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This article introduces the novel concept of synthesizing waste-interception networks
(WINs) and incorporates it within a mass-integration framework for the global alloca-
tion of pollutants. The essence of this notion is to provide selective interception and
rerouting of undesirable species at the heart of the process instead of dealing with the
pollutants in the terminal waste streams. It also provides a unified framework for simul-
taneously tackling gaseous and liquid pollution. Several tools are developed to track the
pollutant throughout the process and determine the optimal interception policies. The
problem is formulated as an optimization program that seeks to determine the optimum
locations for intercepting the pollutants, extent of separation, and separating agents to
carry out the interception tasks. Furthermore, the WINs can be used within a mass-
integration scheme for the global allocation of species throughout the plant. These new
concepts and associated mathematical formulation are demonstrated using a case study
on the remouval of a chlorinated hydrocarbon. This approach has benefits over conven-

tional recycle/reuse (such as MEN synthesis).

Introduction

Pollution prevention is one of the most serious challenges
currently facing the chemical process industry. In the United
States alone, it is estimated that 12 billion tons (wet basis) of
industrial waste are generated annually. To appreciate the
proportions of the industrial-waste problem, it is interesting
to note that the top 50 manufacturers of commodity chemi-
cals generate about 0.3 billion ton per year which is 50% more
than the total annual disposal rate for postconsumer munici-
pal solid waste in the United States (Allen and Rosselot,
1994). The staggering magnitude of the industrial waste cou-
pled with the growing awareness of the consequences of dis-
charging effluents into natural resources have spurred several
voluntary and legislated environmental measures. These cor-
rective measures have prompted industry to seek various ap-
proaches to reduce any negative environmental impact.

In the 1970s, the main environmental activity of chemical
processes was end-of-the-pipe treatment. This approach is
based on installing pollution control units that can reduce the
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compositions of contaminants in waste streams to acceptable
levels. Most of these units employ destructive techniques that
convert the contaminants into more benign species {e.g., in-
cineration, biotreatment, etc.). In the 1980s, the chemical
process industries have shown a strong interest in implement-
ing recycle/reuse policies in which pollutants are recovered
from terminal streams (typically using separation processes)
and reused or sold. This approach has gained significant mo-
mentum due to the realization that “waste streams and pol-
lutants” may be valuable materials that can be recovered in a
cost-effective manner. Since separation systems are essential
in recycle/reuse policies, the past few years have witnessed a
considerable progress in the area of designing separation net-
works for waste recovery. In particular, the powerful con-
cepts of process integration and synthesis were developed to
systematically accomplish the following:

1. Provide a global view of all waste streams in the plant
(instead of tackling each waste stream independently).

2. Simultaneously screen all potential separation technolo-
gies that can be employed in recovering the pollutants.
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3. Identify performance targets (such as minimum cost of
separating agents, maximum extent of mass integration) ahead
of detailed design.

The area of systematically synthesizing optimal recycle/re-
use networks for waste reduction was initiated by the intro-
duction of the problem of synthesizing mass-exchange net-
works (MENs) (El-Halwagi and Manousiouthakis, 1989a,b).
The design task of synthesizing a MEN is that of systemati-
cally identifying a cost-effective network of mass-exchange
units that can selectively transfer certain undesirable species
from a set of rich (waste) streams to a set of lean streams
(mass-separating agents (MSAs)). The candidate MSAs to be
screened are chosen based on commercial availability and
physicochemical solvent-selection methods (e.g., Naser, 1995).
A mass exchanger is any direct-contact mass-transfer unit op-
eration that employs a MSA for the selective transfer of cer-
tain solutes. Examples of mass-exchange operations are strip-
ping, solvent extraction, absorption, adsorption, leaching, and
ion exchange. Several important categories of the MEN syn-
thesis problem have been recently addressed. These include
MENs with a single transferable pollutant (El-Halwagi
and Manousiouthakis, 1989a, 1990a), multiple pollutants
(El-Halwagi and Manousiouthakis, 1989b; Gupta and
Manousiouthakis, 1994), regeneration of MSAs (El-Halwagi
and Manousiouthakis, 1990b; Garrison et al., 1995), simulta-
neous waste reduction and energy integration (Srinivas and
El-Halwagi, 1994a), chemically reactive separations (El-
Halwagi and Srinivas, 1992; Srinivas and El-Halwagi, 1994b),
fixed-load removal (Kiperstok and Sharratt, 1995), total cost
minimization (Papalexandari et al.,, 1994), flexible perform-
ance (Papalexandari and Pistikopoulos, 1994; Zhu and El-
Halwagi, 1994, 1995) and controllable MENs (Huang and
Edgar, 1995; Huang and Fan, 1995). In addition, Wang and
Smith (1994) addressed the case of MENs with a single lean
stream (water) for wastewater minimization.

Systematic design techniques have also been devised for
other separation systems that can be used in recycle/reuse
networks. These efforts include the design of heat-induced
separation networks (HISENs) in which the removal of the
pollutants is accomplished via heating /cooling so as to affect
a phase change (Dye et al., 1995; Richburg and El-Halwagi,
1995; El-Halwagi et al., 1994; Dunn et al., 1994) and pres-
sure-driven membrane separations (Srinivas and El-Halwagi,
1993; El-Halwagi, 1992).

In addition to end-of-the-pipe treatment and recycle/re-
use, pollution can be prevented by source reduction. Source
reduction pertains to any step that limits the extent of waste
generation at the sources. It focuses on in-plant activities that
reduce the amount of hazardous substances entering any
waste stream. Examples of source reduction include in-plant
separation of hazardous species, process modifications, raw-
materials substitution, and reaction-path changes. Source re-
duction extends the loop for environmental activities to in-
clude the plant itself along with the recycle/reuse and end-
of-the-pipe treatment systems.

While much work has been done in the area of reducing
the wastes by destroying/separating the pollutants from
terminal streams using end-of-the-pipe treatment and recy-
cle/reuse systems, very little work has been undertaken in
the area of systematic design techniques for reducing pollu-
tion at the source. Jobak (1995) and Constantinou et al. (1995)
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developed material-substitution strategies to reduce pollu-
tion. Both works are based on group-contribution methods.
Crabtree and El-Halwagi (1995) devised a systematic proce-
dure to synthesize cost-effective environmental-acceptable
reactions. Lakshmanan and Biegler (1995) developed
reactor-network targeting strategies for waste minimization
using multiobjective optimization.

As has been mentioned earlier, in addition to material sub-
stitution and reaction-system modification, in-plant separa-
tion and rerouting of pollutant-laden streams is an essential
element in pollution prevention. It is based on intercepting
and recycling some of the pollutant-laden streams so as to
reduce the extent of pollution at the terminal waste streams.
To date, there are no systematic procedures for the optimal
design of in-plant material interception and rerouting for pol-
lution prevention.

In this work, we introduce the new problem of synthesizing
waste-interception networks (WINs). The proposed approach
removes pollutants from in-plant streams instead of dealing
with the pollutants in the terminal waste streams. It aiso pro-
vides a unified framework for simultaneously tackling gaseous
and liquid pollution. Graphical representation tools are first
developed to aid in tracking the pollutant throughout the
process and to determine the optimal interception policies.
The problem is formulated as a mixed-integer nonlinear pro-
gram (MINLP) whose objective is to determine the optimum
interception locations, extents, and separating agents
throughout the plant. Furthermore, we discuss the role -of
interception as a key element of mass integration for pollu-
tion prevention. A case is solved and its intriguing resuits are
discussed.

Problem Statement

The problem of synthesizing a waste-interception network
WIN can be stated as follows. Given a process with terminal
gaseous and liquid wastes that contain a certain pollutant, it
is desired to identify a minimum-cost strategy for in-plant
pollutant interception using mass-exchange operations that
can reduce the pollutant load and concentration in the termi-
nal waste streams to a specified level.

The WIN synthesis problem can be more formally stated as
follows: given a process that disposes of a set R of terminal
wastes containing a key undesirable species. These waste
streams are classified into NR®* gaseous wastes and NRYavid
liquid wastes such that R={i:i=1, 2, ... , NR®S, NR¥ +1,
..., NR#* + NR'avid} The flow rate of each terminal gaseous
waste, V;Terminal and jts discharge composition, yFe™ ! are
given. Also, the flow rate of each terminal liquid waste,
W, Terminal - and jts discharge composition, z}*™l are given,
It is desired to reduce the discharged amount of the undesir-
able species to a certain limit that complies with two types of
environmental regulations:

1. The concentration of the pollutant in each terminal
waste stream should be reduced to a target composition,
yferminal target for gaseous wastes and z;erminal tareet for Jiquid
wastes, that is less than or equal to a regulated composition,
yfeminal reg for gaseous wastes and z;e™™inal 2 for liquid
wastes, that is,

Terminal t t Terminal P —
; erminal target y; erminal reg i= 1’ 2, e, NRg (1)
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and

z;}“ermma\ target < z;l‘ermmal Teg

i= NR®S +1,

NR#5 +2, ... NREs+ NRlaud (2

2. The total reduction in disposal load should be at least a
fraction, a®* for gaseous wastes and ¢ for liquid wastes,
of the original discharged load, that is,

NR gas
Terminal ,, Terminal target
E |4 Yi g

i=1
NR &2
< (1 _ agas) Z Vz Terminal y;I‘ermmal (3)

i=1
and
NREs 4 NRliquid
Z I’Vl Terminal zTerminal target
i
i=NR®S +1

NRES + NRliquid
< (1 _ aliquid) Z

i=NR® +1

mTerminalZ;Fermlnal R (4)

The waste-reduction duty is to be accomplished by employing
mass-exchange operations to intercept the pollutant inside the
plant and /or at the terminal streams.

Throughout the plant, several gaseous and liquid streams
contain the undesirable species. These streams are referred
to as sources. The sources are composed of a gaseous set
GAS_SOURCES = {v:v =1, NV} and a liquid set
LIQUID_SOURCES ={w:w =1, NW). These streams are
processed through a set UNITS = {u:u = 1, NUNITS} of proc-
ess equipment that is a subset of the total flow sheet. Two
sets of candidate MSAs can be utilized to selectively inter-
cept and remove the undesirable species. The set SV ={j:j =
1,2, ..., NSV} can be employed to remove the pollutant
from gaseous sources and the set SW={j:j=1,2, ... , NSW}
can be used to remove the pollutant from liquid sources. The
supply and target compositions of each MSA (x}, x; for j € SV
and X;, X/ for j€ SW) arc given. The flow rate of each
MSA (; for j € SV and L; for j € SW) is unknown and is to
be determined as part of the problem optimization. Figure 1
shows a representation of the WIN synthesis problem.,

MSA’s in
VuSwW

Gaseous Wastes
i=1

—_—

"|PROCESS FLOWSHEET Products
Feedstock ———J(INCLUDING GAS_SOURCES and
——»] AND LIQUID_SOURCES) Byproducts
—
i=NRem+1

i =NR#*+ NRUauid
Liquid Wastes

MSA’s out

Figure 1. WIN synthesis problem.
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MSA’s out

Gaseous Wastes
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i =NRo + NRlaw
MSA’s in _JIWASTEWATER "o MSA’s ont
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|

Figure 2. MEN synthesis problem for terminal streams.

It is beneficial to compare the WIN synthesis problem with
the MEN synthesis task. As shown by Figure 2, the MEN
synthesis is concerned with the separation of the pollutant
from terminal streams only. Furthermore, gaseous pollution
is tackled independently from liquid pollution. Since the ter-
minal waste streams are included in the sets GAS_SOURCES
and LIQUID_SOURCES (along with the in-plant streams),
the WIN synthesis problem embeds the MEN synthesis task.

Design Approach and Challenges

Owing to the strong interaction among the various gaseous
and liquid sources, the proposed WIN synthesis approach will
be based on a fundamental understanding of the global flow
of mass throughout the process so as to describe the propa-
gation of the pollutant throughout the process. The term in-
terception will be used to refer to the usage of a mass-
exchange operation to selectively remove the pollutant from
a pollutant-laden stream. The task of synthesizing an optimal
WIN calls for addressing the following questions:

e Which phase(s) (gaseous, liquid) should be intercepted?

e Which process streams should be intercepted?

® To what extent should the pollutant be removed from
each process stream?

e Which mass-exchange operations should be used for in-
terception?

e Which MSAs should be selected for interception?

e What is the optimal flow rate of each MSA?

e How should these MSAs be matched with the pollutant-
laden streams (i.e., stream parings)?

The aforementioned questions are highly combinatorial in
nature and, in general, cannot be answered by simply enu-
merating candidate scenarios. Instead, a systematic approach
is needed to generate the optimal solution. This approach is
presented in the ensuing sections.

Solution Strategy

As has been mentioned earlier, the proposed solution ap-
proach is based on using fundamentals to capture the global
insights for the pollutant flow throughout the process. In this
context, a two-stage targeting approach will be adopted. In
the first stage, the minimum operating cost of the intercep-
tion network is determined without commitment to the net-
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work structure. Next, a network is synthesized so as to mini-
mize the fixed cost that realizes the identified minimum op-
erating cost. The total annualized cost is minimized by itera-
tively trading off the fixed and the operating costs using the
minimum allowable composition differences (El-Halwagi and
Manousiouthakis, 1990a).

Several tools will be developed to provide a global under-
standing for the flow of pollutants. In this context, a particu-
larly useful tool is the “path-diagram” that we introduce in
the next section.

Path diagram

The path diagram is a representation tool that captures the
overall flow of the pollutant throughout the plant. It also re-
lates the flow of the pollutant to the performance of the dif-
ferent processing units. A path diagram represents the load
of the targeted species throughout the process as a function
of its composition in carrying streams. Instead of considering
the whole flow sheet, one should only keep track of the units
involving the targeted species. To derive the mathematical
expression for the path diagram, the pollutant is tracked
throughout the process via material balances and unit-model-
ing equations.

In general, at least two path diagrams are needed; one for
the gaseous sources and the other for liquid sources. On the
gaseous path, each pollutant-laden gaseous stream (gaseous
source) is represented by a node on a mass-composition dia-
gram. These nodes are connected with composition profiles
of the streams within the units. Since this article focuses on
manipulating streams and not units, the exact shape of the
composition profile within a unit is typically not needed.
Therefore, these profiles can be approximated by piecewise-
linear representation. Since mass flow is associated with a
direction (from input of a unit to output of a unit), the path
diagram is a directed graph (or digraph) in which the piece-
wise-linear profiles are treated as arrows. The directionality
of these arrow reflects the orientation of mass flow with ar-
rows tails emanating from inputs to units and arrowheads
pointing toward output of units. Since a unit may have multi-
ple inputs and outputs, each node may be associated with
multiple arrowheads and tails. Once the gaseous path is de-
veloped, the same procedure is also followed in constructing
the liquid-path diagram.

In order to demonstrate the construction of the path dia-
gram, consider Figure 3, which illustrates a section of a proc-

wl
< mo. ot o
2z ATMEN‘J % ¥ =Wz,
¥, ‘H | reactor vs
STRIPPING —»
v, —™ —-—v> ¢, generated ¥ MIXER
Yt 2 =g+
e N b
4
AL}
-—
¥

Figure 3. Units involving the poliutant in a generic
process.
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Figure 4. Gaseous path diagram for the pollutant.

ess that involves the pollutant-laden streams. Figure 3 also
shows the various loads and compositions of the poliutant
throughout the process. For a given pollutant-laden gaseous
stream, v, V, is the flow rate of the stream, y, is the compo-
sition of the pollutant, and &, is the load of the pollutant in
the stream defined as

&,=V,y, v=1,2,...,NV. &)

Similarly, on the liquid path the load of the pollutant in the
wth liquid source is given by

v =W,z

L =W,z, w=1,2,..., NW. (6)

The path gaseous diagram for this process is given by Figure
4. The first step in Figure 3 is a stripping process in which
the pollutant is transferred from a liquid stream (source w =
1) to a gaseous stream (source v =1). Due to the countercur-
rent contact of the two streams, the path profile for each
stream (¥, =W, z,, and &, vs. y,) is given by a linear arrow
extending between inlet and outlet compositions and having
a slope equal to the flow rate of the stream. The gaseous
stream leaving the stripper is then processed in a continuous
stirred tank reactor where some additional mass of the pollu-
tant, ®,, is generated. Owing to the complete mixing in the
reactor, the concentration of the pollutant instantaneously
changes from the inlet concentration, y,, to the outlet con-
centration, ys;. Furthermore, the pollutant loading increases
to ®; =&, + ®,. The effluent from the reactor is mixed with
another process stream (v =4) to give a resulting composi-
tion, ys, and mass loading, ®s. The composition ys can be
graphically determined using the lever-arm principle. The fi-
nal operation involves the separation of the mixed stream into
two terminal streams (y = 6 and 7).

Similarly, one can develop the liquid-path diagram as shown
in Figure 5. It involves three nodes, w = 1-3, which are re-
lated by the stripper and the biotreatment units.

Since each node on the path diagram corresponds to a pol-
lutant-laden stream (a source), the gaseous-path diagram has
NV nodes, while the liquid-path diagram has NW nodes.
Each node is related to the other nodes via process models
(e.g., material balance, unit performance equations, etc.). For
instance, let us consider a unit, u, which involves the pollu-
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Figure 5. Liquid path diagram for the poliutant.

tant (i.e., u € UNITS). The gaseous and liquid streams that
are inputs to this unit are described by the following two sets:

GAS_INPUTS,, ={v:v is a gaseous input stream to unit u}
and
LIQUID_INPUTS,, = {w:w is a liquid input stream to unit u}.

Also, the gaseous and liquid outputs from this unit are re-
ferred to as the following set of nodes

GAS_OUTPUTS,, = {v:v is a gaseous output stream from unit
u}

and
LIQUID_OUTPUTS,, ={w:w is a liquid output stream from
unit}.

Hence, the path diagram can be mathematically described as
a function of the input and output nodes via the following
equations.

Total Material Balances:

LV, +

ve GAS_OUTPUTS,

= Y, +

ve GAS_INPUTS,

LW,

we LIQUID_OQUTPUTS,

LW,

w € LIQUID_INPUTS,
u<€ UNITS. (7)

If unit » involves streams that are not laden with the pollu-
tant (i.e., neither gaseous nor liquid sources), they should be
included in the material balance.

Pollutant Material Balance:

YWz,
w € LIQUID_OUTPUTS,

Z VD v + Z WWZW
ve GAS_INPUTS, we LIQUID_INPUTS,

Z VU v +
ve GAS_OUTPUTS,

+Net, =

ue UNITS (8)

where the term Net, accounts for the net loss of the pollu-
tant within unit u (e.g., losses in fugitive emissions + deple-
tion by chemical reaction — generation by chemical reaction,
etc.).
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Unit Modeling Equation(s):

(®,,5,,%,,z,:v € GAS_OUTPUTS,
and w € LIQUID_OUTPUTS,)
=f(®,.y,.¥,,z,:0 € GAS_INPUTS,
and w € LIQUID_INPUTS,)
ue UNITS, (9)

where f, is a vector of several performance equations relat-
ing outputs to inputs for unit u.

Equations 5-9 provide the proper degrees of freedom for
constructing the path diagrams graphically and analytically. It
is worth pointing out that the path diagram provides the big
picture for mass flow. This is a fundamentally different vision
from the equipment-oriented description of a process (the
flow sheet), in which the big picture is lost. The path diagram
can also be used to determine the effect of manipulating any
node on the rest of the diagram. In addition, as will be shown
later, it provides a systematic way for identifying where to
remove the pollutants and to what extent they should be re-
moved.

Effect of Interception on the Path Diagram

As has been mentioned before, the path diagram can be
used to predict the effect of intercepting one stream on the
rest of the streams. In order to quantify this relationship, let
us consider that all gaseous and liquid nodes on the path
diagrams are intercepted. Upon interception, the composi-
tion and load of the vth gaseous node are altered from y,
and ®, to y" and &, Similarly, the composition and load

v .
of the wth liquid node are altered from z, and ¥, to z.™
and V™. For unit u, the output compositions and loads are
now functions of the intercepted loads and compositions of

the input streams. Therefore, Eqs. 8 and 9 become

Z VU v + E WIVZW
ve GAS_OUTPUTS,, we LIQUID_OUTPUTS,
+Net,= Y V,y™

ve GAS_INPUTS

+ E Ww z wim
w & LIQUID_INPUTS,

ue UNIT (10)

and

(®,,y,,%,,2,:ve GAS_OUTPUTS,
and w € LIQUID_OUTPUTS,)
= f (®int yint pint int.), ¢ GAS_INPUTS,
and w € LIQUID_INPUTS,)
v e UNITS. (11)

Having identified the relationship between interception and
the path diagrams, we next integrate the path and the mass-
exchange pinch diagrams.
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Integration of Path and Pinch Diagrams

A particularly useful tool in synthesizing MENS is the pinch
diagram (El-Halwagi and Manousiouthakis, 1989a, 1990b).
The essence of this tool is to construct a composite waste
stream of all waste streams and a composite lean stream of
all candidate MSAs to minimize the cost of MSAs. To
demonstrate this tool, let us consider a mass exchanger for
which the equilibrium relation governing the transfer of a key
pollutant [for the case of multiple pollutants, the problem
can be first solved for each pollutant independently. If the
solution associated with one pollutant realizes the targets for
the other pollutants, the problem is referred to as MEN with
compatible targets (El-Halwagi and Manousiouthakis, 1989a);
if the targets are incompatible, a more involved mathematical
formulation should be used (El-Halwagi and
Manousiouthakis, 1989b; Gupta and Manousiouthakis, 1994]
from the vth waste stream to the jth MSA is given by the
following isothermal linear [the cases of nonisothermal mass
exchange and nonlinear equilibrium have been addressed by
Srinivas and El-Halwagi (1994a,b)] expression

y,=mxf +b,. (12)

By employing a minimum allowable composition difference
of ¢;, between the equilibrium and the operating lines, we get

Yo =m(x;+ €)+b (13)

which can be used to establish a one-to-one correspondence
among all composition scales for which mass exchange is fea-
sible. The vector of ¢;’s is an optimization variable. It is used
to trade off fixed versus operating costs to minimize the total
annualized cost (El-Halwagi and Manousiouthakis, 1990a).
Next, each rich (pollutant-laden) stream is represented as an
arrow whose tail corresponds to its supply composition and
its head corresponds to its target composition with a slope
equal to the stream flow rate. The waste streams are added
using superposition to yield a rich composite stream. Simi-
larly, a lean composite stream is generated by plotting the
MSA'’s versus their composition scales. Optimization is used
to determine the flow rates (slopes) of the lean streams so as
to minimize the cost of MSA’s while maintaining the lean
composite stream completely above the rich composite stream
to insure thermodynamic feasibility.

In conventional MENS, the supply and target compositions
of all waste streams are determined a priori. However, in the
case of WINs, the supply and target compositions of the rich
streams to be intercepted are unknown. Indeed, the determi-
nation of these compositions is part of the solution and is
strongly linked to the path diagram.

The relationship between the path and the pinch diagrams
can be envisioned as shown by Figure 6, which illustrates the
back-and-forth passage of streams between the two diagrams.
Consider the gaseous nodes (v=1, 2, ... , NV) that are
passed from the path diagram to the pinch diagram. Upon
interception, these streams change composition from y, to
the intercepted compositions yi"* where v=1, 2, ... , NV.
Each intercepted stream is returned to the path diagram. Ac-
cording to Egs. 10 and 11, this interception propagates
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Figure 6. Integration of path and pinch diagrams.

throughout the whole path diagram affecting the other nodes.
In turn, this propagation in the path diagram affects the pinch
diagram by changing the rich composite stream. Conse-
quently, the lean composite stream is adjusted to respond to
the changes in the waste composite stream.

In order to minimize the cost of MSAs using the pinch
diagram, it is necessary to parametrize the rich composite
stream as a function of path-diagram compositions. This
task can be accomplished by extending the mixed-integer
nonlinear representation proposed by El-Halwagi and
Manousiouthakis (1990b) for regenerable MSAs to the situa-
tion of varying inlet and outlet compositions of rich streams.
First, overall pollutant balance has to be satisfied for the
gaseous sources. Hence,

NV ] NSV
21 V,(y,—ym)= ‘21 L x = x}). (14)
v= J=

Next, a set P#* of potential pinch points is defined to in-
clude all inlet compositions of rich and lean streams. (Pinch
points are located at inlet of strecams for the cases of linear
and convex equilibrium functions. For the cases of nonconvex
equilibrium, the pinch may lie at any operating composition
(Srinivas and El-Halwagi, 1994b).) Below each potential pinch
point, one can show (El-Halwagi and Manousiouthakis,
1990Db) that:

Mass lost by the rich streams — mass gained by the

lean streams <0 (15)

with the equality applying at the true pinch point. Equation
14 can be mathematically described by
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NV .
L VG2 =y = 4,07 - 5,)]
v=1
NSV
= B bl - ) =iy (5p = xf)] <0

Yp € P®s. (16)

The binary coefficients A},
in Appendix A.

Similarly, for interception of liquid streams, one can write
the following pollutant balances:

Overall Material Balance:

5 t s
Av,p’ W ps and 7j, are defined

NW . NSW
Zl Wz, -z} = -21 L(x/-Xx5). an
w= j=

Material Balance below Potential Pinch Points:

NW
Zl Ww[y’f’?;(zq - Z;l;lt) - ‘YW,q(Zq - Zw)]
NSW
- I Ll B (X - X7) = By (X7 - X)] <0

Vq e Pliquid, (18)

whc?re the binary cpefficicnts y,i',‘;, Yo.q0 Big and B, are as
defined in Appendix A.

Mathematical Formulation

Based on the foregoing discussion, we can now formulate
the WIN synthesis task as an optimization program. A two-
stage targeting approach is adopted. In the first stage, the
minimum operating cost of the network is identified. Once a
minimum operating cost is obtained, a WIN can be synthe-
sized using MILP techniques and the fixed cost of the net-
work can be traded off vs. its operating cost using the mini-
mum allowable composition differences so as to minimize the
total annualized cost of the system (El-Halwagi and
Manousiouthakis, 1990a).

The mathematical formulation for WIN synthesis is given
in Appendix B. This formulation is a mixed-integer nonlinear
program (MINLP) that can be solved to determine the opti-
mal flow rates of all MSAs, which streams should be inter-
cepted, and the extent to which each stream is intercepted.

Graphical Generation of Initial Solutions

Due to the nonconvexity of the foregoing MINLP formula-
tion, commercially available optimization software cannot
guarantee the global solution of the problem. Therefore, it is
beneficial to use graphical techniques to eliminate nonopti-
mal regions from the search space, determine near-optimal
solutions, reduce problem dimensionality, and provide in-
sights into the problem. A particularly useful concept stems
from the previously discussed integration of path and pinch
diagrams. After plotting the path diagram for the sources,
corresponding composition scales for the MSAs are plotted
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Figure 7. Using thermoeconomic insights to generate
initial solutions.

using Eq. 13. Each MSA is then represented vs. its composi-
tion scale as a horizontal arrow extending between its supply
and target compositions (Figure 7). Several useful insights can
be gained from this diagram. Let us consider two MSAs; a
and b, whose costs ($/kg of recirculating MSA) are c, and
¢p- These costs can be converted into $/kg of removed pollu-
tant, ¢!, and ¢}, as follows:

a
r = 19
Ca xl— x5 (192)
and
Cp
Cp=—F"". (19b)
Xp — Xp

If arrow a lies completely to the left of arrow b and c is
greater than c[, one can eliminate MSA b from the mathe-
matical formulation since it is thermodynamically and eco-
nomically inferior to MSA a. Another shortcut observation
can be inferred from the relative location of the sources and
the MSAs. If an MSA lies to the right of a source node, the
MSA is not a candidate for intercepting this node due to
infeasibility of mass exchange. This observation is independ-
ent of other interceptions throughout the network since any
interception will further move this node to the left.

We are now in a position to solve a case study using the
proposed synthesis approach.

Case Study: interception of Chloroethanol in an
Ethyl Chloride Process

Ethyl chloride (C,HsCl) can be manufactured by catalyti-
cally reacting ethanol and hydrochloric acid. Figure 8 is a
simplified flow sheet of the process. First, ethanol is manu-
factured by the catalytic hydration of ethylene. Compressed
ethylene is heated with water and reacted to from ethanol.
Ethanol is separated using distillation followed by membrane
separation (pervaporation). The aqueous waste from separa-
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Figure 8. Simplified flowsheet of the ethyl chloride process.

tion is fed to a biotreatment unit in which the organic con-
tent of the wastewater is used as a bionutrient. This waste
stream does not pose any environmental problems. The sepa-
rated ethanol is reacted with hydrochloric acid in a multi-
phase reactor to form ethyl chloride. The reaction takes place
primarily in the liquid phase. A by-product of the reaction is
chloroethanol (CE) (also referred to as ethylene chlorohy-
drin, C,H,OC}. This side reaction will be referred to as the
oxychlorination reaction. The rate of chloroethanol generation
via oxychlorination (approximated by a pseudo-zero-order re-
action) is given

r =6.03x 10~° kg chloroethanol/s.  (20)

oxychlorination

While ethy! chloride is one of the least toxic of all chlori-
nated hydrocarbons, CE is a toxic pollutant (Sax and Lewis,
1986). The off-gas from the reactor is scrubbed with water in
two absorption columns. The first column is intended to re-
cover the majority of unreacted ethanol, hydrogen chloride,
and CE. The second scrubber purifies the product from traces
of unreacted materials and acts as a backup column in case
the first scrubber is out of operation. Due to the very low
solubility of ethyl chloride in water (0.45 wt/wt % at room
temperature) and its high volatility (normal boiling point: 285
K), very little product is dissolved in water or condensed in
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the scrubber. Each scrubber contains two sieve plates and
has an overall column efficiency of 65% (i.e., number of the-
oretical plates (NTP) = 1.3). Following the scrubber, ethyl
chloride is finished and sold. The aqueous streams leaving
the scrubbers are mixed and recycled to the reactor. A frac-
tion of the CE recycled to the reactor is reduced to ethyl
chloride. This side reaction will be referred to as the reduc-
tion reaction. The rate of this reaction can be approximated
by the following pseudo-first-order expression:

= 0.090 z; kg chlorethanol /s. 2D

T reduction

The compositions of CE in the gaseous and liquid effluents
of the ethyl-chloride reactor are related through an equilib-
rium distribution coefficient as follows:

Y1
Zg

5. 22

The aqueous effluent from the ethyl-chloride reactor, R;, is
environmentally unacceptable due to its content of CE. The
objective of the WIN synthesis task is to optimally intercept
chloroethanol-laden streams so as to reduce the chloroethanol
content of R, to meet the following regulations:
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Table 1. MSA Data That Can Remove CE from Gaseous

Table 2. MSA Data That Can Remove CE from Liquid

Streams Streams
Supply Target Supply Target
Comp. Comp. Comp. Comp.
o (ppmw) (ppmw) € c; (ppmw) (ppmw) € <
Stream  Description xj xi  m; (ppmw) ($/kg fVISA) Stream Description  x} x} M; (ppmw) ($/kg MSA)
SV, Polymeric resin 2 10 0.03 5 0.08 Sw, Zeolite 3 15 009 15 0.70
SV, Activated carbon 5 30 006 10 0.10 SW, Air 0 10 010 100 0.05
SV, Oil 200 300 080 20 0.05 SW, Steam 0 15 080 50 0.12
Target composition: y1=350.0
N : y2 = 5.0
Zént - z’ll'ermmal target <7 ppmw. (23)
y;=05
Target load: 2, =90.0
. _s z,=9.0
Load of CE in R; <1.05x107° kg CE/s. (24)
z5=49.5
Six MSAs are available for removing CE: three for gaseous z,=1090.

streams and three for liquid streams. Tables 1 and 2 provide
data for the MSAs.

Solution

This case study involves four units, three gaseous nodes,
and six liquid nodes. The flow rates of all gaseous and liquid
sources are shown in Figure 8. Also, the compositions of the
two liquid nodes corresponding to entering fresh water are
given (z; = z, = 0). The first step in the analysis is the devel-
opment of the path-diagram equations to quantify the rela-
tionship of the seven unknown compositions. These equa-
tions are derived in Appendix C. The resulting mathematical
description before interception (with all compositions in
ppmw) is:

For u=1:
0.180y, —6.030 = 0.060z;
y1—5z4=0.

For u=2,
2y, +2z,=2y,
¥y, =0.10y,.

For u=3,
2y;+z,=2y,
y3=0.10y,.

For u=4,
2z5=2z,+ z,.

As has been previously mentioned, the gaseous path dia-
gram for CE involves three unknown compositions (y;, y.,
and y,) while the liquid path diagram for CE has four un-
known compositions (z,, z,, zs5, and z¢). The foregoing seven

equations can be solved simultaneously to get the following
compositions (in ppmw) prior to interception:
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In order to account for interception, Egs. 10 and 11 are
invoked to revise the foregoing equations. Therefore, the
path-diagram equations following inteception become:

0.180y, —6.030 = 0.060z™
y1—52z4=0

2y, + 2, =2y
y,=0.10y™
2y3+z,=2y"

yy =010y

— int int
2z5=z" + z,"

Next, we formulate the problem as described by program
P1. The resulting MINLP was solved using the software GINO
(Liebman et al., 1986). A solution was obtained in 25 CPU
seconds on a Sun Sparcstation 10. The solution indicates that
the optimal policy is to use activated carbon to intercept the
gaseous stream leaving the reactor (v =1) and reduced its
composition to yi* =4.55 ppmw (which corresponds to re-
moving 4.57x10~% kg CE/s from v =1). The optimal solu-
tion has a minimum operating cost of approximately
$576,000/yr based on 8,760 operating hours per annum,

It is worth pointing out that the MINLP formulation can
be slightly expanded to generate a list of alternative options
that are inferior to the optimal sclution. For instance, by
adding “cutting-plane” constraints (e.g., objective function >
$800,000), an alternative solution is generated. This option
involves the use of air to strip CE from the effluent of the
first scrubber followed by the application of zeolite to remove
CE from the terminal wastewater stream. The cost of this
option is $800,000/yr. When the constant in the cutting-plane
constraint is increased to $825,000/yr, a new solution is gen-
erated. This solution involves the use of zeolite to remove
0.45x 10 kg CE/s from the terminal wastewater stream (R,

November 1996 Vol. 42, No. 11 3095



Table 3. Generated Solutions for the CE Case Study

Intercepted Interception Mass Removed Oper. Cost
Option Streams MSAs (10~%kg CE/s) §/yr)

1 Off-gas from reactor (v =1) Activated carbon 4.57 576,163

2 Effluent from first scrubber Air followed by zeolite 131 800,000
(w = 2) and terminal
wastewater (R, or w=6)

3 Terminal wastewater Zeolite 0.45 827,820
(Ryorw=6)

4 Off-gas from reactor Polymeric resin 4.57 1,440,407
(v=1

5 Aqueous effluent from Air followed by zeolite 4.52 1,633,959
first scrubber (w = 2)

6 Aqueous effluent from Air followed by zeolite 452 2,100,692

mixer (w = 5)

or w=06). This is the same solution that would have been
obtained by applying the conventional MEN approach to the
terminal wastewater stream. The operating cost of this solu-
tion is $827,820/yr, which is 44% more expensive than the
optimal WIN solution. By successively eliminating the opii-
mal solutions from the search space and solving the MINLP,
we get the solutions ranked in Table 3.

Several observations can be drawn from the list of gener-
ated solutions:

e The WIN synthesis approach exploits the multimedia
{multiphase) nature of the environmental problem. A gaseous
stream was intercepted to solve a wastewater problem. This
approach is critical, as the next generation of environmental
regulations will no longer focus on an individual medium (e.g.,
clean air, clean water act, etc.). Instead, regulations will have
to be enacted to address a chemical process as an integrated
system with strong interactions among the gaseous and liquid
emissions.

e The WIN synthesis approach is superior to the MEN
synthesis approach. An in-plant stream was intercepted to af-
fect the necessary changes in the terminal stream. Since the
gaseous and liquid sources addressed by the WIN problem
involve the terminal streams addressed by the MEN problem,
any potential MEN solution is embedded in the wider spec-
trum of WIN solutions.

e More mass may be removed for less cost. This result can
be explained based on thermodynamic and mass-transfer ar-

guments. Removal of the pollutant from more concentrated
streams is more thermodynamically favorable than removal
from less concentrated streams. Therefore, it is typically less
expensive to use low-cost MSAs to eliminate the pollutant
from in-plant streams than it is to employ high-cost MSAs to
remove traces of pollutant from the dilute terminal streams.
It is also worth noting the nonlinear propagation of mass of
the pollutant throughout the process. For a given effect on
the pollutant content of a terminal stream, different masses
may be removed from different in-plant streams. Another
reason for this mass-cost observation is that removal of the
pollutant in one medium can be less expensive than it is for
another medium. For instance, a certain amount of the pollu-
tant may be removed from air at a lower cost than it is to
recover a smaller quantity from wastewater.

incorporation of WINs within a Mass-Integration
Framework

Mass integration is aimed at the optimal allocation of
species and streams throughout the process. In addition to
stream interception, it also involves stream segregation, mix-
ing, and recycle. Instead of dealing with the detailed flow
sheet of the process, it is necessary to develop a representa-
tion that aids in systematizing mass allocation. The first step
in conducting mass integration is the development of a global
mass-allocation representation of the whole process (Figure
9). For each targeted species (e.g., pollutant), there are
sources (streams that carry the species) and process sinks
(units that can accept the species). Process sinks include re-
actors, heaters /coolers, biotreatment facilities, discharge me-
dia, and such. Streams leaving the sinks become, in turn,
sources. Therefore, sinks are also generators of the targeted

Effective poliution prevention can be achieved by a combi-
nation of four strategies; stream segregation, interception, re-
cycle from sources to sinks (with or without interception), and

b s Sources
Sources Segregated MSA’s in Sinks/  (Back to
Sources * + + + Generators Process)
-
> |3 N w—-
—_—
> #2 :: species.
Waste P
Interception
Network
(WIN)

\L \

Neinks [

MSA’s out
(to Regeneration and Recycle)

Figure 9. Global allocation of mass via segregation, in-
terception.
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sink /generator manipulation. Each sink/generator may be
manipulated via design and/or operating changes to affect
flow rate and composition of what each sink/generator ac-
cepts and discharges. Manipulation of sinks/generators
(which is beyond the scope of this article) includes chemical-
based activities such as material substitution (e.g., Jobak,
1995; Constantinou et al., 1995), reaction alteration (Crabtree
and El-Halwagi, 1995), and reactor network synthesis

AIChE Journal



(Lakshmanan and Biegler, 1995). Interception is tackled via a
WIN. The following sections summarize the two other strate-
gies of segregation and recycle.

Segregation

Segregation simply refers to avoiding the mixing of streams.
In many cases, segregation of waste streams at the source
renders several streams environmentally acceptable and
hence reduces the pollution-prevention cost. Furthermore,
segregation of streams with different compositions avoids un-
necessary dilution of streams. This can lead to cost savings as
a result of the reduced cost of removing the pollutant from
the more concentrated streams. It may also lead to providing
composition levels that allow the streams to be recycled di-
rectly to process units.

Recycle

Recycle refers to the utilization of a pollutant-laden stream
(a source) in a process unit (a sink). A source may be recy-
cled to a sink directly or following segregation and/or inter-
ception. Furthermore, multiple sources may be mixed prior
to recycle. Typically, process constraints limit the range of
pollutant composition and load that each sink can accept.
These composition/load range constraints can be added to
the optimization formulation provided in Appendix A. The
solution of the extended MINLP provide the optimal inter-
ception, segregation and recycle strategies. The following ex-
ample illustrates the integration of WINs with stream segre-
gation and recycle.

Case Study Revisited: Segregation, Interception,
and Recycle for the Chloroethanol Case Study

The scope of the previously addressed CE case study is
now expanded to allow for stream segregation and recycle in
addition to interception. There are four sinks (x = 1-4) and
there is the potential for segregating two sources (w =2, 4).
Due to geographical limitations, the wastewater from the
ethanol plant cannot be economicaily reused in the ethyl-
chloride plant. The following process constraints should be
considered:

Composition of aqueous feed to reactor < 65 ppmw CE
(25)
Composition of aqueous feed to first scrubber
< 8 ppmw CE (26)
Composition of aqueous feed to second scrubber
< Oppmw CE (27)
0.090 < flow rate of aqueous feed to reactor (kg/s) < 0.150
(28)
0.075 < flow rate of aqueous feed to first scrubber (kg/s)
< 0.090 (29
0.075 < flow rate of aqueous feed to second scrubber (kg/s)

< 0.085 (30)
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The following targets on composition and load are sought:

Target composition of terminal aqueous discharge
1Originzl terminal target

< 3 =33ppmw (31)
Target load of CE in terminal aqueous discharge

original load of CE in terminal aqueous discharge
6

=2.50x10"7 kg CE/s. (32)

Solution

Since the flow rates of the streams fed to the sinks are to
be determined as part of the optimization problem, the path
equations derived in Appendix B are used without fixing the
flow rates of the streams. Furthermore, constraints 25-32 are
added to the MINLP formulation. The solution of this MINLP
(shown in Figure 10) was obtained using the software GINO
(Liebman et al., 1986) in 69 CPU seconds on a Sun Sparcsta-
tion 10. It indicates that the optimal policy is to segregate the
effluents of the two scrubbers, recycle the aqueous effluent
of the reactor to the first scrubber, and use activated carbon
to intercept the gaseous stream leaving the first scrubber (v
= 2) and reduce its composition to yi"* = 1.83 ppmw. The an-
nual operating cost of the system is approximately $32,000/yr.

As has been mentioned before, the MINLP formulation
can be slightly expanded by adding cutting-plane constraints
to generate a list of alternative options that are inferior to
the optimal solution. For instance, by fixing the process con-
figuration and flows as indicated by the optimal solution and
allowing the interception technology, load, and location to
vary, the additional constraint of objective function =
$150,000/yr yields an alternative solution is generated. This
option involves the use of activated carbon to adsorb CE from
the gaseous effluent of the reactor. The cost of this alterna-
tive is $159,000/yr. When the constant in the cutting-plane
constraint is increased to $400,000/yr, a new alternative is
identified, in which zeolite is used to remove CE from the
effluent of the second scrubber. The cost of this solution is
about $439,000/yr.

Conclusions

This article introduced the new problem of synthesizing
WINSs to address in-plant separation of pollutants. This work
also demonstrated the usefulness of employing WINs as in
performing mass-integration analysis for pollution preven-
tion. First, the path diagram was developed as a means of
characterizing the global flow of the pollutant throughout the
process. Next, the path diagram was integrated with the in-
terception techniques using mass-exchange pinch diagrams.
The WIN synthesis strategy was formulated as an MINLP
whose solution yields the optimal interception locations,
loads, and separating agents. This formulation was slightly
revised to account for employing WINs in a mass-integration
strategy that involves stream segregation and recycle in addi-
tion to interception. A case study was solved to elucidate the
merits of the proposed approach and some intriguing results.
It was also shown that poliution prevention is a multimedia
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Figure 10. Optimal solution to the CE case study.

problem in which all phases should be simultaneously tack-
led. This is a more general understanding than the single-
phase design approaches and environmental regulations. Fur-
thermore, it was shown that more pollutant can be separated
at lower cost when the optimal interception locations and
loads are identified.
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Notation

b; =intercept of equilibrium line for mass-separating agent j
m; =slope of equilibrium line for mass-separating agent j
p =index of potential pinch-points for gaseous interception
P& =get of gaseous potential pinch points
Pliavid = got of liquid potential pinch points
g =index of potential pinch-points for liquid interception
x; =mass fraction of pollutant in mass-separating agent j
xj =supply composition of pollutant in mass-separating agent j
for pollutant-laden gaseous streams
xf =pinch composition of pollutant in mass-separating agent j
for pollutant-laden gaseous streams
x} =target composition of mass separating agent j for pollu-
tant-laden gaseous streams
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xf =equilibrium outlet mass fraction of pollutant in mass-sep-
arating agent j

X} =supply composition of pollutant in mass-separating agent j
for pollutant-laden liquid streams

X/ =target composition of pollutant in mass-separating agent j
for pollutant-laden liquid streams

y? =composition of pollutant in gas phase at candidate pinch
point p

z,, = composition of pollutant in liquid stream w

¢; =minimum allowable composition for mass-separating agent

j between equilibrium and operating lines

¢, =mass generated of pollutant in the reactor

Subscripts and superscripts

i =waste stream |
g =potential liquid pinch point
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Appendix A: Pinch-Diagram Equations

As has been mentioned before, since the compositions of
gaseous/liquid sources employed in the pinch diagrams are
unknow, it is necessary to parametrize the rich composite
stream as a function of path-diagram compositions. This
parametrization can be achieved by extending the mixed-
integer nonlinear representation proposed by El-Halwagi and
Manousiouthakis (1990b) for regenerable MSAs to the situa-
tion of varying inlet and outlet compositions of rich streams.
First, overall pollutant balances for the liquid and gaseous
interception networks has to be realized. Therefore,

NV ' NSV
Y V(y,-ym=Y lj(x;—x;) (AD)
v=1 j=1
and
N . NSW
21 W, (z, —z") = -21 L(X/-X). (A2
w= j=

Next, material balances are written for the pollutant below
potential pinch points. Since the pinch locations are not
known, it is necessary to develop material balances that are
applicable regardless of the pinch location. These balances
are given by the following two equations for gaseous and lig-
uid interceptions, respectively:

NV
T V[ (yr - yiny—a, (7 = 3,)]

v=1

NSV
- L I (xi—x) =i (xf —xt)] <O vpePs (43)
j=1

and

NW . .
Y W [nimz9 = 2ty —y, (20— 2,)]

w=1
NSW

= X LiBLy(X = X)- Ba( X7~ X)) <0

Vg € pliauid_ (A4)
These material balances are generally applicable due to the
use of the binary coefficign.ts Anps Aupr Wps 7 s 'y,;',‘é, Vg
B}, and B/ . These coefficients play the role of selecting the
proper load of each stream below the potential pinch points.

They are defined as follows:

(2205, —1)(y" =y 2 0v € NV, p e P&, A, = 0/1

(A5)
Ay, —D(y?—y,)200ENV, peP¥, A, =01 (A6)
@, —D(xP—x)20j€SV, pe P, nf =0/1 (A7)
(2n), —1)(xf—x])=0jeSV, pe P&, 5/ ,=0/1  (A8)

(2% —1)(z9— 2) 2 0w € NW, g € Piid, yint — 01
(A9
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Yy, —I(Z9-Z,) 20w e NW, g€ PIT9, 5,  =0/1
(A10)

(2Bf, ~D(Xf ~ X)) 20j € SW, g € P14, B2, = 0/1
(A11)

(28, —1)( X7 - X[} 2 0j € SW, g € P19, gf = 0/1.
(A12)

Equations A5-A12 correspond to the following definitions:

Aint 1 if y"t<y? pENV
u,p 0 if ylijnt > yp pPE peas
Lot iy<yr veNV

AR ify,>y? pe p&s
1 if x; < x]P jesv
= e s
P 0 lijz_x]l’ p € psas
, 1 ifxf<xf jesv
Wp = .

0 if x} = xjp pe pBas
w1 ifz<z? weNWw
Ywg ™= 0 if zfj“ 227 ge pliquid

1 ifz,<z?7 weNW
yW,q B 0 if z,, > 24 q e Pliquid
1 if X:<X? jesSW
B, = 1=

1.9 4] if X'js > X'j{l g€e pliquid

if Xj' < qu jesw

if )(/I > X/'q ge Pliquid

Depending on the relative location of the stream, these bi-
nary coefficients adjust the load of the stream below the pinch
to its proper value.

Appendix B: Mathematical Formulation

The following is the mathematical formulation for minimiz-
ing the operating cost of the WIN:

NSV NSW
min Y ¢;l;+ )}, CL, (B1)
j=1 j=1
Subject to
Path-diagram constraints
rv, + LW,
ve GAS_INPUTS, we LIQUID_INPUTS,
= v, + Yw, 1 € UNIT

ve GAS_OUTPUTS, we LIQUID_OUTPUTS,
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w e LIQUID_INPUTS,

LVy o+
ve GAS_INPUTS,,

= ZVIJ v +

ve GAS_OUTPUTS,

Y W, z,—Net,
w e LIQUID_OUTPUTS,
u € UNITS
f(@int yint pint int., ¢ GAS_INPUTS,
and w € LIQUID_INPUTS,)
=(®,, y,, ¥,, z,;ve GAS_OUTPUTS,

and w € LIQUID_OUTPUTS,) u € UNITS.

Pinch-diagram constraints

NSV

2 lj(xf‘"‘f)

j=1

NV .
Y V(y,—yr=

v=1

NSW
T L%~ X)

i=1

NW -,
Y w(z,-zM=

w=1

NV
T v A (yr =y =4, (57 = 3]

v=1
NSV

- X lj"jfp(x;—xf)"”jt,p(xf_x;)s0
i=1

Vp € pes

NW . .
L W w2 - 2=, (20 = 2,)]

w=1

NSW
- ¥ LBl (X - X)) = Bl (X7 - X[)= =<0
j=1

vq c Pliquid

along with the definitions of the binary coefficients AJ,, A, ,,

W Wopr Wlgr Yog» Bigr and B, (Egs. A5-Al2).

Environmental regulations

Terminal target Terminal reg

Yi Syi

Terminal target ZTerminal reg
1 bt 14

i=1,2.., Nr®s
z i= NR&®® +1,NR®* +2, ...,

NR8&s 4 NRliquid

NR 8¢ NRB2s
Terminal ,, Terminal target as Terminal ,, Terminal
PIIRZ Yi e<(l-a®) ¥ ¥, Yi
i=1 i=1
NRB8S 4 NRliquid
Z u/i’l‘crmmal z'iI‘emunal target
i= NR® +1

NRSS NRliquid
< (1 _ aliquid) Z

i= NR8S +1

Terminal , Terminal
W, Z; .
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Appendix C: Derivation of the Path-Diagram
Equations for the Chiloroethanol Case Study

In the chloroethanol case study there are four units proc-
essing the pollutant, three gaseous sources, and six liquid
sources. As shown by Figure 7, overall material balances
around the four units (u = 1-4, assuming constant flow rate
of carriers) provide the flow rates of the carrier gas and lig-
uid to be:

Vi=V,=V;=0.150kg/s
W, =W,=W,=W,=0.075kg/s
W =Wy =0.150 kg/s.

Component material balance for chloroethanol around the
reactor (u=1)

Chloroethanol in recycled reactants + chloroethanol gener-
ated due 1o oxychlorination reaction = chloroethanol in
off-gas + chloroethanol in wastewater W; + chloroethanol
depleted by reduction reaction. (Cl1)
Hence
Wszs+6.03X1076 =V, y, + Wezg +0.09z5.  (C2)

But, as discussed in the problem statement, the compositions
of CE in the gaseous and liquid effluents of the ethyl-chlo-
ride reactor are related through an equilibrium distribution
coefficient as follows:

n_s, (C3)

26
Therefore, Eq. C2 can be further simplified by invoking Eq.
C3 and substituting for the numerical values of V;, Wi, and
W, to get
0.180y, —0.060z5 = 6.03x 107® (C4)

with y, and z, in mass fraction units. Therefore, the previ-
ous equation can be rewritten as

0.180y, — 0.060z5 = 6.030, (C5)

with y; and z5 in units of ppmw.

Component material balance for chloroethanol around first
scrubber (u = 2)

Viyi+ Wizi=Voy, + W,z,. (C6)

Substituting for the values of V, V,, W,, and W, and noting
that z, is zero (fresh water), we get

2(y1—y2)—zz=0. (C7)

The Kremser equation can be used to model the scrubber.

HV\ [y, — Hzy HV,
In||1- _ |+
Wl yz ot H21 Wl

NTP =

] , (C®

where Henry’s coefficient (H)=0.1 and NTP =1.3. There-
fore,

ln(O.S& +0.2)
Y2

13=——"re——
In(5) ’
that is,

v, =0.10y,. (C9)

Similar to Egs. C7 and C9, one can derive the following two
equations for the second scrubber (u = 3):

Ay, —ys)—z,=0 (C10)

and

¥5=0.10y,. (c1n

Component material balance for chloroethanol around the
mixer (u=4)

Wizo+ Wyzy=Wszs. (C12)

By plugging the values of W;, W, and W, into Eq. C12, we
get
Zy+2,—225=0. (C13)
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