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~insights to identify optimal strategies
for allocating, routing, and separating
process streams and targeted species.
A case study is presented to illustrate
the effectiveness of this approach in
reducing methanol and wastewater
discharges from a kraft pulp mill. The
method targets all sources of a given
pollutant simultaneously, allowing the
engineer to evaluate opportunities for
segregation, mixing, recycling, and in-
terception of in-plant and terminal
streams. Several visualization tools
are described. These graphs are used
to understand the global mass flow
and to identify optimal allocation,
interception, and recycle/reuse
opportunities.

Application:

A case study illustrating the use of an-
alytical tools that the design engineer
can use to reduce waste and pollution
from a kraft pulp mill.

HE U.S. PULP AND PAPER INDUS-

try is under considerable

pressure to reduce both

the volume of wastewater
discharged and the level of contami-
nants in effluents. Methanol is
among the important organic conta-
minants. Several studies have ad-
dressed this topic for kraft pulping
operations.

For example, Johnson and Diehl
(1) presented techniques for con-
densate segregation and methanol
stripping. The use of steam stripping
concentrates methanol-laden streams,
but it does not reduce the methanol
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load in terminal streams. Moreover,
the additional use of steam increases
the amount of wastewater. Venkatesh
et al. (2) simulated two mills using
the general energy and materials bal-
ance system (GEMS) process simula-
tor. They modified GEMS process
models to include methanol predic-
tion capability, and then used the
models to study the effects of
process modifications on methanol
contents in air emissions. Their re-
sults demonstrated various process
modifications that could substan-
tially reduce gaseous emissions of
methanol. However, this did not
eliminate the problem of methanol
in the mill. Rather, it was transferred
from the gaseous phase to the liquid
phase.

These previous efforts focused
on optimizing a particular process.
Hence, their findings cannot be read-
ily transferred from one mill to an-
other. Indeed, what is needed is a sys-
tematic methodology that can ad-
dress the problem in a generally
applicable manner. In this regard,
mass integration provides an attrac-
tive framework. Using the mass-inte-
gration approach described in this
paper, one can evaluate millwide op-
tions for reducing methanol and
wastewater discharges, including the
costs for each option. The solution
procedure follows an integrated ap-
proach that is based on an analysis of
the mass flow of the targeted species
in process liquids throughout the
process.

OVERVIEW OF MASS INTEGRATION

Definition and objective
Over the past two decades, the in-
dustry has made significant progress
in integrating pollution prevention
with other process objectives. This
led to the concept of process inte-
gration, which is a holistic approach
to design that emphasizes the unity
of the entire process. Process inte-
gration is based on first understand-
ing the global insights of the process
and then addressing design details at
the appropriate stage. The first sig-
nificant success of process integra-
tion was in the area of energy inte-
gration, a subset of which is the ther-
mal “pinch” technology that is used
in designing heat-exchange net-
works (3-5). Energy integration
deals with the optimum allocation,
transformation, and exchange of en-
ergy throughout the process. This
energy-integration methodology has
been widely used to optimize energy
usage in many process industries, in-
cluding the pulp and paper industry
(6). Mass integration—a more recent
development in process integra-
tion—is the framework used in this
paper.

Mass integration is a holistic ap-
proach that provides a global under-
standing of the flow of mass
throughout the process. This ap-
proach provides insights into the
process, which are then used to de-
velop strategies for the allocation,
routing, separation, and conversion
of streams and targeted species. The
method guides designers in routing



all species to their most desirable
destinations and allows the designer
to establish mass-related cost trade-
offs.

The original motivation for mass
integration was pollution preven-
tion. In 1989, El-Halwagi and Man-
ousiouthakis (7) introduced the
problem of synthesizing mass-ex-
change networks (MENSs) with the
objective of removing targeted
species (in this case pollutants) from
streams rich in these species using
mass-separating agents (MSAs) that
are lean in the targeted species. Over
the past few years, the MEN concept
has been generalized to the broader
framework of mass integration for
the global allocation of mass. This in-
cludes species utilization and recy-
cle, species interception within the
process, species conversion via
chemical reactions, stream segrega-
tion and mixing, and the manipula-
tion of unit operations through de-
sign and operating changes.

Mass integration has been suc-
cessfully applied to a wide variety of
process industries to reduce pollu-
tion, enhance yield, reduce costs, and
debottleneck the process. A thor-
ough review of the process can be
found in a recent textbook by El-Hal-
wagi (8).

The framework of mass integra-
tion allows simultaneous considera-
tion of liquid, solid, and gaseous pol-
lutants. A particularly useful concept
in mass integration is waste intercep-
tion and allocation networks (WINSs)
(9-11). This novel concept identifies
optimal strategies for separating and
recycling pollutant-laden in-plant
streams. Using this approach, the de-
sigh engineer has the tools needed to
tackle the pollution problem at the
source and throughout the process.
In addition, one can screen several
separation technologies for pollutant
removal from in-plant streams and
then identify the structure of the op-
timal separation system.

/ Mixing and recycling

2

L

Low-cost process modifications
(LCPM)

pa

L

Segregation

1. Pyramid representing strategies used in mass integration

Strategies of mass integration
After identifying the target of waste
reduction (e.g., minimum cost, mini-
mum wastewater discharge), the de-
sign engineer can choose among
several strategies to achieve that tar-
get. These strategies, depicted in Fig.
1, include: segregation; low-cost
process modifications (LCPM); mix-
ing and recycling; interception (sepa-
ration); and high-cost process modifi-
cations (HCPM). The strategies are
integrated to reach the design target.

Segregation. In some industrial ap-
plications, dilute streams are mixed
with concentrated streams unneces-
sarily. Segregation of streams at the
source provides several opportuni-
ties for cost reduction. Segregation
can generate environmentally benign
streams, and it enhances the oppor-
tunities for direct recycling and sepa-
ration, since it can provide appropri-
ate concentrations for recycle and
separation.

Low-cost process modifications.
In some cases, waste can be reduced
or eliminated by changing the oper-
ating conditions (e.g., temperature,
pressure, flow rate, composition) of
the unit (sink) from which the waste
is generated or fed. This is referred to
as sink manipulation. In other cases,
one might replace a unit with a more
environmentally benign unit if the
return on investment associated with
this change is acceptable.

Mixing and recycling. Discharged
waste can be reduced by recycling
pollutant-laden streams for reuse in
the process or by directing the
streams to satisfy nonprocess re-
quirements. In some instances, sev-
eral streams may need to be mixed
together to achieve the desired level
of flow rate and composition. The
cost associated with this step in-
cludes piping and, sometimes, mix-
ing tanks.

Interception. Interception involves
the use of separation technologies to
selectively remove the targeted
species from the targeted streams. In
most industrial applications, inter-
ception is needed to enhance the op-
portunities of recycling, to prevent
pollutant buildup, and to generate
environmentally benign streams.

High-cost process modifications.
HCPM can include the use of new
chemistry (such as a new solvent,
new reaction path, etc.) or new tech-
nology (e.g., new plant).

Process modifications probably
will require some experimental work
and/or process simulation to demon-
strate their validity.

Solution approach
The five identified strategies can be
combined and solved optimally
using graphical as well as optimiza-
tion mathematical models (8, 9). The
graphical approach refers to the use
of visualization tools to systemati-
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SIMULATION MODELING
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2. Process flow diagram for unbleached kraft

cally develop optimal solutions.
These graphical tools include: path
diagrams, source-sink mapping dia-
grams, and mass—pinch analysis. To-
gether, these tools provide a detailed
map of the pollutant’s (targeted
species) path throughout the
process. Moreover, these tools are
flexible, allowing engineers to ap-
proach the problem using their own
preferences while still gaining in-
sights from the design as well.

The following case study is pre-
sented to illustrate how these tools
can be used to identify optimal
strategies for pollution prevention.

CASE STUDY: COST-EFFECTIVE
REDUCTION OF WATER USE,
DISCHARGED WASTEWATER, AND
METHANOL LOAD IN EFFLUENT

Objectives of case study
The EPA’s recently promulgated Clus-
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ter Rule contains specific require-
ments for kraft mill condensates
(12). Certain condensates from the
digesters, turpentine recovery, and
evaporator system will have to either
be steam stripped, “hard-piped” di-
rectly to a “well operated” biotreat-
ment system, or reused in a totally
enclosed unit process. The case
study presented in this paper shows
how the mass integration technique
can be used to identify the most cost-
effective option for reducing
methanol loading in the plant efflu-
ents by 97% as well as optimizing
fresh water usage and wastewater
discharge. The approach presented
here assumes that methanol emis-
sions are to be incinerated.
Process description

A kraft mill producing 60 tons/h of
unbleached pulp was selected to il-
lustrate the mass-integration tech-

nique. The basic features of the
process are shown in Fig. 2. The fol-
lowing key features are worth men-
tioning:

» The black liquor from the contin-
uous digester is flashed twice.
Part of the steam generated is
used in the steaming vessel. The
excess steam joins the steam
from the presteaming vessel in
the primary condenser.

= The noncondensables from the
primary condenser go to the sec-
ondary condenser, the downflow
of which is taken to the turpen-
tine decanter. After recovery of
turpentine, we get wastewater
stream W,.

» The noncondensables from the
secondary condenser form waste-
water stream W, after passing
through a direct-contact con-
denser.
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SOLUTION METHODOLOGY
Tools used in mass integration
Source-sink mapping diagram.

From the process, one can identify
the “sources” of the targeted species
(i.e., streams that carry the targeted
species) and the “sinks” of these
sources (i.e., units that can, under
particular conditions of concentra-

4. Source-sink diagram for the case study. (Shaded area represents the acceptable
range of recycle for the chemical recovery unit.)

tion and flow rate, process these
sources). The sink is also called a
generator, since in most cases it gen-
erates a source that can be used in
the analysis. Figure 3 shows the flow
rates and methanol concentrations

of the liquid sources and sinks of the
case study. Figure 3 also includes
processing composition and flow-
rate constraints for each sink.

Next, the source-sink mapping
diagram (13-15) is constructed as
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SIMULATION MODELING
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shown in Fig. 4. The acceptable
ranges for the recycling concentra-
tions and flow rates for each sink are
drawn as horizontal and vertical
bands, respectively. The sample
bands shown in Fig. 4 are for the
chemical recovery unit. The intersec-
tion of the two bands defines the re-
gion of permissible recycle. Any
stream that is located within the con-
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process some sources after reducing
the composition and mass load of
those sources via interception.
Using the source-sink mapping
diagram, several mutually exclusive
projects for direct recycling can be
identified. To determine which pro-
jects should be pursued, one needs
to develop an impact diagram that
shows the economic impact of each

6. a: Representation of rich streams; b:
application of “diagonal rule” to add up
mass in overlapping regions; c: composite
rich stream

set of mutually exclusive projects vs.
their total waste reduction. From the
source-sink mapping diagram, the
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following (nonmutually exclusive)
direct recycling projects can be pro-
posed. (A source-sink mapping dia-
gram should be evolved for each
sink.):

1. Recycle W, and W,, to the chemi-
cal recovery unit.

2. Recycle all W,, and 40 tons/h
from W, to the chemical recov-
ery unit.

3. Recycle 120 tons/h from W, and
60 tons/h fresh water to the
chemical recovery unit.

4. Recycle W,, and 40 tons/h fresh
water to the chemical recovery
unit.

5. Recycle W, ,, 241 tons/h from W,

14° 15’

and 86 tons/h fresh water to the

brownstock washers.

6. Recycle W ,, W,,W,,, 129 tons/h
fromW,,, and 29 tons/h fresh
water to the brownstock wash-
ers.

7. Recycle W, and 167 tons/h fresh
water to the brownstock wash-
ers.

8. Recycle W,,W,,, and 298 tons/h
fresh water to the brownstock
washers.

9. Recycle W, and 327 tons/h fresh
water to the brownstock wash-
ers.

Economic justification deter-

mines which projects should be im-

plemented. To account for piping

and pumping, the cost is taken to be

US$ 4/(ft:Ib/s). This cost includes
power, labor, and maintenance. De-
tails of the costs and savings associ-
ated with Projects 1-9 are presented
in Table I. Sets of mutually exclusive
projects and associated savings are
presented in Table Il and Fig. 5.

It is apparent from Fig. 5 that Set
B provides the greatest annual sav-
ings. These projects could also be
ranked using a more detailed prof-
itability analysis. As already men-
tioned, the source-sink mapping dia-
gram can also identify sources that
need interception in order to be re-
cycled or discharged. For example,
the stream from the primary con-
denser underflow (W,) requires in-
terception to be recycled or dis-

VOL. 81: NO. 10 TAPPI JOURNAL 175



SIMULATION MODELING
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11. Path diagram for liquids in the pulp mill

charged, as can be seen from Fig. 4.
After identifying interception oppor-
tunities, other tools such as mass—pinch
and path diagrams can be used to ex-
plore the optimal network for in-
plant interception.

Mass—pinch analysis. Mass—pinch
analysis (7, 8) is another tool that
can be employed in mass integration
to synthesize the optimal mass-ex-
change networks (MENSs). The prob-
lem of synthesizing MENSs can be de-
scribed as follows: Given a number
of rich streams (streams containing
targeted species, also called sources)
and a number of lean streams (mass-
separating agents, MSAs), the desired
outcome is to synthesize the optimal
mass-exchange network. Such a net-
work would selectively transfer the
targeted species from the rich
streams to the lean streams so as to
meet environmental or process re-
quirements. Examples of mass-ex-
change operations include stripping,
absorption, extraction, washing, ad-
sorption, etc. To optimize the cost of
mass separating agents, the pinch
analysis is utilized.

As a first step in constructing the
pinch diagram, each rich (waste)
stream is represented as an arrow
whose tail and head represent the
supply and target compositions of
the stream, respectively (Fig. 6a). The
vertical distance between the head
and the tail of the arrow represents
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12. Path diagram for gases in the pulp mill

the mass load to be removed of the
targeted species from the stream, and
the slope of the arrow gives the flow
rate of the stream. Next, the “diagonal
rule” for superposition is used to pro-
vide a combined representation of
both rich streams by adding up mass
load in overlapped regions of streams
(Fig. 6b). This representation results
in the rich composite stream (Fig.
6c). The same procedure can be
adapted for all the rich streams to de-
velop a global rich composite stream.
The rich composite stream repre-
sents the cumulative mass of targeted
species to be removed using mass-
separating agents (MSAs). The MSAs
are superimposed on the x-axis, as
seen in Fig. 7. The position of each
MSA represents the feasible opera-
tional region of this MSA with respect
to composition (i.e., thermodynam-
ics). Thermodynamic feasibility can
be represented through Eq. 1:
y=mx*+b

(1)
where

y = composition of theich steam
m = distribution coeficient (eg.,
Henly’s constant)

X* = maximum possike composition
of the MSA

b = a constant

and the subscript i refers to MSA i.

To avoid an infinite unit (e.g., col-
umn) size, a minimum allowable
composition difference (g) is re-
quired. This parameter is used to
trade off capital vs. operating costs
so as to minimize total annualized
cost. Details on selecting (€) are de-
scribed in the literature (7, 8).
Hence, the equilibrium equation is
depicted as follows:

y= nll(xi* - Si) + bi (2)

A shortcut method was described
by El-Halwagi (8) to determine the
optimal operating cost of MENs by
identifying the pinch location. In this
method, one needs to identify the
cost of each MSA per unit mass re-
moved of the targeted species. Based
on thermodynamic feasibility and
the unit costs of each MSA, the opti-
mal pinch diagram can be con-
structed. For example, if stream MSA
2 is to the left of stream MSA 1—and
if MSA 2 costs less than MSA 1 per
unit mass of targeted species re-
moved—then MSA 1 can be removed
from the analysis. However, if the
cost of MSA 1 is cheaper, then both
MSAs should be retained. For the
purpose of clarification, let us as-
sume that the cost of MSA 2 is the
cheapest among the three MSAs per
unit mass removed of the targeted
species. To minimize the cost of
MSAs, then MSA 2 should be used to
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13. Superimposed interception technologies on the path diagram

(including segregation)

its maximum capacity. Since thermo-
dynamics prevent MSA 2 from doing
all the separation job, MSA 3 is re-
quired to accomplish the remaining
separation job.

The flow rate of each MSA is de-
termined by dividing the mass load
of the targeted species to be re-
moved by the MSA by the composi-
tion difference of the MSA. Composi-
tion difference is the difference be-
tween target and supply
compositions of the MSA. After de-
termining the mass load to be re-
moved by each MSA and the flow
rate of each MSA, the pinch diagram
can be constructed as shown in Fig.
8.The slope of each MSA in Fig. 8 rep-
resents the flow rate of this MSA. Ex-
tensive details on how to rigorously
develop the pinch diagram and how
to optimize overall cost of MENSs is
beyond the scope of this paper. In-
stead, the reader is referred to the lit-
erature (7, 8) for broad details.

Other technologies such as heat-
induced technologies can also be
used. In such cases, energy-separat-
ing agents (ESAs) such as cooling,
heating, pressure, and vacuum are
employed to induce separation. Ex-
amples include condensation, distilla-
tion, crystallization, and evaporation.

14. Iterative scheme to identify optimal solution for case study

Minimum
allowable
Supply Target composition Cost
composition composition for MSA of MSA
(), (x),  Slope (o), ©,
ppmw ppmw (m) ppmw US$/Ib
Activated carbon 2 10 0.65 4 120

11l. Mass-separating agent (MSA) data for methanol removal from liquid streams

Recycling and interception of in-
plant streams affect the composition
and flow rate of other streams. To
study their effect on the paths of
other streams, the path diagram is
used.

Path diagram. The path diagram
(8, 9) presents the composition and
flow rate of all streams (sources) car-
rying the targeted species through-
out the process. A path diagram
should be evolved for each targeted
species in each carrier. The composi-
tion and flow rate of each targeted
species-laden in-plant stream are re-
quired to construct the path dia-
gram.

Let’s consider a generic process
that consists of a presteaming vessel
and a digester and washing system, as
illustrated in Fig. 9. The stream leav-
ing the presteaming vessel and the
white liquor are assumed to have no

methanol (the targeted species in
this example). For simplicity, both
streams are assumed to be mixed and
fed to the digester. This stream is rep-
resented by Point A in Fig. 9. The
cooking process inside the digester
generates methanol. The changes in
load and composition of the stream
move the stream to Point B. Stream C
(water) is mixed with Stream B in-
side the digester/washer system to
produce Point D. Stream D is split
into two streams, E (black liquor) and
F (pulp). The path diagram for this
example is presented in Fig. 10. Note
that we considered the washing
process as a mixing operation, with
the output of the digester/washing
system split into black liquor and
pulp streams E and F, respectively.
Each node on the path diagram
denotes a pollutant-laden stream that
has the opportunity to be inter-
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15. Optimal solution for the case study

cepted and/or recycled/discharged.
The nodes on the path diagram are
related to each other through
process modeling correlations. Mod-
eling correlations include mass bal-
ances and unit performance. Nodes
are connected with each other by lin-
ear profiles (arrows), which repre-
sent the orientation of the mass flow.
The tail of the arrow emerges from
the input of the associated unit,
while the head points toward its out-
put. If the unit possesses more than
one input and/or more than one out-
put, the number of arrows associated
with corresponding nodes would in-
crease.

The path diagram provides engi-
neers with a tool to understand the
global mass flow of the targeted
species without having to deal with
complicated process flow diagrams.
The path diagrams of methanol in lig-
uid (water) and gaseous streams for
the whole pulping operation are
shown in Figs. 11 and 12, respec-
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tively. The equations (specific for this
process condition) representing the
liquid path are shown in the Appen-
dix at the end of this paper.

Insights from the path diagram
As mentioned previously, one pur-
pose of the graphical tools is to pro-
vide engineers with insights on the
optimal solution. The path diagram
provides the following insights:

Segregation opportunities. The
path, composition, and flow rate of
each stream carrying the targeted
species is illustrated in the path dia-
gram. In addition, the path diagram
shows streams that are mixed or split
and tracks the generation or loss of
mass. Potential segregation opportu-
nities can be identified for any two or
more streams with different compo-
sitions shown in the path diagram to
be mixed. For example:

1. Streams W,, W,, W, , and W, are

mixed with each other to form
the combined condensate (W,,).

Segregation of these might be ad-
vantageous from a recycling view-
point, as will be illustrated later in
this paper.

2. Streams W, and W, are mixed to
produce stream W,. Since W, is
more concentrated in methanol,
its segregation may present cost-
effective recovery of methanol
(by-product recovery).

Interception opportunities. Inter-
ception opportunities can be identi-
fied by screening candidate MSAs
using the hybrid path and pinch dia-
grams (8, 9). After developing the
path diagram, the candidate intercep-
tion technologies are superimposed
through horizontal projection, as
shown in Fig. 13. This is similar to the
pinch diagram (Fig. 7). Each inter-
ception technology is represented
vs. its thermodynamic feasibility
range.

The following insights can be ob-
tained from Fig. 13. First, similar to



the pinch diagram, the interception
technology with cheapest cost per
unit mass removed should be used to
intercept streams within its thermo-
dynamic feasibility range. Further-
more, intercepting in-plant streams
using cost-effective technologies may
eliminate waste problems in terminal
streams. For example, mixing streams
W, and W, removes W, from the range
of distillation by producing stream W,
(Fig. 11). Intercepting stream W,
might eliminate the problem associ-
ated with stream W,. The following
section describes candidate intercep-
tion technologies.

Candidate interception techniques
Interception of methanol might be
needed to supplement the strategies
of segregation, mixing, and recycle.
Candidate interception technologies
include activated-carbon adsorption,
membrane separation, biotreatment,
and distillation. The data for activated
carbon are given in Table Ill. The
variables m, €, and ¢ in Table Il are
the slope of the equilibrium line, the
minimum allowable composition for
the mass-separating agent (MSA) be-
tween equilibrium and operating
lines (7, 8), and the cost of the MSA,
respectively.

Membrane vapor separation.
Polydimethyl siloxane membrane is
considered here for the separation of
water and methanol from air. The
permeability coefficients of
methanol and water in the mem-
brane are 11,000 and 14,000 Barrer
(16), respectively. For membrane
cost data, the reader is referred to the
literature (17).

Biotreatment. For end-of-pipe treat-
ment, biotreatment is considered.

Maximum inlet concentration =
1000 ppmw (parts per million by
weight) methanol

Outlet concentration = 16 ppmw
methanol (always)

Opesting cost (US$) = 0.028 + 0.000%

where

M = mass load of methandb/h
G = flow rate of wastavater, |b/h.

Distillation. Distillation will be
considered only for recovery of
methanol from liquid streams. To
guarantee economic benefits of
methanol recovery, distillation can-
not be used for streams with less
than 10,000 ppmw methanol.

After identifying all opportunities
for the previously mentioned strate-
gies, the optimal solution is tackled
by iterating among the path diagram,
source-sink mapping diagram, and
the mass—pinch diagram, as shown in
Fig. 14. The iterative scheme is nec-
essary to study the mass propagation
through interception and recycling.
The reader is referred to the litera-
ture for rigorous mathematical for-
mulation of the problem (8, 9).

Optimal solution of case study
By using the suggested iterative
scheme, the optimal solution was de-
termined and is shown in Fig. 15:

= The condensates from the multi-
ple-effect evaporators are segre-
gated, and the condensates from
effects 2, 3,4 and the surface con-
denser are recycled to the chemi-
cal recovery process.

= The untreated effluent from the
screening process is used in the
woodyard, since it meets environ-
mental specifications.

» The effluent from the paper ma-
chine is mixed with fresh water
and recycled to the countercur-
rent washing process.

= Distillation is utilized to recover
methanol from the effluents from
the direct-contact condenser and
the turpentine decanter effluent.
The effluent from the distillation
column is routed to biotreatment.

 The effluent from the primary
condenser is sent to biotreatment.

* Part of the effluent from biotreat-
ment is used in the direct-contact
condenser, and the rest is dis-
charged to the river.

The proposed solution leads to a
0.25-ton/h reduction (recovery) in
methanol losses and a wastewater re-
duction of 477 tons/h. These values
correspond to recovery of 80% of
methanol generated, 61% reduction
in fresh water usage, and 64% reduc-
tion in wastewater discharge.
Methanol discharged represents less
than 2% of the methanol generated in
the digester.

The distillation column was simu-
lated (Aspen PLUS software). The
number of theoretical plates was set
at 12 with a diameter of 6.6 ft. With
an efficiency of 66%, the total cost of
the column with all the auxiliaries
required for the project was deter-
mined to be US$ 1,125,000. The
value of methanol recovered is ap-
proximately US$ 550,000/year. Hence,
the payback period for this project—
based solely on methanol recovery—
is about two years. Other savings in-
clude US$ 88,000/year in fresh water
and US$ 2,950,000/year in biotreat-
ment cost.

CONCLUSIONS
Mass-integration methodology was
used to identify opportunities for
waste reduction in a pulp mill. The
approach was demonstrated through
a case study that targets reduction in
methanol and water discharge. Based
on strategies of segregation, recycle,
mixing, and interception, several so-
lution options were systematically
generated. The results of the case
study indicate that the mass-integra-
tion technique can identify solutions
to environmental problems while
also generating cost savings. TJ

Hamad,post-doctoral fellow,Varma, graduate
research assistant (currently with NCASI), Kr-
ishnagopalan, alumni professor, and El-Hal-
wagi, associate professor, are affiliated with
the Chemical Engineering Department,
Auburn University, 230 Ross Hall, Auburn, AL
36849.

VOL. 81: NO. 10 TAPPI JOURNAL 179



SIMULATION MODELING

The authors gratefully acknowledge the financial
support of the Auburn University Pulp and Paper Re-
search and Education Center (AU PPREC) and the
National Science Foundation (Project No. NSF-CTs-

NYI 9457013). The thoughtful comments of John E.
Pinkerton, Environmental Division Technical Editor,
TAPPI JOURNAL, and Harry Cullinan, director of

AU PPREC, are also appreciated.

Received for review May 27, 1997.
Accepted Jan. 28, 1998.

APPENDIX: EQUATIONS FOR
THE LIQUID PATH IN THE CASE
STUDY
The following set of equations
represents the liquid path of

methanol in the process:
Total mass generated in di-
gester:

m, = 0.311591 tons/h

Mass in black liquor leaving
the digester

m = 0.964n,
where

m, = total mass in the dégter

Mass in the underflow from
primary condenser (W,)

m, = 0.018n,

Mass in the underflow from
turpentine decanter (W,)

m, = 0.524n,

Mass in the underflow from
indirect condenser (W,)

m, = 0.355n,

Mass in the condensate from
effects 2,3,4 (W,)

m, = 0.011m,

Mass in the condensate from
effect 5 (W,)

m, = 0.03™,

Mass in the condensate from
effect 6 (W,)

m,, = 0.538n,

Mass in the underflow from
the papermaking process (W,,)

m,=0.811(,—m)

Mass in the underflow from
the screening unit (W,,)

m, = 0.189(,—m)
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