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1. Introduction1

Today’s chemical process industry is faced with pressing challenges to2

sustain the increasingly competitive global market with rising concerns on3

energy, water, food, and environment [1, 2, 3, 4]. Process intensification (PI)4

offers many promising opportunities to address these challenges by realiz-5

ing step changes in process economics, energy efficiency, and environmental6

impacts through the development of novel process schemes and equipment7

[5, 6, 7]. Intensified process solutions have also been well-recognized to syner-8

gize the advances in energy systems [8], smart manufacturing [9], sustainable9

development [10], and circular economy [11].10

In this context, PI has gained significant impetus in the past decades11

featuring both successful industrial applications and burgeoning scientific re-12

search interests, which has been extensively reviewed in Keil [12] and Tian13

et al. [13]. Despite these progresses, PI is mostly regarded as an Edisonian14

effort driven by breakthrough engineering thinking while lack of theory and15

rigorous understanding [14]. Therefore, efforts have been made from the16

process systems engineering (PSE) perspective to provide more systematic17

approaches for the design and operation of process intensified systems [13].18

A number of comprehensive review papers have highlighted the challenges19

for model-based computer-aided synthesis, design, optimization, and oper-20

ational analysis of PI systems [15, 16, 17, 13, 18]. More recently, several21

special issues have been edited with specific interest in process intensifica-22

tion through process systems engineering, providing state-of-the-art perspec-23

tive/review articles along with research contributions in this field [19, 20, 14].24

Synthesis and design of PI systems are the key to drive for “innova-25

tion” of process systems. To enrich the design space with “out-of-the-box”26

novel process solutions, a promising trend in the PSE community is to gener-27

ate chemical processes using phenomena-based representation (e.g., reaction,28

separation, mixing, heating) instead of conventional unit operation concept29

(e.g., reactor, distillation, heat exchanger) [6, 21, 22]. Synthesizing from the30

phenomena level offers the following advantages: (i) to discover novel pro-31

cess alternatives without any pre-postulation of plausible equipment and/or32

flowsheet configurations, (ii) to exploit the synergy between multifunctional33

phenomena (e.g., combined reactive/separation), (iii) to de-bottleneck pro-34

cess performance by intensifying fundamental chemical phenomena (e.g.,35

chemical/physical equilibrium, mass transfer), and (iv) to achieve break-36

through process improvements by re-inventing existing unit operations. An37
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indicative list of these approaches and their key features are presented in38

Table 1. However, one of the major challenges to phenomena-based synthe-39

sis/representation lies in the resulting combinatorial design space with possi-40

bly excessive computational load, which necessitates the effective incorpora-41

tion of “driving force” concepts [23, 24] or “ultimate” thermodynamic/kinetic42

boundaries [25, 26]. Another yet open issue is how to extend the phenomena-43

based representation capabilities from conventional reaction/separation sys-44

tems (e.g., distillation, membrane) to capture more diverse PI technologies,45

such as periodic systems (e.g., pressure swing adsorption), micro-scale sys-46

tems (e.g., microreactor), and rotating systems (e.g., rotating packed bed).47

To ensure the normal “operation” of derived intensified systems in practi-48

cal implementation, operability, safety, controllability performances need to49

be assessed at the early design stage. The unique and formidable operational50

challenges posed by intensified structures have been extensively discussed in51

the open literature [13, 27], which includes: (i) loss of degrees of freedoms52

due to tight integration [28], (ii) reduced operating window due to shared op-53

erating parameters of multi-phenomena (e.g., reaction and separation) [29],54

(iii) complex and nonlinear dynamic behaviour which necessitates advanced55

model-based control strategies [30], and (iv) safety concerns due to unfa-56

miliar or extreme operating conditions [31]. An indicative list of operabil-57

ity/safety/control studies on intensified systems are provided in Table 2. As58

can be seen, in addition to merely evaluating the operability/safety/control59

performance in intensified systems, there have been increasing efforts to inte-60

grate these operability metrics with synthesis/optimization to systematically61

derive optimal designs with guaranteed operational performance. For ex-62

ample, Tian and Pistikopoulos [23] incorporates steady-state flexibility and63

safety considerations with phenomena-based GMF synthesis resulting in a64

single mixed-integer nonlinear programming formulation to deliver intensi-65

fied structures with desired level of flexibility and inherent safety. Also lever-66

aging phenomena-based PI design, Castillo-Landero et al. [32] proposed a67

stepwise intensification methodology to minimize the number of equipment68

integrating economic, sustainability, and inherent safety assessments. As for69

dynamic operation, integrated design and control approaches have attracted70

considerable attention over the past years [33]. Panjwani et al. [34] has71

shown that design and control optimization can lead to more economically72

beneficial and better controlled reactive distillation systems than a sequen-73

tial approach. Despite these efforts, key open question remains on how to74

define and incorporate effective and consistent operability, safety, and con-75
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trol metrics at different levels of PI design, spanning from phenomena-based76

synthesis, steady-state design, and dynamic operational optimization.77

To summarize the major gaps identified for the synthesis and operation78

of PI systems:79

� Lack of PI synthesis representation approaches – to efficiently screen80

the large design space and to systematically derive intensified designs81

� Lack of operability, safety, and control assessment metrics – to evaluate82

control, operability, and safety aspects of PI units83

� Lack of a generally accepted methodology and/or ‘protocol’ – to inte-84

grate PI synthesis, operability, safety, and control to ensure the oper-85

ability and optimality of the derived intensified structures while deliv-86

ering their expected functionality87

� Lack of commercial software [or even a software prototype] – to fully88

support systematic PI with operability, safety, and control89

In this work, we present a systematic framework to synthesize intensi-90

fied process systems with guaranteed operability, safety, and control per-91

formances. It follows an integrated procedure to synergize state-of-the-art92

PI/PSE methods, including phenomena-based synthesis representation, flex-93

ibility analysis, inherent safety analysis, explicit/multi-parametric model pre-94

dictive control via the PAROC framework, mixed-integer nonlinear optimiza-95

tion, as well as mixed-integer dynamic optimization. The proposed frame-96

work will: (i) provide a holistic approach to deliver verifiable and operable97

PI systems which systematically and consistently addresses steady-state and98

dynamic design and operation in intensified processes; (ii) derive optimal99

process solutions via the use of optimization-based design and operational100

strategies; (iii) generate multiple process solutions with desired level of op-101

erability performance for decision making.102

The remaining of the paper is organized as follows: Section 2 formally103

states the synthesis problem considered in this work. In Section 3, we de-104

scribe the proposed framework on a step-by-step basis, followed by a detailed105

introduction of involved synthesis and operability assessment methods. An106

extensive case study is presented in Section 4 to demonstrate the framework107

with application to a reactive separation process for methyl tert-butyl ether108

(MTBE) production. Concluding remarks on its application and future ex-109

tension are discussed in Section 5.110
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2. Problem Statement111

The following problem definition presents the generalized problem ad-112

dressed in this article for the synthesis of process intensification systems113

with operability, safety, and control considerations.114

Given:115

1. Process design target116

� A set of feed streams with given flowrate, composition, and supply117

temperature;118

� A set of desired products and specifications on their flowrates,119

temperatures, and/or purities;120

� A set of available heating/cooling utilities such as steam and cool-121

ing water with their availability, supply temperatures, and com-122

positions;123

� A set of available mass utilities such as mass separating agents124

(e.g., entrainer, adsorbent) and catalysts;125

� All reaction schemes and kinetics data;126

� All physical property models;127

� Cost data of feeds, mass/heat utilities, and equipment;128

2. Flexibility target129

� A specified range for uncertain parameters, where process flexibil-130

ity is desired (e.g., feedstream composition/flowrate/temperature,131

heat utility flowrate/temperature);132

3. Safety target133

� A set of assessment criteria on inherent safety performances (e.g.,134

toxicity, flammability, explosiveness);135

� A set of available equipment with their failure frequency data;136

� Hazardous property data (e.g., lethal concentration);137

4. Control target138

� A set of disturbances during process operation;139
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� A set of control variables with desired set-points;140

� A set of available manipulated variables to maintain feasible op-141

eration based on degrees of freedom analysis.142

Objective: To determine process solutions with143

� Minimized total annualized cost consisting of capital costs, heat utility144

costs, and mass utility costs.145

� Optimal equipment/flowsheet configuration(s) with design and oper-146

ating parameters and satisfying desired flexibility and inherent safety147

criteria for both steady-state design & dynamic operation.148

� Optimal control actions to achieve process specifications.149

3. The Framework for Process Synthesis-Intensification with Op-150

erability, Safety, and Control Considerations151

To address the above problem for the synthesis of operable process inten-152

sification systems, we propose a systematic framework as depicted in Fig.153

1. In what follows, we first present the stepwise procedure to integrate154

steady-state synthesis, dynamic operational optimization, and operability as-155

sessment for delivery of verifiable and operable intensification designs. The156

specific synthesis and analysis techniques, which lay the basis to achieve157

this purpose, are then introduced in detail, i.e. Generalized Modular Rep-158

resentation Framework, Flexibility test, Risk assessment, and the PAROC159

(PARametric Optimisation and Control) Framework.160

3.1. Overview of the Proposed Framework161

Step 1: Process Intensification/Synthesis Representation162

The first step is to represent chemical processes via the Generalized Mod-163

ular Representation framework (GMF) [35, 75, 36, 23] from phenomena level164

without any pre-postulation of possible unit-operation-based process alter-165

natives which may hinder the discovery of novel intensified process solutions.166

Two types of modular building blocks – i.e. pure heat exchange module &167

multifunctional mass/heat exchange module – are employed in GMF to over-168

come process bottlenecks by intensifying process fundamental performance,169

such as improving mass/heat transfer and/or shifting reaction equilibrium.170

7



Figure 1: The proposed framework for synthesis of operable PI systems.

Gibbs free energy-based driving force constraints are derived to character-171

ize mass transfer feasibility, thus providing a more compact and effective172

synthesis representation strategy exploiting the “ultimate” thermodynamic173

space. The detailed representation and mathematical basis of GMF will be174

presented later in Section 3.2.175

Step 2: Superstructure Optimization176

A superstructure formulation is developed based on GMF modular build-177

ing blocks to account for all possible network configurations. The overall178

synthesis problem is formulated as a mixed-integer nonlinear programming179

(MINLP) problem which enables efficient screening of the resulting combi-180

natorial design space [75, 23]. The solution of this optimization problem will181

identify the the optimal GMF modular process alternatives with respect to a182

pre-defined objective function (e.g., total annualized cost, energy consump-183

tion, environmental impact). Alternative process solutions can also be gen-184

erated by introducing integer cuts into synthesis model formulation [76, 37],185

since arguably even “intermediate” solutions can provide useful information186

on the process.187
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Step 3: Steady-state Operability/Safety Assessment188

After obtaining the nominal optimal design1 from Step 2 as base design,189

flexibility/safety metrics are introduced to assess steady-state operability per-190

formance of the derived intensified structure. In this work, flexibility test191

[77, 78] (Section 3.3) is utilized to evaluate the functionality of resulting de-192

sign under varying operating conditions, and risk assessment [79, 80] (Section193

3.4) is applied to indicate its inherent safety performance by accounting for194

process consequence severity and equipment failure frequency. If the nominal195

design fails the operability/safety assessment, alternative design structures196

will be derived by incorporating flexibility and safety targets into GMF syn-197

thesis model to deliver intensified GMF modular structures with guaranteed198

steady-state flexibility and safety performance without compromising pro-199

cess specifications [23]. However, the cost performance of the more operable200

and safer designs will be inferior than that of the nominal design due to the201

trade-offs on operability and safety. Note that other model-based operability202

criteria can also be incorporated, such as safety indices [81], structural con-203

trollability [82], given that their required design/operation information for204

assessment are readily available at this phenomena-based design stage.205

Step 4: Optimal Intensified Steady-State Designs206

The resulting GMF modular designs with enhanced flexibility & safety207

performance will be translated to equipment-based process alternatives and208

will be validated using steady-state simulation tools. The identification209

of process equipment or flowsheet is mostly based on heuristics suggested210

by the types of GMF module, their interconnections, and operating con-211

ditions. For example, a mass/heat exchange module for (reactive) sepa-212

ration can be translated to either a column section for (reactive) distilla-213

tion/absorption/etc., or a (reactive) membrane unit which satisfies the per-214

formance targets given by GMF synthesis results. Rigorous steady-state215

design is then performed to optimize the derived process units to determine216

optimal design and operating parameters.217

Step 5: Dynamic Analysis and Operational Optimization218

In this step, we take the above identified intensified process solutions219

to dynamic analysis. First, a high-fidelity dynamic model is developed to220

1In this work, “nominal optimal design” refers to the optimal design obtained without
operability/safety/control considerations
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accurately describe the process dynamic behaviour which can be highly non-221

linear with strong variable interactions in such intensified systems [30]. To222

ensure that the desired operational performances have been succeeded from223

steady-state design, the dynamic systems are then analyzed with respect to224

flexibility and safety performance. After the consistency check, simultaneous225

design and control is performed to ensure economical and smooth operation226

despite the influence of disturbances. It is achieved by integrating the rigor-227

ous process model and design dependent explicit controllers via mixed-integer228

dynamic optimization following the PAROC framework (Section 3.5).229

Step 6: Verifiable & Operable Process Intensification Designs230

The outcomes of this framework will be intensified process solutions with:231

(i) optimal process design & operating configurations (steady-state and dy-232

namic validated); (ii) guaranteed operability & safety performance, and (iii)233

optimal explicit model predictive controller design.234

3.2. Generalized Modular Representation Framework235

A process operation can be generally characterized by a set of mass- and236

heat- transfer phenomena, concerning mainly the mass transfer of one com-237

ponent from one phase to another (e.g., distillation) or from one substance238

to another (e.g., reaction) due to the difference in their chemical potentials239

[35]. Based on this concept, GMF utilizes a pure heat exchange module (He)240

and a mass/heat exchange module (M/H) as modular building blocks to rep-241

resent chemical processes (conventional or intensified), as shown in Fig. 2.242

GMF has been successfully applied to synthesize a number of PI systems243

in our previous works, including: reactive distillation [75, 23], reactive ab-244

sorption [83], extractive separation [84, 37], dividing wall column [36], and245

heat-integrated distillation [85] (Fig. 3). For brevity, we will not present the246

comprehensive model formulation which enables GMF synthesis, intensifica-247

tion, and integration capabilities, while interested readers are referred to the248

above works for more detail.249

Figure 2: GMF modular building blocks
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Figure 3: GMF modular representation examples
(a) Reactive absorption [83], (b) Reactive separation [75], (c) Petlyuk column [36]
Shaded M/H module: separation & reaction, Blank M/H module: pure separation

Some key features, which set GMF apart from other phenomena-based250

approaches, are listed below:251

� Gibbs free energy based driving force constraints to charac-252

terize generic mass transfer feasibility253

Given a mass/heat exchange module with multicomponent liquid-vapor
mixture, mass transfer can occur between two participating streams
when the total Gibbs free energy (nG) is decreasing, i.e.

d(nG)totT;P = dni �
h@(nG)tot

@(ni)

i
T;P
� 0 (1)

Eq. 1 is consistent with the following “driving force constraints” for-
mulation:

G1i �G2i � 0 (2)

where
G1i = dnLi = fLOxLOi � fLIxLIi (3)
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G2i =
h@(nG)tot

@(ni)

i
T;P

= ln
h
Li xLi P sat;L

i

�Vi x
V
i Ptot

i
+

X
i

X
k

h�ik∆Gf
i

RT
+ �ikln(�Vi x

V
i Ptot)

i @�k
@nLi

(4)

In Eqs. 3 and 4, i is the set of components, n is the molar amount of254

substances, L denotes liquid phase, LO and LI refer to respectively liq-255

uid outlet and inlet streams from or to the module, f denotes flowrate,256

xi is for component molar fraction, T and P are respectively module257

temperature and pressure, 
 is activity coefficient, � is fugacity co-258

efficient, P sat represents vapor saturated pressure, � is stoichiometric259

coefficient, ∆Gf is the standard Gibbs function of formation.260

The detailed derivation of G2i can be found in Tian and Pistikopou-261

los [23] using thermodynamic fundamental relationships such as Gibbs262

free energy expression for mixture, component mass conservation, and263

chemical potential expression.264

� Systematic identification of reaction and/or separation tasks265

from heat and/or mass transfer phenomena266

In the reactive distillation representation in Fig. 3b, a key question is267

how to dictate the identity of a mass/heat exchange module to perform268

pure separation task, pure reaction task, or hybrid reactive separation269

task. This is enabled by the above driving force constraints. As can be270

noted, G2i comprises two components:271

i separation component: ln
h

Li x

L
i P

sat;L
i

�Vi x
V
i Ptot

i
272

ii reaction component:
P

i

P
k

h
�ik∆Gfi
RT

+ �ikln(�Vi x
V
i Ptot)

i
@�k
@nLi

273

Thus we introduce two sets of binary variables to denote the existence274

(or not) of separation and reaction phenomena in each M/H module, i.e.275

ysep and yrxn. If ysep = 1 then separation takes place; similarly yrxn = 1276

indicates the existence of reaction (otherwise the binary variables take277

the value of 0). If both ysep = 1 and yrxn = 1, the M/H module278

undertakes combined reaction/separation task.279
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Through the following big M constraints, reaction and/or separation
phenomena can be systematically activated or deactivated in each M/H
module without pre-postulation of reaction modules, separation mod-
ules, reactive separation modules, respectively:

�Mysep � ln
h
Li xLi P sat;L

i

�Vi x
V
i Ptot

i
�Mysep

�Myrxn �
X
i

X
k

h�ik∆Gf
i

RT
+ �ikln(�Vi x

V
i Ptot)

i @�k
@nLi

�Myrxn

(5)

where M is a (large) positive number.280

� Automated characterization of equilibrium & non-equilibrium281

tasks282

Note that the driving force constraints are derived based on d(nG)totT;P �283

0 for feasible mass transfer, rather than d(nG)totT;P = 0 for equilibrium284

state. That is, no physical or chemical equilibrium is enforced in GMF285

synthesis representation. Thus equilibrium-limited tasks (G1i �G2i =286

0) or kinetic-controlled tasks (G1i � G2i < 0) will be identified as per287

process inherent characteristics or as per optimization results.288

� Enabling selection of functional materials within process tasks289

Material selection is achieved in GMF by utilizing rigorous thermody-290

namic models (e.g., NRTL, Redlich-Kwong-Soave equation) for calcu-291

lation of phase equilibrium parameters (e.g., liquid acitivity coefficient292


i, vapor fugacity coefficient �i) to describe the nonideal mixture prop-293

erties, as well as by incorporating rigorous reaction kinetics expression294

(e.g., reaction rate rk) to capture the impact of catalysts.295

GMF also supports inverse design, in which case a desired range of296

phase equilibrium parameters and/or kinetic parameters can be de-297

termined via optimization of process performance. The availability of298

desired material is then checked with available database [44] or syn-299

thesized via molecular design [86]. While reactive separation with de-300

termined reaction scheme is of focus in the current work, readers are301

referred to Ismail et al. [84] and Tian and Pistikopoulos [37] for GMF302

application in extractive separation systems with solvent selection.303
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� Compact/Aggregated representation to avoid combinatorial304

explosion305

As shown in Fig. 3, another key question is what dictates the number306

of mass/heat exchange modules necessitated for each system represen-307

tation. Actually, each M/H module is characterized by a certain mass308

transfer pattern (e.g., component A transfer from liquid phase to vapor309

phase, while components B & C from vapor to liquid), as implied by310

the driving force constraints [75]:311

If component A is transferred from liquid phase to vapor phase, or is
consumed by liquid phase reaction, the number of moles of component
A in the liquid streams of the M/H module is decreasing, i.e.

G1A = fLOxLOA � fLIxLIA � 0 (6)

The driving force constraints require G1A � G2A � 0. Therefore, as
a function of module temperature, pressure, and compositions – which
are optimization variables to be determined – G2A should satisfy

G2A = ln
h
LAxLAP sat;L

A

�VAx
V
APtot

i
+

X
A

X
k

h�Ak∆Gf
A

RT
+�Akln(�VAx

V
APtot)

i @�k
@nLA

� 0

(7)

Similarly, if A is transferred from vapor phase to liquid phase, or is
produced by liquid phase reaction,

G1A = fLOxLOA � fLIxLIA � 0 (8)

G2A = ln
h
LAxLAP sat;L

A

�VAx
V
APtot

i
+

X
A

X
k

h�Ak∆Gf
A

RT
+�Akln(�VAx

V
APtot)

i @�k
@nLA

� 0

(9)

In this context, taking distillation column representation as an example,312

each M/H module identifies an aggregation of columns trays, or in other313

words a column section (i.e. portion of a column not interrupted by en-314

tering or exiting streams or heat flows) [87]. On the other hand, due to315

this aggregated representation capability benefited from Gibbs free en-316

ergy based driving force constraints, the GMF synthesis/optimization317

problem is also in more compact size avoiding combinatorial explosion.318
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3.3. Flexibility Analysis319

Flexibility refers to the capability of a process to satisfy all relevant con-320

straints under uncertain operating conditions, e.g. variations in product321

demand, quality targets, material properties, environmental conditions, etc.322

[77, 78, 88, 13]. As shown in Halemane and Grossmann [77], a process syn-323

thesis problem with flexibility requirement 8V� 2 U(V�) can be recast in the324

following compact mathematical form:325

max
V�∈U(V�)

min
Vz

max
j∈Jf

fj(V�; Vd; Vx; Vz) � 0

s.t. h(V�; Vd; Vx; Vz) = 0
(10)

where V� is the set of uncertain parameters, U(V�) is the specified range of326

uncertainty; Vd denotes the set of design variables; Vx are state variables;327

Vz represents the set of manipulated variables that can be adjusted during328

operation; f is the set of inequality model constraints; Jf is the index set for329

the inequality constraints; and h is the set of equality model constraints.330

To avoid the direct solution of this tri-level optimization problem, an331

iterative discretization scheme has been developed by Papalexandri and Pis-332

tikopoulos [89] for flexibility analysis of GMF networks. As illustrated in333

Fig. 4 [23], the optimal GMF network structure obtained at nominal op-334

eration condition undergoes flexibility test [77] to identify critical operating335

conditions which violate the desired nominal operating points in presence336

of uncertain parameters. Then via a multiperiod formulation, the identified337

critical operating conditions are incorporated in GMF superstructure repre-338

sentation as an additional set of operation “periods”. Specifically, uncertain339

parameters V� (e.g., feed stream flowrates), state variables Vx (e.g., stream340

temperatures, compositions), and manipulated variables Vz (e.g., heat ex-341

hanger duties) are reformulated as variables for each period of operation “s”,342

i.e. V�;s, Vx;s, and Vz;s. However, design variables Vd (e.g., diameter and343

height of mass exchange module) remain valid for all periods of operation.344

In this way, the resulting multiperiod GMF synthesis model will enable au-345

tomated generation of optimal modular structure with guaranteed flexibility346

performance under uncertainty.347
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Figure 4: Iterative scheme for flexibility analysis.

3.4. Risk Assessment348

Process risk can be used to evaluate the inherent safety performance of
a chemical process by considering the multiplication of equipment failure
frequency and consequence severity (Eq. 11), which can be readily incor-
porated into steady-state/dynamic model-based design and optimization for
simultaneous process synthesis with inherent safety considerations [79, 80].

Risk = Failure Frequency � Consequence Severity (11)

Equipment failure frequency data can be taken from specific database349

such as that provided in the Handbook of Failure Frequencies [90] or in the350

Guideline for Quantitative Risk Assessment [91]. These average historical351

data are applicable for chemical unit operations (e.g., distillation column,352

reactor), which can be directly used in risk analysis with equipment-based353

flowsheet. However, for risk analysis at an earlier phenomenological design354

stage, the GMF pure heat exchanges modules and mass/heat exchange mod-355

ules are approximated respectively as heat exchangers, process vessels (or356

reactor vessels depending on if reaction is taking place) [23]. The consis-357

tency of risk assessment between phenomena-based synthesis, steady-state358

equipment-based design, and dynamic operational optimization will be cross-359

validated throughout the framework implementation (Section 3.1).360
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Consequence severity is indicated by the indication number which mea-
sures the intrinsic hazard of a unit depending on the amount of substance
present, the physical and toxic properties of the substance, and the specific
process conditions [92]. The indication number, A, is a dimensionless number
defined by Eq. 12:

A =
W �O1 �O2 �O3

S
(12)

where W denotes the mass quantity of hazardous substance existing in the361

process, S is the limit value which measures the hazardous properties of each362

substance based on their physical properties and toxic/explosive/flammable363

properties, Oi are the factors for process conditions, including: O1 accounting364

for process unit versus storage unit, O2 accounting for the positioning of the365

unit, and O3 accounting for the amount of substance in the vapour phase366

after release.367

3.5. The PAROC Framework368

The PAROC framework, standing for “PARametric Optimisation and369

Control”, is a unified framework and software platform2 for the design, oper-370

ational optimization, and explicit/multi-parametric model-based predictive371

control (mp-MPC) of process systems [93]. As shown in Fig. 5, adapting372

this model-based control and optimization procedure offers the following ad-373

vantages for design and operational analysis of chemical process systems:374

� High fidelity modeling and analysis375

The high fidelity dynamic model developed based on first-principles376

(e.g., mass and energy balances) are critical to the accuracy of process377

dynamic behavior and the validity of operational analysis. It normally378

consists of (Partial) Differential-Algebraic Equations, with continuous379

and binary design & operating variables which can be manipulated or380

optimized via later control and optimization steps. This modeling task381

takes place in PSE’s gPROMS R© ModelBuilder platform.382

2The PAROC platform can be accessed via http://paroc.tamu.edu/
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Figure 5: The PAROC framework (adapted from Pistikopoulos et al. [93]).

� Exact MPC solution obtained via offline multi-parametric pro-383

gramming384

Based on a linear approximated state-space model of the original high385

fidelity model, the MPC controller design problem is given by Eq. 13:386

min
u

J = xTNPxN +
OH−1X
k=1

((yk � yRk )TQRk(yk � yRk ))

+
CH−1X
k=0

((uc;k � uRc;k)TRk(uc;k � uRc;k))

s.t. xk+1 = Axk +Buc;k + C[dk; De]
T

yk = Dxk + Euc;k + e

umin � uc;k � umax

∆umin � ∆uc;k � ∆umax

xmin � xk � xmax

ymin � yc;k � ymax

(13)
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where xk are the state variables, uc;k and uRc;k are the control variables387

and their set points, yk and yRk are the output variables and their set388

points, dk denote disturbances, De are the design variables, QRk and389

Rk are respectively weight parameters for the MPC controller, P is390

the stabilizing term derived from the Riccatti Equation for discrete391

systems, OH and CH are respectively the output horizon and control392

horizon, k is the time step, A, B, C, D, E are the matrices of the ap-393

proximated linear state-space model, and e gives the mismatch between394

the actual system output and the predicted output at initial time.395

Eq. 13 can be reformulated as a multiparametric programming prob-396

lem [94], the solution of which via POP R© toolbox [95] in MATLAB R©
397

will give the explicit control actions as an affine function of systems398

variables (Eq. 14) [95]:399

uc;T = Ki�T + ri; 8�T 2 CRi

�T = [xT ;uc;T−1; dT ;De; yT ; ySPT ]
(14)

where uc;T are control variables, �T is the set of uncertain parameters400

in multi-parametric programming, xT ; dT ; yT ; y
SP
T denote respectively401

the states, disturbances, outputs, and output setpoints, uc;T−1 are the402

optimal control actions at the previous time step and De are the design403

variables.404

� Design-dependent mp-MPC controller derivation405

As can be noted in Eq. 14, design variables De are treated as uncertain406

parameter and is aware by the optimal mp-MPC controller. Thus the407

derived design dependent mp-MPC controller can be applied for differ-408

ent design alternatives without a reformulation of the control problem409

for different design alternatives [96].410

� Dynamic optimization for simultaneous design and control411

By integrating the high-fidelity process model and mp-MPC controller,412

the optimal design with optimal control actions can be derived lever-413

aging the advanced (mixed-integer) dynamic optimization strategies414

provided by PSE’s gPROMS R© software platform [96].415
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4. Case Study: Reactive Separation for MTBE Production416

Reactive separation is one of the major PI inventions which exploits the417

synergy between multiple processing tasks to overcome process bottlenecks418

and to achieve significant energy and cost savings over conventional reactor-419

separator-recycle counterparts [97]. In the current work, we will extend the420

case study given in Tian and Pistikopoulos [23] on reactive separation for421

methyl tert-butyl ether (MTBE) production, where we have derived intensi-422

fied designs with safety and operability considerations through steady-state423

synthesis (Steps 1-4 of the proposed framework). Herein, we take the previous424

steady-state operable & safer designs to dynamic operational optimization425

with operability, safety, and control (Steps 5-6). We also highlight the consis-426

tency throughout the framework to ensure delivery of verifiable and operable427

PI systems.428

For clarity and continuity, in this section we will demonstrate the pro-429

posed framework step-by-step, including brief review on steady-state design430

to show how innovation can be achieved through synthesis intensification,431

while stressing dynamic extensions to close the loop for the synthesis of in-432

tensified, operable, safer, and controllable MTBE production systems.433

4.1. Problem Definition434

MTBE can be produced by reacting isobutylene (IB4) and methanol
(MeOH) in the liquid phase catalyzed by an ion-exchange resin (i.e., Am-
berlyst 15). The reaction scheme is shown in Eq. 15.

MeOH + IB4 
 MTBE, ∆rH
o
298K = �37:7kJ/mol (15)

The intrinsic rate of MTBE production is adapted from Rehfinger and
Hoffmann [98]:

r = k

"
aIB4

aMeOH

� 1

Ka

aMTBE

a2
MeOH

#
kmol/(h � kg cat) (16)

where r is the molar reaction rate per unit mass of dry catalyst resin, a is
the activity of each component. The temperature-dependent expression for
rate constant k is given by Eq. 17 [98]:

k = 8:5132� 1013exp

"
�11; 113:78

T

#
kmol/(h � kg cat) (17)
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where T is the process temperature in K. The expression of reaction equilib-
rium constant Ka is determined via Eq. 18 adapted from Colombo et al. [99]:

lnKa = �10:0982 +
4254:05

T
+ 0:2667lnT (18)

The liquid mixture of methanol, butene, and MTBE is highly nonideal.435

The UNIQUAC equations are utilized to calculate the liquid activity coeffi-436

cients as suggested by Rehfinger and Hoffmann [98]. Saturated vapor pres-437

sures are calculated via the Antoine equation with the component-specific438

parameters provided by Ismail et al. [75].439

Given:440

� Feed streams – as shown in Table 3, a feed stream of pure liquid441

methanol and a feed stream of saturated vapor butenes are available442

as raw materials. Note that an inert component 1-butene (NB4) also443

exists in the feed stream444

� Product specifications – the desired product is liquid MTBE with 98%445

purity at a flowrate of 197 mol/s446

� Heating/Cooling utilities – Steam and cooling water are available as447

utilities, respectively at the price of 137.27 US$/(kW�yr) and 26.19448

US$/(kW�yr) [75]449

� Equipment cost data – this will be provided later depending on the450

identified process solutions via GMF synthesis451

� Uncertainty in methanol feed flowrate – 215:5� 10 kmol/s452

� Toxicity, flammability, and explosiveness property data – the hazardous453

properties for each component are summarized in Table 4454

� Disturbance in IB4 inlet composition – a randomly generated distur-455

bance during operation with a range of 0:3578� 0:05456

Objective:457

Determine process solution(s) with the optimal economic performance
with respect to total annualized cost (Eq. 19) as well as with smooth
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and safe operation despite the influence of disturbances and uncer-
tainty.

Total Annualized Cost($/yr) = Costutilities +
Capital Cost

Payback period
(19)

Table 3: Feed conditions (nominal values).

Liquid feed Vapor feed
Temperature (K) 320 350
Flowrate (mol/s) 215.5 545

xMeOH 1 0
xIB4 0 0.3578
xNB4 0 0.6422
xMTBE 0 0

Pressure (atm) 11 11

Table 4: Hazardous property data.

LC50 (rat,1h,inh)/mg Flam TNT equivalence/kg
MeOH 65.6 Yes 4.62

IB4 155 Yes 2.05
NB4 164.5 Yes 2.03

MTBE 21.3 Yes 2.62

4.2. Process Intensification/Synthesis Representation with Generalized Mod-458

ular Representation Framework459

As introduced in Section 3.2, GMF mass/heat exchange (M/H) modules460

and pure heat exchange (He) modules (Fig. 2) are employed to represent this461

MTBE production process with underlying driving force constraints to char-462

acterize mass/heat transfer feasibility without any pre-postulation of process463

reaction/separation tasks or equipment/flowsheet configurations.464

A maximum of 10 mass/heat exchange modules and 20 pure heat ex-465

change modules are assigned to be available for initial use in representation466

and optimization. Once this bound is active, the value is relaxed to al-467

low more modules to be used. However, it is a key yet open question how to468
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