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Abstract 
Energy efficiency has become a very important term for evaluating the sustainability of industrial 
processes. Due to environmental, but also economical reasons, the readiness for optimizing a process 
is gaining ground. In this study the problem of reduction of energy consumption in bioreactors system 
of antibiotics production by means of energy integration is considered. An energy integration scheme 
is proposed, which provides both to the process of cooling a reactor after its sterilization and 
preparation of Substrate to another reactor. A mathematical model of processes in both reactors is 
developed. By using this model a method for managing the processes of heat integration is created. 
The problem is formulated in the terms of MINLP. The efficiency of proposed approach is illustrated 
on the example of the industry. 
Key words: Heat integration, Batch reactors, Optimal control, Quasioptimal control 

 

1. INTRODUCTION 
The reduction of greenhouse gas emissions and the question of how we will deal with our future 
energy demand, or increasing energy costs respectively, are important political and social issues 
nowadays. Enhancing energy efficiency and reducing energy use is therefore politically strengthened, 
e.g. by the EU directive 2006/ 32/ EG. One contribution to reduce the overall energy consumption 
would be to improve the energy efficiency of industrial processes, since many of them are based on 
high energy inputs. Besides the ecological aspects, this is of economical interest as well. Energy costs 
become more and more a matter of cost effectiveness for production processes. Concerning industrial 
processes, there are two major aspects controlling the energy demand which are primarily the state of 
the insulation-system, and secondly the process control. The problem of the value reduction for 
"Heating-Cooling" processes in batch reactors is topical, having in mind the changed economic 
conditions. This refers mostly to the pharmaceutical and food industry, which is characterized by 
multiple proceedings often using periodic reactors to perform basic operations. Reduction of energy 
consumption of such proceedings can be attained by creating conditions for optimal use of the internal 
energy in the system that is provided through heat integration of processes. One of the first studies to 
deal with these problems was Vaselenak, et al. (1986)[1]. Subsequently, B. Ivanov, N. Vaklieva-
Bantcheva (1994)[2] and later further developed by A. Pozna et al. (1998)[3] dealt with power reactors 
in operation, proposing methods of heat-integrated systems synthesis. T. Pinto et al. (2003)[4] 
discusses the problem of energy saving by design of multipurpose systems or renovation of rexsisting/ 
existing systems. Interesting mathematical models for modeling of the processes of energy 
consumption are  proposed by Patric s. et al. (2004) [5]. Later Majozi t. (2006)[6] examines the 
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problem of energy saving in the operation of multipurpose systems, such as the task of synthesis as 
well as in systems with continuous processes. In the literature mainly are discussed the problems of 
analysis, modeling and synthesis of heat exchanger networks in the operation of multipurpose systems. 
There are few development in which apply theoretical methods in real manufacturing systems. 

 
2. AIM 

The aim of this study is to create a method for reducing energy consumption through heat integration 
of processes and their optimal management of a class periodic bioreactors for the production of 
antibiotics. 

 

3. PROBLEM DESCRIPTION 
Let consider a generalized superstructure bioreactors system for carry out of the substrate preparation 
process, sterilization and cooling till operational temperature of the fermentation process. The 
characteristic of the proposed scheme of organization of processes is that processes, cooling of the 
reactor after sterilization and the preparation of the substrate in next bioreactor are integrated by 
creating appropriate production plan and use of the cooling water for the purpose of the processes. 
This leads to reduction of the quantity waste water and use steam for process heating and sterilization. 
On Figure 1 is shown such type of scheme for  the processes carrying out. The task of determining 
control action is limited to that the parameters of time intervals to be found, as well as  the conditions 
for processes carrying out witch ensure a minimum price of used energy from external systems. 

3.1. Process description 

Antibiotic production involves processing tasks which realize in the batch reactors. According to 
technical regulation they have following sequence and parameters: 

Step 1: Substrate preparation. 

1. This processing task carries out through water and substrate mixing in an auxiliary reactor with 
volume of 35m . 

Step 2: Preparation of the components of the fermentation medium. 

1. Mixing of 32mVA =  component of A with 3
.1.2 10mV =  of water at Co20  ( 20CW ) through 

stirring until production  of substrate NMA  with volume of ( )AVVV += .1.2
*

.1.2 . 

2. Mixing of  32mVB =  component of B with 3
.2.2 10mV =  of water 20CW  by stirring until 

substrate NMB  with volume of ( )BVVV += .2.2
*

.2.2  is produced/generated. 

Step 3: Fermentation process. 

1. Simultaneous transfer of NMA in the fermentation reactor and its heating by means of steam 
from temperature CT o20.2.3 =  to temperature CT o55.2.3 = . 

2. Heating of NMA by steam from CT o55.2.3 =  to CT o100.2.3 = . 

3. Steam sterilization of NMA at CT o
st 100=  approximately within 0.5 hours. 
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4. NMB transfer into the fermentation reactor and mixing with NMA to produce  substrate 
IABAB . 

5. Adding of 33
.5.3 1817 mmV ÷=  of technical water 20CW  with temperature Co20  in order to 

produce substrate NMAB . 

6. Steam heating of 342m  NMAB until temperature of CT o55.6.3 = . 

7. Steam heating of NMAB from CT o55.6.3 =  to CTT o
St 120*

.6.3 ==  approximately within 2 
hours. 

8. Sterilization of NMAB by steam CT o
St 120* =  approximately within0.5 hours. 

9. Cooling of NMAB with water 20CW  from CTT o
St 120*

.9.3 ==  until CT o45.9.3 = . 

10. Cooling of NMAB with CT o55 =  water 5CW  from CT o45.10.3 =  until 

CTT o
FWork 30.10.3 ==  approximately within 0.5 hours. 

11. Adding of IMX  to NMAB  within 0.75 hours to reach the volume of 347m  which represents 
the substrate FM . 

12. Fermentations substrate cools until CT o
FWork 30=  by using 5CW and the fermentation process 

continues in the same temperature within 120-150 hours until fermentation product FB is 
formed. 

Step 4: Dilution 

1. Transfer of FB to an intermediate tank approximately within 1 hour. 

2. Adding of 323mVWaste =  of water 20CW  and deactivation approximately within 1 hour to 
obtain fermentation product DFB. 

Step 5: Filtration 

1. Filtration of the diluted product DFB approximately within 12 hours until concentrated raw 
material DSC is produced. 

Step 6: Sterilization of the empty fermenter reactor. 

1. Rinsing of the empty fermenter reactor by using water 20CW . 
2. Sterilization of the reactor using steam at Co130  approximately within 2 hours. 

3.2. Description of the processes equipment 

The process is carried out an industrial unit having the following equipment: which involves the 
following equipment: 

1. 8 (preparatory) reactors (with volume) of 38/5 m for the processes 1.1 

2. 3 reactors for substrate with volume of 316/12 m  for processes 2.1 and 2.2 

3. 14 fermentation reactors with volume of 363/47 m for processes 3.1 to 3.11 and 6.1, 6.2. 
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They are equipped with 3 coil heat exchangers each of them with length of m100 , diameter of mm57
and thickness of wall of,  mm5.3 . 

4. 3 tanks with volume 3100/70 m  for the processes 4.1 and 4.2. 

5. 3 filters presses with productivity of hm /70 3  for the process 5.1 

3.3. Options for energy integration process 

3.3.1. Scheme, providing heat integration 

According to the technological regulation there are processes requiring the use of energy from the 
outside (STEAM, CW20, CW5 ) for heating and cooling. The problem of the reduction of external 
energy can be realized through suitable scheme of heat integration. For this case, the use of scheme of 
Fig.1 is proposed. 

 
Fig.1 Structure of the scheme for heat integration into a system of batch bioreactors 

We will consider the hot reactor as a  fermentation reactor HF  in which the processes of raw materials 
loading and sterilization are completed (3.1-3.7). At the end of 3.7 the mixture in the fermantation 
reactor  is with  a temperature Co120 . After this process is necessary to be carried out cooling process 
(3.8, 3.9) to temperature Co30 . To be able to  use the available energy of hot reactor it is necessary 
for the organiZation of work in the bioreactors system to be such that in the interval of time when you 
need to be cooled hot reactor HF  to be drawn for sterilization another reactor, which we will treat as 
cool reactor CF . In the cool reactor all the processes of loading raw materials have completed       
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(3.1-3.5) and in their final the mixture with a volume 342m  is  with temperature *
3T . This mixture in 

the cool reactor subject is to be under heating (3.6, 3.7) and subsequent sterilization (3.8). 

3.3.2 Organization of the processes during time 

In Figure 2. is shown the Gantt chart for the organization of processes in 2 directions: during time and 
of the equipment of the scheme in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Organization of the processes of the heat integration in the time interval 

 

 

Fig. 2. Gantt chart for the organization of processes 

 

4. MATHEMATICAL FORMULATION OF THE PROBLEM 
4.1. Optimal management of processes in the system with heat integration  

4.1.1. Processes mathematical modeling 

Mathematical description of the process will include processes of heat transfer and mass transfer at 
time. The equation describing the change in temperature of the mixture in the reactor ( )HF  when 
crossing the flow 20CW  or 5CW  determining debit is described by the equation: 

( ) ( ) ( )Fin
FF

WW

W

WF TT
CpV
CpF

dt
dT

−
−

=
Φ

Φ 1
.       (1) 

Where 







=

−
−

=
WWF

inF
m CpF

UA
TT
TT exp*Φ , A  is heat exchanger surface of the coil with dimension 

[ ]2m , and U  is overall heat transfer coefficient with dimension [ ]12 −− KkWm , FFF CCp ρ=  with 
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dimension [ ]13 −− KkJm , and FC  according to [ ]3/ mkg , while Fρ  is with dimension [ ]3/ mkg . 
Flow of cooling water through the coil is WiF  is with dimension [ ]sm /3 . 

The temperature at the exit of the coil is determined by the equation: 

( )
in

W
F

W

W TTT
ΦΦ

Φ 11* +
−

=         (2) 

The solution of the equation (1) is searched at the start conditions ( )0FT . It should be taken into 
account  that the temperature of the water coming out of the coil *T  must be less than the contents in 
the fermentor FT  ie. *TTF ≥ .Substante NMA  is obtained in Stage 2.1., the equations describing the 
mass change and balance the temperature in the reactor NMAR : 

1
1 F

dt
dV

= , with start conditions ( )01V        (3) 

( )1
*

11
1

11 TTCpF
dt
dTVCp −= , with start conditions ( )01T     (4) 

111 ρCCp =  with dimension [ ]13 −− KkJm , and 1C  according to [ ]11 −− KkJkg ,  while 1ρ  is with 
dimension [ ]3/ mkg . 

Substante NMB  is obtained in Stage 2.1., the equations describing the mass change and balance the 
temperature in the reactor NMBR : 

2
2 F

dt
dV

= , with start conditions  ( )02V        (5) 

( )2
*

22
2

22 TTCpF
dt

dTVCp −= , with start conditions ( )02T     (6) 

222 ρCCp =  with dimendion [ ]13 −− KkJm , and 2C  according to [ ]11 −− KkJkg , while 2ρ  is with 
dimension [ ]3/ mkg . 

The process of the addition water 317m - 318m  is carried to Stage 3.5. 

Mass balance for the case is described by equation: 

3
3 F

dt
dV

= , with start conditional ( )03V       (7) 

Positive energy balance is slightly different from those above because it includes a variable start 
temperature initT3 : 

( )initTTTCpF
dt

dTVCp 33
*

33
3

33 −−= ,       (8) 



Journal of International Scientific Publications:  
Materials, Methods & Technologies, Volume 5, Part 1 
ISSN 1313-2539, Published at: http://www.science-journals.eu 

 

 
121 Publishing by Info Invest, Bulgaria, www.sciencebg.net 

 

 

333 ρCCp =  with dimension [ ]13 −− KkJm , and 3C  according to [ ]11 −− KkJkg , wihle 3ρ  is with 

dimension [ ]3/ mkg . 

The starting temperature is determined by the equation: 

( ) ( ) ( )
( )0

100

3

221
3 V

tTtVtV
T fff

init

+
= .       (9) 

The equations describing the parameters of the mixtures obtained as a result from mixing of substrate 
and the receiving water after the coil is given by the equations: 

520 FFFW +=          (10) 

552020 FTFTFT WWWin +=         (11) 

Determining the price of used water in and for the carrying out of the processes is through integration 
of the processes, described by the equations shown below. 

For 5CW  equation is: 

( )5
*

555
5 TTFCpC

dt
dWC

WW −=        (12) 

with start condition ( ) 005 =WC , 

where 5WC  is the prise of used quantity 5CW at the time of process,and 5WC  is the price per unit 
energy of 5CW . Similarly write the equation for determining the price for used water 20CW . 

2020
20 FC

dt
dWC

W=          (13) 

with start condition ( ) 0020 =WC , where 20WC  is with dimension [ ]3/ mlw . 

4.1.2. Control variables 

A multitude of control effects on the case are: 

( ) ( ) ( ) ( ) ( )
,

,,,,,,,,
,,,,

var
.10.3.9.3.8.3.7.3.6.3.5.3.1.3.2.2.1.2

4321









→
ttttttttt

tFtFtFtFtF
iablesControl W  (14) 

where ( )[ ].10.3.9.3.8.3.7.3.6.3.5.3.1.3.2.2.1.2 ,,,,,,,,,0 tttttttttt ∈  

The control variables in the general case are time functions which must be defined. Generally the 
structure of these functions is well in advance to be set and the task of determining these functions will 
be limited to determining the coefficients of the given structure. One of the possible structures is: 

IitCABAF iiiii ∈−−+= ),exp()(  

4.1.3. Constraints 

The general debit of water at any time is limited as follows: 
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wwaste FFFFF ≤+++ 321         (15) 

0≥wasteF           (16) 

maxmin
WWW FFF ≤≤          (17) 

Operation of the system is required to meet certain mass and temperature of the mixture attained at the 
end of the process: 

( ) 3
.1.21 12mtV ≤          (18) 

( ) 3
.2.22 12mtV ≤          (19) 

( ) 3
.5.33 42mtV ≤          (20) 

( ) CtT o
HOTF 30≤          (21) 

where 

.10.3.9.3.5.3.1.3.2.2.1.2 tttttttHOT +++++=  

Time interval to carry out processes must be such as to satisfy the conditions: 

Httttttt ≤+++++ .10.3.9.3.5.3.1.3.2.2.1.2  

Ctttttttt ≤++++++ .8.3.7.3.6.3.5.3.1.3.2.2.1.2  

where CH tt ,  are given by the conditions of the technology. The problem of determining the optimal 
control effects are limited to the fact that they must provide a minimum cost for using energy from 
external sources to carrying out the processes according technological regulation. Тhe dependence to 
determining the price of using energy is determined according expression that represents the objective 
function. 

4.1.4. Aims of the management  

The problem of the optimal management of the processes of heat integration is limited to find the 
values of control variables (14) providing a minimum cost for using energy from external sources. The 
objective function is determined by the dependence: 

( ) ( )ffSteam tCtCCOSTF 205 ++=  (22) 

where 

( ) ( )( ) ( ) ( )( )( )initffffSteam TtTCptMtTCptMCOST 333331111 120100 −−−= ρρ , а and ( )ftC20  
as a solution on (13). 

4.1.5. Optimal control effects 

In this formulation of the task the optimal management  is limited to determine the multiple control 
functions (14) providing a minimum of objective function (22) subject to system constraints. This task 
is a task of the nonlinear dynamic programming. For its solution requires special tools such as 
gPROMS. The received control impacts in the form of time functions are difficult to be implemented 
because they require use of complex regulatory systems. It should also be taken into account that used 
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parameters in the models may change over time or be set incorrectly, which leads to the determination 
of control functions not leading to management purposes (22). 

4.2. Quasioptimal management of the processes in a system with heat integration. 

Another approach to control effects ensuring the purposes of managing will be discussed below. This 
approach is based on the following assumptions. 

1. The process of heat integration for the time ft  is treated as at the 8=N  time interval (for each 
one of the boolean control variables to be provided at the one time interval ) 

2. During every time interval the parameters of the control variables do not change. 

 

4.2.1. Mathematical model of the processes by quasioptimal management. 

Instead the differential equations describing the processes we can use for [ ]Nn ,1∈∀  their interval 
decisions that for each of the intervals are of the form/as follows: 

( ) ( ) ( )( ) ( )( ) ( )tpTTTtT nninnFninFn −−+= − exp10 ,     (23) 

( ) ( ) ( ) ( )( ) ( )( ) ( )tpTTTtT nninnF
Wn

Wn
ninWn −−

−
+= − exp

1
10

*

Φ
Φ

,    (24) 

where 







=

WnWn
Wn CpF

UAexpΦ , 
( )

FFWn

WnWnWn
n CpV

CpF
p

Φ
Φ 1−

= . 

Using (230 and (24) the equations for each one of the intervals can be determined by substituting 
values for the parameters of water input in the coil, the debit and the start conditions, for each of the 
intervals will be: 

Interval 1. The data for this interval are: 1=n , 1ttn = , 11 =nB , 02 =nB , 03 =nB , 14 =nB , 

05 =nB  during which is carried out Step 2.1 in the reactor NMAR  and Step 3.9 in the reactor HF . 

The function of the change of the temperature in hot reactor HF  is described by the equation (23), and 
the change of the temperature in output water from the coil (24) with the following formulations 

( ) 205 45 WnWnnin TBTBT += ,         (25) 

205 45 WnWnWn CpBCpBCp += ,        (26) 

1WWn FF = , ( )( ) 010 FnF TT =− . 

Also it is necessary to observe and the restriction to the maximum quantity of water necessary for the 
process i. e. 

( ) .5.31.2.21.1.21111 3211 VBVBVBBWtFW ++=− .     (27) 

The temperature in the received mixture is given by the decision of the system of equations (3) and (4) 
has the form: 

( ) ( )tpBAtT nNBA −−= exp ,        (28) 
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where , 

( ) ( ) ( )( )
( )( )0

00

NBAWnn

nninWnpnWnNBANBAn

VtFp
tpTFAFVTp

A
+

++
= , 

( )( )0NBAWnn

PnWn

VtFp
AF

B
+

= , ,  

( ) ( )( )
Wn

ninFWn
Pn

TT
A

Φ
Φ −−

= 01
, 








=

WnWn
Wn CpF

UAexpΦ . 

According the requirements of the technology at the end of the time interval 1tt =  should be add 

water from the cooling coil volume .1.2V . The time for carry out of this stage would be 
WnF

Vt .1.2
1 = , the 

resulting mixture  is with a volume ( )( )0.1.2 NBANBA VVV += , and respectively with the 

temperature at the end of the interval ( ) *
1 NBANBA TtT =  defined from (28 ) by , 1WWn FF = . At the 

same time as a result of the process Step 3.9. the contents in the reactor  is reached a temperature 
*
1FT  which is determined by (23) and . 

Interval 2. The data for this interval are: 2=n , 2ttn = , 01 =nB , , 03 =nB , 14 =nB , 
05 =nB , 0=nBW , 0=nBS  during which is carried out Step 2.2 in the reactor NMBR  and Step 3.9 

in the reactor HF . 

And here the function of the change of the temperature in hot reactor HF  is described by the equation 
(23), and the change of the temperature in output water from the coil (24) with the following 
formulations ( ) )25(→ninT , )26(→WnCp , 2WWn FF = , ( )( )

*
110 FnF TT =− . Also it is necessary to 

observe and the restriction to the maximum quantity of water necessary for the process i. e. 

( ) 1312111 BBBBWtF nnWn ++=− .       (29) 

( )









−= ∑

−

=

1

1
.1.2 1111

n

m
mWmmn tFBVBB , 

,  

( )









−= ∑

−

=

1

1
.5.3 3313

n

m
mWmmn tFBVBB  

The temperature in the received mixture NBB  is determined by (30), which is the decision of the 
system of equations (5) and (6) has the form ( ) ( )tpDCtT nNBB −−= exp ,  (30) 

( )
FFWn

WnWnWn
n CpV

CpFp
Φ

Φ 1−
=

NBA

1tt =

HF

1tt =

12 =nB

( )









−= ∑

−

=

1

1
.2.2 2212

n

m
mWmmn tFBVBB
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where , ( )( )0NBBWnn

PnWn

VtFp
AF

D
+

= , 

, , 
( ) ( )( )

Wn

ninFWn
Pn

TT
A

Φ
Φ −−

=
*
11

. 

At the end of time interval 2tt = , should be added water from the cooling coil with volume . The 

time for carry out of this stage would be 
WnF

Vt .2.2
2 =  the resulting mixture NBB  is with volume 

( )( )0.2.2 NBBNBB VVV +=  and respectively with the temperature at the end of the interval 

( ) *
2 NBBNBB TtT =  defined from (30) by 2tt = , 2WWn FF = . At the same time as a result of the process 

Step 3.9. the contents in the reactor  is reached a temperature *
2FT  which is determined by (23) and 

2tt = , 2=n . 

Interval 3. During this interval is carried out Step 3.1. and Step 3.2. in the reactor CF  by the following 
data: 3=n , , , 02 =nB , 03 =nB , 04 =nB , 05 =nB , 0=nBW , 1=nBS , 

*
2

*
3 FF TT =   

In this time interval is carried out the process of the transfer of in the reactor CF  and then 
heating to a temperature .stT  and sterilization. This process is carried out with the use of steam as a 
coolant. The energy required to carry out the process is determined through dependence: 

( )*
..33 NBAstNBANBA TTVCpE −=         (31) 

where .stT , ( )( )0.1.2 NBANBA VVV +=  is the temperature of the sterilization of the mixture , and 

is the temperature of the mixture at the end of the Interval 1 which is determined with the help of 

(28) by 1tt = , NBANBANBA CCp ρ=  with dimension [ ]13 −− KkJm , and NBAC  respectively 

[ ]11 −− KkJkg , while NBAρ  is with dimension [ ]3/ mkg , 3.3E  is with dimension [ ]kJ . 

Interval 4. During this interval is carried out Step3.4 in the reactor CF  by the following data: 4=n , 

4ttn = , , 02 =nB , 03 =nB , 04 =nB , 05 =nB , 0=nBW , 0=nBS , 04 == WWn FF , 
*

2
*

4 FF TT =   
In this time interval is carried out mixing process the mixture in CF  after the sterilization at a 
temperature .stT  (Step 3.2.) and transfer in the same reactor CF  of NBB  which is with a temperature 

*
NBBT  with a subsequent mixing for 1 hour, i.e. 4ttn = . The temperature of the resulting mixture with 

a volume NBBNBAAB VVV +=  is determined by the dependence 
AB

NBBNBBstNBA
AB V

TVTV
T

*
.* +

= . 

( ) ( ) ( )( )
( )( )0

00

NBBWnn

nninWnpnWnNBBNBBn

VtFp
tpTFAFVTp

C
+

++
=









=

WnWn
Wn CpF

UAexpΦ
( )

FFWn

WnWnWn
n CpV

CpFp
Φ

Φ 1−
=

.2.2V

HF

3ttn = 01 =nB

NBA

NBA
*

NBAT
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Interval 5. The data for this interval are: 5=n , 5ttn = , , 02 =nB , 13 =nB , 14 =nB , 

05 =nB , 0=nBW , 0=nBS  during which is carried out Step 3.9 in the reactor HF  and Step 3.5 in 
the reactor CF . 

The function of change of the temperature of the hot reactor is described by equation (23) and the 
change of the temperature output water from a coil (24) by ( ) )25(→ninT , )26(→WnCp , 

, ( )( )
*

410 FnF TT =− . In this case *
4FT  is the temperature of the hot reactor  at the end of 

Interval 4, 4=n . Moreover, the restriction on the maximum quantity of water for the process must 
satisfy equality (29). The temperature of the received mixture ( )tT3  ( *20CWIABABNMAB += ) (

*20CW is the water added in CF  output of the coil of ) is the solution of the system of equations 
(7) and (8) has the form: 

( ) ( )( )
( ) ( ) ( )tp

VtFp
AF

VtFp
tTFpAFTVp

tT n
ABWnn

PnWn

ABWnn

ninWnnPnWnABABn −
+

−
+

++
= exp

*

3 ,  (32) 

where 







=

WnWn
Wn CpF

UAexpΦ , , 
( ) ( )( )

Wn

ninFWn
Pn

TT
A

Φ
Φ −−

=
*

41
. 

According the requirements of the technology at the end of the time interval 5tt =  should be added 
water from the cooling coil with volume .5.3V  

Under this condition, the timing for carry out of this stage will be 
WnF

Vt .5.3
5 =  the resulting mixture 

NMAB  is with volume ( )ABNMAB VVV += .5.3  and according with temperature at the end of the 

interval *
3T  defined through (32) by 5tt = , . At the same time the temperature of the hot 

reactor  at the end of the interval reached a value *
5FT  fixed from (23). 

Interval 6. The data for this interval are: 6=n , 6ttn = , , 02 =nB , 03 =nB , 14 =nB , 

05 =nB , 1=nBW , 0=nBS  during which is carried out Step 3.9 in the reactor HF . 

The function of change of the temperature of the hot reactor  is described by equation (23) and the 
change of the temperature output water from a coil (24) by ( ) )25(→ninT , )26(→WnCp , 

6WWn FF = , ( )( )
*

510 FнF ТT =− . In this case the temperature of the hot reactor  at the end of 

Interval 6 by 6ttn =  definite by (23) is *
6FТ  . The equation for determining the current temperature of 

the cooling water output from the coil is modify and acquires the type: 

( ) ( ) ( ) ( )tpTТTtT WF
W

W
WW 620

*
5

6

6
20

*
6 exp

1
−−

−
+=

Φ
Φ

,     (33) 

where , 
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Interval 7. The data for this interval are: 7=n , 5ttn = , , 02 =nB , 03 =nB , 04 =nB , 

15 =nB , 1=nBW , 0=nBS n = 7 during which is carried out Step 3.9 in the reactor HF . 

And here the function of change of the temperature of the hot reactor  is described by equation 
(23) and the change of the temperature output water from a coil (24) by ( ) )25(→ninT , 

)26(→WnCp , 6WWn FF = , ( )( )
*

510 FнF ТT =− . In this case the temperature of the hot reactor  at 

the end of Interval 7 by 7ttn =  definite by (23) is *
FТ . The equation for determining the current 

temperature of the cooling water output from the coil is modify and acquires the type: 

( ) ( ) ( ) ( )tpTТTtT WF
W

W
WW 75

*
6

7

7
5

*
7 exp1

−−
−

+=
Φ

Φ
,     (34) 

where 







=

57
7 exp

WW
W CpF

UA
Φ , 

( )
FFW

WWW

CpV
CpFp

7

757
7

1
Φ

Φ −
= . 

Interval 8. The data for this interval are: 8=n , 7ttn = , , 02 =nB , 03 =nB , 04 =nB , 
05 =nB , 0=nBW , 1=nBS  during which is carried out Step 3.6., Step 3.7. and Step 3.8in the 

reactor CF  

In this time interval is carried out the process of heating of NMAB  in the reactor CF  to temperature 

.stT  and sterilization by temperature *
stT  using steam. The necessary energy to carry out the process is 

determined by the dependence: 

( )*
3

*
.8.3 TTVCpE stNMBANMBA −=         (35) 

where *
stT  is the temperature of the sterilization of the mixture NMAB  with volume NMABV , *

3T  is the 
temperature of the mixture at the end of the interval 5 defined through (32) by  5tt = , 

NMBANMABNMBA CCp ρ=  with dimension [ ]13 −− KkJm  and NMBAC  according [ ]11 −− KkJkg , while 

NMBAρ  is with dimension [ ]3/ mkg , .8.3E  is with dimension [ ]kJ . 

4.2.2. Control variables 

In this formulation as control variables instead of multiple functions (14) will we have multiple 
parameters corresponding to each time interval ie: 

{ } [ ]NnFFFFtiablescontinuesControl nnnWnn ,1,,,,,var 321 ∈→   (36) 

Moreover, we introduce in addition and the following multitudes Binary variables: 

{ } [ ]NnBBBBBBWiablesBinaryControl nnnnnn ,1,5,4,3,2,1,var ∈→  (37) 

where 1=nBW  when in n-th time interval corresponding valve is opened and is closed by 0=nBW . 
The same conditions are valid for the other Binary variables 
{ } [ ]NnBBBBB nnnnn ,1,5,4,3,2,1 ∈ . 

01 =nB

HF

HF

01 =nB
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By entering binary variables for the control the flow of cooling water continuous independent 
variables can be reduced by substituting with their equivalents ie 

( ) WnnnWaste FBWF = , Wnnn FBF 11 = , Wnnn FBF 22 = , Wnnn FBF 33 =  

In this formulation the multitude of control variables will be: 

{ } [ ]NnFtiablescontinuesControl Wnn ,1,,var ∈→  

4.2.3. Constraints 

The time restriction are related with the conditions to carry out of the individual processes dictated by 
technological requirements. The processes related with cooling of the hot reactor after its sterilization 
must be carried out under conditions that satisfy the restriction: 

C
WWWW

tttt
F
V

t
F
V

MAX
F
V

F
V

≤++++








++ 765
5

35
3

2

22

2

22

1

21 , ,    (38) 

where Ct  is the allowed time for carrying out the process of cooling the hot reactor  from 

temperature *
stT  until working temperature for the fermentation process ferT  and 3t  whili Ct . 

At the same time the processes related to preparation of the substrate in the fermentation reactor and 
heated to a temperature of sterilization with subsequent sterilization must be carried out at the time 
satisfying the restriction: 

H
W

tttt
F
V

t ≤++++ .8.3.7.3.6.3
5

.5.3
3        (39) 

To ensuring for condition the functioning of system when in each time interval to run only one process 
and also do not allow at the same time use of 20CW  and 5CW  need to satisfy the binary variables 
and system restriction. 
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4.2.4. Aims of the management 

The main aim by carrying out of the process in hot and cold reactors through the system of heat 
integration process  is to reduce the price of the used energy resources (heat and cold) to carrying out 
of the heating and cooling processes. Namely this indicator will be used as a criterion to assess of the 
conducted processes management. 

∑
=

=

=
8

1

N

n
nINT CostCost          (41) 

where nCost  is the price of the used energy resources to carry out of the processes for each of time 
intervals and is determined according to the expressions: 

05421 ==== CostCostCostCost , .3.33 ECCost Steam=  

HF
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( ) ( )5

*
6

7

7
7

1
WF

W

W
W TТA −

−
=

Φ
Φ

, 

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p
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1
Φ

Φ −
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CT o
W 55 = , .8.38 ECCost Steam=  

where 20WC  is the price of the water 20CW ,  and of the water 5CW , 5WCp  is a specific heat 

capacity of cooling water , *
6FТ  is the temperature of the hot reactor at the end of the sixth time 

interval, .8.3E  the required energy for heating until temperature *
stT  and subsequent sterilization with 

steam, which is determined by (35). 

4.2.5. Quasioptimal control effects 

The problem of optimal control can be formulated as follows. Searching for values of control variables 
(36), which ensure minimium of the objective function (41) by observing to system restriction, (38) 
(39). So formulated task is solved with the use of any of the methods for nonlinear programming 
(NLP). 

4.3. Optimal control for the system without heat integration 

The processes "cooling" of the hot reactor and respectively preparation and sterilization of the cool 
reactor are the main processes requiring energy from outside. The cooling of the hot reactor after 
sterilization is carried out in two steps, namely cooling until a temperature Co40  with technical water 

20CW  for time 20Wt  and after that to cooling until a temperature Co30  for time 5Wt  with help of the 
cooled water. The times to carry out of the cooling processes 20Wt  and 5Wt  subject to the 
determination. According to the technological regulation these two processes are carried out for the 
time fWW ttt ≤+ 520 . Using the above obtained dependences describing the cooling and heating 
processes can be easily defined optimal control effects ( inj the case the debits of the cooling water 

2020 WFCW →  and according for 55 WFCW → , and also the times to carry out of  these two 
processes 20Wt  and 5Wt ) which ensure carrying out of the processes by minimum cost criterion of 
resource used for cooling (water 20CW  and 5CW ). 

1. The price to carry out of  the cooling process with 20CW  is: 

20202020 WWWW tFCCost =  

2. The price to carry out of  the cooling process with 5CW  is determined by: 
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where, and *
20FT  is determined through (23) by 2=n , ( ) 5Wnin TT = , 5FFWn = , 5Wwn Cpc = , and 

( )( )10 −nFT  is determined through (23) by 1=n , ( ) 20Wnin TT = , 20FFWn = , 20Wwn Cpc = , 20Wtt = , 

and ( )( ) 010 FnF TT =− . 

The determination of the optimal values of control effects ( 20F , 5F , 20t , 5t ) can be done by formulating 
the task of nonlinear mathematical programming as follows: 

It is demand a minimum of objective function: 

520 WWwater CostCostCost +=  

in terms of control variables { }520520 ,,, WWWW ttFF  by performance of system restriction: 
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So formulated task is of the class of tasks of nonlinear mathematical programming with continuous 
control variables. 

The processes related with the preparation of raw material (Stage 2.1 и 2.2), mixing, addiding of .5.3V  
cool water 20CW  (Stage 3.5), used as energy source steam with volume bar5.3 . The energy used 
for these processes are defined as follows: 

( )
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201.311.212.3

Wst
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st

W

TTVCpE
TTVCpE

TTVCpE
TTVCpE

ρ

ρ

ρ
ρ

 with use of steam. 

The price for using steam for the carrying out of the these processes is equal to: 

( )6.34.33.32.3 EEEECCost steamsteam +++=  

In this formulation the total price for using energy to carry out of the processes of the raw material 
preparation, heating, sterilization and cooling to required Working temperature to carry out of  the 
fermentation process is equal to: 

WaterSteamSUM CostCostCost +=  

 

5. AN EXAMPLE IN SUPPORT OF THE PROCEDURE 

As an example, proving the feasibility of the proposed method of management is considering a system 
for the production of antibiotics. It is carried out in batch reactors by sequence of processes as 
described in 3.1. The data of the processes are given: 
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13
321205 4200 −−======= KkJmCpCpCpCpCpCpCp NMBAWWF ,  342mVV NMABF == , 

( ) CTTT o
FstF 1200 0

* === , CT o
W 55 = , ( ) ( ) ( ) ( ) CTTTTT o

WNBBNBA 200000 2021 ===== , 

CT o
st 100= , CT o551.3 = , ( ) CTtT o

ferfF 30== , ( ) ( ) ( ) ( ) 3
21 20000 mVVVV NBBNBA ==== , 

3
.2.2.1.2 10, mVV = , 3

.5.3 18mV = , 312, mVV NBBNBA = , ( ) 3
3 24,0 mVV AB = , stt fC 6000== , 

smFF MAXMAX /04.0 3
205 == , 122.1 −−= KkWmU , 255.56 mA = , ( ) GJlwCGC WW /184.4/55 = , 

GCallwCGW /00.6815 = , GCallwCGSteamt /00.277= , ( ) GJlwCGC steamSteam /184.4/= , 

According to the described methodology are carried out calculations to determine the optimal control 
effects ( 520520 ,,, WWWW ttFF ) for the case without heat integration integration of the processes. The 
task of mathematical programming is solved using MATLAB 6.50. The optimal values of control 
variables for the case without heat integration of processes are given in Tabl.1. 

 

Table 1. Optimal values of control effects for the system without heat integration of the processes 

 
In the case when control of the "cooling-heating" process is carried out in continuous time-varying 
control variables (the debits of cooling liquid through the coil) and is carried out the heat integration of 
the processes were made calculation using the package MATLAB 6.50. The debits of the cooling flow 
through the coil to the case is amended as dependency. 

5,1,),exp()( =∈−−+= IIitCABAF iiiii , 

where the unknown coefficients ( iii CBA ,, ) to be determined for each time interval. 

In Table 2 are given the obtained optimal values of the control variables resulting from the decision of 
the optimization procedure to the model described in point 4.1 

 

N
o 

Time of the 
process sec  

Optimal debit of the 
cooling water sm /3  

Quantity of the cooling water 
at the end of the process 3m  

Temperature of the reactor 
at the end of the proces Co  

i  
int  20WF  5WF  

20WV  5WV  FiT  

1 1158.6 0.0374 0.0 43.3108 0.0 89.6366 

2 1158.6 0.0374 0.0 43.3131 0.0 68.4916 

3 1158.7 0.0374 0.0 43.3151 0.0 53.7667 

4 1158.7 0.0374 0.0 43.3134 0.0 43.5135 

5 1365.4 0.0 0.0400 0.0 54.6166 30.0000 



Journal of International Scientific Publications:  
Materials, Methods & Technologies, Volume 5, Part 1 
ISSN 1313-2539, Published at: http://www.science-journals.eu 

 

 
132 Publishing by Info Invest, Bulgaria, www.sciencebg.net 

 

 

 
Fig.3. Temperature in the reactor for the case without heat integration 

 

 
Fig.4. Debits variation of the coolant through the coil to ensure minimum energy costs without heat 
integration 
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Table 2. Optimal values of the control effects for the system with heat integration of the processes for 
continuous variables 

No Time of the 
process 

.sec  

Optimal values of the parameters 
determining the debits of the cooling liquid 

Quantity of the 
ciiling liquid 3m  

Temperature of the 
reactor at the end of 
the intervals Co  

i  
int  iA  iB  iC  20V  5CV  ( )inFn tT  

1 414.32 0.0359 0.0186 0.0020 9.99 0.0 109.06 

2 416.09 0.0385 0.0235 1.73e-004 9.99 0.0 99.27 

3 1046.80 0.0400 0.0107 5.02e-004 18.00 0.0 81.25 

4 2286.50 0.0400 0.0400 0.0074 91.46 0.0 49.70 

5 1836.30 0.0400 0.0400 0.0100 0.0 73.45 30.00 

 

In the Fig.3 are shown the variation of the temperature in the reactor and output of the coil at the time 
intervals for the case of heat integration and continuous control variables. 

 
Fig.5. Temperatures variation in the reactor in the case of heat integration and continuous control 
variables. 

 
Fig.6 shows the optimal values of the debits functions of cooling flow in the time ensuring minimum 
energy costs during processes "cooling-heating" realization. 



Journal of International Scientific Publications:  
Materials, Methods & Technologies, Volume 5, Part 1 
ISSN 1313-2539, Published at: http://www.science-journals.eu 

 

 
134 Publishing by Info Invest, Bulgaria, www.sciencebg.net 

 

 

 
Fig 6. Debits variation of cooling liquid through the coil, ensuring minimum energy costs 

In the case when the proposed scheme is used for heat integration of the processes of quasioptimal 
control the cooling process is using the methodology described in 4.2. For the same process the 
calculation procedures were carried out using the package MATLAB 6.50. In the case the number of 
the time intervals is 14321 ==== NNNN . The obtained optimal control effects for each of the 
time intervals are given in Table 3. 

 

Table 3. The control effects for the system with heat integration for quasioptimal management 

No Time of 
the 
process 

.sec  

Debits of the 
cooling liquid 

sm /3  

Quantity cooling reagent at the time intervals 
3m   

Temperature 
of the reactor 

Co  

i  
int  20WF  5CF  1V  2V  3V  WV  5CV  FnT  

1 478.3 0.0209 0.0 10.0 0.0 0.0 0.0 0.0 107.97 

2 441.2 0.0227 0.0 0.0 10.0 0.0 0.0 0.0 97.91 

3 845.5 0.0213 0.0 0.0 0.0 18.0 0.0 0.0 82.03 

4 2535.8 0.0400 0.0 0.0 0.0 0.0 101.43 0.0 47.80 

5 1699.1 0.0 0.0400 0.0 0.0 0.0 0.0 67.96 30.00 

 

In the Fig.7 are shown the variation of the temperature in the reactor and output of the coil at the time 
intervals for the case of heat integration and quasioptimal process management.. 
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Fig 7. Temperatures variation in the reactor in the case of heat integration and quasioptimal process 
management 

Fig.8 shows the values of the debits functions of cooling flow in the time ensuring minimum energy 
costs during processes "cooling-heating" realization and quazioptimal process management. 

 
Fig 8. Debits variation of cooling liquid through the coil, ensuring minimum energy costs 
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The prices of used resources for the processes heating and cooling for the system with heat integration 
and those for the system without heat with heat integration are given in Table 4. 

 

Table 4. Energy costs of in system with and without heat integration 

Type of 
cost 

Costs in absence of heat 
integration .lw  

Costs with heat integration 

Optimal management .lw  Quasioptimal management .lw  

STEAMCost  945.85 715.60 724.81 

20WCost  378.38 199.75 221.53 

5WCost  388.17 565.98 536.99 

SUMCost  1712.4 1481.30 1483.30 

 

It is obviously that the optimal management of the process heat integration leads to significant 
reduction of about 47.20% of water used 20CW  in regime of the optimal management and according 
about 41.45% for quasioptimal management. The costs for cooling water  were increased in the case of 
optimal management with 45.80% and quasioptimal management with 38.15%. At the same time is 
reduced the needed steam to carry out of the processes with 24.34% in the case of optimal 
management and 23.36% in quasioptimal management. The total saving of energy resources (cooling 
water and the needed steam) amounts to 13.49% for optimal management and respectively 13.37% for 
quasioptimal management. Important is to noted that using the  the system for heat integration  leads 
to reduced  used steam and cooling water. The system for optimal management requires special 
management device to reproduce the obtained optimal control law for control of the flow of cooling 
water for different intervals. Significantly simple law for the management of the flow of cooling water 
can be used for quasioptimal management, while the economic effect is similar. On behalf of that the 
quasioptimal management does not require special control devices and is feasible in practice. 

 

6. CONCLUSION 
As a result of the survey can be concluded that: 

1. A mathematical formulation of the task for managing the processes in the system with heat 
integration is proposed. 

2. The task for management is formulated in terms of mixed nonlinear mathematical programming 
with criterion for minimum cost of used energy from external sources 

3. A mathematical formulation of the task for quasioptimal processes management in the system 
with heat integration is proposed. 

4. The task is formulated in terms of NLP. 
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