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Abstract

Chemical engineering systems involve a concatenating of various units such as reactors,
crackers, distillation columns, froth floatation cells, absorbers, crystallizers, etc. To maximize the
profit, these units should be operated, planned and scheduled optimally. This often leads to the
formulation of multi—objective optimization (MOQO) problems. Such MOO problems involve
solving complicated model equations which require inordinately large computational time for each
function calculation (i.e. solving the model once). For these cases, the algorithms which converge
to the acceptable Pareto optimal solutions in a small number of function calculations (= population
size x maximum number of generations) or in a small number of generations (for fixed population

size) are always recommended.

In the present study, five evolutionary algorithms with the aim of producing better results
in limited number of generations are developed by introducing improved operators in the
framework of existing algorithms or hybridizing different algorithms and their performance is
tested rigorously using more than thirty standard test problems with two and three objectives from
ZDT, MOP, DTLZ and WFG test suits. These algorithms are then used to solve various complex
MOO problems of chemical engineering systems. In the first algorithm, a new operator, simulated
binary jumping gene (SBJG), is introduced to enhance the convergence speed of real-coded elitist
non — dominated sorting genetic algorithm (RNSGA-II). The developed algorithm is then used to
solve the MOO problems of a dynamic steam reformer (a problem with two-objectives) and a
phthalic anhydride reactor (a two-objective and a three objective problem). The second algorithm,
simplified multi-objective particle swarm optimization (SMPSO), provides a fine balance between
exploration and exploitation using two simple operators that are developed on the basis of a
detailed qualitative analysis of similar operators used in PSO and NSGA-Il. SMPSO is then used
to solve a newly formulated MOO problem of resid fluid catalytic cracking unit (a problem with
two objectives). The third algorithm is a multi-objective variant of bat algorithm (BA) which is

used to solve the two-objective problem of the phthalic anhydride reactor. The fourth algorithm,



NSDE1-FH, is a hybridization of a multi-objective variant of differential evolution (DE) with a
recently developed concept of following heroes. It is applied to a novel MOO problem of a dual
lithium ion insertion cell (a problem with two-objectives). In the fifth algorithm, an improved DE
strategy is used to enhance the convergence speed of multi-objective DE which is then used for
optimized on-line control (OOC) of Poly Methyl Methacrylate (PMMA) reactor where MOO
problem must be solved in a time period of few minutes. The industrial problems solved in this
study belong to different categories, e.g. first three problems represent process optimization, the
MOO problem of dual lithium ion insertion cell represents design optimization and the last
problem represents control optimization. The results obtained for these problems show that the
proposed algorithms perform well in limited number of generations without compromising with
the computational time. Also, for each industrial problem, the optimal operating points obtained
using developed algorithms are better than the reported industrial values and these can be applied

to real systems for an optimal operation.
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Nomenclature

a specific interfacial area, m?m?® in Eq. (6.6)
a surface area of catalyst, m* kg™
S
A fractional length of the half-catalyst slab in which the concentration

varies in Table 3.2

A inside cross-sectional area of the reformer tube, m?

Ay surface area of the flame produced by a single burner, m?

A loudness ofi"bat

A minimum loudness

A maximum loudness

A, cross-sectional area of the catalyst slab, m?

Avet surface area of the refractor, m?

A cross-sectional area of the riser, m?

Al average loudness of all the bats at t"iteration

A total internal surface area of reformer tubes, m?

ASE adaptive social evolution

A;, B; Constants

BA bat algorithm

Cs ion concentration in the solid phase, mol/dm?®

C ion concentration in the electrolyte, mol/dm®

Ccat,ck coke on the catalyst (in the matrix) at any location, (kg coke) (kg porous
catalyst) ™!

Ccat.ck coke on the catalyst (in the zeolite crystallite) at any location, (kg coke)

(kg porous catalyst)™
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cat,i

Ccat,i

Ci

D/C

di’ dO

D

concentration of the i"™ lump at any radial position in the matrix at
location, h, of the riser reactor, kmol m™

concentration of the i"™ lump in the zeolite crystallite at any location,
kmol m™

concentration of species i in the catalyst slab, kmol m™

concentration of species i in the gas phase, kmol m™

concentration of OX in feed [g OX (m? air at

NTP)™]

specific heat, J kg™ K™*
heat capacity of the catalyst, k] kg™ K™
heat capacity of the vapour feed, ki kg™ K™

specific heat of the process gas, kJ kmol™*K™

concentration of the i"™ lump in the gas phase at any location in the riser,
kmol m™

specific heat of the solid (catalyst), kJ kmol*K™ in Table 3.2

heat capacity of steam, ki kg™' K" in Table 4.2

specific heat of the bed, kJ kmol™*K™
molar concentration of the gas mixture (= P/RT), kmol m*

diameter of single tube of the reactor, m in Table 3.3
diffusion coefficient of electrolyte in the solid matrix, cm%s in Eq. (6.6)
ratio of carbon dioxide to methane in feed, (kmol/h of CO,) / [kmol/h of

methane fed ( Fe, in)]

inner and outer diameters, respectively, of the reformer tube, m
effective diffusivity of species i in the catalyst at axial location Z and

timet, m’h?

xviii



D, equivalent diameter of the catalyst pellet (Raschig ring), m in Table 3.2

Dp diameter of the catalyst particle, m in Table 3.3

D, diffusion coefficient of Li in the solid matrix, cm?/s

DE differential evolution

e Exponential

E quantity defined in Eq. (T.11) of Table 3.2

Eq, Ep, Ew activation energies for the reactions, kJ mol™

E, activation energy of the ith reaction;i=1,2, ..., 8, Jmol*
f the fraction of population directed to DE operations in NSDE1-FH
fa activity coefficient of salt

f frequency ofi"bat

frin minimum frequency

frnex maximum frequency

F total feed rate, kmol h™ in Table 3.2

F Faraday’s constant, 96,487 C/eq in Eq. (6.9)

F initiator efficiency in Table 7.1

F.. flow rate of the catalyst in the riser, kg s

|:CH4 flow rate of methane, kg h™*

F. average concentration of coke in the catalyst in the riser at any location,

kg coke (kg catalyst)™

Feo flow rate of methane, kg h™

Ffeed mass flow rate of the feed in the riser, kg s~

Fu, flow rate of H,, kg h™*

fi objective function, i=1, 2

F molar flow rate of the i lump in the riser at any location, kmol s
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GA

GM

H/C

AH

AH

AH ;‘ds

IRN
Jn

IG

Ky, Kir, Kin

Kay Kiy Koy Ko Keey Ky e
Kaor Knos Keao

kg

Ki

molar flow rate of dispersion steam at the inlet of the riser, kmol s
following heroes

mass velocity of the process gas in the reformer, kg m?h™ in Table 3.2
mass flux of the gas phase, kgm s in Table 3.3

genetic algorithm

guided move

gas phase film heat transfer coefficient, Wm 2 K ' in Table 3.3

axial location in the riser, m in Table 4.2

ratio of hydrogen to methane in feed, (kmol/h of hydrogen recycled) /
[kmol/h of methane fed (Foy, jn)]

height of the riser, m

heat of reaction of the ith reaction; i=1, 2, ..., 8, Jmol™ in Table 3.3

enthalpy of the i" reaction, kJ kmol ™" in Table 4.2
heat of adsorption of the jth component; j = OX,

OT, P, PAMA, O,, J mol™*

interfacial reaction rate, mA/cm?

superficial current density, mA/cm? in Eq. (6.10)
moles of initiator at any time t, mol in Table 7.1
integer random number

pore-wall flux across the interface

jumping genes

equilibrium constants of reactions I-111, respectively
rate constants at any time t, s* or m*mol s

intrinsic (in absence of gel and glass effects) rate constants, m* mol™ s™
thermal conductivity of the process gas, kJ h* m* K™

Rate constant of the i th (i = I-111) reaction, kmol kPa° kg cat™ h™ or

XX



L

cat

L

L, and L,

kmol kPa™ kg cat™ h™ in Table 3.2

rate constant of the ith reaction; i =1, 2, ..., 8, mol m>s™ (MPa)?in
Table 3.3

equilibrium adsorption constant for species i (i = CH4, H2, CO, H,0),
kPa™

frequency factor of the ith reaction;i=1, 2, ...,

8, mol m=s ! (MPa) 2

rate constant for the i reaction in the matrix, m® kg-matrix ' s

rate constant for the i reaction in the zeolite crystallite, m* kg-zeolite
S—l

equilibrium adsorption constant of the jth component; j = OX, OT, P,
PAMA, O,, (MPa) 2

pre-exponential factor in the equation of Kj; j = OX, OT, P, PAMA, O,
(MPa)?

thermal conductivity of the tube-wall material, ki h™ m* K™

axial location in the catalyst slab, m

thickness of the wall of the Raschig ring, m

length of the Raschig ring, m

total length of the reactor, m in Table 3.2

length of the reactor tube , m in Table 3.3

total length of all catalyst zones, m
length of catalyst zonei;i=1,2,...,9,m

lower and upper limits used for generating , = IRN[Ly, L, ]

coolant flow rate, kg (kg process gas) *

coolant flow rate, kg s
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Nmaxgen

number of internal collocation points in Table 3.2
moles of monomer in liquid phase, mol in Table 7.1
average molecular weight of the gas mixture at

any axial location, kg mol™

molecular weight of coke, kg kmol™

average molecular weight of the gas in the riser at any location, kg
kmol™

molecular weight of the i lump, kg kmol ™
molecular weight of steam, kg kmol™

molecular weights of pure monomer and solvent, kg mol™
number of burners in the reformer furnace

number of lumps in the lumped reaction scheme
number of carbon atoms
number of double bonds

bats having rank 1
number of generations

number of hydrogen atoms

flux of species i at any axial locationl inside the catalyst slab, kmol m™ h’

1

user-specified maximum number of generations
total number of solutions in the population

total number of reactions
total number of variables

ratio of carbon dioxide to methane in feed, (kmol/h of nitrogen) /

[kmol/h of methane fed (Fey in)]
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NSBAT-II
NSDE
NSDE1
NSDE2
NSDE1-FH
NSGA-II
NSPSO

P
P

Powm

T,ris
PSO

QCond

qCOnV

q rad

elitist non-dominated sorting BA

non-dominated sorting DE

NSDE with DE/rand/1 strategy

NSDE with DE/best/1/bin strategy

NSDE1 with FH operation

elitist non-dominated sorting GA

non-dominated sorting PSO

partial pressure of the i lump in the gas in the riser at any location, kPa
operating pressure at axial location Z and time t, kPa

probability of guided move

total pressure, Pa
total pressure in the riser, kPa

particle swarm optimization

conductive heat flux based on the average surface area of the tube, kJ m™
h-l

convective heat flux based on the inner surface area of the tube, k] m?h’
1

radiative heat flux based on the outer surface area of the tube, kJ m?h™
radial position, m in Table 3.2

pulse emission rate in Chapter 5

rate of the i th reaction (i = I-Il) corresponding to conditions at the
catalyst surface at axial location Z and time t, kmol h™ kg cat™ in Table
3.2

rate of the ith reaction; i=1,2,...,8 molm3s?tin Table 3.3

pulse emission rate at i" bat in Chapter 5

pulse emission rate at t"iteration
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RIi; le

RJG1
RJIG2

RM
RNSGA-II

RNSGA-11-SBJG

*

ERck

ck,cat

—_
iRck [cat

sum of feed molar ratios in Table 3.2

universal gas constant, kPa m® kmol™' K™ in table 4.2
universal gas constant, 8.3143 J/mol.K in Eq. (6.9)
primary radical in Table 7.1

universal gas constant, atm-m® mol™ K™ in Table 7.1

universal gas constant, J mol ™ K™*

volume of recycle gas (at actual conditions)

mixed with volume of incoming feed at NTP

rate of production of the i th component at the catalyst surface at any
axial location Z and time t, kmol h™ kg cat™

rate of production of the i th component at the n th collocation point
inside the catalyst slab at axial location Z and time t, kmol h™ kg cat™
rate of continuous addition of (liquid) initiator, monomer, or solvent to
reactor, mol s

radius of solid particles, m

rate of evaporation of monomer or solvent, mol s™

real-coded jumping gene adaptation proposed by Sankararao and Gupta.
real-coded jumping gene adaptation proposed by Ripon et al.

random move

real-coded NSGA-II

RNSGA-I11 with SBJG operator

net rate of formation of coke in the porous catalyst macro-particle, kmol
(kg)'s™

rate of formation of coke in the matrix at any location, kmol (kg) ™' s
rate of formation of coke in the zeolite at any location, kmol (kg) 's™

overall rate of reaction of the i lump, kmol (kg porous catalyst) ' s
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SIC

SBJG

rate of consumption of the i lump by the j" reaction in the matrix, kmol
& (kg porous catalyst)™' s

rate of the j™ reaction in the zeolite crystallite, kmol (kg porous
catalyst) ' s

overall rate of the j" reaction, kmol (kg porous catalyst) ' s
spacing after the ith zone of catalyst, m

ratio of carbon dioxide to methane in feed, (kmol/h of steam recycled) /
[kmol/h of methane fed (Fey, jn)]

simulated binary jumping gene
time, h in Table 3.2

time, s in Table 7.1

number of iterations in Chapter 5

user-specified maximum number of iterations

process gas temperature at axial location Z and time t, K in Table 3.2

bulk gas temperature at any axial location, K in Table 3.3

temperature, K in Table 7.1

normal boiling point (at 1 atm), K
coolant temperature, K

adiabatic flame temperature at any axial location in the reactor, K
temperature of the furnace gas, K

reference temperature, K

temperature in the riser at any location, K

temperature of the catalyst at any axial location, K

tube-wall temperature, K
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film heat-transfer coefficient on the inside of the tube (to gas + catalyst),
kd h*m?K™ in Table 3.2

overall heat transfer coefficient between the

jacket fluid and the bulk gas, Jm s * K™ in table 3.3

i trial vector

dimensionless distance within the catalyst slab (= l/Ic) (v = 0 at catalyst
surface)

number of cations into which a mole of electrolyte dissociates

velocity of catalyst in the riser at any location, ms™

velocity of gas in the riser at any location, ms™

current velocity of i"bat
superficial velocity of gas in the reformer, m h™

initial i"" bat velocity

j™ component of i" bat velocity at t" iteration
pore volume in the matrix, cm® g

liquid molar volume of i, cm*/gmol
critical volume of i, cm*/gmol

i" perturbed vector
volume of liquid at time t, m*

inertia weight for i" bat

current position of " bat

j™ component of i" position at 0" iteration

j™ component of i" position at t" iteration

lower limit of decision variable
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«High upper limit of decision variable

xgest total number of solution having rank 1

Xn n" variable of solution X;

X real value of a variable

X mass-based yield of i, kg of species i produced

per kg of OX consumed in Table 3.3
Xi i™ solution point in Chapter 6
Vi mole fraction of species i in the gas phase at axial location Z and time t

- mole fraction of component i at the n th collocation point inside the

Yin catalyst slab at axial location Z and time t
Yaottoms yield (wt %) of bottoms in the riser at any location
Y, yield (wt %) of the i lump in the riser at any location
Y,- mole fraction of the jth component; j = OX, OT,
P, PA, MA, O,, COx, H,0O
Z axial location, m
z charge number

Greek Symbols

B distribution function for guided move operator

g random number between -1 and 1

&, void fraction in the catalyst bed (outside the porous catalyst pellet) in
Table 3.2

g, void fraction in the bed in table 3.3

& volume fraction of pores inside a catalyst pellet

Eris void fraction in the riser at any location

€ Porosity

& emissivity of the flames
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gg emissivity of the furnace gas

En pore radius in the matrix, A

oy St initial monomer concentration

n index for calculating 3

0 My T effectiveness factors for reactions I-111, respectively, at axial location Z
and time t

7; effectiveness factor for component i at axial location Z and time t in
Table 3.2

7, effectiveness factor of the ith reaction; i=1, 2,
..., 8inTable 3.3

2 random number (RN)

K conductivity of electrolyte, S/cm

A k™ (k =0, 1, 2,...) moment of live (P,) polymer radicals

y2i viscosity of the gas mixture at axial location Z and time t, kg m™h™

My k™ (k=0, 1, 2,...) moment of dead (P,) polymer chains

yoj density, kg m™

Peat density of the porous catalyst macro-particle, kg m~

Pms Pp density of pure (liquid) monomer, polymer or solvent at temperature T
(attime t), kg m*

oy density of the vapour in the riser at any location, kg m™

c conductivity of solid matrix, S/cm

0 random number between -1 and 1

dm, Op volume fractions of monomer, polymer or solvent in liquid at time t

B deactivation function in the matrix

&, deactivation function in the zeolite crystallite

D, potential in the solid phase, V
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D, potential in the liquid phase, V

Subscript/Superscript

add Addition

h bulk gas phase

cat Catalyst

correl as obtained from the correlation

C Coolant

COX combustion products

F bulk gas phase

H 20 Steam

in Inlet

mix Maximum

MA maleic anhydride

O2 Oxygen

oT o-tolualdehyde

OX o-xylene

P Phthalide

PA phthalic anhydride

s surface of the impervious catalyst

0 inlet of the riser in table 4.2

0 initial value or value without gel and glass effects in Table 7.1
+, - positive electrode, negative electrode
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