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Abstract

The paper addresses water network consisting of water using processes (wastewater reuse network - WWRN) modeled as mass transfer operations with multiple contaminants. The objective is to minimize freshwater cost or usage but some structural requirements can be also included. The approach is simultaneous by optimizing WWRN superstructure model. Due to novel logical conditions and some valid simplifications the optimization model is mixed-integer programming (MILP) with small number of binary variables. It can be solved efficiently using widely available solvers even for large-scale cases. This paper presents basis of approach and example of application.
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1. Introduction

Water network design problem (water allocation problem) has reached mature state. However, there is still a lack of general robust technique guaranteeing global or near global optimum solution for industrial cases. The reason is in nonlinear model of water using processes. More recently a lot of methods applied non-mass transfer model that provide linearity of water network problem, see for instance Prakash and Shenoy (2005). However, these insight-based approaches are limited to single contaminant. 

This paper addresses wastewater reuse network (WWRN), i.e. the network with water using processes but without regeneration/treatment operations. The problem is simpler than the design of total water system but still requires nonlinear programming (NLP) or mixed-integer nonlinear programming (MINLP) model if optimization-based method is to be applied without major simplifications.  The excellent review given by Bagajewicz (2000) showed power but also limitations of such approaches when applied to solve large scale nonlinear superstructure models.  There are also more recent methods available based on this strategy. Genetic algorithms were applied by several authors, among others most recently by Cao et al. (2007). Even though some results are promising the technique is time consuming and does not guarantee global optimum. Gunaratnam et al. (2005) as well as Alva-Argaez et al. (2007) developed optimization approach by sequential linearization. Lee and Grossmann (2003) applied complex two level branch-and-bound optimization solver that provides global optimum for nonlinear (NLP) formulation. Those approaches require advanced solvers and/or long computation time (CPU) for large-scale cases. Bagajewicz et al. (1999, 2000) developed the approach that linearizes the optimisation model using optimality conditions from Savelski and Bagajewicz (2003). Such concept is computationally most efficient since allows solving linear programming (LP) or mixed-integer linear programming (MILP) problem. However, linearization works well for single contaminant case – see Bagajewicz (2000). Multiple contaminants problem requires creating a maximum reuse structure, which is solved by tree search enumeration technique. In this work we address the approach that follows some concepts of Bagajewicz et al. (1999, 2000) since we also linearized the water network superstructure model using conditions of optimality from Savelski and Bagajewicz (2003) with some extensions. However, we eliminated the necessity of tree search to calculate WWRN because the method doesn’t require generation of maximum reuse structure. In result our approach reduces largely computation load, and, also produces better results in some cases. 

2. Problem formulation and analysis

WWRN problem is stated as follows. Given water using processes 
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 modeled as counter-current mass exchangers. In each process a water stream has to remove given contaminants 
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. The basic data for each process are:

· Mass loads of contaminants 
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· Upper limits on contaminant concentrations at process inlet and outlet 
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The objective is to calculate water network that minimizes freshwater usage or its cost. Our approach is based on a solution of superstructure optimization model. The superstructure contains freshwater source and water using processes. One mixer and one splitter are attached to each water using process in order to maintain all wastewater reuse options. One freshwater splitter and one wastewater mixer at outlet from the network are also included. The explanation here is limited to a single freshwater source without contaminants. The assumptions can be easily removed. The variables are concentrations at processes inlet and outlet (
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) well as flow rates listed in the following: 
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 - flow rate of inlet stream to process that combines freshwater and wastewater streams from other processes (
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The model of water using process is given by (1).
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(1)

Nonlinearity in (1) is caused by bi-linear terms: flow rate multiplied by concentrations. In consequence, such bi-linear terms are also in superstructure optimization model. Due to space limitation we will not address the detailed model. The reader is referred to many journal papers. Instead two crucial bilinear equations of the superstructure model are presented here: component mass balances for mixers with inequality limit on concentration (2) and component mass balances (3) for arrangement: mixer-process-splitter. Notice, that other equations in the model are linear. 
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(2)
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(3)

The optimality conditions of Savelski and Bagajewicz (2003) suggest using the maximal concentrations at process inlet and outlet. Then, model (1) becomes linear for single contaminant. In consequence, superstructure model becomes linear, too. In case of multiple contaminants the upper limits on concentration are usually reached by only one pollutant called “key” contaminant. To deal with this problem Bagajewicz et al. (1999, 2000) applied sequentially created maximum reuse structure, which ensures linear models of each process in this structure. To generate the structure a division into two types of processes were used: head processes that uses freshwater only and wastewater processes that can use additionally wastewater from some other processes. The method of linearization of mass balance for the process in (1) is illustrated in details since we applied basically similar concepts. The models are presented in the following, first for head processes (4a,b) and, then, for wastewater processes (5). 
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 (4a)
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 (5)

It is important to note that outlet concentrations from head processes (
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) can be determined analytically from (4b) while those for wastewater ones (
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) have to be calculated sequentially by optimization when maximum reuse structure is generated. 

Parameter
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denotes the concentration of inlet combined stream to wastewater process i in the superstructure - this value is calculated in tree-searching procedure. The generation process of maximum reuse structure requires tree search enumeration to provide all possible maximum reuse structures. The novelty of our approach is the elimination of tree search. Basic concepts and techniques are explained in next section.

3. Method overview

3.1. Basis of the approach

We have also applied identical types of processes as Bagajewicz et al. (1999, 2000) did. To explain the basis of the mechanism of linearizing model (1) and overall superstructure model in consequence, we will employ here a simple illustrative example with two processes (i=1, 2) such that:

·  i = 1 – head process, for which outlet concentrations were calculated analytically from (4b),

· i = 2 – wastewater process, for which we can only estimate outlet concentrations. As the basic approximation we used, following Savelski et al. (2003), parameters from the data, i.e. maximal values
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. We found that this estimation works well though some extensions may produce slightly better results for large-scale cases – they will be mentioned in the following.

In addition, we assumed, following also Savelski et al. (2003) that the inlet concentrations for wastewater processes are set at their maximum values 
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. Notice that the models for both types of processes become linear. Because the outlet and inlet concentrations in wastewater processes are only approximations it is necessary to relax the equality in process model (1) into linear inequality (6). Notice that inequality (6) is met for the key contaminant as equality in optimal solution (optimal in regards to freshwater usage). 
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(6)

Note that nonlinear equations (2), (3) from the superstructure model become linear, too. These two models for two types of processes: (4a,b) for head processes and (6) for wastewater ones, have been embedded into single framework of generalized water using process within the superstructure. We developed novel logical conditions that are explained in the following. 

It is of importance that it is unnecessary in our approach to know whether certain water using process is the head process or the wastewater process. This eliminates the necessity of using maximum reuse structure. Linear superstructure model can be solved directly. First, however, binary variables are defined as follows: 
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Next the following conditions are included:
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where CONST is sufficiently large number.

The conditions ensure selection of appropriate model for head or wastewater process, i.e. optimization chooses head or wastewater process from the generalized model. Identical conditions are applied to nonlinear equations (2) and (3) causing the whole model to be linear. Notice that the conditions require smaller number of variables (in fact only one binary for one water using process) than standard conditions for coding alternatives – see e.g. monograph by Biegler et al. (1997). Due to this the superstructure optimization model has also small number of binaries. One can apply additional binary variables to account for structural issues such as reduction of the number of connections since the model will still contain moderate number of binaries. It is also of importance that this approach accounts for case of no head process or multiple head processes what may cause difficulties in the method of Bagajewicz et al. (1999, 2000). 

In this short paper we addressed only the foundation of the approach in some detail. As we mentioned in the preceding the approximation of outlet concentrations by the maximal values given in the data may cause local optimum results in larger scale problems. Thus, we have developed additional alternative for outlet concentrations of contaminants. This requires new binary variable, but still the number of binaries is kept in reasonable limits. Finally, the approach contains correction of estimates on concentrations. It is worth noting that the approach allows including such features as:

· Multiple freshwater sources 

· Constraints on network structure such as forbidden or must-be connections

· Process model changes such as water gains and/or losses, self-recycles around processes

4. Example

Here we present one example taken from Bagajewicz et al. (2000). This is sufficiently large problem with 8 processes and 4 contaminants. The objective was to minimize the freshwater consumption. No additional constraints on structure were accounted for. The data are gathered in Table 1. The final network is defined by parameters in Table 2. The solution from our method has goal function of 160.67 while the best result from Bagajewicz et al. (2000) is equal to 162.59. The approach was tested against many cases from literature. Among others there was a problem with 15 processes and 6 contaminants – the largest we have found in the literature. In all cases we reached the best results from literature or even better ones with CPU of order a few minutes for larger cases.

Table 1 Data for the example according to Bagajewicz et al. (2000)

	Process
	Contaminant
	Inlet concentration
	Outlet concentration
	Mass load

	1
	1
	300
	500
	0.18

	
	2
	50
	500
	1.20

	
	3
	5000
	11000
	0.75

	
	4
	1500
	3000
	0.10

	2
	1
	10
	200
	3.61

	
	2
	1
	4000
	100

	
	3
	0
	500
	0.25

	
	4
	0
	1000
	0.80

	3
	1
	10
	1000
	0.60

	
	2
	1
	3500
	30

	
	3
	0
	2000
	1.50

	
	4
	0
	3500
	1

	4
	1
	100
	400
	2

	
	2
	200
	6000
	60

	
	3
	50
	2000
	0.80

	
	4
	1000
	3500
	1

	5
	1
	100
	350
	3

	
	2
	200
	6000
	3

	
	3
	50
	1800
	1.90

	
	4
	1000
	3500
	2.10

	6
	1
	85
	350
	3.80

	
	2
	200
	1800
	45

	
	3
	300
	6500
	1.10

	
	4
	200
	1000
	2

	7
	1
	1000
	9500
	120

	
	2
	1000
	6500
	480

	
	3
	150
	450
	1.50

	
	4
	200
	400
	0

	8
	1
	800
	9500
	140

	
	2
	1200
	6500
	220

	
	3
	150
	450
	1.20

	
	4
	200
	400
	0


Table 2 Solution for the example

	Flow rates process-process

	
	1
	2
	3
	4
	5
	6
	7
	8

	1
	0
	0
	0
	0.08
	0
	0
	1.42
	0,9

	2
	0
	0
	0
	0
	0.65
	0
	10.40
	5,35

	3
	0
	0
	0
	0.58
	0
	0
	0
	7,99

	4
	0
	0
	0
	0
	0
	0
	0
	0

	5
	0
	0
	0
	0
	0
	0
	0
	0

	6
	0
	0
	0
	0
	0
	0
	25
	0

	7
	0
	0
	0
	0
	0
	0
	0
	0

	8
	0
	0
	0
	0
	0
	0
	0
	0

	Freshwater flow rates to processes:

	1
	2
	3
	4
	5
	6
	7
	8

	2.4
	25
	8.57
	9.69
	12.28
	25
	50.46
	27.27

	Wastewater from processes to treatment:

	1
	2
	3
	4
	5
	6
	7
	8

	0
	8.61
	0
	10.35
	12.93
	0
	87.27
	41.51


5. Summary

Robust and efficient design method has been developed for wastewater reuse network synthesis. It is simultaneous approach that requires the solution of linear optimization model. Due to small number of binary variables the solution of MILP model makes no problem even for large-scale industrial problems. Additionally, it can be extended for water network with reuse and regeneration. The method, which embeds simultaneous heat integration, has been developed on the basis of this technique (paper under preparation). Due to some heuristic elements the approach does not guarantee the global optimum. However, for all literature examples, we reached the best results published to date or even a bit better solutions. 
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