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Abstract

In the present scenario, batch plants are being used widely in the chemical industry due to
their flexibility which allows the production of different products by sharing the same
equipment or vessel. Batch processes are suitable for the production of small volume and
high value added products, such as specialty chemicals, food and pharmaceutical industry. As
the demand for such products is quite seasonal and low in volume, a batch process is
preferred in comparison to a continuous process. In comparison to continuous processes, the
nature of batch processes is more complex due to their multiproduct production behavior. The
other reason of the complexity is that the material transfer between two operations within the
same process has to be coordinated in time and quantity as well.

Now-a-days, due to stringent environmental regulations and increasing cost of effluent
treatment and energy, there is more emphasis on water and energy savings. The motivation
behind this research work is to present a methodology for simultaneous optimization based
on exploring water reuse and heat integration opportunities in the production scheduling of
batch plants. To meet this goal, multiple models are proposed for water allocation network
(WAN) and heat exchanger network (HEN) synthesis which are combined with the batch
production scheduling model.

In the first part, simultaneous optimization of batch scheduling and water allocation
network is considered using a unit-specific event-based continuous time representation, and a
state-task-network process representation. A three-index unit-specific event based model has
been adapted from the scheduling literature, and new constraints are proposed to deal with
additional features: handling multiple states having different processing time durations for
the same task in a processing unit, using three-index timing variable for the finish time.
Additionally, the scheduling model introduces constraints to handle storage violation for
production and consumption of the same state in the same unit. In WAN, water reuse
opportunities have been incorporated by using central water storage tank and regenerator.
The work also features comparison of sequential and simultaneous approaches while
optimizing the production schedule and freshwater consumption. Four case studies are solved
from the literature for single and multiple contaminants to evaluate the performance of the
proposed model, which gives better savings in terms of freshwater consumption. Further,
two-objective optimization is presented where revenue is maximized and total water cost is

minimized simultaneously.



In the second part, the HEN model based on direct heat integration is combined with
flexible batch scheduling instead of using fixed schedules which are employed in the
sequential approach. In the formulation of HEN model, heat consuming and heat producing
tasks are aligned over a common time interval for effective transfer of energy between the
processing tasks. To handle different types of problems, three different models are developed
for HEN with different features. Four case studies from the literature are solved to test the
proposed models, resulting in better objective values. The work is extended to two-objective
optimization where product revenue is maximized and external utility cost is minimized
simultaneously.

In the third part, a combined model is proposed that simultaneously optimizes production
scheduling, WAN, and HEN models in a single framework, with additional features including
post processing unit-wait policy in washing units. It provides additional temporary storage
capacity for used water in the processing units after completion of the washing operation,
along with offering additional flexibility in the alignment of tasks in other washing units. The
combined model leads to a mixed integer nonlinear programming (MINLP) formulation,
which is tested using two examples from the literature, giving better results in terms of

freshwater consumption and external utility requirements.

Keywords: Batch Plants, Production Scheduling, Optimization, Mathematical Programming,
Water Resue, Water Allocation Network Synthesis, Heat Integration, Heat Exchanger
Network Synthesis.
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Finite Intermediate Storage

Fresh Water

Heat Exchanger Network

Mixed Integer Linear Programming
Mixed Integer Non-Linear Programming
Resource-task-network

Reused Water
State-sequence-network
State-task-network

Water Allocation Network
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Nomenclature

Scheduling (Chapters 3, 4, 5)

Indices
i i
)
n,n'
+/4s
Sets
I

J

Ji

I
I§

PC
I

SR

SI

SP

Sdfis

SPC
Parameters
Bl_min

max
B;

ST
STSm ax

Pis

tasks
units
events

states

tasks
tasks that can be performed in unit j
units which are suitable for performing task i

tasks that produce state s

tasks that consume state s

tasks that produce and consumes same state

units

total number of event points

states

states that are raw materials

states that are intermediates

states that are products

intermediates states with dedicated finite intermediate storage

states that are being produced and consumed in the same unit

minimum batch size of task i

maximum batch size of task i

initial amount available for state s

maximum storage capacity for state

fraction of state s produced (pis > 0) or consumed (pjs < 0) by task i
fixed term of processing time of task i for state s

largest fixed term of processing time of task i for state s

variable term of the processing time of task i for state s

short-term scheduling horizon

price of state s

limit on the maximum number of events over which a task is allowed to continue

large positive humber in big-M constraints

demand of final product state s

XiX



Binary Variables

w(i,n,n"

binary variable for task i that starts at event n and ends at event n'

Positive Variables

Ts(i,n) start time of task i at event n

Te(i,n) finish time of task i at event n

T«(i,s,n) finish time of task i for state s at event n

b(i,n,n’) batch size of task i that starts at event n and ends at event n'
STo(s) initial amount of state s required form external resources
ST(s,n) excess amount of state s that needs to be stores at event n
MP maximum profit

MS makespan

Water Allocation Network (Chapters 3, 5)

Indices
Ir task that require washing
c contaminants
stt storage tanks
Sets
C contaminants species
Stt storage tanks
Parameters
CF cost of fresh water
CE cost of effluent water treatment
Mmpo? mass load of contaminant ¢ added from task i to the water stream
Mw/ maximum inlet water mass to task i
CiifC"U maximum inlet concentration of contaminant ¢ for task i
coutv maximum outlet concentration of contaminant ¢ for task i
al’ time required for washing after task i

wd initial amount of water in storage tank

S

owY maximum storage capacity of the tank
Csomt0 initial concentration of contaminant c in the storage vessel
RR. contaminant removal ratio
freg regenerator flow rate

Binary Variables

yw(i,n) binary variable signifies the occurrence of washing task i at event n

ywy(i,i',n) binary variable shows the transfer of water from task i to task ;" at event n

XX



VSin(i,n) binary variable shows the transfer of water to the storage tank from task i at event n
VSout (i, M) binary variable shows the transfer of water from storage tank to task i at event n
yregi,(stt,n) binary variable shows the transfer of water from storage tank to regenerator at event n
yrego,:(i,n) binary variable shows the transfer of water from the regenerator to task i at event n
Positive Variables

mw;, (i,n) mass of water consumed for washing unit for task i at the end of event n
mwy,(i,n)  mass of water exiting after washing unit for task i at the end of event n

mwg (i,n) mass of fresh water used for washing unit for task i at the end of event n

mw,(i,n) mass of effluent water produced after washing the unit for task i at the end of event n
mw,.(i,i’,n)  mass of water recycled from task i to task ;" at event n

ms;, (i,n) mass of water to storage from task i at event n

ms e (i, 1) mass of water coming from storage to task i at event n

mreg;, (stt,n) mass of water coming to regenerator from storage at event n

mreg,,:(i,n) mass of water coming out from regenerator to task i at event n

Mgirt(C,N) mass of contaminant ¢ removed from water by regenerator at event n

cin(i,c,n) inlet concentration of contaminant ¢, entering task i at event n

Cout(i, €, M) outlet concentration of contaminant c, exiting task i at event n

csin(c,m) inlet concentration of contaminant c, entering storage at event n

CSout(c, M) outlet concentration of contaminant c, exiting from storage at event n

cregoue(c,n) outlet concentration of contaminant c, exiting from regenerator at event n

twi, (i, n) inlet time of water used for task i, at event n

tWoye (i, 1) outlet time of water used for task i, at event n

tw,.(i,i',n) water recycle time from task i to task i’, at event n

treg,, (stt,n) inlet time of water in regenerator from storage tank at event n

treg,, (i,n) outlet time of water from regenerator to task i at event n

Heat Exchanger Network (Chapter 4, 5)

Indices

u utilities

Sets

Iy tasks that consume utility u

Ic tasks that use cold utility

Iy tasks that use hot utility

U Utilities

Parameters

0 fixed processing time of task i
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T'out
ir
Cpi
Cp:
Qimax

Qmax
i

linear coefficient of the variable term of the processing time of heating task i

linear coefficient of the variable term of the processing time of cooling task i’

fixed processing time of heating task i in standalone mode

fixed processing time of heating task i in heat integrated mode

fixed processing time of cooling task i' in standalone mode

fixed processing time of cooling task i' in heat integrated mode

coefficient of constant term for hot utility for task i in standalone mode
coefficient of constant term for hot utility for task i in heat integrated mode
coefficient of constant term for cold utility for task i' in standalone mode
coefficient of constant term for cold utility for task i'in heat integrated mode
coefficient of variable term for hot utility for task i in standalone mode
coefficient of variable term for hot utility for task i in heat integrated mode
coefficient of variable term for cold utility for task i' in standalone mode
coefficient of variable term for cold utility for task i' in heat integrated mode
price of utility u

incoming temperature of feed for heating task i

outgoing temperature of feed for heating task i

incoming temperature of feed for cooling task i’

outgoing temperature of feed for cooling task i'

heat capacity for heating task i

heat capacity for cooling task i'

maximum allowed heat available for exchange for heating task i

maximum allowed heat available for exchange for cooling task i’

Binary Variables

x(i,i’,n)

binary variable for allocation of heat integration between task i and i' at event n

Positive Variables

T(i,n)
Tx(i,n)
Ts(i',n)
Tw(i’,n)
dur(i,n)
dur(i’,n)

start time of heat integration of heating task i at event n
finish time of heat integration of heating task i at event n
start time of heat integration of cooling task i’ at an event n
finish time of heat integration of cooling task i’ at an event n
duration of heating task i at an event n

duration of cooling task " at an event n
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Ut,
q(ii’,n)
HL(i,n)
CL(i’,n)
HL (i,n)
CL(i’n)
HL’’(i,n)
CL’’(i’,n)
HLsa(i,n)
HLhi(i,n)
CLsa(i’,n)
CLhi(i’,n)
st(i,n)
cw(i’,n)
riinn’)
ry(i,i’n)
rs(i’,n,n’)

r4(l',l.,,}’l)

total utility

heat exchanged between task i and i’ at event n

heating load required for a task i at event n

cooling load required for a task i' at event n

average heat load per hour for atask i at event n

average cooling load per hour for a task i* at event n

heating load exchanged during heat integration for a task i at event n
cooling load exchanged during heat integration for a task i' at event n
amount of external hot utility in standalone mode for a task i at event n
amount of external hot utility in heat integrated mode for a task i at event n
amount of external cold utility in standalone mode for a task i* at event n
amount of external cold utility in heat integrated mode for a task i' at event n
amount of steam supplied externally for a task i at event n

amount of cooling water supplied externally for a task i' at event n
linearization terms

linearization terms

linearization terms

linearization terms
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