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Industrial pollution prevention (P2) is a national strate-
gic goal for effective environmental protection. Over the

. Product
past decade, the electroplating industry has implemente Electroplaling Q
numerous basic P2 techniques that have greatly reduced Lines

the quantity and toxicity of end-of-plant waste. In recent N . 1 .
years, various new P2 technologies have been develope - {EL:ML? 'ﬂ*F'i_:?é l E&gc'i*“*
for technology change, material substitution, in-plant FRCTE e _Waske End-of-
| Adrwater — 0

recovery/reuse and treatment. Those new technologies plant
usually require significant capital investment, however. Waslewiater Waste
Moreover, how to ensure production competitivenes Treatment | ——
when using those technologies is not clear. Their applica-
bility to, and acceptance by the industry are therefore ye
to be proven.

This paper explores the opportunity for developing a
new generation of P2 technologies that can also makeminimization, but is
profits for plants. The basic feature of these technologies undesirable for mair Wate elf mimation (= 1)
is the promise of both environmental and economic ben-taining productior LEA pormit (i =1)
efits. They can be named P3.&., profitable P2) technolo- | rate. Current drag-ol e,

Fig. 1—Conventional approach for waste reduction in electroplating.
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gies. The P3 concept can be justified through fundamen- minimization tech: ‘

tal study of process operation and deep analysis of wasteniques cannot dete
generation. It will show that the development of P3 tech{ mine an optimal drair
nologies should be a new direction of R&D for environ- age time for any pla
mental protection in this decade. These key issues in theing line. In fact, nu
development will be discussed in detail. Two P3 technolg-merous uncertaintie
gies are described to show their effectiveness for both R2exist in using thi¢
and optimal production. It is predicted that the P3 tech-| group of P2 technolc
nologies will soon become the most attractive environ- gies. In recent year
mental technologies for the metal finishing industry. another group of P
technologies is bein
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The electroplating industry is a major pollutant generatqr developed that foct ’,f’
the manufacturing industries. In electroplating plants, hugatechnology chang New P2 tech
amounts of water, chemicals, and energy are consumed gaige of alternative me {tech; change,
The waste generated usually contains more than 100 hazatsl-in-plant recovery :L‘::‘:;:::::ri:"'

ous or toxic chemicals, metals, and other regulated pdllutuse and treatmeh etreutment)
ants. This has cost the industry hundreds of millions of dol|l&rkis group of tech
per year for waste treatment and dispésals environmen-| nologiesis much mor
tal regulations become increasingly stringent, such ag #féective in waste re ., : o
U.S. EPA Strategic Goals set for 2002, how to effectiyetuction?A significant z'ngd ,2:3 felah'zﬁif,g’i;i?"”"m"’ Impact of P2
reduce waste in the first place has greatly challenged ttepital investment,
industry. Platers urgently need the least expensive P2 teubwever, is always required in implementation. Those in-
nologies for maximum waste reduction, so that their eceestments for technology change and the use of alternative
nomical competitiveness can be maintaihed. metals require significant change of processes. In-process
According to the EPA, pollution prevention (P2) meanmgcovery/reuse and treatment technologies are essentially not
the maximum feasible reduction of all wastes (wastewatéot the reduction of waste from plating lines, but for reduction
solid waste, and air emissions) generated at productiort sitebwaste in the effluent streams from a plant (end-of-plant
Over the past decade, numerous P2 technologies have lvesste). Rigorously, they belong to in-plant pollution control
developed for the electroplating industry. One group téchnologies. Another concern of using this group of tech-
technologies is basic and concerns source reduction, reagtogies is how to maintain plating quality and production
cling/reuse, and pretreatment. Their implementation is usiwmpetitiveness. Their applicability to and acceptance by the
ally easy and simple. Nevertheless, the P2 effectivengsmaustry, therefore, are yet to be proven.
always limited, since most of them are quite genfeFalr Note that most of the more than 8,000 electroplating
instance, a longer drainage time is preferred for drag-goibshops and captive shops in the nation are medium or small
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Fig. 3—New P2 approach for maximum waste reduction and opt
production.

in size. They usually lack P2 expertise and do not h
adequate funds to invest in P2 projects. In recent years,
of the states have launched P2 loan programs for s
business. While this will help the industries improve their

practice, it also sends a message that effective P2 n

significant funds and that itis an economic burden for pla
In principle, P2 is to prevent pollution, but not to precly
economic benefits. According to the conservation law, if
waste generation mechanism is dismantled, chemicals
ter, and energy consumed for waste generation can be S
This basic economic fact indicates that P2 should not b

economic burden for any industry. P2 should provide ind

tries with both environmental and economic benefits.
In this paper, a novel concept known as profitable pg

tion prevention (or P3 for short), is introduced. This congefitd

extends the conventional P2 concept significantly by ad
a new dimensioni.g., economics), to it. The P3 concept
then elaborated through fundamental study of the P3 th
using basic process systems engineering principles. Th
issues in the development of P3 technologies are discu
Finally, two P3 technologies are illustrated, with applicati
to show the effectiveness in P2 and optimal productio
plants.

From P2to P3
Societal expectation about P2 in a plant is to minimize
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Fig. 4—Strategy revision for P3 technology development.

alprove material recovery for potential reuse. This is a
shaesive way for P2, however.
malfigure 2 depicts the analysis of environmental and eco-
pwmical impacts by different P2 technologies. In the figure,
ironmental cleanness is quantified by the indewtich
efanges from 0 (completely unacceptable) to 1 (waste elimina-
déon). Asindicated, the use of basic, low-cost P2 technologies
t{s&n only reach a limited waste reduction standard. If new P2
Jeghnologies (those for technology change, the use of alterna-
alhg metals, etc.) are also used, then EPA regulations can be
e plied with, butitis costly. This analysis is depicted by the
ashed curve in the figure. An EPA permitis assigned a value
(r)forl,. This value has been increased, as the environmental
§tandard becomes more stringent. The capital investment
uirement for P2 has therefore risen rapidly. As indicated
jiH‘gthe preceding section, the conservation law shows that
idhere must be various opportunities for simultaneous reduc-
S r of waste and operating/capital cost. Where are the
h R‘gnortunities? How can we grasp the opportunities and make
sdagm a reality? The opportunities can be found from the
higocess where waste is generated. Only when the channels of
h \aste generation are blocked, can the end-of-line waste be
minimized or even eliminated. At the same time, the chemi-
cals, water, and energy consumed in generating and treating
the waste can be saved. This kind of P2 strategy must be the
st effective and be the first consideration. It requires no, or

quantity and toxicity of the effluent streams from it. Becaus&

waste is generated in production lines and improper
reduction methods may strongly affect normal producti
safe P2 effort that most plants prefer is the installatio

wastewater pretreatment facilities (WTF), if it is afforda d

Figure 1 shows the general structure of an electroplating
that consists of electroplating lines and WTF. Chemi
energy, and water are consumed in cleaning, rinsing,
plating operations in the plating lines, and for treatment
recovery inthe WTF. In the plant, waste is generated fro

tanks in the plating lines (end-of-line waste) and WTF ( nid!
of-plantwaste). Obviously, the reduction of end-of-line was

is the focus for the most effective P2. One way to do this
change plating technologies, and to use alternative m
and other materials as substitutes. Itisimpracticaland u
nomical, however, to ask most plants to do so, even i
technologies are available. To platers, maintenance of

duction competitiveness is of utmost importance. It is under-

standable that the current major development emphasis

technologies is on the reduction of end-of-plant waste, be

cause it will not negatively influence production. An e
way for effective P2 is, therefore, to enhance WTF an

60

ry low, capital investment, and should cut operating cost
as gnificantly. Moreover, the improvement of product quality

d production rate will offer real opportunities. This is the

f&undation of P3. The economic and environmental incen-
|dives are depicted in Fig. 2 (solid curves). It is expected to
uggest the P3 technologies that make profits as high as
agossible.

’dThe development of P3 has a broad industrial basis. In fact,
end-of-line waste in most plants is generated on a larger
le than it should Be®Note that most plants stilldon’'t have

-depth understanding of process principles, and don’t know
actly how production and waste minimization are corre-
ed. Even today, the following questions, which are critical
o oth optimal production and P2, remain unanswered in the

Jogustry:
th
pro

n

al

C What are the cleaning and rinsing standards for parts? Or

more specifically, what is the maximum permissible dirt
in PZresidu_e on parts before_plating? _
»What is the optimal setting of chemical solvent concen-
tration in a soaking, electrocleaning, or pickling tank?
« What is the minimum water flow rate for each rinsing

step?
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Fig. 5—Simulation results for a cleaning tank: (a) process dynamics g
original operation; (b) process dynamics of optimal operation.

* What is the minimum processing time needed for a ba
of parts in a cleaning, rinsing, or plating tank?

« How does a rinsing system configuration affect b
rinsing quality and wastewater minimization?

» To what extent can sludge in a cleaning or plating tan
reduced?

Without correct answers to these questions, produg
can never be optimal, and P2 can never be complete
reality in plants now is that chemicals, energy and wate
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Fig. 6—Water use in an electroplating plant: (a) conventional water
distribution configuration; (b) integration of a WURN into electroplating
processes.

arceltical concern is again the cleaning and rinsing quality as

included in Eq. (3). This analysis has shown that thorough

ptimderstanding of the process is the key to ensuring both
environmental and economic benefits.

k beThe fundamental component of P3 is the process prin-
ciples that explain how parts are cleaned, rinsed and plated,
and how waste is generated in various operations. These

tipnnciples are nothing more than mass and energy balances,

Thermodynamics, and kinetics. They can be used to study
grecess steady-state and dynamic behavior and to develop P3

over-consumed, and waste generation is always more thastrittegies. For instance, if the process dynamics is derived,

should be. It is urgent, therefore, to conduct a fundame
study of these concers.

P3 Fundamentals

As stated, the merit of P3 is the simultaneous realizatig
waste reduction (environmental impact) and improvemert
production (economic incentive). This can be expresse

1)

The waste reduction and production improvement in Eq
can be elaborated as:

P3 = Waste + Production

Waste = Dirt removed + Chemicals + Waten + Energy (2)

Production = Product quality + Production rate +
Operating cost + Capital cost 3)
It is clear that the reduction of chemicals, water,
energy consumed in a production line in Eq. (2) must les
the direct reduction of operating cost and indirect reduc
of capital cost in Eq. (3). The key to waste reduction is
control of production quality. A reduction in dirt remov
from parts can directly contribute to waste minimization,
the reduction of chemicals, water, and energy in equatio
leads directly to reduction in operating costs in Eq.
Moreover, it will shorten the processing time in clean

rita parts cleaning, rinsing and plating operations can be fully
understood, and the waste generation mechanism clearly
revealed. Then the P3 opportunities can be readily identified.
The end-of-line waste can be divided into two groups: un-
nayfoidable and avoidable. The unavoidable waste is generated
ntlyf removal of the minimum amount of dirt from the surface
] @gparts, according to the cleaning quality. The main portion
of the waste is stationary, remaining in the cleaning tanks.
The rest is mobile that can enter succeeding tanks and finally
enter wastewater. Through drag-in/drag-out, a certain amount
@h chemical and plating solutions is also carried over to
rinsing systems and finally enters the wastewater. This should
be avoided to the maximum extent possible. Another type of
avoidable waste is related to parts cleaning, rinsing, and
plating. We all know that it is clearly unreasonable to ask for
completely dirt-free parts before plating. In reality, dirt-free
cleanness is not necessary for parts before plating. There
must be an upper limit of dirt residue, below which plating
argality will not be affected. In production, the dirt residue on
dnarts before plating varies significantly. Thatis, many barrels
tioh parts are overly cleaned, while many others are not clean
tesough for quality plating. Obviously, we should avoid over-
atleaness; or, we want to have the parts as dirty as possible, as
ah@ng as the dirt residue is below the upper limit. If we can
n¢ppcessfully do this, the consumption of chemicals and
Jyater, and the processing time in relevant tanks can all be
duced. The focal point of the operational strategy is iden-
.thication of the upper limit and the way of controlling the

tanks and thus improve the production rate in Eq. (3
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process by
following this
restriction.
The above
analysis
shows that
current P2 fo-
cuses on
waste, not
process. By
contrast, P3
focuses on
both waste
and process.
Figure 3
shows that
when P3tech-
nologies are
applied to the
plating line,
the chemicals,
energy, and
air/water con-
sumed in the
process and
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waste will be sheet with an embedded WURN.

reduced, the
waste load of the WTF will be reduced; thus the end-of-p

waste from the WTF will be reduced and production will bgn

improved.

P3 Technology Development
Because the plating process is the focus of P3, the dey
ment of P3 technologies must be for clean and cost-effe
process design, as well as for clean and optimal prg
operation. To be effective, P3 technologies must consist
least four types of strategies. Figure 4 indicates the func
ality of these strategies that must be developed based ¢

bottom line is that the dirt residue must be just below the
upper limit!? It seems bizarre, but it is a real opportunity.

Certainly, the key for the success of this strategy is the
establishment of the upper limit for dirt residue, and the
estimation of the cleanness of parts in each cleaning tank.

Strategy  for Reducing Waste Transferral AmongUnits
Because barrels of parts are processed sequentially in a
plating line and the production rate must be maintained, the
drag-out is unavoidable. It contains dirt, solvents, and other
pollutants that eventually enter the wastewater. The drag-out
must be minimized, therefore, everywhere in the process. As
stated in the preceding section, the available drag-out strate-
gies are almost all experience-based. The correlation among
drag-out-related variables, such as chemical concentration,
viscosity, surface tension, and drainage time, has not been
established® In addition to developing operation-related
strategies, it is also necessary to study how a rinsing system
configuration is related to drag-out minimization. In general,
arinsing system consisting of a static tank followed by a flow
tank is an effective way for minimizing mobile waste. Ac-
cordingly, a new rinsing system design methodology should
be developed!

Strategy for Reducing Chemicals, Water &Energy
The reduction of chemicals, water, and energy is always
desirable because it means reduction of operating cost as well
M as reduction of the volume and contamination of wastewater
"and sludge. The main concern in this effort is the quality of
cleaning, rinsing, and plating. An optimal operational strat-
lag¥fy must be developed to ensure minimum consumption of
emicals, water, and energy. This operational strategy is
also related to production scheduling. It is a complicated
multiple-objective optimization problef#® It is suggested
Ithat large-scale system theory be used to solve it.
elop-
Cifielegy for Ensuing Ceaning, Ridg &Paing  Qually
C¥$i¥s strategy consists of two sub-strategies. One is to set the
okgdndards for cleaning, rinsing and plating. So far, only
li@emeral standards are availabMore specific standards for
type of cleaning, rinsing, and plating are yet to be

parts processing flow, the energy, chemical, and water floayéveloped. A difficulty involved is a system consideration.

as well as the waste flow. The functionality of each
strategy is delineated below.

Stategy for Reducng Waste Generated

In Each Processing  Unit

In operation, all cleaning, rinsing, and plating tanks
generate waste. In cleaning tanks, for example, the wa
generated by dirt removal from parts surfaces. In most pl
part dirtiness varies greatly. In a cleaning tank, chem
solventis always added periodically and chemical conce
tion is set based on experience. When the concentratio
tank is below a pre-specified lower limit, solvent should
added to the upper limit. We call the time between
chemical additions a cycle. It is conceivable that the ba
of parts processed at the beginning of the cycle are 1
cleaner than those processed later in the cycle whe
processing time for each barrel is the same. The simple

R%r instance, presoaking, soaking, electrocleaning followed
by a two-step rinsing is a quite common sequence for remov-
ing oil, soil, other particles, and for loosening scale. The
solvents used in the three cleaning tanks are the same. It is
difficult to determine optimal cleaning standards in these
caanks. The other type of sub-strategy is control of operations
stedghat these standards can be reached. Although different
arsntrol systems have been used in plants, they are essentially
idal open-loop control in terms of parts cleaning, rinsing, and
ntpdating quality*® For instance, closed-loop control of the

N coacentration of a cleaning tank is not directly related to parts
b#eanness. Thus, process control of these operations must be
tvamlvanced.

rrels

nubcess Modeling &Optimization ~ for P3

n Tihe four types of P3 strategies discussed in the preceding
ogiction are closely related. The central point is understanding

is that if the cleanness of the parts processed later is sa

isthca plating process. This understanding can be obtained

tory for plating, there is no reason for the parts processadough developing plant models. The models should be
early to be that cleafi This suggests that a basic strategyindamental and that can reveal precisely the cause-effect
for reducing waste is to maximize the dirtiness of each barrelationships among quality, productivity, waste reduction
of parts after cleaning. Or, we want to have the dirtiest pagisd costs. The models should be dynamic so that process
after cleaning, with each barrel of parts equally dirty. Thsehavior, such as parts processing status, solvent solution
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cleaning capability, rinsing water contamination level,

plating solution capability at any time can be characteri}

Moreover, the models should be plant-wide so that th
decisions can be made at the system level, rather that
specific unit level.

Over the past five years, the authors and students
developed a variety of unit-based process mofdéfhese
include models for soak cleaning, electrocleaning and g
ling (acid cleaning), single and concurrent rinsing, and b
plating operations. The pioneering modeling work has prd
very valuable for the development of comprehensive
technologies. These include the development of environn
tally clean design and operational technologies. In this
tion, the previous modeling is enhanced to plant-wide i
grated modeling and model-based optimization.

PlantWide  Model

A plant-wide model consists of the integrated models
cleaning, rinsing and plating, and a model for sludge pre
tion.

Integrated ~ Cleaning  Model
In a cleaning tank, chemicals are consumed for removing
from the surface of parts, and are lost through drag-out.
model is for characterizing chemical solution dynamicg
any cleaning tank, such as soaking, electrocleaning,
pickling. A general model structure is,

dC, (£}
af

N,
'rci = sz LCE,F}_.,_.L!E.
i=l

W, ENH (1) # ;2. ))

I= 1’ “.5Nc (4)
where C(t) is the chemical solvent concentration in {
cleaning tank at time t
r(t) is the dirt removal rate in the cleaning tank at time
W (t) is the amount of solvent added at time t
E(t) is the amount of energy added at time t
M, is the chemical capacity for dirt removal
V_ is the capacity of the cleaning tank
N, is the total number of cleaning tanks in the plating lir
H(t) is the unit step function
t,, t.are, respectively, the starting and ending time of par
a cleaning tank.

Note that the expression (i) - H, (t), forms a pulse
function that has a value of 1 in the period frgio t.. The
function, { , is dependent on the type of cleaning. f
instance, the function for either presoak or soak cleaniig

fi(cw rc'ﬂwwc !E}=—&_{t)'+wc(f}

c

5)
Te (t)= Ye (I)Cc (I)WP (I)
7e(0)=roi-e20)) ™

where W(t) is the amount of the dirt on parts at time t
y.(t)is the weight loss of the dirt on parts at time t

r, is the kinetic constant

a is the constant.

(6)

The model is associated with a number of initial conditig
such as the initial chemical concentration and initial dirtin
of the parts.

IS in

e

raegrated  Rinsing  Model

&l plating line may have a number of rinsing steps, each of
®Bich may contain more than one rinsing tank. The model is
| ®characterize the contamination level of rinsing water in any
rinsing tank of a plating line. A general model structure is,

havia

I\

i m %

N
dt E‘

k=1

ic Vi, YoEL (17 Fr Cr G N g 1 ) H g )
A =,

= k=1, N; I=1,-+ N, (8)
ven

RAere Qt) is the pollutant concentration in the rinsing tank
nen-at time t
Sec(t) is the dirt removal rate in the rinsing tank at time t
Ne{t) is the flowrate of rinsing water at time t
C...(Dis the pollutant concentration of input rinsing water at
‘time t
V. is the capacity of the rinsing tank
bk is the total number of rinses in the plating line
did- is the total number of rinsing tanks in théh rinsing
system of the plating line
H(t) is the unit step function
t,, t. are, respectively, the starting and ending time of arinsing
dirtcycle that includes a rinsing mode and an idle mode.
The
in The functiong,;, has the same structure for either single or
andltiple rinsing, because the rinsing mechanism is the same.
The only difference is the cleanness and flow rate of the
incoming water to each rinsing tank. The function can be
expressed as:

glry  Fr CriCp i J=ro (N H g )= Bt )+ F (NC ialt)— C )]

he )

I}{I} = krTr {IU Hﬁ{“’}{f} -W; (l’g )}_ Cr{t}} (10)

wherek is the mass transfer coefficient
eWr(t) is the amount of the dirt on parts in a rinsing tank at time
t

W(t)) is the amount of the dirt on parts when entering the
Nrinsing tank

y(t,) isthe looseness of dirt on parts when entering the rinsing
tank is the unit conversion factor.

This model is associated with a number of initial conditions,
Quch as the initial contamination level in the rinsing tank and
I¥he initial dirtiness of the parts, that must be specified.

Inegrated  Parts Processng = Mode!

The dirt or other materials on the surface of parts are removed
by using chemical, mechanical, thermal, electrical, and/or
radiated energy in cleaning tanks. A certain amount of the
loose dirt on parts sinks to the bottom of the tank as sludge.
The remaining dirt is carried over together by drag-out to
rinsing tanks. The model is to describe the surface cleanness
of parts in any cleaning and rinsing tank at any time t. This is
critical to the plating operation in a plating tank. In principle,
the dirt removal rate is proportional to the cleanness of the
rinse water and the dirtiness of the parts. Thus, we have,

MP{IL E"c.- (eXH (o) Hile.))+
=1

r

P dr
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N

S 0N o) )
i=1

1j

M=

(11)

i

where Ajis the total surface area of parts in a barrel. All ouhg{

variables are defined in the preceding equations. The i

conditions for cleaning and rinsing are also stated in th g

equations.

egaied  Phing  Moddl

A plating tank usually consists of a number of slots, eac

which can accommodate a barrel of parts for plating|.

number of plating operations can occur simultaneousl
these slots. A plating deposition model can be develd
based on basic electrochemical principles. According
Faraday’'s Law, the amount of metal deposition can be:

) s
dt n3

whereW (t) is themass of metal deposited
M is themolecular weight of the metal
I(t) is the applied or induced current
sis the stoichiometric coefficient of the species
nis the number of electrons transferred for each molecu
metal deposited
U is the current efficiency
{ is the Faraday constant (96,500 C/g-equivalent).

In the plating mode, the electrolyte concentration dyn
ics follows the mass balance below.

(12)

‘.I'- s \ tfﬁr‘.— . . . -
"r:__ff'g | FGu -Gl R ¥, £ S HE BN =12 N,
(13)

where C is the mass concentration of substahda the
electrolyte

Ci,in is the in-flow mass concentration of substance
Ci,out is the out-flow mass concentration of substdnce
R|,chemis the chemical reaction of substahda the solution
Vp is the volume of the solvent in the plating bath
Fis the volumetric water flow rate

€ is the electrochemical reaction coefficient

N, is the number of slots in a plating tank.

Note that after the plated parts are withdrawn, the tar
in the idle mode, but water continuously flows in. Thug
pulse function must be applied to reflect this change. Bec
there are various plating metals, the model parameters
coefficients are different. The basic model structure is af
cable to all, however.

Sludge Predicive  Model
The base sludge can be found in all tanks. The sludg
cleaning tanks includes the dirt (oil, soil, grease, solid

ticles, etc.) removed from the surface of parts and that o
chemicals used to remove the dirt. In rinsing tanks, the sl
resulting from natural contaminants in make-up wate
rinsewater and that resulting from drag-out from clear
tanks should be considered. Thus, the total sludge is the
of all of them. Detailed formulation of each type of sludge
be found in Huang and his associdfes.

ModeHhased ~ Optimization

The P3-oriented optimization is two-fold: waste minimiza-

tion and optimal production. As stated before, these two
objectives are consistent. That is, the minimization of the
uantity and toxicity of end-of-process waste is equivalent to
: fnminimization of the chemical, water, and energy con-

a ption. This minimization must follow process opera-

Shal constraints, however, to meet cleaning, rinsing, and
plating qualities. A general optimization model structure can
be derived as follows:

hzf min J =3 &;0.; + PY, Fj + 7Y Ey
i i k

(14)
/ Irhere the three terms on the right side are the cost for
p\ggemicals used in all cleaning tanks and plating tank, the cost
or fresh water, and the cost for the energy consumed in the
plating line. The objective function is subject to the following
types of constraints.

Qually Constrainis

These include the restriction of dirt residue on the parts after

each cleaning and rinsing step. It must not be higher than the

upper limit. The thickness of the metal coating on the surface

of parts must be within a pre-specified range. These restric-
diohs result in a number of inequality constraints.

Process  Spediication Constrarnis

The upper and lower limits for solvent concentrations and
aMmose for water flow rates, and the processing time for each
step of operation should all be expressed as inequalities.

Model Equalty  Constraints

The prediction of process behavior must be based on the
models described above. These models, therefore, become
the basis of the optimization.

Emnvionmental  Constrainis

Constraints on the concentrations of specific pollutants in
wastewater must be specified. Note that there will be no need
to have a constraint on the quantity of wastewater, because it
must be minimized.

Note that it is possible that no feasible solution can be
found if the environmental constraints are too strict. In this
case, the optimization procedure will suggest the minimum
requirement of wastewater treatment capacity to be installed
Khsa plant.

, a
a

&her the past years, Huang's research group has developed
ix P3 technologies that can be used to drastically reduce
waste and greatly improve production with no or negligible
capital cost. These are listed below.

e irt Operating technology for optimal chemical concentra-
har- tion determination
fthe Operating technology for optimal rinse water flowrate
idge determination
or * Operating technology for minimum sludge generation
ing* Design methodology for developing an optimal water use
sumand reuse network
can® Design and operating technology for optimal rinsing
water neutralization
» Design and operating technology of reversed drag-out
for maximum reduction of chemicals, water, and sludge.
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The applications of two P3 technologies are briefly describadcessary for water redistribution, the component mass bal-
below. ances, and other process and environmental constraints. The
optimization is solved using the so-called network super-
Optimal  Solvent  Reduction in aCleaning  System structure concept in order to guarantee global optiméiity.
In a soak cleaning tank, the original solvent concentratign isThe design methodology has been used to successfully
10 percent. Each barrel of parts is scheduled to have four shsign a number of WURNS s for different plating lines. Figure
of processing in the tank. The chemicals are added in gbéatillustrates a practical industrial example. Detailed infor-
every 20 barrels of the cleaning interval. Itis required that thgtion about the process is notincluded because of confiden-
dirt residue on parts surface be no more than 20 percent. ittigdgy. It is shown that this plating line contains three rinsing
been found that the last several barrels of parts in every 2absystems, each of which has two rinse tanks in series with
barrel cycle are not clean enough in operation. The planc@intercurrent rinsewater flow. The total freshwater flow
seeking an opportunity to improve cleaning quality withpuiate is 16 gal/min. By using the design methodology, an
increasing chemical consumption and without changing thptimal solution is identified as shown in Fig. 7b. With the
chemical addition pattern. installation of the WURN, the fresh water consumption is
Using the cleaning model developed in the precedingduced to 9 gal/min, a reduction of about 44 percent of water
section, computer simulation has resulted in the followingt wastewater, while rinsing quality is also guaranteed.
Figure 5a depicts the dynamic responses of the parts cleaning
and chemical consumption in the tank, using the origin@ncuding Remarks
operational procedure. The dotted curves represent the Hifective P2 always requires significant capital investment.
removal of those barrels consecutively. It shows that the|fifdtis has hindered wide application of effective but expensive
barrel has only four percent of dirt remained after cleanjrig? technologies. On the other hand, a large number of P2
while the 20th barrel has a dirt residue of 37 percent. At ttezhnologies focus on the reduction of end-of-plant waste,
end of the cycle, the chemical concentration in the tank is prdther than end-of-line waste. This is really a passive way for
3.2 percent. The simulation shows that the last five barrels B In this paper, we introduce a new concept: profitable P2
not clean enough (> 20% dirt residue). The original pracgke., P3). This concept not only inherits the merit of tradi-
dure is simple, but is proven not acceptable. tional P2, but reflects economic incentives as well. The
This process can be optimized to improve cleaning ¢fientral point of P3 is the process that generates waste. Thus,
ciency and to reduce chemical consumption, while the ptbe minimization of end-of-process is the focus. Initial appli-
duction rate is kept nearly the same (20.5 barrels aftations of the two P3 technologies have demonstrated the
optimization, slightly more productive). As shown in Fig. bkattractiveness and opportunities for the industry to simulta-
the dirt residue of the part surface of each barrel can Epusly realize P2 and optimal production. Plants should be
controlled to 20 percent or slightly lower; there is no bafrable to make profits through implementing P3 technologies.
overly cleaned or unqualified. After a cycle of 20.5 barrels tifis believed that full development of P3 technologies will
cleaning, the chemical concentration in the tank is 5.2 pspon become a new direction in environmental protection.
cent, which is noticeably higher than 3.2 percent. The chemi-
cal consumption per barrel cleaning is reduced from 0.32&ditor’s note: Manuscript received, February 2000.
0.26 unit on average. This implies 20.8 percent savings of
chemicals, or reduction of waste by nearly the same percexgknowledgment
age. The only inconvenience in operation using this |iMhis work was supported in part by AESF (Proj. No. 96), EPA
proved operational strategy is uneven processing time(R£824732-01), and the Institute of Manufacturing Research
each barrel. Apparently, this inconvenience will no longef Wayne State University.
exist if the process is automatically controlled.
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