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Abstract 

In this paper, we propose a general superstructure and a model for the global optimization for the design of 

integrated process water networks. The superstructure consists of multiple sources of water, water-using 

processes, wastewater treatment and pre-treatment operations. The unique features are first, that all feasible 

interconnections are considered between them, including water re-use, water regeneration and re-use, water 

regeneration recycling, local recycling around process and treatment units. Second, multiple sources of water 

of different quality that can be used in the various operations are included. Third, the superstructure 

incorporates both mass transfer and non-mass transfer operations. The proposed model of the integrated water 

network is formulated as a Nonlinear Programming (NLP) and as a Mixed Integer Nonlinear Programming 

(MINLP) problem for the case when 0-1 variables are included to model the cost of piping and/or selection of 

technologies for treatment. The MINLP model can be used to find optimal network designs with different 

number of streams in the piping network. In this work, we propose to represent the bounds on the variables as 

general equations obtained by physical inspection of the superstructure and using logic specifications needed 

for solving the model. We also incorporate the cut proposed by Karuppiah and Grossmann (2006)  to 

significantly improve the strength of the lower bound for the global optimum.  The proposed model is tested on 

the several illustrative examples, including large-scale problems.  
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1. Introduction

 The process industry consumes a large amount of water. For instance, water is used for washing 

operations, separation processes, steam and power generation, cooling, etc. These processes in turn 

generate wastewater, which is usually processed in treatment units before discharge to the 

environment. The shortage of freshwater, its increasing cost and the one of treatment processes, as 

well as strict environmental regulations on the industrial effluents, provide a strong motivation for 

developing approaches and techniques to design more efficient process water networks.  
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The two major approaches for the optimal design of water network systems are water pinch 

technology and mathematical programming. A comprehensive review of these approaches as well as 

systematic methods of chemical process design are given by Rossiter (1995), El-Halwagi (1997), 

Biegler, Grossmann and Westerberg (1997), Mann and Liu (1999), Bagajewicz (2000), Jeģowski 

(2008), Bagajewicz and Faria (2009), and Foo (2009).  

Water pinch technology relies on graphic representations and it is based on an extension of pinch 

analysis technique for heat integration (Linnhoff and Hindmarsh 1983). The first authors, who 

introduced the notion of synthesizing mass-exchange networks (MENôs), were El-Halwagi and 

Manousiouthakis (1989; 1990). They considered mass exchange between the rich and the lean 

process streams. After that, a targeting approach for minimum freshwater consumption was 

developed by Wang and Smith (1994a; 1994b; 1995) and later extended and improved by a number 

of researchers (Dhole, Ramchandani, Tainsh & Wasilewski, 1996; Doyle & Smith, 1997; Kuo & 

Smith, 1997; Castro, Matos, Fernandes & Nunes, 1999; Sorin & Bedard, 1999; Polley & Polley, 

2000; Hallale, 2002; Bandyopadhyay, Ghanekar & Pillai, 2006; Foo, Kazantzi, El-Halwagi & Abdul 

Manan, 2006; Foo, 2009).  

The mathematical programming approach is based on the optimization of a superstructure. The 

seminal paper addressed a mathematical programming formulation of water network was given by 

Takama, Kuriyama, Shiroko & Umeda (1980). They considered a total system consisting of water-

using and wastewater-treating units. In addition to this, they generated a superstructure of all possible 

re-use and regeneration opportunities and formulated the problem of optimal water allocation in a 

petroleum refinery as a nonlinear programming problem. After their paper the solution of the 

mathematical programming formulation for this problem was not addressed for many years 

(Bagajewicz, 2000). In many papers, the total water network is decomposed into two parts (network 

with water-using operations and wastewater treatment network) which are solved separately. For 

example, Kuo and Smith (1997) presented an extension of the methodology for the design of 

distributed effluent treatment systems previously given by Wang and Smith (1994b). They presented 

an improved method for targeting the treatment flowrate and the distribution of load between multiple 

treatment processes. In addition to this, Galan and Grossmann (1998) addressed the optimal design of 

distributed wastewater network where multiple contaminants are considered. They proposed a 

heuristic search procedure based on the successive solution of a relaxed linear model and the original 

nonconvex nonlinear model. Their procedure has the capability of finding global or near global 

optimum solutions. In addition, the model was extended for selecting different treatment technologies 
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for handling membrane separation modules. Savelski and Bagajewicz (2000; 2003) developed 

necessary optimality conditions (maximum outlet concentrations from water-using units and 

concentration monotonicy) for single and multiple water allocation systems in refineries and process 

plants. They used these conditions to eliminate the nonlinearities in the water network models arising 

in the mass balance equations in the form of bilinear terms (concetration times flowrate). According 

to this, they showed that the nonlinear model of water networks for single component can be 

linearized. Quesada and Grossmann (1995) proposed a rigorous procedure for the global optimization 

of bilinear process networks with multicomponent streams. Their procedure is based on a 

reformulation-linearization technique applied to nonlinear models in order to obtain a relaxed linear 

programming formulation that provides a valid lower bound to the global optimum. Castro, Teles and 

Novais (2009) proposed the two-stage solution strategy for the optimal design of distributed 

wastewater networks with multiple contaminants. In the first stage, a decomposition method is 

employed that replaces the nonlinear program by a succession of linear programs, one for each 

treatment unit. In the second, stage, the resulting network is used as a starting point for the solution of 

the nonlinear model with a local optimization solver.  

The problem of designing the total water networks has been addressed in relatively few papers 

(Jeģovski, 2008). Doyle and Smith (1997) proposed a method based on nonlinear programming for 

targeting maximum water reuse in processing systems. To overcome the difficulties associated with 

the nonlinear optimization model, they used a linear model to provide an initialization for the 

nonlinear model. Alva-Argáez, Kokossis and Smith (1998) proposed an integrated methodology for 

the design of industrial water systems. Their decomposition strategy is based on a recursive procedure 

where the original Mixed-Integer Nonlinear Problem (MINLP) problem is replaced by a sequence of 

Mixed-Integer Linear Problems (MILPs). Huang, Chang, Ling, and Chang (1999) proposed a 

mathematical model for determining the optimal water usage and treatment network in any chemical 

plant. They presented a modified version of the superstructure proposed by Takama, Kuriyama, 

Shiroko, and Umeda (1980) and included in the model design equations of all wastewater treatment 

facilities and all units which utilize either process or utility water so that better integration on a plan-

wide scale can be achieved. Feng and Seider (2001) proposed a network structure in which internal 

water mains are utilized. Their structure simplifies the piping network as well as the operation and 

control of large plants involving many water-using processes. Gunaratnam, Alva-Argaez, Kokossis, 

Kim, and Smith (2005) presented an automated design of total water systems where the optimal 

distribution of water to satisfy process demands and optimal treatment of effluent streams are 
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considered simultaneously. They used a two-stage optimization approach to solve the MINLP model 

involving an MILP in the first stage to initialize the problem. In the second stage, the design is fine-

tuned using MINLP. In addition to this, the network complexity is controlled by specifying the 

minimum permissible flowrates in the network. Their methodology provides a robust technique but it 

does necessarily yield the global optimum.  

Karuppiah and Grossmann (2006) addressed the problem of optimal synthesis of an integrated 

water system consisting of water-using processes and water treatment operations. In contrast to 

previous work, they proposed a spatial branch and contract algorithm for the rigorous global 

optimization of the nonlinear program of the integrated water system. In their algorithm, tight lower 

bounds on the global optimum are obtained by solving a relaxation of the original problem obtained 

by approximating the nonconvex terms in the NLP model with piecewise linear estimators. Li and 

Chang (2007) developed an efficient initialization strategy to solve the NLP and MINLP models for 

water network with multiple contaminants. In the MINLP model they formulated structural 

constraints to manipulate structural complexity, but global optimality is not guaranteed. Also, they 

reported that the optimum solution obtained by the initialization strategy is at least as good as results 

reported in the literature but with less computation time to achieve convergence. In the same year, 

Alva-Argaez, Kokossis, and Smith (2007) proposed a systematic approach to address water reuse in 

oil refineries. The methodology is based on the water-pinch decomposition. Their approach simplifies 

the challenges of the optimization problem making systematic use of water-pinch insights to define 

successive projections in the solution space.  

Putra and Amminudin (2008) proposed an alternative solution strategy for solving the total water 

system design problem by utilizing the MILP and NLP in a two-step optimization approach. Their 

approach, which is not guaranteed to find the global optimum, has the capability of generating 

multiple optimal solutions and to handle practical considerations, as well as to provide users with the 

ability to control water network during the optimization process. Luo and Uan (2008) presented a 

superstructure-based method for the optimization of integrated water systems with the heuristic 

Particle Swarm Optimization (PSO) algorithm. Karuppiah and Grossmann (2008) presented a 

formulation for representing and optimizing integrated water networks operating under uncertain 

conditions of the contaminant loads in the process units and contaminant removals of the treatment 

units. They formulated a multi-scenario nonconvex MINLP model for globally optimizing an 

integrated water network operating under uncertainty. Further, they proposed a spatial branch and cut 
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algorithm combining the concepts of Lagrangean relaxation and convex relaxation in order to 

generate strong bounds for the global optimum.  

Notice that in the previously mentioned papers the vast majority are based on linearization of the 

nonlinear models, or use linear models to provide an initialization for the nonlinear models, which are 

solved with local optimization solvers. Moreover, a number of authors replace the MINLP problems 

by a sequence of the MILPs. Bagajewicz and Faria (2009) and Faria and Bagajewicz (2009) presented 

the evolution of the water network allocation problem given by Takama, Kuriyama, Shiroko & 

Umeda (1980). In addition, they included the water pre-treatment subsystem in the network and 

discussed the end-of-pipe wastewater treatment and the complete water integration.  

It should be mentioned that the problem of designing total water networks has been addressed in 

relatively few papers due to its complexity (Jeģovski, 2008). The main complexity in the nonlinear 

model appears due to the bilinear terms in the mass balance equations (flowrate times concentration) 

and the concave cost terms in the objective function with which the solution for the total water 

network is not guaranteed to be the global optimum. In addition to this, it is worth pointing out that in 

the majority of the published papers all possible options are not considered in the total water network 

such as all feasible interconnections in the network, multiple sources of water of different quality, 

pre-treatment of the water, mass transfer and non-mass transfer water-using operations. Moreover, in 

many papers the cost of water pumping through pipes and the investment cost for pipes are not 

included in the objective function.  

The main objective of this paper is to propose a general superstructure and a global optimization 

approach for the design of integrated process water networks. The superstructure consists of multiple 

sources of water, water-using (mass transfer and non-mass transfer) processes, water treatment 

operations and all feasible interconnections in the network. We propose nonconvex NLP and MINLP 

models for the integrated water network. We also develop bounds on the variables as general 

equations obtained by physical inspection of the superstructure and use logic specifications that have 

the capability of reducing the feasible region, and helping global the NLP and MINLP solvers to find 

more efficiently the global optimum. In the MINLP model we include the costs of piping and the 

costs of water pumping through pipes. With the proposed model we can also control the complexity 

of the piping network. For large-scale industrial MINLP problems, we propose a two-stage solution 

method in which we first solve the NLP model in order to fix a subset of 0-1 variables to zero so as to 

solve a reduced size MINLP. We also update the bounds to tighten the reduced MINLP model. 

Several examples, including large-scale industrial problems, are presented in the paper to illustrate 
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the proposed method. We use the general purpose global optimization solvers BARON (Sahinidis, 

1996) and LINDOGlobal to solve the proposed models to global optimality.  

The outline of the paper is as follows. First, we present the problem statement. We then introduce 

the general water network superstructure, followed by its mathematical formulation. Further, we 

present two-stage solution methods for solving large-scale industrial MINLP problems. The 

computational results and discussion are given in the following section. Finally, in the last section we 

present general conclusions. 

 

2. Problem statement 

The problem addressed in this paper can be stated as follows. Given is a set of single/multiple 

water sources with/without contaminants, a set of water-using units and wastewater treatment 

operations, fixed water demands of process units, maximum concentrations of contaminants in inlet 

streams at process units, mass loads of contaminants in process units, the costs of water sources and 

wastewater treatment units, % removal for each contaminant in treatment units and the maximum 

contaminant concentrations in the discharge effluent to the environment. The problem consists in 

determining the interconnections, flowrates and contaminants concentration of each stream in the 

water network, the freshwater consumption and wastewater generation, and the total annual cost of 

the water network (costs of freshwater consumption, wastewater treatment, piping network, pumping 

water through pipes in the network).  

The proposed model is based on the following assumptions: the number of water sources is fixed, 

the number of water-using and water treatment operations is fixed, the flowrates through the water-

using wastewater treatment operations are fixed, the network operates under isothermal condition and 

isobaric conditions. 

 

3. Superstructure of the integrated process water network 

The proposed model of the integrated water network relies on the superstructure given in Figure 1. 

The superstructure, which is an extension and generalization of the one given by Karuppiah and 

Grossmann (2006), consists of one or multiple sources of water of different quality, water-using 

processes, and wastewater treatment operations. The unique feature is that all feasible connections are 

considered between them, including water re-use, water regeneration and re-use, water regeneration 

recycling, local recycling around process and treatment units and pre-treatment of feedwater streams. 

Multiple sources of water include water of different quality that can be used in the various operations, 
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and which may be sent first for pre-treatment. The superstructure incorporates both the mass transfer 

and non-mass transfer operations. According to this, it can be used to represent separate subsystems 

as well as an integrated total system. Furthermore, it enables modeling different types of water 

network optimization problems as will be shown later in the paper.  

 

Figure 1. Generalized superstructure for the design of integrated process water networks. 

 

4. Basic conceptual options of models 

The mathematical model of integrated process water networks consists of mass balance equations 

for water and the contaminants for every unit in the network. The model is formulated as a 

nonconvex nonlinear programming (NLP), and as a nonconvex mixed-integer nonlinear programming 

(MINLP) for the case when 0-1 variables are included to model the cost of piping and/or selection of 

technologies for treatment. The nonlinearities in the models appear in the mass balance equations in 
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the form of bilinear terms (concentration times flowrate). In addition to this, nonlinearities appear in 

the objective function as concave terms of the cost functions for the water-treatment operations. 

Hence, the water network models are nonconvex, and in most cases lead to multiple local solutions 

making difficult  to obtain the global or a near-global optimal solution. The basic options of the 

proposed water network optimization model are shown in Figure 2.  

 

Figure 2. The basic options of the proposed optimization model. 


