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Abstract

In this paper, we propose a method for process integration where the amount of separation agents, energy demand and consequently the polluting effluents discharged to the environment are simultaneously minimized. This method overcomes some disadvantages of the traditional mass and energy integration techniques (pinch point method), where the main difficulty to implement them in a determined system relies on that the bases of their development have been settled down separately, causing that an optimal scheme of mass integration generally is opposed to the optimal one for energy. When the proposed methodology is applied for counter current systems, simultaneous minimum requirements of mass and heat are obtained, showing differences between 1 to 5% with respect to results obtained by the traditional mass and heat pinch point methods. The methodology consists of a graphical technique based on the analogy between the techniques that are used to separately integrate the interchange of mass and energy. The procedure is developed in two stages; the first one is based on the pinch point method to define the mass interchange network, the interchanges between currents and the definition of minimum service requirements take place by means of pondered concentration gradients with their corresponding gradients of energy. In this stage, the minimum differences of concentration and temperature are adjusted using a similar procedure to the diverse pinch point method. The second stage consists on the heat integration for the interchange network defined in the first stage of the method. As case of study, the technique is applied to the separation systems of an industrial process of suspension polymerization, obtaining a reduction in the operation costs of 39% and in polluting effluents of 40%.
Keywords: mass integration, heat integration, optimization

1. Introduction.

Actually, the commercial competence between the businesses is greater each time due to the tendency of the countries to the world globalization. For such motive, the companies that are not capable of responding to the needs of the clients and of the markets lose profit value and stability of operation. Between the main strategies that have been presented by the businesses of world class are the continuous improvement of their technologies and high productivity processes. The processes synthesis techniques are the technological alternatives that have been established for the reduction of operation costs, where one of them is the energy integration (pinch point method) [1] and in recent years the mass integration [2]. The mass integration techniques were defined at the beginning of the 90´s years taking as reference the energy integration concepts. In the middle of the 90´s and at the beginning of the 2000, a constant increment in the development of this area is presented by means of the definition of new techniques and procedures [3]. One of the main causes of this phenomenon is the growing world tendency toward the care of the ecological environment, which has favoured the urgent need of developing technologies that permit to minimize the emissions and discharges to the environment. In the last years, the simultaneous synthesis of mass and heat exchange networks has been investigated by several researchers but not to detail. El-Halwagi and Srinivas [4] developed a procedure to optimize simultaneously the heat and mass exchange networks by means of a linear programming technique. This proposal shows the route for the optimization through the division of several currents in ranges of arbitrary flow, defining with this an universe very limited. In the same way, ranges of temperature of each current are established. Another researchers [5] presented different methods to synthesize simultaneously mass and heat exchange networks. They are supported in the thermodynamic principles of the pinch point method and a procedure of mathematical programming. These techniques are based on a mathematical optimization in two blocks. In the first block, the mass exchange structure is defined using the mathematical programming technique defined by Wang and Smith [2], which is based on the pinch point method. Subsequently, in the second block a non- linear programming problem for the currents is planted, by means of the definition of the superstructure for all the possible exchanges of mass between the currents, calculating for each mass exchange network the demand of heat and cooling utilities using energy balances and through the pinch point concept the heat exchange area is determined. An objective function is optimized including objectives of energy, mass and investment costs. In contrast with the previous developments, in this work a graphical tool is presented to carry out the simultaneous integration of mass and energy in the processes. The procedure is relatively easy to implement and permits to obtain costs reduction and polluting effluents very comparables to the ones that are obtained with the traditional techniques of the pinch point method.

2. Methodology.

2.1. First stage:

1. The problem is separated in two subsystems: the first one where the hot-dirty currents are considered for the integration with cold-clean currents, and the second one where the hot-clean currents are considered to integrate with cold-dirty currents.

2. For each subsystem, give priority to mass or energy targets. Define the minimum permissible temperature and concentration differences. 

3. Using the objective values of temperature and concentration for each current of the problem, calculate the ratio ∆T/∆C if the priority is the energy exchange, or ∆C/∆T for the contrary case, where T is the temperature and C is the concentration of streams, respectively. If the priority is mass exchange, ∆T/∆C values are used as reference to define the mass exchange intervals in the mass flow chart using
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where Cfinal is the objective concentration, Cinitial  is the initial concentration, Tfinal is the objective temperature and Tinitial  is the initial temperature for each current.

4. For the calculations performed in the previous step, determine the minimum utilities requirements by means of mass or energy flow charts and obtain the pondered composite curves with respect to the mass or the heat flow, respectively. In this step, apply the diverse pinch point concept [6] for each current of the process to adjust the minimum differences specified initially and to reach the minimum requirements of services, considering as reference the results obtained when the traditional pinch point method is applied to the same system. In this step, we will obtain different values of characteristic pinch point for each current. We use the following equations
Contaminant Mass flow interval k =
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being k the number of each interval defined by ∆T/∆C values, n is the number of Dirty streams in the interval, m is the number of clean streams in the interval, Mi and Mj is the total contaminant mass flow of each dirty and clean stream respectively, i or j index in the ∆T/∆C values is the proportion of this values in the interval k to each current.

Adjustment of the minimum deltas ratio = AMDR = 
[image: image3.wmf]÷

ø

ö

ç

è

æ

D

D

Min

Min

T

K

C

*

                 
       (3)

being AMDR the difference applied to each dirty current to reach the minimum requirement of services, 
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 are the minimum gradients of concentration and temperature specified in the problem and K is an adjustment constant.

DPC = 
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where DPC is the Diverse pinch point concentration to each current, 
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is the ∆T/∆C value in the pinch point and 
[image: image8.wmf])

/

(

T

C

D

D

is the gradients ratio to each stream.

5. Using a grid diagram, define the exchange network taking as base the diverse pinch point of the currents. The exchange criterion between currents is defined like the traditional pinch point method using the scope of the graphical representation of each current in the pondered composite curves [1].

6. Adjust the network for currents than can be mixed using heuristic rules that define the interchanges and possibilities for division of currents. Once they are specified in the network, smaller utilities values to those of reference are reached due to the gradients minimization in mixing.

2.2. Second stage:

7. Calculate, in another grid diagram, the integration conditions of the other case (mass or heat second priority) taking as base the network defined previously. 

8. For the construction of the global exchange network, consider the two solutions of the subsystems. 

3. Case study

The methodology is applied to the separation systems of an industrial polymerization process. The polymerization system is a suspension reactor of an acrylic fiber production plant. The targets are the reduction of operation costs and polluting effluents by means of the design of a simultaneous mass and heat exchange network. In Figure 1, the separation operations of the polymerization area are shown.
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The critical contaminants are the monomers AN and AV, which are considered as base for the analysis. The problem is divided in two subsystems: 1) Subsystem A: the hot-dirty currents are integrated with cold-clean currents and 2) Subsystem B: the hot-clean currents are integrated with cold-dirty currents. With illustrative purposes, we will describe in detail the application of the proposed method for the subsystem A. Considering this fact, in Table 1 we show the data of the process streams corresponding to this subsystem.

Table 1. Streams data of the subsystem A (hot-dirty and cold-clean system).

	
	C, ppm
	T, oC
	
	
	
	
	Stream Type

	Stream
	Initial
	Final
	Initial
	Final
	Mass Flow,

Kg/h
	Cp
	ΔC
	ΔT
	Heat
	Mass

	 1
	10
	30
	25
	75.33
	47850
	1
	20
	50.33
	Cold
	Clean

	2
	10
	100
	25
	76.51
	9778
	1
	80
	51.51
	Cold
	Clean

	3
	95
	96.5
	25
	40.45
	2074
	1
	1.5
	15.45
	Cold
	Clean

	4
	900
	100
	90
	76.51
	1000
	1
	800
	14.51
	Hot
	Dirty

	5
	900
	30
	90
	75.33
	1000
	1
	870
	14.67
	Hot
	Dirty

	6
	100
	96.5
	76.51
	40.45
	889
	1
	3.5
	36.06
	Hot
	Dirty

	7
	99.24
	50
	68.74
	35
	13741
	1
	49.24
	33.74
	Hot
	Dirty

	8
	100
	50
	80
	35
	1000
	1
	50
	45
	Hot
	Dirty


4. Results

Using the 2-4 steps of the methodology described above, we obtain the mass flow chart for the ratio ∆C/∆T and the minimum mass requirements are defined. Table 2 shows the mass flow results for the subsystem A. Based on this chart, the mass exchange network is defined (Figure 3). In second stage, the heat exchange network is obtained using as base the mass exchange network and calculating the heat exchange requirements of each stream (Figure 4). In this figure, the orange exchanger represents a heat exchanger, the green exchanger represents a counter-current mass exchanger and the green exchanger with lateral lines represents a mass mixing exchanger. 

Table 2. Mass flow chart for the ratio ∆C/∆T (∆Tmin=1 oC and ∆Cmin=1.5 ppm).

	
	Contaminant Mass Flow (M)
	Mass flow of dirty streams
	Mass flow of clean streams

	∆C/∆T
	
[image: image9.wmf]T

C

M

D

D

*

 
	Accumulated
	Adjusted
	Level
	Accumulated 
	Level
	Accumulated

	79.333
	2
	2
	2
	2
	2399778
	0
	0

	21.459
	1628918
	1628920
	1628920
	1628918
	2399776
	0
	0

	21.111
	171336
	1800257
	1800257
	171336
	770857
	0
	0

	20.097
	544314
	2344570
	2344570
	544314
	599521
	0
	0

	20
	55207
	2399778
	2399778
	55207
	55207
	0
	0

	1.7469
	0
	2399778
	2399778
	0
	0
	679861
	2399778

	0.3973
	-679861
	1719917
	1719917
	0
	0
	874478
	1719917

	0.0970
	-874478
	845439
	845439
	0
	0
	285772
	845439

	0
	-285772
	559667
	559667
	0
	0
	0
	559667


To resolve the original problem, it was made the combination of mass and energy exchange solutions of the subsystems A and B. The global network of mass and energy integration is given by the flow diagram of Figure 5. This diagram is defined for the exchanges, temperatures, concentrations, currents division, equipments and remaining characteristics of the case study. Comparing the flow diagram of the global mass and heat network exchange with the original process, it is possible to identify 3 additional mass exchange equipments, 3 heat exchangers and 4 stream flow separators. The mass exchange equipments are static mixers and the heat exchange equipments are counter current heat exchangers. About the control systems, 4 additional loops are needed. It is important to note that, considering the characteristics of the additional equipments, the investment cost is very low with respect to the cost reduction obtained using the method. Another important point is the low variability produced in the total control system. Finally, a reduction in the operation costs of 39% and in polluting effluents of 40% is obtained with the proposed method (see Table 3).

Table 3. Evaluation of the simultaneous mass and heat integration for the case study

	Utility requirements
	Original System, kg/hr
	This work, kg/hr

	Cooling water
	244989
	71008

	Steam
	5507
	1802

	Clean water
	80718
	63563
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Figure 3. Mass exchange network for subsystem A
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Conclusions

In this paper, we propose a process synthesis and redesign tool that permits to obtain important process costs decrease and reduction of polluting effluents, including low investment costs by means of an integral handling of the mass and heat transfer, besides defining plans of operation and control that themselves they are not contrasted, as in the case in which the traditional techniques are utilized. Finally, it permits to analyze the problem with a graphic vision of easy understanding and application. The diverse pinch point concept applied to the ratio ∆C/∆T permits to obtain the minimum requirements of services and to define the network of simultaneous exchange, considering the effect of the concentration and temperature gradients of each current. For future works, it is important to include cost functions to carry out a rigorous economic analysis.
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Figure 5. Flow diagram for the global mass and heat exchange network.





Figure 4. Heat exchange network for subsystem A
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