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Abst r act

A systematic procedure is presented for synthesizing chemcal conplexes
i n which toxicol ogy aspects are incorporated in addition to the economc consid-*
erati ons* Based on previous work by Grossmann and Santibanez, it is proposed
that the problembe formulated as a bicriterion m xed-integer programm ng
problem in which the two basic objectives that are considered are the maxi -
m zation of the net present value and the mnimzation of toxicity in the
overall system The use of two different types of toxicity indices is
explored, and solution strategi es based on the theory of multicriterion
optim zation are developed. The application of the strategies is presented

through a sinple exanpl e.




Scope

The chem cal industry is facing nowadays two formdable problems. One is
the shortage of energy sources, and the other one is the increasing evidence of
the adverse effect of toxic chemcals in the environment. Both problens pose
chal l enging denmands in the field of Chenical Process Design and require that
effective solutions be obtai ned. Wereas considerable research effort is being
done on the problemcreated by the energy shortage, not rmuch attention has been
paid as to how toxi col ogy aspects can be incorporated systematically in the
desi gn of chenical processes. In fact, there is currently in practice little
gui dance for design engineers on howto deal sinultaneously with toxicology, and
econom ¢ consi der ati ons.

This paper presents an initial step directed at incorporating toxicology in
an inportant class of process synthesis problenms; nanely, in the synthesis of
industrial chem cal conplexes. |In this problema set of chenicals that can be
produced froma set of interconnected processes are considered as candidates for
integrating a chemcal conplex. Gven limts on the supplies and denands on the
different chemicals, the problemconsists in selecting the chemcals and processes
that will integrate the conplex in order to attain one or several basic design
obj ecti ves.

This work deals specifically with the case when the objectives are the
maxi m zation of the net present value and the mnimzation of toxicity. Two
indices for measuring toxicity which reflect different environnental policies are
consi dered, and the use of systematic solution strategies based on multicriterion
optimzation theory are proposed.

Concl usions_and Sianificance

Toxi col ogy consi derations have been incorporated in the synthesis of

industrial chem cal conplexes by formulating a bicriterion nm xed-integer |inear

programmi ng problem where toxicity is mnimzed and the net present value is




maxi m zed. |t has been shown that two types of toxicity indices can be used:
one whi ch is dependent on the anount of chem cals, and another one which is
only speci es dependent. The c-constrained nethod and a neani ngful method for
i deal conprom se sol utions have been suggested for generating noninferior
configurations for the conplex. The nunerical results of an exanpl e have
shown that the proposed formul at i ons provide a powerful tool for decision*
makers in order to establish proper trade-offs between toxicity and econom c

obj ecti ves.




Introduction

In the synthesis of an industrial chemical complex it is assumed that
NP chemical processes involving NC chemicals in the form of raw materials
and intermediate and final products, are candidates for integrating
‘an industrial processing scheme. Given limitations on the supplies and demands
of the chemicals, and one or more objectives that should be achieved in the
design, the problem consists in determining the products to be produced, the
raw materials to be consumed and the actual processes that will integrate the
chemical complex. In order to consider systematically the alternative schemes
for the complex, a general network configuration is postulated in which NC
nodes of chemicals and NP nodes of processes are interconnected through streams.
As shown by Grossmann and Santibanez (1980)y this synthesis problem can be
formulated as a mixed-integer linear programming problem. By defining p; s s;,

as the purchases and sales of chemical j in the market ¢, as the flowrate

Y
.of stream k, and y; as a 0-1 binary variable that denotes the existence of a
chemical process i, the constraint set is given by:

a) Material balances for nodes of chemicals
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b) Material balances for nodes of processes
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d) Condition for existence of processes wth bounded capacities .
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where the v represents coefficients for the material bal ances in each process,

a™ is the index for the main product produced by process i, I(j) is the index

set of streans that produce chemcal j, O(j) is the index set of streans that

consure chenical j, Mis the index set for the different markets and L':. is the

I ndex set of streans associated with process i; £.“, f)" s"’ _s&, C Z, are |ower
_ ] =3 31 = 1

and upper bounds for purchases, sales and process capacities.

A suitabl e econom c objective function for this problemis for instance the

maxi m zati on of the net present val ue which can be expressed as

NP NC -
_ 2 4
£, = NV = -t§ ey w"'i +p,7, +q’i'mi) + j:{__: .chaj'j - uyj) (5)

where the first summation includes both the investment cost, a. ¢y ij.f» and
8
operating cost, cpw that corresponds to each process i in terns of the pro-

duction of the chenmical my- The second summation invol ves the sal es and purchases

.
i

of the chemicals inthe different markets in terns of the prices \,, ~ . Note
1
that when the binary variable y. is equal to zero, constraint (4) will force

process i to be excluded fromthe general configuration. In the case when this
variable is equal to one, process i is included in the configuration and a fixed
1

cost charge p. is incurred in (5) so as to reflect the economes of scale in the
i nvest nent cost.

This synthesis probl emhas al so been forrmulated previously in the literature
in the context of the petrochenical industry as a linear programmng problemwith
different objective functions. Stadtherr et al. (1976) considered the mnimzation

of feedstocks as an objective, whereas Sophos et al. (1980) have considered




a multlobjectlve forrmulation in which the change of thernmodynanmic availability
is maxi m zedg and the entropy creation and feedstock consunption are m nim zed.
Inthis work it is proposed to incorporate toxicology considerations in this
synthesis problem Previous work has negl ected the undesirable effects of
toxic chemcals in industrial conplexes, and since this is clearly a very

rel evant issue for which there is increasing concern in practice, there is a

need to account systematically for this aspect in this synthesis problem

Appr oaches for incorporating toxicology

The nost common approach that is used to consider the effect of toxic
chemcals in decision-nmaking is the cost-benefit analysis. In the context of
the synthesis problemof chemcal conplexes this would nean that the danage
produced by toxic chenicals should be reflected ultimately as an "operating"
cost. This would presunably have the advantage of establishing a uni que and
non- anbi guous trade-off between toxicity and the econom c objective. However,
as indicated by Fi schhoff (1981), there are clearly nmany shortcomngs in the cost-
benefit approach. Firstly, it requires a large amount of information for which
there is considerable uncertainty. For instance, it is very difficult to predict
within a reasonabl e degree of accuracy the type and anount of danmage that will
be Inflicted upon various species in the environment. Secondl y, thi s approach
al so requires assigning an econom ¢ val ue to the danmage which in general is quite
arbitrary, since other inportant issues that are of social nature and that cannot
be quantified properly are also involved. Therefore, it is very questionable that
a cost-benefit analysis can provide a solution that woul d be undi sputed by
i ndustry, Government and the public. It should then be recognized that due to the
I nherent conflict of mnimzing toxicity and maxi nmi zi ng econom ¢ gains, the
net hodol ogy that is to be used cannot be expected to provide sinple and unique

answers.




Since a systenatic procedure for resolving the conflict between toxicity and
an econom c objective has to be nore open-ended than the cost-benefit analysis, a
nore appropriate approach is to use a rmulticriterion optimsation fornulation
This would inply that the toxic effects of chemcals should be reflected through
an objective function or index that ought to be mnimzed. As shown bel ow,
indices for toxicity can be developed using the l[imted anount of infor-
mation that can be obtai ned, inthis way, the optimzation of this index
can be considered as an objective inits own right together with other specified
objectives that are to be achieved. A though it is clear that thé multicriterion
optim zation approach will not lead to unique answers, it can provide a powerful
tool for rational decision-making as shown bel ow.

The present paper mﬁll be restricted to the case when the two objectives that
are involved in the synthesis of industrial chemcal conplexes are the naxi m za-
tion of the net present value and the m nim zation of toxicity. The cruci a
aspects in this work are the devel opnent of indices for nmeasuring toxicity, and
the derivation of neani ngful solution strategies that provide guidelines to the

deci si on-maker for resolving the conflict between the two objectives.

I ndices for Toxicity

Toxicity is basically a relative termwhich reflects the potential of a
chem cal to do harmto biological tissue. In principle, no chemcal is
entirely safe nor entirely harnful since any chemcal can cone
in contact with biological tissue without producing an effect on it, provided the
concentration of the chemcal is belowa mninal effective level* dearly, there
are chemcals that are nore toxic than others and, hence, sone sort of quantitative
nmeasure of toxicity is required for the chemcal products. |In fact, severa
net hods of reporting toxicity quantitatively have been suggested (Looms, 1979).

One of these, known as the lethal dose U>5> is the dose of a conpound whi ch will




produce death in 50% of the. test animals, and is of course dependent on both the
test specinens and the neans by which they cone into contact with thelchem' cal .
Anot her common net hod of reporting chemical toxicity is the threshold linmting

val ue of the chem cal which refers to nmaxi mrumairborne concentrations of substances
that can be allowed. Specifically, this value represents conditions under which it
is believed that nost humans nay repeatedly be exposed to in their working environ-
nment on a daily basis without adverse effect.

Si nce bot h, LD:-,f_| and threshold limting values are available for a |arge nunber
of chemcal (see for.instance, Christensen and Luginbyhl, 1975), it would seemt hat
an index which reflects toxicity of the chemcals involved in an industrial conplex
could be expressed in terms of these paraneters. It must be noted, however, that this
i ndex woul d require the assunption of a particular biological species that would be
affected and a gi ven way of exposure (e.g. airborne, oral, skin) of the chemical.

G ven that such an assunption is nmade, two possible alternatives will be considered
inthis paper for the derivation of the toxicity index. In one of themthe index
reflects both the nature and amount of the chemicals, while the other is only
dependent on the nature of the chemical. That is, inthe latter the nmere presence
of a chemcal is of inportance regardless of the quantity.

For the first index, it will be assumed that for all chemcals there is the
sane probability of exposure. The potential danage is then proportional to both the

amount and toxicity of each chem cal, and hence the index can be expressed as

NC .
]
£, = 1-21 Wj/'r_1 (6)

«here W - 2pf+ 2 w , m
' o ieM-3 tn(j) X .
represents the total amount of chemcal j, and T3 is ei_t her its correspondi ng LD50
or threshold liniting val ue.
When only the nature of the chenical species is considered the basic objective

woul d be to minimze the presence of the nost toxic chemcals. This can be achieved




by defining the index

£, = ..;;{sjl-.-j} (8)
where *_ is a 0-1 binary variable that denotes the existence of chemcal j in

b |
the conplex. This binary variables nust satisfy the constraint

- T

: t | «1,NC (9)
« « 0,1°

in order to reduce to zero the anount of chemcal | when it is excluded from
the configuration. Note that this constraint becomes redundant when the binary
variable is one since Uis an arbitrary upper bound.

In order to illustrate some inherent limtations with the index in (8)
consider the sinple exanple that is given in Table 1. \hen conparing alterna-
tives Aand B, this index is not able to discrimnate between them since both
alternatives involve the most toxic chem cal, and hence fx =2.8. Furthernore,
suppose that no feasible confiéuration can be obtained by elimnating this
chemcal in which case this index fails to provide any useful infornation
Clearly, when this case arises the procedure would be to renmove the next
chemcal that is highest intoxicity. In fact, this can be achieved by defining

the following index which is given as a wei ghted sum

. ®
£, = V.2
2 3
= (10)

P1'1> ?J+l'"2>J J _ l, NC - 1

where the chemcals are ranked in increasing order of toxicity, UT That is,

y
the least toxic chem cal has the weight V1 and the nost toxic chemcal has the

weight J.. . Inthis way, the index in (10) will acconplish the objective of
mnimzing the largest toxicity that is feasible since Y.> 5 p.. For instance,
bok-1 0%

in the exapple of Table 1, the index would provide a value of 23 for alternative A
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and a value of 25 for alternative B, and hence the first alternative would be
prefer.red si nce chem cal .3 is less toxic than chemical 4. Note that actually
t he index ftzt only requires information of relative degrees of toxicity, and
therefore it is not very sensitive to the LDsg or threshold limting val ues.
In summary, the two nmodels to be considered for incorporating toxicol ogy
in the synthesis of industrial chem cal conplexes are given as foll ows:
a) For toxicity index that is anount dependent

ﬂff—*l\FV

*nfj oo £ W/T (11)
Xl j«l J J
s.t. x UQ!?

b) For toxicity index that depends only on the nature of the chem cal

speci es
max f, - NPV
XIl
n NC
n::} £, = 12-:1 AF (12)

It tt

St. X €0

where x and Qrepresent the variables and the constraint set as defined

respectively for both cases in (1)-(4), (7),(9).

Sol ution_strateqgies

Problens (11) and (12) correspond to m xed-integer bicriterion optimnzation
probl ems. Hence, there will exist in general an infinite set of noninferior
solutions which will define a trade-off curve as shown in Fig. 1. Note.that at a
noni nferior solution it is not possible to obtain a simltaneous inprovenent in
the two objectives for feasible perturbations in the variables. Mre specifically,
a local noninferior point x* is defined as the one for which there does not exist

a small perturbation & f 0, such that for x* + A* € Q
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£0* +A) 2, (x*) , fo(x* +AX) < Fo(x*)

(13)
and f,(x* -I- Ax) > fAx*) or f(x* + AX) < f,o(x*)

Assumi ng that a set of noninferior solutions exists for problem(10) and
(11), basically two solution strategies can be considered* In the first one
noni nferior solutions are generated so that they can be anal yzed by the deci si on*
maker who may select one of them In the second strategy an ideal conprom se
sol ution between the conflicting objectives is sought.

A sinple procedure for generating noninferior solutions is the c-constrained
net hod (Haines et al «, 1975), in which one df the objectives is optimzed subj ect
to constraining the other objective to a limt c. The |ogical choice for the
éonst[ained objective inthis problemis the net present val ue fl’ which leads to

t he m xed-i nteger problem

«dn f
x :

s.t, fl >t (14)
X €l

where ¢ is an adjustable paraneter that lies in the interval [7 P f 1ﬁ as shown
inFig 1, f:L is obtained by mnimzing f*? ovér the donain Q and fp is
obt ai ned by maxi m zi ng fZ over the same domain. It should be noted that as |ong
as the feasible region Qis non-enpty and a | ocal mninumsolution exists in (14),
then this solutionw || correspond to a noninferior point (Haimes et al., 1975).
This result holds even if the problemis nonconvex as in fact is the case of (14)
since it corresponds to m xed-integer |inear programming problem

This strategy can then be uséd to determ ne configurations of chen ca
con“l exes in which the toxicity is m ni m zed whil e satisfying a specified mni-
umc for the net present value. By selecting different values of ¢ a set of

noni nferior configurati ons can be generated. dearly, this procedure nay bias
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the decision-maker towards schemes that are economically attractive, that is
wvhen ¢ is positive. But the important point is that toxicity will be mini-
mized under the economic constraint that is imposed.

As indicated above, an alternative strategy for solving this bicriterion
optimization problem is to search for an ideal compromise solution, in which
both objectives sacrifice the least that is possible with respect to their
maximum attainable benefit. This can be accomplished with the following
solution procedure.

v and £ L are the valuee of £, and £, when optimized

1 2 1 2
U L

respectively over the constraint set Q. Then the point (f1 ,fz

defined in the output space as the utopia point which is illustrated in Fig. 1.

Suppose that f

) can be

In general this utopia point will be infeasible as it will lie outside from

the feasible output space A given by
A= {(fl,fz) | x e a} @15)

An ideal compromise solution can be obtained by determing the noninferior
solution which is closest to the utopia point. This requires that the distance
between the utopia point and the noninferior solution be at a minimum. This

distance 8p is dependent on the particular norm p that is selected since

< pPL ™ (16)

5, = [(f‘lI - £)P + (g, - sz)P]”P l<p<
The minimum distances with respect to the utopia point are illustrated in Fig. 1
for the norms p = 1 and p =,

Clearly, the distance SP is not invariant to the relative magnitudes of f1
and fz, and hence the definition of an ideal compromise solution is rather
arbitrary. However, a meaningful definition of the ideal compromise is obtained
by scaling f1 and f2 between values of zero and one, such that the zero value

corresponds to the minimum net present value and toxicity on the non-inferior

surface, while the value of one would correspond to the maximum net present
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value and toxicity on the same surface. Thus, the followi ng normalization can
be enpl oyed
L U
AN CRY SN AR Y

% -« 0/ (- f2b | )

~
wher e 1-f-l and ?L‘ represent fractional deviations with respect to the
nornal i zed Wopia point (1,0).
The resulting formul ations for the ideal conpronise solution in which the

fractional deviations are mnimzed are then given as follows for the two extrene

norns ;
a) For p-1 mn (1 -72) +2, (18)
St. X€0Q '
b) For p » oo mnmx {(1-~") , " (19a)
x

s.t. x e a
whi ch can al so be formul ated as
mnop

s.t. p >1 - 2% (19b)

x € a

By selecting the norns p =1 and p»oo the formul ati ons above give rise to
m xed-i nteger |inear prograns since the objective functions in (18) and (19b) are
linear. |If the Eucledian normp « 2 were to be selected the objective function
woul d be quadratic, and hence the probl emwould be nonlinear. Yu (1973) has
shown that the solution obtained with the normp « 1 will always correspond to
a noni nferior poi nt even if the output space is nonconvex. |In the case of p « 00
the solution may not necessarily be a noninferior point for the nonconvex case,
although it should be pointed out that this failure will tend to occur only in

pure integer prograns.
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It should be noted al so, that the solutions obtained with the norns p » 1
and p *oowll in general not be the sane. Since in the case of p = 1 the sum
of fractional deviations is mninmzed, one can expect that the deviations of
the objectives will be in general different* For the case p *oo, the |argest
deviation with respect to the Wopia point is mnimzed, and hence, one can
expect that at the solution the deviation of the two objectives will be the
sane, and then the sumof fractional deviations will not necessarily be at a
mnimm As shown by Freinmer and Tu (1976) the solutions obtained with the
two norns can be regarded as bounds for an ideal conpronise. |In the case -of
p=1the group utility is optimzed, whereas in the case p «o0 the regret of
each individual objective is mnimzed. It is interesting to note that the
latter case corresponds to criterion of mnimzing equity regret that has been

suggested by Ashford (1981) for regulatory deci sions.

Exagple

Consi der the general configuration of the chem cal conplex presented in
Fig. 2 inwhich the following alternatives are included for seven different
processes and nine different chemicals. Product Gis to be produced from
chemcal E so as to satisfy a fixed demand in the local market. Chenical E can
either be inported or produced fromchemcal B and Dwith the two different
processes 2 and 3. D can be obtained fromthe raw material A and from chenica
F which is a by-product in the nmanufacture of 6. The possibility of using F
together with Hso as to obtain products | and J is also included in the genera
scheme. It nust be noted that except for 6, the purchases and sal es of the
other chemcals are optional and limted by upper bounds. Therefore, the
sinplest alternative is to have only process 4 to nanufacture chenical 6. The
econom ¢ data, coefficients for material bal ances and the toxicity data are

given in Tables 2, 3 and 4. The nunerical results that are presented bel ow were
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obtained with the LINDO (1980) conputer package for m xed-integer progranm ng.
The configurations obtained by optinmzing individually the net present
value and the toxicity are shown in Fig. 3, and they represent the extrene
choices as far as the two objectives are concerned. Therefore, the function
values f; and f» will provide |ower and upper limts for each objective. As
can be seen in Fig. 3 the maxim zation of the net present value leads to a
conpl ex where all the chemcals are included and only process 3 is excluded.
The minimzation of the two indices for toxicity lead to the sane confi gura-
tion which includes only process 4 for manufacturing chemcal G The index

-6

fi whi ch i's anmount dependent and has been scaled by 10 ~, yields a negative net

present val ue, whereas the other index fi yields a positive net present value. This
difference is due to the fact that in the former case the production of 6 is only
the fixed | ocal demand, whereas in the latter case the production is increased to

satisfy also the International demand which results in increased revenues. -

For the toxicity index fL,the¢-constrained nmet hod was used to generate
several points of the noninferior surface which is plotted inFig. 4. The
configurations of the conpl ex corresponding to various values of ¢ are shoﬁn in
Fig. 5. It is interesting to note that significant changes occur in these
configurations for different values of c* For instance, when e changes from
~ $1150 x 10° to $1250 x 106, process 5 is renoved and processes 1 and 3 are
introduced. Increasing c to $2500 x 106, rei ntroduces process 5, and causes
process 2 to be selected instead of process 3. The iaeal conprom se configurations
for the norns p» 1 and p »00 are shown in Fig. 6. The main reason for the re-
mar kabl e difference in these configurations is the nonconvexity in the noninferior
surface as shomn inFig. 4? As is well known(Haines et al ., 1975), the noninferior

solutions in the concave portion where the solution of p3@ is |ocated, cannot

be reached with the p » 1 norm Note that for the latter normthe net present
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4

val ue has a deviation of 0.56 with respect to the Wopia point, whereas the
toxicity has a deviation of only 0,24. For the case when p *00 both objectives
have the sanme deviation of 0.4. Since with both norns the sumof deviations

is 0.8, the p =00 solution would correspond to the fairest conprom se.

The noninferior surface obtained with the toxicity index fzq that is
speci es dependent,is highly nonconvex as is shown in Fig. 7. Three configura-
tions of the conplex that were obtained with the e-constrained nethod are
shown in Fig. 8 Note that since the index fin does not penalize for the
amount of the chemcals the net pregent val ues are substantially higher than
the ones obtained with the index f* as seen in Fig. 8. The ideal conprom se
configurations for p « 1 and p «o0 are shown in Fig. 9. Deviation values of 0.09
and 0.27 - were obtained respectively in the net present value and toxicity for
the normp * 1, and deviations of 0.26 were obtained for both objectives when
p =orTiy inthis case it would seempreferable to select the configuration for

pe 1sinceits deviation for the toxicity is only 0.01 higher than for p «oo0,

while its deviation for the net present value is reduced by 0.17.

Di scussi on

As shown in the exanple above, interesting insights can be obtained with
sinple bicriterion formul ati on that has been proposed for incorporating toxicol ogy
in the synthesis of chem cal conplexes. A sinple exanple has been presented to
enphasi ze the main i deas of the proposed approach. A large application exanpl e
related to the pétrochem cal industry can be found in Drabbant (1981).

The formul ation that has been presented in this paper clearly constitutes only
an initial step for treating toxicology aspects in the synthesis of industrial
cheni cal conplexes. For instance, the fact that the toxicity indices that have
been presented assune a particul ar biol ogi cal species and a given way of exposure
woul d suggest that perhaps it would be nore appropriate to consider several

toxicity indices, each one being related to different species and ways of exposure.
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-

However, it should al so be recognized that there are inherent limtations in

the kind of information that is currently available in toxicology* For exanple,
since experinental tests can not be performed on all biological species (particu-
larly on humans), this inplies that extrapolation of data to other species is
inevitable. Therefore, one can expect that more general and neaningful toxicity
indices will be developed only if further advances are nade in the field of
toxicology. Also, it should be pointed out that the formulation that has been
presented coul d be extended in a nunber of ways by incorporating additiona
constraints and objective functions. An exsaple of the former would be Iimts on
emssions of the chemcals, and an exanple of the latter would be the nmaximsation
of energy conservation in the conpl ex.

Despite the limtations cited above, the inportant point in the formulations
that have been presented in the paper is that they provide a basic framework for
establ i shing proper trade-offs between toxicity and the econom c objective,

Wi thout requiring excessive information on the damage that can be caused by the

toxi.c chemcals. Note that no claimis made about obtaining unique solutions

with the proposed approach as would be in the case of the cost-benefit analysis.

Since choices such as toxicity indices, €linits or norns for ideal conpronise
solutions are entirely dependent on the decision-maker, they can be used to provide

a variety of useful guidelines and insights; However, it shoul d be enphasized that the
responsibility for the ultimte decision has to lie in the decision-mker and not

in the proposed methodol ogy.
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Table 1, A ternative confiqgurations Involving different chemcals

Alternatives

Chemical L VA ri____ ) A B
1 0.5 1 X X
2 0.9 2 X
3 1.6 4 X
4 2.2 8 X
5 2.8 16 X X




Table 2. Economc Data for the Chem cal Conpl ex

Life of project:

Annual interest rate: 10%

10 years

a) Investnent and operating cost of processes

| nvest nent cost

Process Qper ati ng cost ($/kg) Fi xed( 10‘~‘$) Vari abl e( $/ kg)
1 0.1 45. 3 0.9
2 0.12 45, 2 1.15
3 0.25 32.2 3.09
4 0.15 48. 1 1.64
5 0.12 23.3 1.27
6 0.28 46. 2 1.31
7 0.35 32.8 2.23

M ni num capacity of processes:

b) Prices of chemicals

10, 000 tons/yr

Cheni cal Pur chases Mar ket Price($/kq) Upper |im t(103t ons/ yr)
A Local 0.5 400
B Local 0.7 50
I nt er nati onal 11 200
C Local 1.2 320
E | nt er nat i onal 3.7 200
H Local 17 10
I nt er nati onal 19 50
Cheni cal Sal es Mar ket Price($/kq) Uoper |imt(10”tons/yr)
F Local 4.8 60
G Local 6.5 10 (fixed)
I nt er nat i onal 6.2 50
| Local 4.6 100
| nt er nat i onal 4.2 50
J Local 7.2 40
I nt ernat i onal 7.0 20




Table 3. Material Balance Parameters for Chemical Complex

Process Main Product Chemical (parameter)

1 D A(1.2), F(0.2)
2 E D(0.8), B(0.5)
3 E D(0.7), B(0.4)
4 G - E(.8), F(0.7)
5 H A(0.3), c(1.1)
6 1 F(0.3), H(1.3)
7 J I(1.1)




Table 4. Toxicity Data for Chenm cal Gonpl ex

Chen cal
A B C D E F G H | J

LD55( 9/ kg) 2 5 2.5 2 1 0.07124 0.4 0.e667 10 0.333
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