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In this paper, a solution strategy based on an optimization formulation is proposed for the design of Water Allocation and Heat Exchange Networks (WAHEN) in the process industries. Such typical large problems involve many processes, regeneration units and multi-contaminants. For this purpose, a two-stage methodology is proposed. The first step is the Water Allocation Network (WAN) design by multi-objective optimization, based on the minimization of the number of network connections and of the global equivalent cost (which includes three criteria, i.e., freshwater, regenerated water and wastewater). Theconstraint method is used to deal with the multi-criteria problem. In a second step, the Heat Exchange Network (HEN) is solved by two approaches, Pinch analysis and mathematical programming (MP). In both cases the HEN structure is found when the minimal energy requirement and the total annual cost are minimized for Pinch and MP, respectively. These results are compared and the best HEN network is then coupled to the WAN to verify the feasibility of the network. A case study including a change of phase among the streams is solved. The results show that this two-step methodology can be useful for the treatment of large problems.

Introduction

Water risks are often considered purely in terms of water quantity or quality. However, other components such as geographical location, availability over time, reliability and price (SBC Energy Institute, 2014) exist and have to be considered to tackle this multidimensional issue. On the one hand, the demand reduction by water substitution, the use of recycled water, the improvement of water processing, the decrease in water pollution relying on regulations and the water price increase constitute the most important water challenges. On the other hand, the improvement of water supply that involves Depending on the source, water can be classified as freshwater, regenerated (recycled) water and wastewater. Freshwater (e.g., tap water) can be entered into the system from surface, urban or underground sources. This kind of water is assumed to be zero contaminant (but for specific processes additional purification processes are required). Once the water is used in a process it can be discharged as wastewater or sent to treatment units to remove the contaminant load for reuse purpose. In this case, two types of treatment exist, first treatment for process reuse (respecting the contaminant bounds defined for each process) and second treatment of wastewater before its discharge out of the plant respecting the regulations. The reuse of water is possible in plants equipped with treatment units and water exchange among plants can be offered by industrial eco-parks. Industrial eco-parks, also commonly known as eco-hubs or eco-parks, manage to reconcile business and the environment, by exchanging materials, energy and information, so as to achieve a triple environmental, social, and financial goal, known as industrial symbiosis.

One problem related to the reduction of water consumption in industries is the lack or scarcity of regeneration units. Another problem to reuse water is linked to the multiple contaminants that must be treated by the processes. As reported in the dedicated literature, the study of a multi-contaminant water network can be simplified by using the commonly called "key parameter" approach. The study of only one "key" contaminant has been presented in [START_REF] Wang | Wastewater minimisation[END_REF][START_REF] Bagajewicz | A robust method to obtain optimal and sub-optimal design and retrofit solutions of water utilization systems with multiple contaminants in process plants[END_REF], however, sometimes it is difficult or impossible to target the key contaminant. Moreover, for multi-objective WAN design, a study based on the key contaminant is valid for the reach of the minimum freshwater target but cannot be implemented for designing an optimal water network regarding several objectives [START_REF] Boix | A multiobjective optimization framework for multicontaminant industrial water network design[END_REF]. Instead of using empirical methods, systemic methodologies based on modeling and optimization can be used to improve the use of water and to design their networks. Several options exist in designing Water Allocation Networks (WAN), Heat Exchange Networks (HEN) or both of them in either sequential or simultaneous approaches referring to Water Allocation and Heat Exchange Network (WAHEN).

The design of optimal WAN minimizing both economic and environmental objectives has been extensively reported in the literature. The general model can be solved by conceptual tools [START_REF] Alva-Argáez | A multi-contaminant transhipment model for mass exchange networks and wastewater minimisation problems[END_REF][START_REF] Foo | State-of-the-art review of pinch analysis techniques for water network synthesis[END_REF][START_REF] Alva-Argáez | The design of water-using systems in petroleum refining using a water-pinch decomposition[END_REF][START_REF] Hou | Simultaneous integration of water and energy on conceptual methodology for both single-and multi-contaminant problems[END_REF]. The water pinch method was first applied to WAN in [START_REF] Wang | Wastewater minimisation[END_REF]. In this work, the multicontaminant problems are analyzed by the identification of the key contaminant considering reused and recycled water. The use of mathematical programming is very common to design the WAN and the type of the involved formulation depends on the nature of the constraints and of the objective function. The model can be formulated either with Non Linear Programming (NLP) or Mixed Integer Non Linear Programming (MINLP). The WAN superstructure was first defined by [START_REF] Takama | Optimal water allocation in a petroleum refinery[END_REF] where the problem is transformed into a series of sub-problems without inequality constraints by employing a penalty function. [START_REF] Savelski | On the optimality conditions of water utilization systems in process plants with single contaminants[END_REF] considered wastewater reuse on the basis of a single contaminant by MINLP by the minimization of the total amount of water. [START_REF] Bagajewicz | A robust method to obtain optimal and sub-optimal design and retrofit solutions of water utilization systems with multiple contaminants in process plants[END_REF] treated the WAN problem as two interacting subsystems, that are the freshwater and wastewater reuse allocation and the wastewater treatment problem. [START_REF] Karuppiah | Global optimization for the synthesis of integrated water systems in chemical processes[END_REF] proposed a model that globally minimizes freshwater and regenerated wastewater by the use of a deterministic spatial branch and contract algorithm. Some stochastic tools such as genetic algorithms have also been used [START_REF] Tsai | Water usage and treatment network design using genetic algorithms[END_REF]. Poplewski et al. (2011) applied the adaptive random search as a stochastic technique to find the optimal network. A detailed literature review of WANs with mathematical models can be found in [START_REF] Bagajewicz | A review of recent design procedures for water networks in refineries and process plants[END_REF][START_REF] Grossmann | Review of optimization models for integrated process water networks and their application to biofuel processes[END_REF][START_REF] Bagajewicz | On the appropriate architecture of the water/wastewater allocation problem in process plants[END_REF].

The most optimized criterion in the WAN design is the freshwater flow rate; other criteria such as regenerated water, mass load, total cost and interconnections are also mentioned. Multi-objective optimization has been addressed in [START_REF] Feng | Grass-roots design of regeneration recycling water networks[END_REF][START_REF] Tudor | Dual-objective optimization of integrated water/wastewater networks[END_REF][START_REF] Boix | A multiobjective optimization framework for multicontaminant industrial water network design[END_REF][START_REF] Deng | Optimization of water network integrated with process models[END_REF][START_REF] De-León Almaraz | Design of a multi-contaminant water allocation network using multi-objective optimization[END_REF].

The WAN optimization is a complex task, especially when multiple contaminants are treated in the same plant with particular emphasis on selecting the use of many regeneration units. The existence of several contaminants has been identified in many works [START_REF] Takama | Optimal water allocation in a petroleum refinery[END_REF][START_REF] Wang | Wastewater minimisation[END_REF][START_REF] Bagajewicz | A robust method to obtain optimal and sub-optimal design and retrofit solutions of water utilization systems with multiple contaminants in process plants[END_REF][START_REF] Gunaratnam | Automated design of total water systems[END_REF][START_REF] Karuppiah | Global optimization for the synthesis of integrated water systems in chemical processes[END_REF][START_REF] Alva-Argáez | The design of water-using systems in petroleum refining using a water-pinch decomposition[END_REF][START_REF] Feng | Grass-roots design of regeneration recycling water networks[END_REF][START_REF] Dong | Simultaneous optimization approach for integrated water-allocation and heat-exchange networks[END_REF][START_REF] Leewongtanawit | Synthesis and optimisation of heat-integrated multiple-contaminant water systems[END_REF][START_REF] Kim | A simultaneous optimization approach for the design of wastewater and heat exchange networks based on cost estimation[END_REF][START_REF] Tudor | Dual-objective optimization of integrated water/wastewater networks[END_REF]Poplewski et al., 2011;[START_REF] Hu | Optimal design of multiple-contaminant regeneration reuse water networks with process decomposition[END_REF][START_REF] Boix | A multiobjective optimization framework for multicontaminant industrial water network design[END_REF][START_REF] Ahmetovi Ć | Simultaneous synthesis of process water and heat exchanger networks[END_REF][START_REF] Deng | Optimization of water network integrated with process models[END_REF][START_REF] Hou | Simultaneous integration of water and energy on conceptual methodology for both single-and multi-contaminant problems[END_REF][START_REF] Ibri Ć | Simultaneous optimization of water and energy within integrated water networks[END_REF][START_REF] De-León Almaraz | Design of a multi-contaminant water allocation network using multi-objective optimization[END_REF]Yan et al., 2016a), some of these works involve not only WAN but also HEN optimization. However, the water treatment or recycling in the network has been considered in fewer works [START_REF] Takama | Optimal water allocation in a petroleum refinery[END_REF][START_REF] Gunaratnam | Automated design of total water systems[END_REF][START_REF] Karuppiah | Global optimization for the synthesis of integrated water systems in chemical processes[END_REF][START_REF] Feng | Grass-roots design of regeneration recycling water networks[END_REF][START_REF] Dong | Simultaneous optimization approach for integrated water-allocation and heat-exchange networks[END_REF]Poplewski et al., 2011;[START_REF] Boix | A multiobjective optimization framework for multicontaminant industrial water network design[END_REF][START_REF] Tudor | Dual-objective optimization of integrated water/wastewater networks[END_REF][START_REF] Ibri Ć | Simultaneous optimization of water and energy within integrated water networks[END_REF][START_REF] Yang | Water network optimization with wastewater regeneration models[END_REF]. This is an important issue because one of the problems in reducing the water consumption in industries is the lack of regeneration units or the bad use of them. In the mathematical model, the addition of constraints related to the regeneration units gives more complexity to the WAN design especially when several processes and contaminants are also involved resulting in a large-size problem.

The problem size definition could vary but in the literature, a "large-size" or "complex" network has been labeled in [START_REF] Takama | Optimal water allocation in a petroleum refinery[END_REF][START_REF] Karuppiah | Global optimization for the synthesis of integrated water systems in chemical processes[END_REF][START_REF] Ibri Ć | Simultaneous optimization of water and energy within integrated water networks[END_REF][START_REF] Leewongtanawit | Synthesis and optimisation of heat-integrated multiple-contaminant water systems[END_REF][START_REF] Liu | Simultaneous integration of water and energy in heat-integrated water allocation networks[END_REF] for problems that represent an industrial network with more than 3 processes, 3 regeneration units and 3 contaminants. This type of configuration increases the combinatorial nature of the problem especially when the HEN is also solved because many hot and cold streams are also integrated.

With respect to heat exchange network synthesis, some methodologies have been developed using conceptual design approaches (such as Pinch analysis, source-demand energy composite curves, graphical thermodynamic rule, heat surplus diagrams, and water energy balance diagrams), mathematical programming (MP) and hybrid models. Nowadays, the most used process integration technique is the Pinch analysis first presented in [START_REF] Linnhoff | The pinch design method for heat exchanger networks[END_REF] and published in several works (e.g., [START_REF] Savulescu | Studies on simultaneous energy and water minimisation-Part II: systems with maximum re-use of water[END_REF][START_REF] Allen | Optimizing heat exchanger networks with genetic algorithms for designing each heat exchanger including condensers[END_REF]. This technique is the simplest one but relies on heuristic rules and proposes a good HEN configuration by the maximization of heat recovery optimization. The steps that need to be followed in the Pinch analysis are: (a) identification of the energy targets through composite curves and grand composite curve, (b) establishing the optimum T min , for the process, (c) obtaining the new composite curve and grand composite curve with the optimum T min , (d) obtaining the pinch point and the minimum energy requirement (MER) for hot and cold utilities, (e) the problem is then partitioned into sub-networks disallowing exchangers to be placed across the pinch point establishing the proper HEN based on this results [START_REF] Morar | Review: important contributions in development and improvement of the heat integration techniques[END_REF]. Pinch has evolved over time to analyze detailed streams analysis per process to identify the cheapest ways when heat recovery is maximized to reduce the utilities use, etc.

Besides, mathematical modeling to design the HEN has also been largely explored by the scientific community. The main advantage of this approach is that it can be coupled in some cases with the WAN formulation to have a one-step optimization. In mathematical modeling there are five main types of heat integration problems: area targeting, simultaneous area and energy targeting (Yee et al., 1990a), modeling of multistreams exchangers, synthesis (Yee and Grossmann, 1990), simultaneous process and HEN synthesis (Yee et al., 1990b). Similarly to the WAN problem, the HEN model can be NLP or MINLP. In the general formulation, the total annual cost (utility cost, area cost and fixed charges for exchanger units) are optimized.

Different strategies have been developed to design the WAHEN which can be optimized sequentially from the WAN flow sheet or simultaneously. Although the sequential method could be considered as an old method, some recent works have used the two-step optimization. Je żowski et al. ( 2007) used adaptive random search for WAN design and genetic algorithms (GA) for the HEN design. [START_REF] Boix | Minimizing water and energy consumptions in water and heat exchange networks[END_REF] proposed a multi-objective optimization based on a two-stage approach for WAN and subsequently HEN optimization to solve water and energy allocation problem with four criteria, i.e., freshwater consumption, energy consumption, number of interconnections and number of heat exchangers. Ibri ć et al. (2014) proposed an efficient two-step solution strategy for obtaining a set of multiple locally optimal solutions. Firstly, the NLP/MINLP targeting model was solved in order to provide an initialization point and constraints for solving the second MINLP model minimizing the total annual cost (TAC) of the network. Short et al. (2016) used the model of Yee and Grossmann (1990) to initialize solutions and improve it to converge on a real design.

Recently, simultaneous approaches have been widely used for non-isothermal streams mixing [START_REF] Bogataj | Synthesis of non-isothermal heat integrated water networks in chemical processes[END_REF], in the case of mono-contaminant or multi-contaminant networks [START_REF] Liao | Systematic optimization of heat-integrated water allocation networks[END_REF][START_REF] Leewongtanawit | Synthesis and optimisation of heat-integrated multiple-contaminant water systems[END_REF][START_REF] Dong | Simultaneous optimization approach for integrated water-allocation and heat-exchange networks[END_REF][START_REF] Bogataj | Synthesis of non-isothermal heat integrated water networks in chemical processes[END_REF][START_REF] Ahmetovi Ć | Simultaneous optimization of heat-integrated water networks involving process-to-process streams for heat integration[END_REF][START_REF] Chen | Simultaneous optimization of water and heat exchange networks[END_REF][START_REF] Hou | Simultaneous integration of water and energy on conceptual methodology for both single-and multi-contaminant problems[END_REF][START_REF] Zhou | Simultaneous optimization of heat-integrated water allocation networks using the mathematical model with equilibrium constraints strategy[END_REF]Yan et al., 2016b). A thorough review of the related works can be found in [START_REF] Morar | Review: important contributions in development and improvement of the heat integration techniques[END_REF][START_REF] Ahmetovi Ć | Water and energy integration: a comprehensive literature review of non-isothermal water network synthesis[END_REF]. Another approach is based on the use of artificial intelligence tools such as multi-objective GA [START_REF] Agarwal | Multiobjective optimal design of heat exchanger networks using new adaptations of the elitist nondominated sorting genetic algorithm[END_REF] and simulated annealing [START_REF] Dolan | Algorithmic efficiency of simulated annealing for heat exchanger network design[END_REF]. Finally, there are also some hybrid models, for example, the study of [START_REF] Manan | A new technique for simultaneous water and energy minimisation in process plant[END_REF] that presents a new technique for simultaneous minimization of water and energy in process plants through a combination of numerical and graphical tools.

Comparing both sequential and simultaneous approaches, both of them have advantages and drawbacks. The main limitation of sequential methods is that on the one hand the WAN configuration is imposed with a given cost and thus leading to a suboptimal network solution when tackling HEN optimization in a second phase. A different network design could be obtained with simultaneous optimization and the HEN designed for an allocated water network may not correspond to a minimum operation cost. On the other hand, this methodology has also specific advantages. First of all, it can capture a tradeoff among several criteria and not only the TAC. Second, it can be applied to larger problems and the possibility to study the water regeneration in the first step exists. A water-energy allocation network can be designed more easily by solving the sequential mathematical model than the simultaneous mathematical model, thus leading to an efficient although suboptimal solution. Finally, it can greatly reduce the complexity of subsequent HEN design and at the same time to make possible to solve larger and more complex HEN networks.

Meanwhile simultaneous optimization is difficult to be implemented for large problems because of the combinatorial aspect. In most works, the regeneration of water cannot be considered with this approach except in the study of [START_REF] Dong | Simultaneous optimization approach for integrated water-allocation and heat-exchange networks[END_REF] where a problem with 3 processes, 1 contaminant 2 treatment units is solved, thus highlighting the difficulty to deal with larger problems and the integration of regeneration units. The improvement of simultaneous WAHEN networks with several treatment units remains a challenge. As presented in [START_REF] Ahmetovi Ć | Water and energy integration: a comprehensive literature review of non-isothermal water network synthesis[END_REF], several papers published in the literature have addressed these issues but only small and medium size problems were solved due to the abovementioned complexities of the overall synthesis problem. New solution strategies and tools are thus required for solving large-scale water, wastewater, and heat exchanger networks simultaneously due to high computational costs. Anyway, the efforts to simultaneously WAHEN optimization are extremely important especially for solving the overall synthesis problems including large-scale and industrial examples.

In that context, the objective of this work is to propose and validate a robust methodology for designing Water Allocation and Heat Exchange Networks (WAHEN) for large problems with several processes, regeneration units and contaminants. The methodology proposed in this work will be supported by the case study of a simplified petroleum refinery [START_REF] Gunaratnam | Automated design of total water systems[END_REF] with five processes, three contaminants and three regeneration units. To our knowledge, the HEN has not been yet carried out for the abovementioned case study. It must be highlighted that the temperature targets were lacking in the original case study, this explains why a data analysis was carried out in this work to fill this lack. The originality of this work is that different input and output temperatures are integrated in each process and each regeneration unit and that the change of phase of some streams in the HEN can occur, which has not been reported in the WAHEN literature to our knowledge. A two-step sequential procedure is proposed for the combined design of WAN and HEN. In the WAN step, the multi-objective optimization methodology previously presented in [START_REF] De-León Almaraz | Design of a multi-contaminant water allocation network using multi-objective optimization[END_REF] is tackled. The optimization criteria for the WAN involves the minimization of freshwater flow rate, interconnections, regenerated water and wastewater by the application of the -constraint method. In the HEN design step, two different methodologies will be applied, i.e., Pinch analysis and mathematical programming in order to compare and validate the obtained results by the minimization of utilities requirement and TAC. The use of conceptual tools and mathematical modeling in the second step is particularly appropriate to generate comparative scenarios. These results will serve as a reference to move forward the simultaneous WAHEN design. The remainder of this paper is organized as follows: Section 2 is dedicated to the methodology presentation including the WAN and HEN general formulations and the solution strategy. The case study is presented in Section 3. Section 4 is dedicated to the result analysis. Finally, conclusions and perspectives are given.

Methodology

Problem statement

Both for simultaneous and sequential approaches (in mathematical programming), the use of several sets related to multiple options for processes, regeneration units and contaminants, increases the number of variables leading to a combinatorial problem in which large problems are difficult to solve. Moreover, for either WAN or HEN formulations, the use of binary variables (if necessary) and the non-linearity of the problem increase the computational complexity. For HEN optimization, both conceptual tools and mathematical modeling offer good trade-offs. In the case of simultaneous optimization, the initialization step is very important to reach feasible solutions. In our study, the exploration and validation of methodologies to solve large multi-contaminant problems are mandatory in order to identify potential barriers, propose new strategies and move forward the one-step optimization.

The general WAHEN framework presented in Fig. 1 considers two stages (A and B). In stage A, step A.1 consists in optimizing the WAN by multi-objective optimization following the methodology presented by [START_REF] Boix | A multiobjective optimization framework for multicontaminant industrial water network design[END_REF]; the use of this procedure was previously justified in [START_REF] De-León Almaraz | Design of a multi-contaminant water allocation network using multi-objective optimization[END_REF] and is briefly explained in Section 2.2. Step A.2 is the HEN optimization comparing two well-known frameworks, the Pinch analysis [START_REF] Linnhoff | The pinch design method for heat exchanger networks[END_REF]) and the mathematical model of Yee and Grossmann (1990). Stage B consists of the simultaneous representation of the WAHEN for feasibility analysis.

It must be emphasized that only few works have been reported to tackle such problems in the literature. [START_REF] Dong | Simultaneous optimization approach for integrated water-allocation and heat-exchange networks[END_REF] presented an interesting approach to apply simultaneous optimization of the WAHEN by the minimization of the TAC. Many processes, generation units and contaminants can be treated but only medium problems were solved and the multi-contaminant case does not consider treatment units. [START_REF] Liu | Simultaneous integration of water and energy in heat-integrated water allocation networks[END_REF] solved also similar problems but, the combinatorial complexities are avoided by the application of simpler case studies (e.g., 15 process units, 1 contaminant and 1 treatment unit). Ibri ć et al. ( 2014) solved problems closer to those presented in the proposed work (e.g., 4 processes, 2 contaminants and 2 treatment units/3 processes, 3 contaminants and 3 treatment units) by the use of a two-step solution strategy including targeting and design steps. The main difference with the methodology presented in this work is the possibility to apply multi-objective optimization, to target input and output temperatures and to analyze the change of phase.

General superstructure of the Water Allocation Network (WAN)

A general superstructure for WAN modelling is presented in Fig. 2. From a given number of processes (j, k) and regeneration units (l, m), all the possible connections between them may exist, except regeneration recycling to the same regeneration unit or from a process to the same one.

The input water flow rate in a process unit can be freshwater, used water coming from other processes and/or recycled water coming from a regeneration unit. Each task performed by a given process contaminates its input water up to a given mass fraction. Several contaminants (i) can exist in the system. Input or output contaminant mass fractions (ppm) which are imposed by the user, will constitute bounds for the optimization problem. The water output for such a process may be directly discharged and distributed to all other processes units then to regeneration units. Similarly, for a regeneration unit the input water may come from either processes unit or other regeneration units. The regeneration units have a given processing capacity. Regenerated water may be reused in the processes or directed to other regeneration units. The amount of pollutant i generated by a process j denoted M i,j is expressed in mass flow rate (g h -1 ) in order to have consistent units with Fig. 2 -Generic elements of the superstructure [START_REF] Boix | A multiobjective optimization framework for multicontaminant industrial water network design[END_REF].

the water flow rate (t h -1 ) and the contaminant mass fraction (ppm). In this work we assume that the values of inlet and outlet concentrations of contaminant and the mass load of the water process units are constant and that freshwater is free of contaminant. Finally, for water balance in discharge, water input may come from any process unit or regeneration unit depending on maximal contaminant load limit.

For reasons of brevity, the equations are not presented here but the whole mathematical model can be found in Appendix A. The model includes water balances, mass balances of contaminant in processes and discharge, bounds on inlet and outlet concentrations of each process and regeneration unit. In general, the variables are the water flow rates in the whole system. Although the approach is a "black box", some parameters must be clearly defined, i.e., the number of units (process and regeneration), the concentration bounds for each process (ppm), the contaminant load in each process (g h -1 ) and the performance of the treatment units for each the contaminant (fractional yields).

Several objective functions presented in the works of [START_REF] Boix | A multiobjective optimization framework for multicontaminant industrial water network design[END_REF][START_REF] Feng | Grass-roots design of regeneration recycling water networks[END_REF] can be used to solve a multi-contaminant problem with many regeneration units minimizing the total flow rate of freshwater (FW) in the network (T h -1 ) and the regeneration unit flow rate (T h -1 ). These are important criteria as they are antagonist and different solution strategies to solve the multi-objective problem can be proposed. Moreover, the interconnections among processes and treatment units could also be minimized.

In this work, the optimization of four criteria is proposed, i.e., the interconnections (Y), the fresh water flow rate (FW), the regenerated water (RW) and the wastewater (WW). Although four objectives are minimized, the number of objective functions (OF) can be reduced to two by the use of a global cost function that include FW, RW and WW as proposed by [START_REF] Boix | A multiobjective optimization framework for multicontaminant industrial water network design[END_REF]. This OF is called Global Equivalent Cost (GEC) and is expressed in equivalent of water flow rate (T h -1 ). The GEC allows expressing the overall cost of the network in amount of freshwater. In GEC calculation in Eq. (E1), the FW, RW and WW are weighted by their contributions relative to the freshwater (equal to 1). Consequently, three criteria are merged into only one according to the following relation:

GEC = FW + ˛RW + ˇWW (E1)
In E1, ˛and ˇare cost elements respectively related to the regenerated water cost and post-treatment cost for water sent to the discharge; ˛depends on the type of regeneration technology (see Table 2) and ˇis fixed to 5.625 according to [START_REF] Bagajewicz | On the appropriate architecture of the water/wastewater allocation problem in process plants[END_REF].

The second objective function to be minimized is the number of interconnections in the network (presented in E2) where the number of connections is given by the sum of the binary variables Y among the processes j where Y FW j is the input connection of freshwater to a process j, Y j,k represents a connection between processes j and k, Y j,l is the connection between processes j and regeneration unit l and vice versa for the case of Y l,j and finally Y l,m is the link between regeneration units.

Interconnections = j Y FW j + j,k Y j,k + j,l Y j,l + l,j Y l,j + l,m Y l,m j / = k, l / = m (E2)
The general model involving some nonlinear constraints is then defined as an NLP formulation but if the interconnections criterion is added, the model becomes of MINLP nature because of the use of binary variables Y related to the existence or not of an interconnection between processes and/regeneration units. The use of binary variables gives more complexity to the model and generalized disjunctive programming (GDP) is used. In the WAN problem, each disjunction is treated through a Big-M constraint (see also Section 2.4.1). M is a large number and will be related to the binary variables (see Appendix A). This formulation is easy to code and very useful in the implementation of the -constraint method. The MINLP model has been validated as a good trade-off in [START_REF] De-León Almaraz | Design of a multi-contaminant water allocation network using multi-objective optimization[END_REF].

General superstructure of the Heat Exchange Network (HEN)

In the design of the HEN for the sequential approach, the WAN superstructure of the abovementioned model is the base flow sheet. In addition, the HEN requires stream targeting for pairing (matching) them. As previously explained, two methodologies will be applied to the same case study in order to compare the results. In this section, the Pinch analysis and the mathematical model proposed by Yee and Grossmann (1990) are briefly presented.

HEN design by Pinch analysis

The Pinch analysis is developed to build a base solution for the case study of [START_REF] Gunaratnam | Automated design of total water systems[END_REF] that has not been previously solved for the HEN design. This solution step will give us a reference about the relevance, advantages and disadvantages of Pinch vs. mathematical programming. In this approach the minimum energy requirement (MER) is found by the elaboration of composite curves. The Pinch point with T min equal to10 • C is identified so that the design of heat sub-networks can be carried out. The Pinch method offers several advantages because is the simplest technique, easy to use and with immediate results. Its efficiency and applicability to many industrial saving energy problems has been demonstrated, but a global WAHEN optimization with only one stage is not possible as a conceptual tool. Even if this methodology is easy to be implemented, the use many heuristic rules is required to find a good trade-off between the "calculation" time and the efficiency of the solution keeping the MER target but at the same time limiting the number of sub-streams and heat exchangers (with small areas).

HEN design by mathematical programming

In this study, the model presented by Yee and Grossmann (1990) is implemented. A general two-stage representation for heat integration is shown in the superstructure in Fig. 3.

Given are:

the process flow sheet or the WAN superstructure; -a set of hot process streams HP to be cooled; a set of cold process CP streams to be heated; -heat capacity flow rates (FCp) and the initial target temperatures (TIN); -a set of hot utilities (HU) and cold utilities (CU) and their corresponding temperatures; and economic data such as costs of utilities, exchangers, etc.

The number of stages NOK = max (N h and N C ) in (Yee and Grossmann, 1990) where N h and N C are the total number of hot and cold streams respectively. In this study, some variations in the NOK value are considered: NOK ≤ max (N h and N C ) will be used as also presented in (Yan et al., 2016b). With this modification, two advantages are found, first reducing the number of binary variables and the continuous variables related to them and second avoiding the problem to find a solution in the upper bound of the NOK or very close to the maximal number of stages. It has been found that if this is the case, a new optimization should be done to relax the problem. A post-optimal analysis with the Lagrange parameters could improve the setting of the NOK parameter.

The decision variables involve the utility energy requirement for the network (auxiliary utilities as fuel, steam, cooling water, refrigeration, etc.), matches between streams and/or stream-utility and the number of heat exchangers. Binary variables are introduced to represent the existence of each potential heat exchanger in the superstructure. Continuous variables are assigned to operating temperatures, heat loads and areas of each exchanger.

The general model involves overall heat balances for each stream, stream energy balances at each stage, assignment of known stage temperatures, calculation of hot and coal utility loads, logical constraints and calculation of approach temperatures. Only one type of hot and cold utility is considered. Isothermal mixing is assumed to use linear constraints. For simplicity, utility streams are assumed to be placed at the extreme ends of the sequence of stages.

With this model, the network configuration and flows for all branches is found. This approach does rely neither on the assumption of fixed temperature approaches such as the heat recovery approach temperature (HRAT) or the exchanger minimum approach temperature (EMAT), nor on the prediction of the pinch point for the partitioning into sub-networks, and on the number of exchangers and matches (Yee and Grossmann, 1990). With this model, the pinch point location is not predetermined but rather optimized simultaneously. In this work, we assume that the process and treatment units work isothermally and continuously and no water and heat losses or gains are considered. The liquid water streams have a constant heat capacity (c p = 4.18 kJ kg -1 K -1 ).

The objective is to determine the heat exchanger network which exhibits the lowest annual cost by minimizing the utility cost, area cost and fixed charges for exchanger units simultaneously (see (E3)). The Total Annual Cost (TAC) is the addition of the investment cost of heat exchangers (i.e., exchanger cost C EC multiplied by the binary variables related to the exchangers between hot-cold streams Z i,j,k and utilities exchangers zcu i and zhu i . Area cost is equal to the area cost coefficient for heat exchangers and utility units C A multiplied by its area A as shown in Eq. ( E4)); the utility cost (by the addition of the cost of HU and CU (C HU and C CU ) by the energy exchanged between streams and hot (qhu) or cold (qcu) utilities) and the cost of water (CW).

TAC = i,j,k C EC i,j × z i,j,k + i C EC i × zcu i + j C EC j × zhu j + i,j,k C A i,j × A int i,j,k + i C A i × A uhu i ˇ+ j C A j × A ucu j ˇ+ i C CU qcu i + j C HU qhu j + CW (E3)
The nonlinearity of the model is given by the area calculation where the logarithmic mean temperature difference (LMDT) is approximated using the [START_REF] Chen | Comments on improvements on a replacement for the logarithmic mean[END_REF]) equation, see an example in Eq. (E4) where the area of inter-streams heat exchanger is calculated. In this expression, q i,j,k is the energy exchanged between hot stream i and cold stream j in stage k, dt i,j,k is the approach between i and j at location k and hh i and hc j are partial heat transfer coefficients for hot and cold stream-individual film.

A int i,j,k = q i,j,k × 1 hh i + 1 hc j dt i,j,k × dt i,j,k+1 × dt i,j,k +dt i,j,k+1 2 1/3 (E4)
The HEN mathematical model can also be found in the GAMS library as the SYNHEAT model (Yee and Grossmann, 1990). For comparison, the same way to calculate the TAC is applied to the HEN configuration found by Pinch analysis.

Solution strategy

WAN design by multi-objective optimization

The solution strategy for stage A.1 (WAN design) for multiobjective optimization uses lexicographic and -constraint methods. Lexicographic problems arise naturally when conflicting objectives exist in a decision problem but for reasons outside the control of the decision maker the objectives have to be considered in a hierarchical manner [START_REF] Khorram | Sensitivity analysis on the priority of the objective functions in lexicographic multiple objective linear programs[END_REF], in the case of this methodology, it is useful to generate a pay-off table. This method can be viewed as "a priori" approach with aggregation using constraints in a decoupled method. In order solve the multi-objective problem, the following procedure known as the sequential method is adopted: first, minimize f1(x), and determines an optimal solution x * (f1(x * ) = ˇ1). Next, the problem is solved minimizing f2(x) subject to f1(x * ) = ˇ1, and so on until the last objective function fn is optimized. This procedure allows finding lower and upper bounds for each objective function to be used in the -constraint method. As previously presented in Section 2.2, the chosen WAN formulation involves two criteria: f1 = interconnections and f2 = GEC. In order to find the solution range, we optimized each objective function separately and followed the lexicographic method for each of them.

In the -constraint method, introduced by Haimes et al. (1971) all but one objective are converted into constraints by setting an upper or lower bound to each of them, and only one objective is to be optimized [START_REF] Liu | Multiobjective optimisation of production, distribution and capacity planning of global supply chains in the process industry[END_REF]. By varying the numerical values of the upper bounds, a Pareto front can be obtained. The main difficulty of this method lies in determining Nadir points (where the criteria are their worst values) but the previous application of the lexicographic method reduce this difficulty as reported in [START_REF] Mavrotas | Generation of efficient solutions in multiobjective mathematical programming problems using GAMS, effective implementation of the -constraint method[END_REF][START_REF] Mavrotas | Effective implementation of the -constraint method in multi-objective mathematical programming problems[END_REF]. In our specific case, the f1 (number of interconnections) is converted into a model constraint and f2 (GEC) is optimized each time that the -value of f1 is modified in the set of its intermediate values among the upper and lower bounds for f1. Following this procedure, the Pareto front (a set of trade-off solutions equivalent to WAN superstructure) can be obtained. Finally, a Multi-Criteria Aid Decision Making (MCDM) tool based on the so-called M-TOPSIS method [START_REF] Ren | Comparative Analysis of a NovelM-TOPSISMethod and TOPSIS[END_REF] (Modified Technique for Order of Preference by Similarity to Ideal Solution) is used to choose the best tradeoff solution. The MINLP problem is solved in GAMS [START_REF] Brooke | GAMS, A User's Guide[END_REF] using the Bonmin solver. This part of the methodology was applied in [START_REF] De-León Almaraz | Design of a multi-contaminant water allocation network using multi-objective optimization[END_REF] and results concerning the Pareto Front and the multi-objective approach can be found. In this study, the WAN configuration following this methodology is the starting point.

One particular challenge in the WAN formulation is the correct setting of some parameters used for generalized disjunctive programming (GDP). GDP representation has been very useful to represent WAN and HEN process networks by the use of two main methods: Big-M, HR reformulation [START_REF] Lee | A global optimization algorithm for nonconvex generalized disjunctive programming and applications to process systems[END_REF]. In the WAN problem, each disjunction is treated through a Big-M constraint. For example in Eq. (E5), M is a large number, Yp j→k represents a binary variable, if Yp j→k is 1 and M is large enough, then the water flow rate between j and k (wp j→k i

) could be zero or lower than M. In this way the disjunction programming is represented by a set of Big-M constraints (all equation can be found in [START_REF] Boix | A multiobjective optimization framework for multicontaminant industrial water network design[END_REF] wp j→k ≤ Yp j→k × M (E5)

Two main indicators can be evaluated for GDP: how large the reformulation is (the larger the reformulation is the most difficult will be for the solver to find a solution) and the relaxation, to analyze what happens with the feasible region when the binary variables are all transformed to continuous variables, if the new relaxed feasible solution is larger than in the MINLP problem, to find a feasible solution is more difficult, because of this, the value of the Big-M should be as tight as possible. It is very important to find a tight Big-M value to avoid the optimizer to branch in a wrong direction because of a weak relaxation. A general way to target the Big-M value can be done by trying a very large number and if a feasible solution is found, the Big-M value can be decreased gradually in order to help the optimizer to make good branching decisions, the Lagrange post-optimal analysis can also be useful. In this work we dealt directly with this problem and the sensitivity of the Big-M for the WAN optimization.

HEN design and change of phase approach

HEN optimization of Stage A.2.1 is solved following the Pinch method under the MER constraint, the TAC is then calculated. Stage A.2.2 is solved by mono-objective optimization (minimizing the total annual cost) in GAMS with the model presented in (Yee and Grossmann, 1990) solved by Couenne.

Strategy for change of phase for the HEN design

Some real problems present the particularity to have different inlet and outlet water temperatures for a process and a change Table 1 -Case study process data. All references (except temperature) from [START_REF] Feng | Grass-roots design of regeneration recycling water networks[END_REF][START_REF] Gunaratnam | Automated design of total water systems[END_REF]. of phase could take place. For example, in the considered case study, in the steam stripping unit (a physical separation process where one or more components are removed from a liquid stream by a vapor stream) the steam enters at 180 • C at 10 bar pressure (see Table 1) and the condensed water exits the unit at 110 • C at 1.5 bar pressure (assumed targets based in [START_REF] Berné | Traitement Des Eaux, 1st ed. Technip[END_REF]IPP, 2015). As the processes are considered as black boxes, the internal change of phase is beyond the limits of this work. Nevertheless, the change of phase of HEN targeted streams have to be taken into account. If for example, the WAN optimized network results in a water connection from freshwater (20 • C) to the steam stripper (inlet temperature = 180 • C), the change of phase occurs. In order to calculate the latent and sensible heat and to take advantage of the flexibility that the two-step methodology for the WAHEN design offers, the total heat for a specific stream with change of phase could be calculated as follows:

(1) Optimize the WAN in order to obtain the matches between processes and to target the hot and cold streams. (2) Identify the heat capacity for liquid targets, in this work, a constant value of c p = 4.18 kJ/kg • C is assumed. (3) Identify the latent value of vaporization (LV) for a given steam target. (4) Calculate the apparent heat capacity (fictive heat capacity) of the steam target by the use of in Eq. ( E6). This value allows taking into account the heat amount when evaporation is required.

* c ps = LV s + c p1 (T s -T l ) (T s -T l ) (E6)
where, * c ps is the apparent heat capacity (kJ/kg • C) of the steam target. LV s is the latent value (kJ/kg).of the steam target (previously identified), c pl is the liquid water heat capacity (kJ/kg • C) and T s and T l are temperatures ( • C) for steam and liquid targets respectively. (5) Calculate the total heat (Q in kW) for the match as shown in Eq. ( E7), where F is the flow rate.

Q = F ( * c ps ) (T s -T l ) (E7)
With this procedure, the total heat when evaporation exists is obtained, however, it is necessary to distinguish between the sensible and the latent heat because only the former can be used for heat exchange between streams; the latent heat should be supplied by utilities. The latent heat (LH) can be found as follows:

LH = LV × F (E8)
The sensible heat (SH) could be calculated simply by in Eq. ( E9):

SH = F c pl (T l -T s ) (E9)
The validity of the calculation of * c ps can be justified: Q = LH + SH. In the Pinch analysis and mathematical approach, it is not possible to work with the Q value because most of the heat is supplied by utilities. In order to avoid unnecessary complexity to the problem, the idea is to use the SH value to design the Heat Exchange Network and after the optimization adding the LH value which will be provided by the utilities (see an example in Fig. 10). In order to illustrate the procedure, the previous example of a stream with T l = 20 • C and T s = 180 • C is analyzed. Respective value of c pl = 4.18 kJ/kg • C and * c ps = 16.76 kJ/kg • C are obtained with LV s = 2013.56 kJ/kg. The flow rate is 50 t h -1 . A total heat value, (Q) equal to 37,255 kW is obtained (hot utility is required) with LH = 27,966 kW and SH = 9289 kW. The sensible heat is then used for match exchange in the mathematical model.

3.

Case study

A case study for a simplified petroleum refinery [START_REF] Gunaratnam | Automated design of total water systems[END_REF] is treated and analyzed to design the WAHEN. The problem consists of 5 water processes (O1: stream stripping, O2: hydro desulfurization (HDS-1), O3: desalter, O4: vacuum distillation unit (VDU) and O5: HDS-2) and 3 treatment units (T1: steam-stripping column, T2: biological treatment unit, T3: API separator) with three contaminants (i.e., hydrocarbon (HC), hydrogen sulfide (H 2 S), and suspended solids (SS)).

The regeneration units are defined by their given efficiency depending on the contaminant under treatment. The regeneration units treat wastewater up to a fixed post-regeneration concentration for each contaminant. The database presented in Tables 1 and2 have been used for the WAN design. In Overall and partial heat transfer coefficients for hot and cold streams

U = 0.8, h = 1.6 kW/(m 2 • C) U m,HU -h m,HU
Overall and partial heat transfer coefficients for cold stream and hot utility

U = 1.2, h = 4.8 kW/(m 2 • C) U k,CU -h l,CU
Overall and partial heat transfer coefficients for hot stream and cold utility U = 0.8, h = 1.6 kW/(m previous works [START_REF] Gunaratnam | Automated design of total water systems[END_REF][START_REF] Feng | Grass-roots design of regeneration recycling water networks[END_REF][START_REF] Boix | A multiobjective optimization framework for multicontaminant industrial water network design[END_REF], the HEN optimization has not been implemented due to lack of data. As previously explained, the originality of this work is that different input and output temperatures are integrated in each process and regeneration unit and that the change of phase of some streams in the HEN can take place. For the abovementioned simplified petroleum refinery and processes, high temperatures are needed in some cases and the inlet and outlet temperatures are different. Additional information is required for the HEN design as economic and technical data related to heat exchangers and utilities and their respective costs. They are displayed in Table 3.

Results and discussion

Stage A.1: Water Allocation Network

Some previous results obtained for Water Allocation Network by multi-objective optimization are presented in [START_REF] De-León Almaraz | Design of a multi-contaminant water allocation network using multi-objective optimization[END_REF]. In this work, we focus only in the superstructure obtained by minimizing the GEC and the interconnections as previously explained in Section 2. The MINLP model involves 234 continuous variables, 77 discrete variables and 455 equations. The optimization runs were implemented with an Intel (R) Core (TM) 17-3540 CPU @3.00 GHz processor machine.

The bi-objective optimization parameterized by the interconnection number (between processes or regeneration units) is carried out in the range of 9-16 connections optimizing the GEC. According to the Pareto front (see Fig. 4), with an increasing interconnection number, the GEC decreases but, above 14 interconnections, the GEC remains almost the same, this can be due to the fact that the number of connections does not [START_REF] De-León Almaraz | Design of a multi-contaminant water allocation network using multi-objective optimization[END_REF].

have an impact on the cost. If both the GEC and interconnection numbers are considered, the most preferred network includes 11 connections between processes/treatment units or 15 total connections considering discharge. According to the TOPSIS analysis this configuration uses 58 T h -1 of freshwater and regenerates 164 T h -1 of used water. The GEC of this network solution is 745 T h -1 when FW and RW flow rates are considered and 1071 T h -1 when also the WW is taken into account. The WAN network is shown in Fig. 5. It is highlighted that the main advantage of this configuration is the use of less interconnections where low flow rates are discarded. The results obtained in the study of [START_REF] Feng | Grass-roots design of regeneration recycling water networks[END_REF] are useful for validation proposes. The main difference when using the number of interconnections as a criterion to be optimized is that low water flow rates are discarded. In Fig. 5, the temperatures are displayed, with this information is possible to target hot and cold streams and to work on the design of the HEN. A difference in inlet and outlet temperature is given in some processes (e.g., the inlet water temperature in process 1 (steam stripping) is 180 • C (steam with a latent heat value of 2013.56 kJ/kg at 10 bar) and its outlet temperature is 110 • C at 1.4 bar). For this case study, the phase change has been analyzed concluding that for vapor and liquid streams is possible to distinguish between sensible and latent heat. The first one can be used for heat exchange between streams; the last one should be supplied by utilities. An exhaustive research of temperature targets has been carried out because these parameters are very sensible in the model determining the HEN design.

Stage A.2.1: Heat Exchange Network by Pinch analysis

From the WAN configuration, 6 cold streams and 8 hot streams are targeted. In order to have reference results for our case study in the HEN stage, the heuristic Pinch methodology has been applied. The objective is to identify the solutions with the minimal energy requirement (MER). The temperature intervals are shown in Fig. 6. In the Grand Composite Curve (see Fig. 7) the Pinch point is found at 40 • C, the need of 1638 kW of CU and 12,334 kW of HU are detected. In our specific case study, 32,000 kW are necessary for evaporation purposes but this is latent heat and cannot be supplied by HU. For the streams where saturated water vapor is used and the phase change takes place, the pressure and latent values are used. The sensible heat is then used for match exchange. The resulting configuration is presented in Fig. 8 where no heat exchangers are placed across the pinch point. This network has a total of 22 heat exchangers and requires a total of 6985 kg and a total annual cost of M$ 6.43 having the main impact in utility cost (M$ 4.96). The detailed cost for utilities, heat exchangers surface, water, etc. can be found in Table 4.

Stage A.2.2: Heat Exchange Network by mathematical programming

The stage-wise model resulted for the case study in NOK = 4 even if the maximum number of streams is 8, then we have a four-stage superstructure where exchange may take place across the pinch point. The model size involves 627 continuous variables and 158 discrete variables. The GAMS solver used is Couenne with a computational time of around 2.5 h. The resulting HEN is displayed in Fig. 9. This configuration is slightly cheaper than the one designed by Pinch method (6.4 vs. 6.43 M$). The total number of heat exchangers is the same but the distribution of heat exchanger is different. The cost for utilities, heat exchangers surface, water, etc. is presented in detail in Table 4.

Stage B: Simultaneous representation of WAHEN

The result comparison between both HEN approaches can be found in Table 5. The WAHEN design is presented in Fig. 10. The optimized WAN configuration (see Fig. 5) is coupled with the network obtained by the mathematical programming approach because these resulted in a cheaper network (Fig. 9). This type of representations seems useful for real time implementation purposes in order to assess the feasibility of the network, to add extra constraints, to avoid certain matches and to set preferred matches, etc.

Conclusions and perspectives

In this paper, a sequential design methodology for WAHEN has been developed and applied to a large multi-contaminant network considering 5 processes, 3 regeneration units and 3 contaminants. A detailed preliminary study on the design of reliable databases was carried out in this study and is mandatory in real projects before the application of our methodology, because the WAN and HEN problems are mainly modeled by balance equations through equality constraints.

Consequently, any change in the input parameters has a great influence on the results of both the water and energy networks. In the first WAN optimization step by multiobjective optimization, the framework of [START_REF] Boix | A multiobjective optimization framework for multicontaminant industrial water network design[END_REF] was extended by an optimization step minimizing the interconnections and the GEC through lexicographic and -constraint methods. Taking into account several contaminants and regeneration units results in a complex network design but the proposed methodology guarantees a good trade-off solution from the Pareto front. The flow sheet obtained from this step was used as a starting point to design the HEN by two well-known methodologies for comparison purposes: Pinch and mathematical programming (Yee and Grossmann, 1990). The Pinch analysis is easy to implement and a good solution is found by the minimization of the energy requirement. In the considered example, 6 cold streams and 8 hot streams are targeted and in the specific case study, the composite curves show that a large amount of energy is needed for evaporation because in some processes a phase change takes place. Only sensible heat is considered for potential matches in the HEN. In this work, the usefulness of hybrid conceptions (mathematical programming for WAN design and conceptual tools for HEN design) was validated. Moreover, the problem of heat exchanger network synthesis (HENs) resulted in a large-scale combinatorial problem with a nonlinear mixed integer formulation. The total annual cost was optimized. A network with relatively good performances is found rapidly but the search for a better solution than the one obtained with the Pinch analysis is more computational intensive. The implementation of changes to the initial code is easy to implement and competitive networks can be found. The final representation of the WAHEN networks could be useful for practical purposes in order to validate the feasibility of matches and to include user preferences as new constraints in the model. The main advantage of the HEN mathematical model is the possibility to couple it with the WAN formulation to move forward the onestep optimization approach which will constitute the basis of our further works with the consideration of non-isothermal mixing.

amount of contaminant i generated by the process j (g/l)

C in max ij maximal inlet concentration of contaminant i for the process j (ppm) -For a given process j, the inlet water (i = 1) flow rate is equal to the outlet water flow rate: 
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 1 Fig. 1 -Framework for the WAHEN optimization.
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 9 Fig. 9 -HEN configuration by mathematical programming.
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 10 Fig. 10 -Optimized WAHEN configuration.

  of contaminant i for the process j (ppm) U a large value RR i,m performance of the treatment unit m for the contaminant i (fractional yields) of the component i between two processes j and k (T h -1 ) wpr j→m i partial flow rate of the component i from the process j to the regeneration unit m (T h -1 ) wd j i discharged partial mass flow of the component i from the process j (T h -1 ) wr m→n i partial mass flow of the component i between two regeneration units m and n (T h -1 ) wrp m→j i partial mass flow of the component i from the regeneration unit m to the process j (concentration of contaminant i for the regeneration m (ppm) C out ri,moutlet concentration of contaminant i for the regeneration m (ppm) CD i discharged concentration of contaminant i flow rate exists for the process j or 0 otherwise Yp j,k 1 if water flow rate between two processes j and k exists or 0 otherwise Ypr j,m 1 if water flow rate going from the process j to regeneration unit m exists or 0 otherwise Yr m,n 1 if water flow rate between two regeneration units m and n exists or 0 otherwise Yrp m,j 1 if water flow rate going from the regeneration unit m to the process j exists or 0 otherwise Ypd j 1 if discharged water flow rate going from process j exists or 0 otherwise Yrd m 1 if discharged water flow rate going from the regeneration unit m exists or 0 otherwise;

---

  For a given regeneration unit m, the inlet water flow rate is equal to the outlet water flow rate: fresh water flow rate is equal to the total discharged water flow rate: v. For a given regeneration unit m, the inlet contaminant flow rate is equal to the outlet contaminant flow rate: The total discharged contaminant flow rate is equal to the sum of contaminant mass loads of each process j: ri,j -C out ri,j = C in ri,j RR i,m (A.13)

Table 2 -

 2 Performance of the treatment units.

	Regeneration unit l	Removal ratio Gunaratnam et al. (2005)	˛based on	Inlet temp.	Outlet temp.	Temp.
					Bagajewicz and	( • C)	( • C)	reference
					Faria (2009)			
		HC	H 2 S	SS				
	T1	0	0.999	0	3.13	110	35	Berné and
								Cordonnier (1991)
	T2	0.7	0.9	0.98	2.34	30	30	
	T3	0.95	0	0.5	0.89	35	35	

Table 3 -

 3 Cost and operating parameters for the HEN[START_REF] Zhou | Simultaneous optimization of heat-integrated water allocation networks using the mathematical model with equilibrium constraints strategy[END_REF].

	Parameter	Description	Value	Unit
	C FW i C HU	Cost of fresh water Cost of hot utility	0.375 377	$ per T $ per kW
				(annualized cost)
	C CU	Cost of cold utility	189	$ per kW
				(annualized cost)
	C fixed	Fixed charges for heat exchangers and utility units	8000	$ per year
	C area	Area cost coefficient for heat exchangers and utility units	1200	$ per m 2 (annualized
				cost)
	ˇExponent parameter for area cost	1	Assumption
	U l,m -h l,m			

Table 4 -

 4 Cost results for HEN design for Pinch analysis and mathematical model.

	A.2.1 Pinch analysis

Table 5 -

 5 General results of Pinch and Mathematical approaches.

	Approach	Results	New equipment a	Total Area (m 2 )	Q (kW)	Investment cost (M$)	Utility cost (M$)	TAC (M$)
	Pinch	Exchangers	9	702.00	6985	1.28	4.96	6.43
	analysis	Heaters	5	83.50	12,339			
		Coolers	8	142.50	1642			
		Total	22	928	20,966			
	HEN	Exchangers	8	498.40	6611	1.05	5.17	6.40
	synthesis	Heaters	6	65.25	12,719			
		Coolers	8	167.35	2017			
		Total	22	731	21,347			

a Some heat exchangers can be join for both cases.
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Appendix A.

Water Allocation Network Mathematical model [START_REF] Boix | A multiobjective optimization framework for multicontaminant industrial water network design[END_REF]. 

Nomenclature