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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.
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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. 7. 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 5m’.

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

1. Mixing of ¥, =2m’ component of A with ¥,, =10m> of water at 20°C (CW20) through
stirring until production of substrate NMA with volume of V, | = (V,, + VA).

2. Mixing of V, =2m’ component of B with V,, =10m’ of water CW20 by stirring until
substrate NMB with volume of V,, = (VM + VB) 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 7, =20°C to temperature7;, = 55°C.

2. Heating of NMA by steam from 7;, =55°C to 73, =100°C .

3. Steam sterilization of NMA at 7, =100°C approximately within 0.5 hours.
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4. NMB transfer into the fermentation reactor and mixing with NMA to produce substrate
AB IAB .

5. Adding of ¥, =17m’ +18m’ of technical water CW 20 with temperature 20°C in order to
produce substrate NMAB.

6.  Steam heating of 42m’ NMAB until temperature of 7, , = 55°C .

7. Steam heating of NMAB from T,, =55°C to T,, =T, =120°C approximately within 2
hours.

8. Sterilization of NMAB by steam 7 ;t =120°C approximately within0.5 hours.
9.  Cooling of NMAB with water CW 20 from T,, =T, =120°C until T,, = 45°C.

10. Cooling of NMAB with 7,=5°C water CWS5 from T;,, =45°C until
T 0. = Ty =30°C approximately within 0.5 hours.

11. Adding of IMX to NMAB within 0.75 hours to reach the volume of 47m’ which represents
the substrate FM .

12.  Fermentations substrate cools until 7}, , =30°C by using CW 5 and the fermentation process

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

Step 4: Dilution

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

2. Adding of V),

aste

=23m’ of water CW?20 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 CIW 20.
2. Sterilization of the reactor using steam at 130° C' 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 5/8m” for the processes 1.1
2. 3reactors for substrate with volume of 12/16m> for processes 2.1 and 2.2
3. 14 fermentation reactors with volume of 47 / 63m” 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 100m , diameter of 57mm
and thickness of wall of, 3.5mm .

4. 3 tanks with volume 70/100m° for the processes 4.1 and 4.2.

5. 3 filters presses with productivity of 70m’ /h 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.

b

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 /), 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 120° C . After this process is necessary to be carried out cooling process

(3.8, 3.9) to temperature 30°C . 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 F; to be drawn for sterilization another reactor, which we will treat as

cool reactor F.. 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 42m’ is with temperature T- 3* . 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.
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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 (F H) when

crossing the flow CW?20 or CW'5 determining debit is described by the equation:
dT, @, -1)(F,C
F _( w )( w pW)(T;'n_TF)' (1)

dt D, V.Cp

I.-T, UA ) o .
————|=exXp| ——, 4 is heat exchanger surface of the coil with dimension
I,-T F,Cpy,

[mz], and U is overall heat transfer coefficient with dimension [ka_zK _]], Cpr = Crp, with

Where @, =
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dimension [k]m_3K _1], and C, according to [kg/m3], while p, is with dimension [kg/ m3].
Flow of cooling water through the coil is F,, is with dimension | m’ /s].

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

. (o, -1) 1
T' = o, TF+CDWTm )

The solution of the equation (1) is searched at the start conditions 7}, (O) It should be taken into

account that the temperature of the water coming out of the coil 7" must be less than the contents in
the fermentor 7). ie. T, > T .Substante NMA is obtained in Stage 2.1., the equations describing the

mass change and balance the temperature in the reactor R,;,,

% = [}, with start conditions V} (0) *

Cp/V, % = Flel(T = Tl), with start conditions 7] (0) 4)

Cp, = C,p, with dimension [k]m_3K_1], and C, according to [/c]kg_lK_l], while p, is with
dimension [ kg/ m3].

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

ddl? = F,, with start conditions VZ(O) %)
Cp,V, % = F,Cp, (T* -T 2), with start conditions Tz(o) (6)

Cp, = C,p, with dimendion [k]m_3K _1], and C, according to [/c]kg_lK _1], while p, is with
dimension [ kg/ m3].
The process of the addition water17m”-18m” is carried to Stage 3.5.

Mass balance for the case is described by equation:

dv;
dt

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

= F}, with start conditional (O) (7

temperature 7

init *

dT. 5
Cp¥s = FCp (I =T, To,). ®
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Cp, = C,p, with dimension [k]m_3K _]], and C, according to [k]kg_lK _1], wihle p, is with
dimension [kg/ m’ ]
The starting temperature is determined by the equation:

_ loow, [, )+7mle,)7l))
3init V3 (0)

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:

F, =F, +F, (10)

: )

T, Fy =Ty Fy + Ty s F (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 CW'5 equation is:

dWC,
dt

with start condition WC| (O) =0,

= CWSCpWSFS(T* - Ts) (12)

where WCj is the prise of used quantity CW'S5 at the time of process,and C),, is the price per unit
energy of CWS5 . Similarly write the equation for determining the price for used water CW 20.

dWC,,

dt = CWZOFZO (13)

with start condition WC,, (0) =0, where C),,, is with dimension [ w/ m3].

4.1.2. Control variables
A multitude of control effects on the case are:

Fy (1) F (). F,(0). F,(0).F,(0) }

Z‘2.1. 2 Z‘2.2. 2 t3.1. ’ t3.5. ’ Z‘3.6. 2 Z‘3.7. 2 Z‘3.8. ’ t3.9. ’

Control variables — { (14)

where 7 € [ 0, (t2.1.’t2.2.’t3.1.’t3.5.’[3.6.’t3.7.’t3.8.’t3.9.’t3.10.)]

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:

F =4+ (B —A4)exp(-Cyt), iel
4.1.3. Constraints

The general debit of water at any time is limited as follows:
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F'1+F2+F3+FwasteSFw (15)
F..=20 (16)
F)" < F, < F™ (17)

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

v (t,, )< 12m® (18)
Vtn) < 1200° (19)
V(s )< 42m° (20)
T, (1,0, )< 30°C (1)
where

Lpor =y tlyy Fly s+l +1s
Time interval to carry out processes must be such as to satisfy the conditions:

t2.1. + t2.2. + t3.l. + t3.5. + t3.9. + t3.10. < tH
t2.1. + t2.2. + t3.l. + t3.5. + t3.6. + t3.7. + t3.8. < tC

wheret?,, , ¢ 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. The 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:

F = COSTy,,, +Cs(1,)+Cy(1,) (22)

where

COSTy, =M ,(2,) p,Cp,(100-T( 1, M,(1,) p,Cp,(120-T,( 2, )~ T, ), & and € (1))
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 7, is treated as at the N = 8 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 Vn e [ LN ] their interval
decisions that for each of the intervals are of the form/as follows:

T, (t) = (Tm )n + ((TFO )(n—l) - (Tm )n )exp(— pnt)’ (23)
1,02, + =00~ Jool ), o

A F, C o, —1
Where CDWn = exp[U—] , L= Wn an( Wn ) ‘
Fy Co, D, V:-Cpp

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: n=1, ¢ =¢, Bl =1, B2 =0, B3 =0, B4 =1,
B5, =0 during which is carried out Step 2.1 in the reactor R,,,, and Step 3.9 in the reactor F, .

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

(Tm)n =B5,Tyys + B4, Ty, (25)
Cpy, = BS,Cpy s + B4,Cpyyy (26)

Ey, = Fyy, (TFO)(n—l) =Ty

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

FWlt] (1_ BW])= Bll V2.]. + le Vz.z. + B31 V3.5.' (27)

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

TNBA(t):A_BeXp(_ P, t)’ (28)
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where ,
(pn NBA (0) NBA (0) + pn Wn ( )n pn t)
P, (F wnl VNBA (O)) ’
F A p — (q) Wn Wn Can
Pn ( Wl VNBA (0)) s CDWnVFCpF
(o), -1 -(T),) UA
An = Dy, > P =X Fy.,Cpy,

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

v
water from the cooling coil volume V, , . The time for carry out of this stage would be 7, = —-, the
Wn

resulting mixture NBA is with a volume V,,, = (Vz.1. + Vs (0)), and respectively with the
temperature at the end of the interval 7', (tl )= Ty, defined from (28 )by t=¢, F,, =F,, . Atthe

n
same time as a result of the process Step 3.9. the contents in the reactor F}, is reached a temperature
T F*1 which is determined by (23) and ¢ =1,

Interval 2. The data for this interval are: n=2, ¢, =t¢,, Bl =0, B2 =1, B3 =0, B4, =1,
B5, =0, BW, =0, BS, =0 during which is carried out Step 2.2 in the reactor R,,, and Step 3.9
in the reactor £, .

And here the function of the change of the temperature in hot reactor F}, is described by the equation
(23), and the change of the temperature in output water from the coil (24) with the following
formulations ) — (25), Cpy, > (26), F,, =F,,, (TF() )(n_l) =T,,. Also it is necessary to

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

F,t,(1-BW,)=Bl1+ B12+ B13. (29)

=)
Bll=Bln[V2'1' —(ZBI FWmtm]
(2=1)
Bl2=RB2, 232 ot

Wm™m

n—])
Bl3=B3n(V3'5'— B3 F, t ]

m=1

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 T, (t) =C- Dexp(— D, t), (30)
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_ ( nTNBB (0) VNBB (0) + FWn Apn + FWn (];n )n pn t) _ FWn APn
where C = , D= )
A p n F Wn(tq-)'- VNBBI((Q) C p n (F Wnt + VNBB (O))
_ U— — B = D% P o - N7 =(7
(Dwn exp[FWnCan], pn cI)WanFC‘l?F ’ AP” - ( - é:: ( m)n)‘

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

. . V. . . .
time for carry out of this stage would be #, = —2% the resulting mixture NBB is with volume

Wn
Vs = (Vz'z' + Vs (0)) and respectively with the temperature at the end of the interval

155 (tz) = Ty, defined from (30) by ¢=¢,, F,, = F,,,. At the same time as a result of the process
Step 3.9. the contents in the reactor F}, is reached a temperature T, ;2 which is determined by (23) and

t=t,,n=2.

Interval 3. During this interval is carried out Step 3.1. and Step 3.2. in the reactor F. by the following
data: n=3, t =t,, Bl =0, B2,=0, B3,=0, B4,=0, B5, =0, BW,=0, BS, =1,

n 3
* *
Ty =Tk,

In this time interval is carried out the process of the transfer of NBAin the reactor F. and then

heating to a temperature 7, 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:
Ey; = CpypV g (Tsz - T]:;BA) (31)

where T, , Vyp, = (Vz.1. + V4 (0)) is the temperature of the sterilization of the mixture NBA, and
T ;B , 1s the temperature of the mixture at the end of the Interval 1 which is determined with the help of
(28) by t=t, Cpuyz, =CpPrzs With dimension [ k]m_3K_1], and C,,, respectively

[ k]kg_lK_l], while p,,, is with dimension [ kg/ m3], E, , is with dimension [ k]]
Interval 4. During this interval is carried out Step3.4 in the reactor F. by the following data: n =4,
t =t,, B1, =0, B2 =0, B3 =0, B4, =0, B5, =0, BW =0, BS, =0, F, =F,, =0,
T ;4 =T ;2
In this time interval is carried out mixing process the mixture NBAin F,. after the sterilization at a
temperature 7,, (Step 3.2.) and transfer in the same reactor /. of NBB which is with a temperature
Tz With a subsequent mixing for 1 hour, i.e. ¢, =t,. The temperature of the resulting mixture with
VNBA T;t. + VNBB TI;BB

VAB .

avolume V,, =V,,, +V,z is determined by the dependence T, =
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Interval 5. The data for this interval are: n=5,¢, =t;, Bl =0, B2 =0, B3, =1, B4, =1,
BS5, =0, BW =0, BS, =0 during which is carried out Step 3.9 in the reactor /7, and Step 3.5 in

the reactor F .

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 (Tm )n - (25), Cp,, = (26),

F, =F,., (T 7o )(n—l) =T,,. In this case T}, is the temperature of the hot reactor F, at the end of

Interval 4, n=4. Moreover, the restriction on the maximum quantity of water for the process must
satisfy equality (29). The temperature of the received mixture T3(t) (NMAB = AB IAB+CW20") (

CW 20" is the water added in F,. output of the coil of F}; ) is the solution of the system of equations
(7) and (8) has the form:

T3(t)= (anABT:B + Fy,Ap, + P, Fy, (Tm )n t) F,, A,

Py (Fwnt + VAB) - P, (Fan‘ + VAB)exp(_ pnt), (32)
where CDWn = CXp U—A , P, = ((DW” -1 FW”CpW” , APn = ((DWn _IXTF4 _(Tm )n)
Fy,Cpy, ®,.V,Cp, o

According the requirements of the technology at the end of the time interval ¢ =1, should be added

water from the cooling coil with volume ¥

Under this condition, the timing for carry out of this stage will be ¢, = —3 the resulting mixture

Wn
NMAB is with volume Vy,,,, = (V35 + VAB) and according with temperature at the end of the

interval T; defined through (32) by =1, Fy,

n

= F}, . At the same time the temperature of the hot

reactor F, at the end of the interval reached a value T}, fixed from (23).

Interval 6. The data for this interval are: n=6, ¢, =t,, Bl =0, B2 =0, B3, =0, B4, =1,
B5, =0, BW, =1, BS, =0 during which is carried out Step 3.9 in the reactor £, .

The function of change of the temperature of the hot reactor F}; is described by equation (23) and the
change of the temperature output water from a coil (24) by (Tm )n - (25), Cp,, = (26),

Fy, =Fye, (T FO)(H-1) =T,,. In this case the temperature of the hot reactor F,, at the end of

Interval 6 by ¢, =¢, definite by (23) is T ; ¢ - The equation for determining the current temperature of
the cooling water output from the coil is modify and acquires the type:

TW6(I)=TW20 +(L)(TF5 _Twzo)exp(_ p6t), (33)
D6
UA FyeCpyay (@6 —1)
h Db, =c —, — 1 we~Fw2\ " we '
where D, XP( FW6CpW20J 6 ®,.V.Cp,
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Interval 7. The data for this interval are: n=7, ¢t =t;, Bl =0, B2 =0, B3, =0, B4, =0,
B5,=1, BW =1, BS, =0n =7 during which is carried out Step 3.9 in the reactor F, .

And here the function of change of the temperature of the hot reactor F), is described by equation
(23) and the change of the temperature output water from a coil (24) by (Tm )n - (29),

Cpy, = (26), F, = F,, (T FO)(H_]) =T, In this case the temperature of the hot reactor F), at

the end of Interval 7 by ¢, =¢, definite by (23) is T ; The equation for determining the current
temperature of the cooling water output from the coil is modify and acquires the type:

M(T; T, )expl- pit). (34)

T;7(t)= Tys +

w1

UA F, @, -1
where @, = exp(—], p, = W7CpW5( w1 )
Fyy1Cpys D, V.Cp,
Interval 8. The data for this interval are: n =8, t,=t,, B]n =0, an =0, B3n =0, B4n =0,
B5, =0, BW =0, BS, =1 during which is carried out Step 3.6., Step 3.7. and Step 3.8in the

reactor F.

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

T, and sterilization by temperature T; using steam. The necessary energy to carry out the process is
determined by the dependence:

Esg = CP sV v (Tsj - Ts*) (33)

where T, is the temperature of the sterilization of the mixture NMAB with volume V,,,,,, T, is the
temperature of the mixture at the end of the interval 5 defined through (32) by =1,

CP s = C s Pamss With dimension [ kJm™K _1] and C,,,, according [ kJkg™' K _1], while
Pysa 18 With dimension [ kg/ m3], E, . 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:

Control continues variables — {t E, . F.F,. F, }, ne [ 1, N] (36)

Moreover, we introduce in addition and the following multitudes Binary variables:
Control Binary variables — {BWn,Bln,B2n,B3n,B4n,BSn}, ne [ 1, N] (37

where BW, =1 when in n™ time interval corresponding valve is opened and is closed by B W =0.

The same conditions are valid for the other Binary variables
{B1,,B2,,B3,,B4,,B5,} ne[lN]
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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

(FWaste)n :BWnFWn’ F :BlnFWn’ F2n :anFWn’ F'3n :B3nFWn

1n
In this formulation the multitude of control variables will be:

Control continues variables — { t,, Iy, }, ne [ l,N]

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:

V. V. V. V.
iJrlJrMAX{FZZ ,z3}+F35 +t,+t,+1t, <t (38)

FW] FW2 w2 w5

where 7. is the allowed time for carrying out the process of cooling the hot reactor £}, from

temperature T; until working temperature for the fermentation process 7, and ¢, whili 7.

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:

V.
t3 + 3.5.

w5

+ t3.6. + t3.7. + t3.8. < tH (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 CW 20 and CW'S need to satisfy the binary variables
and system restriction.

BW,+Bl,+B2,+B3, <1
B5 +B4 <1 ,Vnell,N]
B5 +Bl +B2 +B3, <1

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.

N=8
Cost ;= ZCostn (41)
n=1
where Cost, 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:

Cost, = Cost, = Cost, = Cost; =0, Cost, = Cy,. E;

Steam
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- C,.Cp, V. A
Cost, = CyypoFy et Cost, =C,Cpy Wy J‘(TW7(t)_TW5)dt = pZS = (l_ exp(— p7t7))
t=0 7

D, —1)( .. UA F,.C o, -1
where 4, = M(TF6 - Tws)’ D, = exp(—], S =21 pws( w1 ),
Dy, Fy7:Cpy s D, V.Cpp
T,s=5°C, Costy =Cyg,,, Esg.

where C,,, is the price of the water CW 20, C,,; and of the water CW5, Cp,,, is a specific heat
capacity of cooling water Cy,s, T ;6 is the temperature of the hot reactor at the end of the sixth time

interval, E, the required energy for heating until temperature T; 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 40°C with technical water
CW?20 for time t,,,, and after that to cooling until a temperature 30° C for time #,,5 with help of the
cooled water. The times to carry out of the cooling processes f,,, and f,  subject to the

determination. According to the technological regulation these two processes are carried out for the
time 7,,,+1,5 <t,. 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
CW?20— Fy,,, and according for CW5— F},;, and also the times to carry out of these two

processes f,,, and 7,,) which ensure carrying out of the processes by minimum cost criterion of
resource used for cooling (water CW?20 and CW5).
1. The price to carry out of the cooling process with CW 20 is:

Costy g = CyagFy st

2. The price to carry out of the cooling process with CW'5 is determined by:

t=t;

C,.Cp,.V.A
Costys = CysCpysVy I(Ton(t)_Tws)dt =" pZS = (l—exp(— psts))
=0

5

where A4, = @%_D(T;ZO - TWS), D, = exp(
s

b

UA ] _ FWSCpWS((DWS - 1)
’ 5 =
FysCpys D,V Cpp
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where, and T,,, is determined through (23) by n =2, (Tm =T,
(TFO)(n—l) is determined through (23) by n=1, (Tm )n =Ty Fy =Fys € = CPpogs E =100,
and (TFO)(n—l) =Thro-

The determination of the optimal values of control effects ( F,, F5,?,,,%;) can be done by formulating

FWn =F;’ cwn =CpW5’ and

the task of nonlinear mathematical programming as follows:

It is demand a minimum of objective function:

Cost .. = Costy,,, + Cost,,

water

in terms of control variables \F}, 50, Fsp > 2005 tWS} by performance of system restriction:

|
(tho +tW5)S [f
MAX
Fys < Fys
MAX
Fiyp0 < Fyayg

Trs(1,)<30°C |

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 u 2.2), mixing, addiding of V¢

cool water CW 20 (Stage 3.5), used as energy source steam with volume 3.5bar. The energy used
for these processes are defined as follows:

E,,= CprZ.lpl(T3.l - Twzo)

E; ;= Cprz.lpl(Tst. - T31) .
. ) with use of steam.

E, = Cp2V2.2p2(Tst. —Tya
Eis= Cp3V3.5P3(Tsz. - Twzo)
The price for using steam for the carrying out of the these processes is equal to:

=C E,+E,+E,+ E3.6)

Steam

Cost

Steam

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:

Cost g, = Costg,,, + Cost

Steam Water

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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Cpy =Cpys=Cpyry=Cp,=Cp, =Cp, =Cpyyp, = 4200kJm= K™, V, =V, =42m’,
T.(0)=T, =T7,,=120°C,, T, = 5°C, T,(0)= T,(0) = T, (0) = Ty, (0) = T;,,, = 20°C,
T,=100°C, Ty, =55°C, T,{t,)=T,, =30°C, ¥,(0) = 7,(0) = ¥y, (0) = ¥, (0) = 20°,
Vs Voo =10m*, Vo =18m°, Vyy Vigy = 12m°, V,(0),V,, = 24m*, 1. =1, =6000s

FMX = FYY 2 0.04m* /s, U =1.2kWm K™, 4=56.55m*, C, =(CG,./4.184)Iw/GJ ,

CG, . =681.00lw/GCal , CGy,, =277.00lw/GCal, Cy,, =(CG,, /4.184)iw/GJ,

Steamt team team

According to the described methodology are carried out calculations to determine the optimal control

effects (£}, Fyys» Lyags Ly ) 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

N | Time of the Optimal debit of the Quantity of the cooling water | Temperature of the reactor
0 | processS€C | oooling water m° /s | at the end of the process m° | at the end of the proces ° C
i L, Fyy Eys Vivao Vivs Ty

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 | 11587 0.0374 0.0 43.3151 0.0 53.7667

4 | 11587 0.0374 0.0 43.3134 0.0 43.5135

5 13654 0.0 0.0400 0.0 54.6166 30.0000

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.

F =A +(B,—A)exp(-Cyt), iel, 1=1,5,

where the unknown coefficients ( 4;, B;, C,) 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

131 | Publishing by Info Invest, Bulgaria, www.sciencebg.net



Temperature [C)

Temperature

120

Journal of International Scientific Publications:

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

: : : T_reactor
. : N (L T_Input_cail
1 o) N NS SRR L R < SO Lo 1
i : == =T_finale_temperature
m._............_;........ ....:'...............;..............;..............E............._
Bk e s rmmrasais Firsseaananas IO 4
S E : :
hh‘;""h..__ : =
dﬂ.. ............. Bisaamum b ! ":"in-..l-'- ..... . ............. : ........................ -
. . N
o oo b o e B g e e 4 | e
E : 1
.1 a i e o e I-'-. baanaa .
0 i i : i |
o 1000 2000 3000 4000 5000 6000
Time [sec.]
Fig.3. Temperature in the reactor for the case 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 | Optimal values of the parameters Quantity of the Temperature of the
process determining the debits of the cooling liquid ciiling liquid m 3 reactor at the end of
sec. the intervals ° C

{ Lin 4, B, C £ Ves T, (t in )

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 5.02¢-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.

120 T T T T T
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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.
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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 N, = N, = N, = N, =1. 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 Debits of the Quantity cooling reagent at the time intervals | Temperature
the cooling liquid m? of the reactor
process m’/s °C
S€cC.

! tin szo ch Vl Vz V3 VW VCS TFn

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.
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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 Costs in absence of heat | Costs with heat integration
cost integration /w. . L
Optimal management Iw. Quasioptimal management Iw.
Cost gy | 94585 715.60 724 81
Costy,, 378.38 199.75 221.53
Costy, 388.17 565.98 536.99
Costg,,, 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 CW 20 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.

136 | Publishing by Info Invest, Bulgaria, www.sciencebg.net



Journal of International Scientific Publications:

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

ACKNOWLEDGEMENTS

This study has been carried out with the financial support of both, the Grant scheme NeBG051P0O001-
3.3.04/ 30 /28.08.2009 under the Operational Program “Human Resources Development” 2007-201 3,
co-financed by European Social Fund of European Community.

REFERENCES

1.

Vaselenak J.A., Grossmann LE., Westerberg A.W. (1986), Heat integration in batch
processing, Ind. Eng. Chem. Process Des. Dev., Vol. 25, No. 2, pp. 357-366.

B. Ivanov, N. Vaklieva-Bantcheva, (1994), Optimal Reconstruction of Batch Chemical Plants
with Regard to Maximum Heat Recuperation Computers and Chemical Engineering, Volume
18, pp. S313-S3

Pozna, B.Ivanov and N. Vaklieva-Bancheva,(1998), Design of a Heat Exchanger Network for
a System of Batch Vessels, Hungarian Journal of Industrial Chemistry, Volume 26, pp. 205-
211.17.

Pinto,T.,A.P.F.D Barbosa Pdvoa e A.Q.Novais,(2003), Optimal Design of Heat-Integrated
Multipurpose Batch Facilities with Economic savings in Ultilities:A Mixed Integer
Mathematical Formulation, Annals of Operations Research, 120,pp.201-230

Patric S.Bieler,Ulrich Fischer,and Konrad Hungerbiihler, (2004). Modeling the Energy
Consumption of Chemical Batch Plants:Bottom-Up Approach,Ind.Eng.Chem.Res.,43
(24),pp.7785-7795

Majozi T, (2006). Heat integration of multipurpose batch plants using a continuous-time
framework.Applied Thermal Engineering,26,pp 1369-1377

137 | Publishing by Info Invest, Bulgaria, www.sciencebg.net



