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The iron and steel industry is one of the most energy-intensive industrial sectors, which makes a significant worldwide contribution to resource and energy consumption, as well as to carbon dioxide emissions. Up to date, much effort has been put into increasing the global efficiency of the internal production processes. Still, the potential for improvements tends to be more and more limited at the level of a steel plant. That is why many methodologies and tools have been, and are still being, developed to study industrial symbiosis in such areas, but most of them propose a static view. Indeed, typically integrated iron and steel plants have a significant role to play in industrial symbiosis. However, the question remains: how to evaluate the economic and environmental benefits or impacts of industrial symbiosis on such industrial sites? Therefore, the objective of this study is to propose a new methodology based on the concepts of system dynamics while providing a systematic approach for assessing these industrial symbiosis performances. This approach relies on a dynamic model resulting

Introduction

In 2018, a total of 1.8 billion tons of crude steel had been produced by almost 100 different steel producers (i.e., producers with a tonnage of more than 3 million in 2018), according to World Steel Association (WSA). Steel is everywhere depending on the company and its targeted markets, this high amount of steel is dedicated to the sector of automotive, building, household appliances, packaging, etc. The iron and steel industry is one of the most energyintensive industrial sectors, according to the International Energy Agency (IEA) [START_REF]Energy Technologies Perspectives 2015, Mobilising Innovation to Accelerate Climate Action[END_REF]. The industry also accounts for 4% to 5% of worldwide CO2 emissions, according to WSA [START_REF]Steel's contribution to a low carbon future[END_REF].

Much research work on reducing energy consumption has been carried out, trying to take advantage of the remaining 15% to 20% potential for efficiency improvements [START_REF]Steel's contribution to a low carbon future and climate resilient societies[END_REF]. These studies were mainly focused on individual process stages, or at a site level, or even on specific technologies (e.g., breakthrough technologies). However, the reduction in environmental impact was small. The industry has nevertheless acquired considerable experience and produced a lot of success stories. Despite many efforts still directed in this sense, the need to propose new solutions (i.e., apart from breakthrough technologies), with a broader scope, is of major interest. Today it is recognized that "the potential of optimization in a heterogenic industrial cluster with several industries is much higher, because of the different individual needs" [START_REF] Mcbrien | Potential for energy savings by heat recovery in an integrated steel supply chain[END_REF].

Industrial Ecology (IE) is defined as a "broad, holistic framework for guiding the transformation of the industrial system to a sustainable basis" [START_REF] Matsuda | Energy saving study on a large steel plant by total site based pinch technology[END_REF] were "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" [START_REF] He | A review of energy use and energy-efficient technologies for the iron and steel industry[END_REF]. This approach uses many tools and methods, such as Life Cycle Assessment (LCA), Material Flow Analysis (MFA), and others, including the Industrial Symbiosis (IS) concept [START_REF] Qin | Modeling, thermodynamic and techno-economic analysis of coke production process with waste heat recovery[END_REF]. MFA draws a qualitative and quantitative assessment of material flows, being a component of LCA. While LCA permits to make an environmental assessment. From this perspective, the field of IS thus appears as an alternative approach to proposing new energy efficiency solutions within industrial clusters.

IS is now considered "as a path to improve operational performances as well as to improved environmental performances in situations where resource exchanges can be efficiently achieved" [START_REF] He | Assessment on the energy flow and carbon emissions of integrated steelmaking plants[END_REF]. It engages "traditionally separate industries in a collective approach to competitive advantage involving a physical exchange of materials, energy, water, and byproducts" [START_REF] Matsuda | Energy saving study on a large steel plant by total site based pinch technology[END_REF]. Many studies about these concepts and focused on industrial clusters -where iron and steel production activities are in operation -can be read throughout the literature.

There are, for that matter, many scientific articles framed under the facilitating Chinese context. These articles focus 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 were applied to typically integrated iron and steel In this framework, the focus is on what belongs to the assessment of the performances of IS.

They comprise the environmental and economic impacts of an IS on an industrial ecosystem.

It can be further understood that the IS approach is a systematic approach that aims to find a fair compromise between environmental and economic performances. These performances are evaluated by quantifying differences between emissions (i.e., emissions to air and water) as well as consumption of raw materials and natural resources (i.e., broadly all resource and energy flows involved in the industrial cluster) measured ( 1 However, IS is a phenomenon that should be evaluated at any moment [START_REF] Chertow | Organizing Self-Organizing Systems, Toward a Theory of Industrial Symbiosis[END_REF], which limits the ability of these approaches in their ability to support decision-making processes. LCA and MFA do not consider trends and variations, and they do not enable us to assess how any given decision affects IS [START_REF] Felicio | Industrial symbiosis indicators to manage eco-industrial parks as dynamic systems[END_REF]. Consequently, the purpose of this study is to fill a research gap by providing and contributing to the assessment, over time, of economic and environmental benefits to integrated iron and steel plants triggered by IS. It presents results from an analytical model that enables this assessment by comparing the operation of such complex production systems over different IS scenarios. This proposal further aims at enhancing the development of IS for the iron and steel industry by providing a systematic approach. For that purpose, this document first introduces the System Dynamics (SD) approach used as the core methodology. A dynamic model is then built, simulated, and validated for a typically integrated iron and steel plant in the context of IS. Finally, this document provides results and elements of discussion regarding potential IS implementation.

Data and Method

Global overview of the methodology

In this study, the SD approach is used to assess the economic and environmental impacts arisen over time from any IS scenarios applied to a typical integrated iron and steel plant. The research methodology maps the system structure, from which the behavior of the system arises, according to the core principle of SD. A typically integrated iron and steel plant constitute, in this sense, an extensive and complex system. It is thus necessary to understand 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), each having their own process requirements as well as their energy and material consumption characteristics. In particular, the SD model allows an overview of these specificities through its inherent diagram-based modeling concepts and the modeled feedback control loops, considering a typical integrated iron and steel plant as an industrial ecosystem. This, therefore, permits the listing and classification of the related input and output variables of the system feeding the SD model used to support the SD analysis. In practice, the methodology of this research work also consists of collecting and processing the required data, along with the study of the energy and material streams that correspond to the energy and material variables. The methodology is, in fact, very data reliant, being so very dependent on the quality and the refinement of the data sets (e.g., periods and magnitude of variables), which are meant to be representative of the operation of a typical integrated iron and steel plant. This aspect will have a non-negligible influence on the validation steps of the SD model. For that purpose, the related data is collected and processed to feed a simulation model (i.e., a stock and flow diagram), which is built on system modeling concepts. This dynamic model deals with the key variables (i.e., resource and energy flows) of the system under a specific scope defined by the system boundaries as well as interconnections between variables. These variables are mathematically formulated and linked through algebraic equations (i.e., differential or integral equations). Finally, validation tests are performed (e.g., comparison to the business' usual operation) to calibrate and to check the overall SD model (see Fig. 1.). 

Definition of the system boundaries

Steelmaking is globally covered by three major production routes [START_REF]Fact Sheet: Steel and raw materials[END_REF] (1) the Open Hearth Furnace (OHF) route (OHF route) (2) the Blast Furnace (BF) and Basic Oxygen Furnace (BOF) route (BF-BOF route) accounting for about 75% of the worldwide steel production [START_REF]Fact Sheet: Energy use in the steel industry[END_REF], and (3) the Electric Arc Furnace (EAF) route (EAF route). These production routes represent the two main ways of producing steel [START_REF]Fact Sheet: Steel industry by-products[END_REF] (1) the iron ore based steelmaking (i.e., OHF, BOF, and EAF) and (2) the scrap-based steelmaking (i.e., EAF). The BF-BOF route has a lower energy intensity as well as a better productivity ratio, and lower capital costs compared to the OHF route, thus leading to OHF's almost total replacement all over the world. Besides, from an environmental and energy perspective, the BF-BOF route is much more interesting than the EAF route because potential heat recovery and by-product exchanges in the framework of IS would provide more copious amounts of resource and energy flows. In this research, the integrated iron and steel plants use this specific BF-BOF route, which is mainly composed of sintering, coking, ironmaking, steelmaking, continuous casting, hot rolling, and other finishing processes [START_REF] Yu | Quantifying CO2 emission reduction from industrial symbiosis in integrated steel mills in China[END_REF]. The scope of this study is roughly limited to thermal processes. Fig. 2. shows these thermal processes and how they are interconnected from the sintering and coking processes to the hot rolling process. These are briefly described in the following section. 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]. Research interest is, therefore, focused on any resource and energy flows related to these processes. A typically integrated iron and steel plant is composed of many different processes involving a wide range of know-how but still closely integrated since the product of one process (i.e., the intermediate product) is used as a raw material for another. 

1) Ironmaking

Steel production begins with the sintering process, where raw iron ore raw is mixed with other materials and undergoes a combustion process to produce the sintered product. This process is the starting point for the introduction of materials intended for reuse within the steelmaking processes enabling the recovery of their valuable content. Simultaneously, in an integrated iron and steel plant, coal is transformed into coke, which acts as a reducing agent for the iron ore in the blast furnace. In the coking process, coal feedstock undergoes hightemperature pyrolysis to remove non-carbon elements (e.g., oxygen and hydrogen). This reaction encourages the evolution of a mixed gas stream called the Coke Oven Gas (COG), which 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 fuel inside or outside the plant or internal feedstock. Prepared sinter and coke enter the BF where iron oxides are reduced by coke (i.e., ironmaking process). The resulting hot metal is produced in 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.

2) Steelmaking

Hot liquid metal is then fed into the BOF, where the final adjustments to the steel are performed (i.e., the steelmaking process). Various trace materials, in addition to recycled steel scraps, are added at this stage 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 generated, Basic Oxygen Furnace Gas (BOFG), and undergoes similar processing and reuse, as mentioned for the previous gas byproducts. The liquid finished steel is cast into solid slabs through the continuous casting. The hot rolling process is the typical final step in the integrated iron and steel plant, where steel slabs are heated for malleability and rolled into steel coils (i.e., finished steel): which is the final product.

Data Collection

The data is gathered on a real, typical integrated iron and steel plant still currently operating.

The name and the location, as well as the specificities of this plant, are not disclosed for reasons of confidentiality. The related SD model is composed of all the resource and energy variables that can affect the energy and material consumption of such an industrial site (see Table 1.) -T1-Type 1: raw materials (e.g., iron ore and coal) -T2-Type 2: by-products (e.g., scales, scraps, and fines) -T3-Type 3: intermediate products (e.g., sinter, coke, hot metal, and liquid steel) -T4-Type 4: gases (i.e., natural gas and by-product gases) -T5-Type 5: utilities (e.g., electricity, steam, water, oxygen, and nitrogen). The corresponding data is collected following a monthly-based time cutting because it fits the frequency of the resource flow measurements and the frequency of the energy and the material flow balances reported at the level of the whole plant. The main product for which the dynamic production profile is gathered is the steel slab (i.e., produced within the continuous casting machines). Some process parameters are also collected to feed the dynamic model (e.g., efficiencies, temperatures, and other physical values). Typical dynamic information gathered for all the resource and energy streams are:

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

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

-Composition: percentage in weight or 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, volume, or amount of energy of the flow.

-Upstream carbon dioxide emissions (Upstream CO2): which are the indirect emissions of CO2 about the scope 3 defined by the Greenhouse Gas (GHG) Protocol that represents a specified quantity or volume or amount of energy flow, and which comes from "sources not owned or controlled by the company" [27] (e.g., extraction, production and transportation of purchased materials). 

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

Hypotheses and assumptions

Having described the methodology of this research work and the associated data, then it should be recalled that the SD model is only valid under certain assumptions. These hypotheses are listed below. Some others are introduced later in this paper after the description of the SD model (e.g., structure and physicochemical considerations of the SD model):

-The main product is steel coils (i.e., finished steel produced within the hot rolling process).

-The scope of the SD model is limited to the thermal processes of a typical integrated iron and steel plant operating under the BF-BOF route (i.e., from the coking and sintering processes to the hot rolling process).

-The streams representing the operation of the typical integrated iron and steel plant are all the resource and energy variables, as well as all available process parameters that have been gathered for the evaluation of impacts of IS.

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

-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 typical 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 amounts increase or decrease).

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

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

Development of System Dynamics (SD) model

A complete SD model is built in the Vensim software environment and considers each process of the typical integrated iron and steel plant. -R loop: the increase of the Process Stock leads to an increase of the Internal returns and then causes the increase of the Inputs, which increases the Process Stock.

-B1 loop: the increase of the Process Stock leads to an increase of the Internal returns and then causes the increase of the Outputs, which decreases the Process Stock.

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

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

-B4 loop: the increase of the Process Stock leads to an increase of the Intermediate product outlet and then causes the increase of the Outputs, which decreases the Process Stock. 

Result and Discussion

Computer simulations and validation

The previously described SD model is run through Vensim over a 24-month period, which has been defined as representative of the real operation of the typical integrated iron and steel plant on which this research work is focused. For that purpose, the required data is gathered to simulate the operation of this industrial site and to compare the results obtained through this SD model with the real data collected on the typically integrated iron and steel plant [START_REF] Sterman | Business dynamics: systems thinking modeling for a complex world[END_REF].

The SD model is thus 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. All these variables are thus easily identifiable into the practical system because they are inherent to the real operation of the typically integrated iron and steel previously described within this article. They have, therefore, a physical meaning into the real world and are accordingly modeled so that all their associated 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.

The SD model is thus fed by the gathered data at each time step of the simulation to calculate the energy and mass streams taken into account in the systemic approach of this study. It highlights the results from the following output data calculated (not every calculated value are shown here because of the large number of calculated parameters): (1) production of the main products of each process (which are all considered as intermediate products when the whole SD model is concerned), i.e., coke, sinter, hot metal, raw steel, liquid steel and steel coils (i.e., finished steel); (2) consumption of the raw materials: iron ore, limestone, and coal;

(3) production of the by-products: blast furnace and essential oxygen furnace gas; (4) consumption of utilities: oxygen and, finally, (5) the total variable costs as well as the total direct and indirect CO2 emissions. It is important to note that these results, as well as the collected data, have been normalized (see Fig. 6.) to preserve the confidentiality of the data.

Still, the real differences between the calculated data from the dynamic model and the real shows that the differences between the calculated data and real data are very small or negligible (i.e., the difference between the red curves and the blue curves). When looking at these graphs, it can be said that the trends and variations of each material and energy stream are respected because, in general, their decreases or increases are accurately predicted by our model. This qualitative and visual validation gives a high degree of confidence in the developed and simulated SD model. To reinforce this confidence, the results obtained from an advanced statistical analysis are described here. These results are available in Table 4. [START_REF] Kruskal | Use of ranks in one-criterion variance analysis[END_REF] to the real data and the SD model data. They are well known in the field of mathematics and applied statistics as processes that allow the differences between two sets of data (or samples) to be determined. They are typically used in the context of the comparison of outcomes from a statistical model with the real data they meant to reflect, for example. These statistical tests do not use the same assumptions, which is why all three of them are used in this study to cross-check their conclusions and decrease the risk of giving wrong insights. Welch's test determines 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. It is applied to two independent samples, as are the one-way ANOVA and the Kruskal Wallis tests. The difference between these two last tests lies in the fact that the one-way ANOVA considers that the residues follow a normal distribution, while the Kruskal Wallis test does not make this assumption. In particular, this means that the oneway ANOVA method assumes that the difference between the two samples (residues) follows a Gaussian distribution. These three tests are not described in detail here but limited to their main outcomes. These statistical tests result in a p-value (between 0 and 1) which allows us to conclude the significance of the obtained results following these generic principles (1) pvalues ≤ 0.05 reject the null hypothesis (2) p-values significantly > 0.05 do not reject the null hypothesis and (3) p-values > 0.05 but very close to 0.05 do not enable us to determine precisely whether the null hypothesis is rejected. The null hypothesis is defined here as follows: the two sets of data are significantly close to each other. In this case, it is concluded that whatever the statistical test performed, all output data calculated by the SD model significantly reflects the real system (and as such the real operation of the typical integrated iron and steel plant), because all the p-values in table 4 are significantly higher than 0.05 (except for the oxygen variable for one test). Some of the streams simulated even give a pvalue of 1, which means than the model describes their behavior correctly. These tests complement the means and standard deviations observed both for the calculated and real data.

It can be seen in table 4 that the differences between these criteria are very small (that is in line with the statistical tests). It can be concluded that the behavior of the real system is well modeled and simulated through the developed SD model. In particular, it allows output data resulting from any new industrial symbiosis (IS) scenario to be generated, while evaluating the impact on a typical integrated iron and steel plant.

Conclusion

This research work leads to a complete framework, and a related SD-based model dedicated to the dynamic evaluation (i.e., assessment over time) of the performance of any IS scenario on the operation of a typical integrated iron and steel plant. The research developments constructed and presented here support decision-making processes regarding the implementation of any IS scenario involving energy and material flows within the large and complex framework of the iron and steel industry. They contribute further to advances in this field and provide a new, concrete solution to make well-founded and reliable decisions in the face of the major energy and environmental stakes of this important worldwide industrial sector. This paper gives a detailed overview of the corresponding scientific insights. It develops from a general introduction to a complete validation analysis, aiming to demonstrate the scientific relevance and the industrial interest of the study while disseminating the main results obtained. The related SD model built for a typical integrated iron and steel plant and coupled to a physical calculation module is then detailed and further validated using statistical tests. This statistical analysis shows that the SD model is suitable and accurate for modeling the dynamic operation of this kind of industrial site. At the end of the full simulation period, the difference between the real total variable costs, and the calculated ones through the SD model is about 2-3%. The differences between the direct and indirect total carbon dioxide (CO2) emissions are respectively 0-1% and 55-6%. This research shows the impact in terms of total variables costs, as well as the total direct and indirect CO2 emissions, which could have been triggered on the operation of a typical integrated iron and steel plant by an IS scenario. It also deals with the resource and energy flows implied within iron and steel production activities, because it includes all the energy and material streams which involved in the IS context. Finally, this SD model is going to be used for a concrete application case study to assess the energy and environmental impacts of by-products-based and energy-based exchanges within the framework of IS applied to the iron and steel industry.

  plants, for example, and based on thermodynamic calculations and mathematical formulations [9]. Environmental and economic gains, as well as risks triggered by IS, were also determined [10][11]. For example, CO2 emission reductions from IS solutions were quantified throughout case studies [12][13], via the Substance Flow Analysis (SFA) method [14] and studied in existing cases [15]. SFA draws a qualitative and quantitative assessment of substance flows. They particularly highlight the major role that the iron and steel industry has to play in such networks.

  ) for the baseline operation of the industrial cluster and (2) for the operation with an implemented IS. Various quantitative tools and methodologies can be found to assess these performances. The most frequently used approaches are LCA [16][17] and MFA [18][19][20]. These methods allow the environmental impacts of companies or industrial clusters to be assessed by providing the magnitude of impacts and related flows over a short, specific, representative period [21].
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Table 1 .

 1 List of input and output variables implemented in the sinter plant model

	Unit	T1	T2	T3	T4	T5
	Flow rate:					
	kg/t	✓	✓	✓		✓
	m 3 /t				✓	✓
	MJ/t				✓	
	kWh/t					✓
	Lower Heating Value:				

Table 2 .

 2 Legend used within the system dynamics model input and output data description 314 tables (see also TableA1. to TableA6. in appendix)

	315	
	Legend	Short description
	1 st colour legend:	
	Green font	Input data on the typically integrated iron and steel plant through the system dynamics model.
	2 nd colour legend:	
	Red font	Output data calculated by the physical module.
	3 rd colour legend:	
	Blue font	Output data calculated by the system dynamics model.
	Meaning of the numbers:
	1	Flow rate (includes physicochemical ratio).
	2	Lower heating value.
	3	Price.
	4	Upstream CO2.
	5	CO2 content.
	6	Composition.

316

Table 3 .

 3 Input data and output data related to the sintering process

	317	
	Input data imposed	Output data calculated

Table 4 .

 4 Main statistical analysis outcomes from the comparison of the output calculated data

	from the SD model					
					Wel		
	Mean (SD model)	Standard deviation (SD model)	Mean (real data)	Standard deviation (real data)	ch p-valu	one-way ANOVA p-value	Kruskal Wallis p-value
					e		
	Coke: intermediate product produced within the coking process [normalized ton/month]
	0.0782	0.0366	0.0808	0.0359	0.81	0.812	0.757
	Sinter: intermediate product produced within the sintering process [normalized ton/month]
	0.337	0.104	0.339	0.104	0.97	0.970	0.869
	Hot metal: intermediate product produced within the ironmaking process [normalized
	ton/month]						
	0.195	0.0682	0.196	0.0684	0.96	0.958	0.910
	Raw steel: intermediate product produced within the converter unit [normalized ton/month]
	0.200	0.0677	0.200	0.0677	1.00	1.000	1.000
	Liquid steel: intermediate product produced within the ladle treatment unit [normalized
	ton/month]						
	0.200	0.0677	0.200	0.0677	1.00	1.000	1.000
	Steel coils: intermediate product produced within the hot rolling process [normalized
	ton/month]						
	0.199	0.0648	0.199	0.0648	1.00	1.000	1.000
	Iron ore: raw material consumed within the sintering process [normalized ton/month]
	0.284	0.0862	0.297	0.0868	0.60	0.600	0.386
	Limestone: raw material consumed within the sintering process [normalized ton/month]
	0.440	0.143	0.457	0.159	0.70	0.702	0.550
	Coal: raw material consumed within the coking process [normalized ton/month]	
	0.0987	0.0463	0.103	0.0435	0.77	0.769	0.861
	Blast furnace gas: by-product produced within the ironmaking process [normalized
	GJ/month]						

(this does not have any influence either on the relevance and validity of the presented results, and uses the same min-max scaler). This statistical analysis consists of applying (

1

) the Welch's test [34] and (2) the one-way analysis of variance (ANOVA) [35], as well as (3) the Kruskal Wallis test [
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In this research work, it has been redesigned, adapted, and made dynamic so that it can fit the system boundaries and time horizons of the problem and the SD model (see Fig. 5.). This coupling ensures that the mass and energy balances are always closed, whatever the rates of the process flow (i.e., input and output rates) and parameters (e.g., the temperature of operation, efficiency of screening) implemented in the model and involved in the industrial symbiosis scenario. Details of the input data related to the different inlet and outlet resource and energy streams of each process implemented within the SD model are contained in Appendix A (see Table A1 to Table A6). Table 2 and table 3 including the tables in appendix show the output data calculated within this physical module, and thus within the SD model. It also highlights the kind of input data is needed to calculate the outputs along with the main hypotheses gathered from A.M. Iosif et al. [31].
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