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Iron and steel industry is known as one of the most energy-intensive sectors which contribute to worldwide energy and resource consumptions as well as carbon dioxide emissions. Many efforts have been made to increase the efficiency of internal processes but the potential of improvement tends to be more and more limited. This research work is thus focused on industrial symbiosis as a mean to face these environmental stakes on a common industrial territory and for which iron and steel plants have a major role to play. A new methodology and a new tool aiming at evaluating over time economic and environmental impacts of industrial symbiosis scenarios on this kind of industrial sites have been therefore developed.

Based on the system dynamics concepts, they further yearn to enhance the deployment of industrial symbioses in the context of iron and steel industry by providing a systematic approach for assessing their performances.

The developed method is described after investigating its theoretical foundations. It is then applied to a typically integrated iron and steel plant. A dynamic model is thus built and validated over a two year simulation period enabling to run industrial symbiosis scenarios involving energy and material flows implied throughout iron and steel production activities.

An application case of a concrete industrial symbiosis in real operational conditions is finally proposed and simulated. It allows showing the significant added value of this research work in the support of decisions-making processes towards industrial symbiosis in the framework of iron and steel industry.
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Abstract (in French)

L'industrie sidérurgique est l'un des secteurs les plus énergivores contribuant à la consommation mondiale d'énergie et de ressources ainsi qu'aux émissions de dioxyde de carbone. Des efforts ont été réalisés pour augmenter l'efficacité des procédés en interne mais le potentiel d'amélioration est de plus en plus limité. Ce travail de recherche porte donc sur la symbiose industrielle comme solution pour faire face aux enjeux environnementaux sur un territoire industriel et pour laquelle les usines sidérurgiques ont un rôle majeur à jouer. Une nouvelle méthodologie et un nouvel outil évaluant dans le temps les impacts économiques et environnementaux de scénarios de symbiose industrielle sur ces sites ont été développés.

Basés sur la dynamique des systèmes, ils visent à favoriser l'emploi des symbioses industrielles dans ce contexte industriel en proposant une approche systématique pour évaluer leurs performances.

La méthode développée est décrite après l'étude de ses fondements théoriques. Elle est ensuite appliquée à une usine sidérurgique intégrée typique. Un modèle dynamique est ainsi construit et validé sur une période de simulation de deux ans afin de simuler tout scénario de symbiose industrielle impliquant des flux d'énergie et de matières relatifs aux activités sidérurgiques. Un cas concret d'application de symbiose industrielle dans des conditions opérationnelles réelles est enfin proposé et simulé. Il montre la valeur ajoutée de ce travail de recherche qui vient en support des processus de prise de décisions en matière de symbiose industrielle dans le contexte de l'industrie sidérurgique.

Mots-clés : symbiose industrielle -écologie industrielle -dynamique des systèmessidérurgie -acier -énergie -ressources
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Introduction

Worldwide energy consumption and worldwide carbon dioxide (CO2) emissions have been continuously growing over the past few decades. The iron and steel industry is today recognized as a matter of fact as one of the most energy-intensive industrial sectors that thus significantly contribute to these despicable trends. Related production levels are expected to rise in the next few years in order to meet the global worldwide steel demand. Even though corresponding energy-intensity levels remain constants and assuming that production systems keep their linearity, the iron and steel production activities will continue to have increasing impacts on climate change and global warming. That is why the transition to low carbon societies is one of the possible strategies to mitigate these negative effects. This includes the industrial symbiosis (IS) concept for which the iron and steel industry has clearly a major role to play and through which stakeholders can reach the remaining potential for tending towards more energy savings as well as more environmental impact reductions on a common industrial cluster. Chapter 1 presents the global energy stakes that frame this research work and proposes to use the IS approach in the scope of typically integrated iron and steel plants in order to further integrate them within their environment (i.e. within their industrial cluster or into common territories). 

Global energy context

Both climate change and global warming today remain one of the major challenges that human being must urgently handle to make the next few years tend towards more sustainability and towards low carbon societies. Total final energy consumption has been growing by a factor of 2.25 from 1971 to 2016 [START_REF]World energy balances: Overview[END_REF] along with the increasing trend of worldwide CO2 emissions plotted in Figure 1.1. These energy-related emissions even reached a record high of 32.50 gigatonnes (Gt) in 2017 [2] according to the International Energy Agency's statistics (IEA). The industrial sector accounts on its own for approximately 37% of this total final energy consumption [START_REF]World energy balances: Overview[END_REF] and still constitutes the biggest of the energy end-use sectors in 2016 as shown in Figure 1.2. This specific sector is a very large and complex area leading energy-intensive activities ranging from the extraction of natural resources to their conversion into raw materials and their manufacturing into finished products throughout many industrial fields (e.g. iron and steel, petrochemicals, pulp and paper, refining and cement industries). There is now an urgent need to tackle these linearly designed production systems by proposing new paradigms that contribute to the mitigation of both climate change and global warming effects. The approach designed and later described for that purpose in this research work is based on Industrial Ecology (IE) principles. This important pillar of Circular Economy (CE) -according to the French Environment and Energy Management Agency (ADEME) -assimilates production systems to ecosystems relying by nature on the IS concept in order to close the loops and to end-up with zero waste activities [4] by integrating industrial, economic, environmental and social systems. The proposed approach is leaning on System Thinking (ST) theory giving the "ability to understand how parts influence one another within a whole and the relationship of the whole to the parts" [START_REF]Unleashing the power of the circular economy[END_REF]. ST is for that matter the most important pillars of CE according to the Amsterdam Sustainability and Innovation (IMSA) organisation thus suggesting in a way this necessary paradigm in order to overcome the current global energy context.

Energy efficiency in the Iron and Steel industry

Iron and steel are essential materials extensively worldwide used that can be found everywhere and in many forms. They are mainly used as basic or major components for large and complex production systems (e.g. within the construction, automotive, household appliances, and packaging industrial sectors). The global worldwide demand of these materials is continuously growing year after year due to the major role they play that brings their corresponding production rates to increase further and further. Iron and steel are also interesting materials from an energy point of view and an environmental perspective due to the large amount of material and energy flows they require throughout their production routes. The iron and steel industry is in this sense one of the most energy-intensive industrial sectors [START_REF]Energy Technologies Perspectives 2015: Mobilising Innovation to Accelerate Climate Action[END_REF] accounting for approximately 4% to 5% of worldwide CO2 emissions according to the WSA [START_REF]Steel's contribution to a low carbon future[END_REF]. Although the related global energy consumption has decreased by about 60% in comparison with the 1960s [START_REF]Steel's contribution to a low carbon future and climate resilient societies[END_REF], the current levels remain almost constants in recent years. The average energy intensity for steel production was 20 gigajoules (GJ) per tonne of crude steel produced in 2016 which still let room for further improvements of 15% to 20% according to the WSA [START_REF]Steel's contribution to a low carbon future and climate resilient societies[END_REF]. The associated average CO2 emissions were 1.9 tonnes per tonne of crude steel produced [START_REF]Steel's contribution to a low carbon future[END_REF]. 

Towards more Industrial Ecology and Industrial Symbiosis

Plenty of resource and energy research works were carried on as a support to reduce the global energy consumption of the iron and steel industry while tending to take advantage of the previously announced 15% to 20% remaining potential for more energy savings. These studies were mainly focused on each individual process stages of the iron and steel industry complex production system or centred at the manufactory level or on very specific technologies (e.g. breakthrough technologies) which limited the environmental impact reductions to small scales. Potentials for energy savings in typically integrated iron and steel 1,5 Pinch analysis) [13] [14]. Integrated assessments of energy (e.g. including also exergy and emergy) based on thermodynamic calculations and mathematical formulations were looked at too [START_REF] Qin | Modeling, thermodynamic and techno-economic analysis of coke production process with waste heat recovery[END_REF]. Material Flow Analysis (MFA) has been also considered in order to assess the energy and material flows of typically integrated iron and steel plants [START_REF] He | Assessment on the energy flow and carbon emissions of integrated steelmaking plants[END_REF]. Technological aspects were of interests as well in order to increase the energy efficiency of the iron and steel processes [17] [18]. The iron and steel industry has thus acquired a great experience while building success stories at addressing energy consumption and environmental impact issues. It has continuously improved its competitiveness by applying diverse energy efficiency methods and technological solutions at the level of worldwide integrated iron and steel production plants. Despite many efforts are still directed in this sense, the need for proposing new innovative solutions (i.e. apart from breakthrough technologies) with a larger scope is of major interests because it is today recognized that "the potential of an optimization in a heterogenic industrial cluster with several industries is much higher, because of the different individual needs" [START_REF] Maiwald | Energy simulation dynamic production networks (ESPRONET): simulation for industrial symbiosis[END_REF].

This is exactly what IE aims at reaching by the integration of current "end-of-pipe approaches and prevention methods into a broader perspective, to which they should be subordinated" [START_REF] Erkman | Industrial ecology: an historical view[END_REF]. IE is defined as a "broad, holistic framework for guiding the transformation of the industrial system to a sustainable basis" [START_REF] Lowe | Industrial ecology and industrial ecosystems[END_REF]. This approach involves many tools and methods such as Life Cycle Assessment (LCA), MFA, Input and Output Analysis (IOA), Substance Flow Analysis (SFA), Geographic Information System (GIS) and others which include the IS concept [START_REF] Perez | Co-Authorship Network Analysis in Industrial Ecology Research Community[END_REF]. These tools and methods were developed and applied to many systems through a well-established scientific collaboration network within the IE research domain and community [START_REF] Perez | Co-Authorship Network Analysis in Industrial Ecology Research Community[END_REF]. These systems can refer to, either specific resources or groups (or categories) of resources, or specific networks that involve energy and material flows at different scales (e.g. the industry, community, city, region and national levels). J. Kim has for example assessed and estimated particulate matter formation potential and respiratory effects from air emission matters in industrial sectors and cities/regions [START_REF] Kim | Assessment and estimation of particulate matter formation potential and respiratory effects from air emission matters in industrial sectors and cities/regions[END_REF]. J. Zhang et al.

quantified the greenhouse gas emissions for fluorescent lamps in China using the LCA method [START_REF] Zhang | Hydrogen Fluoride (HF) Substance Flow Analysis for Safe and Sustainable Chemical[END_REF]. S. Chen et al. gave insights from an integrated MFA and LCA of lead in the case of lead-acid batteries in China [START_REF] Chen | The Environmental Burdens of Lead-Acid Batteries in China: Insights from an Integrated Material Flow Analysis and Life Cycle Assessment of Lead[END_REF]. E. Kuznetsova et al. developed an input-output inoperability model for the risk analysis of Eco-Industrial Parks (EIPs) [START_REF] Kuznetsova | Input-output Inoperability Model for the risk analysis of eco-industrial parks[END_REF]. Number of additional relevant research works could be investigated when looking at the related literature and some of them are later quoted in this PhD thesis report.

In this perspective, the field of IS thus appears as an alternative approach to strengthen this improvement process while progressively moving towards more and more circularity within industrial clusters. IS is as a matter of fact today considered "as a path to improved operational performances as well as to improved environmental performances in situations where resource exchanges can be efficiently achieved" [START_REF] Chertow | Taking stock of industrial ecology[END_REF] because it engages "traditionally separate industries in a collective approach to competitive advantage involving physical exchange of materials, energy, water, and by-products" [START_REF] Lowe | Industrial ecology and industrial ecosystems[END_REF] as initially defined by M.R.

Chertow in 2000. It can be further assimilated to a complete system approach that aims at finding a fair compromise between environmental and economic performances while dealing with other non-negligible aspects (e.g. policy and social aspects). This method is based on the inherent principle of IE defined in 1989 by R.A. Frosch and N.E. Gallopoulos and pointing out that where "the consumption of energy and materials is optimized, waste generation is minimized, and the effluents of one process … serve as the raw material for another" [4] that means IE is taking place.

A large number of studies pertaining to these concepts and focused on industrial clusters where iron and steel production activities are in operation can be read throughout the literature (i.e. literature related to IS). There are for that matter many scientific articles framed under the particular and facilitating Chinese context which focuses on IS and IE where integrated iron and steel plants are considered as part of the scope of interest. Integrated assessments of energy (e.g. including also exergy and emergy) in the field of IS was for example applied to typically integrated iron and steel plants and based on thermodynamic calculations and mathematical formulations [START_REF] Wu | Integrated assessment of exergy, energy and carbon dioxide emissions in an iron and steel industrial network[END_REF]. Environmental and economic gains as well as risks triggered from IS were also determined [30] [31]. CO2 emissions reductions from IS solutions were for example quantified throughout case studies [32] [33], via the SFA method [START_REF] Yu | Reducing carbon emissions through industrial symbiosis: a case study of a large enterprise group in China[END_REF] and studied from existing cases [START_REF] Zhang | CO2 emission reduction within Chinese iron & steel industry: practices, determinants and performance[END_REF]. These kind of articles provide interesting and valuable information about typical existing and potential IS while highlighting that the iron and steel industry has a major role to play in such networks (e.g. through the realization of environmental and economic benefits within industrial clusters or common territories). The research work presented herein has been built on these typical scientific insights and results in order to start from strong bases. 

Outlines of the research work

Introduction

Presents the global energy stakes of the research work and proposes the industrial symbiosis approach in the context of the iron and steel industry to further integrate typically integrated plants within their environment.

-8

Chapter 2:

Theoretical Background

Reviews the literature dedicated to the evaluation of industrial symbiosis as well as dedicated to the system dynamics modelling approach in order to set down the theoretical foundations of the research work.

-28

Chapter 3:

Problem Statement

Gives an overview of the problematic and related research question highlighting the particular points on which the research work is focused in order to bring a new methodology for evaluating the impacts of industrial symbiosis on typically integrated iron and steel plants.

-34

Chapter 4:

Methodological Framework

Describes the methodology and main contents used to reach the objectives and answer the research question. 

Theoretical Background

The industrial symbiosis (IS) concept has already been at the heart of many interesting research questions. One of the recurrent and common interests that obviously pop out among the research works found over the corresponding literature is the evaluation of the performances of IS. The scientific community has indeed spent many efforts at quantifying environmental and economic impacts triggered by IS within industrial clusters by developing and using plenty of valuable methodologies and tools and by applying them on different scales in the context of different case studies. What comes out today is that the dynamic evaluation of IS has only been covered by a very few numbers of research works while dynamic remains a major characteristic of the IS approach. The system dynamics (SD) method already used for that purpose in some of these studies can especially be applied in the framework of the iron and steel industry in order to quantify the effects that any IS scenarios could have on typically integrated iron and steel plants. Chapter 2 presents in this perspective the key literature findings about the concepts associated with IS. The fields of circular economy (CE) and industrial ecology (IE) are thus described as the conceptual framework of the IS approach. The main research interests regarding IS are then depicted and a focus on the quantification of the related environmental and economic impacts is proposed. The fields of system thinking (ST) and system modelling are finally explored and detailed as the conceptual framework of the SD method. The SD' characteristics and modelling concepts are then described and compared to other dynamic methods pertaining to the ST theory.

Evaluation of Industrial Symbiosis performances

Related concepts and definitions

The CE concept has been defined many times throughout the general literature (i.e. more than 100 existing definitions) [START_REF] Kirchherr | Conceptualizing the circular economy: An analysis of 114 definitions[END_REF] and can be described as "an industrial system that is restorative or regenerative by intention and design. It replaces the 'end-of-life' concept with restoration, shifts towards the use of renewable energy, eliminates the use of toxic chemicals, which impair reuse, and aims for the elimination of waste through the superior design of materials, products, systems, and, within this, business models" according to the Ellen MacArthur Foundation (EMF) [START_REF] Macarthur Foundation | Economic and business rationale for an accelerated transition[END_REF]. This approach aims at uncoupling the economic growth and development from the resource consumptions by adopting the "3R's: reduce, reuse and recycle" principle as a main guiding line of sustainability (e.g. the cradle to cradle circular concept). The framework of CE particularly comes in contrast of the current context of Linear Economy (LE) that is completely designed and based on the "take, make and dispose" principle (e.g. the cradle to grave linear concept). The CE approach thus intends to create value based on use instead of consumption while suggesting the design and use of small industrial loops [START_REF] Macarthur Foundation | Economic and business rationale for an accelerated transition[END_REF] in order to fulfil all these objectives.

The CE concept is derived from different fields which provide building blocks for its conceptual framework. This includes the IE concept according to the International Reference Centre for the Life Cycle of Products, Processes and Services' (CIRAIG) definition [START_REF] Ciraig | Circular economy: a critical literature review of concepts[END_REF]. The IE approach actually appeared in 1989 and has been defined as a need for industrial systems within which "the use of energies and materials is optimized, wastes and pollution are minimized, and there is an economically viable role for every product of a manufacturing process" [4]. It further allows to "understand how the industrial system works, how it is regulated, and its interaction with the biosphere; then, on the basis of what we know about ecosystems, to determine how it could be restructured to make it compatible with the way natural ecosystems function" according to S. Erkman [START_REF] Erkman | Industrial ecology: a new perspective on the future of the industrial system[END_REF]. The IE concept defines industrial sectors as "man-made ecosystems that operate in a similar way to natural ecosystems, where the waste or by product of one process is used as an input into another process" according to the Global Development Research Center (GDRC) [START_REF]Sustainability concepts: industrial ecology[END_REF]. This constitutes the starting point of the IS approach that is known as a subfield of IE where both theory and practice are highly valued. The IS concept is encapsulated into the CE conceptual strands and more particularly operates at the inter-firm level of IE because it involves exchange options among several organizations settled within a common territory as illustrated in Figure 2.1. These exchanges are based on cooperative resource sharing of water, energy, by-products and wastes as described into Chapter 1 through the definition given by M.R. Chertow [START_REF] Chertow | INDUSTRIAL SYMBIOSIS: Literature and Taxonomy[END_REF]. The "3-2 heuristic" rule is proposed as a minimum criterion in order to help differing IS based exchanges from other kind of simple industrial exchanges: "at least three different entities must be involved in exchanging at least two different resources to be counted as a basic type of industrial symbiosis" thus involving "complex relationships rather than linear one-way exchanges" [START_REF] Chertow | Uncovering" industrial symbiosis[END_REF].

Figure 2.1. Three level operations of IE (IS operates at the inter-firm level) [START_REF] Chertow | INDUSTRIAL SYMBIOSIS: Literature and Taxonomy[END_REF] A concrete demonstration of the IS concept started in the 1960s within the city of Kalundborg (in Denmark). This town is the place of an important industrial cluster of companies leading activities for different industrial sectors and was uncovered as well as deeply described for the first time into the international press during the 1990s [42] [43]. Following the industrial ecosystems theorized in 1989 through the definition of IE, the Kalundborg city began to come into much view thanks to the existing extensive network of cooperating industries that is in operation therein [START_REF] Chertow | Taking stock of industrial ecology[END_REF]. It was characterized as an IS by I. Christensen and V. Christensen thus leading to what is today designated as "the industrial symbiosis of Kalundborg". The first real inter-firm symbiosis was set up in 1972 when the new gypsum board company started to reuse the excess butane from the oil refinery (this exchange lasted about 30 years) [START_REF] Chertow | Taking stock of industrial ecology[END_REF]. The Kalundborg Eco-Industrial Park (EIP) is today familiar to industrial ecologists and has played a catalytic role for the sustainable industrial development. Kalundborg is further known as the best worldwide example of success and sustainable IS and is considered as an influencing case study (even if some projects failed). There were moreover fundamental evolutions over the years that for some of them brought to the Kalundborg symbiosis some environmental and economic benefits [44] [45]. For example [START_REF]World energy balances: Overview[END_REF] foundations, performance, mechanism, modelling, structure, case study, and proposal [START_REF] Chertow | Taking stock of industrial ecology[END_REF].

Different concerns were indeed addressed around these categories by the scientific community over the years as the question of the geographic scale for which the National Industrial Symbiosis Programme (NISP) depicted the area covered by reused resources in the United-Kingdom [START_REF] Jensen | Quantifying "geographic proximity": Experiences from the United Kingdom's national industrial symbiosis programme[END_REF]. A common theme about considering industrial systems as complex adaptive systems also emerged in the context of IS [START_REF] Chertow | Organizing Self-Organizing Systems, Toward a Theory of Industrial Symbiosis[END_REF]. Finally, the evaluation of the performances of IS remains today a major interest regarding their implementation process because "economic and environmental benefits are what comprise the core industrial symbiosis approach" [START_REF] Chertow | Taking stock of industrial ecology[END_REF]. 

Short description Reference

Foundations: Address concepts or issues regarding industrial symbiosis at an abstract level Introduce ideas, concepts and potentials of IS [START_REF] Lowe | Industrial ecology and industrial ecosystems[END_REF] Emphasis on the "biological analogy" [START_REF] Hardy | Industrial ecosystems as food webs[END_REF] Establish a definition, framework, or theory [START_REF] Chertow | INDUSTRIAL SYMBIOSIS: Literature and Taxonomy[END_REF] [49]

Conduct a comprehensive review of IS as a field of study [50] [51] Relate IS to a different field or concept [START_REF] Parto | Industrial ecology and regionalization of economic governance: An opportunity to "localize" sustainability?[END_REF] Modelling: Adopt and discuss various modelling schemes, for example, to optimize material flows or to understand evolution or changes in resilience for an industrial ecosystem Optimize water, energy, waste flows [START_REF] Nobel | Using Geographic Information Systems (GIS) in industrial water reuse modelling[END_REF] [78] [START_REF] Cimren | Material fl ow optimization in byproduct synergy networks[END_REF] Adopt system dynamics [START_REF] Bailey | Using robust concept exploration and systems dynamics models in the design of complex industrial ecosystems[END_REF] Adopt agent-based modelling [81] [82] Model evolution of IS [START_REF] Qin | The research of modeling of Eco-Industrial Park based on evolution game[END_REF] [84] [START_REF] Zhu | The development of regional collaboration for resource effi ciency: A network perspective on industrial symbiosis[END_REF] Model resilience of IS [START_REF] Chopra | Understanding resilience in industrial symbiosis networks: Insights from network analysis[END_REF] Model stability of IS [START_REF] Ng | Stability analysis of symbiotic bioenergy parks,» 17th conference on process integration, modelling and optimisation for energy saving and pollution reduction[END_REF] Structure:
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Case study at the level of firm [START_REF] Zhu | Industrial symbiosis in China: A case study of the Guitang Group[END_REF] Table 2.2. Core of the literature in the field of IS (continued) [START_REF] Chertow | Taking stock of industrial ecology[END_REF] Short description Reference

Case study: Present a broad overview of specific industrial symbiosis initiatives/projects from various perspectives or examine multiple cases to conduct a review or make comparisons

Case study at the level of industry [START_REF] Wolf | Industrial symbiosis in the Swedish forest industry[END_REF] [59]

Case study at the level of cluster [93] [94] Case study at the level of city [START_REF] Elabras | Eco-industrial park development in Rio de Janeiro Brazil: A tool for sustainable development[END_REF] Case study at the level of region [START_REF] Baas | Industrial symbiosis in the Rotterdam Harbour and Industry Complex: Reflections on the interconnection of the techno-sphere with the social system[END_REF] [97]

Case study at the level of nation [START_REF] Van Berkel | Industrial and urban symbiosis in Japan: Analysis of the Eco-Town program 1997-2006[END_REF] [99] [START_REF] Su | A review of the circular economy in China: Moving from rhetoric to implementation[END_REF] Proposal: Propose a new idea or more specific plan or strategy for industrial symbiosis using a particular waste material, industry, or site Proposal pertains to a specific plan or site [START_REF] Alfaro | Applying industrial symbiosis to smallholder farms: Modeling a case study in Liberia, West Africa[END_REF] Proposal pertains to a specific industry [102] [103] Proposal pertains to specific waste materials [START_REF] Mirabella | Current options for the valorization of food manufacturing waste: A review[END_REF] Propose plans based on the evaluation of potential benefits or modelling results [START_REF] Taskhiri | Fuzzy optimization of a waste-toenergy network system in an eco-industrial park[END_REF] Propose a strategy to design, develop, and implement IS [START_REF] Tsvetkova | Business models for industrial ecosystems: A modular approach[END_REF] 2

.1.3 Quantifying performances of Industrial Symbiosis

In this framework, a particular focus is made on what belongs to the assessment of the performances of IS. These performances comprise the environmental and economic impacts of an implemented IS into an industrial ecosystem and are evaluating by quantifying the differences between (1) the consumption of raw materials and natural resources (i.e. broadly all the material and energy flows involved within the industrial ecosystem) as well as the emissions (i.e. emissions to air and water) that are measured for the baseline operation and organization of the industrial cluster and (2) the measures of the same parameters within the same cluster but observed under an implemented IS.

Various quantitative tools and methodologies can be found to assess the performances triggered by IS in order to assist in decision-making processes towards a potential implementation. Optimization methods [START_REF] Boix | Optimization methods applied to the design of eco-industrial parks: a literature review[END_REF] as well as energy use minimization and retrofitting methods [START_REF] Kastner | Quantitative tools for cultivating symbiosis in industrial parks; a literature review[END_REF] have been for example applied to the design of eco-industrial parks (EIPs) [START_REF] Yu | Understanding the evolution of industrial symbiosis research: A bibliometric and network analysis (1997-2012[END_REF]. Environmental performances of IS were also depicted through thermodynamic indicators such as energy, exergy and emergy [START_REF] Wang | Emergy evaluation of Eco-Industrial Park with power plant[END_REF] [62] [63] [START_REF] Geng | Emergy analysis of an industrial park: the case of Dalian, China[END_REF]. Comprehensive indicator systems were developed [70] [110] and Triple Bottom Line (TBL) accounting was applied as well [START_REF] Kurup | Triple Bottom Line Accounting Applied for Industrial Symbiosis[END_REF]. Among these research works and all other not quoted from the general literature, it can be further understood that the IS approach is definitely a system approach that aims to find a fair compromise between environmental and economic performances. These outcomes have been for example quantified in the framework of co-located firms [START_REF] Chertow | Quantifying economic and environmental benefits of co-located firms[END_REF], of the cement industry [START_REF] Hashimoto | Realizing CO2 emission reduction through industrial symbiosis: a cement production case study for Kawasaki[END_REF], of the Kalundborg symbiosis [START_REF] Jacobsen | Industrial symbiosis in Kalundborg, Denmark: A quantitative assessment of economic and environmental aspects[END_REF], of typically integrated iron and steel plants [START_REF] Li | Energy recovery and abatement potential of CO2 emissions for an integrated iron and steel making enterprise[END_REF] and of numerous EIPs.

Through many relevant and interesting studies, the research community in the field of IE and IS acquired a great experience at evaluating the performances of EIPs. Park et al. for example proposed "eco-efficiency indicator as an integral parameter for simultaneously quantifying the economic and environmental performance of industrial symbiosis networks" [START_REF] Park | Methodological aspects of applying eco-efficiency indicators to industrial symbiosis networks[END_REF] in the framework of the Ulsan region. This region is part of the "EIP initiative" in South Korea fully overview by Park et al. [START_REF] Park | Strategies for sustainable development of industrial park in Ulsan, South Korea-from spontaneous evolution to systematic expansion of industrial symbiosis[END_REF]. The Ulsan region today remains one of the most known and most described EIP-based example from which the scientific community got scientific and practical insights throughout the literature. Among the different studies pertaining to the evaluation of performances of IS, the most used approaches are Life Cycle Assessment (LCA)

[58] [START_REF] Sokka | Industrial symbiosis contributing to more sustainable energy use -an example from the forest industry in Kymenlaakso, Finland[END_REF] and Material Flow Analysis (MFA) [START_REF] Geng | Assessment of the national eco-industrial park standard for promoting industrial symbiosis in China[END_REF] [116] [START_REF] Sendra | Material flow analysis adapted to an industrial area[END_REF]. These methods allow assessing the environmental impacts of companies or industrial clusters by providing the magnitude of these impacts and related flows over a short and specific period of time considered as representative [START_REF] Felicio | Industrial symbiosis indicators to manage eco-industrial parks as dynamic systems[END_REF].

However, IS is a phenomenon evaluated at any given time [START_REF] Chertow | Organizing Self-Organizing Systems, Toward a Theory of Industrial Symbiosis[END_REF] that limits these approaches in their ability to support decision-making processes because they do not take into account the trends and the variations and they do not enable to assess how any decision affects IS [START_REF] Felicio | Industrial symbiosis indicators to manage eco-industrial parks as dynamic systems[END_REF].

For that matter, it has already been suggested to study changes over time in future IS based work [START_REF] Zhang | A review of industrial symbiosis research: Theory and methodology[END_REF] in order to overcome these roadblocks. However, only very few research works have taken into account either the dynamics from which is triggered IS or the dynamic evolutions of organizational structures and core variables related to an implemented IS. Many studies involving dynamic LCA and dynamic MFA methods that could be applied within the framework of IS can be found throughout the literature. The corresponding research works consider different axes regarding dynamic aspects such as for example economic and social parameter variations over time and dynamic characterization factors (e.g. dynamic characterization factors of Global Warming) [START_REF] Park | Dynamic material flow analysis of steel resources in Korea[END_REF] [120] [START_REF] Felicio | Industrial symbiosis indicators to manage eco-industrial parks as dynamic systems[END_REF].

Other studies have considered the trends and variations of different kind of flows involved through IS in the framework of their dynamic performance assessments. The Agent-Based Modelling (ABM) method was for example used to convert industrial areas in industrial ecosystems [START_REF] Romero | Proposal of an agent-based analytical model to convert industrial areas in industrial eco-systems[END_REF] as well as to design [START_REF] Kim | Development of an agent-based modeling methodology for an industrial byproduct exchange network design[END_REF] and to make these systems evolve over time [START_REF] Cao | Applying agent-based modeling to the evolution of ecoindustrial systems[END_REF] thus

showing the first type of dynamic (e.g. dynamics from which is triggered IS). The System Dynamics (SD) approach allowed to study flows and accumulations of matters, information and energy in the Kalundborg symbiosis [START_REF] Bailey | Using robust concept exploration and systems dynamics models in the design of complex industrial ecosystems[END_REF] as well as to assess the effects of IS on industrial chains [START_REF] Qu | System dynamics model for the environment management of eco-industrial park[END_REF] and to evaluate the environmental impacts of IS on economic and technological development zones [START_REF] Zhao | Simulation and evaluation on the eco-industrial system of Changchun economic and technological development zone, China[END_REF] thus dynamically quantifying its outcomes. These particular research works are directly linked to the modelling and performance categories presented within the previous section 2. [START_REF]World energy balances: Overview[END_REF] 

System Dynamics modelling

Related concepts and definitions

The SD approach is part of the system modelling methods used in the theory of system thinking (ST). This theory is used in disciplines as varied as biology, anthropology, physics, psychology, mathematics, management, and computer sciences [START_REF] Peters | The application of systems thinking in health: why use systems thinking?[END_REF]. The ST concept is defined as a holistic approach focused on "the way that a system's constituent parts interrelate and how systems work over time and within the context of larger systems" [START_REF] Miller | systems approach to comprehensive school reform: using the realms of meaning and the baldridge model as a systems framework[END_REF]. The ST system modelling is as a matter of fact, a "way of solving problems" [START_REF] Borshchev | From system dynamics and discrete event to practical agent based modeling: reasons, techniques, tools[END_REF] related to the real world and is especially applied when "prototyping or experimenting with the real system is expensive or impossible" [START_REF] Borshchev | From system dynamics and discrete event to practical agent based modeling: reasons, techniques, tools[END_REF]. The system modelling is moreover suitable when an overall picture of the system is needed as described in Figure 2.4. The SD approach appeared in 1956 at the Massachusetts Institute of Technology (MIT) and has been largely developed by the Engineer J.W. Forrester [START_REF] Forrester | Dynamic models of economic systems and industrial organizations[END_REF]. It emerged from the limitation of the traditional methods to provide sufficient understanding of the processes involved in complex systems [START_REF] Forrester | Dynamic models of economic systems and industrial organizations[END_REF]. This particular conceptual and methodological approach to the study of complex issues [START_REF] Forrester | Industrial dynamics[END_REF] [131] [START_REF] Landriscina | Simulation and learning: a model-centered approach[END_REF] has been first defined as "the study of information-feedback characteristics of industrial activity to show how organizational structure, amplification (in policies), and time delays (in decisions and actions) interact to influence the success of the enterprise" [START_REF] Forrester | Industrial dynamics[END_REF] [132] [START_REF] Forrester | Industrial dynamics: a major breakthrough for decision makers[END_REF]. The SD approach is further defined as a deductive (or top-down) approach with a holistic perspective, assuming that the complex behaviour of a system arises from its own structure [START_REF] Lorenz | Towards an orientation framework in multi-paradigm modeling, Aligning purpose, object and methodology in system dynamics, agent-based modeling and discrete-event-simulation[END_REF] as shown in Figure 2.5. This system structure is actually composed of physical and informational aspects as well as policies and traditions that are crucial to the decision-making processes in every complex system and problem [135] [136]. It is mainly based on feedback loops and time delays as well as stock and flow diagrams (SFD) dealing with endogenous variables implemented as level variables (or observable variables) that represent the dynamic state of the system. The SD approach thus particularly allows assessing how structural system changes (e.g. perturbations) in one part of a system affect the behaviour of the whole system. Perturbing a system also permits to test and simulate how it will respond under varying sets of conditions in order to improve or reach the required behaviour through what is called a "scenario" in the SD field. Despite the SD method was first built as a management discipline to understand how the policies of corporations produce successes (or failures), it today deals with almost any kind of systems changing through time. In fact, this cross-discipline approach to describe, model, simulate and analyse complex problems "can be applied to any dynamic system, with any time and spatial scale" [START_REF] Sterman | Business dynamics: systems thinking modeling for a complex world[END_REF] for any application domain. For that matter, literature highlights that this method is suitable for "the evaluation of the sustainability and evolution of eco-industrial systems or eco-industrial parks in different scenarios" [START_REF] Romero | Proposal of an agent-based analytical model to convert industrial areas in industrial eco-systems[END_REF] characteristic of the implementation and operation of IS.

Overview of the modelling concepts

On one hand, causal properties of the system structure are based on feedback control loops, time delays as well as flows and accumulations. On the other hand, endogenous properties are defined through observable variables (i.e. level variables) that express the dynamic state of the system. The SD modelling concepts thus gather Causal Loop Diagram (CLD) building and SFD building. These are both based on feedback control loops as well as time delays.

1) Causal loop diagram (CLD)

CLD building allows creating qualitative representation of mental models that reflect a real system and that are focused on causal chains. It thus permits to visualize how variables of complex systems are interconnected (e.g. interdependent or independent as well as organized or not organized) within the framework of large and complex problems. This method consists of drawing a set of nodes and edges which respectively depict all the variables of a system and the links between two or several different variables of this system [START_REF] Zhou | Learn to read causal loop diagrams. Systems and us. Understanding the design of the world[END_REF]. CLDs are thus the representation of the causal chains within a system that can represent either positive (i.e.

positive polarities marked as a "+") or negative (i.e. negative polarities marked as a "-") causal chains (1) positive polarities: nodes change in the same directions leading to a reinforcing behaviour that means that if a node decreases then the linked node also decreases and (2) negative polarities: nodes change in the opposite directions leading to a balancing behaviour that means that if a node decreases then the linked node increases. These feedbacks are used in the literature throughout many simple and complex examples.

They are defined as "a process whereby an initial cause ripples through a chain of causation ultimately to reaffect itself" [START_REF] Roberts | Introduction to computer simulation: a system dynamics modeling approach[END_REF]. increase the adoption rate makes the adopter population increase (2) increase the adopter population makes the word of mouth increase and (3) increase the word of mouth makes the adoption rate increase. Within the market saturation loop (i.e. balancing loop) (1) increase the adoption rate makes the number of potential adopters decrease and ( 2) increase the number of potential adopters makes the adoption rate decrease. The first adopters ensure favourable word of mouth if they are satisfied with their new product. In this case, further adoption is generated thus increasing the adopter population and leading to more word of mouth. This produces a bigger adoption rate thus allowing more adopters and word of mouth. "The loop is named the contagion loop to capture the process of social contagion by which the innovation spreads. If the contagion loop were the only one operating, the adoption rate and adopter population would both grow exponentially" [START_REF] Sterman | System dynamics modeling: tools for learning in a complex world[END_REF]. However, growing the adoption rate of the new product generates negative loops. In fact, the adoption rate also depends on the number of potential adopters. The bigger the adoption rate, the smaller the remaining population of potential adopters. The adoption is thus limited by the market saturation loop.

Although Figure 2.6 shows a simplified example, the SD approach is wider suitable for the study of complex issues; systems generally involved might be composed of more feedbacks.

In this case, nature (e.g. positive or negative) of the relationships within the system would become very difficult to determine. However, CLD then remains a convenient way to help system dynamicists thanks to the number of negative causal chains. Indeed, an even number (divisible by two) of negative links (i.e. negative polarities) in the same loop means that the loop is a reinforcing loop. On the contrary, an odd number (non-divisible by two) of negative links (i.e. negative polarities) in the same loop corresponds to a balancing loop.

2) Stock and flow diagram (SFD)

Within CLDs, the type of variables can be categorized (i.e. stocks, flows and auxiliary variables) and the relationships between variables can be quantified in order to build a SFD.

SFDs are quantitative representations used to depict the accumulations (i.e. stocks) and the dispersals of resources (flows) within complex systems [START_REF] Zhou | Learn to read causal loop diagrams. Systems and us. Understanding the design of the world[END_REF]. They are built and used in dedicated SD tools (e.g. Vensim, Powersim, and STELLA) for the simulation of scenarios in order to understand and analyse system behaviours. Figure 2.7 shows the SFD corresponding to the adoption model of a new product previously described. In this case, the potential adopters and current adopters are defined as stock variables (i.e. rectangle forms). The connection between these two variables is defined as the flow (i.e. pipe between the two rectangle forms) and means that people are moving from the potential adopters to the current adopters. Figure 2.7 particularly highlights that additional variables should be introduced when going from a simple CLD to a complex SFD in order to perform the simulations. The word of mouth process is for example described in more details here. Adoption resulting from word of mouth is modelled according to the following rule "the more word of mouth encounters or the more persuasive each encounter, the greater the adoption rate" [START_REF] Roberts | Managerial applications of system dynamics[END_REF]. The contacts with adopters are depending on the social contacts from one hand and on the probability of contacting an adopter on the other hand. 

1) Agent-based modelling (ABM)

The ABM approach arose in the 1980s for modelling complex systems that are composed of autonomous, independent and heterogeneous entities which communicate with each other.

Also described as agents, these entities are characterized by some attributes having their own objectives and being able to interact amongst themselves and with their environment. The ABM method is defined as an inductive (or bottom-up) approach in which the behavioural rules followed by the agents are either simple "if" conditions or sophisticated learning algorithms.

This discipline allows to deduce the behaviour of the whole system from the agent ones and can be applied "when the interactions between agents are complex, nonlinear, discontinuous or discrete […] when space is crucial and the agents' position are not fixed […] when the population is heterogeneous […] when the topology of the interactions is heterogeneous and complex […] when the agents exhibit complex, including learning and adaptation […]" [START_REF] Forrester | Industrial dynamics -after the first decade[END_REF].

The behaviour is thus defined at the individual level and the global behaviour is the result of many entities following their own behavioural rules (but living together within the same environment and communicating with each other as well as with this environment).

Aggregation appears as a bottom-up process in the ABM method. This process is often seen as the source of emergence that "occurs when interactions among objects at one level give rise to different type of objects at another level. More precisely, a phenomenon is emergent if it requires new categories to describe it that are not required to describe the behaviour of the underlying components" [START_REF] Gilbert | Simulation: an emergent perspective[END_REF]. The SD approach would rather capture this phenomenon by modelling its structure (the emergent phenomenon itself is actually modelled because aggregation is imposed by the method) whereas the ABM approach requires making changes in the course of the simulation. According to the SD approach, the behaviour of the whole system is determined by its own structure.

This structure is defined before starting the simulation of any scenarios and remains the same as long as the simulations are performed. On the contrary, regarding the ABM method, agent rules define the interactions between each agent that allows determining the system behaviour. Rules can thus change during the simulations.

Feedback control loops are the basic building blocks of the SD approach [START_REF] Forrester | Industrial dynamics[END_REF] and lead to endogenously generated behaviours. In the ABM method, the basic building blocks are the agents [START_REF] Jennings | Application of intelligent agents[END_REF]. Every agent has its own rules according to which it interacts with other agents and generates the system behaviours. The SD method is built on a continuous representation of complex systems. Indeed, "even major executive decisions represent a rather continuous process" [START_REF] Forrester | Industrial dynamics[END_REF] [144] especially when the focus is related to the framework of the decision.

Moreover, aggregation naturally leads to continuous behaviour of systems.

In the ABM approach, a discrete assumption is generally chosen [START_REF] Kim | System dynamics as a modeling platform for multi-agent systems[END_REF] as structural changes require some degree of discreteness [146] [147]. The SD approach models feedback control loops using level variables and rate variables [START_REF] Forrester | Industrial dynamics[END_REF]. Level variables being the accumulation of resource flows, the accumulation phenomenon is mathematically formulated by integrating the difference between the inlet flows and the outlet flows over the time of the simulation.

The state of a system at any specific time is only described by the level variables and the future behaviour of a system depends on the current state. Regarding the ABM method, there is no universally accepted formalism for the mathematical description of systems and agents and it can dissociate the future behaviour of a system from the current state. Accumulation is achieved by integration that "uncouples inflow rates from outflow rates and makes dynamic behaviour possible.

A system representation with no accumulators can show only static, equilibrium conditions" [START_REF] Forrester | The system dynamics national model: macrobehavior from microstructure[END_REF]. That is why, without accumulations (whether discrete or continuous time is handled)

there is no dynamic in the system. The ABM approach does not emphasize the process of accumulation. Events are considered as the source of dynamics. Table 2.3 summarizes the main differences between the SD and the ABM method.

Table 2.3. The SD method vs. the ABM method [START_REF] Romero | Proposal of an agent-based analytical model to convert industrial areas in industrial eco-systems[END_REF] System Dynamics (SD) Agent-Based Modelling (ABM)

Modelling approach:

Deductive (top-down): inference from the structure to the system behaviour Inductive (bottom-up): inference from the agents' behaviour to the system behaviour

Unit of analysis:

System structure: the behaviour of the system arises from its structure Agents' rules: the behaviour of the system emerges from the agents' behaviour and their interactions

Building blocks:

Feedback loops: representation of cause and effect relationships

Agents: individual entities that form the system

Handing on time:

Continuous: temporal variable is continuous Discrete: temporal variable is discrete

Formal expression:

Algebraic equations: define variable relationships and feedbacks Logic sentences: define behavioural rules of the agents

Model representation:

Causal relationships: nonlinearly link the observed variables, parameters and stock accumulations, considering temporal and spatial delays between cause and effect Agent population: formed by autonomous, heterogeneous and independent entities with their own objectives, properties and social ability to interact between them and with their surroundings

Graphical representation:

Causal loop diagrams: basis for stock and flow structures Individual representation: agents that form the system

2) Dynamic systems (DS)

The DS approach is used in mechanics, electrical, chemical, and other technical engineering disciplines. There exit graphical modelling languages as well as textual languages for specific domains that support this methodology (e.g. Matlab and Simulink). The mathematical model of a dynamic system is composed of a number of state variables and differential equations that have physical meaning (e.g. temperature, velocity, pressure, and concentration). They are inherently continuous, and are not aggregates of any entities [START_REF] Borshchev | From system dynamics and discrete event to practical agent based modeling: reasons, techniques, tools[END_REF]. The DS and SD methods are both used to study and design complex systems that are composed of many entities (interlinked with each other with regard to certain rules). They both involve similar modelling concepts (but specific and different modelling techniques) thus allowing to develop system models as decision-making supports for policy recommendations in the case of the SD method (that is focused on system behaviour dynamics) and physical prototypes in the case of the DS method (that is interested in the dynamics of the different parts of the system) [START_REF] Osipenko | System dynamics and dynamic systems integration in regulatory environments[END_REF].

The DS approach consists of describing a system with differential equations where the future state of the system depends on the past state of the system. A mathematical model of the system is thus built and computer simulations of the model permit to test the effect of perturbations (variable inputs) on the whole system behaviour (deduce by the behaviour of the different parts of the system). If this behaviour is not satisfactory, the system must be changed and the same analysis must be completed as many times as necessary in order to reach the required physical prototype of the system. The DS method adopts a holistic approach but is based on the reductionism theory because it uses mathematical description of SD. Indeed, the DS discipline deals with the mathematical modelling of DS to understand the dynamic characteristic of systems and improve them.

The SD approach needs to identify the dynamic problem and develop dynamic hypotheses that explain the causes of this problem in order to build a computer simulation model of the whole system. Therefore, even if the DS method is conceptually similar to the SD method, they are different in their actual applications and the type of results they produce. The SD theory came in opposition to the reductionism theory [START_REF] Heylighen | What is systems theory? Principia Cybernetica Web[END_REF] and is actually a tool to model complex problems rather than complex systems. The SD method uses CLDs that are logicbased built and are not a differential equation based description of systems. The SD approach is used as a support for decision-making and is able to use soft variables as modelling parameters contrary to the DS method. Soft variables include intangible variables and are related to the characteristics of human behaviours or to the effects produced in such behaviours by perturbations. In opposition to hard variables (i.e. quantifiable physical variables), numerical data are often unavailable or non-existent for soft variables. Table 2.4

presents the main differences between the SD method and the DS method. 

Unit of analysis:

System structure: the behaviour of the system arises from its structure Variables: the behaviour of the system is solved for given variables

Model elements:

Physical, tangible, judgmental and information link Physical

3) Discrete-event-simulation (DES)

The DES approach arose in the 1960s and is considered as a global entity processing algorithm dealing with stochastic elements. It is based on the following concepts [START_REF] Borshchev | From system dynamics and discrete event to practical agent based modeling: reasons, techniques, tools[END_REF] (1) entities: passive objects (e.g. people, parts, documents, tasks and messages) (2) block charts: entities travel through the blocks where they stay in queues, are delayed, processed, seize, split and combined and (3) resource sharing: entities release resources. The SD approach is applied for continuous time problems whereas the DES method is discretely computed. The last involves several entities composed of their different attributes (i.e. properties) and activities (i.e. time periods) that define the state of the complex system [START_REF] Banks | Discrete-Event System Simulation[END_REF]. The DES method is thus focused on the entities while the SD method is focused on aggregates. The activities of these entities are linked through interconnecting events [START_REF] Pidd | Computer Simulation in Management Science[END_REF] which may change the state of the system. Moreover, within the SD approach, the system behaviour is deduced from its own structure in contrast of the DES method that assumes that the system behaviour arises "from the interaction of (random) processes coupled together by endogenous structure" [START_REF] Robison | Simulation: the practice of model development and use[END_REF]. Thus, the two methodologies pursue different kinds of complexity that is called dynamic complexity (i.e. non-linearity, time delays and accumulations produce counterintuitive behaviours) in the case of SD and detail complexity (i.e. multiple variables that have many attributes giving rise to a large number of potential inter-connections and effects) in the case of DES [START_REF] Lane | You just don't understand me: modes of failure and success in the discourse between system dynamics and discrete event simulation[END_REF]. Table 2.5 presents the main differences between the SD method and the DES method.

Table 2.5. The SD method vs. the DES method [START_REF] Lane | You just don't understand me: modes of failure and success in the discourse between system dynamics and discrete event simulation[END_REF] System Dynamics (SD) Discrete-Event-Simulation (DES)

Perspective:

Holistic, emphasis on dynamic complexity Analytic, emphasis on detail complexity

Resolution of models:

Homogenized entities, continuous policy pressures and emergent behaviour Individual entities, attributes, decisions and events

Data sources:

Broadly drawn Primarily numerical with some judgmental elements

Problems studied:

Strategic Operational

Model elements:

Physical, tangible, judgmental and information link Physical, tangible and some informational

Human agents represented in model as:

Bounded rational policy implementers Decision makers

Model outputs:

Understanding of structural source of behaviour modes, location of key performance indicators and effective policy levers

Points predictions and detailed performance measures across a range of parameters, decision rules and scenarios

Problem Statement

The literature review allows concluding that the industrial symbiosis (IS) concept is a possible solution to reduce the energy consumption and the environmental impacts of an industrial cluster especially wherein iron and steel production activities are taking place. The system dynamics (SD) approach is identified in the meantime as suitable to perform the evaluation of the environmental and economic performances of IS within which the dynamic characteristic is very pronounced. Chapter 3 presents on one hand the scope of this research work that is inherent to the iron and steel industry as well as on the other hand states the main research question which guides these research developments: how to evaluate over time the performances (i.e. economic and environmental impacts) of industrial symbiosis scenarios on typically integrated iron and steel plants? This PhD thesis work seeks to answer this problematic through the application of a dedicated methodology on a typically integrated iron and steel plant. Finally, the main objectives of this research work defined to answer at best this research question are listed. rolling and other finishing processes [START_REF] Yu | Quantifying CO2 emission reduction from industrial symbiosis in integrated steel mills in China[END_REF]. Figure 3.2 gives an overview of a typically integrated iron and steel plant (i.e. finishing activities are not taken into account because their energy consumption is very low compare to the upstream processes). The scope of this research work is roughly limited to the hot processes presented herein (i.e. from the sintering and coking processes to the hot rolling process) and shortly described through the following points. The resource and energy use in the iron and steel industry is linked to primary production systems, which transform iron ore into steel using coal as a reducing agent, as well as energy conversion systems [START_REF] Du | Energy Consumption and Its Influencing Factors of Iron and Steel Enterprise[END_REF]. All the research interests are therefore focused on any energy and material flows related to these processes. A typically integrated iron and steel plant is composed of many different processes gathering plenty of know-how but still extremely integrated with each other as one product (i.e. intermediate product) from a process is used as a raw material for another. A gross decomposition of such a large and complex plant could be to focus on the ironmaking activities from one hand and on steelmaking operations to another hand. 

Global scope and research interests

1) Ironmaking

Steel production begins with the sintering process where iron ore raw material is mixed with other materials and undergoes a combustion process in order to produce the sinter product.

This process is typically the main recipient of materials intended for reuse within the steelmaking processes to recover the valuable content therein. The other initial process in an integrated iron and steel plant is the transformation of coal to coke that provides a reducing agent for the iron ore into the blast furnace. Through the coking process, coal feedstock undergoes a pyrolysis reaction at high temperature in order to remove non-carbon elements (e.g. oxygen and hydrogen). This reaction encourages an evolution of a mixed gas stream called the Coke Oven Gas (COG) that includes compounds of carbon, oxygen, and hydrogen with various impurities. A complex gas treatment process is used to purify this gaseous stream which is then used as a fuel inside or outside the plant or internally feedstock.

Prepared sinter and coke enter the BF where iron oxides are reduced by coke (i.e. ironmaking process). The resulting product, hot metal, is produced in its liquid form which exits the bottom of the BF. Another mixed gas stream called the Blast Furnace Gas (BFG) is also produced and is commonly treated and internally or externally reused, as with the previous by-produced gas (i.e. COG).

2) Steelmaking

Hot liquid metal is then fed to the BOF wherein the final adjustments of the steel are performed (i.e. steel making process). Various trace materials, in addition to recycled steel scraps, are added at this stage in order to adjust the steel composition and properties. Injection of oxygen to adjust carbon content produces additional heat from the oxidation reaction. Yet another gaseous stream is produced, Basic Oxygen Furnace Gas (BOFG), and undergoes similar processing and reuse as mentioned for the previous by-produced gases (i.e. COG and BFG). The finished steel is cast from its liquid state into solid slabs through the continuous casting. The hot rolling process is a typical final step in the integrated iron and steel plant where steel slabs are heated for malleability and then rolled into steel coils which are the final product.

Main research question and scientific relevance

This research work presents a complete literature review that allows to deeply explore and understand the IS field (i.e. details in Chapter 2) as a concrete means to tend towards energy savings and environmental impact reductions within an industrial cluster and in particular within a cluster including iron and steel production activities. The IS concept takes its foundations from industrial ecology (IE) identified as one of the possible solutions to address the environmental constraints faced by economic actors on a common industrial territory. IE is part of the circular economy (CE) concept and particularly relies on the implementation of various IS thus tending towards more sustainability. In this sense, the scientific community has thus deal with different interests and questions regarding the IS approach and has finally been paying a lot of attention to the evaluation of the performances of IS. In this perspective, one major point that is highlighted as a remaining roadblock to be further addressed: the adoption of a dynamic point of view for assessing environmental and economic impacts triggered by IS.

Indeed, energy and environmental related problems are complex and dynamic by nature operating with many properties such as variability of flows, accumulation effects (i.e. stocks), feedback loops and time delays. That is why a dynamic framework within which variables are allowed to operate on each other through time is needed. For that purpose, this research work comes to a very few sets of studies using a dynamic perspective and particularly comes to the system dynamics (SD) approach (i.e. details in Chapter 2) in the framework of IS. This method is described as a relevant and a useful method to further understand and simulate complex systems (including their processes) in order to determine their behaviour over time through many aspects (e.g. environmental and economic aspects here). The SD approach has been compared to other methods pertaining to the system thinking (ST) theory (i.e. system modelling). It comes out that the SD method is convenient to be used in this research work because it is suitable for "the evaluation of the sustainability and evolution of eco-industrial systems or eco-industrial parks in different scenarios" [START_REF] Romero | Proposal of an agent-based analytical model to convert industrial areas in industrial eco-systems[END_REF] characteristic of the implementation and operation of IS. It is moreover very useful in case an overall picture of the problem is needed under different scenarios.

This deductive approach also allows highlighting feedback loops as well as accumulations (i.e. stocks) of flows that are very important to depict any dynamic systems and IS-based problems and further interesting in the context of complexly integrated iron and steel plants.

This research work finally aims at focusing on the SD approach applied to the IS concept in order to facilitate decision-makings for energy consumption and environmental impact reductions in the field of the iron and steel industry. These points are widely studied in many other areas, however, despite the efforts already made to develop and implement ecoindustrial synergies around the world, many attempts have failed to produce tangible results.

For that purpose, it aims at answering the following research question: how to evaluate over time the performances (i.e. economic and environmental impacts) triggered by industrial symbiosis scenarios on typical integrated iron and steel plants? This PhD thesis further yearns to enhance the development of IS for the iron and steel industry by providing a systematic approach for assessing to what extent IS options can lead to environmental and economic impacts within integrated iron and steel plants.

Objectives of the research work

The main goal of this research work is to propose a methodology and a dedicated tool developed as a support of the decision-making process into the competitiveness improvement process of typically integrated iron and steel plants (i.e. as further described within the previous section 3.2). The core purpose behind this idea is being able to help policy makers and industrial managers working on those complex plants by providing them with the capacity to decide on potential IS implementations giving a detailed overview of the related environmental and economic impacts on their plant operation. That is why this research work is focused on the development of a modelling approach for quantifying environmental and economic performances of IS on a typically integrated iron and steel plant (i.e. as described in the previous section 3.2) using the SD method as ST approach. In the meantime, a computational decision-making tool based on these concepts and that can help assessing those performances is built. It leads to a better understanding of the dynamics of such a complex problem within an industrial ecosystem. This research works thus seeks to contribute to the evaluation of IS performances adopting a dynamic point of view while focusing on their impacts on typically integrated iron and steel plants. The main objectives allowing this contribution and permitting to answer the research question (i.e. stated in the previous section 3.2) are listed below:

-Model as well as simulate and analyse over time the operation of a typically integrated iron and steel plant (i.e. hot processes) using the SD approach (i.e. set up the basis for IS performances evaluation trough energy and material streams).

-Take into account the characteristic data of a typically integrated iron and steel plant (e.g. variable energy and material flows) into the developed SD model and throughout the dynamic simulations.

-Simulate and analyse a potential and a concrete IS scenario involving a typically integrated iron and steel plant and highlight the positive and negative environmental and economic impacts in comparison to the reference operation (e.g. as a basis for a go / no-go decision towards a potential IS implementation).

-Understand the main factors influencing the environmental and economic impacts of an IS scenario in the context of a typically integrated iron and steel plant.

-Help improving the evaluation of IS performances by overcoming the issues involved with analysing emerging dynamic and evolving operation of a typically integrated iron and steel plant.

Methodological Framework

The methodology designed and adopted within this research work is the results from the combination of the findings from the literature review and the research question which is intended to be answered through these research developments. The system dynamics (SD) approach is used to evaluate over time the economic and environmental impacts triggered by industrial symbiosis (IS) on the system boundaries pertaining to a typically integrated iron and steel plant which is still operating nowadays. The methodology thus aims at building a SD model dealing with the corresponding key variables and allowing simulating over time the operation of such a large and complex industrial site. A final validation step is passed in order to calibrate and to check the overall results obtained from the dynamic model enabling the simulation of any IS scenario. Chapter 4, therefore, proposes a detailed overview of the different steps of the methodology used within this research work while giving an extensive list of the data gathered and the dynamic hypotheses used to build the SD model. These different aspects presented constitute the methodological bases on which the SD model is further described later herein.

Methodology overview

The core methodology of this research work is fully based on a system approach and is more particularly based on the SD modelling concepts overviewed within the previous chapters (i.e. details in section 2.2). This methodology is accordingly designed and thus consists of a deductive (or top-down) approach with a holistic perspective which mainly ends up with the building of a complete SD model (i.e. set of stock and flow diagrams). This SD model is designed by using the causal loop diagram (CLD) building concepts (i.e. details in Chapter 2)

that are then used as a support to the SD analysis. It further allows simulating over time the operation of a typically integrated iron and steel plant through all the related energy and material variables in order to quantify the environmental and economic impacts triggered by any IS scenarios (i.e. objectives of this research work in Chapter 3). The goal for that purpose is to develop a dynamic model that can generate important and useful information in order to help identifying consequences in the development of an alternative material or energy use (i.e.

through any IS scenarios) on a typically integrated iron and steel plant.

This methodology moreover takes into account the mapping of the system structure on which the behaviour of the system arises from according to the core principle of the SD approach. A typically integrated iron and steel plant constitutes in this sense a very large and complex system as described within the previous chapters (i.e. details in section 3.1). It is thus necessary to understand at best its general structure and to define the corresponding system boundaries with which the SD model is closely linked. This kind of industrial site is composed of several sub-systems highly interconnected with each other (e.g. production units and support units) and having their own process requirements as well as their own energy and material consumption characteristics. The SD model particularly allows giving an overview of these specificities through its inherent diagram-based modelling concepts and through the modelled feedback control loops by considering a typically integrated iron and steel plant as an industrial ecosystem. This, therefore, permits to list and classify the related input and output variables of the system in order to feed the SD model used as a support the SD analysis. The methodology of this research work also consists in practice of collecting and processing the required data along with the analysis of the energy and material streams that correspond to the energy and material variables. The methodology is as a matter of fact highly relying on data being so very dependent on the quality and the refinement of data sets that are meant to be representative of the operation of a typically integrated iron and steel plant (e.g. time periods and magnitude of variables). This will have a non-negligible influence on the validation steps of the SD model. These steps as well as the data collection and processing parts are further described later in this research work. Here is a summary of the main points of the methodology designed and adopted in this research work. The SD approach is used to assess over time the economic and environmental impacts arisen from any IS scenarios applied to a typically integrated iron and steel plant. For that purpose, the related data is collected and processed to feed a simulation model (i.e. set of stock and flow diagrams) which is built according to the system modelling concepts. This SD model deals with the key variables (i.e. energy and material variables) of the system under a specific scope (e.g. system boundaries as well as interconnections between variables). Finally, validation tests are performed (e.g. comparison to the business as usual operation) [START_REF] Sterman | Business dynamics: systems thinking modeling for a complex world[END_REF] in order to calibrate and to check the overall SD model. 

Data and hypothesis description 1) Data

The data collection process is known and experienced as one of the most time-consuming steps when the construction of a model is carried on to represent the operation of a large and complex industrial site. This specific step aims at gathering the right information in sufficient quantities in order to depict at best the current operation of the system and in this case, of the real typically integrated iron and steel plant still in operation. This process is iterative because it implies to determine the required data (e.g. type of data and type of values) before the modelling steps which is often not clear at 100% in such research works. When it comes to the data processing then, the multiplication of data sources dealing with multiple parameters and numerous consumers or the lack of data could be very problematic to handle. The gathered data should be representative of the operation of the industrial site and the time steps, as well as the time horizons, should be adapted to the system and to the problem that is tried to be solved.

However, dealing with data covering very short time steps over a very high time horizon often lead to the inability to handle them in the framework of a complex problem. The data is gathered on a real and typically integrated iron and steel plant still operating for the processes described in the previous chapters (i.e. details in section 3.1). The SD model is composed of all the energy and material variables which can affect the energy and material consumption of such an industrial site. The corresponding data is thus collected following a monthly based time cutting because it fits the frequency of the material flow measurements and the frequency of the energy and the material flow balances reporting at the level of the whole plant. The main product for which is gathered the dynamic production profile is considered to be the steel slab (i.e. produced within the continuous casting process). Some process parameters are also collected to feed the model (e.g. efficiencies, temperatures, and other physical values). These both categories are detailed later in this research work. Typical dynamic information gathered for all the energy and material streams are:

-Flow rate: quantity or volume or amount of energy that the flow represents.

-Lower Heating Value (LHV): amount of heat released during the combustion of a specified quantity or volume of flow.

-Composition: percentage in weight or in volume of a compound constituting the solid, liquid or gaseous flow (e.g. iron, manganese, zinc, carbon dioxide, carbon monoxide, methane and other physical compounds).

-Price: money spent to purchase a quantity or volume or amount of energy of flow.

-Upstream carbon dioxide emissions (Upstream CO2) that are the indirect emissions of CO2 pertaining to the scope 3 defined by the Greenhouse Gas (GHG) Protocol that represents a specified quantity or volume or amount of energy of flow and that comes from "sources not owned or controlled by the company" [START_REF]Technical Guidance for Calculating Scope 3 Emissions[END_REF] (e.g. extraction, production and transportation of purchased materials).

Table 4.1 gives a detailed overview of the kind of energy and material data along with the type of values (under the required units) that the SD model required to perform simulations (excluding the main product and the process parameters):

-Type 1 (T1): raw materials (e.g. iron ore and coal).

-Type 2 (T2): by-products (e.g. scales, scraps, and fines).

-Type 3 (T3): intermediate products (e.g. sinter, coke, hot metal, and liquid steel).

-Type 4 (T4): gases (i.e. natural gas and by-products gases).

-Type 5 (T5): utilities (e.g. electricity, steam, water, oxygen and nitrogen).

The methodology of this research work and the related data having been described, then it should be recalled that the SD model further detailed later herein is only valid under certain assumptions. These hypotheses are listed below and some others are introduced later in this research work because it would not have made any sense to present them now whereas the description of the SD model has not been described yet (e.g. structure and physicochemical considerations of the SD model). 

MJ/kg ✓ ✓ ✓ ✓ MJ/Nm 3 ✓ Price: €/t ✓ ✓ ✓ ✓ €/kNm 3 ✓ €/GJ ✓ €/MWh ✓ Upstream CO2: tCO2/t ✓ ✓ ✓ ✓ tCO2/kNm 3 ✓ ✓ tCO2/GJ tCO2/MWh ✓ Composition: % ✓ ✓ ✓ ✓ ✓

2) Hypotheses

From literature, it has been seen in this PhD thesis report that IS is recognized as "a path to improved operational performance as well as to improved environmental performance in situations where resource exchanges can be efficiently achieved" [START_REF] Chertow | Taking stock of industrial ecology[END_REF]. This is proven to be valid on common territories (e.g. on industrial territories and also on mix between industrial and community territories) but this statement highly depends on the envisioned scenarios of industrial symbiosis. It means that not any of potential IS scenarios could lead to positive impacts for each stakeholder even if these scenarios lead to positive impacts at the level of the whole symbiosis.

Hypothesis: industrial symbiosis can affect typical integrated iron and steel plants from both an economic and environmental perspective (i.e. these potential effects are considered to be either positive or negative).

Additional hypotheses:

-The scope of the SD model is limited to the hot processes of the typically integrated iron and steel plant operating under the BF -BOF route (i.e. from the coking and the sintering processes to the hot rolling process as detailed in Chapter 3).

-The streams representing the operation of the typically integrated iron and steel plant are considered to be all the energy and material variables as well as all process parameters that have been available and gathered for the evaluation of impacts of IS.

-The main product is considered to be the steel coils.

-The composition of the raw material, as well as the by-product and gaseous flows, are set as constants over time (except for the main product and some intermediate products that are indicated later in this research work).

-Some process parameters are set as constants over time (e.g. temperatures).

-The SD model deals with monthly based data and is thus used to simulate the operation of a typically integrated iron and steel plant using a monthly time step.

-The trends and variations of quantities and prices are taken into account into the SD simulations (e.g. costs and quantities increase or decrease).

-The structure of the SD model is considered to be the same over time.

-Time delays are only implemented for raw material delays and by-product valorisations.

Typical generic system dynamics (SD) models are developed for each process (including stocks) of the typically integrated iron and steel plant. They all together constitute the global SD model which makes the link between every process thus enabling the dynamic calculations of the total variable costs as well as the total direct and indirect carbon dioxide (CO2) emissions of this industrial site. This model is based on a generic causal loop diagram (CLD) designed for typical production steps that are as a matter of fact overviewed through the proposed mapping of the system structure. This decomposition of the integrated iron and steel plant adopts an operative perspective so that any impacts resulting from any industrial symbiosis (IS) scenarios can be highlighted at each level of the operation of such a complex industrial site. Moreover, a physical module is adapted and coupled with the developed SD model in order to provide dynamic outcomes with more robustness in terms of physical meaning. This overcomes common and current limitations on existing SD models throughout the general literature. This research work which has taken the basis of the CLD and stock and flow diagram (SFD) building within these studies is thus taking the lead and proposing improvements in this sense. Chapter 5, therefore, proposes a detailed overview of the different steps of the iron and steel production while giving a global overview of the generic CLD and SFD which composed the SD model. All the related equations are described and followed by a detailed listing of every energy and material streams included at each stage of the SD model.

Definition of the system structure

The system structure of the SD model is mapped with regards to the gathered energy and material data in order to get an operability representation of the typically integrated iron and steel plant with respect to the process descriptions given into the previous chapters (i.e. details in section 3.1). Table 5.1 and Table 5.2 as well as Figure 5.1 give a short overview of this structure but are not extensive by nature due to the large size of the complete system. They include all the main steps inherent to the iron and steel production that have been considered within this research work and, therefore, implemented into the SD model. They do not go into many details in order to keep a large view of the global system as defined within the SD approach (i.e. details in Chapter 2). All these production steps are thus fed with their corresponding input and output energy and material streams as well as their required process parameters within the SD model (they are going to be listed later in this research work). 

Sintering process:

Solid fuels preparation Mixing and storage of different kind of solid fuels.

Pellets preparation

Screening of pellets and storage.

Pre-sintering preparation Mixing and storage of different material inputs.

Sinter production Sintering process.

Sinter to converter Storage of sinter for the converter (i.e. for steelmaking).

Sinter to blast furnace Storage of sinter for the blast furnace (i.e. ironmaking).

Coking process:

Coal blend preparation Mixing and storage of different kind of coal.

Raw coke production

Coking process.

Mill coke preparation

Screening and storage of raw coke.

Coke to blast furnace Storage of coke for the blast furnace (i.e. ironmaking).

Raw materials preparation:

External coke preparation Screening and storage of external coke.

Pellets preparation

Screening and storage of pellets.

PCI preparation PCI preparation unit.

Hot blast production Hot blast production unit. 

Ironmaking process:

Raw hot metal production Ironmaking process.

Hot metal treatment Hot metal treatment unit.

Hot metal

Hot metal resulting from the hot metal treatment unit.

Pig iron to converter Storage of pig iron for the converter (i.e. steelmaking).

Hot metal to converter Removing of remaining blast furnace slags for the converter (i.e. steelmaking).

Steelmaking process:

Raw steel production Steelmaking process within the converter unit.

Liquid steel production Ladle treatment unit.

Steel slabs production Continuous casting unit.

Hot rolling process:

Steel coils production Hot rolling process. 

Causal Loop Diagram

The SD approach relies on CLD building that is a logic-based diagram (resulting from mental models). The CLD is not a differential equation based description of complex systems but it rather provides a qualitative insight as explained within the previous chapters (i.e. details in section 2.2.2). 5.1 and Table 5.2. This CLD is focused on the material streams through the raw material, by-product, and intermediate product categories. Energy streams such as gases and utilities are also taken into account within the SD model and are not described herein but later (in order to simplify). -B1 loop: the increase of the Process Stock leads to the increase of the Internal returns and then causes the increase of the Outputs that decreases the Process Stock.

-B2 loop: the increase of the Process Stock leads to the increase of the Main product outlet and then causes the increase of the Outputs that decreases the Process Stock.

-B3 loop: the increase of the Process Stock leads to the increase of the By-product outlet and then causes the increase of the Outputs that decreases the Process Stock.

-B4 loop: the increase of the Process Stock leads to the increase of the Intermediate product outlet and then causes the increase of the Outputs that decreases the Process Stock. All these loops are implemented within the developed SD model through stock and flow diagrams.

Stock and Flow Diagram

Typical model for a given process

The complete SD model is built under the Vensim software environment and takes into account each process of the typically integrated iron and steel plant as described within the previous chapters (i.e. details in section 3.1). It is framed by the methodology also overviewed into the previous chapters (i.e. details in section 4.1). It includes all the concepts defined and detailed in the beginning of this research work (i.e. details in Chapter 2). This SD model is further based on the general models available from the literature which have been applied to the context of the iron and steel industry. A complete SD analysis on characteristics of ironflow in sintering process was for example performed through a SD model [START_REF] Liu | System dynamics analysis on characteristics of ironflow in sintering process[END_REF]. The modelling and the analysis of the production system inherent to a steel plant were also carried on by using the SD approach [START_REF] Roy | Modelling and Analysis of Production System of A Steel Plant-A System Dynamics Approach[END_REF]. Simulation of carbon dioxide (CO2) emission reduction of the iron and steel industry has been also studied with a SD model [START_REF] Kim | Simulation of CO2 Emission Reduction Potential of the Iron and Steel Industry using a System Dynamics Model[END_REF].

The developed SD model is based on the CLD that is presented in the previous section 5. given process as a purchased, a consumed or a produced flow. These equations are repeated as much as there are streams within the concerned process. They are generic and thus valid for each type of streams previously mentioned. For example, even if in the SD model the designation "raw materials" is used, it actually means that every raw material of the process is taken into account. So, the model integrates these repetitions (meaning that the SFD is composed of all the raw materials) and as well as a set of equations. Here are introduced the relationships inherent to the quantity calculations but the Appendix A to Appendix C detail these equations in order to respectively determine the total variable costs as well as the direct and indirect CO2 emissions of the typically integrated iron and steel plant.

1) Main product

The variation over time of the main product stock for a typical process i could be defined by the following equation: This allows to deduce the total main product stock for a typical process i on the whole simulation period running (from an initial time t0 to a final time tf) by integrating Eq 5.1

according to the time variable:

∫ 𝑑(𝑆𝑡𝑜𝑐𝑘 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 ) 𝑑𝑡 𝑡 𝑓 𝑡 0 . 𝑑𝑡 = ∫ (𝑚𝑎𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑝𝑟𝑜𝑑 -𝑚𝑎𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠 ) 𝑡 𝑓 𝑡 0 . 𝑑𝑡 Eq 5.4
Within the Vensim software environment, the numerical resolution of Eq 5. The flow rates formulated within Eq 5.2 and Eq 5.3 involve rates which come from input or output data and they are further described later in this research work. Based on these set of equations (i.e. Eq 5.2, Eq 5.3, Eq 5.5and Eq 5.6), it can be deduced the set of equations for the other kind of streams presented earlier.

2) Raw materials

𝑆𝑡𝑜𝑐𝑘 𝑅𝑎𝑤 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 = Eq 5.7 

7) Link between each process

As mentioned earlier within the description of the generic SD model, it represents only a typical process and its related energy and material streams. However, as also previously explained, the global SD model is dealing with all the processes of a typically integrated iron and steel plant. The link between these processes is ensured by the main product of each process and more particularly depends on the consumption of the main product of one process into the next process. The previous equations show that almost all the variables included within the SD model are dependent on this consumption of the main product of process i into the next process i+1. The succession of processes is described within the previous chapters (i.e. details in section 3.1). 

Level variables:

Stock "xx" Storage of the "xx" stream on the whole plant.

Flow rate variables:

"xx" purch Total purchase of the "xx" stream on the whole plant.

"xx" prod Total production of the "xx" stream on the whole plant.

"xx" cons Total consumption of the "xx" stream on the whole plant.

Auxiliary variables:

"xx" process i purch Purchase of the "xx" stream of the process i.

"xx" process i prod Production of the "xx" stream of the process i.

"xx" process i cons Consumption of the "xx" stream of the process i.

Based on the set of equations introduced within the previous section 5.3.1 (i.e. Eq 5.2, Eq 5.5

and Eq 5.6), it can be deduced the set of equations related to the SD model presented in Previous research works only dealt with generic ratios for representing physicochemical phenomena (i.e. physicochemical reactions). These ratios could evolve over time but are fully based on the historical operation of the system which is modelled and simulated when looking at these studies. However, in the case of industrial symbiosis (IS), while varying for the example the inlet streams of a process (e.g. because of an IS scenario), it could have some consequences on the other inlet streams. Moreover, it could have some impacts on the composition of the main product and thus on the amount of the outlet streams.

The reason why taking the physicochemical considerations into account is essential is that for producing one ton of crude steel, a typical "recipe" must be followed and respected in order to reach the right quality of steel (i.e. the right grade of steel). That is why, imposing variable or constant ratios based on historical data does not make any sense when IS is concerned in the context of a typically integrated iron and steel plant. Using such an approach would considerably limit the SD model while leading to the inability to use it for simulating prospective IS scenarios. So, the difference between previously developed models and this SD model is that some ratios are evaluated using physicochemical reactions by the coupling of a physical module because when an input in one process changes then there are impacts on other inputs which the SD model cannot flexibly represents alone. However, the SD approach is used to model these physical changes by including them within the dynamic simulations (e.g. it makes them vary over the time and it interconnects them with the other model inputs)

and give an overall dynamic picture of the problem. What physical models do not do (or only by using a static approach). So, in practice, a very little proportion of the ratios are coming from this physical module.

Thus, the SD model deals with user-specific data and has been coupled to the steelmaking integrated model developed by A.M. Iosif in 2006 [START_REF] Iosif | Modélisation physico-chimique de la filière classique de production d'acier pour l'analyse de l'inventaire du cycle de vie[END_REF] in order to take into account the physicochemical phenomena. For more details, a complete description of the model of all the process of a typically integrated iron and steel plant has been published [START_REF] Iosif | Modélisation physico-chimique de la filière classique de production d'acier pour l'analyse de l'inventaire du cycle de vie[END_REF], as well as another scientific paper only focused on the sintering process can be referred too [START_REF] Iosif | Process integrated modelling for steelmaking Life Cycle Inventory analysis[END_REF]. Based on "physicochemical considerations, thermodynamics laws and mathematical equations" [START_REF] Iosif | Process integrated modelling for steelmaking Life Cycle Inventory analysis[END_REF], it has been originally developed for steelmaking Life Cycle Inventory (LCI) analysis.

Through this research work, it has been redesigned, adapted and made dynamic so that it can fit the system boundaries and time horizon of the problem and the developed SD model. This coupling ensures that the mass and energy balances are always closed whatever the rates (i.e. input and output rates) of the process flows and parameters (e.g. temperature of operation, and an efficiency of screening) implemented in the model and involved in the IS scenario are.

Bringing together physical and dynamic considerations within the same modelling process perspective, this SD model thus simulates and provides results on (1) energy and material levels and stocks (i.e. dynamic and cumulative quantities of every inlet and outlet flows and stocks) as well as (2) the overall operation costs (i.e. dynamic and cumulative variable costs of each process) and (3) direct and indirect (i.e. upstream) CO2 emissions (i.e. dynamic and cumulative emissions of each process).

For that purpose, following Table 5.6 to Table 5. [START_REF] Qin | Modeling, thermodynamic and techno-economic analysis of coke production process with waste heat recovery[END_REF] show the input and output data of the SD model while highlighting the link between the dynamic part of the model and the process integrated part which takes into account the physicochemical reactions. It can thus exactly be seen where the physical module is called to be run in order to calculate some specific ratios.

In order to facilitate the comprehension of such a complex system coupling a physical module within a large SD model, a colour legend has been adopted as described in Table 5.5. 

Green font

Input data coming from the gathered information on the typically integrated iron and steel plant.

2 nd colour:

Red font

Output data calculated by the physical module.

rd colour:

Blue font Output data calculated by the SD model.

Table 5.6 to Table 5.15 moreover differentiate the energy and material streams pertaining to the process inlets and those related to the process outlets. Units of the flows included in these tables are recalled in Table 4.1 and the production steps considered can be also found within the mapping of the system structure depicted in Figure 5.1:

-1: Flow rate (includes physicochemical ratio): corresponds to "rate 'xx' process i cons" variables and "rate 'xx' process i prod" variables described in Figure 5.3 and Table 5.3.

-2: Lower heating value.

-3: Price: corresponds to "'xx' prices process i cons" variables described in Appendix A.

-4: Upstream CO2: corresponds to "'xx' U CO2 process i cons" described in Appendix C.

-5: CO2 content (e.g. due to the composition of the stream): corresponds to "'xx' D CO2 process i cons" variables described in Appendix B.

4) Hot blast production unit

Table 5.9. Input data related to the hot blast production unit within the SD model Input data (process inlets) Input data (process outlets)

Raw materials: 

Air 1 2 

Process main product:

Steel coil 1 2 3 4 5

Physical module overview

Input and output data

The input data related to the different inlet and outlet energy and material streams of each process implemented within the SD model has been described in details throughout the previous section 5. 3 

Main assumptions

This section intends to give a short list of the main assumptions adopted within the physicochemical calculations that are further described in the research work of A.M. Iosif [START_REF] Iosif | Modélisation physico-chimique de la filière classique de production d'acier pour l'analyse de l'inventaire du cycle de vie[END_REF]. These assumptions are gathered in Table 5.26 and Table 5.27. These tables are, therefore, not extensive because they do not have the purpose to summarize all the physicochemical reactions of all the processes but rather aim at giving a global view of the considerations that have been taken into account through the physical module [START_REF] Iosif | Modélisation physico-chimique de la filière classique de production d'acier pour l'analyse de l'inventaire du cycle de vie[END_REF] [166]. Sinter formation Decarbonatation of carbonates coming from the raw materials (i.e. within limestone and raw dolomite).

Oxidation of carbon coming from the solid fuels into CO and CO2.

Oxidation of sulphur coming from the raw materials into SO2.

FeO formation is resulting from Fe mainly coming from byproducts and Fe2O3 mainly coming from raw materials (i.e. iron ore).

Coking process:

Coke pyrolysis COG composition (i.e. CH4, C2H4, C2H6, CO2, CO and H2) is a function of the Volatile Matter Rate (VMR) of the coal (resulting from experimental equations).

Coke quenching 1% combustion lost (i.e. coal losses).

0.8% of coke forming sludge.

Gas treatment NH3, BTX and H2S removals.

Ironmaking process:

Preparation zone Pre-reduction of the iron oxides with CO and H2.

Water-gas shift reaction (i.e. from humidity of material streams).

Decarbonatation of the material streams (40%).

Elaboration zone Decarbonatation of the material streams (60%).

Reduction of the iron oxides. 

Ironmaking process:

Elaboration zone Boudouard reaction.

Formation of the hot metal elements.

Carbon dissolution in the hot metal.

Steelmaking process:

Oxygen requirements Complete oxidation of carbon, Si, Mn, P, Ti, Cr and Fe.

Oxidation of CO into CO2 as a function of a postcombustion ratio.

Oxidation of sulphur into SO2 as a function of a sulphur distribution ratio between slag and liquid steel.

Oxidation of FeO into Fe2O3 in function of a slag oxidation ratio.

BOFG formation

Decarbonatation of carbonates coming from the raw materials.

Oxidation of carbon and sulphur.

Air ingress (i.e. parasite air inlet).

Slag formation

Complete oxidation of Si, Mn, P, Ti, Cr and Fe.

Transformation of sulphur into CaS as a function of a sulphur distribution ratio between slag and liquid steel.

Oxidation of FeO into Fe2O3 in function of a slag oxidation ratio.

Validation of the system structure

Structure verification

The structure verification step helps ensuring that the developed system dynamics model is consistent with the real system [START_REF] Sterman | Business dynamics: systems thinking modeling for a complex world[END_REF]. This real system is considered to be the typically integrated iron and steel plant as described within the previous chapters (i.e. details in section 3.1). This verification step is more particularly focused on the level of aggregation and further checks whether the variables implemented within the SD model can easily be associated with real variables into the real world [START_REF] Sterman | Business dynamics: systems thinking modeling for a complex world[END_REF]. This evaluation is carried on by directly dealing with the developed global SD model which thus includes the causal loop diagram (CLD) and the generic SD models (i.e. stock and flow diagrams for a typical process and for a typical stock)

as well as the corresponding equations described within the previous chapters (i.e. details in section 5.3).

This SD model is composed of energy and material streams categorized as physical flow rates of raw materials, by-products, intermediate products, gases, and utilities. It calculates the level variable related to these flows and especially for those linked to the main products of each production step as coke, sinter, hot metal, liquid steel and steel coils variables (steel slabs production profile comes as an input data of the global SD model as shown in Table 5.14 and Table 5.24 of Chapter 5 as well as in Appendix A, Appendix B, and Appendix C).

All these variables are thus easily identifiable into the real system because they are inherent to the real operation of the typically integrated iron and steel previously described within this research work. They have, therefore, a physical meaning into the real world and are accordingly modelled so that all their related quantities or all their related level values remain positive or null (i.e. negative values are not physically valid regarding the type of variables the SD model is dealing with) at each time step of the dynamic simulations. These energy and material variables are moreover included within a sophisticated SD model which is based on a common and detailed comprehension of typically integrated and steel plants operation throughout the related literature.

The SD model is further fed with real and validated data gathered on a real industrial site that is still in operation nowadays and that represents the most common production steps used to produce iron and steel products. The SD model is accordingly decomposed under different stages going from the coal blend preparation to the steel coils manufacturing thus closely working with feedbacks from the real system. The structure verification test allows concluding that the developed SD model is well reflecting the real dynamic operation of a typically integrated iron and steel plant.

Parameter verification

The parameter verification step consists of a general assessment that permits to guarantee that all the parameters of the developed SD model are valid in terms of their magnitude and that they have a concrete meaning that matches perfectly with the real operation of the typically integrated iron and steel plant [START_REF] Sterman | Business dynamics: systems thinking modeling for a complex world[END_REF].

According to the previous section 6.1.1 of this research work, it is demonstrated and accepted that these parameters are reflecting the real system with a high degree of relevance because they are consistent as well as easily identifiable with the real world. They are further based on historical data coming from a real and typically integrated iron and steel plant still operating nowadays. These parameters thus include all the variabilities and non-foreseen perturbations experienced by the real system. The related data is thus dynamic and is composed of quantities but also prices and carbon contents well known from the industrial site or determined according to the structure of the SD model that is validated (i.e. previous section 5. 3.3) or resulting from the physical module adapted and coupled to it. A.M. Iosif as matter of fact indicates within her research work the validation proof concepts as well as the domain of validity (i.e. interval of magnitude) of every energy and material streams used or calculated and involved in the related equations [START_REF] Iosif | Modélisation physico-chimique de la filière classique de production d'acier pour l'analyse de l'inventaire du cycle de vie[END_REF]. The dynamic equations of the SD model (i.e. details in Chapter 5 and in Appendix A, Appendix B and Appendix C) also fits this validation because they are interacting with the physical module coupled to the dynamic framework of the SD model through some ratios (i.e. details within all the input and output data tables presented in Chapter 5). The parameter verification test allows concluding that the developed SD model is well dealing with consistent parameters which reflect at best the real operation of a typically iron and steel plant.

of fact those which are impacted by any IS scenarios in the framework of this research work.

Moreover, a major part of these key variables is not considered and used as constant variables which thus avoids any assumptions towards average calculations that would not be adequate for this dynamic study (because it would propagate errors over time). Finally, every important feedback loops are taken into account within the developed SD model because, even though it focused at a large scale of the industrial site, then it is detailed and decomposed enough to deal with all the major feedback loops of the real system (i.e. details in Chapter 5). With regards to those elements, the model boundary is concluded to be convenient with the purpose of this research work.

Validation of the system behaviour

Reproduction test

The reproduction verification step consists of simulating the developed system dynamic model over a given period of time in order to compare the results obtained through this SD model with the real data gathered on the typically integrated iron and steel plant [START_REF] Sterman | Business dynamics: systems thinking modeling for a complex world[END_REF]. For that purpose, the SD model is run over a 24 months based time period which has been defined as representative of the real operation of this industrial site. The required data is thus gathered according to the data collection methodology deeply overviewed within the previous chapters (i.e. details in section 4.1).

The reproduction test is globally applied to the SD model so that it highlights the results from the following output data calculated as for example here (every calculated values are not going to be shown here because of the large number of calculated parameters) in the case of the (1) production of the main products of each process (i.e. which are actually all considered as intermediate products when the whole SD model is concerned): coke, sinter, hot metal, raw steel, liquid steel and steel coils, (2) consumption of the raw materials: iron ore, limestone and coal, as well as (3) production of the by-products: blast furnace and basic oxygen furnace gas, and finally (4) consumption of utilities: oxygen. Figure 6.1 to Figure 6.12 plot these results over the 24 months based time period.

These figures include the output calculated data from the SD model (i.e. red lines) as well as the real data gathered on the typically integrated iron and steel plant (i.e. blue lines). It can be, therefore, observed that those real differences are very small or negligible (as in the case of the main product calculations) which gives a high degree of confidence in the developed and simulated SD model.

To reinforce this confidence, Table 6.1 summarizes the results obtained from an advanced statistical analysis performed as a support of the reproduction test which is described here.

This table also includes normalized output data in order to keep the same confidentiality than within the previous figures (once again it does influence at all the relevance and validity of the presented results and it also uses the same min-max scaler). This statistical analysis consists of applying the (1) Welch's test and (2) the one-way analysis of variance (ANOVA) as well as (3) the Kruskal Wallis test to the real data and the SD model data. They are broadly known in the field of mathematics and applied statistics as processes which allow determining to what extent two sets of data (or samples) differ from one to another. There are for example typically used in the framework of the comparison of the outcomes from a statistical model with the related real data they meant to reflect. These kinds of statistical tests do not work with the same assumptions, that is why the three of them are applied in this research work in order to cross-check their conclusions while decreasing the risk to give wrong insights. The Welch's test concludes whether the means of the two populations (represented by the two data sets) are different and it does not assume that the variances of these two populations are equal [START_REF] Welch | The generalization of "student's" problem when several different population variances are involved[END_REF]. It is applied for two independent samples as for the one way ANOVA and the Kruskal Wallis test. The difference between these two last tests lies in the fact that the one way ANOVA considers that the residues follow a normal distribution [START_REF] Moore | Introduction to the Practice of Statistics[END_REF] and the Kruskal Wallis test does not deal with this assumption [START_REF] Hollander | Nonparametric Statistical Methods[END_REF]. This particularly means that the one way ANOVA method assumes that the difference between the two samples (residues) is following a Gaussian distribution. All these three tests are not going to be described in details here but simply limited to their main outcomes. They actually end-up with a p-value (between 0 and 1) which allows to conclude on the significance of the obtained results following these generic principles (1) p-values ≤ 0.05 reject the null hypothesis (2) p-values significant > 0.05 do not reject the null hypothesis and (3) p-values > 0.05 but very close to 0.05 do not enable to strictly determine whether the null hypothesis is rejected. The null hypothesis here is defined as follow: the two sets of data are significantly closed to each other. 6.1 demonstrates that whatever is the statistical test performed, every output data calculated by the SD model significantly reflect the real system and as such the real operation of the typically integrated iron and steel plant (because all the p-values are significantly > 0.05 except for the oxygen variable for one test). It can be concluded that the behaviour of the real system is well modelled and simulated through the developed SD model.

It particularly allows generating output data resulting from any new IS scenarios while evaluating their impacts on the typically integrated iron and steel plant.

Family member test

The family member test aims at evaluating to what extent the developed SD model could be applied to other typically integrated iron and steel plants [START_REF] Sterman | Business dynamics: systems thinking modeling for a complex world[END_REF]. This is exactly the guideline adopted when designing this SD model because it is composed of several generic SD models linked to each other as overviewed within the previous chapters (i.e. details in section 5.3). It thus by nature foreseen to be used in the framework of different production levels as well as different order of magnitude within the energy and material variables while being able to shut down production steps (i.e. input data for these steps would be null values). Very few modifications which are specific to some industrial sites are needed in order to adapt and run the model. These modifications should be applied in the defined input data variables in order to fit these requirements (i.e. details in Chapter 5).

Boundary adequacy test

Here, the boundary adequacy aims at determining to what extent the system boundaries can be extended to other interests which could be out of the scope of this research work [START_REF] Sterman | Business dynamics: systems thinking modeling for a complex world[END_REF]. It has been shown that the developed SD model is able to deal with physicochemical calculations through the adaptation and the coupling of a complete physical model (i.e. details in Chapter 5). It further means that any other aspects could potentially be treated by this model on condition of adding the right input data at the right level within the global SD model. This obviously depends on the type of elements to be added but for example social variables such as the number of employees could be coupled to the developed model in order to evaluate the impact of any IS on this indicator (i.e. by statistically determine the number of hours worked for each process and according to each type of energy and material flow). In the same way, a forecasting module could be coupled the SD model in order to simulate prospective scenarios in term of variability of the total iron and steel production for future years.

Comparison with a static approach

The developed SD model has thus been validated throughout the validation tests overviewed within the previous section 6.1. All the results obtained from this SD model are now compared to the results which would have been obtained using a static approach in the goal of reinforcing the validation of the SD model and the need for a dynamic approach. The same model has been thus run but using this time static input data and static hypotheses. Indeed, what could be typically found into the literature is that a reference time period is considered in order to evaluate the impacts of any IS scenarios on a given system. That is why, here it is proposed to take as a reference period of time each month individually, one by one, and run the developed model by using the input data related to those months over the full simulation period (i.e. 24 time steps). All the results from this comparison are gathered within Figure 6.18 to Figure 6.29 designed as target diagrams for every variables presented within the reproduction test section (i.e. from coke production to oxygen consumption). All the other characteristics of these target diagrams are detailed by the generic template presented in Figure 6.13. In order to facilitate the reading of these target diagrams, a fictive example for a fictive variable is first proposed and decomposed over four different figures from Figure 6.14 to Figure 6.17. This fictive variable could therefore be an energy stream or a material stream entering or leaving a given process of the typically integrated iron and steel plant on which is focused this research work. Or, it could also be a process parameter as indicated into the previous chapters (i.e. details in section 4.2). These four figures should be coupled to the Figure 6.13 to have a complete overview of the generic template of the target diagrams that have been specifically designed for the purpose of comparing a static approach with the dynamic approach (i.e. that has been defined and validated until now within this PhD thesis work).

1) Figure 6.14

The target point of the target diagram presented within this figure (i.e. the point marked by a red cross at the centre of the diagram) is corresponding to the real value measured and gathered for the variable into the typically integrated iron and steel plant. This value is corresponding to the real operation of this industrial site. Then:

-Each ring of this target diagram represents 10% of difference in comparison to the target point, so that the last ring represents 100% of difference. Target diagrams with an ending ring at 50% have rings which represent 5% of difference (they are only used for graphical reasons because they allow to make a zoom).

-Each axis of this target diagram represents a month (i.e. month 1 to month 24).

2) Figure 6.15

In this figure, month 1 is considered as a reference month within a static approach. Then, month 1 is propagated over the 24 time steps of the simulation by using the developed and validated SD model (this is equivalent to assuming that each month, among the 24 monthbased simulation, is equal to month 1). Thus, the same flow rates, prices and process parameters which correspond to those of the reference month (i.e. month 1 here) are used for each time step (meaning that all is static over the full period of simulation). It can be seen that the difference between the calculated value of the variable and the real value of the variable at the end of the period of simulation is 20% (because the calculated variable point marked by a black spot is placed on the fourth ring of the target diagram). Thus, for example, those 20% could be the difference between the total consumption of iron ore in the case of the real operation of the industrial site and in the case of the calculated value from the static approach.

3) Figure 6.16

This figure is the same than Figure 6.15 but now considers the month 2 as a reference month.

In this case, the difference between the calculated value and the real value is 40% and the corresponding point is placed on the second axis (i.e. the axis related to month 2).

4) Figure 6.17

This figure integrates the same insights than Figure 6.15 and Figure 6.16 but for every month.

It means that, one after the other, each month has been considered as a reference month within a static approach, so that every month has been simulated over 24 time steps by using the SD model. The red area is then formed by all the calculated points. In addition, the green area is formed by the difference between the real value and the calculated value but this time using the dynamic approach which is designed and used within this research work. It permits to compare the green area and the red area in order to show how accurate is a dynamic approach in comparison with a static approach. So, the more the size of the red area is important, the more the variable is sensible to dynamics. On the contrary, the less the size of the red area is important, the less the variable is sensible to dynamics. It allows concluding that any variable calculations which would be performed using a static approach would definitely neglect important dynamics effects in the case the size of the red areas are important. Then, it is proposed to detail the reading of the figure related to the coke production and corresponding to Figure 6.18 is proposed to be shortly explained. For this Figure 6.18 in particular, if the month 1 is considered as a reference month within a static approach, then the month 1 is propagated over the 24 time steps of the simulation using the developed and validated SD model. Thus, the same flow rates, the same prices and the same parameters which correspond to those of the reference month (month 1 here) are used for each time step (meaning that all is static over the full period of simulation). Then, it can be seen that the difference between the calculated total coke production and the real total coke production at the end of the full period of simulation is about 5%. Whereas in the case of a dynamic approach (as it is used until now in this research work), this difference is about 0.20%. The same operation is performed for the other months so that the diagrams ends-up with red areas representing all the differences of all the months used as a reference month under a static approach. Whatever is the time step considered, the difference related to the dynamic approach is the same because it does not take as a reference one month in particular but deals with all the months over the full period.

This difference is represented by the green area which is sometime not visible within the target diagrams because of its very small size (meaning that the differences between the calculated variables from the dynamic approach and the real gathered variables are negligible as presented within the reproduction test). From Figure 6.18 to Figure 6.29, it can be seen that the size of the red areas are different according to the variables on which the target diagrams are focused. This could represents in a way the sensibility of these variables regarding dynamic highlighting that, if dynamic is not considered, then, non-negligible errors could be integrated to the simulations. Table 6.2 and Table 6.3 present for that purpose the percentage covered by the green areas and the red areas on the target diagrams scaled at 100% (or 50% for a better display of the results because it permits to zoom on the areas, in this case the equivalent area for a 100% scaled target diagram is given in order to be able to compare the results). These tables also gather the percentage of points constituting the red areas that are out of the green areas thus showing to what extent the static approach is less accurate than the dynamic one and could potentially lead to bias in the conclusions. For example, for Figure 6.18 corresponding to the coke production, the red area only covers 0.15% of the total target diagram area which is a very small part of it. However, 100% of the points that form this red area are out of the green area which only covers 0.0016% of the total target diagram area (which is still smaller than the red area). 

Valorisation of steel slags

By reviewing the general literature, it can be easily understood that the iron and steel industry has a major role to play within industrial symbiosis activities as overviewed into the previous chapters (i.e. detailed in section 1.3). It indeed can be found that there are many research works where typically integrated iron and steel plants are exchanging energy and/or material streams with surrounding industrial partners and nearby public entities within common economic territories (e.g. exchanges with local communities as well as mainly cement and chemical industries). These case studies extensively bring information about existing and potential IS experiences related to this type of complex and large industrial sites. These IS cases could be resulting from governmental initiatives within the facilitating Asian context trough for example the "Five-Year plans" of China [START_REF] Hu | The Five-Year Plan: A new tool for energy saving and emissions reduction in China[END_REF] and the "Eco-Town program" of Japan [START_REF] Ohnishi | Comparative analysis of recycling industry development in Japan following the Eco-Town program for eco-industrial development[END_REF] as well as the Korean "EIP initiative" [START_REF] Park | A review of the National Eco-Industrial Park Development Program in Korea: progress and achievements in the first phase, 2005-2010[END_REF]. These IS processes could also be the result of independent and non-planned motivations when looking at other examples throughout the world (e.g. like IS operating in Europe, in America and in other continents).

Many success stories of energy based and material based synergies could be thus extracted from these interesting and valuable IS experiences that have been running since different time horizons (i.e. short term or long term symbiotic relationships). However, this research work does not intend to give a complete and exhaustive list of the potential IS which could be implemented while involving energy and/or material streams from typically integrated iron and steel plants. The present research work is actually rather focused on the development of a dedicated methodology dealing with a dynamic model which could be both used as a support in any decisions towards potential IS implementations involving this kind of industrial sites (i.e. details in Chapter 3 and in Chapter 4). That is why, it is proposed here to give a detailed overview of an application case to this developed methodology and this designed dynamic model (i.e. details in Chapter 5) in order to show the typical outcomes that could be given to decide for a go/no-go by evaluating the impacts of any IS scenarios on the operation of the typically integrated iron and steel plant.

This case study is particularly based on the valorisation of iron and steel slags which have been identified as a straightforward and a strong solution for implementing an IS between the iron and steel industry and another sector of activities. These specific materials are indeed one the most important by-products produced within a typically integrated iron and steel plant as illustrated by Figure 7.1 and according to the World Steel Association (WSA). Iron and steel slags appear at the level of several steps of the whole iron and steel production system under different physicochemical characteristics and conditions. The blast furnace slags (i.e. BF slags) are produced at the same time than the hot metal within the ironmaking process and highly depends on the quantity and the composition of the raw materials consumed within this production stage. Having lower density than the produced hot metal, they are naturally separated from it and cooled using either air or water (granulated slags are produced in the case of water cooling). The converter slags (i.e. BOF slags) are recovered separately from the produced liquid steel within the converter unit and more particularly when it is poured in a transfer ladle (towards the ladle treatment unit). The same operation is done for the electric arc furnace slags (i.e. EAF slags). These two last categories of slags are also very dependent on the quantity and the composition of raw materials consumed within the relation production units. Typical compositions of these materials are gathered within Table 7.1. Iron and steel slags are moreover the source of several and different valorisation pathways and have been benefiting from years of experiences by being exchanged within the framework of IS applied to the context of iron and steel industry. These potential ways are listed into Table 7.2 for the BF slags as well as the BOF and EAF slags according to the Nippon Slag Association (NSA) experience and database. products on a typically integrated iron and steel plant that follows the BF-BOF outline as production route (as defined in section 3.1).

According to Table 7.2, the aggregate and hydraulic binder are the corresponding most important markets and they sometimes imply some chemical and/or physical treatments on these kind of slags such as (1) iron, magnesia and chromium content removal for clinker kilns as well as (2) iron, sulphur and phosphorous content removal and alumina addition [START_REF] Franceschini | State of the art of steel slag treatments and external valorization ways[END_REF].

This complementary treatments are not going to be taken into account in this application case study because the required composition of BOF slags is very specific to a given IS scenario with a given integrated iron and steel plant. Here, this research work rather aims at giving the composition (or at least the effects on the composition) as an input data to the decision-making process towards IS thus remaining on the scope of this industrial site and not focusing on any other process which would be required to implement the IS. 

Industrial Symbiosis evaluation

The current operation of the typically integrated iron and steel plant on which is focused this research work is depicted through a very simplified overview represented by Figure 7.2. It particularly shows that the basic oxygen furnace (BOF) slag is partially reused internally at the level of the sintering process as well as the ironmaking process and the steelmaking process (i.e. within the converter unit / basic oxygen furnace unit). This view actually defines the Business as Usual scenario (BAU) that is going to be used as a reference state in this section. The main philosophy of the proposed IS scenario is to externally valorise 100% of the BOF slag currently consumed within the sintering process as well as the ironmaking processes while also valorising the BOF slag currently stocked as illustrated by Figure 7.3.

This view actually defines the IS scenario that is going to be studied in this section in comparison with the BAU scenario. -Consumption of the raw materials: iron ore, limestone, anthracite, olivine, external coke, calcium carbide and magnesium.

-Production of the by-products: blast furnace gas, basic oxygen furnace gas, blast furnace slag, basic oxygen furnace slag.

-Consumption of utilities: oxygen and finally.

-Some other parameters: sinter basicity, quantity and CO2 content of fumes, LHV of BFG and LHV of BOFG, CO2 content of BFG, BF slag basicity and BOF slag price. These figures also plot over the 24 months based simulation period the total variable costs as well as the total direct and indirect CO2 emissions of the whole integrated iron and steel plant.

They moreover deal with normalized values that are scaled using a min-max scaler which does not influence the differences between the variables resulting from the BAU scenario and calculated from the IS scenario allowing to compare them with each other (as in Chapter 6).

Null values and values equal to 1 have no physical meaning, there are due to the min-max scaler: null values correspond to the minimum values and values equal to 1 correspond to the maximum values. The basicity of the streams is divided into three categories and is defined as the ratio between some components of the stream as described within Eq 7.1 to Eq 7.3. The BOF slag price is defined as the price calculated for the external valorisation under the IS scenario. It is actually calculated so that it compensates the increase of the total variable costs of the integrated iron and steel plant as illustrated in Figure 7. [START_REF] Wu | Quantitative environmental risk assessment for the iron and steel industrial symbiosis network[END_REF]. Figure 7.28 and Figure 7.29 both well show that there is no consumption of basic oxygen furnace slag within the sintering and the ironmaking processes in the case of the proposed IS scenario (i.e. steel slag external valorisation). This can be seen by the red lines in these two figures because they are set as null during all the simulation period.

𝑏𝑎𝑠𝑖𝑐𝑖𝑡𝑦
These figures include the output calculated data from the SD model in the case of the IS scenario (i.e. red lines) as well as the output calculated data from the SD model in the case of the BAU scenario (i.e. blue lines). 7.3 to Table 7.5 summarize the total impacts on the simulated period for each variable plotted in Figure 7.4 to Figure 7.33. Total impacts with a label "(av.)" are average impacts.

For example, the iron ore consumed in the sintering process has been sum-up for the whole simulation period. The difference between the sum in the case of the BAU scenario and the sum in the case of the IS scenario therefore gives the total impact of this IS scenario on the iron ore consumption. Whereas, for example, in the case of the sinter's basicity 1 the sum is not possible (because it is not a flow but a characteristic), so the average impact is calculated. 

Comparison with a static approach

The results from the developed system dynamics model has been shown within the previous section 7.2 for the IS scenario corresponding to the external valorisation of the basic oxygen furnace slag. All the impacts obtained from this dynamic model under the BOF slag scenario are now compared to the impacts which would have been obtained using a static approach in the goal of reinforcing the validation and the need for a dynamic approach. The same model has been run for that purpose but using this time static input data and static hypotheses like within the previous sections (i.e. details in Chapter 6). That is why, here it is proposed to take as a reference period of time each month individually, one by one, and run the developed model by using the input data related to those months over the full simulation period (i.e. 24 months based time period).

All the results from this comparison are gathered within Figure 7.34 to Figure 7.59 designed as target diagrams for every variables presented within the previous section 7.2 (i.e. from the iron ore consumption to the total indirect CO2 emissions). The points at the centre of these target diagrams represent the values resulting from the operation of the typically integrated iron and steel plant calculated through the SD model. All the other characteristics of these target diagrams are detailed by the generic template presented from Figure 6.13 to Figure 6.17 except that here the green area is not represented anymore because the SD outputs are represented by the centre of the target. In order to facilitate the reading of these target diagrams, the figure related to the iron consumption and corresponding to Figure 7.34 is proposed to be shortly explained. For this diagram in particular, if the month 1 is considered as a reference month within a static approach, then the month 1 is propagated over the 24 time steps of the simulation using the developed and validated SD model. Thus, the same flow rates, the same prices and the same parameters related to the reference month (month 1 here) are used whatever is the concerned time step (meaning that all is static over the full period of simulation).

Then, it can be seen that the difference between the calculated total iron ore consumption for a static approach and the total iron ore consumption for the dynamic approach at the end of the full period of simulation is about 22.50%. The same operation is performed for the other months so that the diagrams ends-up with red areas representing all the differences of all the months used as a reference month under a static approach. Table 7.6 is the equivalent of Table 6.2 and Table 6.3 presented within the previous chapter (i.e. details in Chapter 6) and present for that purpose the percentage covered by the red areas on the target diagrams scaled at 100% for a better display of the results. These tables also gather the percentage of points constituting the red areas which are out of the 5% ring areas thus showing to what extent the static approach is less accurate than the dynamic one and could potentially lead to bias in the conclusions. 

Conclusions

This chapter allows showing to what extent the external valorisation of the basic oxygen furnace slag has an impact on the operation of the typically integrated iron and steel plant on which is focused this research work. This application case comes as a complete and detailed example of what could be modelled and dynamically simulated within the framework of IS applied to the iron and steel industry. Along with the validation step of these developments (i.e. details within Chapter 6), it further allows to get more confidence on the developed methodology and designed system dynamics (SD) model by testing them through a concrete IS scenario as a support to the decision making process towards any IS implementations. In order to keep the confidentiality of the industrial data with which the developed and validated SD model is dealing, normalized data has been used preventing to make conclusions on absolute values but allowing concluding on deltas. These deltas represent the differences between the operation of the industrial site under the BAU scenario and its operation under the proposed IS scenario.

The SD model thus permits to highlight that under this IS scenario the total variable costs of the whole industrial site increases by 0.15% along with the total direct and indirect CO2 emissions that respectively increase by 0.71% and 4.50%. These trends are due to the global increase of the consumption of all the raw materials which have different chemical compositions and different prices. Even though some of them decrease as for the ironmaking process consumptions (see in the previous section 7.2), this is not enough to overcome the effects from the high increase observed within the sintering process (absolute quantities involved are much more important within the sintering process than into the ironmaking process). These was calculating thanks to the coupling of the dynamic model and the physical module for which the hypotheses and constrains in terms of chemical composition and other specific parameters have been imposed in order to calculate the new ratios of raw material consumptions, by-products production … as described within the previous chapters (i.e. details within Chapter 5).

The SD model also allows to determine the BOF slag price to define in the framework of this IS scenario. This price comes to compensate the global 0.15% increase of the total variable costs at the level of the whole integrated iron and steel plant. It is particularly shown here that this price varies a lot over time and should be defined according to these variabilities. This means that a static price can be calculated according to the predicted variations thus allowing the typically integrated iron and steel plant to fully take into account the fluctuations over its operation. This is of major interest because it particularly allows not to overestimate or underestimate the BOF slag price to define for an external valorisation for this IS scenario. If the average price is for example taken as a reference for implementing this IS scenario then the calculated absolute order of magnitude corresponds to approximately 20% of the iron ore price consumed within the industrial site that gives an idea of the kind of price levels involved in such a scenario. At the end, it could be concluded that the proposed IS scenario is not interesting for the integrated iron and steel plant because of the performances evaluated that roughly conduct to an increase of total variable costs and an increase of total CO2 emissions.

However, it should be noticed that this research work only aims at giving a detailed overview of the impacts on the iron and steel industry side. This means that depending on the use of the BOF slag within one or several of the possible external valorisation ways (i.e. Table 7.2), it could potentially saves CO2 emissions and potentially lower the total variable costs for another industry thus ending up with interesting performances at the level of the global IS (i.e. including all partners). This aspect not being part of the scope of this research work is not going to be further investigated. However, it should be considered with the related partners providing them with the general conclusions already known and demonstrated here for the typically iron and steel plant. These conclusions include the dynamic quantities and the average price of the BOF slag that could be exchanged in the framework of the proposed IS.

These are already relevant elements which this research work allowed to precisely and dynamically quantify in order to support the decision-making process towards IS. Moreover, the required treatment should be part of the scope when coming to a potential implementation because it could increase the announced price and make the CO2 emissions of the global synergy grows up (i.e. treatment of the BOF slag so that it fits the requirements of the external valorisation ways in terms of chemical composition or other aspects).

Conclusion

The detailed overview of this research work has been given within all the previous chapters going from the introduction and related motivations to the developed methodology as well as to the designed system dynamics (SD) model for a typically integrated iron and steel plant and finally to the description of a complete application case study. Chapter 8 simply concludes here on the related research developments demonstrated within this PhD thesis report by first presenting a very short summary of the content of the research work along with the related major features and findings. The validity highlighting the main limitations of this research work is then discussed and some recommendations for future work are proposed in order to pursue these research developments.

Short summary

This research work leads to a complete methodology and a related system dynamics-based tool dedicated to the dynamic evaluation (i.e. for the assessment over time) of the performances of any industrial symbiosis (IS) scenarios on the operation of a typically integrated iron and steel plant. These research developments constructed and presented herein definitely come as a support to any decision-making processes regarding the implementation of any IS scenarios involving energy and material flows within the large and complex framework of the iron and steel industry. They further contribute to advance within this particular realm of science along with the bringing of a new and concrete solution to make well-founded and reliable decisions in order to face the major energy and environmental stakes of this important industrial sector all over the world.

This proposed PhD thesis report gives a detailed overview of the corresponding scientific insights throughout all the previous chapters (i.e. details from Chapter 1 to Chapter 8). These chapters have been articulated from a general introduction to a complete application case study thus aiming at demonstrating the scientific relevance and the industrial interest of this research work while disseminating the main results that were obtained. The main content of this report is briefly presented within this paragraph. This report obviously introduces in a first step the context and the scientific and industrial motivations of this research work as well as presents the related theoretical foundations mainly based on the industrial ecology (IE) approach, the IS concept and the SD method. It moreover fully describes a typically integrated iron and steel plant operating under the BF-BOF route and for which a complete methodology is developed and later applied towards the evaluation of a potential IS scenario implementation. The related SD model built for a typically integrated iron and steel plant and coupled to a physical calculation module is then detailed and further validated through many different qualitative and quantitative tests (i.e. by using statistical tests in particular). A complete application case study that focused on the external valorisation of basic oxygen furnace slags is finally proposed and overviewed. This typical example allows showing the impacts in terms of total variables costs as well as total direct and indirect carbon dioxide (CO2) emissions that could have been triggered by an IS scenario on the operation of a typically integrated iron and steel plant.

Major features and findings

Chapter 1 gives a detailed overview of the general energy and environmental stakes for which this research work is led. It particularly highlights that the world energy consumption and the world CO2 emissions have been continuously growing over the past few decades. It also points out the fact that the iron and steel industry today remains one the most energy-intensive industrial sectors worldwide despite the many efforts and progress that have been carried out in order to improve the energy efficiency of the related internal processes. That is why, the industrial symbiosis approach is proposed as a concrete mean to reduce the environmental impacts of industrial activities common territories. The IS concept is envisaged in the context of typically integrated iron and steel plants in order to further integrate them within their environment (i.e. within their industrial cluster or into common territories) so that they can reach the remaining potential for tending towards more energy savings as well as more environmental impact reductions. Chapter 1 moreover shows that the iron and steel industry has a major role to play within IS-based networks as particularly overviewed throughout the related literature.

Chapter 2 presents for that purpose the key literature findings about the conceptual elements associated with the IS approach and the related theoretical foundations such as the IE concept and the circular economy (CE) field. It further highlights that IS-based interests have already been at the heart of many interesting research questions and relevant scientific problematics.

One of the recurrent and main interests that obviously pop up from the corresponding literature is the evaluation of the performances of IS on which this research is focused on. The scientific community has indeed spent many efforts at quantifying environmental and economic impacts triggered by IS within large and complex industrial clusters. Number of valuable methodologies and related tools have been developed and applied on different scales in the context of different case studies. Chapter 2 also underlines that the evaluation over time of IS has only been covered by a very limited number of research works while dynamic remains a major characteristic of the IS approach. The SD method already used for that purpose in some of these studies can especially be applied in the framework of the iron and steel industry in order to quantify the effects that any IS scenarios could have on typically integrated iron and steel plants. The fields of system thinking (ST) and system modelling are thus explored and detailed as a the most valuable and relevant way to model and simulate with high reliability the complex issues involved within the IS approach applied in the context of this kind of industrial sites. Chapter 2 actually serves as the conceptual and fundamental basis of the research methodology and the related tool both developed through this research work.

Chapter 3 details the scope of the research work that is inherent to the iron and steel production activities. A focus is particularly made on the BF-BOF production route which is fully described and which actually constitutes the more interesting route when looking at the important amount of energy and material flows involved throughout all the related processes.

Chapter 3 also states the main research question that could be summarized using the following problematic: how to evaluate over time the performances (i.e. economic and environmental impacts) of industrial symbiosis scenarios on typically integrated iron and steel plants? The main objectives are accordingly defined and listed in order to answer at best this research question that combined to the previous literature review reflects the scientific and industrial framework within which these research developments are carried out.

Chapter 4 proposes a detailed overview of the different steps of the developed methodology that comes as a result of the complete literature review and the research interest expressed through the research question and corresponding objectives. The literature review allows concluding that the IS concept is a possible solution to reduce the energy consumption and the environmental impacts of an industrial cluster especially wherein iron and steel production activities are taking place. The SD approach is identified in the meantime as suitable to perform the evaluation of the environmental and economic performances of any IS scenario within which the dynamic characteristic is very pronounced. This method constitutes the main basis of the developed methodology that is applied to a typically integrated iron and steel plant which is still operating nowadays. Chapter 4 also presents an extensive list of the data gathered as well as the methodology used to collect it and further lists the dynamic hypotheses used to build the related SD model. These different aspects presented also constitute the methodological bases on which this research work is relying on (along with the SD concepts).

Chapter 5 describes the different steps of the iron and steel production that are defined in order to better represent the operative structure of the typically integrated iron and steel plant.

It also gives a global overview of the generic causal loop diagram (CLD) and stock and flow diagrams (SFD) which composed the whole developed SD model based on this structure mapping. The entire SD model is further constituted of generic SD models developed for each process (including stocks) of the related iron and steel production activities. They all together constitute the global SD model which makes the link between every process thus enabling the dynamic calculations of the total variable costs as well as the total direct and indirect CO2 emissions of this industrial site. This decomposition of the typically integrated iron and steel plant adopts an operative perspective so that the impacts resulting from any IS scenarios can be highlighted at each level of the operation of such a large and complex industrial site.

Chapter 5 moreover presents a physical calculation module that is taken, adapted and designed to be coupled with the developed SD model in order to provide dynamic outcomes with more robustness in terms of physicochemical meaning. This coupling particularly overcomes the common and current limitations of existing SD models throughout the general literature. This research work that has taken the basis of the CLD and SFD building within these studies is thus taking the lead and proposing improvements in this sense by dealing with physicochemical reaction modelling and calculations. Meanwhile, Chapter 5 lists all the equations related to the SD model which are further described and followed by a detailed listing of every energy and material streams included at each stage of the SD model and the coupled physical module.

Chapter 6 presents the different results from specific tests which are applied in practice to the designed SD model in order to validate it. The validation step remains one of the major parts within the SD modelling approach and accordingly within this research work. For that purpose, the main steps of structure-based tests as well as behaviour-based tests are described in details. These tests are either qualitative and or quantitative relying on statistical analyses.

This validation analysis finally allows concluding that the SD model overviewed in this research work is appropriate and valuable for the dynamic simulations of the real operation of the typically integrated iron and steel plant. The developed SD model provides valid and robust results with regards to the assumptions and the interactions considered within all the developed generic SD models. The use of the most relevant version of the SD model that could be constructed to reflect the right operation of the typically integrated iron and steel plant is therefore ensured. This particularly guarantees that the developed SD model can be used in order to simulate any IS scenario related to the energy and material flow involved within the iron and steel production activities.

Chapter 7 finally presents the different pathways through which the basic oxygen slag production could be externally valorised within the framework of an IS implementation. A complete application case study on the typically integrated iron and steel plant is led in order to determine the economic and environmental impacts on its operation of such an IS scenario.

This quantification is performed by running simulations on the developed and validated SD model. It particularly shows that valorising 100% of the BOF slag production conducts to an increase of the total variable costs (i.e. +0.15% over the simulation period) as well as an increase of both the total direct and indirect CO2 emissions (i.e. respectively 0.71% and 4.50% over the simulation period). A detailed comparison with the results which would have been obtained from a static approach is proposed at the end of this chapter in order to reinforce the results of the SD model. This comparison particularly shows how the dynamic characteristics of IS are important when looking at the different gaps presented for this scenario. This application case study demonstrates the relevance of the developed methodology and related SD-based tool for the evaluation over time of any IS scenarios on the iron and steel industry. The main economic and environmental outcomes of this scenario are shown for a 100% external valorisation in term of quantity meaning that nothing from the produced slag quantities are reused internally. However, when looking at these outcomes it could be difficult for the typically integrated iron and steel plant to decide for a go regarding this IS scenario. It actually shows the limit of this research work regarding the IS approach because it something which should be evaluated globally for each partners whereas this research work is only focused on the iron and steel industry side. As previously stated, depending on the way of valorisation chosen, these increasing effects could be completely balanced because this IS scenario would permit to save a lot of more CO2 within the global IS (including all the partners and impacts on the other industries or the other communities).

Chapter 7 thus highlights that the research developments carried out within this PhD thesis work should be used as the support to any decisions between the stakeholders involved within the concerned IS scenarios. This research work gives arguments and main elements which could be used to design the IS scenario so that it takes into account all these information from the typically integrated iron and steel plant side within the negotiations.

Recommendations for future work

The developed methodology and the designed tool based on the IS approach as well as the SD concepts within the framework of the iron and steel industry are shown to be convenient and valuable to answer the research question defined into this research work: how to evaluate over time the performances (i.e. economic and environmental impacts) of industrial symbiosis scenarios on typically integrated iron and steel plants? However, it obviously remains many challenges with respect to future research regarding both practical and theoretical point of views. This research work actually constitutes the basis of research developments that need to be completed and improved within the next few years in order to reach a maturity which will further facilitate the implementation of IS scenarios into large and complex industrial clusters including iron and steel production activities:

-The presented and developed SD model is dealing with monthly data and is so working with monthly time steps but it would be more than reinforced through the use of smaller time steps. It would indeed allows this dynamic model to implement feedback loops and time delays which for example operate at the level of the day, the minute or the second. Even if the developed SD model was built in order to get a rough and large overview of any IS scenario impacts on typically integrated iron and steel plants, lowering the time steps would permit to take into account very small and short phenomena that could potentially have an important effect observed at a large scale. The difficulty here could be found in the fact that the IS approach is usually considered for long term periods (leading to important times of calculation).

-Taking into account the social aspects within the IS scenarios is an important step that is considered many times throughout the literature. This is as a matter of fact a development which is possible to be led within the SD conceptual framework because one strength of this approach and related modelling principles is to be able to deal with hard variables (e.g. energy and material flows) along with soft variables (e.g. trust between two stakeholders) at the same time.

-Integrating or coupling emergent data forecasting methods and algorithms such as those pertaining to the Time Series (TS) and Machine Learning (ML) theories would be also a relevant and valuable added value to this research work. Here, it could be for example used to forecast some of the energy and material variables in order to use the SD model in more prospective IS scenarios. Then the developed SD model and physical module adapted and coupled within would just deal with new input data (i.e.

the forecasted ones) which would corresponds to the output data calculated through the forecasting steps.

-Complete cost and / or carbon dioxide emission (i.e. direct and indirect CO2)

optimisations could be also dynamically integrated to the developed SD model in order to minimize the total variable costs and the total CO2 emissions of the whole typically integrated iron and steel plant. Whereas, the developed SD-based tool is currently designed as a decision-making tool allowing comparing different IS scenarios according to the impacts on energy and material flows involved within the iron and steel production activities as well as according to the total variable costs and direct and indirect CO2 emissions. Thus no optimum is researched to minimize these values.

Introduction

Le changement climatique et le réchauffement de la planète tous deux constituent l'un des défis majeurs que l'humanité doit relever de manière urgente pour tendre vers une société à faibles émissions de dioxyde de carbone (CO2). La consommation totale d'énergie finale dans le monde a été multipliée par 2.25 entre 1971 et 2016 [START_REF]World energy balances: Overview[END_REF] parallèlement à la tendance à la hausse des émissions mondiales de CO2 [3]. Ces émissions liées à l'énergie ont atteint un record de 32.50 gigatonnes (Gt) en 2017 [2] d'après les statistiques de l'Agence Internationale de l'Energie (IEA). Le secteur industriel représente à lui seul environ 37% de cette consommation totale d'énergie finale [START_REF]World energy balances: Overview[END_REF] et demeure ainsi le secteur le plus énergivore en 2016 [START_REF]World energy balances: Overview[END_REF]. C'est un domaine très vaste et complexe qui mène de nombreuses activités à forte intensité énergétique allant de l'extraction des ressources naturelles, à leur transformation en matières premières, ainsi qu'à leur fabrication en produits finis dans de nombreux secteurs d'activité (comme par exemple la sidérurgie, la pétrochimie, la papeterie et la cimenterie). La fonte et l'acier sont des matériaux essentiels et très largement utilisés dans le monde entier puisqu'ils se retrouvent partout et sous de nombreuses formes. Ils sont utilisés en tant que composants de base ou composant principaux au sein de systèmes de production étendus et complexes comme dans les secteurs de la construction, de l'automobile, des appareils ménagers et de l'emballage. La demande mondiale de ces matériaux ne cesse de croître d'année en année en raison de leur rôle majeur ce qui conduit leur production respective à augmenter de plus en plus [7] [8]. La demande mondiale d'acier devrait par exemple augmenter de 0.7% en 2019 selon l'association World Steel Association (WSA) [START_REF]World steel in figures 2018[END_REF].

La fonte et l'acier sont également des matériaux intéressants d'un point de vue énergétique et environnemental du fait de la grande quantité de flux d'énergie et de matières qu'ils mobilisent tout a long de leur chaîne de production. La sidérurgie représente en ce sens l'un des secteurs industriels les plus énergivores [START_REF]Energy Technologies Perspectives 2015: Mobilising Innovation to Accelerate Climate Action[END_REF] car elle contribue pour environ 4% à 5% des émissions mondiales de CO2 [START_REF]Steel's contribution to a low carbon future[END_REF]. Bien que la consommation d'énergie propre à ce secteur ait diminué d'environ 60% par rapport aux années 60 [START_REF]Steel's contribution to a low carbon future and climate resilient societies[END_REF], les niveaux de consommation actuels sont quasi-constants depuis les dix dernières années [START_REF]World Steel Association (WSA), «Sustainability indicators definitions and relevance (2003-2016[END_REF]. L'intensité énergétique moyenne liée à la production d'une tonne d'acier brut se portait à environ 20 gigajoules (GJ) en 2016 ce qui laissait encore un potentiel d'amélioration de 15% à 20% [START_REF]Steel's contribution to a low carbon future and climate resilient societies[END_REF]. Les émissions moyennes de CO2 associées étaient, elles, d'environ 1.9 tonnes par tonne d'acier brut produite [START_REF]Steel's contribution to a low carbon future[END_REF] C'est précisément l'objet de l'approche de l'écologie industrielle (IE) dans laquelle les systèmes industriels tendent vers une base plus durable [START_REF] Lowe | Industrial ecology and industrial ecosystems[END_REF]. Elle comporte de nombreuses méthodes telles que l'analyse du cycle de vie (LCA), l'MFA, les systèmes d'information géographique (GIS), l'analyse des entrées-sorties (IOA), et bien d'autres concepts qui incluent notamment le concept de la symbiose industrielle (IS) [START_REF] Perez | Co-Authorship Network Analysis in Industrial Ecology Research Community[END_REF]. Ces outils ont été développés et appliqués à de nombreux systèmes par le biais d'un réseau de collaboration bien établi autour du domaine de recherche propre à l'IE et via la communauté scientifique correspondante [START_REF] Perez | Co-Authorship Network Analysis in Industrial Ecology Research Community[END_REF].

Ces dit systèmes font en réalité référence à des ressources en particulier ou à des groupes (ou catégories) de ressources bien spécifiques ou encore à des réseaux qui impliquent des flux d'énergie et de matières à différentes échelles (comme par exemple à l'échelle de l'industrie, de la communauté, de la ville, de la région et du pays). J. Kim a par exemple estimé le potentiel de formation de particules et les effets respiratoires des émissions atmosphériques issues du secteur industriel ainsi que des villes et des régions [START_REF] Kim | Assessment and estimation of particulate matter formation potential and respiratory effects from air emission matters in industrial sectors and cities/regions[END_REF]. J. [START_REF] Ciraig | Circular economy: a critical literature review of concepts[END_REF]. L'approche de l'IE émergea en 1989 et apparaît comme une nécessité pour transformer les systèmes industriels en systèmes éco industriels [4]. Selon S. Erkman, l'IE permet de comprendre le fonctionnement d'un système industriel ainsi que sa régulation et son interaction avec la biosphère; puis, sur la base de ce qui est connu des écosystèmes, ce concept permet de déterminer comment il pourrait être restructuré pour le rendre compatible avec la manière avec laquelle les écosystèmes naturels fonctionnent [START_REF] Erkman | Industrial ecology: a new perspective on the future of the industrial system[END_REF]. Cette approche définit les secteurs industriels comme des écosystèmes artificiels qui fonctionnent de manière similaire aux écosystèmes naturels et dans lesquels les déchets ou les produits d'un procédé sont utilisés comme intrants dans un autre procédé selon le centre Global Development Research Center (GDRC) [START_REF]Sustainability concepts: industrial ecology[END_REF]. Ceci constitue le point de départ du concept de la symbiose industrielle (IS), considérée comme un sous-domaine de l'IE où la rencontre entre la théorie et la pratique est très valorisée. L'approche de la IS fait également partie intégrante du cadre conceptuel de l'CE et intervient plus particulièrement au niveau inter-entreprises de l'IE car elle met en jeux des options d'échanges entre plusieurs organisations installées sur un territoire commun [START_REF] Chertow | INDUSTRIAL SYMBIOSIS: Literature and Taxonomy[END_REF]. Ces échanges reposent sur un partage coopératif des ressources en eau, en énergie, en coproduits et déchets [START_REF] Chertow | INDUSTRIAL SYMBIOSIS: Literature and Taxonomy[END_REF]. Différents outils et différentes méthodologies quantitatives ressortent de la littérature correspondante dans le cadre de l'évaluation des performances des IS en tant que support aux prises de décisions en vue de potentielles implémentations. Des méthodes d'optimisation [START_REF] Boix | Optimization methods applied to the design of eco-industrial parks: a literature review[END_REF] ainsi que des méthodes de réduction de l'utilisation d'énergie et de rétrofitage [START_REF] Kastner | Quantitative tools for cultivating symbiosis in industrial parks; a literature review[END_REF] ont par exemple été appliquées dès la conception de parcs éco industriels (EIPs) [START_REF] Yu | Understanding the evolution of industrial symbiosis research: A bibliometric and network analysis (1997-2012[END_REF]. Les performances énergétiques et environnementales des IS ont également été décrites à l'aide d'indicateurs thermodynamiques tels que l'énergie, l'exergie et l'émergie [START_REF] Wang | Emergy evaluation of Eco-Industrial Park with power plant[END_REF] [62] [63] [START_REF] Geng | Emergy analysis of an industrial park: the case of Dalian, China[END_REF].

Des systèmes d'indicateurs complets ont d'ailleurs été mis au point [START_REF] Geng | Assessment of the national eco-industrial park standard for promoting industrial symbiosis in China[END_REF] [110] et la comptabilité par la triple performance (TBL) a déjà été appliquée [START_REF] Kurup | Triple Bottom Line Accounting Applied for Industrial Symbiosis[END_REF]. Au travers de la littérature, il apparaît comme évident que l'approche de la IS est en réalité une approche systémique qui vise à trouver un juste compromis entre les performances environnementales et les performances économiques. Ces performances ont par exemple été quantifiées dans le cadre d'entreprises colocalisées [START_REF] Chertow | Quantifying economic and environmental benefits of co-located firms[END_REF], de l'industrie du ciment [START_REF] Hashimoto | Realizing CO2 emission reduction through industrial symbiosis: a cement production case study for Kawasaki[END_REF], de la symbiose de Kalundborg (Danemark) [START_REF] Jacobsen | Industrial symbiosis in Kalundborg, Denmark: A quantitative assessment of economic and environmental aspects[END_REF] et d'usines sidérurgiques typiquement intégrées [START_REF] Li | Energy recovery and abatement potential of CO2 emissions for an integrated iron and steel making enterprise[END_REF] [START_REF] Felicio | Industrial symbiosis indicators to manage eco-industrial parks as dynamic systems[END_REF]. La IS est ainsi évaluée à un moment donné [START_REF] Chertow | Organizing Self-Organizing Systems, Toward a Theory of Industrial Symbiosis[END_REF] ce qui limite la capacité de ces approches à soutenir les processus décisionnels car elles ne tiennent pas compte des tendances et des variations et elles ne permettent donc pas d'évaluer tous les impacts de toutes décisions orientées vers les IS [START_REF] Felicio | Industrial symbiosis indicators to manage eco-industrial parks as dynamic systems[END_REF]. Il a d'ailleurs déjà été suggéré d'étudier ces changements au cours du temps dans les futurs travaux de recherche pour prendre en compte ces aspects dynamiques [START_REF] Zhang | A review of industrial symbiosis research: Theory and methodology[END_REF].

Très peu de travaux de recherche ont cependant considéré ces aspects dynamiques du fait de leur complexité et des limitations des méthodes actuelles dans leur capacité à les traiter; que ce soit la dynamique à partir de laquelle se construisent les IS ou la dynamique représentée par les évolutions au cours du temps des structures organisationnelles et des variables clés liées à leur mise en oeuvre. La méthode de la modélisation à base d'agents (ABM) a été utilisée par exemple pour convertir des zones industrielles en écosystèmes industriels [START_REF] Romero | Proposal of an agent-based analytical model to convert industrial areas in industrial eco-systems[END_REF] ainsi que pour concevoir [START_REF] Kim | Development of an agent-based modeling methodology for an industrial byproduct exchange network design[END_REF] selon différents scénarios [START_REF] Romero | Proposal of an agent-based analytical model to convert industrial areas in industrial eco-systems[END_REF]. Les concepts de modélisation de la SD regroupent la construction de diagrammes de boucles causales (CLD) et la construction de SFD qui sont respectivement illustrés dans la Figure 9.1 et la Figure 9.2 (exemple de J.D. Sterman [START_REF] Sterman | System dynamics modeling: tools for learning in a complex world[END_REF]). Pour appuyer ce choix, les tables Table 9.1 à Table 9.4 comparent cette approche avec d'autres méthodologies appartenant aux méthodes de modélisation systémique comme la modélisation à base d'agents (ABM) ainsi que le concept des systèmes dynamiques (DS). agglomération, cokerie, unité de fabrication de la fonte (haut fourneau), unités de fabrication de l'acier, coulée continue, laminage à chaud et d'autres procédés de finition [START_REF] Yu | Quantifying CO2 emission reduction from industrial symbiosis in integrated steel mills in China[END_REF]; comme illustrés dans la Figure 9.3. Ce travail de recherche se limite néanmoins à la prise en compte des procédés à chaud, à savoir des procédés de l'agglomération au procédé de laminage à chaud. L'utilisation des ressources et de l'énergie dans l'industrie sidérurgique est liée à ces systèmes de production primaire (qui transforment le minerai de fer en acier par l'utilisation du charbon comme agent réducteur) ainsi qu'aux systèmes de conversion d'énergie [START_REF] Du | Energy Consumption and Its Influencing Factors of Iron and Steel Enterprise[END_REF].

La production d'acier commence par le procédé de frittage (au niveau de l'agglomération) où -Le modèle dynamique est limité aux procédés à chaud de l'usine sidérurgique typiquement intégrée suivant la filière haut fourneau-convertisseur (BF-BOF).

-Les données qui représentent le fonctionnement de l'usine sidérurgique typiquement -Les compositions chimiques des matières premières, des coproduits et des gaz, sont constantes dans le temps (à l'exception du produit principal et de certains produits intermédiaires et coproduits). Certains paramètres de procédés sont également constants dans le temps (comme par exemple les températures).

-Le modèle dynamique est alimenté par des données mensuelles et est donc utilisé pour simuler le fonctionnement d'une usine sidérurgique typiquement intégrée à l'aide d'un pas de temps mensuel. Les tendances et les variations de flux et de prix sont également prises en compte dans les simulations dynamiques (comme par exemple les coûts et les quantités qui augmentent ou diminuent).

-La structure du modèle dynamique reste inchangée au cours du temps. Les temps de retard ne sont intégrés que pour les flux de matières premières et de coproduits. -Boucle R : l'augmentation du stock du procédé entraîne l'augmentation des retours internes, puis celle des entrées, ce qui augmente le stock du procédé.

-Boucle B1 : l'augmentation du stock du procédé entraîne l'augmentation des retours internes, puis celle des sorties, ce qui diminue le stock du procédé.

-Boucle B2 : l'augmentation du stock du procédé entraîne l'augmentation du produit principal, puis celle des sorties, ce qui diminue le stock du procédé.

-Boucle B3 : l'augmentation du stock du procédé entraîne l'augmentation des coproduits, puis celle des sorties, ce qui diminue le stock du procédé.

-Boucle B4 : l'augmentation du stock du procédé entraîne l'augmentation des produits intermédiaires, puis celle des sorties, ce qui diminue le stock du procédé. de fer des matières impliquées dans le procédé de frittage a par exemple été réalisée [START_REF] Liu | System dynamics analysis on characteristics of ironflow in sintering process[END_REF]. La modélisation et l'analyse du système de production inhérent à une usine sidérurgique typiquement intégrée ont également été menées selon l'approche de la SD [START_REF] Roy | Modelling and Analysis of Production System of A Steel Plant-A System Dynamics Approach[END_REF]. La simulation du potentiel de réduction des émissions de dioxyde de carbone (CO2) de l'industrie sidérurgique a également été étudiée à l'aide d'un modèle dynamique [START_REF] Kim | Simulation of CO2 Emission Reduction Potential of the Iron and Steel Industry using a System Dynamics Model[END_REF]. L'ensemble de ces impacts sont aussi réunis (pour les variables choisies précédemment) dans les tableaux Table 9.10 à Table 9.12 ci-dessous. Les impacts avec une mention "(moyen)" représentent les impacts moyens. Par exemple, le minerai de fer consommé au niveau de l'agglomération est sommé sur toute la période de simulation. La différence entre la somme calculée dans le cas du scénario BAU et la somme calculée dans le cas du scénario IS permet d'obtenir l'impact total de la valorisation externe du laitier de convertisseur pour l'usine sidérurgique typiquement intégrée (sur la période de simulation et en ce qui concerne le minerai de fer consommé). Alors que, par exemple, dans le cas de la basicité de l'aggloméré, la somme n'est pas possible car il ne s'agit pas d'un flux mais d'un paramètre de procédé (en l'occurrence de l'agglomération) renvoyant à la composition de l'aggloméré. C'est pourquoi, les impacts moyens ont également été calculés mais représentent bien la moyenne des impacts calculés à chaque pas de temps (et non pas la somme des impacts sur toute la période de simulation). 

Conclusion

Ce travail de recherche débouche sur une nouvelle méthodologie de recherche ainsi qu'un -La prise en compte des aspects sociaux dans les IS est un point important qui est considéré à plusieurs reprises dans la littérature. Cet aspect peut être intégré au modèle dynamique car c'est l'un des avantages de l'approche et des principes de modélisation associés (qui est de pouvoir traiter des variables comme par exemple la confiance entre deux parties prenantes).

-Le couplage de méthodes de prévision de données au travers par exemples des approches des séries temporelles (TS) et de l'apprentissage automatique (ML) constituerait également une valeur ajoutée pertinente pour ce travail de recherche. Ce couplage pourrait par exemple être utilisé pour prévoir certaines variables d'énergie et de matières dans le cadre de scénarios prospectifs de IS.

-Des optimisations orientées coûts et / ou émissions de CO2 pourraient également être intégrées de manière dynamique au modèle développé afin de minimiser les coûts variables totaux et / ou les émissions de CO2 totales pour l'ensemble de l'usine sidérurgique typiquement intégrée. Permettant ainsi à cet outil d'aide à la décision de comparer des scénarios de IS sur des optimums calculés.

Variables implemented within the developed generic SD model (total variable costs) Designation Short description

Level variables:

"xx" Total Costs Process i Total variable costs due to the consumption of the "xx" stream in the process i.

Flow rate variables:

"xx" costs process i cons Variable costs due to the consumption of the "xx" stream in the process i.

Auxiliary variables:

"xx" prices process i cons Specific variable price of the "xx" stream of the process i. from each process and therefore calculates the total direct CO2 emissions of the whole integrated iron and steel plant.

Variables implemented within the developed generic SD model (total variable costs) Designation Short description

Level variables:

"xx" Total D CO2 Process i Total direct CO2 emissions due the consumption of the "xx" stream in the process i.

Flow rate variables:

"xx" D CO2 process i cons Variable direct CO2 emissions due to the consumption of the "xx" stream in the process i.

Auxiliary variables:

"xx" C content process i cons Specific carbon content of the "xx" stream of the process i. output data coming from each process and therefore calculates the total upstream CO2 emissions of the whole integrated iron and steel plant.

Variables implemented within the developed generic SD model (total variable costs) Designation Short description

Level variables:

"xx" Total U CO2 Process i Total indirect CO2 emissions due the consumption of the "xx" stream in the process i.

Flow rate variables:

"xx" U CO2 process i cons Variable indirect CO2 emissions due to the consumption of the "xx" stream in the process i.

Auxiliary variables:

"xx" U CO2 process i cons Specific indirect carbon content of the "xx" stream of the process i. 
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 13 Figure 1.4 respectively highlight these evolutions through the blast furnace iron and crude steel production rates presented from 2003 to 2016. The worldwide steel demand is expected to rise by 0.7% in 2019 according to the World Steel Association (WSA)[START_REF]World steel in figures 2018[END_REF] that gives an overview of the global energy context where even if energy-intensity of the iron and steel industrial sector remains quite constant then the related environmental impacts will logically and accordingly increase.
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  Feedback loops are thus circular chains of causality that feed back to themselves and are also known as closed loops (in opposition to open loops that are chains of causality without any feedback characteristics). The adoption model of a new product presented in Figure 2.6 and proposed by J.D. Sterman in 2001 is often used as a basic example to understand these principles. Within the contagion loop (i.e. reinforcing loop) (1)
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 5 2 gives an overview of the typical CLD adopted for a given process within this research work. It is fully based on the sintering process model proposed by C. Liu et al. in 2015 [161] which has been transformed here into a generic CLD that draws the qualitative description of each production steps implemented within the SD model and previously presented in Table
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 52 Figure 5.2. Developed generic CLD for a typical production step
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  4 is performed following the Euler resolution scheme (other schemes are possible) which ends-up with the following relationships: 𝑆𝑡𝑜𝑐𝑘 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 = ∑ (𝑚𝑎𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑝𝑟𝑜𝑑 -𝑚𝑎𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠 ) 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑝𝑟𝑜𝑑 -𝑚𝑎𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠 ) 𝑡+1 Eq 5.6
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 5 4 depicts this dependency and illustrates how the SD model couples all the different processes with each other.
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 55273 Figure5.5. In the same way, these equations described below are run over the simulation period (from an initial time t0 to a final time tf) and moreover deal with the number of processes which goes from i = 1 to i = imax.
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  also designed in a way that the inlet and outlet energy and material streams of each process are differentiated under different columns. The colour legend used (i.e. Table5.5), as well as the categories (i.e. number 1 to number 6) are the same than in the previous section 5.3.3 but here input data are directly coming from the SD model as illustrated in Figure5.6.
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 734735736737741742743748749750751752754755757758759 Figure 7.34. Iron ore consumed within the sintering process (target)

  La règle "3-2 heuristique" est proposée comme critère minimum pour différencier les échanges inhérents à la IS d'une part et les simples échanges industriels d'autre part : au moins trois entités différentes doivent participer à l'échange d'au moins deux ressources différentes impliquant ainsi des relations complexes plutôt que des échanges unilatéraux linéaires [41]. Dans cette perspective, ce travail de recherche se focalise sur l'évaluation des performances de la IS qui comprennent les impacts environnementaux et économiques engendrés par un scénario donné sur un écosystème industriel. Ces impacts s'évaluent en quantifiant les différences entre (1) la consommation de matières premières et de ressources naturelles (c.-à-d. globalement tous les flux d'énergie et matières) ainsi que les émissions (c.-à-d. les émissions dans l'air et dans l'eau) mesurées pour le fonctionnement et l'organisation de base de l'écosystème industriel et (2) les mesures des mêmes paramètres au sein du même cluster industriel mais observés dans le cadre de la IS.

Le

  CLD est une représentation qualitative d'un modèle mental reflétant un système réel et centré sur des chaînes causales. Il permet de visualiser comment les variables d'un système complexe sont interconnectées (dépendantes ou indépendantes, organisées ou non organisées). Il s'agit de tracer un ensemble de noeuds et de flèches qui décrivent respectivement l'ensemble des variables d'un système et les liens entre ces mêmes variables au sein de ce même système [139]. Le CLD représente donc les chaînes causales d'un système pouvant être soit positives (c.-à-d. des polarités positives marquées d'un "+"), soit négatives (c.-à-d. des polarités négatives marquées d'un "-"). Des polarités positives signifient que les noeuds varient dans les mêmes directions conduisant à un comportement de renforcement (c.-à-d. que si un noeud diminue, le noeud lié diminue également). Des polarités négatives signifient que les noeuds varient dans des directions opposées atténuant ainsi l'effet (c.-à-d. que si un noeud diminue, le noeud lié augmente). Un nombre pair de polarités négatives dans une boucle de rétroaction conduit à une boucle de renforcement alors qu'un nombre impair de polarités négatives dans une boucle de rétroaction atténuera l'effet. Le type de variables peut ensuite être catégorisé (c.-à-d. les variables de stocks, les variables de flux et les variables auxiliaires) et les liens entre ces mêmes variables peuvent être quantifiés afin de construire un SFD. Ce type de diagramme représente de manière quantitative les effets d'accumulations (c.-à-d. les stocks) et de dispersion des ressources (c.-à-d. les flux) au sein d'un système complexe [142]. Il se construit et s'utilise à l'aide des outils dédiés à la SD tels que les logiciels Vensim, Powersim ou encore STELLA; et permettent de simuler des scénarios.
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  le minerai de fer est mélangé à d'autres matières et subit un processus de combustion pour produire de l'aggloméré (c.-à-d. un mélange de matières frittées). L'autre procédé de départ consiste à transformer du charbon en coke utilisé comme agent réducteur pour le minerai de fer dans le haut fourneau (BF). Au cours de ce procédé de cokéfaction, le charbon subit une réaction de pyrolyse à haute température afin d'éliminer les éléments non carbonés (comme par exemple l'oxygène et l'hydrogène). Cette réaction favorise le dégagement d'un flux gazeux dénommé gaz de cokerie (COG) qui comprend des composés tels que le carbone, l'oxygène et l'hydrogène. Une étape de traitement complexe est en général opérée pour purifier ce gaz afin de permettre son utilisation comme combustible à l'intérieur ou à l'extérieur de l'usine sidérurgique typiquement intégrée. L'aggloméré et le coke préparés entrent ensuite dans le BF où les oxydes de fer sont réduits par le carbone du coke. Le produit résultant, la fonte chaude, apparaît sous sa forme liquide en sortant du BF. Ce procédé favorise également le dégagement d'un flux gazeux dénommé ici gaz de haut fourneau (BFG) qui est lui aussi soumis à une étape de traitement afin d'être réutilisable à l'instar du COG. La fonte chaude liquide est ensuite convoyée vers le convertisseur (BOF) où elle est transformée en acier liquide. Diverses matières et déchets d'acier recyclés sont ajoutés à ce stade afin de mettre à nuance l'acier (c.-à-d. afin d'ajuster la composition et les propriétés de l'acier). L'injection d'oxygène permet de plus de régler la teneur en carbone de l'acier tout en produisant une chaleur supplémentaire provenant de la réaction d'oxydation. Un autre flux gazeux est également produit, le gaz de convertisseur (BOFG), et subit également un traitement en vue de réutilisations similaires à celles des autres gaz coproduits. L'acier affiné est par la suite coulé sous forme de brame solide au sein de la coulée continue. Le procédé de laminage à chaud vient ensuite comme une étape finale chauffer cette brame pour la rendre malléable et la laminer sous forme de bobine d'acier qui constitue le produit final de l'usine sidérurgique typiquement intégrée (pour la partie procédés à chaud).
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 93 Figure 9.3. Aperçu global d'une usine sidérurgique intégrée typique [159]

  intégrée sont ici considérées comme étant toutes les variables de flux d'énergie et de matières ainsi que tous les paramètres des procédés rassemblés pour l'évaluation des impacts d'un scénario de IS. Le produit principal (c.-à-d. le produit fini) est considéré comme étant la bobine d'acier.

Figure 9 . 4 .

 94 Figure 9.4. Aperçu global de la méthodologie de recherche

Figure 9 . 5 .Figure 9 . 6 .

 9596 Figure 9.5. CLD générique développé pour une étape de production

C

  'est pourquoi, les mêmes éléments de modélisation (c.-à-d. le SFD générique et la description des variables associées) se trouvent à l'annexe A pour le calcul des coûts variables totaux d'une étape de production, à l'annexe B pour les calculs des émissions directes de CO2 totales d'une étape de production et à l'annexe C pour le calcul des émissions indirectes de CO2 totales d'une étape de production. Ce modèle dynamique est formalisé mathématiquement par des intégrales temporelles (pour résoudre les variables de niveau à chaque pas de temps) couplées à des opérations mathématiques basiques. Les systèmes d'équations correspondants sont détaillés au Chapter 5 pour chaque type de flux d'énergie et de matières mis en jeux dans un procédé donné, en tant que flux achetés, consommés ou produits. Ces équations sont répétées autant de fois qu'il y a de flux dans le procédé concerné. Elles sont génériques et donc valables pour chaque types de flux mentionnés précédemment. Le Chapter 5 présente également le SFD générique complémentaire qui fait partie du modèle dynamique global. Ce diagramme complémentaire permet d'effectuer les calculs de stockage de matières premières, de coproduits et de produits intermédiaires pour l'ensemble de l'usine sidérurgique typiquement intégrée. Il suit les mêmes concepts que le modèle dynamique générique présenté pour un procédé donné à la Figure 9.7. Au sein de ce SFD complémentaire, les variables auxiliaires sont égales aux variables de flux définies dans le SFD générique d'un procédé.
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 97 Figure 9.7. SFD générique développé pour une étape de production

Figure 7 .

 7 Figure 7.4 à la Figure 7.33 au Chapter 7 pour certaines variables (le nombre total de variables étant trop important). Ces figures mettent en évidence les variables calculées correspondantes aux consommations de matières premières et d'utilités, aux productions de coproduits et à certains paramètres de procédé comme la basicité de certains produits (voir la définition au Chapter 7). Ces figures montrent également, sur la période de simulation de 24 mois, les coûts variables totaux ainsi que les émissions directes et indirectes de dioxyde de carbone (CO2) totales pour l'usine sidérurgique typiquement intégrée.

  convertisseur a un impact sur le fonctionnement de l'usine sidérurgique typiquement intégrée sur laquelle se concentre ce travail de recherche. Ce cas d'application est un exemple complet et détaillé de ce qui peut être modélisé et dynamiquement simulé dans le cadre d'un scénario de IS appliqué au contexte de l'industrie sidérurgique. De manière complémentaire à l'étape de validation de ces développements de recherche, ce cas permet d'avoir davantage confiance en la méthodologie développée et le modèle dynamique construit puisqu'il constitue un test du travail de recherche comme support des processus de prises de décisions pour l'implémentation de IS. Afin de préserver la confidentialité des données industrielles traitées par le modèle dynamique, des données normalisées ont été utilisées, empêchant de ce fait de tirer des conclusions sur des valeurs absolues mais permettant de tirer des conclusions sur des deltas.Ces deltas représentent les différences entre le fonctionnement du site industriel pour le scénario BAU et son fonctionnement dans le cas du scénario de IS proposé. Ces deltas constituent en réalité les impacts liés à ce scénario de IS comme précédemment présentés. Le modèle permet donc de souligner que, dans ce scénario de IS, les coûts variables totaux de l'ensemble de l'usine sidérurgique typiquement intégrée augmentent de 0.15%, tout comme les émissions directes et indirectes de CO2 totales, qui augmentent respectivement de 0.71% et 4.50%. Ces tendances sont dues à l'augmentation globale de la consommation de toutes les matières premières qui ont des compositions chimiques et des prix différents. Même si certaines diminuent en ce qui concerne les consommations au niveau du convertisseur, cela ne suffit pas pour surmonter les effets de la forte augmentation observée dans l'agglomération (les quantités absolues mises en jeu sont beaucoup plus importantes pour ce dernier).Celles-ci sont calculées grâce au couplage du modèle dynamique et du module de calculs physiques pour lequel les hypothèses et contraintes en termes de composition chimique et autres paramètres spécifiques ont été imposées afin de calculer les nouveaux ratios de consommation de matières premières, de production de coproduits, … comme précédemment décrits. Le modèle dynamique permet également de déterminer le prix des laitiers de convertisseur à définir dans le cadre de ce scénario de IS. Ce prix compense l'augmentation globale de 0.15% des coûts variables totaux au niveau de l'ensemble de l'usine sidérurgique intégrée typique. Il est notamment démontré ici que ce prix varie énormément dans le temps et doit être défini en fonction de ces variabilités (voir Chapter 7). Cela signifie qu'un prix statique peut être calculé en fonction des variations prédites par le modèle, permettant ainsi aux décideurs de prendre pleinement en compte les fluctuations de fonctionnement du site industriel. Cela présente un intérêt majeur car le modèle permet notamment de ne pas surestimer ou sous-estimer le prix des laitiers de convertisseur à définir pour une valorisation externe dans le cadre d'un tel scénario de IS. Si, par exemple, le prix moyen sert de référence pour la mise en oeuvre du scénario, l'ordre de grandeur du prix absolu calculé par le modèle correspond à environ 20% du prix du minerai de fer consommé au sein de l'usine, ce qui donne une idée du niveau de prix concerné par un tel scénario.Enfin, il pourrait être conclu que le scénario de IS proposé ici n'est pas intéressant pour l'usine sidérurgique typiquement intégrée en raison des performances évaluées qui entraînent en résumé une augmentation des coûts variables totaux et une augmentation des émissions totales de CO2. Cependant, il convient de noter que ce travail de recherche ne vise qu'à donner un aperçu détaillé des impacts sur l'industrie sidérurgique. Cela signifie que, selon l'utilisation des laitiers de convertisseur qui est envisagée, les émissions totales de CO2 et les coûts variables totaux pour une autre industrie pourraient se trouver réduits, aboutissant ainsi à des performances beaucoup plus intéressantes dans une perspective globale de la IS (c'est-à-dire incluant toutes les parties prenantes impliquées). Cet aspect ne faisant pas partie du périmètre de ce travail de recherche, il ne fera pas l'objet d'une étude plus approfondie. Il doit cependant être examiné avec les partenaires concernés en leur fournissant les conclusions générales déjà connues et démontrées ici pour ce qui concerne l'usine sidérurgique typiquement intégrée et qui incluent les quantités dynamiques ainsi que le prix moyen des laitiers de convertisseur pouvant être échangés dans le cadre de ce scénario de IS. Ce sont déjà effectivement des éléments pertinents que ce travail de recherche a permis de quantifier de manière précise et dynamique afin d'appuyer les prises de décision en matière de IS. De plus, les traitements spécifiques requis sur les laitiers de convertisseur devraient faire partie des points à étudier lors de la mise en oeuvre potentielle de cette IS, car ils pourraient conduire à l'augmentation du prix annoncé et des émissions de CO2 (c.-à-d. que les laitiers de convertisseur doivent réponde aux exigences en terme de composition selon la voie de valorisation externe envisagée).

-

  nouvel outil basé sur la dynamique des systèmes (SD) qui tous deux dédiés à l'évaluation dans le temps des performances (c.-à-d. des impacts) de scénarios de symbiose industrielle (IS) sur le fonctionnement d'une usine sidérurgique typiquement intégrée. Les développements de recherche qui sont présentés ici constituent un support particulier aux prises de décisions qui concernent la mise en oeuvre de scénarios de IS impliquant des flux d'énergie et de matières au sein du vaste contexte de l'industrie sidérurgique. Ce travail de recherche contribue en outre à faire progresser ce domaine scientifique en apportant une solution concrète pour prendre des décisions fondées et fiables pour faire face aux enjeux énergétiques et environnementaux majeurs de ce secteur industriel énergivore. Les motivations scientifiques et industrielles de ce travail de recherche ainsi que les fondements théoriques qui lui sont relatifs et qui sont principalement basés sur l'approche de l'écologie industrielle (IE), le concept de la IS et la méthode de la SD, sont introduits pour cela. Le fonctionnement d'une usine sidérurgique typiquement intégrée selon la filière haut fourneau-convertisseur (BF-BOF) et pour laquelle la méthodologie de recherche est développée, puis appliquée pour évaluer la mise en place d'un potentiel scénario de IS, est décrit de manière détaillée. Le modèle dynamique correspondant est ensuite construit et couplé à un module de calculs physiques et enfin validé par le biais de nombreux tests qualitatifs et quantitatifs (notamment par des tests statistiques). Une étude de cas axée sur la valorisation externe des laitiers de convertisseur est finalement proposée comme cas d'application et montre, en termes de coûts variables et d'émissions directes et indirectes de dioxyde de carbone (CO2), les impacts d'un scénario de IS sur le fonctionnement d'une usine sidérurgique typiquement intégrée. En conclusion, la méthodologie de recherche développée ainsi que l'outil conçu et basé sur l'approche de la IS ainsi que sur les concepts de la SD dans le cadre de l'industrie sidérurgique se révèlent comme étant pertinents et pratiques pour répondre à la question de recherche définie : comment évaluer au cours du temps les performances (à savoir les impacts économiques et environnementaux) engendrées par des scénarios de symbiose industrielle sur des usines sidérurgiques intégrées typiques ?Cependant, il reste évidemment de nombreux défis à relever en ce qui concerne les futures recherches tant d'un point de vue pratique que d'un point de vue théorique. Ce travail de recherche constitue en effet la base d'autres travaux qui doivent être menés pour atteindre une maturité qui facilitera davantage la mise en oeuvre de scénarios de IS au sein de zones industrielles abritant des activités de production sidérurgiques : Le modèle dynamique fonctionne avec des données et des pas de temps mensuels mais il serait intéressant d'utiliser des pas de temps plus petits. Cela permettrait en effet à ce modèle dynamique d'implémenter des boucles de rétroaction et des temps de retards à l'échelle du jour, de la minute ou de la seconde. Ce modèle est développé de manière à conférer une vue d'ensemble des impacts de scénarios de IS sur l'usine sidérurgique intégrée mais une réduction des pas de temps permettrait de prendre en compte des phénomènes qui se déroulent à d'autres échelles et qui pourraient potentiellement avoir un effet observable à grande échelle. La difficulté ici pourrait être trouvée dans le fait que la IS est un phénomène étudié pour un horizon de temps à long terme.
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	Nomenclature	
	Symbol	Designation [unit]
	CO2	Carbon dioxide [/]
	𝑆𝑡𝑜𝑐𝑘 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖	Stock of main product in process i [t]
	𝑚𝑎𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑝𝑟𝑜𝑑	Flow rate of main product produced in process i [t/month]

𝑚𝑎𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠

Flow rate of main product produced in process i consumed in process i+1 [t/month] 𝑅𝐴𝑇𝐸 𝑚𝑎𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑝𝑟𝑜𝑑 Constant rate of flow of main product produced in process i on flow of main product consumed in process i+1

[/] 
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 1 1 and Table 1.2 give a short overview of how the different chapters of the research work has been designed and articulated with each other.

The main trust relies on demonstrating that the industrial symbiosis concept coupled to the system thinking theory is one valuable solution to tackle the important energy and environmental stakes faced by the iron and steel industry. The

  

		research work further details how can the
	environmental and economic impacts from an IS be evaluated to decide on a potential
	implementation in the framework of the iron and steel industry.	
		Table 1.1. General outlines of this research work	
	Title	Short description	Pages
	Chapter 1:		
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		2. General outlines of this research work (continued)	
	Title	Short description	Pages
	Chapter 5:		
	System Dynamics Model Description	Gives a detailed overview of the system dynamics model built for typically integrated iron and steel plants.	43 -82
	Chapter 6:		
		Calibrates and validates the developed system dynamics	
	System Dynamics Model Validation	model over several criteria's thus building a strong basis for performing simulation of industrial symbiosis	83 -99
		scenarios on a typically integrated iron and steel plant.	
	Chapter 7:		
		Deals with the environmental and economic results from	
	Application Case Study	the valorisation of steel slags via industrial symbiosis by detailing and discussing the impacts of such a scenario	101 -
		on a typically integrated iron and steel plant operation.	
	Chapter 8:		
		Summarizes all the scientific and industrial results of the	
	Conclusion	research work as well as gives potential perspectives for	125 -
		future research works and related developments.	
	Chapter 9:		
	Extended Abstract (in French)	Gives an extended overview in French of the research work including main contents of Chapter 1 to Chapter 8.	133 -

  along with the setup of two new power plants (i.e. Inbicon and Pyroneer) using biomass rather than fossil fuel. They were up to 33 inter-firm sharing of resources in operation in 2012 as mapped in Figure2.2.

	disciplines. Figure 2.3 gives a detailed overview of the conceptual framework inherent to the
	IS approach. The research interests in this field have first evolved from presenting the IS
	concept to illustrating the linked principles through specific case studies and finally have
	come to analysing the performances and mechanisms of IS [27]. Table 2.1 and Table 2.2
	present for that purpose the results from a detailed bibliometric analysis which takes into
	account almost 400 papers classified under the following seven proposed categories:
	Figure 2.2. Kalundborg symbiosis and new biomass power plants circled (2012) [27]
	2.1.2 Theoretical framework
	The general literature related to the field of IS particularly shows a broad number of
	theoretical bases involved in corresponding research works throughout the scientific
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 2 [START_REF]World energy balances: Overview[END_REF]. Core of the literature in the field of IS[START_REF] Chertow | Taking stock of industrial ecology[END_REF] 
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 2 4. The SD method vs. the DS method

	System Dynamics (SD)	Dynamic Systems (DS)
	Perspective:			
	Holistic, emphasis on dynamic complexity	Holistic, but based on reductionism
	Problem studied:			
	Strategic	Physical phenomena	
	Building blocks:			
	Feedback loops: representation of cause and	Mathematical	formulation:	differential
	effect relationships	equations		
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 4 1. Dynamic data gathered and used within this research work

	Unit	T1	T2	T3	T4	T5
	Flow rate:					
	kg/t	✓	✓	✓		✓
	Nm 3 /t				✓	✓
	MJ/t				✓	
	kWh/t					✓
	Lower Heating Value:				
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1. Iron and steel production steps implemented within the SD model Production step Short description
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 5 2. Iron and steel production steps implemented within the SD model (continued)

	Production step	Short description

  gases, water and electricity; external power plant that produces electricity and consumes by-produced gases; and building heating which consumes gases). In the same way, all production steps are not overviewed in Table5.1 and Table5.2 because ofThe generic SD model introduced here is only focused on quantities of energy and material involved in a given process. But this model broadly aims at calculating the total variable costs as well the total direct and indirect CO2 emissions of a typically integrated iron and steel plant as presented within the previous chapters. That is why, the same elements of description (i.e. generic SFD and related table listing the type of variables it is dealing with) can be found in Appendix A for the calculations of the total variable costs of a typical process, in Appendix B for the calculations of the total direct CO2 emissions of a typical process and in Appendix C for the calculations of the upstream (indirect) CO2 emissions of a typical process. The SD model is mathematically formalized as temporal integrals (i.e. for level variable calculations) coupled to basic mathematical operations (i.e. for the other variable calculations). The related equations are detailed below for each kind of energy and material stream involved within a

	2
	through Figure 5.2. As recalled, the SD model is in practice formularized under another form
	which is computationally usable. Figure 5.3 only shows the typical SFD designed for a given

process (i.e. Process i) within this research work. But the SD model broadly covers all the processes and all the producers and consumers of energy and material that have been taken into account and are not in this figure due to the size of the final model (e.g. boilers for steam productions which consume the large size of the system but they are linked with each other within the SD model. Even if these tables already give a quiet global view a typically integrated iron and steel plant here, this SFD proposed in Figure 5.3 refines furthermore this view because it shows the generic way it has been used to model the system.

Figure 5.3. Developed generic SD model for a typical production step
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			𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠 = 𝑖𝑛𝑡𝑒𝑟𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠 =
	and: and:	𝑟𝑎𝑡𝑒 𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠 × 𝑚𝑎𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑝𝑟𝑜𝑑 𝑟𝑎𝑡𝑒 𝑖𝑛𝑡𝑒𝑟𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠 × 𝑖𝑛𝑡𝑒𝑟𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑝𝑟𝑜𝑑	Eq 5.10 Eq 5.18
	3) By-products 5) Gases		
			𝑡=𝑡 𝑓	
		𝑆𝑡𝑜𝑐𝑘 𝐵𝑦𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 = 𝑆𝑡𝑜𝑐𝑘 𝐺𝑎𝑠𝑒𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 = ∑ (𝑔𝑎𝑠𝑒𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑝𝑢𝑟𝑐ℎ -𝑔𝑎𝑠𝑒𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠 )	𝑡	Eq 5.19
		𝑡=𝑡 𝑓 ∑ (𝑏𝑦𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑝𝑟𝑜𝑑 -𝑏𝑦𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠 ) 𝑡=𝑡 0 𝑆𝑡𝑜𝑐𝑘 𝐺𝑎𝑠𝑒𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑡+1 = 𝑡=𝑡 0 𝑆𝑡𝑜𝑐𝑘 𝐵𝑦𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑡+1 = 𝑆𝑡𝑜𝑐𝑘 𝐵𝑦𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑡 𝑆𝑡𝑜𝑐𝑘 𝐺𝑎𝑠𝑒𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑡 + (𝑔𝑎𝑠𝑒𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑝𝑢𝑟𝑐ℎ -𝑔𝑎𝑠𝑒𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠 ) 𝑡	𝑡+1	Eq 5.11 Eq 5.20
	+ (𝑏𝑦𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑝𝑟𝑜𝑑 -𝑏𝑦𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠 ) with: 𝑔𝑎𝑠𝑒𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑝𝑢𝑟𝑐ℎ = 𝑅𝐴𝑇𝐸 𝑔𝑎𝑠𝑒𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑝𝑢𝑟𝑐ℎ × 𝑔𝑎𝑠𝑒𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠 𝑡+1	Eq 5.12 Eq 5.21
	and:	𝑏𝑦𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑝𝑟𝑜𝑑 = 𝑔𝑎𝑠𝑒𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠 = 𝑟𝑎𝑡𝑒 𝑔𝑎𝑠𝑒𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠 × 𝑔𝑎𝑠𝑒𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑝𝑟𝑜𝑑	Eq 5.22
	with:	𝑟𝑎𝑡𝑒 𝑏𝑦𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑝𝑟𝑜𝑑 × 𝑏𝑦𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑝𝑟𝑜𝑑	Eq 5.13
	6) Utilities	𝑏𝑦𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠 =
	and:	𝑟𝑎𝑡𝑒 𝑏𝑦𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠 × 𝑏𝑦𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑝𝑟𝑜𝑑 𝑆𝑡𝑜𝑐𝑘 𝑈𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 =	Eq 5.14
	4) Intermediate products ∑ (𝑢𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑝𝑢𝑟𝑐ℎ -𝑢𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠 ) 𝑡=𝑡 𝑓	𝑡	Eq 5.23
		𝑡=𝑡 0		
		𝑆𝑡𝑜𝑐𝑘 𝐼𝑛𝑡𝑒𝑟𝑚 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 = 𝑆𝑡𝑜𝑐𝑘 𝑈𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑡+1 𝑡 = 𝑆𝑡𝑜𝑐𝑘 𝑈𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 + (𝑢𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑝𝑢𝑟𝑐ℎ -𝑢𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠 ) 𝑡+1	Eq 5.15 Eq 5.24

Table 5 .

 5 [START_REF]Unleashing the power of the circular economy[END_REF]. Colour legend used within the SD model input and output data tables

	Colour legend	Short description
	1 st colour:	

  .3 (i.e. from Table5.6 to Table5.15). It has been further indicated where the physical module which has been coupled to the presented SD model brings information thus ending up with more robustness and flexibility regarding the physical meaning of the dynamic outcomes. As previously mentioned, this physical module is fully based on the research work led by A.M. Iosif in 2006[START_REF] Iosif | Modélisation physico-chimique de la filière classique de production d'acier pour l'analyse de l'inventaire du cycle de vie[END_REF] and has been adapted following the same equations and assumptions when physicochemical reactions are concerned. Any details about these calculations and considerations can be, therefore, directly found within A.M. Iosif's research work. Below Table5.16 to Table5.25 present for each process the output data calculated within this physical module. They also show the kind of input data is needed to calculate the outputs included in Table5.6 to Table5.15 (i.e. red font). These new tables are

Table 5 .

 5 [START_REF] He | Assessment on the energy flow and carbon emissions of integrated steelmaking plants[END_REF]. Input data and output data related to the sintering process

	Input data imposed	Output data calculated	
	Raw materials:	inlets	outlets	inlets	outlets
	Iron ore	1 2 5 6 1 2 5 6 Iron ore	1 2 5 6 1 2 5 6
	Pellets	1 2 5 6 1 2 5 6 Pellets	1 2 5 6 1 2 5 6
	Lime	1 2 5 6 1 2 5 6 Lime	1 2 5 6 1 2 5 6
	Raw dolomite	1 2 5 6 1 2 5 6 Raw dolomite	1 2 5 6 1 2 5 6
	Dololime	1 2 5 6 1 2 5 6 Dololime	1 2 5 6 1 2 5 6
	Olivine	1 2 5 6 1 2 5 6 Olivine	1 2 5 6 1 2 5 6
	Anthracite	1 2 5 6 1 2 5 6 Anthracite	1 2 5 6 1 2 5 6
	Limestone	1 2 5 6 1 2 5 6 Limestone	1 2 5 6 1 2 5 6
	By-products:	inlets	outlets	inlets	outlets
	HRM sludge	1 2 5 6 1 2 5 6 HRM sludge	1 2 5 6 1 2 5 6
	BOF dusts	1 2 5 6 1 2 5 6 BOF dusts	1 2 5 6 1 2 5 6
	Iron ore fines	1 2 5 6 1 2 5 6 Iron ore fines	1 2 5 6 1 2 5 6
	Sinter fines	1 2 5 6 1 2 5 6 Sinter fines	1 2 5 6 1 2 5 6
	BF dusts	1 2 5 6 1 2 5 6 BF dusts	1 2 5 6 1 2 5 6
	BOF sludge	1 2 5 6 1 2 5 6 BOF sludge	1 2 5 6 1 2 5 6
	BOF slag	1 2 5 6 1 2 5 6 BOF slag	1 2 5 6 1 2 5 6
	HRM scales	1 2 5 6 1 2 5 6 HRM scales	1 2 5 6 1 2 5 6
	CC scales	1 2 5 6 1 2 5 6 CC scales	1 2 5 6 1 2 5 6
	Coke breeze	1 2 5 6 1 2 5 6 Coke breeze	1 2 5 6 1 2 5 6
	Intermediate products:	inlets	outlets	inlets	outlets
	Gases:	inlets	outlets	inlets	outlets
	Fumes	1 2 5 6 1 2 5 6 Fumes	1 2 5 6 1 2 5 6
	Natural gas	1 2 5 6 1 2 5 6 Natural gas	1 2 5 6 1 2 5 6
	COG	1 2 5 6 1 2 5 6 COG	1 2 5 6 1 2 5 6
	BFG	1 2 5 6 1 2 5 6 BFG	1 2 5 6 1 2 5 6
	BOFG	1 2 5 6 1 2 5 6 BOFG	1 2 5 6 1 2 5 6
	Utilities:	Inlets	outlets	inlets	outlets
	Oxygen	1 2 5 6 1 2 5 6 Oxygen	1 2 5 6 1 2 5 6
	Nitrogen	1 2 5 6 1 2 5 6 Nitrogen	1 2 5 6 1 2 5 6
	Argon	1 2 5 6 1 2 5 6 Argon	1 2 5 6 1 2 5 6
	Compressed air	1 2 5 6 1 2 5 6 Compressed air	1 2 5 6 1 2 5 6
	Steam	1 2 5 6 1 2 5 6 Steam	1 2 5 6 1 2 5 6
	Water	1 2 5 6 1 2 5 6 Water	1 2 5 6 1 2 5 6
	Electricity	1 2 5 6 1 2 5 6 Electricity	1 2 5 6 1 2 5 6
	Process main product:	inlets	outlets	inlets	outlets
	Sinter	1 2 5 6 1 2 5 6 Sinter	1 2 5 6 1 2 5 6

Table 5 .

 5 [START_REF] He | A review of energy use and energy-efficient technologies for the iron and steel industry[END_REF]. Input data and output data related to the coking process

	Input data imposed	Output data calculated	
	Raw materials:	inlets	outlets	inlets	outlets
	Coal	1 2 5 6 1 2 5 6 Coal	1 2 5 6 1 2 5 6
	By-products:	inlets	outlets	inlets	outlets
	Tar	1 2 5 6 1 2 5 6 Tar	1 2 5 6 1 2 5 6
	Benzole	1 2 5 6 1 2 5 6 Benzole	1 2 5 6 1 2 5 6
	Sulphur	1 2 5 6 1 2 5 6 Sulphur	1 2 5 6 1 2 5 6
	COG	1 2 5 6 1 2 5 6 COG	1 2 5 6 1 2 5 6
	Intermediate products:	inlets	outlets	inlets	outlets
	Gases:	inlets	outlets	inlets	outlets
	Fumes	1 2 5 6 1 2 5 6 Fumes	1 2 5 6 1 2 5 6
	Natural gas	1 2 5 6 1 2 5 6 Natural gas	1 2 5 6 1 2 5 6
	COG	1 2 5 6 1 2 5 6 COG	1 2 5 6 1 2 5 6
	BFG	1 2 5 6 1 2 5 6 BFG	1 2 5 6 1 2 5 6
	BOFG	1 2 5 6 1 2 5 6 BOFG	1 2 5 6 1 2 5 6
	Utilities:	inlets	outlets	inlets	outlets
	Oxygen	1 2 5 6 1 2 5 6 Oxygen	1 2 5 6 1 2 5 6
	Nitrogen	1 2 5 6 1 2 5 6 Nitrogen	1 2 5 6 1 2 5 6
	Argon	1 2 5 6 1 2 5 6 Argon	1 2 5 6 1 2 5 6
	Compressed air	1 2 5 6 1 2 5 6 Compressed air	1 2 5 6 1 2 5 6
	Steam	1 2 5 6 1 2 5 6 Steam	1 2 5 6 1 2 5 6
	Water	1 2 5 6 1 2 5 6 Water	1 2 5 6 1 2 5 6
	Electricity	1 2 5 6 1 2 5 6 Electricity	1 2 5 6 1 2 5 6
	Process main product:	inlets	outlets	inlets	outlets
	Coke	1 2 5 6 1 2 5 6 Coke	1 2 5 6 1 2 5 6

Table 5 .

 5 [START_REF] Moya | The potential for improvements in energy efficiency and CO2[END_REF]. Input data and output data related to the PCI preparation unit

	Input data imposed	Output data calculated	
	Raw materials:	inlets	outlets	inlets	outlets
	Coal	1 2 5 6 1 2 5 6 Coal	1 2 5 6 1 2 5 6
	By-products:	inlets	outlets	inlets	outlets
	Intermediate products:	inlets	outlets	inlets	outlets
	Gases:	inlets	outlets	inlets	outlets
	Fumes	1 2 5 6 1 2 5 6 Fumes	1 2 5 6 1 2 5 6
	Natural gas	1 2 5 6 1 2 5 6 Natural gas	1 2 5 6 1 2 5 6
	COG	1 2 5 6 1 2 5 6 COG	1 2 5 6 1 2 5 6
	BFG	1 2 5 6 1 2 5 6 BFG	1 2 5 6 1 2 5 6
	BOFG	1 2 5 6 1 2 5 6 BOFG	1 2 5 6 1 2 5 6
	Utilities:	inlets	outlets	inlets	outlets
	Oxygen	1 2 5 6 1 2 5 6 Oxygen	1 2 5 6 1 2 5 6
	Nitrogen	1 2 5 6 1 2 5 6 Nitrogen	1 2 5 6 1 2 5 6
	Argon	1 2 5 6 1 2 5 6 Argon	1 2 5 6 1 2 5 6
	Compressed air	1 2 5 6 1 2 5 6 Compressed air	1 2 5 6 1 2 5 6
	Steam	1 2 5 6 1 2 5 6 Steam	1 2 5 6 1 2 5 6
	Water	1 2 5 6 1 2 5 6 Water	1 2 5 6 1 2 5 6
	Electricity	1 2 5 6 1 2 5 6 Electricity	1 2 5 6 1 2 5 6
	Process main product:	inlets	outlets	inlets	outlets
	PCI	1 2 5 6 1 2 5 6 PCI	1 2 5 6 1 2 5 6

Table 5 .

 5 [START_REF] Maiwald | Energy simulation dynamic production networks (ESPRONET): simulation for industrial symbiosis[END_REF]. Input data and output data related to the hot blast production unit

	Input data imposed	Output data calculated	
	Raw materials:	inlets	outlets	inlets	outlets
	Air	1 2 5 6 1 2 5 6 Coal	1 2 5 6 1 2 5 6
	By-products:	inlets	outlets	inlets	outlets
	Intermediate products:	inlets	outlets	inlets	outlets
	Gases:	inlets	outlets	inlets	outlets
	Fumes	1 2 5 6 1 2 5 6 Fumes	1 2 5 6 1 2 5 6
	Natural gas	1 2 5 6 1 2 5 6 Natural gas	1 2 5 6 1 2 5 6
	COG	1 2 5 6 1 2 5 6 COG	1 2 5 6 1 2 5 6
	BFG	1 2 5 6 1 2 5 6 BFG	1 2 5 6 1 2 5 6
	BOFG	1 2 5 6 1 2 5 6 BOFG	1 2 5 6 1 2 5 6
	Utilities:	inlets	outlets	inlets	outlets
	Oxygen	1 2 5 6 1 2 5 6 Oxygen	1 2 5 6 1 2 5 6
	Nitrogen	1 2 5 6 1 2 5 6 Nitrogen	1 2 5 6 1 2 5 6
	Argon	1 2 5 6 1 2 5 6 Argon	1 2 5 6 1 2 5 6
	Compressed air	1 2 5 6 1 2 5 6 Compressed air	1 2 5 6 1 2 5 6
	Steam	1 2 5 6 1 2 5 6 Steam	1 2 5 6 1 2 5 6
	Water	1 2 5 6 1 2 5 6 Water	1 2 5 6 1 2 5 6
	Electricity	1 2 5 6 1 2 5 6 Electricity	1 2 5 6 1 2 5 6
	Process main product:	inlets	outlets	inlets	outlets
	Hot blast	1 2 5 6 1 2 5 6 Hot blast	1 2 5 6 1 2 5 6

Table 5 .

 5 [START_REF] Erkman | Industrial ecology: an historical view[END_REF]. Input data and output data related to the ironmaking process

	Input data imposed	Output data calculated	
	Raw materials:	inlets	outlets	inlets	outlets
	Iron ore	1 2 5 6 1 2 5 6 Iron ore	1 2 5 6 1 2 5 6
	Pellets	1 2 5 6 1 2 5 6 Pellets	1 2 5 6 1 2 5 6
	Olivine	1 2 5 6 1 2 5 6 Olivine	1 2 5 6 1 2 5 6
	External coke	1 2 5 6 1 2 5 6 External coke	1 2 5 6 1 2 5 6
	Limestone	1 2 5 6 1 2 5 6 Limestone	1 2 5 6 1 2 5 6
	DRI	1 2 5 6 1 2 5 6 DRI	1 2 5 6 1 2 5 6
	Dolomite	1 2 5 6 1 2 5 6 Dolomite	1 2 5 6 1 2 5 6
	Oil	1 2 5 6 1 2 5 6 Oil	1 2 5 6 1 2 5 6
	By-products:	inlets	outlets	inlets	outlets
	BOF slag	1 2 5 6 1 2 5 6 BOF slag	1 2 5 6 1 2 5 6
	Scraps	1 2 5 6 1 2 5 6 Scraps	1 2 5 6 1 2 5 6
	BF slag	1 2 5 6 1 2 5 6 BF slag	1 2 5 6 1 2 5 6
	BF dusts	1 2 5 6 1 2 5 6 BF dusts	1 2 5 6 1 2 5 6
	BFG	1 2 5 6 1 2 5 6 BFG	1 2 5 6 1 2 5 6
	Intermediate products:	inlets	outlets	inlets	outlets
	Sinter	1 2 5 6 1 2 5 6 Sinter	1 2 5 6 1 2 5 6
	Coke	1 2 5 6 1 2 5 6 Coke	1 2 5 6 1 2 5 6
	PCI	1 2 5 6 1 2 5 6 PCI	1 2 5 6 1 2 5 6
	Hot blast	1 2 5 6 1 2 5 6 Hot blast	1 2 5 6 1 2 5 6
	Gases:	inlets	outlets	inlets	outlets
	Fumes	1 2 5 6 1 2 5 6 Fumes	1 2 5 6 1 2 5 6
	Natural gas	1 2 5 6 1 2 5 6 Natural gas	1 2 5 6 1 2 5 6
	COG	1 2 5 6 1 2 5 6 COG	1 2 5 6 1 2 5 6
	BFG	1 2 5 6 1 2 5 6 BFG	1 2 5 6 1 2 5 6
	BOFG	1 2 5 6 1 2 5 6 BOFG	1 2 5 6 1 2 5 6
	Utilities:	inlets	outlets	inlets	outlets
	Oxygen	1 2 5 6 1 2 5 6 Oxygen	1 2 5 6 1 2 5 6
	Nitrogen	1 2 5 6 1 2 5 6 Nitrogen	1 2 5 6 1 2 5 6
	Argon	1 2 5 6 1 2 5 6 Argon	1 2 5 6 1 2 5 6
	Compressed air	1 2 5 6 1 2 5 6 Compressed air	1 2 5 6 1 2 5 6
	Steam	1 2 5 6 1 2 5 6 Steam	1 2 5 6 1 2 5 6
	Water	1 2 5 6 1 2 5 6 Water	1 2 5 6 1 2 5 6
	Electricity	1 2 5 6 1 2 5 6 Electricity	1 2 5 6 1 2 5 6
	Process main product:	inlets	outlets	inlets	outlets
	Hot metal	1 2 5 6 1 2 5 6 Hot metal	1 2 5 6 1 2 5 6

Table 5 .

 5 [START_REF] Lowe | Industrial ecology and industrial ecosystems[END_REF]. Input data and output data related to the hot metal treatment unit

	Input data imposed	Output data calculated	
	Raw materials:	inlets	outlets	inlets	outlets
	Calcium carbide	1 2 5 6 1 2 5 6 Calcium carbide	1 2 5 6 1 2 5
	Magnesium	1 2 5 6 1 2 5 6 Magnesium	1 2 5 6 1 2 5
	By-products:	inlets	outlets	inlets	outlets
	Pig iron	1 2 5 6 1 2 5 6 Pig iron	1 2 5 6 1 2 5
	Slag	1 2 5 6 1 2 5 6 Slag	1 2 5 6 1 2 5
	Intermediate products:	inlets	outlets	inlets	outlets
	Hot metal	1 2 5 6 1 2 5 6 Hot metal	1 2 5 6 1 2 5
	Gases:	inlets	outlets	inlets	outlets
	Utilities:	inlets	outlets	inlets	outlets
	Oxygen	1 2 5 6 1 2 5 6 Oxygen	1 2 5 6 1 2 5
	Nitrogen	1 2 5 6 1 2 5 6 Nitrogen	1 2 5 6 1 2 5
	Argon	1 2 5 6 1 2 5 6 Argon	1 2 5 6 1 2 5
	Compressed air	1 2 5 6 1 2 5 6 Compressed air	1 2 5 6 1 2 5
	Steam	1 2 5 6 1 2 5 6 Steam	1 2 5 6 1 2 5
	Water	1 2 5 6 1 2 5 6 Water	1 2 5 6 1 2 5
	Electricity	1 2 5 6 1 2 5 6 Electricity	1 2 5 6 1 2 5
	Process main product:	inlets	outlets	inlets	outlets
	Hot metal treated	1 2 5 6 1 2 5 6 Hot metal treated	1 2 5 6 1 2 5

Table 5 .

 5 [START_REF] Perez | Co-Authorship Network Analysis in Industrial Ecology Research Community[END_REF]. Input data and output data related to the basic oxygen furnace unit

	Input data imposed	Output data calculated	
	Raw materials:	inlets	outlets	inlets	outlets
	Pellets	1 2 5 6 1 2 5 6 Pellets	1 2 5 6 1 2 5 6
	DRI	1 2 5 6 1 2 5 6 DRI	1 2 5 6 1 2 5 6
	Limestone	1 2 5 6 1 2 5 6 Limestone	1 2 5 6 1 2 5 6
	Burnt lime	1 2 5 6 1 2 5 6 Burnt lime	1 2 5 6 1 2 5 6
	Dolomite	1 2 5 6 1 2 5 6 Dolomite	1 2 5 6 1 2 5 6
	Burnt dolomite	1 2 5 6 1 2 5 6 Burnt dolomite	1 2 5 6 1 2 5 6
	Flint	1 2 5 6 1 2 5 6 Flint	1 2 5 6 1 2 5 6
	Anthracite	1 2 5 6 1 2 5 6 Anthracite	1 2 5 6 1 2 5 6
	Ferro alloys	1 2 5 6 1 2 5 6 Ferro alloys	1 2 5 6 1 2 5 6
	Recarburiser	1 2 5 6 1 2 5 6 Recarburiser	1 2 5 6 1 2 5 6
	By-products:	inlets	outlets	inlets	outlets
	Pig iron	1 2 5 6 1 2 5 6 Pig iron	1 2 5 6 1 2 5 6
	HRM scales	1 2 5 6 1 2 5 6 HRM scales	1 2 5 6 1 2 5 6
	Scraps	1 2 5 6 1 2 5 6 Scraps	1 2 5 6 1 2 5 6
	BOF slag	1 2 5 6 1 2 5 6 BOF slag	1 2 5 6 1 2 5 6
	BOF sludge	1 2 5 6 1 2 5 6 BOF sludge	1 2 5 6 1 2 5 6
	BOF dusts	1 2 5 6 1 2 5 6 BOF dusts	1 2 5 6 1 2 5 6
	BOFG	1 2 5 6 1 2 5 6 BOFG	1 2 5 6 1 2 5 6
	Intermediate products:	inlets	outlets	inlets	outlets
	Hot metal treated	1 2 5 6 1 2 5 6 Hot metal treated	1 2 5 6 1 2 5 6
	Sinter	1 2 5 6 1 2 5 6 Sinter	1 2 5 6 1 2 5 6
	Gases:	inlets	outlets	inlets	outlets
	Fumes	1 2 5 6 1 2 5 6 Fumes	1 2 5 6 1 2 5 6
	Natural gas	1 2 5 6 1 2 5 6 Natural gas	1 2 5 6 1 2 5 6
	COG	1 2 5 6 1 2 5 6 COG	1 2 5 6 1 2 5 6
	BFG	1 2 5 6 1 2 5 6 BFG	1 2 5 6 1 2 5 6
	BOFG	1 2 5 6 1 2 5 6 BOFG	1 2 5 6 1 2 5 6
	Utilities:	inlets	outlets	inlets	outlets
	Oxygen	1 2 5 6 1 2 5 6 Oxygen	1 2 5 6 1 2 5 6
	Nitrogen	1 2 5 6 1 2 5 6 Nitrogen	1 2 5 6 1 2 5 6
	Argon	1 2 5 6 1 2 5 6 Argon	1 2 5 6 1 2 5 6
	Compressed air	1 2 5 6 1 2 5 6 Compressed air	1 2 5 6 1 2 5 6
	Steam	1 2 5 6 1 2 5 6 Steam	1 2 5 6 1 2 5 6
	Water	1 2 5 6 1 2 5 6 Water	1 2 5 6 1 2 5 6
	Electricity	1 2 5 6 1 2 5 6 Electricity	1 2 5 6 1 2 5 6
	Process main product:	inlets	outlets	inlets	outlets
	Liquid steel	1 2 5 6 1 2 5 6 Liquid steel	1 2 5 6 1 2 5 6

Table 5 .

 5 [START_REF] Zhang | Hydrogen Fluoride (HF) Substance Flow Analysis for Safe and Sustainable Chemical[END_REF]. Input data and output data related to the continuous casting unit

	Input data imposed	Output data calculated	
	Raw materials:	inlets	outlets	inlets	outlets
	By-products:	inlets	outlets	inlets	outlets
	CC scales	1 2 5 6 1 2 5 6 CC scales	1 2 5 6 1 2 5 6
	Intermediate products:	inlets	outlets	inlets	outlets
	Liquid steel	1 2 5 6 1 2 5 6 Liquid steel	1 2 5 6 1 2 5 6
	Gases:	inlets	outlets	inlets	outlets
	Fumes	1 2 5 6 1 2 5 6 Fumes	1 2 5 6 1 2 5 6
	Natural gas	1 2 5 6 1 2 5 6 Natural gas	1 2 5 6 1 2 5 6
	COG	1 2 5 6 1 2 5 6 COG	1 2 5 6 1 2 5 6
	BFG	1 2 5 6 1 2 5 6 BFG	1 2 5 6 1 2 5 6
	BOFG	1 2 5 6 1 2 5 6 BOFG	1 2 5 6 1 2 5 6
	Utilities:	inlets	outlets	inlets	outlets
	Oxygen	1 2 5 6 1 2 5 6 Oxygen	1 2 5 6 1 2 5 6
	Nitrogen	1 2 5 6 1 2 5 6 Nitrogen	1 2 5 6 1 2 5 6
	Argon	1 2 5 6 1 2 5 6 Argon	1 2 5 6 1 2 5 6
	Compressed air	1 2 5 6 1 2 5 6 Compressed air	1 2 5 6 1 2 5 6
	Steam	1 2 5 6 1 2 5 6 Steam	1 2 5 6 1 2 5 6
	Water	1 2 5 6 1 2 5 6 Water	1 2 5 6 1 2 5 6
	Electricity	1 2 5 6 1 2 5 6 Electricity	1 2 5 6 1 2 5 6
	Process main product:	inlets	outlets	inlets	outlets
	Steel slab	1 2 5 6 1 2 5 6 Steel slab	1 2 5 6 1 2 5 6

Table 5 .

 5 [START_REF] Chen | The Environmental Burdens of Lead-Acid Batteries in China: Insights from an Integrated Material Flow Analysis and Life Cycle Assessment of Lead[END_REF]. Input data and output data related to the hot rolling process

	Input data imposed	Output data calculated	
	Raw materials:	inlets	outlets	inlets	outlets
	By-products:	inlets	outlets	inlets	outlets
	HRM scales	1 2 5 6 1 2 5 6 HRM scales	1 2 5 6 1 2 5
	HRM sludge	1 2 5 6 1 2 5 6 HRM sludge	1 2 5 6 1 2 5
	Intermediate products:	inlets	outlets	inlets	outlets
	Steel slab	1 2 5 6 1 2 5 6 Steel slab	1 2 5 6 1 2 5
	Gases:	inlets	outlets	inlets	outlets

Table 5 .

 5 [START_REF] Kuznetsova | Input-output Inoperability Model for the risk analysis of eco-industrial parks[END_REF]. Assumptions of the physical module in the SD model[164] [166] 

	Designation	Short description
	Sintering process:	
	Ignition step	Complete combustion of CO, H2, CH4, C2H6, C3H8 and
		C4H10 coming from the gaseous fuels (i.e. natural gas, COG,
		BFG and BOFG).

Table 5 .

 5 [START_REF] Chertow | Taking stock of industrial ecology[END_REF]. Assumptions of the physical module in the SD model (continued)[164] [166] 

	Designation	Short description

Table 6 .

 6 

		1. Main statistical analysis outcomes from the reproduction test	
	Mean (SD model)	Std (SD model)	Mean (real data)	Std (real data)	Welch	one way ANOVA	Kruskal Wallis
	Coke: interm. product produced within the coking process [norm.ton/month]	
	0.0782	0.0366	0.0808	0.0359	0.812	0.812	0.757
	Sinter: interm. product produced within the sintering process [norm.ton/month]	
	0.337	0.104	0.339	0.104	0.970	0.970	0.869
	Hot metal: interm. product produced within the ironmaking process [norm.ton/month]
	0.195	0.0682	0.196	0.0684	0.958	0.958	0.910
	Raw steel: interm. product produced within the converter unit [norm.ton/month]	
	0.200	0.0677	0.200	0.0677	1.000	1.000	1.000
	Liquid steel: interm. product produced within the ladle treatment unit [norm.ton/month]
	0.200	0.0677	0.200	0.0677	1.000	1.000	1.000
	Steel coils: interm. product produced within the hot rolling process [norm.ton/month]
	0.199	0.0648	0.199	0.0648	1.000	1.000	1.000
	Iron ore: raw material consumed within the sintering process [norm.ton/month]	
	0.284	0.0862	0.297	0.0868	0.600	0.600	0.386
	Limestone: raw material consumed within the sintering process [norm.ton/month]	
	0.440	0.143	0.457	0.159	0.702	0.702	0.550
	Coal: raw material consumed within the coking process [norm.ton/month]	
	0.0987	0.0463	0.103	0.0435	0.769	0.769	0.861
	Blast furnace gas: by-product produced within the ironmaking process [norm.GJ/month]
	0.0994	0.0340	0.104	0.0351	0.656	0.656	0.672
	Basic oxygen furnace gas: by-product produced within the converter unit [norm.GJ/month]
	0.183	0.0596	0.182	0.0769	0.942	0.942	0.951
	Oxygen: utility consumed within the converter unit [norm.Nm 3 /month]	
	0.110	0.0324	0.0940	0.0306	0.088	0.088	0.023
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	Green area -50% diagram (dynamic)	Green area -100% diagram (dynamic)	Red area -50% diagram (static)	Red area -100% diagram (static)	Points out of the green area
	Coke: intermediate product produced within the coking process [%]	
	0.0016	0.0004	0.59	0.15	100.00
	Sinter: intermediate product produced within the sintering process [%]	
	-	0.0004	-	1.78	100.00
	Hot metal: intermediate product produced within the ironmaking process [%]
	0.0016	0.0004	7.27	1.82	100.00
	Raw steel: intermediate product produced within the converter unit [%]	
	0.00	0.00	4.27	1.07	100.00
	Liquid steel: intermediate product produced within the ladle treatment unit [%]
	0.00	0.00	4.27	1.07	100.00
	Steel coils: intermediate product produced within the hot rolling process [%]
	-	0.00	-	1.49	100.00
	Iron ore: raw material consumed within the sintering process [%]	
	-	0.078	-	1.49	91.67

2. Main analysis outcomes from the reproduction test (target diagrams)

Table 6 .

 6 3. Main analysis outcomes from the reproduction test (target diagrams -continued)

	Green area -50% diagram (dynamic)	Green area -100% diagram (dynamic)	Red area -50% diagram (static)	Red area -100% diagram (static)	Points out of the green area
	Coke: intermediate product produced within the coking process [%]	
	0.0016	0.0004	0.59	0.15	100.00
	Sinter: intermediate product produced within the sintering process [%]	
	-	0.0004	-	1.78	100.00
	Hot metal: intermediate product produced within the ironmaking process [%]
	0.0016	0.0004	7.27	1.82	100.00
	Raw steel: intermediate product produced within the converter unit [%]	
	0.00	0.00	4.27	1.07	100.00
	Liquid steel: intermediate product produced within the ladle treatment unit [%]
	0.00	0.00	4.27	1.07	100.00
	Steel coils: intermediate product produced within the hot rolling process [%]
	-	0.00	-	1.49	100.00
	Iron ore: raw material consumed within the sintering process [%]	
	-	0.078	-	1.49	91.67
	Limestone: raw material consumed within the sintering process [%]	
	-	0.048	-	2.13	87.50
	Coal: raw material consumed within the coking process [%]	
	0.0016	0.0004	0.59	0.15	100.00
	Blast furnace gas: by-product produced within the ironmaking process [%]
	0.14	0.036	6.66	1.66	87.50
	Basic oxygen furnace gas: by-product produced within the converter unit [%]
	0.0036	0.0009	4.38	1.09	100.00
	Oxygen: utility consumed within the converter unit [%]		
	1.44	0.36	4.72	1.18	75.00

Table 7 .

 7 1. Typical composition of iron and steel slags[START_REF] Horii | Overview of Iron/Steel Slag Application and Development of New Utilization Technologies[END_REF] 

	CaO	SiO2	T-Fe	MgO	Al2O3	S	P2O5	MnO
	Blast furnace slags (air cooled and granulated)			
	41.7	33.8	0.4	7.4	13.4	0.8	<0.1	0.3
	Converter slags						
	45.8	11.0	17.4	6.5	1.9	0.06	1.7	5.3
	Electric arc furnace slags (oxidizing)				
	22.8	12.1	29.5	4.8	6.8	0.2	0.3	7.9
	Electric arc furnace slags (reducing)				
	55.1	18.8	0.3	7.3	16.5	0.4	0.1	1.0

The different pathways presented here could thus lead to finished products such as cement, concrete aggregate, fertilizers and rock wool

[174]

. All of these valorisation ways are not going to be further detailed within this research work because it does not remain the main purpose and added value of the proposed research developments. However, the impacts of external valorisation of these slags on the typically integrated iron and steel plant that has been used to develop, design and validate the methodology and the SD model described within previous chapters (i.e. detailed in Chapter 4 and in Chapter 5) are described into the next section 7.2. Moreover, the main scope of the application case study proposed here is limited to BOF slags because they represent one of the biggest quantity of non-valorised by-

Table 7 .

 7 2. Primary characteristics and applications of iron and steel slags[174] 

	Characteristics	Applications
	Blast furnace slags (air cooled)	
	Hydraulic property		Road base course material
	No alkali-aggregate reaction	Coarse aggregate for concrete
	Low Na2O and K2O		Cement clinker raw material (replacement for clay)
	Thermal insulation and sound	
	absorption effects when made	Raw material for rock wool
	into a fibre			
	Fertilizer component (CaO, SiO2)	Calcium silicate fertilizer
	Blast furnace slags (granulated)	
	Strong	latent	hydraulic	Raw material for Portland blast furnace slag cement and
	property when finely ground	blending material for Portland cement and concrete
				admixtures
	Low Na2O and K2O		Raw material for cement clinker (replacement for clay)
	Latent hydraulic property and	
	lightweight, large angle of	Material for civil engineering works, ground
	internal friction, large water	improvement material
	permeability		
	Does not contain chlorides and no alkali-aggregate reaction	Fine aggregate for concrete
	Fertilizer component (CaO, SiO2)	Calcium silicate fertilizer and soil improvement
	Converter and electric arc furnace slags
	Hard, wear-resistant		Aggregate for asphalt concrete
	Hydraulic property		Base course material
	Large angle of internal friction Material for civil engineering works, ground
				improvement material
	FeO (T-Fe), CaO, SiO2 components	Raw material for cement clinker
	Fertilizer components (CaO, SiO2, MgO, FeO [T-Fe])	Fertilizer and soil improvement
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		3. Results of the dynamic simulation of the IS scenario
	Mean	Std	Mean	Std	Total impact on
	(IS scenario)	(IS scenario)	(BAU case)	(BAU case)	the period [%]
	Iron ore: raw material consumed within the sintering process [norm.ton]	
	0.291	0.087	0.284	0.086	+1.60
	Limestone: raw material consumed within the sintering process [norm.ton]	
	0.537	0.153	0.440	0.143	+12.51
	Anthracite: raw material consumed within the sintering process [norm.ton]	
	0.113	0.044	0.109	0.043	+ 2.06
	Olivine: raw material consumed within the sintering process [norm.ton]	
	0.067	0.027	0.054	0.027	+11.93
	Sinter's basicity 1: interm. product produced within the sintering process [/]
	0.075	0.041	0.075	0.041	0.00 (av.)
	Sinter's basicity 2: interm. product produced within the sintering process [/]
	0.113	0.058	0.100	0.056	+0.59 (av.)
	Sinter's basicity 3: interm. product produced within the sintering process [/]
	0.090	0.052	0.086	0.051	+0.27 (av.)
	Fumes: gas produced within the sintering process [norm.Nm 3 /ton sinter]	
	0.044	0.030	0.038	0.029	+2.53 (av.)
	CO2 content of fumes: gas produced within the sintering process [norm.tonCO2/ton sinter]
	0.250	0.105	0.156	0.098	+3.81 (av.)
	Blast furnace gas: gas produced within the ironmaking process [norm.GJ]	
	0.099	0.034	0.102	0.034	-1.11
	CO2 content of BFG: gas produced within the ironmaking process [norm.tonCO2/GJ]
	0.686	0.228	0.446	0.215	+0.83 (av.)
	LHV of BFG: gas produced within the ironmaking process [norm.MJ/GJ]	
	0.098	0.067	0.124	0.068	-0.79 (av.)

Table 7 .

 7 4. Results of the dynamic simulation of the IS scenario (continued 1)

	Mean	Std	Mean	Std	Total impact on
	(IS scenario)	(IS scenario)	(BAU case)	(BAU case)	the period [%]
	Blast furnace slag: by-product produced within the ironmaking process [norm.ton]
	0.553	0.200	0.598	0.201	-3.31
	BF slag's basicity 1: by-product produced within the ironmaking process [/]
	0.113	0.050	0.128	0.049	-1.46 (av.)
	BF slag's basicity 2: by-product produced within the ironmaking process [/]
	0.138	0.060	0.148	0.058	-0.79 (av.)
	BF slag's basicity 3: by-product produced within the ironmaking process [/]
	0.102	0.039	0.113	0.038	-1.15 (av.)
	Iron ore: raw material consumed within the ironmaking process [norm.ton]	
	0.087	0.044	0.095	0.039	-63.03
	External coke: raw material consumed within the ironmaking process [norm.ton]
	0.191	0.118	0.196	0.119	-1.12
	Calcium carbide: raw material consumed within the hot metal treatment unit [norm.ton]
	0.372	0.121	0.366	0.121	+0.60
	Magnesium: raw material consumed within the hot metal treatment unit [norm.ton]
	0.077	0.025	0.075	0.025	+0.60
	Basic oxygen furnace slag: by-product produced within the converter unit [norm.ton]
	0.197	0.061	0.201	0.062	-0.81
	Basic oxygen furnace gas: by-product produced within the converter unit [norm.GJ]
	0.171	0.059	0.169	0.060	+0.46
	LHV of BOFG: gas produced within the converter unit [norm.MJ/GJ]	
	0.544	0.234	0.533	0.242	+0.12 (av.)
	Oxygen: utility consumed within the converter unit [norm.Nm 3 ]	
	0.103	0.032	0.104	0.032	-0.035
	BOF slag: by-product consumed within the ironmaking process [norm.ton]	
	0.000	0.000	0.0084	0.024	-100.00
	BOF slag: by-product consumed within the sintering process [norm.ton]	
	0.000	0.000	0.155	0.043	-100.00
	Total variables costs: operating costs of the whole industrial site [norm.€]	
	0.101	0.056	0.100	0.056	+0.15

Table 7 .

 7 [START_REF]Unleashing the power of the circular economy[END_REF]. Results of the dynamic simulation of the IS scenario (continued 2)

	Mean	Std	Mean	Std	Total impact on
	(IS scenario)	(IS scenario)	(BAU case)	(BAU case)	the period [%]
	Total direct CO2 emissions: CO2 emissions of the whole industrial site [norm.tonCO2]
	0.230	0.082	0.226	0.081	+0.71
	Total indirect CO2 emissions: CO2 emissions of the whole industrial site [norm.tonCO2]
	0.219	0.109	0.217	0.109	+4.50
	BOF slag price: by-product produced within the converter unit [norm.€/ton BOF slag]
	0.096	0.063	-	-	-
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 7 [START_REF]World steel in figures 2018[END_REF]. Main analysis outcomes from the comparison (target diagrams)

	Red area -100%	Points out of the 5%	Red area -100%	Points out of the 5%
	diagram (static)	circle	diagram (static)	circle
	Iron ore (sintering process)	Blast furnace gas (ironmaking process)
	6.89	87.50	5.18	91.67
	Limestone (sintering process)	CO2 content of BFG (ironmaking process)
	6.68	75.00	5.51	95.83
	Anthracite (sintering process)	LHV of BFG (ironmaking process)
	6.38	87.50	5.64	95.83
	Olivine (sintering process)	Blast furnace slag (ironmaking process)
	10.52	75.00	4.25	91.67
	Iron ore (sintering process)	Blast furnace gas (ironmaking process)
	6.89	87.50	5.18	91.67
	Limestone (sintering process)	CO2 content of BFG (ironmaking process)
	6.68	75.00	5.51	95.83
	Anthracite (sintering process)	LHV of BFG (ironmaking process)
	6.38	87.50	5.64	95.83
	Olivine (sintering process)	Blast furnace slag (ironmaking process)
	10.52	75.00	4.25	91.67
	Sinter's basicity 1 (sintering process)	BF slag's basicity 1 (ironmaking process)
	26.69	91.67	5.27	79.17
	Sinter's basicity 2 (sintering process)	BF slag's basicity 2 (ironmaking process)
	5.86	91.67	8.89	95.83

Sinter's basicity 3 (sintering process) BF slag's basicity 3 (ironmaking process)

  

	7.27	95.83	5.26	79.17

Fumes (sintering process) Iron ore (ironmaking process)

  

	5.92	83.33	25.49	91.67
	CO2 content of fumes (sintering process)	External coke (ironmaking process)
	5.83	83.33	8.24	91.67
	Calcium carbide (hot metal treatment)	LHV of BOFG (converter)	
	4.27	75.00	25.62	100.00
	Magnesium (hot metal treatment)	Total variable costs	
	4.11	83.33	9.08	87.50
	Basic oxygen furnace slag (converter)	Total direct CO2 emissions	
	2.39	91.67	7.86	83.33
	Basic oxygen furnace gas (converter)	Total indirect CO2 emissions	
	17.52	100.00	56.33	100

  . De nombreux travaux de recherche ont été menés afin de réduire la consommation d'énergie de l'industrie sidérurgique au niveau mondial. Ces études se sont principalement axées sur les

	étapes unitaires du système de production correspondant ou sont centrées au niveau global des
	usines sidérurgiques ou encore s'intéressent à des technologies bien spécifiques (comme par
	exemple les technologies de rupture). Ceci limite indéniablement la réduction des impacts
	énergétiques et environnementaux à de petites échelles. Le potentiel d'économie d'énergie au
	sein d'usines sidérurgiques typiquement intégrées a par exemple été déterminé en appliquant
	des méthodes d'intégration énergétique des procédés (comme par exemple l'analyse de
	pincement) [13] [14]. L'évaluation de l'énergie (mais aussi de l'exergie et de l'émergie) basée
	sur des calculs thermodynamiques et des formulations mathématiques a également été étudiée
	[15]. L'analyse des flux de matières (MFA) a aussi été employée afin d'évaluer ces aspects
	[16]. Les technologies de rupture ont été également envisagées comme nécessaires pour
	accroître l'efficacité énergétique des procédés sidérurgiques [17] [18]. Ce secteur industriel a
	donc acquis une grande expérience en matière de diminution de la consommation d'énergie et
	de réduction des impacts environnementaux. Il a constamment amélioré sa compétitivité en
	appliquant diverses méthodes d'efficacité énergétique et diverses solutions technologiques au
	niveau de ses sites de production. Bien que de nombreux efforts soient encore faits en ce sens,
	la proposition de nouvelles solutions à portée plus large est d'intérêt majeur.

  Zhang et al. ont quantifié les émissions de gaz à effet de serre issus des lampes fluorescentes en Chine à l'aide de la méthode de LCA[START_REF] Zhang | Hydrogen Fluoride (HF) Substance Flow Analysis for Safe and Sustainable Chemical[END_REF]. S. Chen et al. ont également donné un aperçu du flux de plomb dans le ainsi que les risques liés à la mise en place d'un scénario de IS ont également été déterminés dans le contexte de l'industrie sidérurgique[START_REF] Dong | Environmental and economic gains of industrial symbiosis for Chinese iron/steel industry: Kawasaki's experience and practice in Liuzhou and Jinan[END_REF] [START_REF] Wu | Quantitative environmental risk assessment for the iron and steel industrial symbiosis network[END_REF]. Les réductions des émissions de CO2 provenant de solutions de IS ont aussi été quantifiées au travers de plusieurs études de cas[START_REF] Yu | Quantifying CO2 emission reduction from industrial symbiosis in integrated steel mills in China[END_REF] [START_REF] Dong | Uncovering opportunity of low carbon city promotion with industrial system innovation: case study on industrial symbiosis projects in China[END_REF], notamment pour des cas déjà existants[START_REF] Zhang | CO2 emission reduction within Chinese iron & steel industry: practices, determinants and performance[END_REF]. Ces articles fournissent des informations intéressantes sur les IS existantes (mais aussi sur les IS potentielles). Ils soulignent que l'industrie sidérurgique a un rôle majeur à jouer dans de tels réseaux d'échanges. Le travail de recherche présenté ici a donc été construit à partir de ces connaissances et de ces résultats scientifiques afin de partir sur des bases théoriques et pratiques solides. La ligne conductrice de ce travail consiste à démontrer que le concept de la IS, associé à la systémique et plus particulièrement à la dynamique des systèmes SD),

	cas des batteries plomb-acide à l'aide d'une analyse couplant les méthodes d'MFA et de LCA
	[25]. E. Kuznetsova et al. ont eux développé un modèle d'entrées-sorties de non opérabilité
	pour analyser les risques des parcs éco industriels (EIP) [26].
	Dans cette perspective, le domaine de la IS apparaît donc comme une approche alternative permettant d'évoluer progressivement vers une circularité accrue au sein des territoires industriels. Cette approche est aujourd'hui considérée comme un moyen d'améliorer les performances opérationnelles ainsi que les performances environnementales [27] car elle engage des industries traditionnellement distinctes dans une approche collective impliquant l'échange de matières, d'énergie, d'eau et de coproduits [21] comme définie initialement par M.R. Chertow en 2000. L'IS est de plus assimilée à une approche systémique visant à déterminer le juste compromis entre les performances environnementales et les performances économiques tout en prenant en compte d'autres aspects (comme par exemple les aspects politiques et sociaux). Elle est basée sur le principe intrinsèque à l'approche de l'IE définie en 1989 par R.A. Frosch et N.E. Gallopoulos comme telle : là où la consommation d'énergie et de matières est optimisée, la production de déchets est minimisée et les effluents d'un procédé servent de matières premières pour un autre procédé [4]. Un grand nombre d'études liées à ces concepts et axées sur des territoires industriels dans lesquels des activités de production sidérurgiques sont menées ressortent de la littérature correspondante. Il existe d'ailleurs de nombreux articles scientifiques réalisés plus particulièrement dans le contexte chinois qui mettent l'accent sur la IS et l'économie circulaire (CE) et pour lesquels des usines sidérurgiques typiquement intégrées font partie intégrante du périmètre d'étude. L'évaluation de l'énergie (mais aussi de l'exergie et de l'émergie) basée sur des calculs thermodynamiques et des formulations mathématiques a par exemple été appliquée à ces sites de production dans le cadre des IS [29]. Les gains environnementaux et énergétiques et environnementaux des territoires industriels. 9.2 Fondements théoriques 9.2.1 Evaluation des performances de symbioses industrielles Le concept d'économie circulaire (CE) a été défini à maintes reprises dans la littérature (plus de 100 définitions recensées) [36]. Il vise notamment à dissocier la croissance économique et le développement économique de la consommation des ressources en adoptant le principe des "3R" : réduire, réutiliser et recycler; comme ligne directrice principale vers l'atteinte de la durabilité. Le cadre conceptuel de l'CE s'oppose tout particulièrement au cadre actuel de l'économie linéaire (LE) qui est entièrement conçue et basée sur le principe du "prendre, fabriquer et jeter". La création de valeur opérée au travers de l'CE repose ainsi davantage sur l'utilisation plutôt que sur la consommation [37]. L'CE puise ses fondements théoriques de plusieurs concepts dont celui de l'écologie industrielle (IE) d'après la définition du Centre International de Référence sur le Cycle de Vie les gains économiques constitue une solution intéressante et pertinente pour s'attaquer aux importants enjeux des Produits, Procédés et Services (CIRAIG)

  ainsi que dans le cadre de nombreux EIPs. Park et al. ont par exemple proposé l'indicateur d'éco efficacité pour quantifier simultanément les performances environnementales et économiques des réseaux de IS [65] dans le contexte de la région d'Ulsan. Cette région fait partie de "l'initiative EIP" entreprise en Corée du Sud comme largement décrit par Park et al. [93]. Elle reste aujourd'hui l'un des exemples les plus connus et les mieux décrits dans le paysage des EIPs à partir duquel la communauté scientifique a pu recueillir de nombreuses connaissances et pratiques liées aux IS. Les approches les plus utilisées dans l'évaluation des performances de scénario de IS sont l'analyse du cycle de vie (LCA) [58] [115] et l'analyse des flux de matière (MFA) [70] [116] [117]. Ces méthodes permettent d'évaluer les impacts environnementaux d'entreprises ou de territoires industriels en déterminant leur ordre de grandeur ainsi que les quantités de flux associées sur une période courte et spécifique considérée comme représentative

  et pour faire évoluer ces systèmes au cours du temps[START_REF] Cao | Applying agent-based modeling to the evolution of ecoindustrial systems[END_REF]; montrant ainsi le premier type de dynamique (la dynamique à partir de laquelle se construisent les IS). L'approche de la dynamique des systèmes (SD) a elle permis d'étudier les flux et les effets d'accumulations de matières, d'informations et d'énergie dans le cadre de la symbiose de Kalundborg[START_REF] Bailey | Using robust concept exploration and systems dynamics models in the design of complex industrial ecosystems[END_REF]. Cette méthode a également permis d'évaluer de manière dynamique les impacts des IS sur les chaînes industrielles[START_REF] Qu | System dynamics model for the environment management of eco-industrial park[END_REF] et a permis d'évaluer notamment les impacts environnementaux sur des zones de développement économique et technologique[START_REF] Zhao | Simulation and evaluation on the eco-industrial system of Changchun economic and technological development zone, China[END_REF]. C'est l'approche de la SD qui est donc envisagée dans ce travail de recherche comme base pour prendre en compte les effets dynamiques des IS. 9.2.2 Modélisation par la dynamique des systèmes L'approche de la dynamique des systèmes (SD) fait partie des méthodes de modélisation de la systémique (ST). Cette théorie est utilisée dans diverses disciplines comme la biologie, l'anthropologie, la physique, la psychologie, les mathématiques, le management et l'informatique[START_REF] Peters | The application of systems thinking in health: why use systems thinking?[END_REF]. Le concept de ST se définit comme une approche holistique centrée sur la manière dont les éléments constitutifs d'un système sont en corrélation et sur le fonctionnement des systèmes dans le temps (dans le contexte de systèmes très vastes et complexes)[START_REF] Miller | systems approach to comprehensive school reform: using the realms of meaning and the baldridge model as a systems framework[END_REF]. La modélisation systémique est en fait une manière de résoudre les problèmes liés au monde réel et s'applique particulièrement lorsque le prototypage ou l'expérimentation avec le système réel est coûteux (voire impossible)[START_REF] Borshchev | From system dynamics and discrete event to practical agent based modeling: reasons, techniques, tools[END_REF]. Elle est en outre appropriée lorsqu'une vue d'ensemble du système est nécessaire. L'approche de la SD est Cette structure est en réalité composée d'aspects physiques et informationnels ainsi que de politiques et de traditions qui sont cruciales pour les prises de décisions dans tous les systèmes et tous les problèmes complexes[START_REF] Pruyt | Small system dynamics models for big issues: triple jump towards real-world complexity[END_REF] [START_REF] Roberts | Managerial applications of system dynamics[END_REF]. La SD est principalement basée sur les boucles de rétroaction et les temps de retards ainsi que sur les diagrammes de stock et de flux (SFD) utilisant des variables endogènes mises en oeuvre sous forme de variables de niveau (ou variables observables) et représentant l'état dynamique du système. Cette approche permet donc particulièrement d'évaluer la manière dont les changements d'un système (comme par exemple un système soumis à des perturbations) au sein d'une partie de ce système affectent le comportement de l'ensemble. Perturber un système permet également de tester et de simuler la façon dont il va réagir sous diverses conditions afin d'améliorer ou d'atteindre le comportement requis par le biais de ce que est défini en SD comme un scénario.Bien qu'initialement la méthode de la SD ait été conçue à l'origine comme une discipline de gestion visant à comprendre comment les politiques des entreprises génèrent des succès (ou des échecs), elle traite aujourd'hui presque tous les types de systèmes qui évoluent au cours du temps. En fait, cette approche multidisciplinaire pour décrire, modéliser, simuler et analyser des problèmes complexes peut être appliquée à tout système dynamique ainsi qu'à toute échelle temporelle et spatiale[START_REF] Sterman | Business dynamics: systems thinking modeling for a complex world[END_REF]; et ce, pour tout domaine d'application. D'ailleurs, la littérature souligne particulièrement le fait que cette méthode convient à l'évaluation de la durabilité et de l'évolution des systèmes éco industriels ou des parcs éco industriels (EIPs)

	apparue en 1956 au Massachusetts Institute of Technology (MIT) et a été développée par
	l'ingénieur J.W. Forrester [129]. Elle est née de la limitation des méthodes traditionnelles à
	procurer une compréhension suffisante des processus impliqués dans les systèmes complexes
	[129]. Cette approche conceptuelle et méthodologique particulière à l'étude de problèmes
	complexes [130] [131] [132] permet d'étudier les boucles de rétroaction d'informations
	caractéristiques de l'activité industrielle pour montrer comment la structure organisationnelle,
	les effets d'amplifications (dans les politiques) et les retards (dans les décisions et les actions)
	interagissent pour influer sur le succès de l'entreprise [130] [132] [133].
	La SD est également définie comme une approche déductive qui adopte une perspective
	globale en supposant que le comportement complexe d'un système découle de sa propre
	structure [134].
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 9 1. La méthode de la SD vs. la méthode de ABM[START_REF] Romero | Proposal of an agent-based analytical model to convert industrial areas in industrial eco-systems[END_REF] 

	Dynamique des systèmes (SD)	Modélisation à base d'agents (ABM)
	Approche de modélisation :	
	Déductif : inférence de la structure au	Inductif : inférence du comportement des
	comportement du système	agents au comportement du système
	Unité d'analyse :	
	Structure du système : le comportement du	Règles des agents : le comportement du
	système découle de sa structure	système découle du comportement des
		agents et de leurs interactions
	Bloc de modélisation :	
	Boucles de rétroaction : représentation des	Agents : entités individuelles qui forment le
	relations de cause à effet	système
	Prise en compte du temps :	
	Continu : la variable temporelle est continue Discret: la variable temporelle est discrète
	Formulation :	
	Équations algébriques : définissent des	Phrases logiques : définissent les règles de
	relations variables et des rétroactions	comportement des agents
	Représentation du modèle :	
	Relations causales : relient de manière non	Population d'agents : formée d'entités
	linéaire les variables, paramètres et stocks	autonomes, hétérogènes et indépendantes
	observés, en tenant compte des temps de	ayant leurs propres objectifs, propriétés et
	retards et des échelles spatiales différentes	capacité sociale d'interagir entre eux et avec
	entre la cause et l'effet	leur environnement
	Représentation graphique :	
	Diagramme de boucles causales : base des	Représentation individuelle : agents qui
	structures de stock et de flux	forment le système

Table 9 .

 9 2. La méthode de la SD vs. la méthode de la DS

	Dynamique des systèmes (SD)	Systèmes dynamiques (DS)
	Approche :			
	Holistique, accent mis sur la complexité	Holistique, basée sur le réductionnisme
	Problème étudié :			
	Stratégique	Phénomène physique	
	Bloc de modélisation :			
	Boucles de rétroaction : représentation des	Formulation	mathématique :	équations
	relations de cause à effet	différentielles		

Table 9 .

 9 3. La méthode de la SD vs. la méthode de la DS (suite)

	Dynamique des systèmes (SD)	Systèmes dynamiques (DS)	
	Unité d'analyse :				
	Structure du système : le comportement du	Variables : le comportement du système
	système découle de sa structure	découle des variables		
	Eléments de modélisation :				
	Lien physique, tangible, de jugement et	Lien physique			
	d'information				
	Table 9.4. La méthode de la SD vs. la méthode de DES [154]		
	Dynamique des systèmes (SD)	Simulation d'évènement discret (DES)
	Approche :				
	Holistique, accent mis sur la complexité	Analytique, complexité des détails	
	Résolution de modèles :				
	Entités homogénéisées, pressions politiques	Entités individuelles, attributs, décisions et
	continues et comportements émergents	événements			
	Sources des données :				
	Large champ	Principalement	numérique	avec	des
		éléments de jugement		
	Problème étudié :				
	Stratégique	Opérationnel			
	Eléments de modélisation :				
	Lien physique, tangible, de jugement et	Lien physique, tangible et quelques
	d'information	informations			

Agents humains représentés dans le modèle en tant que :

  'usine sidérurgique typiquement intégrée considérée dans ce travail de recherche suit la filière haut fourneau-convertisseur (BF-BOF) qui comprend les installations suivantes :

	Mise en oeuvre de politiques rationnelles	Preneurs de décision
	Résultats du modèle :	
	Compréhension des sources structurelles des	Points de prédictions et mesures de
	modes de comportement, de la localisation	performance détaillées sur une gamme de
	des indicateurs de performance clés et des	paramètres, règles de décision et de
	leviers politiques efficaces	scénarios
	9.3 Enoncé du problème	
	9.3.1 Périmètre du travail de recherche

L

évaluer au cours du temps les performances (à savoir les impacts économiques et environnementaux) engendrées par des scénarios de symbiose industrielle sur des usines sidérurgiques intégrées typiques ?

  L'idée principale de cette problématique de recherche est de pouvoir aider les décideurs et les responsables industriels de ces sites de production complexes à prendre des décisions précises et fiables pour la mise en oeuvre de IS. Il s'agit pour cela de leur donner un aperçu global et dynamique des impacts environnementaux et économiques issus de scénario de IS sur le fonctionnement de leurs installations. C'est pourquoi, ce travail de recherche vise à développer une méthodologie permettant de quantifier les performances environnementales et économiques de scénarios de IS sur une usine sidérurgique typiquement intégrée par l'approche de la dynamique des systèmes (SD) comme méthode de modélisation. Un outil d'aide à la décision basé sur ces concepts est ainsi construit. Il conduit à une meilleure compréhension de la dynamique d'un problème aussi complexe au sein de ce véritable écosystème industriel. Ce travail de recherche a donc pour but de contribuer scientifiquement et industriellement à l'évaluation des performances de IS, en adoptant un point de vue dynamique, tout en se focalisant uniquement sur les impacts engendrés sur des usines sidérurgiques typiquement intégrées. est donc nécessaire de comprendre au mieux sa structure générale et de définir les limites du système avec lesquelles le modèle est étroitement lié. Ce type de site industriel est composé de plusieurs sous-systèmes fortement interconnectés (par exemple via des unités de production et de support) et ayant leurs propres exigences de fonctionnement ainsi que leurs propres besoins en terme de consommation d'énergie et de matières. Le modèle dynamique permet tout particulièrement de donner un aperçu de ces spécificités grâce aux concepts de modélisation basés sur les diagrammes et les boucles de rétroaction. Ceci permet de lister et de classer les variables d'entrées et de sorties associées au système afin d'alimenter le modèle utilisé comme support à l'analyse dynamique.

	d'amélioration de la compétitivité des usines sidérurgiques typiquement intégrées. Il s'articule pour cela autour d'une question de recherche centrale qui a été définie à l'aide de la littérature comme précédemment décrite. Cette question de recherche est formulée de manière à aller au-delà des limites actuelles précédemment identifiées dans le cadre des symbioses industrielles correspondantes. Ce modèle quantifie les impacts environnementaux et économiques engendrés par tout scénario de symbiose industrielle (IS). L'objectif étant pour cela de développer un modèle dynamique capable de générer des informations importantes et utiles à l'identification des conséquences d'une utilisation alternative d'énergie ou de matières dans (IS) appliquées au secteur sidérurgique. Elle apparaît comme suit : comment sidérurgique typiquement intégrée au travers de toutes les variables d'énergie et de matières une usine sidérurgique typiquement intégrée. Pour construire ce modèle dynamique, la

9.3.2 Question de recherche et objectifs

L'objectif principal de ce travail de recherche est de proposer et développer une méthodologie et un outil qui viennent en support des prises de décisions dans le cadre des processus

9.4 Cadre méthodologique

La méthodologie développée dans le cadre de ce travail de recherche peut être globalement décrite comme une approche déductive dans une perspective holistique qui aboutit principalement à la construction d'un modèle dynamique complet. Ce modèle est conçu à l'aide des concepts de diagramme de boucles causales (CLD) et de diagramme de stocks et de flux (SFD) précédemment décrits. Ces diagrammes servent ensuite de support à l'analyse dynamique et permettent en outre de simuler dans le temps le fonctionnement d'une usine structure du système (sur laquelle repose son comportement) est prise en compte conformément au principe de base de l'approche de la dynamique des systèmes (SD). Une usine sidérurgique typiquement intégrée constitue en ce sens un système très vaste et complexe, il La méthodologie de ce travail de recherche consiste également, dans la pratique, à collecter et à traiter les données requises, ainsi qu'à analyser les flux d'énergie et de matières correspondant aux variables intégrées au modèle dynamique. La méthodologie repose fortement sur ces données, ce qui la rend dépendante de la qualité et du raffinement des variables recensées qui doivent représenter au mieux le fonctionnement de l'usine sidérurgique typiquement intégrée (comme par exemple au travers des périodes de temps et de l'ordre de grandeur des variables utilisées). La Figure

9

.4 et le Table

9

.5 présentent globalement la méthodologie de recherche développée et le type de données recueillies. Les principales hypothèses associées sont listées ci-dessous :
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 9 5. Données dynamiques recueillies et utilisées dans ce travail de recherche

	Unités	T1	T2	T3	T4	T5
	Flux :					
	kg/t	✓	✓	✓		✓
	Nm 3 /t				✓	✓
	MJ/t				✓	
	kWh/t					✓
	Pouvoir Calorifique Inférieur :				
	MJ/kg	✓	✓	✓		✓
	MJ/Nm 3				✓	
	Prix :					
	€/t	✓	✓	✓		✓
	€/kNm 3					✓
	€/GJ				✓	
	€/MWh					✓
	Coefficient d'émissions de CO2 indirectes :			
	tCO2/t	✓	✓	✓		✓
	tCO2/kNm 3				✓	✓
	tCO2/GJ					
	tCO2/MWh					✓
	Composition :					
	%	✓	✓	✓	✓	✓
	9					

.5 Description du modèle dynamique

  Chacune de ces étapes fait l'objet d'un diagramme de boucles causales (CLD) typique qui est entièrement basé sur le modèle d'agglomération proposé par C. Liu et al. en 2015 [161]. Ce dernier est ici converti en un CLD générique qui confère une description qualitative de chaque étape de production intégrée au modèle dynamique global. Ce diagramme est particulièrement axé sur les flux de matières au travers des catégories de flux suivantes : matières premières, coproduits et produits intermédiaires. Les flux d'énergie tels que les gaz et les utilités sont également pris en compte mais ne sont pas illustrés dans la Figure 9.5 à des fins de simplification. Ce CLD développé dans le cadre de ce travail de recherche se compose de quatre boucles d'atténuation et d'une boucle de renforcement :

	9.5.1 Modélisation par la dynamique des systèmes
	La structure du modèle dynamique est définie par rapport aux données de flux d'énergie et de
	matières collectées afin d'obtenir une représentation opérationnelle de l'usine sidérurgique
	intégrée typique comme précédemment décrite. Le Table 9.6 et la Figure 9.6 donnent un
	aperçu global de cette structure mais ne présentent pas la structure détaillée du fait de la taille

importante du système et afin d'en garder une vue d'ensemble. Toutes les étapes de production présentées ici sont donc alimentées dans le modèle dynamique par les flux d'énergie et de matières correspondants ainsi que par les paramètres de procédé recueillis.

  l'ensemble des producteurs et des consommateurs d'énergie et de matières qui n'apparaissent pas dans cette figure en raison de la taille importante du système (comme par exemple les chaudières pour la production de vapeur qui consomment du gaz et de l'électricité, la centrale électrique externe à l'usine produisant de l'électricité et consommant des gaz coproduits et le chauffage des bâtiments consommant du gaz). Ce modèle dynamique générique est composé de différents types de variables et prend en compte tous les flux d'énergie et de matières entrants et sortants d'un procédé donné. Les variables de niveau expriment l'état du système à un pas de temps donné au cours des simulations. Les variables de flux représentent, elles, l'évolution des flux d'énergie et de matières au cours du temps. Les variables auxiliaires apportent des informations d'entrée supplémentaires qui varient dans le temps. Les variables constantes apportent enfin des informations d'entrée supplémentaires qui ne varient pas dans le temps. Dans ce modèle

dynamique, les coproduits comprennent les gaz coproduits de l'usine sidérurgique intégrée typique et aucun temps de retard n'est implémenté, excepté pour l'achat de matières premières (sous forme de délai d'approvisionnement). Le stock de gaz ne représente pas un stock en tant que tel car le modèle fonctionne avec des pas de temps mensuels tandis que les gaz sont plutôt gérés au niveau de la minute dans ce type de site industriel. Il ne s'agit donc ici que d'indiquer la différence entre la quantité de gaz achetée et la quantité de gaz consommée au sein d'un procédé donné. Le modèle dynamique générique présenté ici ne porte que sur les quantités d'énergie et de matières entrantes dans un procédé donné. Mais il vise plus largement à calculer les coûts variables totaux ainsi que les émissions directes et indirectes de CO2 totales de l'usine sidérurgique typiquement intégrée.

Table 5 .

 5 lorsqu'un élément d'un procédé change, le modèle dynamique ne peut représenter à lui-seul l'ensemble des effets induits. Cependant, l'approche de la dynamique des systèmes (SD) est bien utilisée pour modéliser ces changements physiques en les incluant dans les simulations dynamiques (comme par exemple en les faisant varier dans le temps et en les interconnectant avec les autres entrées et sorties du modèle) et en donnant une image dynamique globale du système. Ce que les modèles physiques à eux-seuls ne réalisent actuellement pas (ou seulement de manière statique). Donc, dans la pratique, une très faible proportion des ratios résulte de ce module de calculs physiques.Ainsi, le modèle dynamique développé traite des données spécifiques à l'utilisateur et est couplé au modèle intégré de fabrication d'acier développé par A.M. Iosif en 2006[START_REF] Iosif | Modélisation physico-chimique de la filière classique de production d'acier pour l'analyse de l'inventaire du cycle de vie[END_REF] (ce qui est dans ce travail de recherche dénommé module de calculs physiques) afin de prendre en compte les phénomènes physicochimiques. Pour plus de détails, une description complète de Pour cela, les tableaux Table5.6 à Table 5.15 du Chapter 5 présentent les données d'entrées et de sorties du modèle dynamique tout en soulignant le lien entre la partie modélisation par la SD et la partie modélisation physique intégrée des procédés qui prend en compte les réactions physicochimiques. Par ces tableaux, il est donc possible de comprendre exactement où le module de calculs physiques est appelé pour être exécuté et calculer des ratios spécifiques. Afin de faciliter la compréhension d'un système aussi complexe couplant un module de calculs physiques au sein d'un grand modèle dynamique, un code couleur a été adopté. Les tableaux Table 5.16 à Table 5.25 du Chapter 5 présentent, eux, pour chaque procédé, les données calculées plus précisément dans le module de calculs physiques. Ils indiquent également le type de données d'entrée qui est nécessaire pour calculer les résultats (c.-à-d. les données calculées) inclus dans les Table 5.6 à Table 5.15 du Chapter 5 (sur fond rouge). Cestableaux complémentaires sont également conçus de manière à ce que les flux d'énergie et de matières de chaque procédé soient différenciés dans des colonnes dédiées aux flux d'entrées d'une part et aux flux de sorties d'autre part. Ils sont à corréler avec les tableaux Table 5.26 et 27 du Chapter 5 qui résument les principales hypothèses considérées dans ce module de calculs physiques. La Figure 9.8 placée au début de ce paragraphe présente, elle, de manière très succincte, le couplage entre ce module et le modèle dynamique développé. valides et peut de ce fait être utilisé de manière fiable pour la simulation de tout scénario de symbiose industrielle (IS) impliquant des flux d'énergie et de matières de ce site. Elle permet également de vérifier la robustesse des résultats par rapport aux hypothèses et aux interactions prises en compte dans les diagrammes de stocks et de flux (SFD) génériques précédemment décrits. L'étape de validation permet plus particulièrement de mettre en évidence les erreurs (si existantes) de sorte que l'utilisation de la version la plus pertinente du modèle dynamique soit assurée pour appuyer toutes les décisions relatives aux IS appliquées à l'industrie sidérurgique. Le Chapter 6 présente dans ce but les différents tests spécifiques qui sont appliqués dans la pratique au modèle dynamique et décrit ainsi les principales étapes des tests de structure et de comportement. Ces tests qualitatifs et quantitatifs (notamment via l'utilisation de tests statistiques) ne sont pas tous présentés ici contrairement au Chapter 6 qui en donne un aperçu plus complet et détaillé. Ce paragraphe s'attache uniquement aux résultats normalisés du test de reproduction qui permet de conclure que le modèle dynamique développé dans ce travail de recherche est approprié et utile pour les simulations dynamiques de l'usine sidérurgique typiquement intégrée. Ce test démontre de plus que le modèle dynamique reflète également bien le fonctionnement réel du système comme résumé dans le Table9.7 au travers des valeurs résultantes, du test de Welch, de l'ANOVA unidirectionnelle, ainsi que du test de Kruskal Wallis, qui sont supérieures à 0.05.Le test de reproduction consiste en fait à simuler le modèle dynamique développé sur une période de temps donnée afin de comparer les résultats obtenus avec les données réelles recueillies sur l'usine sidérurgique typiquement intégrée. À cette fin, le modèle dynamique est exécuté sur une période de 24 mois, définie comme étant représentative du fonctionnement réel de ce site industriel. Les données requises sont ainsi collectées conformément à la méthodologie de collecte de données précédemment décrite. La Table9.7 et la Table9.8

	). C'est pourquoi, imposer

d'une telle approche limiterait considérablement le modèle dynamique tout en le rendant inapte à la simulation de scénarios de potentielles IS. Ainsi, la différence entre les modèles précédemment développés et ce modèle dynamique réside dans le fait que certains ratios sont évalués à l'aide de réactions physicochimiques par le biais du couplage d'un module de calculs physiques, car ce modèle d'usine sidérurgique typiquement intégrée a été publiée

[START_REF] Iosif | Modélisation physico-chimique de la filière classique de production d'acier pour l'analyse de l'inventaire du cycle de vie[END_REF] 

et un article scientifique axé uniquement sur le procédé de frittage peut également être consulté

[START_REF] Iosif | Process integrated modelling for steelmaking Life Cycle Inventory analysis[END_REF]

.

Basé sur des considérations physicochimiques, les lois de la thermodynamique et des équations mathématiques

[START_REF] Iosif | Process integrated modelling for steelmaking Life Cycle Inventory analysis[END_REF]

, ce modèle a été développé à l'origine dans le cadre de l'inventaire d'analyse du cycle de vie (LCI) appliqué à l'industrie sidérurgique. Au travers du travail de recherche présenté ici, ce modèle, et donc, ce module de calculs physiques, a été adapté et rendu dynamique de manière à s'intégrer aux limites du système et à l'horizon temporel du problème ainsi qu'au modèle dynamique développé. Ce couplage coûts dynamiques d'exploitation globaux (c.-à-d. les coûts variables dynamiques et cumulés de chaque procédé) et (3) les émissions dynamiques de dioxyde de carbone (CO2) directes et indirectes (c.-à-d. les émissions dynamiques et cumulées de chaque procédé).

9.6 Validation du modèle dynamique

L'étape de validation reste l'une des principales composantes de l'approche de la modélisation par la dynamique des systèmes (SD) utilisée dans ce travail de recherche. Elle garantit que le modèle dynamique développé pour l'usine sidérurgique typiquement intégrée fournit des résultats mettent uniquement en évidence les résultats de certaines variables calculées due au grand nombre de variables qui constituent le système (comme par exemple ici certains des produits intermédiaires, des coproduits et certaines des matières premières et des utilités). Une comparaison détaillée avec les résultats qui auraient été obtenus avec une approche statique est proposée à la fin du Chapter 6 afin de renforcer la validation du modèle dynamique ainsi que pour accentuer le besoin pour ce type d'approche dynamique.
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		7. Principaux résultats du test de reproduction	
	Moyenne (model dyn.)	Ecart-type (model dyn.)	Moyenne (réelle)	Ecart-type (réel)	Welch	ANOVA unidir.	Kruskal Wallis
	Coke : produit intermédiaire de la cokerie [norm.t/mois]			
	0.0782	0.0366	0.0808	0.0359	0.812	0.812	0.757
	Aggloméré : produit intermédiaire de l'agglomération [norm.t/mois]		
	0.337	0.104	0.339	0.104	0.970	0.970	0.869
	Fonte : produit intermédiaire de l'unité de fabrication de la fonte [norm.t/mois]	
	0.195	0.0682	0.196	0.0684	0.958	0.958	0.910
	Acier brute : produit intermédiaire du convertisseur [norm.t/mois]		
	0.200	0.0677	0.200	0.0677	1.000	1.000	1.000

.7 Etude de cas d'application

  Ce présent travail de recherche ne vise pas à dresser une liste complète et exhaustive des potentielles symbioses industrielles (IS) qui pourraient être mises en oeuvre avec des flux d'énergie et de matières impliqués dans les activités de production de la fonte et de l'acier. Il est en réalité davantage axé sur le développement de la méthodologie et de l'outil dynamique Ces laitiers sont récupérés séparément de l'acier liquide au niveau du convertisseur et dans les poches de transport (vers l'unité de métallurgie secondaire qui est d'ailleurs inclue dans l'unité de fabrication de l'acier) et sont très dépendants de la quantité et de la composition des matières premières consommées. Ils sont également à l'origine de plusieurs voies de valorisation répertoriées dans le Table9.9 selon la base de données de l'association Nippon Slag Association (NSA). Ces traitements spécifiques ne sont pas pris en compte dans cette étude de cas car la composition requise des laitiers de convertisseur est très liée à une voie de valorisation donnée. Ce travail de recherche vise ici davantage à donner la composition de ces laitiers (ou au moins les effets sur la composition) comme une donnée d'entrée pour la prise de décision concernant une potentielle IS (c'est donc une donnée calculée du modèle dynamique). Ainsi, l'étude reste cadrée par le périmètre de l'usine sidérurgique typiquement intégrée et ne se focalise sur aucun autre procédé qui serait nécessaire pour mettre en oeuvre cette IS. Les laitiers de convertisseur sont actuellement réutilisés au niveau de l'agglomération, du haut fourneau et du convertisseur pour une partie; l'autre partie étant stockée. Cet état actuel de l'usine sidérurgique typiquement intégrée définit en réalité le scénario "business as usual" (BAU) qui est utilisé comme état de référence dans les simulations de la valorisation externe des laitiers de convertisseur. La principale philosophie de ce scénario de IS réside dans la totale valorisation de ce matériau excepté pour la partie réutilisée au niveau du convertisseur (soit l'ensemble des laitiers produits auquel est soustraite la partie réutilisée au convertisseur). Ce scénario proposé est donc dynamiquement simulé sur la période de 24 mois qui a été utilisée pour valider le modèle dynamique afin de comparer le fonctionnement actuel (c.-à-d. le scénario BAU) de l'usine sidérurgique typiquement intégrée avec le comportement prédit par le modèle dynamique sous ce scénario de IS. Il s'agit pour cela d'exécuter le modèle dynamique en imposant des valeurs nulles pour la consommation de laitiers de convertisseur au niveau de l'agglomération et du haut fourneau ainsi que d'imposer un stock nul. Les impacts normalisés d'un tel scénario sont illustrés de la

	Table 9.9. Caractéristiques primaires et applications des laitiers de convertisseur [174]
	Caractéristiques	Applications
	Laitiers de convertisseur	
	Dur, résistant à l'usure	Granulat pour bitume
	Propriété hydraulique	Matériau de base (liant hydraulique)
	Grand angle de frottement	Matériau pour travaux de génie civil et d'améliorations
	interne	des sols
	Composants FeO (T-Fe), CaO, SiO2	Matière première pour le clinker du ciment
	Composants d'engrais (CaO, SiO2, MgO, FeO [T-Fe])	Engrais et amélioration des sols
	comme précédemment décrits. Il est donc proposé ici de donner un aperçu détaillé d'un cas
	d'application de IS afin de montrer le type de résultats obtenus via l'évaluation dynamique des
	impacts de tout scénario sur le fonctionnement de l'usine sidérurgique typiquement intégrée

(dans le but de prendre une décision sur une potentielle implémentation). Cette étude de cas porte en particulier sur la valorisation externe des laitiers de convertisseur qui constituent l'un des coproduits les plus importants en terme de quantité

[157]

.

Les marchés du granulat et du liant hydraulique sont les plus importants et impliquent parfois des traitements spécifiques sur ces types de laitier. L'élimination du fer, des oxydes de magnésium et du chrome doit par exemple être opérée en vue d'une utilisation dans les fours à clinker

[START_REF] Franceschini | State of the art of steel slag treatments and external valorization ways[END_REF]

. De manière générale, l'élimination du soufre, du phosphore et des oxydes d'aluminium est également requise.
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 9 [START_REF]Steel's contribution to a low carbon future[END_REF]. Résultats des simulations dynamiques du scenario de IS

	Moyenne	Ecart-type	Moyenne	Ecart-type	Impact total sur
	(scenario de IS)	(scenario de IS)	(cas BAU)	(cas BAU)	la période [%]
	Minerai de fer : matière première consommée à l'agglomération [norm.t]	
	0.291	0.087	0.284	0.086	+1.60
	Castine : matière première consommée à l'agglomération [norm.t]	
	0.537	0.153	0.440	0.143	+12.51
	Anthracite : matière première consommée à l'agglomération [norm.t]	
	0.113	0.044	0.109	0.043	+ 2.06
	Olivine : matière première consommée à l'agglomération [norm.t]	
	0.067	0.027	0.054	0.027	+11.93
	Basicité 1 de l'aggloméré : produit intermédiaire de l'agglomération [/]	
	0.075	0.041	0.075	0.041	0.00 (moyen)
	Basicité 2 de l'aggloméré : produit intermédiaire de l'agglomération [/]	
	0.113	0.058	0.100	0.056	+0.59 (moyen)
	Basicité 3 de l'aggloméré : produit intermédiaire de l'agglomération [/]	
	0.090	0.052	0.086	0.051	+0.27 (moyen)
	Fumées : gaz produit à l'agglomération [norm.tCO2/norm.Nm 3 ]	
	0.044	0.030	0.038	0.029	+2.53 (moyen)
	Contenu CO2 des fumées : gaz produit à l'agglomération [norm.tCO2/taggloméré]
	0.250	0.105	0.156	0.098	+3.81 (moyen)
	BFG : gaz coproduit à l'unité de fabrication de la fonte [norm.GJ]	
	0.099	0.034	0.102	0.034	-1.11
	Contenu CO2 du BFG : gaz coproduit à l'unité de fabrication de la fonte [norm.tCO2/GJ]
	0.686	0.228	0.446	0.215	+0.83 (moyen)
	LHV of BFG : gaz coproduit à l'unité de fabrication de la fonte [norm.MJ/GJ]
	0.098	0.067	0.124	0.068	-0.79 (moyen)
	Laitier de BF : matière coproduite à l'unité de fabrication de la fonte [norm.t]
	0.553	0.200	0.598	0.201	-3.31
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 9 [START_REF]Steel's contribution to a low carbon future and climate resilient societies[END_REF]. Résultats des simulations dynamiques du scenario de IS (suite 1) Basicité 1 du laitier de BF : matière coproduite à l'unité de fabrication de la fonte [/] Minerai de fer : matière première consommée à l'unité de fabrication de la fonte [norm.t] Coke externe : matière première consommée à l'unité de fabrication de la fonte[norm.t] 

	Moyenne	Ecart-type	Moyenne	Ecart-type	Impact total sur
	(scenario de IS)	(scenario de IS)	(cas BAU)	(cas BAU)	la période [%]
	0.113	0.050	0.128	0.049	-1.46 (moyen)
	Basicité 2 du laitier de BF : matière coproduite à l'unité de fabrication de la fonte [/]
	0.138	0.060	0.148	0.058	-0.79 (moyen)
	Basicité 3 du laitier de BF : matière coproduite à l'unité de fabrication de la fonte [/]
	0.102	0.039	0.113	0.038	-1.15 (moyen)
	0.087	0.044	0.095	0.039	-63.03
	0.191	0.118	0.196	0.119	-1.12
	Carbure de calcium : matière première consommée au traitement de la fonte [norm.t]
	0.372	0.121	0.366	0.121	+0.60
	Magnésium : matière première consommée au traitement de la fonte [norm.t]
	0.077	0.025	0.075	0.025	+0.60
	Laitier de convertisseur : matière coproduite au convertisseur [norm.t]	
	0.197	0.061	0.201	0.062	-0.81
	BOFG : gaz coproduit au convertisseur [norm.GJ]		
	0.171	0.059	0.169	0.060	+0.46
	LHV of BOFG : gaz coproduit au convertisseur [norm.MJ/GJ]	
	0.544	0.234	0.533	0.242	+0.12 (moyen)
	Oxygène : utilité consommée au convertisseur [norm.Nm 3 ]		
	0.103	0.032	0.104	0.032	-0.035
	Laitier de convertisseur : matière consommée à l'unité de fabrication de la fonte [norm.t]
	0.000	0.000	0.0084	0.024	-100.00
	Laitier de convertisseur : matière consommée à l'agglomération [norm.t]	
	0.000	0.000	0.155	0.043	-100.00
	Coûts variables totaux : coûts opératoires de l'usine sidérurgique intégrée [norm.€]
	0.101	0.056	0.100	0.056	+0.15
	Emission directes de CO2 totales : émissions de l'usine sidérurgique [norm.tCO2]
	0.230	0.082	0.226	0.081	+0.71
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 9 [START_REF]World Steel Association (WSA), «Sustainability indicators definitions and relevance (2003-2016[END_REF]. Résultats des simulations dynamiques du scenario de IS (suite 2)Emissions indirectes de CO2 totales : émissions de l'usine sidérurgique [norm.tCO2]Ce paragraphe permet de montrer dans quelle mesure la valorisation externe des laitiers de

	Moyenne	Ecart-type	Moyenne	Ecart-type	Impact total sur
	(scenario de IS)	(scenario de IS)	(cas BAU)	(cas BAU)	la période [%]
	0.219	0.109	0.217	0.109	+4.50
	Prix du laitier de convertisseur : matière coproduite au convertisseur [norm.€/t]
	0.096	0.063	-	-	-
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	3) By-products
	6) Utilities	𝑡=𝑡 𝑓
		𝐵𝑦𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 = ∑ (𝑏𝑦𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑐𝑜𝑠𝑡𝑠 𝑡=𝑡 0 𝑈𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠 𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 = ∑ (𝑢𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠 𝑐𝑜𝑠𝑡𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠 ) ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠 ) 𝑡 𝑡=𝑡 𝑓	𝑡
		𝐵𝑦𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑡+1 𝑡=𝑡 0	=
		𝐵𝑦𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑡 𝑈𝑡𝑖𝑙𝑖𝑡𝑖𝑒𝑠 𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡𝑠 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 + (𝑏𝑦𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑐𝑜𝑠𝑡𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑐𝑜𝑛𝑠 ) 𝑡+1 =	𝑡+1
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	∑ (𝑚𝑎𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑐𝑜𝑠𝑡𝑠 ̇𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑖 𝑝𝑟𝑜𝑑 ) 4) Intermediate products	𝑡
		𝑡=𝑡 0
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This generic SD model is composed of different kind of variables and deals with all the energy and material streams entering and leaving a given process. For that purpose, Table 5. 3 gives a short description of these variables over the following categories. Level variables express the state of the system at a given time step during the simulations; flow rate variables: energy and material flows over time; auxiliary variables: additional input data varying over time and; constant variables: additional input data being constant over time. In this SD model, produced by-products contain the by-produced gases of a typical integrated iron and steel plant and no delays are implemented except for the purchase of raw materials. The stock of gases is not representing a stock as such because the SD model is dealing with monthly time steps while the gases are managed at the level of the minutes on this kind of industrial site. It is thus only giving an indication of the difference between the gases purchased and the gases consumed within a given process. 

Level variables:

Stock Process i Storage of the main product of the process i.

Stock "xx" Process i Storage of the "xx" stream of the process i.

Flow rate variables:

"xx" process i purch Purchase of the "xx" stream of the process i.

"xx" process i prod Production of the "xx" stream of the process i.

"xx" process i cons Consumption of the "xx" stream of the process I (or i+1 when "xx" = main product).

Auxiliary variables:

rate "xx" process i prod Variable ratio of the produced "xx" stream of the process i against the main product produced of the process I (or i+1 when "xx" = main product).

rate "xx" process i cons

Variable ratio of the consumed "xx" stream of the process i against the main product produced of the process i.

Constant variables:

RATE "xx" process i prod

Constant ratio of the produced "xx" stream of the process i against the main product produced of the process I (or consumed when "xx" = main product).

RATE "xx" process i purch

Constant ratio of the consumed "xx" stream of the process i against the main product produced of the process i. 

1) Sintering process

System Dynamics Model Validation

The validation step remains one of the major parts within the system dynamics (SD) modelling approach. It ensures that the developed SD model of a typically integrated iron and steel plant provides valid results and can thus be trusted and used for the simulation of any industrial symbiosis (IS) scenarios. It further helps verifying the robustness of the results with regards to the assumptions and the interactions considered into the developed generic SD models within this research work. The validation steps, therefore, permits to highlight the existing errors (if any) so that the use of the most relevant version of the SD model is guaranteed for the support in any decisions related to IS applied to the iron and steel industry.

Chapter 6 presents the different specific tests that are applied in practice to the designed system dynamic model and for that purpose describes the main steps of structure-based tests as well as behaviour based tests. These tests are qualitative and quantitative. This validation analysis finally allows concluding that the SD model overviewed in this research work is appropriate and valuable for the dynamic simulations of the typically integrated iron and steel plant and that it also properly reflects the real operation of the real system. A detailed comparison with the results which would have been obtained from a static approach is proposed at the end of this chapter in order to reinforce the validation of the SD model and the need for a dynamic approach.

Dimensional consistency test

The dimensional consistency test consists of a general evaluation that permits to ensure that all the units of the variables involved within the developed SD model are consistent with each other (i.e. throughout the whole system of equations) [START_REF] Sterman | Business dynamics: systems thinking modeling for a complex world[END_REF].

The SD model is composed of plenty of different equations implicitly generated by the Vensim software environment (i.e. they are described within Chapter 5 and in Appendix A, Appendix B as well as in Appendix C) according to the designed stock and flow diagram (i.e.

presented in Chapter 5). It is actually strictly required to indicate the units of every variables when drawing the SFD (even dimensionless variables are filled in) otherwise the Vensim software environment gives a "missing units" error notification at each simulation. As soon as all the variables are associated to their related units then the simulation software automatically inspects the whole system of equations and comes back with the outcomes of the automated dimensional analysis concluding on the dimensional consistency of the SD model. In this research work, the SD model is made to be dimensionally consistent with regards to the dimensional analysis of the Vensim software environment.

Boundary adequacy test

The boundary adequacy test helps ensuring that the developed SD model is designed according to the most relevant boundaries with respects to the objectives defined in the context of this research work (i.e. details in Chapter 3) [START_REF] Sterman | Business dynamics: systems thinking modeling for a complex world[END_REF]. It moreover aims at exploring whether some feedback loops are missing within the global SD model [START_REF] Sterman | Business dynamics: systems thinking modeling for a complex world[END_REF].

The system boundaries defined within this SD model are based on the description of the typically integrated iron and steel plant as presented and mapped into the previous chapters (i.e. details in sections 3.1 and 5.1). The related problem that this SD model is addressing is about the evaluation of the impacts of any IS scenarios on the operation of such an industrial site. The system boundaries are thus well framed for this assessment according to what was previously presented because the key variables along with the feedback loops are constructed in order to take into account all the energy and material streams inherent to the mechanism of the real operating system of the integrated iron and steel plant. These streams are as a matter

Application Case Study

The complete overview of the research work has been given within the previous chapters from the introduction and related motivations to the developed methodology as well as to the designed system dynamics (SD) model which has been finally validated for a typically integrated iron and steel plant. Now, it is proposed to use all this material in order to demonstrate the relevance of it through a detailed application case study led within the framework of industrial symbiosis (IS) applied to the iron and steel industry. A focus is thus made for that purpose on iron and steel slags and more particularly on basic oxygen furnace the results that would have been obtained from a static approach is proposed at the end of this chapter in order to reinforce the results given by the SD model and the need for a dynamic approach.

Extended Abstract (in French)

Ce travail de recherche débouche sur une nouvelle méthodologie ainsi qu'un nouvel outil basé sur la dynamique des systèmes (SD). Ils sont tous deux dédiés à l'analyse dynamique (c.-à-d. Prod. vent chaud Unité de production du vent chaud.

Fabrication de la fonte :

Prod. fonte Fabrication de la fonte.

Traitement fonte Unité de traitement de la fonte.

Fonte traitée Fonte traitée résultante de l'unité de traitement de la fonte.

Fonte solide vers BOF Stockage de la fonte solide pour le BOF.

Fonte traitée vers BOF Extraction du laitier de BF restant.

Fabrication de l'acier :

Prod. acier brut Fabrication de l'acier dans l'unité BOF.

Prod. acier liquide Unité de métallurgie secondaire.

Prod. brame d'acier Unité de coulée continue.

Laminage à chaud :

Prod. bobine d'acier Procédé de laminage à chaud.

La