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1. Abstract

The National Research Council's report, Frontiers in Chemical Engineering, was
written four years ago. Three high-priority research areas concerned with energy
and the environment were identified in the report: in situ processing, liquid fuels
for the future, and responsible management of hazardous wastes.

As outlined in the recently released National Energy Strategy, in situ processing is
viewed by the Department of Energy (DOE) primarily through its use in enhanced
oil recovery, and some research is still funded. Industry, driven by the economics
of low oil prices, is doing little research on in situ processing but much more on
reservoir characterization, a prerequisite to processing.

Research on liquid fuels for the future is driven more by environmental concerns
now than by energy security concerns. An example is the Auto/Oil Air Quality
Improvement Research Program. Its objective is the most cost-effective method for
improving air quality through combinations of fuels and vehicles. Detailed
measurements of emissions from various reformulated gasolines and methanol
were made on representative vehicles. Early analyses of results show that complex
interactions among fuel properties and vehicles control emissions and that the
effects of all the fuels have minimal impact on ozone. The challenge to chemical
engineers is to find those alternative fuels that, when combined with the right
vehicles, will clean up the air.

Three strategies that have been used to manage sulfur emissions from a catalytic
cracker exemplify responsible management of hazardous wastes. The first was to
scrub out sulfur oxides from the stack. The second was to change the catalyst to
enable recovery of sulfur by using a system already in place. The third was to
remove sulfur from the feed and thus solve both the stack problem and problems
resulting from the presence of sulfur in the products. The generic challenge is to
find ways to clean up processes at the source rather than at the end of the waste
pipe or stack.

It appears to be wise policy for the future to try to solve the alternative fuel problem
as quickly and simply as possible. Otherwise, the nation will find itself with a
costly and complex fuel and vehicle system that may have to be changed again in a
generation. For the interim, we should look closely at reformulated gasoline
followed by compressed natural gas, if necessary.

In the long run, vehicle systems based on electricity seem most promising for the
middle of the next century. To deliver this technology we need to capitalize on three
new high-priority research areas: batteries, fuel cells, and nuclear power. For



chemical engineers, future challenges of a different sort will be added to the
technical challenges, among them are explaining to a skeptical public the wisdom
of proceeding to design the interim system of alternative fuel(s) and to move
expeditiously to a final solution.

2. Introduction

"Applications of Synchrotron Radiation to Chemical Engineering Science" is an
exciting topic, one that would have been unheard of just a few years ago, and I
commend your organizers for an outstanding workshop. The title of your
workshop is not the topic of these remarks because it seemed useful to talk about
two areas, energy and the environment, that are challenging chemical engineers
to probe the depth of their science and the breadth of their eclectic education. I will
leave it to you to relate what I have to say to synchrotron radiation.

The Frontiers in Chemical Engineering Research report of a few years ago will
give us a vehicle to travel around the challenges. It will give us a look back. We
will then compare what we find there to what we see out the window in April of
1991, aided by the administration's assessment of reality in the National Energy
Strategy. And, finally, I will share my look into the ever-cloudy crystal ball to view
the energy and environmental demands of the future.

3. The View from 1987

In the spring of 1988, the National Research Council published a book-sized report:
Frontiers in Chemical Engineering - Research Needs and Opportunities. A
steering committee of members of the National Academy of Engineering managed
the process of producing the report with invaluable help from a host of volunteers,
including Les Burris of Argonne. Despite the 1988 publication date, the report was
essentially written in early 1987, jnd thus represents a four-year-old view. Let me
hit some of the highlights of that view.

Eight high-priority research areas were identified in the report: biotechnology,
electronic materials, microstructured materials, in situ processing of resources,
liquid fuels for the future, responsible management of hazardous substances,
advanced computational methods, and surface and interfacial engineering.

The two highly linked topics I'll talk about today, energy and the environment, are
reflected in the technology list through in situ processing of resources, liquid fuels
for the future, and responsible management of hazardous substances. It is
interesting to note which potential funders were connected to these three areas in
1987.

In situ processing of resources was thought to be the primary purview of only the
Department of Energy and the Bureau of Mines, with supporting interest by the
National Science Foundation. It was expected that there would be little funding by
industry.



In the energy field, that view has been proved about correct. The support by DOE of
advanced oil recovery methods research, one kind of in situ processing research,
has continued, and the topic is given prominent consideration in the National
Energy Strategy. The National Science Foundation (NSF) continues to fund some
basic research in surfactants, but, as pointed out in the Frontiers report, this is not
the key problem in in situ recovery—reservoir characterization is. Industry is
progressing very well on reservoir characterization through the use of new
computing techniques and hardware. This work is not currently directed toward
new methods of in situ processing, but rather toward more mundane uses like
infill drilling and improvement of existing miscible floods. The DOE hopes to
involve oil companies in consortia to do more research on advanced oil recovery,
but. it seems to me unlikely that this will happen. The reservoir models are highly
proprietary and specific and not easy to share.

Continued and projected low oil prices, excluding the recent blip up from the
Persian Gulf War, will support only those advanced oil recovery projects already in
place, like carbon dioxide miscible flooding or steam flooding, and capital available
for expansion is very scarce. Some of these projects remain in place only because of
tax credits enacted in last year's budget reconciliation legislation.

More complex in situ processing, as illustrated by underground coal gasification,
heavy oil cracking via combustion with injected air, or in situ shale oil recovery, is
not currently of much interest. Because it is in these areas where chemical
engineers would shine, we will leave advanced oil recovery to the geologists,
geophysicists, and petroleum engineers and mention it no further.

Another 1987 high-priority research area of interest to chemical engineers in
energy and environmental fields is liquid fuels for the future. Potential funders of
that technology were thought to be DOE and industry, with secondary interest from
NSF. That is basically a correct view, but there have been important qualitative
changes in the objectives of the research.

The final high-priority environment- or energy-related area for research identified
in the report was responsible management of hazardous wastes. Only two primary
potential funders of research in this area were identified—the Environmental
Protection Agency and industry—QQI DOE or DOD! As usual, NSF was identified
as a supporting agency.

All in all, the authors of the Frontiers report did a credible job in picking high-
priority research areas—not surprising after only four years of additional data on
what technologies might be needed. However, they missed on some areas that
were covered in the report but not given high priority - primarily because these
have been a fast-moving four years. They also missed DOE's current 100 billion
dollar interest in hazardous wastes, but that is excusable, given past precedents.

4. Looking Out the Window

As we look out the window at today's technological world of chemical engineers
associated with energy or the environment, how do liquid fuels for the future and



responsible management of hazardous wastes stack up in importance? Do they
jump up and down to get our attention? You bet they do!

The 1987 view of liquid fuels for the future leaned heavily towards the so-called
synthetic fuels—liquids from tar sands, oil shale, and coal.

Tar sand deposits indigenous to the United States have never represented much
potential fuel volume relative to liquid fuel sales. The topic of recovery of liquids
from tar sands didn't get much attention in the Frontiers report and is getting even
less research attention today. We need to remember, however, that world-wide
resoui'ces of tar sands are huge and could well represent an economic cap on the
price the world will pay for hydrocarbon fuels in the distant future.

Shale oil got more attention in 1987, but it, too, has been on a downward trend since
then. Union Oil's announcement last month of its plan to close its Colorado shale
oil plant and Occidental's withdrawal last fall from a joint oil shale project with
DOE were driven by a number of factors. Short-term economics were clearly
dominant in both cases. My personal opinion is that shale oil from the western
slope of the Rockies will never be an important fuel source because of the resulting
concentration of potential environmental problems in a relatively small area. Even
if we elect to build giant tariff walls around North America, there are
hydrocarbons in Canada and Mexico that can be produced with much less
environmental impact. The only way the Rockies will serve as a fuel source is if we
build tariff walls around the United States.

Coal continues to have appeal as a liquid fuel source because it is ubiquitous.
Mines are already scattered in many places, so the environmental impact is
perceived to be less. It is also appealing because of its chemical variety. One can do
chemistry on several coals to improve a given conversion process, or fit a process to
a specific coal. The National Energy Strategy specifically points to DOE's coal
conversion research to produce alternative fuels. Amoco is a partner in that
research, and we, too, believe that the economics can be improved to the NRC target
of $30/barrel in the next few years. However, looming ever larger is the perception
that converting high-carbon coal to low-carbon liquid fuels will have adverse effects
on the global climate through excess carbon dioxide emissions. Measures to
control CO2 could be bad news for coal in all its forms.

A fourth source of liquid fuels mentioned in the Frontiers report was natural gas—
methane. This area has also continued to generate research dollars. A recent
entry is the Gas Utilization Research Forum, or GURF, a consortium of energy
companies put together to do precompetitive research aimed at making methane
into a transportation fuel.

Methane can become a liquid fuel in two ways. The 1987 report focused on the first
way—chemical conversion of methane to liquid hydrocarbons. It mentioned a
plant in New Zealand that uses the Mobil methanol-to-gasoline process. Just last
year, Shell announced a semi-commercial plant in Indonesia and a possible future
plant in North Africa, both using the Fischer-Tropsch process to convert methane
to diesel fuel. What is significant about these two examples is their location. In



neither place was there the infrastructure to effectively burn the gas as a power-
generating or heating fuel. This is remote natural gas, which must either be
cryogenically liquefied or converted chemically to be shipped via tanker to other
markets. While this may be a sensible money maker for the oil companies, it ,
would not help this country's dependence on foreign energy sources.

However, a qualitatively different approach to liquid fuels of the future is being
driven by the 1990 Clean Air Act. This is the search for fuels with environmental
benefits rather than exclusively for fuels to replace foreign petroleum. Alternative
fuels, to use the DOE terminology, that do both will get extra-high marks.

This approach leads directly to the second way of using methane, substituting it for
liquid fuels simply by compressing it to high enough density to power a vehicle a
reasonable number of miles. There is considerable automotive research needed to
move beyond simple conversion of existing vehicles—which leads to high exhaust
emissions and poor performance—to vehicles that are optimized for methane.
There is also some intriguing chemical engineering research needed to explore
ways of using adsorbents to reduce the fuel-tank pressure. Natural gas has a big
advantage over other alternative fuels, especially if local compression costs can be
decreased, because it is distributed almost everywhere.

However, the wide-spread use of natural gas as a vehicular fuel in our country will
depend very much on the availability of Canadian and Mexican gas. While there is
a current U.S. gas surplus, it could be used up quite quickly by converting a
significant number of gasoline-powered vehicles to methane-powered vehicles. For
example, conversion of 10 percent of the total gasoline fleet would require about a
trillion cubic feet of gas annually, which is close to the supply-side increase
projected by the National Energy Strategy for this decade. Even with Canadian or
Mexican gas, we might have difficulty keeping up with the need for electric power
plant fuel if we elect to rapidly phase out coal—let alone provide for a major
increase in transportation fuel.

One way to phase in the use of natural gas as a vehicular fuel is to use it in private
fleets that return to the same refueling point each day. This would implement
provisions of the clean air act requiring tougher emissions standards for such
fleets. The DOE would like those fleets to use alternative fuels to meet the
standards and be able to go to public refueling points rather than to home base
every night. I believe that the economics will support enough fleet sales to entice
the automobile companies to make optimized natural-gas-only vehicles. If these
demonstrate the fuel economy and emissions reductions theoretically possible,
then consumers will be interested in buying them, and oil companies will provide
service stations with natural gas capabilities. Tax policies on natural gas used as
a motor fuel versus taxes on gasoline will clearly be an important nontechnical
factor.

Natural gas is certainly not the only alternative fuel of interest for the nineties and
beyond. The National Energy Strategy is particularly enamored with fuels from
renewable sources, ethanol, and in the long range, methanol. The Frontiers report
gave ethanol based on corn short shrift because of poor overall energy efficiency.



However, the National Energy Strategy cites new technology that may offer better
economics with non-food-crop sources of biomass.

The Strategy document mentions propane and electricity as alternative fuels, but
neither of those is likely to make much of a dent in the next 25 years—the former
because of limited supply and the latter because of lack of economical technology.

By far, the most research on alternative fuels is currently being carried out on
reformulated gasoline. Reformulated gasoline connotes gasoline whose gross
composition or physical properties have been changed to decrease its contribution
to emissions from the vehicle using it. I believe the first use of the term was by a
domestic auto maker who was concerned about how to meet stricter emissions
limits coming with the 1990 Clean Air Act. There was also concern about the
sometimes-exaggerated claims for the benefits of methanol in early 1990.

As a consequence, in mid-1990 a program under the National Cooperative
Research Act was organized by the three domestic auto builders and 14 major oil
companies. The objective was to find the most cost-effective way to improve air-
quality imong the choices of reformulated gasoline in conventional vehicles,
methanol in flexible fuel vehicles, and ethanol as a blending agent in average
current gasoline-powered vehicles. It was, by far, the most comprehensive
program of its kind ever attempted. The eventual experimental design called for
some 3,500 tests of fuel/vehicle combinations. The variables in gasoline
composition included high and low levels of aromatics, olefins, methyl tertiarybutyl
ether, and the end boiling point of the gasoline. A separate set of experiments
varied the ethanol content and vapor pressure of average gasoline, and a final set
varied the sulfur content of average gasoline. The methanol tests included blends
of 85 percent, 10 percent, and zero percent methanol in average gasoline. Thirty-
four gasoline-powered vehicles of various ages and odometer readings greater than
10,000 miles, as well as 20 flexible-fuel-powered vehicles, were involved in the tests.

The dependent variables were mass emissions of hydrocarbons, nitrogen oxides,
and carbon monoxide in the exhaust. In many tests, about 150 additional chemical
species were measured. In addition, evaporative emissions over a diurnal cycle
and running losses of fuel under hot operating conditions were also measured.

The detailed measurements were necessary to fulfill the objective of finding the
most cost-effective way to improve air quality, not just the best way to reduce gross
emissions from the vehicle. In most cases, the formation of ozone, the program's
main target, depended on the reactivity in sunlight of the chemical species in the
exhaust or evaporative emissions.

As a nontechnical aside, the politics and timing of the Clean Air Act completely
outran the experimental program. When we announced it at the White House,
Governor Sununu asked why we hadn't started sooner. The answer was (1) that
we had already reduced the major smog-forming pollutant, honmethane
hydrocarbons, by more than 90 percent through catalytic mufflers and lead-free
gasolines; (2) that we believed that more reductions were coming through lower
gasoline vapor pressure; and (3) that reducing emissions from new vehicles would
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have little effect on air quality because of other sources of hydrocarbons including
high-emitting older cars. This latter prediction appears to be coming true.
Nonetheless, the automobile and fuel sections of the Clean Air Act were written
without the benefit of more than fragmentary data from other sources and were
clearly flavored with farm-belt politics concerning ethanol.

The findings of the auto/oil program to date have shown that there are more
independent composition variables than originally expected, so that it is difficult to
interpret the mass of data without further study. The data are being made
available to the public and federal and state clean air officials through a series of
Technical Bulletins.

One rather clear-cut effect, discussed in Bulletin No. 2 (dated Februarjr 1991), was
the decrease in all three mass exhaust emissions with decreased sulfur in the
gasoline. This is thought to be caused by poisoning of the exhaust catalysts by
sulfur. Tests run when the catalysts were first introduced covered the range of
sulfur typically found in commercial gasoline—a few thousand down to a few
hundred parts per million. The current tests covered two gasolines with sulfur
levels of 500 ppm and 50 ppm. Apparently, the catalysts are still sulfur-poisoned at
the lower end of the earlier test range and only begin to reversibly recover
somewhere below 500 ppm. Needless to say, further testing is planned.

Bulletin No. 4, soon to be released, says that the best result with reformulated
gasoline, when compared to the worst, shows ozone decreasing very little in air
models of Los Angeles, Dallas, and New York. The Clean Air Act mandates the
use of oxygen-containing compounds in gasoline and a reduction in aromatic
content. The aromatics reduction can be avoided if certain emission criteria are
met. It is much too early to say what the final composition should or will be.

The first phase of the program cost $15 million, and a second phase costing $25
million is just getting under way. It will contain more experiments to answer
questions raised in Phase I, as well as 1993 prototype gasoline-powered vehicles
and some prototype dedicated-methanol-powered vehicles.

At this point you may be wondering what all the reformulated gasoline technology
has to do with chemical engineers. First, chemical engineers are spread
throughout the auto/oil research program. For example, John Seinfeld of Caltech,
a renowned chemical engineer, is our consultant on air modeling. But much more
importantly, hoards of chemical engineers are hard at work on how to make
reformulated gasoline, no matter what its composition may be.

Nearly all aspects of chemical engineering are involved—catalysis, as well as
process research, design, engineering, and operation, to name a few. One of the
most pressing research topics is how to economically optimize a refinery when
products must meet narrow chemically based specifications. That may not sound
so difficult to those of you familiar with chemical plants. However, a refinery
operates with a feed stock—crude oil—whose composition changes as often as
hourly and which must produce products that generate a very low margin per
gallon. If your production is very much off optimum, that margin disappears.
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Overlaid on these activities is the requirement that emissions from the refinery
need to continually decrease—which leads us to our second energy- and
environment-related high-priority research topic from the Frontiers report.

Responsible management of hazardous substances was defined broadly in the
report, and research targets in air, water, land, and groundwater were described.
High on the list was the design of processes that were nonpolluting by design.

Let me illustrate how some chemical engineers have met the challenge of
protecting the environment through responsible management of hazardous wastes
while getting ready for liquid fuels of the future.

My example process is catalytic cracking. The objective of a cat cracker is to lower
the molecular weight of a crude fraction, which ranges from above diesel fuel on
up to heavy power-plant fuel. The lower-molecular-weight products are blended
with other refinery streams to make diesel fuel and gasoline.

The objective is achieved by contacting the feedstock with a catalyst at 700°C and
separating catalyst and products after a few seconds. Some of the products contain
sulfur, which comes from aromatic sulfur compounds in the feedstock. A small
amount is in the gasoline, about 40 percent is in the diesel fuel, and nearly all the
rest leaves the reaction zone as hydrogen sulfide. This compound is removed from
the gaseous fraction of the product stream by absorption in an amine solution and
conversion to elemental sulfur. It is recycled as sulfuric acid and primarily ends
up as gypsum fill for phosphate mines in Florida: problem solved.

After separation from the products, the catalyst, which has an average particle
size of about 50 microns, is contacted with air to burn off the carbonaceous deposit
left by the cracking reaction. Unfortunately, about 10 percent of the sulfur in the
feedstock is in that deposit and reaches the atmosphere as sulfur oxides in the cat
cracker stack: new problem.

The straight-forward answer is to install a scrubber on the stack and absorb the
sulfur oxides in a sodium or calcium solution or onto a dry adsorbent. But what to
do with the resulting sludge or solid? Regenerating the absorbent is expensive and
disposing of the sludge can create yet another problem.

Along comes a chemical engineer with a less-obvious answer—change the catalyst
so that it adsorbs the sulfur oxides from the gas phase in the combustor and carries
it back to the reactor where it is reduced to hydrogen sulfide, exits into the product
recovery system, and is ultimately converted to elemental sulfur. The proper
catalyst has been found and demonstrated: problem solved.

This might be where we would have stopped a few years ago, but the sulfur in the
products has now become worrisome. Besides the effect of sulfur in gasoline I
mentioned earlier, recent data have shown that sulfur in diesel fuel plays a major
role in particulates formation in diesel engine exhaust. Regulation of sulfur in
diesel fuel to low levels begins next year. Why not go back to the source, the
feedstock, and remove the sulfur there?
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The technology is available to do this, and removing the sulfur from the feedstock
has at least marginal economic benefits because of improved yields in the cat
cracker. Desulfurizing cat-cracker feed now looks quite attractive. It results in
low sulfur gasoline, which helps prevent ozone formation; low sulfur diesel fuel,
which reduces particulates in diesel exhaust; and reduced levels of sulfur oxides in
the cat cracker stack: three problems solved.

To succeed in this endeavor, the engineers went back to the source of the pollutant
rather than trying to clean up the effluents. It has taken a long time for older
chemical engineers like me to get away from the process flow sheets of our college
days that always had two streams pointing off the edge of the drawing—labeled
WASTE and VENT. The American Institute of Chemical Engineers is now putting
together a cooperative center to deal with process pollution at the source, and, as it
succeeds, it will hasten the process of reeducation.

I've used this example to make the point that an engineer working in either field,
the energy or the environment, is almost automatically working in the other field
as well. For the energy engineer, if his or her whole job is not driven by the search
for new energy sources to meet environmental concerns, it is driven by the
necessity to make current sources more environmentally benign. And while there
may be a few environmental engineering jobs without a connection to energy, it is
not very far from concerns about how to treat a waste water stream from a plant to
the question, "Why are they sending me this junk in the first place?"

So perhaps we can agree that liquid fuels for the future and responsible
management of hazardous wastes were good choices for high-priority research
areas by the authors of the Frontiers report. There have been twists and turns and
the two fields have merged in some instances, but there are plenty of challenges for
chemical engineers in both.

5. The Cloudy Crystal Ball

I'd like to turn in the last few minutes to the crystal ball and share some ideas
about future research needs and opportunities for chemical engineers in the fields
of energy and the environment.

I've already mentioned one idea—that energy production and use are inexorably
tied to protection and improvement of the environment. That is as it should be,
because all of us interested in energy live in that environment. Even if we can put
up with the environment the way it is, we can be sure that our children and
grandchildren will not. The vector of interest in the environment is definitely
upward. The number of new products considered to be "green" has increased,
according to an advertising agency survey, from less than one percent in 1985 to 5
percent in 1990. A recent poll indicated that fully one-third of a representative
sample of the public would pay 10 percent more for a product in a package that
could be recycled than for one in a package that could not. As we saw with
reformulated gasoline, environmental concerns are frequently driving legislation
faster than science and engineering can support the assumptions.
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Just to illustrate the point again, Amoco recently completed a 20-year forecast of
our key technology needs. Under all scenarios that we thought had a chance of
representing the future, environmental technology was one of those key
technologies. As a result, we are acting to strengthen the environmental
technology areas where we appear to be weak.

To narrow the focus considerably—what is our nation to do about our
transportation fuels in the next decade and the early part of the next century? The
DOE, in the National Energy Strategy, appears to be opting for a free market
approach with many alternatives. I certainly agree, and I think it behooves us to
let the ultimate cost to the consumer of transportation be the guide, including as
many of the externalities as possible, as the DOE suggests. Where we perhaps part
company is in the thought that one of those externalities is the cost of a multiple-
fuel interim program that would be in place until we can agree on a long range
strategy for the middle of the next century.

Although even I am not old enough to remember it, I have heard stories about the
early days of the telephone when multiple phone companies operated on separate
transmission systems. In order to communicate with your friends, you had to
have several phones—each hooked up to a different set of wires. The analogy is not
perfect, but if each set Ace station has to be hooked up to a gasoline distribution
system, a methanol or ethanol system, and the gas company to fill all the vehicles
that come over its driveway—or we have to build separate stations for each
alternative fuel—the cost will be high.

We should move rapidly, therefore, to make a choice. Should we stay with
reformulated gasoline or move to one—and preferably only one—of the other
alternatives? My choice would be reformulated gasoline, moving toward
compressed natural gas if reformulai d gasoline does not provide a reasonable
cleanup of the air in our cities. Chemical engineers can play a big part in this
decision, not only by carrying out the research and development, but also by
explaining the scientific and engineering realities in terms that the public can
understand.

And what, then, about the long-term future? It is my personal belief that we have
only two choices, both electricity based. One is the electric motor-battery
combination; the other is the hydrogen fuel cell. Neither vehicle will emit primary
air pollutants, but both will require pollution-free electric power generation. The
battery-powered vehicle will require electricity for recharging, and the fuel-cell-
powered vehicle will require generation of hydrogen by electrolysis.

I don't believe we have the data to make the choice between vehicles. We do,
however, have two high-priority research areas to add to the Frontiers list: battery
technology (including recharging) and fuel cell technology (including hydrogen
supply). I know that there are programs in both here at Argonne, and my advice is
only that we chemical engineers should eschew advocacy as much as possible and
go about getting data and defining the key technological unknowns.
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And finally, a pollution-free electric power plant leads to yet another high-priority
research area for chemical engineers: fission and fusion technology—or perhaps
two areas, one for each. Besides technical challenges for chemical and nuclear
engineers, the challenge of explaining the pros and cons of each form of nuclear
power and the pros and cons of both versus conventional power plants will be
unrelenting. And, of course, I know that Argonne is working furiously on nuclear
power. I'm not trying to be a good guest—I just happen to believe that you are on
the right track!

6. Conclusion

To conclude, let me remind you that when we considered energy and the
environment, the Frontiers in Chemical Engineering report of four years ago was
right on with the names of high priority research areas but that today's content of
those areas is different. Liquid fuels for the future is much more driven by
environmental concerns now than by energy security concerns as it was then.
This view is confirmed by the recent National Energy Strategy. The challenge to
chemical engineers is to find those alternative fuels that, when combined with the
right vehicles, will clean up the air.

Our discussion of responsible management of hazardous wastes presented the
challenge to find ways to clean up processes at the source rather than at the end of
the waste pipe or vent stack. We also concluded that engineers working in the
energy field found their activities nearly completely entwined in the activities of
engineers working in the environmental field.

When we looked into the future, we found that, for chemical engineers, challenges
of a different sort were added to the technical challenges. These new challenges
include explaining to a skeptical public the wisdom of proceeding to design the ,.
interim system of alternative fuel and, then, moving expeditiously to a final
solution. The latter leads to three new high priority research areas: batteries, fuel
cells, and nuclear power.
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