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rocess optimization has long been a valuable

tool in chemical and product design and
manufacturing.! Tradltionally, the optimizacion
has heen structured to produce the highest quan-
tity andfor quality of a product ar che least cost,
with the ultimare goal being the maximlzation of
pmfitabilicy. In Tocent. years, environmental regu-
latian hes led to the inelusion of emission con-
straints as part of the optimization probhlem,

" ineluding probiem formulation and system repre-

sentation, determination of messures of systemn ¢f-
fctiveness, ind implemeneation of algotithms and
salution methods (ie., marhematical procedures)
to find the eptlmal configusation. Although mich
of the technical effort of pracess oprimization fo-
cuses on the development and implementation of
efficicnt solution algorithms, the most crivical as-
stumptions ate made before this In developing the

Pallurion prevention has thus
moved from being 8 separate,
add-om consideration, mwade
anly ance the inttial design is
completed, to one that is inte-
grated wichin the overall design
of the produck and its manufae-
turing process, However, indus-
trial ecalagy brings the potential
atel perspective for the next
step—where  environmental
canziderations aro ot merely a
constraint imposed by regula-
tinns but racher an intringic part

Indusirial ecology can gam
significantly from the use of
[process] optimization meth-
ods. These methods can be
applied when construcing,
validating, and calibrating
maodels, and when solving
local, regional, or global
scale material and energy

flow problems.

system  represetitation  and
choosing  the appropriate
metries for the objective func-
finn.

Peoblem formulatlon and
aystem representation in the
case of indusertsl ecology re-
fuire the characterization of
rrarerial, energy, #nd informa-
tian flows and reservois, often
ar 9 combination of Jocal, re-
gional, and global scates. Even
for a narrowly defloed produc-
tion process, the necessary in-

of the objective function, To

take this next step, where eco-

logical consideratians are fufly integrated in o

firm’s ohtectives, formidable conceprual and

methadolopical challenges must be overcome,

The approach of process opelnization can provlde

a valuable paradigm and framework far this effort.
Breightler and coworkers (1967} described opti-

mization as a three-step decislon-making process,
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formation for the full system
may he highly dispersed among
varicus orgatizations and erganizatienal units,
and signlficant uncerrainty will he present (e.g,
see the analysis of a printed circuit board asserm-
bly process by Sheng and Worhach [1998]), Such
problems are only multiplicd when dealing with
multiple firms, industrial sectars, or whole
economies and multiplied again when enviton-
mennal impacts are added to the equation.
For problems in industrial ecology, the sccond
step, mensuring system effcctiveness, requires the
inclusion of environmental considerations in the
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chjective. The environmental effects of chemi-
cal teleases can he estimared hased on oxicity,
exposure, ot expected health effects, and differ-
ent indices can he used to summarize these vari-
ous stapes of impact (again, see Sheng and
Worhach (1998 for an example). However, to
addvess issues of acewracy and the relatlve
weighting of thesc indices, one must wrestle with
the problem of uncertainty (e.g., Cabeas et al.
1598}, in this case addressing how to value differ-
ent impacts—some well characterized and some
highly speculative. For example, how does one
compare a highly likely impace on a localized
wildlife habitar with a highly uncerrain impaet
an hwman health? Environmenral impaces muse
also be weighed and balanced againse ather con-
cems, sich os cost, long-verm sustainabilicy, and
employment. To further season the stew, mil-
tipte stakeliolders invariably exist with different
perspectives on what constitutes a good out-
come. Thus, multivkjective, or multiateribute,
aethads are necessary to handle these different,
nften conflicting objectives and expectations
{Cohon and Raothley 1997; Chang and Allen
1997, for a discussion of methods and applica-
tions of multiobjective opelmization},

The third step in optimal design involves the
development and implementation of algorithms
and solution methods, The hasic suite of nu-
merical optimtzation techniques, including Hn-
ear programming {LP), nonlinear programming
{MLTF}, and integer programming {[P} methods,
were developed circa World War 117 These
methods have since been incorporated for
chemical design in # numker of large-scale pro-
cess simulators.

In situations where many different plant con-
flgurations are possible and “local minima® oc-
cur,? advanced combinatorial methods are
needed to search altornative deslgns in a flexible
vet officient mannet. A number of crearive and
intriguing methods have been developed in re-
eent yeats to address this need, ineluding simu-
lated annealing (hearing and coaling of
materials}, which allows the optimal design to
deryatallize” as an cquivalent “temperature” L5
raduced {Painton and Diwckar 1994}, and ge-
notic algartthms, which allaw the systom design
to Yevalve™ toward a ficrest stace, as would a spe-
LIRS OVET MANY REtIEratiems in 3 Darwinian envi-
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rorument {Reeves 1997} Other innovative
methaods have been developed incorpotating
COMCEpTS in process integration, reactor netantk
synithests, and eprimization { AJChE Sytaprsiom
Series 1994},

Although all methods mentioned above are
well sulred for the optimization of “static” sys-
tems, a more challenging problem 1 optimal con-
tral, ot dypnamic optimization, invalving
algorlthms that predice time-dependent trajecto-
ties, System performance {5 contitwously moni-
vared and assessed, and adjustments are maie
based lioth on past performance and the tange of
possible future inpucs and perturbat|ons. Apnlica-
tlon of optimal contral demands that the aystem
be closely follmwed by micraprocessor-based con-
prolless, wich Full computerization of the plant.
As sueh, optimal control has only recently
emerpged as a feasble targer for chemical and
product manfaciurers.

Ciptimal eontrol theory can likewlse provide
a patentially powerful mode of analysis for glo-
bal scale problems {Lempert et al. 19943, As na-
tional and global production systems and
ceonamins grow and evolve over tme, system
models that consider the crpabilities of alterna-
tive energy technologies and rhe monitored re-
sponse of the environment can he used to
explare taxation and regulatory atrategies thar
are both saquential and adaptive.

Whether optimization 15 used at the local, re-
gional, or global level, uncerraintics cannot he
completely eliminated from the data ot madels or
from the objective definition, Techniques such s
chance-constrained optimizaclon involve only
rainor supplements to the hasic MLP or 1P prob-
lem and are capable of providing useful initlal in-
sighrs into the hehavior of uncertain systema.
With chance-conscrained optimization, the sys-
tem is designed to parform at a particular level of
reliability, no longer mectlng constraints with
surery but rarher with a specified probability.
Mare advanced stochastic optimization methods
have alsa been developed to address systemns with
fully uncorrain constraints and objectives (Birge
1007Y. When eombined with now methods for
sampling and the availability of faster computers,
these allaw the salation of very-large-scale real-
warld problems that were impassibile to address in
the past. (see, o, Chaudhuri and Diwelar 1998),




In summary, industrial ecology can wain sig-
nificantly from the use of oprimizarion methwds.
These methods can be applicd when canstruce-
ing, vafidating, and calibrating models, and when
sodving lncal, regional, or global scale material
and energy flow prablems. New methnds allow
this ta be done efficienely and with full cansidep-
ation of uncertainties. We expect new applica-
tions and methodologtes to continue to coevalve,
each provicding the motivation to address more
sophisticated systems and problems. These ean
atid should result in improved product design and
production methods, and better informed indus-
trial, economic and environmental policies.

MNotes

1. Fara goad inmeduction to methods and applica-
tioms, see Edgar and Himmelblan (T988].

2. The various oprimlzadon meedwods 1nvalve ales-
ftive technigques for searching for the hest de-
sipn for problems where both the system
ahjectlve fancoion and che constraints ate linear
(LT}, the objective funetion andfet constraites
are nonlineas (ML, or the design space 15 dis-
crere rather than continnous (170,

3. Local minima occur when a particalar deosign is
larrer than all those similar [i.e., local) o it b
supsriar system performance can sl be seldeved
through 2 major reconfipuration of e aysiem,
bdany emditional MLT and [P methods can be-
come "trapped” inoguch local minlma and fadl o
tdenkify the glohally oprimal zolecion,

4, The development of the core theary for addres-
ing the aptimizacion of dyhamic syscems actually
predated, by meny years, the static methads dis-
eussed above. The caleulus of wariations was hom
on June 4, 1684 when John Bernoulll pased the
Brachiostochrone (Greek for “shocrest. time®)
peablem and publely challenged the mathemari-
eal world eo soive b The celeulus of varkatlons
addresses prohlems where the deeision variable s
a time-dependent vector
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