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a b s t r a c t 

In this work, we propose a systematic framework to synthesize process intensification systems with guar- 

anteed operability, safety, and control performances accounting for both steady-state design and dynamic 

operation. A step-wise procedure is outlined which synergizes: (i) phenomena-based process synthe- 

sis with the Generalized Modular Representation Framework to derive novel intensified design config- 

urations, (ii) flexibility and risk analysis for evaluation of operability and inherent safety performances 

at conceptual design stage, (iii) explicit/multi-parametric model predictive control following the PAROC 

(PARametric Optimisation and Control) framework to ensure dynamic operation under uncertainty, and 

(iv) simultaneous design and control via dynamic optimization to close the loop for the design of ver- 

ifiable, operable, and optimal intensified systems. The proposed framework is demonstrated through a 

reactive separation case study for methyl tert-butyl ether production. Multiple process solutions are gen- 

erated to showcase the trade-offs between economic and operational performances. 

© 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 

Today’s chemical process industry is faced with pressing chal-

enges to sustain the increasingly competitive global market with

ising concerns on energy, water, food, and environment ( U.S.

nergy Information Administration, 2019; International Energy

gency, 2018; BP plc, 2019; Intergovernmental Panel on Climate

hange, 2014 ). Process intensification (PI) offers many promising

pportunities to address these challenges by realizing step changes

n process economics, energy efficiency, and environmental im-

acts through the development of novel process schemes and

quipment ( Stankiewicz and Moulijn, 20 0 0; Tian and Pistikopou-

os, 2019b; Bielenberg and Palou-Rivera, 2019; Tula et al., 2019 ).

ntensified process solutions have also been well-recognized to

ynergize the advances in energy systems ( Demirhan et al., 2019 ),

mart manufacturing ( Baldea et al., 2017 ), sustainable develop-

ent ( Charpentier, 2007 ), and circular economy ( Avraamidou

t al., 2020 ). 

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

ecades featuring both successful industrial applications and bur-

eoning scientific research interests, which has been extensively

eviewed in Keil (2018) and Tian et al. (2018a) . Despite these
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rogresses, PI is mostly regarded as an Edisonian effort driven by

reakthrough engineering thinking while lack of theory and rig-

rous understanding ( Baldea et al., 2019 ). Therefore, effort s have

een made from the process systems engineering (PSE) perspective

o provide more systematic approaches for the design and opera-

ion of process intensified systems ( Tian et al., 2018a ). A number

f comprehensive review papers have highlighted the challenges

or model-based computer-aided synthesis, design, optimization,

nd operational analysis of PI systems ( Moulijn et al., 2006; Lutze

t al., 2010; Babi et al., 2016; Tian et al., 2018a; Burnak et al.,

019 ). More recently, several special issues have been edited with

pecific interest in process intensification through process systems

ngineering, providing state-of-the-art perspective/review articles 

long with research contributions in this field ( Wilhite and Ier-

petritou, 2019; Bielenberg et al., 2018; Baldea et al., 2019 ). 

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

ovation” of process systems. To enrich the design space with “out-

f-the-box” novel process solutions, a promising trend in the PSE

ommunity is to generate chemical processes using phenomena-

ased representation (e.g., reaction, separation, mixing, heating)

nstead of conventional unit operation concept (e.g., reactor, dis-

illation, heat exchanger) ( Tian and Pistikopoulos, 2019b; Demirel

t al., 2019b; Sitter et al., 2019 ). Synthesizing from the phenomena

evel offers the following advantages: (i) to discover novel process

lternatives without any pre-postulation of plausible equipment

nd/or flowsheet configurations, (ii) to exploit the synergy between

https://doi.org/10.1016/j.compchemeng.2019.106675
http://www.ScienceDirect.com
http://www.elsevier.com/locate/compchemeng
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compchemeng.2019.106675&domain=pdf
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Table 1 

Phenomena-based synthesis frameworks for process intensification - an indicative list. 

Author Synthesis approach Building block PI Application Key feature 

Pistikopoulos & co-workers ( Papalexandri and 

Pistikopoulos, 1996; Proios and 

Pistikopoulos, 2006; Tian and Pistikopoulos, 

2018; 2019a ) 

Generalized Modular 

Representation 

Framework (GMF) 

Pure heat exchange 

module & Mass/heat 

exchange module 

Reactive separation, Extractive 

separation, Heat-integrated/ 

thermally-coupled 

separation 

Gibbs free energy-based 

driving force 

constraintsSuperstructure 

optimization 

Sundmacher & co-workers ( Freund and 

Sundmacher, 2008; Kaiser et al., 2016; 

2018; Liesche et al., 2019 ) 

FluxMax approach 

(FMA) 

Heat & Mass flux Reactor network, 

Heat-integrated 

reactor-separator-recycle 

Flux optimization, 

Simultaneous synthesis & 

heat integration 

Gani & co-workers ( Lutze et al., 2013; Babi 

et al., 2015; Tula et al., 2017; Garg et al., 

2019 ) 

Sustainable process 

synthesis- 

intensification 

framework 

Phenomena building 

block (PBB) 

Bio-based chemical 

production, Hybrid 

separation, reactive 

separation 

Computer-aided software tool 

(ProCAFD), Hybrid approach 

w/ stepwise procedure 

given a base design 

Skiborowski & co-workers ( Kuhlmann and 

Skiborowski, 2017; Kuhlmann et al., 2017 ) 

Optimization-based 

approach toprocess 

synthesis 

Reactor-Network- 

PBB(RN)-PBB 

Reaction-separation systems State-space representation 

Hasan & co-workers ( Demirel et al., 2017; Li 

et al., 2018b; 2018a; Demirel et al., 2019a ) 

Abstract building 

block 

Phenomenological 

building block 

Reactive separation, hybrid 

separation, Heat-/Work- 

integration 

2-D representation, 

Superstructure optimization 

Manousiouthakis & co-workers ( Burri et al., 

2002; Zhou and Manousiouthakis, 2006; 

Pichardo and Manousiouthakis, 2017; 

da Cruz and Manousiouthakis, 2019 ) 

Infinite-DimEnsionAl 

state-space (IDEAS) 

framework 

Process operators & 

Distribution network 

Reactor network, Reactive 

distillation 

State-space representation, 

Infinite Linear 

Programming 
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multifunctional phenomena (e.g., combined reactive/separation),

(iii) to de-bottleneck process performance by intensifying funda-

mental chemical phenomena (e.g., chemical/physical equilibrium,

mass transfer), and (iv) to achieve breakthrough process improve-

ments by re-inventing existing unit operations. An indicative

list of these approaches and their key features are presented in

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

based synthesis/representation lies in the resulting combinatorial

design space with possibly excessive computational load, which

necessitates the effective incorporation of “driving force” concepts

( Lopez-Arenas et al., 2019; Tian and Pistikopoulos, 2018 ) or “ul-

timate” thermodynamic/kinetic boundaries ( Feinberg and Ellison,

2001; Frumkin and Doherty, 2018 ). Another yet open issue is how

to extend the phenomena-based representation capabilities from

conventional reaction/separation systems (e.g., distillation, mem-

brane) to capture more diverse PI technologies, such as periodic

systems (e.g., pressure swing adsorption), micro-scale systems (e.g.,

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

To ensure the normal “operation” of derived intensified sys-

tems in practical implementation, operability, safety, control

performances need to be assessed at the early design stage. The

unique and formidable operational challenges posed by intensified

structures have been extensively discussed in the open literature

( Tian et al., 2018a; Dias and Ierapetritou, 2019 ), which includes: (i)

loss of degrees of freedom due to tight integration ( Baldea, 2015 ),

(ii) reduced operating window due to shared operating parameters

of multi-phenomena (e.g., reaction and separation) ( Kiss et al.,

2018 ), (iii) complex and nonlinear dynamic behaviour which

necessitates advanced model-based control strategies ( Nika ̌cevi ́c

et al., 2012 ), and (iv) safety concerns due to unfamiliar or extreme

operating conditions ( Etchells, 2005 ). An indicative list of oper-

ability/safety/control studies on intensified systems are provided

in Table 2 . As can be seen, in addition to merely evaluating the

operability/safety/control performance in intensified systems, there

have been increasing efforts to integrate these operability metrics

with synthesis/optimization to systematically derive optimal de-

signs with guaranteed operational performance. For example, Tian

and Pistikopoulos, 2018 incorporates steady-state flexibility and

safety considerations with phenomena-based GMF synthesis re-

sulting in a single mixed-integer nonlinear programming formula-

tion to deliver intensified structures with desired level of flexibility

and inherent safety. Also leveraging phenomena-based PI design,

Castillo-Landero et al. (2018) proposed a stepwise intensification
ethodology to minimize the number of equipment integrating

conomic, sustainability, and inherent safety assessments. As for

ynamic operation, integrated design and control approaches have

ttracted considerable attention over the past years ( Yuan et al.,

012; Diangelakis, Burnak, Katz, Pistikopoulos, 2017 ). Panjwani

t al. (2005) has shown that design and control optimization

an lead to more economically beneficial and better controlled

eactive distillation systems than a sequential approach. Despite

hese effort s, key open question remains on how to define and

ncorporate effective and consistent operability, safety, and control

etrics at different levels of PI design, spanning from phenomena-

ased synthesis, steady-state design, and dynamic operational

ptimization. 

To summarize the major gaps identified for the synthesis and

peration of PI systems: 

• Lack of PI synthesis representation approaches – to efficiently

screen the large design space and to systematically derive in-

tensified designs 
• Lack of operability, safety, and control assessment metrics –

to evaluate control, operability, and safety aspects of PI units 
• Lack of a generally accepted methodology and/or ‘protocol’ –

to integrate PI synthesis, operability, safety, and control to en-

sure the operability and optimality of the derived intensified

structures while delivering their expected functionality 
• Lack of commercial software [or even a software proto-

type] – to fully support systematic PI with operability, safety,

and control 

In this work, we present a systematic framework to synthesize

ntensified process systems with guaranteed operability, safety,

nd control performances. It follows an integrated procedure to

ynergize state-of-the-art PI/PSE methods, including phenomena-

ased synthesis representation, flexibility analysis, inherent safety

nalysis, explicit/multi-parametric model predictive control via the

AROC framework, mixed-integer nonlinear optimization, as well

s mixed-integer dynamic optimization. The proposed framework

ill: (i) provide a holistic approach to deliver verifiable and op-

rable PI systems which systematically and consistently addresses

teady-state and dynamic design and operation in intensified

rocesses; (ii) derive optimal process solutions via the use of

ptimization-based design and operational strategies; (iii) gen-

rate multiple process solutions with desired level of operability

erformance for decision making. 



Y. Tian, I. Pappas and B. Burnak et al. / Computers and Chemical Engineering 134 (2020) 106675 3 

Table 2 

Operability/Safety/Control studies on PI systems - an indicative list. 

Operational aspect Author PI application Key feature 

Flexibility Pistikopoulos & co-workers ( Tian and 

Pistikopoulos, 2018 ) 

Reactive separation Integrated flexibility & safety assessment w/ 

phenomena-based synthesis 

Chen and Westerberg ( Chen and Westerberg, 

1986; Westerberg and Chen, 1986 ) 

Heat-integrated distillation Analysis and synthesis with structural 

flexibility 

Operability Lima & co-workers ( Gazzaneo and Lima, 2019; 

Carrasco and Lima, 2017 ) 

Membrane reactor Optimization-based operability approach for 

design, intensification & modularization 

Control Pistikopoulos & co-workers Multicolumn CountercurrentSolvent Gradient 

Purification ( Papathanasiou et al., 2019 ) 

Explicit/Multi-parametric model predictive 

control 

Pressure swing adsorption ( Khajuria and 

Pistikopoulos, 2013 ) 

Simultaneous design & control 

Gani & co-workers ( Mansouri et al., 2016a; 2016b ) Reactive distillation Integrated design and control 

Kiss & co-workers ( Kiss and Rewagad, 2011; 

Rewagad and Kiss, 2012 ) 

Dividing wall column PID control, model predictive control 

Luyben & co-workers Reactive distillation ( Al-Arfaj and Luyben, 

2002a; 2002b ) 

PID control 

Extractive distillation ( Luyben, 2008a; 2008b ) 

Dividing wall column ( Ling and Luyben, 

2009a; 2009b ) 

Safety Pistikopoulos & co-workers ( Tian et al., 2018c; 

2018b ) 

Reactive separation, Heat-integrated systems Risk assessment integrated w/ synthesis 

Jimenez-Gutierrez & co-workers Extractive distillation ( Medina-Herrera et al., 

2014 ) 

Consequence analysis w/ economic-safety 

multiobjective optimization 

Reactive separation ( Castillo-Landero et al., 

2018 ) 

Phenomena-based design w/ economic, 

sustainability & safety considerations 

 

S  

t  

s  

s  

s  

a  

e  

a

2

 

l  

c

 

 

 

 

 

 

 

 

 

 

 

 

 

3

o

 

c  

a  

p  

o  

a  

a  

a  

s  

P

3

S

 

e  

2  

l  

w  

c  

fi  
The remaining of the paper is organized as follows:

ection 2 formally states the synthesis problem considered in

his work. In Section 3 , we describe the proposed framework on a

tep-by-step basis, followed by a detailed introduction of involved

ynthesis and operability assessment methods. An extensive case

tudy is presented in Section 4 to demonstrate the framework with

pplication to a reactive separation process for methyl tert-butyl

ther (MTBE) production. Concluding remarks on its application

nd future extension are discussed in Section 5 . 

. Problem statement 

The following problem definition presents the generalized prob-

em addressed in this article for the synthesis of process intensifi-

ation systems with operability, safety, and control considerations. 

Given: 

1. Process design target 
• A set of feed streams with given flowrate, composition, and

supply temperature; 
• A set of desired products and specifications on their

flowrates, temperatures, and/or purities; 
• A set of available heating/cooling utilities such as steam and

cooling water with their availability, supply temperatures,

and compositions; 
• A set of available mass utilities such as mass separating

agents (e.g., entrainer, adsorbent) and catalysts; 
• All reaction schemes and kinetics data; 
• All physical property models; 
• Cost data of feeds, mass/heat utilities, and equipment; 

2. Flexibility target 
• A specified range for uncertain parameters, where process

flexibility is desired (e.g., feedstream composition, flowrate,

and temperature, heat utility flowrate and temperature); 

3. Safety target 
• A set of assessment criteria on inherent safety performances

(e.g., toxicity, flammability, explosiveness); 
• A set of available equipment with their failure frequency

data; 
• Hazardous property data (e.g., lethal concentration); 
4. Control target 
• A set of disturbances during process operation; 
• A set of control variables with desired set-points; 
• A set of available manipulated variables to maintain feasible

operation based on degrees of freedom analysis. 

Objective: 

To determine process solutions with 

• Minimized total annualized cost consisting of capital cost, heat

utility cost, and mass utility cost. 
• Optimal equipment/flowsheet configuration(s) with design and 

operating parameters and satisfying desired flexibility and in-

herent safety criteria for both steady-state design and dynamic

operation. 
• Optimal control actions to achieve process specifications. 

. The framework for process synthesis-intensification with 

perability, safety, and control considerations 

To address the above problem for the synthesis of operable pro-

ess intensification systems, we propose a systematic framework

s depicted in Fig. 1 . In what follows, we first present the stepwise

rocedure to integrate steady-state synthesis, dynamic operational

ptimization, and operability assessment for delivery of verifiable

nd operable intensification designs. The specific synthesis and

nalysis techniques, which lay the basis to achieve this purpose,

re then introduced in detail, i.e. Generalized Modular Repre-

entation Framework, Flexibility test, Risk assessment, and the

AROC (PARametric Optimisation and Control) Framework. 

.1. Overview of the proposed framework 

tep 1: Process Intensification/Synthesis Representation 

The first step is to represent chemical processes via the Gen-

ralized Modular Representation framework (GMF) ( Ismail et al.,

001; Papalexandri and Pistikopoulos, 1996; Proios and Pistikopou-

os, 2006; Tian and Pistikopoulos, 2018 ) from phenomena level

ithout any pre-postulation of possible unit-operation-based pro-

ess alternatives which may hinder the discovery of novel intensi-

ed process solutions. Two types of modular building blocks – i.e.
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Fig. 1. The proposed framework for synthesis of operable PI systems. 
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pure heat exchange module and multifunctional mass/heat ex-

change module – are employed in GMF to overcome process bot-

tlenecks by intensifying process fundamental performance, such as

improving mass/heat transfer and/or shifting reaction equilibrium.

Gibbs free energy based driving force constraints are derived to

characterize mass transfer feasibility, thus providing a more com-

pact and effective synthesis representation strategy exploiting the

“ultimate” thermodynamic space. The detailed representation and

mathematical basis of GMF will be presented later in Section 3.2 . 

Step 2: Superstructure Optimization 

A superstructure formulation is developed based on GMF mod-

ular building blocks to account for all possible network configu-

rations. The overall synthesis problem is formulated as a mixed-

integer nonlinear programming (MINLP) problem which enables

efficient screening of the resulting combinatorial design space

( Ismail et al., 2001; Tian and Pistikopoulos, 2018 ). The solution of

this optimization problem will identify the optimal GMF modular

process alternatives with respect to a pre-defined objective func-

tion (e.g., total annualized cost, energy consumption, environmen-

tal impact). Alternative process solutions can also be generated by

introducing integer cuts into synthesis model formulation ( Floudas,

1995; Tian and Pistikopoulos, 2019a ), since arguably even “inter-

mediate" solutions can provide useful information on the process. 

Step 3: Steady-state Operability/Safety Assessment 

After obtaining the nominal optimal design 

1 from Step 2 as

base design, flexibility and safety metrics are introduced to as-

sess steady-state operability performance of the derived intensi-

fied structure. In this work, flexibility test ( Halemane and Gross-

mann, 1983; Grossmann and Floudas, 1987 ) ( Section 3.3 ) is uti-

lized to evaluate the functionality of resulting design under vary-

ing operating conditions, and risk assessment ( Nemet et al., 2017;

2018 ) ( Section 3.4 ) is applied to indicate its inherent safety perfor-

mance by accounting for process consequence severity and equip-

ment failure frequency. If the nominal design fails the operability
1 In this work, “nominal optimal design” refers to the optimal design obtained 

without operability/safety/control considerations. 

r  

c  

e  

b  
nd safety assessment, alternative design structures will be de-

ived by incorporating flexibility and safety targets into GMF syn-

hesis model to deliver GMF modular structures with guaranteed

teady-state flexibility and safety performances without compro-

ising process specifications ( Tian and Pistikopoulos, 2018 ). How-

ver, the cost performance of the more operable and safer designs

ill be inferior than that of the nominal design due to the trade-

ffs on operability and safety. Note that other model-based op-

rability criteria can also be incorporated, such as safety indices

 Roy et al., 2016 ) and structural controllability ( Lin, 1974 ), given

hat their required design and operation information for assess-

ent are readily available at this phenomena-based design stage. 

tep 4: Optimal Intensified Steady-State Designs 

The resulting GMF modular designs with enhanced flexibility

nd safety performances will be translated to equipment-based

rocess alternatives and will be validated using steady-state sim-

lation tools. The identification of process equipment or flowsheet

s mostly based on heuristics suggested by the types of GMF mod-

le, their interconnections, and operating conditions. For exam-

le, a mass/heat exchange module for (reactive) separation can

e translated to either a column section for (reactive) distilla-

ion/absorption/etc., or a (reactive) membrane unit which satisfies

he performance targets given by GMF synthesis results. Rigorous

teady-state design is then performed to optimize the derived pro-

ess units to determine optimal design and operating parameters. 

tep 5: Dynamic Analysis and Operational Optimization 

In this step, we take the above identified intensified process so-

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

eveloped to accurately describe the process dynamic behaviour

hich can be highly nonlinear with strong variable interactions in

uch intensified systems ( Nika ̌cevi ́c et al., 2012 ). To ensure that

he desired operational performances have been succeeded from

teady-state design, the dynamic systems are then analyzed with

espect to flexibility and safety performance. After the consistency

heck, simultaneous design and control is performed to ensure

conomical and smooth operation despite the influence of distur-

ances. It is achieved by integrating the rigorous process model
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Fig. 2. GMF modular building blocks. 

Fig. 3. GMF modular representation examples (a) Reactive absorption ( Algusane et al., 2006 ), (b) Reactive separation ( Ismail et al., 2001 ), (c) Petlyuk column ( Proios and 

Pistikopoulos, 2006 ) Shaded M/H module: separation & reaction, Blank M/H module: pure separation. 
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nd design dependent explicit controllers via mixed-integer dy-

amic optimization following the PAROC framework ( Section 3.5 ). 

tep 6: Verifiable & Operable Process Intensification Designs 

The outcomes of this framework will be intensified process so-

utions with: (i) optimal process design and operating configura-

ions (steady-state and dynamic validated); (ii) guaranteed oper-

bility and safety performances, and (iii) optimal explicit model

redictive controller design. 

.2. Generalized Modular Representation Framework 

A process operation can be generally characterized by a set of

ass- and heat- transfer phenomena, concerning mainly the mass

ransfer of one component from one phase to another (e.g., dis-

illation) or from one substance to another (e.g., reaction) due to

he difference in their chemical potentials ( Papalexandri and Pis-

ikopoulos, 1996 ). Based on this concept, GMF utilizes a pure heat

xchange module (He) and a mass/heat exchange module (M/H) as

odular building blocks to represent chemical processes (conven-

ional or intensified), as shown in Fig. 2 . GMF has been success-

ully applied to synthesize a number of PI systems in our previous

orks, including: reactive distillation ( Ismail et al., 2001; Tian and

istikopoulos, 2018 ), reactive absorption ( Algusane et al., 2006 ),

xtractive separation ( Ismail et al., 1999a; Tian and Pistikopoulos,

019a ), dividing wall column ( Proios and Pistikopoulos, 2006 ), and

eat-integrated distillation ( Proios et al., 2005 ) ( Fig. 3 ). For brevity,

e will not present the comprehensive model formulation which

nables GMF synthesis, intensification, and integration capabilities,

hile interested readers are referred to the above works for more

etail. 
Some key features, which set GMF apart from other

henomena-based approaches, are listed below: 

• Gibbs free energy based driving force constraints to charac-

terize generic mass transfer feasibility 

Given a M/H exchange module with multicomponent liquid-

vapor mixture, mass transfer can occur between two participat-

ing streams when the total Gibbs free energy ( nG ) is decreasing,

i.e. 

d (nG ) tot 
T,P = d n i ×

[
∂(nG ) tot 

∂(n i ) 

]
T,P 

≤ 0 (1)

Eq. 1 is consistent with the following “driving force constraints”

formulation: 

G 1 i × G 2 i ≤ 0 (2) 

where 

G 1 i = dn 

L 
i = f LO x LO 

i − f LI x LI 
i (3)

G 2 i = 

[
∂(nG ) tot 

∂(n i ) 

]
T,P 

= ln 

[ 

γ L 
i 

x L 
i 
P sat ,L 

i 

φV 
i 

x V 
i 

P tot 

] 

+ 

∑ 

i 

∑ 

k 

[
νik �G 

f 
i 

RT 
+ νik ln 

(
φV 

i x 
V 
i P tot 

)] ∂εk 

∂n L 
i 

(4) 

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

amount of substances, L denotes liquid phase, LO and LI refer

to respectively liquid outlet and inlet streams from or to the

module, f denotes flowrate, x i is for component molar fraction,

T and P are respectively module temperature and pressure, γ
is activity coefficient, φ is fugacity coefficient, P sat represents
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vapor saturated pressure, ν is stoichiometric coefficient, �G 

f is

the standard Gibbs function of formation. 

The detailed derivation of G 2 i can be found in Tian and Pis-

tikopoulos, 2018 using thermodynamic fundamental relation-

ships such as Gibbs free energy expression for mixture, com-

ponent mass conservation, and chemical potential expression. 

• Systematic identification of reaction and/or separation tasks

from heat and/or mass transfer phenomena 

In the reactive distillation representation in Fig. 3 b, a key ques-

tion is how to dictate the identity of a mass/heat exchange

module to perform pure separation task, pure reaction task, or

hybrid reactive separation task. This is enabled by the above

driving force constraints. As can be noted, G 2 i comprises two

components: 

i separation component: ln 

[ 
γ L 

i 
x L 

i 
P sat ,L 

i 

φV 
i 

x V 
i 

P tot 

] 
ii reaction component: 

∑ 

i 

∑ 

k 

[ 
νik �G 

f 
i 

RT + νik ln (φV 
i 

x V 
i 

P tot ) 
] 

∂εk 

∂n L 
i 

Thus we introduce two sets of binary variables to denote the

existence (or not) of separation and reaction phenomena in

each M/H module, i.e. y sep and y rxn . If y sep = 1 then separation

takes place; similarly y rxn = 1 indicates the existence of reac-

tion (otherwise the binary variables take the value of 0). If both

y sep = 1 and y rxn = 1 , the M/H module undertakes combined re-

action/separation task. 

Through the following big M constraints, reaction and/or sep-

aration phenomena can be systematically activated or deacti-

vated in each M/H module without pre-postulation of reaction

modules, separation modules, reactive separation modules, re-

spectively: 

−M y sep ≤ ln 

[ 

γ L 
i 

x L 
i 
P sat ,L 

i 

φV 
i 

x V 
i 

P tot 

] 

≤ M y sep 

−M y rxn ≤
∑ 

i 

∑ 

k 

[
νik �G 

f 
i 

RT 
+ νik ln 

(
φV 

i x 
V 
i P tot 

)]∂εk 

∂n 

L 
i 

≤ M y rxn (5)

where M is a (large) positive number. 

• Automated characterization of equilibrium and non-

equilibrium tasks 

Note that the driving force constraints are derived based on

d(nG ) tot 
T,P 

≤ 0 for feasible mass transfer, rather than d(nG ) tot 
T,P 

= 0

for equilibrium state. That is, no physical or chemical equi-

librium is enforced in GMF synthesis representation. Thus

equilibrium-limited tasks ( G 1 i × G 2 i = 0 ) or kinetic-controlled

tasks ( G 1 i × G 2 i < 0) will be identified as per process inher-

ent characteristics or as per optimization results. 

• Enabling selection of functional materials within process

tasks 

Material selection is achieved in GMF by utilizing rigorous ther-

modynamic models (e.g., NRTL, Redlich-Kwong-Soave equation)

for calculation of phase equilibrium parameters (e.g., liquid ac-

itivity coefficient γ i , vapor fugacity coefficient φi ) to describe

the nonideal mixture properties, as well as by incorporating

rigorous reaction kinetics expression (e.g., reaction rate r k ) to

capture the impact of catalysts. 

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

of phase equilibrium parameters and/or kinetic parameters can

be determined via optimization of process performance. The

availability of desired material is then checked with available

database ( Tula et al., 2017 ) or synthesized via molecular de-

sign ( Kalakul et al., 2018 ). While reactive separation with deter-

mined reaction scheme is of focus in the current work, readers
are referred to Ismail et al. (1999a) and Tian and Pistikopou-

los (2019a) for GMF application in extractive separation systems

with solvent selection. 

• Compact/Aggregated representation to avoid combinatorial

explosion 

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

number of mass/heat exchange modules necessitated for each

system representation. Actually, each M/H module is charac-

terized by a certain mass transfer pattern (e.g., component A

transfer from liquid phase to vapor phase, while components

B and C from vapor to liquid), as implied by the driving force

constraints ( Ismail et al., 2001 ): 

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. 

G 1 A = f LO x LO 
A − f LI x LI 

A ≤ 0 (6)

The driving force constraints require G 1 A × G 2 A ≤ 0. Therefore,

as a function of module temperature, pressure, and composi-

tions – which are optimization variables to be determined –

G 2 A should satisfy 

G 2 A = ln 

[ 

γ L 
A x 

L 
A P 

sat ,L 
A 

φV 
A 

x V 
A 

P tot 

] 

+ 

∑ 

A 

∑ 

k 

[
νAk �G 

f 
A 

RT 
+ νAk ln 

(
φV 

A x 
V 
A P tot 

)] ∂εk 

∂n 

L 
A 

≥ 0 (7)

Similarly, if A is transferred from vapor phase to liquid phase,

or is produced by liquid phase reaction, 

G 1 A = f LO x LO 
A − f LI x LI 

A ≥ 0 (8)

G 2 A = ln 

[ 

γ L 
A x 

L 
A P 

sat ,L 
A 

φV 
A 

x V 
A 

P tot 

] 

+ 

∑ 

A 

∑ 

k 

[
νAk �G 

f 
A 

RT 
+ νAk ln 

(
φV 

A x 
V 
A P tot 

)] ∂εk 

∂n 

L 
A 

≤ 0 (9)

In this context, taking distillation column representation as

an example, each M/H module identifies an aggregation of

columns trays, or in other words a column section (i.e. por-

tion of a column not interrupted by entering or exiting streams

or heat flows) ( Proios, 2004 ). On the other hand, due to

this aggregated representation capability benefited from Gibbs

free energy based driving force constraints, the GMF synthe-

sis/optimization problem is also in more compact size avoiding

combinatorial explosion. 

.3. Flexibility analysis 

Flexibility refers to the capability of a process to satisfy all

elevant constraints under uncertain operating conditions, e.g.

ariations in product demand, quality targets, material properties,

nvironmental conditions, etc. ( Halemane and Grossmann, 1983;

rossmann and Floudas, 1987; Bhosekar and Ierapetritou, 2018;

ian et al., 2018a ). As shown in Halemane and Grossmann (1983) , a

rocess synthesis problem with flexibility requirement ∀ V θ ∈ U ( V θ )

an be recast in the following compact mathematical form: 

max 
V θ ∈ U(V θ ) 

min 

V z 
max 

j∈ J f 
f j (V θ , V d , V x , V z ) ≤ 0 

s.t. h (V θ , V d , V x , V z ) = 0 

(10)

here V θ is the set of uncertain parameters, U ( V θ ) is the specified

ange of uncertainty; V denotes the set of design variables; V x are
d 
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Fig. 4. Iterative scheme for flexibility analysis. 
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2 The PAROC platform can be accessed via http://paroc.tamu.edu/ . 
tate variables; V z represents the set of manipulated variables that

an be adjusted during operation; f is the set of inequality model

onstraints; J f is the index set for the inequality constraints; and h

s the set of equality model constraints. 

To avoid the direct solution of this tri-level optimization prob-

em, an iterative discretization scheme has been developed by

apalexandri and Pistikopoulos (1994) for flexibility analysis of

MF networks. As illustrated in Fig. 4 ( Tian and Pistikopoulos,

018 ), the optimal GMF network structure obtained at nominal

peration condition undergoes flexibility test ( Halemane and

rossmann, 1983 ) to identify critical operating conditions which

iolate the desired nominal operating points in presence of uncer-

ain parameters. Then via a multiperiod formulation, the identified

ritical operating conditions are incorporated in GMF superstruc-

ure representation as an additional set of operation “periods”.

pecifically, uncertain parameters V θ (e.g., feed stream flowrates),

tate variables V x (e.g., stream temperatures, compositions), and

anipulated variables V z (e.g., heat exhanger duties) are reformu-

ated as variables for each period of operation “s ”, i.e. V θ ,s , V x,s ,

nd V z,s . However, design variables V d (e.g., diameter and height of

ass exchange module) remain valid for all periods of operation.

n this way, the resulting multiperiod GMF synthesis model will

nable automated generation of optimal modular structure with

uaranteed flexibility performance under uncertainty. 

.4. Risk assessment 

Process risk can be used to evaluate the inherent safety per-

ormance of a chemical process by considering equipment failure

requency and consequence severity ( Eq. 11 ), which can be readily

ncorporated into steady-state/dynamic model-based design and

ptimization for simultaneous process synthesis with inherent

afety considerations ( Nemet et al., 2017; 2018 ). 

isk = F ailure F requency × Consequence Se v erity (11)

Equipment failure frequency data can be taken from specific

atabase such as that provided in the Handbook of Failure Frequen-

ies ( Flemish Government, 2009 ) or in the Guideline for Quantitative

isk Assessment ( Stoffen, 2005 ). These average historical data are

pplicable for chemical unit operations (e.g., distillation col-

mn, reactor), which can be directly used in risk analysis with
quipment-based flowsheet. However, for risk analysis at an ear-

ier phenomenological design stage, the GMF pure heat exchanges

odules and mass/heat exchange modules are approximated

espectively as heat exchangers, process vessels (or reactor vessels

epending on if reaction is taking place) ( Tian and Pistikopoulos,

018 ). The consistency of risk assessment between phenomena-

ased synthesis, steady-state equipment-based design, and dy-

amic operational optimization will be cross-validated throughout

he framework implementation ( Section 3.1 ). 

Consequence severity is indicated by the indication number

hich measures the intrinsic hazard of a unit depending on the

mount of substance present, the physical and toxic properties of

he substance, and the specific process conditions ( Freeman, 1989 ).

he indication number, A , is a dimensionless number defined by

q. 12 : 

 = 

W × O 

1 × O 

2 × O 

3 

S 
(12) 

here W denotes the mass quantity of hazardous substance exist-

ng in the process, S is the limit value which measures the haz-

rdous properties of each substance based on their physical prop-

rties and toxic/explosive/flammable properties, O 

i are the factors

or process conditions, including: O 

1 accounting for process unit

ersus storage unit, O 

2 accounting for the positioning of the unit,

nd O 

3 accounting for the amount of substance in the vapour

hase after release. 

.5. The PAROC framework 

The PAROC framework, standing for “PARametric Optimisation

nd Control”, is a unified framework and software platform 

2 for

he design, operational optimization, and explicit/multi-parametric

odel-based predictive control (mp-MPC) of process systems

 Pistikopoulos et al., 2015 ). As shown in Fig. 5 , adapting this

odel-based control and optimization procedure offers the fol-

http://paroc.tamu.edu/
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lowing advantages for design and operational analysis of chemical

process systems: 

• High fidelity modeling and analysis 

The high fidelity dynamic model developed based on first-

principles (e.g., mass and energy balances) are critical to the

accuracy of process dynamic behavior and the validity of op-

erational analysis. It normally consists of (Partial) Differential-

Algebraic Equations, with continuous and binary design and

operating variables which can be manipulated or optimized via

later control and optimization steps. This modeling task takes

place in PSE’s gPROMS R © ModelBuilder platform. 

• Exact MPC solution obtained via offline multi-parametric

programming 

Based on a linear approximated state-space model of the orig-

inal high fidelity model, the MPC controller design problem is

given by Eq. 13 : 

min 

u 
J = x T N P x N + 

OH−1 ∑ 

k =1 

((
y k − y R k 

)T 
QR k 

(
y k − y R k 

))

+ 

CH−1 ∑ 

k =0 

((
u c,k − u 

R 
c,k 

)T 
R k 

(
u c,k − u 

R 
c,k 

))
s.t. x k +1 = Ax k + Bu c,k + C[ d k , De ] T 

y k = Dx k + Eu c,k + e 

u min ≤ u c,k ≤ u max 

�u min ≤ �u c,k ≤ �u max 

x min ≤ x k ≤ x max 

y min ≤ y c,k ≤ y max 

(13)

where x k are the state variables, u c,k and u R 
c,k 

are the control

variables and their set points, y k and y R 
k 

are the output vari-

ables and their set points, d k denotes disturbance, De gives the

design variable, QR k and R k are respectively weight parameters

for the MPC controller, P is the stabilizing term derived from

the Riccatti Equation for discrete systems, OH and CH are re-

spectively the output horizon and control horizon, k is the time

step, A, B, C, D, E are the matrices of the approximated linear

state-space model, and e gives the mismatch between the ac-

tual system output and the predicted output at initial time. 

Eq. (13) can be reformulated as a multiparametric program-

ming problem ( Bemporad et al., 2002 ), the solution of which

via POP R © toolbox ( Oberdieck et al., 2016 ) in MATLAB 

R © will give

the explicit control actions as an affine function of systems vari-

ables ( Eq. (14) ) ( Oberdieck et al., 2016 ): 

u c,T = K i θT + r i , ∀ θT ∈ CR i 

θT = 

[
x T ; u c,T −1 ; d T ; De ; y T ; y SP 

T 

]
(14)

where u c,T denotes control variable, θ T is the set of uncertain

parameters in multi-parametric programming, x T , d T , y T , y 
SP 
T 

de-

note respectively the states, disturbances, outputs, and output

setpoints, u c,T −1 represents the optimal control action at the

previous time step and De is the design variable. 

• Design-dependent mp-MPC controller derivation 

As can be noted in Eq. 14 , design variable De is treated as un-

certain parameter and is aware by the optimal mp-MPC con-

troller. Thus the derived design dependent mp-MPC controller

can be applied for different design alternatives without a re-

formulation of the control problem for different design alterna-

tives ( Diangelakis et al., 2017 ). 
• Dynamic optimization for simultaneous design and control 

By integrating the high-fidelity process model and mp-MPC

controller, the optimal design with optimal control actions can

be derived leveraging the advanced (mixed-integer) dynamic

optimization strategies provided by PSE’s gPROMS R © software

platform ( Diangelakis et al., 2017 ). 

. Case study: Reactive separation for MTBE production 

Reactive separation is one of the major PI inventions which

xploits the synergy between multiple processing tasks to over-

ome process bottlenecks and to achieve significant energy and

ost savings over conventional reactor-separator-recycle counter-

arts ( Harmsen, 2007 ). In the current work, we will extend the

ase study given in Tian and Pistikopoulos, 2018 on reactive sep-

ration for methyl tert-butyl ether (MTBE) production, where we

ave derived intensified designs with safety and operability con-

iderations through steady-state synthesis (Steps 1–4 of the pro-

osed framework). Herein, we take the previous steady-state op-

rable and safer designs to dynamic operational optimization with

perability, safety, and control (Steps 5–6). We also highlight the

onsistency throughout the framework to ensure delivery of verifi-

ble and operable PI systems. 

For clarity and continuity, in this section we will demon-

trate the proposed framework step-by-step, including brief review

n steady-state design to show how innovation can be achieved

hrough synthesis intensification, while stressing dynamic exten-

ions to close the loop for the synthesis of intensified, operable,

afer, and controllable MTBE production systems. 

.1. Problem definition 

MTBE can be produced by reacting isobutylene (IB4) and

ethanol (MeOH) in the liquid phase catalyzed by an ion-exchange

esin (i.e., Amberlyst 15). The reaction scheme is shown in Eq. (15) .

eOH + IB4 � MTBE, �r H 

o 
298 K = −37 . 7 kJ/mol (15)

The intrinsic rate of MTBE production is adapted from

ehfinger and Hoffmann (1990) : 

 = k 

[
a IB 4 

a MeOH 

− 1 

K a 

a MTBE 

a 2 
MeOH 

]
kmol / ( h · kg catalyst ) (16)

here r is the molar reaction rate per unit mass of dry

atalyst resin, a is the activity of each component. The

emperature-dependent expression for rate constant k is given by

q. (17) ( Rehfinger and Hoffmann, 1990 ): 

 = 8 . 5132 × 10 

13 exp 

[ −11113 . 78 

T 

] 
kmol / ( h · kg catalyst ) (17)

here T is the process temperature in K. The expression of reac-

ion equilibrium constant K a is determined via Eq. 18 adapted from

olombo et al. (1983) : 

n K a = −10 . 0982 + 

4254 . 05 

T 
+ 0 . 2667 ln T (18)

The liquid mixture of methanol, butene, and MTBE is highly

onideal. The UNIQUAC equations are utilized to calculate the

iquid activity coefficients as suggested by Rehfinger and Hoff-

ann (1990) . Saturated vapor pressures are calculated via the An-

oine equation with the component-specific parameters provided

y Ismail et al. (2001) . 

Given: 

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

liquid methanol and a feed stream of saturated vapor butenes

are available as raw materials. Note that an inert component

1-butene (NB4) also exists in the feed stream 
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Table 3 

Feed conditions (nominal values). 

Liquid feed Vapor feed 

Temperature (K) 320 350 

Flowrate (mol/s) 215.5 545 

x MeOH 1 0 

x IB 4 0 0.3578 

x NB 4 0 0.6422 

x MTBE 0 0 

Pressure (atm) 11 11 

Table 4 

Hazardous property data. 

LC 50 (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 
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• Product specifications – the desired product is liquid MTBE

with 98% purity at a flowrate of 197 mol/s 
• Heating/Cooling utilities – steam and cooling water are avail-

able as utilities, respectively at the price of 137.27 US$/(kW · yr)

and 26.19 US$/(kW · yr) ( Ismail et al., 2001 ) 
• Equipment cost data – this will be provided later depending on

the identified process solutions via GMF synthesis 
• Uncertainty in methanol feed flowrate – 215.5 ± 10 mol/s 
• Toxicity, flammability, and explosiveness property data – the

hazardous properties for each component are summarized in

Table 4 
• Disturbance in IB4 inlet composition – a randomly generated

disturbance during operation with a range of 0.3578 ± 0.05 

Objective: 

Determine process solution(s) with the optimal economic per-

formance with respect to total annualized cost ( Eq. (19) ) as

well as with smooth and safe operation despite the influence
ig. 6. GMF modular superstructure for process synthesis representation. 

ed dashed lines: indicative interconnecting streams entering the 1 st module. 

lue dashed lines: indicative interconnecting streams leaving the 1 st module. 

rey dashed lines: indicative interconnecting streams between other modules. 
of disturbances and uncertainty. 

Total Annualized Cost ($ / yr ) = C ost ut ilit ies + 

C apital C ost 

P ayback period 

(19) 

.2. Process intensification/synthesis representation with generalized 

odular representation framework 

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

odules and pure heat exchange (He) modules ( Fig. 2 ) are em-

loyed to represent this MTBE production process with underly-

ng driving force constraints to characterize mass/heat transfer fea-

ibility without any pre-postulation of process reaction/separation

asks or equipment/flowsheet configurations. 

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

eat exchange modules are assigned to be available for initial use

n representation and optimization. Once this bound is active, the

alue is relaxed to allow more modules to be used. However, it is a

ey yet open question how to determine an “optimal” set of avail-

ble mass/heat exchange modules to well-balance representation

ccuracy and computational complexity. To obtain an estimate on

he number of modules before proceeding with superstructure op-

imization, simulation studies can be performed to synthesize any

eference MTBE production flowsheets available in open literature

s detailed in Tian and Pistikopoulos, 2018 . A combinatorial super-

tructure network, as shown in Fig. 6 , is utilized to interconnect

hese GMF modules which can encompass any plausible process

lternatives including both conventional and intensified configura-

ions ( Ismail et al., 1999b ). 

.3. Superstructure optimization 

The above GMF synthesis model is implemented in General

lgebraic Modeling System (GAMS) and solved with General-

zed Benders Decomposition (GBD) strategy. The GBD method is

dapted herein because of the control it provides during the solu-

ion procedure, which is essential for this type of highly nonconvex
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Fig. 7. Nominal GMF modular design for MTBE production. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Flexible & Inherently safer GMF modular designs for MTBE production: Op- 

erable Design 1. 
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MINLP problems to avoid the large infeasible portion of the design

space. It has also been observed that symmetry modular struc-

tures can be repetitively identified during the iterative solution

procedure due to the representation with identical GMF modules.

The solution strategy can be improved to prevent these degener-

ate solutions by introducing symmetry-breaking sequencing rules

( Margot, 2010 ) to GBD MIP subproblem, while this is beyond the

scope of this work. 

The resulting cost-optimal solution 

3 (i.e., Nominal Design) is

depicted in Fig. 7 , with a total annual cost of 1.71 × 10 6 $/ yr . It

consists of two pure heat exchange modules and five mass/heat ex-

change modules in the final modular flowsheet configuration, fea-

turing the same reactive distillation type of configuration as shown

in previous GMF studies ( Ismail et al., 2001 ). Two M/H modules are

identified as reactive zone to undertake reactive separation task

to produce MTBE. Among the other three M/H modules for pure

separation, two serve as stripping section to separate unreacted

methanol and isobutylene back to reaction zone, and the other one

as rectification section to transfer n-butene to distillate. 

4.4. Steady-State operability/safety assessment 

Considering the uncertain methanol feed flowrate in the range

of 215.5 ± 10 mol/s, flexibility test based on the nominal GMF

design shown in Fig. 7 identifies a critical point as f I 
MeOH 

=
225 . 5 mol/s at which the system will deviate from the desired op-

erating point. In this step, we aim to improve the flexibility per-

formances of the derived structures to preserve nominal operating

point under uncertainty, as well as to improve the inherent safety

performance measured by reducing process risks. 

Operability & Safety Target 1 

To synthesize a cost-optimal GMF modular design which also

satisfies the following operability and safety metrics: 
3 A minimum value of 1.7 is set to the reflux ratio for realistic considerations of 

reactive distillation operation. Detailed discussion regarding intensification impacts 

on reflux ration is available in Tian and Pistikopoulos (2018) . 

m  

s  

p  

a  
• flexible in the presence of uncertainty in methanol feed

flowrate (215.5 ± 10 mol/s) 
• inherently safer than the nominal design by reducing at least

20% of process risk (respectively for toxicity risk, flammability

risk, and explosiveness risk) 

Following the integrated GMF-flexibility-safety synthesis strat-

gy ( Sections 3.3 and 3.4 ), the updated optimal process solution is

llustrated in Fig. 8 . Hereafter we will refer to this GMF design as

Operable Design 1”. Comparing to the nominal design, flexibility

equirement results in an increase of M/H module diameter in Op-

rable Design 1 to accommodate feed flowrate uncertainty, while

rocess risks are reduced in a more intuitive way by reducing the

umber of involved modules in the process. The total annual cost

f Operable Design 1 is 1.82 × 10 6 $/ yr , featuring a 6.4% increase

omparing with the Nominal Design. 

However, it is noted that the second (numbered in a descending

rder) reactive separation module takes up more than 1/3 of the

verall process risk, which renders it a comparatively more risky

omponent in this flowsheet. To alleviate this effect, another en-

anced operability and safety target is set as follows: 

perability & Safety Target 2 

To synthesize a cost-optimal GMF modular design which also

atisfies the following operability and safety metrics: 

• flexible in the presence of uncertainty in methanol feed

flowrate (215.5 ± 10 mol/s) 
• inherently safer than the nominal design by reducing at least

20% of process risk (respectively for toxicity risk, flammability

risk, and explosiveness risk) 
• risk of individual module is no more than 30% of the risk of overall

process 

Incorporating the new model constraint to limit individual

odule risk gives rise to another optimal modular solution as

hown in Fig. 9 (Operable Design 2). As can be noted, additional

rocess streams are introduced to bypass the second reactive sep-

ration module which increases the system’s degree of freedom
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Fig. 9. Flexible & Inherently safer GMF modular designs for MTBE production: Op- 

erable Design 2. 
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s well as alleviates its mass/heat exchange burden for inherent

afety concerns. The total annual cost of Operable Design 2 is

.90 × 10 6 $/ yr , featuring a 11.1% increase comparing with the Nom-

nal Design. 

Up to this step, we have generated three GMF modular de-

ign configurations with different cost performances and different

evel of operability and safety performances ( Figs. 7–9 ). As can be

oted, operability and safety considerations may result in signif-

cant structure changes of the process optimal configurations, il-

ustrating the rigorous trade-off between process costs, operability,

nd safety. 
ig. 10. Equipment-based flowsheet alternatives for MTBE production. 

a) Nominal Design, (b) Operable Design 1, (c) Operable Design 2. 

haded trays: reactive zone. 
.5. Optimal intensified steady-state designs: Validation & simulation 

In this step, we translate the resulting GMF modular struc-

ures to unit-operation-based process schemes and cross-validate

henomena-based synthesis results with steady-state rigorous sim-

lation profiles. In what follows, we briefly present the identifi-

ation and translation of GMF modular structures to equipment-

ased flowsheet alternatives as shown in Fig. 10 . A detailed com-

arison of GMF synthesis results and corresponding Aspen valida-

ion results are summarized in Table 5 . 

ominal Design 

The GMF Nominal Design ( Fig. 7 ) is translated into a reactive

istillation column using RadFrac module in Aspen Plus R ©, assum-

ng both physical and chemical equilibrium. Each GMF reactive

eparation module and the bottom separation module is translated

o three column trays while the other separation modules to two

olumn trays respectively, thus featuring a total of 15 stages (in-

luding reboiler and condenser). To determine the column’s oper-

ting conditions using Aspen optimization analysis, column pres-

ure and reflux ratio are manipulated to meet process specifica-

ions and to minimize operating cost as a function of condenser

nd reboiler heat duties. 

perable Design 1 

Similarly, the GMF Operable Design 1 shown in Fig. 8 is trans-

ated to a reactive distillation column to the Nominal Design, with

 total of 13 stages including reboiler and condenser. 

perable Design 2 

The major part of the Operable Design 2 ( Fig. 9 ), excluding the

econd reactive separation module, is translated to a main reac-

ive distillation column. Additionally, the second reactive separa-

ion module is translated to a side column which is fully integrated
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Table 5 

Quantitative comparison: GMF synthesis and Aspen validation. 

Nominal design Operable design 1 Operable design 2 

GMF Aspen GMF Aspen GMF Aspen 

Column pressure (atm) 5.46 6.00 7.85 7.95 9.48 8.20 

Reflux ratio 1.70 2.10 1.70 2.50 1.70 3.30 

Reboiler duty (MW) 7.5 6.6 8.4 9.6 8.9 20 

Condenser duty (MW) 23 22 23 24 23 34 

Module/Tray Number 7 15 6 13 6 10 + 3 ∗

Product flowrate (mol/s) 197.0 197.0 197.0 197.0 197.0 197.0 

Product purity (mol/mol) 0.98 0.98 0.98 0.98 0.98 0.98 

∗ Main column: 10 trays, Side column: 3 trays. 

Table 6 

Design & Operation parameters for dynamic simulation. 

Nominal 

design 

Operable 

design 1 

Operable 

design 2 

Number of stages 17 15 11 (main) 

3 (side) 

Reactive stages 4–11 4–11 2–6 (main) 

1–3 (side) 

Pressure (atm) 6 7.9 8.2 

Reflux ratio 2.11 2.75 4 

Reboiler duty (MW) 6.84 11.4 20.0 

Condenser duty (MW) 21.8 25.4 33.9 

Product purity (mol/mol) 0.98 0.98 0.98 

Product flowrate (mol/s) 197 197 197 
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with main column. The main column has 10 stages (including re-

boiler and condenser) with the 3rd to 5th constituting the reactive

zone, while the side column has 3 stages, all reactive. 

4.6. Dynamic analysis and operational optimization with explicit 

model predictive control 

In this step, we take the above derived reactive distillations sys-

tems to dynamic analysis, design, and control optimization. Simul-

taneous design and control will be achieved to close the loop for

the proposed framework to ensure economical and smooth opera-

tion despite the influence of uncertainty and disturbances. 

4.6.1. High fidelity dynamic modeling 

High fidelity dynamic models for the above three MTBE re-

active distillation processes ( Fig. 10 ) are developed in gPROMS

ModelBuilder R ©. The basis of the general reactive distillation model

has been presented and validated in Schenk et al. (1999) and

Georgiadis et al., 2002 , which consists of a system of differential

and algebraic equations (DAE) for the description of component

molar and energy balances for each tray, the partial reboiler and

the total condenser, reaction kinetics, phase equilibrium, etc. 

The major design and operating parameters of the three reac-

tive distillation systems for dynamic modeling and simulation are

given in Table 6 . Note that since rate-based reaction kinetic cal-

culation is utilized in the high fidelity dynamic models to reflect

the actual kinetic-controlled characteristics in MTBE reactive dis-

tillation, more column trays are reported in Table 6 comparing to

the design results obtained from Aspen Plus R © assuming physical

and chemical equilibrium ( Table 5 ). 

4.6.2. Open-loop analysis with operability and safety considerations 

In this step, we perform open-loop analysis to check if the de-

rived dynamic RD systems are sustaining their desired level of op-

erability and safety as promised by steady-state design (Section

4.4). 

The model-based risk assessment approach introduced in

Section 3.4 is also incorporated in dynamic modeling and simula-
ion to calculate process risk values as “inherent safety indicators”.

ince the risk reduction is specified on a comparative basis, for

implicity we define a scaled measurement value as “Risk Ratio”.

s a base case, the Nominal Design has a Risk Ratio of 1. Thereby

he Risk Ratios of Operable Design 1 and 2 are expected to be

round 0.8 for consistency with the inherent safety promises given

y steady-state synthesis with safety considerations (i.e., reducing

t least 20% of process risk). The actual Risk Ratios calculated from

ynamic simulation are 0.91 and 0.81 respectively for Operable De-

ign 1 and 2. Both of the designs are inherent safer with respect

o Nominal Design, although Design 1 not fully achieving the de-

ired inherent safety level. However, since the identification and

ranslation of equipment-based steady-state/dynamic RD designs

rom phenomena-based synthesis are based on “trial-and-error” at-

empts, we will later incorporate risk calculation in dynamic opti-

ization to maintain process risks at the desired level. 

Regarding flexibility considerations, steady-state Nominal De-

ign is not flexible over the uncertainty range of methanol feed

owrate (i.e. 205.5 mol/s - 225.5 mol/s), while Design 1 and 2 are

erived based on the flexibility test. To check the flexibility at this

ynamic stage, the feasible regions of the three reactive distilla-

ion systems are depicted in Figs. 11 . In addition to the uncertainty

ange, the above RD systems are also analyzed with respect to a

isturbance in the IB4 inlet composition, which will be introduced

ater for control investigations. As can be seen, Nominal Design

annot operate over the entire range of uncertainty or disturbances

hile Operable Design 1 and 2 do provide much better operabil-

ty performance, which is consistent with the results obtained via

teady-state operability analysis. 

.6.3. Multi-Parametric model predictive control and closed-loop 

alidation 

Since Nominal Design has been proved to be not operable in

resence of uncertainty and disturbances, the following control

nalysis will only consider Operable Design 1 and 2. 

In both of these two RD systems, the butenes feed flowrate is

tilized as a manipulated variable and the MTBE molar composi-

ion in the bottom product is treated as the control variable with a

esired set point of 98%. The other process specification on MTBE

roduct flowrate, previously defined for steady-state synthesis, is

ssumed to be satisfied with perfect flow control. Thus the MTBE

eactive distillation columns are single input single output (SISO)

ystems. 

The mp-MPC controllers are designed following the PAROC

ramework ( Pistikopoulos et al., 2015 ). A linear state-space approx-

mated model is first derived for each RD design to reduce com-

lexity of the original high fidelity model while preserving de-

ired level of model accuracy. The System Identification toolbox in

ATLAB 

R © is used for this purpose. The mp-MPC control strategy

n the form of Eq. 13 is solved with multi-parametric program-

ing techniques provided in the POP R © toolbox in MATLAB 

R © to

cquire a map of optimal control actions in the form of Eq. (14) .
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Fig. 11. Feasible operation region for MTBE production. 

(a) Nominal Design, (b) Operable Design 1, (c) Operable Design 2. 
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Fig. 12. Disturbance profile for closed loop validation. 

Fig. 13. Closed loop validation for Operable Design 1. 

Fig. 14. Closed loop validation for Operable Design 2. 
t is worth noting that design variables are also aware by the op-

imal mp-MPC controller as uncertain parameters. In the RD case,

e consider column diameter and catalyst load per tray as contin-

ous design variables, as well as the number of column trays and

eed tray locations as discrete ones to be further optimized. 

The tuning parameters for the mp-MPC controllers of Operable

esign 1 and 2 are presented in Table 7 . The closed-loop perfor-

ance of the above derived mp-MPC controllers against the origi-

al high fidelity model is validated as shown in Figs. 12 , 13 , 14 . 

.6.4. Simultaneous design & control optimization 

To finally close the loop for the synthesis of operable MTBE

roduction systems, simultaneous design and control of Operable

esign 1 and 2 are achieved by integrating the rigorous process

odel and design-dependent mp-MPC controllers via mixed-

nteger dynamic optimization. The optimization objective is to

inimize total annual cost as given in Eq. 19 , where a payback

eriod of three years is used. The mp-MPC integrated dynamic

ptimization results are summarized in Table 8 . Also note that

he risk ratio of both designs are kept under 80% of the Nominal
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Fig. 15. Operable intensified reactive distillation systems for MTBE production. 

(a) Design 1, (b) Design 2. 

Shaded trays: reactive zone, M: main column, S: side column. 

Table 7 

Tuning parameters for design-dependent mp-MPC of Operable Design 1 and 2. 

MPC design parameters Design 1 Design 2 

OH 2 4 

CH 1 3 

QR 5 E 6 1 E 5 

R 1 E 5 1 E 5 

u min 490 490 

u max 750 750 

y min [0 0] T [0 0] T 

y max [1 1600] T [1 1600] T 

d min [205.5 0.3] T [205.5 0.3] T 

d max [235.5 0.4078] T [235.5 0.4078] T 

Table 8 

MTBE production – Simultaneous design & control optimization. 

Design 1 Design 2 

Column diameter (m) 2.0 2.3 

Number of trays 13 9 (main) 

3 (side) 

Feed tray location 1 10 3 (side) 

Feed tray location 2 7 3 (main) 

Catalyst mass (ton) 4.4 6.5 

Column cost ( ×10 6 $/ yr ) 0.042 0.090 

Catalyst cost ( ×10 6 $/ yr ) 0.076 0.113 

Operating cost ( ×10 6 $/ yr ) 2.290 3.397 

Total cost ( ×10 6 $/ yr ) 2.408 3.601 

Risk ratio 0.79 0.78 
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Design, thus consistent with the steady-state synthesis operability

and safety promises. 

4.7. Verifiable and operable intensified designs for MTBE production 

Up to this stage, two designs ( Fig. 15 ) have been obtained for

the MTBE production task under consideration. The trade-offs

between their cost, operability, safety, and control performances
ave been thoroughly investigated and can be used to assist

urther decision making, as shown in Table 8 . 

. Conclusion 

In this work, we have proposed a framework for the syn-

hesis of operable process intensification systems, leveraging:

i) phenomena-based GMF synthesis representation strategy to

enerate novel intensified process solutions, (ii) flexibility analysis

o accommodate process uncertainty, (iii) risk assessment to

valuate inherent safety at both steady-state and dynamic concep-

ual design stage; and (iv) explicit/multi-parametric MPC via the

AROC framework. It has been well demonstrated via the MTBE

roduction case study that the proposed approach can systemat-

cally integrate different conceptual design tasks and consistently

ead to the design of verifiable, intensified, and operable reactive

eparation systems. Ongoing work focuses on the extension of the

roposed framework to explore the role of (advanced) materials in

rocess intensification, taking extractive separation as an example. 
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