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Abstract

The push towards sustainable operation has pressurized the batch process industries to implement energy minimization. One technique proven in the continuous industries is heat integration – matching the hot streams that require cooling and the cold streams that require heating to reduce the overall utilities consumption. In this work, we present a methodology for heat integration in multipurpose batch plants. This is done by optimizing the schedule to simultaneously minimize an economic objective such as make-span and utilities. We illustrate the framework by solving a literature case study. 
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1. Introduction
Due to its intrinsic flexibility, batch process has been the preferred option in the production of high-value added materials such as pharmaceuticals, and fine and specialty chemicals. However, unlike in continuous processes, the same process unit in a batch process can be used for multiple operations. For example, a jacketed vessel may be used to blend reactants, carry out a reaction, boil off solvent or distil the product. Thus, optimal scheduling of tasks to be performed in different units is very crucial for improving the plants’ bottom-line. This is particularly true in the case of multipurpose production plant, where a variety of products are produced using different recipes, all of which use the same processing units. In the mean time, the continuing global concern over the carbon emissions has pressurized the batch process industry to reduce its energy consumption – this can be achieved through heat integration technique. Such heat integration approach, which has been the standard tool in the design of an optimal heat exchanger network (HEN) in continuous plants, is now being adapted for energy recovery of batch plants (Kemp, 2007). 
Traditionally, process scheduling and heat integration of batch process have been solved as single objective optimization problem, such as profit maximization involving product sale values, cost of raw materials and utilities consumption (Papageorgiou et al., 1994; Barbosa-Povoa et al., 2001; Majozi, 2006). Another optimization approach is by Adonyi et al. (2003), who formulated the problem as energy minimization with additional constraint on the makespan. In this paper, we propose a multi-objective framework for simultaneous process scheduling and utilities minimization. We illustrate the framework on a well-known literature case study and discuss the findings in detail.
2. Problem Statement
The problem addressed in this paper can be defined as follows. Given information on a multipurpose batch plant in the form of: 
(1) sequence of operation tasks I (i = 1, 2, …, I) as represented through the state-task-network (STN) model, 
(2) plausible set of unit operations J (j = 1, 2, …, J) with their storage capacity,
(3) processing time of each task, and
(4) heating and/or cooling duty requirements of the tasks,

determine the optimal allocation of tasks on each unit so that minimum make-span as well as utilities consumption can be achieved. 
To solve this problem, we make the following assumptions (Sundaramoorthy and Karimi, 2005; Papageorgiou et al., 1994):

(1) all materials are stored in a storage facility; a task starts by withdrawing the required materials from storage (real or pseudo) and ends by transferring materials to storage (real or pseudo),   

(2) processing time already includes storage, transfer and setup times of each task,

(3) processing time varies linearly with the size of the batch in process.

3. Multi-objective Optimization Framework

Figure 1 shows the multi-objective optimization framework. Schedule optimization is first performed through task-unit operation allocation with the objective of minimizing the make-span. We have implemented the slot-based continuous-time MILP approach of Sundaramoorthy and Karimi (2005) for designing optimal tasks. Here, we seek  multiple solutions (alternate optima) to the scheduling problem. In the next stage, a heat integration scheme is designed so that minimum utilities are consumed in the proposed schedules. We have applied the batch pinch analysis of Kemp (2007) for designing optimum heat integration network. Both the make-span and utilities next used as objectives for manipulating the decision variables to obtain Pareto-optimal solutions. 

Figure 1. Multi-objective optimization framework
3.1. Slot-based Process Scheduling for Makespan Minimization
In this approach, the entire batch horizon H is divided into K (k = 1, 2, …, K) slots of variable lengths SLk. The objective function to be optimized can be described as follows:  

Min Makespan = 
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As slot k runs from slot time Tk-1 to slot time Tk , thus Tk-1 + SLk = Tk . At any Tk,, as only one task can start on a unit j, the following expression is used  Zjk = 
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where Yijk and Zjk are binary variables defined as follows: 
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A balance over the status of unit j is written as  yijk = yij(k-1) + Yij(k-1) - YEijk , 0 < k < K, in this case  yijk  and YEijk  are binary variables:
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As a unit j can start a new task only after the preceding task is completed on that unit, the following equation is applied  Zjk = 
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, 0 < k < K. Similarly, a unit j can start a new task only if it is not continuing any task, thus  
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A mass balance over a unit j is written as   bijk = bij(k-1) + Bij(k-1) – BEijk , i > 0, k > 0,  where bijk  and bij(k-1) are the amount of batch that exists in unit j just before a new task begins at Tk  and Tk-1, respectively; Bij(k-1) is the batch size of unit j where task i begins at Tk-1; and BEijk is the batch size discharged by task i at its completion time Tk.. A time balance at Tk-1 is defined as   tj(k)  +  
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 - SL(k+1)  ≤  tj(k+1) , k < K, where tj(k)  is the time remaining at Tk  to complete the task that was in progress on unit j during slot k. The term 
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denotes the batch processing time of task i on unit j, where αij and βij are the fixed and variable processing time, respectively, and Bij is the size of the batch in process. 
3.2. Heat Integration Scheme 

The result of scheduling can be represented as a Gantt chart which shows the allocation of tasks to different units in different time slots. In this case, the solution is not unique instead multiple solutions exist for the given objective function (makespan minimization). In the next step, we perform heat integration on each of the scheduling solutions. This is done by pairing the process hot streams that require cooling and the cold streams that require heating to reduce the overall utilities requirement. We consider only direct heat integration as the heat exchange mode between streams without heat storage unit. 
We have implemented the concept of time-average model (TAM) and time-slice model (TSM) (Kemp, 2007) in the analysis. In TAM, the heat flows of process streams are averaged over the period of the batch. The objective is to allow weighting of process streams with different time periods. As an illustration, consider a cold stream of 250 kg of materials with specific heat capacity (Cp) of 4 kj/kg0C being heated from 200C to 1200C over a duration of 0.5 hour. The total heat load of this stream is 100 MJ, while the average heat flow of the stream is 200 MJ/h. Now, if this stream is integrated with a hot stream for 0.2 hour, the amount of heat saving is then calculated as 40 MJ, which is the average heat flow multiplied by time duration. In the TSM approach, the batch period is split into different time intervals within which the heat transfer process is assumed to take place like in a continuous one. In this case, we have used the schematic slots distribution of the process schedule as the basis for time intervals. Figure 2 illustrates this approach which shows the matching between the hot and cold streams of task 2 and task 3 over a time interval of 4 to 6 hour.  We have adopted an MILP based heat-transshipment model of Papoulias and Grossmann (1983) for solving the utility minimization problem. In this model, heat acts as the commodity to be shipped from sources (i.e., hot streams/utilities) to sinks (i.e., cold streams/utilities) according to temperature intervals (Shenoy, 1995). 

Figure 2. Heat integration between different tasks
4. Application to Case study 
We have tested our framework on a case study based on Kondili et al. (1993). Figure 3 illustrates the recipe diagram (STN model) of this process. The process involves scheduling of five different tasks in four plausible unit operations (HR, RR1, RR2, and SR). Table 1 and 2 display information on the description of the tasks, processing times of each task in unit and the stream temperature requirement. Figure 4 to 6 represent three alternative schedules, all with the same makespan. When heat integration is implemented on these, the utility consumption is calculated to be 76.2, 67.8, and 52.7 MJ, respectively. The latter is hence the preferred schedule. 

Figure 3. Recipe diagram of a case study

Table 1. Unit operation information
	Task 

(i)
	ID
	Description
	Unit

(j)
	Max Bij   (unit vol)
	αij (h)
	βij (h)

	Heating

Reaction-1

Reaction-2

Reaction-3

Separation
	1

2

3

4

5
	Heat A for a time period

React 50% B and 50% C to form Int BC

React 40% hot A and 60% Int BC to form Int AB and Prod1

React 20% C and 80% Int AB to form Impure E

Distill Impure E to 90% Prod2 and 10% Int AB
	HR

RR1

RR2

RR1

RR2

RR1

RR2

SR
	100

50

80

50

80

50

80

200
	0.667

1.334

1.334

1.334

1.334

0.667

0.667

1.334
	0.006670

0.026640

0.016650

0.026640

0.016650

0.013320

0.008325

0.006660


Table 2. Energy stream data
	Stream
	Tin (0C)
	Tout (0C)
	Duration (h)
	Cp (kJ/kg 0C)

	Feed A

Feed B

Int BC

Impure E
	50

50

120

130
	70

100

70

100
	0.667

1.334

1.334

1.334
	2.5
3.5

3.2

2.8



Figure 4. Schedule-A with utility demand of 76.2 MJ

Figure 5. Schedule-B with utility demand of 67.8 MJ

Figure 6. Schedule-C with utility demand of 52.7 MJ
5. Conclusions

Unlike in continuous plants, process scheduling is of paramount importance especially in multipurpose batch plants. We propose a multi-objective framework for scheduling the optimal sequence of tasks to be performed in different process units with the objective of minimizing the make-span and utilities. The optimization is performed on a three-stage procedure: MILP for minimizing the makespan, MILP for utilities minimization and simulated annealing for multi-objective optimization. We illustrate the framework by solving a case study and obtain satisfactory results. 
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