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Acetate, production, 20, 23 
Acetone 

acetone/chlorofodbenzene separation, 108- 

pentane/acetone/methanol/water separation, 

Adaptive initial design synthesizer (AIDES), 

Adjoint network synthesis, 249 
ADVENT, 175 
Aggregated models, 184, 187, 217-218 
AIDES process synthesis hierarchy, 17-19, 173 
Alcohols 
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17-19, 173 

distillation-based separation 
n-butanollwater mixture, 91-93 
ethanol dehydration, 41-50 
five alcohols, 80-81, 83, 84-89 
isopropanol/water mixture, 157-1 61 

ethanol mixtures, finding azeotropes, 136- 
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Algorithmic process synthesis 
history, 172-178, 237-238 
mathematical programming, 171-174, 178- 

MINLP algorithms, 197-2 13 
MINLP modeling, 175, 177, 187-197, 2% 

MINLP synthesis problems, 172, 178 

180, 237 
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algebraic form, 197 
large size, 215-219 
nonconvexities, 174, 219-224 
zero flows, 213-215 

optimization, 180-187 
Algorithmic systematic generation approaches, 
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Algorithms 

AP/OA/ER algorithm, 226 

distillation, 176 
finding azeotropes, 134-1 35 
global optimization algorithms, 222-223 
infeasibility algorithm, 305 
local optimization algorithms, 297 
MINLP algorithms, 197-213, 343 
OAER algorithm, 227 
outer-approximation (OA) algorithm, 209- 

21 1, 307-308 
worst-case algorithm, 307-308, 310, 315- 

321, 396401 
Ammonia, production, process synthesis, 

Analysis-driven synthesis, 94-97 
AP/OA/ER algorithm, 226 
Artificial intelligence, AIDES hierarchy, 

Attainable regions, 250-253, 295, 297 
Augmented penalty/equality relaxation 

Azeotropes 
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(APER), 205-206 

binary azeotropes, 41, 69-7 1 
finding, 132-137 
homogeneous, 4 1 4 2  
hydrogen bonding, 71-72 
infinite-dilution K-values, 69-7 1, 75, 98 
residue curve maps, 39-41, 99-100 

diethoxymethane production, 55 
ethanol dehydration, 42, 51-52, 53 
S-shaped curves, 149-150 
ternary systems, 101-105 

separation systems, 3 9 4 1 ,  177 
acetondchlorofodbenzene mixture, 108- 

ethanol dehydration, 41-50 
isopropanoVwater mixtures, 157-161 
pentane/acetone/methanol/water mixture, 
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Aieotropes ~ ~ < J r t t I U W d )  

ternary azeotropes. 42. lit, 101-105, 135- 
I37 

Azeotrupic entrainer. 4415 

B 

BALTAZAR. 17. 173 
Benzene. acetone/chloroforinenrene 

separation. 108-121 
Binary azeotropes. 4 I .  69-7 1 
Binary saddle. 103 
Bottoms products. 82. 154-155 
Bounding. 343-344 
Branch-and-bound method (BB) .  198. 199- 

rr-Butandwater mixture, separating, 9 1-93 
200, 202, 223-224 

c 

Calcruni hydroxide. 355-357 
CFRs. we Cross-Row reactors 
Chen approximation. 196 
Chloroform. acetoneichloroformnzene 

separation. 108-1?1 
Column reflux ratio. 163-165 
Combined reaction-beparation model, 284-290 
Complex columns. 36-39. I76 
Composite curves. 29 
Computer software. .we Software 
Conceptual prows\ design. 10. 13-23 
Connector. 352 
Continuou\ stirred tank reactors (CS'I'Rs). 249. 

250 
attainahle region\. 252-2.53 
effluent plant. 387-388 
energy integration. 279 
in serie,\. 332-333 
waste water neutralization. 361. 367. 370. 

387-388 
Cros\-flou reactors (CFRs). 266. 296 

discrefid representation. 269. 276 

D 

Dangrrou\ \pecte\ heurt\tic. 82 
Decant xpectu\ layer\. 4 5 4 6 .  48 
Ilelay-lag model, 358 

Delays, 325-333. 366 
Design, see Process design 
DICOPT++. 174, 206, 213, 225, 235-236 
Difference point. 157-162 
Differential sidestream reactors (DSRs), 

attainable regions, 252-253 
Dioxymethane, production. 54-58 
Direct sequence heuristic. 87, 89 
Discrete design decisions. 342-344 
Distillation-based separation systems, 64-68, 

176 
algorithms. 176 
malysis-driven synthesis, 94-97 
azeotropic behavior, 69-72 
case studies 

acetone/chloroform/bcnzene separation, 

ri-butanol/water mixture. 9 1-93 
ethanol dehydration, 41-50 
five alcohol mixture. 8G81,  83, 84-89 
heat-integrated distillation synthesis, 28- 

isopropanol/water separation. 157-161 
pentane/acetone/methanol/water 

108-121 
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separation, 122- I3 I 
extractive distillation. 29, 64, 157-166 
heuristics, 89-90 
liquid/liquid bchavior. 73-75 
multiple-effect, 36-39 
nearly ideal system. 75-90 
nonideal mixtures. 90-93, 107-1 3 i 
post-analysis methods. I66 
pre-analysis methods, 98 

distillation columns. 105-107, 140-157 
equilibrium-phase behavior, 98-105 
extractive distillation, 64, 157-166 
species behavior, 131-140 

Distillation boundaries, 40. 54, 103 
crossing, 1.51-154 
ethanol dehydration. 4 2 4 5  

Distillation columns, 36-39, 176 
for binary separations. 36-39 
design calculations. 166 
limiting behavior, 105-107, 140-157 
side stripper. 6 7 4 8 ,  176 
total reflux column, 100 
types. 66-68 

Distillation curves. 99, 100--101 
infinite reflux constraint, 141 
reachable regions. 141. 145-146 
S-shaped curves, 149-150 
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Distillation regions, 40, 103 
Disturbance, see Uncertainty 
Disturbance attenuation, 348 
Disturbance fraction, 331-332, 375, 376 
DSRs, see Differential sidestream reactors 
Dynamic optimization, 333-342, 392 

E 

Effluent plant, design, 371-391 
Energy integration, 247-248 

heat integration, 28-29 
distillation, 33, 35, 65, 176-177 
optimization, 232-233 
reacting segment, 276 
software, 30 
superstructure, 232 
transshipment model, 187 

reactor networks, 274-283 
Entrainers, 4 2 3 5  
Equalities, MILP master problem, 204-205 
Equilibrium-phase behavior, see Phase 

Error tolerance, 336-338 
Ethanol, dehydration, 41-50 
EthanoVwater mixture, azeotropes in, 136 
EthanoVwater/toluene mixture, azeotropes in, 

Evolutionary modification, 13, 23-26, 176 
Extended cutting-plane (ECP) method, 198, 

Extractive distillation, 29, 64, 157-1 66 

equilibrium 

136-137 
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F 

Feasibility tests, 329-33 1 
Final product heuristic, 82 
Finite reflux, 143-148 
Flexibility index, 311-312, 313 
Flowsheets, 4, 10, 172-175 

Fractional tubularity model, 358 
means-ends analysis, 13-15, 17 

G 

GAMS, 174, 206 
GAMS/MINOS, 235 
Generalized benders decomposition (GBD), 

198, 201-202, 210-212 

Generate-and-test design strategy, 8 
Generate-evolve-optimize-critique synthesis 

Gibbs free energy, liquid mixture, 73-74, 138, 

Global optimization, 221-222, 297, 314, 321 
Global optimization algorithms, 222-223 
GLOBESEP, 234, 235 
GLOPEQ, 140 
Grand composite curves, 29 

strategy, 50 
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H 

HDA process, 225-226, 229-23 1 
Heat balance, heat exchanger network, 193- 

Heat cascade, 184, 185 
Heat-exchanger network synthesis (HENS) 

194 

distillation, 28-39, 175-176 
energy integration, 274 
MINLP model, 192-197, 221-222, 225, 232 
software, 175 
superstructure, 183, 184 

Heat integration, 28-29 
distillation, 33, 35, 65, 176-177 

case study, 28-39 
optimization, 232-233 
reacting segment, 276 
software, 30 
superstructure, 232 
transshipment model, 187 

Heuristics, 131, 173, 186, 237 
dangerous species heuristic, 82 
direct sequence heuristic, 87, 89 
distillation heuristics, 89-90 
fifty-fifty split heuristic, 90 
final product heuristic, 82 
major species heuristic, 90 
sequencing heuristics, 176 

Hierarchical decomposition, 173 
Hierarchical process synthesis systems, 16-1 9, 

High-boiling node, 41 
Homogeneous azeotropes, 41-42 
Hydrogen bonding, azeotropes, 7 1-72 

26-28 

I 

Infeasibility algorithm, 305 
Infinite-dilution activity coefficients, 73-75 
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Infinite-dilution K-values, 69-7 I ,  75, 98 
Infinite reflux. 105, 141-143 
Infinite reflux constraint, I41 
Innovation process, 2, 3-10 
Integrator error tolerances, 338-339 
Isopropanol/water mixture, separation, 157-161 
Isothermal systems 

a-pinene. 264-265 
reactor network synthesis, 254-265 

optimization, 258-262 
segregated-flow approximation, 254-258 

Trambouze reaction. 263-264 
van de Vusse reaction, 263, 265, 292-294 

Isovolatility curves, I34 

L 

Linear programming. AIDES hierarchy, 18 
LiquiUliquid behavior, infinite-dilution activity 

Liquidniquid extraction, 123, 125, 130 
LiquiMiquid(/liquid) behavior. 137-140 
Local approximation, dynamic optimization. 

Local optimization algorithms, 297 
Logic-based methods. 207-209 
Low-boiling node. 40 

coefficients, 73-75 

340-34 I 

M 

MAGNETS. 175, 215 
Majorization, 314 
Major species heuristic. 90 

Marginal cost separation design. 8 1-84 
Marginal vapor flow, 83-84 
Margules equation. 74 
Mass-exchanger networks, 177 
Material balance constrains, 141-142 
Mathematical programming, 17 1-174, 178- 

McCabe-Thiele diagram, 166 
Means-ends analysis. 13-15, 17 
Methanol, pentaneiacetonelmethanoVwater 

Methyl acetate. process design, 20-28 

MILP. 174, 213, 313 
MILP master problem, 199, 200-201, 203 

M-APER, 205-206 

180. 237 

separation, 122- I3 1 

M-GBD. 205 

Minimum delay, 327-329 
Minimum reflux, 105 
Minimum vapor flow, 85 
MINLP algorithms, 197-213, 343 
MINLP modeling, 175, 177, 187-197, 224-236 
MIQP, 203 
Mixed-integer linear program (MILP), 174 
Mixed-integer nonlinear programming 

(MINLP), 171, 172, 174 
discrete design decisions. 343 
math programming, 171-174, 178-180 
MINLP algorithms, 197-213, 343 
MINLP modeling, 187-197, 224-236 

MINLP synthesis problems, 172, 178 
simultaneous. 175. 177 

algebraic form, 197 
large size, 217-219 
nonconvexities, 174, 219-224 
zero flows, 213-215 

nonconvexities, 174 
optimization, 180-187 
reactor network synthesis, 249-250, 290-292 

Mixing, delay-lag model, 358-360 
Mixtures, see also Azeotropes 

azeotropic behavior, 69-72 
finding azeotropes, 132-137 
liquidniquid behavior, 73-75 
liquid/liquid(/liquid) behavior, 137-140 

M-MIP, 199, 2 W 2 0 1 ,  203 
M-MIQP, 203, 205 
Modeling/decomposition ( M D )  strategy, 175, 

Modeling systems 
energy integration, 274-279 
CAMS, 174 
MINLP modeling, 175, 177, 187-197, 224- 

236 
operability and control, 304 
waste water neutralization, 353-360 

213-215, 226 

Mole-fraction-averaged relative volatility, 76 
Multiobjective programming, AIDES 

hierarchy, 18 

N 

Nearly ideal systems 
separating, 75 

pinch, 76-77 
process system synthesis, 80-90 
Underwood’s method, 77-80 
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NLP, 174, 175 
energy integration, 278 
reactor network synthesis, 249, 296 
worst-case design, 313 

NLP subproblems, 198-202,205-206, 22 1 , 3  13 
Nodes, 53, 102, 103 
Noise control, dynamic optimization, 335, 365 
Nonconvexities 

MILP master problem, 205-206 
MINLP, 174, 219-224 

separating, 41, 90-91 
Nonideal mixtures 

process synthesis, 107-13 1 
water/n-butanol, 9 1-93 

Nonisothermal systems, reactor network 
synthesis, 265-275, 296 

Nonlinear programming, see NLP 

0 

OA algorithm, 209-21 I ,  307-308 
OAER algorithm, 227 
Operability and control, 301-306, 391-393 

controllability, 322, 331-332 
dynamic optimization, 333-342, 392 
screening tools for disturbance, 321-333 
uncertainty, 303, 304, 306-321 
wastewater neutralization, 342 

design examples, 360-39 1 
modeling, 353-360 

algorithm, 315-321, 396-401 
Grossman, 307-308 
majorization, 314 
outer-approximation algorithm, 307-308, 

Polak, 3 13, 3 14 
Optimization, 58-60 

worst-case design 

310 

aggregated models, 184, 187, 217-218 
dynamic optimization, 333-342, 392 
energy integration, 28 1 
global optimization, 221-222, 297, 314, 321 
heat integration, 232-233 
heuristics, 82, 87-90, 131, 176, 186, 237 
local approximation, 297 
logic-based methods, 207-209 
mathematical programming, 171-174, 178- 

mixed-integer optimization techniques 
180, 237 

(MINLP), 180-187 

modeling/decomposition (MID) strategy, 175 
NLP, 174, 175 
process integration, 290-292 
reactor network synthesis, 248, 249-250 

isothermal systems, 258-262 
superstructure optimization, 13, 59 

algorithmic methods, 173 
complex columns, 176 
distillation processes, 130-131, 176 
reactor network synthesis, 249-250 
representation of alternatives, 180-184 

Outer-approximation (OA) algorithm, 209-2 1 1, 

Outer-approximation (OA) method, 198, 200- 

Overall disturbance attenuation, 348 

time delays, 330-33 1 

307-308 

201, 210-212, 315 

P 

Path constraint representation, 339-340 
Pentane, pentane/acetone/methanol/water 

separation, 122-13 I 
PFRs, see Plug flow reactors 
Phase equilibrium, 98-99 

distillation curves, 100 
residue curve maps, 3 9 4 1 ,  99-100 

Pinch, 7 6 7 8  
Pinch point, 75, 77, 78, 145, 153, 177 
Pinch point curves, 64, 146 
Pinch technology, 17, 29, 175, 290-292 
a-Pinene, 264-265 
PIP, 17, 173 
Plug flow reactors (PFRs), 249, 250 

attainable regions, 252-253 
segregated flow networks, 256-258 

Ponchon-Savarit diagram, 166 
Post-analysis separation, 166 
Predictor-based bounding, 343-344 
Pre-synthesis analysis, 94 
Probe lag, 370 
Process design, 5, 7, 8, 367 

controllability, 322, 33 1-332 
discrete design decisions, 342-344 
dynamic optimization, 333-342, 392 
generate-and-test design strategy, 8 
generate-evolve-optimize-critique synthesis 

innovation, 2, 3-10 
operability and control, 301-401 

strategy, 50 
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Process design (Corrrinurd) 
propo\e-critique-modify design strategy. 8 
screening mds for disturbance, 321-333 
uncertainty. 303. 304. 306-321 
~astewater neutralization, 342 

design examples, 360-39 I 
modeling. 353-360 

algorithm. 3 15-32 I .  3 9 6 4 0  I 
Ciros\man. 307-308. 3 10 
majoriiation. 3 1 1  
outer-approximation algorithm. 307-308. 

Polah. 313. 314 

worst-case design 

3 10 

Process integration. 175. 283-294. 296, 298 

Process synthesis. 1-3 
operability and control. 302-304 

adjoint network synthesis. 749 
algorithmic proces\ \ynthesis. I7 1-239 
analy\i\-driven synthesi5. 9.1-97 
caw jtudiea 

acetoneichloroformlben7enr separation. 

wbutannliwater wparation. 9 1-93 
diox) methane production. 54-58 
ethanol dehydration. 11-50 
heat-integrated distillation \ynthesis. 28-39 
methyl acetate production. 20-28 
pentanelacetone/methanol/water 

wastewater neurraliLation. 342. 353-391 
conceptual process engineering. 10. 13- 19. 

controllability, 312. 331-332 
definition. 10 
distillation-based separation systems. 61-68. 

176- I77 

108-12 I 

separation. 122- 13 1 

2&73 

ethanol dehydration, 4 1-50 
dynamic optimization. 333-342, 392 
flowheets. 4, 10. 172-175 

mean\-ends analysis. 13- IS. 17 
four or more species, 97 
heat-exchanger network \ynthesis 

distillation. 28-29. 175-176 
energy integration. 271 
MINLP model, 192-197. 221-222. 225, 

\oftware. 175 
superstructure, 183, I84 

237 

heterogeneous models. 186-1 87 
hierarchical approaches, 16-19. 26-28 

hierarchical decomposition. 173 
homogeneous models, 181-1 84 
industrial applications. 1-6 I 
innovation process, 2. 3-10 
mass-exchanger networks, 177 
mathematical programming, 17 1-1 74, 178- 

means-ends analysis, 13-15, 17 
nearly ideal systems. 75-90 
nonideal mixtures, 90-93, 107-131 
operability and control. 30140L 
reactor network synthesis, 177-178, 247-298 
residue curve maps. 3 9 4  1. 99-1 00 

diethoxymethane production, 55 
ethanol dehydration, 42, 5 1-52, 53 
S-shaped curves. 149-1 50 
ternary systems, 101-105 

180, 237 

screening tools for disturbance. 32 1-333 
separations systems synthesis. 4 1-54 
uncertainty, 303. 304, 306-321 
worst-case design 

algorithm. 3 15-32 I, 3 9 6 4 0  I 
Gmhman. 307-308. 310 
majorization, 3 14 
outer-approximation algorithm, 307-308, 

Polak. 313, 314 
Property-changing operators, 14-1 5 
Property hierarchy, 16. 19 
Propose-critique-modify design strategy. 8 
PROSYN. 175. 215, 227 

310 

R 

Ramp disturbances. 333 
Raoult's law. 72. 76 
Reachable regions. 105-107, 140-157 
Reactor network synthesis, 177-1 78, 248-250, 

295-298 
attainable regions. 250-253, 295, 297 
definition, 248 
energy integration, 274-283 
isothermal systems, 254-265 
nonisothermal systems. 265-275 
simultaneous reaction, separation, and 

energy system synthesis, 175, 283- 
294 

Recursive strategy, 15 
Recycle reactors (RRs). 270-27 1 

segregated Row networks, 256-258 
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Recycles, 17 
Reflux 

column reflux ratio, 163-165 
finite reflux, 143-148 
infinite reflux, 105, 141-143 
infinite reflux constraint, 141 
minimum reflux, 105 
total reflux, 105-107 

Reflux ratio, 162-164 
Relative volatility, 76 
Residence time distribution (RTD), 286-290, 

Residue curve maps (RCMs), 3 9 4 1 ,  99-100 
358-359 

diethoxymethane production, 55 
ethanol dehydration, 42, 51-52, 53 
S-shaped curves, 149-150 
ternary systems, 101-105 

RTD function, 286-290, 358-359 

S 

Saddles, 41, 52-53, 102, 103 
Sargent-Gaminbandara superstructure, 184, 

185 
Screening tools, for disturbance and 

uncertainty, 32 1-333 
Segregated-flow model, 254-258, 296 
Separability factors, 123-1 24 
Separation systems, distillation-based, see 

Distillation-based separation systems 
Separation systems synthesis method, 41-54 
Separatrices, 40 
Side stripper, 67-68, 176 
Simultaneous reaction-separation model, 284- 

290 
Single-species node, 103 
Software 

ADVENT, 175 
AIDES process design procedure, 18-19, 

173 
BALTAZAR, 17, 173 
DICOPT++, 174, 206, 213, 225, 235-236 
CAMS, 174, 206 
GAMSMINOS, 235 
GLOBESEP, 234, 235 
GLOPEQ, 140 
heat integration, 30 
HYCON, 65 
MAGNETS, 175, 215 
MAYFLOWER, 54 

MILP, 174 
MINLP, 171, 172, 174 
NLP, 174, 175 
PIP, 17, 173 
PROSYN, 175, 215, 227 
SPLIT, 54, 177 
SUPERTARGET, 175 
SYNHEAT, 175, 225, 228 

Solvent ratio, 162-166 
Species, 94-97, 131-140 

four or more species, 94, 155-157 
major species heuristic, 90 

SPLIT, 54, 177 
Sulfur dioxide, catalytic oxidation, 272-274 
Superstructure optimization, 13, 59 

algorithmic methods, 173 
complex columns, 176 
distillation processes, 130-131 
reactor network synthesis, 249-250 
representation of alternatives, 18&184 

Superstructures, 237-238 
ammonia process, 186 
HDA process, 225, 229 
heat integration, 232 
heterogeneous systems, 186-187 
homogeneous systems, 18 1-1 84 

SUPERTARGET, 175 
SYNHEAT, 175, 225, 228 
Systematic generation, 13-1 7, 61 

T 

Targeting, 5 ,  176, 178 
combined reaction-separation, 284, 287 
energy integration, 175, 279 
isothermal systems, 254265 
nonisothermal systems, 265-275 
reactor network synthesis, 248, 249-250, 

segregated flow, 255 
297 

Targeting algorithm, AIDES hierarchy, 18 
Targets, 237 
Task identification, 17, 19 

heat-integrated distillation, 30, 32, 35 
methyl acetate production, 28 

heat-integrated distillation, 33, 35 

finding, 135-137 
residue curve maps, 101-105 

Task integration, 17, 19, 28 

Ternary azeotropes, 42, 44 
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Thermodynamics 
distillation sequencing, 176 
residue curve maps. 39-41 

Time delays. 325-333. 366 
Titration curves. process design, 354-355 
Total reflux. 10.5-107 
Trambouze reaction. 263-264 
Transshipment model, 184-1 86, 187 
Two-species node. I03 
Two-species saddle, 103 

u 

UnLertmty 
proce\s de\ign, 303. 304, 306-321 
titration curve\. 355 

Underwood'\ method. 78-80. 84 

V 

van de Vusse reaction, 263, 265, 292-294 

W 

Waste water neutralization, 342 
process design examples, 360-391 
modeling, 353-360 

algorithm, 307-308, 310, 315-321, 396- 

Grossman, 307-308, 310 
tnajorization, 3 14 
outer-approximation algorithm, 307-308, 

Polak, 313. 314 

Worst-case design 
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