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A class of networks featuring large recycle of solvent is analyzed. This feature is central to numerous integrated processes
which use solvents in various reaction and separation steps. A prototype network capturing the essential features of such
networks is identified. Rigorous dynamic analysis reveals the presence of two time-scale dynamics exhibited by this
prototype network. A systematic framework for model reduction and a subsequent hierarchical control design is proposed.
The advantages of the proposed design over direct model-based control are demonstrated via a simulation case study.
Finally, the application of the proposed framework to a newly proposed process for the production of 5-
hydroxymethylfurfural from fructose is also presented. VVC 2011 American Institute of Chemical Engineers AIChE J, 58:

1764–1777, 2012
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Introduction

Solvent recovery and recycle, motivated by the significant
cost benefits resulting from the reduced consumption of
make-up solvent and the environmental regulations demand-
ing minimal discharge of toxic chemicals, is one of the
essential features of integrated chemical processes. Non-
aqueous solvents are used quite often as a reaction medium
with the solvent recovered and recycled back to the reactor
upon separation from the product. For example, organic sol-
vents (alkanes, ethers, etc) are used for enzyme-catalyzed
processes to allow for easier product and enzyme recovery,1–
4 whereas ionic liquids-based processes have gained signifi-
cant attention in recent years as they offer environmental
safety and enhanced solvent recovery.5–8 Solvents are also
commonly used to purify a product of interest or to remove
contaminants from waste streams. For example, phenol re-
moval from industrial wastewater via adsorption on activated
carbon uses organic solvents (e.g., acetone, n-pentane) to
extract the adsorbed phenol during the adsorbent regenera-
tion step;9,10 butane is used as a solvent for extractive crys-
tallization to achieve complete separation of xylenes beyond
the eutectic composition.11 Solvent extraction is also used to
remove an important reaction intermediate, thus blocking its
subsequent reactions. For example, the production of 5-
hydroxymethylfurfural (HMF), an important platform chemi-
cal for biorefinery applications, using biphasic systems uses
this strategy.12 Several contributions have addressed the
design and control of specific solvent recycle systems. For
example, a number of (linear/nonlinear model-based) control

strategies have been proposed for wastewater treatment sys-
tems,13 whereas the design and control of extractive distilla-
tion systems (which feature recycle of solvent) has been
addressed within a multiloop linear control framework.14–16

Most of the above systems feature a large solvent recycle
flow compared to fresh solvent feed flow.

In previous work,17,22 we have demonstrated that net-
works featuring flows of different orders of magnitude give
rise to multitime-scale dynamics which have crucial control
implications. In a different vein, the control of (more gen-
eral) process networks has recently attracted increased
attention in the literature.17–21 In this article, we identify
the defining characteristics of processes with significant
solvent recycle and incorporate them in a prototype net-
work. We document that the material balance model of the
prototype network with large solvent recycle can be recast
in a singularly perturbed form similar to the one introduced
for networks with large recycle of unconverted reactants.22

We describe a model reduction framework for deriving
reduced order fast and slow models of the network dynam-
ics and highlight features of these models that are unique
to the case of large solvent recycle. We also propose a
hierarchical control design procedure for these networks
and illustrate its advantages over direct model-based con-
trol. Finally, we focus on a recently proposed continuous
process for the production of HMF which features a com-
plex, multiloop recycle structure. We illustrate the applica-
tion of the proposed controller design framework and de-
velop a ‘‘plant-wide’’ control strategy for this process.

Prototype Network with Large Solvent Recycle

Figure 1 represents a prototype network with large sol-
vent recycle. The network consists of N process units,
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wherein pure solute (FA) and pure solvent (F0) enter the
first unit and the product of interest leaves through the Nth
unit. The solvent is recovered in the Nth unit and is
recycled back to the first unit with flowrate FR. Fi repre-
sents the effluent flow from the ith unit and xi represents
the solute concentration in the ith unit. FN represents the
(relatively pure) product flow with solute concentration xN.
Fdi

represent possible additional flows (e.g., extra solute/sol-
vent streams) to each unit, accounting for the interaction of
the solvent recycle network with the rest of the plant.
Owing to the fact that most solvent recycle networks
involve a negligible amount of solute in the solvent recycle
stream, it is assumed that the recycle flow consists of pure
solvent, that is, xR ¼ 0 (this assumption can be relaxed as
discussed in Remark 3).

The dynamic equations governing the overall and the
component material balance for this network are

dM1

dt
¼ F0 þ FA þ FR � F1

dx1
dt

¼ 1

M1

FAð1� x1Þ � ðF0 þ FRÞx1 �R1ðx1Þ½ �
dMi

dt
¼ Fi�1 þ Fdi � Fi

for i ¼ 2;…; ðN � 1Þ
dxi
dt

¼ 1

Mi
Fi�1ðxi�1 � xiÞ þ Fdiðxd;i � xiÞ � RiðxiÞ
� �

dMN

dt
¼ FN�1 þ FdN � FN � FR

dxN
dt

¼ 1

MN
FN�1xN�1 þ FRxN þ FdN ðxd;N � xNÞ � RNðxNÞ
� �

(1)

with Mi being the holdup of the ith process unit. Ri(xi)
represents the rate of consumption of the solute via reaction in
the ith unit.

We consider the case where the solvent recycle flow (FR)
is large compared to the fresh solvent flow (F0). We can
then define a small parameter e as the ratio of the fresh sol-
vent flow to the solvent recycle flow, that is

F0;s

FR;s
¼ e � 1

where the subscript s represents a steady state value. The
internal material flows (Fi) are comparable in magnitude to the
recycle flow and hence are also large. It is also assumed that
the inlet solute flow (FA) and the rates of consumption of the
solute (Ri(xi)) are of the same order of magnitude as the fresh
solvent flow, resulting in dilute conditions in all but the last

unit, which is typically the case in such systems. This also
implies that the product flow is small compared to the recycle
flow. Finally, we assume that the external flows Fdi

are also
small in comparison with the recycle flow, which is consistent
with the assumption of tight integration through solvent
recycle.

Based on these order of magnitude arguments, we can
define Oð1Þ steady state ratios kj as

kj ¼
Fj;s

F0;s
for j ¼ A;N; d2; d3;…; dN

Fj;s

FR;s
for j ¼ 1; 2; 3;…;N � 1

8>><
>>:

and scaled material flows uj as

uj ¼ Fj

Fj;s

where j ¼ 1,…,N,A,d2,…,dN. Furthermore, the following Oð1Þ
scaled flows corresponding to the reaction rates are also
defined

wj ¼
RjðxjÞ
F0;s

for j ¼ 1; 2; 3;…;N � 1

The dynamic equations in 1 can now be cast in the singularly
perturbed form

dx

dt
¼ fðxÞ þ gsðxÞus þ

1

e
glðxÞul (2)

with

x ¼ M1 x1 … MN xN½ �T

us ¼ u0 uA½ �T

ul ¼ u1 … uN�1 uR½ �T

fðxÞ ¼ F0;s

0

� w1

M1

kd;2ud;2
kd;2ud;2ðxd;2�x2Þ�w2

M2

..

.

kd;iud;i
kd;iud;iðxd;2�xiÞ�wi

Mi

..

.

kd;N�1ud;N�1
kd;N�1ud;N�1ðxd;N�1�xN�1Þ�wN�1

MN�1
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kd;Nud;Nðxd;N�xNÞ�wN
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Figure 1. Prototype network with large solvent recycle.
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glðxÞ ¼ F0;s

�k1 0 … 0 1

0 0 … 0 � x1
M1

k1 �k2 0
k1ðx1�x2Þ

M2
0

0 . .
. ..

.

ki�1 �ki
..
. ki�1ðxi�1�xiÞ

Mi
0

. .
.

0

kN�1 �1

0 … 0
kN�1ðxN�1�xNÞ

MN

xN
MN

2
6666666666666666664

3
7777777777777777775

Note that uN is not included in the vector of potential
manipulated inputs (us) as it is typically set by the production
rate.

The form in Eq. 2 is similar to the one introduced to cap-
ture generic recycle networks with large recycle of uncon-
verted reactants s�1 (see Figure 2).22 However, the structure
of the corresponding matrices is different owing to the fact
that no solute is recycled (xR ¼ 0) in these solvent recycle
networks, whereas significant amount of ‘‘solute’’ (i.e.,
unreacted species) is recycled (xR ¼ xN) in the generic recycle
networks, as shown in Figure 2. This difference gives rise to
unique analysis and control characteristics exhibited by these
networks, as pointed out specifically in Remarks 1 and 5.

Model Reduction

In what follows, we apply the model reduction framework
introduced in Kumar and Daoutidis22 and identify unique
features exhibited by this prototype network. Let us begin
with the description of the dynamics in the fast time scale s
¼ t/e. In this ‘‘stretched’’ time scale, the dynamic equations
in 2 become

dx

ds
¼ e fðxÞ þ gsðxÞus½ � þ glðxÞul

Taking the limit e ! 0, corresponding to an infinitely large
recycle of solvent, the resulting equations describe the
evolution of the network in the fast time scale

dx

ds
¼ glðxÞul (3)

It can be noted that all the process variables evolve in this fast
time scale. However, only the scaled variables corresponding
to the large internal flows affect the fast dynamics. This fast
dynamics converges to a quasi-steady state, captured by the
constraint equations

0 ¼ glðxÞul (4)

It can be verified that these constraints are not linearly
independent, resulting in an equilibrium manifold rather than

an equilibrium point. Specifically, the last two constraints in
Eq. 4 can be cast as a linear combination of the remaining 2(N
� 1) constraints, giving rise to a two-dimensional manifold
where the slow dynamics evolves. Thus the constraints in Eq.
4 can be rewritten as

0 ¼ BðxÞ~glðxÞul (5)

with

~glðxÞul ¼

uR � k1u1
�uRx1

k1u1 � k2u2
k1u1ðx1 � x2Þ

..

.

kN�2uN�2 � kN�1uN�1

kN�2uN�2ðxN�2 � xN�1Þ

2
6666666664

3
7777777775

being the linearly independent constraints, and

BðxÞ ¼

1 0 � � � 0

0 1
M1

..

.

..

. . .
.

1 0

0 1
MN�1�1 0 �1 0 � � � �1 0

� ðx1�xNÞ
MN

� 1
MN

� ðx2�xNÞ
MN

� 1
MN

� � � � ðxN�1�xNÞ
MN

� 1
MN

2
66666666664
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77777777775

Considering the same limit e ! 0 in the original time scale,
Eq. 2 becomes

dx

dt
¼ fðxÞ þ gsðxÞus þ BðxÞ lim

e!0

~glðxÞul
e

0 ¼ ~glðxÞul
The limit terms correspond to the difference between the
infinitely large internal flows which becomes indeterminate in
this slow time scale. These indeterminate, yet finite terms are
represented by a vector of so-called algebraic variables z. The
resulting description of the slow dynamics in the form of a set
of differential algebraic equations (DAE) is

dx

dt
¼ fðxÞ þ gsðxÞus þ BðxÞz

0 ¼ ~glðxÞul
(6)

The index of the DAE system in Eq. 6 is greater than 1. To get
an equivalent ordinary differential equation (ODE) representa-
tion of the slow dynamics, the constraints need to be
differentiated successively to reduce the index, ultimately

Figure 2. Generic network with large recycle of
unreacted reactants s21.22

1766 DOI 10.1002/aic Published on behalf of the AIChE June 2012 Vol. 58, No. 6 AIChE Journal



obtaining functional forms of z (DAE with index 1) which can
be substituted back in Eq. 6. Typically, one differentiation
suffices which implies that no additional constraints are
present and the slow dynamics is of dimension two. Before
proceeding with this reduction, the internal material flows
need to be either specified by a control law or assigned a
constant value.

Alternatively, the slow dynamics of the network can also
be expressed in terms of ‘‘true’’ slow variables which evolve
solely in this time scale. One such variable is the total
holdup of the network (Mtotal). Equation 7 represents the
dynamic equation governing the evolution of the total net-
work holdup

dMtotal

dt
¼ F0;s u0 þ uA � kNuN þ

XN
i¼2

kd;iud;i

" #
(7)

which does not contain any large term, thus causing Mtotal to
evolve over a longer time horizon. Similarly, the total holdup
of the solvent (Msolvent) in the network, as evident from Eq. 8,
also evolves entirely in the slow time scale

dMsolvent

dt
¼ F0;s u0 � kNuNð1� xNÞ þ

XN
i¼2

kd;iud;ið1� xd;iÞ
" #

(8)

Remark 1 The quasi-steady state constraints in Eq. 4 can be
partitioned in two distinct blocks, one block (g

holdup
l (x)ul ¼ 0)

corresponding to the ones coming from the total material
balance equations and the other (g

species
l (x)ul ¼ 0) from the

species balance equations. The last constraint in each block
can be cast as a linear combination of the first (N � 1)
constraints. The first (N � 1) constraints in g

species
l (x)ul ¼ 0

can be solved, leading to

xi ¼ 0 i ¼ 1; 2;…; ðN � 1Þ (9)

and the last constraint leads to

� kN�1uN�1 � uRð ÞxN ¼ 0

which makes xN indeterminate.
The solutions in Eq. 9 are the direct result of the infinitely

large solvent recycle, leading to a strongly dilute environ-
ment in the first (N � 1) process units. This offers great sim-
plification in a model-based purity (xN) controller, reducing
the need for concentration sensors/estimators to just one.

In the case of the generic network in Figure 2, the quasi-
steady state constraints arising from the fast dynamics can
also be partitioned in two blocks: g

holdup
l (x)ul ¼ 0 and

g
species
l (x)ul ¼ 0. However, the corresponding species bal-

ance constraints g
species
l (x)ul ¼ 0 cannot be solved explicitly,

leading to a one-dimensional manifold characterized by

x1 ¼ x2 ¼ � � � ¼ xN

for each species in the recycle stream.
Remark 2 The analysis presented so far is for single sol-

ute systems but can easily be extended for the case of multi-
solute systems. In the case of a system with c solutes, (c þ
1)(N � 1) constraints in Eq. 4 will be linearly independent,
resulting in a (c þ 1)-dimensional slow dynamics.

Remark 3 The prototype network assumes that the recycle
flow does not contain any solute (xR ¼ 0). This assumption

can be relaxed for relatively pure solvent recycles such that
xR is OðeÞ. The key results derived for the prototype network
hold for such systems as well.

Remark 4 The analysis presented in this article addresses
only the time scale multiplicity in the material balance equa-
tions, since the defining characteristics of the class of net-
works considered herein are the result of dominant material
flows. As material flows also act as energy carriers, the
large solvent recycle also induces stiffness in the corre-
sponding energy balance equations, showing potential for
time scale multiplicity in the energy dynamics as well. To
this end, the existing results23–25 addressing energetic effects
of integrated networks can be used in conjunction with the
results presented in this paper.

Hierarchical Control

The two time-scale dynamics allows for the design of a
hierarchical control scheme, wherein each tier of the
controller addresses control objectives in each time scale.
Specifically:
• Fast control: The material holdups of each unit should

be regulated in this time scale. The large internal flows can
be used as manipulated inputs through a control law of the
form

ul ¼ kðxÞ (10)

• Slow control: The primary control objective of such
networks is the control of the exit solute purity xN, which
should be controlled in this time scale. The large internal
flows used to regulate individual unit holdups do not affect
the total holdup of the network. The total holdup (especially
the total solvent holdup) is affected only by the small exter-
nal flows us (and the flows ud,i) and thus also needs to be
controlled in this time scale.

Having specified the internal flows through Eq. 10, the
constraints in Eq. 6 become

0 ¼ ~glðxÞkðxÞ ¼ /ðxÞ (11)

Differentiating this constraint (Eq. 11) once and substitut-
ing for dx/dt from Eq. 6 yields

z ¼ � LBðxÞ/ðxÞ
� ��1 LfðxÞ/ðxÞ þ LgsðxÞ/ðxÞ us

� �
(12)

where L denotes a Lie derivative. It can be verified that the
matrix LBðxÞf(x) is nonsingular irrespective of the choice of
the control law (Eq. 10). Substituting for z in Eq. 6 gives the
dynamic model capturing the evolution of the system in the
slow time scale

dx

dt
¼ fðxÞ � BðxÞ LBðxÞ/ðxÞ

� ��1LfðxÞ/ðxÞ
h i
þ gsðxÞ � BðxÞ LBðxÞ/ðxÞ

� ��1LgsðxÞ/ðxÞ
h i

us

(13)

subject to the constraint in Eq. 11. This slow model can be
used to design a model-based controller to achieve the control
objectives in this time scale.

Control of Prototype Network

Let us consider an illustrative example system with three
units. The nominal values of the process parameters are
tabulated in Table 1. The individual unit holdups are
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regulated in the fast time scale using the following control
law (Eq. 14):

u1
u2
uR

2
4

3
5 ¼ kðxÞ ¼

1� KC;1ðM1;set �M1Þ
1� KC;2ðM2;set �M2Þ
1� KC;3ðM3;set �M3Þ

2
4

3
5 (14)

This control law was used to derive the slow model (Eq.
13). Figure 3 shows the open-loop response of the product
purity x3 for a 10% disturbance in d2 and �1% disturbance
in xd,2. Except for the initial transient, the full model (solid
line) and the slow model (dotted line) match very closely.
This slow model was then used to derive a nonlinear output
feedback controller27 to control the product purity (y1 ¼ x3)
and the total material holdup (y2 ¼ M1 þ M2 þ M3).
Relative degrees for both the outputs are 1 and hence we
requested first order decoupled responses of the form shown
in Eq. 15:

b1
dy1
dt

þ y1 ¼ y1;set

b2
dy2
dt

þ y2 ¼ y2;set

(15)

with b1 ¼ b2 ¼ b ¼ 100 s. We also compared the performance
of this reduced order controller with a controller derived on the
basis of the full model from Eq. 2. In this case, the relative

Table 1. Nominal Values of Process Parameters for the
Prototype Network with three Units

F1 1000 mol s�1 x1 0.003
F2 1007 mol s�1 x2 0.0037
F3 25 mol s�1 x3 0.148
F0 15 mol s�1 M1 1000 mol
FA 3 mol s�1 M2 1000 mol
FR 982 mol s�1 M3 1000 mol
d2 7 mol s�1 xd,2 0.1
d3 0 mol s�1 Ri(xi) 0

Figure 3. Open loop response of the product purity
in the presence of a disturbance in ud,2

and xd,2.

Figure 4. Response of the prototype system for a set point change.
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degree for y1 and y2 is 3 and 1, respectively. So we requested
decoupled responses of the form

b13
d3y1
dt3

þb12
d2y1
dt2

þ b11
dy1
dt

þ y1 ¼ y1;set

b21
dy2
dt

þ y2 ¼ y2;set

(16)

with b13 ¼ b3, b12 ¼ 3 b2, b11 ¼ 3 b, and b21 ¼ b ¼ 100 s.
In the first simulation run, we considered a 5% increase in

the purity set point and the corresponding responses are
shown in Figure 4. Both the full model-based and reduced
model-based controller achieved smooth steady state transi-
tion. For the same time constant, the reduced order controller
is faster than the full order controller as it requests a lower
order (first compared to third) response. The initial aggres-
sive action in the manipulated variables, in the case of the
reduced order controller, is due to the mismatch between the
fast dynamics of the actual process model and the slow
model used for controller derivation.

In the next simulation run, we considered the same set
point change, but in the presence of a 10% disturbance in
d2 and �1% disturbance in xd,2. Figure 5 shows the corre-
sponding responses. The full model-based controller is
very sensitive to disturbances and fails to achieve the
requested set point transition. This was expected as the
underlying model used for controller derivation was
stiff.26,28 However, the reduced order controller yields the

requested purity set point and is quite robust to disturban-
ces (see Figure 6).

Remark 5 The relative degree of xN on the basis of the
reduced order slow model will always be 1, irrespective of
the control law (Eq. 10) and the number of process units N.
The relative degree of xN on the basis of the full model,
however, depends on the control law. Specifically, if the
individual unit holdups are regulated through the exit flows
as in Eq. 14, the relative degree for xN is N. On the other
hand, if the individual unit holdups are regulated via inlet
flows, the relative degree for xN is 1, with a structurally sin-
gular characteristic matrix, ultimately resulting in a higher
order nonlinear controller.29 The above illustrate further the
advantages of the proposed model reduction and control
framework.

For the generic network in Figure 2, the relative
degree of xN on the basis of the corresponding full
model is N, irrespective of the corresponding fast control
law (Eq. 10).

Control of a Biphasic System for HMF Production

Let us now consider an application of the proposed frame-
work to a newly proposed and more complex system,
namely the one of HMF production from fructose. HMF is a
furanic compound considered to be a key intermediate in the
production of biomass-derived fuels and chemicals. In partic-
ular, HMF can be used to synthesize building blocks for the
production of polymer (e.g., polyethylene terephthalate,

Figure 5. Response of the prototype system for a set point change in the presence of disturbances.

AIChE Journal June 2012 Vol. 58, No. 6 Published on behalf of the AIChE DOI 10.1002/aic 1769



polybutylene terephthalate) analogs, which are currently
derived from oil.

The acid-catalyzed dehydration of fructose in aqueous
media for HMF production is highly non-selective leading to
several soluble and insoluble products apart from HMF. In
addition, HMF further reacts in water producing mainly lev-
ulinic and formic acids, and fructose–fructose and fructose–
HMF oligomers. Figure 7 shows a simplified kinetic model
for this system.30 This model accounts for the losses of fruc-
tose (A) due to the formation of products other than HMF
(B) lumping them under a single term (BPA), neglects the
existence of intermediate products between fructose and
HMF, considers levulinic (C) and formic acids (D) as the
main HMF rehydration products and lumps the rest of the
byproducts into a single term (BPB).

In previous work,31 a continuous process for the produc-
tion of HMF using a biphasic system with an organic phase
that selectively extracts the HMF produced (as proposed in
Roman-Leshkov et al.12) was designed and optimized. As
shown in Figure 8, the process consists of a biphasic reactor
coupled with an extractor and an evaporator. Here, a solution
containing fructose and catalyst are fed to a continuously
stirred biphasic tank reactor. The reaction takes place in the

aqueous phase while the organic phase composed of 7:3
methyl iso-butylketone:2-butanol selectively extracts the
HMF produced, thus minimizing its decomposition. The
aqueous stream exiting the reactor is sent to a liquid–liquid
extractor to recover the fraction of HMF that remains in it,

Figure 6. Response of the prototype system for a set point change in the presence of disturbances.

Figure 7. Reactions taking place in HMF production.

Figure 8. Process for the production of HMF (A: fruc-
tose, BPA: byproducts from fructose, B: HMF,
C: levulinic acid, D: formic acid, BPB: other
decomposition products from HMF, S: solvent).
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and is then recycled back to the reactor. A purge stream is
required to prevent the accumulation of byproducts in the re-
actor aqueous phase. The streams exiting the organic phase
of the reactor and the extractor are sent to the evaporator,
from where purified HMF is obtained as the product. The
evaporated solvent is recycled back to the extractor and the
reactor. A small amount of fresh solvent is also added to the
organic phase of the reactor to maintain the solvent inven-
tory in the system.

The system is required to produce HMF with specified pu-
rity and flow rate. The values of the process parameters used
in this example correspond to the optimal steady state in sec-
tion 4.4 of Torres et al.31 and are tabulated in Table 2. We
can note that the optimal steady state is characterized by the
presence of:
• a large solvent recycle flow (v8 and v9) compared to

fresh solvent feed flow (vS0);
• a negligible amount of HMF in the solvent recycle

stream, and
• dilute streams in all the units except the evaporator.
Figure 9 schematically represents the various flows in

this system, with the flows of different orders of magni-
tude distinguished via lines of different thickness. We can
notice the presence of the prototype network, albeit in a
modified form. Specifically, there are two pure solute
streams NB and NEB, and two large solvent recycles, one
via the reactor (v8) and the other via the liquid–liquid ex-
tractor (v9).

The dynamic material balance equations for this system
are given as:

Reactor:

dMR;aq

dt
¼ v0 þ vr � v1 þ 3@1xA;1MR;aq � @3xB;1MR;aq � NB

dxA;1
dt

¼ 1

MR;aq
½v0ðxA;0 � xA;1Þ þ vrðxA;2 � xA;1Þ

� ð1þ 3xA;1Þ@1xA;1MR;aq � @2xA;1MR;aq

þ xA;1@3xB;1MR;aq þ xA;1NB�
dxB;1
dt

¼ 1

MR;aq
½�xB;1v0 þ vrðxB;2 � xB;1Þ

þ ð1� 3xB;1Þ@1xA;1MR;aq � ð1� xB;1Þ@3xB;1MR;aq

� @4xB;1MR;aq � ð1� xB;1ÞNB�
dxBPA;1

dt
¼ 1

MR;aq
½�xBPA;1v0 þ vrðxBPA;2 � xBPA;1Þ

� 3xBPA;1@1xA;1MR;aq þ @2xA;1MR;aq

þ xBPA;1@3xB;1MR;aq þ xBPA;1NB�
dxBPB;1

dt
¼ 1

MR;aq
½�xBPB;1v0 þ vrðxBPB;2 � xBPB;1Þ

� 3xBPB;1@1xA;1MR;aq þ xBPB;1@3xB;1MR;aq

þ @4xB;1MR;aq þ xBPB;1NB�
dxW;1

dt
¼ 1

MR;aq
½v0ðxW;0 � xW;1Þ þ vrðxW;2 � xW;1Þ

þ 3ð1� xW;1Þ@1xA;1MR;aq � ð2� xW;1Þ@3xB;1MR;aq

þ xW;1NB�
dMR;org

dt
¼ vS0 þ v8 � v4 þ NB

dxB;4
dt

¼ 1

MR;org
½ð1� xB;4ÞNB � xB;4ðvS0 þ v8Þ�

Liquid–liquid extractor:

dMEx;aq

dt
¼ v1 � v2 � NEB

dxA;2
dt

¼ 1

MEx;aq
v1ðxA;1 � xA;2Þ þ xA;2NEB

� �
dxB;2
dt

¼ 1

MEx;aq
v1ðxB;1 � xB;2Þ � ð1� xB;2ÞNEB

� �
dxBPA;2

dt
¼ 1

MEx;aq
v1ðxBPA;1 � xBPA;2Þ þ xBPA;2NEB

� �
dxBPB;2

dt
¼ 1

MEx;aq
v1ðxBPB;1 � xBPB;2Þ þ xBPB;2NEB

� �
dxW;2

dt
¼ 1

MEx;aq
v1ðxW;1 � xW;2Þ þ xW;2NEB

� �
dMEx;org

dt
¼ v9 þ NEB � v3

dxB;3
dt

¼ 1

MEx;org
�xB;3v9 þ ð1� xB;3ÞNEB

� �
Evaporator:

dMEv

dt
¼ v3 þ v4 � v8 � v9

dxB;6
dt

¼ 1

MEv

½v3ðxB;3�xB;6Þþv4ðxB;4�xB;6ÞþxB;6ðv8þv9Þ� ð17Þ

Assuming fast mass transfer rate, the flows NB and NEB can be
given by (see Kumar and Daoutidis32 for details of the derivation)

NB ¼ 1

1�xB;4þaRð1�xB;1Þ � aR �xB;1v0 þ vrðxB;2 � xB;1Þ
��

þð1� 3xB;1Þ@1xA;1MR;aq�ð1� xB;1Þ@3xB;1MR;aq�@4xB;1MR;aq

�
þxB;4ðvS0 þ v8Þ

�
NEB ¼ 1

1� xB;3 � aExð1� xB;2Þ � xB;3v9 þ aExv1ðxB;2 � xB;1Þ
� �

where aR ¼ j
qaqMR;org

qorgMR;aq
and aEx ¼ j

qaqMEx;org

qorgMEx;aq
.

Table 2. Nominal Values of Process Parameters for the
Biphasic System for HMF Production

xA,1 0.0036 vS0 5.81 � 100 mol min�1

xB,1 0.0022 v0 6.85 � 103 mol min�1

xBPA,1 0.0179 v1 1.56 � 104 mol min�1

xBPB,1 0.0008 v2 1.56 � 104 mol min�1

xW,1 0.9740 v3 1.89 � 103 mol min�1

xA,2 0.0036 v4 3.47 � 103 mol min�1

xB,2 0.0009 v6 1.16 � 102 mol min�1

xBPA,2 0.0180 v8 3.37 � 103 mol min�1

xBPB,2 0.0009 v9 1.87 � 103 mol min�1

xW,2 0.9753 vr 8.43 � 103 mol min�1

xB,3 0.0108 NB 9.00 � 101 mol min�1

xB,4 0.0259 NEB 2.04 � 101 mol min�1

xB,6 0.9500 Q1 0.9218 min�1

MR,aq 3.87 � 104 mol Q2 0.9218 min�1

MR,org 8.62 � 103 mol Q3 0.0548 min�1

MEx,aq 3.87 � 103 mol Q4 0.0698 min�1

MEx,org 8.62 � 102 mol xA,0 0.0411
MEv 3.87 � 104 mol xW,0 0.9589
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Defining O(1) steady state ratios and scaled flows as tabulated
in Table 3, the above dynamic equations can be cast in the vector
form (Eq. 2) with

e ¼ vS0;s
v8;s

x ¼
�
MR;aq xA;1 xB;1 xBPA;1 xBPB;1 xW;1 MR;org xB;4MEx;aq

xA;2 xB;2 xBPA;2 xBPB;2 xW;2 MEx;org xB;3 MEv xB;6
�T

us ¼ uS0 uNB uNEB½ �T
ul ¼ u0 u1 u2 u3 u4 u8 u9 ur½ �T

fðxÞ ¼ vS0;s

3kr;1
xA;1
xA;1;s

� �
MR;aq

MR;aq;s

� �
� kr;3

xB;1
xB;1;s

� �
MR;aq

MR;aq;s

� �

�ð1þ 3xA;1Þkr;1
MR;aq

xA;1
xA;1;s

� �
MR;aq

MR;aq;s

� �
� kr;2
MR;aq

xA;1
xA;1;s

� �
MR;aq

MR;aq;s

� �
þ xA;1kr;3

MR;aq

xB;1
xB;1;s

� �
MR;aq

MR;aq;s

� �
ð1� 3xB;1Þkr;1

MR;aq

xA;1
xA;1;s

� �
MR;aq

MR;aq;s

� �
� ð1� xB;1Þkr;3

MR;aq

xB;1
xB;1;s

� �
MR;aq

MR;aq;s

� �
� kr;4
MR;aq

xB;1
xB;1;s

� �
MR;aq

MR;aq;s

� �

� 3xBPA;1kr;1
MR;aq

xA;1
xA;1;s

� �
MR;aq

MR;aq;s

� �
þ kr;2
MR;aq

xA;1
xA;1;s

� �
MR;aq

MR;aq;s

� �
þ xBPA;1kr;3

MR;aq

xB;1
xB;1;s

� �
MR;aq

MR;aq;s

� �

� 3xBPB;1kr;1
MR;aq

xA;1
xA;1;s

� �
MR;aq

MR;aq;s

� �
þ xBPB;1kr;3

MR;aq

xB;1
xB;1;s

� �
MR;aq

MR;aq;s

� �
þ kr;4
MR;aq

xB;1
xB;1;s

� �
MR;aq

MR;aq;s

� �
3ð1� xW;1Þkr;1

MR;aq

xA;1
xA;1;s

� �
MR;aq

MR;aq;s

� �
� ð2� xW;1Þkr;3

MR;aq

xB;1
xB;1;s

� �
MR;aq

MR;aq;s

� �
0

0

0

0

0

0

0

0

0

0

�kv;6uv;6
0

2
66666666666666666666666666666666666666666664

3
77777777777777777777777777777777777777777775

glðxÞ¼vS0;s

kv;0 �kv;1 kv;r
kv;0ðxA;0 � xA;1Þ

MR;aq

kv;rðxA;2 � xA;1Þ
MR;aq

� kv;0xB;1
MR;aq

kv;rðxB;2 � xB;1Þ
MR;aq

� kv;0xBPA;1
MR;aq

kv;rðxBPA;2 � xBPA;1Þ
MR;aq

� kv;0xBPB;1
MR;aq

kv;rðxBPB;2 � xBPB;1Þ
MR;aq

kv;0ðxW;0 � xW;1Þ
MR;aq

kv;rðxW;2 � xW;1Þ
MR;aq

�kv;4 1

� xB;4
MR;org

kv;1 �kv;2
kv;1ðxA;1 � xA;2Þ

MEx;aq

kv;1ðxB;1 � xB;2Þ
MEx;aq

kv;1ðxBPA;1 � xBPA;2Þ
MEx;aq

kv;1ðxBPB;1 � xBPB;2Þ
MEx;aq

kv;1ðxW;1 � xW;2Þ
MEx;aq

�kv;3 kv;9

� kv;9xB;3
MEx;org

kv;3 kv;4 �kv;8 �kv;9
kv;3ðxB;3 � xB;6Þ

MEv

kv;4ðxB;4 � xB;6Þ
MEv

kv;8xB;6
MEv

kv;9xB;6
MEv

2
666666666666666666666666666666666666666666666666666666664

3
777777777777777777777777777777777777777777777777777777775

1772 DOI 10.1002/aic Published on behalf of the AIChE June 2012 Vol. 58, No. 6 AIChE Journal



Table 3. O(1) Steady State Ratios and Scaled Flows

Steady State Ratios Scaled Flows

kv,0 ¼ v0;s
v8;s

uv,0 ¼ v0
v0;s

kv,1 ¼ v1;s
v8;s

uv,1 ¼ v1
v1;s

kv,2 ¼ v2;s
v8;s

uv,2 ¼ v2
v2;s

kv,3 ¼ v3;s
v8;s

uv,3 ¼ v3
v3;s

kv,4 ¼ v4;s
v8;s

uv,4 ¼ v4
v4;s

kv,9 ¼ v9;s
v8;s

uv,9 ¼ v9
v9;s

kv,r ¼ vr;s
v8;s

uv,r ¼ vr
vr;s

kv,p ¼ vp;s
v8;s

uv,p ¼ vp
vp;s

kv,6 ¼ v6;s
vS0;s

uv,6 ¼ v6
v6;s

kNB ¼ NB;s

vS0;s
uNB ¼ NB

NB;s

kNEB ¼ NEB;s

vS0;s
uNEB ¼ NEB

NEB;s

kr,1 ¼ @1xA;1MR;aq

vS0;s
uv,S0 ¼ vS0

vS0;s

kr,2 ¼ @2xA;1MR;aq

vS0;s
uv,8 ¼ v8

v8;s

kr,3 ¼ @3xB;1MR;aq

vS0;s

kr,4 ¼ @4xB;1MR;aq

vS0;s

Figure 9. Schematic representation of flows in the
biphasic system for HMF production.

gsðxÞ ¼ vS0;s

0 �kNB 0

0
kNBxA;1
MR;aq

0

0 � kNBð1�xB;1Þ
MR;aq

0

0
kNBxBPA;1
MR;aq

0

0
kNBxBPB;1
MR;aq

0

0
kNBxW;1

MR;aq
0

1 kNB 0

� xB;4
MR;org

kNBð1�xB;4Þ
MR;org

0

0 0 �kNEB
0 0

kNEBxA;2
MEx;aq

0 0 � kNEBð1�xB;2Þ
MEx;aq

0 0
kNEBxBPA;2
MEx;aq

0 0
kNEBxBPB;2
MEx;aq

0 0
kNEBxW;2

MEx;aq

0 0 kNEB
0 0

kNEBð1�xB;3Þ
MEx;org

0 0 0

0 0 0

2
66666666666666666666666666666666666664

3
77777777777777777777777777777777777775

Following the model reduction approach as presented earlier,
the description of the fast dynamics of this system similar to
Eq. 3 can be obtained. The resulting quasi-steady state
constraints are linearly dependent; however, in this case, only
the constraints corresponding to the large organic solvent
recycle are linearly dependent whereas the constraints
corresponding to water recycle are linearly independent
(owing to the large inlet and outlet flows). The independent
constraints can be solved to get explicit expressions for the
state variables corresponding to the water recycle loop. The
analysis for the organic solvent recycle loop is performed
along similar lines as the prototype network.

In the fast time scale, the holdups of all the process units
are regulated using a control law of the form:

uv;1
uv;2
uv;3
uv;4
uv;8

2
66664

3
77775 ¼ kðxÞ ¼

1� KC;1ðMR;aq;set �MR;aqÞ
1� KC;2ðMEx;aq;set �MEx;aqÞ
1� KC;3ðMEx;org;set �MEx;orgÞ
1� KC;4ðMR;org;set �MR;orgÞ
1� KC;8ðMEv;set �MEvÞ

2
66664

3
77775 (18)

Using the control of the form of Eq. 13, an ODE representation
of the slow dynamics of the form of Eq. 13 was obtained and
used for the derivation of the model-based controller. In this
slow time scale, the control objectives include the purity of the
product (y1 ¼ xB,6) and the total holdup of the solvent recycle
network (y2 ¼ MR,org þ MEx,org þ MEv). The small flows uv,S0,
uNB, and uNEB are the potential manipulated inputs. Note that the
small flow uv,6 is not considered as a manipulated input as it is
set by the production rate. For this study, we chose uS0 and uNB
to be the manipulated inputs for the slow controller and treated
uNEB as an unmeasured disturbance. However, the mass transfer
rates across the reactor (uNB) (or the extractor (uNEB)) cannot be
manipulated directly. A fast proportional (P) controller (Eq. 19)
was therefore implemented

uv;0 ¼ 1� KC;0ðuNB;set � uNBÞ (19)

resulting in a cascade configuration. The resulting overall
control system is as shown in Figure 10. For the slow control,

we designed a nonlinear input/output linearizing controller.
The relative degree for both the outputs (y1 and y2) is 1 and we
requested first-order responses of the form 20 with b ¼ 200
min. To get offset-free response, the model-based controller
was augmented by an external proportional integral (PI)
controller for the purity loop

b
dy1
dt

þ y1 ¼ y1;set þ ðy1;set � y1Þ þ 1

b

Z t

0

ðy1;set � y1Þds
� �

b
dy2
dt

þ y2 ¼ y2;set ð20Þ
Several simulation scenarios were considered to test the
performance of the proposed control strategy. In the first run,
the purity of the product was changed from 95% to 97.5%
and the corresponding closed-loop responses are shown in
Figure 11. The proposed control strategy enables smooth
transition between the steady states. The initial agressive
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action is again due to the mismatch between the dynamic and
the controller model. In the next run, a 5% error in modeling
the kinetic rate constant k1 was considered, along with the
increase in the product purity. The corresponding plots are
shown in Figure 12. The control system is quite robust to
modeling errors and again results in a smooth steady state

transition. Finally, the production rate was increased by 5%.
This is achieved by introducing a step change of 1–1.05 in
uv,6. The corresponding responses of the process variables are
shown in Figure 13. The proposed control scheme enables
smooth transition in this case too, demonstrating its
flexibility to demand changes.

Figure 11. Closed loop response of the biphasic system for a set point change in product purity.

Figure 10. Control system for the biphasic system for HMF production.
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Note that if the full model (Eq. 17) along with the holdup
controllers (Eq. 18) is used for the derivation of an input/
output linearizing controller for y1, it can be verified that the
relative degree for y1 is 2. This supports the claim in

Remark 5 that the relative degree for xN (xB,6 in this case)
could be different for the full and the reduced order model.

Remark 6 In all the simulation scenarios, it can be noted
that the fast controller does not reach the set point requested

Figure 12. Closed loop response of the biphasic system for a set point change in product purity, in the presence
of modeling errors.

Figure 13. Closed loop response of the biphasic system for an increase in the production rate.
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by the slow controller (given the absence of any integral
action). However, the product purity set point is still
achieved. The slow model-based controller assumes that
there is no deviation in the mass transfer rate across the liq-
uid–liquid extractor (uNEB ¼ 1). However, manipulation of
uv,0 via the fast controller (Eq. 19) introduces deviations in
uNEB. These deviations are not incorporated in the calcula-
tion of uNB,set. The external integral action in (Eq. 20)
ensures that the product purity set point is reached by com-
pensating for all these mismatches (fast controller offset,
uNEB = 1 and controller-dynamic model mismatch).

Concluding Remarks

In this article, a systematic framework for the analysis and
control of process networks featuring large solvent recycle was
developed. Such networks are very common, particularly in
bio-based processes (for extracting a valuable chemical) and
wastewater treatment (for removing impurities). A prototype
network capturing the essential features of such networks was
proposed. This network was shown to exhibit two time-scale
dynamics, with the individual process units evolving at a faster
rate compared to the network. Motivated by this time scale
separation, a hierarchical control strategy was proposed to
achieve key control objectives in each time scale. The pro-
posed framework was applied to a relevant biorefinery example
of HMF production from fructose. The proposed control strat-
egy yielded excellent transitions in product quality and quan-
tity, and demonstrated robustness to modeling errors.
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Notation

d ¼ flowrate, mol s�1

F ¼ flowrate, mol s�1

k ¼ O(1) steady state ratio
K ¼ controller gain
M ¼ holdup, mol
NB ¼ mass transfer rate across the reactor, mol s�1

NEB ¼ mass transfer rate across the extractor, mol s�1

u ¼ O(1) scaled flow
v ¼ flowrate, mol min�1

x ¼ mol fraction
y ¼ controller output

Greek letters

b ¼ nonlinear controller tuning parameter
e ¼ singular perturbation parameter
j ¼ partition coefficient
Q ¼ kinetic rate constant min�1

q ¼ density, mol m�3

s ¼ stretched time scale, s

Subscripts

A ¼ fructose
B ¼ HMF

BPA ¼ byproducts of fructose
BPB ¼ byproducts of HMF
Ev ¼ evaporator

Ex, aq ¼ extractor aqueous phase
Ex, org ¼ extractor organic phase

r ¼ reaction
R ¼ recycle

R, aq ¼ reactor aqueous phase
R, org ¼ reactor organic phase

s ¼ steady state value

set ¼ set point value
W ¼ water
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