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RINGKASAN: lntegrasi tenaga dan operasi telah digunakan dengan jayanya 

untuk operasi secara berterusan. Kajian telah dijalankan untuk menggunakan 

teknik ini di dalam proses yang beroperasi secara berkelompok. Kertaskerja 

ini membincangkan mengenai penggunaan 'Cascade Analysis' untuk mengenalpasti 

peluang untuk pertukaran haba terus, simpanan haba dan pengjadualan semula. 

Analisa ini juga dapat memberi maklumat tambahan seperti masa, tempat, ju/at 

suhu dan jumlah tenaga yang diperlukan atau yang boleh disimpan. Kajian kes 

contoh menunjukkan penggunaan 'Cascade Analysis' telah dapat meningkatkan 

kecekapan proses dari segi penggunaan tenaga dan mengurangkan masa kitar 

operasi yang seterusnya meningkatkan kapasiti pengeluaran sehingga 70%. 

ABSTRACT: Energy and process integration which has been successfully applied 

in continuous processes was investigated for a batch process. This paper 

discusses the possibility of using Cascade Analysis to identify the opportunitites 

for direct heat exchange, storage and rescheduling. This analysis was shown 

to be able to identify all the opportunities for energy and process integration 

besides giving other information such as the location, time, temperature range 

and amount of heat that could be stored or generated in the batch process. 

Based on these information more ideas for improvement were identified which 

in turn enabled more energy to be saved. Rescheduling of the process reduced 

the cycle time to less than half that of the original and the plant capacity was 

increased by 70%. 

KEYWORDS: Energy and process integration, batch process, Cascade analysis, 

rescheduling. 
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INTRODUCTION 

Energy Integration 

The starting point for an energy integration analysis is the calculation of the minimum 
heating and cooling requirement as targets for a heat exchanger network. Pinch Technology 
(1982) is a method used to find these utility requirements for a given process and the 
heat exchanger network that gives the "best" energy integration. Batch plant design makes 
use of a wide range of procedures to achieve good performance in flexibility, yield, capital 
cost, capacity, energy etc. Energy is often the least significant factor. 

The integration of a batch plant for energy saving is rare in practice. There are few known 
instances where plants have been designed in this way. This is unfortunate for it has 
resulted in batch plants having poor energy efficiencies. The benefits of energy and process 
integration will be discussed in this paper. 

The benefits of such a study are: 

1. Industry will be provided with the ability to identify potential energy savings through 
the jntegration of batch processes. 

2. Ensuring subsequent plant operability and flexibility. 

3. Industry will be provided with a design procedure to rec;1.lise these savings. 

Until recently the concept of process integration as applied to continuous processes was 
generally thought to have only limited application in batch processes. The main obstacle 
was the complexity of treating time as a variable. 

AN EXAMPLE PROBLEM 

An example problem (Germouti, 1991) based on a single product batch production line, 
as illustrated in Figure 1, will now be used to show how energy analysis can be used 
to improve the process. The steps involving the use of Cascade Analysis (Kemp and 
Deakin, 1987) will be shown. Briefly Cascade Analysis identifies the opportunities for energy 
recovery via heat storage, direct heat exchange and rescheduling. 

The whole process can be divided into three stages: 
reactor 1 (process 1 to 4) 
distillation column (process 5 to 8) 
reactor 2 (process 9 to 16) 
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Figure 1. Flow diagram and cycle time chart of the original 
production process 

Process Improvement 

The stream data on the batch process prior any modification is shown in Table 1. The 
cycle time of this process is 315 minutes as shown in Figure 1, assuming the plant output 
is at 100%. The cycle time should be reduced in order to increase plant output. This 
can be achieved by a number of ways. 

i) Installation of an additional reactor 

By installing another reactor, the cycle time will be reduced to 225 minutes as shown 
in the figure below and the plant output increases to 140% (315* 100 = 140). 

225 

49 



Zuhaimi Mar'ee 

Process Temp10 

Stream (OC) 

1 10 

2 10 

3 100 

4 100 

5 119 

6 111 

7 110 

8 50 

9 50 

10 15 

11 30 

12 140 

13 135 

14 140 

15 ' 140 

Table 1. Stream data on the original process 

Temp out Head Load 
(OC) (MJ) 

10 -
60 - 1469 

100 -

100 -

120 - 3529 

110 3150 

50 3601 

50 -

50 -
15 -
95 - 2932 

140 -

134 4955 

35 10932 

35 -

reactor I 

distillation 

reactor 2 

reactor 2 

Start Finish Description 
(min) (min) 

0 30 Raw Material Charge 

30 70 Raw material heating in R1 

70 195 Reaction in R1 

195 225 Transfer to distil column 

225 355 Distil reboiler 

225 355 Distil condenser 

225 355 Distil product cooling 

355 385 Emptying distil column 

385 405 Charging of feed A 

385 415 Charging of feed B 

415 480 Reactant heating R2 

480 570 Reaction in R2 

480 570 Reflux condenser in R2 

570 660 Product cooling in R2 

660 700 Product discharge 

. . . 
~!~ 

~ 
~ 

cycle time ~ +--+ ' 

Figure 2. Reduction of cycle time with 
the installation of an additional reactor 

ii) External heating and cooling (Gremouti, 1991) 

In this example, reactors are used as heating/cooling vessels which is a common practice 
in batch processing. However, reactors are inefficient heat exchangers and generally have 
a low overall heat transfer coefficient. Another problem is the small surface area for heat 
transfer compared to the volume of the reactor vessel. This problem is further enhanced 
the larger vessel. Using expensive equipment such as reactors as heat exchangers is 
a waste of capital, time and energy. By carrying out the heating and cooling requirements 
externally, as shown in Figure 3 and described in tabulation form in Table 2, the batch 

cycle time is reduced from 315 mintues to 210 minutes and the plant output increases 
to 150%. The method not only reduces the batch cycle time but it also reduces the energy 
requirements since external heating and cooling are more efficient. The batch cycle time 
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is reduced because the heating and cooling processes could be carried out while feeding 
or discharging the product, as shown in the figure below. 

cw 

distillation 

3 column 

Reactor 1 

FeedB 10 

12 

Reactor 2 

Figure 3. Process flow diagram using external heating and cooling 

Table 2. Process stream data using external heating and cooling 

Process Temp10 Temp out Head Load Start Finish Description 
Stream (•C) (•C) (MJ) (min) (min) 

1 10 10 - 0 30 Raw Material Charge 

2 10 60 · -1469 30 70 Raw material heating in R1 

3 100 100 - 70 195 Reaction in R1 

4 100 100 - 195 225 Transfer to distil column 

5 119 120 -3529 225 355 Distil reboiler 

6 111 110 3150 225 355 Distil condenser 

7 110 50 3601 225 355 Distil product cooling 

8 50 50 - 355 385 Emptying distil column 

9 50 50 - 385 405 Charging of feed A 

10 15 15 - 385 415 Charging of feed B 

11 30 95 -2932 415 480 Reactant heating R2 

12 140 140 - 480 570 Reaction in R2 

13 135 134 4955 480 570 Reflux condenser in R2 

14 140 35 10932 570 660 Product cooling in R2 

15 140 35 - 660 700 Product discharge 

Application of Cascade Analysis (Kemp and Deakin, 1989) 

External heating and cooling has managed to improve the process of the example problem 
without the need to install another reactor. Further improvements can be identified using 
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Cascade Analysis. In this analysis the process was divided into time and temperature 
intervals. In each interval all the existing streams were assumed to have constant properties 
and heat flow was cascaded through time and temperature. A minimum temperature 

difference (T min) of 20°C was used to calculate the heat cascade (i.e. the temperature of 
the hot stream or process was reduced by 20°C). Table 3 shows the heat load for each 
time and temperature interval. The periods between O to 30, 70 to 225 and 355 to 415 
minutes are left out because the process is kept at constant temperature. An example 
of the calculation is shown below. 

Heat load Total heat load x 
dT 

T 

where: dT = temperature difference, T = total temperature difference 

Hence, for the first time interval of 30 - 70 minutes and temperature range from 30 to 

60°C, the heat load for stream 2 is : 

Heat load = 1469MJ x (30 - GO) 
50 

-880MJ 

Without heat storage, the total amount of utility heating (steam) and utility cooling (cooling 
water) needed are about 7930MJ and 22638MJ, respectively as shown in Table 4. 

Table 3. Heat load values (MJ) determined by Cascade Analysis 

·3: 30-70 225-335 

Temp. (°C) 

120 - 119 0 

119 - .115 0 

115 - 114 0 

114 - 95 0 
95 - 91 0 

91 - 90 0 

90 - 60 0 

60 - 30 -880 

30 - 15 -440 

15 - 10 -149 

Note: 
-ve value means heat required 
+ve value means heat released 

- 3529 

-

-
-
-

3150 

1800.5 

1800.5 

-
-

415-480 480-570 570-660 

- - 104 

- - 418 

- 4955 104 

- - 1984 

180 - 418 

46 - 104 

1353 - 3120 

1353 - 3120 

- - 1560 

- - -

The large amount of surplus heat (utility cooling) indicates an opportunity for energy saving. 
Cascade analysis has not only identified the opportunities for heat storage but it also showed 
the temperature range and time interval when a certain amount of heat could be recovered. 

52 



Application of Cascade Analysis for Energy and 
Process Integration of a Batch Process Plant 

Table 4. Heat cascades (MJ) without heat storage 

~ 30-70 225-335 415-480 480-570 570-660 Total 

) 

Utility Heating 1469 3259 2932 0 0 7930 
120 - 119 - -3529 - - 104 
119 - 115 -3529 - - 418 
115 - 114 - - 4955 104 
114 - 95 - - - 1984 
95 - 91 - -180 - 418 
91 - 90 3150 -46 - 104 
90 - 60 1800.5 -1353 - 3120 
60 - 30 -880 1800.5 -1353 - 3120 
30 - 15 -440 - - - 1560 
15 - 10 -149 - - - -

Utility Cooling 0 6751 0 4955 10932 22638 

Opportunities for Heat Recovery via Storage for Repeated Batch Processing 

Table 3 clearly shows where and when heat is required or being released during repeated 
batch processing of the product. Instead of releasing this surplus heat to the cold utility, 
it could be stored and used later. This will reduce or eliminate the need for utility heating 
and cooling. The table shows that heat is required in the first, second and third time 
interval. Therefore, the streams which spanned these range of time intervals can exchange 
heat by storage or by rescheduling. 

From Table 1, it can be seen that the streams of the original process which exist over 
these temperature ranges are streams 2,5, 11 and 14. Streams 2,5, and 11 need heating 
while stream 14 requires cooling. Table 3 shows that at 120 to 119°C, stream 5 needs 
3529 MJ of heat while only 104 MJ of heat is available from stream 14. Since this value 
is small, it is uneconomical to store and use this heat. Using utility heating would be 
a better choice. Looking at Table 3, a few alternatives of heat storage opportunities can 
be identified. 

The first alternative is in the last time interval. There is more than enough energy from 
stream 14 to heat streams 2 and 11 . The second alternative is to use the heat from 
stream 13 (4955 MJ) and the third alternative is to store the energy from streams 6 and 
7 to heat stream 11 and use the energy from stream 14 to heat . stream 2. Since no 
heat is available at 95 - 91 °C to heat stream 11, we can use utility heating. 

Table 5 shows the overall cascade with heat storage for a repeated batch processing 
using the third alternative. Within each time interval, heat is cascaded down and released 
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to the utility cooling. The arrow signs show the heat that is being stored and transferred 
to the next time interval. 

Table 5. Heat cascades (MJ) with heat storage for a repeated batch process 

~ 30-70 225-335 415-480 480-570 570-660 Total 
) 

Utility Heating 0 3259 0 0 0 3529 

120 - 119 - -3529 - - 104 

119 - 115 - - - - 418 

115 - 114 - - - 4955 104 

114 - 95 - - - - 1984 

95 - 91 - - - 180 - 418 ~ 

91 - 90 - 3150 +~ - 46 - 104 

90 - 60 - 1800.5 ~ -1353 - 3120 

60 - 30 -880 1800.5 - 7 -1353 - 3120 ~ 

30 - 15 -440 - - - 1560 J ~ 
15 - 10 -149 - - - ~ 

Utility Cooling 0 3999 0 4955 9283 18237 

Using heat storage, we have managed to reduce the ~tility requirement from 7930 to 3529 
MJ and the utility cooling has reduced from 22638 to 18237 MJ. All the alternatives have 
their own advantages and disadvantages. Decision on the best storage design depends 
on the storage time, storage temperature, capital cost, equipment etc. 

Opportunities for Direct Heat Exchange 

Direct heat exchange is more efficient than heat recovery via storage and it should be 
used whenever possible. The Cascade Analysis . can be used to identifiy direct heat 
exchange and rescheduling opportunities. Table 3 clearly shows where and when heat 
storage could make addition.al savings, given both the amount of heat required and the 
temperature range. Since these streams existed at different time intervals, they need 
to be rescheduled so that they exist in the same time interval thus enabling direct heat 
exchange. 

· Instead of storing the hot product, heat from stream 14 can be directly transferred to 
preheat the raw material in the next time _interval. This means that streams 2 and 14 
should be rescheduled so that they coincide with each other. Raw material feeding, heating 
and product cooling can then be done simultaneously. But this rescheduling will affect 
the cycle time of the process, since the raw material feeding and heating of the· next 
batch can only be performed when the product from reactor 2 is being discharged. We 
have to wait about 420 minutes. The batch cycle time increases from 315 to 420 minutes 
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and the plant capacity reduces to 80%. Rescheduling of streams 1,2 and 14 to achieve 
direct heat exchange is hence not recommended. 

Another direct heat exchange opportunity is between streams 6 and 11. Instead of storing 
the heat from the distil condenser, the heat could be directly transferred to preheat -feed 
B. Table 1 shows that heat is being released from stream 7 (distil product cooling from 
110 to 50°C). The product is stored and then mixed with feed Bin reactor 2. The mixture 
is heated up to the reaction temperature of 95°C. This seems to be a waste of time 
and energy since we should not cool something that we want to heat up again. Unless 
there exists a necessity for the cooling stage, the hot distil product should be directly 
transferred to reactor 2 and allowed to cool down to around 90°C or the maximum allowable 
temperature before being mixed with feed B. The heat from stream 14 could then be 
stored and used later to preheat the raw material (stream 1) and heat the reactants in 
reactor 2 (stream 11) for the next batch. The modified stream data is shown in Table 
6 and the associated heat analysis in Table 7. 

Table 6. Stream data on the improved process 

Temp10 Temp••• Head Load Start Finish Description 
Stream (•C) (•C) (MJ) (min) (min) 

1 & 2 10 60 -1469 0 30 Raw Material Feeding and 

Heating 

3 100 100 - 30 155 Reaction in R1 

4 100 100 - 155 185 Transfer to distil column 

5 119 120 - 3529 185 315 Distil _reboiler 

6 111 110 3150 185 315 Distil condenser 

7 110 90 1200 185 315 Distil product cooling 

8 & 9 90 90 - 185 315 Emptying distil column and 
charging of feed A 

10 15 90 - 2000 185 315 Feed B preheat & feeding 

11 90 95 - 226 315 330 Reactant heating R2 

12 140 140 - 330 420 Reaction in R2 

13 135 134 4955 330 420 Condenser reflux in R2 

14 140 140 10932 420 460 Hot product discharge 

The results of this rescheduling is best shown using a Gantt chart as shown in 
Figure 4. Processes 1 & 2,6, & 10 and 7,8 & 9 are combined together to save time 
and energy. Reactant heating time (stream 11) is reduced from 65 to 15 minutes due 
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Table 7. Heat analysis (heat load in MJ) of a repeated batch production on 
the modified process 

~ 0-70 225-335 415-480 480-570 570-660 Total 

) 

Utility Heating 0 3529 0 0 0 3529 
120 - 119 - - - 0 104 0 
119 - 115 -3529 - 0 418 
115 - 114 - - - 4955 104 
114 - 95 - - - - 1978 0 
95 - 91 - - -180 - 416 180 
91 - 90 - 3150 -46 - 104 46 
90 - 70 - 1200 - 533 - 2082 
70 - 60 - - - 267 - 1041 
60 - 15 -1320 - -1200 - 4685 1320 
15 - 10 -147 - - - - 147 

Utility Cooling 0 2350 0 4955 9239 16544 

to external heating of feeds A and B. Using Cascade analysis, the utility heating is reduced 
from 7560 to 3529 MJ and that of utility cooling from 22678 to 16544 MJ. The batch 
cycle time is reduced from 315 mintues to 185 minutes and the plant output increases 
to 170%. 

CONCLUSIONS 

External heating and cooling should be used whenever possible to reduce the heating 
and cooling time in a reactor. This not only reduces the energy requirement but also 

the batch cycle time, thus increasing the plant throughput as shown in the example problem. 

Using Cascade analysis, the opportunities for improvement in energy recovery and plant 
throughput of a batch process could be identified. The opportunities for heat storage, 

direct heat exchange and rescheduling, as well as information such as temperature range, 
amount, where and when heat could be stored or exchanged can be determined. Hence 
this analysis leads to the improvement of the production processs described. Identification 
of rescheduling opportunities was also shown to be able to reduce the cycle time even 
further and increases the plant output as summarized in Table 8. 

Cascade analysis was shown to be a better choice in terms of capital cost and energy 
savings as there is no necessity to install another reactor. In this example problem, the 
"best" process design was achieved using both heat storage and direct heat exchange. 
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Figure 4. Gantt chart of process before and after rescheduling 
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Table 8. Process improvement with the various rescheduling opportunities 

Utility heating Utility Cooling Cycle Time Yield 
(MJ) (MJ) (min.) (%) 

Present process 7930 22638 315 100 
Install another reactor 19862 38525 225 140 
External heating and cooling 3529 18237 210 150 
Cascade Analysis 3529 16544 185 170 
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Heat from stream 14 (product cooling) is stored and used to heat raw material for the 
next batch of production. Rescheduling of the process enabled the heat from stream 
6 (distil condenser) be directly transferred to preheat feed B. 

Using this analysis, the alternatives of heat storage, direct heat exchange and rescheduling 
were identified systematically, and the decision to use storage or direct heat exchange/ 
rescheduling was made easier with the help of a Gantt Chart. Heat storage is a better 
choice in this case since it offered the advantages of flexibility which is very important 
in batch processing and also it did not impose any restriction on the sequencing of the 
process. 

Rescheduling on the other hand offered the opportunities of direct heat exchange which 
is more efficient with less capital cost. It also helps to reduce the cycle time of the process 
by combining the streams together to make them exist in the same time interval. 

When applying process integration, the options for both heat storage and direct heat 
exchange should be considered and examined as shown in the example problem. In 
a real plant it will be essential to discover whether these alternative options are at all 
practicable, before proceeding any further in the design. It must be emphasized here 
that Cascade Analysis only identifies all the various opportunities of energy recovery. 

This analysis could be used in our local industries to improve various processes in food 
manufacturing, cosmetics and toileteries, biochemical and other industries that involve 
batch processes. The advantage of this analysis is that, it not only improved the energy 
utilisation but more importantly it can also improve the plant throughput. 
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