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Introduction 
Optimization is a very important task in chemical industry because it can be applied to maximize 

the profit (or minimize the consumption of the energy or production cost, etc.). Optimization 

techniques have many applications in science and engineering. As the systems become more 

complex so become controlling and optimizing their performance increasingly important; hence 

optimization is positioned as an indispensable and fundamental tool. Most chemical engineering 

design tasks can be modeled as mixed integer programming problems. The overall objective of 

the thesis is to apply mixed integer programming (MIP) to find the optimal solution of some 

important industrial chemical problems. Because of the importance of this topic in the field of 

chemical industries located in Libya, three application areas have been selected for this purpose 

such as 1) analysis and optimization of extractive distillation process, 2) assignment and design 

of mass exchange networks and 3) assignment and optimal allocation of desalination plants 

together with the pipeline network These problems involve mass transfer and heat transfer 

processes. 

Application of the mathematical programming approach to problems of design, process 

integration, and operation consists of three major steps. The first step is developing a 

representation of alternatives from which the optimal solution is selected. The second is 

formulating a mathematical program that generally involves discrete and continuous variables 

for the selection of the configuration and operating levels, respectively. The third one is solving 

the optimization model and thus finding the optimal solution. A mathematical program consists 

of variables, constraints, and an objective. The constraints are mathematical statements 

expressing physical, technological, economical, or other kind of relations and prohibitions of 

variable value coexistences. A complete set of variable values is called a solution; those possible 

solutions which satisfy all the constraints are feasible solutions. Solutions are compared to each 

other and their value is quantified by an objective function (e.g., cost, profit, generated waste) 

which is to be minimized or maximized.  
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Literature background 
The first topic deals with analysis and optimization of extractive distillation processes which, 

among others, have close relationships to the extensive oil refinery industry. 

Studying these distillation processes is important for deeply understanding them and successfully 

designing economically optimal distillation systems. Simulators are often used to study the 

strange behavior of extractive distillation processes. Generally ChemCAD, HYSIS, ASPEN 

Plus, and similar process simulators are applied for rigorous simulation and sometimes 

optimization of extractive distillation. Munoz et al (2006) compared the extractive distillation to 

pressure swing distillation, and concluded that plants with smaller capacity more efficiently work 

with pressure swing distillation; while for larger plants, the extractive distillation option will be 

more attractive. 

Hilal et al. (2001) studied the possibility of reducing the specific quantity of the extractive agent 

(and consequently, the energy consumption) by changing the location of the feed stage(s). 

Langston et al (2005) investigated the effects of solvent feed entry stages, solvent split stream 

feed and solvent condition on the separation. 

Research of optimal design of distillation processes has considerably long history. Due to 

improving the computational capability of modern computers, rigorous mathematical modeling 

have already become an alternative to traditional shortcut methods. 

As the number of trays is also to be determined, binary variables are needed to handle their 

existence. Since nonlinear equations are needed to describe the equilibrium, the problem results 

in an MINLP model. 

Mathematical formulations that represent rigorous distillation column configuration fall into two 

categories: (1) one task–one equipment (OTOE) representations (Viswanathan and Grossmann, 

1993) and (2) variable task–equipment (VTE) representations (Yeomans and Grossmann, 1999).  

Farkas et al. (2008) developed a new superstructure and MINLP model. In order to reduce 

structural redundancy already during the phase of creating the superstructure, the equilibrium 

stages are contained by conditional units of different sizes. As a consequence, the model uses 

minimal number of binary variables, thereby reducing the size of the problem and thus the 

computation time. 
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The second topic deals with the development of a new hybrid method for synthesizing mass 

exchange networks. These synthesis applications, although yet unknown and unapplied in Libya, 

will have attracted immense attention in few years in the extensively developing oil industry. 

Mass exchange networks (MEN) are systems of interconnected direct-contact mass transfer units 

using process lean stream and/or external separating agents (MSAs) to selectively remove certain 

components (often pollutants) from rich process streams. 

Mass exchange network synthesis (MENS) can be done by one of the following approaches: 1) 

physical and thermodynamic insight which is called now Pinch technology, and 2) mathematical 

programming. The combination of them can also be used, which is called hybrid method. 

The pinch technology originally introduced for heat exchanger networks by Hallale (1988) has 

been extended by El-Halwagi and Manousiouthakis (1989) to handle mass exchange networks 

also. 

The mathematical programming approaches can be classified into two categories: sequential 

programming approaches and simultaneous programming approaches. 

The first category is practically an automated version of the pinch technology. El-Halwagi and 

Manousiouthakis (1990) presented an automated synthesis procedure. The attribute “sequential” 

denotes that the synthesis is still decomposed into targeting and design steps. As a consequence, 

the trade-off between investment and operating costs is not taken into account rigorously; 

therefore, it can provide a possibly suboptimal solution only. 

Simultaneous programming approaches, on the other hand, keep the integrity of the problem and 

consider the possibility of trade-off between investment and operating costs properly, see 

Papalexandri et al. (1994) and Szitkai et al. (2006). 

Hybrid synthesis method for mass exchange network was first presented by Msiza and Fraser 

(2003).  

The components making up the hybrid tool are a total annual cost target of the expected 

flowsheet, a physically meaningful initial flowsheet, a driving force (DF) diagram and an 

MINLP model. The total annual cost target represents the best cost scenario for the flowsheet, an 

initial flowsheet is used to initialize the MINLP solver and the driving force plot assists the 

designer to generate alternative initial solutions to improve the generated MINLP solution. The 

hybrid tool produces mass exchange networks whose total annual costs are within 10% of 
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previously reported pinch solutions and networks that are similar or better than those obtained 

from the MINLP approach alone. 

However, this method has three main disadvantages: (1) Generating an initial flowsheet in each 

iteration is a very time-consuming step. (2) Generation of a new initial flowsheet is not 

automatic; it needs human interactivity. (3) Only the initial flowsheet is changed during the 

iterations, the MINLP model does not. 

My target was to develop such a systematic method for mass exchange network synthesis that 

addresses these issues and minimizes the need for human interaction. 

My third topic is about developing a methodology to optimally locating water treatment plants 

and pipeline system. 

The need to outline a plan for supplying desert settlements with potable water through 

desalination has already been recognized, see a study by Elhassadi (2008).  

The problem of optimally locating desalination plants onto the plane in order to minimize their 

distance measured from fixed points (seawater intakes and cities) can be mathematically 

formulated as a (facility) location problem.  

Facility location problems are frequently studied in the continuous and discrete optimization 

literature. The essential elements of such a problem are customers with specified demands and 

locations, and facilities that are to be located on a planar ground. The goal is to find the optimal 

position of the facilities such that the objective function, generally a cost function depending on 

the sum of the distances between the facilities and the customers, is minimized. A useful survey 

related to location problems is available by ReVelle and Eiselt (2005). 

The problem studied in this thesis later on, that is, finding the optimal location of desalination 

plants and assigning the connection from seawater intakes to plants and from plants to cities, has 

not been addressed in the literature so far. 

Most of the previous works, see Özyurt and Realff (1999) and Klose and Drexl (2005), deal with 

problems to locate facilities in the plane so that the sum of the distances measured between the 

facilities and the customers is at minimum. The main difference between these and our problem 

is that we consider the pipelining cost in that case only when the connection between the facility 

and customer really exists. 

The problem most reminiscent to ours is the theoretical multi-Weber problem where the task is 

to partition the full set of fixed points into subsets and finding several minimizing points (one per 
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set) simultaneously. This problem is mainly solved by heuristics. However, Rosing (1991) 

showed that the objective function of the problem is very steep near the optimum. Therefore, it is 

essential to apply an exact solution method; otherwise, the results would be very far from the 

optimum. The only exact method is worked out by Rosing (1992), but his problem and model are 

still very different from ours and the technique applied by him is not suitable to solve our 

problem because of the aforementioned differences. 

Since no similar problems and methods applicable to our problem were found in the literature, a 

new model had to been worked out to solve the problem. This new model and the obtained 

results are detailed in the present thesis. 

 

Approach 
My work mainly comprised the creation and/or solution of different MILP and MNLP models. 

These problems are solved either in GAMS (Brooke et al., 1992) or in AIMMS 3.7 (Bisschop 

and Roelofs, 2007) modeling environment. The GAMS program package was first chosen 

because it is easily accessible, user friendly, and very well documented. However, in recent 

years, AIMMS has shown up as a more advanced tool with graphical interface and ability to 

implement user-built solution algorithms, and several other well exploitable advantages. 

Therefore, that latter environment was used for analyzing complex extractive distillation 

processes. 

The solvers for solving the resulted equation systems were (1) modified AOA MINLP solver for 

analyzing complex extractive distillation processes, (2) DICOPT++ MINLP solver for 

synthesizing MENS, and (3) CPLEX 7 MILP solver for solving desalination location problems. 

The first two use Outer Approximation method. In this method, nonlinear programming (NLP) 

and mixed integer linear programming (MILP) subproblems are solved iteratively. 

These solvers are commercially available.  

 

Major new results 
I have proven that optimization can effectively be used for analyzing complex distillation 

processes. Analysis of extractive distillation processes from both operational and economical 
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points of view is, although possible but, inconvenient using process simulators. It implies a 

lot of necessary trial and error experiments; see e.g. the iterative method given by Chadda, 

Malone, and Doherty (2000). Determining the minimum and maximum values of both the 

stage numbers and reflux ratio can be difficult, and can be more easily accomplished by 

optimization. Minimum and maximum reflux ratios for a certain number of stages can be 

found in one step using NLP. Also the minimum and maximum stage numbers can be found 

by systematic search in less time and with less trouble than with use of simulators. 

I have proven that the optimal configuration of extractive distillation plants is widely 

independent of the weight of the cost factors. It follows that some inaccuracy in estimating 

the cost-factors or small changes in the economic environment will not alter the optimal 

configuration. The economical risk is relatively small when investing into extractive 

distillation plants because the optimal configuration remains optimal or near-optimal even in 

changing economic environment. 

I have developed a new hybrid method for synthesizing mass exchange network systems 

(MENS). The new method is able to eliminate the disadvantages of earlier methods. The new 

insight based method uses integer cuts and bounds calculated on the basis of driving force 

plot analysis. A new initial solution is constructed only if the MINLP solution is infeasible; 

otherwise the earlier found best solution is used. The method has been demonstrated on a 

middle scale MENS problem involving five rich streams and two process lean streams, and 

one external lean stream. The optimal solution has been found in four iteration steps; the 

value of the objective was improved in each step. The new method is fairly robust and can be 

accomplished in an automatic way. 

I have defined a new and practically important class of location-allocation problems, and 

developed a new MILP model for solving it. The task is to find the optimal type, number and 

coordinates of desalination plants, and the pipeline connections between seawater intakes, 

plants and cities, such that the potable water demand of a set of cities is satisfied, while the 

total cost is at minimum. The total cost of the problem consists of the fixed costs of the plants 

and pipelines, and the variable costs of the production and transportation. The new MILP 

model takes into account the given locations and capacities of the water incomes, the potable 

water demands, and the costs of plants and pipelining. Feasible and infeasible plant regions 

are distinguished for locating the plants. The model has been developed in two consecutive 
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phases. First a basic model is developed that provides a solution within short time but does 

not take into account the possibility of pipeline branching. Application of this model gives 

rise to redundant pipelines to some connections, involving extra costs. Pipeline branching is 

dealt with by an improved model developed in the second phase. This improved model 

provides realistic solution but with much longer computation time. The results of applying 

the different models on motivated examples of different sizes are detailed. 

I have proven that the solar distillation desalination technology can be an economical 

alternative of the reverse osmosis plants. Due to the smaller capacity, the specific cost of the 

potable water is higher in the case of solar distillation plants. However, they can still be 

economical if the potable water demand arisen by small villages is small enough that it can 

be satisfied by just a few solar distillation plants. 

 

Theses 
I. Optimization can effectively be used for analyzing complex distillation processes. (3) 

II. The optimal configuration of distillation columns is widely independent of the weight 

of the cost factors. (3) 

III. The new hybrid method I have developed method for synthesizing mass exchange 

network systems is able to eliminate the disadvantages of earlier methods. (1) 

IV. The new MILP model I have developed is able to find optimal solution for solving a 

new class of location-allocation problems I have defined. (2) 

V. Solar distillation desalination technology can be an economical alternative of the 

reverse osmosis plants. (2) 

 

Application of the new results 
Due to the practical nature of the discussed science area, the achieved results are engineering 

applications themselves.  

The developed method for analyzing complex extractive distillation processes can and will be 

extended to study reactive distillation processes as well. 
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The publication that discussed the development and application of the hybrid method for MENS 

has already been referred by Isifiade and Fraser, 2008. The hybrid algorithm and the model 

altogether are also engineering applications by themselves. 

The desalination location model may have real life application in the future in Libya, when the 

authorities also recognize the necessities of such a plan.  
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