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In this research, flexible heat exchanger networks (HENS), mass exchanger
networks (MENS), and combined heat and mass exchanger networks (CHAMENS) are
focused. The mixed-integer nonlinear programming (MINLP) synthesis combining
with nonlinear programming (NLP) feasibility test as a single optimization problem is
presented. Furthermore, an optimal control design consisting of five steps is also
proposed. The steps are 1) the optimal configuration is generated with a minimum
total annual cost (TAC) and minimum slack variables, 2) the optimal configuration is
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constraint regions are formulated, 4) the optimal split-range control structure is
determined by integer linear program (ILP) and 5) the control structure is dynamically
tested. Five case studies are illustrated. Case study 1 from Thunyawart (2010) is the
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A NOVEL SYSTEMATIC APPROACH TO SYNTHESIZE OF
FLEXIBLE HEAT AND MASS EXCHANGER NETWORKS

INTRODUCTON

Chemical processes commonly consist of many unit operations to achieve the
target of the production. Moreover, for the best performance including cost
effectiveness, the yield enhancement, energy efficiency, and pollution prevention of
current processes in the chemical plants, hence, processes must be developed.
Because the chemical process is an integrated system of interconnected units and
streams, the concept of process integration that refers to process design, operation,
and retrofitting is a powerful instrument in developing the current processes. The
popular technigue to integrate the process is the network synthesis e.g. heat exchanger
networks (HENS), mass exchanger networks (MENS), and combined heat and mass
exchanger networks (CHAMENS). Unfortunately, the network for the large-scale
process is difficult to synthesize manually. Hence, this work is to synthesize the
above-mentioned network conveniently via the optimization software called GAMS -

General Algebraic Modeling System.

In addition, optimal operation for HENs, MENs and CHAMENSs can be
achieved at input constraint vertices. However, under the changes of operating
conditions, optimal vertices could be affected and shifted. Hence, optimal
manipulations of inputs are required. A promising procedure based on split-range

control technique.

Split-range control is a simple technique that can handle constraint problems
on manipulated variables (Marlin, 2000). In split-range control, more than one
manipulated variables can be used to adjust one controlled output, that is, when one
manipulated variable is saturated, the other will take over task of the saturated one.
However, the objective here is focusing on the application of split-range control to

implement optimal operation. Glemmestad et al. (1996) and Giovanini et al. (2003)



pointed out that in most cases optimal operation of HENs can be implemented using
split-range control. A systematic procedure for finding an optimal split-range control

structure of HENSs can be found in Lersbamrungsuk et al. (2008).

This work develops a systematic approach of an optimal operation for HENS,
MENs and CHAMEN:S, in a step-by-step as follows. Firstly, flexible HENs, MENS,
and CHAMENSs are synthesized by MINLP synthesis combining with NLP feasibility
test as a single optimization problem to minimize the total annual cost (TAC) and
minimum slack variables Secondly, we identify active constraint regions using
parametric programming (e.g. with MPT toolbox Kvasnica et al. (2004)). Thirdly, an
optimal control structure is generated using split-range control. Finally, we check an

optimal control structure using Aspen Dynamics.



OBJECTIVES

To synthesize the flexible heat exchanger networks (HENS), mass exchanger
networks (MENSs), and combined heat and mass exchanger networks (CHAMENS),
there are mixed-integer nonlinear programming (MINLP) synthesis combining with

nonlinear programming (NLP) feasibility test as a single optimization problem.

Scopes of Work

1. Flexible heat exchanger networks (HENSs), mass exchanger networks
(MENSs), and combined heat and mass exchanger networks (CHAMENS) are focused

in this work.

2. Aspen Plus and Aspen Dynamics version 7 are used for validation of the

proposed method.

3. The network synthesis is targeted on the minimum total annual cost and

minimum slack variables.

Thesis Contributions

1. A systematic method for design and control of heat exchanger networks
(HENS), mass exchanger networks (MENSs), and combined heat and mass exchanger
networks (CHAMENS).

2. To use this knowledge to apply in the other plants.



LITERATURE REVIEW

1. Theories

In this section, we propose the theories there consist of seven parts for using in

this research as follows:

1.1 Synthesis of multi-period heat exchanger networks (Chen and Hung, 2007)

The stage-wise superstructure originally proposed by Yee et al. (1990) is
applied to construct the network structure, for its suitability for formulating the
simultaneous solution that involves the consideration of total utility consumption, the
total number of matches and the total area of heat exchange units. A two-stage

superstructure with two-hot and two-cold streams is illustrated in Figure 1.

out :
T1 tcn
(:) - A

H2 H2 H?,I

T out t . H2 t y 7/ H2 t ! T in
2 c21 ¥ ) C2.2 \ Cc23 c2
3—@—:-— C2 f= : \C2 /= i Cc2

Figure 1 Illustration of two-stage superstructure with two-hot and two-cold streams

for HENSs synthesis

Source: Chen and Hung (2007)



Instead of directly considering all possible combinations of uncertain input
temperatures and heat capacity flow rates for the flexible network synthesis, only a
finite number of possible operating conditions are taken into account for network
design to reduce the searching space. The mathematical programming formulation as
shown in equation 1 for minimizing the total annual cost, TAC, which includes the
first term is average costs of the hot and cold utility consumptions over a finite
number of operating points and the next three terms are the annual costs of installation
and material of the heat exchange units, can be summarized as follows (Biegler et al.,
1997; Chen and Hung, 2005a; Yee et al., 1990):

min TAC = [Z D Cacuf + >’ ZChuqhupJ
p peMP ieHP peMP jeCP
+ Y D CAR + D Cio Al + D Chy Al 1)
ieHP jeCPkeST ieHP jeCP
where
quk
Ij [dtlfkdtupkﬂ(dtl:)k + dtij!J.k+l)/ 2]1/3
A qeu”
o= U, ., [dtcu (T N thcu o e )/ 2]1
A ghu;
i 2 U, [dthu P (T T €0 fdthu P + 7,00 —T @)/ 2
Ajk’ Ai,cu’ Ahu,j = O

Constraint 1: Overall heat balance for each stream

This constraint is needed to ensure sufficient heating or cooling of each
process stream. The constraints specify that the overall heat transfer requirement of
each stream must equal to the sum of the heat it exchanges with other process streams

at each stage plus the exchange with the utilities streams.

(Ti(in)p _Ti(om)p)FCpip = Z Zqi;)k +qeu;’ 2

keST jeCP



(Tj(ounp _Ti(in)p)Fij =2 2 Ofi +ahuf (3)

keSTieHP

Q- deu?, ghu? >0

Constraint 2: Heat balance at each stage
An energy balance is also needed at each stage of the superstructure to
determine the temperatures. Temperatures for the streams are highest at temperature

location k = 1 and lowest at last temperature location k = 3.

(tiE _tiF,)k+1)FCpip = Zqiik (4)

jeCP

(th —thaJFCp} = 2 i (5)

icHP
tic tor ik tea 20
Constraint 3: Assignment of superstructure inlet temperatures
Fixed supply temperatures of the process streams are assigned as the inlet
temperatures to the superstructure. In Figure 1, for hot streams the superstructure inlet
corresponds to temperature location k = 1, while the cold streams, the inlet

corresponds to location k = 3.

th =T™", ti',JNT+1 :Ti(in)p (6)

Constraint 4: Feasibility of temperatures

Constraints are also needed to specify a monotonic decrease of
temperature at each successive stage. In addition, a bound is set for the outlet
temperatures of the superstructure at the specific stream’s target temperature. Note
that the temperature of each stream at its last stage does not necessarily correspond to
the stream’s target temperature since utility exchanges can occur at the outlet of the

superstructure.



th>th ., (7
th >tP 8)
T < ti’,JNT A 9
T 2t (10)

Constraint 5: Hot and cold utility load
Hot and cold utility requirements are determined for each process stream
in terms of the outlet temperature in the last stage and the target temperature for that

stream. The utility heat load requirements are determined as follows:

(tir,)NT+l Vit )FCpip = qcuy’ (11)

(-I-j(out)p _tjpl)Fij — qhujp (12)

Constraint 6: Logical constraints
Logical constraints and binary variables are needed to determine the
existence of process match between streams i,j in stage k and also any match

involving utility streams. The binary variables, 0-1, are represented by z;, for process

stream matches, zcu; and zhu; for matches involving cold and hot utility,
respectively. An integer value of one for any binary variable designates that the match

is presented in the optimal network.

ik — Ay Zy <0 (13)
gcu” —A;zcu, <0 (14)
qhujp—Ajzhuj <0 (15)

Zy zeu;, zhu; € {01}



Constraint 7: Calculation of approach temperatures

The area requirement of each match will be incorporated in the objective
function. Calculation of these areas requires that approach temperatures be
determined. To ensure feasible driving forces for exchangers that are selected in the
optimization procedure, the binary variables are used to activate or deactivate the

following constraints. Nevertheless, the approach temperature between the hot and

cold streams at any point of any exchangers will be at least AT, .. .

dtl, <t? —t2 +T,(L-z,) (16)
At <th —th . +T,(L-2,) a7
dtcu <ty ,, T + T (1-zey, ) (18)
dthu <TS" —tf +T, (- zhuj) (19)
dt, dty, ;. dtcu”, dthu? > AT (20)
dt;, dtf, ;. dtcu®, dthu >0

1.2 Synthesis of multi-period mass exchanger networks (Chen and Hung,
2007)

The stage-wise superstructure for MENSs is applied to construct the
network structure, for it is also suitable for formulation of the simultaneous solution
that involves the consideration of the total consumption of mass separating agents, the
total number of stream matches and the total size of mass exchange units (Chen and
Hung, 2005b, 2005c; Szitkai et al., 2003). A two-stage superstructure with two-rich

and two-lean streams is shown in Figure 2.



: Stage k=1 Stage k=2
. x;g TX‘J' xéa X" S1

Figure 2 Illustration of two-stage superstructure with two-rich and two-lean

streams for MENSs synthesis

Source: Chen and Ping (2007)

A finite number of operating points are simultaneously taken into account
for MEN synthesis. The mathematical programming formulation to minimize the total
annual cost, TAC, that the first term is average costs of external mass separating
agents over a finite number of operating points and the next two terms are annual
costs of installation and material of the mass exchange units, can be summarized as

follows:

min TAC =

Y > 2CPNsty +) Z Hi

JeLP ieRP jeLP) keST ieRP jeLPM) keST

(21)

Mass exchanger can be classified into two main categories: stage-wise

exchangers and continuous-contact exchangers. The common types of stage-wise
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exchangers are tray or plate columns, and for continuous-contact exchangers are
packed towers. When mass exchange takes place in a tray column, the number of
required stages must be determined from the Kremser equation. Thus, the log-mean
Kremser equation for stage numbers can be formulated as follows:

)0_3275 1/0.3275

(yiE - SYiFk )0.3275 + (sy;E B y;,rjk+1
(dyxii}’k )0.3275 N (dyxoi,Pk )0.3275

Nst;;, >

When absorption or stripping takes place, a continuous-contact packed
towers is suggested for mass exchange. The required packed height for i,j match in
stage k for separation is characterized by a number of imaginary transfer units, Nstij,
and the overall height of a transfer unit, Hij. The overall packed height is given by the
following equation, where the log-mean calculation is also applied from Chen’s

approximation and the smooth approximation method.

M ) (dyXiiJPk )0'3275+ (dyXO ¥ )0'3275 e

H > ijk
"~ k,aS 2

Nst;, ,Hy, =0
where y;f., =m;x"jka+by and syh,, =m;sx®i +by are equilibrium composition

Constraint 1: Overall mass balance over the whole network

An overall mass balance is needed to ensure sufficient exchange of any
transferred components for all rich streams. The constraints specify that the overall
mass transferable requirement of each rich stream must be equal to the sum of mass
which is exchanged with other lean process streams or MSAs at each stage. Similar

constraints also apply for all lean streams, as stated in the following.

(Yi’i - yi?muk’ip = z Z M ijpk (22)

keST jeLP
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(Xipl -X jp,Nsu)L? =D > Mg (23)

keSTieRP

yiF;’XFk’Gip’L?’MiJPkZO

Constraint 2: Mass balance in each stage

These constraints are also needed to determine the composition of the
transferable component as well as partition of flow rates for all parallel units. The
composition location k = 1 involves the highest composition. The component and total
mass balance for each stream in each stage are as follows:

(YiE y yir,)k+lbip = z Mijpk (24)
jeLP
(ijk - X jp,k+1)|-? = _%Mijpk (25)
ije
G’ = Zgijpk (26)
jeLP
Lf = > 5 (27)
jeRP

giJPk’[iF}k 20

Constraint 3: Mass balance in each exchange unit

For the exchange unit between rich stream 1 and lean stream j in stage k,

the compositions before mixers, sy; and sx;, are defined. A component mass balance

is needed for each local exchange unit, where g and /{, are split mass flow rates.

gijpk (Yiﬁ - Syi})k ): M iJPk (28)
¢ i’}k (Sxi;)k - ij,k+l) =M ijpk (29)

p p P ayP
ik Xjksar SYiser SXije = 0
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Constraint 4: Assignment of superstructure inlet/outlet compositions

The given inlet/outlet compositions of the rich and lean streams are
assigned as the inlet/outlet compositions to the superstructure. For rich streams, the
superstructure inlet corresponds to composition location k = 1. While for lean streams,

the inlet corresponds to location k = Ns + 1.

Yi PEE Y ij(m) = ij,N5+l (30)
Yi e — Yinar X1 S X}up) (31)
ij(om) 2 ijl’ yi’,)NS+1 SYi(up) (32)
LP < LW (33)

Constraint 5: Feasibility of the transferable component

Constraints are also needed to guarantee monotonic decrease of all
compositions at successive stages.

Yie = yil,)k+1 (34)

X = X (39)

Constraint 6: Logical constraints

Logical constraints and binary variables, z;, , are needed to determine the
existence of process match between streams i,j in stage k. An integer value of 1 for
binary variable z;, designates that the match between rich stream i and lean stream j

in stage k is presented in the optimal network. z;, is zero if the match (i, j) in stage k is

absent, and thus the mass load M also becomes zero.

M2 ~UPz, <0 (36)

ij Sijk =

Z; € 0.1}

Constraint 7: Feasibility constraints of the equilibrium relationships
The feasibility constraints of the equilibrium relationships ensure positive

driving forces for the potential process exchange units. Binary variables are used to
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activate or deactivate the following constraints. If a match does not occur, the
associated binary variable equals zero and the large positive upper bound T3P is
remained. In these equations, a minimum composition approach ¢;is also chosen so
that feasible mass transfer in a finite number of equilibrium stages or finite area can

be achieved in each transfer unit.

dyXiiJPk < Yiﬁ = mij SXiJPk _bij +1-*ijp (1_ Zijk) (37)
dyxoijpk 3 Syijpk =3 mij ijp,k+1 - bij +rijp (1_ Zijk) (38)
dyXiqu ' dyxoi;)k = M; &

dyxig, ,dyxog >0
1.3 Flexibility test for heat exchanger networks (Chen and Hung, 2007)

According to the resulting multi-period heat exchange network configuration
from Section 1.1, the calculation of temperature difference around all matched units in
each period is examined to ensure feasible driving force for all units. They apply
binary parameterszf,, zcu’and zhuPto denote the existence of units in the
superstructure for current network when executing the simplified flexibility analysis.
Then, the z;;, value is assigned to be one when the (i, j) match at stage k is existing,
otherwise the value is zero. The relations concerned with approach temperatures are,
respectively, multiplied with the given binary parameterszf,, zcufand zhu?for
relaxing the equality constraints for those units that are not existent in the candidate
network. A lot of testing points p € MP randomly distributed within the uncertain
parametric domain are then applied to examine if the current network structure can be
accepted. For those existing units, slack variables, sdtf , sdtcuand sdthu} are used
for measuring the violation of approach temperatures (Aaltola, 2003), where the units

area are not considered temporarily to simplify the flexibility test.
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2P (dth —(t2 —t2 + solt,fk )=0 (39)

Ij k+l(dtlj k+1 ( ik+l j k+1 + Sdtlj k+1 )): (40)
zcu, (dtcu L (t, N — T+ sdcu? )): 0 (41)
zhu? (dthu? — (Thg<°”° P, +sdhuP ))=0 (42)

After this, the simplified flexibility testing problem can be written as the
following linear programming (LP) to minimize the summation of these slack

variables for each testing point.

minJf=> > Z(Zudetl:)k s Zlf)k+lsdtijp,k+1)

ieHP jeCPkeST

+ > zeuPsdtcu? + > zhuPsdthu? (43)

ieHP jeCP

The idea of this formulation is to minimize the overall violation of

temperature approaches for each set of testing data. The most violating point, i.e., the
testing point with maximum positive J ., value over all p e MP, can be taken as an

additional period for subsequent network synthesis. That is, when at least one testing
point fails to pass the simplified LP flexibility test, then the multi-periods MINLP
model is resolved for network synthesis with this additional period included. The
loop, including the MINLP synthesis step and the LP flexibility test as shown in
Figure 1, should be repeated until the resulting network is feasible for all test points in
the whole specified range of parametric variations.

1.4 Flexibility test for mass exchanger networks (Chen and Hung, 2007)

To identify the feasibility of each testing point without considering the

restraints on unit size, slack variables sdyxij and sdyxo; are used to measure the

violation of feasible driving forces for existing mass exchange units. The fixed binary
parameters zj are used to define whether the constraint of specific composition

difference is involved or not.
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Zi (dyxi ik — (yi{j — M, SXi — by + sdyxi g )) =0 (44)
Zj (dyxoijpk - (Syijpk —M;SX}y ., — by + sdyxog ): 0 (45)

The problem of measuring the overall violation of each testing point

p € MP can be formulated as the following nonlinear program.

minJf. => > > zh (sdyxiij’k + sdyxoifk) (46)

ieHP jeCPkeST

A positive Jy. .. value implies the infeasible MENSs structure for the
testing point. The most violated testing point(s) can be appended as new period(s) for
the synthesis of new MENSs candidate. One can proceed the flexibility test considering

units area restraints when all testing points have zero violation measure.

1.5 Synthesis of multi-period combined heat and mass exchanger network
(Turnprakiat, 2007)

In his work, he adapts the stage-wise superstructure for modeling the
synthesis problem of combined heat and mass exchanger networks optimization.
Figure 3 shows the two-stage superstructure for the combined heat and mass
exchanger networks (CHAMENS) in case of both high temperature favorable
equilibrium relation for MSA, S1, and low temperature favorable equilibrium relation
for MSA, S2, are used. The external hot and cold utilities are taken into account to use
with both lean streams, S1 and S2, and we assume no waste heat in the process.



16

Stagek =1
-l-1 out :
X1<0u‘)
R1 '
¥, :
|
|
Xz(out) |
out
T, |
R2 — l
Yz(m) | 1 Va3 Yz(out)
| |
| - |
Composition Composition Composition
location location location
k=1 k =2 k =3

Figure 3 Two-stage superstructure for combined heat and mass exchanger networks

Source: Turnprakiat (2007)

The synthesis of combined heat and mass exchanger network must concern
about the trade off between investment cost of mass exchangers and the total cost for
heat exchangers - utilities and investment cost. The main factor in trading off these
costs is the equilibrium relation for each MSAs. We classify the type of equilibrium
relation into two types which are high temperature favorable equilibrium relation and

low temperature favorable equilibrium relation.

For the principle of high temperature favorable equilibrium relation, if we
increase the temperature to the MSAs, lean stream, the mass exchange performance of
those MSAs on the rich stream will increase. Consequently, the size of the mass
exchanger will decrease. The MSAs that suitable for this equilibrium relation is a
stripping agent for a stripper. In contrast, for the low temperature favorable
equilibrium relation, the decreasing of the MSAs’ temperature will impact in reducing
the size of the mass transfer equipment. MSAs that is classified to this equilibrium

type, normally, is a solvent for gas absorption.

Within each stage of the superstructure, mass exchanges between any pair

of rich and lean streams can occur. In each stage, the rich (lean) process stream can
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split and direct to an exchanger in order to match with each lean (rich) stream.
Obviously, the two-stage superstructure for the problem containing two rich and two
lean streams involved eight mass exchangers with four possible matches in each stage
e.g. in stage k = 1, possible matches are R1 - S1, R1 - S2, R2 - S1, and R2 - S2.
Moreover, in each stage of superstructure, MSA, S1, is assumed to be heated up to the
favorable temperature in order to enhance the mass exchange performance before fed
to the mass exchanger and finally must be cooled down to the initial temperature of
that MSA. Conversely, MSA, S2, is assumed to be cooled down to the favorable
temperature in order to enhance the mass exchange performance before fed to the
mass exchanger and must be heated up to the initial temperature of that MSA at the

first composition location of superstructure.

The objective function is the minimum total annualized cost of the
network which is subjected to the following constraints. The derived constraints are
divided into two parts in which dependent upon the temperature favorable of MSAs

used.

Constraint 1: Overall mass balance over the whole network

An overall mass balance is needed to ensure sufficient exchange of any
transferred component for all rich streams. The constraints specify that the overall
mass transferable requirement of each rich stream must be equal to the sum of mass

which exchanged with other lean process streams or MSAs at each stage.

(Yirl) - Yir,)Nsubip = Z Z Mijpk (47)

keST jeLP

(Xipl -X jp,NsA)L'j) =D > Mg (48)

keSTieRP

Constraint 2: Mass balance in each stage

These constraints are also needed to determine the composition of the
transferable component as well as partition of flow rates for all parallel units. The
composition location k = 1 involves the highest composition whereas k = Ns + 1

involves the lowest composition.
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(yiE - yi’,)k+lbip = z Mijpk (49)
jeLP
(in - X jp,k+1)|-2J = _%Mijpk (50)
ije
Gip = Zgijpk (51)
jeLP
L§ = > ¢k (52)
jeRP

Constraint 3: Mass balance in each exchange unit

A component mass balance is required for each local exchange unit. The

new variables include of split mass flow rates gj and/{,, and composition before

mixer, sy; and sxg , as depicted in Figure 3.

ik (Yiﬁ — SYii ): M (53)

¢ Sk (SXiFk —X jp,k+l) =M ijpk (54)

Constraint 4: Assignment of superstructure inlet/outlet compositions

The given inlet/outlet compositions of rich and lean streams are assigned
as the inlet/outlet compositions to the superstructure. For rich streams, the
superstructure inlet corresponds to composition location k = 1. While for lean streams,

the inlet corresponds to location k = Ns + 1.

Y, plin) — yir Y plout) _ yi’,)NS+1 (55)
ij(in) _ ij’Nerl, ij(out) - ijl (56)

Constraint 5: Feasibility of the transferable component
Constraints are also needed to guarantee monotonic decrease of all

compositions at successive stages.

p p p p
Yik 2 Yiksar Xk 2 Xjxu (57)
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Constraint 6: Logical constraints for mass exchange system

Logical constraints and binary variables are needed to determine the
existence of process match between streams i,j in stage k. An integer value of one for
binary variable z;j designates that the match between rich stream i and lean stream j in

stage k is presented in the optimal network.

Mljpk UIJ lek o O (58)

Constraint 7: Feasibility constraints of the equilibrium relationships

The feasibility constraints of the equilibrium relationships ensure positive
driving forces for the potential process exchange units. Binary variables are used to

activate or deactivate the following constraints.

\

yiJPk - ( jk XSXuk + &jj ) 1_‘ijp (1_ Ziik )

Syijpk u (tﬁ( Xxuk BiA Eij ) bl] + 1—‘ijp (1_ Zijk )

0 (59)

\

0 (60)

As mentioned about two cases of equilibrium relations, the constraints
used in each case are different. If a stripping agent is selected as a MSAs used in the
process, the case of high temperature favorable equilibrium relation must be

investigated. The constraints are defined as follows:

Constraint 8: Hot and cold utilities load
Hot and cold utility requirements are determined for each lean stream in
term of the outlet temperature in the last stage and the target temperature for that

stream. The utility heat load requirements are determined as follows:

(t b —Tsiowe )L ,Cp? =qeuf (61)

(t5 —tp )L CoP =ghu, ., (62)
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Constraint 9: Assignment of superstructure inlet temperature
Fixed supply temperatures (Tsjp(i")) of the lean streams are assigned as the

inlet temperatures to the superstructure. In Figure 3, the lean streams inlet temperature

corresponds to the last composition location, k = 3.
TsP(W =P
i JNg+1 (63)

Constraint 10: Feasibility of temperatures
Constraints are also needed to specify a monotonic increase of temperature

at the first composition location, and monotonic decrease for the following successive

stage of superstructure.

(out)
Ts| Stﬁ( (65)
t ji 2t jp,k+1 (66)
(up)
Ts;™® =t} (67)

Constraint 11: Logical constraints for heat exchange system

Logical constraints and binary variables are needed to determine the
existence of utility match between lean streams and external utility in stage k. The
binary variables, 0-1, are represented by zcuj and zhuj for matches involving cold
and hot utility, respectively. An integer value of one for any binary variable

designates that the match is presented in the optimal network.

qeuj —Ajzeu, <0 (68)

qhuﬁm — A zhuj’k+1 <0 (69)

Constraint 12: Calculation of approach temperatures
The area requirement of each match will be incorporated in the objective

function. Calculation of these areas requires that approach temperatures be
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determined. Nevertheless, the approach temperature between the lean stream and

hot/cold utilities at any point of any exchangers will be at least AT ;, .

AT i 2t —TIN,, (70)
dtcu, <t? —TOUT, (71)
dthu , <TOUT,, ~t,,., (72)

In case of MSAs is a solvent for gas absorption, it implies that low
temperature is more thermodynamically favorable for mass exchange than high
temperature. For this scenario, generally, constraints numbers 1 to 7 and 9 e.g. mass
balances, feasibility of the transferable component etc., are exactly the same. The
additional constraints for low temperature equilibrium relation are performed as

follows:

Constraint 13: Hot and cold utilities load
Hot and cold utility requirements are determined for each lean stream in
term of the outlet temperature in the last stage and the target temperature for that

stream. The utility heat load requirements are determined as follows:

(Tsie0» —t2 )L, Cpp =qhu, (73)

(t jp,k+1 _tji )Lijjp =(qcu jp,k+l (74)

Constraint 14: Feasibility of temperatures
Constraints are also needed to specify a monotonic decrease of
temperature at the first composition location, and monotonic increase for the

following successive stage of superstructure.

Tslo > th (75)

tjpk < tjp,k+1 (76)
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(o) ~4p
Tsj™ <t (77)

Constraint 15: Logical constraints for heat exchange system

Logical constraints and binary variables are needed to determine the
existence of utility match between lean streams and external utility in stage k. The
binary variables, 0-1, are represented by zcuj and zhuy for matches involving cold
and hot utility, respectively. An integer value of one for any binary variable

designates that the match is presented in the optimal network.
qhufk —A;zhu;, <0 (78)

qCUjp,k+1 -Ajzeu;,, <0 (79)

Constraint 16: Calculation of approach temperatures

The area requirement of each match will be incorporated in the objective
function. Calculation of these areas requires that approach temperatures be
determined. Nevertheless, the approach temperature between the lean stream and

hot/cold utilities at any point of any exchangers will be at least AT, .

AT i 2TIN, —t] (80)
dthu, <TOUT,, —t} (81)
dtcu, <t;,,, —TOUT, (82)

Objective Function: Minimum total annualized cost

In the synthesis of CHAMENS, The objective function consists of four
main terms i.e. MSAs cost and the annualized equipment cost for mass exchange
system, and utilities cost and the annualized equipment cost for heat exchange system.

The equation for this objective is derived as follow:

In the synthesis of CHAMENS, The objective function consists of five
main terms i.e. the average costs of external mass separating agents over a finite

number of operating points; the annual costs of installation and material of the mass
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exchange units; the average costs of the hot and cold utility consumptions over a finite
number of operating points; the annual costs of installation and material of the heat

exchange units. The equation for this objective is derived as follow:

mnTAC=—=_SCL'+Y S TCUNst, +3 > S CIH,,
N P +1 jeLP ieRP jeLP®) keST ieRP jeLP" keST
A D> > Cuacul+ > > Cpohu’
N D +1{ pewp jerp peMP jeLP
+ Z ch,cu Ajp,cu + Z Zchu,jAhpu,j (83)
peMP jelLP peMP jelLP
where
cuP
Ai,cu 2 [ - ek i /3
U, [dtcu (T —T ™ Ydteu? +T 0 —T )/ 2f
A ghu?
YU, ldthu (T —T 0 (dthu P+ T —T 0 )/ 2]
A A 20
03275 rd vy \0.327571Y03275
Nst. > (YiE - SyiJPk) + (SYijE T yijﬁwl)
Stiik N p 03275 p \03275
(dyx'ijk ) + (dyxoijk )

.- \0.3275 0.327571¥0-3275
Ho > Mijpk o (dyXIiJPk) +(dyxoijpk)
"~ k,as 2

Nst;, , Hy =0

Synthesizing the special case of CHAMENS is carried out using the
modified stage-wise superstructure as demonstrated in Figure 4. The superstructure
contains two main configurations, one for HENs superstructure and another for MENs

superstructure.
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Figure 4 Stage-wise superstructure for a special case of CHAMENS: a) HENs superstructure, b) MENSs superstructure, c) First-stage

superstructure, d) Second-stage superstructure and e) Third-stage superstructure

Source: Turnprakiat (2007)
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In this figure, the low temperature favorable equilibrium MSAs is
examined. The main of this superstructure is almost the same as the structure for
HENs and MENs. The differences are all cold streams in the first stage of HENs
superstructure, before fed to the heater, are taken into account as a source to cool
down MSAs in each stage of MENS superstructure. All hot streams in the last stage of
HENSs superstructure are joined to heat up MSAs in the first stage of MENSs
superstructure before fed to the heater. The following part derives the constraints and
objective function used in this special case of CHAMENS.

The objective function of this section is to minimize total annualized cost
of the network which is subjected to the following constraints. The derived constraints
are divided into two parts which are the constraint for heat integration, and the
constraints for mass integration. Furthermore, some essential constraints which are

used to calculate the energy balance in the MENS superstructure are also included.

Constraint 1: Overall heat balance for each stream

This constraint is needed to ensure sufficient heating or cooling of each
process stream. The constraints specify that the overall heat transfer requirement of
each stream must equal to the sum of the heat it exchanges with other process streams

at each stage plus the exchange with the utilities streams

(Ti(in)p _Ti(ouop)FCpip = Z Zqijpk + quhis,l +qcu (84)
keST jeCP seLP

(reor —T™r)FCp) = 32 > ag + X, Yame,y, +ahuf (85)
keSTieHP km selLP

Constraint 2: Heat balance at each stage

An energy balance is also needed at each stage of HENs and MENs
superstructure to determine the temperatures. For HENS, streams temperature are the
highest at location k = 1 and the lowest at last temperature location. For MENSs, the
highest temperature locates at the inlet and outlet of that lean stream whereas the

lowest is at the first stage km =1
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ti _tiF,)k+1)FCpip = Zqijk (86)
jeCP
(t5 ~tpesJFCR) = > a (87)
ieHP
(thinuip —thoutu ” )FCpip = > gmhy, (88)
seLP
(teoutu P —tcinu P JFCp? =S S gme ., (89)
km seLP
(tSSspyl _tssp,l)Lsts = zthis,l (90)
ieHP
(tssrfkmﬂ _tsssp,karl)Lstsp = qucjs,kmﬂ (91)

jeCP

Constraint 3: Assignment of superstructure inlet and outlet temperatures

Fixed supply temperatures of the process streams are assigned as the inlet
temperatures to the superstructure. In Figure 4a, for hot streams the inlet corresponds
to temperature location k = 1, while the cold streams, the inlet corresponds to location
k = 3 and for Figure 4e, the inlet temperature of each lean streams is located at the last
composition location (km = 3). In addition, the constraints for the inlet/outlet
temperature at the first and the last stage of HENSs superstructure are also derived as

follow;

p_T(mp P —T0Mp P — T (inp
ti1 =T 1ti,N5+1 _Tj ’tSs,NSm+1 _Ts

! (92)
thy .q =thinu® thhf , =thout? (93)
tp, =tcinu; ,tec’, =tcout; (94)

Constraint 4: Feasibility of temperatures

Constraints are also needed to specify a monotonic decrease of
temperature at each successive stage. In addition, a bound is set for the outlet
temperatures of the superstructure at the specific stream target temperature. Note that
in HENs and MENSs superstructure, the temperature of each stream at its last stage
does not necessarily correspond to the stream target temperature since utility

exchanges can occur at the outlet of this superstructure.
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tk 2th (95)
th>th ., (96)
T <thhfy L, thy 0 2 thhf (©7)
T >tecl,, tecf, >tch, (98)
T >tssp), tss?) 2152 (99)
1S ey =198ty 1980y 2180 (100)

Constraint 5: Hot and cold utility load
Hot and cold utility requirements are determined for each process stream
in term of the outlet temperature in the last stage and the target temperature for that

stream. The utility heat load requirements are determined as follows:

(t°,,.. — T JFCp? = qeu? (101)
(TJ(OUOp —tee ﬁl)Fij =qhuy (102)
(T —tss?, )L,Cp? = ghhy, (103)
(tSSSijerl —1 )Lstsp = 0CC ks (104)

Constraint 6: Logical constraints

Logical constraints and binary variables are needed to determine the
existence of process match between streams i,j in stage k and also any match
involving utility streams. The binary variables, 0-1, are represented by z;j for process
stream matches, and zcu; and zhu; for matches involving cold and hot utility,
respectively. An integer value of one for any binary variable designates that the match

is presented in the optimal network.

qi;)k — Az <0 (105)
gmhg, — A, zmh,, <0 (106)

qmcp _Ajszmcjs,km+1 <0 (107)

js,km+1
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qeu,” — A, zcu, <0 (108)
ghuy — A zhu; <0 (109)
0CC i1 — AgZCCq g <O (110)
ghh, —Azhh, <0 (111)

Constraint 7: Calculation of approach temperatures

The area requirement of each match will be incorporated in the objective
function. Calculation of these areas requires that approach temperatures are
determined. To ensure feasible driving forces for exchangers that are selected in the
optimization procedure, the binary variables are used to activate or deactivate the
following constraints. Nevertheless, the approach temperature between the hot and

cold streams at any point of any exchangers will be at least AT ;, .

dtg <tg —ty +T; (1_ Zijk) (112)
dty . <t — e + T (1_ Zijk) (113)
dtmhig ., <thinu/ —tss? +T'm, (1— this,km) (114)
dtmho;! ., <thoutu” —ts/, +I'm; (1— zmhis‘km) (115)
dtmci g, <ts?,, —tcoutu; +I'm (1— ZijS’km) (116)
dtmeo g\, <tssf,, —tcinu; +T'm; (1— chjs,km) (117)
dthu®; <T " —tccPja (118)
dtcu ®i <thhPin.a -T2 (119)
dthhPs <T M —tssPs, (120)
dtcc Psumea <SSP, — T (121)

The second part is the constraints derived to use in the section of MENs
design. The constraints described in chapter two about MENSs superstructure are

employed to synthesize this special case of CHAMENS.
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Constraint 8: Overall mass balance over the whole network

An overall mass balance is needed to ensure sufficient exchange of any
transferred component for all rich streams. The constraints specify that the overall
mass transferable requirement of each rich stream must be equal to the sum of mass

which exchanged with other lean process streams or MSAs at each stage.

(Yr(in)p _Yr(out)pbrp _ z ZMr';km (122)

kmeSTmselLP

(X S(out)p A Xs(in)P )LE = Z Z M rz,km (123)

kmeSTmreRP

Constraint 9: Mass balance in each stage
These constraints are also needed to determine the composition of the
transferable component as well as partition of flow rates for all parallel units. The

composition location km = 1 involves the highest composition whereas km = NS, + 1
involves the lowest composition.

(Vi = VoimaJBF = S ML, (124)

(X = X )L = SEZRPM L (125)

GP = s;ggri,km (126)

L2 =2, (127)
b

Constraint 10: Mass balance in each exchange unit

A component mass balance is required for each local exchange unit. The
new variables include of split mass flow rates, ggrsxm and llsxm, and composition
before mixer, Syrskm and SXrsm, as depicted in Figure 4b.

gg rps,km (yrpjkm - Syrps,km ): M r';,km (128)

Il r’;,km (eri,km - Xsp,km+l): M r';,km (129)
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Constraint 11: Assignment of superstructure inlet/outlet compositions

The given inlet/outlet compositions of rich and lean streams are assigned
as the inlet/outlet compositions to the superstructure. For rich streams, the
superstructure inlet corresponds to composition location km = 1. For lean streams, the

inlet corresponds to location km = NS, + 1.

Y, p(in) =y, Y, plowt) _ yrp,Nsm+1 (130)
X Sp(m) xP X SP(OUt) — XSP’1 (131)

s,NS;+1?

Constraint 12: Feasibility of the transferable component
Constraints are also needed to guarantee monotonic decrease of all

compositions at successive stages.

p p p p
yr,km 2 yr,km+l1 Xs,km e Xs,km+1 (132)

Constraint 13: Logical constraints for mass exchange system

Logical constraints and binary variables are needed to determine the
existence of process match between streams r,s in stage km. An integer value of one
for binary variable zmxm designates that the match between rich stream r and lean
stream s in stage km is presented in the optimal network.

M rz km Umrzzmrs km — <0 (133)
Constraint 14: Feasibility constraints of the equilibrium relationships
The feasibility constraints of the equilibrium relationships ensure positive

driving forces for the potential process exchange units. Binary variables are used to

activate or deactivate the following constraints.
yrp,km - ( s,km szr km T €rs )_ brs + F (1 Zmrs km) >0 (134)

Syrz,km - m ( s,km XXS km+1 ) b + r : (1 Zmrs km) 0 (135)
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Objective Function: Minimum total annualized cost

In the synthesis of special CHAMENS, we attempt to minimize the total
annualized cost of the system. The objective function in this task, thus, consists of four
main terms i.e. MSAs cost and the annualized equipment cost for mass exchange
system, and utilities cost and the annualized equipment cost for heat exchange system.
The equation for this objective is derived as follow:

min TAC =

ZC Z Z ZCF(;)NStFS,km +Z Z Zcrs rs,km
eLpth

p 1% reRPseLPt) kmeSTm reRPs ) kmeSTm

N +1(Z 2.Ca0euf + 3, > Cyahuf j

peMP ieHP peMP jeCP

(Z > Cpghhl + > chuqccska

p peMP seLP peMP seLP

i Z Z zcij Aij + ch cu /il:uw + Zchu jAJﬂLEu + Z ZAISISI

ieHP jeCPkeST ieHP jeCP ieHPseLP
Bis A B,
+ Z Z z CJsAJsjkm + ZCsAsﬂl + z ZCS ,km (136)
jeCPseLPkmeSTm selLP seLP  km

where

( b > )0.3275 ( o “p )0.3275 03275
Nst > yr,km ~ Syrs km - Syrs,km - yrs,km+l
rs,km = 0.3275 P 0.3275
(dyXI rs,km ) + (dyXO )

rs,km

03275 03275 1¥0-3275
Hrs o > Mr’; km (dyXIrs km) +(dyxorps,km)
' kyaS 2
Qi
Ay 2 :
U oty (el + e, 2]
cu;| P
Ai,cu 2 ! /3
U, [dtcu P (T 00 (™ thcu +T0 T ) 2]
ghu?
wi = [ i i 13
U, [dthu P (T T €0 {dthu P + T, —T )/ 2]




32

Qi
Aus > '
" U, [dtmhig, dtmhoy , (dtmhi?, + dimhoy, )/ 2}"

p
qjs,km

U, [dtmci S mdtmeoy (dtmci o

js,km js,km

A >

js,km =

+dtmeo 2., )/ 2]1/3

A > Asa
P U [dthhp (1,00 —tss,  fdthh? +T.00 — T, ) 2}

p
qs,km+1

[dtcc P (tSSS,ka -7 thcc Py + T _T (000 )/ 2]1/3

s, km+1 s,km+1

As,km+1 2
U

s,km+1
1.6 Parametric programming

In an optimization framework, where the objective is to minimize or
maximize a performance criterion subject to a given set of constraints and where
some of the parameters in the optimization problem vary between specified lower and
upper bounds, parametric programming is a technique for obtaining (i) the objective
function and the optimization variables as a function of these parameters and (ii) the
regions in the space of the parameters where these functions are valid (Fiacco, 1983;
Gal, 1995; Acevedo and Pistikopoulos, 1996, 1997; Pertsinidis et al., 1998;
Papalexandri, 1998; Acevedo, 1999; Dua and Pistikopoulos, 1999)

The main advantage of using the parametric programming techniques to
address such problems is that for problems pertaining to plant operations, such as for
process planning Pistikopoulos et al. (1998) and scheduling, one can obtain a
complete map of all the optimal solutions. Moreover, as the operating conditions
fluctuate, one does not have to re-optimize for the new set of conditions since the
optimal solution as a function of parameters (or the new set of conditions) is already
available. Mathematically, such problems can be posed as multi-parametric mixed-

integer nonlinear programming problems of the following form:
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z(0) =mind"y + f(x) (137)

subjectto  EY+9(X)<b+F&

0, <0<0,,

m

xe X cR"
yeY ={0,3"
0ec®c R

where y is vector of 0-1 binary variables, x is a vector of continuous
variables, f is a scalar, continuously differentiable and convex function of x, g is a
vector of continuously differentiable and convex functions of x, b and d are constant

vectors, E and F are constant matrices, @ is a vector of parameters, 6, and 6, are

the vectors of lower and upper bounds on &, and X and ® are compact and convex
polyhedral sets of dimensions n and s, respectively. While the detailed theory and
algorithms for solving equation 137 were proposed by Dua et al., (1999, 2000), the

engineering significance of solving equation 137 by using parametric programming.

1.7 Degrees of freedom of networks

To operate the plant in an optimal manner, one should first answer the two
questions: (Q1) are there enough degrees of freedom (DOFs, or manipulated
variables) for control? and (Q2) are there extra degrees of freedom for an
optimization? The question (Q1) is used to check the possibility to control each
controlled variable independently, while the question (Q2) is used to check whether
except the control design for setpoint satisfaction, we also need to consider the
economic objective or not. For heat exchanger networks, Marselle et al. (1982)

proposed the definition of the number of degrees of freedom (Npog) by

Npor = Nunits = Nt (138)
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where Nunits 1S the number of exchanger units or manipulated variables
(degrees of freedom) and N is the number of target temperatures.

The condition Npor > 0 is necessary for the operation to be feasible and
utility cost optimizable. However, this is not enough to answer the questions (Q1) and
(Q2). The more precise definition of the number of degrees of freedom with respect to
utility cost optimization (Npor,u) that was sufficient to answer the two questions was

proposed by Glemmestad (1997) as shown in the following:

NDOF,U = DS + Ny - N¢ (139)

where DS is the dimensional space spanned by the manipulated variables
in the inner exchanger to the outer exchanger and Ny is the number of utility types.

The implication of Npor,u can be summarized as shown in Table 1. The
operation will be structurally feasible (question Q1) if and only if the condition Npor u
> 0 can be satisfied. Furthermore, there will be extra degrees of freedom for utility

cost optimization (question Q2) if and only if Nporu> 0.

Table 1 The implication of Npor,u

Case (QL) (Q2)
Npor,u<0 No No
Npor,u=0 Yes No
Npor,u>0 Yes Yes

It is obvious that the operation of networks will be more challenging when
Npor,u > 0 because aside from the set-point satisfaction, the utility cost should also be
minimized. This means that a common heuristic rule for the control design such as
manipulating the last exchanger on a stream for a direct effect (Marselle et al., 1982;
Calandranis and Stephanopoulos, 1988; Mathisen, 1994) may not be preferred from

an energy point of view.
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Several strategies were proposed to handle optimal operation of networks.
The early researches were techniques based on structural information. Marselle et al.
(1982) applied a graph theory to suggest a control structure and developed a control
policy to adjust flow distributions in networks to meet target with minimum utility
usage. Calandranis and Stephanopoulos (1988) used the structural characteristics of
networks to identify routes to allocate loads to available sinks and developed a
knowledge-based concept to select the best route. The methods based on structural
information using a sign matrix (directional effect among manipulated variables and
controlled variables) were proposed by Mathisen (1994) and Glemmestad et al.
(1996).

However, the control design based on structural information cannot
guarantee the optimality in some cases; hence a conventional online-optimization may
be recommended. The researches based on online and periodic optimizations for
optimal operation of networks can be found in Aguilera and Marchetti (1998),
Glemmestad et al. (1999) and Gonzélez et al. (2006). Nevertheless, online-
optimization requires a rather complex approach for the implementation. Hence, some
recent researches for the optimal operation have been devoted to simple ways of
implementing (economic) optimal operation. For example, Skogestad (2000)
proposed a concept of ‘self-optimizing control’ that is, finding a magic variable to
keep constant and then resulting in optimality. Pistikopoulos et al. (2002) used offline

parametric optimization to simplify the task of online optimization.

1.8 Optimal split-range control structure (Lersbamrungsuk, 2007)

In general problems, with a large number of manipulated variables and
regions of active constraints, this is not a trivial task. Hence, a systematic method of
determining this pairing is needed. Lersbamrungsuk (2007) proposes two approaches
for determining optimal split-range control structure. In the first approach, one first
identifies the set of nominal active constraints and then uses the information of
directional effect (arithmetic sign) between a manipulated variable and a controlled

variable to determine optimal split-range control structure. However, the control
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structure cannot guarantee optimality in some cases such as when a sign is unclear.
Hence, the second approach based on an optimization formulation to determine an
optimal split-range control structure is further developed. However, the further
information of all active constraint regions in a given disturbance space is required.
An integer linear programming (ILP) formulation for the design of an optimal split-

range control structure is as follows:

Definition 1: Set of controlled and manipulated variables

CV: set of controlled variables, CV = {CV,,CV,,...,CV,_ ,,CV,_}
MV: set of manipulated variables, MV = {MV,,MV,,..., MV, ,,MV, }

MVAAT: subset of MV with manipulated variables which are always
active constraints (saturated at upper or lower bounds)

MVINAT: subset of MV with manipulated variables which are always
inactive constraints (never saturated)

MVAT: subset of MV with manipulated variables which change between

being active and inactive constraints

Definition 2 Primary and secondary manipulated variables

Primary manipulated variable: A manipulated variable that is used for
controlling an output (target), except when it is saturated.

Secondary manipulated variable: A manipulated variable that is used to
take over the task of a saturated primary manipulated variable.

Definition 3 Relationship between primary and secondary manipulated

variables

Let x;; (where ij € MV) be a binary variable which represents the

relationship between manipulated variable MV; and manipulated variable MV;

fori=j, x;; =1implies MV;is a primary manipulated variable
x;; = 0 implies MV; is a secondary manipulated variable or

unused

fori=j, x;; =1implies MVjis a secondary manipulated variable for MV
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x,; = 0 implies MVj is not a secondary manipulated variable for

MV;

Definition 4: Relative order between manipulated variables and
controlled variables

Let r,, be a relative order between controlled variable CVi and

manipulated variable MV;. Relative order is a structural measure of how direct an
effect an input has on an output (i.e. physical closeness) (Daoutidis and Kravaris,

1992). However, for simplicity we assume r, ; as a number of exchanger units

between controlled variable CV\ and manipulated variable MV;

Definition 5: Relationship between controlled variables and manipulated
variables

Let z,; (where k € CV, ] € MV) be a binary variable that represents the

relationship between controlled variable CVy and manipulated variable MV;

z,; = 1 implies controlled variable CVy is paired with manipulated

variable MV;

z,; = 0 implies controlled variable CVj is not paired with manipulated

variable MV;

Objective function |: Minimizing the number of ‘“inter-connection” or
“complexity” of control structure (unnecessary relationships between primary and

secondary manipulated variables)

minJ, => > x; i,je MV (140)

[

Constraint 1: Assign one primary manipulated variable to each control
objective

Number of primary manipulated variable is equal to number of controlled
variables (Ncy)
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D % =Ngy i e MV (141)

Constraint 2: A manipulated variable MV; that always is an active
constraint should not be used for other purposes

Manipulated variable MV; is not used for control

X =0 i e MVAAT (142)

Manipulated variable MV; has no need of a secondary manipulated

variable

> x;=0 e MVAAT j e MV (143)

J=i
Manipulated variable MV; is not used as a secondary manipulated variable

D%, =0 i € MVAAT j e MV (144)

j#i

Constraint 3: A manipulated variable MV; that is never an active
constraint is used as a primary manipulated variable with no need of a secondary

manipulated variable
Manipulated variable MV; is a primary manipulated variable

x.. =1 i € MVINAT (145)

Manipulated variable MV; has no need of a secondary manipulated

variable

> x;=0 i € MVINAT, j eMV (146)

j=i
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Manipulated variable MV; is not used as a secondary manipulated variable

Zx” =0 i € MVINAT, j eMV (147)

j=i

Constraint 4: A manipulated variable MV; that changes between being an
active and inactive constraint may be a primary or secondary manipulated variable.
e MV, may have a need or no need of a secondary manipulated variable
if MV; is chosen to be a primary manipulated variable that can be saturated

(active constraint), then a secondary manipulated variable is needed

if x,; =1then > x,, =1 i, j € MVAT

j#i
if MV; is not chosen to be a primary manipulated variable, then it has no

need of a secondary manipulated variable

if x,; =0 then > %, =0 i,j € MVAT

j=i
the above two statements can be written as equation (148)

—X,+ 3%, =0 i,j e MVAT (148)

j=i

e MV, can be or cannot be used as a secondary manipulated variable
if MV; is chosen to be a primary manipulated variable, then it is not used

as a secondary manipulated variable for the other manipulated variables

if x,, =1then > x ;=0 i,j € MVAT

i#]
if MV; is chosen to be a secondary manipulated variable, then it is used for

at least one primary manipulated variable

if x,, =0then > x ,>1 i,j e MVAT

i#]

the above two statements can be written as equation (149) and (150)
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Xi i+ 2% ;=1 i,j e MVAT (149)

i#]

and M(x;; D+ % ;<0 i,j € MVAT (150)

i#]
where M = a positive integer which is greater than the number of members in MVAT

Constraint 5: Possible and impossible split-range combination of
manipulated variables (these constraints are obtained from the information of active
constraint regions)

Constraint 5A: Impossible split-range combination of manipulated variables

“Impossible pair: two manipulated variables which are active constraints
(saturated) at the same time cannot be combined as a split-range pair”

For an active constraint region R, we have

2.2 % =0 i,j € MVATAR (151)

where MVAT”R is the subset of MVVAT with manipulated variables being active

constraints in region R.

Constraint 5B: Possible split-range combination of manipulated variables
“Possible pair: two manipulated variables which are not active (inactive)
constraint at the same time may be combined as a split-range pair”

For an active constraint region R, we have

X+ % =1 i e MVAT'®  je MVATA®  (152)

i#]

X+ X =1 i e MVAT'R j e MVATAR  (153)

j#i

where MVAT"R is the subset of MVAT with manipulated variables being inactive

constraints in region R



41

Combining objective function I and constraints 1-5, Problem P1 can be

written,

Problem P1

minJ, => > x; i,j e MV

i

subject to equations (141) - (153)

By solving the problem P1, one obtains split-range pairs that can provide
optimal switching between active constraint regions. However, the solution of
problem P1 may be not unique. Hence, relative orders are introduced as an additional
criterion for screening the set of poorly controllable structure solutions. The additional

objective function and constraints are as follows:

Objective function 11: Minimizing the sum of relative order of the control
pairs
minJ, => 31,z keCV,jeMV (154)
ko

Constraint 6: Assign one manipulated variable to each control objective

>z, =1 keCV,jeMV (155)
i

Constraint 7: Only primary manipulated variables are paired with
controlled variables.
If MV; is a primary manipulated variable, it must be paired with a

controlled variable

If x,, =1then >z, , =1 keCV,jeMV
k

If MV; is not a primary manipulated variable, it must not be paired
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If x,, =0then > z,, =0 keCV,jeMV
k
therefore,
—xj,j+zk‘4zk,j=o keCV,jeMV (156)

The ILP problem now concerns with two objective functions that can be
solved using lexicographic optimization. In lexicographic optimization, the objectives
are arranged in a decreasing order of preference and objectives with a higher
preference are considered to be infinitely more important than those with lower
orders. Among solutions that are optimal with respect to the first objective, solutions

that are optimal with respect to the second objective are chosen.

Using the idea of lexicographic optimization, we first solve P1:

Ji=minJ, (x), xe$S

where S is the feasible set and then solve an associated problem P1’:

min J,, (x) xeS, J, =3 (X

which ensures that among minimized J; solutions, the minimized J
solutions are chosen. In principle, we need to solve 2 optimization problems in
sequence. However, it is possible to solve P1 and P1’ as a single optimization problem
by minimizing a weighted objective function wJ, + J;;, where w is a sufficiently large
positive number chosen appropriately. Suggestions for choice of w are given in
Sherali (1982), and Sherali and Soyster (1983). Hence, we solve the following
problem P2:
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Problem P2

J=min(wd, +J,) i,j e MV, k e CV

J, Zzzxi,jv Jy :erk,jzkyj
ko

i =i
subject to equations (141) - (153) and (155) - (156)

It can be seen that constraints 6 and 7 (equations 155 and 156) do not alter
the feasible set for P1. The ILP problem P2 consists of two objective functions with a
weighting factor (w) between the two. The first objective is used to minimize
complexity when changing between active constraints whereas the second objective
(controllability) is used to select the most controllable control structure. A large value
of w will imply that the second objective (controllability) will only be considered

when there are multiple solutions.
2. Literature Review

The simultaneous synthesis of flexible heat exchanger network was presented
by Aaltola (2002) for generating flexible heat exchanger networks (HENS) over a
specified range of variations in the flow rates and temperatures of the streams, so that
the total annual costs (TAC) as a result of utility charges, exchanger areas and
selection of matches are minimized. His work includes a multi-period simultaneous
MINLP model to synthesize a flexible HENs configuration and a search algorithm
involving multi-period LP/NLP model to overcome limitations related to the MINLP
model. The result of work showed HENs which can work in varying conditions
without losing stream temperature targets and can keep economically optimal energy

integration.

In 1989, El-Halwagi and Manousiouthakis introduced the notion of
synthesizing mass exchange networks (MENSs). A two-stage used to find cost of
MENs. In first stage, a thermodynamic procedure was used to identify the
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thermodynamic bottleneck (pinch points) that limits the extent of mass exchanged
between rich and lean process streams. Beginning networks are generated at this
stage. In the second stage developed the beginning networks are developed to a final
configuration of the MENSs that satisfied the assigned exchange duty at minimum
venture cost. Their methods could apply to the synthesis of MENs with single-

component targets or multi-component compatible target.

Srinivas and El-Halwagi (1994) introduced the problem of synthesizing
combined heat and reactive mass exchange networks (CHARMENS) that can
simultaneously separate a certain pollutant from a set of rich streams to a set of mass-
separating agents and perform the specified heat transfer task in a cost-effective way.
The proposed work introduces a systematic and generally applicable procedure to
trade-off the two objectives and synthesize a CHARMENS. The first target is to
minimize the cost of MSAs and heating/cooling utilities. The minimum operating cost
(MOC) solution of the network is identified via a mixed-integer nonlinear program
(MINLP). In the second stage, the minimum number of heat and reactive mass-
exchange units which can realize the MOC solution will be generated. This target
aims at minimizing the fixed cost of the network. In addition, they present a method
for synthesizing near-optimal CHARMENS. Finally, an example problem is solved to
elucidate the various aspects of the proposed synthesis procedure.

A simple strategy for the synthesis of flexible heat exchange networks (HENS)
or mass exchange networks (MENs) was proposed by Chen and Ping (2007) that
involves expected disturbance range in the flow rates and temperatures (for HENs) or
compositions (for MENS) of the inlet process streams. Several numerical examples
were supplied to demonstrate the applicability of the proposed strategy for the
synthesis of flexible heat exchange networks or mass exchange networks. The
problem of optimization is done based on the stage-wise superstructure in order to get

a minimum total annual cost (TAC).

Porsom (2008) developed a systematic approach of an optimal operation for
heat exchanger networks (HENS). In his work, HENs are synthesized by mixed-
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integer non-linear programming (MINLP) from given hot and cold stream data to
minimize the total annual cost (TAC). Linear programming (LP) is used to propose
the final flexible HENs for design of control structure. Next, an optimal split-range
control structure is determined by integer linear program (ILP). Finally, the proposed

configurations are verified by dynamics simulation.

Lersbamrungsuk (2007) proposed a new simple technique to implement
optimal operation of HENs. For certain HENSs that only single bypasses and utility
duties are considered as manipulated variables. The optimal operation of HENs can be
formulated as a linear programming (LP) problem. The LP formulation implies that

optimal solutions will always lie at some input constraint vertices.



MATERIALS AND METHODS

Materials

1. Laptop
(@) CPU (Intel Core2Duo CPU 1.66 GHz)
(b) 2.00 GB of RAM
(c) 160 GB of hard disk
2. Operating System: Microsoft Window XP
3. Software

(a) GAMS (General Algebraic Modeling System) versions 22.8 Beta
(b) MATLAB version 2009a
(c) Aspen Plus version 7.0

(d) Aspen Dynamics version 7.0
Methods

1. Overall Methodology

An approach of simultaneous MINLP superstructure and NLP feasibility
models for synthesizing flexible HENs, MENs and CHAMENS is proposed in this
work. The main steps are represented in this work as follows:

1.1 The flexible HENs, MENs and CHAMENSs are generated.

1.2 The active constraint regions can be formulated.

1.3 The optimal split-range control structure can be determined.

1.4 The control structure is dynamically tested.
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2. Synthesis of flexible HENs, MENs and CHAMENSs

In the past research (Chen and Hung, 2007; Porsom, 2008; Thunyawart 2010),
there formulate the optimum configuration of HENs, MENs and CHAMENSs by
individual step by step (Figure 5). The first step is synthesis configuration for
minimizing the total annual cost. The HENs, MENs and CHAMENs can be
synthesized by means of any existing mixed-integer nonlinear optimization algorithm
(MINLP model). The second step is feasibility test for minimizing slack variables by
nonlinear optimization algorithm (NLP model). This step uses a lot of testing
conditions generated randomly within the possible operating ranges to examine the
flexibility of the network resulting from pervious synthesis step. The flexibility is
determined by using the random points simulation in order to take into account the
possibility of nonextreme critical points. If the resulting flexibility does not accepted,

then a new network candidate with improved operational flexibility must be found.

For this work, there formulate the optimum configuration of HENs, MENs and
CHAMENS by one step (Figure 6). That is the flexibility requirement is directly taken
into account in the synthesis step to reduce the times step. The new approach is
simultaneous MINLP model and NLP model to synthesizing a superstructure and the
optimal configuration are proposed. There is optimizing to find the answer by the

objective function is the minimizing annual cost and the minimizing slack variables.
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Figure 5 Systematic procedure in the past research
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3. Switching between active constraints

In this research, we design the control structure for network by applying the
spilt-range control to keep target of HENs, MENs and CHAMEN:S.

Split-range controllers are commonly used to adjust two or more manipulated
variables to keep target of process with a single controller. A technique using
structural information (sign matrix) to find a control structure was proposed by
Mathisen (1994) and Glemmestad et al. (1996). They commented that in most cases
the resulting control structure can be implemented in a split-range control manner.
When two manipulated variables are used in a split-range controller, one of them is
referred as primary manipulated variable and the other as a secondary manipulated
variable. The primary manipulated variable can be thought of as the manipulated
variable that is used to control a target under the nominal condition. However, the
final choice of primary and secondary manipulated variables can be based on other
considerations also. This flexibility will be exploited in the final control structure

design.

Hence, we must find the active constraint regions before design the spilt-range
control. This section describes methods to implement the optimal policy by tracking

the changing set of active constraints. The assumptions are:

- Target of networks are feasible for the given disturbance window (output
constraints do not change).

- The output constraints do not change and are always active. The optimal
point is a vertex, i.e., at the intersection of constraints, and hence a certain number of

inputs are at the constraints.
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The optimal solution has the following properties:

a) The set of active constraints remains constant in a certain region of the
disturbance space. The largest region in the disturbance space where the set of active
constraints remains the same is known as critical region. Critical regions are
polyhedral in shape for a linear programming (LP) and can be determined using off-

line optimization or parametric programming tools (Kvasnica et al., 2004).

b) If there are two or more critical regions in the given disturbance window,
from the definition of critical region, it follows that the set of constraints are different.
Since the output constraints do not change, it follows that the set of input constraints
are different in each critical region. At the interface between two neighboring critical
regions, constraints corresponding to both critical regions are active (which is a
degenerate LP solution). However, since this constitutes a set of measure zero (i.e.,
the probability of being exactly on the boundary is zero), it does not affect the
controllability properties of the network on the whole.

Using these properties of the optimal solution, it is possible to operate the

networks optimally using the following procedure:

a) In a given critical region R,, it is possible to operate the networks optimally
using a decentralized control structure where some manipulated variables are used to
control the output constraints using SISO control loops with zero steady state error,
for example, PI controllers. The remaining manipulated variables are maintained at

the constraints.

b) If the disturbances are such that we have moved from R, to a different
region Ry, it is possible to implement the optimal policy in R; by tracking the

transition or change in active constraints.

Supposing that a system comprises of 3 manipulated variables and 2
controlled variables. Hence, 2 manipulated variables are needed for control.
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Furthermore, since one optimal solution is always at input constraints, the remaining
manipulated variables may be at constraints (saturated). For a given operating
window, active constraint regions can be found by parametric programming and the

results are summarized as shown in Table 2 and Figure 2.

Table 2 Set of active constraints for example process

Region MV MV, MV3
1 S U U
2 U U S
3 U S U

U - Unsaturated manipulated variable (inactive constraint) to be used for control

S - Saturated manipulated variable (active constraint)

d;
disturbance window

u(

region 3

region 1

region 2

d>

Figure 7 Active constraint regions

Thus, in region 1, it is optimal to use MV, and MV3 to control the outputs T1
and T2 respectively using SISO PI control loops and keep MV, at constraint. When
moving into region 2, MV3 saturates and so, the optimal policy is to keep MV at the
constraint and instead use MV as a manipulated variable for control. Thus MV; and
MV, are used for control in region 2. Likewise, in region 3, the optimal policy is to
control T1 and T2 using MV; and MV3 and keep MV, at constraint. It is possible to

keep tracking the regions under the changes in active constraints. When the new
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region is determined, the optimal policy corresponding to the new region is

implemented.

To extend the application of split-range control to implement optimal
operation of chemical processes, let us show a motivation example on a scrubber as
shown in Figure 8. There are two types of MSA (MSA A and MSA B) for using in the
scrubber. Assume that MSA A is cheaper than MSA B. Hence, to operate the scrubber
in an optimal manner (minimizing MSA cost), MSA A should be used in the nominal
condition while MSA B should be a supplementary (e.g. the flow of MSA A reaches
the upper limit). When MSA A is in use, the flow of MSA B presents the active
constraint (saturated) at the lower bound. And when MSA B is in use (i.e. the flow of
MSA A reaches the maximum limit), the flow of MSA A present at the active
constraint (saturated) at the upper bound. This optimal operation can be implemented

using split-range control.

MSA B

(expensive)

MSA A

% MV

: .
! ¢ A
Scrubber

system

F . is active constraint

Fa
>
Fg

Rich stream in ‘ Rich stream out

Fgis active constraint % MSA

Figure 8 A scrubber system

For this scrubber system in Figure 8, suppose that optimal operation always
lies at the constraints of Fa or Fg depending on the variation of the desired outlet mass
fraction. Hence, the active constraint regions can be divided to two regions as
summarized in Table 3. In the two regions, Fa and Fg switch alternately as active
constraint. For this example, the set of active constraints can be found obviously by

inspection. However, for more complicated systems, a systematic method is required.
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In general, parametric programming (Kvasnica et al., 2004) can be served for this
task.

Table 3 Set of active constraints for furnace system

Region Fa Fg
1 U S
2 S )

U - Unsaturated manipulated variable (inactive constraint) to be used for control

S - Saturated manipulated variable (active constraint)

4. Design of optimal split-range control structure

The optimal split-range control structure design consisting of three steps

which are

Step 1: The number of degrees of freedom with respect to utility cost
optimization (Npor,u) are checked because only the system with some degrees of
freedom for optimization will be considered. (Glemmestad, 1997)

- For systems in which no degree of freedom is available for optimization,
the optimal operation can be reduced as control problems. (e.g. control pairing
problems that can be handled using direct effect or RGA input saturation

problem or input constraint problems (Giovanini et al.,2003) )

- For systems in which some degrees of freedom are available for

optimization, go further to step 2.

Step 2: Find active constraint regions using parametric programming. (e.g.
with MPT toolbox (Kvasnica et al.,2004 ) )
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Step 3: An optimal split-range control structure can be found using Problem
P2. (Lersbamrungsuk, 2007)



RESULTS AND DISCUSSION

The results can be divided into four parts. The first part shows simultaneous
MINLP model and NLP model for feasibility test to get a superstructure of five
examples adapted from literatures. The second part is the simulation of the
synthesized networks using Aspen Plus to ensure the optimal target approach. The
third part, we find optimal control structure. And, the last section is the test of
dynamics response for all control design In this work, five case studies are
implemented; case study 1 is HENs problem from Thunyawart (2010), case study 2 is
MENs problem from by El-Halwagi and Manousiouthakis (1989), case study 3 is
large scale HENs from Fieg et al. (2009), case study 4 is MENs combining with
external utilities (CHAMENS) and case study 5 is the special case of MENs with
simultaneous integration of the heat system (CHAMEN:S).

Case study 1: Heat integration system for 7 process streams

The HENs information was from Thunyawart (2010). This example consists
of three hot and four cold process streams, with one hot and one cold utility. The
problem data is given in Table 4. The disturbances are the inlet temperatures of all hot

streams with the expected variation +10 °C. The cost equation for an exchanger is

$700 + 175 (Area) °® (Area unit in m?) and the minimum approach temperature equal
to 10 °C.
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Table 4 Problem data for the case study 1

TIN TOUT FCp h Cost
Stream ) (C) (KWFC)  (KW/M*C)  ($/kW-yr)
A1 650 370 10 1 )
H2 590 370 20 1 )
H3 190 30 15 1 ]
c1 410 650 15 1 ]
c2 353 500 13 1 )
3 80 167 5 1 %
ca 20 160 5 1 )
s 800 800 - 3.4 80
W1 20 ) p L =

The stage-wise superstructure approach is applied to synthesize the problem.
To solve the multi-period simultaneous MINLP synthesis model incorporating with
NLP feasibility test model. General Algebraic Modeling System (GAMS) is used as
the main solution tool. The solvers used are “DICOPT” for MINLP, “MINOS” for
NLP and “CPLEX” for mixed-integer programming (MIP).

Results for this case are illustrated in Table 5 and Figure 9. We find that in
addition to the five periods uncertain parameters that allowing the inlet temperature to
change +10%. It has five heat exchangers in four stages and the total annual cost is
262,225 $/year, which included the cost for cooling and heating utilities is 150,562

$/year. Figure 9 shows the optimal network.



Table 5 Result data (Multi-period) for the case study 1
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TIN TOUT FCp h Cost
Period Stream )
(C) (C) (kWFC)  (kW/m™*C)  ($/kW-yr)
1 H1 650 370 10 1 -
H2 590 370 20 1 -
H3 190 30 15 1 -
C1 410 650 15 1 -
C2 353 500 13 1 -
C3 80 167 5 1 -
C4 20 160 5 1 -
2 H1l 645 370 10 1 -
H2 587 370 20 . -
H3 200 30 15 1 -
C1l 410 650 15 1 -
C2 353 500 13 1 -
C3 80 167 5 1 -
C4 20 160 5 1 -
3 H1l 660 370 10 1 -
H2 580 370 20 1 -
H3 180 30 15 1 -
C1 410 650 15 1 -
C2 353 500 13 1 -
C3 80 167 5 1 -
C4 20 160 5 1 -




Table 5 (Continued)
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TIN TOUT FCp h Cost
Period Stream )
(C) (C) (kWrC)  (KW/m"°C)  ($/kW-yr)
4 H1 648 370 10 1 -
H2 595 370 20 1 -
H3 196 30 15 1 -
C1 410 650 15 1 -
C2 353 500 13 1 -
C3 80 167 5 1 -
C4 20 160 5 1 -
5 H1l 640 370 10 1 -
H2 600 370 20 7, -
H3 184 30 15 1 -
C1 410 650 15 1 -
C2 353 500 13 1 -
C3 80 167 5 1 -
(o7} 20 160 5 1 -
S1 800 800 - 3.4 80
W1 20 30 - 1.7 15
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650 2074.381 725.619
2031.818 718.182
645 2344.769 555.231
660 2026.545 753.455
648 1922.179 777.821
640
10 H1 m cul 370
./
590 403.199 1911.000 | [ 435.000 | [ 700.000 950.801
587 398.769 1911.000 | | 435.000 || 700.000 895.231
0.000 1911.000 | | 435.000 || 700.000 1154.000
580 517.371 1911.000 | | 435.000 || 700.000 936.629
595 684.058 1911.000 | | 435.000 || 700.000 869.942
600 f\ 370
20 H2 2 3 4 5
2 G
190 2400.000
2550.000
200 2250.000
180 2490.000
196 2310.000
184 30
15 H3 cu3
1122.420
1169.414
1255.231
1056.083
993.763
650
\ 410 Cl1 15
500 353
-¢ O cC2 13
167 Y\ 80
- C3 b5
/
160 20
= f -\ c4 5

Figure 9 Optimal network configurations for case study 1

To ensure the overall heat balance and the thermal specification of the
synthesis problem, we simulate using Aspen Plus as shown in Figure 10. The result is
shown in Table 6 which indicates that the heat duty of utilities and area of heat
exchanger. We found that the results given by GAMS and Aspen Plus are not much
difference. The difference may be from the assumptions used in the synthesis model
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(e.g. the constant pressure, constant heat capacity). From the result, we can conclude
that the optimal HENs obtained from GAMS acceptable. In addition, the total annual

cost obtained from this work is lower than the result of Thunyawart (2010).

H1

4 BS uz

BYPASSE3
H 9 M4
M33
TH3IN @—| TC100T P s
TC20UT ¢ TC30UT
o Te300T [Tesour

Figure 10 Optimal network configurations for case study 1 on Aspen Plus

Table 6 Targets verification on Aspen Plus for case study 1

Targets GAMS result Aspen result % Relative Difference
Heating utility (kW) 1255.23 1208.57 3.72
Cooling utility (kW) 4481.82 4581.46 2.17
Total Area (M%) 237.73 302.04 21.29

After that, degrees of freedom (DOFs) are checked. The manipulated variables
in the inner HENSs to the outer HENs are 5. Number of utility are 4 and number of
target temperatures are 7. We can obtain Npory = 5+4-7 = 2. This case have two
degree of freedom for utility cost optimization. Therefore, a strategy for optimal

operation is needed.
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And then, the information set of active constraints will be used to design
optimal split-range control structure. The multi-parametric toolbox (Kvasnica et al.,

2004) is used to find active constraint regions as shown in Table 7.

Table 7 Set of active constraints in case study 1

Manipulated variables

Region
Qc1 Qc2 Qc3 Qn1 Ub1 Up2 Up3 Uba Ups
1 U U U Su SL U U U U
2 U U U U SL SL U U U

U - Unsaturated manipulated variable (inactive constraint)
S| - Saturated manipulated variable (active constraint) at the lower bound

Sy - Saturated manipulated variable (active constraint) at the upper bound

Table 7 demonstrates that the manipulated variables Qn and up, switch
alternately to become active constraints when they are combined as a split-range pair.
Since the manipulated variables up; is always saturated; therefore, it is not used for
control. Furthermore, the manipulated variables Qc1, Qc2, Qcs, Ub3, Ups and uys have

never saturated, so there is no need of split-range combinations.

Relative orders show relationship between manipulate variables and controller
outputs. In Table 8, relative order equal to 1 represents that controller output is
extremely changed when a manipulated variable is adjusted. If relative order is
increased, controller output will be slightly changed when manipulated variable is
adjusted. Moreover, relative order at oo represents that controller output cannot change
(no effect) that manipulated variable is adjusted. This implies that manipulated
variable adjustment has increasingly less effect on controller output change as relative

order approaches oo.
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Table 8 Relative orders of the HENSs in the case study 1

MV

oV Qa1 Qc2 Qcs Qn1 Up1 Up2 Up3 Upa Ups
TH,™" 1 o0 - o0 2 © - o0
TH,™ 1 0 o0 o 5 4 3 2
TH:™ o o 1 g o0 & % 0 o0
L O o0 © d, 3 2 o o o0
TC,™  « o0 o0 o0 o0 2 1 o0 o0
TC:™ o o0 o o0 o0 3 2 1 o0
TC,™ o & o .~ 0 o 2 1

Then, the GAMS software is used to solve the ILP problem. The results are
optimal split-range control structure. The values of binary variables x;; and z; from
solving problem are shown in Tables 9 and 10, respectively. In Table 9, there are
primary manipulated variables (Qc1, Qc2, Qcs, Up2, Ups, Ups and Ups) and the secondary
manipulated variable (Qn; for upy). If the primary manipulated variable, upp, is
saturated, the secondary manipulated variable, Qns, is used to control output. Table 10
shows the control pairing, the direct effect, which are TH®" - Qc, TH2 "' - Qc ,
TH3® - Qcz, TC1 %" - Upp, TC2 ™ - Ups , TC3 ™" - Ups and TC4 ®* - ups. The resulting

control structure is shown in Figure 11.



Table 9 The value of x;; after solving problem for the case study 1

64

Sec MV

Pl’i MV ch ch

QcS

Qn1

Up2

Up3

Upg

Ups

Qa 1

QCZ 1
Qc3

Up2

Up3

Ub4

Ups

(the remaining entries are zero)

Table 10 The value of z;after solving problem for the case study 1

MV
Qc1 Qc2

Qc3

Up2

Up3

Upa

Ubs

(the remaining entries are zero)
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Figure 11 The control structure for the case study 1

Figure 11 shows that the split-range signal of the pair of Qp; and uy, switch

alternately to their lower constraints (SR-TC is split-range temperature control).
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Table 11 Disturbances and active constraints in the HENs

_ ) Active
Time Disturbance of Temperature )
constraint
(sec)
ATH," ATH,™ ATH3"™ ATC," ATC,"™ ATC3" ATC;"™ Qni  Up2
<5 0 0 0 0 0 0 0 Sy U
5-15 -10 -10 -10 +5 +5 0 0 Sy U
15-25  -10 -10 +10 -5 -5 0 0 U S
25-35 0 0 0 0 0 0 0 Sy U
U - Unsaturated manipulated variable (inactive constraint)
S| - Saturated manipulated variable (active constraint) at the lower bound
Sy - Saturated manipulated variable (active constraint) at the upper bound
§‘-
X
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Figure 12 Dynamics simulation of the HENSs in case study 1 (a) Inlet temperatures,

(b) Hot stream target temperatures, (c) Cold stream target temperatures
and (d) Manipulated variables (Qn; and up,)
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Figure 12 (Continued)
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Figure 12 (Continued)

The results of control structures in HENSs for this case are tested by performing
dynamics simulation on Aspen Dynamics. The information regarding the disturbances
and active constraints of the system is shown in Table 11. The dynamic results show
that the control structures can provide optimality. Figure 12 shows the dynamic result
of the HENs with the control structure. Figure 12b and 12c show the controllability of
the control structure to keep all target temperatures. Figure 12d shows the response of
split-range control that up, is primary manipulated variable and Qp; is secondary

out

manipulated variable to keep temperature of TC;
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Case study 2: Sweetening of COG process

This case study was introduced by El-Halwagi and Manousiouthakis (1989) as
shown in Figure 13. The MENs problem of Coke-Oven Gas (COG) sweetening is to
remove acidic impurities, especially hydrogen sulfide (H,S), from COG - a mixture of
H,, CH4, CO, N2, NH3, CO,, and H,S. Hydrogen sulfide is an impurity that should be
removed because of its corrosive. The two solvents used are aqueous ammonia (L1)
and chilled methanol (L2) to absorb required amounts of H,S in the sour COG (R1).
The acid gases are then stripped out from solvents in a solvent regeneration unit and
the regenerated MSAs are recirculated. The stripped acid gases are fed to a Claus unit
where sulfur is recovered from hydrogen sulfide. The tail gases leaving the Claus unit,
R2, is concerned in the view of air-pollution control and should be treated to remove

hydrogen sulfide.
R 1 i Sour COG R2 (Tail Gases)
Y Y Stripped

L1 Acid

g A ¥ Solvent | Gases | U -

- hiv H"er _| Regeneration = Llaus Limit Elemental Sulfur

- Metwork -,
L2 ——

1 l lRQ T

(Sweet COG)  (Treated Tanl Gases)
Air

L2 {(White Ligour)

L1 (MEDA)

Figure 13 MENSs for the COG sweetening

Source: El-Halwagi and Manousiouthakis (1989)

The stream data for this case study is shown in Table 12. The equilibrium
solubility data for H,S in 15 %wt Methyl-Di-Methanol-Amide (MDEA) and White
Liquor can be correlated by the following relation, respectively.
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For 15 %wt MDEA: y"® =1.168x,"°  at330°C

White Liquor: y"s =0.344x,"°  at368°C

Table 12 Problem data for the case study 2

Rich A . Gi Mass fraction
Description
streams (kg/s) YIN YOUT
R1 Sour COG) 4.3 0.070 0.0003
R2 Tail gases 1.6 0.051 0.0001
o L Mass fraction Annual cost
MSA Description
(kgls) XIN XOUT ($/kg-yr)
L1 MDEA 11.8 0.0006 0.0310 117,360
L2 White Liquor 00 0.0002 0.0035 174,060

Results for case study 2 are illustrated in Table 13 and Figure 14. We find that
in addition to the five periods uncertain parameters. The disturbances, mass fraction,
are between +0.02%w/w for R; and +0.01%w/w for R, in five periods. There are

three mass exchangers and the total annual cost is 2,911,101 $/year. The cost of

MSAs is 2,758,814 $/year.



Table 13 Result data (Multi-period) for the case study 2
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Mass fraction

Period streams Flowrate (kg/s)
IN ouT
1 R1 4.3 0.07 0.0003
R2 1.6 0.051 0.0001
L1 9.79 0.0006 0.031
L2 23.315 0.0002 0.0035
2 R1 4.3 0.05 0.0003
R2 1.6 0.052 0.0001
L1 9.79 0.0006 0.031
L2 23.315 0.0002 0.0035
3 R1 4.3 0.06 0.0003
R2 1.6 0.061 0.0001
L1 9.79 0.0006 0.031
L2 23.315 0.0002 0.0035
4 R1 4.3 0.084 0.0003
R2 1.6 0.048 0.0001
L1 9.79 0.0006 0.031
L2 23.315 0.0002 0.0035
5 R1 4.3 0.09 0.0003
R2 1.6 0.041 0.0001
L1 9.79 0.0006 0.031
L2 23.315 0.0002 0.0035
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0.07 0.084 0.215
0.05 0.000 0.214
0.057 0.199
0.06 0.140 0.220
0.84 0.136 0.249
0.09 .
43 R1 /1\ /Q\ 00003=
o/ o/
0.051 0.081
0.083
0.052 0.097
0.061 0.077
0.048 0.065
16 R? 0.041 fz\ 0.000=1

0.031 N\ 0.0006
<—(ou) L1 9.79
/

0.0035 /— N\ N\ 0.0002
4—@ () o) L2 23.315

Figure 14 Optimal network configurations for case study 2

After that, Aspen Plus was used as shown in Figure 15 to ensure the overall
mass balance and the mass fraction of H,S of the synthesized. The result is shown in
Table 14 which indicates that the outlet mass fraction of H,S is corresponding to the
target of the process. From the result, we can conclude that the optimal MENSs
obtained from GAMS acceptable. In addition, the total annual cost obtained from this

work is better than the result from Thunyawart (2010).
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Figure 15 Optimal MENSs for COG process on Aspen Plus

Table 14 Targets verification on Aspen Plus for case study 2

BYPASS2 -
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Targets GAMS result ~ Aspenresult % Relative difference
Flowrate of L1 (kg/s) 9.79 9.79 -
Flowrate of L2 (kg/s) 25.315 25.315 -
Mass fraction of H,S in R1 0.0003 0.00032 6.25
Mass fraction of H,S in R2 0.0001 0.0001 -
Mass fraction of H,S in L1 0.031 0.032 3.23
Mass fraction of H,S in L2 0.0035 0.0034 2.86

In the next step, the degrees of freedom of the optimal MENSs are checked. In

this case, the Npory = 3+2-4 = 1. There is one degree of freedom for utility

optimization. Because of this, a strategy for optimal operation is needed.

Then, the information set of active constraints are required to design the

optimal split-range control structure. The multi-parametric toolbox (Kvasnica et al.,
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2004) is used to find active constraint regions. In this case study, we generate two

active constraint regions as shown in Table 15.

Table 15 Set of active constraints in case study 2

Manipulated variables

Region
Qu Qu Up1 Ub2 Ub3
1 SL U U U U
2 U U SL U U

U - Unsaturated manipulated variable (inactive constraint)
S| - Saturated manipulated variable (active constraint) at the lower bound

This table indicates that the manipulated variable Qu; and up; switch
alternately to become active constraints and should be combined as a split-range pair.
Qu2, Upz and upz are never saturated; hence, there are no needs for secondary
manipulated variable. And Table 16 shows the relationship between manipulated

variables and controller outputs by relative order.

Table 16 Relative orders of the MENS in the case study 2

MV

oV Qu: QL2 Ub1 Ub2 Ub3
R,% 0 o 2 1 o0
R, © o o o
L, o 1 o 2 o o0
L, 0 1 0 0 2

The optimal split-range control structure can obtain by solving an ILP with
GAMs software. The values of binary variables x;; shown in Tables 17, there are
primary manipulated variables (Q.2, Up1, Upz and Up3) and the secondary manipulated
variable (Quy for up). If the primary manipulated variable, up;, is saturated, the

secondary manipulated variable, Qy1, is used to control output. And Table 18, z; from
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solving problem shows the control pairing, the direct effect, which are R, - uys, R *"

- Upa, L1 %" - upzand L, ®" - Qp». The resulting control structure is shown in Figure 16.

Table 17 The value of x;; after solving problem for the case study 2

Sec MV
Bri MV Qu Q2 Up1 JUp2 Un3
QL2 1
Up1 1 1
Up2 1
Up3 1

(the remaining entries are zero)

Table 18 The value of z;after solving problem for the case study 2

MV
oV Qr2 Up1 Ub2 Ub3
R, 1
R, 1
L, o 1
L, 1

(the remaining entries are zero)
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Figure 16 The control structure for the case study 2

The split-range signal of the pair of Q; and up; switch alternately to their

lower constraints (SR-CC is split-range composition control) as shown in Figure 16.
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Table 19 Disturbances and active constraints in the MENs

Time Disturbance of mass fraction Active constraint
(sec) AR AR," AL" AL," Qu1 Ub1
<5 0.07 0.051 0.0006 0.0002 S. U
5-15 0.06 0.041 0.0006 0.0002 S. U
15-25 0.09 0.061 0.0006 0.0002 U SL

25-35 0.07 0.041 0.0006 0.0002 SL U

U - Unsaturated manipulated variable (inactive constraint)

S| - Saturated manipulated variable (active constraint) at the lower bound
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Figure 17 Dynamics simulation of the MENSs in case study 2 (a) Inlet mass fraction,
(b) Rich stream target mass fraction, (c) Lean stream target mass fraction

and (d) Manipulated variables (Q1 and Up1)
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Figure 17 (Continued)
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Figure 17 (Continued)

The results of control structures in MENs case study 2 are tested by
performing dynamics simulation on Aspen Dynamics. The information of the
disturbances and active constraints of the MENS in this case study is shown in Table
19. The dynamic results indicate that the control structures can provide optimality.
Figure 17 shows the dynamic result of the MENs with the control structure. Figure
17b and 17c show the controllability of the control structure to keep all target mass
fraction. Figure 17d shows the response of split-range control that up; is primary
manipulated variable and Q; is secondary manipulated variable to keep mass fraction
of HaS in L,*",
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Case study 3: Heat integration system for 15 process streams

This case study of large scale HENSs is taken from Fieg et al. (2009). The
problem data are given in Table 20 that consists of eight hot and seven cold process
streams, with one hot and one cold utility. The costs equation for exchangers is $8000
+500 (Area) ®’ (Area unit in m?) and the minimum approach temperature equal to 10

°C. The disturbances are all inlet temperatures of hot streams with the expected

temperatures variation +£10% °C.

Table 20 Problem data for the case study 3

TIN TOUT FCp h Cost
Stream
(C) (C) (KW/K)  (KW/m’K) ($/KW-yr)

H1 180 75 30 2 -
H2 280 120 60 1 -
H3 180 75 30 2 -
H4 140 40 30 1 -
H5 220 120 50 1 -
H6 180 55 35 % -
H7 200 60 30 0.4 y
H8 120 40 100 0.5 -
C1 40 230 20 1 -
c2 100 220 60 1 -
C3 40 190 35 2 -
C4 50 190 30 2 -
C5 50 250 60 2 -
C6 90 190 50 1 -
C7 160 250 60 3 -
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Table 20 (Continued)

TIN TOUT FCp h Cost
Stream )
(C) (C) (KW/K)  (KW/m’K) ($/KW-yr)
S1 325 325 - 1 80
W1 25 40 - 2 10

Results for this case are shown in Table 21 and Figure 18. We find that in
addition to the four periods uncertain parameters, the disturbances are the inlet
temperature to change £10% in four periods. It has five heat exchangers in eight
stages and the total annual cost is 1,666,379 $/year, which included the cost for
cooling and heating utilities is 1,581,450 $/year. The optimal network configuration
as shown in Figure 18 that there are twenty-two units which of eleven heat

exchangers, five cold and six hot utilities.



Table 21 Result data (Multi-period) for the case study 3

82

TIN TOUT FC, h Cost
Period Stream
(C) (C) (KW/K)  (KW/m?K)  ($/KW-yr)
1 H1 180 75 30 2 -
H2 280 120 60 1 -
H3 180 75 30 2 -
H4 140 40 30 1 -
H5 220 120 50 1 -
H6 180 55 35 2 -
H7 200 60 30 0.4 -
H8 120 40 100 0.5 -
C1 40 230 20 1 -
C2 100 220 60 1 -
C3 40 190 35 2 -
C4 50 190 30 2 -
C5 50 250 60 2 -
C6 90 190 50 1 -
C7 160 250 60 3 -
2 H1 190 75 30 2 -
H2 290 120 60 1 -
H3 175 75 30 2 -
H4 145 40 30 1 -
H5 210 120 50 1 -
H6 190 55 35 2 -
H7 196 60 30 0.4 -
H8 130 40 100 0.5 -



Table 21 (Continued)
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TIN TOUT FC, h Cost
Period Stream
(C) (C) (KW/K)  (KW/m? K)  ($/KW-yr)
C1 40 230 20 1 -
C2 100 220 60 1 -
C3 40 190 35 2 -
C4 50 190 30 2 -
C5 50 250 60 2 -
C6 90 190 50 1 -
C7 160 250 60 3 -
3 H1 170 75 30 2 -
H2 270 120 60 1 -
H3 183 75 30 2 -
H4 150 40 30 1 -
H5 218 120 50 1 -
H6 170 55 35 2 -
H7 204 60 30 0.4 -
H8 122 40 100 0.5 -
C1 40 230 20 1 -
C2 100 220 60 1 -
C3 40 190 35 2 -
C4 50 190 30 2 -
C5 50 250 60 2 -
C6 90 190 50 1 -
C7 160 250 60 3 -
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Table 21 (Continued)

TIN TOUT FC, h Cost
Period Stream
(C) (‘C) (KW/K)  (KW/m?K)  ($/KW-yr)
4 H1 174 75 30 2 -
H2 278 120 60 1 -
H3 190 75 30 2 -
H4 130 40 30 1 -
H5 230 120 50 1 -
H6 175 55 35 2 -
H7 210 60 30 0.4 -
H8 120 40 100 0.5 -
C1 40 230 20 il -
C2 100 220 60 1 -
C3 40 190 35 2 -
C4 50 190 30 2 -
C5 50 250 60 2 -
C6 90 190 50 1 -
C7 160 250 60 3 -
S1 325 325 - 1 80
w1 25 40 - 2 10




2100.000 1050.000 0.000 0.000
180 2400.000 875.000 175.000 0.000
190 1800.000 0.000 175.000 875.000
170 1920.000 1050.000 0.000 0.000
30 H1i4 o &) G o —
200,000 3661672 1738.328
280 200.000 5000.000 5000.000
290 4200.000 3652.812 1147.188
270 4200.000 3615.401 1664.599 120
274 ~ ~
60 H2 f s >
Y riss0.000 N N 1600.000
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Figure 18 Optimal network configurations for case study 3
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After that, the synthesized HENSs is simulated using Aspen Plus as shown in
Figure 19 to ensure the overall heat balance and the thermal specification. Table 22
shows the results indicate the heat duty of utilities and area of heat exchanger. We
found that the results given by GAMS and Aspen Plus are not much difference. From
the result, we can conclude that the optimal HENs obtained from GAMS is

acceptable.

Table 22 Targets verification on Aspen Plus for case study 3

Targets GAMS result ~ ASPEN result % Relative Difference
Heating utility (kW) 20450.00 21466.70 4.73
Cooling utility (kW) 18575.00 17846.30 3.92
Total Area (M%) 2293.03 2314.08 0.91

Then, the degrees of freedom (DOFs) are checked. We obtain Npory = 11+11-
15 = 7. This case gives degree of freedom at seven for utility cost optimization.

Therefore, a strategy for optimal operation is needed.

The information set of active constraints will be used to design optimal split-
range control structure. The multi-parametric toolbox (Kvasnica et al., 2004) is used

to find active constraint regions as shown in Table 23.
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Table 23 Set of active constraints in case study 3

Manipulated variables

Region

Qi Q2 Qi3 Qut Qs Qni Onz Qns Qs Qns Qe

1 SL U U U U U U SL SL U U
2 S. U U U U U U SL U U U
3 SL U U U U U U U U U U

Manipulated variables

Up1 Up2 Up3 Upg Ups Ups Up7 Ups Upg Up1o Up11

1 SL U U U U U SL SL U U SL
2 SL U U U Su U SL SL U U SL
3 SL U £/ U Su U SL SL U U SL

U - Unsaturated manipulated variable (inactive constraint)
S| - Saturated manipulated variable (active constraint) at the lower bound

Sy - Saturated manipulated variable (active constraint) at the upper bound

In Table 23 shows the manipulated variable Qns, Qns, Upz and ups can become
active constraints when they are combined as a split-range pair. Since the manipulated
variables Qc1, Up1, Up7, Upg and up1z are always saturated; therefore, it is not used for
control. Furthermore, the manipulated variable Qcz, Qcs, Qca, Qcs, Qnh1, Qn2, Qns, Qne,
Ub2, Up4, Ups, Upg @nd upip have never saturated, so there is no need of split-range

combinations.

The optimal split-range control structure is obtained by solving an ILP with
CPLEX solver of GAMS software. The additional information of relative orders is
shown in Table 24. The values of binary variables x;; shown in Tables 25, there are
primary manipulated variables (Qc2, Qcs, Qcs, Qcs, Qn1, Qn2, Qns, Qhe, Up2, Up3s, Upa, Ups,
Ubs, Ubg and Up10) and the secondary manipulated variable (Qnz for ups and Qng for ups).
If the primary manipulated variable is saturated, the secondary manipulated variable is
used to control output. And Table 26 shows zc; from solving problem shows the
control pairing, the direct effect, which are TH;*"" - uyp, TH2 ®" - Ups, TH3 " - Qco, TH,4

- Qez, TH5™ - Upe, THE™ - Ub10, TH7™" - Qea, TH™ - Qcs, TC1 ™" - Qna, TC2 ™ - Qna,
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TC3 " - Ups, TC4 ™ - Ups, TC5 "' - Ups, TCs ™" - Qs and TC7 ™' - Qpe. The result of

control structure is shown in Figure 20.



Table 24 Relative orders of the HENS in the case study 3
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Table 25 The value of x;; after solving problem for the case study 3

Sec MV
Pl’i M QCZ Qc3 Qc4

QcS

Qn1

Q2

Qh3

Qha

Qhs

Qre

Up2

Up3

Upg

Ubs

Ubs

Ubo

Up1o

Qc2 1

Qc3 1
Qcs 1
Qcs

Qn

Qnz

Qhs

Qre

Ub2

Ub3

Ub4

Ubs

Ube

Ubg

Up10

(the remaining entries are zero)

16



Table 26 The value of zjafter solving problem for the case study 3

CV QCZ Qc3

Qc4

QCS

Qn1

Qn2

Qs

Qne

Up2

Up3

Uba

Ups

Upe

Upg

Up1o

TC; ™
TC,™
TCs™
TCes™"
TC, ™

(the remaining entries are zero)

c6
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Figure 20 show that the split-range signals of the pair of Qn3 and uy3, Qns and
Ups; they switch alternately to their lower constraints (SR-TC is split-range

temperature control).

The results of control structures in HENs for case study 3 are tested by
performing dynamics simulation on Aspen Dynamics. The information regarding the
disturbances and active constraints of the system in the case study is shown in Table
27. Figure 21 shows the dynamic results of the HENs for this case. Figure 21c and
21d show the ability of the control structure to keep all target temperatures. And
Figure 21e and 21f show the response of split-range control that ups is primary
manipulate variable and Qs is secondary manipulated variable to keep temperature of
TC3 ®" and ups is primary manipulated variable and Quns is secondary manipulated

variable to keep temperature of TCs .



Table 27 Disturbances and active constraints in the large scale HENs

Time Disturbance of Temperature Active constraint
(sec) ATH; " ATH," ATH;" ATH," ATHs" ATHg" ATH;"™  ATHg™  Qns Up3 Qna Ups
<5 0 0 0 0 0 0 0 0 SL U SL U
5-15 -10 -10 -10 -10 0 0 -10 -10 SL U U Su
15-25 +10 -10 +10 +10 -10 +10 +10 +10 U SL U Su

U - Unsaturated manipulated variable (inactive constraint)
S| - Saturated manipulated variable (active constraint) at the lower bound

Su - Saturated manipulated variable (active constraint) at the upper bound

G6
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Case study 4: Sweetening of COG process with external utilities

This case study shows the synthesizing of CHAMENS. There is hot and cold
utilities are added to the process that affects the network configuration and the total
annual cost of MENSs. The sweetening of COG process is selected to simulate of the
CHAMENSs. For this case, the hot and cold utilities are added to heat up and cool
down the solvent streams (MSAS). The aim of CHAMENS synthesis can be transfered
H,S in the waste water to MSAs. The problem data is shown in Tables 12 and 28. The

cost equation for an exchanger is $700 + 175 (Area) *® (Area unit in m?).

Table 28 Thermal data for the streams in the sweetening of COG process

Stream TIN TOUT LB. Temp. UB. Temp. Cp h
(C) (C) (C) (C) (kJ/kg °C) (KW/m?°C)
L1 330 330 280 330 24 2
L2 368 368 368 368 2.5 1
(C) (‘C) ($/kW-yr)  (KW/m*°C)
HU 800 800 80 34
CuU 20 30 15 1.7

Thermodynamic feasibility for heat exchange is ensured by a minimum

temperature approach equal to 10 °C. In the considered range of operation, the

equilibrium solubility data for H,S in 15 %wt MDEA and White Liquor are changed
that depend on temperature. The following relations are correlated as follow:

For 15 wt% MDEA: y = (9.38600x108x10 ©02150T ) 5
White liquor: y = (5.86807x10° x10 C010%4T) » x,



Table 29 Result data (Multi-period) for the case study 4
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Mass fraction

Period streams Flowrate (kg/s)
IN ouT
1 R1 4.3 0.07 0.0003
R2 1.6 0.051 0.0001
L1 11.8 0.0006 0.031
L2 6.797 0.0002 0.0035
2 R1 4.3 0.068 0.0003
R2 1.6 0.051 0.0001
L1 11.8 0.0006 0.031
L2 6.797 0.0002 0.0035
3 R1 4.3 0.067 0.0003
R2 1.6 0.051 0.0001
L1 11.8 0.0006 0.031
L2 6.797 0.0002 0.0035

Results for case study 4 are illustrated in Table 29 and Figure 22. We find that

in addition to the three periods uncertain parameters. The disturbances, mass fraction,

are between +0.002%w/w for R; in three periods. The total annual cost of this
CHAMEN:S is 2,631,193 $/year and the cost of MSAs is decreased to 2,477,980
$/year. The cost for additional utilities is 9,936 $/year. Table 30 shows the

comparison of cost detail between MENSs (case study 2) and CHAMENS that indicate

the total annual cost for sweetening of COG process using CHAMENS is cheaper than

synthesizing with MENS.
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Table 30 The comparison of cost detail for MENs and CHAMENSs for case study 4

Detail MENSs CHAMENS
Load of S1 (kg/s) 9.79 11.8
Load of S2 (kg/s) 25.315 6.797
MSAs cost ($/yr) 2,758,814 2,477,980
Utilities cost ($/yr) - 6,875
Mass exchangers cost ($/yr) 152,287 143,277
Heat exchangers cost ($/yr) - 3,062
Total annualized cost ($/yr) 2,911,101 2,631,193
% TAC reduction 9.62
0.300
0.070 0.291
0.068 0.287
0.067
43 R1 300 °C @ Olosgog?;
0.059 0.022
0.068 0.014
0.071 0.011
0.051 NN 0.0001
1.6 R2 — 2 \3/ —>
0.031 N /—\ 0.0006
L1 11.8
- ‘_“( @ Y 3.7 ) e
308.669 °C 308.669 °C
0.0035 /‘\ f\ 0.0002
- (&2) () —c L2 6.797

Figure 22 Optimal network configurations for case study 4
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To guarantee the overall mass and energy balance of the synthesized
CHAMENS, we simulate using Aspen Plus as shown in Figure 23. The result is shown
in Table 31 which indicates the outlet mass fraction of H2S is following the target of
process. We found that the results given by GAMS and Aspen Plus are not much
difference. From the result, we can conclude that the optimal CHAMENS obtained
from GAMS is acceptable. In addition, the total annual cost from this work is lower
than the result of Thunyawart’s (2010).

Figure 23 Optimal CHAMENS for COG process on Aspen Plus

Table 31 Targets verification on Aspen Plus for case study 4

Targets GAMS result  Aspenresult % Relative difference
Flowrate of L1 (kg/s) 11.8 11.8 -
Flowrate of L2 (kg/s) 6.797 6.797 -
Mass fraction of H,S in R1 0.0003 0.00036 16.67
Mass fraction of H,S in R2 0.0001 0.0001 -
Mass fraction of H,S in L1 0.031 0.031 -

Mass fraction of H,S in L2 0.0035 0.0035 -
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After that, the degrees of freedom of the optimal CHAMENS are checked. For
this case, we can obtain the Npory = 3+2-4 = 1. There is one degree of freedom for

utility optimization, so a strategy for optimal operation is needed.
Then, the information set of active constraints are required that will be used to
design optimal split-range control structure. The multi-parametric toolbox (Kvasnica

et al., 2004) is used to find active constraint regions as shown in Table 32.

Table 32 Set of active constraints in case study 4

Manipulated variables

Region
Qu1 QLo Ub1 Up2 Up3
1 U U U SL U
2 U SL U U U

U - Unsaturated manipulated variable (inactive constraint)

S| - Saturated manipulated variable (active constraint) at the lower bound

Table 32 demonstrates the manipulated variable Q,» and uy, switch alternately
to become active constraints and should be combined as a split-range pair. Q1, Up1

and up3 are never saturated, so, there are no needs for secondary manipulated variable.

In the next step, the optimal split-range control structure is obtained by solving
an ILP with CPLEX solver of GAMS software. The additional information of relative
orders is shown in Table 33. Tables 34 shows the values of binary variables x;;, there
are primary manipulated variables (Qi, Upi, Us2 and upz) and the secondary
manipulated variable (Q.> for uyy). If the primary manipulated variable, uy, is
saturated, the secondary manipulated variable, Q,», is used to control output. And
Table 35 shows the values of binary variables z; from solving problem shows the
control pairing, the direct effect, which are which are Ri®" - Up1, Ro®" - Ups, L1 ®" - QL1

and L, °* - uy,. The result of control structure is shown in Figure 24.
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Table 33 Relative orders of the CHAMENS in the case study 4

MV

oV Qu1 Qw2 Up1 Up2 Up3
R™ 0 o0 1 2 3
R, -’ - 0 2
L, o 1 - 2 3 o
L, o 0 1 © 0 2

Table 34 The value of x;; after solving problem for the case study 4

Sec MV
Bri MV Qu Q2 Ub1 Un2 Ub3
Qu1 1
Up1 1
Ub2 1 1
Up3 1

(the remaining entries are zero)

Table 35 The value of z;after solving problem for the case study 4

MV

cv Qu1 Up1 Ub2 Ub3
R,% il
R, 1
L, o 1
L, o 1

(the remaining entries are zero)
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Figure 24 The control structure for the case study 4

The split-range signal of the pair of Q.. and up, switch alternately to their

lower constraints (SR-CC is split-range composition control) as show in Figure 24.

Table 36 Disturbances and active constraints in the CHAMENS

Time Disturbance of mass fraction Active constraint
(sec) AR." AR," AL," AL," QL. Up2
<5 0.07 0.051 0.0006 0.0002 U SL
5-15 0.09 0.061 0.0006 0.0004 U S.
15-25 0.05 0.041 0.0006 0.0002 S. U
25-35 0.07 0.051 0.0006 0.0002 U S.

U - Unsaturated manipulated variable (inactive constraint)

S| - Saturated manipulated variable (active constraint) at the lower bound
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Figure 25 Disturbances and active constraint in the CHAMENS in case study 4
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In this case study, the results of control structures in CHAMENS are tested by

performing dynamics simulation on Aspen Dynamics. The information of the
disturbances and active constraints of the CHAMENS is shown in Table 36. The
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dynamic results indicate that the control structures can provide optimality. Figure 25
shows the dynamic result of the CHAMENS with the control structure. Figure 25b and
25¢ show the controllability of the control structure to keep all target mass fraction.
Figure 25d shows the response of split-range control that Q., is primary manipulated
variable and up; is secondary manipulated variable to keep mass fraction of H,S in

out
L
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Case study 5: Sweetening of COG process with simultaneous heat integration

This case study is the special example that to verify the capability in
synthesizing simultaneously HENs and MENs. The CHAMENS in this case consists
of the heat integration system of case 1 is combined with the COG process of case 2.
The problem data for the synthesizing of CHAMENS as shown in Table 4, 12 and 28.

Table 37 Result data for the case study 5

| TIN TOUT  FCp h KOst
Period  Stream (C) (C)  (KWFC) (KW/m*C) ($/kW-yr)
1 H1 650 370 10 1 -
H2 590 370 20 1 )
H3 190 30 15 1 )
c1 410 650 15 1 )
C2 353 500 13 1 -
c3 80 167 5 1 )
ca 20 160 5 1 )
2 H1 645 370 10 1 r
H2 587 370 20 1 -
H3 200 30 15 1 ]
C1 410 650 15 1 -
C2 353 500 13 1 -
c3 80 167 5 1 -
ca 20 160 5 1 )
3 H1 660 370 10 1 )
H2 580 370 20 1 -
H3 180 30 15 1 ]



Table 37 (Continued)
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| TIN TOUT  FCp h Cost
Period  Stream .o (C)  (KWFC) (KWIM*'C) ($/kW-yr)

C1 410 650 15 1 )
C2 353 500 13 1 )
c3 80 167 5 1 )
ca 20 160 5 1 -

4 H1 648 370 10 1 )
H2 595 370 20 1 )
H3 196 30 15 1 \
it 410 650 15 1 )
C2 353 500 13 1 )
c3 80 167 5 1 -
ca 20 160 5 1 -

5 H1 640 370 10 1 -
H2 600 370 20 1 )
H3 184 30 15 1 ]
c1 410 650 15 1 r
C2 353 500 13 1 -
c3 80 167 5 1 -
ca 20 160 5 1 )
s1 800 800 - 3.4 80
w1 20 30 : L7 o




Table 37 (Continued)
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Period streams Flowrate Mass fraction
(kg/s) IN ouT
1 Ry 4.3 0.07 0.0003
R, 1.6 0.051 0.0001
Ly 11.8 0.0006 0.031
L, 00 0.0002 0.0035
2 Ry 4.3 0.068 0.0003
R, 1.6 0.051 0.0001
Ly 11.8 0.0006 0.031
L, 00 0.0002 0.0035
3 Ry 4.3 0.067 0.0003
R, 1.6 0.051 0.0001
Ly 11.8 0.0006 0.031
L, 00 0.0002 0.0035

Results for case study 5 are illustrated in Table 37 and Figure 26. The heat of

hot stream, H2, can use to heat the solvent, L1, in sweetening of COG process. And

there using the cold utility to cooling the solvent, L1. The optimal CHAMENS

represent the total annual cost is 2,700,670 $/year that 14.89 % reduction when

compare with the total annual cost of case study 1 and case study 2 as shown in Table

38.

The optimal CHAMENSs with heat integration configuration is shown Figure

26 that there are fifteen units consist of six heat exchangers, three mass exchangers,

two hot utilities, three cold utilities and one MSAs utility.



650 2074.381 725619
645 2031.818 718.182
2344.769 555.231
660 2026.545 753.455
648 1922.179 777.821
640 370
10 H1 m Ccul
N4
590 366.687 |[ 403.199 1911.000 | [ 435.000 | [ 700.000 | [584.114
587 366.687 || 398.769 1911.000 | | 435.000 | | 700.000 || 528.544
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Figure 26 Optimal network configurations for case study 5
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Table 38 Comparison on cost detail for HENs, MENs, and CHAMENS for

case study 5

Detail HENSs MENSs CHAMENS
Load of S1 (kg/s) - 9.79 11.8
Load of S2 (kg/s) - 25.315 6.797
MSAs cost ($/yr) - 2,758,814 2,567,929
Utilities cost ($/yr) 111,664 - 70,910
Mass exchangers cost ($/yr) - 152,287 38,656
Heat exchangers cost ($/yr) 150,561 - 23,176
Total annualized cost ($/yr) 3,173,325 2,700,670
% TAC reduction 14.89

Table 38 shows the comparison of cost detail in case study 1 and 2 with cost
detail in case study that are different. Because of the configuration of HENs and
MENSs are differently designed that may cause from the change in feasible search
space, the more optional in stream matching, the more constraints involving in the
optimization model, and the compromise in adding the utilities load and the number
of heat transfer equipment to increase the mass exchanger equilibrium performance.
In detail, the utilities cost increase to 70,910 $/year, the MSAs cost is 2,567,929
$/year, mass exchangers cost decrease to 38,656 $/year, and heat exchangers cost
decrease to 23,176 $/year and the total annual cost decrease to 2,700,670 $/year. The
result indicate that the synthesis of simultaneous heat and mass exchanger networks
might obtain more advantageous network than individually synthesis of HENs and

MENSs in which lowering the total annual cost of the network.

To ensure the overall mass balance, the overall heat balance and the mass
fraction of H,S of the synthesized, we simulate using Aspen Plus as shown in Figure
27. The result is shown in Table 39 which indicates that the results given by GAMS
and Aspen Plus are not much difference. From the result, we can conclude that the
optimal CHAMENSs obtained from GAMS is acceptable. In addition, the total annual
cost obtained from this work is lower than the result of Thunyawart (2010).



Table 39 Targets verification on Aspen Plus for case study 4
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Targets GAMS result  Aspen result % Relative
difference
Flowrate of L1 (kg/s) 11.8 11.8 -
Flowrate of L2 (kg/s) 6.797 6.797 -
Mass fraction of H,S in R1 0.0003 0.0003 -
Mass fraction of H,S in R2 0.0001 0.0001 -
Mass fraction of H,S in L1 0.031 0.031 -
Mass fraction of H,S in L2 0.0035 0.0035 -
Heating utility (kW) 1255.231 1434.363 12.48
Cooling utility (kW) 4481.821 4618.219 2.95
Total Area of heat
265.576 244.736 7.84

exchanger (m?)




Figure 27 Optimal CHAMENS with heat integration on Aspen Plus

GT1
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After that, the degrees of freedom are checked. In this case, the Npor,y = 6+4-7
= 3 for HENs and the Npory = 3+1-4 = 0 for MENs. The degrees of freedom for
HENs are two, so, a strategy for optimal operation is needed. Then, the information
set of active constraints are required that will be used to design optimal split-range
control structure. In this case study generate two active constraint regions as shown in
Table 40.

Table 40 Set of active constraints in case study 5

Manipulated variables

Region
Qc1 Qc2 Qc3 Qn Ub1 Up2 Ub3 Upa Ubs
1 U U U S. S U U U U
2 U U U U S SL U U U

U - Unsaturated manipulated variable (inactive constraint)
S, - Saturated manipulated variable (active constraint) at the lower bound

In Table 40 shows the manipulated variables Qp; and uy, switch alternately to
become active constraints and should be combined as a split-range pair. Qci, Qc2, Qcs,
Ups, Ups and ups are never saturated; hence, there are no needs for secondary

manipulated variable.

Then, the additional information of relative orders is shown in Table 41. The
optimal split-range control structure is obtained by solving an ILP with CPLEX solver
of GAMS software. Tables 42 shows the values of binary variables x;;, there are
primary manipulated variables (Qn1) and the secondary manipulated variable (Qn, for
Upo). If the primary manipulated variable, up,, is saturated, the secondary manipulated
variable, Qng, is used to control output. And Table 43 shows the values of binary
variables z; from solving problem shows the control pairing, the direct effect, which
are which are TH1*" - Qe, TH2® - Qez, TH3®" - Qea, TC1 ™" - Up, TC2 ™" - U3 , TCs

U s and TC4®"" - ups. The result of control structure is shown in Figure 28.
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Table 41 Relative orders of the CHAMENS in the case study 5

MV

oV Qa1 Qc2 Qc3 Qn1 Ub1 Up2 Up3 Upa Ups
TH,™" 1 0 - © 2 - © - o0
TH,™ 1 o0 0 0 5 4 3 2
TH:™ o o 1 B o0 - - 0 o0
L O © o0 1 3 2 o o o0
TC,™  « o0 o0 o o0 2 1 o0 o0
TC:™ o o o o0 o0 3 2 1 o0
TC,™ 0 o 0 0 o 0 2 1

Table 42 The value of x;; after solving problem for the case study 5

Sec MV

. Qc1 Qc2 Qcs Qn1 Ub2 Ub3 Uba Ubs
Pri MV

Qa ik

Qc2 1

Qcs 1

Up2 1 1

Up3 1

Upa 1

Ups 1

(the remaining entries are zero)
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Table 43 The value of zafter solving problem for the case study 5

MV
Qc1 Qc2 Qc3 Up2 Up3 Uba Ubs

(the remaining entries are zero)
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Figure 28 The control structure for the case study 5

Figure 28 shows the split-range signal of the pair of Qn and up, switch

alternately to their lower constraints (SR-TC is split-range temperature control).



Table 44 Disturbances and active constraints for HENs in the CHAMENS with heat integration

] ] Active

Time Disturbance of Temperature )
constraint

(hOUf) ATH, n ATH, n ATHgm ATC, o ATC, " ATCs - ATCy n th Up2

<5 0 0 0 0 0 0 0 SL U
5-15 +10 +10 +10 -5 -5 0 0 U SL
15-25 +10 -10 -10 +5 +5 0 0 U S.
25-35 0 0 0 0 0 0 0 SL U

U - Unsaturated manipulated variable (inactive constraint)
S| - Saturated manipulated variable (active constraint) at the lower bound

0cT
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Table 45 Disturbances and active constraints for MENSs in the CHAMENSs with heat

integration
) Disturbance of mass fraction
Time (sec)
AR," AR;" AL" ALy"
<5 0.07 0.051 0.0006 0.0002
5-15 0.09 0.061 0.0006 0.0002
15-25 0.05 0.041 0.0006 0.0002
25-35 0.07 0.051 0.0006 0.0002
=
= & 8
o oo o o
e =] o ey i
bg| 257 & | g
el £ | £ | &8
29l = 23 =o ;
x| Bl Dol B3
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Dynamics simulation of the MENs in the CHAMENS with heat Integration

(@) Inlet mass fraction and (b) Rich stream target mass fraction
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The results of control structures in HENSs for this case are tested by performing
dynamics simulation on Aspen Dynamics. The information regarding the disturbances
and active constraints of the system in the case study is shown in Table 44. The
dynamic results show that the control structures can provide optimality. Figure 29
shows the dynamic result of the HENs with the control structure. Figure 29b and 29c
show the ability of the control structure to keep all target temperatures. Figure 29d
shows the response of split-range control that Qp; is primary manipulated variable and
Upz is secondary manipulated variable to keep temperature of TC; ®. The results of
control structures in MENs are tested that the information of the disturbances and
active constraints of the MENS in this case study is shown in Table 45. The dynamic
results indicate that the control structures can provide optimality. Figure 30 shows the
dynamic result of the MENSs with the control structure. Figure 30b and 30c show the

controllability of the control structure to keep all target mass fraction.



CONCLUSION AND RECOMMENDATION

Conclusion

Most research uses individual mixed-integer nonlinear programming (MINLP)
for generating the optimal configuration and nonlinear programming (NLP) for
feasibility test. In this research, flexible heat exchanger networks (HENS), mass
exchanger networks (MENSs), and combined heat and mass exchanger networks
(CHAMENS) MINLP synthesis combining with NLP feasibility test as a single
optimization problem are presented. First, the optimal configuration is synthesized
with a minimum total annual cost (TAC) and minimum slack variable. Then the
optimal configuration is simulated in Aspen Plus to ensure the optimal target of the
synthesized networks. After that, the active constraint regions can be formulated using
parametric programming. Next, the optimal split-range control structure can be
determined by integer linear program (ILP). Finally, the control structure is

dynamically tested to ensure that the target can be controlled.

Five cases studies are proposed in this work. Case study 1 from Thunyawart
(2010), heat integration system for 7 process streams, has the total annual costs of
262,225 $/year distributed among 9 units of heat exchangers. Two active constraint
regions are found. There are two remaining degree of freedom for utility cost
optimization and the design optimal split-range control structure are determined by
ILP. Case study 2 information from El-Halwagi and Manousiouthakis (1989),
sweetening of COG process, has the total annual costs of 2,911,101 $/year for 5 units
of mass exchangers operating with 2 active constraint regions. There are one
remaining degree of freedom for utility cost optimization, used ILP to determine an
optimal split-range control structure. Case study 3 from Fieg et al. (2009), heat
integration system for 15 process streams, has the total annual costs of 1,666,379
$/year distributed among the 22 units of heat exchangers. Two active constraint
regions are found. There are two seven remaining degree of freedom for utility cost

optimization and the design optimal split-range control structure are determined by
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ILP. Case study 4 as sweetening of COG process with external utilities, it has the
total annual costs at 2,631,193 $/year for 5 unit of mass exchangers operating and one
hot utility and one cold utility with 2 active constraint regions. There are one
remaining degree of freedom for utility cost optimization, used ILP to determine an
optimal split-range control structure. Case study 5 as sweetening of COG process with
simultaneous heat integration has the total annual cost of 2,700,670 $/year for 11 units
of heat exchangers and 4 units of mass exchangers with 2 active constraint regions. If
has three degree of freedom for HENs for utility cost optimization, used ILP to
determine an optimal split-range control structure. The dynamic tests of all case
studies show the control structures can keep the target. In addition, the comparison of
the total annual cost is obtained in this work is lower than the result from literatures.
So, we can conclude that this approach can solve the problem and decrease total

annual cost as well.
Recommendations
1. In this work, we adjusted only inlet temperature of HENS, only inlet mass
fraction of MENSs but in practical we can have several ways to disturb the system of

HENSs and MENSs such as the changing of flowrate.

2. Advance control would be of interest instead of only split-range control e.g.

Predictive Control.

3. The GAMS software in this work cannot solve the large system problem,

so, another algorithm should be used to solve e.g. Genetics Algorithm (GA).
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Case study 1: Heat integration system for 7 process streams
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Appendix Figure 1 Heat exchanger networks for case study 1 under normal

condition



Case study 2: Sweetening of COG process
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Appendix Figure 2 Mass exchanger networks for case study 2 under normal

condition



Case study 3: Heat integration system for 15 process streams
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Case study 4: Sweetening of COG process with external utilities
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Appendix Figure 4 Combined heat and mass exchanger networks with external

utilities under normal condition
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Case study 5: Sweetening of COG process with simultaneous heat integration
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Appendix Figure 5 Combined heat and mass exchanger networks with simultaneous

heat integration under normal condition
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