31 MJ/tRM (1 kWh = 3.6× 106 J).

� Chain conveyor energy: 5/4× 3.6/30 = 0.15 MJ/tRM.

� Total energy consumption = 0.068× 45.7 + 0.31 + 0.15 = 3.57 MJ/tRM.

� GHG emission = 0.068× 3.07 = 0.21 kg.eq.CO2/tRM.

To load seeds on a truck from a vertical silo at CS nodes, the seeds usually fall by gravity on

a chain or belt conveyor under the silo but continue in a bucket elevator to load a shipping

tank above the truck. Hence we may consider the same conveyors as for unloading operations

and 15 minutes per truck:

� Truck 38 tons, payload 30 t, trailer 50 m3 = 55 e/h, see Table 5.10 "Vehicles".

� Truck waiting time 15 minutes: 55/4 = 13.75 e.

� Silo output cost per tRM = 2 e (charged by cooperatives) + 13.75 / 30 (truck time) =

2.46 e/tRM.

� Truck fuel consumption and GHG emission = 0.
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� Bucket elevator energy for 15 minutes: 10.34/4×3.6/30 = 0.31 MJ (1 kWh = 3.6 × 106

J).

� Chain conveyor energy for 15 minutes: 5/4× 3.6/30 = 0.15 MJ.

� Total energy consumption = 0.31 + 0.15 = 0.46 MJ/tRM.

Finally, to unload seeds from a tractor to a silo at CS nodes, we assume that a tractor with

a full monocoque trailer (15.75 t of seeds) is unloaded in 15 minutes like a truck:

� Tractor 130 hp + monocoque trailer payload 18 t or 22.5 m3, 15.75 t of rape seeds

(density 0.7).

� Tractor cost 13.6 e/h without fuel, 19.5 e/h including fuel, driver's cost = 18 e/h.

� Tractor cost 15 minutes, engine o� 10 minutes: 13.6/6 + 19.5/12 + 18/4 = 8.39 e.

� Silo input cost per tRM = 3 e (charged by cooperatives) + 8.39 / 15.75 = 3.53 e/tRM.

� Tractor fuel consumption (dumping step only) = 0.22× 130× 0.35/12/15.75 = 0.05l.

� Time to move the seeds to a silo at 120 t/h = 1/120× 15.75 = 0.131 h.

� Bucket elevator energy: 10.34× 0.131× 3.6/15.75 = 0.31 MJ/tRM (1 kWh = 3.6× 106

J).

� Chain conveyor energy: 5× 0.131× 3.6/15.75 = 0.15 MJ/tRM.

� Total energy consumption = 0.05× 45.7 + 0.31 + 0.15 = 2.75 MJ/tRM.

� GHG emission = 0.05× 3.07 = 0.15 kg.eq.CO2/tRM.

5.4.11 Worksheet "Re�neries"

Table 5.12: "Re�neries". The number of re�neries depend on scenarios.

Code Name Cost Number
R1 Standard re�nery 22 910 000 2

All our tests involve a single re�nery type with 80 000 dry tons per year. For a bioethanol

re�nery with X dry tons per year and life duration 30-40 years, Christophe Triquenaux

(Maguin) estimates the capital cost as CC = (X/30 000)0.6 × 13.5 annual operating cost as

CO = 8×X/30 000. In our case:

� Capital cost CC = (80 000/30 000)0.6 × 13.5 = 24.32 Me

� Operating costs CO = 8× 80 000/30 000 = 21.33 Me/year

The following formula gives the amortized annual cost A for constructing and operating the

re�nery, for a discount factor r and project lifetime n in years (Turhollow et al., 2009; Eksioglu

et al., 2009b).
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A = CC × r × (1 + r)n

(1 + r)n − 1
+ CO (5.1)

Taking n = 30 years and r = 0.05 (5%), we get: A = 24.32×0.06505+21.33 = 22.91Me/year.

5.4.12 Worksheet "Demands"

This worksheet is generated via the "Build/rebuild demands" button on the dashboard, using

the products and demand intervals speci�ed by the user. Table 5.13 shows a simple example,

the requirements of re�nery type R1 in periods 28-30 are 1 300 dry tons of rape seeds (P1)

and 950 dry tons of rape straw (P2).

Table 5.13: "Demands" (extract). The contents depend on scenarios.

Re�nery Product Period Need
R1 P1 28 1 300.00
R1 P1 29 1 300.00
R1 P1 30 1 300.00
R1 P2 28 950.00
R1 P2 29 950.00
R1 P2 30 950.00

5.5 Numerical evaluation of the mathematical model

5.5.1 Introduction to the tests

We have built several scenarios on the Picardie region to evaluate the impact of the number

of departments and re�neries, existing or to locate, on the size and running time of the model.

A map of Picardie is shown in Figure 5.5 to see the cantons cited in the sequel.

All our tests consider a single type of re�nery, already described in Section 5.4.11. Inspired

by data provided by Francis Valter (Groupe Avril), the annual demand of 80 000 dry tons

(dt) for one re�nery of this type includes 35 000 dt of seeds (25 200 dt of rape seeds, 5 040 of

camelina seeds, and 4 760 of Ethiopian mustard seeds) and 45 000 dt of lignocellulosic biomass

conditioned in bales (5 000 dt of rape straw, 10 000 of rape cha�, 18 000 of cereal straw, and

12 000 of miscanthus).
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Figure 5.5: Map of the Picardie region with its 3 departments and 133 cantons.
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The re�neries close two weeks at the end of the year. Lignocellulosic products are consumed

in parallel all over the working period, to make biomaterials and products mixes for biotech-

nologies. In contrast, seed-products are triturated successively: rape seeds �rst, with an

interruption due to the annual break, then camelina and �nally ethiopian mustard. More-

over, each re�nery has a silo whose cells are shared by seeds and a platform shared by baled

products. They are dimensioned for 4 weeks of demand. The demand in dry tons of each

product for 4 weeks is computed in row 15 of the dashboard.

So, for the seeds processed one by one, the VBA code generating the RS nodes takes the

maximum value (3 600 dry tons, for rape seeds) and divides it by the dry matter fraction

(0.85) to obtain a silo capacity of 4 000 tons of raw material (tRM). For the bales asked in

parallel, it cumulates for each product the equivalent area in square meters for one week of

consumption (demand in dry tons / dry matter fraction / product density / storage height),

giving a platform of 3 842.38 m2.

These demands are those shown on the dashboard of Figure 5.2 (the amounts available can

be ignored because they depend on the department and products selected). The demands of

each re�nery are also listed but in a di�erent format in Table 5.14.

Table 5.14: Demands of each product for one re�nery in all our tests.

Product Name Need/year dt In weeks dt/week Need/year tRM
P1 Rape seeds 25 200 31-50 + 1-8 900 28 000.00
P2 Rape straw 5 000 1-50 400 5 882.35
P3 Rape cha� 10 000 1-50 200 11 363.64
P4 Cereal straw 18 000 1-50 360 21 176.47
P6 Miscanthus 12 000 1-50 240 15 000.00
P8 Camelina 5 040 9-15 720 5 478.26
P9 Eth. mustard 4 760 16-22 680 5 173.91

The dashboard of Figure 5.2 and the tables with data described in Section 5.4 are stored in a

�le called "plain-scenario.xlsm". To make a new scenario, we take a copy of this �le and make

only a few changes. If required, we adjust the number of re�neries in table "Re�neries". This

number is copied in cell K3 of the dashboard by an Excel formula. Then, on the dashboard,

we select the departments in row 5, the cantons with existing re�neries in row 21 and the ones

with allowed (potential) re�neries in row 22. Finally, tables "Zones", "Distances", "Nodes"

and "Demands" are built using the respective buttons.

The mathematical model is written in the algebraic language MOSEL in a �le "xpress-

model.mos" and solved using XPRESS 8.2 (64 bits) on a HP ZBook portable PC with an Intel

Core i7-47110MQ CPU at 2.50 GHz, 16 GB of RAM, and Windows Professional 64 bits. The

tests of this chapter minimize the total cost only, although the corresponding environmental

indicators are computed from the results.
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5.5.2 Test with one re�nery already located

The purpose of this test is to evaluate the math model on the simplest con�guration, one

re�nery already located in one department. The re�nery can be supplied by the 42 cantons

of the department of Oise (code 60) and it is located in the central canton of Clermont (code

6008), see Figure 5.5.

Our MOSEL program displays the following listings of statistics after having loaded the data.

They are brie�y commented here but will no longer be shown for the other tests.

Distance statistics

DMin inter-zone : 2.48 6098-6011

DMax inter-zone : 125.38 6015-6005

DMax BP-closest CS seeds: 15.43 6001-6009 (20 in arc types)

DMax BP-closest CS bales: 24.63 6013-6035 (20 in arc types) --> 4/144 LOST BP NODES!

DMax FS-closest CS bales: 24.63 6013-6035 (20 in arc types) --> 4/144 LOST BP NODES!

DMax CS-closest RS : 67.75 6018-6008 (1000 in arc types)

The minimum distance between two distinct cantons is only 2.48 km, due to two close ur-

banized cantons in the city of Compiègne, while the maximum is 125.38 km. The maximum

distance from a BP node to the closest CS node with silos for seeds is 15.43 km and a su�cient

distance of 20 km is de�ned in table "Arc types". For the bales, some BP nodes are at up to

24.63 km to a centralized storage with platforms but a maximum of 20 km is again stipulated

in the arc types. Hence, the program detects that 4 out of the 144 BP nodes (what we call

the "lost BP nodes") are not connected to a CS node.

The problem comes from the fact that too few platforms exist today. Hence, the

development of future re�neries will require the construction of new platforms,

in the countryside or in the re�neries.

We could increase the maximum distance to transport bales from BP nodes to CS nodes but

this would be unrealistic as the farmers use their tractors for such moves and have no time to

loose. So, the code was modi�ed to connect automatically by truck each lost BP

node to the closest centralized storage.

The last line of distance statistics reports a maximum distance of 67.75 km between a cen-

tralized storage and the closest re�nery site (here one only). This is not a problem since we

set a maximum distance of 1000 km in the arc types, to be sure that all centralized storages

can supply all re�neries.
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Demand statistics

DEMAND STATISTICS AND CONSISTENCY DEMAND-AVAILABILITY

Product name Need dt Need tRM Avail tRM Lost tRM

P1 Rape seeds 25200.00 28000.00 45080.40 0.00

P2 Rape straw 5000.00 5882.35 12772.78 391.68

P3 Rape chaff 10000.00 11363.64 56350.50 1728.00

P4 Cereal straw 18000.00 21176.47 62156.41 2023.20

P6 Miscanthus 12000.00 15000.00 165237.78 9540.98

P8 Camelina 5040.00 5478.26 8507.88 0.00

P9 Eth. Mustard 4760.00 5173.91 7975.93 0.00

This listing displays the total need of re�neries for each product, in dry tons and in tons of

raw material (i.e., wet tons), the amount theoretically available (amount produced, multiplied

by the collectable fraction selected in table "Products") and the quantity blocked in lost BP

nodes. An infeasibility is displayed if a total demand exceeds the amount really available

(theoretically available � lost amount). This is not the case here, so the model is feasible in

terms of biomass production in spite of lost nodes.

The demand for camelina for instance represents 64% of the amount available.

Hence, it is not possible to implement more than one re�nery per department

for the type of re�nery considered.

Storage statistics

These statistics show the total storage capacity of silos (in tRM) and platforms (in m2) in

farm storages, centralized storages, and re�nery storages. The minimum amount to be stored

each week in the supply chain is computed as explained in the feasibility tests of Section 4.11

in the math model chapter. The week where this amount is maximal (peak week) is indicated,

with the capacity required and the total storage capacity available. An infeasibility message

is displayed if the capacity required exceeds the available one, which is not the case here.

STORAGE STATISTICS

Storages FS CS RS Peak Required/ Capacity

Silos tRM 0 703499 4000.00 t=31 32992.17/ 707499.00

Bales m2 335300 81633 3842.39 t=40 37464.11/ 81633.00

Instance indicators

Before presenting the solution, we have gathered in the table below a few indicators concerning

model size and running time. Although the model is strongly compressed by the presolver of

XPRESS, we can see that the presolved model given to the optimizer has already a respectable
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size in spite of its unique department and single re�nery but, as the re�nery is already located,

it contains no integer variables and can be solved very quickly, in 1.3 seconds only.

Data
Department codes Cantons Nodes Farms Existing re�neries New re�neries
60 42 559 3 359 1 0

Model
Phase Constraints on input Variables on input Phase duration (s)
Pre-solve 12 881 23 509 7.9
Optimization 4 356 15 829 1.3

Solution summary

After the listings of statistics presented before and the resolution by XPRESS, our MOSEL

program displays the objective function (total cost) and its decomposition. The environmental

indicators are not minimized; they are simply derived from the variables in the cost-optimal

solution.

SOLUTION SUMMARY:

Total supply cost : 44 449 348.00, including:

- biomass cost : 19 448 704.88 43.75%

- storage cost : 244 065.48 0.55%

- handling cost : 1 341 679.92 3.02%

- transport cost : 504 897.71 1.14%

- refineries cost : 22 910 000.00 51.54%

Other criteria :

- GHG emitted : 27 297 386.45 kg.equ.CO2

- energy consumed : 236 427 944.72 MJ

- gasoil consumed : 1 560 083.01 liters

Refineries used:

- existing ones : 1, in zone(s) 6008

Solution details

It is rarely necessary to inspect the values of all the variables which are stored in Excel tables

after the resolution. We prefer to use a more condensed listing showing for each period and

each product the total �ow and the inventory levels. We just give below the weeks, 1, 2, 49,

50, 51, 52 of this listing.
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PERIOD 1 P1 P2 P3 P4 P6 P8 P9

Demand tRM 1000.00 117.65 227.27 423.53 300.00 0.00 0.00

Flow CS-RS 3108.41 117.65 227.27 423.53 300.00 0.00 0.00

Stock FS 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Stock CS 4891.59 3100.51 5989.61 12468.51 1504.51 3586.67 5173.91

Stock RS 2108.41 0.00 0.00 0.00 0.00 1891.59 0.00

PERIOD 2 P1 P2 P3 P4 P6 P8 P9

Demand tRM 1000.00 117.65 227.27 423.53 300.00 0.00 0.00

Flow CS-RS 670.44 117.65 227.27 423.53 300.00 0.00 106.37

Stock FS 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Stock CS 4221.15 2979.76 5756.35 12032.51 1203.01 3586.67 5067.55

Stock RS 1778.85 0.00 0.00 0.00 0.00 1891.59 106.37

...

PERIOD 49 P1 P2 P3 P4 P6 P8 P9

Demand tRM 1000.00 117.65 227.27 423.53 300.00 0.00 0.00

Flow CS-RS 1329.20 117.65 227.27 423.53 300.00 0.00 0.00

Stock FS 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Stock CS 8000.00 3348.82 6469.32 13367.69 2112.05 3586.67 5173.91

Stock RS 1000.00 0.00 0.00 0.00 0.00 1891.59 0.00

PERIOD 50 P1 P2 P3 P4 P6 P8 P9

Demand tRM 1000.00 117.65 227.27 423.53 300.00 0.00 0.00

Flow CS-RS 0.00 117.65 227.27 423.53 300.00 0.00 0.00

Stock FS 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Stock CS 8000.00 3227.83 6235.57 12930.79 1809.93 3586.67 5173.91

Stock RS 0.00 0.00 0.00 0.00 0.00 1891.59 0.00

PERIOD 51 P1 P2 P3 P4 P6 P8 P9

Demand tRM 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Stock FS 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Stock CS 8000.00 3224.60 6229.34 12917.86 1808.12 3586.67 5173.91

Stock RS 0.00 0.00 0.00 0.00 0.00 1891.59 0.00

PERIOD 52 P1 P2 P3 P4 P6 P8 P9

Demand tRM 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Stock FS 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Stock CS 8000.00 3221.37 6223.11 12904.94 1806.32 3586.67 5173.91

Stock RS 0.00 0.00 0.00 0.00 0.00 1891.59 0.00

We can observe a consequence of the cyclic planning horizon. For instance, the �nal stock of

product P8 (camelina seeds) of 1 891.59 tons becomes the initial stock in period 1. It is also

possible to see the degradations of baled products (remember that in table "Products" we

consider no degradation for seeds). For instance, the �nal stock of product P6 (miscanthus
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bales) is 1 806.32 tons. In period 1, the initial stock is 1 806.32 × 0.999 (degradation factor

since the previous period), minus 300 tons consumed by the re�nery, which gives 1 504.51

tons at the end of period 1.

 

Figure 5.6: Source cantons for one existing re�nery in Clermont, Oise.

Discussion

The cost of biomass and the cost of re�nery represent respectively 43.75% and 51.54% of the

total cost. In percentage the other costs are much smaller, as shown by the pie chart Figure 5.7

on the left. We must underline here an important di�erence with most US works,

like Zhang et al. (2013) who report 50 to 75% of logistic costs in the biomass

delivered at re�nery gates. Their supply chains range from the crop ready to harvest to

the re�nery gates, so harvesting, raking and baling costs are counted in logistic costs. The

convention is di�erent in the AMBRE project, where Agro-Transfert has calculated costs for

products already harvested and conditioned, ready to be transported on the �eld edge.

The high biomass cost in our case comes from the numerous operations before coming to a

product ready to be shipped in the farms: soil preparation, sowing, phytosanitary treatments,

harvesting, raking and baling. In Picardie, the most expensive product is rape seeds (355.2

e/tRM) and the cheapest one cereal straw (35.5 e/tRM). In our data, the production cost

computed by Agro-Transfert for one product is the same in all cantons of a region and the

amounts collected must satisfy the demands of re�neries. So, the total production cost is

constant in the instance considered, limited to one department of Picardie, and we could re-

move it from the objective function. However, production costs di�er in Champagne-Ardenne
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because of slightly di�erent yields and agricultural practices. Hence the total production cost

would no longer be constant for an instance involving the two regions.
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Figure 5.7: Distribution of costs.

The large annual re�nery cost of 22 910 000 e comes for the capital cost (construction

of the re�nery) and the operating costs of its internal processes. As we impose a number

of re�neries in each instance, this cost is also a constant which could also be omitted in the

objective function.

As the large biomass and re�nery costs make di�cult a comparison of the other costs, we

indicate also the distribution of storage, handling and transport costs in the pie chart Figure

5.7 on the right. A surprising feature is the relative importance of handling costs

compared to storage and transport.

In fact, handling costs are always signi�cant in biomass supply chains. For instance, bales

must be loaded/unloaded one by one and stacked carefully on vehicles or platforms, which

takes time and requires a telescopic forklift. Moreover, each product in our system goes to the

re�neries via farm and centralized storages, which increases the number of loading/unloading

operations.

Lower transport costs can be explained by the fact that the demands of the most consumed

products are far from the amounts available (see demand statistics), which allows the re�nery

to collect the biomass locally and thus to reduce the average distance traveled by the vehicles.

This can be con�rmed by a detailed analysis of the results: the number of cantons where

the products are collected for the re�nery range from 6 for miscanthus to 24 for ethiopian

mustard. On average, the number of cantons to satisfy the demand for one product

is 16.3 out of 42. The map of Figure 5.6 indicates the cantons supplying one product at

least: we can see that most peripheral cantons are not collected.

Storage costs are very low in comparison because in France the operators of centralized

storages gain money mainly from the fees that they charge for each ton of seeds arriving

146



5.5. NUMERICAL EVALUATION OF THE MATHEMATICAL MODEL

at the storage or leaving it. We have included these fees in the loading/unloading costs at

silos. The storage itself costs little, for instance there is no energy or gasoil consumption for

a platform and, for a silo, there is only a small energy consumption for the non-permanent

ventilation.

Sensitivity analysis

To evaluate the e�ect of variations in model parameters on the total costs, sensitivity analysis

was performed. The behavior of the biomass production costs, handling costs, re�nery costs,

farm & centralized storage costs, vehicle cost per hour, farm & centralized storage capacities,

initial stocks and demands on the total costs are observed.

The results of variation in total costs are depicted in Figure 5.8. It can be seen that the

impact of variation in some of the parameters, such as biomass production costs, re�nery

setup costs and demand have a large impact on the total costs. When these parameters are

increased by 20 %, the increase in total cost is around between 5-11%. On the other hand,

when they are reduced by 20 %, the loss is about 5-11%. Other parameters like initial stock

in biomass production zones (NQBeg) and farm and centralized storages capacities have the

opposite impact on the total costs. Increasing these parameters by 20%, decreases the total

costs by about 0.05%. The e�ects of variations in other parameters such as handling and

vehicle costs per hour on the total costs are low.
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Figure 5.8: Variation in total costs with ± 20% change in di�erent parameters.
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Remarks

Finally, a good remark is to wonder why developing a model to compute a cost-optimal

solution, if we can act only on storage, handling, and transport costs which represent here

"only" 2 090 643.11 e or 4.71% of the total cost. Here are a few good reasons:

� In this scenario there is a single re�nery, already located, but the model can also deter-

mine the best location for one or several re�neries.

� The solution also shows the decision-maker where and when to collect biomass, the

inventory levels, and the dynamics of the supply chain during the year (activity �uctu-

ations, harvesting periods, maximum stocks, bottlenecks. . . ).

� The model can be used to do "what if" simulations by changing various parameters like

re�nery demands, required products, storage capacities, etc.

� Finally, the relative importance of the di�erent costs depends on the way they are

assigned to the stakeholders. For instance, storage, transport and handling can be per-

formed by a service company which has not to pay for the re�neries nor for the biomass

(purchased by the latter). Such a company is obviously interested in the minimization

of remaining costs.

5.5.3 Tests with several re�neries already located

In this section, we evaluate the model on a growing number of existing re�neries, from one to

three. Recall that the data of the previous test have shown that it is impossible to have more

than one re�nery per department. As it would be uneasy to compare three instances involving

respectively 1 re�nery on 1 department, 2 re�neries on 2 departments, and 3 re�neries on 3

departments, we consider for the three instances the same territory, the whole Picardie region

with its three departments.

The instances consider respectively one re�nery in the more or less central canton of Lassigny

(6019), two in Coucy-le-Châteay-Aufrique (0211) and Breteuil (6006), and three in Anizy-le-

Château (0201), Clermont (6008) and Corbie (8018). Each instance involves 133 cantons and

13857 farms. The other characteristics and the results are summarized in Table 5.15.

The three models share the same �ow and stock variables for BP, FS and CS nodes. The

increase in the numbers of constraints and variables come from the seven RS nodes required

(one for each product) for each additional re�nery and the �ow variables from CS nodes

to these RS nodes. Although the models are quite large (almost 100 000 constraints after

presolve for the test with 3 re�neries), they are all solved in less than 8 seconds by XPRESS.

The total cost is roughly proportional to the number of re�neries, due to the importance of

biomass and re�nery costs. Even if these costs are deducted to keep only storage, handling
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Table 5.15: Characteristics of tests with several re�neries already located.

Re�nery cantons 6019 0211-6006 0201-6008-8018
Number of nodes 1 772 1 779 1 786
Size before presolve 38 895 × 73 269 39 346 × 97 220 39 796 × 121 171
Build model & presolve (s) 90.6 93.3 97.0
Size after presolve 12 538 × 49 436 14 950 × 74 961 16 971 × 99 725
Solution time (s) 4.5 7.3 7.8
Total cost (e) 44 503 218.27 89 089 198.25 133 520 889.82
W/o biomass & re�neries 2 144 513.39 4 371 788.48 6 444 775.17

and transport costs, we still observe a quasi-proportionality. This comes from the fact that

the re�neries are well spaced, with disjoint supply zones. Indeed, there is no canton supplying

more than one re�nery in the 2-re�nery case, and only two in the 3-re�nery case. This spatial

separation is clear in Figure 5.9 illustrating the solution to the 3-re�nery case. Only Breteuil

and Lassigny, in the Oise department but close to the border with Somme, supply two out of

the three re�neries (Corbie and Clermont).

 

Figure 5.9: Source cantons in the 3-re�nery case.

We also compared the previous 3-re�nery instance and its well-spaced units to three cases

with badly selected locations, which are expected to increase transport costs.

The �rst case considers existing re�neries in the three central and adjacent cantons of Guis-

card (6018), Lassigny (6019), and Roye (8038). In the second one re�neries occupy frontier

and well-spaced cantons, the most northwestern, northeastern and southeastern: Condé-en-

Brie (0210), Hirson (0217), and Rue (8039). The three re�neries are all regrouped in the

northwestern corner in the third case: Crécy-en-Ponthieu (8019), Nouvion (8031), and Rue

(8039). The di�erent cases are presented in Figure 5.10.
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 Well-spaced (reference case) Central & adjacent 

Frontier & spaced Frontier & adjacent 
 

Figure 5.10: Comparison between "good" and "bad" re�nery locations.

The results are listed in Table 5.16. The reference instance with its well-spaced cantons is

recalled on the left. As the numbers of nodes, the model sizes, the re�nery costs and the

biomass costs are identical for the three instances, they are not recalled: they can be found in

the previous table. As can be seen, transport costs are strongly impacted when re�neries are

located at the periphery of the region or too close to each other. There is even a cumulative

e�ect in the last instance where re�neries are both peripheral and regrouped: compared to

the well-spaced re�neries, the transport costs are increased by 2 496 532.19 e and multiplied

by 2.42.

Table 5.16: Results for tests with several re�neries already located.

Type of locations Well-spaced Central & adjacent Frontier & spaced Frontier & adjacent
Re�nery cantons 0201-6008-8018 6018-6019-8038 0210-0217-8039 8019-8031-8039
Solution time (s) 7.8 11.0 7.6 11.8
Total cost (e) 133 520 889.82 133 905 710.13 134 411 938.86 136 063 726.79
Including transport 1 760 682.44 2 097 608.23 2 633 194.83 4 257 214.63
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To conclude the tests with re�neries already located, our model is very fast to de�ne the

optimal supply plan for one re�nery over a single department (1.3 s). The running times

remain moderate to supply 1 to 3 re�neries over the 300 × 200 km region of Picardie and

its 3 departments (4.5 to 11.8 s). These durations are small enough to allow the user to do

multiple runs with di�erent parameters.

5.5.4 Tests with one re�nery to locate

The resulting model is of course harder, due to the binary location variables. The goal here is

to evaluate the impact of such variables on running time (compared to one existing re�nery)

and to see if the model is able to �nd better locations. We designed three instances on the

Somme department (47 cantons). The �rst one used as baseline considers one existing re�nery

in Amiens-Nord (8045). The second allows 4 possible locations, in Amiens-Nord but also in

Boves (8013), Corbie (8018), or Villers-Bocage (8041). In the last test the model is free to

locate the re�nery in any of the 47 cantons.

The results are summarized in Table 5.17. Like for the Oise department in subsection 5.5.2,

the case with one existing re�nery gives a compact model, solved almost instantaneously by

XPRESS. But the size and running time of the model grow quickly where the re�nery is

to locate. Indeed, BP and FS nodes are still connected only to close centralized storages

(maximum 20 km) but all centralized storages can ship biomass to all re�nery sites over 50

periods, which increases a lot the number of �ow variables. The larger running times comes

from the fact that the simplex algorithm is no longer su�cient: XPRESS must apply its

branch-and-bound algorithm due to the 0-1 location variables.

Table 5.17: Results for tests with one re�nery to locate.

Possible location Imposed 4 possible All 47 cantons
Number of nodes 569 590 891
Size before presolve 11 433 × 21 062 12 784 × 41 615 32 134 × 336 208
Build model & presolve (s) 7.4 9.9 50.3
Size after presolve 3 835 × 14 212 7 008 × 36 036 30 435 × 334 412
Solution time (s) 0.5 14.5 1 704.7
Total cost (e) 44 580 515.96 44 564 219.51 44 523 417.92
W/o biomass & re�neries 2 221 811.08 2 205 514.63 2 164 713.04
Location found 8045 Amiens-Nord 8018 Corbie 8037 Rosières

XPRESS is still fast when it has to choose among 4 sites and it obtains a better location in

the canton of Corbie. An even better location in the canton of Rosières is found when the

re�nery may be created anywhere, but model size (334 412 variables) and running time (close

to 30 minutes) explode.

Comments on running times

The running time increases for the third test but it is still acceptable for a problem involving
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strategic decisions and a multi-period planning horizon. Anyway, we think this instance is

not very realistic because the number of potential sites is restricted in practice: a) building

sites for sale and with enough land must be found, b) administrative authorizations must be

obtained, and c) it is unlikely in an optimal solution to locate the re�nery in a peripheral

canton, for instance on the coast of the Channel, due to the impact on transport costs.

Moreover, the times mentioned are those required to reach the optimum: the branch-and-

bound of XPRESS generates a sequence of cost-decreasing integer solutions and the opti-

mization can be stopped at any time to return the provisional best solution. For instance,

XPRESS needs 1 704.7 s to solve the third instance to optimality, but it �nds one integer

solution at 0.71% to the lower bound after 52 s and a second one at 0.62% after 294 s. In

fact, this is already the optimal solution but the solver needs another 1 400 seconds to prove

optimality by closing the gap.

To push the model to its limits, we tried to locate the re�nery anywhere among the 133

cantons of the whole Picardie (Aisne, Oise, and Somme). In spite of its 91 159 constraints

and 3 229 283 variables, the resulting mixed 0-1 linear program can be generated by XPRESS

on our PC with 32 GB of RAM, but no optimal solution is found within a time limit of one

hour. Even the linear relaxation takes already 913 seconds to be solved. But here again,

XPRESS �nds integer solutions much faster, one with a gap of 0.81% to the lower bound

after 1 000.8 seconds and one with 0.64% after 1 505 seconds.

We made other tests which have con�rmed these results. Therefore, although the solver

cannot solve in one hour instances where one re�nery must be located in any

canton of a complete region with three departments, it can be used as a heuristic

able to return in less than 20 minutes an integer solution with a less than 1%

gap.

Comments on costs and locations

The map of Figure 5.5 shows that the canton of Corbie found for the second instance looks

more or less central in the department of Somme from a geometric point of view. The

resolution of the third instance �nds a better location in the canton of Rosières. Although

this canton has a common border with Corbie, it looks a bit eccentric in comparison. There

are several explanations for this.

Firstly, as shown previously, on average the type of re�nery considered can satisfy its demand

for a product in less than 50% of the cantons. Secondly, biomass distribution is not homo-

geneous due to various soils, slopes and micro-climates. Thirdly, centralized storages have

varying capacities depending on the canton. Fourthly, transport costs are not proportional to

Euclidean distances because of local density variations of the road network. This explains that

many locations, except the peripheral cantons, can lead to good solutions and it is di�cult
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to predict the best one.

These arguments explain also the relatively small saving between the imposed location in

Amiens-Nord and the optimal one in Rosières (57 098 e). But let us not forget that we

compare the optimal solutions of the three instances. The saving can be more important

compared to a bad location. For instance, if we �x the re�nery in the canton of Rue (north-

west, on the coast), the total cost without biomass and re�nery costs is 2 706 450.28 e and

the saving is almost 10 times larger, 541 737.24 e.

It is also possible to observe important transport cost variations by considering speci�c prod-

ucts. For instance, the west of the Oise department beyond Beauvais has a clayey soil ideal

for miscanthus but not for rape. A re�nery implemented in this area would have to seek rape

products farther.

5.5.5 Test with several re�neries to locate

As shown in the previous subsection, it is not possible in one hour to determine the optimal

location of one re�nery among the 133 cantons of Picardie. Therefore, in this section, we

consider the location of re�neries among preselected and well-spaced cantons in the three

departments of Picardie.

To have a baseline case we include a �rst instance where one re�nery must be created among

4 sites: 6018 Guiscard, 6019 Lassigny, 6029 Noyon, and 8038 Roye. In the previous subsection

we have seen a similar case but reduced to the 47 cantons of the Somme department.

The second instance concerns 2 re�neries after 8 sites (i.e., 28 combinations): 0201 Anizy-le-

Château, 0209 Chauny, 0211 Coucy-le-Château-Aufrique, 0214 La Fère, 6006 Breteuil, 6021

Maignelay-Montigny, 8005 Ailly-sur-Noye, and 8027 Montdidier. The third and last instance

involves 3 re�neries on 12 candidate sites (220 combinations): 0201 Anizy-le-Château, 0204

Braine, 0220 Moy-de-l'Aisne, 0227 Sains-Richaumont, 0236 Villers-Cotterets, 6008 Clermont,

6012 Crépy-en-Valois, 6028 Noailles, 8005 Ailly-sur-Noye, 8017 Conty, 8018 Corbie, and 8037

Rosières-en-Santerre.

Table 5.18: Results for tests with several re�neries to locate.

Re�neries 1 among 4 sites 2 among 8 sites 3 among 12 sites
Number of nodes 1 793 1 821 1 849
Size before presolve 40 246 × 145 122 42 046 × 240 926 43 846 × 336 730
Build model & presolve (s) 99.3 112.8 126.4
Size after presolve 20 739 × 126 224 24 925 × 223 933 26 943 × 319 919
Solution time (s) 29.6 154.6 939.4
Total cost (e) 44 497 965.07 88 933 624.82 133 283 641.03
Branch-and-bound nodes 28 60 100
W/o biomass & re�neries 2 139 260.19 4 216 215.06 6 207 526.38
Location(s) found 8038 0214, 8027 0227, 6012, 8037
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The results gathered in Table 5.18 show that running times increase with the number of

potential locations, as can be expected, but they remain quite reasonable. The largest instance

requires a bit more than 15 minutes to be solved to optimality, but XPRESS �nds in 75.7

seconds a �rst integer solution at 0.35% only to the lower bound.

In Section 5.5.3 we saw that XPRESS needs 4.5, 7.3 and 7.8 seconds to solve the math model

with 1, 2, and 3 existing re�neries, respectively. So we could solve the three instances in the

table above by testing all the possible combinations to locate the re�neries (4, 28, and 220),

which would avoid to use binary locations variables. It is relatively easy to program this

iterative resolution in MOSEL. Using this approach, the solution time would be 18, 204, and

1716 seconds, respectively. Hence, except for the �rst instance, it is faster to let XPRESS

solve the model with the binary variables.

5.6 Conclusion

This chapter illustrates the long work which was necessary after having designed the data

model of Chapter 3 and the mathematical model of Chapter 4. Indeed, without data the

database and the mixed integer linear model would be empty shells. Data preparation in-

volved two partners, Agro-Transfert for potential biomass productions, and Coopénergie for

existing biomass production and centralized storages. Agro-Transfert for instance required

one engineer during one year to collect the data. In spite of this help, we have been obliged

to prepare many additional data like the geographic centers of each canton, the shortest dis-

tances by road, the estimation of farm storage capacities, and various costs and environmental

indicators related to storage and biomass loading and unloading.

Fortunately, this tedious preparatory work has led to a successful validation of the math-

ematical model on real data. Our multi-period and multi-commodity MILP can be solved

quickly on a PC when no location decisions are required. The size is already respectable, for

instance 39 796 constraints and 121 171 variables before the presolve, for a planning horizon

of 52 periods, 3 departments totalizing 133 cantons, 7 products and 3 re�neries.

The introduction of location decisions has obviously an impact on model size and resolution

time, because of the binary location variables and the re�nery storage nodes which must

be generated in each potential canton. The impact is moderate when a few candidate sites

have been preselected: it is possible to place 3 re�neries among 12 locations in the three

departments of Picardie. But if all cantons are possible locations, which is not very realistic

in practice, the running time explodes. Within a 1-hour limit it is possible to locate one

re�nery on one department of 47 cantons, but not on the whole Picardie region and its 133

cantons. However, the solver can be stopped much earlier to get integer solutions with less

than 1% gaps.
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The cases with long running times are problematic when the decision maker wants to eval-

uate many scenarios, or if we want to extend the study to more products or French regions.

Moreover, the tests of this chapter have minimized a sum of costs. The environmental in-

dicators are computed in the results for the optimal solution in terms of costs, but no true

multi-objective optimization is performed.

The next chapter is intended to remedy these two kinds of limitations. It develops a bi-

objective version of a mathematical model, to provide the decision maker with a set of non-

dominated solutions in the Pareto sense. Then it describes a heuristic decomposition method

to reduce running times on large instances, by solving separately a location problem and a

multi-period minimum cost �ow problem.
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Chapter 6

Two-phase approaches and

multi-objective optimization

6.1 Introduction

The goal of this chapter is to solve large instances faster and to deal with several objectives.

In the �rst part of this chapter, two-phase heuristic approaches are proposed to solve the

large scale tests. In both approaches, the �rst phase locates the new bio-re�neries and by

using the determined location of bio-re�neries, the second phase solves the model completely

to determine the amount of biomass produced, shipped and stored to satisfy demands of

bio-re�neries during each period. The �rst approach uses a p-median model for locating the

new bio-re�neries while the second approach employs a location-allocation model to reach

this goal. These two models are described extensively in this chapter. Finally, the results

from three tests are shown to compare these two-phase approaches with each other and also

with the exact method.

The second part focuses on the multi-objective optimization. Nowadays, considering only

the economic aspects of biomass supply chains is not su�cient anymore. There have been

increasing concerns about environmental aspects as well. Therefore, to make the production of

biofuel reasonable, it is critical to improve the e�ciency of its supply chain by considering both

the economic and environmental aspects simultaneously. However, for many years, the main

objective of biomass supply chains models was to minimize total costs. Most recently, there

has been growing interest to incorporate environmental objectives to biomass supply chains

models. For example, Zamboni et al. (2009) consider CO2 emissions and costs in a simpli�ed

multi-objective optimization model dealing with a single feedstock and a single product.

The second part of this chapter deals with a multi-objective multi-period model considering

biomass supply chains with several products, centralized storages where bio-re�neries are

either already placed or should be located.

157



CHAPTER 6. TWO-PHASE APPROACHES AND MULTI-OBJECTIVE OPTIMIZATION

Sections 6.2 to 6.5 are devoted to the two-phase approaches. In Section 6.2, two-phase ap-

proaches are explained and the indexing sets are listed. First phase that includes p-median

and location-allocation models is introduced in Section 6.3. In addition, the variables and

the constraints are presented in Section 6.3 as well. Section 6.4 explains the second phase of

our methods. Section 6.5 describes representative large-scale tests. These tests are solved by

using the proposed two-phase approaches and the results show the e�cacy of these heuris-

tic approaches. The multi-objective model is presented in Section 6.6 where the costs and

GHG emissions criteria are detailed. The proposed ε�constraint method for solving the multi-

objective problem is explained in Section 6.7 and the e�ectiveness of this approach is illus-

trated with numerical example in Section 6.8. Finally, Section 6.9 concludes this chapter.

6.2 Two-phase approaches

In this section, the models used in the two-phase resolution approaches are discussed. These

two approaches are di�erent in their �rst phases, however, their second phases are the same,

which is based on the proposed optimization model that is fully described in Chapter 4. The

objective of two-phase approaches is to determine the location of new bio-re�neries in the �rst

phase, and then, to solve the model completely in the second phase, by using the results from

the �rst phase. We have kept the notations used in Chapter 4, but for the ease of reading;

they are recalled in Table 6.1.

6.3 First phase

The facility location problem are employed in many areas such as distribution and transporta-

tion. These models have received a great deal of attention in the research literature and play

a critical role in the strategic design of supply chain networks (Melo et al., 2009). Given a set

of potential locations for facilities and a set of customers, the facility location problem aims

at locating facilities in such a way, that the total cost for assigning facilities is minimized,

while the demands of customers are satis�ed (Holmberg et al., 1999).

The facility location problem can be classi�ed into di�erent categories: the p-median problem,

the p-center problem and the Uncapacitated Facility Location Problem (UFLP) (Mirchandani,

1990). All these problems decide the location of facilities and allocation (or assignment) of

demand points to one or multiple facilities. The p-center problem is a speci�c type of a discrete

location problem. In this problem, p facilities are located in a way that maximum distance

between any demand node and the location in which a facility was placed, is minimized. The

Uncapacitated Facility Location Problem (UFLP) involves locating an undetermined number

of facilities to minimize the sum of the annualized �xed setup costs and the variable costs

of serving the market demand from these facilities (Verter, 2011). The p-median problem

de�ned as locating p facilities to minimize the demand weighted average distance between
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Table 6.1: Notations.

Set Index Role
H t Set of the periods of the planning horizon (usually 52 weeks)
Z z Set of zones into which the territory studied is divided (currently cantons)
P p Set of products derived from the crops
R r Set of re�nery types
RF z Set of zones where re�neries are forbidden, RF = {z ∈ Z | ZRefz ∈ "Forbidden"}
RE z Set of zones with existing re�neries, RE = {z ∈ Z | ZRefz ∈ R}
N i, j Set of all nodes, each node may be viewed as a stock of one product
BP i, j, k Set of biomass production nodes, BP = {i ∈ N | NNTi ∈ "BP"}
FS i, j Set of farm storages, FS = {i ∈ N | NNTi ∈ "FS"}
CS i, j Set of centralized storages, CS = {i ∈ N | NNTi ∈ "CS"}
RS i, j Set of re�nery storages, RS = {i ∈ N | NNTi ∈ "RS"}

Parameters Units Role
Dist(i, j) km Distance value from zone i to zone j
NQBegi tRM Initial stock of node i (Amount of product for BP node)
NZi � Zone code, must be in "Zones" for node i
NPi � Product code for node i
ZRefz � Re�nery Status: existing type, "Forbidden" or "Allowed" for zone z
PDryp � Fraction of Dry matter of product p
RNumr � Number of re�neries of type r
Needrpt Dry tons The need of re�nery type r for p product in period t
TNeedrp Dry tons Total need of product p for bio-re�nery type r
PDensp tons / m3 Density for product p
PSLossp � Storage loss factor per period for product p
PSType � Node storage type, "Silo" or "Platform
NParentp � Parent node in case of shared storage
NSCapai tRM Storage capacity if PSType = "Silo" for node i
NSAreai m2 Storage area if PSType = "Platform" for node i
NSHeighti m Maximum height of product in m if platform for node i
NSCosti e/tRM/period Storage cost for node i
RCosti e Re�nery cost per year (capital + operating costs) for re�nery type r
ATLCostv e/tRM Loading cost per tRM at origin for arc type v
ATUCostv e/tRM Unloading cost per tRM at destination for arc type v

demand nodes and the nearest of the selected facilities. As we discussed in previous section,

two models (p-median 6.3.1 and a location-allocation 6.3.2 model) are proposed for the �rst

phase.

6.3.1 p-median model

p-median model is proposed for solving the �rst phase. The aim is to place a �xed num-

ber of bio-re�neries to minimize the (demand-weighted) average distance between biomass

production zones and the bio-re�neries locations.

We represent the problem formulation using an undirected graph G = (Z,E) where the

biomass production zone are represented by vertices i ∈ Z, the possible locations of the bio-
re�neries are given by another vertices j ∈ Z, and E is the edge set. Each edge [i, j] ∈ E
is assigned a positive weight Dist(i, j) ≥ 0 which represents the distance between vertices
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i and j. Note that it is possible to have zero distance between biomass production zone

and a possible bio-re�nery location. In this problem, we would like to place �xed number

of bio-re�neries to minimize an average distance between biomass production zones and to

bio-re�neries.

Before solving the math model, a feasibility test is conducted by following equations that the

total demand of re�neries for each product p is compatible with the total amount which can

be produced. Note that the database is the same as in Chapter 5 and since the �rst phase

takes only a single period into account, TNeedrp is de�ned to calculate annual demand of

each type of bio-re�neries for each product, in order to respect the overall demand constraint.

∀r ∈ R,∀p ∈ P : TNeedrp =
∑
t∈H

Needrpt. (6.1)

∀p ∈ P :
∑
r∈R

RNumr × (TNeedrp/PDryp) ≤
∑

i∈BP | NP (i)=p

NQBegi. (6.2)

De�nition of variables

Assignment variables

Because there are no capacity constraints for production zones and bio-re�neries, we can

assume that each biomass production zone is linked to a single bio-re�nery. We de�ne a

decision variable that describes which biomass production zones are assigned to which bio-

re�nery.

Xij =

1, if biomass production at zone i is assigned to bio-re�nery located at zone j;

0, otherwise.

Re�nery location variables

We need to de�ne another decision variable that describes the locations at which a bio-

re�nery is placed. These binary variables Yzr are equal to 1 if and only if a re�nery of type r

is located in zone z. The location variable for an existing re�nery is set to 1 in the sequel, to

be eliminated by the pre-solver of XPRESS and location variables do not need to be generated

for the zones where re�neries are forbidden (set RF).

∀j ∈ Z\RF : Yjr =

1, if bio-re�nery type r located at zone j;

0, otherwise.
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Constraints

Constraints (6.3) present that each biomass production zone is assigned to exactly one bio-

re�nery.

∀i ∈ Z :
∑
j∈Z

Xij = 1. (6.3)

Constraints (6.4) ensure that the number of bio-re�neries created for each type must be equal

to the maximum number allowed.

∀r ∈ R :
∑

j∈Z\RF

Yjr = RNumr. (6.4)

Constraints (6.5) guarantee that at most one bio-re�nery can be built in each zone where

creations are allowed.

∀j ∈ Z\RF :
∑
r∈R

Yjr ≤ 1. (6.5)

Constraints (6.6) say that biomass production zone i can be assigned to a bio-re�nery at j

only if there is a bio-re�nery at j. Indeed, when
∑

r∈R Yjr = 0 this forces Xij to 0, in other

words it means that a biomass production zone can only be assigned to open bio-re�nery.

∀i ∈ Z,∀j ∈ Z : Xij −
∑
r∈R

Yjr ≤ 0. (6.6)

Constraints (6.7) ensure that the total amount available for each product is at least as large

as the total demand of bio-re�neries for this product.

∀j ∈ Z, ∀p ∈ P :
∑
r∈R

Yjr ×
TNeedrp
PDryp

≤
∑
i∈Z

∑
k∈BP | NP (k)=p and NZ(k)=i

Xij ×NQBegk.

(6.7)

Constraints (6.8) and (6.9) force that location variables and assignment variables to be binary.
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∀j ∈ Z,∀r ∈ R : Yjr ∈ {0, 1}, (6.8)

∀i ∈ Z, ∀j ∈ Z : Xij ∈ {0, 1}. (6.9)

Objective function

The goal is to minimize the average distance between production zones and selected bio-

re�neries.

min
∑
i∈Z

∑
j∈Z

∑
k∈BP | NZ(k)=i

NQBegk ×Dist(i, j)×Xij . (6.10)

6.3.2 Location-allocation model

Location-allocation is another proposed model for solving the �rst phase, which aims at

determining the locations of new bio-re�neries. In this model, a production zone can be served

by more than one bio-re�nery, this requires using �ow variables. Unlike previous model that

considered only production and bio-re�nery nodes, it considers all nodes, including centralized

and farm storages.

De�nition of variables

Re�nery location variables

These binary variables Yzr are equal to 1 if and only if a re�nery of type r is located in zone

z. Like in p-median model, they are de�ned also for existing re�neries but in this case they

are set to 1. Moreover, In our model, location variables do not need to be generated for the

zones where re�neries are forbidden (set RF).

∀z ∈ Z\RF, ∀r ∈ R : Yzr ∈ {0, 1}. (6.11)

Product �ow variables

Variable Qij denotes the �ow of products on arc (i, j). In fact, a �ow is possible only if there

exists one arc type for (i, j).

∀i ∈ N, ∀j ∈ N | T (i, j) exists : Qij ≥ 0. (6.12)
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Constraints

Biomass availability constraints

Constraints (6.13) state that the total amount collected cannot exceed product availability

NQBegi, since the stock of BP nodes can only decrease.

∀i ∈ BP :
∑
j∈N

Qij ≤ NQBegi. (6.13)

Flow conservation constraints

Constraints (6.14) are de�ned here only for FS and CS nodes. They just state that input �ow

is equal to the output �ow.

∀i ∈ FS ∪ CS :
∑
j∈N

Qji −
∑
j∈N

Qij = 0. (6.14)

Limit on the number of re�neries per zone

Constraints (6.15) show that at most one re�nery can be built in each zone where creations

are not forbidden:

∀z ∈ Z\RF :
∑
r∈R

Yzr ≤ 1. (6.15)

Constraints on the number of re�neries for each type

Constraints (6.16) represent that the number of re�neries implemented for each type r must

be equal to the number speci�ed in the database, RNumr.

∀r ∈ R :
∑

z∈Z\RF

Yzr = RNumr. (6.16)

Constraints for existing re�neries

When a bio-re�nery already exists, the setup variable is forced to 1 and the pre-solver of

XPRESS will replace it by its value in the whole model:

∀z ∈ RE : Yz,ZRef(z) = 1. (6.17)
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Constraints for demands satisfaction

Constraints (6.18) look like �ow conservation equations (6.14), but the output �ows are re-

placed by the demand of the re�nery type which owns the RS node.

∀i ∈ RS :
∑
j∈N

Qji −
TNeedNR(i),NP (i)

PDry(NPi)
× YNZ(i),NR(i) = 0. (6.18)

Objective Function

Transport costs

The goal is to minimize the transport cost CT and it is is computed by using the V CostTon

function (see Chapter 4):

min CT =
∑

i∈N,j∈N
V CostTon(i, j)×Qij (6.19)

6.4 Second phase

In the second phase, locations of new bio-re�neries are obtained from the �rst phase, and

then the complete model is solved by �xing the location variable. The model in the second

phase is the same as the one presented in Chapter 4, with the di�erence that the location

variables Yzr take the values provided by the �rst phase. It determines the amount of biomass

produced, shipped and stored to satisfy demands of bio-re�neries during each period. Here,

we brought some of the most relevant equations.

De�nition of variables

Stock variables

Variable Sit the amount of product stored at node i at the end of period t, in tons of raw

material (tRM). Stock variables exist only during the opening period of the node.

∀i ∈ N\BP,∀t ∈W (i) : Sit ≥ 0. (6.20)

Product �ow variables

Variable Fijt denotes the �ow of products on arc (i, j) in period t (see Chapter 4).

∀i ∈ N, ∀j ∈ N | T (i, j) exists, ∀t ∈W (i) ∩W (j) : Fijt ≥ 0. (6.21)
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Constraints

Constraints (6.22) concern that the total amount of biomass stored in silos cannot exceed the

silo capacity in tons:

∀i ∈ N\BP | NParenti = i and PSType(NPi) = “Silo”, ∀t ∈W (i) :∑
j∈N\BP | NParentj=i

Sjt ≤ NSCapai. (6.22)

Constraints (6.23) correspond to the total amount of biomass stored in platform cannot exceed

the platform capacity in square meters.

∀i ∈ N\BP | NParenti = i and PSType(NPi) = “Platform”,∀t ∈W (i) :∑
j∈N\BP | NParentj=i Sjt

PDens(NPi)×NSHeighti
≤ NSAreai. (6.23)

Inventory balance constraints (6.24) are de�ned here only for FS and CS nodes. They just

state that the stock of node i at the end of period t is equal to the one from the �previous�

period, multiplied by the degradation factor of the product, plus the inputs, and minus the

outputs.

∀i ∈ FS ∪ CS,∀t ∈W (i) : Si,Bef(i,t) × SLoss(i, t) +
∑
j∈N

Fjit −
∑
j∈N

Fijt = Sit. (6.24)

Constraints (6.25) state that the total amount of biomass collected cannot exceed product

availability NQBegi.

∀i ∈ BP :
∑

j∈N,t∈W (i)∩W (j)

Fijt ≤ NQBegi. (6.25)

Constraints (6.26) look like inventory balance equations 6.24 for FS and CS nodes, but the

output �ows are replaced by the demand of the re�nery type which owns the RS node.

∀i ∈ RS,∀t ∈W (i) :

Si,Bef(i,t) × SLoss(i, t) +
∑
j∈N

Fjit −
NeedNR(i),NP (i),t

PDry(NPi)
× YNZ(i),NR(i) = Sit. (6.26)
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Objective Function

The goal is to minimize the total cost including biomass production, storage, handling, bio-

re�neries setup and transportation. This total cost objective is described in full details in

Chapter 4.

Biomass costs

The total cost of biomass CB is the cost of the amounts collected at BP nodes.

CB =
∑

i∈BP,j∈N,t∈W (i)∩W (j)

LCostNP (i),NRG(i) × Fijt. (6.27)

Inventory costs

The total inventory cost CI is not counted for BP nodes. We add the storage costs for the

opening periods and the storage cost for the �nal stock, which is kept in NumPer − |W (i)|
the closing periods.

CI =
∑

i∈N\BP

NSCosti × (
∑

t∈W (i)

Sit + (NumPer − |W (i)|)× Si,NEnd(i)). (6.28)

Handling costs

Using the function T (i, j) we can retrieve the arc type for (i, j) which contains the loading

cost ATLCost at node i and the unloading cost ATUCost at node j.

CH =
∑

i∈N,j∈N,t∈W (i)∩W (j)

(ATLCostT (i,j) +ATUCostT (i,j))× Fijt. (6.29)

Transport costs

The transport cost CT is computed using the V CostTon function (see Chapter 4):

CT =
∑

i∈N,j∈N,t∈W (i)∩W (j)

V CostTon(i, j)× Fijt. (6.30)

Costs of re�neries

In fact this cost is constant since the data impose the number of re�neries RNumr for each

type r.
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CR =
∑

z∈Z\RF

∑
r∈R

RCostr × Yzr. (6.31)

6.5 Tests

We have conducted some small, medium and large scale tests, to evaluate the reliability of

the proposed approach. Note that all data used in these tests (e.g. distances, storages and

demands) are the same as the data used in Chapter 5. The goal of our two-phase approaches

is to reduce the running time in comparison to the proposed model in Chapter 4 and to solve

large test instances in reasonable time, without having to compromise signi�cantly on the

outcome results. As we can see through the following tests, these goals are really achieved.

Note that the mathematical models are written in the algebraic language MOSEL and solved

by using XPRESS 8.2 (64 bits) on a HP ZBook portable PC with an Intel Core i7-47110MQ

CPU at 2.50 GHz, 16 GB of RAM, and Windows Professional 64 bits.

Test 1: Locating one re�nery in one department

The purpose of this test is to evaluate the two-phase approaches and compare the results with

the proposed model in Chapter 4. In this test, the model is free to locate the bio-re�nery in

any of 42 cantons in department of Oise (code 60). The bio-re�nery can be supplied by the

42 cantons of this department. The goal here is to minimize the running time compared to

the proposed model in Chapter 4.

SOLUTION SUMMARY (Exact method):

W/o biomass & refs: 2 076 805.01, including:

- storage cost : 244 065.48 11.75%

- handling cost : 1 310 130.95 63.08%

- transport cost : 522 608.57 25.16%

Other criteria :

- GHG emitted : 27 293 192.56 kg.equ.CO2

- energy consumed : 236 365 928.57 MJ

- gasoil consumed : 1 558 728.25 liters

Refineries used:

- created ones : 1, in zone(s) 6034
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SOLUTION SUMMARY (p-median phase II):

W/o biomass & refs: 2 168 421.33, including:

- storage cost : 244 065.48 11.26%

- handling cost : 1 341 199.61 61.85%

- transport cost : 583 156.23 26.89%

Other criteria :

- GHG emitted : 27 403 613.42 kg.equ.CO2

- energy consumed : 238 009 159.18 MJ

- gasoil consumed : 1 594 682.30 liters

Refineries used:

- created ones : 1, in zone(s) 6027

SOLUTION SUMMARY (Location-allocation model phase II):

W/o biomass & refs: 2 115 311.54, including:

- storage cost : 244 065.48 11.54%

- handling cost : 1 339 907.49 63.34%

- transport cost : 531 338.57 25.12%

Other criteria :

- GHG emitted : 27 330 912.38 kg.equ.CO2

- energy consumed : 236 927 009.99 MJ

- gasoil consumed : 1 571 004.61 liters

Refineries used:

- created ones : 1, in zone(s) 6033

As it is shown in the table below, the solution time of p-median and location-allocation

approaches is considerably less than the time spent by the exact method. Among these ap-

proaches, p-median has proved to be the fastest method for solving the problem. Unsurpris-

ingly, if we compare the costs, it is increased in these two heuristic approaches. If we exclude

the �xed costs (production and bio-re�nery costs), it is increased by 4.4% for the p-median

approach and a 1.8% increase is observed for the location-allocation approach, which shows

that location-allocation approach leads to better results. p-median model locates the bio-

re�nery in Nivillers (6027), but location-allocation method chooses Saint-Just-En-Chaussée

(6033), however, the exact method results in Senlis (6034).

Departement Oise p-median approach Location-allocation model Exact method
Phase I Phase II Phase I Phase II

Solution time (s) 0.1 5.5 8.7 5 1 152
Costs (e) � 2 168 421.33 428 207.74 2 115 311.54 2 076 805.01

Test 2: Locating one re�nery in three departments

In this test, the model is free to locate the bio-re�nery in any of 133 cantons in department

of Oise, Somme and Aisne. The bio-re�nery can be supplied by the 133 cantons of these
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departments.

SOLUTION SUMMARY (Exact Method):

W/o biomass & refs: 2 040 531.18, including:

- storage cost : 244 065.48 11.96%

- handling cost : 1 319 133.58 64.65%

- transport cost : 477 332.12 23.39%

Other criteria :

- GHG emitted : 27 249 484.60 kg.equ.CO2

- energy consumed : 235 715 066.27 MJ

- gasoil consumed : 1 544 486.91 liters

Refineries used:

- created ones : 1, in zone(s) 0219

SOLUTION SUMMARY (p-median phase II):

W/o biomass & refs: 2 150 274.13, including:

- storage cost : 244 065.48 11.35%

- handling cost : 1 306 387.91 60.75%

- transport cost : 599 820.73 27.90%

Other criteria :

- GHG emitted : 27 408 994.96 kg.equ.CO2

- energy consumed : 238 089 482.40 MJ

- gasoil consumed : 1 596 452.84 liters

Refineries used:

- created ones : 1, in zone(s) 6029

SOLUTION SUMMARY (Location-allocation model phase II):

W/o biomass & refs: 2 084 360.43, including:

- storage cost : 244 065.48 11.71%

- handling cost : 1 329 823.69 63.80%

- transport cost : 510 471.26 24.49%

Other criteria :

- GHG emitted : 27 305 044.35 kg.equ.CO2

- energy consumed : 236 541 781.47 MJ

- gasoil consumed : 1 562 585.48 liters

Refineries used:

- created ones : 1, in zone(s) 0222

As you have seen in Chapter 5, the problem was solved with the exact method. Although, the

running time was long and the results were obtained after 29 436.6 s. However, as it is shown

in the table below, the solution times of p-median and location-allocation approaches are much

shorter. The location-allocation approach is around 158 and p-median approach is around

202 times faster than the exact method, which in some cases might worth the compromise

in the optimality. Among these approaches, p-median has proved to be the fastest method
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for solving the model. If we exclude the �xed costs (production and bio-re�nery costs), the

overall costs of location-allocation approach are 2 084 360.43 e, which is less than the amount

obtained by the p-median approach 2 150 274.13 e. Compared to the exact method, the costs

are increased by 5.37% for the p-median approach and a 2.14% increase for the location-

allocation approach. This shows that location-allocation approach leads to better results,

albeit with a longer solution time. Furthermore, p-median model locates the bio-re�nery in

Noyon (6029), but location-allocation method chooses Neuilly-Saint-Front (0222), however,

the exact method results in choosing Marle (0219).

Three Departments p-median approach Location-allocation model Exact method
(Oise, Somme & Aisne) Phase I Phase II Phase I Phase II
Solution time (s) 2.7 143 40.9 144.9 29 436.6
Costs (e) � 2 150 274.13 403 386.99 2 084 360.43 2 040 531.18

Test 3: Locating three re�neries in three departments

In this section, we want to locate three re�neries in three departments (Oise, Somme and

Aisne). As shown in the previous chapter, it is not possible to determine the optimal location

of three re�neries among the 133 cantons of Picardie with exact method.

SOLUTION SUMMARY (p-median phase II):

W/o biomass & refs: 6 311 423.31, including:

- storage cost : 732 196.45 11.60%

- handling cost : 3 970 450.89 62.91%

- transport cost : 1 608 775.97 25.49%

Other criteria :

- GHG emitted : 82 000 707.86 kg.equ.CO2

- energy consumed : 710 899 601.02 MJ

- gasoil consumed : 4 715 628.81 liters

Refineries used:

- created ones : 3, in zone(s) 0213 0222 6006

SOLUTION SUMMARY (Location-allocation model phase II):

W/o biomass & refs: 6 208 935.38, including:

- storage cost : 732 196.45 11.79%

- handling cost : 3 984 795.27 64.18%

- transport cost : 1 491 943.66 24.03%

Other criteria :

- GHG emitted : 81 842 943.26 kg.equ.CO2

- energy consumed : 708 551 092.23 MJ

- gasoil consumed : 4 664 237.45 liters

Refineries used:

- created ones : 3, in zone(s) 0219 0222 6033
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As it is shown in the table below, no solution time is recorded for the exact method. Similar

to previous two tests, p-median approach has the shortest solution time. If we exclude the

�xed costs (production and bio-re�nery costs), the overall costs of Location-allocation ap-

proach are 6 208 935.38 e, which is less than that of p-median approach 6 311 423.31 e. This

shows that location-allocation approach leads to better results. p-median model locates the

bio-re�neries in Crecy-Sur-Serre (0213), Neuilly-Saint-Front (0222) and Breteuil (6006), and

location-allocation method chooses Marle (0219), Neuilly-Saint-Front (0222) and Saint-Just-

En-Chaussée (6033). The chosen locations from the outcome of these models were di�erent,

but still both of them chose Neuilly-Saint-Front (0222).

Departement Oise p-median approach Location-allocation model Exact method
Phase I Phase II Phase I Phase II

Solution time (s) 0.9 164.8 630 150 �
Costs (e) � 6 311 423.31 1 249 022.33 6 208 935.38 �

Remarks

� The solution time of p-median and location-allocation approaches is considerably less

than the exact method.

� The p-median approach has proved to be fastest one.

� The location-allocation approach leads to better solutions.

� The costs are increased by using two-phase approaches, but, this increase is not signi�-

cant (1.4% - 5%).

6.6 Multi-objective optimization

This section proposes a multi-objective, multi-period, mixed integer linear programming

model to optimize simultaneously the economic and environmental performance of multi-

biomass supply chains for several bio-re�neries at the strategic and tactical level. The �rst

objective is to minimize the total cost of the supply chain, including biomass production, stor-

age, handling, bio-re�neries setup and transportation. The second objective is to minimize

the GHG emissions related to the biomass productions, handling and transportation. The

amount of biomass produced, shipped and stored during each period as well as the number,

size and locations of bio-re�neries are determined.

The MILP is designed to handle comprehensive multi-period and multi-biomass supply chains

with several node types. Biomass can be harvested in elementary production zones, and then

either stored in farm storages or transferred directly to centralized storages. Biomass can

also be shipped from farm storages to centralized storages. Either way, at the end it will be
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transported to the re�neries. The supply chain can be described by a graph with a node-set

composed of biomass production zones, farm storages, centralized storages and bio-re�neries

input stocks, and an arc-set. Each arc denotes a pre-computed shortest path between two

nodes in the road network, with speci�ed length and a required vehicle.

The model proposed in this section is similar to the one described in Chapter 4 and relies on

some assumptions: (1) a re�nery will not shut down once it is operational; (2) each re�nery

is already placed or must be located, and there can be at most one per zone; (3) each re�nery

de�nes its needs in dry tons per product and per period, (4) biomass are transported only

by road; (5) it is possible to add new products or new facilities; (6) the supply chain ranges

from �nished products (ready to ship in the farms) to bio-re�neries storages; (7) the planning

horizons are divided in discrete time slots (period), currently 52 periods of 7 days.

Similar to the proposed data model in Chapter 3, the input data, is stored in a database, which

includes: (1) cost functions associated with production, farm storage, centralized storage,

handling, bio-re�neries setup and transportation; (2) the geographic distance between each

node in the biomass supply chains processed by MapPoint; (3) GHG emissions associated

with biomass productions, handling and transportation; (4) the annual yield of each type of

biomass and annual biofuel demand; (5) initial inventory for each node (biomass production

zones, farm storages, centralized storages and bio-re�neries); (6) loss coe�cient per period

for each node; (7) capacities for farm storages, centralized storages and bio-re�neries; (8)

harvesting window for each type of biomass.

Note that all constraints used in this model are the same as in the mathematical formulation

presented in Chapter 4. Hereafter, the objective functions of this model are explained brie�y.

Objective 1 # Minimization of the total costs

As already mentioned, the model is designed to minimize two objectives. The �rst objective

is to be minimized the total cost of the supply chain, including biomass production, storage,

handling, bio-re�neries setup and transportation. This total cost objective is described in full

details in Chapter 4.

Biomass costs

The total cost of biomass CB is the cost of the amounts of biomass collected in production

zones (BP nodes). The total amount of biomass picked up at a BP nodes i is obtained by

summing its outgoing �ows Fijt.

CB =
∑

i∈BP,j∈N,t∈W (i)∩W (j)

LCostNP (i),NRG(i) × Fijt. (6.32)
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Inventory costs

The total inventory cost CI is not counted for BP nodes. The storage costs of the opening

periods are added to the storage costs of the �nal stock that is kept in the NumPer− |W (i)|
closing periods.

CI =
∑

i∈N\BP

NSCosti × (
∑

t∈W (i)

Sit + (NumPer − |W (i)|)× Si,NEnd(i)). (6.33)

Handling costs

For calculating handling costs CH, the function T (i, j) is used to retrieve the arc type of

(i, j) which contains the loading cost ATLCost at node i and the unloading cost ATUCost

at node j.

CH =
∑

i∈N,j∈N,t∈W (i)∩W (j)

(ATLCostT (i,j) +ATUCostT (i,j))× Fijt. (6.34)

Transport costs

The transport cost CT is computed using the V CostTon function:

CT =
∑

i∈N,j∈N,t∈W (i)∩W (j)

V CostTon(i, j)× Fijt. (6.35)

Costs of re�neries

The total cost of existing and created re�neries CR includes the total discounted investment

costs and the operational cost for one year of activity:

CR =
∑

z∈Z\RF

∑
r∈R

RCostr × Yzr. (6.36)

Objective 2 # Minimization of greenhouse gas (GHG) emissions

The second objective function is to be minimized the total GHG emissions, measured as

kilograms of equivalent CO2 per ton. The total GHG emissions include emissions related to

biomass productions, handling and transportation. The transportation emissions consist of

the di�erent transport steps in the logistics network.
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GHG emissions of biomass production

The total GHG emissions of biomass production GB are the amount of GHG emissions

produced during biomass collection at BP nodes. The total amount picked up at a BP node

i is obtained by summing its outgoing �ows Fijt.

GB =
∑

i∈BP,j∈N,t∈W (i)∩W (j)

LGHGNP (i),NRG(i) × Fijt. (6.37)

GHG emissions of inventories

Storage requires energy (ventilation in silos) but does not emit GHG.

GHG emissions for handling

The total GHG emissions for handling GH are the total amount of GHG emissions produced

during loading and unloading of biomass in di�erent nodes. Recall that by using the function

T (i, j) we can retrieve the arc type of (i, j) which contains the loading cost ATLCost at node

i and the unloading cost ATUCost at node j (see Chapter 4).

GH =
∑

i∈N,j∈N,t∈W (i)∩W (j)

(ATLGHGT (i,j) +ATUGHGT (i,j))× Fijt. (6.38)

GHG emissions for transports

The total GHG emissions for transports GT are computed by using the V FuelTon(i, j)

function (see Chapter 4).

GT =
∑

i∈N,j∈N,t∈W (i)∩W (j)

V FuelTon(i, j)× Fijt × FuelGHG. (6.39)

6.7 Multi-objective optimization methods

Multi-objective optimization methods guide the decision maker towards a judicious choice by

comparing the di�erent but often con�icting objectives. There exist di�erent multi-criteria

approaches which can be based on optimization concepts (preference ranking, goal program-

ming...).

This thesis considers Pareto optimization to solve a multi-objective optimization problem,

based on a dominance relation. A solution x1 is said to dominate another one x2 if f1(x1) ≤
f1(x

2) and f2(x1) < f2(x
2) or f1(x1) < f1(x

2) and f2(x1) ≤ f2(x
2). For example a solution
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with objective values (20,30) dominates (20,32), (21,30) and (23,35), while (20,30) and (19,31)

do not dominate each other. A solution is Pareto optimal or e�cient if no other solution

dominates it. The aim of Pareto optimization is to determine the set of e�cient solutions

or Pareto frontier. As an example, consider two objectives f1(x) and f2(x) that should be

minimized simultaneously and x being the vector of decision variables. The simplest solution

method is to aggregate two objectives in a weighted sum and to minimize the new single

objective de�ned by λ × f1(x) + (1 − λ) × f2(x). It is well known that this weighted sum

method is sometimes unsatisfactory because it yields a unique solution which can change

radically if the weights are modi�ed.

The ε-constraint method is an approach to get Pareto-optimal solutions from a mathematical

programming model. Taking again f1(x) and f2(x) as an example both to be minimized,

we solve our mixed 0-1 linear program to minimize f1(x), giving a minimum fmin
1 . Then,

we minimize the function f2(x) to get the maximum fmax
1 . Finally, we de�ne a threshold ε

and minimize f2(x) subject to the additional constraint f1(x) ≤ ε, for ρ values of ε regularly
equispaced in [fmin

1 , fmax
1 ].

For better understanding this method, a simple algorithm is presented below. Let ρ be the

number of iterations and S set of constraints.

Algorithm 7 ε-constraint method for solving a model with two objective functions

Step 1: Solve min{f1 | x ∈ S} which gives the solution x1 with the objectives [fmin
1 , fmax

2 ]
Step 2: Solve min{f2 | x ∈ S} which gives the solution x2 with the objectives [fmin

2 , fmax
1 ]

Step 3: Calculate δ = (fmax
1 − fmin

1 )/ρ
for k := 1 to ρ do

ε := fmax
1 − kδ

Solvemin{f2 | x ∈ S and f1(x) ≤ ε}
end

Application of this method could be in situations that we cannot further compromise an

objective function for another objective function, so we will put a constraint in order to keep

it in the desirable condition.

6.8 Test with one bio-re�nery already located

As explained before, multi-objective models are used when the decision maker has to decide

between two or more con�icting objectives. In order to illustrate the con�icting behavior

of our two objective functions, it is useful to solve the problem using a range of di�erent ε

amounts. However, because of the strict constraints in our model, particularly the one which

imposes the satisfaction of demands, it will rule out most answers apart from those that satisfy

the exact amount of demands. Moreover, with the �xed amount of demands to satisfy, the

model has to produce a �xed amount of biomass, and since the production costs do not di�er
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in di�erent cantons, it will limit the variability of cost objective function and consequently

GHG emission objective function. Therefore, here for our purpose, we have added a panic

stock variable to the demand satisfaction constraint (see Chapter 4).

The purpose of this test is to evaluate the mathematical model with the two objective functions

presented before (costs & GHG emission). One re�nery is already located in one department.

The bio-re�nery can be supplied by the 47 cantons of the department of Somme and it is

located in the central canton of Corbie. Note that all data used in these tests (e.g. distances,

storages and demands) are the same as the data used in Chapter 5.

In the proposed model, since there are two objective functions, cost objective function (e) is

considered as the main criterion, and the model is solved without considering GHG emission

objective function (kg.equ.CO2). Then the cost objective function is converted into a con-

straint and �nally, by solving the model with GHG emission objective function subjected to

the new set of constraints as explained in the algorithm, the �nal result can be reached.

The model was solved by using Xpress-IVE 7.8 from FICO, on a 2.70 GHz Intel Core i7

portable PC with 32 GB of RAM and Windows 7 Professional. If we consider only cost

objective function, the model has 21 412 variables and 11 434 constraints. The pre-solver

reduces it to 14 969 variables and 4 050 constraints. In this case, the obtained optimum value

of cost is 44 564 219.51 e. The cost of biomass represents 43.64%, capital and operating costs

of re�neries represents 51.41%, transport accounts for 1.47%, handling for 2.94%, and storage

are about 0.55% and the maximum amount of GHG is 27 432 709.74 (kg.equ.CO2). If we

consider only GHG emissions as an objective function, the obtained optimum value of second

GHG emissions is 22 651 719.37 kg.equ.CO2 and the maximum amount of cost is 89 128 439.02

e.

As can be seen in �gure below, by changing the amount of ε, we will face an increase in the

amount of costs and a decrease in the amount of GHG emissions. The increase in the cost

objective function and the decrease in the GHG emissions function show the trade-o� between

the two objective functions. As expected, the results reveal a con�ict between environmental

and economic performance. Note that, in Figure 6.1 the amounts of costs (e) and GHG

(kg.equ.CO2) are scaled to be 1 000 times smaller.

6.9 Conclusion

In the �rst part of this chapter a heuristic decomposition method is developed to reduce

running times for solving large scale instances. The �rst phase locates the new bio-re�neries

by either solving p-median or location-allocation models, and then by using the determined

location of bio-re�neries, the second phase solves the model completely. The running time

of the model is decreased substantially when we use two-phase approaches. Obviously, in
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Figure 6.1: Trade-o� between costs and GHG.

comparison to the proposed model in Chapter 4, the costs are increased by using two-phase

approaches, but, this increase is not signi�cant (1.4% - 5%).

In addition, a multi-objective, multi-period, mixed integer linear programming model is de-

veloped to optimize simultaneously the economic and environmental performance of multi-

biomass supply chains for several bio-re�neries. The �rst objective is to minimize the total

cost of the supply chain, including biomass production, storage, handling, bio-re�neries setup

and transportation, and the second objective is to minimize the GHG emissions including

handling and transportation. The amount of biomass produced, shipped and stored during

each period as well as the number, the size and the locations of bio-re�neries are determined.

Finally, an ε�constraint approach is applied to solve this multi-objective model which is im-

plemented for an illustrative case study in France.
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Conclusion

Biomass supply chains involve a complex network and various activities, which make deci-

sion making extremely di�cult. For example, for designing and planning a biomass supply

chain, the decision maker has to consider the location, type and capacity of bio-re�neries, pre-

treatment facilities and storages, as well as logistics of supplying bio-re�neries including the

amount of biomass produced, stored and shipped in each time period. In addition, biomass lo-

gistics di�er signi�cantly from industrial logistics; biomass is produced slowly, during limited

harvesting window and over vast territories, which makes its managing even more challenging.

Mathematical modeling has been used to help decision makers solve these types of complex

problems. It is e�ective particularly if it integrates di�erent parts of supply chain, such as

production, storage, transportation, and distribution, and also, at di�erent decision levels,

such as strategic, tactical and operational levels, to determine the necessary resources, the

associated costs, energy consumption and environmental impacts. In other word, by spending

a low budget on modeling, we can analyze the impact of di�erent decisions beforehand and

thus, reducing the risk of erroneous decisions which can cause tremendous amount of unnec-

essary costs. Moreover, using optimization techniques in designing and managing bio-energy

supply chains could result in better performance of the whole chain, which ultimately can

help to make this energy source economically viable.

In fact, logistics optimization is critical for supplying bio-re�neries with the su�cient quan-

tities of quality biomass with minimum cost, in a regular and reliable way. Thus, this thesis

focuses on the modeling and optimization of biomass supply chain for several bio-re�neries.

Summary of the scienti�c works and contributions

This thesis incorporates mathematical modelling and operations research tools in biomass

supply chain. Therefore, the �rst step is to learn about the general concepts of the pro-

duction and logistics of biomass. The main de�nitions related to biomass supply chain and

typical activities such as harvesting and collecting biomass, pre-processing, storage and trans-

portation, as well as the main di�erences between industrial and biomass supply chains are

presented. Moreover, it is necessary to specify the considered biomass supply chain, type

of considered bio-re�nery and the essential raw materials, as well as the main features and
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assumptions in this chain. All these concepts are summarized in Chapter 1.

Then, in Chapter 2, the literature review is presented to identify the di�erent models and

methods dedicated to biomass supply chain optimization. This review shows that the number

of researchers attracted to this domain is growing and the interest in logistics problems raised

in biomass supply chain is increasing. It identi�es and highlights the recent researches in this

�eld. Moreover, gaps and limitations in current models are presented to demonstrate that

no published work covers simultaneously all the features and characteristics tackled in this

thesis.

The data model is proposed in Chapter 3. All the data is structured in a logical way in an

excel database. The result is a set of tables which contain input data that can be loaded in

mathematical programming. Therefore, the mathematical model are well separated from its

data, which makes it easier to test di�erent scenarios without the need to change the math

model.

In Chapter 4, mixed integer linear programming model is developed to optimize a multi-period

and multi-biomass supply chain with several bio-re�neries. The objective is to minimize the

costs of biomass production, storage, bio-re�neries' set-up, handling and transport. Other

alternative optimization criteria such as total greenhouse gas emission, total energy consump-

tion and total fuel consumption can be considered as objective functions. The proposed

mathematical formulation is general and �exible enough for adding new facilities and biomass

products. It determines the amount of biomass produced, shipped and stored to satisfy de-

mands of bio-re�neries during each period. In addition, the bio-re�neries are either already

placed or can be located by the model. Therefore, it determines the number, size and locations

of new bio-re�neries.

Chapter 5 provides the large-scale tests on the real data. We prepared all the data including

the centers of each canton, the shortest distances by road, the estimation of farm storage

capacities, as well as various costs and environmental indicators related to storages and han-

dling of biomass. Three partners helped us in this task. Agro-Transfert provided the data for

potential biomass production, Coopénergie delivered the data regarding existing biomass pro-

duction and centralized storages, and �nally, Groupe Avril (Francais Valter) helped us with

the data for demands of bio-re�neries. Then, the proposed mathematical model is presented

in Chapter 4, which is written in MOSEL and is tested with di�erent scenarios by using

XPRESS 8.2. Three scenarios are created for the tests, with di�erent initial data. The �rst

scenario assumes one already located re�nery, the second scenario has several already located

re�neries and in the last scenario one re�nery should be located. In the �rst test, 42 cantons

in department Oise including 3359 farms, 7 types of biomass and one bio-re�nery already

located in Clermont are considered. The optimum solution is obtained after 1.3 second only.

The solution shows the details about the quantities of collecting biomass and the inventory
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levels during each period. In the second test, we compare the results of one re�nery in one

department, two re�neries in two departments and three re�neries in three departments. The

number of re�neries has a large impact on the total cost. By increasing the number of binary

variables related to locating re�neries in the third test, the running time has been increased

signi�cantly. However, overall, the running time is quite acceptable for a tactical model with

binary setup variables.

In Chapter 6, two-phase approaches are proposed to reduce the running time for solving the

large scale tests. The �rst phase locates the new bio-re�neries, and by using the determined

location of re�neries, the second phase solves the model completely. The �rst approach uses a

p-median model, while the second approach uses a location allocation model to locate new bio-

re�neries. The solution time of p-median and location allocation approaches is considerably

less than the solution time of the exact method. Among these approaches, p-median has

proved to be the fastest method. Unsurprisingly, if we compare the costs, it is increased in

these two heuristic approaches, but the di�erence is negligible (1.4% - 5%). Moreover, a multi-

objective, multi-period, mixed integer linear programming model to optimize simultaneously

the economic and environmental performance of multi-biomass supply chain for several bio-

re�neries at the tactical level is proposed. The �rst objective is to minimize the total cost of

the supply chain, including biomass production, storage, handling, bio-re�neries' setup and

transportation. The second objective is to minimize the greenhouse gas (GHG) emissions

produced by biomass production, handling and transportation.

Future research direction

Transportation has a great role in biomass supply chain; future studies should deal with

multimodal transport, that can incorporate di�erent transportation modes such as railways

and waterways. Multiple options can be considered and the modes can be di�erentiated

through costs, delivery scheduling and capacities of vehicles.

As seen in Chapter 1, after harvesting, biomass should be pre-processed to reduce moisture.

There are �ve types of pre-processing (ensiling, drying, pelletization, torrefaction and pyrol-

ysis). Increasing density without reducing the energy content makes the biomass cheaper to

transport. This will impact transportation costs and combustion e�ciency at bio-re�neries.

Therefore, future studies can consider pre-processing in the biomass supply chain.

Note that our model can be modi�ed relatively easily to cope with the two extensions men-

tioned above (multimodal transport and preprocessing) by adding new node types and arc

types. For instance, a logistic chain allowing road and rail transport involves two networks

interconnected by transshipment nodes (train stations). These two extensions were even in-

cluded in the submission document of our PIVERT project, but the partner in charge of

associated constraints, rules and data (CETIM) has not yet delivered its contribution.
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The issue of uncertainty is a critical factor in the modeling and analysis of the biomass supply

chain. Weather and demand �uctuations can have a big impact on the economic e�ciency

of biomass supply chain. The new researches can be conducted under uncertainties and

stochastic environment. There exists already a signi�cant literature on stochastic optimization

for biomass supply chains but it seems very di�cult to �nd realistic probability distributions

to model uncertain data. A possible solution is perhaps to use robust optimization techniques

(not based on probability distributions), which have proved more and more successful recently,

for instance in vehicle routing.

As social impacts of biomass production are becoming increasingly important, future studies

should incorporate social objectives in addition to the environmental and economic objectives.

Adding the social criteria into the models can help in dealing with the important issues, such

as job creation and governmental policies.

In order to overcome the excessive running times for large scale instances, this study has

exploited two-phase approaches. However, for handling large cases, future researches can

focus on designing di�erent solution approaches such as relaxation methods, meta-heuristics

techniques and other decomposition methods.
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Appendix A

Résumé

A.1 Contexte

Les inquiétudes croissantes concernant les e�ets du changement climatique causés par les

émissions de gaz à e�et de serre, et la forte augmentation de la demande mondiale en énergie,

ont encouragé de nombreux chercheurs à élaborer des solutions de rechange aux combustibles

fossiles. Diverses disciplines de recherche se sont attaquées à ce dé� en développant des carbu-

rants renouvelables en tant que solution viable pour remplacer les combustibles fossiles. Ces

biocarburants élaborés à partir de la biomasse jouent un rôle important dans ce contexte. Dans

la pratique, les ressources en biomasse regroupent une grande variété de ressources forestières

et agricoles, des excréments d'animaux, ainsi que des déchets industriels et municipaux.

La biomasse est une source d'énergie �exible, capable de produire de l'électricité, de la chaleur

ou une combinaison des deux en même temps. Par rapport à d'autres sources d'énergie renou-

velables telles que l'énergie éolienne ou solaire, l'avantage de l'utilisation de la biomasse pour

la production d'énergie réside dans le fait qu'elle puisse être stockée et utilisée à la demande

(Hall and Scrase, 1998; Demirbas, 2001). En outre, cette source d'énergie renouvelable et

complètement naturelle produit de faibles émissions de gaz à e�et de serre (GES).

Les biora�neries sont de grandes installations de conversion utilisées pour produire des biocar-

burants ou des produits intermédiaires pour la chimie. L'organisation des �ux de biomasse des

fermes vers une biora�nerie s'appelle une chaîne d'approvisionnement en biomasse. L'utili-

sation de la biomasse pour la production d'énergie a de nombreux avantages , cependant elle

impose également plusieurs contraintes liées par exemple à : la disponibilité, le coût et la qual-

ité de la biomasse, l'e�cacité du processus de la conversion, les coûts de transport et d'une

faon générale l'e�cacité du système logistique dans sa globalité. La biomasse est un matière

volumineuse avec une densité relativement faible (Demirbas, 2001) et une haute teneur en hu-

midité (Hall, 2002), sa qualité joue un rôle très important dans la performance du processus

de production (Rentizelas et al., 2009b). Il est di�cile de collecter, transporter, manipuler et
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stocker des matériaux à faible densité. De plus, les matières premières (graines oléagineuses

et cultures ligno-cellulosiques) sont produites lentement sur de vastes territoires, d'une façon

saisonnière et avec un rendement limité. En particulier, une ra�nerie doit utiliser des cultures

successives au cours de l'année, par exemple, le miscanthus au printemps, le colza en Juillet,

de la paille de céréales en Août, et de la caméline en Octobre et des taillis à très courte rotation

de saules en hiver. L'inaccessibilité de la biomasse durant certains mois au cours de l'année,

lorsque la demande d'énergie est assez élevée signi�e que le stockage est également important

dans cette chaîne d'approvisionnement. Le stockage de la biomasse peut se faire soit dans

les fermes, soit dans les biora�neries, ou dans un point intermédiaire (stockage centralisé).

Dans ce contexte, la logistique présente un processus critique permettant l'approvisionnement

de ce genre d'unité de conversion à moindre coût, de manière régulière et �able, et avec des

quantités su�santes de biomasses de qualité. La chaîne logistique doit être bien maitrisée et

minutieusement conçue a�n d'optimiser ses performances.

Cette thèse est intitulée � Modélisation et optimisation de la chaîne d'approvisionnement de la

biomasse pour plusieurs biora�neries�, elle traite des problèmes d'optimisation soulevés dans

la chaîne logistique d'approvisionnement en biomasse. Dans ce travail, nous considérons le cas

de chaîne avec plusieurs ra�neries (existantes ou à localiser), multi-biomasse (oléagineuses

et ligno-cellulosiques) et étendue sur deux régions françaises : la Picardie et la Champagne-

Ardenne. Les modèles que nous cherchons à développer sont complexes étant donné qu'il

s'agit d'optimiser l'emplacement de plusieurs unités de production sur des bassins de grandes

cultures végétales diversi�ées, en garantissant des approvisionnements stables, �ables et à coût

minimal de biomasses variées (graines, paille, menue paille, taillis à rotation courte, matières

ligno-cellulosiques).

Dans le domaine biomasse, la modélisation des chaînes logistiques constitue un dé� majeur.

Les caractéristiques des territoires et des exploitations agricoles sont à prendre en compte

a�n d'estimer les potentialités de production de biomasse (appelés gisement) par les exploita-

tions agricoles de ces territoires. Les ressources en biomasse oléagineuses actuelles et aussi les

ressources ligno-cellulosiques seront intégrées dans cette modélisation. Les périodes de col-

lecte, la gestion de stockages et la mutualisation des moyens sont des éléments organisationnels

à intégrer durant l'optimisation.

Le problème à traiter requière un grand e�ort de recherche dans les trois domaines : la

modélisation/optimisation/simulation de grandes chaînes d'approvi¬sionnement, l'évaluation

et la localisation des potentiels de production de biomasse sur le territoire, et l'étude de

systèmes de densi�cation et de stockage hors-champs.

La présente thèse a été �nancée par l'ITE (Institut pour la Transition Energétique) P.I.V.E.R.T

(Picardie Innovations Végétales, Enseignements et Recherches Technologiques). L'ITE P.I.V.E

.R.T (www.institut-pivert.com) est spécialisé dans la chimie du végétal, les technologies
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et l'économie des biora�neries du futur et les biomasses oléagineuses et ligno-cellulosiques,

a�n de produire des produits chimiques, des biomatériaux et des biocarburants. Dans le

projet P.I.V.E.R.T, les ra�neries sont dites de troisième génération. Ce terme qui concerne

habituellement les biocarburants à base d'algues est ici utilisé pour souligner que les ra�neries

prévues se démarqueront des ra�neries de seconde génération par quatre points importants

: la valorisation de la plante entière, les produits �nis ne sont pas limités aux biocarbu-

rants, l'intégration dans les territoires et la prise en compte, dès la conception, des aspects

environnementaux à long terme.

Premier ITE labélisé dans le cadre des Investissements d'Avenir, l'ITE P.I.V.E.R.T s'appuie

sur des établissements de recherche comme l'Université de Picardie Jules Vernes, l'Université

des Sciences et Techniques de Lille (USTL), l'Université de Technologie de Compiègne (UTT),

l'Université de Technologie de Troyes (UTT) et l'Institut National de Recherche Agronomique.

Les membres incluent aussi des centres techniques (CETIM, CETIOM, IFPEN. . . ), le pôle

de compétitivité IAR (Industries et Agro-Ressources) et des industriels (Groupe Avril, Total,

Adisséo, Véolia, Téréos, Maguin, PCAS, Limagrain et Solvay).

A.2 Objectifs

L'objectif principal de cette thèse est de proposer un modèle mathématique pour l'approvis-

ionnement en biomasse de biora�neries lipidiques en Picardie et Champagne-Ardenne, avec

une plani�cation sur un an ou plus. La chaîne logistique stoppe aux portes des ra�neries, qui

doivent donner leurs besoins en biomasses pour chaque période de l'horizon, à la semaine. Les

biomasses considérées sont des cultures oléagineuses (colza, tournesol, cameline et moutarde

d'Ethiopie) en considérant les di�érentes composantes de la plante entière (graines, paille,

menue paille), deux cultures dédiées (miscanthus et taillis à très courte rotation de saules)

et des coproduits classiques comme la paille de céréales. La biomasse forestière ne sera pas

gérée. Ces limitations ne sont pas bloquantes : la conception sera assez �exible pour des évo-

lutions ultérieures si nécessaire. Le modèle devrait être validé sur des données réalistes et/ou

plausibles résultant des études sur les ressources en biomasse et la densi�cation /stockage

hors-champ, complétées par des données bibliographi¬ques pour des cultures ou technologies

envisagées.

Trois objectifs principaux :

a) Concevoir un modèle mathématique générique et �exible pour l'approvisionnement de

plusieurs ra�neries multi-biomasses en Picardie et Champagne-Ardenne. Ce modèle se base

sur des données comme une description du réseau logistique (sites de production de biomasse,

de stockage, biora�neries, liaisons routières. . . ), les données sur les ressources en biomasse,

les moyens de transport et en�n les biomasses demandées par les biora�neries dans chaque

période. Les résultats incluent par exemple par semaine, les quantités récoltées, stockées, pré-
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traitées, transportées et livrées à chaque biora�nerie, les niveaux de stocks, les dégradations

éventuelles, de manière à minimiser le coût total du système logistique. Les consommations

d'énergie et rejets de GES seront déduits de ces résultats.

b) Assurer la pertinence du modèle a�n qu'il prenne en compte les caractéristiques des ter-

ritoires, des exploitations agricoles et des ressources en biomasse et lui fournir des données

d'entrée sur les ressources en biomasse. Les données fournies au modèle permettent de :

� Dé�nir la localisation privilégiée de sites de biora�neries, a�n qu'ils puissent disposer

d'une quantité de biomasse su�sante localement. Pour cela, les données d'entrée sont

les zones de production de biomasse en Picardie et Champagne-Ardenne, accompagnées

des quantités de biomasse disponible actuellement et/ou gisements potentiels.

� Choisir les sources de biomasse à mobiliser en priorité au cours de l'année. Pour cela,

les périodes de récolte optimales doivent être renseignées en entrée du modèle.

� Calculer des indicateurs à l'échelle de l'approvisionnement (coûts, consommations d'énerg

ie, émissions de GES. . . ). Leurs valeurs, calculées pour les opérations de production à

l'échelle de la parcelle constituent des données d'entrée du modèle.

c) Appliquer des approches de décomposition (approche en deux-phases par exemple) pour

résoudre le problème sur de grandes instances en un temps d'exécution raisonnable.

A.3 Etat de l'art

Au début, les premiers modèles proposés étaient des programmes linéaires (Cundi� et al.,

1997). Les progrès réalisés autant sur les performances des ordinateurs que sur les techniques

d'optimisation permettent maintenant de résoudre des modèles plus complexes, comme des

programmes linéaires mixtes (Shastri et al., 2011), voire non linéaires (Shabani and Sowlati,

2013). Outre la minimisation des ressources nécessaires et des coûts, des critères envi-

ronnementaux (You and Wang, 2011) et des aléas (Awudu, 2013) peuvent également être

gérés. Les chaînes logistiques étudiées concernent principalement le bioéthanol, le chau�age

et l'électricité. Beaucoup reste à faire pour les ra�neries oléagineuses. La gestion des

équipements est très peu considéré dans la littérature malgré les progrès récents (Shastri

et al., 2011). Certains modèles sont multi-biomasses mais aucun ne permet d'utiliser à des

degrés variables des parties di�érentes d'une même plante. De plus, seuls de rares travaux

traitent des dégradations (Van Dyken et al., 2010). Pour ce qui est du stockage et de la

densi�cation, ils sont souvent intégrés au sein des sites de productions.

Les modèles et méthodes de calcul manquent de généricité, en imposant par exemple un

territoire arbitrairement découpé en carrés à l'aide d'un SIG et une structure de chaîne �gée.

L'environnement nécessaire au modèle (base de données. . . ) et la possibilité pour l'utilisateur
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de modi�er le modèle sont négligés. Les calculs utilisent des logiciels standards d'optimisation

("solveurs") dont le temps de calcul explose avec la taille du problème. Marvin et al. (2012)

présentent ainsi un modèle avec 3109 zones produisant 8 biomasses et 98 sites possibles pour

des ra�neries : le modèle a 160 000 variables, 40 000 contraintes et nécessite 8h de calcul sur

un gros serveur! Traiter de grandes chaînes nécessite à notre avis de concevoir des algorithmes

ad hoc (méthodes de décomposition, méta-heuristiques. . . ).

La complexité et la taille du système étudié dans notre thèse nécessitent de grandes précau-

tions pour parvenir à un modèle réaliste, pertinent et utilisable en pratique. Notre thèse

d'abord s'appuie sur des données précises sur les ressources en biomasse, adaptées aux ter-

ritoires et aux exploitations agricoles. En e�et, avec l'émergence attendue des biora�neries,

la production et la mobilisation de la ressource constituent un enjeu fort pour permettre un

développement durable des territoires. L'importance de cet enjeu est justi�é par (i) la multi-

plication des initiatives et les risques de compétition entre les �lières existantes et de nouveaux

usages, (ii) le fait que les ressources ne constituent pas des "gisements" comme le sont les

ressources fossiles mais des matières premières renouvelables dépendantes de contraintes in-

ternes (organisation de l'exploitation agricole, systèmes de culture. . . ) et externes (contexte

pédoclimatique, stress biotiques et abiotiques, marchés. . . ). Ainsi, la connaissance de ces

ressources et de leurs conditions de mobilisation s'avère nécessaire, et a été permise par de

nombreux projets de recherche conduits depuis 10 ans : projets ANR (REGIX, ECOBIOM,

ENERBIO. . . ), OSEO FUTUROL, projets structurants Picardie (PEL, MISQUAL, MISCA-

ZOTE, MISPIC), mais aussi les travaux de R&D conduits au sein du RMT � Biomasse �.

Parmi eux, le projet OPTABIOM (�nancement FranceAgriMer) a permis la mise à disposi-

tion de ces connaissances dans une démarche opérationnelle, mise en ÷uvre par les conseillers

agricoles au pro�t de porteurs de projet de valorisation de biomasse. Cette démarche permet

de proposer et évaluer des approvisionnements en biomasse agricole durables, tenant compte

des spéci�cités des territoires et des exploitions agricoles. Cette démarche est aujourd'hui

applicable rapidement et facilement en Picardie, mais elle demande une adaptation et une ac-

quisition de références complémentaires pour être utilisable en région Champagne-Ardenne.

Elle doit également être adaptée à l'étude des cultures oléagineuses.

Les modèles peuvent également reposer sur des solutions techniques opérationnelles concer-

nant la récolte, la densi�cation, le stockage et le transport. La productivité et les coûts de

ces di�érentes étapes ont été étudiés ces dernières années dans la littérature, on peut citer à

titre d'exemple l'article de (Kemmerer and Liu, 2012) dédié à la densi�cation. Cependant,

ces travaux sont très dépendants des biomasses traitées, par exemple le miscanthus dans

(Huisman et al., 1997), et se concentrent sur la récolte et les opérations chez le producteur.
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A.4 Dé�nitions

A.4.1 Logistique

La logistique a longtemps été réduite à la gestion des �ux de matières. Certains y ajoutent

les �ux d'information et les �ux �nanciers. Quant à L'ASLOG (Association Française pour

la Logistique), elle propose une dé�nition bien plus vaste : "la logistique est l'ensemble des

méthodes et techniques pour amener la bonne ressource, au bon endroit, au bon moment, en

quantité adéquate et à moindre coût" (www.faq-logistique.com). On y a ajouté ensuite

des critères de qualité et d'impact environnemental.

La chaîne logistique (supply chain en anglais) est un concept de base pour appréhender et

modéliser les relations logistiques entre di�érents acteurs économiques. La �gure suivante

illustre des chaînes logistiques complètes pour les biocarburants.

La chaîne logistique prend en charge l'ensemble de la gestion des �ux de matières (ou marchan-

dises). Pour ce faire, elle gère directement les activités concernées, ou en tout cas est sus-

ceptible d'assurer une collaboration étroite avec les acteurs ou tiers concernés, ceci en vue de

piloter :

� les �ux et stocks de produits �nis, en cours, semi-�nis, matières premières concernées,

etc. ; Mais aussi :

� les ressources (ressources humaines internes ou prestataires externes : fournisseurs, en-

treposage, magasinage, transport, transitaires, etc.),

� les équipements nécessaires à la réalisation de la prestation logistique (entrepôts, outil-

lages, machines, manutention, véhicules propres, etc.),

� les fournitures (emballage, consommables, sources d'énergie et carburants, etc.),

� les services (plani�cation, magasinage, emballage, manutention, transport, export, douane,

facturation, litiges, etc.),

� les systèmes d'information et de contrôle de gestion

A.4.2 Biocarburant

Un biocarburant ou agro-carburant est un carburant (biocombustible liquide ou gazeux) pro-

duit à partir de matériaux organiques non fossiles, provenant de la biomasse et qui vient en

complément ou en substitution du combustible fossile.

� �xation du carbone : La �xation du carbone est un processus à l'÷uvre chez les

organismes dits autotrophes, qui convertissent le carbone inorganique � typiquement,

le dioxyde de carbone CO2 � en composés organiques tels que des glucides.

� Première génération : Les plantes sucrières (canne à sucre, betterave, sorgho à sucre),

les plantes à amidon (maïs, blé), les plantes oléagineuses (colza) et les graisses animales
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sont les produits les plus souvent utilisés pour produire des biocarburants de première

génération : biodiesel, biogaz, bio-alcool et gaz de synthèse. Les matières premières

pour les biocarburants de première génération peuvent également être utilisées pour

l'alimentation animale ou humaine et ont, par conséquent, suscité l'inquiétude du fait

qu'elles pourraient conduire à une crise alimentaire mondiale (Banerjee et al., 2012),

d'où la nécessité de trouver une alternative viable et durable.

� Deuxième génération : Les con�its potentiels entre usages énergétiques et alimen-

taires ont stimulé le développement des biocarburants de deuxième génération. L'éthanol

cellulosique, qui est produit à partir de biomasse cellulosique, est un représentant de

cette deuxième génération. La biomasse ligno-cellulosique a pour origine les parties non

comestibles des cultures vivrières (tiges, feuilles, paille, enveloppes des graines), cer-

taines plantes sans usages alimentaires (comme le panic érigé (switchgrass), le jatropha,

les céréales qui portent peu de grains) mais également le bois et des déchets indus-

triels tels que les résidus de scieries (sciure, écorces), les peaux et pulpes provenant du

pressage des fruits etc.

� Troisième génération : Les biocarburants à base d'algues sont étudiés (Sheehan et al.,

1998) mais sont restés longtemps une curiosité. Ils sont maintenant envisagés pour

constituer la troisième génération de biocarburants. Les algues peuvent être cultivées

avec un haut rendement à l'aide d'eaux usées, et elles sont biodégradables et relativement

ino�ensives pour l'environnement en cas de déversement.

A.5 Structure et activités d'une chaîne logistique de

biomasse

À l'instar des chaînes d'approvisionnement industrielles, une chaîne d'approvisionnement

en biomasse peut impliquer di�érents acteurs tels que les agriculteurs, les propriétaires de

biora�neries, les transporteurs, les clients �naux. Sa performance dépend fortement de

la conception, de la plani�cation et des activités opérationnelles du réseau. Une chaîne

d'approvisionnement en biomasse implique diverses activités telles que la récolte, la manu-

tention, la mise en balles, le transport, les opérations de prétraitement, le stockage, la pro-

duction de biocarburants et la distribution aux zones de demande. Certaines de ces activ-

ités telles que le transport, la production, le stockage sont communes avec d'autres chaînes

d'approvisionnement, mais les opérations telles que la récolte, la mise en balles ou le pré-

traitement sont spéci�ques. Ces activités nécessitent des ressources dédiées et génèrent des

coûts supplémentaires. Par exemple, en raison de la production saisonnière de certains pro-

duits de la biomasse et a�n de fournir un approvisionnement régulier pour les biora�neries

le long de l'année, il peut être nécessaire de stocker ces produits sur de nombreuses périodes.

En outre, certaines opérations de prétraitement comme le séchage de la biomasse pour ré-
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duire les coûts de transport génèrent des coûts supplémentaires. La conception des chaînes

d'approvisionnement en biomasse performantes et durables est un tâche très complexe. Les

sous-sections suivantes détaillent les étapes principales de la chaîne d'approvisionnement en

biomasse qui méritent plus d'attention en raison de leur impact spéci�que sur le système. La

Figure A.1 illustre une chaîne d'approvisionnement en biomasse pour une biora�nerie. Elle

montre également les principaux sites, processus et �ux.

Marginal lands Biomass cultivation Biomass harvest

Square bales

Round bales

Preprocessing facilities Biomass transportDensified biomass transportRefinery

Biofuel Transport Biofuel Demand Zones

Figure A.1: Exemple une chaîne d'approvisionnement en biomasse

A.5.1 Récolte et collecte de la biomasse

Habituellement, le système de culture n'est pas inclus dans une chaîne d'approvisionnement

en biomasse. Par conséquent, les activités de logistique commencent depuis les champs, lors

de la moisson. Elles consistent à récolter le produit et à collecter ses di�érentes parties

pour les envoyer soit vers un lieu de stockage couvert à la ferme, soit vers un entrepôt de

stockage centralisé ou une usine de prétraitement. La récolte est la phase de cycle de vie la

plus in�uente dans les dommages environnementaux et les coûts économiques, par conséquent

choisir la meilleure méthode de récolte est essentiel (San Miguel et al., 2015).

Trois modes de récolte peuvent être envisagés (Sambra et al., 2008):

� La récolte en plusieurs passes (multi-pass harvesting) est une procédure en trois ou

quatre étapes. Tout d'abord, une moissonneuse-batteuse récolte les grains et dispose la

biomasse résiduelle sur une ligne (andain) derrière l'engin. Deuxièmement, une presse
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à balles (baler) remorquée par un tracteur ramasse les andains, conditionne la biomasse

en balles, et éjecte la balle ainsi formée lorsque la capacité de la presse est atteinte.

Troisièmement, un tracteur collecte les balles et les transporte à côté d'une route ou

d'une installation de stockage. La qualité de la biomasse obtenue par ce mode de récole

est souvent insu�sante.(Forsberg, 2000)

� La récolte en une seule passe (single-pass harvesting) combine une moissonneuse-batteuse

et une presse à balles, ce qui permet la récolte simultanée des grains et de la biomasse.

Les produits obtenus sont séparés sur le terrain ou à côté du champ en fonction de la

culture, de sa teneur en eau ou de son utilisation �nale.

� Finalement, La méthode "tout récolté" (whole-crop harvesting) implique que l'ensemble

de la récolte soit coupée et placée sur andains pour le séchage au champ. Toute la récolte

est ensuite recueillie dans un chariot de transport et expédiée vers le centre de stockage

ou de traitement.

La biomasse récoltée peut être collectée et préparée de quatre manières avant d'être stockée

pendant une longue période ou transportée. La sélection de la méthode de collecte dépend

du niveau d'humidité désiré et de l'utilisation �nale du produit.

� Mise en balles (Baling). Des balles rondes ou rectangulaires de biomasse sèche peuvent

être préparées. L'objectif est de densi�er le produit pour faciliter le stockage et le

transport. Chaque type de balles a ses propres caractéristiques. Par exemple, les balles

rondes peuvent être stockées en plein air en raison de leur capacité à renverser l'eau de

pluie, mais leur inconvénient est qu'elles sont plus di�ciles à manipuler, à transporter

et à stocker.

� Loa�ng. Avec l'aide d'un support ou d'un empileur, la biomasse sèche de l'andain est

comprimée pour former de grandes piles avec une forme de dôme qui protège la biomasse

à l'intérieur de l'eau. Les piles résultantes sont beaucoup plus grandes que les balles

mais elle ont une densité plus faible.

� Dry chop. Les plantes herbacées avec de longues tiges comme le miscanthus peuvent

être récoltées et hachées en petits morceaux qui sont sou�és dans un fourrage qui se

déplace en parallèle à la moissonneuse. Le produit résultant peut être transféré dans

une biora�nerie ou stocké sous forme de gros cônes sous un hangar agricole.

� Wet chop. Le processus est similaire au précédent, mais il s'applique aux cultures

humides. En général, le produit obtenu est transporté dans un puits pour produire des

ensilages par fermentation ou pour alimenter des digesteurs anaérobies a�n de générer

du biogaz.
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A.5.2 Prétraitement

Le prétraitement est une étape qui vise à densi�er la biomasse, à réduire les dégradations et

/ ou à la préparer aux processus de conversion des biora�neries.

Ensiling est l'un des rares prétraitments qui ne supprime pas l'humidité. Il consiste à produire

de l'ensilage ou du biogaz à partir de biomasse humide par fermentation anaérobie. Dans la

granulation, la biomasse est séchée et pressée sous haute pression pour produire de petits

cylindres de produit extrudé. Les prétraitements restants nécessitent de la chaleur. Le plus

doux est le séchage passif appliqué systématiquement aux résidus de bois comme des copeaux

de bois pour réduire l'humidité, stabiliser le produit et augmenter son pouvoir calori�que

(Flisberg et al., 2012; Möller and Nielsen, 2007).

Torrefaction est un processus thermique plus fort, e�ectué à la pression atmosphérique en

l'absence d'oxygène et à des températures de 200 à 300 ° C. Il produit un produit uniforme

stable et solide enrichi en carbone, avec une très faible teneur en humidité et avec un pouvoir

calori�que élevé (Uslu et al., 2008). Le processus de torréfaction est in�uencé par la qualité

de la biomasse. La température de chau�age et la teneur en humidité a�ecteront le niveau

d'énergie de la biomasse (Mobini et al., 2014).

En�n, durant la pyrolyse, la biomasse est décomposée à 400-800 °C en l'absence d'oxygène

pour donner du gaz, des hydrocarbures liquides et du charbon solide. La pyrolyse peut être

classée comme pyrolyse lente, intermédiaire et rapide. En raison de son rendement maximal

en huile de pyrolyse, la pyrolyse rapide est souvent utilisée (Yue et al., 2014).

Les prétraitements les plus utilisés aujourd'hui sont le séchage et la granulation. En général,

tous les prétraitements cités ne peuvent être e�ectués à la ferme car ils nécessitent des

équipements relativement lourds et coûteux. L'insertion des installations de prétraitement

dans les chaînes d'approvisionnement en biomasse peut être utile, mais les avantages et les

inconvénients doivent être soigneusement analysés. Par exemple, en raison de la réduction

de masse et / ou de volume, les coûts de transport sont réduits au-delà de l'installation de

prétraitement, mais une étape de transport supplémentaire est nécessaire pour apporter de la

biomasse à cette installation. L'un des objectifs des modèles de la chaîne d'approvisionnement

en biomasse est précisément d'analyser ce type de compromis.

A.5.3 Stockage

De nombreux types de biomasse ont une disponibilité saisonnière : ils sont récoltés durant

une période précise alors qu'ils sont nécessaires à l'usine pendant presque toute l'année. Il est

donc nécessaire de les stocker. Le point de stockage peut être situé en bordure de champ ou de

forêt, dans un site de stockage avec une meilleure conservation, ou à l'usine (Rentizelas et al.,

2009b). On peut stocker du vrac, mais aussi des formes conditionnées (balles) ou prétraitées
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(granulés).

Les données concernant les stocks sont fournies par un autre partenaire du projet (Coopén-

ergie). Dans cette thèse, nous considérons les silos pour les produits de graines et les plates-

formes pour les balles, ainsi que deux types de stockage tels que le stockage de la ferme et le

stockage centralisé. Les entrepôts agricoles sont habituellement de petite taille et sont utilisés

pour des périodes de courte durée. Cependant, les entrepôts centralisés sont plus grands,

cloturés, gardés et équipés de séchoirs et de ventilateurs. Ils peuvent être utilisés pour des

périodes à long terme. En général, les agriculteurs utilisent leurs véhicules pour ramener leurs

produits dans les entrepôts agricoles et les entrepôts centralisés. Ensuite, depuis les entrepôts

centralisés aux biora�neries, des entreprises de transport spécialisées dans l'agriculture se

chargent du transfert des produits.

A.5.4 La biora�nerie

Plusieurs dé�nitions de la biora�nerie se trouvent dans la littérature. Globalement, dans

la biora�nerie, la biomasse est transformée vers divers produits tels que les carburants, la

chaleur, les produits chimiques et l'électricité. Tous les types de biomasse peuvent être utilisés,

par exemple le bois, la paille, la menus-paille et les graines. L'Agence internationale de

l'Energie (AIE) a dé�ni le biora�nage comme �le traitement durable de la biomasse dans un

éventail de produits biologiques (aliments, produits chimiques et matériaux) et la bioénergie

(biocarburants, énergie et / ou chaleur)�. La �gure suivante, inspirée de (Mussatto and

Dragone, 2016), montre les matières premières renouvelables et les produits de la biora�nerie.

Renewable 
feedstocks

Biorefinery Products

· Agricultural residues
· Agro-industrial residues
· Municipal waste
· Edible resources (e.g. starch, sugers, animal fats, vegetal 

oils)
· Non-food energy crops
· Algae
· Woody biomass

· Fuels (e.g. Bioethanol, Biodiesel)
· Materials (e.g. Biopolymers)
· Chemicals (e.g. biolubricants, biosolvents)
· Heat and Power
· Animal food

 

Figure A.2: Les matières premières renouvelables et les produits de la biora�nerie

Le Département Américain de l'Energie (DOE) utilise la dé�nition suivante : "Une bioraf-

�nerie est un concept générique dé�nissant une usine de transformation où la biomasse est

extraite et convertie en un ensemble de produits de valeur. Son fonctionnement est similaire

à celui des ra�neries pétrochimiques". Le Laboratoire National Américain de l'Energie Re-
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nouvelable (NREL) utilise pour sa part la dé�nition plus précise suivante (www.nrel.gov/

biomass/biorefinery.html) : "Une biora�nerie est une installation qui intègre le processus

de conversion de la biomasse et le matériel de production des carburants, de l'énergie et des

produits chimiques issus de cette biomasse. Le concept est analogue à celui des actuelles

ra�neries pétrolières qui produisent des carburants et de multiples produits à partir du pét-

role. Les biora�neries industrielles ont été identi�ées comme la voie la plus prometteuse

pour la création d'une nouvelle industrie nationale domestique". Quant à l'Agence Interna-

tionale de l'Energie (IEA, 2007), elle présente brièvement la biora�nerie comme étant "la

transformation soutenable de la biomasse en un ensemble de produits commercialisables et en

énergie". Le livre récent de Schieb et al. (2014) introduit la durabilité : "une biora�nerie est

un site industriel qui transforme la biomasse, de manière soutenable, en produits destinés à

l'alimentation humaine et animale, en biomatériaux, en biocarburants, en produits chimiques

à forte valeur ajoutée comme par exemple les bases cosmétiques. L'objectif étant de valoriser

toutes les composantes des agro-ressources de manières alimentaire et/ou non alimentaire,

ainsi, avec les mêmes intrants, les entreprises appartenant à une biora�nerie auront des sor-

tants beaucoup plus diversi�és". La Figure A.3 montre un concept de biora�nerie adapté de

(Demirbas and Demirbas, 2010).

Biomass 
Conversion 

Systems

Thermochemical 
conversion 
processes

Refuels, 
Chemicals and 

Materials

Biochar Bio-oil Biosyngas

Conditioned gas

Combined heat 
and power

Animal food

Fermentation

biorefining

Pyrolysis Liquefaction Gasification
Residues Suger feedstocks

Biochemical 
conversion 
processes

 

Figure A.3: Un concept de biora�nerie
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A.5.5 Transport

Dans la logistique industrielle, les produits peuvent être transportés par des routes, des

chemins de fer, des voies navigables ou des voies aériennes. Comme dans les chaînes d'approvis

ionnement en biomasse, la biomasse est relativement peu coûteuse et les quantités traitées

sont importantes, le transport aérien n'est jamais utilisé. Le transport routier est la meilleure

solution puisque toutes les fermes peuvent être atteintes plus facilement de cette façon. Les

chemins de fer sont moins chers si les distances sont assez grandes. Cependant, si de nom-

breuses ra�neries ont une connexion ferroviaire, la biomasse collectée dans les fermes doit

être acheminée par la route jusqu'à la gare la plus proche, ce qui implique un transbordement.

Les rivières et les �euves sont encore moins chères que les chemins de fer, mais le transport

est plus lent, elles peuvent être intéressantes dans les régions avec un réseau dense de voies

navigables, et tra�c �uvial peu intense.

Outre le mode de transport, il faut choisir des véhicules qui dépendent du type de biomasse,

de sa forme, de sa quantité, de la destination et de la distance à parcourir. Le transport du

lieu de récolte vers un stockage local peut s'e�ectuer avec des tracteurs équipés de remorques

ou des camions-bennes. Pour le transport vers la ra�nerie, il est possible d'utiliser des semi-

remorques de plus grande capacité, des conteneurs, voire des camions à compartiments pour

les granulés.

A.5.6 Chaine logistique de biomasse

Un bon moyen d'analyser une chaîne logistique est de la voir comme un système composé

d'entités (appelés n÷uds) organisés en couches traversées par des �ux. Dans le cas de la

biomasse, en raison des caractéristiques spéciales des produits, plusieurs questions liées à

chaque couche de la chaine doivent être considérées et traitées pour obtenir un système

d'approvisionnement économiquement viable. La Figure A.4 illustre les couches majeures

ainsi que les di�érentes activités des chaînes logistiques en biomasse.

Figure A.4: Les couches majeures des chaînes logistiques en biomasse

La couche des n÷uds d'entrée est formée des zones de production de biomasse. La biomasse

doit être cultivée dans des régions qui o�rent des climats appropriés et des saisons de croissance
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d'une durée su�sante. Les exploitations doivent béné�cier de sols acceptables et de ressources

su�santes en eau. Le rendement dépend fortement de la plante choisie, du système de culture,

du temps de croissance, de la période de récolte et de la météo. Quand la biomasse est

prête, le rendement et la durée de la récolte dépendent du type et du nombre de machines

employées. Ensuite, par rapport aux combustibles fossiles, la biomasse brute a une moindre

densité et contient de l'eau, ce qui augmente les coûts de transport. De plus, le stockage est

compliqué par la teneur en humidité et nécessite des installations ad hoc pour minimiser les

dégradations. Par conséquent, les producteurs doivent plani�er les opérations de récolte et

choisir entre enlèvement immédiat ou stockage local de courte durée pour assurer une bonne

synchronisation entre la maturité des cultures, la météo, la disponibilité des équipements et

des ressources humaines.

Après la récolte, des installations de stockage et de prétraitements de la biomasse sont souvent

nécessaires et constituent une seconde couche de n÷uds du système logistique. Les sites de

stockage servent de tampons dans les périodes creuses séparant les récoltes de deux espèces

végétales. Ils permettent donc d'assurer des approvisionnements continus aux biora�neries,

à condition d'être bien placés et dimensionnés. La biomasse stockée brute continue de se

dégrader jusqu'à ce qu'elle soit prétraitée ou convertie. Les prétraitements ont pour but

de réduire le taux d'humidité, le poids ou le volume des matières et d'augmenter la densité

énergétique avant d'être livrés à une biora�nerie pour produire du biocarburant ou d'autres

produits. Le niveau d'humidité acceptable dépend de la méthode de conversion utilisée.

La troisième couche de n÷uds comporte les biora�neries. Basées sur di�érentes technolo-

gies de conversion comme la fermentation, la gazéi�cation ou d'autres processus chimiques

comme l'estéri�cation, elles peuvent produire non seulement des biocarburants, mais aussi

des matières premières pour la chimie et la pharmacie, des lubri�ants, des biomatériaux etc.

Les deux premières couches forment la chaîne d'approvisionnement (partie amont ou up-

stream), qui con�ue vers la couche centrale des biora�neries (midstream). Le système se

prolonge en pratique par la chaîne de distribution en aval (downstream) avec deux couches de

n÷uds : des dépôts régionaux, pouvant éventuellement faire des mélanges, et des n÷uds de

sortie, comme des stations-services ou des clients industriels. Après leur fabrication dans une

biora�nerie, la distribution des biocarburants ressemble à celle des produits pétroliers. Il est

évidemment très di�cile de concevoir et de gérer globalement une chaîne logistique complète,

avec ses trois parties upstream, midstream et downstream. Sans parler de la masse énorme

de données qui serait nécessaire, les zones géographiques concernées, les acteurs économiques,

les mécanismes de �xation des prix et les contrats sont très di�érents en amont et en aval.

Très peu d'auteurs, comme (Eksioglu et al., 2009a), ont essayé de modéliser les trois parties

ensemble, mais d'une manière très macroscopique. La première raison est que des acteurs et

des types de contrats très di�érents sont impliqués en amont et en aval. Une seconde raison
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est que le milieu et l'aval sont moins originaux car ils sont semblables à ceux de la production

et de la distribution dans l'industrie pétrolière. Une troisième raison est la di�culté d'élaborer

un modèle complet et d'obtenir des données précises. Cela explique pourquoi la plupart des

articles de recherche se concentrent sur le segment en amont qui soulève les problèmes les plus

intéressants.

A.6 Chaine d'approvisionnement considérée

Le modele est conçu pour gérer une chaîne d'approvisionnement complète, multi-périodes et

multi-biomasse, avec plusieurs types de n÷uds. La biomasse peut être récoltée dans les zones

de production (petites zones administratives appelées �cantons� en français), puis stockée

dans des stockages de ferme ou transférée directement dans des stockages centralisés. La

biomasse peut également être expédiée des sites de stockage près des fermes et/ou de sites

centralisés. En�n, elle est transportée vers les ra�neries. La chaîne d'approvisionnement

peut être décrite par un graphique avec un ensemble de n÷uds composé de zones de produc-

tion de biomasse, d'entreposage aux fermes, d'entreposage centralisé et de stocks d'entrée de

biora�neries et d'un ensemble d'arc. Chaque arc indique un chemin pré-calculé, le plus court

entre les deux n÷uds du réseau routier, avec une longueur spéci�ée et un véhicule requis.

A.6.1 Caractéristique générales

Ci-dessous la liste des caractéristiques et des hypothèses principales :

� La chaîne d'approvisionnement envisagée varie selon les produits récoltés, prêts à ex-

pédier, aux biora�neries.

� L'objectif est d'optimiser les chaînes d'approvisionnement en biomasse pour plusieurs

ra�neries, au niveau de décision tactique et stratégique. L'horizon de plani�cation est

divisé en découpage de temps discret ("périodes"), actuellement 52 périodes de 7 jours.

� la zone étudiée correspond à la Picardie et à la Champagne-Ardenne, et non aux

nouvelles régions de 2015. Elle est partitionnée en unités discrètes appelées "zones"

(actuellement 279 cantons). Les cantons sont ceux du recensement agricole de 2010,

utilisé pour préparer des données sur la production de biomasse.

� Les biora�neries sont déjà situées ou doivent être situées, et il y a au plus une par zone.

Chaque ra�nerie dé�nit ses besoins par produit et par période.

� Les données de production de biomasse sont calculées par un partenaire du projet (Agro-

Transfert) et comprennent la culture et la récolte. La densité et l'humidité de chaque

produit sont les mêmes, quelle que soit la zone. L'humidité et la densité des produits

stables ne changent pas le long de la chaîne mais les pertes de stockage sont traitées.

� Plusieurs biomasses sont acceptées, principalement oléagineuses (graines de colza, moutarde

d'Ethiopie, cameline), mais aussi ligno-cellulosiques (paille et menue paille de colza, mis-
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canthus).

� Une plante peut avoir plusieurs parties utilisables (par exemple, graines, paille et menue

paille).

� Le modèle mathématique est "data-driven": toutes les données, même la structure du

réseau, sont stockées dans des �chiers externes. La base de données pour un scénario

d'optimisation est stockée dans un classeur EXCEL..

� La densité et l'humidité de chaque produit sont les mêmes, quelle que soit la zone.

� L'humidité et la densité des produits stables ne changent pas le long de la chaîne, mais

les pertes de stockage sont traitées.

� Le coût, les émissions de GES, la consommation d'énergie et d'énergie par produit

dépendent de la zone.

� Les produits sont actuellement transportés par route mais d'autres modes de transport

peuvent être ajoutés.

� Le modèle mathématique est un programme linéaire mixte en 0-1. Les seules variables

entières sont des variables binaires utilisées pour localiser les ra�neries. Sa fonction

objectif est une combinaison linéaire du coût total, des émissions de GES et de la con-

sommation d'énergie. Il est également possible d'optimiser un objectif, sous réserve que

les autres soient remplacés par des contraintes. Il devrait être �exible malgré les choix

actuels (par exemple, intégrer de nouveaux biomasses, des sites de prétraitement ...). Le

modèle mathématiques est implémenté à l'aide de l'environnement de programmation

mathématique XPRESS.

A.6.2 Objectif d'optimisation et contraintes

L'objectif est de développer un modèle mathématique pour minimiser les coûts des dif-

férentes activités de la chaîne d'approvisionnement depuis les champs (zones de production

de biomasse) jusqu'à l'entrée de la ra�nerie, tout en considérant le stockage aux fermes et le

stockage centralisé. Parallèlement, les coûts, la consommation d'énergie, la consommation de

carburant et les émissions de gaz à e�et de serre (GES) sont minimisés. Les coûts à considérer

sont les suivants :

� Coûts de production,

� Coûts de manutention,

� Coûts de transport,

� Coûts de stockage,

� Coût d'installation de la biora�nerie.

Cet objectif doit être optimisé en respectant des contraintes qui peuvent être groupées dans

les catégories suivantes :
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� Respect des quantités récoltables selon les plantes.

� Satisfaction des besoins de la ra�nerie, exprimés par exemple en tonnes sèches par

semaine pour chaque biomasse consommée.

� Lois de Kirchho� reliant les �ots entrants et sortants pour chaque n÷ud de la chaîne

logistique, certains processus comme le séchage pouvant occasionner des pertes.

� Contraintes liées aux stockages (capacités limitées, stock initial et �nal requis, dégrada-

tions pendant le stockage, débits limités pour l'entrée et la sortie de stock).

� Respect de fenêtres temporelles (fenêtres de récolte, stockages disponibles seulement à

certaines période de l'année).

� Contraintes de la biora�nerie (limitation du nombre et du type de biora�neries par

zone, nombre de biora�neries pour chaque type).

A.7 Typologie des données (data model)

Nous avons dans un premier temps développé un modèle de données (en anglais data model).

L'objectif est de recenser et structurer les données utiles pour les calculs, ce qui inclut le codage

du modèle de réseau. Nous avons utilisé le modèle entité-relation qui permet d'aboutir à une

décomposition en tables, gérables par un logiciel de bases de données comme Access ou plus

simplement Excel. Cette approche dé�nit d'abord les entités (objets réels ou conceptuels),

puis leurs attributs (données propres), et en�n les relations qui relient ces entités.

Cette étape est délicate et a demandé beaucoup d'e�orts et d'analyses pour aboutir à un mod-

èle conceptuel des données (MCD) cohérent, permettant de gérer plusieurs types de chaînes

d'approvisionnement de biomasses. C'est une contribution importante dans la mesure où

elle donne lieu à une solide structuration des données, nécessaires aussi bien pour les mod-

èles mathématiques que pour d'autres usages comme réaliser des statistiques, visualiser les

résultats dans un système d'information géographique, faire du data mining, etc.

A.8 Génération des scénarios et de l'optimisation

L'étape qui suit la conception du modèle de données consiste en l'extraction et la préparation

des données à exploiter. Une partie de la préparation des données a été faite par deux

partenaires, Agro-Transfert pour les productions potentielles de biomasse, et Coopénergie

pour la production de biomasse existante et les stockages centralisés. Néanmoins, nous avons

été obligés de préparer plusieurs données supplémentaires comme les centres de chaque canton,

les distances les plus courtes par route, l'estimation des capacités de stockage des fermes

et divers coûts et indicateurs environnementaux liés au stockage et au chargement et au

déchargement de la biomasse.

Une base de données pour une séquence du modèle mathématique s'appelle scénario. Il
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est implémenté comme un classeur EXCEL contenant des macros dans VBA, une feuille de

calcul utilisée comme interface utilisateur et une feuille de calcul pour chaque table du modèle

de données. Pour éviter que l'utilisateur rétablisse toutes les données pour chaque nouveau

scénario, nous avons préparé un �scénario simple� de classeur mère où la plupart des feuilles de

travail sont remplies par des valeurs par défaut. Pour créer un nouveau scénario, l'utilisateur

peut prendre une copie de ce classeur, le renommer et modi�er ce qu'il souhaite. La Figure

A.5 illustre la liste des feuilles de calcul dans un scénario.

 

Figure A.5: Exemple de capture d'écran de la feuille de calcul " Dashboard "

La première feuille de calcul "Dashboard" (Figure A.5) est une interface utilisateur. Il indique

les 7 départements de la Picardie et de la Champagne-Ardenne et les 9 produits pour lesquels

des données de production sont disponibles. L'utilisateur peut sélectionner les départements

et les produits, il peut dé�nir le nombre de ra�neries, leurs emplacements et leurs demandes.

Les autres feuilles de travail du scénario peuvent également être modi�ées via les miniatures

EXCEL en bas de la feuille.

Toutes les tables sont pré-remplies en utilisant les valeurs par défaut, à l'exception des

"Zones", "Distances", "N÷uds" et "Demandes", qui peuvent être générés via les boutons

bleus. Les données générées concernent des produits et des services sélectionnés, a�n de min-

imiser la quantité de mémoire requise par le solveur. Pour ce faire, les boutons appellent des

macros VBA qui extraient des données une fois pour toutes dans deux classeurs auxiliaires,

�toutes les zones et distances� et �toutes les données de production�. La façon dont ces

classeurs sont construits est visible dans la Figure A.6.

Pour construire rapidement un scénario, l'utilisateur peut utiliser le � Dashboard � représenté

à la Figure A.5. Il doit cocher les départements (ligne 5) et les produits (ligne 10) impliqués

dans le scénario. Comme le � Dashboard � est une interface simple et provisoire, il permet

actuellement un type de ra�nerie uniquement (dé�ni dans le tableau �Ra�neries�) et toutes

200



A.8. GÉNÉRATION DES SCÉNARIOS ET DE L'OPTIMISATION
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Figure A.6: Fichier de scénario et liens avec les classeurs auxiliaires

les ra�neries de ce type doivent avoir les mêmes exigences. Le nombre de ra�neries est

spéci�é dans la cellule K3 et leurs périodes de travail courantes dans K4. Ensuite, un ou

deux intervalles de demande avec un besoin par période en tonnes sèches (dt) peuvent être

spéci�és dans les lignes 11-14 pour chaque produit sélectionné. Les intervalles peuvent se

chevaucher pendant deux ans, par exemple, les semaines 50 à 10. Ces intervalles de demande

seront utilisés pour remplir le tableau �Demandes�. Des intervalles peuvent être donnés pour

les produits non cochés, mais ils seront ignorés.

Les emplacements de ra�nerie sont donnés dans les lignes 21-22. Les cantons avec les raf-

�neries existantes sont listés sur la ligne �Existant� et ceux où les ra�neries peuvent être

créées à la ligne �Autorisé�. Les autres cellules numériques sont calculées par EXCEL. Pour

chaque produit, la demande totale en tonnes sèches est donnée pour une ra�nerie à la rangée

16 et pour toutes les ra�neries de la rangée 17. Cette dernière est divisée par la fraction de

matière sèche pour donner des tonnes de matière première (tRM) à la rangée 18. Si le tableau

des �n÷uds� a déjà été généré, ces quantités peuvent être comparées à la quantité totale de

produit disponible à la ligne 19. Le besoin total de toutes les ra�neries est indiqué dans la

cellule K5.
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A.9 Résultats

Nous avons étudié plusieurs scénarios sur la région de Picardie pour évaluer l'impact du

nombre de départements et de ra�neries (existantes ou à localiser) sur la taille et le temps

d'exécution du modèle.

Tous nos tests considèrent un seul type de ra�nerie. En se basant sur les données fournies

par Francis Valter (Groupe Avril), la demande annuelle est de 80 000 tonnes sèches (dt)

pour une ra�nerie de ce type comprend 35 000 dt de graines (25 200 dt de graines de colza,

5 040 de graines de caméline et 4 760 de graines de moutarde d'éthiopie) et 45 000 dt de

biomasse ligno-cellulosique conditionnée en balles (5 000 dt de paille de colza, 10 000 de

menues-pailles de colza, 18 000 de paille de céréales et 12 000 de miscanthus). Les ra�neries

ferment deux semaines à la �n de l'année. La demande en tonnes sèches de chaque produit

pendant 4 semaines est calculée à la ligne 15 du tableau de bord. Le tableau suivent montre

les demandes de chaque produit.

Produit Intilulée Demande/an (tonne) En semaine Tonne/semaine Demande/an tRM
P1 Rape seeds 25 200 31-50 + 1-8 900 28 000
P2 Rape straw 5 000 1-50 400 5 882.35
P3 Rape cha� 10 000 1-50 200 11 363.64
P4 Cereal straw 18 000 1-50 360 21 176.47
P6 Miscanthus 12 000 1-50 240 15 000.00
P8 Camelina 5 040 9-15 720 5 478.26
P9 Eth. mustard 4 760 16-22 680 5 173.91

Le modèle mathématique est écrit dans le langage algébrique MOSEL et résolu à l'aide de

XPRESS 8.2 (64 bits) sur un ordinateur portable HP ZBook avec une CPU Intel Core i7-

47110MQ à 2,50 GHz, 16 Go de RAM et Windows Professional 64 bits. Les tests minimisent

uniquement le coût total (mono critère), bien que les indicateurs environnementaux corre-

spondants soient calculés à partir des résultats.

Tests avec une ra�nerie déjà située

L'objectif de ce test est d'évaluer le modèle de mathématiques sur la con�guration la plus

simple, une ra�nerie déjà située dans un seul département. La ra�nerie peut être fournie

par les 42 cantons du département de l'Oise (code 60) et se trouve dans le canton central de

Clermont (code 6008).

Discussion

Le coût de la biomasse et le coût de la ra�nerie représentent respectivement 43,75% et

51,54% du coût total. En pourcentage, les autres coûts sont beaucoup plus petits. Nous

devons souligner ici une di�érence importante avec la plupart des travaux américains, comme

Zhang et al. (2013) qui déclarent 50 à 75% de coûts logistiques dans la biomasse délivrée aux
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portes de la ra�nerie. Leurs chaînes d'approvisionnement vont de la moisson aux portes de

la ra�nerie, les coûts de récolte, ratissage et conditionnement sont ainsi comptabilisés dans

les coûts logistiques. La convention est di�érente dans notre projet, en e�et Agro-Transfert a

calculé les coûts des produits déjà récoltés et conditionnés, prêts à être transportés depuis le

bord du champ.

Le coût élevé de la biomasse dans notre cas provient des nombreuses opérations nécessaires

avant d'arriver à un produit prêt à expédier dans les fermes: préparation du sol, semis,

traitements phytosanitaires, récolte, ratissage et conditionnement. En Picardie, le produit le

plus coûteux est les graines de colza (355,2 e/ tRM) et la paille de céréales est la moins chère

(35,5 e). Pour nos données, le coût de production calculé par Agro-Transfert pour un produit

est le même dans tous les cantons d'une région et les quantités collectées doivent satisfaire

les exigences des ra�neries. Ainsi, le coût de production total est constant dans l'instance

considérée, limitée à un département de Picardie. Nous pouvons par conséquent l'éliminer de

la fonction objectif. Cependant, les coûts de production di�èrent en Champagne-Ardenne en

raison de rendements légèrement di�érents et des pratiques agricoles. Par conséquent, le coût

de production total ne serait plus constant pour une instance impliquant les deux régions.

Le grand coût annuel de ra�nerie de 22 910 000 euros concerne le coût en capital (construction

de la ra�nerie) et les coûts d'exploitation de ses processus internes. Comme nous imposons

un certain nombre de ra�neries dans chaque cas, ce coût est également une constante qui

pourrait également être omise dans la fonction objectif.

En fait, les coûts de manutention sont toujours importants dans les chaînes d'approvisionnement

en biomasse. Par exemple, les balles doivent être chargées / déchargées une à une et empilées

soigneusement sur des véhicules ou des plates-formes, ce qui nécessite un chariot élévateur

télescopique. En outre, chaque produit de notre système s'adresse aux ra�neries via des

magasins agricoles et centralisés, ce qui augmente le nombre d'opérations de chargement /

déchargement.

Les coûts de transport plus bas s'expliquent par le fait que les exigences des produits les

plus consommés sont loin des quantités disponibles, ce qui permet à la ra�nerie de collecter

la biomasse localement et donc de réduire la distance moyenne parcourue par les véhicules.

Cela peut être con�rmé par une analyse détaillée des résultats: le nombre de cantons où les

produits sont collectés pour la ra�nerie varie de 6 pour le miscanthus à 24 pour la moutarde

d'Éthiopie. En moyenne, le nombre de cantons pour satisfaire la demande d'un produit est de

16,3 sur 42. La carte de la Figure A.7 indique les cantons qui fournissent au moins un produit

: nous pouvons constater que la plupart des cantons périphériques ne sont pas collectés.

Les coûts de stockage sont très faibles en comparaison avec les autres coûts car en France,

les opérateurs de stockage centralisés gagnent de l'argent principalement à partir des frais

qu'ils facturent pour chaque tonne de graines entrant dans le stock. Nous avons inclus ces
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frais dans les coûts de chargement / déchargement aux silos. Le stockage lui-même coûte

peu, par exemple, il n'y a pas de consommation d'énergie ou de gazole pour une plate-

forme et, pour un silo, il n'y a qu'une petite consommation d'énergie pour la ventilation

non permanente. Finalement, la question qui se pose naturellement, pourquoi développer un

 

Figure A.7: Sources de cantons dans une biora�nerie existante à Clement

modèle pour calculer une solution optimale pour les coûts, si nous pouvons agir uniquement

sur le stockage, la gestion et les coûts de transport qui représentent ici �seulement� 2 090

643,11 euros ou 4,71% du coût total? Ci-dessous nous listons quelques bonnes raisons:

� Dans ce scénario, il existe une seule ra�nerie, déjà située, mais le modèle peut également

déterminer le meilleur emplacement pour une ou plusieurs ra�neries.

� La solution montre également au décideur où et quand collecter la biomasse, les niveaux

de stocks et la dynamique de la chaîne d'approvisionnement au cours de l'année (�uc-

tuations d'activité, périodes de récolte, stocks maximum...).

� Le modèle peut être utilisé pour faire des simulations �que faire si� en modi�ant divers

paramètres comme les demandes de ra�nerie, les produits requis, les capacités de stock-

age, etc.

� En�n, l'importance relative des di�érents coûts dépend de la manière dont ils sont af-

fectés aux parties prenantes. Par exemple, le stockage, le transport et la manutention

peuvent être e�ectués par une entreprise de services qui n'a pas à payer pour les ra�ner-

ies ni pour la biomasse. Une telle société est évidemment intéressée par la minimisation

des coûts restants.
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A.10 Deux approches en deux phases

Des approches en deux phases sont proposées pour réduire le temps de d'exécution des

tests à grande échelle. La première phase localise les nouvelles biora�neries et, en utilisant

l'emplacement déterminé des ra�neries, la deuxième phase résout complètement le modèle.

La première approche utilise un modèle p-médian, tandis que la deuxième approche s'appuie

un modèle de type location allocation pour localiser de nouvelles bi-ra�neries. Comme at-

tendu, le temps d'exécution de l'approche basée sur le p-médian est considérablement inférieur

au temps d'exécution de la méthode exacte et de l'approche basée sur le modèle type location-

allocation. Concerant la fonction objectif, trivialement le coût croit avec les deux approches

heuristiques, cependant l'augmentation est négligeable (de 1.4% à 5%).

Nous avons e�ectué des tests pour évaluer l'e�cacité de des deux approches proposées.

L'objectif du premier test est d'évaluer ces dernières et de comparer les résultats avec le

modèle exact (qaund cela est possible). Pour le premier test, le modèle est libre de localiser

la biora�nerie dans l'un des 42 cantons du département d'Oise (code 60). La biora�nerie

peut être localisée dans les 42 cantons du département d'Oise.

Le temps d'exécution des approches location-allocation et la p-médian est considérablement

inférieur au temps d'exécution de la méthode exacte. Parmi ces approches, la p-médiane s'est

révélée être la méthode la plus rapide pour résoudre le modèle. En e�et, si nous comparons

les coûts, ces derniers augmentent dans les deux approches heuristiques. Si nous excluons

les coûts �xes (coûts de production et de biora�nerie), le coût total augmente de 4,4% pour

l'approche p-médian et une augmentation de 1,8% est observée pour l'approche location al-

location, ce qui montre que le modèle de type location allocation aboutit à de meilleurs

résultats.

Pour le deuxième test, nous cherchons à localiser une ra�nerie dans trois départements (Oise,

Somme et Aisne). Nous avons essayé de résoudre le problème avec la méthode exacte, mais le

temps d'exécution était très long, pour cela nous l'avons arrêté après une heure. Le temps de

résolution avec les approches p-médian et location-allocation est beaucoup plus court. Parmi

ces approches, P-médian s'est avérée être la méthode la plus rapide pour résoudre le modèle.

Si nous excluons les coûts �xes (coûts de production et de biora�nerie), l'approche-location

allocation conduit à de meilleurs résultats.

A.11 Conclusion

Un premier travail, non visible dans ce document mais qui nous a demandé beaucoup de

temps, a consisté à prendre connaissance des concepts et de l'abondante terminologie sur la

production et la logistique de biomasses agricoles. Nous avons e�ectué le tour de la littérature

sur l'optimisation de la chaîne d'approvisionnement en biomasse pour identi�er et analyser
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les travaux en liaison avec notre problématique.

Dans un second temps, nous avons proposé un modèle de données pour énumérer, analyser

et structurer d'une manière logique, l'ensemble des données nécessaires a�n de construire

une base de données qui servira comme données d'entrée pour le modèle mathématique à

optimiser. Ensuite, nous nous sommes focalisés sur le modèle mathématique qui optimise les

chaines d'approvisionnement de biomasse tout en prenant en compte simultanément plusieurs

périodes et plusieurs types de biomasses. Il s'agit d'un programme linéaire à variables mixtes,

su�samment �exible pour être utilisé et facilement adaptables pour la plupart des chaînes

d'approvisionnement de biomasse au niveau tactique.

Nous avons préparé les tests à grande échelle sur des données réelles pour deux régions de

France (Picardie et Champagne Ardenne). Notre MILP multi-période et multi-produits peut

être résolu rapidement sur un PC lorsqu'il n'y a pas de décision de localisation. La taille est

déjà respectable, par exemple 39 796 contraintes et 121 171 variables avant la pré-résolution,

pour un horizon de plani�cation de 52 périodes, 3 départements totalisant 133 cantons, 7

produits et 3 ra�neries.

L'introduction des décisions de localisation a évidemment un impact sur la taille du modèle et

le temps de résolution, en raison des variables de localisation binaire et des n÷uds de stockage

de la ra�nerie qui doivent être générés dans chaque canton potentiel. L'impact est modéré

lorsque quelques sites candidats ont été présélectionnés: par exemple il est possible de placer

3 ra�neries parmi 12 emplacements dans les trois départements de Picardie. Mais si tous

les cantons sont des emplacements possibles, ce qui n'est pas très réaliste dans la pratique,

le temps d'exécution explose. Dans une limite d'une heure, il est possible de localiser une

ra�nerie sur un département de 47 cantons, mais pas sur l'ensemble de la région de Picardie

et ses 133 cantons. Cependant, le solveur peut être arrêté beaucoup plus tôt pour obtenir des

solutions entières avec moins de 1% de gap.

En dernier temps, des approches en deux phases sont proposées pour résoudre le problème

rapidement sur de grandes instances. La première phase localise les nouvelles biora�neries et,

en utilisant l'emplacement déterminé des ra�neries, la deuxième phase résout complètement

le modèle. La première approche utilise un modèle p-médian, tandis que la deuxième approche

utilise un modèle de type location-allocation pour placer de nouvelles biora�neries. Le temps

de résolution avec les approches p-médian et location-allocation est considérablement inférieur

au temps de résolution de la méthode exacte. Parmi ces approches, la méthode basé sur le

p-médian s'est avérée plus rapide. Sans surprise, si nous comparons les coûts, cela augmente

dans ces deux approches heuristiques, mais la di�érence est négligeable.
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