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CONTENTS 1 GENERAL INTRODUCTION 1.1/ CONTEXT

With the implementation of the Paris Agreement on November 4, 2016, expectations are growing for hydrogen energy as a dynamic vector. Because the 2 • C warming scenario has been established to attain a carbon emission trajectory that limits the concentration of greenhouse gases in the atmosphere, the ability to reduce emissions without jeopardizing economic growth has been the objective pursued by governments and climate change campaigners alike, especially in emerging markets. It is assumed that the utilization of hydrogen not only can enhance the sustainability and reliability of the energy system, but also perform a significant function in the system's flexibility. The International Energy Agency (IEA) (International Energy Agency, 2015) noted that the use of hydrogen could link different energy sectors and energy transportation and distribution (T&D) networks; thus, it could increase the operational flexibility of future low-carbon energy systems.

Today's energy system is heavily dependent on fossil fuels; moreover, apart from cogeneration (simultaneous production of at least two different forms of energy in the same plant, like electricity and heat), few connections exist among the different T&D systems. In a future system, hydrogen could perform a pivotal function by linking various layers of infrastructures in a low-carbon energy system.

Hydrogen technologies and products have significantly progressed over the years and are currently being established in the market. Generally, the insufficiency of the present infrastructure is considered as one of the barriers to boost the hydrogen economy. Accordingly, large-scale infrastructure investment schemes based on the development of new strategies should be conducted. Moreover, the industry has endeavored to promote the growth of hydrogen consumption. In January 2017, 13 leading companies in energy, transport, and industry launched a global initiative-the "Hydrogen Council"-to express a unified vision and long-term goal for the used of hydrogen to foster energy transition [START_REF] Brugier | New "Hydrogen Council" launches in Davos -Air Liquide[END_REF]. In its new roadmap published in November 2017 (McKinsey & Company, 2017), the Hydrogen Council indicated that by 2050, hydrogen could satisfy 1.2. OBJECTIVES OF THE THESIS 5 specific characteristics of feedstocks; note that storage and transportation modes have strong relationships with the physical form of hydrogen. Moreover, the locations and technologies of refueling stations are significantly impacted by the structure of the hydrogen supply network. The optimization-based approach has been particularly influential in contributing insights into these technological and spatial interactions. After a two-decade development, an increasing number of research studies on the HSCND are now available to provide an understanding of a future HSCN in the transportation sector.

1.2/ OBJECTIVES OF THE THESIS

The main objective of the thesis is to promote the hydrogen infrastructure deployment by providing new strategies based on optimization approaches. Specifically, the classical HSCND model is extended by intercomponent and intertemporal integration planning, respectively:

• Intercomponent integration planning. Develop a mixed-integer linear programming (MILP) model that covers the entire hydrogen supply network (from feedstock supply to refueling stations). Through this modeling work, the interactions that exist between different components of a hydrogen supply network are investigated, thus more comprehensive construction plans (strategies) for the HSCN are guaranteed.

• Intertemporal integration planning. Propose a location routing model that incorporates activities over strategic and tactical planning horizons. Based on the model, the major trade-off in HSCND which lies between the transportation cost and facility capital cost is analyzed, therefore further insights on the HSCND is gained.

1.3/ OUTLINE OF THE THESIS

Following this brief introduction, the manuscript is composed of four main additional sections. Chapter 2 presents an overview of the research development regarding the use of optimization methods for the hydrogen supply chain network design. Separate sections are dedicated to analyze and classify the selected papers according to system analysis, decision variables, performance measures, uncertainties, and solution approaches. 

2.1/ INTRODUCTION

The chapter is organized as follows. Three previous review papers on the hydrogen supply chain network design (HSCND) are discussed in Section 2.2. Section 2.3 describes the methodology adopted for the collection of research papers. A classification of the optimization-based studies of HSCND is performed; thereafter, papers are selected for further analysis. In Section 2.4, a detailed system analysis is presented. Modeling approaches and solution methods are explained in Section 2.5. Section 2.6 is a special section that reports on the key pre-optimization preparation works. Particular emphasis is given to data collection and hydrogen demand estimation.

2.2/ PREVIOUS REVIEWS

Limited reviews are available on the HSCND in the literature and have not covered all aspects of the problem it involves. This present review aims at reporting on them and completing this insufficiency. In this section, three previous review papers are analyzed.

PREVIOUS REVIEWS

Dagdougui (2012) firstly conducted a system analysis of the HSCN, which includes feedstock and production, transportation, and end users. Afterwards, [START_REF] Dagdougui | Models, methods and approaches for the planning and design of the future hydrogen supply chain[END_REF] discussed several hydrogen economy roadmaps that are deployed by different countries as well as conceptualized scenarios, which can be considered as systematic tools to support the HSCND. [START_REF] Dagdougui | Models, methods and approaches for the planning and design of the future hydrogen supply chain[END_REF] classified the approaches for the HSCND into three categories: optimization methods, geographical information system (GIS), and assessment plans toward the transition to a hydrogen infrastructure. The HSCND models in literature are studied, but detailed classification and analysis are not performed from the aspect of decisions, performance measures, and uncertainty problems. Agnolucci et al. (2013b) examined the HSCND studies across spatial scales: national scale studies using energy system models, regional-scale studies that optimize spatially disaggregated hydrogen infrastructure, and local-scale studies that optimize the locating of refueling stations. For the two latter types of studies, Agnolucci et al. (2013b) critically assessed the assumptions made regarding hydrogen demand, which they supposed to be a critical exogenous input into these studies. The unusual perspective (across different spatial scales) enables the authors to conduct a deeper analysis and therefore to provide reasonable research directions. Similarly to the review performed by [START_REF] Dagdougui | Models, methods and approaches for the planning and design of the future hydrogen supply chain[END_REF], detailed classification and analysis through decisions, performance measures, and uncertainty problems are neglected. Moreover, in this review, system analysis is not included. [START_REF] Maryam | Review of modelling approaches used in the HSC context for the UK[END_REF] reviewed the modeling approaches used in the HSCND for the United Kingdom, and proposed a classification based on optimization approaches, geographical information system (GIS), transition models, and system dynamic approaches. Although the system analysis is provided, it is not comprehensive. Performance measures, such as the minimization of costs and the reduction of environmental impacts, are analyzed. However, decision levels, decision variables, and uncertainty problems are not discussed.

Until now, no comprehensive review of the optimization models for the HSCND problem has yet been performed. Therefore, this chapter aims to analyze and classify the entities and technologies (hydrogen production, transportation, etc.) studied in each model to identify which combinations have been covered or not. A detailed classification is also provided based on factors such as decisions, performance measures, and uncertainty problems to specify the contributions as well as research gaps. Moreover, some critical factors that have been neglected in previous reviews, such as solution methods and key pre-optimization preparation works are also considered in this research.

CHAPTER 2. STATE OF ART

2.3/ CLASSIFICATION OF REVIEW PAPERS

2.3.1/ SEARCH FOR LITERATURE

A thorough search for related researches over the last decade is implemented to produce a synthesis of the peer-reviewed literature. Papers published in international peerreviewed journals from the main electronic bibliographical sources (Scopus, Web of Science) are searched by entering keywords, such as hydrogen, supply chain, infrastructure, optimization, and network design in the titles or the topics covered. In all, 71 papers are collected. Figure 2.1 displays the yearly distribution of these papers, which can be found in 16 distinct journals. Most of them have been published in the International Journal of Hydrogen Energy ; a few could be found in journals of operations research. The latter is certainly surprising because the papers propose optimization models based on operations research methods. These papers are classified according to the following parameters: model type, research object, spatial scale, and whether a full description of the mathematical formulations is included. The individual characteristics of each paper are listed in Tables 2.1 and 2.2. We have observed that linear programming and mixedinteger linear programming (LP/MILP) models are mostly used (totally 68 papers), and only three studies adopted dynamic programming (DP) models. Among the 68 LP/MILP models, 53 are geographical models (GEM), 13 are energy system models (ESM), and 2 involve both. A large portion of the studies (58 papers) tackled the multi-echelon problem (which means including multiple model components: production, transport and refueling stations). This is because one of the significant advantages of the LP/MILP model is accounting for the complex interactions among different echelons. In terms of the spatial scale, the national and regional planning problems received more attention than international and urban problems. It is worth noting that one third studies (24 out of 71) are national scale, geographically explicit, and multi-echelon models with full description. Finally two thirds of the papers provide a full description of the mathematical formulations (46 out of 71).

According to Agnolucci et al. (2013b), these optimization-based HSCND models could further be grouped into three main categories (Table 2.3).

Energy system optimization models. These models use the LP/MILP to identify the energy system that meets energy service demands at minimal cost. They can be implemented at different spatial scales, i.e., international, national, or regional ones. Energy system models typically include a detailed HSCND with the representation of various feedstocks, hydrogen production technologies, and transportation modes. Hydrogen enduse technologies compete with others (such as battery electric vehicles) to meet energy service demands (such as demands for car transport); thus, hydrogen demand and supply are both endogenously optimized (Agnolucci et al., 2013b). The MARKAL/TIMES ESM, energy system model; GEM, geographically explicit model; Multi-E, multi-echelon;

Mono-E, mono-echelon; P, production; T, transportation; RS, refueling station; I, international; N, national; R, regional; U, urban.

Great Britain.

Hydrogen refueling station planning (HRSP) models. The construction of refueling infrastructures is one of the most formidable barriers to the transition to a hydrogen-based road transportation system (National Research Council, U.S., 2004). Given the high cost of building new refueling stations, it is essential to coordinate the locations of initial stations in a network to facilitate a maximal consumer utilization [START_REF] Kuby | Optimization of hydrogen stations in florida using the flow-refueling location model[END_REF]. Based on the classical facility location models, a number of new models have been developed to optimize a network of hydrogen refueling stations in a relatively small geographical space, generally a big city, or sometimes, a state (region). For example, Lin et al. (2008b) developed a locating method where station siting is treated as a "fuel-travel-back" problem, and ESM, energy system model; GEM, geographically explicit model; Multi-E, multi-echelon;

CLASSIFICATION OF REVIEW PAPERS

Mono-E, mono-echelon; P, production; T, transportation; RS, refueling station; I, international; N, national; R, regional; U, urban. Entire HSCN International/National/Regional optimization models Geographically explicit Entire HSCN National/Regional optimization models Refueling station Part of HSCN Urban locating models the only required input is the distribution of vehicle miles traveled. The model was applied to derive an optimal station roll-out scheme for Southern California. [START_REF] Kuby | The flow-refueling location problem for alternative-fuel vehicles[END_REF] CHAPTER 2. STATE OF ART introduced the "Flow-Refueling Location Model" that locates alternative fuel stations to refuel a maximum volume of vehicle flows. The model was used to investigate strategies for initial hydrogen refueling infrastructure deployment in Florida [START_REF] Kuby | Optimization of hydrogen stations in florida using the flow-refueling location model[END_REF]. [START_REF] Bersani | Network planning of fuelling service stations in a near-term competitive scenario of the hydrogen economy[END_REF] presented a model for planning a refueling station network of a given company within a competitive framework; the model was tested in a specific territory in northern Italy. He et al. (2017) created a hydrogen refueling station-siting optimization model for hydrogen energy expressway construction based on the energy life cycle cost analysis of hydrogen. Sun et al. (2017) determined optimal station construction locations on condition of multi-source hydrogen supply. A particle swarm optimization algorithm was created for the station location problem along the Shanghai-Nanjing Expressway in eastern China.

2.3.2/ SELECTION OF PAPERS FOR FURTHER ANALYSIS

After this first study of the literature, the papers are filtered for a detailed investigation as described in the following sections. Based on the purpose of this chapter, the following criteria are established: (i) the models in the papers must consider the entire HSCN as the research object; (ii) they must include definitions of objective functions, decision variables, and constraints; (iii) explicit description of mathematical formulation must be offered. Based on the first criterion, some articles that only partially consider the HSCN are excluded. This is the case for studies that only deal with refueling station-location problems and for those that focus on the problem of hydrogen production and transportation (Andr é et al., 2013;[START_REF] Lahnaoui | Optimizing hydrogen transportation system for mobility by minimizing the cost of transportation via compressed gas truck in North Rhine-Westphalia[END_REF]. The second and third criteria enable us to filter the studies that adopt the energy system model and several other papers that provide limited information on the model used in the analysis; examples of these are the works of [START_REF] Ball | Integration of a hydrogen economy into the German energy system: An optimising modelling approach[END_REF]), Biqu é et al. (2018a), [START_REF] Hugo | Hydrogen infrastructure strategic planning using multi-objective optimization[END_REF] and [START_REF] Li | Hydrogen infrastructure design and optimization: a case study of China[END_REF]. Finally, 32 papers remain identified and denoted as reference papers. The tool HistCite [START_REF] Garfield | The HistCite system for mapping and bibliometric analysis of the output of searches using the ISI Web of Knowledge[END_REF]) is used to examine the citational relationships among the reference papers. It is found that the work of Almansoori et al. (2006) is the seminal paper in this branch of the literature. This paper has been a source of inspiration for other reference papers, which have attempted to improve it through multiple modifications (Agnolucci et al., 2013b). As summarized in Table 2.4, these modifications have been classified into four categories.

More detailed model characteristics are discussed in following sections. In this table, the modifications conducted in each reference paper in each year are briefly described to reveal the strong connections among the reference papers. This confirmed the paper selection and motivated us to investigate the role of the optimization-based approach in the HSCND by examining the characteristics of this model group.

All the mathematical models built in the studies reported in the reference papers are MILP-based and focus on the deployment of hydrogen in the transportation sector. The Table 2.4: Four types of modifications of Ref. (Almansoori et al., 2006) 22), ( 23) [START_REF]1 Hydrogen supply chain network (HSCN)[END_REF], [START_REF] Kim | Strategic design of hydrogen infrastructure considering cost and safety using multiobjective optimization[END_REF]; ( 2), (Kim et al., 2008a); ( 3), (Guill én-Gos álbez et al., 2010); ( 4), (Almansoori et al., 2009); [START_REF]1 The multi-period (2020-2030) construction plan of HSCN for Franche-Comt é (High carbon price scenario)[END_REF], [START_REF] Sabio | Strategic planning with risk control of hydrogen supply chains for vehicle use under uncertainty in operating costs: A case study of Spain[END_REF]; ( 6), [START_REF] Konda | Optimal transition towards a largescale hydrogen infrastructure for the transport sector: The case for the Netherlands[END_REF]); ( 7), [START_REF] Sabio | Holistic minimization of the life cycle environmental impact of hydrogen infrastructures using multiobjective optimization and principal component analysis[END_REF]; ( 8), (Almansoori et al., 2012); ( 9), (Han et al., 2013); ( 10), [START_REF] Almaraz | Assessment of mono and multi-objective optimization to design a hydrogen supply chain[END_REF]; ( 11), (Agnolucci et al., 2013a); ( 12), [START_REF] Almaraz | Hydrogen supply chain optimization for deployment scenarios in the Midi-Pyr én ées region, France[END_REF]; ( 13), [START_REF] Dayhim | Planning sustainable hydrogen supply chain infrastructure with uncertain demand[END_REF]; ( 14), [START_REF] Almaraz | Deployment of a hydrogen supply chain by multi-objective/multi-period optimisation at regional and national scales[END_REF]; ( 15), (Nunes et al., 2015); ( 16), (Moreno-Benito et al., 2017); ( 17), [START_REF] Ball | Integration of a hydrogen economy into the German energy system: An optimising modelling approach[END_REF]; ( 18), [START_REF] Kim | Optimization model for the design and analysis of an integrated renewable hydrogen supply (IRHS) system: Application to Korea's hydrogen economy[END_REF]; ( 19), [START_REF] Cho | Optimization-based planning of a biomass to hydrogen (B2H2) system using dedicated energy crops and waste biomass[END_REF]; ( 20), [START_REF] Cho | Optimization-based planning of a biomass to hydrogen (B2H2) system using dedicated energy crops and waste biomass[END_REF]; ( 21), (Ogumerem et al., 2018); ( 22), (Won et al., 2017); ( 23), [START_REF] Hwangbo | Mathematical model to optimize design of integrated utility supply network and future global hydrogen supply network under demand uncertainty[END_REF]. * the term "other supply chains" refers to, for example, biomass supply chain, utility supply network, and wind power generation system.

key modeling features (i.e., system analysis, modeling approaches, and solution methods) are analyzed in the following two sections.

2.4/ SYSTEM ANALYSIS [START_REF] Diwekar | Introduction to applied optimization[END_REF] assesses that optimization involves several steps; the first step is to understand the system. The robustness of an HSCND model is based on the degree of understanding the real system. The descriptive superstructure of an HSCN in the transportation sector is illustrated in Fig. 2.2. In this section, we examined each key component of the system to identify the entities and technologies that have been considered in the HSCND models. The aspects that require more attention are also identified.

2.4.1/ FEEDSTOCK

Hydrogen is not an energy source; it is an energy carrier, which is produced by various feedstocks [START_REF] Ren | Sustainability of hydrogen supply chain. Part I: Identification of critical criteria and cause-effect analysis for enhancing the sustainability using DEMATEL[END_REF]. Natural gas, coal, biomass, and water (with electricity from the local power grid) are the feedstocks found in most of the research projects (Agnolucci et al., 2013a;Almansoori et al., 2012;Kim et al., 2008a,b;Nunes et al., 2015).

Because some concepts, such as low-carbon electrolytic hydrogen and CO 2 -free HSCN ciated with production technology are identified, as discussed below: CCS and on-site production.

Table 2.5: Production technologies simultaneously considered in the literature

technologies 13 papers:

SMR+CG+BG+Electrolysis ( 6), ( 11), ( 15), ( 16), ( 17), ( 19), ( 20), ( 23), ( 24), ( 25), ( 26), ( 29), (30) 3 technologies 6 papers: 2), ( 3), ( 10) SMR+CG+Electrolysis ( 21) SMR+BG+Electrolysis ( 5) 2 technologies 6 papers: SMR+Electrolysis ( 4), ( 9), ( 12) BG+Electrolysis ( 7), ( 18), (32) 1 technology 7 papers: SMR (13) CG ( 14) BG ( 8), ( 22), ( 31) Electrolysis ( 27), ( 28) [START_REF]1 Hydrogen supply chain network (HSCN)[END_REF], (Almansoori et al., 2016); ( 2), (Almansoori et al., 2006); ( 3), [START_REF] Almaraz | Assessment of mono and multi-objective optimization to design a hydrogen supply chain[END_REF]; ( 4), [START_REF] Almaraz | Hydrogen supply chain optimization for deployment scenarios in the Midi-Pyr én ées region, France[END_REF]; ( 5), [START_REF] Almaraz | Deployment of a hydrogen supply chain by multi-objective/multi-period optimisation at regional and national scales[END_REF]; ( 6), [START_REF] Biqu É | An outlook towards hydrogen supply chain networks in 2050-Design of novel fuel infrastructures in Germany[END_REF]); ( 7), [START_REF] Brey | Designing a gradual transition to a hydrogen economy in Spain[END_REF]; (8), [START_REF] Cho | Optimization-based planning of a biomass to hydrogen (B2H2) system using dedicated energy crops and waste biomass[END_REF]; ( 9), [START_REF] Dayhim | Planning sustainable hydrogen supply chain infrastructure with uncertain demand[END_REF] 13), [START_REF] Hwangbo | Mathematical model to optimize design of integrated utility supply network and future global hydrogen supply network under demand uncertainty[END_REF]; ( 14), [START_REF] Johnson | A spatially-explicit optimization model for long-term hydrogen pipeline planning[END_REF]; (15), [START_REF] Kamarudin | Synthesis and optimization of future hydrogen energy infrastructure planning in Peninsular Malaysia[END_REF]; ( 16), [START_REF] Kim | Strategic design of hydrogen infrastructure considering cost and safety using multiobjective optimization[END_REF]; ( 17), (Kim et al., 2008a); (18), [START_REF] Kim | Optimization model for the design and analysis of an integrated renewable hydrogen supply (IRHS) system: Application to Korea's hydrogen economy[END_REF](19), (Ogumerem et al., 2018); (20), [START_REF] Sabio | Strategic planning with risk control of hydrogen supply chains for vehicle use under uncertainty in operating costs: A case study of Spain[END_REF]; ( 21), [START_REF] Sabio | Holistic minimization of the life cycle environmental impact of hydrogen infrastructures using multiobjective optimization and principal component analysis[END_REF](22), (Woo et al., 2016);(23), (Agnolucci et al., 2013a);(24), (Almansoori et al., 2009); ( 25), (Moreno-Benito et al., 2017); ( 26), [START_REF] Konda | Optimal transition towards a largescale hydrogen infrastructure for the transport sector: The case for the Netherlands[END_REF]; ( 27), [START_REF] Kim | An integrated decision support model for design and operation of a wind-based hydrogen supply system[END_REF]; (28), [START_REF] Samsatli | Optimal design and operation of integrated wind-hydrogen-electricity networks for decarbonising the domestic transport sector in Great Britain[END_REF] • Combining carbon capture and storage (CCS) with production plants.

SMR+CG+BG (1), (
Hydrogen production plants, especially the large SMR and CG plants, are the primary sources of carbon emissions within the global supply chain. As noted by the International Energy Agency (2016), the CCS is the only technology capable of delivering significant emission reductions from the use of fossil fuels in power generation and industrial applications. Therefore, the combination of the CCS and hydrogen production plant serves as the solution to achieve specific carbon emission targets or avoid carbon tax penalties (Almansoori et al., 2016). Some studies introduced the CCS into their models, as listed in hydrogen production with the CCS allow an additional degree of freedom in the energy system in enabling the transport of hydrogen instead of electricity transmission.

• On-site production.

The on-site (also known as forecourt) SMR and electrolysis are considered in several studies (Table 2.6). One of the huge barriers to the deployment of hydrogen infrastructures in urban areas is the scarcity of land. Installing on-site hydrogen production equipment in existing gasoline stations is expected to facilitate the deployment of an HSCN [START_REF] Katikaneni | On-site hydrogen production from transportation fuels: An overview and techno-economic assessment[END_REF].

It is to remark in Table 2.6 that only two papers consider both CCS system and on-site production. They are written in bold in this table. [START_REF] Kim | An integrated decision support model for design and operation of a wind-based hydrogen supply system[END_REF] 

2.4.3/ HYDROGEN TERMINAL AND STORAGE

The terminal for hydrogen is envisioned to be similar to current gasoline terminals, where the gasoline is stored, loaded onto trailers, and delivered to stations. In the case of hydrogen, a liquid terminal includes liquid hydrogen storage, high-pressure cryogenic pumps, and equipment for loading liquid hydrogen onto trucks. A gaseous terminal is composed of compressed gas storage, compressors, and equipment for loading the hydrogen onto tube trailers [START_REF] Ringer | Evaluating the diffusion of fuel-cell cars in the China markets[END_REF]. A hydrogen terminal, which links transportation and distribution (T&D), performs a vital function in the hydrogen delivery pathway [START_REF] Elgowainy | Market penetration analysis of fuel cell vehicles in Japan by using the energy system model MARKAL[END_REF]. As reported by the reference papers, however, the terminal has not been incorporated into the HSCN because several studies do not consider hydrogen distribution; this 20 CHAPTER 2. STATE OF ART is discussed in a later section. In models that do not include the T&D, the storage facility is utilized as the terminal. However, storage is merely one of the functions of the terminal.

Accordingly, it is suggested that the hydrogen terminal should be explicitly included in the HSCN models; consequently, a comprehensive HSCN could be built.

Hydrogen storage is used to accommodate production plant outages and demand fluctuations. Three different levels of storage in the HSCN are summarized in Table 2.7.

Most studies reported by the reference papers only consider the terminal level storage, whereas the stations and network levels of storage have received limited attention. However, the inclusion of all the three levels of storage into the model is of utmost importance when renewable electricity serves as the feedstock. Specifically, the HSCN models that are based on hydrogen, which is produced by electrolysis, require additional seasonal hydrogen storage capacities to close the gap between fluctuations in renewable generation from surplus electricity and refueling station demand [START_REF] Reuß | Seasonal storage and alternative carriers: A flexible hydrogen supply chain model[END_REF]. Moreover, as large quantities of fluctuating renewable electricity are introduced in the energy mix, the use of underground hydrogen storage as an approach to store energy and solve the problem of grid balancing has received increasing interest in recent years (The HyUnder project, 2015). Several technico-economic studies have been implemented to investigate the network level storage of the HSCN [START_REF] Ringer | Evaluating the diffusion of fuel-cell cars in the China markets[END_REF][START_REF] Elgowainy | Market penetration analysis of fuel cell vehicles in Japan by using the energy system model MARKAL[END_REF][START_REF] Duigou | Relevance and costs of large scale underground hydrogen storage in France[END_REF][START_REF] Reuß | Seasonal storage and alternative carriers: A flexible hydrogen supply chain model[END_REF]. The spatio-temporal optimization model developed by [START_REF] Samsatli | Optimal design and operation of integrated wind-hydrogen-electricity networks for decarbonising the domestic transport sector in Great Britain[END_REF] covered all the three levels of storage and demonstrated their function through a case study. The model showed that storage is the key enabling technology to use intermittent energy and to satisfy the temporally and spatially distributed demands. of more levels would increase the model's complexity, most of the studies reported by the reference papers only considered one level (regional transportation); a few contained two levels, and only three included all the three levels, as listed in Table 2.8.

Table 2.8: Transportation system Regional transportation ( 1), ( 2), ( 3), ( 4),( 5), ( 6), ( 7), ( 8), ( 9), ( 10), ( 11), (12) (13), ( 14), ( 15), ( 16), ( 17), ( 18), ( 19), ( 20), ( 21), (22

)
Regional transportation ( 23), ( 24), (25) /Local transportation Regional transportation ( 26), ( 27), (28) /Local distribution Regional transportation ( 29), ( 30), (31) /Local transportation /Local distribution [START_REF]1 Hydrogen supply chain network (HSCN)[END_REF], (Almansoori et al., 2016); ( 2), (Almansoori et al., 2006); ( 3), [START_REF] Almaraz | Assessment of mono and multi-objective optimization to design a hydrogen supply chain[END_REF]; ( 4), [START_REF] Almaraz | Hydrogen supply chain optimization for deployment scenarios in the Midi-Pyr én ées region, France[END_REF]; ( 5), [START_REF] Almaraz | Deployment of a hydrogen supply chain by multi-objective/multi-period optimisation at regional and national scales[END_REF]; ( 6), [START_REF] Biqu É | An outlook towards hydrogen supply chain networks in 2050-Design of novel fuel infrastructures in Germany[END_REF]); ( 7), [START_REF] Brey | Designing a gradual transition to a hydrogen economy in Spain[END_REF]; ( 8), [START_REF] Cho | Optimization-based planning of a biomass to hydrogen (B2H2) system using dedicated energy crops and waste biomass[END_REF]; ( 9), [START_REF] Dayhim | Planning sustainable hydrogen supply chain infrastructure with uncertain demand[END_REF]; ( 10 13), [START_REF] Hwangbo | Mathematical model to optimize design of integrated utility supply network and future global hydrogen supply network under demand uncertainty[END_REF]; ( 14), [START_REF] Johnson | A spatially-explicit optimization model for long-term hydrogen pipeline planning[END_REF]; ( 15), [START_REF] Kamarudin | Synthesis and optimization of future hydrogen energy infrastructure planning in Peninsular Malaysia[END_REF]; ( 16), [START_REF] Kim | Strategic design of hydrogen infrastructure considering cost and safety using multiobjective optimization[END_REF]; ( 17), (Kim et al., 2008a); ( 18), [START_REF] Kim | Optimization model for the design and analysis of an integrated renewable hydrogen supply (IRHS) system: Application to Korea's hydrogen economy[END_REF](19), (Ogumerem et al., 2018); ( 20), [START_REF] Sabio | Strategic planning with risk control of hydrogen supply chains for vehicle use under uncertainty in operating costs: A case study of Spain[END_REF]; ( 21), [START_REF] Sabio | Holistic minimization of the life cycle environmental impact of hydrogen infrastructures using multiobjective optimization and principal component analysis[END_REF](22), (Woo et al., 2016);(23), (Agnolucci et al., 2013a);(24), (Almansoori et al., 2009); ( 25), (Moreno-Benito et al., 2017); (26), [START_REF] Konda | Optimal transition towards a largescale hydrogen infrastructure for the transport sector: The case for the Netherlands[END_REF][START_REF]Association de pr éfiguration de l'Institut de stockage de l'hydrog ène[END_REF], [START_REF] Kim | An integrated decision support model for design and operation of a wind-based hydrogen supply system[END_REF]; (28), [START_REF] Samsatli | Optimal design and operation of integrated wind-hydrogen-electricity networks for decarbonising the domestic transport sector in Great Britain[END_REF]; (29), (Almansoori et al., 2012);(30), (Nunes et al., 2015); (31), (Parker et al., 2010).

2.4.5/ HYDROGEN REFUELING STATION

According to Netinform (2018), 328 hydrogen refueling stations are currently in operation-139 in Europe, 119 in Asia, 68 in North America, 1 in South America, and 1 in Australia. There are two basic types of hydrogen refueling stations: stations in which the hydrogen is produced elsewhere and delivered to the station for local storage and dispensing to fuel-cell electric vehicles (FCEVs), and stations in which hydrogen is produced, and stored on site, ready for transfer to in-vehicle hydrogen storage (Alazemi et al., 2015). As depicted in Fig. 2.6, stations that rely on delivery can be supplied with liquid or gaseous hydrogen through appropriate distribution techniques. For on-site stations, the most popular production technologies are on-site electrolysis and on-site SMR. On-site electrolysis with grid power is the most widely used technology in North America, followed by the hydrogen delivery technique. In Europe, hydrogen delivery techniques are the most common, followed by stations that produce hydrogen on-site using renewable energy (Alazemi et al., 2015). Less than one-third of the studies in the reference papers considered refueling station problems in their models. hydrogen (LH 2 ) or gaseous hydrogen (GH 2 ) is determined subjectively through the definition of scenarios or configurations. The studies of Agnolucci et al. (2013a) andHan et al. (2012) are the only two investigations in which the separation between LH 2 and GH 2 is determined endogenously (i.e., acting as a decision variable in the model) rather than assumed exogenously (i.e., a priori).

Less than a third of the studies reported by the reference papers considered decision variables that are related to refueling station problems. Among those studies, only four determined the number of refueling stations (Almansoori et al., 2012;[START_REF] Almaraz | Hydrogen supply chain optimization for deployment scenarios in the Midi-Pyr én ées region, France[END_REF][START_REF] Almaraz | Deployment of a hydrogen supply chain by multi-objective/multi-period optimisation at regional and national scales[END_REF]Nunes et al., 2015), three considered the number and type of stations [START_REF] Kim | An integrated decision support model for design and operation of a wind-based hydrogen supply system[END_REF][START_REF] Konda | Optimal transition towards a largescale hydrogen infrastructure for the transport sector: The case for the Netherlands[END_REF]Moreno-Benito et al., 2017), and two included the three properties of a refueling station, i.e., number, type, and size (Agnolucci et al., 2013a;[START_REF] Cho | Optimization-based planning of a biomass to hydrogen (B2H2) system using dedicated energy crops and waste biomass[END_REF]. The International Energy Agency (2015) argued that identifying the optimal size of a station is a critical step. Certainly, the problem of station size is related to the utilization rate, which is undeniably important to the financial viability of a station, especially in the initial deployment phase. As proposed by the International Energy Agency (2015), considerably smaller stations might be necessary in the initial phase to achieve extensive coverage, as they could satisfy basic necessities while avoiding excessive underutilization.

It should be emphasized that no reference paper has ever reported on the facility location problem of refueling stations. This is possibly because the spatial scales considered in the studies are different. The reference papers report on whole nations or large regions, whereas the refueling station location problem typically focuses on a city or a relatively small area. Another explanation may be that the bases of hydrogen demand estimation differ. The studies reported by the reference papers consider the population and the penetration of the fuel cell electric vehicles (FCEVs) as the base material to estimate and allocate hydrogen demand. On the other hand, the refueling station location problem generally estimates hydrogen demand according to the traffic volume and its distribution [START_REF] Kuby | Optimization of hydrogen stations in florida using the flow-refueling location model[END_REF][START_REF] De Vries | Incorporating driving range variability in network design for refueling facilities[END_REF].

2.5.1.2/ MULTI-PERIOD MODEL AND CAPACITY EXPANSION

Multi-period planning problems have been proposed to address situations in which parameters predictably change over the time. The objective is to adapt the configuration of facilities to these parameters. Thereby, a planning horizon that is divided into several time periods is usually considered (Melo et al., 2009). The model established by Almansoori et al. (2006), which is regarded as a seminal work, is mono-period (snapshot). In their subsequent studies, Almansoori et al. (2009Almansoori et al. ( , 2012) ) extended the model to the multiperiod case. As listed in Table 2.9, half of the models choose the mono-period option; the remaining half of the models select the multi-period one. Because the amount of hydrogen demand in each area changes over time, the ability to evolve is indispensable in an HSCN. Moreover, the multi-period model enables the consideration of the reduction in the cost of production and transportation technologies by considering the experience accumulated with time (known as the learning rate) (Almansoori et al., 2012;[START_REF] Brey | Designing a gradual transition to a hydrogen economy in Spain[END_REF]. Table 2.9: Distribution of studies in reference papers with respect to the objective and the period Mono-period/Mono-objective ( 1), ( 2), ( 6), ( 8), ( 11), ( 13), ( 14), ( 15), ( 17), ( 22), ( 27) (31), (32)

Mono-period/Multi-objective ( 3), ( 12), ( 16)

Multi-period/Mono-objective ( 9), ( 18), ( 23), ( 24), ( 25), ( 26), ( 28), ( 29), ( 30)

Multi-period/Multi-objective ( 4), ( 5), ( 7), ( 10), ( 19), ( 20), ( 21) [START_REF]1 Hydrogen supply chain network (HSCN)[END_REF], (Almansoori et al., 2016); ( 2), (Almansoori et al., 2006); ( 3), [START_REF] Almaraz | Assessment of mono and multi-objective optimization to design a hydrogen supply chain[END_REF]; ( 4), [START_REF] Almaraz | Hydrogen supply chain optimization for deployment scenarios in the Midi-Pyr én ées region, France[END_REF]; ( 5), [START_REF] Almaraz | Deployment of a hydrogen supply chain by multi-objective/multi-period optimisation at regional and national scales[END_REF]; ( 6), [START_REF] Biqu É | An outlook towards hydrogen supply chain networks in 2050-Design of novel fuel infrastructures in Germany[END_REF]); ( 7), [START_REF] Brey | Designing a gradual transition to a hydrogen economy in Spain[END_REF]; ( 8), [START_REF] Cho | Optimization-based planning of a biomass to hydrogen (B2H2) system using dedicated energy crops and waste biomass[END_REF]; ( 9), [START_REF] Dayhim | Planning sustainable hydrogen supply chain infrastructure with uncertain demand[END_REF] 13), [START_REF] Hwangbo | Mathematical model to optimize design of integrated utility supply network and future global hydrogen supply network under demand uncertainty[END_REF]; ( 14), [START_REF] Johnson | A spatially-explicit optimization model for long-term hydrogen pipeline planning[END_REF]; ( 15), [START_REF] Kamarudin | Synthesis and optimization of future hydrogen energy infrastructure planning in Peninsular Malaysia[END_REF]; ( 16), [START_REF] Kim | Strategic design of hydrogen infrastructure considering cost and safety using multiobjective optimization[END_REF]; ( 17), (Kim et al., 2008a); (18), [START_REF] Kim | Optimization model for the design and analysis of an integrated renewable hydrogen supply (IRHS) system: Application to Korea's hydrogen economy[END_REF](19), (Ogumerem et al., 2018); (20), [START_REF] Sabio | Strategic planning with risk control of hydrogen supply chains for vehicle use under uncertainty in operating costs: A case study of Spain[END_REF]; ( 21), [START_REF] Sabio | Holistic minimization of the life cycle environmental impact of hydrogen infrastructures using multiobjective optimization and principal component analysis[END_REF] It must be emphasized that the adoption of a multi-period method may introduce a few contradictions. For example, the work of [START_REF] Almaraz | Hydrogen supply chain optimization for deployment scenarios in the Midi-Pyr én ées region, France[END_REF], which is a protracted multi-period problem (2020-2050, divided into four periods), is examined. It has been noted that the integration of the four time periods leads to a high cost by 2020. This may be viewed as prohibitive and thus may hinder hydrogen deployment in the region.

One explanation is that a multi-period model aims at identifying network strategies that could satisfy the overall demand throughout the entire horizon. This means that, the model is prone to select larger production plants to cover demand increments, which incur a high cost in the initial phase. A possible solution to this problem is to introduce the assumption of capacity expansions. This means that the network design (e.g., plant size) can be adapted to variations in demand (i.e., network capacities are no longer fixed at the beginning, but could be extended within a certain limit). Capacity expansion problems have been studied in the SCM domain since the early 1960s [START_REF] Julka | A review of multi-factor capacity expansion models for manufacturing plants: Searching for a holistic decision aid[END_REF]. Some of the SCND models consider capacity expansion as a continuous variable (Verter et al., 1995). However, other ones more realistically consider discrete facility capacity options (Paquet et al., 2004;[START_REF] Amiri | Designing a distribution network in a supply chain system: Formulation and efficient solution procedure[END_REF]. Only one of the reference papers [START_REF] Sabio | Strategic planning with risk control of hydrogen supply chains for vehicle use under uncertainty in operating costs: A case study of Spain[END_REF] has reported on the capacity expansion approach (with a discrete variable). Therefore, it is recommended that more future studies introduce this method into multi-period models.

Although the time used in most multi-period models spans several decades, some studies that focus on the integration of renewable source into the HSCN set one year of 12 periods (months) as the time horizon [START_REF] Kim | Optimization model for the design and analysis of an integrated renewable hydrogen supply (IRHS) system: Application to Korea's hydrogen economy[END_REF]Won et al., 2017;[START_REF] Cho | Optimization-based planning of a biomass to hydrogen (B2H2) system using dedicated energy crops and waste biomass[END_REF].

When a renewable source is considered, the variation in the availability of source in a year should be taken into account. For example, the production capacity of a wind-based HSCN would change at different months because of the uneven distribution of wind power during a year [START_REF] Kim | An integrated decision support model for design and operation of a wind-based hydrogen supply system[END_REF]. Similarly, transport demand has seasonal variations.

Statistics show that the fuel demand peaks during summer months and declines during winter [START_REF] Samsatli | A general spatio-temporal model of energy systems with a detailed account of transport and storage[END_REF]. In the work of [START_REF] Cho | Optimization-based planning of a biomass to hydrogen (B2H2) system using dedicated energy crops and waste biomass[END_REF], the conflict between the fluctuations in biomass availability and hydrogen demand has been investigated in a monthly analysis.

2.5.1.3/ INTERTEMPORAL INTEGRATION AND CROSS-LAYER FLOW

One crucial aspect in the SCM refers to intertemporal integration planning, which incorporates various activities over strategic, tactical, and operational planning horizons [START_REF] Shapiro | Modeling the supply chain[END_REF]. Vehicle routing and inventory decisions are considered within the tactical or operational level. Nevertheless, for both location/routing and location/inventory problems, it has been shown empirically that the facility location (strategic) decisions that would be made apart from other decisions are different from those that would be made by considering routing or inventory [START_REF] Daskin | Facility location in supply chain design[END_REF]. Although the simultaneous involvement of strategic and operational planning is encouraged in the SCND [START_REF] Yue | Biomass-to-bioenergy and biofuel supply chain optimization: Overview, key issues and challenges[END_REF][START_REF] Daskin | Facility location in supply chain design[END_REF], only a few related studies on the SCM could be found. This is because their integration leads to extremely complex models with large problem sizes (Melo et al., 2009); no HSCND model has ever considered the intertemporal integration. Therefore, it is anticipated that future studies will take this problem into consideration.

In a typical HSCN (depicted in Fig. 2.2), hydrogen flows from production plants to terminals and then from terminals to refueling stations. The flow has to conform to the established hierarchy, which means that flow is not allowed from production plants directly to refueling stations in cases where terminals exist. In the SCM domain, such a direct flow is referred to as cross-layer (or cross-echelon) flow (Melo et al., 2009). Another similar concept refers to intra-layer flow, which means that flow occurs within the same layer. In the HSCN, the intra-layer flow may occur when the transportation of feedstock and hydrogen is allowed between different production plants. To date, neither the cross-layer flow nor the intra-layer flow has been modeled in the HSCND models; therefore, it could be an interesting area for future research. can they be integrated into mathematical models? Based on our review, two solutions are identified: emission measurement [START_REF] Almaraz | Assessment of mono and multi-objective optimization to design a hydrogen supply chain[END_REF][START_REF] Almaraz | Hydrogen supply chain optimization for deployment scenarios in the Midi-Pyr én ées region, France[END_REF][START_REF] Almaraz | Deployment of a hydrogen supply chain by multi-objective/multi-period optimisation at regional and national scales[END_REF]Han et al., 2013) and life-cycle assessment (LCA) indicators [START_REF] Guill Én-Gos Álbez | A bi-criterion optimization approach for the design and planning of hydrogen supply chains for vehicle use[END_REF][START_REF] Sabio | Holistic minimization of the life cycle environmental impact of hydrogen infrastructures using multiobjective optimization and principal component analysis[END_REF]. Environmental impact (in emission measurement method) is expressed by the global warming potential (GWP). This is an indicator of the overall effect of the process related to the heat radiation absorption of the atmosphere because of the greenhouse gas emissions (CO 2 -equivalent) of the network [START_REF] Almaraz | Assessment of mono and multi-objective optimization to design a hydrogen supply chain[END_REF]. However, [START_REF] Sabio | Holistic minimization of the life cycle environmental impact of hydrogen infrastructures using multiobjective optimization and principal component analysis[END_REF] argued that a single environmental metric is inadequate because it neglects the inclusion of relevant environmental criteria into the analysis. Therefore, the adoption of the LCA should consider several environmental indicators, which could evaluate the environmental impact on several aspects. In the work of Han et al. (2013), it is further noted that the environmental objective is represented by the cost rather than environmental indicators. The total mitigation cost of CO 2 is composed of emissions and CCS-related costs; it serves as the criterion of environmental performance.

2.5.2.3/ SAFETY

Hydrogen is not more dangerous than other flammable fuels, such as gasoline and natural gas. Nevertheless, under specific conditions, hydrogen can react dangerously: the burning or explosion of hydrogen can cause extremely fatal accidents [START_REF] Kim | Strategic design of hydrogen infrastructure considering cost and safety using multiobjective optimization[END_REF].

Consequently, for the HSCND, safety considerations are paramount. Several papers have discussed risk assessment approaches for hydrogen infrastructures (Markert et al., 2017;Oyama et al., 2017;[START_REF] Kim | An index-based risk assessment model for hydrogen infrastructure[END_REF]. [START_REF] Kim | Strategic design of hydrogen infrastructure considering cost and safety using multiobjective optimization[END_REF] proposed a framework for the HSCND risk analysis, which consists of the following steps: hazard identification, consequence and frequency analyses, risk evaluation, and the development of a relative risk index. With the support of the risk index system, the risk level of different parts of the HSCN could be evaluated. Consequently, different scenarios and pathways could be compared in the aspect of safety performance (total relative risk index). It should be noted that there is no clear and comprehensive consensus on the definition of the supply chain risk [START_REF] Govindan | Supply chain network design under uncertainty: A comprehensive review and future research directions[END_REF]. Here, the risk assessment is associated with the safety of hydrogen infrastructure systems.

2.5.2.4/ MULTI-OBJECTIVE MODEL

As can be observed in the list of 2), ( 6), ( 8), ( 9), ( 11), ( 13), ( 14), ( 15), ( 17), ( 18), ( 22), ( 23), ( 24), ( 25), ( 26), ( 27), ( 28), ( 29), ( 30), ( 31), (32)

Cost/Environment (10), ( 19), (21)

Cost/Safety (16), (20)

Cost/Environment/Safety (3), ( 4), ( 5), (

(1), (Almansoori et al., 2016); (2), (Almansoori et al., 2006); (3), [START_REF] Almaraz | Assessment of mono and multi-objective optimization to design a hydrogen supply chain[END_REF]; ( 4), [START_REF] Almaraz | Hydrogen supply chain optimization for deployment scenarios in the Midi-Pyr én ées region, France[END_REF]; ( 5), [START_REF] Almaraz | Deployment of a hydrogen supply chain by multi-objective/multi-period optimisation at regional and national scales[END_REF]; (6), [START_REF] Biqu É | An outlook towards hydrogen supply chain networks in 2050-Design of novel fuel infrastructures in Germany[END_REF]; (8), [START_REF] Cho | Optimization-based planning of a biomass to hydrogen (B2H2) system using dedicated energy crops and waste biomass[END_REF]; (9), [START_REF] Dayhim | Planning sustainable hydrogen supply chain infrastructure with uncertain demand[END_REF] [START_REF] Almaraz | Assessment of mono and multi-objective optimization to design a hydrogen supply chain[END_REF][START_REF] Almaraz | Hydrogen supply chain optimization for deployment scenarios in the Midi-Pyr én ées region, France[END_REF] analyzed the differences between mono and multi-objective approaches. The change from a centralized to a decentralized supply chain is the primary difference observed when the three criteria are considered in the optimization phase compared to the minimum cost network. One explanation for this phenomenon is that the model tends to reduce the necessity of transportation when a relatively high safety level is set [START_REF] Kim | Strategic design of hydrogen infrastructure considering cost and safety using multiobjective optimization[END_REF]. Moreover, in production plants, the mono-objective model has only resulted in the SMR type of technology. However, when a multi-objective optimization is performed, a combination of technologies are involved-SMR and biomass gasification.

2.5.3/ UNCERTAINTY [START_REF] Galbraith | Organization design[END_REF] defined uncertainty as one of the differences between the amount of required information and available information to execute a task. In this regard, although the deterministic models provide a solid foundation for the SCND, any design obtained based on these models has no guaranteed potential future performance. These models do not handle uncertainties and imperfect information concerning expected plausible future business environments [START_REF] Klibi | The design of robust value-creating supply chain networks: A critical review[END_REF]. Therefore, uncertainty is one of the most difficult but essential problems in the SCM [START_REF] Sabri | A multi-objective approach to simultaneous strategic and operational planning in supply chain design[END_REF].

2.5.3.1/ UNCERTAINTY SOURCES

Corresponding to the levels of planning decisions, uncertainties could also be broadly categorized into strategic and operational levels [START_REF] Yue | Biomass-to-bioenergy and biofuel supply chain optimization: Overview, key issues and challenges[END_REF]. Similar to the biomass supply chain network discussed in [START_REF] Yue | Biomass-to-bioenergy and biofuel supply chain optimization: Overview, key issues and challenges[END_REF], the most significant type of strategic uncertainty for the HSCN may be associated with government incentives and policies, as well as the market share of the fuel cell electric vehicles (FCEVs Several studies discussed the taxonomy of uncertainty types in the SCND [START_REF] Klibi | The design of robust value-creating supply chain networks: A critical review[END_REF][START_REF] Bairamzadeh | Modelling different types of uncertainty in biofuel supply network design and planning: A robust optimization approach[END_REF][START_REF] Govindan | Supply chain network design under uncertainty: A comprehensive review and future research directions[END_REF]. Here, the taxonomy summarized by [START_REF] Bairamzadeh | Modelling different types of uncertainty in biofuel supply network design and planning: A robust optimization approach[END_REF] is adopted. It is based on the amount of available information in decision-making situations. The three types of uncertainties are randomness, epistemic, and depth. 4), ( 8), ( 9), ( 11), ( 13), ( 16), ( 17), ( 18), ( 23), ( 26), ( 27 4), [START_REF] Almaraz | Hydrogen supply chain optimization for deployment scenarios in the Midi-Pyr én ées region, France[END_REF]; (8), [START_REF] Cho | Optimization-based planning of a biomass to hydrogen (B2H2) system using dedicated energy crops and waste biomass[END_REF]; (9), [START_REF] Dayhim | Planning sustainable hydrogen supply chain infrastructure with uncertain demand[END_REF](11), (Han et al., 2012); (13), [START_REF] Hwangbo | Mathematical model to optimize design of integrated utility supply network and future global hydrogen supply network under demand uncertainty[END_REF]; ( 16), [START_REF] Kim | Strategic design of hydrogen infrastructure considering cost and safety using multiobjective optimization[END_REF]; (17), (Kim et al., 2008a); (18), [START_REF] Kim | Optimization model for the design and analysis of an integrated renewable hydrogen supply (IRHS) system: Application to Korea's hydrogen economy[END_REF]; (20), [START_REF] Sabio | Strategic planning with risk control of hydrogen supply chains for vehicle use under uncertainty in operating costs: A case study of Spain[END_REF](23), (Agnolucci et al., 2013a); (26), [START_REF] Konda | Optimal transition towards a largescale hydrogen infrastructure for the transport sector: The case for the Netherlands[END_REF][START_REF]Association de pr éfiguration de l'Institut de stockage de l'hydrog ène[END_REF], [START_REF] Kim | An integrated decision support model for design and operation of a wind-based hydrogen supply system[END_REF](29), (Almansoori et al., 2012);(30), (Nunes et al., 2015).

The parameters associated with randomness are considered as random variables with known probability distributions. The joint events associated with the possible values of random variables can be considered as plausible future scenarios; each with a probability of occurrence [START_REF] Klibi | The design of robust value-creating supply chain networks: A critical review[END_REF]. As reported by the reference papers, scenario analysis is adopted in several studies to overcome the market share uncertainty of the FCEV by investigating the hydrogen demand in optimistic, neutral, and pessimistic scenarios.

Another way to cope with randomness is by stochastic programming (Eppen et al., 1989;[START_REF] Sen | An introductory tutorial on stochastic linear programming models[END_REF]. Half of the studies reported by the reference papers that consider the uncertainty problem adopted the two-stage stochastic programming. In this two-stage model, the decisions associated with the first-stage are made before the realization of uncertainty. These decisions are usually referred to as "here-and-now" decisions, such as the number and type of production plants and storage facilities. Future decisions correspond to those that are made after the realization of uncertainty; these are typically known as "wait-and-see" decisions, such as the number and type of transportation units (Almansoori et al., 2012;[START_REF] Kim | Strategic design of hydrogen infrastructure considering cost and safety using multiobjective optimization[END_REF]. Therefore, the objective of a cost-oriented multi-stage modeling under uncertainty is to identify the optimal decision variables that minimize the cost of the first stage and expected cost of subsequent stages (Almansoori et al., 2012). The problem here is the exponential growth of the model size if there are several potential outcomes (scenarios) in each period of the multi-period model. Instead of simultaneously considering all scenarios, a representative subset could be generated by the sample average approximation (SAA) method [START_REF] Santoso | A stochastic programming approach for supply chain network design under uncertainty[END_REF]. With the support of the SAA, [START_REF] Dayhim | Planning sustainable hydrogen supply chain infrastructure with uncertain demand[END_REF] demonstrated that 15 scenarios are sufficient to obtain reasonably good solutions.

The epistemic uncertainty is related to the deficiency of knowledge pertaining to input data, which are often presented in the form of linguistic attributes or judgmental data that can be extracted from relevant experts [START_REF] Bairamzadeh | Modelling different types of uncertainty in biofuel supply network design and planning: A robust optimization approach[END_REF]. For example, electricity generated by renewable energy can be treated as fuzzy numbers such that the corresponding possibility distribution is extracted based on an expert's estimation and knowledge. Hence, fuzzy programming could be employed to cope with epistemic uncertainty.

Deep uncertainty is characterized by the lack of information to estimate scenario probabilities. In this case, robust optimization approaches can be used. The robust optimization approach proposed by [START_REF] Mulvey | Robust optimization of largescale systems[END_REF] can be regarded as an extension of stochastic programming. However, it can be used with a min-max regret criterion, which would be applied in the case of deep uncertainty [START_REF] Klibi | The design of robust value-creating supply chain networks: A critical review[END_REF]. As mentioned above, the uncertainty of hydrogen demand (the FCEV market share) is treated as a random uncertainty as reported by several of the reference papers. However, the necessary information to derive the probability distribution for hydrogen demand values as well as various fluctuating factors that influence demand is insufficient. Accordingly, it is more realistic to characterize the hydrogen demand by deep uncertainty which is expressed as a known interval without assuming a specific probability of occurrence of possible values.

The summary in Table 2.12 indicates that the reference papers reported only random uncertainty. Half of the studies employed the scenario analysis, whereas the other half adopted stochastic programming. The epistemic and deep uncertainties, and the corresponding modeling approach, have not been considered in the HSCND models.

2.5.4/ MODEL CONSTRAINTS AND SPATIAL-BASED APPROACH

According to Almansoori et al. (2009), andParker et al. (2010), the constraints for the HSCND model could be categorized according to capacity, flow conservation, time evolution, and non-negativity constraints. Correctly involving constraints is an essential part of the modeling work. The constraints imposed by national or regional policies and regu- 13), [START_REF] Hwangbo | Mathematical model to optimize design of integrated utility supply network and future global hydrogen supply network under demand uncertainty[END_REF]; ( 16), [START_REF] Kim | Strategic design of hydrogen infrastructure considering cost and safety using multiobjective optimization[END_REF]; ( 17), (Kim et al., 2008a); ( 18), [START_REF] Kim | Optimization model for the design and analysis of an integrated renewable hydrogen supply (IRHS) system: Application to Korea's hydrogen economy[END_REF]; ( 20), [START_REF] Sabio | Strategic planning with risk control of hydrogen supply chains for vehicle use under uncertainty in operating costs: A case study of Spain[END_REF] Several papers reported the importance of modeling within real geographic regions and utilized geographic information system (GIS) database in modeling [START_REF] Almaraz | Deployment of a hydrogen supply chain by multi-objective/multi-period optimisation at regional and national scales[END_REF][START_REF] Johnson | A spatially-explicit optimization model for long-term hydrogen pipeline planning[END_REF]Parker et al., 2010) -Specific algorithm/ -Special-purpose techniques such as branch-and-bound, exact solution branch-and-cut, column generation, and decomposition methods.

-Specific algorithm/ -Lagrangian relaxation, linear programming based heuristics, heuristic solution and meta-heuristics.

-General solver/ -Refers to the use of mathematical programming software to exact solution solve a problem either to optimality or until a solution is obtained within a pre-specified gap reflecting the "worst" quality accepted by the decision-maker.

-General solver/ -Off-the-shelf solver run until a given time limit is reached. heuristic solution 2.5.5.2/ MULTI-OBJECTIVE PROBLEMS Solution approaches for the multi-objective problems can be classified as the a priori, a posteriori, and hybrid methods (Yann et al., 2004). The summary in Table 2.14 shows that, the ǫ-constraint method dominates the studies reported in the reference papers. The value of using this type of a posteriori method is that it generates the full set of trade-off solutions. The trade-offs can be investigated further and a particular strategy that satisfies the decision-maker's willingness to compromise according to a set of generated CHAPTER 2. STATE OF ART alternatives is selected [START_REF] Hugo | Hydrogen infrastructure strategic planning using multi-objective optimization[END_REF]. The ǫ-constraint method is based on the minimization of one objective function while considering the other objectives as constraints bounded by certain allowable levels (known as utopia and nadir points, which are presumed to be challenging to determine). Consequently, the ǫ-constraint is often combined with an a priori method (lexicographic), because the latter could serve as an approach to construct the payoff table using only efficient solutions [START_REF] Almaraz | Hydrogen supply chain optimization for deployment scenarios in the Midi-Pyr én ées region, France[END_REF]. Table 2.14: Solution methods for multi-objective models

A priori preference methods -Weighted sum -Lexicographic

A posteriori preference methods -Meta-heuristic methods ǫ-constraint (3), ( 5), ( 10), ( 16), ( 20), ( 21)

Hybrid methods Lexicographic + ǫ-constraint (4) 
(3), [START_REF] Almaraz | Assessment of mono and multi-objective optimization to design a hydrogen supply chain[END_REF]; ( 4), [START_REF] Almaraz | Hydrogen supply chain optimization for deployment scenarios in the Midi-Pyr én ées region, France[END_REF]; ( 5), [START_REF] Almaraz | Deployment of a hydrogen supply chain by multi-objective/multi-period optimisation at regional and national scales[END_REF]; ( 10), (Guill én-Gos álbez et al., 2010); ( 16), [START_REF] Kim | Strategic design of hydrogen infrastructure considering cost and safety using multiobjective optimization[END_REF]; (20), [START_REF] Sabio | Strategic planning with risk control of hydrogen supply chains for vehicle use under uncertainty in operating costs: A case study of Spain[END_REF]; ( 21), [START_REF] Sabio | Holistic minimization of the life cycle environmental impact of hydrogen infrastructures using multiobjective optimization and principal component analysis[END_REF].

Several studies [START_REF] Guill Én-Gos Álbez | A bi-criterion optimization approach for the design and planning of hydrogen supply chains for vehicle use[END_REF][START_REF] Sabio | Strategic planning with risk control of hydrogen supply chains for vehicle use under uncertainty in operating costs: A case study of Spain[END_REF]Agnolucci et al., 2013a;Moreno-Benito et al., 2017) have implemented a two-step hierarchical procedure to speed up the solving, by exploiting the fact that the relaxation of the integer variables of the fullspace model tends to be considerably tight in practical problems. By doing such, the CPU times could obtain a certain degree of reduction as the presence of integer variables is mostly reduced. In the work of [START_REF] Robles | Optimization of a hydrogen supply chain network design by multi-objective genetic algorithms[END_REF], the potential of genetic algorithms (GA) via a variant of the non-dominated sorting genetic algorithm II (NAGA-II) [START_REF] Deb | A fast and elitist multiobjective genetic algorithm: NSGA-II[END_REF] was explored to cope with the multi-objective formulation. Results show that the solutions obtained by the genetic algorithm exhibited the same order of magnitude as those achieved by the CPLEX.

2.6/ PRE-OPTIMIZATION PREPARATION WORKS

In this current study, pre-optimization preparation works refer to those that serve as a basis for modeling and optimization. Although these works are significant, they have not been given sufficient attention in previous review papers. Then we set out to complete the literature review with an analysis of the sources and types of input data for supply chain optimization models. In this section, we report on the three primary preparation works are discussed: data collection, geographic division, and estimation of hydrogen demand.

PRE-OPTIMIZATION PREPARATION WORKS

Three parameters describing the logistic substitution curve are the saturation point, "anchoring" date (the start of the transition), and transition duration. Almansoori et al. (2009) explained the S-shaped curve: during the introductory stage of a hydrogen economy, the demand would be limited to a fleet of vehicles with a fixed daily route and regular refueling intervals at specific locations, e.g., buses. When the manufacturing cost of the FCEVs becomes affordable, and constraints, such as onboard storage, are overcome, the demand trajectory might sharply increase. Eventually, as the market arrives at a state of saturation, the demand trajectory will level off. Although several authors adopted the logistic substitution curve, it was usually based on subjective assumptions, which means that it was assumed outside of any mathematical model. Melendez et al. (2008) proposed a framework for examining whether a particular market can potentially transition to hydrogen-based mobility by evaluating the socio-economic factors. As described in Fig. 2.11, nine key attributes that influence hydrogen penetration into the consumer market are identified. By mapping the value of these socio-economic factors at the local level, an idea of the geographical and temporal evolution of hydrogen demand can be acquired within a particular national context (Agnolucci et al., 2013b).

Each geographic area is scored according to each attribute. Thereafter, these scores are added to obtain the final score. This final score identifies areas where hydrogen demand is presumed to be promising. Only two studies [START_REF] Dayhim | Planning sustainable hydrogen supply chain infrastructure with uncertain demand[END_REF]Moreno-Benito et al., 2017) that consider the socio-economic analysis are reported in the reference papers.

The third method of linking the energy system model with an HSCN model mainly refers to a MARKAL/TIMES model as mentioned in section 2.3.1. One of the fundamental characteristics of a MARKAL/TIMES model is that both supply and demand are integrated;

one automatically responds as the other changes. Considering this feature, it is possible to achieve a hydrogen demand profile by feeding MARKAL/TIMES model with a technicoeconomic specification. The method of linking the energy system model with an HSCN model is schematized in Fig. 2.11. Agnolucci et al. (2013b) noted that apart from studies that use energy system models, most of the studies dealing with the modeling of an HSC assumed an exogenous trajectory of hydrogen demand. Moreover, several studies do not consider the evolution of a system over time. Only one study implemented a comparatively comprehensive estimation of the hydrogen demand that considered logistic substitution curve, socio-economic analysis, and energy system model (Agnolucci et al., 2013a). The estimation process is schematized in Fig. 2.12. Firstly, a hydrogen demand scenario (the HyWay European Hydrogen) (European Research Area, 2015) defined two of the parameters that describe a logistic substitution curve: saturation point and transition duration. Thereafter, the authors adopted an energy system model (named UK MARKAL) to indicate when hydrogen may be introduced to make the transition consistent with the broader analysis of cost-optimal 

3.1/ INTRODUCTION

The transportation sector is one of the most significant contributors to greenhouse gas 2015). In terms of cost per mile, FCEVs will need tax credits or other subsidies to be competitive with conventional cars and other types of alternative fuel vehicles during the early stages of commercial implementation (M. Ruth, T.A. Timbario et al., 2011). However, significant cost reduction can be realized by scaling up manufacturing of FCEVs and hydrogen refueling infrastructures (McKinsey & Company, 2017).

Although the potential environmental benefits of hydrogen in the transportation sector are promising, the shift towards a hydrogen economy is challenging. Currently, the sales of FCEVs look bleak. In the U.S., only about 1,800 Mirai (a mid-size FCEV manufactured by Toyota) have been shipped in 2017. In contrast, 60 times as many Priuses (a hybrid electric vehicle) have been sold, and Tesla has also delivered more than 50,000 electric vehicles [START_REF] Carsalesbase | Automotive industry analysis, opinions and data[END_REF]. The sluggish pace of sales for FCEVs is in part explained by the fact that only 65 hydrogen refueling stations were available in 2017, compared to more than 20,000 charging stations across the U.S. (Department of Energy, U.S., 2018a).

This situation is often described as a "chicken-and-egg" problem (Achtnicht et al., 2012).

Investments in refueling infrastructures pay off only if the vehicle number grows, but developing, building, and marketing vehicles are viable only with adequate refueling stations (McKinsey & Company, 2017).

One way to solve this dilemma is to coordinate the roll-out of vehicles and infrastructure Hydrogen is produced at a plant using biomass that is transported from a biomass warehouse. The CO 2 emissions from hydrogen production are captured and transported to a CO 2 storage site. Hydrogen is delivered to refueling stations and other types of consumers (e.g., a fleet of buses or stationary applications). There are also refueling stations that run autonomously as they produce hydrogen on-site, thus they do not rely on delivery.

The construction plan is responsible for answering the following questions:

• What is the hydrogen demand?

• where is this demand located?

• What kind of feedstock and technology should be selected to produce hydrogen?

• Will hydrogen be produced on-site or be delivered from production plants?

hydrogen supply network. Most of HSCND models involve no decision variables related to refueling station issues. Those ones, which do consider refueling infrastructures, determine only the number, type (gaseous or liquefied hydrogen), and size of the stations.

On the other hand, the HRSP models do not answer questions like "where will the hydrogen come from?". They are less concerned with the technologies of the stations, and therefore do not include upstream infrastructure issues. Thus, it is reasonable to combine these two types to build a new model that can cover all types of infrastructures within the hydrogen supply network. In addition, the time horizon and geographic scale should be carefully selected to coordinate the characteristics of these two model classes. In light of these concerns, the main contributions of this chapter are:

• Propose for the first time a mathematical model that covers the entire hydrogen supply network (from feedstock supply to refueling stations).

• Demonstrate the advantages of considering all the relevant components within a single framework.

The remainder of this chapter is divided into six main sections. Section 3.2 analyzes the relevant scientific literature. Section 3.3 provides the problem description. Section 3.4

presents our proposed mathematical model. Section 3.5 describes the setup of instances as well as the input data. Section 3.6 presents the results and discussions. Finally, Section 3.7 provides the conclusions and outlines some plans for future developments.

3.2/ LITERATURE REVIEW

The relevant literature in both the fields of hydrogen supply network design and refueling station planning are reviewed in Chapter 2. The following provides some supplements.

3.2.1/ HYDROGEN SUPPLY CHAIN NETWORK DESIGN (HSCND)

Melo et al. ( 2009) highlighted the importance of explicitly integrating the feedstock issues into SCND. However, less than half of the reference papers reviewed in Chapter 2 involves the feedstock and its logistics into modeling, as shown in Table 3.1. It is also noted that few reference papers consider the possible adoption of a CCS (carbon capture and storage) system, which is of great importance to meet specific carbon targets when fossil energy is chosen as the feedstock. Moreover, little attention has been paid to the strategic decisions related to the refueling station in HSCND models. Neither the location problem nor the technology selection (i.e., standard or on-site) have been investigated. It is noteworthy that whether an HSCN is based on liquid hydrogen (LH 2 ) or gaseous hydrogen
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(GH 2 ) is determined subjectively through the definition of scenarios or configurations in most of the models. 

3.2.2/ HYDROGEN REFUELING STATION PLANNING (HRSP)

Most papers published in this field concentrate on the location-allocation problem of refueling stations. Optimization-based approaches for locating refueling stations are divided into two main groups depending on the geometric representation of demands, which are models for node-based and flow-based demands (Hosseini et al., 2015).

The node-based demand models consider each node as a demand point, and drivers would have to make specific trips to join the facilities and obtain services. The main advantage of using these models is the relatively easy access to data, such as population and spatial information [START_REF] Hwang | Infrastructure development for alternative fuel vehicles on a highway road system[END_REF]. Nicholas et al. (2004) andNicholas et al. (2006) employed the p-median model, which is one of the node-based demand models, to locate refueling stations that minimize a weighted sum of driving times to the closest station. Lin et al. (2008b) also applied the p-median model to the fuel-travel-back concept and proposed a MILP formulation that minimizes the total fuel-travel-back time. Another example refers to the California Hydrogen Infrastructure Tool (CHIT), which is a geospatial analysis tool to identify the areas with the greatest need for refueling infrastructure based on a gap analysis between a projected market and current infrastructure (California Air Resources Board, 2018).

Many researchers argue that for refueling stations, as well as other service stations such as automatic teller machines, customer demand does not occur entirely at points, because people commonly will not make a trip solely for such a service [START_REF] Jung | Stochastic dynamic itinerary interception refueling location problem with queue delay for electric taxi charging stations[END_REF].

It may be more realistic to model the demands as flows on the network, which are served "on the way". This consideration leads to the development of flow-based models [START_REF] Huang | Optimal deployment of alternative fueling stations on transportation networks considering deviation paths[END_REF]. First developed by [START_REF] Berman | Optimal location of discretionary service facilities[END_REF] and Hodgson (1990), the Flow-Capturing Location Model (FCLM) is a maximum coverage model that entails facility locations to serve passing flows, which are considered as captured if a facility is located on the flow paths. The basic model locates p facilities to capture as much flow as possible.

Many modifications have been made to extend the original FCLM, such as introducing budget constraints [START_REF] Shukla | An optimization framework for cost effective design of refueling station infrastructure for alternative fuel vehicles[END_REF], considering the limited driving range of vehicles [START_REF] Kuby | The flow-refueling location problem for alternative-fuel vehicles[END_REF][START_REF] Kuby | Optimization of hydrogen stations in florida using the flow-refueling location model[END_REF][START_REF] Lim | Heuristic algorithms for siting alternative-fuel stations using the Flow-Refueling Location Model[END_REF], relaxing the assumption that all flows are on the shortest path between Origin-Destination pairs [START_REF] Berman | Locating discretionary service facilities II: Maximizing market size, minimizing inconvenience[END_REF][START_REF] Kim | The deviation-flow refueling location model for optimizing a network of refueling stations[END_REF][START_REF] Kim | A network transformation heuristic approach for the deviation flow refueling location model[END_REF], and introducing refueling capacities (Hosseini et al., 2017b,a;Upchurch et al., 2009). Apart from the FCLM, there is another series of flow-based models that aim to satisfy all travel demands by deploying the least number of refueling stations (Wang et al., 2009(Wang et al., , 2010(Wang et al., , 2013)).

While considerable attention has been paid to the location problem of refueling stations, the influence of refueling technology on location decisions has not received the attention it needs. It will be demonstrated in the following sections that the refueling network is deeply impacted by the selection of refueling technology (on-site or standard). It must also be noted that, for many flow-based models, the relationship between the captured flow and the refueling capacity has been neglected. In short, models cited above could tell "where" to locate the station, but neither the information on "what it is" (the refueling technology) nor "how big it is" (the size) is provided.

3.2.3/ LITERATURE SUMMARY

The existing literature reveals a gap in the development of comprehensive hydrogen supply network models. Some researchers have already noticed this issue. He et al. (2017) and Sun et al. (2017) have proposed hydrogen station location optimization models, which focus on the stage of hydrogen source-hydrogen station. Their models optimize the number and locations of stations, hydrogen source selection for the stations, and method of transportation to minimize the hydrogen life cycle cost. However, the capacity of each
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station is pre-defined. Furthermore, the feedstock and its logistics, as well as a CCS system, have not been considered in the models. There is no decision variable relating to refueling technologies.

It is the primary purpose of this chapter to fill the research gap by integrating the hydrogen supply chain network design and hydrogen refueling station planning. Also, feedstock and CCS issues are involved, and the model can decide the refueling technology and refueling capacity of service stations. From a system modeling viewpoint, the hydrogen supply network design falls within the general category of strategic supply chain management problems [START_REF] Mula | Mathematical programming models for supply chain production and transport planning[END_REF].

3.3/ PROBLEM STATEMENT

In terms of the structural features of the supply chain, the model that we propose is a single-commodity (hydrogen), mono-period, deterministic model with four location layers (feedstock, production, refueling station, and CO 2 storage). In addition to the typical location-allocation decisions, this model also involves decisions related to capacity, production, and transportation modes.

3.4/ MATHEMATICAL MODEL

Considering the problem characteristics, we developed a Mixed Integer Linear Program (MILP) for the studied problem. The notations are shown below, followed by the model assumptions. The objective function and constraints are characterized subsequently. The study is based on the following assumptions:

3.4.1/ NOTATIONS

• The length of the shortest path between each pair of nodes is regarded as the distance between the two nodes, which is given as input data;

• Two types of fixed-location demand are considered: Type A refers to stationary applications such as combined heat and power system, and Type B refers to fleet vehicles. For the former, one needs only to deliver the required amount of hydrogen, while for the latter, in addition to meeting the fixed-location demand, one should also build a standard refueling station to satisfy the refueling demand at that node;
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• The vehicles required to deliver hydrogen and feedstock are rented;

• The potential locations where the CO 2 storage sites could be built are given as model inputs;

• Only the CO 2 emission of the hydrogen production plants could be captured and processed by the CCS system;

• The total amount of CO 2 emission of the HSCN could be zero or negative depending on the type of feedstock selected and whether a CCS system is adopted (e.g., when biomass is selected as feedstock and a CCS system is also applied). Negative emissions generate revenue. For simplicity, the carbon price remains the same for both positive and negative emissions.

3.4.3/ OBJECTIVE FUNCTION

The optimization framework seeks to minimize the least cost of hydrogen (LCOH) in e/kg H 2 , which is attained by dividing the total daily cost (T DC) by the amount of hydrogen delivered per day (T HD):

Minimize LCOH (3.1)

LCOH = T DC T HD (3.2)
The total daily cost (T DC) consists of the contribution of capital cost (CC), feedstock purchasing cost (EC), operating cost (OC), and emission cost (EMC):

T DC = CC + EC + OC + EMC (3.3)
The amount of hydrogen delivered per day (T HD) is given by

T HD = q∈Q f pair q * IC q + n∈N,i∈I (dem h,A ni + dem h,B ni ) (3.4)
The first term on the right-hand-side of Eq. (3.4) refers to the hydrogen demand of FCEVs, where f pair q

is the amount of hydrogen refueling demand flow of OD (Origin-Destination) flow pair q, and IC q equals 1 if flow pair q is captured. The second term refers to the fixed-location demand, and dem h,A ni and dem h,B ni represent the fixed demand at node n (in hydrogen form i) of Type A and Type B, respectively.

CC = 1 α * β (FCC + TCC) (3.5)
The right-hand-side of Eq. (3.5) is divided by the annual network operating period (α) and the payback period of capital investment (β) to find the cost per day.

• Facility capital cost (FCC)

FCC = p∈P,i∈I,k∈K NP pik * pcc pik + s∈S ,i∈I, j∈J NF si j * f cc si j + o∈O, j∈J NF o j * f cc o j + NR * ccc (3.6)
where NP pik represents the number of production plants of technology p, hydrogen form i, and size k. pcc pik is the capital cost of one plant of this type. NF si j denotes the number of standard refueling stations of technology s, hydrogen form i, and size j. f cc si j is the capital cost of one station of this type. NF o j gives the number of on-site refueling stations of technology o and size j. f cc o j is the capital cost of one station of this type. NR represents the number of CO 2 storage sites and ccc is the capital cost of one site.

• CO 2 transportation capital cost (TCC)

The TCC is obtained by multiplying the unit capital cost of CO 2 pipeline (cpcc) by the pipeline length:

TCC = cpcc * n,m∈N X nm * l nm (3.7)
where X nm equals 1 if CO 2 is transported from node n to m, and l nm is the shortest distance between the two nodes. where euc e is the unit cost of the feedstock of type e, and ES R e is the total supply rate of the feedstock of type e, given by
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where PES R ne is the supply rate of a feedstock site at node n that supplies feedstock of type e to hydrogen production plants (plants at the same node or built at other nodes).

OES R ne is the feedstock supply rate of a feedstock site at node n that supplies feedstock of type e only to the on-site refueling station built at the same node. 

EMC = ER * cp (3.20)
where cp is the carbon price and ER is the total emission rate, which is given by

ER = (PER -PER c ) + S FER + OFER + T ER (3.21)
PER is the production emission rate, which is obtained by

PER = n∈N,p∈P,i∈I,k∈K PR npik * (γ eu pik + γ eo pik ) (3.22)
In the equation, PR npik denotes the production rate of a production plant of technology p, hydrogen form i, and size k. γ eu pik and γ eo pik are the production upstream and on-site emission factors of this type of plant, respectively. PER c is the total emission rate of production plants where emissions are processed, given by

PER c = n∈N PER c n (3.23)
where PER c n is the emission rate of a production plant at node n, where emissions are processed, given by

PER c n = p∈P,i∈I,k∈K PR c npik * γ eo pik * γ c pik (3.24)
where PR c npik represents the production rate of a production plant of technology p, hydrogen form i, and size k, and where emissions are processed (see Eq. (3.65)), and γ c pik is the production emission capture efficiency of this type of plant.

Refueling emission rates are obtained by Eqs. (3.25) and(3 S FER and OFER are the total emission rates of the standard and on-site refueling stations, respectively. FR si j represents the total refueling rate of standard refueling stations of technology s, hydrogen form i, and size j. γ e si j is the emission factor of this type of station. FR o j denotes the total refueling rate of on-site refueling stations of technology o and size j. γ e o j is the emission factor of this type of station.

The emission rates related to hydrogen transportation (T ER) depend on fuel usage, given by

T ER = h∈H,n,m∈N γ e h * 2 * l nm * Q hnm f e h * tcap h (3.27)
where γ e h is the emission factor of hydrogen transportation, which represents the volume of emissions due to the unit fuel usage. Q hnm represents the hydrogen transportation flux (in mode h) from node n to m, and l nm is the shortest distance between the two nodes.

f e h and tcap h are the fuel economy and capacity of hydrogen transportation mode h. The emissions results from feedstock transportation are included in the upstream emission of hydrogen production, therefore do not need to be calculated separately. 

• Hydrogen

The hydrogen mass balance is defined at each node n, and for each hydrogen form i, such that the hydrogen production (PR npik ) and input from other nodes m (Q hmn ) meets the refueling demand (FR nsi j ), the fixed-location demand (dem h,A ni , dem h,B ni ) of this node n, and the hydrogen output to other nodes m (Q hnm ), as follows:

p∈P,k∈K PR npik + m∈N,h:(i,h)∈IH Q hmn = m∈N,h:(i,h)∈IH Q hnm + s∈S , j∈J FR nsi j + dem h,A ni + dem h,B ni , ∀n ∈ N, i ∈ I (3.28) • Feedstock
For feedstock consumed by hydrogen production plants, the feedstock mass balance is defined at each node n, for each combination of feedstock types and production technologies (e, p), such that the feedstock supply (PES R ne ) and input from other nodes m (Q f mn ) meets the consumption of feedstock, which is calculated by multiplying the production rate at that node (PR npik ) by the corresponding conversion rate (δ (e,p) ), and the feedstock output to other nodes m (Q f nm ), as follows:
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For feedstock consumed by on-site refueling stations, the feedstock mass balance is given:

OES R ne = j∈J FR no j * δ (e,o) , ∀n ∈ N, (e, o) ∈ EF (3.30)
In the equation, OES R ne represents the feedstock supply rate. FR no j denotes the refueling rate and δ (e,o) is the conversion rate of feedstock (type e) to hydrogen at on-site stations.

• CO 2

The CO 2 mass balance should be likewise satisfied at each node n to quantify the infrastructure needs for a CCS system.

PER c n + m∈N Q mn = m∈N Q nm + CR n , ∀n ∈ N (3.31)
In the equation, PER c n represents the emission rate of a production plant at node n, where emissions are processed. Q mn is the CO 2 transportation flux from node m to n, whereas Q nm is the flux from node n to m. CR n is the CO 2 processing rate. The production rate (PR npik ) cannot exceed certain limits:

IP npik * pcap min pik PR npik IP npik * pcap max pik , ∀n ∈ N, p ∈ P, i ∈ I, k ∈ K (3.37)
The number of production plants (NP pik ) is given by

NP pik = n∈N IP npik , ∀p ∈ P, i ∈ I, k ∈ K (3.38)
The total production rate of production plants (PR pik ) is defined as

PR pik = n∈N PR npik , ∀p ∈ P, i ∈ I, k ∈ K (3.39)
In Eqs. (3.37) -(3.39), IP npik equals 1 if there is a production plant at node n, of technology p, hydrogen form i, and size k. The bounds of production capacity are represented by pcap.

3.4.4.4/ REFUELING STATION CONSTRAINTS

The refueling rate (FR nsi j , FR no j ) cannot exceed certain limits:

IF nsi j * f cap min si j FR nsi j IF nsi j * f cap max si j , ∀n ∈ N, s ∈ S , i ∈ I, j ∈ J (3.40) IF no j * f cap min o j FR no j IF no j * f cap max o j , ∀n ∈ N, o ∈ O, j ∈ J (3.41)
The total refueling rates (FR si j , FR o j ) are defined as

FR si j = n∈N FR nsi j , ∀s ∈ S , i ∈ I, j ∈ J (3.42) FR o j = n∈N FR no j , ∀o ∈ O, j ∈ J (3.43)
The number of refueling stations (NF si j , NF o j ) are given by If fixed-location hydrogen demand of Type B exists at node n (means id h,B n equals 1), a standard refueling station should also be built at this node:

NF si j = n∈N IF nsi j , ∀s ∈ S , i ∈ I, j ∈ J (3.44) NF o j = n∈N IF no j , ∀o ∈ O, j ∈ J (3.
S IF n id h,B n , ∀n ∈ N (3.46)
S IF n equals 1 if there is a standard refueling station at node n.

3.4.4.5/ TRANSPORTATION CONSTRAINTS

The transportation flux of hydrogen, feedstock, and CO 2 (Q hnm , Q f nm , Q nm ) cannot exceed certain limits: Transportation between different nodes can only occur in one direction:

X hnm * tcap min h Q hnm X hnm * tcap max h , ∀h ∈ H, n, m ∈ N (3.47) X f nm * tcap min f Q f nm X f nm * tcap max f , ∀ f ∈ F, n, m ∈ N (3.48) X nm * tcap min Q nm X nm * tcap max ,
X hnm + X hmn 1, ∀h ∈ H, n, m ∈ N (3.50) X f nm + X f mn 1, ∀ f ∈ F, n, m ∈ N (3.51) X nm + X mn 1, ∀n, m ∈ N (3.52)
A node can only export hydrogen when there is a production plant at this node:

IP n X hnm , ∀h ∈ H, n, m ∈ N (3.53)
where IP n equals 1 if there is a production plant (of any technology, any hydrogen form, and any size) at this node. The following equation ensures that only one plant could be installed at each node.

IP n = p∈P,i∈I,k∈K IP npik , ∀n ∈ N (3.54)
where IP npik equals 1 if there is a production plant at node n, of technology p, hydrogen form i, and size k.

Hydrogen is imported into the nodes that have standard refueling stations or fixed-location demand of Type A, or both:

S IF n + id h,A n X hmn , ∀h ∈ H, n, m ∈ N (3.55)
where S IF n equals 1 if there is a standard refueling station (of any technology, any hydrogen form, and any size) at this node. id h,A n indicates whether node n has fixed-location demand of Type A.

A node cannot export feedstock when there is no feedstock supplier of hydrogen production plants (of any type of feedstocks) at this node (implies IE n equals to 0):

IE n X f nm , ∀ f ∈ F, n, m ∈ N (3.56)
where IE n is defined as

IE n = e∈E IE ne , ∀n ∈ N (3.57)
where IE ne equals 1 if node n is chosen as a feedstock supplier that supplies feedstock of type e to production plants.

The end of the feedstock transportation link can only be the production plants:

IP n X f mn , ∀ f ∈ F, n, m ∈ N (3.58)
where IP n equals 1 if there is a production plant at node n.

A node can only export CO 2 when the emission of the production plant at this node is processed (means I M n equals 1):

I M n X nm , ∀n, m ∈ N (3.59)
The CO 2 transportation link ends only at the nodes where CO 2 storage sites are located (means IR n equals 1):

IR n X mn , ∀n, m ∈ N (3.60) 3.4.4.6/ EMISSION CONSTRAINTS
The production emission of a node cannot be processed if there is no plant at this node:

I M n IP n , ∀n ∈ N (3.61)
where IP n denotes whether node n has a production plant, and I M n takes the value of 1 if the emission of the plant at that node is processed.

The CO 2 processing rate (CR n ) cannot exceed certain limits:

IR n * ccap min n CR n IR n * ccap max n , ∀n ∈ N (3.62)
where IR n equals 1 if there is a CO 2 storage site at node n. The bounds of CO 2 processing capacity are represented by ccap.

The total processing rate of CO 2 (CR) is given by

CR = n∈N CR n (3.63)
where CR n is the CO 2 processing rate of a CO 2 storage site at node n.

The number of CO 2 storage sites (NR) is defined as

NR = n∈N IR n (3.64)
The production rate of a production plant where emissions are processed (PR c npik ) can be obtained by the following equation:

PR c npik = I M n * PR npik , ∀n ∈ N, p ∈ P, i ∈ I, k ∈ K (3.65)
where PR npik represents the production rate of a production plant at node n, and I M n denotes whether the emission of this plant is processed.

The Eq. (3.65) is nonlinear and can be linearized by the following constraints:

PR c npik I M n * pcap max pik , ∀n ∈ N, p ∈ P, i ∈ I, k ∈ K (3.66) PR c npik PR npik , ∀n ∈ N, p ∈ P, i ∈ I, k ∈ K (3.67) PR c npik PR npik -(1 -I M n ) * pcap max pik , ∀n ∈ N, p ∈ P, i ∈ I, k ∈ K (3.68)
where pcap max pik is the upper limit of production capacity.

3.4.4.7/ DEMAND CONSTRAINTS

The percentage of hydrogen refueling demand flow that can be captured (DEM h,cap ) should be equal to the number given as input (dem h,exp ): where ǫ is a small positive number, which is set to 0.01 in this study, and DEM h,cap is defined by

DEM h,cap = dem h,exp (3 
DEM h,cap = q∈Q f pair q * IC q q∈Q f pair q * 100 (3.71)
where

f pair q
is the amount of hydrogen refueling demand flow of OD flow pair q, and IC q equals 1 if flow pair q is captured.

A hydrogen refueling demand flow is captured if there is at least one refueling station (of any technology and any size) on one of the nodes that lie on the shortest path of this flow pair:

n∈N q IF n IC q , ∀q ∈ Q, (3.72) 
where IF n equals 1 if there is a refueling station (standard or on-site) at this node. The following equations ensure that only one refueling station could be installed at each node. is the hydrogen refueling demand flow of node n.

IF n = S IF n + OIF n ,

3.4.5/ SOME ELEMENTS FOR COMPLEXITY

Considering |E| as the number of elements in the set E, it is possible to determine the number of continuous, integer and binary variables as well as the number of constraints.

Number of decision variables:

• continuous:

|x 1 | = 30 + |E| + |O| • |J| + |S| • |I| • |J| + |P| • |I| • |K| +|N| • (2 + 2 • |E| + |O| • |J| + |S| • |I| • |J| + 2 • |P| • |I| • |K|) +|N| 2 • (1 + |H| + |F|)
If we consider only the independent variables, the number is :

|x 1 | = 2 + |E| +|N| • (1 + |E| + |O| • |J| + |S| • |I| • |J| + 2 • |P| • |I| • |K|) +|N| 2 • (1 + |H| + |F|)
• integer:

|x 2 | = 1 + |E| + |F| + |H| + |O| • |J| + |S| • |I| • [J| + |P| • |I| • |K|
Only NV h and NV f are integer independent variables

|x 2 | = |F| + |H|
• binary:

|x 3 | = |Q| +|N| • (7 + |E| + |O| + |O| • |J| + |S| • |I| • [J| + |P| • |I| • |K|) +|N| 2 • (1 + |H| + |F|)
If we consider only the independent variables, the number is :

|x 3 | = |Q| +|N| • (2 + |E| + |O| • |J| + |S| • |I| • [J| + |P| • |I| • |K|) +|N| 2 • (1 + |H| + |F|)
• global:

3.4. MATHEMATICAL MODEL 75 |x| = |x 1 | + |x 2 | + |x 3 | = 31 + 2 • |E| + |F| + |H| + |Q| + 2 • |O| • |J| + 2 • |S| • |I| • [J| + 2 • |P| • |I| • |K| +|N| • (9 + 3 • |E| + |O| + 2 • |O| • |J| + 2 • |S| • |I| • |J| + 3 • |P| • |I| • |K|) +2 • |N| 2 • (1 + |H| + |F|)
the total number of independant variables is :

|x| = |x 1 | + |x 2 | + |x 3 | = 2 + |E| + |F| + |H| + |Q| +|N| • (3 + 2 • |E| + 2 • |O| • |J| + 2 • |S| • |I| • |J| + 3 • |P| • |I| • |K|) +2 • |N| 2 • (1 + |H| + |F|)
If the number of nodes in the graph is very large, with

9 + 3 • |E| + |O| + 2 • |O| • |J| + 2 • |S| • |I| • |J| + 3 • |P| • |I| • |K| << |N|, then the total number of decision variables is equivalent to : 2 • |N| 2 • (1 + |H| + |F|)
Number of constraints:

|cst| = 36 + |E| + |Q| + 2 • |O| • |J| + 2 • |S| • |I| • [J| + 2 • |P| • |I| • |K|) +|N| • (11 + |I| + 2 • |E| + |O| + |E| • |P| + |E| • |F| + |E| • |O| + |O| • |J| + |S| • |I| • |J| + 4 • |P| • |I| • |K|) +4 • |N| 2 • (1 + |H| + |F|)
If the number of nodes in the graph is very large, with

11 + |I| + 2 • |E| + |O| + |E| • |P| + |E| • |F| + |E| • |O| + |O| • |J| + |S| • |I| • |J| + 4 • |P| • |I| • |K| << |N|,
then the total number of constraints is equivalent to :

4 • |N| 2 • (1 + |H| + |F|)
It should be specified that these elements of complexity are theoretical: they represent the maximal number of variables and constraints used to solve the problem. For example, |E| • |F| is greater than the possible combinations of feedstock types and transportation modes.

To validate our exact model and confirm its interest compared to existing optimization models, we considered a real case, the one of the Franche-Comt é region, for which we aimed to evaluate the deployment of a hydrogen supply chain. The approach that we followed for the experimentation phase and that we detailed in the two following sections is as follows:

• elaboration of the network graph for this region;

• estimation and representation of hydrogen demand;

• description of the components of the supply chain and associated characteristics;

• generation of several sets of instances based on the regional case study;

• solving of the generated instances using our exact model;

• analysis of the results and discussion about the contribution of the proposed model. 3.8.

It is assumed that a potential CO 2 storage site is located at Morteau and its maximum processing capacity is 200,000 kg CO 2 /d (see Fig. It is assumed that hydrogen refueling demand flow is more likely to appear between two closer cities with higher FCEV ownerships. The potential FCEV ownership is related not only to the population but also to several demographic metrics. Melendez et al. (2008) proposed nine metrics that influence FCEV adoption by consumers. Given the availability of statistics, the following four ones are chosen for this study:

• Vehicle 3 : Households with multiple vehicles are more likely to adopt hydrogen vehicles.

• Income 4 : Higher incomes lead to earlier adoption of FCEV.

• Education 5 : Higher education leads to earlier adoption.

• Commute 6 : Commuting with private vehicles interests consumers in newer and more efficient vehicles. (3.79) 3 The ratio of households with two or more vehicles. 4 Yearly household income. 5 Share of persons whose highest degree is a bachelor's degree in the out-of-school population aged 15 or over.

6 Share of persons who use private vehicles for commuting. 7 National Institute of Statistics and Economic Studies Gray has the highest score of "Vehicle", and Bavans has higher scores in both "Vehicle"

and "Commute". It can also be found that, although Besanc ¸on is still the city with the largest weight, the urban agglomerations in the northeast have gathered several cities with relatively high weights.

After computing the demand level for the 31 considered cities, the potential flow of FCEVs on the roads of the network should be determined. First, the gravity model (Haynes et al., 1985) is used to quantitatively measure the possibility that an Origin-Destination (OD) pair flow becomes a hydrogen refueling demand flow. As shown in Eq. ( 3.80), the possibility (P q ) of an OD pair (q) that links two cities n and m can be expressed as a ratio of the multiplied final scores (weights of cities obtained above) over the distance between this pair of cities.

P q = S core f inal,city n * S core f inal,city m l nm (3.80) The obtained results can be regarded as "weights" of origin-destination (OD) pairs, with which the value of hydrogen refueling demand flow of each pair is determined. Based on the report of L'Association Franc ¸aise pour l'Hydrog ène et les Piles à Combustible (2018)8 , it is estimated that the potential hydrogen demand of FCEV in Franche-Comt é in 2030 will be 4,378 kg/d9 . This total demand is distributed between the OD pairs according to their "weights" obtained by Eq. (3.80). In this way, the hydrogen refueling demand is linked to the OD flow pairs, and the resulting demand flow network is presented in Fig. shown in Table 3.5. The on-site refueling stations consist of on-site-SMR and on-siteelectrolysis. The cost and emission data are presented in Table 3.6 [START_REF] Melaina | Hydrogen station cost estimates: Comparing hydrogen station cost calculator results with other recent estimates[END_REF].

3.5.3.3/ HYDROGEN AND FEEDSTOCK TRANSPORTATION

Gaseous hydrogen is conveyed via tube trailers whereas liquefied hydrogen is transported in tanker trucks. For feedstock, this study considers only the transportation of biomass via trucks. The cost and emission data are presented in Table 3.7. 

Source: ( 1), ( 2), ( 4) -(Department of Energy, U.S., 2018c, 2010); ( 3) -(Department of Energy, U.S., 2018c, 2010; Électricit é de France, 2018); ( 5) -(Department of Energy, U.S., 2018b). Note: The costs of liquid production (capital and operating) are obtained by adding the cost of liquefier to gaseous production. 

Source: ( 1), ( 2) -(Department of Energy, U.S., 2018d, 2010); ( 3) -(Department of Energy, U.S., 2018d, 2010; Électricit é de France, 2018); ( 4) -(Department of Energy, U.S., 2018b). Note: The costs of liquid production (capital and operating) are obtained by adding the cost of liquefier to gaseous production; Because lack of information, the upstream emission factor of "Medium" and "Large" (gaseous production) are obtained by multiplying the value of "Small" with 0.8 and 0.64, respectively. 

Source: (1), ( 2), ( 4 

Source: ( 1), ( 2), ( 5) -(Department of Energy, U.S., 2010); ( 3), ( 4) -(L'Association Franc ¸aise pour l'Hydrog ène et les Piles à Combustible, 2018). 3), ( 4) -(L'Association Franc ¸aise pour l'Hydrog ène et les Piles à Combustible, 2018); ( 5) -(Department of Energy, U.S., 2018c,d; Électricit é de France, 2018). Note: The costs of an on-site station (capital and operating) are obtained by adding the cost of on-site production to a gaseous standard station. Due to lack of information, the emission factor of "Medium" and "Small" are obtained by multiplying the value of "Large" with 1.2 and 1.44, respectively. 2), ( 4), ( 5), ( 6), ( 7), ( 8 • Group A: Only on-site stations are used to satisfy refueling needs. This can be seen as a simple upgrade of the classical FCLM (Flow-Capturing Location Model).

The main mission is to locate on-site stations under the constraints of feedstock availabilities. In addition, the model needs to select a proper size for each on-site station.

• Group B: Only standard stations are employed to satisfy refueling needs. The model needs to locate standard stations as well as production plants, as the former can only receive hydrogen produced by the latter. In this group of instances, feedstock transportation is forbidden. Therefore, a plant can use only the feedstock supplied by the city where it is located. Plants and standard stations are linked by hydrogen transportation. Group B integrates the HSCND model and the HRSP model, and covers the whole hydrogen supply chain, from feedstock to refueling stations.

• Group C: Based on Group B, with the addition of on-site stations. The introduction of on-site stations allows the model to choose between two completely different refueling technologies. It is reasonable to assume that "mix" may provide more interesting configurations. By comparing the results of instances of Group A, Group B, and Group C, one could learn how refueling technologies impact HSCN.

• Group D: Based on Group B, but allowing feedstock transportation. The introduction of feedstock transportation provides the model with the capability to examine the trade-off between the transportation of feedstock and hydrogen. By comparing the results of instances of Group B and Group D, one examines the advantages of integrating feedstock transportation into the model.
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• Group E: Based on Group B, and involving a CCS system. Although the adoption of a CCS system could greatly reduce the CO 2 emission of HSCN, it yields huge expenses. The introduction of a CCS system makes the model capable of studying the trade-off between considerable emission costs and establishment of a CCS system. In addition, the model examines the trade-off among the transportation of hydrogen, feedstock, and CO 2 when locating production plants. By comparing the results of instances of Group B and Group E, one reviews the advantages of integrating a CCS system into the model.

• Group F: Based on Group B, adding fixed-location demand. The purpose of this group is to verify that the model can meet other hydrogen demand requirements while satisfying the refueling demands. By comparing the results of instances of Group B and Group F, one can observe how fixed-location demand changes the configuration of HSCN.

• Group G: All model components are involved. The model will be able to compare all possible configurations together and to consider various trade-offs to find the optimal result. Within each group of instances, one or several sets are defined. The sets of a given group differ by the feedstock type or the hydrogen form, as shown in Table 3.10. 

N/A N/A Set A2 N/A N/A Set B1 Set B2 Set B3 Set C Set D Set E1 Set E2 Set F Set G
The model proposed in this study is mono-objective. The environmental impact of the HSCN is represented by the contribution of emission cost in the LCOH (least cost of hydrogen, expressed in e/kg H 2 ). Therefore, the value of the carbon price has a significant influence on the model results. Two levels of carbon price are set to observe the changes in configuration, especially the model's behavior toward a CCS system. Based on the estimation of carbon price in Europe from various institutions [START_REF] Chestney | European Union carbon prices climb to 10-year high[END_REF]Carbon Tracker, 2018;World Bank et al., 2018), the low level of carbon price (LC) is set to 0.05 e/kg CO 2 , and the high level (HC) is set to 0.27 e/kg CO 2 .

The potential hydrogen refueling demand is represented by "flow". It may not necessarily be "captured" totally. Decision-makers can decide freely the percentage of flow that needs to be captured. For a specific percentage of flow, the model provides the optimal HSCN configuration that satisfies these demands and the resulting LCOH. Fig. 3.4 presents the value of LCOH and number of refueling stations for each percent of flow captured of Set A1 with LC (low carbon price), from 1% to 100%. It can be seen that the LCOH curve appears U-shaped. A small refueling demand flow requires at least one station to be satisfied. Therefore, the contribution of capital cost to LCOH will be extremely high. Thus, for less than 10%, the smaller the percentage of flow captured, the higher the LCOH. At the other side, for a captured flow greater than 90%, the model needs to build more stations to approach 100%. This is because the places that are more efficient in flow capturing have already been chosen. The "extra" expenditure in capital cost causes the curve to rise sharply. So we can deduce that, at least for such an instance, and for decision-makers, less than 10% and higher than 90% are areas of less interest. Therefore, three levels of refueling demand are set, 10% for low demand (LD), 50% for medium demand (MD), and 90% for high demand (HD). Then we have generated 66 instances.

The name of each instance is formatted as "Set-N-C-D", where "N" is the name of the 11 sets defined in Table 3.10, "C" is the carbon price level (LC for low one or HC for high one), and "D" represents the refueling demand level (LD, MD, or HD, respectively for low, medium and high, as defined above).

Each instance is solved to obtain its optimal LCOH value and associated network configuration. Fig. 3.5 illustrates the configuration and captured hydrogen refueling demand flow for Set-A1-LC-MD. It is shown that three on-site stations are located at Besanc ¸on, Champagnole, and Valentigney. The captured flow is indicated in red. Based on the model's assumptions, a refueling station could capture all refueling demand of the node at which it is located. Correspondingly, all edges' flow directly linked to this node is also captured. This explains why the three cities and their surrounding roads are all red. Flows in areas with no stations are less captured, as in the northern area. For all the instances analyzed in the following section, we will provide such figures to allow a visual representation of the captured hydrogen refueling demand flow.

3.6/ RESULTS AND DISCUSSION

Our model is solved by CPLEX 12.7 for the defined instances on a computer equipped with a 3.2 GHz i5-6500 and 16 GB of RAM. The corresponding computational statistics are summarized in Table 3.11 which illustrates the complexity of each instances'group. It is known that on-site-electrolysis stations have a higher capital cost than on-site-SMR, as shown in Table 3.6. Therefore, in most situations, instances of Set A1 obtain a higher LCOH than instances of Set A2 (see Fig. 3.6 -(a)). As the emission factor of on-site-SMR is higher than that of on-site-electrolysis, the impact of emission costs will be more important as the carbon price is high. The gap between the two sets shrinks when carbon price increases, and this gap may even reverse for instances A i -HC-HD. Fig. 3.7 illustrates the differences between the supply chain structures obtained with our model for Set A1 and A2. Only the results for the high carbon price scenario are presented here. For the two sets of instances, we obtain the same number and locations of on-site stations at low (LD) and medium (MD) demands. It must be noted that Set A2 can only install on-site-SMR stations at cities that are covered by a natural gas network, which means that the model cannot locate stations considering only the efficiency of refueling demand flow capturing. Consequently, at high demand, Set A2 results in more stations and higher LCOH than Set A1.

3.6.2/ ROLE OF HYDROGEN FORMS

Fig. 3.6 -(b) shows that HSCN based on liquid hydrogen is more expensive at all three demand levels. The high cost is due to the need for liquefaction devices, which incur a high capital cost. Moreover, liquefaction requires a large amount of power consumption, increasing operating costs. We can notice that the gap between gaseous and liquid is shrinking when hydrogen demand rises. This can be explained by the advantage of liquid hydrogen in transportation. The number of vehicles required to transport the same amount of liquid hydrogen is smaller than for gaseous hydrogen because the capacity of a tanker truck (for liquid hydrogen) is nearly 23 times as large as a tube trailer (for gaseous hydrogen). Although the advantage in transportation cannot offset the high cost of lique-of biomass is that its upstream emission factor is negative. If a BG plant adopts a CCS system, 90% of its on-site emission will be captured so that the plant's CO 2 emissions are negative for every 1 kg of hydrogen produced using biomass. Hydrogen production plant emissions account for most of the total emissions of HSCN. Therefore, the entire system's emissions would likely be negative, and the system gains revenue because of negative emissions. 

3.6.7/ SYNTHESIS

As a synthesis and based on the above tests, some following conclusions can be drawn:

• Feedstock availabilities have an impact on the location of on-site refueling stations, as our model cannot locate on-site stations only according to the efficiency of refueling demand flow capturing;

• When the total hydrogen demand level is low (as the case of Franche-Comt é), the advantage in hydrogen transportation cannot offset the high cost of hydrogen liquefaction;

• The involvement of different refueling technologies provides the model with the ability to consider the trade-off between a centralized solution (with standard stations) and a decentralized configuration (with on-site stations). "Mixed solutions" (have both type of refueling stations) have been found in some results, as they obtained lower LCOH compared to single type station instances;

• The involvement of feedstock transportation helps the model to find lower LCOH by replacing hydrogen transportation by feedstock transportation in our case study;

• A CCS system is attractive only at a high level of hydrogen demand and in high carbon price scenarios. Only when using biomass as feedstock, benefits resulting from the reduction of emissions can outweigh the huge expenses of adopting a CCS system;

• Instances with fixed-location demand have to build more facilities than those without. Although the daily cost for the former ones are higher, they obtains lower LCOH because a higher amount of hydrogen is sold.

Then the last step of our experimentation is to validate our model on the last and more complete set of instances, belonging to Set G.

3.6.8/ THE CONSTRUCTION PLAN FOR FRANCHE-COMT É

Group G provides the complete instances in which all types of components are available to design the Franche-Comt é hydrogen supply chain. Fig. 3.14 illustrates the optimal configurations obtained in low and high carbon price scenarios. Let us notice that no on-site station is installed in the presented configurations. This can be explained by the existence of fixed-location demand, which relies on hydrogen delivered by production have a strong impact on the construction of the chain, as shown by the resolution of degraded instances of the full instance G.

3.7/ CONCLUSION

The hydrogen supply chain network in the transportation sector is a complex system.

It includes various components from feedstock supply sites to hydrogen refueling stations. Because of the inherent characteristics of a supply chain, each part of HSCN is interconnected rather than isolated. The selection of feedstock, production and refueling technology, locations of hydrogen facilities, and other major decisions make up a vast "pool" of pathways, each of which has a different value of LCOH and network configuration. For decision-makers, it is challenging to make intelligent designs without support from optimization models.

In this chapter, an intercomponent integration planning of HSCND was proposed. Specifically, a mathematical optimization model was developed, which integrates the hydrogen supply chain network design (HSCND) and hydrogen refueling station planning (HRSP).

In particular, our model satisfies two major types of hydrogen demand: fixed-location demand (node-based) and refueling demand of FCEVs (flow-based). To represent the refueling demand of FCEVs, we have introduced the concept of hydrogen refueling demand flow, which is a modified traffic flow that involves the influences of potential FCEV ownerships in different cities or towns. The developed model was applied to Franche-Comt é. For this case study, we have generated 66 instances to learn the role of each key model component. A deep analysis of the numerous results confirmed the interest of proposing a more complete model than those ones in the literature.

Our exact model has both advantages and drawbacks. It could first constitute a solid base for further developments, which means that we could extend it to include other aspects such as multiple objectives to optimize. Another research direction could also be to develop a heuristic approach to solve the same problem. Indeed, like for many other optimization problems, the studied one is complex and an exact model generally fails to solve large size problems in reasonable time. It is all the more true when changing the problem scale and envisaging to address it at a national level for example. Those few possible perspectives still remain in a strategic decision level. Rather than keeping on focusing on the strategic planning horizon, where no tactical activities are involved, we decided to study the intertemporal integration planning of HSCND, simultaneously considering location decisions of hydrogen facilities (strategic level) and routing decisions of hydrogen transportation vehicles (tactical level). This is the subject of our second main contribution which is reported in the next chapter. The number and locations of public HRSs determine the fuel accessibility in a given region. In addition, the deployment of public HRSs has a major impact on hydrogen fuel prices (European Union, 2014).

Land requirements and hydrogen sources are the two principal barriers to a deployment of public HRSs. Public HRSs need to be installed within or near urban areas to ensure the fuel accessibility [START_REF] Melaina | Consumer convenience and the availability of retail stations as a market barrier for alternative fuel vehicles[END_REF]. However, most cities, especially major ones, face the problem of urban land scarcity. In addition, the hazardous zone or risk contour related to a HRS intensifies the difficulty of land requirements (Lototskyy et al., 2019;Sun et al., 2014). Even if there is suitable land, skyrocketing land prices will raise the hydrogen fuel prices and hinder the adoption of FCEVs. The hydrogen sources should be taken into account at the very beginning of HRS deployment. Two major propositions provided by academics and practitioners are: hydrogen is produced in a newly built centralized production plant and delivered to HRS using tube tailors or tanker trucks; or hydrogen is produced on-site through small scale of electrolysis or steam methane reforming, as discussed in Chapter 3.

In this chapter, another possible solution is discussed which consists of:

• installing hydrogen dispenser in existing gasoline stations;

• and making use of surplus hydrogen as sources which are obtained from existing petroleum refineries, chemical complexes, or other industrial plants that have excess hydrogen production.

Apart from installation of new HRSs, the conversion of existing gasoline stations to HRS is also regarded as a possible scenario [START_REF] Scipioni | Hydrogen economy : Supply chain, life cycle analysis and energy transition for sustainability[END_REF]. European Research Area (2015) estimated that many HRS will be placed on already existing conventional refueling stations, because there the basic infrastructure is already in place and because hydrogen retailers are expected to be linked to today's petrol retailing players. Rebuilding existing gasoline stations into gasoline-hydrogen stations could solve the land requirement problem. Besides, the consumer refueling behavior will not be changed, and a "good" refueling experience is guaranteed through familiar settings (a hydrogen bay in an existing gasoline station) (Nicholas et al., 2004(Nicholas et al., , 2010)). Adding onsite small-scale hydrogen generator to existing gasoline stations are discussed in [START_REF] Forsberg | On optimal investment strategies for a hydrogen refueling station[END_REF][START_REF] Katikaneni | On-site hydrogen production from transportation fuels: An overview and techno-economic assessment[END_REF][START_REF] Bersani | Network planning of fuelling service stations in a near-term competitive scenario of the hydrogen economy[END_REF]. Sun et al. ( 2017) investigated the way of installing hydrogen dispenser in existing gasoline stations along the expressway, and noted that great reduction in the cost of building and operating a hydrogen station can be achieved. However, not all existing gasoline stations are qualified for this rebuilding. [START_REF] Brown | Economic analysis of near-term California hydrogen infrastructure[END_REF] pointed that the required footprint for potential station expansion may be prohibitive with respect to space available at existing gasoline stations. Thus there will be a limited number of existing sites that could possibly be used for dispensing hydrogen (National Research Council, U.S., 2015).

The volume of surplus hydrogen from industry is significant. Hydrogen losses in industrial waste gas streams have been estimated to be 10 billion Nm 3 /y (Nm 3 per year) in Europe (Maisonnier et al., 2007). In Shanghai, there is an estimated 3,600 metric tons/y of excess hydrogen production capacity (Weinert et al., 2007). Within a more sustainable framework, this surplus hydrogen could be used as fuel for transportation (Y á ñez et al., 2018). Several studies [START_REF] Konda | Optimal transition towards a largescale hydrogen infrastructure for the transport sector: The case for the Netherlands[END_REF]Almansoori et al., 2009Almansoori et al., , 2012) ) Let us assume that an oil company plans to deploy hydrogen refueling network in a given region, based on an existing refinery plant and several gasoline stations owned by this company. Decision makers thus have to choose on which gasoline stations a hydrogen dispensing equipment will be placed (European Research Area, 2015). Criteria include economic consideration and coverage (to reach as many customers as possible). Besides, under these circumstances, hydrogen delivery cost will become significant and account for around one-fifth of the total hydrogen cost (e/kg) (Weinert et al., 2007) .

A sub-optimal delivery system may lead to the consequence that the cost advantages of surplus hydrogen will be outweighed by the distribution cost. Thus, decision makers should also take the delivery plan into consideration.

These first elements provide an inventory of the current situation or one envisaged by the public authorities and operators in the field. Let us now try to re-situate the positioning of these findings in the context of the thesis and the work reported in Chapter 3. The first discussions above may suggest that the two problems that we have dealt with are independent. In reality this is not the case. In a classic decision-making scheme, the strategic level HSCND (including the HSRP part) makes it possible to choose, locate and size all the components of the supply chain, from feedstock to refueling stations. These components can be selected from existing and operational sites (for example gasoline • either we question everything: this amounts to considering a fully integrated strategic/tactical problem. It is clear that although optimal, this solution would be at the cost of an untractable complexity, including by approximate methods;

• or we authorize a partial questioning: this is the approach we have chosen here, considering the last level of the supply chain, that is to say the refueling stations, assuming that the characteristics of the components upstream (production,. ..) cannot be changed. The problem of HSCND is reduced then to a problem of HRS location, which will therefore be combined with vehicle routing problems.

Let us note that in a backtrack loop of the decision chain (from the strategic level to the tactical level), the new modified choices may be evaluated by our HSCND model, in particular to measure the gap in term of LCOH with the initial solution. Fig. 4.1 illustrates the sequencing and interaction between our two contributions.

Then in this chapter and considering this background, we have developed an intertemporal integration planning approach, which simultaneously considers location and routing decisions, by combining the two above optimization problems. First, the hydrogen refueling demand flow network is generated, which is based on traffic flow and demographic metrics of the region. Then, the model determines which existing gasoline stations are selected to be expanded into HRSs, and their refueling capacities. In addition, the model determines which vehicles (among a vehicle fleet) will be used to deliver hydrogen and for each vehicle, the HRSs assigned to it as well as the vehicle routes. The network configuration is determined while both maximizing the refueling demand flow captured and minimizing the total daily cost. For this bi-objective problem, the generated Pareto solutions will provide decision makers with abundant valuable references. Decision makers can query the least cost to obtain a certain amount of coverage. They can also demand the maximum coverage that can be achieved with a predefined budget. Furthermore, the Pareto front composed of these solutions represents different possible refueling network configurations, thus it allows the decision makers to choose the optimal solution based Let us note that the main difference between FRLM and FCLM is the following one: FRLM (Flow Refueling Location Model) can be viewed as an extension of Flow Capture Location Model (FCLM) where the vehicles autonomy is taken into account, for example in terms of the round trip distance between two stations. Then FCLM should be efficient for small distances (for example regional level) whereas FRLM should be more adapted for greater distances travelled by users (national area).

In the quoted papers, two problems are to be solved: the location of charging sites and the way to supply them. These two problems are similar to the joint location problem (HRSP)

and routing problem (VRP) in the studied hydrogen supply chain. In the literature about optimization, the problem addressed in this chapter falls into the category of location routing problems (LRPs). Indeed, the classical LRP simultaneously locates depots and determines vehicle routes supplying customers from these depots (Prodhon et al., 2014).

However, in the definition of LRP, what must be located are the upstream depots, for a set of customers a priori defined. In our case, it is the opposite: the origin of the transport is defined, these are the production plants (eventually located by the HSCND model), while we search to locate and size the "customers", that is to say stations, among a set of possible locations. Our problem can nevertheless be seen as a particular variant of multi-objective Capacited LRP (multi-objective CLRP).

In addition to the classical variants of LRP, [START_REF] Drexl | A survey of variants and extensions of the location-routing problem[END_REF] enumerates some atypical variants, summarized in Table 4.1. The first one, called planar LRP, does not apply in our case, because the possible locations of "depots" (production plants) are known in advance in our case. In the arc-routing LRP variant, the demand is located on the edges of the graph, which is not the case for hydrogen: indeed, although we are talking about flow, the demand will always be localized at a node. In the same way, our problem is not a LRP with outsourcing because we do not consider subcontractors. As for the prizecollecting LRP, which can be considered as a selective variant, it could have matched with our problem in the sense as all the possible places for stations are not supplied.

But the main difference is that customers are independent, whereas in our case, when a station is chosen, it is no more useful to deliver the neighbour locations, as the flow is captured and so adding a new station would bring nothing more for the flow coverage.

This flow capture notion also constitutes the main difference with classical LRPs, in which we search to minimize a total cost (often expressed as a totally traveled distance), to satisfy all the demands of customers. In the hydrogen supply chain, we also aim at minimizing a cost, but in order to guarantee a given coverage rate (not of customers but of the considered geographical area). 1), ( 2) but facilities may be located freely in the plane Arc-routing LRP consider service requirements along the edges of (3) a network LRP with outsourcing subcontracted facilities are available that serve (4) assigned customers at a route-independent cost given by the subcontractor (particularly adapted for multi-echelon cases)

Prize-collecting LRP a profit is collected when visiting a customer and ( 5) penalties are incurred for each unvisited customer Generalized LRP customers are clustered into disjoint groups; (6) objective: find routes in which exactly one customer from each group is visited exactly once [START_REF]1 Hydrogen supply chain network (HSCN)[END_REF], [START_REF] Schwardt | Combined location-routing problems-a neural network approach[END_REF]; ( 2), (Manzour-al Ajdad et al., 2012); ( 3), [START_REF] Doulabi | Lower and upper bounds for location-arc routing problems with vehicle capacity constraints[END_REF]; ( 4), (Stenger et al., 2012); (5), (Ahn et al., 2012); ( 6), [START_REF] Glicksman | Approximation algorithms for group prize-collecting and location-routing problems[END_REF].

In conclusion and although we did not find an existing scheme characterizing our study, we will consider in the following that we must solve a particular (new?) variant of multiobjective Capacited LRP (multi-objective CLRP). The next section sets out the hypotheses and the framework of our study, as well as proposes a mathematical formulation.

Then two heuristic algorithms will be developed and their performance will be evaluated Each delivery vehicle starts from the hydrogen plant, travels a route to serve designated opened stations, and returns to the plant. In Fig. 4.2 for example, Vehicle B serves three opened stations -7, 10, and 11, it follows the route: P → 8 → 7 → 9 → 11 → 10 → P.

Notice that stations 8 and 9 are not served by Vehicle B, even if they are on the route. These non-opened stations that are just visited (but not served) by delivery vehicles are called transit stations. The model aims to determine which candidate gasoline stations are opened, their hydrogen refueling capacities, and the most efficient vehicle routes to maximize the refueling demand flow captured and to minimize the total daily cost which includes the cost related to hydrogen production, delivery, and dispensing.

The road network is described by an undirected graph G(N, E), where N is the set of nodes and E is the set of edges. The node set N is composed of the node of hydrogen plant P and the set of candidate gasoline stations S . The edge set E represents road segments linking nodes in network. In this regard, the assumption, notations, and proposed model are as follows:

4.3.1/ ASSUMPTIONS

• For each OD pair, the path linking the nodes from origin to destination follows the principle of the shortest path, and the nodes on that path is known;

• Each candidate station has a known hydrogen refueling demand. It is calculated by gathering all refueling demand flows that pass through the associated node;

• The production capacity of the hydrogen plant is sufficient even when all candidate stations are opened;

• There are several available delivery vehicles with different capacities, and the total capacity of the fleet is sufficient even when all candidate stations are opened;

• Each opened station belongs to one route, and each route is served by one vehicle;

• For each route, the path linking the adjacent hydrogen plant and opened stations or the adjacent two opened stations follows the principle of the shortest path. 1 if hydrogen refueling demand flow of OD pair q is captured, 0 otherwise IS s 1 if the candidate station s is opened, 0 otherwise

X k i j
1 if vehicle k travels from i to j, 0 otherwise

Y k 1 if vehicle k is assigned to a route, 0 otherwise
R s an auxiliary continuous variable, (it can be seen as the amount of hydrogen held by the vehicle after its visit of station s)

4.3.3/ MATHEMATICAL FORMULATION

Maximize OBJ1 = q∈Q IC q * f q q∈Q f q (OBJ1)

Minimize OBJ2 = pcc + s∈S IS s * scc s + k∈K Y k * g k + i∈N, j∈N,k∈K X k i j * c i j (OBJ2)
Subject to: Finally, constraints (4.9) -( 4.12) are the integrality constraints.

i∈N q :i p IS i IC q , ∀q ∈ Q (4.1) k∈K,i∈N:i s X k is = IS s , ∀s ∈ S (4.2) i∈N:i j X k i j - i∈N:i j X k ji = 0, ∀ j ∈ N, k ∈ K (4.3) s∈S X k sp = Y k , ∀k ∈ K (4.4) s∈S X k ps = Y k , ∀k ∈ K (4.5) i∈N,s∈S :s i h s * X k is u k * Y k , ∀k ∈ K (4.6) R s ′ + h s ′ * X k ss ′ -u max * (1 -X k ss ′ ) R s , ∀s, s ′ ∈ S : s ′ s, k ∈ K (4.7) 0 R s u max -h s , ∀s ∈ S (4.8) X k i j = 0, 1 ∀i, j ∈ N, k ∈ K (4.9) Y k = 0, 1 ∀k ∈ K (4.10) IC q = 0, 1 ∀q ∈ Q (4.11) IS s = 0, 1 ∀s ∈ S ( 4 
In terms of complexity of this proposed model, and for a large number of nodes |N| in the graph, the number of decision variables is equivalent to : |N| 2 • |K|, and the number of

constraints is equivalent to : 2 • |N| 2 • |K|.

4.4/ METAHEURISTIC APPROACHES

Exact methods present many limitations when trying to solve multi-objective optimization problems. Indeed, solving large instances may not be achieved in a reasonable time and taking several objectives can further complicate the resolution. Therefore, several researchers decided to use approximate methods, especially the metaheuristic ones.

These latter are widely used techniques to tackle optimization problems and they are characterized by their capabilities to find good solution in a reasonable time, even for large instances. Over the last years, researchers have introduced hundreds of those methods but generally they can be divided into two categories: the trajectory-based methods and the population-based methods. In this study, two of the most famous metaheuristics are chosen: Adaptive Large Neighborhood Search (ALNS) described in subsection 4.4.1 and Genetic Algorithm (GA) presented in subsection 4.4.2. This choice can be explained by the commitment to test the two different categories of those approaches in order to show some advantages and drawbacks of each one.

4.4.1/ ADAPTIVE LARGE NEIGHBORHOOD SEARCH

The ALNS belongs to the category of trajectory-based methods and was first introduced in [START_REF] Ropke | An adaptive large neighborhood search heuristic for the pickup and delivery problem with time windows[END_REF]. It can be considered as an improved version of the Large Neighborhood Search (LNS) approach introduced in Shaw (1998) to solve a variant of Vehicle Routing Problem. In LNS, destroy and repair operators are respectively applied to an initial solution to improve it. The chosen operators are randomly selected from a set of defined destroy and repair operators. This totally random selection presents the big drawback of the LNS approach. Therefore, the ALNS has overcome this problem by prioritizing best operators to be selected. The idea of this approach is to give a score for each operator which will be then adjusted regarding its performance in the past iterations.

CHAPTER 4. INTERTEMPORAL INTEGRATION PLANNING OF HSCND

Algorithm 1 illustrates the global framework of the ALNS approach. The W1 and W2 parameters are used to adjust the scores of operators after each iteration. Let us note that in this study, the ALNS implementation slightly differs from the standard one regarding that a multi-objective problem is treated. Subsequently, each part of this algorithm will be explained in detail. A solution of our problem is composed of one or several routes, each route being associated with a used vehicle. A route is an ordered list of opened stations. The classical trajectory-based methods are often used to solve mono-objective problem. Therefore, one initial solution is generated in a way that it has a good quality regarding this objective. This is not the case in our study as a multi-objective variant is considered, a list of three initial solutions is then generated. Each of those solutions aims at representing a part of the Pareto-front. Hence, they are respectively characterized by a coverage range of [0.01;33.99], [34.00, 66.99] and [67.00, 100.00].

The generation of each solution goes through two steps: the first step chooses the stations to open whereas the second one aims at designing the hydrogen delivery routes.

The overall procedure used to generate initial solutions is described in algorithm 2.

Algorithm 2: Generate an initial solution in the coverage range [LB;UB]

Step 1 : Generate a list L with all non-opened stations in descending order of their coverage contributions (OBJ1 in the model); Open one or several stations from the top of the list to obtain a solution coverage in the range [LB;UB];

Step 2 : Generate a list L' with all non-used vehicles in ascending order of their using cost; Flag1 : Start the first route using the first vehicle in L' by inserting the plant ; Reference point = plant; Flag2 : Insert the closest station (from the opened stations in step 1) to the reference point; if the insertion is feasible then Reference point = new inserted station; Goto Flag2; else if the route contains only the plant then Remove the plant from the route; Repeat from Flag1 using the next vehicle in L'; else End the route by inserting the plant; Remove used vehicle from L'; end end As shown in this algorithm, the goal of step 1 is to minimize the number of stations that gives the desired coverage to the solution. It is done by adopting a list with all non-opened stations in descending order of their coverage contributions3 . Then, step 2 builds the delivery routes by inserting at each time the closest station to the last inserted point, according to the nearest neighbour heuristic, which has the advantage of being very fast.

Let us note that each generated solution will be inserted into the list of non-dominated solutions (LONS) if it is not dominated by any other solution already inserted.

4.4.1.2/ CHOICE OF THE STARTING SOLUTION

As the LONS may contain up to three different initial solutions, the selection of starting one can significantly impact the final results of the approach. Therefore, it is decided to start with the solution having the smallest ratio of cost over coverage. Over the iterations, this latter can be removed from LONS and/or new non-dominated solutions can be inserted, which gives the possibility for other solutions to be selected as the current one.

4.4.1.3/ DESTROY OPERATORS

To destroy a part of the current solution, each operator uses a specific strategy to remove either a station or a complete route (composed of one or many stations). Six destroy operators are involved in ALNS and can be described as follows:

1. Remove the most expensive station: this operator removes temporarily and alternatively each station and then computes the total cost of the reduced solution.

Then, the most expensive station will be removed. Once the station is removed and to maintain a valid route, the two stations that surrounded the deleted station will be directly linked.

Remove the most expensive route:

The route having the most expensive cost will be removed.

Remove the least coverage station:

The same process as for the first operator will be applied. Then, the station having the lower contribution in the total coverage will be deleted. Let us note that removing a station may not impact the total coverage, if the flows captured by this station are also captured by other near opened stations (redondancy in the flow capture).

Remove the least coverage route:

This operator removes each route from the solution, then the coverage is computed. So in this way, we can remove the route with the least coverage contribution.

Remove randomly a station:

A randomly chosen station is removed from the solution.

Remove randomly a route:

This operator erases a randomly chosen route.

It is clearly shown that all six destroy operators are used for diversification purposes. The first four operators are used to destroy parts of the solution which directly impact one of the two considered objectives. Whereas, the last two random operators are not dedicated to destroy any specific part of the solution but can help to avoid looping in a local optimum.

4.4.1.4/ REPAIR OPERATORS

Once a destroy operator is selected, the algorithm chooses one of the four repairing operators to be applied on the destroyed solution.

Add the most coverage station:

This operator tries to add the station which contributes the most in increasing the solution coverage. If this station is one of the transit stations (one of the nodes on the shortest path linking two opened stations) and it can be opened (the capacity of the vehicle remains respected), the station is opened in its current position. In this case, the total cost of the solution is increased only by adding the opening cost of the added station. If the desired station is not a transit one, the procedure added it in the first possible position. Moreover, if the station cannot be added (all used vehicle cannot handle its hydrogen demand), the second station which contributes the most will be inserted and so on. Once an insertion is done, the process stops.

Add the most coverage route:

The aim of this operator is to add a complete route to the solution. For that, the procedure firstly chooses the vehicle characterized by the bigger capacity (from the list of non-used vehicle). Then, the algorithm tries to insert into the route of this vehicle the station having the higher coverage contribution. If the insertion is feasible, the contribution of remaining stations is updated.

Then the new most contributed station is added and so on until an unfeasible insertion is obtained. Let us note that if all available vehicle are used, this operator will not change anything in the solution.

Add the least expensive station:

The goal is to add the least expensive station to the current solution. But, the impact of adding a new station on the total solution cost depends on two elements: the opening cost and the routing cost. This latter is directly linked to the position of the added station. Therefore, the procedure should test all possible positions for all non-opened stations. A long solving time is then needed to find the real least expensive station. Hence, a heuristic method is proposed (see algorithm 3), which rapidly chooses the station in a way that it slightly increases the total cost. As shown in algorithm 3, the operator firstly tests to open a transit station because such opening will not impact the routing cost. If any transit stations cannot be opened due to vehicles capacities, the process defines a score for each of nonopened stations. This score is based on the opening cost and the increasing in routing cost caused by adding a non-opened station into its future position (as mentioned in algorithm 3). Finally, the station having the lower score will be inserted.

Add the least expensive route:

This operator uses the least expensive non-used vehicle, then it computes a score for each non-opened station. This score is the sum of opening cost and the routing cost for serving this station. Station having lower score will be finally inserted into the route.

We notice that all repair operators are used for intensification purposes. In other words, they try to generate a final solution with a lower additional cost or bigger coverage.

METAHEURISTIC APPROACHES

121 the beginning of the approach, all operators have a score of 1 (i.e. they have the same chance to be selected). Then two successive selections are done to choose respectively the destroy and repair operators. For each selection, a random number is generated between 0 and the sum of scores for each set. Depending on this number, an operator will be selected. Fig. 4.3 presents an example of the selection at the first iteration. Here, the random numbers are respectively 4.12 and 2.63, then the chosen operators are: "Remove randomly a station" and "Add the least expensive station". Once the operators are applied, three cases can occur:

• In the first one, the new obtained solution dominates4 one or several solutions from LONS (here, the dominated solutions are removed from LONS).Or, the new solution is a new non-dominated solution. In this first case, the new solution will be inserted into LONS and the scores of the chosen operator will be increased by multiplying the old score by W1.

• In the second case, the new solution has the same cost and coverage as the starting solution. The process replaces then the old one by the new one in LONS without changing the scores of chosen operators. This procedure can bring some diversification to the research trajectory.

• In the last case, the new solution is dominated by at least one solution of LONS.

Then, the score of chosen operators should be decreased by multiplying by W2.

It is clear that W1 (W2) should be bigger (smaller) than 1. Fig. 4.3 also shows the new scores at the second iteration, if the first or third cases are occurred. In this example, W1=1.1 and W2=0.9.

In this part, the based-trajectory method ALNS was introduced and the obtained results will be discussed in section 4.5. In the next part, a genetic algorithm, which belongs to the based-population metaheuristics category, will be introduced.

4.4.2/ GENETIC ALGORITHM

Genetic algorithms, firstly introduced in Holland (1973), are widely used methods in the operations research literature. They are based on genetic-inspired operators as the crossover and the mutation. This part will be dedicated to explain the genetic algorithm implementation used to tackle the considered problem. 

3.

Stations Exchange: this operator also randomly chooses two genes but it exchanges two randomly selected stations between them. The first (second) one will be removed from the first (second) gene and inserted into the other one. Here, the two chosen genes should have at least one station.

4.4.2.7/ OVERALL ALGORITHM

After the application of the mutation on the two children, a test of dominance is done for each child by comparing it to its parents. If a child dominates at least one of its parents, it will be inserted into the population. Otherwise, it will be removed. When a new child is inserted, it should be verified that the size of population does not exceed the limit fixed by the parameter Max Pop. If this limit is exceeded, the solutions having the highest ranks are removed from the population until this one obtains a size equal to Max Pop. All the steps of the algorithm are repeated Max iter times, as illustrated in figure 4.10.

4.5/ CASE STUDY: BOURGOGNE-FRANCHE-COMT É, FRANCE

The proposed model and algorithms are applied to Bourgogne-Franche-Comt é, a region of east-central France. Region Bourgogne-Franche-Comt é is composed of two former administrative regions of Bourgogne and Franche-Comt é. Its total area is 47,784 km 2 , and has a population of 2,816,814 persons.

Totally 62 major cities are selected as network nodes. The most populous cities are Dijon and Besanc ¸on, the capitals of the two former region. There are several large cities including Belfort, Chalon-sur-Sa ône, Auxerre, Nevers, M âcon, Sens and Montb éliard.

The main roads (including highways, national roads, and departmental roads) connecting tives. It is estimated that this plant holds 10,000 metric tons/y of excess hydrogen production capacity, sufficient to cover the hydrogen refueling demand of the region (Association de pr éfiguration de l'Institut de stockage de l'hydrog ène, 2019). Therefore Tavaux serves as hydrogen plant and all other nodes (cities) are seen as candidate stations.

Two hydrogen delivery scenarios are defined -gaseous and liquid. In the gaseous scenario, hydrogen is compressed at the plant, and then loaded onto tube trailers. Refueling stations take delivered compressed gas hydrogen and fill the onboard storage tank in a vehicle. In the liquid scenario, hydrogen is liquified at the plant, and then loaded onto tanker trucks. Refueling stations receive delivered liquid hydrogen and charge gaseous hydrogen to a users'vehicles (FCEVs). The costs related to hydrogen liquifier and compressor are shown in Table 4.2. In the gaseous scenario, there exist tube trailers of three different sizes (300kg, 600kg, and 1,100kg). In the liquid scenario, tanker trucks of three different sizes are available (1,100kg, 2,000kg, and 3,500kg). The related fixed daily costs and variable operating costs are listed in Table 4.3. In both gaseous and liquid scenario, there are three sizes of stations with different refueling capacities (300 kg/d, 600 kg/d, and 1,100 kg/d). The related capital costs, operating costs, and resulting daily costs are shown in Table 4.4. It is assumed that, if the model chose to open a candidate station, the least refueling capacity that can cover the demand of that node should be selected. 

(1) (Department of Energy, U.S., 2010) (2) our choice

It is demonstrated through case study that the model proposed is capable to improve understanding of decision-makers about various components within the hydrogen supply network. Specifically, the role of fleet composition and delivery scenario are analyzed. In other words, the model is to answer questions like:

• Compared to a homogeneous fleet, whether a heterogeneous one can obtain a lower cost under the same coverage?

• Which scenario is more economical, gaseous or liquid? Note: Because lack of information, the fixed daily costs of tube trailer with capacity of 600 and 1,100 kg are obtained by multiplying the value of the tube trailer with capacity of 300 with 1.8 and 3.24, respectively; the fixed daily costs of tanker truck with capacity of 600 and 300 kg are obtained by multiplying the value of the tanker truck with capacity of 3,500 with 0.56 and 0.31, respectively. 

(1) (Department of Energy, U.S., 2010) (2) our choice

• What are the differences in network configurations between the two delivery scenarios under the same coverage?

• In addition, whether the answers to the above questions are related to the size of the studied area?

To respond all these concerns, eight instances are generated based on different combinations of the studied area, delivery scenario, and fleet composition. Detailed information of each instance is listed in Table 4.5. It should be noted that Franche-Comt é is a former administrative region which comprises 32 major cities (Tavaux included) of Region Bourgogne-Franche-Comt é. Franche-Comt é is therefore suitable to be adopted as a relatively small study area. This section provides a synthesis of the whole results obtained which are detailed in appendix C (costs, coverage rates, CPU times, opened stations, routes...). The two proposed approaches were run on the 8 generated instances using the parameters configurations as discussed in subsection 4.6.1. As already mentioned, ALNS is an adaptive approach in which the score of each operator depends on their past performances. To illustrate this phenomenon, figure 4.12 gives the evolution of all probabilities over the iterations for instance FC-L-Ho. In this example, the score of "Add the most coverage route" operator increases significantly in the first iterations but then one can remark that it gives bad performances, which reflects a decreasing in its score. Concerning the destroy operators, it is clear that the "remove randomly a station" is the best one in the first iterations.

Let us note that all the scores converge to zero because they cannot improve more the obtained solutions.

It is to note that this analysis cannot lead to a general conclusion on possible best destroy and repair operators. As can be seen through Fig. 4.12 and Fig. 4.13, the performance of the operators depends on the tested instance. Then it justifies to keep all the proposed operators, to efficiently tackle the various kinds of instances as well as to provide some diversity in the explored solutions of the search space. The average gap between the generated Pareto front by each approach and the one obtained using CPLEX is also reported. Indeed, for each solution (Coverage C1, Cost C2) obtained by one of the metaheuristics, our exact model implemented in CPLEX is run by adding a constraint that forces the coverage to be equal to C1. Then the gap between C2 and the cost founded by CPLEX is calculated. A time limit of two hours per solution is configured in CPLEX, if this time interval expired without finding the optimal cost, we take the last found (feasible) cost into account to compute the gap. Once each solution gap is found, an average gap can be then calculated for the whole front.

Firstly, it should be noted that the metaheuristics are always faster than CPLEX, which seems logical mainly because of the obligation for running CPLEX several times in order to generate the Pareto front. But as shown in table 4.7, it is clear that GA is faster than ALNS for all tested instances. This difference in time can be mainly remarked on big instances, where it can be up to several hours. But, the average gap of GA is bigger than the one of our ALNS one for all instances. This may be explained if we compare the number of solutions obtained by each metaheuristic. Indeed, GA generates more solutions than the ALNS approach, which increases the possibility of getting a solution with higher gap and therefore a higher average gap. Two main reasons may be behind this difference in the number of obtained solutions. Firstly, 39 random and 11 greedy chromosomes are generated in the initial population of the GA. A number of these initial chromosomes may survive and compose a part of the final solutions. Secondly, the random aspect in the selection procedure (see 4.4.2.4) may help to diversify the research procedure and then to find more solutions. On the contrary, the selection of solution at Moreover, an important aspect in comparing two multi-objectives approaches is by studying the distribution of the obtained solutions over the Pareto front. Table 4.8 gives for each instance: the minimal and maximal coverages obtained with each approach. In addition, it illustrates the maximum difference "Max dif" in terms of coverage between two adjacent solutions (in terms of coverage rates). This last value may be helpful to understand more how the solutions are distributed. Indeed, a smaller value reflects a more complete distribution. Let us note that in the "Min" column, the minimal coverage different from zero is reported. 4.8 shows that GA outperforms ALNS regarding the distribution of solutions, because the interval of coverages [Min coverage, Max coverage] is larger using GA for all tested instances. In addition, the Max-dif per instance is always smaller than the one obtained using ALNS. An example for the application of two approaches on the instance "FC-L-Ho" is illustrated in figure 4.14.

Finally, the two proposed approaches have their advantages and limitations. On the one hand, ALNS is characterized by a better average gap comparing to GA. On the other hand, GA outperforms ALNS in terms of solving time and number of solutions. In addition, GA gives a better distribution of solutions compared with ALNS.

4.6.3/ MANAGERIAL INSIGHTS

In this part, the questions raised in Section 4.5 are replied based on instance results.

To facilitate our analysis, three representative levels of coverage are chosen to compare results for different instances: low, medium, and high coverage which correspond to approximate 10%, 50%, and 90% of hydrogen demand flow captured. and Genetic Algorithm (GA). Our model and algorithms were evaluated and compared through 8 instances that we have generated, representing the region Bourgogne-Franche-Comt é, France. Managerial insights regarding the role of fleet composition and physical forms of hydrogen were derived. Decision-makers were also recommended to adopt the homogeneous fleet in regional level deployment of hydrogen supply network. Besides, the liquid delivery scenario becomes interesting for high levels of hydrogen demand and coverage and for a larger region.

5.2/ PERSPECTIVES

Numerous perspectives may be suggested to improve and extend the proposed work.

Among them, the following ones seem particularly attractive to us.

Obviously, in the point of view of the optimization tools, we could improve the solving of the two dealt problems, for example by elaborating metaheuristic approaches dedicated to the HSCND, in particular to solve larger size instances and to optimize several objectives in addition to the LCOH. The metaheuristic algorithms already developed for the second problem (LRP) may also be improved, both in terms of efficiency and to deal with extended problems, like the one considering more than one production plant. This one would amount to considering another variant of LRP (with several origin depots to assign and several destination sites (HRSs) to select).

In the point of view of the considered application of supply chain design, we would like to find other real life instances. But we have realized that it is not so easy as we already spent much time to collect the necessary data on the Bourgogne Franche-Comt é 5.2. PERSPECTIVES 147 region. Nevertheless this approach seems essential to us to test the limits of our models and methods. We have already been able to do this on an instance in the Ile de

France region for which the resolution of the intertemporal integration planning problem has been complicated (instance with 28,920 OD pairs, 240 candidate stations, and 93 delivery vehicles, compared to instance Bourgogne Franche-Comt é with 1,891 OD pairs, 61 candidate stations, and 45 delivery vehicles). This makes all the more important to improve our optimization methods, so as to give them a good scalability.

To complete our work and to show even more the interest of the two planning models which we proposed, we should confirm their interaction and their potential exploitation by applying them in a sequential and interactive way, as in the loop procedure illustrated by the Fig. 4.1.

We could also consider the evolution of the HSCN over time, rather than a snapshot of the network at one point in time. In real-world conditions, the formation of the hydrogen energy market and the construction of the hydrogen energy supply network usually span decades. The hydrogen fueling demand will probably increase gradually over the time.

Therefore the construction plan of the HSCN should be designed in stages corresponding to successive periods. In fact we have already extended our HSCND model to deal with this new problem. The idea is that, at each period T, the model is run with a given objective for this period, while considering the decisions taken in the previous periods as constraints (hydrogen sources, opened HRS,...). Fig. 5.1 illustrates the kind of results we have obtained for the Franche-Comt é region, with a 10-year projection cut into 5 periods Another perspective would be to consider the interactions between the hydrogen supply (hydrogen facilities) and demand (FCEV potential buyers). In the present study, the hydrogen fueling demand flow is pre-defined, and it will not be impacted by the hydrogen supply system. The influence of the hydrogen supply on demand has been ignored. The model will be improved by converting the hydrogen demand from model input to a decision variable to endogenously forecast hydrogen demand while optimizing the hydrogen supply network.

The emergency to confront with climate change calls for sustainable supply chain design. We have already worked on this issue, trying to involve the life cycle assessment (LCA) into HSCND. Specifically, we made proposals about how to perform life cycle costing (LCC) and life cycle inventory (LCI) analysis for HSCND models. The next step will be to integrate these approaches into our main model, and to evaluate the influence of sustainable performance measures on the configuration of HSCN.

Another aspect that requires more attention is the uncertainty. The second research area explored is the integration of the strategic and tactical decision-making levels.

The aim is to simultaneously optimize the location of refueling stations and the routes to supply these stations, by considering as actuated the decisions previously taken from the supply sources to the hydrogen production centers. The objective is to maximize the refueling demand flow captured, while minimizing the total daily cost. 
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  ), (Guill én-Gos álbez et al., 2010); (11), (Han et al., 2012); (12), (Han et al., 2013); (

  the intercomponent integration planning of HSCND. Here, our main contribution is to develop a mathematical exact model that covers the entire hydrogen supply network. The classical hydrogen supply chain network design (HSCND) model is integrated with the hydrogen refueling station planning (HRSP) model to generate a new formulation. The proposed model considers the feedstock supply, the installation and operation of hydrogen facilities, the operation of transportation technologies, and the carbon capture and storage (CCS) system. Two primary hydrogen refueling technologies, namely on-site refueling (hydrogen is produced on-site) and standard refueling (hydrogen is delivered by road), are considered. The problem is formulated as a mixed-integer linear programming (MILP) model that minimizes the least cost of hydrogen (LCOH). The advantages of considering various components within a single framework are demonstrated through a case study in Franche-Comt é, France. The role of each key model component (such as the refueling technology, feedstock transportation, and CCS system) is analyzed. The proposed model is able to study the interactions that exist between different components of a hydrogen supply network. Consequently, more comprehensive construction plans are guaranteed for the HSCN.
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  development. Let us suppose that automobile manufacturers have chosen specific cities or areas as a target. Fuel providers would need to create a construction plan to realize the coordination. Such a plan involves two essential characteristics: (i) it should focus on planning the initial development of infrastructures while accounting for the full range of local factors, such as geographic distribution of feedstocks for hydrogen production and anticipated hydrogen demand at the refueling stations; (ii) it should be an integrated plan, which means that all types of infrastructures (hydrogen production plants, refueling stations, and CO 2 storage sites) are considered simultaneously. A simple example of a hydrogen supply network is illustrated in Fig.3.1.

Feed. :

 : Feedstock and its transportation; Prod.: Hydrogen production; Transp.: Hydrogen transportation; CCS: Carbon capture and storage; Nb.: Number; Lo.: Location; Tech.: Technology.

------

  Our model was developed to solve the problem summarized below. First, we assume to be given the following data:• The estimated total amount of hydrogen consumed by FCEVs within a region, and spatial description of the region represented by an undirected graph. Each node denotes a city or a large town. It is a potential location for any type of component of the supply chain. It may be characterized by: -Demographic metrics (seeSection 3.5) enabling to determine the hydrogen demand... Availability of each type of feedstock (the upper and lower limit of supply capacity) Existence of a potential CO 2 storage site and its processing capacity -Existence of fixed-location demand and its amountThe nodes are connected with edges in the associated network graph. The edges represent the main roads of the geographical zone of the study. They are valued with distances between cities.• A set of feedstocks, with each feedstock having the following properties: Unit cost associated with its purchase -Corresponding production technology and transportation technology (if needed) Number of units for producing 1 kg of hydrogen • A set of production technologies, each is characterized by its: -Product form (gaseous or liquid hydrogen) -Capital, operating costs, and production capacity -Upstream emission factor, related to the emissions produced by the feedstock consumed and other energy inputs during their upstream processing (i.e., extraction, production, and transportation) -On-site emission factor, related to the emissions from the production procedure -Emission capture efficiency, the percentage of on-site emissions that can be captured if a CCS system is employed • A set of refueling technologies (standard and on-site), each is characterized by: -Form of hydrogen it receives (standard refueling) -Corresponding type of feedstock (on-site refueling) -Feedstock demand (on-site refueling) -Minimum and maximum refueling capacity -Capital, operating costs, and emission factor • A set of transportation technologies, each is defined by: -The cargo (hydrogen, feedstock, or CO 2 ), and the transportation capacity -Capital, operating costs, and emission factor (for hydrogen transportation) Knowing such data, our goal is to determine: • The feedstock supply and CCS system: -Which nodes are selected as feedstock supply sites? -What type of feedstock does each selected node supply and in what quantity? -Which nodes are selected to build the CO 2 storage sites? -The processing rate of each storage site • The installation and operation of hydrogen facilities: The number, location, size, and technology of production plants and refueling stations Whether the network runs on gaseous or liquid hydrogen -Whether a CCS system is employed at each production plant -The production rate and refueling rate • The operation of the transportation technology:-The rate of transportation of each type of cargo (hydrogen, feedstock, and CO 2 ) via each transportation mode between all locations.

  availability, the maximum capacity of technologies (production, refueling, CO 2 processing, and transportation), and the satisfaction of all fixed-location demands and a given percentage of FCEV's demand, In order to • Minimize the least cost of hydrogen (LCOH), which includes the contribution of capital investment, feedstock purchase, operating cost, and emission cost.

3. 4

 4 .3.2/ DAILY FEEDSTOCK PURCHASING COST (EC) EC = e∈E ES R e * euc e (3.8)

  45)In Eqs.(3.40) -(3.45), IF nsi j equals 1 if there is a standard refueling station at node n, of technology s, hydrogen form i, and size j. IF no j equals 1 if there is an on-site refueling station at node n, of technology o and size j. The bounds of refueling capacity are denoted by f cap.

  ∀n, m ∈ N (3.49) In Eqs. (3.47) -(3.49), X hnm , X f nm , and X nm are binary variables that take the value of 1 if transportation links are established from node n to m. The bounds of transportation capacity are represented by tcap.

  .69) Because hydrogen refueling demand flow of OD (Origin-Destination) flow pairs are dis-3.4. MATHEMATICAL MODEL 73 crete values, the following constraints to replace the Eq. (3.69) are introduced: dem h,exp DEM h,cap dem h,exp + ǫ (3.70)

3. 5 /

 5 Fig. 3.2 -(c)). The maximum supply capacity is fixed at 300,000 kWh/d (kilo watt hour per day). It is assumed that two cities (Luxeuil-les-Bains in the north and Valdahon in the center) could supply biomass, and the maximum supply capacity is fixed at 70,000 kg/d (kilos per day). The feedstock prices are shown in Table3.8.

  3.2 -(d)). Other CCS system inputs can be found in Table3.8. It is also assumed that the fixed-location demand of Type A (stationary application type) exists at Saint-Claude, the amount of hydrogen demand is 500 kg/d. Fixed-location demand of Type B (fleet vehicules type) exists at Pontarlier, the amount of demand is 500 kg/d (see Fig. 3.2 -(e)). 78 CHAPTER 3. INTERCOMPONENT INTEGRATION PLANNING OF HSCND modified traffic flow that involves the influences of potential FCEV owner-ships in different cities or towns. The refueling capacity of a hydrogen refueling station is therefore defined by the hydrogen refueling demand flow that has been captured by the station.

Table A. 1 (

 1 in appendix A) provides the population size and four demographic metrics for each city. Data are collected from INSEE (L'Institut national de la statistique et des études économiques (2018a,b, 2015a,b) 7 ). Considering all five factors, we first defined and employed a "scoring system" similar to the one used by Melendez et al. (2006) but extended to the distribution of the demand in flows. In this "scoring system", data in each column are first normalized in the range of 1-100 to compute the score of each city on each item: S core x = 1 + 99 * Value x -Value min Value max -Value min (3.78) Then the final score of each city is obtained by a linear combination of the five obtained scores, as shown in Eq. (3.79). The weights are chosen according to the importance of each metric. The sum of those weights equals 1. S core f inal = S core Population * 0.6 + S core Vehicle * 0.1 + S core Income * 0.1 +S core Education * 0.1 + S core Commute * 0.1

3. 5 .

 5 CASE STUDY: FRANCHE-COMT É REGION, FRANCE 79 The final score represents the relative potential FCEV ownership of each city. If one considers the final score as the weight of each city, then a network with weight values of cities could be obtained, as presented in Fig. 3.3 -(a). The radius of circles at city nodes is visually proportional to these weights. The plot of Fig. 3.3 -(b) is the weighted network based only on population. It can be seen that after considering the influence of the four additional demographic metrics, some cities with smaller populations have gained greater weights. For example, Villers-le-lac has the highest score of "Income",

  3.3 -(c).The larger the radius of the circle, the higher the refueling demand in the city. The wider the edge, the greater the refueling demand flow carried by that edge. Comparing this flow network with the one based only on population (Fig.3.3 -(d)), the common element is the region's east-west traffic artery-A36 (Montb éliard-Besanc ¸on-Dole), which carries the largest hydrogen refueling demand in both networks. However, one can observe the following differences: urban agglomerations formed by several cities with large weights have reasonably more interactions with each other.• In the east, the flow through Lure, H éricourt, Valentigney, Maîche, Pontarlier has increased significantly. This can be explained by the fact that small cities like Villersle-lac, Maîche, and Bavans have higher weights. 3.5.3/ HYDROGEN SUPPLY NETWORK 3.5.3.1/ PRODUCTION PLANTS Corresponding to three types of feedstock, three types of production technologies are set up: steam methane reforming (SMR), electrolysis, and biomass gasification (BG). The production plant has three sizes (small, medium, and large), with production capacity ranging from 1,000 kg/d to 5,000 kg/d. Each type of plant has sets of data for the production of gaseous hydrogen and liquid hydrogen. Data are collected mainly from the Hydrogen Analysis (H2A) project conducted by the U.S. Department of Energy (Department of Energy, U.S., 2018c, 2010, 2018d,b).Tables 3.2, 3.3, and 3.4 present the capital cost, operating cost, production capacity, emission factor, and emission capture efficiency for each type of production technology. Attention has been directed to use the local emission factor of electricity that is obtained from EDF ( Électricit é de France (2018) 10 ). The conversion rates of production technologies can be found in Table3.8.3.5.3.2/ REFUELING STATIONSThe refueling capacity ranges from 50 kg/d to 1,200 kg/d, divided into four sizes -small, medium, large, and extra-large 11 . Standard refueling stations are divided into two subtypes according to the hydrogen form they receive, and the cost and emission data are

  ) -(Department of Energy, U.S., 2018b, 2010); (3) -(Department of Energy, U.S., 2018b, 2010; Électricit é de France, 2018); (5) -(Department of Energy, U.S., 2018b). Note: The costs of a liquid production plant (capital and operating) are obtained by adding the cost of a liquefier to a gaseous production plant. The upstream emission factors are negative because the plants that are the source of biomass capture a certain amount of CO 2 through photosynthesis while they are growing.

  ) -(Almansoori et al., 2006); (3) -(GlobalPetrolPrices, 2019); (9) -(Almansoori et al., 2016); (10) -(Almansoori et al., 2006; RentalYard, 2018); (11) -(RentalYard, 2018). Note: The maximum transport capacity is based on the assumption that individual modes cannot transport more than what is produced by a large production facility.

Fig. 3 .

 3  provides obtained values of our objective LCOH for Set B3 and E2. The model employs a CCS system only at medium and high demand in the high carbon price scenario. Analyzing the composition of LCOH shows that, although the adoption of a CCS system greatly increases the capital and operating costs, the negative emission reduces the overall cost, which makes the LCOH smaller. The obtained configurations are illustrated in Fig.3.11. Notice that at high demand, only emission of the BG plant at

  , the intertemporal integration planning of HSCND is introduced. Specifically, a location routing approach is presented to determine simultaneously siting of hydrogen refueling stations (HRSs) and the routing decisions for hydrogen delivery trucks.The model is proposed to overcome barriers to the deployment of HRSs. The hydrogen supply network is determined while maximizing the refueling demand flow captured and minimizing the total daily cost. Two metaheuristic algorithms are proposed to solve the problem, including adaptive large neighborhood search (ALNS) and genetic algorithm (GA). The developed model and algorithms are applied to Bourgogne-Franche-Comt é, a region in France. Results show that the simultaneous involvement of strategic (location decisions) and tactical (routing decisions) planning improves understanding of decisionmakers about various components within hydrogen supply network, and provides useful managerial insights regarding the role of fleet composition and physical forms of hydro-

  demonstrated by mathematical modeling that the use of surplus hydrogen could reduce the capital needs, while facilitating a seamless transition to hydrogen mobility, especially in the early stages. In 2010, a FCEV demonstration was conducted during the World Expo Shanghai, including a coking factory which serves as hydrogen source. The industrial plant that has excess hydrogen production (hydrogen source) and existing gasoline stations which are chosen to install hydrogen dispensers (HRS) are linked through hydrogen delivery based on road transportation. The proposed solution is designed to tie hydrogen infrastructure into existing energy and industrial infrastructure where possible. It is especially attractive when oil companies represent one of the major stakeholders of hydrogen production.

  , or stations delivering gasoline but which could be extended to the distribution of hydrogen), and/or new potential sites to set up. The results of our optimization model then constitute constraints for the lower decision level which is the tactical level. It will then be a question of defining the transport services associated with the supply chain, in particular to supply the selected refueling stations by optimizing a new cost function. Here we are faced with vehicle routing problems. However, if the solution provided by the first decision level is optimized, that resulting from the second level is only optimal in the context imposed by the strategic level. It can therefore generate additional costs compared to another solution allowing a total or at least partial modification of the previous decisions. At this stage, two possibilities are open to us:

  stations have a significant impact on the distribution network. Scheiper et al. (2019) presented an integrated planning approach to locate charging infrastructure for battery electric vehicles considering interactions with the electrical grid. The interactions have been examined through combining a charging station location model and a power flow model with integrated energy stores. He et al. (2017) and Sun et al. (2017) created a HRS siting optimization model which involves hydrogen source planning and hydrogen station planning. Their model optimizes the number and locations of stations, the hydrogen source selection for the stations, and the way of transportation to minimize the hydrogen life cycle cost. For exact solutions, Arslan et al. (2016) used Benders decomposition algorithm to solve the charging station location problem with plug-in hybrid electric vehicles. Yıldız et al. (2016) proposed a Branch&Price algorithm for solving the HRSP with routing. G öpfert et al. (2019) proposed a Branch&Cut approach for the planning of recharging and refueling infrastructure. For heuristic solutions, Lim et al. (2010) developed heuristic algorithms for solving the Flow Refueling Location Model (FRLM), which included greedy, greedyadding with substitution, and genetic algorithms. Kim et al. (2013) presented a heuristic algorithm based on the network transformation to solve the deviation FRLM. Hosseini et al. (2017a) developed a heuristic method based on Lagrangian relaxation to solve an extension of FRLM.

112CHAPTER 4 .

 4 INTERTEMPORAL INTEGRATION PLANNING OF HSCND captured (or percentage of flow captured when divided by the total amount of pairs flow).

  .12) OBJ1 maximizes the percentage of flow captured. OBJ2 minimizes the total daily cost, in which the first term is the cost of hydrogen production plant, and the second term relates to the cost of opened stations. The third and fourth terms denote the fixed and variable transportation costs, respectively. Constraints(4.1) indicate that a hydrogen refueling demand flow is captured because there is at least one opened station on the nodes which lies on the shortest path of this flow pair. Constraints (4.2) state that every opened station must be on exactly one route. Constraints(4.3) are flow conservation constraints.Constraints(4.4) and (4.5) ensure that if vehicle k is assigned to a route, then one link 4.4. METAHEURISTIC APPROACHES 115 goes into the plant and one leaves the plant. Constraints (4.6) are the vehicle capacity constraints. Constraints (4.7) are the continuity and sub-tour elimination constraints, ensuring that the solution contains no sub-tour disconnected from the plant, and that the vehicle's available capacity is a non-increasing step function in accordance with the refueling demand of the opened stations that are on the route of the vehicle. Constraints(4.8) are capacity bounding constraints which restrict the upper and lower bounds of R s .

Algorithm 5 :

 5 Mutation procedure Input: i=0; Child C; Output: Child C'; while i < Max M do C' = Apply randomly one of the three operators on C; if C' is feasible and Cost(C') < Cost (C) then C should have at least one station.

5 *

 5 Explanation for the name of instance X-Y-Z: part X: equals FC (Franche-Comt é) or BFC (Bourgogne-Franche-Comt é); part Y: equals G (Gaseous) or L (Liquid); part Z: equals Ho (Homogeneous fleet) or He (Heterogeneous fleet).4.6/ RESULTS AND DISCUSSION 4.6.1/ PARAMETERS TUNING Each of the two proposed metaheuristics uses many parameters that should be initialized.Tuning parameters must be carefully done because it may have an important influence on the effectiveness and the efficiency of the search. Fixing the value of each parameter depends on the considered problem and the resolution time needed to solve this problem[START_REF] El-Ghazali | Emissions de gaz à effet de serre : Le relev é mensuel d'EDF[END_REF]. Therefore, a simple tuning methodology is proposed to initialize the parameters. It must be noted that the proposed metaheuristics were coded in C++ on an Intel Core i7 with 2.60 GHz speed and 64 GB RAM. The proposed tuning technique involves testing many values for each parameter on the tested instance (which involve 120 OD pairs, 15 candidate gasoline stations, and four delivery vehicles with the same capacity). Each configuration was run 5 times. Then we compute the average gap between the obtained Pareto front after each run (generated by GA or ALNS) and the optimal one (generated using CPLEX

  coverage station Add the most coverage route Add the least expensive route Add the least expensive station

Figure 4 .

 4 Figure 4.12: Example of scores evolution for instance FC-L-Ho

Figure 4 .

 4 Figure 4.13: Example of scores evolution for instance BFC-L-He

Figure 4 .

 4 Figure 4.14: Example of obtained solutions for instance "FC-L-Ho"

C1.

  Instance results and performance of the two proposed approaches (FC-G-Ho) Results_GA_FC-G-Ho-R1/NBS = 50/Max_Pop = 100/Max_iter = 150/Max_M = 12/Time = 225 s Resultats_ALNS_FC-G-Ho_R1/Nb_iter_max = 150/W1 = 1.3/W2 = 0.9/Time =

(

  FC-L-Ho) Results_GA_FC-L-Ho-R1/NBS = 50/Max_Pop = 100/Max_iter = 150/Max_M = 12/time = 353 s Resultats_ALNS_FC-L-Ho_R1/Nb_iter_max = 150/W1 = 1.3/W2 = 0.9/time = 1,122 s

(

  FC-L-He) Results_GA_FC-L-He-R2/NBS = 50/Max_Pop = 100/Max_iter = 150/Max_M = 12/time = 261 s Resultats_ALNS_FC-L-He_R1/Nb_iter_max = 150/W1 = 1.3/W2 = 0.9/time =

(

  BFC-G-Ho)Results_GA_BFC-G-Ho-R1/NBS = 50/Max_Pop = 100/Max_iter = 150/Max_M = 12/time = 1582 s Resultats_ALNS_BFC-G-Ho_R1/Nb_iter_max = 150/W1 = 1.3/W2 = 0.9/time = 21193 s

(

  BFC-L-He)Results_GA_BFC-L-He-R1/NBS = 50/Max_Pop = 100/Max_iter = 150/Max_M = 12/time = 1,379 s Resultats_ALNS_BFC-L-He_R2/Nb_iter_max = 10/W1 = 1.3/W2 = 0.9/time = 7,026 s This thesis contributes to the deployment of the hydrogen infrastructures by proposing new strategies based on optimization approaches. A state of the art on the design of the hydrogen supply chain has been previously carried out, and allows to identify in the literature two research perspectives. The first one concerns the coverage of the entire supply chain, on the one hand upstream at the level of the location of raw material suppliers and the supply of production centres (transport aspect), and on the other hand downstream at the level of the location of distribution points (refueling stations) and their supply (transport). To integrate these components, a new planning model is developed. It merges the classical models, more precisely an HSCND (Hydrogen Supply Chain Network Design) model at the central level, i.e. at the level of production and storage, and an HSRP (Hydrogen Refueling Station Planning) model at the end of the chain, which considers distribution. This new model also integrates the consideration of supply sources. It is expressed as a mixed number integer linear program, with the objective of minimizing the least cost of hydrogen (LCOH). Its interest is validated by a case study representing Franche-Comt é in France.

Table 2 .

 2 1: Individual characteristics of optimization-based models for HSCND (Part 1)

			Model type		Research object	Spatial scale Full description
		DP	LP / MILP	Multi-E	Mono-E	I N R U Yes	No
			ESM GEM	P T RS
	Rits et al. (2004)		•		•		•	•
	Hugo et al. (2005)			•	•		•
	Johnson et al. (2005)			•	•		•	•
	Tseng et al. (2005)		•		•		•	•
	Almansoori et al. (2006)			•	•		•	•
	Brey et al. (2006)			•	•		•	•
	Lin et al. (2006)	•			•		•	•
	Ball et al. (2007)			•	•		•	•
	Endo (2007)		•		•		•	•
	Contaldi et al. (2008)		•		•		•	•
	Ingason et al. (2008)			•	•		•	•
	Kim et al. (2008a)			•	•		•	•
	Kim et al. (2008b)			•	•		•	•
	Krzyzanowski et al. (2008)		•		•		•	•
	Li et al. (2008)			•	•		•	•
	Lin et al. (2008b)			•		•	•	•
	Lin et al. (2008a)	•			•		•	•
	Qadrdan et al. (2008)	•			•		•	•
	Yeh et al. (2008)		•		•		•	•
	Almansoori et al. (2009)			•	•		•	•
	Bersani et al. (2009)			•		•	•	•
	Contreras et al. (2009)		•		•		•	•
	G ül et al. (2009)		•		•		•	•
	Hajimiragha et al. (2009)			•	•		•	•
	Kamarudin et al. (2009)			•	•		•	•
	Kuby et al. (2009)			•		•	•	•
	Strachan et al. (2009)		•		•		•	•
	Winskel et al. (2009)		•		•		•	•
	Guill én-Gos álbez et al. (2010)			•	•		•	•
	Parker et al. (2010)			•	•		•	•
	Rosenberg et al. (2010)		•	•	•		•	•
	Sabio et al. (2010)			•	•		•	•
	Stephens-Romero et al. (2010)			•		•	•	•
	Konda et al. (2011)			•	•		•	•
	Almansoori et al. (2012)			•	•		•	•
	Brey et al. (2012)			•		•	•	•

Table 2 .

 2 2: Individual characteristics of optimization-based models for HSCND (Part 2)

		Model type		Research object	Spatial scale Full description
	DP	LP / MILP	Multi-E	Mono-E	I N R U Yes	No
		ESM GEM		P T RS	
	Dagdougui et al. (2012)		•	•		•	•
	Gim et al. (2012)		•		•	•	•
	Han et al. (2012)		•	•		•	•
	Johnson et al. (2012)		•	•		•	•
	Konda et al. (2012)		•	•		•	•
	Sabio et al. (2012)		•	•		•	•
	Agnolucci et al. (2013a)		•	•		•	•
	Almaraz et al. (2013)		•	•		•	•
	Andr é et al. (2013)		•		•	•	•
	Balta-Ozkan et al. (2013)	•	•	•		•	•
	Han et al. (2013)		•	•		•	•
	Yang et al. (2013)	•		•		•	•
	Almaraz et al. (2014)		•	•		•	•
	Amoo et al. (2014)	•		•		•	•
	Andr é et al. (2014)		•		•	•	•
	Dayhim et al. (2014)		•	•		•	•
	Krishnan et al. (2014)		•	•		•	•
	Almaraz et al. (2015)		•	•		•	•
	Nunes et al. (2015)		•	•		•	•
	Almansoori et al. (2016)		•	•		•	•
	Cho et al. (2016)		•	•		•	•
	Kim et al. (2016)		•	•		•	•
	Samsatli et al. (2016)		•	•		•	•
	Sgobbi et al. (2016)	•		•		•	•
	Woo et al. (2016)		•	•		•	•
	He et al. (2017)		•		•	•	•
	Hwangbo et al. (2017)		•	•		•	•
	Kim et al. (2017)		•	•		•	•
	Moreno-Benito et al. (2017)		•	•		•	•
	Sun et al. (2017)		•		•	•	•
	Won et al. (2017)		•	•		•	•
	Biqu é et al. (2018a)		•	•		•	•
	Biqu é et al. (2018c)		•	•		•	•
	Lahnaoui et al. (2018)		•		•	•	•
	Ogumerem et al. (2018)		•	•		•	•
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	3: Three main types of HSCND models
	Research object	Spatial scale
	Energy system	

Table 2

 2 They noted that hydrogen production from natural gas through the SMR with the CCS is supposed to be the most cost-effective alternative that maintains a low level of carbon emissions. The International Energy Agency (2015) found that for countries such as China or India, the development of hydrogen technologies in combination with the CCS cou ld be attractive in the conversion of the abundant domestic fossil resources into low-carbon transport fuels. Additionally, Baufum é et al. (2011) indicated that the possible spatial separation of electricity generation and centralized fossil

.6. Almansoori et al. (2016) evaluated the potential storage options for Germany; these storage options are considered as decision variables of the HSCND under emission constraints. Moreno-Benito et al. (2017) discussed the transportation problem related to the captured carbon emissions.

Table 2 .

 2 

		(Moreno-Benito et al., 2017)
	CCS (SMR+CG)	(Almansoori et al., 2016), (Sabio et al., 2010)
	CCS (SMR)	(Han et al., 2013)
	CCS (CG)	(Johnson et al., 2012)
	On-site (SMR+Electrolysis) (Almansoori et al., 2012),

6: CCS (carbon capture and storage) and on-site production CCS (SMR+CG+BG) (Agnolucci et al., 2013a), (Konda et al., 2011),

(Konda et al., 2011) On-site (Electrolysis) (Han et al., 2013),
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 2 

		.7: Three levels of storage in HSCN	
	Storage Main purpose	Equipment or facility	Installation
	level			place
	Station	Accommodate daily	Cascade filling system	Refueling
	level	demand fluctuation		station
	Terminal Provide extra capacity	Compressed gas hydrogen Terminal or
	level	in the course of a	storage tubes/bulk	production plant
		facility shut-down	liquid hydrogen storage	
	Network Accommodate seasonal Gaseous hydrogen	Along with a
	level	demand fluctuation	geologic storage	pipeline
	2.4.4/ HYDROGEN		

TRANSPORTATION

Hydrogen can be transported as liquid or compressed gas. Liquefied hydrogen can be transported in tankers via railways, roads, or ships, whereas gaseous hydrogen may be conveyed via high-pressure pipelines, tube trailers, or railway tube cars. As shown CHAPTER 2. STATE OF ART
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	.10, most of the models that are reported by
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 2 

		.11: Uncertainty sources	
	Planning	Source of	Corresponding	Reference papers
	level	uncertainty	uncertain parameter	
	Strategic	Government	-Policies related to	
	uncertainty incentives and policies emissions reduction	
			percentage	
		Hydrogen demand	-FCEV market share	(

Table 2 .
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	12: Uncertainty types and corresponding modeling approaches
	Type of uncertainty Uncertainty modeling approach Reference papers
	Randomness	Scenario analysis	(4), (8), (11), (16)
			(18), (23), (26), (27)
		Stochastic programming	(9), (13), (29)
			(17), (20), (30)
	Epistemic	fuzzing programming	
	Deep uncertainty	Robust optimization	
	(4), (Almaraz et al., 2014); (8), (Cho et al., 2016); (9), (Dayhim et al., 2014); (11), (Han et al.,
	2012); (		

Table 3 .

 3 1: Strategic decisions in main HSCND models

	Papers	Feed. Prod. Transp. CCS	Refueling station
			Nb. Lo. Size Tech.
	Agnolucci et al.		
	Almansoori et al.		
	Almansoori et al.		
	Cho et al.		
	Copado-M éndez et al.		
	Almaraz et al.		
	Guill én-Gos álbez et al.		
	Hwangbo et al.		
	Johnson et al.		
	Kim et al.		
	Kim et al.		
	Konda et al.		
	Moreno-Benito et al.		
	Ogumerem et al.		
	Parker et al.		
	Samsatli et al.		
	Van Den Heever et al.		
	Won et al.		
	Woo et al.		
	Our study		

  FR si j denotes the total refueling rate of standard refueling stations of technology s, hydrogen form i, and size j. f oc si j is the unit operating cost (per kg H 2 ) of this type of station. FR o j represents the total refueling rate of on-site refueling stations of technology o and size j. f oc o j is the unit operating cost (per kg H 2 ) of this type of station. CR (defined in Eq. (3.63)) gives the total processing rate of CO 2 . coc is the unit operating cost (per kg CO 2 ).

		HFC =	h∈H,n,m∈N	f p h *	2 * l nm * Q hnm f e h * tcap h	(3.13)
	HLC =	h∈H,n,m∈N	dw h *	Q hnm tcap h	* (	2 * l nm sp h	+ lut h )	(3.14)
		HMC =	h∈H,n,m∈N	me h *	2 * l nm * Q hnm tcap h	(3.15)
	3.4.3.3/ DAILY OPERATING COST (OC) HGC = h∈H,n,m∈N ge h * Q hnm tma h * tcap h	* (	2 * l nm sp h	+ lut h )	(3.16)
				HRC =		
	NV h	n,m∈N	Q hnm tma h * tcap h		* (	2 * l nm sp h	+ lut h ), ∀h ∈ H	(3.18)
	nitions and calculation of the number of feedstock transportation vehicles have the same
	forms as those of the hydrogen transportation operating cost (Eqs. (3.13) -(3.18)).

The operating cost (OC) includes the facility operating cost (FOC), the operating cost associated with hydrogen, and feedstock transportation (HT OC, FT OC): OC = FOC + HT OC + FT OC (3.10) • Facility operating cost (FOC) FOC = e∈E NE e * eoc e + p∈P,i∈I,k∈K PR pik * poc pik + s∈S ,i∈I, j∈J FR si j * f oc si j + o∈O, j∈J FR o j * f oc o j + CR * coc (3.11) where NE e represents the number of feedstock supply sites that supply feedstock of type e to hydrogen production plants. eoc e is the operating cost of one site of this type. PR pik gives the total production rate of the production plants of technology p, hydrogen form i, and size k. poc pik is the unit operating cost (per kg H 2 ) of this type of plant. • Hydrogen transportation operating cost (HT OC) HT OC = HFC + HLC + HMC + HGC + HRC (3.12) the five items on the right-hand-side are the fuel cost, labor cost, maintenance cost, general cost, and vehicle rental cost of hydrogen transportation, respectively. They are defined in Eqs. (3.13) -(3.17): h∈H NV h * tcr h (3.17) In these equations, f p h , dw h , me h , ge h , and tcr h represent the fuel price (per liter fuel), driver wage (per hour), maintenance expense (per km), general expense (per day), and vehicle rental cost (per vehicle) of hydrogen transportation mode h, respectively. f e h , sp h , tcap h , tma h , and lut h denote the fuel economy, speed, capacity, availability (hours per day), and load/unload time of hydrogen transportation mode h, respectively. Q hnm represents the hydrogen transportation flux (in mode h) from node n to m, and l nm is the shortest distance between the two nodes. NV h denotes the number of hydrogen transportation vehicles of mode h and is calculated by the following: • Feedstock transportation operating cost (FT OC) FT OC = FFC + FLC + F MC + FGC + FRC (3.19) The five items on the right-hand-side are the fuel cost, labor cost, maintenance cost, general cost, and vehicle rental cost of feedstock transportation, respectively. Their defi-3.4.3.4/ DAILY EMISSION COST (EMC)

  3.4.4.2/ FEEDSTOCK CONSTRAINTSThe feedstock supply rate (PES R ne , OES R ne ) cannot exceed certain limits: IE ne equals 1 if node n is chosen as a feedstock supplier (type e) of production sites. IF no j equals 1 if there is an on-site refueling station of technology o and size j at node n. The bounds of feedstock supply capacity are denoted by ecap.

	IF no =	IF no j , ∀n ∈ N, o ∈ O	(3.35)
		j∈J	
	The number of feedstock supply sites that supply feedstock of type e to hydrogen produc-
	tion plants (NE e ) is defined as		
	NE e =	IE ne , ∀e ∈ E	(3.36)
		n∈N	
	In Eqs. (3.32) -(3.36), 3.4.4.3/ PRODUCTION CONSTRAINTS	
	IE ne * ecap min ne	PES R ne IE ne * ecap max ne , ∀n ∈ N, e ∈ E	(3.32)
	IF no * ecap min ne	OES R ne IF no * ecap max ne , ∀n ∈ N, (e, o) ∈ EO	(3.33)

PES R ne + OES R ne ecap max ne , ∀n ∈ N, e ∈ E (3.34) IF no equals 1 if there is an on-site refueling station of technology o at node n, and is defined by

  IF n equals 1 if there is a standard refueling station at node n, and OIF n equals 1 if there is an on-site refueling station at this node. IF nsi j equals 1 if there is a standard refueling station at node n, of technology s, hydrogen form i, and size j. IF no j equals 1 if there is an on-site refueling station at node n, of technology o and size j.The refueling rate at node n (FR nsi j , FR no j ) should be able to cover the amount of hydrogen refueling demand flow captured by the refueling station established at that node:

		FR no j OIF n * f node n	, ∀n ∈ N	(3.77)
	where S o∈O, j∈J where f node n	∀n ∈ N IF nsi j , ∀n ∈ N IF no j , ∀n ∈ N s∈S ,i∈I, j∈J OIF n = S IF n = o∈O, j∈J	(3.73) (3.74) (3.75)

s∈S ,i∈I, j∈J FR nsi j S IF n * f node n , ∀n ∈ N (3.76)

Table 3 .

 3 2: Production technology -steam methane reforming (SMR)

		Hydrogen form:		Gaseous			Liquid		Source
		Facility size:	Small Medium Large	Small Medium Large	
	Capital cost	million e	1.05	1.70	2.28	10.62	16.70 21.78	(1)
	Operating cost	e/kg H 2	0.34	0.31	0.30	2.65	2.15	1.93	(2)
	Maximum capacity	1,000 kg/d	2.00	3.50	5.00	2.00	3.50	5.00	
	Minimum capacity	1,000 kg/d	1.00	2.50	4.00	1.00	2.50	4.00	
	Upstream emission factor	kg CO 2 /kg H 2	2.40	2.40	2.40	3.07	3.00	2.97	(3)
	On-site emission factor	kg CO 2 /kg H 2	8.66	8.66	8.66	8.66	8.66	8.66	(4)
	Emission capture efficiency		0.90	0.90	0.90	0.90	0.90	0.90	

Table 3 .
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		3: Production technology -Electrolysis			
		Hydrogen form:		Gaseous			Liquid		Source
		Facility size:	Small Medium Large	Small Medium Large	
	Capital cost	million e	1.74	2.62	3.92	11.32	17.62 23.43	(1)
	Operating cost	e/kg H 2	0.17	0.14	0.11	2.48	1.98	1.74	(2)
	Maximum capacity	1,000 kg/d	2.00	3.50	5.00	2.00	3.50	5.00	
	Minimum capacity	1,000 kg/d	1.00	2.50	4.00	1.00	2.50	4.00	
	Upstream emission factor	kg CO 2 /kg H 2	1.96	1.57	1.26	2.63	2.17	1.83	(3)
	On-site emission factor	kg CO 2 /kg H 2	-	-	-	-	-	-	
	Emission capture efficiency		0.90	0.90	0.90	0.90	0.90	0.90	

Table 3 .
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		4: Production technology -biomass gasification (BG)			
		Hydrogen form:		Gaseous			Liquid		Source
		Facility size:	Small Medium Large	Small Medium Large	
	Capital cost	million e	4.09	7.03	9.64	13.67	22.03 29.15	(1)
	Operating cost	e/kg H 2	4.01	2.48	1.90	6.32	4.33	3.52	(2)
	Maximum capacity	1,000 kg/d	2.00	3.50	5.00	2.00	3.50	5.00	
	Minimum capacity	1,000 kg/d	1.00	2.50	4.00	1.00	2.50	4.00	
	Upstream emission factor	kg CO 2 /kg H 2	-22.26	-22.26 -22.26	-21.59	-21.66 -21.69	(3)
	On-site emission factor	kg CO 2 /kg H 2	24.00	24.00 24.00	24.00	24.00 24.00	(4)
	Emission capture efficiency		0.90	0.90	0.90	0.90	0.90	0.90	

Table 3 .

 3 

				5: Standard refueling technology				
		Hydrogen form:		Gaseous			Liquid		Source
		Facility size:	Small Medium Large Extra-large	Small Medium Large Extra-large	
	Capital cost	million e	1.08	1.87	2.10	4.21	1.16	1.52	1.57	3.14	(1)
	Operating cost	e/kg H 2	3.28	2.20	1.28	1.28	5.39	2.66	1.45	1.45	(2)
	Maximum capacity 1,000 kg/d	0.15	0.30	0.60	1.20	0.15	0.30	0.60	1.20	(3)
	Minimum capacity 1,000 kg/d	0.05	0.15	0.30	0.60	0.05	0.15	0.30	0.60	(4)
	Emissions factor	kg CO 2 /kg H 2	2.34	2.07	1.59	1.59	0.42	0.41	0.41	0.41	
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	.6: On-site refueling technologies

Source: (1), (

2

) -

[START_REF] Melaina | Hydrogen station cost estimates: Comparing hydrogen station cost calculator results with other recent estimates[END_REF]

; Department of Energy, U.S., 2018c,d); (

Table 3 .

 3 7: Hydrogen and feedstock transportation: cost and emission data

			Hydrogen		Biomass Source
			Tube trailer Tanker truck	Truck	
	Driver wage	e/h	20.47	20.47	20.47	(1)
	Fuel economy	km/L	2.55	2.55	2.55	(2)
	Fuel price	e/L	1.46	1.46	1.46	(3)
	General expenses	e/d	7.32	7.32	7.32	(4)
	Load/unload time	h	2.00	2.00	2.00	(5)
	Maintenance	e/km	0.09	0.09	0.09	(6)
	expenses					
	Average speed	km/h	55.00	55.00	55.00	(7)
	Availability	h/d	18.00	18.00	18.00	(8)
	Emissions factor	kg CO 2 /L	2.68	2.68	2.68	(9)
	Capacity	1,000 kg	0.18	4.08	8.00	(10)
	Vehicle rental cost	e/d	71.20	89.00	44.50	(11)
	Maximum transport 1,000 kg/d	5.00	5.00	69.40	
	capacity					
	Minimum transport 1,000 kg/d	0.05	0.05	8.00	
	capacity					

Source: (

1

), (

Table 3 .

 3 INTERCOMPONENT INTEGRATION PLANNING OF HSCNDthe HSCN can be identified only by comparing and analyzing the model results with and without this component. Based on this principle, seven groups of instances have been designed, each of which corresponds to a component composition, as shown in Table3.9.

	8: Feedstock prices, conversion rates, and CCS system inputs
	Parameter		Value Source
	Natural gas price	e/Nm 3	0.36	(1)
	Electricity price	e/kWh	0.10	(2)
	Biomass price	e/kg	0.05	(3)
	Conversion rate (SMR)	Nm 3 Natural gas/kg H 2	4.61	(4)
	Conversion rate (Electrolysis) kWh Electricity/kg H 2	54.60	(5)
	Conversion rate (BG)	kg Biomass/kg H 2	13.88	(6)
	CCS capital cost	million e	2.03	(7)
	CO 2 pipeline capital cost	million e/km	0.08	(8)
	CO 2 processing cost	e/kg	0.09	(9)
	CO 2 transport capacity (Max) 1,000 kg/d	500.00	
	CO 2 transport capacity (Min) 1,000 kg/d	-	
	Source: (1) -(Statista, 2019b); (2) -(Statista, 2019a); (3), (6) -(National Renewable Energy
	Laboratory, U.S., 2011); (4) -(Department of Energy, U.S., 2018c); (5) -(Department of En-
	ergy, U.S., 2018d); (7), (8), (9) -(Department of Energy, U.S., 2018b)	
	3.5.4/ INSTANCES			

GENERATION

One of the primary purposes of this study is to demonstrate the advantages of integrating all possible components within a single framework. The influence of any component on 86

CHAPTER 3. 

Table 3 .

 3 10: Sets of instances within each group

	Feedstock	Hydrogen form
	Electricity Natural gas Biomass	Gaseous Liquid
	Set A1	

Table 3 .

 3 11: Size of the instances

	Instance group	A	B	C	D	E	F	G
	Number of	932 10,761 11,226 15,598 15,969 11,722 24,526
	constraints							
	Number of	682	2,728	2,914	3,720	3,751	2,728	5,735
	binary variables							
	Number of	-	2	2	3	2	2	3
	integer variables							
	Number of	155	2,170	2,325	3,131	3,255	2,170	5,673
	continuous variables							
	Maximum CPU time (s)	1	7,567	16	407	144	11	539
	3.6.1/ ROLE OF FEEDSTOCK AVAILABILITIES				

  .4.2 Genetic Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . 121 Parameters tuning . . . . . . . . . . . . . . . . . . . . . . . . . . 132 4.6.2 Performance of the metaheuristic approaches . . . . . . . . . . . 133 4.6.3 Managerial insights . . . . . . . . . . . . . . . . . . . . . . . . . 136 such as urban buses, taxis, and handling vehicles). They provide support for market introduction of FCEVs. Public HRS play a more significant role because largely self-sustained market is based on massive adoption of FCEVs by average consumers.

	4.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
	PUBLICATIONS
	WORKING PAPERS
	4.1/ INTRODUCTION
	The total stock of FCEVs exceeded 12,900 vehicles as at the end of 2018 showing 80%
	increase in 2018 (International Energy Agency, 2019a) 1 . According to L'Association
	Franc ¸aise pour l'Hydrog ène et les Piles à Combustible (2018) 2 , there were only 324
	FCEVs in France at the end 2018. Many governments and associations have announced
	targets, visions and projections on FCEVs. The Hydrogen Council estimated that hydro-
	gen will power more than 400 million cars in 2050 (McKinsey & Company, 2017). France
	will have 5,000 FCEVs in 2023 and this number may rise to 50,000 in 2028 (L'Association
	Franc ¸aise pour l'Hydrog ène et les Piles à Combustible, 2018).
	The most significant challenge to meet these targets is the roll-out of hydrogen refueling
	stations (HRS) (International Energy Agency, 2019b, 2015; McKinsey & Company, 2017).
	For consumers, the coverage provided by hydrogen refueling networks is a pre-requisite
	for the adoption of FCEVs. Besides, car manufacturers can be attracted to the market only
	if a minimal number of hydrogen refueling stations (HRSs) is available or will be installed
	soon in a given region. France needs to build up 100 HRSs by 2023, and at the end
	of 2028, this number should rise up to 1,000. Until 15 June 2019, there were 23 HRS in

. . 111 4.3.1 Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 4.3.2 Notations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 4.3.3 Mathematical formulation . . . . . . . . . . . . . . . . . . . . . . 113 4.4 Metaheuristic approaches . . . . . . . . . . . . . . . . . . . . . . . . . 115 4.4.1 Adaptive Large Neighborhood Search . . . . . . . . . . . . . . . 115 104 CHAPTER 4. INTERTEMPORAL INTEGRATION PLANNING OF HSCND 44.5 Case study: Bourgogne-Franche-Comt é, France . . . . . . . . . . . 127 4.6 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 132 4.6.1 • Li, L. ,Al Chami, Z., Manier, H., and Manier, M.-A., Incorporating fuel delivery in network design for hydrogen refueling stations: formulation and two metaheuristic approaches. Submitted to Omega, February, 2020. operation in France, in which 15 are non-public and 12 are public (L'Association Franc ¸aise pour l'Hydrog ène et les Piles à Combustible, 2018). Non-public HRSs serve dedicated 4.1. INTRODUCTION 105 fleet vehicles (
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	LRP variants	Brief description	Ref.
	Planar LRP	facility locations are not restricted to a discrete set,	(

1: Particular identified LRP variants (adapted from

[START_REF] Drexl | A survey of variants and extensions of the location-routing problem[END_REF] 

Table 4 .

 4 

		2: Hydrogen production		
	Parameter		Value	Source
	Gaseous scenario				
	Compressor capacity kg H 2 /d	14,000.00 21,000.00	(2)
	Capital cost	million e	3.90	4.97	(1)
	Operating cost	million e/y	0.40	0.54	(1)
	Daily cost (pcc)	e/d	3,232.88	4,202.74	(2)
	Liquid scenario				
	Liquefier capacity	kg H 2 /d	14,000.00 21,000.00	(2)
	Capital cost	million e	51.00	66.87	(1)
	Operating cost	million e/y	5.90	7.94	(1)
	Daily cost (pcc)	e/d	44,109.59 58,394.52	

Table 4 .
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		4: Hydrogen refueling station		
	Parameter			Value		Source
	Gaseous scenario					
	Refueling capacity	kg H 2 /d	300.00	600.00 1,100.00	(2)
	Capital cost	million e	1.87	2.10	4.21	(1)
	Operating cost	e/kg H 2	2.20	1.28	1.28	(1)
	Daily cost (scc s )	e/d	1,519.66 1,726.68 3,394.85	(2)
	Liquid scenario					
	Refueling capacity	kg H 2 /d	300.00	600.00 1,100.00	(2)
	Capital cost	million e	1.52	1.57	3.14	(1)
	Operating cost	e/kg H 2	2.66	1.45	1.45	(1)
	Daily cost (scc s )	e/d	1,431.38 1,512.77 2,953.05	

Table 4 .

 4 

			5: Instances
	Instance*	Quantity of	Delivery Fleet composition
		candidate stations scenario (vehicle capacity * quantity)
	FC-G-Ho	30	Gaseous 1100 *18
	FC-G-He	30	Gaseous 300*9/600*9/1100*9
	FC-L-Ho	30	Liquid	3500*7
	FC-L-He	30	Liquid	1100*4/2000*4/3500*4
	BFC-G-Ho	61	Gaseous 1100*28
	BFC-G-He	61	Gaseous 300*15/600*15/1100*15
	BFC-L-Ho	61	Liquid	3500*10
	BFC			

  ). Finally the configurations, which give the best average gaps, are chosen (as shown in table 4.6). All preliminary experiments are accessible via this link: http://bit.ly/2SxDNM5.

	4.6. RESULTS AND DISCUSSION			133
		Table 4.6: Parameters configurations	
		GA			ALNS
	Max iter Max M NBS Max pop	Nb iter max W1 W2
	150	12	50	100	150	1.3 0.9
	4.6.2/ PERFORMANCE OF THE METAHEURISTIC APPROACHES

Table 4 .

 4 7 and 4.8 summarize the obtained results for each method. Table4.7 gives the CPU time in seconds, and the number of non-dominated solutions (in the Pareto front).

Table 4

 4 

		.7: Performance of the two proposed approaches	
	Instance		ALNS			GA	
		CPU	Nb of average	CPU	Nb of	average
		time (s) solutions* gap (%)	time (s) solutions gap** (%)
	FC-G-Ho	2,472	4	2.25	225	19	13.83
	FC-G-He	2,145	4	2.59	259	20	11.41
	FC-L-Ho	1,122	17	3.55	353	22	5.18
	FC-L-He	1,577	20	3.54	261	23	6.74
	BFC-G-Ho 21,193	13	8.36	1,582	29	20.51
	BFC-G-He 19,435	6	6.14	1,811	19	14.38
	BFC-L-Ho	28,764	13	2.49	1,399	20	9.49
	BFC-L-He	7,026	12	3.28	1,379	23	7.43
	* number of non dominated solutions (Pareto front)			
	** average gap in terms of costs obtained with CPLEX for the same coverage rates
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 4 

		.8: The distribution of the obtained solutions
	Instance		ALNS			GA
		Min	Max Max dif	Min	Max Max dif
	FC-G-Ho	24.21	68.57	24.21	13.64 100.00	16.21
	FC-G-He	24.21	68.57	24.21	13.64 100.00	13.64
	FC-L-Ho	47.09 100.00	47.09	8.77 100.00	14.83
	FC-L-He	24.21 100.00	24.20	13.64 100.00	22.88
	BFC-G-Ho	3.03	68.43	13.68	6.40 100.00	13.60
	BFC-G-He	3.03	68.43	27.41	6.40 100.00	15.79
	BFC-L-Ho 41.02	90.73	41.02	9.88 100.00	15.79
	BFC-L-He 41.02	89.12	41.02	6.39 100.00	11.80
	Table					

The impor- tance of economies of scale, transport costs and demand patterns in optimis- ing hydrogen fuelling infrastructure: An exploration with shipmod (spatial hy- drogen infrastructure planning model).

  Uncertainty sources, such as government incentives and policies, technology evolution, capital cost, as well as the operational uncertainties are ignored in previous HSCND models. Concerning uncertainty types and modeling approaches, the inclusion of epistemic uncertainty, deep un-more integrations. Therefore, there remain several areas for integrating present HSCND modeling work with other networks and systems.
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  B1. Value of LCOH and its composition, the percentage of captured hydrogen fueling demand flow, and solution time

	A3. Delivery distances between different cities				
							(Unit: km)
	C1	A1. Population and demographic metrics values of 62 cities C39 Nuits-Saint-Georges 5,543 51.79 A2. The length of network's edges Edge City City Edge City City Edge City City C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19 C20 C21 C22 C23 C24 C25 C26 C27 C28 C29 C30 C31 C32 C33 C34 C35 C36 C37 C38 C39 C40 C41 C42 C43 C44 C45 C46 C47 C48 C49 C50 C51 C52 C53 C54 C55 C56 C57 C58 C59 C60 C61 C62 20,843 14.10 69.12 Length of edge Length of edge Length of edge 0 43 61 73 39 106 70 88 73 100 60 53 128 44 64 60 53 124 63 51 96 62 40 156 77 60 99 31 53 43 70 217 213 162 103 118 148 139 168 174 155 206 155 183 214 234 250 256 216 198 190 341 319 297 306 296 260 248 301 182 287
	City C1 Baume-les-Dames C2 Bavans C3 Beaucourt C4 Belfort C5 Besançon C6 Champagnole C7 Delle C8 Dole C9 Fougerolles C10 Gray C11 Héricourt C12 Hérimoncourt C13 Lons-le-Saunier C14 Lure C15 Luxeuil-les-Bains C16 Maîche C17 Montbéliard C18 Hauts de Bienne C19 Morteau C20 Ornans C21 Poligny C22 Pontarlier C23 Pont-de-Roide-Vermondans C24 Saint-Claude C25 Saint-Loup-sur-Semouse C26 Saint-Vit C27 Tavaux 24 Vesoul 25 Vesoul 60 Pont-de-Roide-Vermondans 61 Bavans 97 Dijon 98 Dijon 134 Decize 135 Decize C62 251 294 306 300 212 199 315 163 266 165 282 304 162 254 257 286 292 218 272 237 194 243 291 220 257 191 152 243 301 223 279 141 107 94 151 136 140 115 114 77 96 85 135 124 150 87 103 109 35 61 69 112 68 56 147 126 110 64 72 72 39 Population Vehicle Income Education Commute (person) (%) (€/year) (%) (%) 5,255 55.45 19,395 12.90 73.87 3,701 68.25 20,224 15.70 81.31 5,047 63.96 19,884 14.70 82.29 63,683 37.22 17,604 15.03 63.88 116,690 33.11 18,583 15.80 61.65 7,908 45.91 19,059 14.10 72.08 5,773 54.42 19,483 15.20 76.37 23,312 46.34 18,813 15.40 71.09 5,504 36.90 15,679 15.80 67.62 3,721 71.08 19,023 15.00 83.78 9,967 60.50 18,630 14.00 79.25 3,635 60.87 19,600 15.50 84.24 17,311 34.21 18,185 17.90 63.87 8,324 46.88 17,174 14.80 68.98 6,917 46.83 17,003 14.80 73.67 4,233 59.06 23,853 15.00 85.30 40,733 46.28 16,734 13.37 73.98 5,457 48.44 19,561 12.80 72.18 6,827 51.62 27,219 18.50 77.14 4,329 57.94 20,775 15.50 71.81 4,146 51.53 18,975 17.00 17,413 45.44 21,995 16.70 71.36 4,230 62.47 19,497 14.70 75.54 10,096 45.11 18,032 12.40 68.70 3,263 52.00 15,493 12.00 4,803 60.38 20,718 16.40 83.40 3,957 63.91 21,373 15.80 82.25 Gray Baume-les-Dames Maîche Baume-les-Dames Montbard Pouilly-en-Auxois Set-C-HC-LD 13.22 5.41 1.72 2.29 3.79 10.01 0.92 Digoin C60 182 223 234 228 143 168 243 94 194 93 210 235 143 182 185 217 220 199 206 168 145 204 222 201 185 122 97 174 229 151 213 90 56 41 79 64 68 43 61 58 77 96 116 105 136 98 114 120 46 72 80 159 140 127 149 128 103 66 119 C61 287 328 339 333 248 238 348 199 299 198 315 340 201 287 290 322 325 257 311 273 233 282 327 259 290 227 191 279 334 256 318 116 82 133 184 169 154 148 153 116 135 124 174 163 189 126 142 148 74 100 108 73 59 93 113 92 85 39 33 105 0 Set-C-LC-HD 13.58 7.24 2.40 3.00 0.94 90.00 15.68 0 105 Gueugnon C59 301 342 353 347 262 271 362 213 313 212 329 354 234 301 304 336 339 290 325 287 264 315 341 292 304 241 216 293 348 270 332 130 96 160 198 183 168 162 180 149 168 157 207 196 222 151 154 168 107 133 141 40 52 86 80 59 95 53 0 119 33 Set-C-LC-MD 9.60 5.17 1.77 1.98 0.68 50.00 6.70 68.40 20 Hauts de Bienne 21 Morteau 22 Dole Gray 23 Saint-Vit Gray 58 Pont-de-Roide-Vermondans Hérimoncourt 59 Delle Hérimoncourt 95 Avallon Montbard 96 Pouilly-en-Auxois Montbard 132 Gueugnon 133 Decize C57 260 297 308 302 221 246 317 172 268 167 284 309 234 256 259 295 294 280 284 246 223 282 300 292 259 200 175 252 303 225 291 50 47 144 157 142 119 121 150 161 180 195 219 208 239 197 213 219 145 171 179 121 144 166 46 36 0 46 95 103 85 C58 248 289 300 294 209 234 309 160 260 159 276 301 209 248 251 283 286 265 272 234 211 270 288 267 251 188 163 240 295 217 279 77 43 107 145 130 115 109 127 124 143 149 182 171 202 151 167 173 99 125 133 93 98 120 83 62 46 0 53 66 39 Set-C-LC-LD 10.13 5.41 1.72 2.29 0.70 10.01 0.80 Autun C55 306 343 354 348 267 292 363 218 314 213 330 355 280 302 305 341 340 326 330 292 269 328 346 338 305 246 221 298 349 271 337 96 93 190 203 188 165 167 196 207 226 232 265 254 285 231 234 248 182 208 216 97 132 166 0 21 46 83 80 149 113 C56 296 333 344 338 257 282 353 208 304 203 320 345 270 292 295 331 330 316 320 282 259 318 336 328 295 236 211 288 339 261 327 86 83 169 193 178 155 157 186 186 205 211 244 233 264 210 213 227 161 187 195 85 111 145 21 0 36 62 59 128 92 Set-B3-HC-HD 18.82 9.72 1.00 6.54 1.55 90.01 0.78 Autun C54 297 340 358 355 258 245 367 209 321 220 337 350 208 309 312 332 347 264 318 283 240 289 337 266 312 237 198 289 350 278 325 197 163 140 206 191 195 170 160 123 142 93 181 170 148 65 68 82 81 107 109 85 34 0 166 145 166 120 86 127 93 Set-B3-HC-MD 14.55 7.32 0.79 5.25 1.19 50.01 0.97 Valdahon 57 Pont-de-Roide-Vermondans Valentigney 94 Avallon Corbigny 131 Pouilly-en-Auxois C53 319 362 374 368 280 267 383 231 334 233 350 372 230 322 325 354 360 286 340 305 262 311 359 288 325 259 220 311 369 291 347 175 141 162 219 204 208 183 182 145 164 127 203 192 182 99 102 116 103 129 137 51 0 34 132 111 144 98 52 140 59 Autun C52 341 382 393 387 302 311 402 253 353 252 369 394 274 341 344 376 379 330 365 327 304 355 381 332 344 281 256 333 388 310 372 170 136 200 238 223 208 202 220 189 208 178 247 236 233 150 153 167 147 173 181 0 51 85 97 85 121 93 40 159 73 Set-B3-HC-LD 33.08 17.31 1.59 12.13 2.05 10.00 0.51 Pontarlier 56 Bavans Valentigney 93 Varzy Corbigny 130 Pouilly-en-Auxois Château-Chinon (Ville) C50 198 241 259 271 159 146 268 110 251 152 258 251 109 239 242 233 251 165 219 184 141 190 238 167 242 138 99 190 251 208 226 162 128 53 125 123 127 102 73 36 43 24 82 71 89 52 68 74 26 0 8 173 129 107 208 187 171 125 133 72 100 C51 190 233 251 263 151 138 260 102 243 147 250 243 101 231 234 225 243 157 211 176 133 182 230 159 234 130 91 182 243 200 218 170 136 58 117 124 132 107 78 41 35 16 74 63 81 44 60 66 34 8 0 181 137 109 216 195 179 133 141 80 108 Set-B3-LC-HD 17.55 9.72 1.00 6.54 0.29 90.01 0.70 68.40 C40 Chagny 5,605 57.97 19,314 16.20 71.19 C41 Chalon-sur-Saône 45,446 33.16 17,879 16.00 65.40 C42 Montceau-les-Mines 18,722 51.08 17,344 14.30 Edge City City km km km C2 43 0 21 30 82 140 30 131 70 130 17 18 171 41 61 38 10 158 67 94 139 96 15 190 74 103 142 74 12 72 66 247 250 205 146 161 178 180 209 217 198 249 198 226 257 277 293 299 259 241 233 382 362 340 343 333 297 289 342 223 328 C3 61 21 0 24 100 146 9 149 81 141 24 8 183 52 72 44 14 164 73 107 157 102 21 196 85 121 160 87 9 83 72 258 261 223 164 179 189 191 220 235 216 267 210 238 269 295 311 317 277 259 251 393 374 358 354 344 308 300 353 234 339 LCOH contri_CC contri_EC contri_OC contri_EMC DEM h,cap SolutionTime Length of edge km 36 Ornans Valdahon 73 Is-sur-Tille Dijon 110 Chagny Le Creusot C4 73 30 24 0 112 167 23 161 75 135 18 32 201 46 66 65 20 185 94 124 169 123 42 217 79 133 172 104 29 77 93 252 255 234 172 182 183 185 214 247 228 279 228 256 287 307 323 329 274 271 263 387 368 355 348 338 302 294 347 228 333 C5 39 82 100 112 €/kg H 2 €/kg H 2 €/kg H 2 €/kg H 2 €/kg H 2 % s Solution Coverage_GA Cost_GA Coverage_cplex Cost_cplex Time_cplex Cplex_sol_statu Gap 0 80 109 49 92 61 99 92 89 80 83 74 92 114 63 25 57 61 79 146 83 21 60 31 92 49 70 178 174 123 64 79 109 100 129 135 116 167 116 144 175 195 211 217 177 159 151 302 280 258 267 257 221 209 262 143 248 C6 106 140 146 167 80 0 155 82 172 127 157 138 37 150 163 102 147 34 73 57 23 44 125 66 163 101 71 75 138 129 80 219 199 134 97 104 150 125 154 122 103 154 64 92 123 182 198 189 164 146 138 311 267 245 292 282 246 234 271 168 238 1 Set-A1-LC-LD 13.45 5.73 5.66 1.86 0.19 10.01 0.17 (%) (€/d) (%) (€/d) (s) (%) 82.27 C43 Louhans 6,349 42.92 19,032 13.80 79.95 C44 Tournus 5,562 44.29 19,352 15.60 67.94 C45 Mâcon 33,427 38.58 17,789 14.80 70.12 C46 Gueugnon 7,092 60.51 19,344 11.30 67.26 C47 Digoin 7,811 52.58 17,510 11.50 74.82 C48 Paray-le-Monial 9,160 48.59 19,189 14.30 77.76 C49 Autun 13,532 41.37 18,465 14.70 68.04 C50 Le Creusot 21,752 48.42 18,388 13.90 81.60 C51 Montchanin 5,098 59.32 18,145 14.60 83.90 C52 Cosne-Cours-sur-Loire 10,102 49.96 19,504 15.00 75.41 C53 Nevers 33,235 37.76 18,302 15.20 69.50 C54 Decize 5,519 48.89 19,097 16.90 67.40 C55 Migennes 7,162 45.15 16,126 13.90 70.50 C56 Auxerre 34,846 39.04 18,466 15.30 69.41 C57 Tonnerre 4,705 37.54 16,656 12.20 68.77 C58 Avallon 6,748 41.80 17,588 13.90 69.40 C59 Varzy 1,219 60.17 18,381 12.10 66.10 C60 Pouilly-en-Auxois 1,446 57.02 20,733 13.80 72.81 C61 Corbigny 1,498 53.47 19,505 15.60 76.39 C62 Château-Chinon (Ville) 2,001 39.07 16,918 19.30 52.32 1 Saint-Claude 37 Ornans Champagnole 74 Is-sur-Tille Gray 111 Chagny Montchanin C7 70 30 9 23 109 155 0 158 90 150 33 17 192 61 81 53 23 173 82 116 166 111 30 205 94 130 169 96 18 92 81 267 270 232 173 188 198 200 229 244 225 276 219 247 278 304 320 326 286 268 260 402 383 367 363 353 317 309 362 243 348 C8 88 131 149 161 49 82 158 0 141 45 148 141 70 129 132 123 141 116 112 74 59 110 128 128 132 28 11 80 141 98 119 145 125 74 15 30 76 51 80 86 67 118 97 95 126 146 162 168 128 110 102 253 231 209 218 208 172 160 213 94 199 2 Set-A1-LC-MD 13.58 5.53 5.82 2.03 0.20 50.00 0.23 13.64 5,546.42 13.64 5,583.82 0.88 optimal -Hauts de Bienne 2 Lons-le-Saunier Hauts de Bienne 3 Hauts de Bienne Champagnole 4 Champagnole Lons-le-Saunier 5 Saint-Claude Lons-le-Saunier 6 Lons-le-Saunier Poligny 7 Poligny Tavaux 8 Poligny Champagnole 9 Champagnole Pontarlier 10 Pontarlier Ornans 11 Pontarlier 38 Morteau Maîche 39 Villers-le-Lac Maîche 40 Baume-les-Dames Maîche 41 Baume-les-Dames Lure 42 Héricourt Lure 43 Héricourt Belfort 44 Montbéliard Belfort 45 Montbéliard Héricourt 46 Montbéliard Bavans 47 Montbéliard Valentigney 75 Is-sur-Tille Châtillon-sur-Seine 76 Is-sur-Tille Montbard 77 Châtillon-sur-Seine Montbard 78 Châtillon-sur-Seine Tonnerre 79 Montbard Tonnerre 80 Auxerre Tonnerre 81 Avallon Tonnerre 82 Avallon Auxerre 83 Migennes Auxerre 84 Varzy Auxerre 112 Chalon-sur-Saône Montchanin 113 Chalon-sur-Saône C9 73 70 81 75 92 172 90 141 0 101 57 82 181 29 9 108 67 197 136 117 149 135 85 229 11 113 152 104 76 43 136 218 221 200 138 148 149 151 180 217 208 259 208 236 267 287 303 309 240 251 243 353 334 321 314 304 268 260 313 194 299 C10 100 130 141 135 61 127 150 45 101 3 Set-A1-LC-HD 19.34 8.48 7.89 2.70 0.27 90.01 16.12 7,168.59 16.12 7,081.74 2.70 optimal 1.23 0.30 0 117 142 115 89 92 135 127 161 124 86 104 122 140 173 92 40 56 92 136 58 131 117 120 99 37 47 48 50 79 116 112 163 142 140 171 191 207 213 139 152 147 252 233 220 213 203 167 159 212 93 198 C11 60 17 24 18 99 157 33 148 57 117 0 25 188 28 48 55 10 175 84 111 156 113 32 207 61 120 159 91 19 59 83 234 237 216 154 164 165 167 196 233 215 266 215 243 274 294 310 316 256 258 250 369 350 337 330 320 284 276 329 210 315 4 Set-A1-HC-LD 14.29 5.73 5.66 1.86 1.04 10.00 0.17 24.21 7,278.59 24.21 7,200.61 0.47 optimal 1.08 Tournus 114 Louhans Tournus 115 Mâcon Tournus 116 Mâcon Paray-le-Monial 117 Digoin Paray-le-Monial 118 Digoin Gueugnon 119 Paray-le-Monial C12 53 18 8 32 92 138 17 141 82 142 25 0 175 53 73 36 15 156 65 99 149 94 13 188 86 113 152 79 6 84 64 259 262 215 156 171 190 192 221 227 208 259 202 230 261 287 303 309 269 251 243 394 372 350 355 345 309 301 354 235 340 C13 128 171 183 201 89 37 192 70 181 115 188 175 5 Set-A1-HC-MD 14.47 5.53 5.82 2.03 1.09 50.00 0.27 30.89 11,187.80 30.89 9,541.01 4.49 optimal 17.26 0 169 172 139 181 56 110 94 32 81 162 58 172 98 59 112 175 138 117 207 187 102 85 92 138 113 122 85 66 117 27 55 86 145 161 152 127 109 101 274 230 208 280 270 234 209 234 143 201 C14 44 41 52 46 80 150 61 129 29 89 28 53 169 0 20 79 38 168 107 95 137 106 56 200 33 101 140 75 47 31 107 206 209 188 126 136 137 139 168 205 196 247 196 224 255 275 291 297 228 239 231 341 322 309 302 292 256 248 301 182 287 C15 64 61 72 66 83 163 81 132 9 92 48 73 172 20 0 99 58 188 127 108 140 126 76 220 13 104 143 95 67 34 127 209 212 191 129 139 140 142 171 208 199 250 199 227 258 278 294 300 231 242 234 344 325 312 305 295 259 251 304 185 290 C16 60 38 44 65 74 102 53 123 108 135 55 36 139 79 99 0 45 120 29 63 125 58 23 152 112 95 134 43 36 103 28 252 248 197 138 153 183 174 203 209 190 241 166 194 225 269 285 291 251 233 225 376 354 332 341 331 295 283 336 217 322 C17 53 10 14 20 92 147 23 141 67 127 10 15 181 38 58 45 0 165 74 104 149 103 22 197 71 113 152 84 9 69 73 244 247 215 156 171 175 177 206 227 208 259 208 236 267 287 303 309 266 251 243 379 360 347 340 330 294 286 339 220 325 C18 124 158 164 185 114 34 173 116 197 161 175 156 56 168 188 120 165 0 91 91 57 62 143 32 197 135 105 93 156 163 98 253 233 158 131 138 184 159 178 141 122 173 83 111 142 201 217 208 183 165 157 330 286 264 326 316 280 265 290 199 257 C19 63 67 73 94 63 73 82 112 136 124 84 65 110 107 127 29 74 91 0 52 96 29 52 123 140 84 123 32 65 106 7 241 237 186 127 142 172 163 192 195 176 227 137 165 196 255 271 262 237 219 211 365 340 318 330 320 284 272 325 206 311 C20 51 94 107 124 25 57 116 74 117 86 111 99 94 95 108 63 104 91 52 0 80 36 86 123 108 46 85 20 99 74 59 203 199 148 89 104 134 125 154 160 141 192 121 149 180 220 236 242 202 184 176 327 305 283 292 282 246 234 287 168 273 C21 96 139 157 169 57 23 166 59 149 104 156 149 32 137 140 125 149 57 96 80 0 67 136 89 140 78 48 88 149 106 103 196 176 111 74 81 127 102 131 117 98 149 59 87 118 177 193 184 159 141 133 304 262 240 269 259 223 211 264 145 233 C22 62 96 102 123 61 44 111 110 135 122 113 94 81 106 126 58 103 62 29 36 67 0 81 94 139 82 115 31 94 105 36 239 235 178 125 140 170 161 190 166 147 198 108 136 167 226 242 233 208 190 182 355 311 289 328 318 282 270 315 204 282 C23 40 15 21 42 79 125 30 128 85 140 32 13 162 56 76 23 22 143 52 86 136 81 0 175 89 100 139 66 13 83 51 257 253 202 143 158 188 179 208 214 195 246 189 217 248 274 290 296 256 238 230 381 359 337 346 336 300 288 341 222 327 C24 156 190 196 217 146 66 205 128 229 173 207 188 58 200 220 152 197 32 123 123 89 94 175 6 Set-A1-HC-HD 20.53 8.48 7.89 2.70 1.47 90.01 47.09 11,291.30 47.09 11,289.52 0.52 optimal 0.02 0.44 7 Set-A2-LC-LD 10.13 5.41 1.72 2.29 0.70 10.01 58.26 15,286.00 58.26 15,260.21 4.81 optimal 0.17 0.14 8 Set-A2-LC-MD 10.21 5.24 1.77 2.47 0.74 50.00 68.57 19,299.70 68.57 17,822.12 7.02 optimal 8.29 0.22 9 Set-A2-LC-HD 17.75 9.41 2.94 4.18 1.23 90.00 76.86 23,324.40 76.85 21,345.38 7.25 optimal 9.27 0.09 Set-A2-HC-LD 13.22 5.41 1.72 2.29 3.79 10.01 81.48 27,340.10 81.48 24,901.93 7,214.98 0.0057 9.79 0.14 Set-A2-HC-MD 13.45 5.24 1.77 2.47 3.97 50.00 91.30 33,076.00 91.30 31,042.76 27.31 optimal 6.55 0.17 94.51 44,720.80 94.51 34,902.79 7,213.75 0.0063 28.13 0 229 156 117 125 188 195 130 265 245 160 143 150 196 171 180 143 124 175 85 113 144 203 219 210 185 167 159 332 288 266 338 328 292 267 292 201 259 C25 77 74 85 79 83 163 94 132 11 92 61 86 172 33 13 112 71 197 140 108 140 139 89 229 0 104 143 108 80 34 140 209 212 191 129 139 140 142 171 208 199 250 199 227 258 278 294 300 231 242 234 344 325 312 305 295 259 251 304 185 290 Set-A2-HC-HD 23.15 9.50 2.94 4.10 6.60 90.00 0.13 96.26 48,839.30 96.26 38,147.49 7,216.16 0.0081 28.03 Gueugnon 120 Montceau-les-Mines C26 60 103 121 133 21 101 130 28 113 40 120 113 98 101 104 95 113 135 84 46 78 82 100 156 104 0 39 52 113 70 91 157 153 102 43 58 88 79 108 114 95 146 125 123 154 174 190 196 156 138 130 281 259 237 246 236 200 188 241 122 227 C27 99 142 160 172 60 71 169 11 152 56 159 152 59 140 143 134 152 105 123 85 48 115 139 117 143 39 0 91 152 109 130 148 128 63 26 33 79 54 83 75 56 107 86 84 115 135 151 157 117 99 91 256 220 198 221 211 175 163 216 97 191 Set-B1-LC-LD 19.93 10.97 3.79 3.72 1.44 10.01 14.88 96.99 50,281.50 96.99 38,974.58 7,209.28 0.0107 29.01 Gueugnon 121 Montchanin Montceau-les-Mines C28 31 74 87 104 31 75 96 80 104 92 91 79 112 75 95 43 84 93 32 20 88 31 66 125 108 52 91 0 79 74 39 209 205 154 95 110 140 131 160 166 147 198 139 167 198 226 242 248 208 190 182 333 311 289 298 288 252 240 293 174 279 C29 53 12 9 29 92 138 18 141 76 136 19 6 175 47 67 36 9 156 65 99 149 94 13 188 80 113 152 79 Set-B1-LC-MD 9.60 5.17 1.77 1.98 0.68 50.00 5.41 97.49 50,589.00 97.49 40,366.82 7,202.56 0.0078 25.32 0 78 64 253 256 215 156 171 184 186 215 227 208 259 202 230 261 287 303 309 269 251 243 388 369 350 349 339 303 295 348 229 334 C30 43 72 83 77 49 129 92 98 43 58 59 84 138 31 34 103 69 163 106 74 106 105 83 195 34 70 109 74 78 0 113 175 178 157 95 105 106 108 137 174 165 216 165 193 224 244 260 266 197 208 200 310 291 278 271 261 225 217 270 151 256 Set-B1-LC-HD 13.62 7.41 2.40 2.87 0.93 90.01 8.27 97.57 51,771.30 97.57 40,366.82 3,116.53 optimal 28.25 Morteau 12 Morteau Villers-le-Lac 13 Pontarlier 48 Montbéliard Beaucourt 49 Delle Beaucourt 85 Cosne-Cours-sur-Loire Auxerre 86 Cosne-Cours-sur-Loire Migennes 122 Montchanin C31 70 66 72 93 70 80 81 119 136 131 83 64 117 107 127 28 73 98 7 59 103 36 51 130 140 91 130 39 64 113 0 248 244 193 134 149 179 170 199 202 183 234 144 172 203 262 278 269 244 226 218 372 347 325 337 327 291 279 332 213 318 C32 217 247 258 252 178 219 267 145 218 117 234 259 207 206 209 252 244 253 241 203 196 239 257 265 209 157 148 209 253 175 248 0 34 131 130 115 69 94 123 148 167 186 206 195 226 188 204 210 136 162 170 170 175 197 96 86 50 77 130 90 116 Set-B1-HC-LD 26.28 10.97 3.79 3.72 7.80 10.00 7.06 99.15 56,311.90 99.15 45,363.31 7,208.81 0.0077 24.14 Le Creusot 123 Autun Le Creusot C33 213 250 261 255 174 199 270 125 221 120 237 262 187 209 212 248 247 233 237 199 176 235 253 245 212 153 128 205 256 178 244 34 0 97 110 95 72 74 103 114 133 152 172 161 192 154 170 176 102 128 136 136 141 163 93 83 47 43 96 56 82 C34 162 205 223 234 123 134 232 74 200 99 216 215 102 188 191 197 215 158 186 148 111 178 202 160 191 102 63 154 215 157 193 131 97 Set-B1-HC-MD 12.60 5.17 1.77 1.98 3.68 50.00 4.80 99.87 59,355.50 99.87 49,073.32 7,205.14 0.0070 20.95 0 85 70 74 49 20 17 36 74 75 64 95 102 118 124 59 53 58 200 162 140 190 169 144 107 160 41 133 C35 103 146 164 172 64 97 173 15 138 37 154 156 85 126 129 138 156 131 127 89 74 125 143 143 129 43 26 95 156 95 134 130 110 85 0 15 61 36 65 101 82 133 112 110 141 161 177 183 125 125 117 238 219 206 203 193 157 145 198 79 184 Set-B1-HC-HD 17.70 7.41 2.40 2.87 5.01 90.01 9.53 100.00 63,455.10 100.00 50,637.10 7,211.89 0.0117 25.31 Valdahon 14 Valdahon 50 Hérimoncourt Beaucourt 87 Tonnerre Migennes 124 Autun Château-Chinon (Ville) C36 118 161 179 182 79 104 188 30 148 47 164 171 92 136 139 153 171 138 142 104 81 140 158 150 139 58 33 110 171 105 149 115 95 70 15 0 46 21 50 87 89 140 119 117 148 162 178 184 110 123 124 223 204 191 188 178 142 130 183 64 169 C37 148 178 189 183 109 150 198 76 149 48 165 190 138 137 140 183 175 184 172 134 127 170 188 196 140 88 79 140 184 106 179 69 72 74 61 46 0 25 54 91 110 148 149 138 169 166 182 188 114 127 132 208 208 195 165 155 119 115 168 68 154 Set-B2-LC-LD 43.28 28.72 3.79 9.39 1.39 10.00 51.21 Besançon 15 Ornans Besançon 16 Poligny Besançon 17 Besançon Saint-Vit 18 Saint-Vit 19 Dole Tavaux 55 Bavans Pont-de-Roide-Vermondans 92 Nevers Corbigny 129 Avallon C48 256 299 317 329 217 189 326 168 309 213 316 309 152 297 300 291 309 208 262 242 184 233 296 210 300 196 157 248 309 266 269 210 176 124 183 184 188 163 144 107 101 50 125 97 66 22 14 0 74 74 66 167 116 82 248 227 219 173 168 120 148 C49 216 259 277 274 177 164 286 128 240 139 256 269 127 228 231 251 266 183 237 202 159 208 256 185 231 156 117 208 269 197 244 136 102 59 125 110 114 89 79 42 61 50 100 89 115 52 68 74 0 26 34 147 103 81 182 161 145 99 107 46 74 Set-B3-LC-MD 13.58 7.32 0.79 5.25 0.22 50.01 0.73 Pouilly-en-Auxois C47 250 293 311 323 211 198 320 162 303 207 310 303 161 291 294 285 303 217 271 236 193 242 290 219 294 190 151 242 303 260 278 204 170 118 177 178 182 157 138 101 95 44 134 111 80 16 0 14 68 68 60 153 102 68 234 213 213 167 154 114 142 Set-B3-LC-LD 31.41 17.31 1.59 12.13 0.38 10.00 0.42 Dole 51 Hérimoncourt Valentigney 52 Beaucourt Valentigney 53 Delle Belfort 54 Beaucourt Belfort 88 Varzy Avallon 89 Varzy Cosne-Cours-sur-Loire 90 Nevers Cosne-Cours-sur-Loire 91 Nevers Varzy 125 Decize Château-Chinon (Ville) 126 Nevers C38 139 180 191 185 100 125 200 51 151 50 167 192 113 139 142 174 177 159 163 125 102 161 179 171 142 79 54 131 186 108 170 94 74 49 36 21 25 0 29 66 85 123 124 113 144 141 157 163 89 102 107 202 183 170 167 157 121 109 162 43 148 C39 168 209 220 214 129 154 229 80 180 79 196 221 122 168 171 203 206 178 192 154 131 190 208 180 171 108 83 160 215 137 199 123 103 20 65 50 54 29 Set-B2-LC-MD 17.01 10.25 1.90 4.18 0.69 50.00 Solution Coverage_ALNS Cost_ALNS Coverage_cplex Cost_cplex Time_cplex Cplex_sol_statu Gap 784.69 0 37 56 94 95 84 115 122 138 144 79 73 78 220 182 160 196 186 150 127 180 61 153 C40 174 217 235 247 135 122 244 86 217 116 233 227 85 205 208 209 227 141 195 160 117 166 214 143 208 114 75 166 227 174 202 148 114 17 101 87 91 66 37 0 19 57 58 47 78 85 101 107 42 36 41 189 145 123 207 186 161 124 149 58 116 Set-B2-LC-HD 21.04 12.50 2.40 5.26 0.87 90.01 (%) (€/d) (%) (€/d) (s) (%) 7,567.27 Château-Chinon (Ville) 127 Corbigny Château-Chinon (Ville) 128 Avallon Château-Chinon (Ville) C41 155 198 216 228 116 103 225 67 208 112 215 208 66 196 199 190 208 122 176 141 98 147 195 124 199 95 56 147 208 165 183 167 133 36 82 89 110 85 56 19 0 51 39 28 59 79 95 101 61 43 35 208 164 142 226 205 180 143 168 77 135 C42 206 249 267 279 167 154 276 118 259 163 266 259 117 247 250 241 259 173 227 192 149 198 246 175 250 146 107 198 259 216 234 186 152 74 133 140 148 123 94 57 51 0 90 79 65 28 44 50 50 24 16 178 127 93 232 211 195 149 157 96 124 C43 155 198 210 228 116 64 219 97 208 142 215 202 27 196 199 166 208 83 137 121 59 108 189 85 199 125 86 139 202 165 144 206 172 75 112 119 149 124 95 58 39 90 0 28 59 118 134 125 100 82 74 247 203 181 265 244 219 182 207 116 174 C44 183 226 238 256 144 92 247 95 236 140 243 230 55 224 227 194 236 111 165 149 87 136 217 113 227 123 84 167 230 193 172 195 161 64 110 117 138 113 84 47 28 79 28 0 31 107 111 97 89 71 63 236 192 170 254 233 208 171 196 105 163 C45 214 257 269 287 175 123 278 126 267 171 274 261 86 255 258 225 267 142 196 180 118 167 248 144 258 154 115 198 261 224 203 226 192 95 141 148 169 144 115 78 59 65 59 31 0 88 80 66 115 89 81 233 182 148 285 264 239 202 222 136 189 C46 234 277 295 307 195 182 304 146 287 191 294 287 145 275 278 269 287 201 255 220 177 226 274 203 278 174 135 226 287 244 262 188 154 102 161 162 166 141 122 85 79 28 118 107 88 0 16 22 52 52 44 150 99 65 231 210 197 151 151 98 126 Set-B2-HC-LD 49.38 28.72 3.79 9.39 7.49 10.00 24.21 7,199.73 24.21 7,200.61 0.47 optimal -161.68 Set-B2-HC-MD 20.04 10.25 1.90 4.18 3.73 50.01 47.09 11,288.60 47.09 11,289.52 0.52 optimal -1,104.37 Set-B2-HC-HD 24.88 12.50 2.40 5.26 4.71 90.01 1,891.06 68.57 19,428.30 68.57 17,822.12 7.02 optimal 9.01
		C28 Valdahon 26 Besançon 62 Pont-de-Roide-Vermondans 99 Dijon 136 Decize Set-C-HC-MD 12.60 5.17	5,344 Baume-les-Dames 44.76 Baume-les-Dames Nuits-Saint-Georges Nevers 1.77 1.98	3.68	20,614 50.00	20.20 5.13	63.22
		Energy, 111:414-429. Almansoori, A., et Shah, N. (2006). Design and operation of a future hydrogen supply chain: Snapshot model. Chemical Engineering Research and Design, 84(6):423-438. Almansoori, A., et Shah, N. (2009). Design and operation of a future hydrogen supply chain: Multi-period model. International Journal of Hydrogen Energy, 34(19):7883-7897. Almansoori, A., et Shah, N. (2012). Design and operation of a stochastic hydrogen C29 Valentigney 34,877 57.10 17,875 13.86 79.72 C30 Vesoul 15,212 34.31 17,159 14.50 66.37 C31 Villers-le-Lac 4,750 65.32 30,370 16.60 88.26 C32 Châtillon-sur-Seine 5,378 38.63 18,129 13.20 27 Valdahon 63 Bavans Lure 100 Beaune Nuits-Saint-Georges 137 Montceau-les-Mines Mâcon Set-C-HC-HD 17.70 7.41 2.40 2.87 5.01 90.01 12.38 Baume-les-Dames 28 Vesoul Lure 29 Luxeuil-les-Bains 64 Valdahon Maîche 65 Héricourt Bavans 101 Beaune Set-D-LC-LD 31.41 17.31 1.59 12.13 0.38 10.00 99.92 Pouilly-en-Auxois 102 Beaune Set-D-LC-MD 13.52 7.32 0.79 5.20 0.21 50.00 190.04 Tavaux Set-D-LC-HD 17.42 9.72 1.00 6.42 0.28 90.01 177.03 Lure 69.01 C33 Montbard 5,334 42.03 18,344 13.50 62.78 C34 Beaune 21,644 44.73 20,356 14.40 68.76 C35 Auxonne 7,683 50.82 18,762 16.40 30 Luxeuil-les-Bains 66 Dole Auxonne 103 Lons-le-Saunier Tavaux Set-D-HC-LD 33.08 17.31 1.59 12.13 2.05 10.00 47.78 Vesoul 31 Luxeuil-les-Bains Saint-Loup-sur-Semouse 32 Vesoul Saint-Loup-sur-Semouse 67 Gray Auxonne 68 Genlis Auxonne 104 Chalon-sur-Saône Set-D-HC-MD 14.43 7.32 0.79 5.20 1.12 50.01 164.12 Tavaux 105 Louhans Set-D-HC-HD 18.64 9.79 1.00 6.44 1.40 90.01 406.52 Lons-le-Saunier Set-E1-LC-LD 19.93 10.97 3.79 3.72 1.44 10.01 11.34 71.89 C36 Genlis 5,350 56.34 20,235 15.60 74.14 C37 Is-sur-Tille 4,413 60.50 20,090 15.10 73.74 C38 Dijon 155,090 32.43 20,922 17.50 33 Fougerolles 69 Genlis Tavaux 106 Louhans Chalon-sur-Saône Set-E1-LC-MD 9.60 5.17 1.77 1.98 0.68 50.01 8.70 Saint-Loup-sur-Semouse 34 Fougerolles 70 Genlis Gray 107 Chagny Set-E1-LC-HD 13.62 7.41 2.40 2.87 0.93 90.01 11.44 Chalon-sur-Saône Luxeuil-les-Bains 35 Vesoul Besançon 71 Genlis Dijon 108 Chagny Set-E1-HC-LD 26.28 10.97 3.79 3.72 7.80 10.00 41.93 Beaune Set-E1-HC-MD 12.60 5.17 1.77 1.98 3.68 50.01 16.12 57.85 72 Gray Dijon 109 Chagny Autun Set-E1-HC-HD 17.70 7.41 2.40 2.87 5.01 90.01 144.35
		supply chain network under demand uncertainty. International Journal of Hydrogen
		Energy, 37(5):3965-3977.				

C1: Baume-les-Dames;C 2: Bavans; C3: Beaucourt; C4: Belfort; C5: Besançon; C6: Champagnole; C7: Delle; C8: Dole; C9: Fougerolles; C10: Gray; C11: Héricourt; C12: Hérimoncourt; C13: Lons-le-Saunier; C14: Lure; C15: Luxeuil-les-Bains; C16: Maîche; C17: Montbéliard; C18: Hauts de Bienne; C19: Morteau; C20: Ornans; C21: Poligny; C22: Pontarlier; C23: Pont-de-Roide-Vermondans; C24: Saint-Claude;C25: Saint-Loup-sur-Semouse; C26: Saint-Vit;C 27: Tavaux; C28: Valdahon; C29: Valentigney; C30: Vesoul; C31: Villers-le-Lac; C32: Châtillon-sur-Seine; C33: Montbard; C34: Beaune; C35: Auxonne; C36: Genlis; C37: Is-sur-Tille; C38: Dijon; C39: Nuits-Saint-Georges; C40: Chagny; C41: Chalon-sur-Saône; C42: Montceau-les-Mines; C43: Louhans; C44: Tournus; C45: Mâcon; C46: Gueugnon; C47: Digoin; C48: Paray-le-Monial; C49: Autun; C50: Le Creusot; C51: Montchanin; C52: Cosne-Cours-sur-Loire; C53: Nevers; C54: Decize; C55: Migennes; C56: Auxerre; C57: Tonnerre; C58: Avallon; C59: Varzy; C60: Pouilly-en-Auxois; C61: Corbigny; C62: Château-Chinon (Ville)

  Results_GA_FC-G-He-R1/NBS = 50/Max_Pop = 100/Max_iter = 150/Max_M = 12/time = 259 s

	(FC-G-He)										
	Solution Solution	Coverage_GA Coverage_GA (%) (%) 13.64 8.77 16.12 16.12 24.21 24.21 39.04	Cost_GA Coverage_cplex Cost_GA Coverage_cplex Cost_cplex (€/d) (%) (€/d) (%) (€/d) 5,326.93 13.64 46,011.80 8.77 45,923.13 7,168.59 16.12 47,359.10 16.12 47,391.07 7,278.59 24.21 47,469.10 24.21 47,391.07 50,410.10 39.04 50,448.18	Cost_cplex Time_cplex (€/d) (s) 5,364.31 0.41 7,020.60 1.17 7,200.61 0.45 2.31	Time_cplex Cplex_sol_statu Cplex_sol_statu Gap (s) (%) 0.31 optimal optimal 0.19 2.08 optimal optimal -0.75 optimal optimal 0.16 optimal -	Gap (%) -2.11 1.08
		47.09	27.38	9,303.64 50,416.10	47.09	27.38 50,465.30	8,966.22	0.52	3.75 optimal	-	optimal	3.76
		58.26	29.95	10,757.70 53,386.20	58.26	29.95 53,424.28	9,095.28	2.67	1.61 optimal	-	optimal	18.28
		68.57	36.84	11,181.30 56,713.60	68.57	36.84 55,062.22	11,052.57	2.09	4.72 optimal	optimal 3.00	1.16
		69.40	47.09	11,291.30 58,207.00	69.40	47.09 56,732.08	11,289.52 117.23	0.41 optimal	optimal 2.60	0.02
		71.65 76.86 81.48 85.44 91.30 95.30 95.82	58.26 68.57 76.86 81.48 91.30 93.16	15,286.00 58,608.00 19,299.70 59,685.70 23,324.40 62,634.70 27,340.10 66,087.00 33,552.30 67,485.40 43,085.80 76,776.80 80,855.60	71.65 76.85 81.48 85.44 91.30 95.30 95.82	58.26 56,817.10 68.57 58,339.10 76.85 61,236.45 81.48 62,790.36 91.30 65,849.82 93.16 70,311.62 70,629.20	15,235.30 17,602.63 21,345.38 446.36 5.56 5.00 24,803.31 342.81 31,042.76 3,388.94 32,940.84 7,202.50 7,202.58	3.22 optimal 3.53 optimal 5.23 optimal 152.44 optimal 35.69 optimal 75.75 0.0022 0.0031	optimal 3.15 optimal 2.31 optimal 2.28 optimal 5.25 optimal 2.48 optimal 9.20 14.48	0.33 9.64 9.27 10.23 8.08 30.80
		96.66	94.90	46,676.10 81,339.30	96.66	94.90 72,060.58	36,225.38 7,208.03	7,205.47 0.0023	0.0068 12.88	28.85
		96.86	94.99	46,904.70 81,396.10	96.86	94.99 72,152.51	36,225.38 7,207.70	2,221.03 0.0032	0.0001 12.81	29.48
		97.46	95.33	47,260.40 82,747.30	97.46	95.33 73,556.55	36,461.98 7,207.94	7,206.92 0.0052	0.0100 12.49	29.62
		99.32	99.33	52,571.70 84,205.70	99.32	99.33 78,018.01	46,950.79 7,204.75	7,210.03 0.0030	0.0092 7.93	11.97
		99.60	99.77	54,974.30 86,074.30	99.60	99.77 79,483.64	48,921.65 7,203.22	7,205.06 0.0028	0.0065 8.29	12.37
		100.00 100.00	61,306.20 94,260.30	2,472 s 100.00	100.00 82,385.25	50,637.10 7,209.84	7,206.14 0.0033	0.0086 14.41	21.07
	Solution Resultats_ALNS_FC-G-He_R1/Nb_iter_max = 150/W1 = 1.3/W2 = 0.9/time = 2,145 s Coverage_ALNS Cost_ALNS Coverage_cplex Solution Coverage_ALNS Cost_ALNS Coverage_cplex Cost_cplex (%) (€/d) (%) (%) (€/d) (%) (€/d) 24.21 7,199.73 24.21 47.09 50,464.70 47.09 50,465.30 62.78 55,313.00 62.78 53,535.62	Cost_cplex Time_cplex (€/d) (s) 7,200.61 0.52 2.70	Time_cplex Cplex_sol_statu Cplex_sol_statu Gap (s) (%) 0.75 optimal optimal -optimal 3.32	Gap (%) -
		68.57	47.09	11,288.60 56,728.90	68.57	47.09 55,062.22	11,289.52	2.09	0.41 optimal	optimal 3.03	-
		85.09	68.57	19,428.30 64,604.30	85.09	68.57 62,781.13	17,602.63 352.72	3.53 optimal	optimal 2.90	10.37
		88.75		65,813.30	88.75	64,313.36	7,203.39	0.0022	2.33
		89.09		67,627.80	89.09	64,313.36	2,101.45	0.0001	5.15
		92.41		69,240.00	92.41	67,270.35	7,204.34	0.0015	2.93
		95.08		72,406.80	95.08	70,311.62	7,202.53	0.0026	2.98
		95.60		74,150.80	95.60	70,323.16	7,204.22	0.0015	5.44
		96.31		75,655.90	96.31	72,060.57	7,201.98	0.0030	4.99
		96.55		75,692.20	96.55	72,060.57	7,205.66	0.0026	5.04
		98.13		76,915.00	98.13	75,024.80	7,204.14	0.0034	2.52
		98.65		78,659.00	98.65	76,449.96	7,208.28	0.0026	2.89
		99.43		81,779.00	99.43	79,403.57	7,206.94	0.0033	2.99
		99.53		84,937.40	99.53	79,403.57	7,207.89	0.0031	6.97
		100.00		87,979.70	100.00	82,385.25	7,209.84	0.0033	6.79

  1,577 s

	Solution	Coverage_GA	Cost_GA Coverage_cplex	Cost_cplex	Time_cplex Cplex_sol_statu	Gap
		(%)	(€/d)	(%)	(€/d)	(s)		(%)
		6.40	6,586.28	6.40	6,457.52	7.27	optimal	1.99
		9.88	8,173.45	9.88	8,046.99	39.95	optimal	1.57
		17.49	8,215.45	17.49	8,291.63	4.00	optimal	-
		29.30	12,217.20	29.30	12,160.27	45.95	optimal	0.47
		30.77	12,263.20	30.77	12,259.38	27.27	optimal	0.03
		32.83	16,150.90	32.83	12,356.09	10.22	optimal	30.71
		41.02	16,297.90	41.02	16,065.11	211.27	optimal	1.45
		43.21	21,441.20	43.21	16,314.93	7,204.98	0.0121	31.42
		56.81	24,274.30	56.81	21,995.84	7,212.58	0.0142	10.36
		63.18	26,714.80	63.18	24,494.95	590.25	optimal	9.06
		72.93	34,624.20	72.93	30,970.36	7,205.31	0.0086	11.80
		80.27	38,631.50	80.27	37,291.67	7,200.19	0.0080	3.59
		83.77	51,317.60	83.77	40,997.68	7,201.63	0.0138	25.17
		84.91	51,650.10	84.91	42,729.98	7,205.88	0.0253	20.88
		85.54	52,930.80	85.54	42,808.03	7,204.47	0.0069	23.65
		90.58	53,618.90	90.58	50,334.84	7,209.50	0.0170	6.52
		90.95	71,857.90	90.95	51,585.23	7,207.81	0.0272	39.30
		92.59	73,088.00	92.59	54,231.34	7,208.42	0.0220	34.77
		95.10	80,235.60	95.10	59,401.68	7,210.86	0.0141	35.07
		95.99	82,326.60	95.99	61,916.62	7,203.58	0.0170	32.96
		96.57	85,566.00	96.57	63,737.27	7,201.59	0.0184	34.25
		96.92	86,544.60	96.92	65,713.26	7,206.16	0.0302	31.70
		97.02	98,293.80	97.02	65,872.97	7,203.86	0.0260	49.22
		98.63	101,303.00	98.63	72,805.25	7,210.22	0.0219	39.14
		99.37	102,940.00	99.37	79,660.28	7,203.92	0.0299	29.22
		99.63	107,297.00	99.63	80,595.88	7,207.91	0.0141	33.13
		99.86	110,464.00	99.86	86,368.05	7,202.28	0.0211	27.90
		100.00	115,602.00	100.00	89,379.96	7,211.38	0.0166	29.34
	Solution	Coverage_ALNS	Cost_ALNS Coverage_cplex	Cost_cplex	Time_cplex Cplex_sol_statu	Gap
		(%)	(€/d)	(%)	(€/d)	(s)		(%)
		3.03	6,278.74	3.03	6,279.48	9.09	optimal	-
		6.33	8,369.96	6.33	6,457.52	7.13	optimal	29.62
		17.49	8,290.91	17.49	8,291.63	4.00	optimal	-
		20.50	10,367.60	20.50	10,368.39	57.84	optimal	-
		31.29	14,601.70	31.29	12,346.87	14.00	optimal	18.26
		41.02	16,218.50	41.02	16,065.11	211.27	optimal	0.95
		42.04	18,569.40	42.04	16,261.59	158.53	optimal	14.19
		55.72	22,658.30	55.72	21,900.45	7,206.19	0.0387	3.46
		57.23	24,735.10	57.23	22,072.23	7,209.20	0.0111	12.06
		60.57	26,685.30	60.57	24,134.81	7,202.05	0.0323	10.57
		61.30	26,734.00	61.30	24,171.70	435.59	optimal	10.60
		68.43	30,784.80	68.43	28,242.82	7,209.30	0.0230	9.00

  Results_GA_BFC-G-He-R1/NBS = 50/Max_Pop = 100/Max_iter = 150/Max_M = 12/time = 1,811 s Results_GA_BFC-L-Ho-R1/NBS = 50/Max_Pop = 100/Max_iter = 150/Max_M = 12/time = 1,399 s

	(BFC-G-He) (BFC-L-Ho)							
	Solution Solution Solution	Coverage_GA Coverage_GA Coverage_GA	Cost_GA Coverage_cplex Cost_GA Coverage_cplex Cost_GA Coverage_cplex	Cost_cplex Cost_cplex Cost_cplex	Time_cplex Time_cplex Time_cplex	Cplex_sol_statu Cplex_sol_statu Cplex_sol_statu	Gap Gap Gap
		(%) (%) (%)	(€/d) (€/d) (€/d)	(%) (%) (%)	(€/d) (€/d) (€/d)	(s) (s) (s)		(%) (%) (%)
		6.40 9.88 6.40	6,366.79 61,679.00 60,147.30	6.40 9.88 6.40	6,238.03 61,611.46 60,018.51	25.94 11.17 10.30	optimal optimal optimal	2.06 0.11 0.21
		9.88 17.49 9.88	8,173.45 61,721.00 61,506.60	9.88 17.49 9.88	7,982.56 61,797.18 61,439.03	79.55 4.31 27.27	optimal optimal optimal	2.39 -0.11
		17.49 29.30 17.49	8,215.45 64,688.00 61,548.60	17.49 29.30 17.49	8,291.63 64,750.23 61,624.75	23.38 9.92 11.17	optimal optimal optimal	--	-
		29.30 30.77 29.30	12,217.20 64,703.00 64,691.60	29.30 30.77 29.30	12,138.65 64,750.23 64,639.38	41.66 3.33 23.42	optimal optimal optimal	0.65 -0.08
		30.77 41.02 30.77	12,263.20 67,710.10 64,737.60	30.77 41.02 30.77	12,259.38 67,761.23 64,639.38	33.78 54.80 13.81	optimal optimal optimal	0.03 -0.15
		41.02 56.81 34.18	16,297.90 73,987.60 67,471.00	41.02 56.81 34.18	15,862.08 72,605.20 66,219.14	360.99 7,204.64 7,209.45	optimal 0.0007 0.0020	2.75 1.90 1.89
		56.81 63.18 41.02	24,274.30 75,593.40 67,913.60	56.81 63.18 41.02	21,995.84 74,214.50 67,740.53	7,207.20 44.28 3,662.33	0.0054 optimal optimal	10.36 1.86 0.26
		63.18 72.93 44.18	26,495.30 81,440.50 70,495.40	63.18 72.93 44.18	24,494.95 78,759.35 67,959.27	109.81 85.69 52.05	optimal optimal optimal	8.17 3.40 3.73
		72.93 80.27 45.83	34,404.80 84,883.40 73,773.50	72.93 80.27 45.83	30,750.87 84,586.62 67,989.84	871.89 7,204.58 38.17	optimal 0.0017 optimal	11.88 0.35 8.51
		80.27 90.58 56.81	38,662.90 96,638.90 74,172.70	80.27 90.58 56.81	37,291.67 95,308.69 72,449.89	7,203.69 7,208.06 7,221.36	0.0098 0.0019 0.0017	3.68 1.40 2.38
		90.58 92.86 63.18	53,625.20 105,036.00 76,044.00	90.58 92.86 63.18	50,323.64 99,806.36 74,103.65	7,210.02 7,224.61 421.44	0.0168 0.0080 optimal	6.56 5.24 2.62
		93.70 93.88 72.93	75,075.40 116,123.00 82,091.60	93.70 93.88 72.93	56,788.76 101,381.97 78,734.70	7,206.02 7,226.13 2,920.52	0.0259 0.0062 optimal	32.20 14.54 4.26
		94.63 96.19 80.27	85,051.80 121,277.00 85,085.20	94.63 96.19 80.27	58,506.40 106,095.19 84,586.62	7,213.83 7,212.17 7,205.39	0.0180 0.0024 0.0023	45.37 14.31 0.59
		98.69 98.10 90.58	94,160.10 131,905.00 97,304.80	98.69 98.10 90.58	72,334.67 112,030.90 95,308.69	7,208.86 7,210.61 7,209.89	0.0150 0.0028 0.0030	30.17 17.74 2.09
		98.88 98.91 94.93	95,446.30 140,786.00 115,615.00	98.88 98.91 94.93	74,071.85 116,310.84 103,025.54	7,208.27 7,224.09 7,214.83	0.0174 0.0032 0.0036	28.86 21.04 12.22
		99.74 98.94 96.86	111,031.00 150,513.00 120,146.00	99.74 98.94 96.86	84,187.04 116,262.04 107,462.53	7,212.94 7,216.64 7,206.14	0.0204 0.0030 0.0030	31.89 29.46 11.80
	99.95 100.00 99.61 98.48 Resultats_ALNS_BFC-G-He_R1/Nb_iter_max = 150/W1 = 1.3/W2 = 0.9/time = 19,435 s 111,918.00 154,809.00 130,758.00 116,019.00 100.00 99.95 99.61 98.48 99.93 160,634.00 99.93 100.00 98.50 137,566.00 98.50 163,447.00 100.00 98.86 141,078.00 98.86	88,582.23 122,139.66 113,541.95 89,306.45 128,101.76 113,523.30 129,408.59 116,451.48	7,203.52 7,218.63 7,272.42 7,204.56 7,228.48 7,247.52 7,223.31 7,232.61	0.0209 0.0034 0.0049 0.0155 0.0040 0.0045 0.0032 0.0074	26.34 26.75 15.16 29.91 25.40 21.18 26.30 21.15
	Solution Resultats_ALNS_BFC-L-Ho_R1/Nb_iter_max = 150/W1 = 1.3/W2 = 0.9/time = 28,764 s Coverage_ALNS Cost_ALNS Coverage_cplex 99.25 145,254.00 99.25	Cost_cplex 119,195.90	Time_cplex 7,240.28	Cplex_sol_statu 0.0046	Gap 21.86
	Solution	(%) Coverage_ALNS 99.75	(€/d) Cost_ALNS Coverage_cplex (%) 149,544.00 99.75	(€/d) Cost_cplex 125,266.89	(s) Time_cplex 7,263.52	Cplex_sol_statu 0.0062	(%) Gap 19.38
		3.03 15.75 (%) 41.02 100.00	6,278.74 9,889.59 (€/d) 67,764.70 157,266.00	3.03 15.75 (%) 41.02 100.00	5,938.05 8,267.18 (€/d) 67,761.23 129,685.28	43.48 25.84 (s) 54.80 7,251.14	optimal optimal optimal 0.0055	5.74 19.62 (%) 0.01 21.27
	Solution	30.77 41.02 68.43 41.26 42.60 Coverage_ALNS 45.93 (%) 49.23 41.02 63.18 48.29 68.43 54.32 68.57 60.57 70.79 61.96 73.34 68.43 85.58 74.04 90.73 82.27 83.98	12,258.60 16,218.50 30,565.30 69,347.20 69,508.70 Cost_ALNS Coverage_cplex 30.77 41.02 68.43 41.26 42.60 70,753.30 45.93 (€/d) (%) 70,913.30 49.23 67,834.40 41.02 75,720.10 63.18 74,466.90 48.29 78,781.10 68.43 74,649.70 54.32 80,399.60 68.57 76,014.70 60.57 81,888.90 70.79 77,758.70 61.96 83,483.90 73.34 78,978.90 68.43 91,267.50 85.58 83,876.80 74.04 97,671.40 90.73 88,675.00 82.27 90,159.00 83.98	12,259.38 15,862.08 27,975.15 67,804.74 67,817.91 Cost_cplex 67,991.82 (€/d) 69,421.23 67,740.53 74,214.50 69,358.34 77,158.28 71,021.85 77,158.28 73,970.22 78,603.49 74,024.24 80,060.22 77,093.23 89,311.99 80,119.59 95,426.30 86,151.81 87,684.47	33.78 360.99 7,207.11 63.84 17.58 Time_cplex 5.89 (s) 32.94 3,662.33 44.28 375.53 7,201.63 689.44 7,202.39 7,207.34 7,216.00 981.11 7,207.74 7,206.92 7,204.17 7,205.19 7,204.77 7,221.02 7,227.22	optimal optimal 0.0043 optimal optimal Cplex_sol_statu optimal optimal optimal optimal optimal 0.0012 optimal 0.0008 0.0020 0.0036 optimal 0.0027 0.0032 0.0021 0.0031 0.0022 0.0030 0.0034	-2.25 9.26 2.27 Gap 2.49 (%) 4.06 0.14 2.15 7.37 2.03 5.11 2.10 2.76 4.20 5.04 4.18 2.45 4.28 4.69 2.19 2.93 2.35 2.82
		88.36	94,971.10	88.36	92,247.76	7,204.86	0.0026	2.95
		89.12	96,715.20	89.12	93,774.84	7,214.92	0.0065	3.14

  Two metaheuristic algorithms are developed to solve this problem, one based on an adaptive large neighbourhood search, the other on a genetic algorithm. The proposed model and algorithms are applied to the Bourgogne-Franche-Comt é region in France.Cette th èse contribue au d éploiement de l'infrastructure li ée à l' énergie renouvelable qu'est l'hydrog ène, en proposant de nouvelles strat égies bas ées sur des approches d'optimisation. Un état de l'art sur la conception de la chaîne logistique de l'hydrog ène est pr éalablement r éalis é, et permet d'identifier dans la litt érature deux perspectives de recherche. La premi ère concerne la couverture de la chaîne logistique globale, qui n'est pas assur ée, d'une part en amont au niveau de la localisation des fournisseurs de mati ères premi ères et de l'approvisionnement des centres de production (aspect transport), d'autre part en aval au niveau de la localisation des points de distribution (stationsservice) et de leur approvisionnement (transport). Pour int égrer ces composantes, un nouveau mod èle de planification est élabor é. Il fusionne les mod èles classiques, plus pr écis ément un mod èle de HSCND (Hydrogen Supply Chain Network Design) au niveau central, c'est-à-dire au niveau de la production et du stockage, et un mod èle de HSRP (Hydrogen Refueling Station Planning) en bout de chaîne, qui consid ère la distribution. Ce nouveau mod èle int ègre également la prise en compte des sources d'approvisionnement. Il est exprim é sous forme d'un programme lin éaire en nombres entiers mixtes, avec pour objectif la minimisation du co ût de l'hydrog ène à la pompe (LCOH). Son int ér êt est valid é par une étude de cas repr ésentant la Franche-Comt é en France. La seconde voie explor ée est l'int égration des niveaux de d écision strat égique et tactique. Il s'agit d'optimiser simultan ément la localisation des stations-service et des tourn ées de ravitaillement de ces stations, en consid érant comme act ées les d écisions prises pr éc édemment depuis les sources d'approvisionnement jusqu'aux centres de production en hydrog ène. L'objectif est de maximiser la capture du flux de demande, tout en minimisant le co ût quotidien total. Deux algorithmes approch és sont d évelopp és pour r ésoudre ce probl ème, l'un bas é sur une recherche adaptative de grand voisinage, l'autre sur un algorithme g én étique. Le mod èle et les algorithmes propos és sont appliqu és à la r égion Bourgogne Franche-Comt é en France.

Titre : Conception de la chaîne logistique de l'hydrog ène Mots-cl és : Hydrog ène, Chaîne logistique, Conception et Optimisation, Mod èle int égr é, Planification de tourn ées R ésum é :

The commune is a level of administrative division in France.

GRTgaz is a French natural gas transmission system operator.

The French Association for Hydrogen and Fuel Cells

The report provides only the total hydrogen demand of FCEV in France in 2030 (89,000 kg/d). The value for Franche-Comt é is obtained by multiplying the total demand with the proportion of province (Franche-Comt é) population to France population (1.80% (L'Institut national de la statistique et des études économiques, 2015b))

The refueling capacity of "extra-large" stations is twice that of "large" ones

Advanced Fuel Cells Technology Collaboration Program

Suppose that the coverage value obtained by all opened stations is a (when there is no opened station, a = 0), and the new coverage value obtained by all opened stations plus any non-opened station (now is assumed to be opened) is b, then the coverage contribution of this non-opened station is ba.

For two solutions A et B, A dominates B in one of these 3 cases: (1): Coverage(A) > coverage(B) and cost(A) == cost(B); (2): Coverage(A) == coverage(B) and cost(A) < cost(B); (3): Coverage(A) > coverage(B) and cost(A) < cost(B)
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3.4.3.1/ DAILY CAPITAL COST (CC)

The capital cost is composed of facility capital cost (FCC) and CO 2 transportation capital cost (TCC):
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