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ABSTRACT

The modern petrochemical industry is the result of the action over
decades of incompletely understood economie, technical, and political
forces. It is to be hoped that this complex industrial system has evolved
into an efficient and flexible provider of the needs of the economy. We
seek to determine the strengths and weaknesses of the industry and to per-
ceive oppdrtunities for further development. A systems model of the

¥ industry provides the necessary insight.

k A criterion of efficient feedstock utilization on the model of the
industry reproduces the dominant structure of the actual industry,
thereby lending credence to the model and. the performance criterion.
Fourteen of the twenty chemicals for which the current production prac-
tices differ from those proposed by the model are the subject of current
development interest. The remaining six chemicals are produced in the
model by currently obsoclete processes that may be revived. The response
of the verified model to scenerios of potential future developments pro-
vides points of departure for planning the long-range development of the
industry.

M e e T

INTRODUCTION

O i i

The petrochemical industry is a complex economic system. Over 3,000
petrochemicals are made commercially, nearly 400 major companies are
engaged in some segment of the processing, and there are 50 separate
organizations among the two leading producers of each of the top 100
petrochemicals. The hundreds of segments of this system interact by com—
peting for raw materials and markets, and by developing and licensing
competing process technologies., Thus, if particular sefhents of the
industry are examined in isolation, there is no guarantee that the con-—
clusions reached will be significant when the performance of the overall
system is of importance. In such a large, interactive system, the whole
is not necessarily made more efficlent if one particular part is improved.
In fact, local inefficiencles may be necessary if the overall system is to
operate at maximum efficiency. Consequently, in this study of the petro-
chemical industry, we concentrate not on the leocal economics of indi-~
vidual segments of the industry, but on the performance of the system as a
whole. For this purpose a mathematical model of the system is con-
structed.

I

Because of the size and complexity of the petrochemical industry, it
is not practical to consider the fine details of its interactive corporate
structure when constructing a model of the overall system. Instead we
look past the system's organizational structure and model the system by
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taking advantage of its underlying stoichiometric framework. Accordingly,
the petrochemical industry is regavded as a system of chemical reactions
which convert crude petrochemical feedstocks into the products consumed by
the economy. In this way the system can be described using the stoichio-
metric and yield data chavacterizing each chemical transformation. These
data are generally available in the literature and are the basis for the
model described below.

Though this model may overlook locally important technological and
economic factors, it effectively approximates the gross behavior of the
industry. To study the efficiency with which the petrochemical industry
consumes feedstocks, we use the model to determine technological bounds on
the structure of the industry and on the performance of its parts. These
results are based on the criterion that the industry as a whole meet the
demands of the economy with minimum feedstock consumption and uncon-
strained by the limits of existing process capacity. The model is also
used to study the effects of certain perturbations in present patterns of
feedstock supply and product demand. This represents one part of a
larger study of the industry [1,2].

NATURE OF THE INDUSTRY

The basic feedstocks for the petrochemical industry are extracted
from natural gas or are produced as byproducts of petroleum refining.
Coal has largely been replaced as a feedstock source, but may increase in
significance in the face of predicted natural gas and petroleum shortages,
The petrochemical industry cenverts 1ts primary feedstocks into a variety
of final and intermediate chemical products. The intermediates are con-
sumed within the industry itself; the final products are used elsewhere in
the economy, primarily as raw materials for other goods, such as plastics,
elastomers, and synthetic fibers. Because its products are raw materials
for many downstream industries, the petrochemical industry is a particu-
larly important link in ocur economic system.

For the manufacture of a given chemical theré'are often two or more
chemical transformations available, each involving different combinations
of feedstocks and coproducts. For example, there are three chemical
reactions that have been used commercially to manufacture acrylonitrile:
the reaction of acetylene and hydrogen cyanide, the reaction of ethylene
oxide and hydrogen cyanide, and the reaction of propylene, ammonia, and
air. Some petrochemicals, including ethylene, butadiene, phenol, and
acrylic acid can be produced from as many as five different combinations
of feedstocks.

Radically different methods of executing a given chemical transfor-
mation are not as commonly found, however. The freedom with which
chemical processing know-how is licensed world-wide emnables all manu-
facturers to acquire the superior processing methods. Thus, the dif-
ferences within the Industry tend to be dominated by discrete and drastic
differences in the feedstocks used, while the technclogy used to implement
a particular reaction route is relatively uniform. Furthermore, the kind
of process technology used to produce the majority of petrochemicals is
similar in sophistication and capital intensiveness. One sector of the
industry does not differ greatly from any other in the level of technical
competence required. Finally, for most petrochemicals, feedstock costs
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dominate the economics of production, typically representing 45 to 80
percent of the production cost. This fact, along with the observations
made above on the uniformity of process technology, suggests that it is
the flexibility with respect to feedstocks and coproducts which dominates
the behavior of the petrochemical industry. The details of a particular
processing method may alter local economlcs to some extent, but the pre-
vailing industrial structure is determined by the more primitive forces
that contrel the gross production and consumption of materials,

In summary, the petrochemical industry is bounded on bne side by
sources of primary chemicals derived from crude oil, natural gas, and
coal, and is bounded on the other side by the consumer market that
requires synthetlc materials of great diversity. Within these boundaries
the industry is a flexible, interdependent system of commercially proven
chemical transformations, the execution of which does not differ greatly
around the world. However, the cast of chemical transformations used can
vary widely in both time and location te meet the needs of an economy. 1In
any case, 1t is the gross production and consumption of materials that is
of primary importance.

Given these conjectures on the nature of the petrochemical industry,
we construct a model which effectively accounts for its flexibility and
interdependence, and which can be used to study the efficiency with which
it produces and consumes materials. The model is verified by its abilicy
to predict the current industry. This model is described mathematically
in the next section.

MATHEMATICAL FORMULATION OF MOCDEL

We view the petrochemical industry as a system of M chemlcal trans-
formations that produce or consume N chemicals. To be general, assume
that each of the N chemicals is potentially a primary input or final
product of the industry. Let Py be the amount of chemical i wused as a
primary feedstock; let 9y be the amount of chemical 1 emerging as a
final product; and let xj be the amount of transformation 3 wused by the
industry. -
If chemical i is produced by transformation j, let aij be the
amount of i produced per unit of j; 1f 1 1s consumed by j, let
_aij be the amount of I consumed per unit of j; if 1 is neither an
input or output of j, let aij = 0. The aij are known as 'input-
output coefficients', and é = [aij] is called the "technology matrix',

In these terms, material balances can be written for each chemical as

M
Py + jEl aijxj -q = 0, 1=1,2, ..., N (1)
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or in matrix form

ptAx-q=20, (1a)

i “

where p = (Pi)’ q = (qi), and x = (xj).
In the short-range Bq. (1) is constrained by the supply of feedstocks,

p s, (2)
by the demand for products,

q z2d, (3)

-

and by the capacity for each chemical transformation,
x2e, (&)

where s = (si) and d = (di) are supply and demand data which might be
assembled by functional aggregate studies [1,2], and ¢ = (cj) represents
industrial capacity.

Equations (1)-(4) form a linear system of constraints within which
the industry must function in the short-range. These constraints,
together with a linear objective function, form a linear programming prob-
lem which can easily be solved to determine the Pys 940 and xj satisfying

the given objective.
CONSTRUCTION OF MODEL

The first step in constructing the model formulated above is the
selection of the chemicals and chemical transformations which constitute
the model,

A list of the chemicals chosen appears in Table 1. TH% selection is
based on volume of productiom; in general, petrochemicals for which pro-
duction exceeded 100 million peunds in the United States in 1970 are
included, together with the primary feedstocks, organic and inorganic,
which may be involved in their production. Chemicals produced in lesser
quantities are included if they are potentially an intermediate,
coproduct, or major byproduct in the manufacture of one of the larger
volume chemicals selected. However, intermediate chemicals which have
essentially only one use and for which there is essentially only one manu-
facturing route are not included explicitly, unless there is significant
commercial traffic in that chemical (as in the case of cumene or ethyl-
benzene, for example). Table 1 also indicates the function of each
chemical selected; that is, whether it serves as a primary input, final
output, intermediate, or combination of the above.
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For each chemical selected, the model includes the chemical trans-
formations currently used to manufacture the chemical, as well as any now
obsolete transformations once used on a commercial scale. By accounting
for obsolete in addition to current process technology we assure that the
model is not biased toward any particular economic environment and can
adapt to radically different patterns of supply and demand. Once cbsolete
processes could conceivably return to prominence if the appropriate
economic environment evolved. Table 2 lists the chemical transformations
accounted for by the model. The model has been expanded since this work
to include 250 transformations.

The heart of the model is the technology matrix. Hence the estima-
tion of the input-output coefficients is a key step in constructing the
model. For this purpose yield data for each chemical transformation is

required.

Most of the vield data used is taken from the Stanford Research
Institute publication, Chemical Conmversion Factors and Yields [3]. Most
of the yield data reported in this volume was obtained directly from the
industry, or was at least subject to industry review. Thus, data from
this source can be considered reasonably reliable. The remainder of the
vield data used is drawn primarily from surveys of the industry by
Brownstein [4], Hahn [5], Goldsteiln and Waddams [6], and Faith, Keyes, and
Clark [7]. Various articles im the trade journals have also been con-
sulted, but some of the data reported in these articles is drawn from the
patent literature and so must be regarded with some skepticism. The
estimated values of the input-—output coefficients and a complete listing
of data sources will appear elsewhere [8].

Needed to complete the construction of the model are supply, demand,
and capaclty data. Since the industry must compete for its feedstocks
and markets, supply and demand data are best determined by functional
aggregate studies [1,2]. Here, however, supply and demand are estimated
using observed values of production and observed usage patterns. Produc-
tion data is taken primarily from U.S. Tariff Commission and U.S. Bureau
of Mines reports [9,10]. Usage patterns for most of the chemicals of
interest are compiled by Brownstein [4] and Waddams [11]. The studies
described below are based on estimated patterns of supply and demand in
the United States in 1970. This data and a complete listing #f sources
will appear elsewhere [8]. Capacity data is not required for the studies
described below and so its collection is not considered here.

EFFICIENT FEEDSTOCK UTILIZATION

In this section we use the model described above to study the
efficiency with which the industry consumes feedstocks. We seek to estab-
lish a bound on the structure of the industry, and this bound is to
satisfy the criterion that feedstock consumption is minimized. In addi-
tion, we look for bounds on the efficiency of feedstock consumption by the

varlous parts of the industry.

Since carbon atoms form the backbone for most petrochemical molecules,
we choose to measure feedstock in terms of carbon content. Thus, if o 4
is the weight fraction carbon in feedstock 1, the problem is to find *
the py, qi, and Xy which minimize i e, iPy? and which satisfy
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Egs. (1)-(3).
solved using linear programming.

This represents an optimization problem which is easily
Note that the capacity constraint,

Eq. (4}, is not used, since this would impose the current industrial

structure on the solution.

By relaxing the capacity constraint a bound
independent of any particular economic setting can be obtained.

This

bound thus represents the ultimate performance of the industry with

respect to feedstock consumption.

Also note that the consumption of

carbon to provide process energy is not considered in the objective func-
tion, since most of the fuel used by the industry is for the generation
of steam or electricity [12], and thus in the long-range is not neces-

sarily tied to feedstock carbon.

The structure of the bounding
industry found by solving the
linear programming problem given
above is compared with the predomi-
nant structure of the actual indus-
try in Fig. 1. Each number in
Fig. 1 represents a commercially
proven process technology listed in
Table 2. The current technology and
that predicted by the model are
marked to identify the technology
that is common and that which dif-
fers. It is evident from Fig. 1
that much of the dominant structure
of the industry is predictable.

For fourteen of the twenty
chemicals for which the actual and
bounding industries differ, the pro-
cesses used by the bounding industry
are the subject of current interest
and could someday come to predomi-
nate. For example, the production
of acetic acid from methanel is
already nearing predominance. Only
in the manufacture of six chemicals,
acetone, ethylene oxide, phenol,
ethyl acetate, acetic anhydride, and
vinyl acetate does the bounding
industry use obsolete processes. In
the case of ethylene oxide, the

Figure 1. A conpstiion of the prodeises predenlnent
in the sctual indusier In 1970 end proscasds
predoninsat 1n tac bovading induitry. Eacn
aunbor corrarposds to & arocess 1lated in

Table 2.
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bounding industry prefers the chlorchydrin process to the direct oxidation

of ethylene.
a much higher yield.

This is not surprising since the chlorohydrin process offers
However, this is offset by the need te consume

chlorine, which was not accounted for in finding the bounding industry.
In the case of phenol, the bounding industry prefers the chlorobenzene

route to the cumene route.

The yield of phenol from chlorobenzene is

higher than from cumene, but in practice this is offset by the coproduc-

tion of acetone when cumene is used.

In the bounding industry, however,

acetone is produced from acetic acid, which is very efficiently produced

from methanol and synthesis gas.

Thus, there is no need for the coproduct
acetone and the cumene route is rejected.

Similar arguments explain the

use in the bounding industry of the other obsolete processes.

The bounding industry and the actual industry are strikingly similar.

This leads us to two important conclusions.

First, it indicates that the
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petrochemical industry in its current form is a quite efficient user of
its feedstocks, and in fact approaches rather closely the configuration in
which feedstock consumption is minimized. Second, it implles that an
underlying driving force in the development of the petrochemical industry
has been the minimization of feedstock consumption. This is particularly
interesting because it suggests that industrial planning can be based, at
least in its preliminary stages, on studies of raw material consumption
using simple technological models of the type described above.

Associated with each constraint in a linear programming problem is a
dual variable, or 'shadow price', which is essentially the partial deriva-
tive of the objective function with respect to the right—hand-side coef-
ficient of the constraint. Thus, in the linear programming problem being
considered here, the shadow prices associated with Eq. (3) represent the
marginal increase in overall feedstock consumption as the demand for a
given chemical increases. By comparing the shadow prices with theoretical
feedstock requirements one can determine the efficiency with which indivi-
dual chemicals are produced. The theoretical carbon requirement for the
manufacture of a given chemical is simply its welght fraction carbon. We
define the ratio of the theoretical carben requirement for a chemical to
its shadow price as its 'feedstock efficiency index'. This represents a
measure of the ultimate performance of each part of the industry when
totally integrated.

Table 3 lists, for the bounding industry, the feedstock efficiency
indices of 25 selected chemicals. MNote that a chemical's feedstock
efficiency index may exceed unity if it can be manufactured from byproducts
of other processes. TFor example, in the bounding industry acetic acid is
derived from carbon monoxide, which is contained in or can be manufactured
from the off-gases from various processes. The feedstock efficiency
indices provide insight into the strengths and weaknesses of the industry
and suggest areas in which further development is possible. Thus, they
may be useful parameters in a dynamic model of the industry such as that
proposed by Rudd [1,2], in which the impact of new technological develop-
ments is considered.

PERTURBATIONS IN SUPPLY AND DEMAND

L]

In thie section we use the model to study the effects of perturba-
tions in present patterns of supply and demand. As shown above, the
actual structure of the industry is approximated by the structure of the
bounding industry that minimizes feedstock consumption. Thus, by using
the model to determine the effect of perturbaticns on the bounding
industry, it is possible to gain some insight into what may occur within
the actual industry when so perturbed. Such insight provides a point of
departure for long-range planning by the industry.

Essentially all of the industry's primary feedstocks are now derived
from petroleum and natural gas. However, the possibility of natural gas
shortages may cause the industry to turn away from natural gas as a
feedstock supplier. TFor instance, it has been predicted for several years
that 1iquid petroleum fractions such as naphtha or gas oil would replace
feedatocks derived from natural gas in the production of ethylene and
other chemicals. Another more recent suggestion is that synthesis gas and
methane produced from coal would replace natural-gas-derived feedstocks in
some applications., We use the model to consider these two scenarios.
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Consider a scenario in which Flgere 1. A cospariseh of the bounding Laduscry and
e Iie porturbstion of the bounding laduatry
natural gas is completely eliminated '
im whlgh patuyal ¢34 i1 ¢lloknetcd a3 &
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supply of naphtha and gas oil is rade avalleble a1 & replecenent. Ench

mpaber ¢oreesponds to s process lhsted

available as a replacement. When the
supply constraints are perturbed
accordingly, changes are observed in
the structure of the bounding indus-
try, as shown in Fig, 2. The resul~
tant changes in the feedstock effi-
ciency indices are indicated in
Table 3.
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turbed industry. Both iscbutylene = . i

and isoprene are produced in surplus; __

nearly 90% of the acetylene, nearly 18 ® 185 188 ()~ beunding indusiry
60% of the butadiene, and essentially [0 - perturbed industry
all of the methane are produced as

byproducts of ethylene manufacture. The feedstock efficiency indices
listed in Table 3 indicate that the naphtha-based industry is somewhat
less efficient in terms of carbon consumption than the natural-gas~based
industry, although some chemicals produced from ethylene byproducts can

be manufactured with less feedstock consumption.

Consider next a scenario in which natural gas is completely elimi-
nated as a feedstock source and an unlimited supply of coal-derived
methane, hydrogen, and carbon monoxide is available as a replacement.
The structural changes observed when the industry is so perturbed are
shown in Fig. 3. The feedstock efficiency indices for the perturbed
industry are shown in Tablef 3,

The most significant structural change indicated in Fig, 3 is the
increased use of acetylene, which is used to produce all the vinyl
chloride and trichloroethylene and nearly half the ethylene. Although the
supply of carbon monoxide to the perturbed industry is unbounded, all of
the carbon monoxide used is produced as a byproduct of the manufacture of
acetylene from methane using the partial oxidation process. The feedstock
efficiency indices listed in Table 3 show that ethylene and its deriva-
tives are manufactured quite inefficiently. This suggests the need for
developing new process technology, in particular technology which would
permit the conversion of synthesis gas directly to ethylene or ethanol.
This has been accomplished in the laboratory, but there have been no com—
mercial developments other than a small plant operated briefly in 1956
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Flgure ¥, A coaparison of the bounding Indusery and
the perturbacion of the boundlng Industry
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which converted synthesis gas to
ethancl and acetaldehyde [13].
Although this scenario and the one
considered above are extreme cases,
they serve to demonstrate the applica-
bility of the model to problems of
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replaced in these applications by a Bl 162 164 167 168
single plastic; instead a variety of m 78 O i @ @)

plastics, including polyethylene ; . o
IR @&d [185) 186 ()-bounding industry
terephthalate, oriented polypre T

pylene, peolycarbonate, and acrylo-
nitrile copolymers will compete to replace PVC. A number of scenarios
were considered in which PVC was replaced by another plastic or combina-
tion of plastics. In each case no structural changes in the bounding
industry were observed. This is not surprising since the use of PVC in
the food packages affected by the proposed ban accounts for less than 1%
of the total demand for vinyl chloride [14), Even if PVC were banned from
all food related use, including water pipes, the demand for vinyl chloride
would be reduced by only about 15%. Perturbations of this magnitude still
produce no structural changes in the bounding industry.

g B

There is evidence suggesting that the release of chlorofluorocarbons
into the atmosphere could be reducing the concentration of ozone in the
stratosphere, thereby increasing the amount of ultraviolet radiation
reaching the earth's surface., Since this would result in an increased
incidence of skin cancer, there are proposals which would ban the use of
chlorofluorocarbons in aerosol propellants. This application accounts for
about 50% of the demand for chlorofluoromethanes. Possible replacements
in aeroscl formulations are n-butane, isobutane, and carbon dioxidée. How-
ever, n-butane and isobutane are flammable and thus not suitable for
household use, and carbon dioxide aerosols are subject to clogging. Thus,
at least for the near future, it seems likely that if chlorofluoro-
methanes were banned, new propellants would be avoided entirely, and
finger-powered spray pumps would be used. Imposing this perturbacion on
the bounding ilndustry reveals no structural changes, but does show that
nearly all the carbon tetrachloride required by the perturbed industry is
produced as a byproduct of perchloreoethylene manufacture.
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CONCLUDING REMARKS

The model described here is essentially a static model of resource
allocation. When considering the projection of industrial development the
static model can be used with the criterion of minimum feedstock consump-
tion to gain some insight into the future of the industry. However, it is
likely that a dynamic model of the industry could provide sharper percep~
tion of future developments. The static model presented hetre represents
one step toward the development of such a dynamic model [1,2).

The application of these concepts in planning the rapidly growing
Mexican petrochemical industry will be reported soon [15], as will a

comprehensive study of the entire problem of the long-range development
of the industry [16].
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Table 3. The fcedstock efficlency indices for three cases:
(a} the bounding industry which wminimizes the con=
sumption of fecdstock carbon, (b) Lhe perturbation
of the bounding Industry In which natural gas is
eliminated as a feedstock and naphtha and gas oil
are made available as a replacement, {c) the per-
turbacion of the bounding industry in which natural
gas 13 eliminated as a feedstock and coal-derived

methane and synthesis gas are made avallable as a

replacement.

Chemical case (a) gase (b) case (¢
Acctaldehyde .82 .10 .37
Acetic Acid l.48 1.29 5.00
Acetone 1.05 .93 3.44
Acetylene <60 47 236
Acrylic Acid 1.06 - x) 12.5

Acrylonicrile .65 .63 .70
Adiponitrile .58 .57 64

Aniline .82 .82 .85
Butadicne .66 .89 )
n-Butyraldehyde .83 .71 .82
Caprolactam .62 .58 .91
Carbon Tetrachloxide 1.00 +80 1.00
Chloroprene +50 .68 .39
Ethanel .81 .68 .28
Ethylene .88 T4 .31
Erhylene Oxide J2 .61 .25
Isoprene .87 «© 2,51
Maleic Anhydride 43 45 .45
Hethyl Ethyl Ketone .66 .B7 -1
Methyl dMethacrylate .73 3.75 1.71
Phenol .80 B4 B4
Phthalic Anhydride .1 .71 N
Propylence Oxide .75 .15 .76
Vinyl Acetate 1.06 .89 .66

Vinyl Chloride 6 63 4




