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a  b  s  t  r  a  c  t

High  performance  processes  should  operate  close  to design  boundaries  and  specification  limits,  while  still
guaranteeing  robust  performance  without  design  constraint  violations.  Since  design  chemical  process  is
operating  close  to  tighter  boundaries  safely;  much  attention  has  been  devoted  to integrating  design  and
control,  in  which  the  design  decisions,  dynamics,  and  control  performance  are  considered  simultaneously
in  some  optimal  fashion.  However,  rigorous  methods  for solving  design  and  control  simultaneously  lead
to challenging  mathematical  formulations  which  easily  become  computationally  intractable.  In  an  ear-
lier paper  of  our  group,  a  new  mathematical  methodology  to reduce  the  combinatorial  complexity  of
integrating  design  and  control  was  introduced  (Malcolm  et  al.,  2007).  We  showed  that  substantial  prob-
lem size  reduction  can  be  achieved  by  embedding  control  for  specific  process  designs.  In this  paper,  we
extend  the  embedded  control  methodologies  to plantwide  flowsheet.  The  case  study  for  the  reactor-
column  flowsheet  will  demonstrate  the  current  capabilities  of  the  methodology  for  integrating  design
and control  under  uncertainty.

Published by Elsevier Ltd.

1. Introduction

In process design, rigorous incorporation of the process dynam-
ics is important for operational safety and efficiency. By considering
dynamic controllability and operability under uncertain conditions
in early design stage, we can achieve better overall system per-
formance than classical approaches limited to the steady state,
in which dynamic constraint violations cannot be detected. Inte-
gration of process design and control pursues minimizing cost,
while guaranteeing smooth and safe process operation in spite
of dynamic disturbances and process uncertainty. Integration of
design and control received attention in the scientific commu-
nity for the last 30 years and several methodologies have been
developed. Controllability was studied based on such as Right Half
Plain (RHP) zeros, relative gain analysis, stability analysis or linear-
quadratic-Gaussian (LQG)-based dynamic measures (Kuhlmann
& Bogle, 2001; Luyben, Tyreus, & Luyben, 1996; Papalexandri &
Pistikopoulos, 1994; Perkins & Wong, 1985; Psarris & Floudas,
1991). These analyses are relatively easy to apply, so they are
suitable for large-scale processes, even though, they are limited
to steady state or linear dynamic models. The trade-off between
economical benefits and controllability with multiobjective cri-
teria were also developed for the steady state (Brengel & Seider,
1992; Lenhoff & Morari, 1982; Luyben & Floudas, 1994; Palazoglu
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& Arkun, 1986). The main drawback of these approaches lies in
difficulties to quantify the controllability for incorporation in the
objective function alongside capital cost. Other approaches deal
with a single economic objective function, while avoiding dynamic
constraint violations. These methods used dynamic optimization to
obtain the best design that satisfies all dynamic constraints (Bahri,
Bandoni, & Romagnoli, 1997; Bansal, Perkins, & Pistikopoulos,
2002; Contou-Carrere, Baldea, & Daoutidis, 2004; Kookos & Perkins,
2001; Mohideen, Perkins, & Pistikopoulos, 1996a, 1996b; Perkins &
Walsh, 1996; Walsh & Perkins, 1994). Excellent reviews of inte-
grated design and control methodologies can be found elsewhere
(Sakizlis, Perkins, & Pistikopoulos, 2004; Seferlis & Georgiadis,
2004). Unfortunately, few methodologies for design and control
integration are suitable for plantwide process scope.

One main difficulty of integration of design and control for
large-scale processes stems from the large computational time
requirement which makes it impossible to apply current optimiza-
tion algorithms. Recently, we  proposed a new method entitled
embedded control optimization (Malcolm, Polan, Zhang, Ogunnaike,
& Linninger, 2007). This integrated design and control method
reduces the combinatorial complexity of the non polynomial-hard
search space. It delegates control decisions to a sub-optimization
step, which adaptively adjusts suitable control moves for a given
design. Thus control decisions are embedded for each candidate
design avoiding combinatorial growth in the number of control
alternatives. Therefore, we  propose to use embedded control opti-
mization for the plantwide process such as the reactor-column
process which optimizes the control choices adaptively so that
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Fig. 1. Decomposition algorithm for integrated design and control under uncertainty. Main optimization problem (B) is separated from feasibility test.
Adapted  from Mohideen et al. (1996a).

the burden of combinatorics, nonconvexity and stability caused by
feedback can be disentangled from the stochastic design optimiza-
tion. In this paper, we expand the proposed methodology to assure
its effectiveness and capability for the realistic plantwide process.
In this case study, we will illustrate the ability of performing design
and control integration with rigorous mathematical techniques.

This paper is organized as follows. Section 2 briefly reviews the-
oretical background for design and control integration. Section 2.1
introduces a problem decomposition technique for design under
uncertainty. Section 2.2 briefly discusses the embedded control
methodology (Malcolm et al., 2007). Section 3 demonstrates the
application of embedded control optimization for integrated design
and control of reactor-column process flowsheet. The mathemat-
ical models for the case study are presented in Section 3.1,  and
definition of variables, constraints, and uncertain scenarios for this
case study are given in Sections 3.2–3.4.  Section 4 summarizes case
study results. Finally the paper closes with discussion and conclu-
sions.

2. Methodology

2.1. Mathematical problem decomposition for design under
uncertainty

The conceptual problem of the integration of process design
and control under uncertainty is a stochastic infinite dimensional
mixed integer dynamic optimization problem. The solution of inte-
grated design and control problems usually requires expensive
computational time, integer decisions, and non-convex equations
introduced by feedback. This problem poses an extreme challenge
to existing mathematical programming techniques. Moreover, con-

trol feedback may  introduce instability for certain parameter
realizations. To overcome the intractability of the original problem,
Pistikopoulos and co-workers proposed a problem decomposition
algorithm as shown in Fig. 1 (Mohideen, Perkins, & Pistikopoulos,
1996a). In this decomposition technique, the optimal design
choices are solved in a discrete sampling space of a stochastic
framework. Control decisions are taken at the same level as design
decisions. Because the discrete sampling space may  not contain
all critical scenarios, a separate search for critical constraint vio-
lations is needed. Accordingly, the rigorous feasibly test explores
whether the current design and control choices are feasible in the
entire uncertain space. If a new critical scenario is identified, this
critical situation is added to the discrete sample spaces. Thus, this
decomposition technique requires three steps: sampling (A), main
optimization (B), and feasibility test (C).

In step (A), several sampling techniques such as the Monte Carlo
(James, 1985) or Latin hyper cube sampling (Mckay, Beckman, &
Conover, 2000) can be used for creating a representative sample of
the uncertain operations or parameters. In step (B), a probabilis-
tic objective of the main optimization problem is minimization of
total expected cost, Eq. (1).  Equality constraints include conserva-
tion laws, hc, Eq. (2),  and the selected control algorithm, hCTR, Eq.
(3). Inequalities, g, enforce safety, equipment and production con-
straints at specific instances in time or in an integral sense (Eq.
(4)).
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