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Superstructure-Based MINLP Formulation for Synthesis of Semicontinuous Mass
Exchanger Networks

Cheng-Liang Chen* and Ying-Jyuan Ciou

Department of Chemical Engineering, National Taiwan démsity,
Taipei 10617, Taiwan

This paper deals with the synthesis of mass exchanger networks (MENS) for semicontinuous processes. The
starts and endings of available process streams are time-dependent since they usually come from other batch
plants. A periodically partitioned stagewise superstructure is presented for modeling the time-dependent mass
exchange operations. The proposed stagewise superstructure can handle multiple transferable components
and can also be extended to include storage tanks. Not using any heuristics that are based on the concepts of
pinch point, the proposed superstructure-based representation for synthesis of semicontinuous MENSs is
formulated as a mixed-integer nonlinear program (MINLP) for targeting the consumption of external lean
mass separating agents. The coke oven gases (COGSs) problem from the literature is supplied to demonstrate
the applicability of the proposed MEN synthesis method for semicontinuous processes.

1. Introduction Papalexandri et alS was due to the inappropriate consideration
of all cost factors and tradeoffs.

The indispensable mass exchange operations used in chemical | contrast to previous works that simplified the problem by
industries include absorption, stripping, extraction, leaching, decomposition based on the concept of pinch points, a hyper-
adsorption, and ion exchangé common nature of these mass gy cture-based representation of MENs was proposed by
exchange operations is the transfer of single or multiple papalexandri et al$and a superstructure-based representation
components from rich streams, usually process effluent contain- 5 MENS was recently proposed by Chen and H&*jTherein,
ing valuable materials or undesirable contaminant, into relatively he MEN synthesis problem was formulated as a mixed-integer
lean mass separating agents (MSAs) to conduct the separationsyoplinear program with both network operating and investment
The mass transfer of these components between different streamgq g being optimized simultaneously. The impact of simulta-

is usually executed by contacting the rich streams and lean neoysly minimizing operating and investment costs to waste

MSAs in countercurrently direct-contacted mass exchange units. minimization problems was demonstrated via numerical ex-
Recently, some advances on the synthesis of the continuousamples. Meanwhile, some other approaches with quite different

mass exchanger networks (MENSs) have been propbséd? representations to the above-mentioned superstructures have also

In the early development, a systematic two-staged procedurepeen proposed to solve the MEN and/or HEN (heat exchanger

for the synthesis of cost-effective MENs was first proposed by network) synthesis problems, such as that based on the process

El-Halwagi and Manousiouthak?sTherein, the pinch points, graph theory!! the state-space approaeH3the IDEAS! to

the thermodynamic bottlenecks that limit the extent of mass name a few. Methods that emphasize the stochastic optimization,

transfer between the rich streams and the lean MSAs, weresych as genetic algorithmhave also been studied.

located and the minimum consumption of external lean MSAs  until now, however, there have been only few papers that

was also targeted at first. The overall network configuration investigated the synthesis problems for semicontinuous mass
was then developed to minimize the investment cost in the exchanger networks. Semicontinuous means that inlets of a
second stage of synthesis. Thereafter, a linear transshipmentontinuous process come from other batch processes, and thus,
model was established for automatic synthesis of MENs with the available inlet streams have different starting and ending
single-component targéthis work was further extended ina  times. Wang and Smith attempted to maximize the driving
later report to include networks for regeneration of recyclable force in each of the concentration intervals in a time-dependent
lean stream$. Therein, a mixed-integer nonlinear program \yater network synthesis problem so that water usage is
(MINLP) was formulated to obtain the minimum cost of mass- minimized and water consumption can be targeted ahead of any
Separating and regenerating agents. Then a mixed-integer |ineahetwork design by putting time as one of the main process
program was provided to solve the configuration with minimum  yariables. Since the work of Wang and Sriitis a special batch
number of mass exchange units. Recently, Hallale and Fréser  system involving water, a more generalized procedure is needed
presented a method in a series of papers for targeting the capitafor the synthesis of semicontinuous process systems involving
cost as well as the operating cost of a mass exchanger networkjean MSAs other than water and for those processes where
and these costs were further combined to give the total annualprocess streams are continuous within specific periods of times.
cost target. The design of MENs to meet the targets was alsoRecently, Foo et & presented the semicontinuous MENs
discussed in detail. These papers demonstrated that, contrargynthesis problem involving MSAs other than water. On the
to previous belief, using the minimum number of units did not pasis of utility target, Foo et af.used time-dependent composi-
necessarily lead to a minimum cost destgithe primary  tjon interval table (TDCIT) to calculate the consumption of
limitation of these sequential approaches, as pointed out by external MSAs of the semicontinuous coke oven gases (COGs)
problem with three operating modes, including the single
*To whom all correspondence should be addressed. Tel.: 886-2- Operation without storage tanks, the single operation with storage
23636194. Fax: 886-2-23623040. E-mail: CCL@ntu.edu.tw. tanks, and the cyclic operation with storage tanks. In their later
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work, Foo et al'® addressed the network structure with storage
tanks based on utility target, provided a skill of storing, and Coke
discussed the relationship between the units numbers and thg¢ preparation

Coke Oven Operation Cycle

amount of utility. Then, Foo et &P used those skill to design Coking process Coke
a water network of maximum recovery for a batch process, : discharge
covering both mass transfer-based and nonmass transfer-base — sou coG ¢ COG,
water-using processes. A systematic approach for network * Sweetenng
synthesis, however, is still desirable for semicontinuous pro- "~ Aqucous Claus process
cesses. Tail £35 4, Claus tail gas cleaning
In this paper, our previous works of superstructure-based
MINLP formulation for synthesis of continuously operated ] T 1 I T I I —
MENSs will be extended to the synthesis problem for semicon- t, t, t, Lot t, t, t, Time (hr)

t!nuous MENS. Th.e stagewise superstructure for cqntlnuous- Figure 1. Sour COG sweetening using liquid absorption systém.
time MEN synthesis proposed by Chen and HiMgvill be
augmented to include storage tanks, and a periodical partition-impurity, because it is corrosive and contributes te 8@ission
based representation will be proposed to handle the time-when COG is burnt. The existence of ammonia in COG is
dependent operational characteristics for semicontinuous MENs.regenerated into aqueous ammonia, which can absgBland,
The superstructure-based configuration for semicontinuous MEN thus, be suggested as a candidate solvent (the free process lean
synthesis problems can also be formulated as a mixed-integerstream). Note that the regenerated ammonia can supyly at
nonlinear program (MINLP). The stagewise superstructure-basedbecause it takes times to be produced. Besides ammonia, an
representation can handle multiple components straightforwardly external MSA (chilled methanol) is also available for service
and can easily consider single as well as cyclic operation modes.to supplement the aqueous ammonia solution as needed.
One example from literature, the coke oven gases process with Next, the Claus unit converts the;8l in the enriched acid
three operational modes, will be illustrated to demonstrate the gas stream coming from the COG sweetening process into
efficacy of the proposed MEN synthesis method for semicon- elemental sulfur front to tg. The tail gas, another rich stream,
tinuous processes. Though the inclusion of investment costsfrom the Claus unit undergoes further treatment frigrto to.
should be part of the motivation for using a mathematical The tail gas from the Claus unit still contains some elemental
programming approach, only the targeting of the external lean sulfur because of the thermodynamic limitations igBHtonver-
MSAs under various operational modes will be considered here sion. The flow sheets of the COG sweetening process and the
for discussing the effects of applying storage tanks on different Claus process are shown in Figureghd Figure 33 respec-
streams. The discussion for designing a continuous operationaltively. Figure 2 is a probable result that contains two regenerated
network incorporated with suitable storage policies for time- parts and four mass exchangers. Those exchangers represent
dependent input streams to minimize the total annual cost will all possible matches but not the operational order.
be supplied in a subsequent article. Notably, El-Halwagi and ManousiouthaRiproposed an

The structure of this paper is organized as follows. The integrated scheme on the combined treatment of sour COG
essential features of the COG sweetening process is first givenstream (R1) and Claus tail gas (R2) with the use of aqueous
in the next section. The problem statement for the synthesis ofammonia (process MSA, S1) and chilled methanol (S2, the
semicontinuous MENSs is then elucidated. The periodically external MSA to be used after S1 has been depleted), as depicted
partitioned superstructure is, therefore, proposed for simulta- in Figure 4.
neously considering all possible network configurations. A
MINLP formulation follows for modeling the synthesis work. 3. Problem Statement
A numerical example is thereafter illustrated for demonstrating

the proposed design procedure. Finally, a conclusion is made A Periodically partitioned method is proposed to overcome
for summary. the different starting and ending times of each stream in a

semicontinuous process, as illustrated in Figufé wjth two
rich and two lean streams having different starting and ending
times. From those event times, we can iet= 5 time periods
with six time points. The process streams are, therefore,
The coke oven operation cycle is a batch process that consistgartitioned into five independent parts with the same inlet and
of three steps in rough: (i) the coke preparation step, (ii) the outlet compositions and mass flow rates; even the streams may
coking process step, and (iii) the coke discharging step. After not exist in some time periods. Note that the process MSAs are
the first coking cycle is completed, the coke oven is charged usually free of charge with a limited amount of supply, and the
with another batch of coal blend to start the next cycle. A generic external MSAs are purchased from outside the plant with given
representation of the batch process cycle for coke oven operationcosts. Therefore, it is desirable to use the free process MSAs
is illustrated in Figure 18 Therein, the coke preparation takes as much as possible to reduce the purchase cost of external
place from timet; to t; and the coking process takes place from MSAs.
timet, to ts. The coke is finally discharged from the coke oven ~ The semicontinuous mass exchanger network synthesis
betweents andt;, and the coke oven is prepared for the next problem addressed in this paper can, thus, be stated as follows:
coking cycle. givens are a set of rich process streamsRP in which some
After the coking process commences shortly, sour COG is transferable componentse TC are to be removed away; and
released from the coke oven betwdgandts and gets into the a set of lean mass separating agents (M3/As).P, which are
COG-sweetening process shortly. The basic objective of the to be used for removing those transferable components in rich
COG sweetening is to remove acidic impurities, primarily Streams. Also specified are the flow rates of available rich
hydrogen sulfide, from COG (a mixture of,HCH,;, CO, N, process streamsj,, and maximal available rates for lean

NHs, CO,, and HS). Therein, the BB is an undesirable  process streamlsj(;’p); input, output, and upper compositions

2. The Motivated Case Study: The Coke Oven Gas
(COG) Sweetening Process
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Figure 2. Coke oven gas (COG) sweetening process.
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Figure 3. Simple Claus process with a three-reactor ¥ed.

for rich streamsY™™, Y© andY"“P: and input, output, and ~ compositions of each mass exchanger unit, and the existence
upper compositions for lean streamlq“,('”), Xjn(oul), and )(in(up)_ of storage tanks and those of quantity at each time point. The
Note that the compositions for streams are not dependent onoverall network is constructed on the basis of this time-
time whenever streams exist or not. dependent information. As pointed out previously, the invest-
Givens also are linear equilibrium relations for distribution ment costs will not be addressed in this article, though the
of transferable components between rich and lean stregms, inclusion of investment costs in the optimization is part of the
= mfl) Xjn + b.'; whereyx andxj” are equilibrium compositions motivation_for usi_ng a mgthematical programming approach.
of component in ith rich andjth lean streams, respectively, ~For analyzing the implications of applying the storage tanks on
and mi! and bjj are associated equilibrium constants, and a the consumption of external MSAs, and for companng the
minimum composition approacky. The objective then is to results with previous works provided by Foo et ‘&) the
determine the time-dependent mass exchanger network thailvestment costs are temporarily left out of the problem
targets the external mass separating agents. The solutioformulation. This issue will be tackled in the next article.
associated with time defines the time-dependent MENs by Several assumptions are made to simplify the semicontinuous
providing the following: the period-dependent stream matches MEN synthesis problem, including the followirig® the mass
and the number of units, the targeting mass separating agentg§low rate of each stream remains constant throughout the
and those of mass flow rate, the network configuration and flows network should it be available; the concentration of each stream
for all branches, the mass exchange rates and operatingremains constant after the action of splitting; the equilibrium
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Figure 4. COG sweetening batch process.
| Time period | Time period | Time period | Time period | Time period | appending several numbers of stages in series. Therein, the
A T T T S L outlets of exchange units from splitting of a common stream
| | K | | | merge into one and then define the streams as inlets for the
'“l =| f =| | | next stage. Such as stated by Yee and Grossthahifor
: : | K synthesis of heat exchanger networks (HENs), and by Chen and
| | R2 | >t > 1 Hund10 for synthesis of MENSs, and because of the fact that
| | | | | | an optimal design usually does not require a large number of
| $1|= I I | | exchange units, the number of stages required to model the mass
| | | | | | integration is seldom greater than either the maximal number
52| [ | I I 1 of rich streams\r or the maximal number of lean streais,
ohr ahr ahr Shr 7hr 10%hr at all periods. The number of stages is, thus, typically fixed at
Time point Time point Time point Time point Time point Time point Ns = max Ng, N_}. However, one additional stage is sometimes
g
p=1 p=2 p=3 p=4 p=5 p=6 recommended to search for potential better networks.

Figure 5. Five periods partition for a semicontinuous process with two

i For storing or reusing the rich streams, each stream has its
rich and two lean streani8.

own storage tank. At each period, the rich streams may flow
of each transferred component does not depend on the other'm0 t.h.e|r own storage .tanks. or be mixed with the floyv from
components; the mass exchange units are countercurrent tyloes_peaflc tanks. This action will ch_ange the flow rate for inlet of

’ - rich streams of the first stage. Figure 6 shows an example of a
mass exchange between any two rich streams and that between

. - . stagewise superstructure at tpgh period involving two rich
any two lean streams are not allowed; heat integration between treams, two lean streams, and four storage tanks. The two stages

streams is not considered; and the network operates at constanzre represented by eight mass exchange units, with four possible

{)Iiiess\:/svlgri' igtnheatm;ﬁ 0rrtggésassf}lé?ztr']?ﬂégﬁtsﬁira?gt ﬁogéfl?e'r atches in each stage and variable compositions between each
P stage. Instead of assuming isocomposition mixing of the split

:Ierzﬁnlir(]:taelrl\iﬁlitgzgnze nggaudrsaenitgrsi;ﬁd ;t arlol(‘:’j‘éz; grr]:avmvghrg;t streams, the split streams in the same stage can possess different
: ' gorp ycompositions. This is due to the fact that all compositions and

not always be practical in a typical batch process, as |OatChrow rates for lean streams are variables for a typical MEN.

operations are normally carried out in sequence, and the Processe composition material balances around each stage for lean
reams will n r for the nex ration he en S i . . )
streams eed to be ready for the next operation at the e dstreams will still result in nonlinear constraints, even if we adopt

8222 z%r:geglgﬁqeirnaifgéggigzg ;\{3 di/ssalljsn;ﬁethc?(t)tgIZ:soiessonn?;/the isocomposition assumption. Thus, one cannot guarantee a

to be used as fuel ’ convex feg&ble space Qeflned b_y a set of linear constraints with
' the simplified assumption. Notice that the derivation of the

stagewise superstructure does not require the identification of

pinch point(s) or the partitioning into subnetworks. Furthermore,

The analogue of the pinch analyses for syntheses of heat andhe model does not rely on any composition interval definition
mass exchanger networks has been emphasized by severd]Or any transshipment type constraints.
authors?~8 For modeling the time-dependent synthesis problem
of semicontinuous mass exchanger networks via simultaneouss. Model Formulation
optimization, we thus directly adapt the stagewise superstructure
of Chen and Huny!® developed for conventional mass ex- To model the stagewise superstructure for synthesis of the
changer network synthesis in this study. The superstructuresemicontinuous mass exchange networks to minimize the
focuses one period and selects the maximal rich and lean streamexternal mass separating agents, the indices and sets, parameters,
of all periods to design, as in Figure 6. and variables are given in Notations. With these definitions,
In the stagewise superstructure, potential exchanges betweenve can formulate the stagewise superstructure model for
any pair of rich and lean streams can occur within each stage,synthesizing the periodically dependent mass exchanger net-
and different sequences for matching streams are allowable byworks for a semicontinuous process.

4. Periodically Partitioned Stagewise Superstucture
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Figure 6. Two-stage superstructure for mass exchange network synthesis with two-rich/two-lean streams and associated storage tanks.

5.1. Overall Mass Balances for Transferable Components  reveals the similar relation for componemtn lean strean;
over the Whole Network. Suppose each of the rich and lean should it be available during periqa
streams is equipped with its own storage tank for adaptive 5.2. Mass Balances for Transferable Components in each
operation during various periods. Since the stream rates areStage.The mass balance of each stream in each stage is used
period dependent, part of the input rich or lean stream rate canto determine the composition of each transferable component.
be stored temporally and then released from the storage tankiFor a superstructure witNs stagesNs + 1 levels of composi-
later for supplying economic and smooth operation. The exact tion are involved. Note that the inddois used to represent the
rate for theith andjth stream flowing into the stage during stage and the composition location in the superstructure. For
periodp, GEp and LEp, respectively, can be calculated, each stagd, the composition at locatiok of each stream is
higher than the composition at locati@nt+ 1. The component
and the mass balance for each stream in each stage during period
p can be stated as follows.

(Y{Lp - }/ijk+l,p)GEip = Mka
OyelpP
Oi e RP,ke ST,pe TP,ne TC
Odkp = Xk 1p)LEp = ikp
OieRP

0jeLP,keST,peTP,neTC (3)

GE, =G, — GS)" + G5 LieRP,peTP

=L, - LSV +LSE" DjelP,peTP (1)

ip

where G§”, G, LS, and L™, respectively, denote
the rates for inlet rich streaimor lean streanj flowing into or

out of their storage tanks during tipth period. Suppose each
stream keeps the same inlet and outlet compositions at all
periods should it be available. An overall mass balance during
periodp can then be formulated to ensure sufficient exchange

of all transferred components for all rich and lean streams.

(I =MENCE = 5 3 Mo
OkeSTUjeLP
Oi e RP,pe TP,ne TC

(X‘p(out) _ Xjn(m))LEjp — ZS irj]kp
OkeST OieRP
OjelP,peTP,neTC (2)

For each stage, each rich stream splits Mitstreams to match
with N lean streams, respectively. New variablgg, and/jp,
are used to represent the split mass rates foririghd lean
streams at stage during periodp.

GE, = Yijkp

OjelpP

Oi e RP,ke ST,pe TP

LE;, = Z b DjelP keST,peTP  (4)
OieRP

The first constraint specifies that the overall transferable

requirement for componentof each rich stream must be equal 5.3. Mass Balances for Transferable Components in Each

to the sum of exchange loads for the component that is Exchange Unit. A component mass balance is needed for each
exchanged with other lean process streams or external MSAslocal exchange unit. The inlet composition of each unit is the

at all potential mass exchange units. The second constraintsame as the inlet composition at each stage, because we assume
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that the action of splitting does not affect the composition of the additional storage cost into account. Binary parameters,
each stream. New composition variableg, and sxj,, are ZT"® andZ{™"®) are used to denote the existence of storage
defined to express outlet compositions of units, as illustrated tanks These parameters will take a value of zero for the case
in Figure 6. The unit mass balance is stated in the following. of forbidden storage to guarantee zero remain the value at all

times. The result of zer@{J*™® (or zeroQ?a”kS) value would
Vikp — SYikp)Giikp = ik turn G and G$™ (or LS,('n and L%‘j‘”) into zero. Thus,
OieRP,jelLP, ke ST,peTP,ne TC GE; will then be reduced int&i, (and LE, into Lj) under

such a case.
(S){j]kp X] k+1 p) Jkp Ijkp

Oi e RP,] c LP, ke ST, pe TP, neTC (5) Q.(TankR) < I_,Z(TankR) Oi € RP pe TP
| - | 1

Notice that the balance equations around all mixers from split Q(Tanks)< rz(Tanks) OjeLlP,peTP @)
streams are not necessary since these equations are redundant '
to egs 3-5.

5.4. Remaining Mass for Transferable Components for 5.6. Assignment of Superstructure Inlet/Outlet Composi-

Each Storage Tank.The remaining mass of each storage tank tions. The given inlet/outlet compositions of rich and lean
during each periog is relevant for designing suitable tank size. process streams are assigned as the inlet/outlet compositions to
The remaining mass of each storage taakperiodp, Q,(TF,T{‘R), the superstructure. For rich streams, the inlet of superstructure
is equal to the tank’s initial masQ (TankR) , plus the input mass  corresponds to composition locatigr— 1, and the outlet of
from its corresponding stream mlnus the output mass from the superstructure corresponds to composition locakien Ns +
storage. Note also that the remaining mass of each storage tank. While for lean streams, the inlet corresponds to locatien

i at periodp is also the initial mass of the storage at subsequent Ns + 1, and the outlet of superstructure corresponds to
periodp + 1. These constraints also apply for storage tanks for composition locatiork = 1.

lean streams.

(in) — (out) _ :
Qe — QU1 (G — GOt [ e RP,p e TP Y =y e =y, OieRP,peTP,neTC

) Xn(m) =" , xn(out) _ Oj e LP,pe TP.ne TC
Qanks)= QankS) 4 (| S — | SO [jeLP,pe T(Fé) INSHLp X O P (10)

Here,t, is the elapsed time of periqal Also note that both the 5.7. Feasibility of the Transferable Components.Con-
initial mass at the first time poing= 1 and the remaining mass ~ Straints are also needed to guarantee a monotonic decrease of

at the final time poinNe + 1 should be zero for single-batch ~ @ll compositions at successive stages, such as,
operation, and these two quantities should be equal for cyclic

operations. A binary paramet&¢¥®) is used where a zero value Yio = Vi1, Li€RPkeST,peTP,neTC
represents single-batch operation and a vatuk denotes the o
design for cyclic operations. The initial mass at the first time Xip = Xir1p Uj€LP,keST,pe TP,neTC (11)
point p = 1 can, thus, be stated as follows.
(cye)y(TankR) _ ~(TankR) in out . 5.8. Logical Constraints. Logical constraints and binary
Z7 QP+ (GSp — CS{Ptp Lli € RP variables zpjp, are used to determine the existence or absence
Z(cyc)Q(TankS)_ Q(TankS) +(L ](I&)P Sj(ol\lljé’ tpo LjelP of process matches, {) in stagek at periodp. An integer value

of 1 for binary variablezpj, designates that a match between
rich stream and lean strearin stagek at periodp is present
)and in the optimal network, whereas the binary variatdg
) and represents the existence of arj match in stag& in the overall

(Tanks) nkR) network configuration. The constraints are as follows, where
Qinp+1 be zero. Equations 6 and 7 would also ens(@? M and M are positive lower and upper bounds for the

= Q"™ and Q(TNa;ff)_ Q(TankS)Shomdz(cyc) =1l ltis very exchangers’ load, respectively.
sensible for single-batch operatlon because the mass of the

storage tank must be zero at the beginning, and the mass in the _
storage tank should be run out at the end. The constraint isMZﬂjkp = Z Mukp = Mznjkp
shown below, wheré' is a large positive upper bound.

In this equationZ(©¥°) with zero value would mak@{*"®

Q™ become zero, and this result also makg! a“kR

Oi e RP,j e LP,ke ST,pe TP,ne TC

Q(TankR) QJTankS)< Z®° 0i erP ,j €LP (8) 2R < Zj < Z B Oi e RP,j e LP,ke ST,pe TP
OpeTP

5.5. Existence of Each Storage TankConsidering the (12)
practical limitations, some specific rich or process lean streams
may be forbidden or not worthwhile for temporal storage. Similarly, binary varlableszr('n and zﬁ"”t or z&" andz
However, for studying the effects of various storage policies are used to denote the status of rlch stréaon lean stream
on rich and/or process lean streams, as elucidated in theflowing into or discharging from its own storage tank. The stored
subsequently supplied case study, we assume all streams carate has the normal input rate as its upper bound; and the
be independently accumulated and distributed at a later timedischarging rate is also limited by the remains in the storage
without any technical difficulty, and it does not need to take tank, wheret, is the elapsed time of periqul Meanwhile, the

out



6734 Ind. Eng. Chem. Res., Vol. 45, No. 20, 2006

actions of storage and discharge are disjunctive at the same timeTable 1. Stream Data for the Semicontinuous COG Proce$%
The following equations summarize these restraints.

tich G yim ylou start  stop
stream  descrip (kg) (massfrac) (massfrac) ts(h) t(h)
in) i _ ) R COG 3240  0.0700 0.0003 0 5
GSY — Gz’ <0 R.  tailgases 360  0.0510 0.0001 4 10
outy _  ~(TankR), (out) H
GSy %, — Q" Very < 0) DieRPpeTP oo T o0 start stop UG
Zl‘i(,')n) + le(gur) =< 1‘ stream descrip (kg) (mass frac) (mass frac) t(h) t'(h) ($/kg)
(13) S ag.NH, 8280 00006 00310 3 7 1
L in) _ L.z {in) _ 0 S methanol oo 0.0002 0.0035 0
ip =
LS — QU2 < 0) OjelP,peTP Table 2. Availability of Time-Dependent Rich and Lean Streams
in) out) period 1 2 3 4 5
2% + Z#p =1 duration time (h) 0-3 3—4 4-5 5-7 7-10
elapsed time, 3 1 1 2 3
5.9. Feasibility Constraints of the Equilibrium Relation- " 1 1 1 0 0
ships. Linear equilibrium relations are adopted here for distribu- Z((ZI'LCh’) 0 0 1 1 1
tion of transferable componemt between richi and lean; ZﬁEZ; Cl) 1 1 i 2
streamsy’x = m X' + bj. The feasibility constraints of the Zp

equilibrium relationships ensure positive driving forces, . ) . .
cyxf, and dyxd, for the potential i ) match in stagek R FECE B e e ol the.
during periodp at the rich and lean sides, respectively. Binary hb ioh = 1 and I. D 2 b
variables are used for these constraints to ensure that only thghatch between rich strean= an_ ean stream e not
nonnegative driving forces exist for existing matches where the allowable, t.hen. one can assighx = 0, Uk € ST. .
associated binary variables all equal 1. If a match does not occur, 5'12|' (zbjethef Function kagd .MIN.LP FOT”!“'?"“O”H A |
the associated binary variable equals zero and the large positivegf(Itura N erCt'Ve olr network design Is to m]IcnImI_ZGII e total
upper boundl’ can deem the equation redundant. In these pense of external mass separating agents for singie operation
equations, a streams-and-component dependent minimum com®" for cyclic operations, as follows, whexeand <2 denote the

. ’ n - . set of all design variables and the feasible space defined by all
position approachs; is also chosen so that feasible mass constraints, eqs-117, respectively, and UGs the unit cost
transfer in gfinite 'number of equilibrigm stages or a finite area for MSA |. Note that t’he cost of prc;cess MSAs could be set as
can be achieved in each transfer ufiit. zero. Furthermore, all of the external MSAs can haveg 8@,
and thus, the design objective becomes minimizing the overall

n n
dyxﬁkp' dyxcg'kp = My € external MSAs.

dyx{j‘kp < yir|‘<p - (n‘q’j‘s>{j'kp + bﬂ-‘) +T(1—zpy,) (14)

minJ = Z UCLt,
dyxQy < S kr1p — (M) X1 + b5 + T(1 — zpy,) Xe@  opeTeojete
Ui eRP,jeLP,ke ST,pe TP,neTC Q = {x|set of constrains, eqs-117} (18)

5.10. Bounds on VariablesPossibly _Iean streams may come g Numerical Example: Sweetening of COG
from the process; then bounds for available mass of lean process
streams should be set. Bounds for final compositions of rich ~ This example, originated from by El-Halwagi and Manou-
and lean streams comply with rules of environmental protection. siouthakis in 1989,involves the simultaneous removal 0%
(n=1) and CQ (n = 2) from the coke oven gag{(, a mixture

Ly < Lj(;‘p) x‘,”(om) < x]."(”p) OjeLP,peTP,neTC H, CHy, CO, N, NH3, CO,, and HS) and the Claus unit tail
gas R). The HS should be removed when the COG is used
Lj(;jp) < Lj(,‘)’p) Oi e RP,ne TC (15) as a fuel to reduce the emission of corrosive,Sihe presence

of ammonia in COG led to the utilization of aqgueous ammonia
5.11. Optional Constraints.Some additional constraints such ~ as a free process lean streen, The chilled methanol is used
as no stream splits, forbidden matches, and required andas an external MSAS,. The purification of COG involves
restricted matches can be easily included in this model. For washing the sour COG with sufficient aqueous ammonia and
example, the stream splitting can be prevented by constrainingchilled methanol to absorb required amounts @&HThe acid
the number of matches for split streams in each stage, such asgases are then stripped from solvents, and the regenerated MSAs
are recirculated. The stripped acid gases are fed to a Claus unit,
Z Zp, <1 OjelP,keST,peTP where the sulfur is recovered fromy8l The tail gas leaving
oferp the Claus unit ought to be treated for partial removal of
uncovered HS. Furthermore, the C{»ften occurs in COG in
relatively large compositions, but it is not considered here.
The basic features of the process and problem data are

The maximum total number of mass exchanger units can be provided in Table £? which is modified f(rtgtw the data for

limited by adding an upper bound for selected exchangers, MEU, Continuous  operational scenafiowhere G is the total

Z ZRyp <1 DieRPkeST,peTP  (16)
OjelP

in the following constraint. available amount for rich streaimand L"®” is the upper limit
for lean streanj during one operational cycle (that is, 10 h).
Z Zs Z; < MEU (17) The availabilities of these streams in various time periods are
DfeRPOfETPOREST denoted by binary parameteé;'cm ande(F')ea”), where a unity
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Figure 7. MEN structure of single batch without storage tanks by proposed superstructure.

value denotes the existence of rich streaon lean streanj in set to zero, and that of the external ones are set to unity. Because
periodp, as shown in Table 2. Itis assumed that the total amount there is no storage tank, the design of networks of any one time
of each stream in the whole operational cycle is uniformly period is independent of that of other periods. Figure 7 shows
distributed within the available elapsed times. Thus, the available the network structures in the order of time periods. Also shown

flow rates of these rich and lean strear@g, and Lj([‘jp), can be in Figure 7 are the amounts of mass load (kg) processed in each
calculated by the following equations. period, listed in the upper part of the exchangers. As shown in
Figure 7, only rich strean®; and lean strean$, exist in the
G"%kg) first period (from hour O to hour 3), so only uni—S; is
Gip(kg/h)= —Zi(,;":h) Oi e RP required. Because the first free lean stre@ms available in
t Z{rich) the second period (from hour 3 to hour 4), the WRit-S is
ofste PP thus formed to take on most of the load. In the third period,
four mass exchangers are needed because the second rich stream
Lj(“’t) ki R, needs to be processed; however, the great majority of the
LEPkg/h) = ————2Z*" DjeLP load is assumed by the first lean stre&mThe fourth and fifth
t 7(ean) periods are analogous to the first and second periods, except
o’ P that the second rich streaRy is the one to be treated. The

structure shown in Figure 7 is rather rational under the
The mean flow rates of rich streams and the maximum rates consideration of minimizing the total amount of external lean
for lean streams can, thus, be computed as follows should theystream. On the ground th&t is more expensive, the rich stream

be available: of every time period would first make use of the first lean stream
o w) S to lower the concentration of the rich stream, using the second
Gy, = 648; G,,=60; Lj,”=2070; Ly’ = (kg/h) lean streamS;, which is not free, to achieve the target

o concentration only if the former operation cannot obtain the
Notably, the total limiting amount of the process lean stream goal.

should be multiplied with its duration timé.\*,. The equi-
librium solubility data for HS in aqueous ammonia and
methanol can be correlated by the following relations.

Table 3 part a lists the consumption amounts of rich streams
S and$; in each periodl ity andLopt,, and the amount o,
remains at the end of each period (i.e., upper Ilrljgﬁf’tp minus
1.45, in aqueous ammonia its consumptioriytp). The total amount used for both process
i =1 (COG), 2 (tailgas) and externgl mass separating agents are also shown. The_ network

structure without storage tanks that Foo éfalbtained by using
pinch analysis is the same as that of ours; our results are also

Perforated-plate columns are considered for both solvents, andduite close to that computed by Foo et'‘dby using pinch

a minimum composition difference ef= 0.0001 is selected analys!s. Because of the qharacterlstlcs of rounding qff in pinch
to determine feasible mass exchange at the inlet and outlet of2nalysis, the amount & in Foo’s study, 44160 kg, is 6 kg
each potential mass exchanger unit. less than that of ours.

We consider first the design for single operation without/ It can be found from Table 3 part a that the consumption of
with storage tanks and then the optimal design for cyclic $ is concentrated in the first and fifth periods, and a large
operations. For solving the MINLP formulation for the semi- amount ofS; is left unused in the secordourth periods, the
continuous MEN synthesis model, the general algebraic model-reason for which is that onl$ is available in the first period.
ing system (GAMS is used as the main solution tool. The Therefore, if the abundant remainir® generated in periods
MINLP and NLP solvers are SBB and SNOPT, respectively. 2—4 can be employed to substitute for tBgin the first and

6.1. Single Operation without Storage TanksFor starters, fifth periods, the amount d should be lowered significantly.
under the condition of single operation without storage tanks Notice that the very small amounts &f in periods 2, 3, and 4
(i.e., ZTMR = Z{TaS) = 7(ey) = 0 for alli € RP,j € LP), the are still needed since the target outlet compositions of the rich
design objective is to minimize the total amount of external streams cannot be met by usiSgonly. To reach the target
lean MSAs, i.e., the unit costs of the process lean MSAs are outlet compositions, the load of the rich streams should be

y, =
| 0.26x, in methanol
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Figure 8. MEN structure of single batch with storage tanks on rich streams by proposed superstructure.
Table 3. Use and Remains of Process and External MSAs under Various Operational Modes

operational MSA & period )
modes remains 1(3h) 2(1h) 3(1h) 4(2h) 5(@3h) total (kg)

(a) no Liptp 1470.4697 1569.1243 197.3092 3236.9032
tanks remains 599.5303 500.8757 3942.6908 5043.0968
single Laoptp 41059.6364 140.4000 157.0369 33.2727 2776.3636 44166.7096

(b) tanks on Liptp 2070.0000 2070.0000 3508.3125 7648.3125
rich str remains 0 0 631.6875 631.6875
single Loptp 0 197.6430 197.6430 356.6231 2776.3636 3528.2727

(c) tanks on Liptp 1939.1882 1865.0882 4140.0000 7944.2763
rich str remains 130.8118 204.9118 0 335.7237
cyclic Loptp 0 185.1531 206.9455 409.7196 0 801.8182

(d) tanks Liptp 1470.4697 1569.1243 493.2730 3532.867
on LEiptp 0 1470.4697 1569.1243 197.3092 295.9638 3532.867
lean str remains 599.5303 500.8757 3646.7270 4747.1330
single Loptp 41059.6364 140.4000 157.0369 33.2727 49.9091 41439.9551

(e) tanks Liptp 1734.2762 2070.0000 4140.0000 7944.2762
on LEptp 4411.4092 1470.4697 1569.1243 197.3092 295.9638 7944.2762
lean str remains 335.7238 0 0 335.7238
cyclic Laoptp 421.2000 140.4000 157.0369 33.2727 49.9091 801.8186

eliminated by botls; andS,. This aim can be attained by using

The result of Figure 8 is also revealed in Table 3 part b: the

storage tanks, which will be discussed in the next subsection.consumption of$; is zero in the first period; the consumption
of S rises in periods 24, and in the meantime, the consumption

6.2. Single Operation with Storage Tanks on Rich Streams.

If a storage tank is attached to every rich stream ag

ankR)

= 1foralli € RP,Z™" =0 for allj € LP andZ®® = 0),

the network configuration of every time period would be the

one shown in Figure 8. There are two tanks in the network,
and in every time period, the remaining amount of the tanks in
both the starting time and ending time are also shown. When

storage tanks are absent, a large amoun§af consumed;
however, a large amount of remainiBgis left intact in periods

of S drops in response, even to zero in periods 2 and 3. This

means thatS, is displaced byS;, which lowers the total

consumption of5; to 3528 kg from the original 44166 kg. The
consumption ofS; increases in periods-24, the reason for
which is that the reserveR; increases the amount & that
needs to be processed.

In Table 3 part b, there is a common feature in both Foo’s
and our results: the consumption &f in the fifth period

2—4. Therefore, the rich stream of the first periéd,(L11t: = amounts to 80% of the total con;gmption. .Accordingly, if we
1944 kg), can be reserved until the second period, in which a can take advantage of the remainigigof period 4 to process
small amount (264 kg) of the reservBdis then released and ~ theRe of period 5, the whole amount &, can be diminished.
combined with theR, of the second period to make use of the ThiS aim, however, cannot be achieved by using single
free process lean streaBi. SinceS; undertakes most of the ~ Operation, because only rich stream generated in egrly .perlods
task, only a small amount & is needed to compensate for ¢an be withheld and released in later periods to mIX.WIth the
the shortage. In the third period, tSgavailable, which is not current lean stream f_or mass _exchange. Fortun_ately, this probl_em
sufficient to handle all the rich stream, would be used ¢a@n be tackled easily by using cyclic operation, as shown in
exclusively to take care of the current and reserRedand the following subsection.

therefore, the second rich stre@®nwould be hoarded up totally, 6.3. Cyclic Operations with Storage Tanks on Rich
waiting to be processed. All the reservBdandR; are dealt Streams.The design result of the cyclic operation configuration
with in the fourth period. Consequently, in the fifth, the current (i.e., Z™™®) = z(ye) = 1 for all i € RP andz ™™= 0 for all

R, can be handled only by uni®,—S,, due largely to the j € LP), is shown in Figure 9. It is clear that, in the first and
limitation of time and not being able to use a storage tank to the fifth periods, all units are not utilized: the rich stream 1 is
lower the consumption o%;. stored, waiting to be processed in later periods. In the first
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Figure 9. MEN structure of cyclic batch with storage tanks on rich streams by proposed superstructure.
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Figure 10. MEN structure of single batch with storage tanks on process lean streams by proposed superstructure.

period, the wholeR; flows in, being released in a later period,
preventing the first period from using, which is the same
case as that of single operation with storage tanks for rich

It should be noted that, in the COG process discussed in this
paper, since the rich stream, being indeed in a gas state, cannot
be stored conveniently, a liquid-state process lean stream can

streams shown in Figure 8. The major discrepancy betweenthus be considered to be stored to accomplish the same purpose

cyclic operation and single operation is in the parfRef the
R in the fifth period of a cyclic operation is withheld totally

of lessening the purchase of external MSA. The results of a
liquid-type process lean stream storage tank used in single

and is stored in the second storage tank. The temporarily Storedoperation and cyclic operation will be elucidated in the next

R, is then released in the third period of the next cycle to
exchange mass with the surpl8s The same effect can also
be observed in Table 3 part c. The fifth period does not need to
use externa%, which lessens the total consumptionSsffrom
3528 kg in the single operation further to 801 kg. The
temporarily reserve®; in the fifth period is processed later by
using S, in period 3 of the next cycle, which causes the total
remaining amount 0§, to decrease from 631 kg in the single-
operation case to 336 kg.

6.4. Single Operation with Storage Tanks on Process Lean
Streams. Table 3 part d lists the consumption amount of rich
streamsS; and & in each periodL ity and Lagtp, the actual
amount of rich stream in part & exchanged with rich streams,
LEsptp, and the amount df, remaining at the end of each period
(i.e., upper limitL$™t, minus its consumptioyty). The total

two subsections.

As shown in Figure 10, no free lean stre@mnexists in the
first period, and consequently, all rich streais must be
processed by using external lean stre&mAlthough there is
also no free process lean stream available in the fifth period,
the superfluous process lean stre§nfrom the fourth period
can be amassed and then used in the fifth period. It is not
necessary, therefore, to purchase external lean MSAs to process
R in the fifth period. Comparing parts a and d of Table 3, we
can find 296 kg moré&; in the fifth period, all of which comes
from the remains in the fourth period by 3942:73646.7=
296 kg, is used in the fifth period. However, this would not
increase the cost but decrease the amount of ext&nhy
2776.4— 49.9= 2726.5 kg in the fifth period. In fact, most of

amount used for both process and external mass separatinghe S is consumed in the first period, yet a lot f is left in

agents are also shown.

the second and third periods, which means that there is plenty
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Figure 11. MEN structure of cyclic batch with storage tanks on process lean streams by proposed superstructure.

of room for implementing cyclic operation, as is discussed in can handle multiple transferable components and can also be

the next subsection. extended to include storage tanks on the rich streams as well
6.5. Cyclic Operation with Storage Tanks on Process Lean ~ as on process lean streams. The coke oven gases (COGs)
Streams. It has been shown that most of the exter&alis problem from the literature is supplied to demonstrate the

exhausted in the first period, which lacks procSssind a great  applicability of the proposed MEN synthesis method for
deal of freeS, is left unused in the second and third periods, so Semicontinuous processes.

cyclic operation can remedy the situation that free process MSA

(S) is squandered and that a large sum of money is spent in Acknowledgment

buying external lean MSAS;). The network configuration of
the cyclic operation is shown in Figure 11, in which the remains
of the free S of the second, third, and fourth periods are
funneled into Tank S1 for storing. In the fifth period, some
preservedS is discharged to perform mass transfer wikh
and the remainin is reserved to perform mass transfer with
R; in the first period of the next cycle.

It can be discovered, with the comparison of cases e and dindices
of Table 3, that 41059- 421 = 40638 kg less extern&, is . .
consumed in the first period, which makes the total amount used' = !ndex for rich process streams and storage tanks
decrease to 801 kg. The same result also appears in case c; ih— |.ndex for lean process streams i
other words, for recurrent batch or semicontinuous operational K = index for superstructure stages, 1,Ns, and composition
processes, the great cost spent in purchasing external lean MSAs locations, 1, ..Ns + 1 _ _
can be saved by employing cyclic operation, storing part of the P = index for time periods, 1, ..Np, and time points, 1, ..Np
rich streams or free lean MSAs in specific storage tanks. * 1
Therefore, the choice of which method depends on the pos-N = index for transferable components
sibility and accessibility of each storing scheme. Besides,
although the whole process is of semicontinuous periodic
operation, continuous operation mode should be easier to handlRP = {i[i is a rich process stream= 1, ..., Nr}
for operation of separating units. Accordingly, how to design a LP = {j|j is a lean(process) stream or MSA= 1, ..., N}
proper storing scheme for the semicontinuous periodic operationST = {k|k is a stage in the superstructukes= 1, ..., Ng}
to achieve the aim of continuous operation for separating units TC = {n|n is a transferable componemt,= 1, ...,Nc}
would be an essential topic in the future research. TP = {plp is a time periodp = 1, ...,Np}
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Nomenclature

. Parameters
7. Conclusion

_ - UC; = cost per kilogram of lean strean
The synthesis of mass exchanger networks for semicontinuous,n — intercept of equilibrium line for componenmtin i rich
ij

processes is studied in this paper. The available inlet streams andj lean match
of a semicontinuous process are time-dependent since they come, ot _ . N .
B = total amount of rich strearnduring one operation (kg)

from other batch plants. A period-dependent stagewise super-_" . . - o
structure is presented for modeling the time-dependent massG'p(k_g /r;\)ass flow rate of rich streaivat periodp should it exists

exchange operations. A mathematical programming approach (to) . ]
based on the stagewise superstructure representation of thé; = — upper bound of total amount of lean strearduring
MENS is adopted for semicontinuous MEN synthesis, where ~ One operation (kg)

the design problem is formulated as a mixed-integer nonlinear Lj(;'p) = upper bound on mass flow rate of lean streprat
program (MINLP) to minimize the consumption of external lean periodp (kg/h)

mass separating agents. The proposed stagewise superstructutd, M = upper/lower bounds for mass load in a unit, respectively



n‘{j‘ = slope of equilibrium line for componemtin i rich andj
lean match
MEU = maximum total number of mass exchange units
t, = elapsed time of periog (h)
ts, t* = starting and ending times for a stream (h)
= large positive upper bound
X, X X = inlet/outlet/upper compositions of for
lean strean), respectively
Y yieun i) — injet/outlet/upper compositions af for
rich streami, respectively
Z°) ¢ {0, 1} = 1 denotes cyclic operation
Z{Ten®) ZaS ¢ 10, 1} = 1 denotes existence of storage tank
on streami or |
Z0™, Z8e*V € {0, 1} = 1 denotes existence of strearor j at
periodp
ei? = minimum composition difference of componentbe-
tweeni rich andj lean streams

Positive and Binary Variables

dyxfy,, dyxd,, = composition approach in the lean/rich end of
the mass exchanger between ricand leanj in stagek at
periodp
Oikp = mass flow rate of rich that is connected to legnin
stagek at periodp (kg/h)
GEp = mass flow rate of rich streaimflow into first stage at
periodp (kg/h)
GSF'J”) = mass flow rate of rich streainflow into storagei at
periodp (kg/h)
G35 = mass flow rate of storageflow into rich streami at
periodp (kg/h)
4kp = mass flow rate of lean that is connected to richin
stagek at periodp (kg/h)
Ljp = mass flow rate of lean streajrat periodp (kg/h)
LEj, = mass flow rate of lean streajrflow into last stage at
periodp (kg/h)
LS = mass flow rate of lean streajrflow into storagej at
periodp (kg/h)
LS = mass flow rate of storageflow into rich streanj at
periodp (kg/h)
ﬁ-‘kp = mass load per hour exchanged for component
between rich strearnand lean streain stagek at period
p (kg/h)
QU™ Q™S = existent quantity of storagij) at time
pomt p, p € {1..Np + 1} (kg)
s>{j‘kp, SYjp = composition ofn for the part of learj/rich i that
Is connected to riclivleanj, respectively, in the rich end of
an exchanger in stageat periodp
ij(p, )/if(p = composition ofn for rich i/leanj match, respec-
tively, at rich end of stag& at periodp
zik € {0, I} = 1 denotes existence of matahj| in stagek
Zpip € {0, I = 1 denotes existence of matah jj in stagek
at periodp
f('”) € {0, 1} = 1 denotes existence of rich strearfiow into
storage| at periodp
zﬁi;’“t) € {0, 1} = 1 denotes existence of storagiow into rich
streami at periodp
zé;)”) € {0, 1} = 1 denotes existence of lean strepftow into
storage at periodp

Ind. Eng. Chem. Res., Vol. 45, No. 20, 2006739

740 ¢ {0, I} = 1 denotes existence of storggi#ow into rich
streamj at periodp
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