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1980-2000: TWO DECADES OF PROGRESS IN POLYOLEFIN PROCESS
TECHNOLOGY

The polyolefins industry of today evolved from the discovery in the 1930s of polyethylene (PE)
produced by a high-pressure, free-radical polymerization process. In the 58 years since then, this lab-
oratory curiosity has developed into the world’s most important bulk plastic (Figure 1). Pilot plant
production was followed by the first commercial production of LDPE in the early 1940s, and from the
late 1940s, the technology developed into the two well known autoclave and tubular reactor processes
which today to produce some 14 million tons/yr (t/y) of LDPE worldwide.

The development of low-pressure technologies for production of linear PEs (HDPE and LLDPE)
began about 15-20 years behind high-pressure LDPE, but the technology has developed much more
rapidly. The key ingredient in the low-pressure processes is the catalyst. Initial discoveries by Amoco
and Phillips around 1950 were based on molybdenum and chromium oxide catalysts. A few years later,
Ziegler’s reduced titanium chloride/aluminum alkyl discoveries led to a new family of catalysts. Since
then, both metal oxide and Ziegler-type catalyst systems have evolved rapidly, and today at least 50
companies have developed proprietary catalyst technologies.

The early commercial low-pressure PE processes produced polymer in solution. Catalyst resi-
dues were then removed from the solution and the polymer recovered by vaporization of the solvent. In
the early 1960s, catalysts active at lower temperatures were introduced, allowing polymerization di-
rectly to solid polymer particles slurried in an inert diluent. This greatly improved process economics
by permitting the use of simple mechanical separation to recover polymer from the reaction medium.
In the late 1960s, catalysts of very high activity were developed, which left negligible amounts of residue
in the polymer, thus further simplifying the production process and, at the same time, allowing the
development of gas-phase processes, in which even the reaction diluent was eliminated. Today, mod-
ern versions of the solution-, slurry-, and gas-phase technologies for linear PEs are used worldwide on
a very large scale. World production of linear PEs by these processes now exceeds 17 million tons per
year.

The history of polypropylene (PP) process development has followed that of linear low-pressure
PE quite closely, but has lagged it by about 5-7 years. This is hardly surprising, since PE catalysts will
also usually polymerize PP and vice versa. However, in addition to being highly effective polymeriza-
tion agents, PP catalysts must also be stereospecific: that is, they must assemble the chain of propylene
molecules in a specific way to give the regular three-dimensional structure of crystalline, isotactic PP,
rather than the irregular structure of amorphous, atactic PP. This additional requirement is the prima-
ry reason for the initial lag in development of PP technologies. Today, several very efficient slurry-
phase and gas-phase processes and catalyst technologies are available for production of isotactic PP:
world production now exceeds 12 million t/y.

Throughout this technology development era, engineering innovators have continually refined
production processes to reduce investments and improve operating efficiency. The range of low-cost
processes have evolved for both PE and PP are all closely competitive. This evolution has not ended,
however, and process improvements continue to be made, and production capabilities continue to
improve. Let us now take a look at how these improvements have affected the economics of the linear
PE and PP industries in the past, and see if further significant improvements are possible or even likely
in the coming decade.



Polyolefins VII, RETEC
February 1991

Figure 2 shows an experience curve for HDPE developed by one of my colleagues at SRI. This
curve reflects both market prices and manufacturing economics for HDPE over the 29 years from 1960
to 1989. The value-added curve is based on actual market prices in each year, and represents the sell-
ing prices in the United States (FOB), less the variable cost of production. The fixed cost curve is our
estimate of HDPE manufacturing costs, less variable costs, for a “high—cost” producer in the United
States over the same time frame. These fixed costs include the producer’s administration, research,
and selling costs, but exclude depreciation and interest charges. It is clear from this curve that the
industry as a whole has made tremendous progress in improving manufacturing economics, with fixed
costs being reduced by around one order of magnitude during the commercial life of the product.

Another very clear demonstration of the efficiency of the industry is given in Figure 3, which
shows a supply/cost curve for linear PE in North America. This curve is based on capacities projected
for 1993, when a number of new plants currently under construction will be on stream, and shows a
rank ordering of estimated cash production costs for a nominal commodity HDPE grade, starting with
the plant having the lowest production costs on the left hand side, and ending with the highest cost
plant on the right hand side. A uniform monomer price is assumed for all plants. This must be one of
the flattest supply/cost curves for any industry: the variation in ex-plant cash costs is less than +1¢
per pound across around 9.5 million tons of production capacity. Such cost uniformity is amazing
when you consider that eight different production processes are used and that the capacities of indi-
vidual plants range from a low of 80,000 t/y nameplate [175 million pounds per year (Ib/yr)] up to
815,000 t/y (1.8 billion Ib/y).

Given that the linear PE industry is now extremely cost efficient, is there any hope for significant
further improvements in manufacturing costs? Put another way, will the experience curve continue
along the negative slope evidenced by the past 30 years? The answer to this question is, in our opinion,
affirmative, at least for the remainder of this century. We base this opinion on an examination of the
factors that have contributed to the historical reduction in manufacturing costs (Figure 4), followed by
an assessment of whether the absolute limits have been reached in all of these factors. With respect to
process improvements, the greater efficiencies of polymer recovery and process simplification have
gone hand-in-hand throughout the development period. The biggest steps were made in the early days
of development when highly active catalysts became available, thereby obviating the need for catalyst
residue removal. Since then, significant improvements have been made in control systems and in me-
chanical equipment design, particularly in the extrusion area. These have resulted in lower utility con-
sumptions and hence lower off-sites investment requirements, and have allowed plant design and op-
eration to move closer to theoretical limits. Along with this has been an increase in the scale of produc-
tion due to the improvement in the productivity of existing reactors and due to the ability of the market
to absorb much greater volumes of commodity grades.

Improvements in catalyst technology have been extremely important to the reduction of PE pro-
duction costs. Once catalyst activity had reached levels where residue removal could be avoided, the
development efforts concentrated on developing catalysts capable of operation at higher temperatures
and with a longer active life span to improve the thermal efficiency of production processes and to
facilitate production of complex molecular structures in multistage reaction systems. Great progress
was also made in the controllability of catalyst systems, such as the control over molecular weight,
molecular weight distribution, comonomer inclusion, and compositional distribution. Figure 5 sum-
marizes the performance of some of the many catalyst systems available today. The last four of these
belong to a new family of metallocene/alumoxane Ziegler catalysts, which are only now entering com-
mercial application, but which offer extremely high performance capabilities. These four also illus-
trate the typical stages of development in a new catalyst system: the first system showed reasonable
activity, almost commercial at high monomer pressures, but at a low polymerization temperature that
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would preclude its use for commodity PE grades. The second system shows activity fully competitive
with other commercial catalyst systems, but still with a polymerization temperature too low for large-
scale commercial application. The last two, however, show incredible activity at commercially useful
polymerization temperatures. Although this family comprises basically homogeneous catalyst sys-
tems, supported variations have now been developed, showing high performance characteristics in
gas-phase and slurry-phase systems, as well as supported high-temperature variations for use in solu-
tion processes and in high-pressure processes at temperatures of 180-300°C. Other variations have
been demonstrated for production of isotactic PP at similar conditions to those used in modern bulk
and gas-phase PP production processes.

A convenient way of tracking the development of polyolefin technologies is to plot the improve-
ment in commercial reactor productivity over time (reactor productivity = pounds of polymer pro-
duced per hour per cubic foot of reactor volume). Productivities will be different for different reaction
systems, so it is necessary to develop a plot for each of the basic polymerization processes. One such
plot for the gas-phase fluid-bed PE process is shown in Figure 6. This technology was first commer-
cialized for PE in 1968 by Union Carbide in its first production unit at Seadrift, Texas. By our esti-
mates, the design reactor productivity for a reaction system similar to Carbide’s has increased by more
than 500% in the period between 1972 and 1990. Thus, a reactor with a design output of 100 million Ib/y
in 1972 might now be able to produce up to 540 million Ib/y from the same reaction vessel. Obviously,
substantial new investments would required in the product handling area to cope with such a massive
increase in output, but the complexity of the manufacturing operation, the number of process opera-
tors required, and the physical size of the reaction system would be the same as a 100 million Ib/y plant
designed in 1972. Some plants have been able to take full advantage of these improvements with only
minimal new investment. For example, the output of Union Carbide’s plant at Taft has increased from
its 1980 design output of around 600 million Ib/y to around 1 billion 1b/y in 1990. Because this plant has
neither a product extrusion system nor product storage silos, the only additional investment required
has been, we presume, for the upgrading of reactor cooling systems and product handling conveyors.

In the coming decade, we believe that there is room for further improvement in the gas-phase
fluid-bed process before the ultimate limits of the reaction system are reached. Possible future im-
provements (Figure 7) include the upgrading of the heat removal capabilities of the reactor cooling
system by use of an inert diluent gas with a higher specific heat. This could have drawbacks in terms of
grade change flexibility and may also result in changes in polymer properties. It may also require the
development of somewhat more active catalyst systems, but there seems no reason why this could not
be achieved, particularly with the latest family of Ziegler catalysts. Other ways of increasing heat re-
moval capabilities could be to increase gas supercooling (increase the amount of condensed liquid) in
the cool gas stream returned to the reactor. It may also be possible to increase the gas circulation rate,
either by increasing the density or size of the polymer granules, or by using a cyclone or solids separa-
tor on the reactor outlet to return entrained solids to the bed. Some developments of this type are
described in the patent literature and some may be used commercially within the next few years. We
therefore conclude that design reactor productivities for the technology could approach a level 7to 8
times the original 1972 design before the end of the decade.

What do these improvements in reactor productivity mean to PE manufacturing costs? In Figure
8, we show our estimates of production costs by the gas-phase process at various stages of technology
development between 1972 and the year 2000. All costs are expressed in constant money and using 1990
values for materials, labor, energy, and other utilities. Even in 1972, this technology was highly efficient
in that catalysts used did not require deashing, and the gas-phase process was inherently much sim-
pler than the solution and slurry processes widely in use at that time. However, in the period from 1980
to 1990, the direct manufacturing costs (excluding monomer) improved by some 25% and, if depreci-
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ation is included, the improvement is almost 28%. In the future, we project that these costs may be
reduced by a further 7-8%. Because of the overwhelming importance of monomer cost, however, this
would amount to a reduction of only about 1% in total manufacturing cost. Thus, further improve-
ments in this PE technology will not have a major effect on the cost structure of the industry, but they
will have a very large effect on future investment requirements: if all linear PE technologies improved
to a similar extent, the output of existing linear PE reactors could be increased by about 3 million t/y in
North America alone.

Turning now to developments in PP production technology, Figure 9 shows some of the milestones
in development of stereospecific catalysts that have had major impact on the cost structure of the in-
dustry. Note that the gas-phase process was commercialized for PP slightly earlier than for PE, but
because of the slower development of stereospecific catalyst technologies, process improvements in
gas-phase PP have lagged well behind those of the PE technology and have only recently reached the
high efficiency levels typical of PE technologies. The “fourth-generation” catalyst systems indicated
for the 1990-to-2000 timeframe refer both to improvements in existing superactive third-generation
systems, as well as to the likely introduction of similarly high-performance catalysts of the metallo-
cene/alumoxane type.

Our plot of the development in PP reactor productivity since 1970 is shown in Figure 10. This plot
is based on a loop reactor, bulk slurry process similar to those used by Himont, Phillips, Solvay, and
others. The plot shows that a reactor designed for an output of 100 million pounds in 1970 would prob-
ably have a design output close to 450 million Ib/y in 1990. Most of this improvement has occurred in
the period since 1975, when the high-activity supported third-generation catalyst systems were intro-
duced. Although this improvement is not as great as for PE over the same time frame, we believe that
the future potential for PP technologies is significantly better: within the next 10 to 15 years, design
reactor productivities could approach levels 8 to 11 times a typical 1970 reactor design. There are sev-
eral reasons for this more optimistic outlook for PP (Figure 11). One reason is that PP has a much
higher melting point than PE. Most slurry- and gas-phase PE processes currently operate at tempera-
tures approaching the point at which either the polymer particles become sticky and dissolve in the
slurry diluent, or they begin to melt and stick together to form lumps in a gas-phase system. In PP
processes, however, typical reaction temperatures of current processes are around 70-80°C and could
perhaps be raised by about 80°C before problems of agglomeration and melting would interfere with
smooth operation. Thus, there is great potential for increasing the heat transfer capabilities of PP reac-
tion systems by developing catalysts suitable for isotactic polymerization at high temperatures.

Another aspect limiting the output of loop reactor slurry PE technologies is the ratio of heat
transfer area through the reactor wall to the reactor volume (and hence to volume productivity). By our
estimates, most loop reactor slurry PE technologies are already operating close to this heat transfer
area/volume limit and they are also at the upper limit of reaction temperature as determined by poly-
mer solubility and agglomeration. PP reactors of this design, however, have at least a 30% margin
before the area/volume limits are reached because of propylene’s lower heat of polymerization. PP
processes also currently operate at significantly lower temperatures than PE technologies, so that ex-
isting reactors already have more surface area installed than similar PE reactors. In addition to this, it
seems likely that two- to fivefold improvements in PP catalyst activity and productivity are likely with-
in the next 10 years, and this will enable producers to take advantage of some of the unused heat remov-
al capabilities of their reactors. Thus, there seems to be a good probability that the reactor output of
existing PP technologies will eventually be doubled.

The effect that these historical and projected improvements in PP technologies have on the cost
structure of the industry is illustrated in Figure 12. Because of the early requirement for polymer
deashing and atactic removal, the improvement in the direct nonmonomer production costs has been
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very large: improvement since 1972 has been an estimated 70% compared to 55% for PE technologies.
Overall improvements, including monomer costs, have been around 33% for PP compared to 15% for
PE. Further improvements of around 20% by the year 2000 seem likely. As with PE, the impact on
future investment requirements for PP is also very large: the indicated increase of 70% in reactor
productivity over the next 10 years could potentially add 3—4 million tons to existing reaction capacity
in North America alone.

What does this teach us about the outlook for some of the new polyolefins that are only now enter-
ing the early stages of development? The most important lesson is that polyolefin catalyst and process
technologies still have a lot of potential ahead of them. Thus, polymerizations that would appear to us
now to be uneconomic, are quite likely to approach commercially acceptable levels within a period of 5
to 10 years. One example of a development which seems to us to be quite promising is shown in Figure
13. Significant advances have recently been made in copolymerization of ethylene with cyclic olefins
such as tetracyclododecene to yield polymers with exceptional optical properties, suitable for produc-
tion of optical disks in competition with polycarbonates. It appears from the patent literatures that the
current stage of development of these polymerizations is similar to that of PP in 1972: catalyst deash-
ing and polymer purification steps are required. Thus, production costs for these polymers are cur-
rently rather high, not counting the cyclic olefin cost, which is certainly much higher than ethylene and
propylene. The metallocene family of catalysts, however, seem particularly suited to polymerization or
copolymerization of cyclic olefins and it therefore seems likely that process efficiencies will be im-
proved along similar lines to the improvements in PP technology. It may be, therefore, that within 5 to
10 years we will have a polyolefin with properties competitive with polycarbonates, but at prices possi-
bly below $1 per pound in today’s money, depending on the cost of the cyclic olefin. Many other new
compositions are being described in the patent literature and it seems that the polyolefins industry is
entering a new and very exciting decade of development.
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