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Abstract

This paper deals with the design of multipurpose batch facilities considering economic aspects. Like in almost facilities this type of problem involves the maximization of the total revenue as well as the minimization of the total cost. The best way to deal with these two goals simultaneously is either to combine them into a single criterion (e.g., profit) or to define the efficient frontier which offers the optimal solutions by multi-objective optimization. In this work the latter approach, while more elaborate, was adopted, since the exploration of this frontier enables the decision maker to evaluate different alternative solutions. In this paper the proposed model addresses this problem and presents the identification of a range of optimal plant topologies, facilities design and storage policies that minimize the total cost of the system, while maximizing the production, subject to total product demands and operational restrictions. An example is used to show the methodology application to the design of multipurpose batch facilities. 
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1. Introduction
In multipurpose batch facilities, a wide variety of products can be produced via different processing recipes by sharing all available resources, such as equipment, raw material, intermediates and utilities. Like most real-world problems, the design multipurpose batch facilities involves multiples objectives and most of the existing literature on the design problem, has been centred on a mono-criterion objective (Barbosa Povoa, 2007).  However, some works have been appearing recently addressing such problem. Dedieu et al. (2003) developed a two-stage methodology for multi-objective batch plant design and retrofit, according to multiple criteria. A master problem characterized as a multi-objective genetic algorithm defines the problem design and proposes several plant structures. A sub-problem characterized as a discrete event simulator evaluates the technical feasibility of those configurations.  Later on, Dietz et al. (2006) presented a multicriteria cost-environment design of multiproduct batch plants. The approach used consists in coupling a stochastic algorithm, defined as a genetic algorithm, with a discrete event simulator. A multi-objective genetic algorithm was developed with a Pareto optimal ranking method. The same author proposed the problem of the optimal design of batch plants with imprecise demands using fuzzy concepts (2008). The previous work of the same authors on multi-objective using genetic algorithms was extended to take into account simultaneously maximization of the net value and two performance criteria, i.e., the production delay/advance and flexibility. Also, Mosat et al. (2007) presented a novel approach for solving different design problems related to single products in multipurpose batch plant. A new concept of super equipment is used and requires an implicit definition of a superstructure. Essentially the optimization is made on the transfers between different equipment units in a design. The Pareto optimal solutions are generated by a Tabu search algorithm.

Therefore, the multi-objective optimisation is still a modelling approach that requires further study when applied to the design of batch plants. In this way the resulting models would be able to act as potentially powerful decision making tools where different decisions are accounted for. Through the values of different objectives at the Pareto-optimum surface, decision makers will be able to select any solution depending on how much one objective is worth in relation to the other. 
In this work, the detailed design of multipurpose batch plants proposed by Pinto et al. (2003), where a RTN representation is used and a single mono-criterion objective was considered, is extended to include more than one economic objective. A multi-objective approach based on the (-constraint is explored. This method presents as an advantage the fact that it can be used for any arbitrary problem with either convex or non convex objective spaces. The final results allows the identification of a range of plant topologies,  facilities design and storage policies associated with a scheduling operating mode that minimises the total cost of the system, while maximizing the production, subject to total product demands and operational restrictions. 

An example is solved to test the model applicability where different situations are evaluated.
2. Design Problem 
The optimal plant design can be obtained by solving the following problem: 

Given: 

· Process description, through a RTN representation;

· The maximal amount of each type of resource available, its characteristics and    

               unit cost;

· Time horizon of planning;

· Demand over the time horizon (production range);

· Task and resources operating cost data; 

· Equipment and connection suitability;

Determine: 

· The amount of each resource used; 

· The process scheduling; 

· The optimal plant topology as well as the associated design for all equipment 
              and connectivity required.

A non-periodic plant operating mode defined over a given time horizon is considered. Mixed storage policies, shared intermediated states, material recycles and multipurpose batch plant equipment units with continuous sizes, are allowed.

Based on the above problem description a model was developed using the RTN representation and considering the discretization of time.  
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3. Multi-objective optimization
Generically the models considered have a clear, quantitative way to compare feasible solutions. That is, they have single objective functions. In many applications single objectives realistically model the true decision process. Decisions become much more confused when the problem arises in a complex engineering design, where more than one objective may be relevant. For such cases, as referred above, a multi-objective optimization model is required to capture all the possible perspectives. This is the case of the design of batch plants where two objectives are under consideration – one that maximizes the revenues (that is, production) and the other that minimizes the cost. 
The multi-objective optimization can be generically represented as:
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where M defines the number of the objective function f(x) = (f1(x), f2(x),…,fm(x))T . Associated with the problem there are J inequalities and K equality constraints. A solution will be given by a vector
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of n decision variables: X=(x1, x2 ,…, xn-1 , xn)T
However, no solution vector X exists that maximizes all objective functions simultaneously. A feasible vector X is called an optimal solution if there is no other feasible vector that increases one objective function without causing a reduction in at least one of the other objective functions. It is up to the decision maker to select the best compromising solution among a number of optimal solutions in the efficient frontier. There are several methods to define this efficient frontier, but one of the most popular methods is the (-constraint, which is very useful since it overcomes duality gaps in convex sets.

Using the (-constraint, the above formulation becomes: 
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where 
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 represents an upper bound of the value of 
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. This technique suggests handling one of the objectives and restricting the others within user-specified values. First the upper and lower bounds are determined by the maximization of the total revenue and minimization of the cost, respectively. Next, varying (, the optimization problem (maximization) is implemented with the objective function being the total revenue and the cost being a constraint varying between its lower and upper bounds. 
4. Example  
The presented method is applied to the design of a multipurpose batch plant that must produce [0; 170] tons of products S5, [0; 166] tons of S9 and S10, [0; 270] tons of products S6 and [0; 143] tons of products S11. Three raw materials, S1, S2 and S7, are used over the horizon of 24 h. The products S5 and S6 are both intermediate and final products. There are six main reactors (R1 to R6) available, and nine dedicated vessels. In terms of equipment suitability, only reactors R1 and R2 may carry out two processing tasks, T1 and T2, while each storage vessel and reactors R3, R4, R5 and R6 are only dedicated to a single state/task. Task T1 may process S1 during 2 hours in R1 or R2; task T2 may processes S2 during 2 hours in R1 or R2; task T3 may process during 4 hours in R3; T4 processes during 2 hours in R4; Task T5 may process S6 during 1 hour to produce the final product 0.3 of S11 and 0.7 of S8 in R5, and finally Task T6 processes during 1 hour S8 in reactor R6 to produce the final products S9 and S10. The connections capacity range from 0 to 200 [m.u./m2] at a fix/variable cost of 0.1/ 0.01 [103c.u.]. The capacity of R1, R2, R5 and R6 range from 0 to 150 [m.u./m2] while the others range from 0 to 200 [m.u./m2] (where m.u. and c.u. are, respectively, mass and currency units). The process resource-task-network representation is visible in figure 1.
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Figure 1- The RTN process representation. 
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Figure 2- Efficient frontier for the optimal design of the multipurpose batch plant. 
The problem described is solved and the efficient frontier obtained shown in figure 2.

This forms the boundary of the feasibility region defined by the values of the two objectives. Every efficient point lies along the depicted boundary because no further progress is possible in one objective function without degrading the other. This is an alternative way to plot solutions of multi-objective models. For the case under study the objective value space is represented with axes for the cost and revenue objective functions. In the efficient frontier are visible some optimal plant topologies. The points A, B, C, D and E represent points where there is a topology change caused by the addition of one or more main equipment units to the previous topology.  In figure 2 are shown these changes of topology and the respective final products. In table 1 are presented, for each point assigned, the final products and their quantity. In table 2 is presented the optimal design for the main equipment for each assigned point, in terms of capacities.  For the point marked E, the optimal scheduling is shown in figure 3. It is visible the multi-task characteristics associated to equipment R1. This equipment performs not only T1 but also T2. All the other processing equipment units are single task dedicated.
Table 1 – Quantities produced for each final product. 
	
	A
	B
	C
	D
	E

	S5
	76.2
	-
	-
	170
	170

	S6
	-
	155.5
	258.6
	270
	270

	S9
	-
	-
	-
	7.6
	145.1

	S10
	-
	-
	-
	7.6
	145.1

	S11
	-
	-
	-
	6.5
	124.4


Table 2 – The optimal design for the main equipment.
	
	A
	B
	C
	D
	E

	R1
	76.2
	93.3
	103.4
	141.2
	120.3

	R3
	76.2
	62.2
	103.4
	141.2
	180.5

	R4
	-
	155.5
	129.3
	140.5
	159.1

	R5
	-
	-
	-
	21.8
	138.2

	R6
	-
	-
	-
	15.3
	96.8

	V4
	-
	-
	-
	-
	120.3

	V5
	76.2
	-
	51.72
	170
	170

	V6
	-
	155.5
	258.6
	270
	270

	V9
	-
	-
	-
	7.6
	145.1

	V10
	-
	-
	-
	7.6
	145.1

	V11
	-
	-
	-
	6.5
	124.4
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Figure 3 – The optimal scheduling for the plan topology assigned by E.
5. Conclusions
The plant topology, equipment design, scheduling and storage policies of multipurpose batch plants are addressed in this paper, considering production maximization with costs minimization - a multi-objective optimization. The model was developed as a MILP model and the multi-objective method used in this work was the (-constraint. The efficient frontier obtained defined the optimal solutions allowing the identification of a range of plant topologies, facilities design and storage policies that minimize the total cost of the system, while maximizing production, subject to total product demands and operational restrictions. The proposed methodology allows the decision makers to evaluate the relationship between revenue and cost of given batch facilities, thus enabling them to develop an adequate business strategy. 
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