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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 (MOO) 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 × 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-II. 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, 
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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.    



       
                                                            ,      ,               ,     

           ,        ,                                                                   
      ,                    ,        औ                                         
                       -                                                       -
                                                     ई                           
                                                                               
                             ,                      (=               x             
            )                  (                           )                 
                                                            

                  ,                                                      ,       
                                                                           ,      
                                                                    घ           
   ,        ,      ,           औ                         ,    औ                   ,  
                                                                              
                                                       -                           
                                ,     -                 -                                  
(         -II)                            ,              ,                          
    (        )                            ,                                     
                      (                      ) औ                             (   
                       औ                            )        -                
                                                             -                       
            (         )                औ         -II                          
                                                                             
       औ                                                  ,                    
                                ई (                      )                  -
                                                        ,              (   )        -
                  ,                                          -                    



                                        ,       ई1-    ,                   (  ई)    
       -                औ                                                    
                                                   (                      )       
         -                                                                     , 
    -           ई                                       ई                           
   औ                                            (       )                     
             (    )                                   -                     
                                                                                
 ई औ                                         ,          ,                       
                                ,                                            
                         औ                                                         
                                                                              
                                                             ,       औ             
      ,                                                                  औ       
                  औ                                                                
       



v 
 

TABLE OF CONTENTS 

Acknowledgements ........................................................................................................................... i 

Abstract ........................................................................................................................................... iii 

List of Contents ................................................................................................................................ v 

List of Figures ............................................................................................................................... viii 

List of Tables .................................................................................................................................. xii 

Nomenclature ............................................................................................................................... xvii 

1. Introduction.................................................................................................................................. 1 
 

1.1. Multi-objective Optimization.................................................................................................. 1 

1.2. Metaheuristic Algorithms ....................................................................................................... 5 

1.3. Evolutionary Algorithms ........................................................................................................ 7 

1.4. Structure of the Thesis .......................................................................................................... 15 

2. Test Problems and Performance Metrics ................................................................................ 17 
 

2.1. Test Problems  ...................................................................................................................... 17 

   2.1.1. ZDT Test Suite ........................................................................................................... 19 

   2.1.2. DTLZ Test Suite   ....................................................................................................... 19 

       2.1.3. WFG Test Suite    ....................................................................................................... 20 

   2.1.4. MOP Test Suite    ........................................................................................................ 20 

    2.2. Performance Metrics  ............................................................................................................ 37 

   2.2.1. Hyper-volume ratio (HR)  ........................................................................................... 37 

   2.2.2. Generational distance (GD)    ..................................................................................... 38 

       2.2.3. Spacing (S)     .............................................................................................................. 38 

    2.3. Wilcoxon Signed Ranks Test   .............................................................................................. 39 

3. Multi-objective Optimization of Dynamic Steam Reformer and Phthalic Anhydride   

Reactor using RNSGA-II with Simulated Binary Jumping Genes (SBJG) Operator ............. 40 

3.1. Introduction ........................................................................................................................... 40 

3.2. Jumping Genes Operations and their Qualitative Analysis  ................................................. 44 

   3.2.1. Binary-coded Jumping Genes Operator and its Qualitative Analysis   ....................... 44 

   3.2.2. Existing Real-Coded Jumping Genes Operators and their Qualitative Analysis    ..... 49 

3.3. Simulated Binary Jumping Genes (SBJG) Operation  .......................................................... 52 

3.4. MOO of Dynamic Steam Reformer  ..................................................................................... 58 



vi 
 

3.5. MOO of Phthalic Anhydride Reactor   ................................................................................. 67 

3.6. Results and Discussion   ........................................................................................................ 76 

3.7. Summary   ............................................................................................................................. 96 

4. Optimization of an Industrial Resid Fluid Catalytic Cracking Unit using A Simplified 

Multi-objective Particle Swarm Optimization  ........................................................................... 98 

4.1. Introduction ........................................................................................................................... 98 

4.2. Related Work ........................................................................................................................ 99 

4.3. Qualitative Analysis of Exploitation and Exploration Moves used in RNSGA-II and PSO 
.................................................................................................................................................... 102 

4.4. SMPSO Algorithm  ............................................................................................................. 109 

4.5. Qualitative Analysis of Guided and Random Moves   ....................................................... 114 

4.6. MOO of Resid Fluid Catalytic Cracking Unit  ................................................................... 118 

4.7. Results and Discussion  ...................................................................................................... 125 

4.8. Summary  ............................................................................................................................ 138 

5. Multi-objective Optimization of Phthalic Anhydride Reactor using An Elitist Non-

Dominated Sorting Bat Algorithm (NSBAT-II)  ....................................................................... 141 

5.1. Introduction  ........................................................................................................................ 141 

5.2. Related Work  ..................................................................................................................... 142 

5.3. Bat Algorithm  .................................................................................................................... 143 

5.4. Description of NSBAT-II  .................................................................................................. 144 

5.5. Results and Discussion  ...................................................................................................... 146 

5.6. Summary  ............................................................................................................................ 156 

6. Multi-objective Optimization of Dual Lithium Ion Insertion Cell using a Hybrid 

Differential Evolution with Following Heroes Operation  ....................................................... 158 

6.1. Introduction  ........................................................................................................................ 158 

6.2. Related Work ...................................................................................................................... 162 

6.3. Description of Basic DE  .................................................................................................... 164 

6.4. Proposed Algorithm  ........................................................................................................... 165 

   6.4.1. Qualitative Analysis of NSDE1-FH    ....................................................................... 171 

6.5. MOO of Dual Li-ion Insertion Cell  ................................................................................... 174 

6.6. Results and Discussion  ...................................................................................................... 178 

6.7. Summary  ............................................................................................................................ 195 



vii 
 

7. Optimized On-line Control of MMA Polymerization using NSDE with an Improved 

Strategy  ........................................................................................................................................ 196 

7.1. Introduction  ........................................................................................................................ 196 

7.2. Optimized On-line Control of PMMA Reactor  ................................................................. 199 

7.3. Results and Discussion   ..................................................................................................... 209 

7.4. Summary  ............................................................................................................................ 224 

8. Conclusions and Recommendations ....................................................................................... 226 
 

8.1. Comparison of Developed Algorithms  .............................................................................. 226 

8.2. Conclusions  ........................................................................................................................ 227 

8.3. Recommendations for the Future Work  ............................................................................. 229 

References ..................................................................................................................................... 231 
 

Brief Biodata of the Author ........................................................................................................ 254 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 
 

LIST OF FIGURES 

Fig. 1.1. Pareto optimal plot for the MOO problem of parallel reactions in an MFR. Points A and 

B represent non-dominated solutions whereas point C represents a dominated solution.  ................ 5 

Fig. 1.2. A typical chromosome (n = 2 and lstr = 3) used in NSGA-II.   ............................................ 8 

Fig. 1.3. Decoding of a variable ( strl  = 3) into real values with Low
lx = 0 and High

lx  = 100 for 2 strl (= 

8) permutations.  ................................................................................................................................ 9 

Fig. 1.4. Ranking and crowding distance of chromosomes illustrated for a two-objective 

minimization problem with Np = 10.   .............................................................................................. 10 

Fig. 1.5. Crossover operation illustrated for two parent chromosomes with n = 2 and lstr = 3.   ..... 11 

Fig. 1.6. Mutation operation illustrated for offspring 1 produced in crossover operation (see Fig. 

1.5). .................................................................................................................................................. 12 

Fig. 3.1. The binary-coded JG operation. ........................................................................................ 45 

Fig. 3.2. The mutation operation on a binary chromosome. ............................................................ 46 

Fig. 3.3. Effect of the JG operation on binary-coded variables. ...................................................... 47 

Fig. 3.4. Distribution for variable perturbation (α) of binary-coded JG (lstr = 20) with (a) the 

random instances and (b) rearranging its values in a decreasing order against the number of 

instances [Note: increase in the length of plateau in (b) increases the localized effect]. ................. 49 

Fig. 3.5. The RJG1 operation on a real-coded chromosome. .......................................................... 50 

Fig. 3.6. Distribution for variable perturbation function (α) of RJG1 implementation with (a) the 

random instances and (b) rearranging its values in a decreasing order against the number of 

instances [Note: no apparent plateau region is present in (b)]. ........................................................ 51 

Fig. 3.7. Distribution for variable perturbation function (α) of SBJG implementation (for arbitrarily 

selected jgs1 = 1 and jgs2 = 15) with (a) the random instances and (b) rearranging its values in a 

decreasing order against the number of instances [Note: the length of the plateau region in (b) 

increases with the increase in the values of jgs1 and jgs2]. .............................................................. 54 



ix 
 

Fig. 3.8. Distribution for variable perturbation functions (β, δ and α) vs. random number (RN) for 

(a) SBX with cross  = 15, (b) PLM with mut  = 15, (c) SBJG with JG  =  1,15IRN  , respectively.

 ......................................................................................................................................................... 55 

Fig. 3.9. Flowchart of RNSGA-II-SBJG. ........................................................................................ 57 

Fig. 3.10. Pareto optimal fronts for an illustrative MOO problem for (a) 50, (b) 100, (c) 200 and 

(d) 500 generations [Note: only RNSGA-II-SBJG fully converges to the global Pareto optimal 

front in as low as 50 generations]. ................................................................................................... 59 

Fig. 3.11. Steam reforming plant. .................................................................................................... 60 

Fig. 3.12. (a) Reaction scheme with reaction numbers indicated on the arrows (b) and reactor set-

up with nine beds for PA production. .............................................................................................. 68 

Fig. 3.13. Convergence Curves obtained by all compared algorithms. ........................................... 90 

Fig. 3.14. (a) Pareto optimal fronts for MOO of a dynamic steam reformer using RNSGA-II, 

RNSGA-II-RJG1, RNSGA-II-RJG2 and RNSGA-II-SBJG (Note: a worst point shown by hollow 

circle is also identified for HR calculations), (b) a best Pareto front extracted from part (a) for 

further analysis................................................................................................................................. 92 

Fig. 3.15. (a) Comparison of the optimal solutions of problem 1 obtained after 200 generations. (b) 

Comparison of the optimal solutions of problem 1 obtained using RNSGA-II-RJG1 and RNSGA-

II-SBJG for same CPU time (39 hrs). .............................................................................................. 95 

Fig. 3.16. Comparison of the optimal solutions of problem 2 obtained after 200 generations using 

(a) RNSGA-II, (b) RNSGA-II-RJG1, (c) RNSGA-II-RJG2 and (d) RNSGA-II-SBJG, respectively. 

(e) The results of RNSGA-II-RJG1 for CPU time of 40 hrs (same as RNSGA-II-SBJG).  ............ 97 

Fig. 4.1. Values of variable X generated randomly and arranged in a decreasing order with the 

number of instances. ...................................................................................................................... 103 

Fig. 4.2. Effect of a) tournament selection, b) SBX, c) polynomial mutation and d) overall effect 

on perturbation of a variable in RNSGA-II (Note: Y- axes for corresponding curves are shown by 

arrows). .......................................................................................................................................... 105 



x 
 

Fig. 4.3. Effect of a) global best, b) inertia, c) personal best and d) overall effect on perturbation of 

variable in PSO. ............................................................................................................................. 106 

Fig. 4.4. The overall effect of operations on perturbation of variable in (a) RNSGA-II and (b) 

multi-objective PSO.. ..................................................................................................................... 107 

Fig. 4.5. Flowchart of SMPSO. ..................................................................................................... 110 

Fig. 4.6. Distribution for variable perturbation functions β (with   =  5,20IRN   ) vs. random 

number (RN)................................................................................................................................... 111 

Fig. 4.7. Guided move operation illustrated for a two-variable problem with variables X1 and X2.

 ....................................................................................................................................................... 113 

Fig. 4.8. Efficient form of a) guided move (probability equals to 0.9), b) random move (probability 

equals to 0.1) and c) overall effect on the perturbation of a variable. ............................................ 115 

Fig. 4.9. Efficient form of a) guided move (probability equals to 0.9) and b) overall effect on 

perturbation of variable with four current best solutions CB1 = 0.9, CB2 = 0.7, CB3 = 0.5 and CB4 

= 0.2 [the effect of RM is same as shown in Fig 4.8 (b)]............................................................... 116 

Fig. 4.10. Effect of variation of adjustable parameters on the overall perturbation and bias in 

SMPSO [with decrease in η, inflations diminish in the X- curves which shows the decrease in bias 

whereas decrease in PGM increases the plateau at X = -1 and 1 which shows the increase in 

perturbation].  ................................................................................................................................. 117 

Fig. 4.11. Seven lump kinetic model (VR = vacuum resid, VGO = vacuum gas oil, HCO = heavy 

cycle oil, LCO = light cycle oil, GL = gasoline, LPG = liquefied petroleum gas, DG = dry gas and 

CK = coke).  ................................................................................................................................... 119 

Fig. 4.12. Convergence curves obtained by all compared algorithms. .......................................... 135 

Fig. 4.13. Pareto fronts of MOO problem of RFCCU for (a) 1, (b) 3 and (c) 10 generations. ...... 140 

Fig. 5.1. Flowchart of NSBAT-II. ................................................................................................. 147 

Fig. 5.2. Pareto Optimal front for PA reactor. ............................................................................... 157 

Fig. 6.1. Flowchart of NSDE1-FH (FH operation is shown by dashed line).  ............................... 168 



xi 
 

Fig. 6.2. Schematics of following heroes operation (the heroes are shown by dark circles, ●; actual 

and the perturbed solutions are shown by the hollow circle, ○; also the typical contours of the 

objective function are shown by dotted lines).  ............................................................................. 169 

Fig. 6.3. Plots of distribution of variable perturbation  arranged in a descending order vs. the 

number of random instances for (a) random perturbation (b) FH operator and (c) NSDE1. ......... 173 

Fig. 6.4. Schematic diagram of a dual Li-ion insertion cell.  ........................................................ 175 

Fig. 6.5. Convergence curves obtained by all compared algorithms. ............................................ 192 

Fig. 6.6. Comparison of NSDE1-FH with model-based algorithms.  ............................................ 193 

Fig. 6.7. Pareto-optimal front for MOO of dual Li-ion insertion cell after (a) 50 generations and (b) 

200 generations.  ............................................................................................................................ 194 

Fig. 7.1. Schematic diagram of a typical polymerization batch reactor (TC = Temperature 

Controller, TT = Temperature Transmitter).  ................................................................................ 197 

Fig. 7.2. Flowchart of NSDE2 with control action. ....................................................................... 206 

Fig. 7.3. Convergence curves obtained by all compared algorithms. ............................................ 219 

Fig. 7.4. Pareto optimal Fronts for the off-line optimization problem in 15 generations. ............. 222 

Fig. 7.5. Pareto optimal Fronts for the on-line optimization problem in 15 generations. .............. 222 

Fig. 7.6. Curves of off-line and on-line temperature trajectories. ................................................. 224 

Fig. 7.7. Effect of off-line and on-line optimization on (a) weight average molecular weight (Mw) 

and (b) monomer conversion (xm) with respect to time.  ............................................................... 225 

Fig. 8.1. Convergence curves of all the algorithms developed in the present study.   ................... 226 

 

 

 

 

 

 



xii 
 

LIST OF TABLES 

Table 2.1. Mathematical formulations of ZDT problems and their characteristics.  ....................... 22 

Table 2.2. Mathematical formulations of DTLZ problems and their characteristics. ..................... 24 

Table 2.3. General formulation and details of WFG problems.  ..................................................... 26 

Table 2.4. Mathematical formulations of WFG problems and their characteristics.  ...................... 31 

Table 2.5. Mathematical formulations of MOP problems and their characteristics (In MOP4 and 

MOP7, Fm = -Im is used for the conversion of minimization to maximization in the fitness 

function)..  ........................................................................................................................................ 34 

Table 3.1. Chronology of GA.  ........................................................................................................ 42 

Table 3.2. Model equations for dynamic steam reformer.  ............................................................. 61 

Table 3.3. Model equations for PA reactor.  ................................................................................... 69 

Table 3.4. GA parameters used for RNSGA-II, RNSGA-II-RJG1, RNSGA-II-RJG2 and RNSGA-

II-SBJG.  .......................................................................................................................................... 77 

Table 3.5. Reference points for all 37 problems for HR calculation.  ............................................. 78 

Table 3.6. Comparison of indicator HR using RNSGA-II and RNSGA-II-SBJG for 50, 100, 200, 

and 500 generations.  ....................................................................................................................... 81 

Table 3.7. Comparison of indicator HR using RNSGA-II-RJG1 and RNSGA-II-SBJG for 50, 100, 

200, and 500 generations.  ............................................................................................................... 82 

Table 3.8. Comparison of indicator HR using RNSGA-II-RJG2 and RNSGA-II-SBJG for 50, 100, 

200, and 500 generations.  ............................................................................................................... 83 

Table 3.9. Comparison of indicator GD using RNSGA-II and RNSGA-II-SBJG for 50, 100, 200, 

and 500 generations.  ....................................................................................................................... 84 

Table 3.10. Comparison of indicator GD using RNSGA-II-RJG1 and RNSGA-II-SBJG for 50, 

100, 200, and 500 generations.  ....................................................................................................... 85 

Table 3.11. Comparison of indicator GD using RNSGA-II-RJG2 and RNSGA-II-SBJG for 50, 

100, 200, and 500 generations.  ....................................................................................................... 86 



xiii 
 

Table 3.12. Comparison of indicator S obtained for RNSGA-II, RNSGA-II-RJG1, RNSGA-II-

RJG2 and RNSGA-II-SBJG over 500 generations.  ........................................................................ 88 

Table 3.13. Results of Wilcoxon test for HR metric.  ..................................................................... 89 

Table 3.14. Results of Wilcoxon test for GD metric.  ..................................................................... 89 

Table 3.15. Results of Wilcoxon test for S metric.  ........................................................................ 89 

Table 3.16. CPU time taken by RNSGA-II, RNSGA-II-RJG1, RNSGA-II-RJG2 and RNSGA-II-

SBJG to execute 50 runs of all 37 problems for 500 generations on a desktop computer (Intel Xeon 

E3 – 1225 v3@3.20 GHz processor, 8 GB RAM and Windows 7 operating system).  .................. 90 

Table 4.1. Mathematical formulation of PSO.  ............................................................................. 102 

Table 4.2. Average HR values obtained in 50 generations and 50 different runs by varying PGM (= 

1.0 – 0.5) in SMPSO. The best HR value for each problem is shown in bold face font.   ............. 114 

Table 4.3. Model equations for RFCCU.  ..................................................................................... 119 

Table 4.4. Reference points for all 30 problems for HR calculation. ........................................... 126 

Table 4.5. The values of parameters used in NSPSO and SMPSO.  ............................................. 126 

Table 4.6. Comparison of HR values using SMPSO and RNSGA-II for 50, 100, 200, and 500 

generations.  ................................................................................................................................... 128 

Table 4.7. Comparison of HR values using SMPSO and NSPSO for 50, 100, 200, and 500 

generations.  ................................................................................................................................... 129 

Table 4.8. Comparison of HR values using SMPSO and RNSGA-II-SBJG for 50, 100, 200, and 

500 generations.  ............................................................................................................................ 130 

Table 4.9. Comparison of GD values using SMPSO and RNSGA-II for 50, 100, 200, and 500 

generations.  ................................................................................................................................... 131 

Table 4.10. Comparison of GD values using SMPSO and NSPSO for 50, 100, 200, and 500 

generations.  ................................................................................................................................... 132 

Table 4.11. Comparison of GD values using SMPSO and RNSGA-II-SBJG for 50, 100, 200, and 

500 generations.  ............................................................................................................................ 133 

Table 4.12. Comparison of S values obtained using SMPSO, RNSGA-II, NSPSO and RNSGA-II-

SBJG for 500 generations.  ............................................................................................................ 134 



xiv 
 

Table 4.13. Results of Wilcoxon test for HR metric.  ................................................................... 134 

Table 4.14. Results of Wilcoxon test for GD metric.  ................................................................... 135 

Table 4.15. Results of Wilcoxon test for S metric.  ...................................................................... 135 

Table 4.16. CPU times taken by RNSGA-II, NSPSO, RNSGA-II-SBJG and SMPSO to execute 50 

runs of 500 generations each on a desktop computer with an Intel Xeon E3 – 1225 v3@3.20 GHz 

processor, 8 GB RAM and Windows 7operating system.  ............................................................ 136 

Table 4.17. Comparison of SMPSO with multi-objective PSO variants in terms of GD.  ........... 137 

Table 4.18. Comparison of SMPSO with multi-objective PSO variants in terms of S.  ............... 137 

Table 5.1. Reference points for all 30 problems for HR calculation.  ........................................... 148 

Table 5.2. Comparison of HR values using NSBAT-II and RNSGA-II for 50, 100, 200, and 500 

iterations.  ....................................................................................................................................... 150 

Table 5.3. Comparison of HR values using NSBAT-II and NSPSO for 50, 100, 200, and 500 

iterations.  ....................................................................................................................................... 151 

Table 5.4. Comparison of GD values using NSBAT-II and RNSGA-II for 50, 100, 200, and 500 

iterations.  ....................................................................................................................................... 152 

Table 5.5. Comparison of GD values using NSBAT-II and NSPSO for 50, 100, 200, and 500 

iterations.  ....................................................................................................................................... 153 

Table 5.6. Comparison of S values obtained using NSBAT-II, RNSGA-II and NSPSO for 500 

iterations.  ....................................................................................................................................... 154 

Table 5.7. Results of Wilcoxon test for HR metric.  ..................................................................... 154 

Table 5.8. Results of Wilcoxon test for GD metric.  ..................................................................... 155 

Table 5.9. Results of Wilcoxon test for S metric.  ........................................................................ 155 

Table 5.10. CPU times taken by RNSGA-II, NSPSO and NSBAT-II to execute 50 runs for 500 

iterations on a desktop computer (processor: Intel Xeon E3 – 1240 v3@3.30 GHz, RAM: 16 GB, 

operating system: Windows 8).  ..................................................................................................... 156 

Table 6.1. Statistical results using Wilcoxon test for HR metric showing comparison between 

NSDE1-FH (with different f values) and NSDE1. ........................................................................ 170 

Table 6.2. Specifications of LixC6 | LiyMn2O4 cell.  ....................................................................... 176 



xv 
 

Table 6.3. The values of parameters used in ASE, NSDE1 and NSDE1-FH.  ............................. 178 

Table 6.4. Reference points for all 30 problems for HR calculation. ........................................... 181 

Table 6.5. Comparison of HR metric obtained using RNSGA-II and NSDE1-FH for 50, 100, 200, 

and 500 generations.  ..................................................................................................................... 182 

Table 6.6. Comparison of HR metric obtained using NSPSO and NSDE1-FH for 50, 100, 200, and 

500 generations.  ............................................................................................................................ 183 

Table 6.7. Comparison of HR metric obtained using ASE and NSDE1-FH for 50, 100, 200, and 

500 generations.  ............................................................................................................................ 184 

Table 6.8. Comparison of HR metric obtained using NSDE1 and NSDE1-FH for 50, 100, 200, and 

500 generations.  ............................................................................................................................ 185 

Table 6.9. Comparison of GD metric obtained using RNSGA-II and NSDE1-FH for 50, 100, 200, 

and 500 generations.  ..................................................................................................................... 186 

Table 6.10. Comparison of GD metric obtained using NSPSO and NSDE1-FH for 50, 100, 200, 

and 500 generations.  ..................................................................................................................... 187 

Table 6.11. Comparison of GD metric obtained using ASE and NSDE1-FH for 50, 100, 200, and 

500 generations.  ............................................................................................................................ 188 

Table 6.12. Comparison of GD metric obtained using NSDE1 and NSDE1-FH for 50, 100, 200, 

and 500 generations.  ..................................................................................................................... 189 

Table 6.13. Comparison of S metric obtained using RNSGA-II, NSPSO, ASE, NSDE1 and 

NSDE1-FH for 500 generations.  .................................................................................................. 190 

Table 6.14. Results of Wilcoxon test for HR metric. .................................................................... 191 

Table 6.15. Results of Wilcoxon test for GD metric.  ................................................................... 191 

Table 6.16. Results of Wilcoxon test for S metric.  ...................................................................... 191 

Table 6.17. CPU times taken by RNSGA-II, NSPSO, ASE, NSDE1 and NSDE1-FH to execute 50 

runs of 500 generations each on a desktop computer with an Intel Xeon E3 – 1225 v3@3.20 GHz 

processor, 8 GB RAM and Windows 7operating system.  ............................................................ 192 

Table 7.1. Model equations for MMA polymerization.  ............................................................... 200 

Table 7.2. The values of parameters used in NSGA-II-AJG and NSDE2.  .................................. 209 



xvi 
 

Table 7.3. Reference points for all 30 problems for HR calculation.  ........................................... 210 

Table 7.4. Comparison of HR values using NSDE2 and NSGA-II-aJG for 50, 100, 200, and 500 

generations.  ................................................................................................................................... 212 

Table 7.5. Comparison of HR values using NSDE2 and RNSGA-II-SBJG for 50, 100, 200, and 

500 generations.  ............................................................................................................................ 213 

Table 7.6. Comparison of HR values using NSDE2 and NSDE1 for 50, 100, 200, and 500 

generations.  ................................................................................................................................... 214 

Table 7.7. Comparison of GD values using NSDE2 and NSGA-II-aJG for 50, 100, 200, and 500 

generations.  ................................................................................................................................... 215 

Table 7.8. Comparison of GD values using NSDE2 and RNSGA-II-SBJG for 50, 100, 200, and 

500 generations.  ............................................................................................................................ 216 

Table 7.9. Comparison of GD values using NSDE2 and NSDE1 for 50, 100, 200, and 500 

generations.  ................................................................................................................................... 217 

Table 7.10. Comparison of S values obtained using NSGA-II-AJG, RNSGA-II-SBJG, NSDE1 and 

NSDE2 for 500 generations.  ......................................................................................................... 218 

Table 7.12. Results of Wilcoxon test for GD metric.  ................................................................... 219 

Table 7.13. Results of Wilcoxon test for S metric.  ...................................................................... 219 

Table 7.14. CPU times taken by NSGA-II-aJG, RNSGA-II-SBJG, ASE, NSDE1 and NSDE2 to 

execute 50 runs of 500 generations each on a desktop computer with an Intel Xeon E3 – 1225 

v3@3.20 GHz processor, 8 GB RAM and Windows 7operating system.  .................................... 220 

Table 8.1. Reference points for all 30 problems for HR calculation.   .......................................... 227 

 

 

 

 

 

 



xvii 
 

 

Nomenclature 

a specific interfacial area, m
2
/m

3
 in Eq. (6.6)  

sa
 

surface area of catalyst, m
2
 kg

−1
 

A fractional length of the half-catalyst slab in which the concentration 

varies in Table 3.2 

Ac inside cross-sectional area of the reformer tube, m
2
 

Af surface area of the flame produced by a single burner, m
2
 

iA  loudness  of thi bat 

minA  minimum loudness 

maxA  maximum loudness 

Ap cross-sectional area of the catalyst slab, m
2
 

Aref surface area of the refractor, m
2
 

risA  cross-sectional area of the riser, m
2
 

tA   average loudness of all the bats at tht iteration 

At,i total internal surface area of reformer tubes, m
2
 

ASE adaptive social evolution 

Ai, Bi Constants 

BA bat algorithm 

cs ion concentration in the solid phase, mol/dm
3
  

C ion concentration in the electrolyte, mol/dm
3
 

,cat ckC  coke on the catalyst (in the matrix) at any location, (kg coke) (kg porous 

catalyst)
−1

 

,cat ckC  coke on the catalyst (in the zeolite crystallite) at any location, (kg coke) 

(kg porous catalyst)
-1
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,cat iC  concentration of the i
th
 lump at any radial position in the matrix at 

location, h, of the riser reactor, kmol m
−3

 

,cat iC  concentration of the i
th
 lump in the zeolite crystallite at any location, 

kmol m
−3

 

ci concentration of species i in the catalyst slab, kmol m
-3

 

Ci concentration of species i in the gas phase, kmol m
-3

 

inc
 

concentration of OX in feed [g OX (m
3
 air at 

NTP)
−1

] 

pC
 

specific heat, J kg
−1

 K
−1

 

,p cC  heat capacity of the catalyst, kJ kg
−1

 K
−1

 

,p flC  heat capacity of the vapour feed, kJ kg
−1

 K
−1

 

Cp,g specific heat of the process gas, kJ kmol
-1

K
-1

 

,ris iC  concentration of the i
th
 lump in the gas phase at any location in the riser, 

kmol m
−3

 

Cp,s specific heat of the solid (catalyst), kJ kmol
-1

K
-1

 in Table 3.2 

,p sC  heat capacity of steam, kJ kg
−1

 K
−1

 in Table 4.2 

Cp,t specific heat of the bed, kJ kmol
-1

K
-1

 

Ct molar concentration of the gas mixture (= P/RT), kmol m
-3

 

D
 

diameter of single tube of the reactor, m in Table 3.3 

D diffusion coefficient of electrolyte in the solid matrix, cm
2
/s in Eq. (6.6) 

D/C ratio of carbon dioxide to methane in feed, (kmol/h of CO2) / [kmol/h of 

methane fed (
4 ,CH inF )] 

di, do inner and outer diameters, respectively, of the reformer tube, m 

e
iD  

effective diffusivity of species i in the catalyst at axial location Z and 

time t, m
2 
h

-1
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Dp equivalent diameter of the catalyst pellet (Raschig ring), m in Table 3.2 

pD
 

diameter of the catalyst particle, m in Table 3.3 

Ds diffusion coefficient of Li in the solid matrix, cm
2
/s 

DE differential evolution 

e  Exponential 

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

Ed, Ep, Etd activation energies for the reactions, kJ mol
-1

 

iE
 

activation energy of the ith reaction; i = 1, 2, . . ., 8, Jmol
−1

 

f the fraction of population directed to DE operations in NSDE1-FH 

fA activity coefficient of salt 

if  frequency  of thi bat 

minf   minimum frequency 

maxf  maximum frequency 

F total feed rate, kmol h
-1

 in Table 3.2 

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

F initiator efficiency in Table 7.1 

catF  flow rate of the catalyst in the riser, kg s
−1

 

4CHF  flow rate of methane, kg h
-1

 

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

kg coke (kg catalyst)
−1

 

FCO flow rate of methane, kg h
-1

 

feedF  mass flow rate of the feed in the riser, kg s
−1

 

2HF  flow rate of H2, kg h
-1

 

fi objective function, i = 1, 2 

iF  molar flow rate of the i
th
 lump in the riser at any location, kmol s

−1
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sF  molar flow rate of dispersion steam at the inlet of the riser, kmol s
−1

 

FH following heroes  

G mass velocity of the process gas in the reformer, kg m
-2 

h
-1

 in Table 3.2 

G
 

mass flux of the gas phase, kgm
−2

 s
−1

 in Table 3.3 

GA genetic algorithm 

GM guided move  

h
 

gas phase film heat transfer coefficient, Wm
−2

 K
−1

 in Table 3.3 

h  axial location in the riser, m in Table 4.2 

H/C ratio of hydrogen to methane in feed, (kmol/h of hydrogen recycled) / 

[kmol/h of methane fed (
4 ,CH inF )] 

risH  height of the riser, m 

iH
 

heat of reaction of the ith reaction; i = 1, 2, . . ., 8, J mol
-1

 in Table 3.3 

iH  enthalpy of the i
th
 reaction, kJ kmol

−1
 in Table 4.2 

ads

jH
 

heat of adsorption of the jth component; j = OX, 

OT, P, PA,MA, O2, J mol
−1

 

in interfacial reaction rate, mA/cm
2
 

I superficial current density, mA/cm
2
 in Eq. (6.10) 

I moles of initiator at any time t, mol in Table 7.1 

IRN integer random number 

jn pore-wall flux across the interface 

JG jumping genes 

KI, KII, KIII equilibrium constants of reactions I-III, respectively 

kd, ki, kp, kt, ktc, ktd, ktm rate constants at any time t, s
-1

 or m
3
mol

-1
s

-1
 

kd,0, kp,0, ktd,0 intrinsic (in absence of gel and glass effects) rate constants, m
3
 mol

-1
 s

-1
 

kg thermal conductivity of the process gas, kJ h
-1 

m
-1 

K
-1

 

ki
 

Rate constant of the i th (i = I-III) reaction, kmol kPa
0.5 

kg cat
-1 

h
-1 

or 
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kmol kPa
-1 

kg cat
-1

 h
-1

 in Table 3.2 

ki rate constant of the ith reaction; i = 1, 2, . . ., 8, mol m
−3

 s
−1

 (MPa)
−2 

in 

Table 3.3 

Ki equilibrium adsorption constant for species i (i = CH4, H2, CO, H2O), 

kPa
-1

 

iok
 

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

8, mol m
−3

 s
−1

 (MPa)
−2

 

,j Mk  rate constant for the i
th
 reaction in the matrix, m

3
 kg-matrix

−1
 s
−1

 

,j Zk  rate constant for the i
th
 reaction in the zeolite crystallite, m

3
 kg-zeolite

−1
 

s
−1

 

jK
 

equilibrium adsorption constant of the jth component; j = OX, OT, P, 

PA,MA, O2 , (MPa)
−2

 

joK
 

pre-exponential factor in the equation of Kj; j = OX, OT, P, PA,MA, O2 

(MPa)
−2

 

kw thermal conductivity of the tube-wall material, kJ h
-1 

m
-1 

K
-1

 

l axial location in the catalyst slab, m 

lc thickness of the wall of the Raschig ring, m 

lp length of the Raschig ring, m 

L total length of the reactor, m in Table 3.2 

L
 

length of the reactor tube , m in Table 3.3 

catL
 

total length of all catalyst zones, m 

iL
 

length of catalyst zone i; i = 1, 2, . . ., 9, m 

L1 and L2 lower and upper limits used for generating  1 2,IRN L L   

m


 

coolant flow rate, kg (kg process gas)
−1

 

cm


 

coolant flow rate, kg s
−1
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M number of internal collocation points in Table 3.2 

M moles of monomer in liquid phase, mol in Table 7.1 

FM
 

average molecular weight of the gas mixture at 

any axial location, kg mol
−1

 

,W ckM  molecular weight of coke, kg kmol
−1

 

,W gM  average molecular weight of the gas in the riser at any location, kg 

kmol
−1

 

,W iM
 

molecular weight of the i
th
 lump, kg kmol

−1
 

,W sM
 

molecular weight of steam, kg kmol
−1

 

(MWm) molecular weights of pure monomer and solvent, kg mol
-1

 

Nb number of burners in the reformer furnace 

cN
 

number of lumps in the lumped reaction scheme 

CN
 

number of carbon atoms 

DBN
 

number of double bonds 

Ng bats having rank 1 

Ngen number of generations  

HN
 

number of hydrogen atoms 

Ni flux of species i at any axial locationl inside the catalyst slab, kmol m
-2

 h
-

1
 

Nmaxgen user-specified maximum number of generations 

Np total number of solutions in the population 

rN
 

total number of reactions 

VN  total number of variables  

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

[kmol/h of methane fed (
4 ,CH inF )] 
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NSBAT-II elitist non-dominated sorting BA 

NSDE non-dominated sorting DE 

NSDE1 NSDE with DE/rand/1 strategy 

NSDE2 NSDE with DE/best/1/bin strategy 

NSDE1-FH NSDE1 with FH operation 

NSGA-II elitist non-dominated sorting GA 

NSPSO non-dominated sorting PSO  

ip
 

partial pressure of the i
th
 lump in the gas in the riser at any location, kPa 

P operating pressure at axial location Z and time t, kPa 

PGM
 

probability of guided move  

tP
 

total pressure, Pa 

,T risP
 

total pressure in the riser, kPa 

PSO particle swarm optimization  

qcond conductive heat flux based on the average surface area of the tube, kJ m
-2 

h
-1

 

qconv convective heat flux based on the inner surface area of the tube, kJ m
-2 

h
-

1
 

qrad radiative heat flux based on the outer surface area of the tube, kJ m
-2 

h
-1

 

r radial position, m in Table 3.2 

r  pulse emission rate in Chapter 5 

ri rate of the i th reaction (i = I-III) corresponding to conditions at the 

catalyst surface at axial location Z and time t, kmol h
-1 

kg cat
-1

 in Table 

3.2 

ir  
rate of the ith reaction; i = 1, 2, . . ., 8, mol m

−3
 s
−1 

in Table 3.3 

ir  pulse emission rate at thi bat in Chapter 5 

,i tr  pulse emission rate at tht iteration 
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R sum of feed molar ratios in Table 3.2 

R
 

universal gas constant, kPa m
3
 kmol

−1
 K

−1
 in table 4.2 

R universal gas constant, 8.3143 J/mol.K in Eq. (6.9) 

R primary radical in Table 7.1 

R universal gas constant, atm-m
3
 mol

-1
 K

-1
 in Table 7.1 

gR
 

universal gas constant, J mol
−1

 K
−1

 

gasR
 

volume of recycle gas (at actual conditions) 

mixed with volume of incoming feed at NTP 

Ri rate of production of the i th component at the catalyst surface at any 

axial location Z and time t, kmol h
-1 

kg cat
-1

 

Ri,n 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
-1 

kg cat
-1

 

Rli, Rlm rate of continuous addition of (liquid) initiator, monomer, or solvent to 

reactor, mol s
-1

 

Rs radius of solid particles, m 

Rvm rate of evaporation of monomer or solvent, mol s
-1

 

RJG1 real-coded jumping gene adaptation proposed by Sankararao and Gupta.  

RJG2 real-coded jumping gene adaptation proposed by Ripon et al. 

RM random move 

RNSGA-II real-coded NSGA-II 

RNSGA-II-SBJG RNSGA-II with SBJG operator 

*

ck
 

net rate of formation of coke in the porous catalyst macro-particle, kmol 

(kg)
−1 

s
−1

 

*

,ck cat
 

rate of formation of coke in the matrix at any location, kmol (kg)
−1

 s
−1

 

*

,ck cat
 

rate of formation of coke in the zeolite at any location, kmol (kg)
−1 

s
−1

 

*

i
 

overall rate of reaction of the i
th
 lump, kmol (kg porous catalyst)

−1
 s
−1
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j
 

rate of consumption of the i
th
 lump by the j

th
 reaction in the matrix, kmol 

ξ (kg porous catalyst)
−1

 s
−1

 

j
 

rate of the j
th
 reaction in the zeolite crystallite, kmol (kg porous 

catalyst)
−1

 s
−1

 

*

j
 

overall rate of the j
th
 reaction, kmol (kg porous catalyst)

−1
 s
−1

 

iS
 

spacing after the ith zone of catalyst, m 

S/C ratio of carbon dioxide to methane in feed, (kmol/h of steam recycled) / 

[kmol/h of methane fed (
4 ,CH inF )] 

SBJG simulated binary jumping gene 

t time, h in Table 3.2 

t time, s in Table 7.1  

t number of iterations in Chapter 5 

maxt  user-specified maximum number of iterations 

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

T
 

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

T temperature, K in Table 7.1 

,b iT
 

normal boiling point (at 1 atm), K 

CT
 

coolant temperature, K 

Tf adiabatic flame temperature at any axial location in the reactor, K 

Tg temperature of the furnace gas, K 

refT
 

reference temperature, K 

risT
 

temperature in the riser at any location, K 

sT
 

temperature of the catalyst at any axial location, K 

Tw tube-wall temperature, K 
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U film heat-transfer coefficient on the inside of the tube (to gas + catalyst), 

kJ h
-1 

m
-2 

K
-1

 in Table 3.2 

U
 

overall heat transfer coefficient between the 

jacket fluid and the bulk gas, J m
−2

 s
−1

 K
−1

 in table 3.3 

Ui i
th
 trial vector 

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

surface) 

v+ number of cations into which a mole of electrolyte dissociates 

catv
 

velocity of catalyst in the riser at any location, m s
−1

 

gv
 

velocity of gas in the riser at any location, m s
−1

 

iv  current velocity of  thi bat  

vl superficial velocity of gas in the reformer, m h
-1

 

0
,i jv  initial i

th
 bat velocity  

,
t
i jv  j

th
 component of  i

th
  bat velocity at t

th   
iteration 

V
 

pore volume in the matrix, cm
3  

g
−1

 

,b iV
 

liquid molar volume of i, cm
3
/gmol 

,c iV
 

critical volume of i, cm
3
/gmol 

Vi i
th
 perturbed vector 

Vl volume of liquid at time t, m
3
 

iw  inertia weight for i
th
 bat 

ix  current  position of  thi bat 

0
,i jx  j

th
 component of  i

th
 position at 0

th   
iteration 

,
t
i jx  j

th
 component of  i

th
 position at t

th   
iteration 

Low
jx  lower limit of decision variable 
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High
jx  upper limit of decision variable 

best
gx  total number of solution having rank 1 

xn n
th
 variable of solution Xi 

X real value of a variable  

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

per kg of OX consumed in Table 3.3 

Xi i
th
 solution point in Chapter 6 

yi mole fraction of species i in the gas phase at axial location Z and time t 

,i ny


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

catalyst slab at axial location Z and time t 

BottomsY
 

yield (wt %) of bottoms in the riser at any location 

iY
 

yield (wt %) of the i
th
 lump in the riser at any location 

jY  mole fraction of the jth component; j = OX, OT, 

P, PA, MA, O2, COx, H2O 

Z
 

axial location, m 

z charge number 

Greek Symbols  

β distribution function for guided move operator 

  random number between -1 and 1 

b  void fraction in the catalyst bed (outside the porous catalyst pellet) in 

Table 3.2 

b  
void fraction in the bed in table 3.3 

c  volume fraction of pores inside a catalyst pellet 

ris  void fraction in the riser at any location 

 Porosity 

f  emissivity of the flames 
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g  emissivity of the furnace gas 

M  pore radius in the matrix, Å 

ζm, ζm1 initial monomer concentration 

  index for calculating β 

I , 
II , 

III  effectiveness factors for reactions I-III, respectively, at axial location Z 

and time t 

i  effectiveness factor for component i at axial location Z and time t in 

Table 3.2  

i  
effectiveness factor of the ith reaction; i=1, 2, 

. . ., 8 in Table 3.3 


 

random number (RN) 

 conductivity of electrolyte, S/cm 

λk k
th 

(k = 0, 1, 2,…) moment of live (Pn) polymer radicals 

  viscosity of the gas mixture at axial location Z and time t, kg m
-1 

h
-1

 

µk k
th 

(k = 0, 1, 2,…) moment of dead (Pn) polymer chains 

  density, kg m
−3

 

cat  density of the porous catalyst macro-particle, kg m
−3

 

ρm, ρp density of pure (liquid) monomer, polymer or solvent at temperature T 

(at time t), kg m
-3

 

V  density of the vapour in the riser at any location, kg m
−3

 

 conductivity of solid matrix, S/cm 

  random number between -1 and 1 

ϕm, ϕp volume fractions of monomer, polymer or solvent in liquid at time t 

M  deactivation function in the matrix 

Z  deactivation function in the zeolite crystallite 

Ф1 potential in the solid phase, V 



xxix 
 

Ф2 potential in the liquid phase, V 

Subscript/Superscript  

add Addition 

b  bulk gas phase 

cat  Catalyst 

correl  as obtained from the correlation 

C  Coolant 

xCO  
combustion products 

F  bulk gas phase 

2H O  
Steam 

in  Inlet 

mix  Maximum 

MA  maleic anhydride 

2O  
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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