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A SOLAR CELL
BASED ON A BIOLOGICAL SYSTEM

By Aaron Lewis
Spacecraft of the future may depend
on solar cells containing a pigment
from some of the most primitive or-
ganisms on earth to produce oxygen
for their passengers and hydrogen to
propel their rockets. The same pig-
ment, spread out on earthly fields
under the sun, could produce hydro-
gen for combustion or conversion to
electricity.

The unique substance, called bac-
teriorhodopsin, is attracting attention
in scientific circles around the world as
the basis of a new kind of solar cell. It
made its way into a few research
laboratories, including ours at Cornell,
because it was a model for certain
fundamental biological energy-conver-
sion processes and because a very
similar pigment is present in the retinas
of animals and has an essential func-
tion in vision. Our chief interest was in
the biophysical mechanisms of visual
processes and the development of
laser techniques to study such mecha-
nisms*. The realization that the unique
properties of bacteriorhodopsin make
it an exciting prospect for solar cells
came some years later; an avenue of

basic research suddenly took a turn
toward technology.

THE UNIQUE PROPERTIES
OF BACTERIORHODOPSIN
The pigment bacteriorhodopsin was dis-
covered about ten years ago in Halo-
bacterium halobium, which grows in
highly saline (up to 4M) solutions. It is
one of several pigments that give a red
color to the brine in which the bacteria
live. When one flies into San Francisco,
one can spot bright-red brine pools that
are inhabited only by bacteria such as
these.

They are interesting organisms be-
cause they can live where nothing else
can. More importantly, though, these
bacteria are significant from a funda-
mental biological standpoint: Al-
though they have a cellular metabolic
process like that of animals, involving
oxygen in a basic cycle of chemical

*See A. Lewis, ' 'Exploring the Mysteries of
Vision: The Use of a Tunable Laser to
Probe the Living Eye/' Engineering: Cor-
nell Quarterly W(l):2-9 (1975).

reactions, the pigment they contain is
able to drive the reaction cycle without
the need for oxygen by converting light
energy directly to chemical energy.

The pigment is also exciting in an
evolutionary sense because the form
found in the single-celled Halobac-
terium halobium is similar in a number
of striking ways to the rhodopsin (vis-
ual pigment protein) found in the ret-
inas of higher animals. Bacterio-
rhodopsin is the first rhodopsin-like
membrane protein that has ever been
found in an organism that does not
have a visual response mechanism.
Many people believe that similarities
such as those that have been dis-
covered between bacteriorhodopsin
and the visual pigment in higher ani-
mals provide a link between the
simplest forms of life and the most
complex.

And now bacteriorhodopsin has
been recognized as interesting in an
engineering sense, as the basis of a new
kind of solar cell capable of converting
light energy to usable forms of chemi-
cal energy. The pigment could act as a
proton "pump" in a "battery" that 2
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would dissociate water into hydrogen
and oxygen. An attractive feature is
that the pigment is produced by the
bacteria as monolayer crystalline chips
of submicron dimensions, a form that
gives it rigidity and makes it feasible
for incorporation in a physical device.
Recent research has suggested that
useful molecular alterations in the
crystal might be effected chemically or
through genetic engineering, and that
the compound might even be produced
without the need to culture bacteria.

A review of these various aspects of

bacteriorhodopsin will help give an
understanding of the very unique
energy-storage system that is present
in a readily obtainable bacterial form,
suitable for technological applications.

THE METABOLIC ROLE
OF THE PIGMENT
Considering bacteriorhodopsin in
terms of the process of metabolism
helps give us an appreciation of the
unique properties of this pigment.

In cellular metabolism (see Figure
1), a simple nutrient such as glucose is

Figure I. The metabolic process, illustrat-
ing the role of ATP in storing energy.

The mechanism involves the production
of hydrogen-ion gradients across the cell
membrane by electrons which come from
the ingested food by way of the Krebs
cycle. These electrons are carried through
a series of iron-containing proteins (the
colored boxes) until they have released
sufficient energy to reduce the molecular
oxygen that the organism has taken in from
the environment. The electron motion and
the released energy result in proton gra-
dients across the membrane in which the
electron-transporting proteins are embed-
ded. These gradients activate the enzyme
ATPase to generate A TP and thereby store
the energy chemically. In doing so, the
enzyme ATPase abolishes the activating
proton gradient.

This mechanism is pertinent to an under-
standing of the unique characteristics of
a pigment, bacteriorhodopsin, that is
produced by certain normally aerobic
bacteria. Unlike animals, which critically
depend on oxygen to stimulate the electron-
transport, energy-storing process, halo-
bacteria are able to carry out their
metabolic processes anaerobically through
the photochemical action of bacterio-
rhodopsin (see Figure 2).

broken down into carbon dioxide, hy-
drogen ions (protons), and electrons in
a sequence of chemical reactions
known as the Krebs cycle. The carbon
dioxide is eliminated by the organism.
The electrons are carried through a
series of molecules (boxes in the fig-
ure), and as they move they generate
hydrogen-ion gradients across the cell
membrane in which the electron-
transporting proteins are embedded.
These gradients, in turn, alter the
structure of an enzyme so that it causes
adenosine diphosphate (ADP) to react



Figure 2. The two mechanisms for ATP
synthesis in Halobacterium halobium.

a. Under aerobic conditions, the energy-
transducing system involves the Krebs
cycle (see Figure I), which is fundamental
in animal systems. The crucial result of this
energy-transducing mechanism is the crea-
tion of a hydrogen-ion gradient—needed
for ATP synthesis—across the cell mem-
brane (shaded in color).

b. Under anaerobic conditions, a pigment,
bacteriorhodopsin, is synthesized and
reacts photochemically, creating the es-
sential hydrogen-ion gradient. The photo-
chemical process splits water and pro-
duces the H+. In the illustration, the dots
represent the bacteriorhodopsin mole-
cules, which are arranged in a hexagonal
array in submicron crystalline chips in the
cell membrane.

Figure 3. The linkage between retinal and
the protein chain in bacteriorhodopsin, as
revealed by resonance Raman spectros-
copy in research at Cornell. The active site
of the protein is a particular nitrogen-
containing amino acid, a lysine, which
reacts with the retinal, forming a Schiff
base. In the diagram, individual amino
acids in the protein (polymer) chain are
indicated by the boxes drawn with dotted
lines. R1 and R2 represent chemical groups
other than the butyl amine of lysine, to
which the retinal is attached. The presence
of the protein shifts the absorption peak of
the retinal to a value that more closely
corresponds to the maximum intensity of
solar radiation.

Metabolism
occurring in
cell membrane

Figure 2
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with inorganic phosphate to form
adenosine triphosphate (ATP), which
is the chemical energy-storing mole-
cule of all biological systems. As a
result of this electron-transport pro-
cess, oxygen (obtained from the envi-
ronment) is reduced and reacts with
the released hydrogen ions to produce
water. The Krebs cycle and electron-
transport process occur either in bac-
terial cell membranes or, in the case of
multicelled higher animals, in the
mitochondria, which are specialized
membranous cellular compartments.

Figure 3

The generation of ATP is a crucial
aspect of life; if the ATP balance of an
organism is disturbed, death im-
mediately results. The ingestion of
cyanide, for example, causes death
because cyanide inhibits the action of
oxygen, preventing electron transport
and energy storage. (In the Figure 1
representation, this inhibition occurs
at the third colored box.)

Normally Halobacterium halobium
lives in an oxygen environment and the
Krebs cycle and electron transport
process occur within the membrane
surrounding its single cell (see Figure
la). In the absence of oxygen, how-
ever, the organism exhibits a capabil-
ity that is unique to halobacteria: in-
stead of dying, it shifts to an alternative
metabolic mechanism. It synthesizes
in the cell membrane submicron crys-
talline chips of hexagonally packed
bacteriorhodopsin, a protein that is
capable of absorbing light energy and
directly establishing^—without the need
for oxygen—the hydrogen-ion gradient
required for ATP synthesis (see Figure
2b).

A similar process occurs in most



Figure 4
plants, which also absorb light energy
and create chemical energy in the form
of ATP. What makes the bac-
teriorhodopsin system different is that
instead of containing chlorophyll, the
protein contains retinal, a form of Vi-
tamin A that is usually associated with
the visual process. The name retinal, in
fact, comes from the discovery by
George Wald that this molecule is pres-
ent in the retinal photoreceptors of all
animals.

SCIENTIFIC STUDIES
OF BACTERIORHODOPSIN
The interest in bacteriorhodopsin that
has developed since its discovery a
decade ago is due to the fundamental
biological importance of the creation
of hydrogen-ion gradients in ATP syn-
thesis, and to the special ability of the
bacteriorhodopsin system to ac-
complish this through light absorption,
splitting water molecules in the pro-
cess. In several laboratories—
including the Molecular Research
Council Laboratory at Cambridge
University in England, a laboratory at
the University of California at San
Francisco, and ours at Cornell—
researchers have been studying the
composition of the pigment and trying
to elucidate its reaction mechanisms.

Like all proteins, bacteriorhodopsin
contains a long polymer chain of amino
acids (see Figure 3). Because of the
crystalline nature of the pigment, it has
been possible to use electron and x-ray
diffraction to study its molecular struc-
ture. In fact, such measurements pro-
duced the first representation ever
made of the structure of a membrane
protein. (See Figures 4, 5, and 6.)

At Cornell, we have used various

Figure4. An electron micrograph showing
the submicron crystalline structure of the
pigment bacteriorhodopsin. This image,
which is at a magnification of 67,000, was
obtained by Walther Stoeckenius at the
University of California at San Francisco.

A suspension of the crystalline mem-
brane fragments was sprayed onto a
smooth cleaved-mica surface; cracks de-
veloped as the film dried. The cracks follow
hexagonal lattice planes that intersect at
60° and 120°. Because of the crystalline
nature of the membrane fragments, it was
possible for Nigel Unwin and Richard
Henderson at Cambridge University to use
a combination of electron diffraction and
image reconstruction to obtain the distri-
bution of electrons in the molecules of the
crystalline membrane. To obtain a three-
dimensional picture of the membrane, they
used a technique involving controlled tilt-
ing, relative to the electron beams, of the
two-dimensional crystalline arrays. The
electron distribution they obtained for a tilt
angle in which the electron beam is per-
pendicular to the membrane surface is
shown in Figure 5.

. an avenue
of basic research
suddenly took
a turn toward
technology/



Figure 5 Figure 6
Inside cell

tunable laser spectroscopic techniques
to study the fine structure of rhodopsin
molecules and the changes that occur
under the influence of light. In one of
our earliest studies, we used a laser
technique called resonance Raman
spectroscopy to establish that the pro-
tein chain is connected to the retinal at
the site of a particular amino acid, a
lysine; the linkage is through a
nitrogen-containing group of the reti-
nal called a Schiff base (see Figure 3).
The protein modulates the absorption
peak of the retinal from 3700 A to 5700
A, which is close to the frequency of
solar radiation.

The critical role that retinal plays in
the absorption of light was demon-
strated by comparing the absorption
peaks of bacteriorhodopsin and visual
rhodopsin after modified retinals had
been incorporated into the molecules
(see Figure 7). We found, for example,
that the removal of a methyl group
from the normal retinal to form a var-
iant called 9-des-methyl retinal shifts
the absorption spectrum of the pig-
ment toward lower frequencies. The
creation of an extra double bond in the

Outside cell

Figure 5. An electron-density map of crys-
talline bacteriorhodopsin. This was pre-
pared at Cambridge on the basis of the
experimental work referred to in Figure 4.

The view is a cross section perpendicular
to the electron beam. The shaded area
defines one molecule. The shapes num-
bered I through 7 represent helices, seen
from the top, that go through the mem-
brane. The position of the retinal (between
helices 2 and 7) is indicated by the letter R
and shown as a colored line ending in a
colored circle in helix 2. A reconstruction
of the three-dimensional molecular struc-
ture is shown in Figure 6.

ring structure, as in Retinal II, shifts
the spectrum in the opposite direction.
As the figure shows, the response to
these chemical substitutions is similar
in the bacterial and the visual pigment.

In kinetic investigations, we found
that the chemical and accompanying
spectral changes initiated by the ab-
sorption of light are so rapid that they
can be followed only with the fine time
resolution of laser spectroscopy.
Within one picosecond (one trillionth
of a second), the bacteriorhodopsin
undergoes a very large red shift, from

Figure 6. A three-dimensional representa-
tion of crystalline bacteriorhodopsin. The
helices drawn in Figure 5 are shown here in
a side view, as correspondingly numbered
cylinders. The bacteriorhodopsin molecule
sits in a membrane composed of a bilayer
of lipid (fat) molecules, which are repre-
sented as zig-zag shapes with elliptical
terminations. Each lipid molecule consists
of a hydrophobic carbon chain (the zig-zag
segments) with a hydrophilic phosphate
head group in contact with water. The
position of the light-absorbing entity, reti-
nal, is indicated, as in Figure 5, by the
letter R and a band of color.

5700 to 6100 A; the subsequent trans-
formations occur on a gradually in-
creasing time scale, to about one mil-
lisecond in duration (see Figure 8).
Eventually the initial species is regen-
erated and the molecule is ready to go
through the sequence again.

There is much evidence that the light
induces large alterations in the elec-
tronic and structural configurations of
the retinal entity, and that these altera-
tions initiate a series of chemical and
structural changes in the protein (see
Figure 9). An evolving picture suggests 6



Figure 7
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Figure 7. Experiments demonstrating the
crucial role of retinal in the absorption of
light by rhodopsin molecules.

Native retinals, as present in bac-
teriorhodopsin and in the visual pigment of
higher animals, were modified by removing
a methyl group to form 9-des-methyl reti-
nal, and by creating an additional double
bond to form a variant called retinal II.
These retinals were incorporated into the
bacterial pigment and the visual pigment in
place of the naturally occurring species,
and the absorption spectra of the altered
pigments were compared to those of the
native forms. Similar shifts were observed.

that electrons move from the ring of
the retinal to the Schiff-base nitrogen,
reducing the positive charge on the
nitrogen and making the ring more
positive. This creates a large dipole
which greatly affects nearby amino
acid residues, stimulating a series of
proton movements that involve five
amino acids. Ultimately, this causes a
proton to be released on one side of the
cell membrane and a proton to be taken
up on the other side.

Many other ideas for continuing re-
search suggest themselves. For exam-

Figure 8. The rapid cyclic spectral trans-
formations that occur when bacteriorho-
dopsin (BR)is exposed to light. The initial
changes are so rapid that they can be
detected only with laser spectroscopic
techniques; within one picosecond, the
pigment undergoes a very large red shift,
storing as much as 60 percent of the photon
energy in the process. The spectral forms
of BR that have been identified and the
corresponding absorption maxima are in-
dicated. The eventual result of these spec-
tral transformations is the pumping of a
proton from one side of the membrane to
the other.

pie, it is clear that the absorption of
bacteriorhodopsin could be altered
not only by introducing chemically
amended retinals (as illustrated in Fig-
ure 7), but through genetic manipula-
tion. In fact, the gene governing the
synthesis of bacteriorhodopsin has al-
ready been sequenced. With our fun-
damental knowledge of how the sys-
tem works, we could readily suggest
modifications of amino acids that
could genetically alter the pigment in
specific ways. For example, the
wavelengths at which the molecule ab-

Figure 8
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sorbs light could be altered, or the
quantum yields of proton production
could be increased.

In ongoing research, we are syn-
thesizing chemical models of the active
site in bacteriorhodopsin, using sim-
pler compounds in place of the bacte-
rial protein. For example, retinal has
been reacted selectively with one ni-
trogen of diaminodecalin to produce a
structure very similar to the retinal-
protein structure of bacteriorhodop-
sin. What we learn from this line of
investigation may eventually free us
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Figure 9. Changes in bacteriorhodopsin
upon absorption of light. These changes
are part of a detailed mechanism for the
series of events in the cycle of transforma-
tions that was suggested as a result of
research in Professor Lewis1 laboratory.

The first and fastest transformation, de-
tected by laser spectroscopy, occurs in less
than 1 picosecond; it produces an electron-
ically excited form that evolves into K.
Visually the pigment changes in color from
purple to blue as a result of this transfor-
mation. A major change is the creation of a
large dipole caused by the shift of a positive
charge from the Schiff-base nitrogen on

from the need to use the whole bac-
terium to produce the elements of the
protein structure we are interested in.

PRELIMINARY WORK
ON A SOLAR CELL
One of our current projects is to ex-
plore the possibility that bacterio-
rhodopsin could be used as an effective
energy converter. We have con-
structed an experimental solar cell
containing membranes that are com-
posed of multiple layers of the pigment
supported on polysulfone. These

the retinal to the ring structure upon
photon absorption.

Subsequent chemical and structural
changes, involving five atnino acid res-
idues, are caused by a sequence of proton
shifts. A result is the establishment of
proton movement across the membrane.
Protons derived from the breakdown of
water are taken up from the cytoplasmic
side of the membrane and released into the
external medium. The pigment thus oper-
ates as a light-driven ' proton pump.

layers have the ability to absorb light
energy and split water, producing hy-
drogen and oxygen. An ultimate goal is
to develop an efficient bacterio-
rhodopsin-based hydrogen-producing
solar cell (see Figure 10).

At the present time these cells are
much less efficient than the liquid-
junction cells that are being actively
developed, but the research is just
beginning. Actually, bacteriorhodop-
sin-based solar cells have many poten-
tial advantages over liquid-junction
cells:
• Bacteriorhodopsin is very resistant
chemically (it is formed in highly saline
solutions) and is also resistant to high

photon fluxes (as demonstrated by our
laser experiments).
• Even though the efficiency of the
experimental solar cell is still low, the
theoretical efficiency, as determined
from thermodynamic calculations, is
high—about 60 percent.
• The device would use inexpensive
materials that are not limited in supply.
• The absorption properties of bac-
teriorhodopsin can be easily manipu-
lated chemically or genetically to im-
prove its characteristics in a solar cell.

A solar cell based on Halobacterium
halobium has particularly strong pos-
sibilities for use in spacecraft; indeed,
NASA is sponsoring our current re-
search at Cornell. For one thing, the
bacterium grows in oxygen-free envi-
ronments and is particularly resistant
to radiation damage (possibly because
of its primordial origins). Also, the
system fits the need of spacecraft for a
means of supplying both hydrogen and
oxygen. Of course, more experimental
work is needed. For example, we must
find out how well bacteriorhodopsin
systems could withstand temperature
variations, an important consideration 8



"An ultimate goal is to develop
an efficient bacteriorhodopsin-based
hydrogen-producing solar cell.''

for both terrestrial and extraterrestrial
applications.

Recently, two new inorganic photo-
catalytic hydrogen-evolving systems
reported by workers at the Lawrence
Berkeley Laboratory and the Univer-
sity of Texas have generated consider-
able interest. These systems, like our
bacteriorhodopsin membranes, are
composed of inexpensive and readily
obtainable material (such as iron
oxide, magnesium oxide, and silicon
dioxide). They are comparable to our
bacteriorhodopsin cell also in that al-
though they presently run at low effi-
ciency, they have the potential for
significant improvement. These newly

Figure 10. The experimental hydrogen-
generating bacteriorhodopsin battery under
development at Cornell. The inset diagram
illustrates a solar-cell unit containing a mul-
tilayer membrane of bacteriorhodopsin
'proton pumps" incorporated into phos-

pholipid bilayers. The electrolytes are 3M
sodium chloride for the cell containing the
cathode and a 6 iso-osmolar solution for the
cell containing the anode.

reported systems have some draw-
backs, however. The Berkeley cell, for
example, must be renewed every eight
hours because of reduction of mag-
nesium oxide. More importantly, these
systems do not appear capable of
operating under the environmental
conditions that are anticipated for
many applications. The bacterio-
rhodopsin system, by contrast, can
operate under high light fluxes, for
long periods of time, without altera-
tion; and it is peculiarly capable of
functioning in corrosive atmospheres.

IDEAS FOR TECHNOLOGY
AND WHERE THEY COME FROM
Various extensions of research on bac-
teriorhodopsin could lead to tech-
nologically feasible methods of solar-
energy conversion. For example, there
is the possibility, mentioned at the
beginning of this article, of using the
pigment in large solar collectors.

In our laboratory, we have been
exploring the possibility of combining
technologies to improve the quantum
yields of proton production. One of the
suggestions for doing this is based on

Figure 10
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'The imaginative
leap from fundamental

knowledge
to engineering

application begins
on the side of

solid research:

our fundamental observations which
suggest that light generates a large
dipole moment in retinal, and that this
subsequently stimulates proton move-
ments. It might be possible to stabilize
such dipole moments, and thereby in-
crease proton production, by mixing
bacteriorhodopsin chips with sols—
fine suspensions of free-electron
metals—or through genetic manipula-
tion of a particular amino acid in the
protein chain.

The course of the work on bac-
teriorhodopsin illustrates the impor-
tance of fundamental research to
technological progress. The basic
studies came first. Who would have
thought of a solar cell based on a
bacterial pigment if researchers had
not been studying this unique system
for its scientific interest? The imagina-
tive leap from fundamental knowledge
to engineering application begins on
the side of solid research.

Aaron Lewis, an associate professor of
applied and engineering physics, began
studying the visual pigment rhodopsin ten
years ago. His current investigation of
bacteriorhodopsin as a source of solar
hydrogen developed out of that research.

After receiving his early education in
India, where he was born, Lewis studied at
the University of Missouri for the B.S.
degree in chemistry and mathematics,
awarded in 1966. He received the Ph.D. in
chemical physics, with a specialization in
vibrational spectroscopy ,from Case West-
ern Reserve University in 1969. Sub-
sequently, he spent three years in postdoc-
toral research, first at Case Western
Reserve in physical studies of the visual
process, and then as a National Institutes

of Health fellow at Cornell studying protein
chemistry.

Lewis is a member of the National
Academy of Sciences Committee on
Fhotobiology and is on the editorial board
of several journals. He has published over
fifty papers on rhodopsin and bac-
teriorhodopsin and was chairman of the
Gordon Conference on Physical and
Chemical Aspects of Visual Transduction.
Among honors he has received are an
Alfred P. Sloan Research Fellowship and a
Guggenheim fellowship. He is a fellow of
the American Physical Society and a
member of the honorary society Sigma Xi. 10



FUEL CELLS: A CLEAN, EFFICIENT
SOURCE OF ELECTRICITY

by Joseph F. Cocchetto
The goals of increased energy effi-
ciency and reduced environmental im-
pact often conflict and have placed a
heavy burden on conventional power
systems such as the internal combus-
tion engine and power plants that gen-
erate electricity through combustion of
fossil fuels. Combustion power cycles,
or heat engines, convert less than 40
percent of the heat evolved from com-
bustion of a fuel into work (mechanical
energy or electricity); waste heat must
be rejected to the environment. The
combustion of fossil fuels also gener-
ates a variety of pollutants that are
difficult to control even with costly
abatement strategies.

Much better efficiency and the vir-
tual elimination of many pollution
problems are possible, however. In-
stead of burning fuels and converting
the heat into work, the combustion
step can be eliminated and the chemi-
cal energy transformed directly into
electricity. The device that can do this
is the fuel cell. The combination of high
efficiency with negligible production
of pollutants and quiet operation (it has

11 no moving parts) makes the fuel cell an

attractive source of power, especially
in urban areas. In fact, electric utilities
are now testing a 4.5-megawatt (MW)
fuel-cell power plant in Manhattan.

A comparison of the efficiencies of
energy-conversion systems demon-
strates why fuel cells are so promising.
The theoretical, or maximum, effi-
ciency of any heat engine is limited by
the temperatures at which heat is
supplied and rejected. Practical heat
engines have theoretical efficiencies of
only about 50 percent, and their actual
efficiencies are considerably lower
than that. Coal- or oil-fired steam
power plants, for example, convert
only 35 percent of the heating value of
the fuel into electricity. In contrast,
fuel cells typically have theoretical ef-
ficiencies of over 80 percent, and with
fuels such as hydrogen, these levels
can be approached in practice.

Although the fuel cell was invented
in 1839 (by Sir William Grove), its
first notable application came in the
manned space missions, for which
maximum power per unit weight was
of overriding concern. Fuel cells have
undergone considerable development

in recent years, and continued ad-
vances in the technology could lead to
a wide variety of commercial, residen-
tial, and transportation applications.

FUEL CELLS:
PRINCIPLES OF OPERATION
All fuel cells consist of a pair of elec-
trodes separated by an electrolyte.
Fuel is oxidized electrochemically via
half-cell reactions that are catalyzed at
the electrode surfaces. Hydrogen and
oxygen (or air) are the most important
reactants.

The principles are illustrated in
Figure 1, a schematic of a hydrogen/
oxygen fuel cell with acid electrolyte.
At the anode, the fuel (hydrogen) is
oxidized to the ionic state and elec-
trons are released. The hydrogen ions
and electrons are consumed at the
cathode, where oxygen is reduced to
water. A difference in potential (volt-
age) is established between the elec-
trodes as a result of the electrochemi-
cal reactions; electrons are driven
through the external load connecting
the electrodes, while hydrogen ions
are transported through the electrolyte



to complete the electrical circuit. The
electrolyte serves to conduct ions but
not electrons; it also prevents direct
reaction between hydrogen and oxy-
gen, which would produce water and
heat but not electricity.

The power output of a fuel cell is
simply the product of cell voltage and
cell current. Unlike a battery, which
requires periodic charging, a fuel cell
generates electricity as long as fuel and
oxidant are supplied to the electrodes.

Fuel cells are usually classified ac-
cording to the electrolyte and operat-
ing temperature. Aqueous electrolytes
—acids or bases—are impractical
above, say, 200°C because evapora-
tion becomes excessive at the usual
operating pressures. Aqueous bases
such as potassium hydroxide can be
used only if the fuel and oxidant are
free of carbon dioxide, which reacts

Above: The first fuel cell, invented in Eng-
land in 1839 by Sir William Grove, was
sketched for an article that appeared in
Philosophical Magazine in 1842. The idea
was to produce electricity, which could
then be used to electrolyte water; or, in
Grove's words, "to effect the decomposi-
tion of water by means of its composition.''

The 'battery" consisted of individual
fuel cells, such as the four sketched, con-
nected electrically in series. The electrodes
consisted of hydrogen or oxygen in contact
with platinized platinum strips that were
immersed in the electrolyte of dilute sul-
furic acid. The hydrogen and oxygen pro-
duced by the decomposition of water were
collected in the inverted tubes shown at the
top of the sketch.

Grove, who was a lawyer and was
knighted for his service as a judge, accom-
plished his scientific work early in his adult
life, during a ten-year period when ill
health curtailed his activities in the legal
profession.

Above: A modern fuel-cell stack such as
this contains several hundred individual
cells. Stacks of this kind are used in fuel-
cell power plants such as the 4.5-MW
facility—now in start-up phase—in Man-
hattan. (Photograph courtesy of United
Technologies Corporation.)

with these electrolytes; acid electro-
lytes are generally preferred in order to
avoid this problem. Molten alkali-
metal carbonates are effective electro-
lytes at temperatures of 600 to 700°C;
carbonate ions generated at the
cathode are conducted through the
electrolyte to the anode, where they
are consumed (see Figure 2). Fuel cells
with a solid oxide electrolyte—such as
stabilized zirconia—operate at 800 to
l,000°C, temperatures at which oxy-
gen ions are conducted through the
solid lattice. For a given fuel and oxi- 12
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dant, the same overall reaction can be
carried out in any of these fuel cells to
generate electricity. The active ionic
species and the individual electrode
reactions, however, depend upon the
nature of the electrolyte.

ELECTRODES FOR USE
WITH GASEOUS REACTANTS
Electrodes are key components of any
fuel cell, but their design and operation
are particularly complex and critical
when the electrolyte is liquid and the
reactants are gaseous. The phos-

phoric-acid or molten-carbonate cells
that are closest to large-scale applica-
tion by electric utilities fall into this
category. Porous electrodes, called
gas-diffusion electrodes, are used in
these fuel cells to provide a large sur-
face area for reaction and for effective
contact among gas, liquid, and solid
components.

Simple models of porous gas-
diffusion electrodes (see Figure 3) il-
lustrate the electrode processes.
Gaseous reactants must dissolve in the
liquid electrolyte and then diffuse to

Figure I. A hydrogen/oxygen fuel cell with
acid electrolyte. Hydrogen, the fuel, is
oxidized at the anode with the release of
electrons and hydrogen ions. Both are
transported to the cathode—the hydrogen
ions through the electrolyte and the elec-
trons through the external load—where
they bring about the reduction of oxygen to
water. (Product water must be removed to
maintain a constant electrolyte composi-
tion.) The electrochemical reactions estab-
lish the cell voltage V and the current [; the
power output of the cell is the product of
current and voltage.

A practical phosphoric-acid cell of this
type can generate about 500 watts. The
first utility fuel-cell power plant (see the
photograph on page 18) contains stacks of
individual fuel cells that will generate a
total of 4.8 MW of DC power (4.5 MW AC).

Figure 2. A hydro gen I oxygen fuel cell with
molten-carbonate electrolyte. At the
anode, the hydrogen fuel reacts with car-
bonate ions from the electrolyte to gener-
ate water, carbon dioxide, and electrons;
the carbon dioxide is transferred to the
cathode, where it reacts with oxygen and
electrons to form carbonate ions. Fuel
energy not converted to electricity is
largely recovered as heat. This type of cell
also shows promise for commercial use.

the catalytic electrode surface, where
electrochemical reaction occurs. The
ions that participate in these reactions
are transported through the electro-
lyte, while electrons are conducted
through the electrode. Products such
as water vapor must diffuse out of the
pores to the reactant gas stream, which
eventually leaves the fuel cell.

Since electrochemical reaction can
proceed only on the wetted electrode
surface (that is, at the electrode/
electrolyte interface), it is generally
desirable to design the electrodes so



Figure 3. Representations of porous gas-
diffusion electrodes. In the simple models
illustrated, the electrode is assumed to
contain uniform, parallel, cylindrical
pores. The reactant gases dissolve in the
liquid electrolyte and diffuse to the elec-
trode surface, where the reaction takes
place; reaction is limited, therefore, by the
accessibility of the surface area. When the
pores of the electrode are flooded, as in a,
reaction is concentrated near the meniscus
and the electrode surface is poorly utilized.
When the pores of the electrode are cov-
ered only by a film of electrolyte, as in b,
more surface area supports reaction. In
practical electrodes, the design must
achieve a balance that will limit the flood-
ing of pores yet maintain the gas/liquid
interface within the electrode.

that the dissolved reactant gases can
readily reach that surface. Most of the
reaction occurs where the diffusion
paths are shortest. In a flooded
(electrolyte-filled) pore, for example,
reaction is concentrated near the
meniscus; and, as a result, the elec-
trode surface is poorly utilized. An
electrode will perform much better if
its pores are covered with only a thin
film of electrolyte, so that most of its
surface can be utilized for reaction.

A practical design constraint is the
necessity to maintain the gas/liquid
interface within the electrode. The gas
pressure tends to force electrolyte out
of the pores, and must be balanced by
capillary forces which tend to flood the
pores with electrolyte. One technique
is to incorporate Teflon into the elec-
trodes to control the wetting charac-
teristics; another is to contain the elec-
trolyte within an inert polymeric or
inorganic matrix between the elec-
trodes. Biporous electrodes have also

Figure 3
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been used; in these, fine pores in a
layer facing the electrolyte are
flooded, while coarser pores on the gas
side of the electrode remain relatively
dry.

State-of-the-art phosphoric-acid fuel
cells consist of a thin, electrolyte-
filled matrix sandwiched between
Teflon-bonded porous carbon elec-
trodes containing small amounts of
platinum electrocatalyst. Typical mol-
ten-carbonate fuel cells use a porous
nickel anode, a porous nickel-oxide
cathode, and a ceramic matrix (called

electrolyte tile) between the electrodes
to contain the electrolyte. The struc-
tures of these practical electrodes are
complex, since the pores are
nonuniform in both size and orienta-
tion. As a result, the distribution of
electrolyte and the variation in reac-
tion rate within an electrode are dif-
ficult to quantify.

FACTORS AFFECTING
FUEL-CELL PERFORMANCE
A fuel cell's maximum voltage and
maximum efficiency (for conversion of
chemical energy to electricity) depend
on the nature of the fuel and the oxi-
dant, and on the operating conditions.
For example, a reversible (ideal)
hydrogen/oxygen fuel cell operating at
190°C and atmospheric pressure has a
potential of 1.14 volts, and 90 percent
of the heating value of hydrogen can be
converted directly into electricity.

The reversible cell voltage can be
approached in actual fuel cells under
open-circuit conditions—that is, when
no current is drawn—if the electrode
reactions are at equilibrium. However,
no electricity is produced. As the cell
current increases, the cell voltage and
the conversion efficiency both de-
crease (see Figure 4): less electricity
and more heat are produced per unit of
fuel consumed. A reduction in cell
voltage below the value that is theoret-
ically attainable results from polariza-
tion, a collective term for certain ir-
reversible processes in the fuel cell—
inefficiencies analogous to frictional
losses in mechanical equipment.

This voltage-loss phenomenon has
three components: ohmic, activation,
and concentration polarization. The
major ohmic loss occurs in the electro- 14



lyte and is due to its resistance to the
ionic current. Increasing the ionic
conductivity of the electrolyte and de-
creasing the distance between the
anode and cathode reduce the ohmic
loss. Activation polarization is related
to the electrochemical kinetics. The
current density (cell current per unit
area of electrode) is determined by the
rate at which the electrode reactions
occur, and the driving force for each
electrode reaction is the activation
polarization—the voltage loss neces-
sary to overcome the potential-energy
barrier of an electrochemical reaction.
Activation polarization can be reduced
by increasing the temperature and by
using a better electrocatalyst. Another
factor that often limits the reaction rate
in a porous electrode is the rate at
which dissolved reactant can diffuse
through the electrolyte to the electrode
surface. Such mass-transfer limita-
tions result in significant reactant con-
centration gradients and therefore in
concentration polarization. The max-
imum rate of transport of reactants to
the active electrode surface dictates
the maximum current density. It
should be apparent from the earlier
discussion of porous gas-diffusion
electrodes that the structure of an elec-
trode is an important determinant of
concentration polarization and there-
fore of fuel-cell performance.

DEVELOPMENT OF
FUEL-CELL POWER PLANTS
The efficiency, environmental accept-
ability, and modularity of fuel cells
make them attractive to electric
utilities as candidates for both dis-
persed and, eventually, baseload

15 power generation.
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Figure 4. Voltage losses in a fuel cell.
Actual cell voltage, V, is less than that of
an ideal cell because of polarization
phenomena analogous to fractional losses
in mechanical systems.

Figure 5. Schematic of a fuel-cell power
plant.

Figure 5
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A fuel-cell power plant consists of
three major subsystems: a fuel pro-
cessor, fuel-cell stacks, and a power
conditioner (see Figure 5). The fuel
processor converts a conventional fuel
such as natural gas, oil, coal, or alcohol
into a clean hydrogen-rich gas suitable
for feeding to the fuel cells. Although
this step requires energy, it is benefi-
cial, since hydrogen can be oxidized
electrochemically much more effi-
ciently than any other fuel.

A single fuel cell produces DC
power at, typically, 0.5 to 1 volt for

current densities of 100 to 400 amperes
per square foot of electrode area. An
appropriate number of fuel cells are
stacked and connected electrically in
series to obtain the desired output volt-
age, while the electrodes are sized to
provide the necessary current. A com-
promise must be reached between high
cell voltage and high current density:
high cell voltage results in greater effi-
ciency and lower operating costs, but
high current densities are desirable in
order to reduce electrode size and
therefore capital costs.
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Figure 6. Comparison of the efficiencies of
conventional and fuel-cell power plants
operating on fossil fuels. Here efficiency
refers to the proportion of the fuel's heat-
ing value that is converted to AC power.
a. Power-plant efficiency as a function of
size (capacity). (Adapted from a paper by
W. J. Lueckel et al., presented at the 1972
IEEE winter meeting.)
b. Efficiency over a range of load. Fuel-cell
power plants, in contrast to conventional
plants, can operate efficiently at power
outputs below the rated capacity. (Adapted
from an article by A. P. Fickett in Scientific
American, December 1978, pp. 70-76).

Finally, the power conditioner con-
verts the DC power from the fuel-cell
stacks to AC for distribution. The
chemical energy that is not converted
directly to electricity in the fuel cells is
converted to heat, which can be used
to generate steam and additional elec-
tricity with a conventional bottoming
cycle.

A major advantage of fuel-cell
power plants as compared to conven-
tional plants is their greater efficiency
(see Figure 6), especially with the cer-
tainty of further improvement. If high-
temperature waste heat, as from
molten-carbonate fuel cells, is used to
generate additional electricity, power-
plant efficiencies of more than 50 per-
cent are projected, even with coal as
the fuel. Furthermore, since the effi-
ciency of a fuel-cell power plant is
governed primarily by the efficiency of
a single cell, its value is nearly inde-
pendent of plant size down to a capac-
ity of about 1 MW (see Figure 6a). An
additional factor is that the efficiency
of a fuel-cell plant, unlike that of con-
ventional plants, would be maintained
at power outputs lower than the rated 16
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capacity; this is shown graphically in
Figure 6b. All these features are ideal
for load-following applications.

The environmental advantages of
fuel-cell power plants over conven-
tional fossil-fuel plants include a dra-
matic reduction in pollutant emissions
(Figure 7), elimination of water re-
quirements, and quiet operation. Most
of the pollutants from a fuel-cell plant
are generated in the fuel processor, but
even with coal as the fuel, the levels of
emissions are expected to be lower
than those allowed under future as well
as current standards. Because of these
favorable environmental features,
fuel-cell plants can be located where
the electricity is needed—as in large
urban areas—and this reduces the
transmission and distribution of power
over long distances.

The modular nature of fuel-cell
power plants is another key advantage.
Generating capacity can be increased
gradually by adding fuel-cell stacks, so
that plant capacity can match more
closely an increasing demand for elec-
tricity. Also, fuel-cell components can
be mass-produced and assembled into

Figure 7. Comparison of pollutant emis-
sions from fuel-cell power plants and con-
ventional fossil-fuel plants. (Adapted from
Handbook of Fuel Cell Performance.
Chicago: Institute of Gas Technology,
1980.)

stacks at the factory, thereby reducing
lead time and construction costs.

The nation's first utility fuel-cell
power plant—the 4.5-MW facility in
Manhattan—is scheduled to begin
operating some time this year. The
plant contains nearly ten thousand
phosphoric-acid fuel cells, each capa-
ble of generating 500 watts of electric-
ity; naphtha, natural gas, or synthetic
natural gas can be used as fuel. The
construction of this facility was a
cooperative venture, with funding
from the Department of Energy, the
Electric Power Research Institute,
United Technologies Corporation, and
a utility group led by the Consolidated
Edison Company of New York. Its
successful demonstration will be a sig-
nificant step toward the commerciali-
zation of fuel-cell technology.

'The use of
fuel cells could
significantly
increase efficiency
. . . and at the same
time reduce
environmental
impact/'



ENGINEERING CHALLENGES
AND THE CORNELL PROGRAM
Continuing research and development
are needed to achieve the full potential
of fuel-cell technology. For example,
although state-of-the-art fuel cells are
already more efficient than the best
heat engines, there is considerable
room for improvement through reduc-
tion of the voltage losses I described
earlier. In phosphoric-acid cells, the
greatest source of voltage loss under
normal operating conditions is activa-
tion polarization at the oxygen elec-

trode (the cathode), and the search for
an oxygen-reduction electrocatalyst
that is cheaper and more active than
platinum is an ongoing effort. Elec-
trocatalysis is not as severe a problem
in molten-carbonate cells because
they operate at a relatively high tem-
perature, but ohmic, concentration,
and activation polarizations are still
significant.

Improvements in the reliability and
endurance of fuel cells also present
engineering challenges; for both the
phosphoric-acid and molten-carbonate

Left: This fuel-cell power plant in Manhat-
tan, the first in the nation to be part of a
utility system, is scheduled to begin opera-
tion in 1983. The 4.5-MW (AC) facility is
designed to operate on naphtha, natural
gas, or synthetic natural gas. Each fuel cell
has 3.7-square-foot electrodes capable of
generating 500 watts of electricity (about
200 amperes per square foot at 0.65 volt);
twenty stacks, each containing nearly five
hundred cells, provide the 4.8-MW (DC)
capacity. The plant was built under a pro-
gram funded by government and industry.
(Photograph courtesy of United Technol-
ogies Corporation.)

types, such improvements depend
largely on the solution of difficult ma-
terials and corrosion problems. Cost
reductions are dependent also upon
the development of large-scale man-
ufacturing techniques for producing
fuel-cell components.

The opportunity for significant im-
provements in fuel-cell performance is
the motivation for the Cornell research
in this area. We are modeling the per-
formance of gas-diffusion electrodes in
order to quantify the various voltage
losses and to optimize the structure of
porous electrodes for effective mass
transfer and maximum utilization of
the electrode surface.

Past studies of porous electrodes
have been hampered by an inadequate
description of the complex pore
structure—a deficiency which limits
the fundamental information that can
be obtained about the electrode pro-
cesses. This problem can be alleviated
by using electrodes with a controlled,
well-defined pore structure.

In collaboration with Porous Mate-
rials, a company located in Ithaca at
Cornell's Research Park, we are pre- 18



paring metallic electrodes with uni-
form, parallel, conical pores. This is an
easily modeled electrode structure in
which the gas/liquid interface can also
be stabilized if the pores are sized
properly (with radii on the order of
microns) so that only the smaller end of
each pore fills with electrolyte. Our
strategy is to measure the performance
of these electrodes in hydrogen/
oxygen fuel cells, to provide data for
testing theoretical models from which
important kinetic and mass-transfer
parameters can be derived. This in-
formation should be useful in modeling
the performance of more complex por-
ous electrodes, and in making sys-
tematic improvements in their design.
In addition to their value in fundamen-
tal studies, conical-pore metallic elec-
trodes may be of commercial interest
for molten-carbonate fuel cells. Elec-
trodes of this type could eliminate the
need for an electrolyte tile, thereby
reducing ohmic loss and operational
problems. The incorporation of micro-
pores into the structure, to supplement
the conical macropores, should in-
crease the effective surface area and
might improve performance beyond
that of conventional sintered-metal
electrodes.

THE PROSPECTS FOR
FUEL-CELL TECHNOLOGY
Interest in fuel-cell technology has cy-
cled over the past twenty-five years.
Enthusiasm over successes in the early
manned space missions was followed
by doubts about economic competi-
tiveness in terrestrial applications; at
the present time, the mood is cau-
tiously optimistic. Phosphoric-acid

19 cells are near commercial application
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by electric utilities, and molten-
carbonate cells look even more
promising—especially for central
power plants integrated with coal
gasifiers. Continued technological ad-
vances could make fuel cells econom-
ical for other uses as well: for heating
homes and other buildings and for
operating transportation systems and
vehicles.

In view of the national and interna-
tional need to conserve energy re-
sources, the development of this
technology offers important benefits.

The use of fuel cells could significantly
increase the efficiency with which fos-
sil fuels are used, and at the same time
reduce environmental impact. More-
over, fuel-cell development comple-
ments efforts to produce hydrogen
from water using solar energy or other
means.

As long ago as the late 1800s, the
German chemist Wilhelm Ostwald
urged a shift in technological develop-
ment away from combustion processes
to cleaner, more efficient electrochem-
ical processes. His great foresight is
painfully evident today; it is time to
heed his advice.

Joseph F. Cocchetto, an assistant profes-
sor of chemical engineering, conducts re-
search on fuel cells in connection with his
specialties of chemical reaction engineer-
ing and heterogeneous catalysis. He is
interested also in the conversion of coal to
liquid fuels.

Cocchetto is a Cornell engineering
graduate as well as a faculty member: he
received the B.S. degree, with distinction,
in 1973. He did his graduate work in chemi-
cal engineering at the Massachusetts Insti-
tute of Technology, earning the S.M. de-
gree in 1974 and the Ph.D. in 1979. For two
years before pursuing his doctorate, he
was a research engineer at E. I. duPont de
Nemours and Company.

Last spring Cocchetto was selected for
Cornell's Award for Excellence in En-
gineering Teaching, which is given annu-
ally on the basis of student recom-
mendations. The award is sponsored by the
Cornell Society of Engineers and the Uni-
versity's chapter of the engineering honor-
ary society Tau Beta Pi.



Commentary

The Dean's State-of-the-College Report
How is Cornell's College of Engineer-
ing affected by current trends in the
profession, in enrollments, and in re-
search funding? What is its reputation
among peer institutions? Is the College
succeeding in the effort to keep its
educational and research programs
up-to-date? How are its graduates far-
ing in the job market?

These were among the questions ad-
dressed by Dean Thomas E. Everhart
in a talk, illustrated by slides, that he
presented in January to the Univer-
sity's Board of Trustees. Since College
faculty and staff members share the
trustees' interest in the status, prob-
lems, and prospects of Cornell en-
gineering, the dean repeated much of
the presentation at an open meeting on
campus. On the assumption that Quar-
terly readers also share this interest,
we present here excerpts of his talk
and adaptations of some of his graphic
material.

The overriding factor affecting en-
gineering schools today, Everhart said
in his opening remarks, is the rapidity
and extent of technological change.
This affects educational institutions in

both of their related functions—
teaching and research. "It is not un-
usual for an engineering professor to
have to introduce about 20 percent
new course material every year," he
noted. "After about five years, over
half the material in a course may turn
over." And of course, to keep current
in research, facilities and programs
must be continually updated. Because
science and engineering are changing
so rapidly, even maintaining a "steady
state" in educational quality requires
greater faculty effort and greater re-
sources than are required in many
fields, he said; for example, library
acquisitions must be high to keep up
with the influx of new information.

MORE APPLICANTS,
MORE COMPETITION
An indication of the current national
climate in engineering is the dramatic
increase in the numbers of students
applying to engineering schools. At
Cornell, about five thousand applica-
tions for some 650 places in the
freshman engineering class have been
received for next year. This rise in 20
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Above: Data for the past decade shows (in
the first graph) increases in the numbers of
students applying for admission as
freshmen in the College of Engineering,

Because the number of undergraduates
is kept as close as possible to a level
established by the University, the number
of entering freshmen is roughly the same
from year to year, as shown in the second
graph.

This increases the competition for
places, as indicated in the third graph.
The situation in the College of Engineering
has changed more noticeably than in Cor-
nell's College of Arts and Sciences.

interest makes the competition for ad-
mission more intense, Everhart
pointed out. Unlike some schools
which have admitted many more stu-
dents, Cornell has kept its under-
graduate enrollment—and therefore its
student/faculty ratio—essentially con-
stant in order to preserve the quality of
education. In the College of Engineer-
ing, the total enrollment in the
Bachelor of Science (B.S.) degree pro-
gram is about twenty-three hundred. A
significant development is the increas-
ing proportion of women among the
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applicants and among those accepted
and enrolled.

At the graduate level, there has also
been an increase over the past five
years in the number of applicants to
programs in engineering and applied
science. The number accepted has
been allowed to rise moderately; en-
rollment in Master of Science (M.S.)
and Doctor of Philosophy (Ph.D.) pro-
grams has gone from about 480 to 680
in the past four years. The total
number of graduate students, includ-
ing those in the Master of Engineering

Left: Graduate enrollment in engineering
at Cornell has risen in recent years, and
there have been even larger increases in
the number of applicants. In the fall of
I9SI, about 47 percent of those who
applied were offered admission; of these
applicants, about 39 percent were sub-
sequently enrolled.

(M.Eng.) degree program, is now ap-
proximately nine hundred, and is ex-
pected to level off at around one
thousand. "This is a good number,"
Everhart commented. k i t averages to
five graduate students per faculty
member, a ratio that is about right for
an effective research program."

THE JOB MARKET FOR
ENGINEERING GRADUATES
The employment situation for en-
gineering graduates at all degree levels
continues to be good, despite the eco-
nomic recession, Everhart said. The
College placement office, which works
mostly with B.S. and M.Eng. degree
candidates, reports that the great
majority of these graduates are finding
jobs, and many receive several offers.



Right: Starting salaries of Cornell en-
gineering graduates have risen sharply
over the past decade. The figures are for
June of the year indicated.

Below: Blackouts and other phenomena of
electric power systems are studied in the
new Eugene W. Kettering Energy Systems
Laboratory. In addition to a central control
computer and microprocessors, the labo-
ratory has small-scale physical models of
power-system components, enabling stu-
dents and researchers to model actual
large-scale systems and study their
dynamic behavior.

Starting Salaries of Graduates

O

This past academic year, nearly eight
thousand job interviews were con-
ducted on campus under the auspices
of the College placement service; this
was only slightly down from the peak
number in 1980-81.

Furthermore, salaries have been
steadily rising and show no sign of
abating. "In fact," Everhart re-
marked, "the salaries being offered
our graduating seniors are not very
different from what the College can
offer beginning assistant professors
with doctoral degrees. Fortunately,

academic careers are still sought by
many of the best students, who are
attracted by the university environ-
ment and its flexibility—by the oppor-
tunity to pursue research of one's own
choosing." Nevertheless, he com-
mented, salary differentials have
created a problem, nationally, in main-
taining faculties; in the country as a
whole, about 10 percent of engineering
faculty positions are currently unfilled.
At Cornell, he said, "we have been
fortunate in being able to hire faculty
members we want."

CHANGES IN STUDENT MAJORS
AND TEACHING LOADS
The instructional programs in en-
gineering at Cornell have grown and
changed in keeping with developments
in the various fields.

Over the past decade, various trends
in the choice of undergraduate majors
have been seen. These include marked
rises in electrical engineering and
computer science, and substantial
growth in mechanical and aerospace
engineering. Moderate overall in-
creases have occurred in chemical en-
gineering and in materials science and
engineering; civil and environmental
engineering has declined. Other fields
(engineering physics, and operations
research and industrial engineering,
for example) have fluctuated but
stayed at about the same overall level
during the period.

The actual amount of instruction has
increased markedly. Over the past
decade, the total number of student
credit hours taught by College fac-
ulty members has increased by about
50 percent, suggesting a growing
University-wide interest in engineer-
ing subjects. The average number of
credit hours taught per faculty member
has increased more than 25 percent.

The substantial amount of teaching
accomplished by the engineering fac-
ulty is not just at the undergraduate
level, Everhart added. "Our College,
through its faculty, handles more
graduate teaching than those Cornell
units that are considered graduate
schools—more than the law, business,
and veterinary medicine schools," he
said, "and about the same number as
Arts and Sciences, which is more than
twice as large as Engineering." 22



Annual Research Expenditures
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Left: Annual research expenditures by the
College of Engineering increased four-fold
between 1973-74 and 1981-82. For the first
four years of this period (through 1976-77),
the compound growth rate was 9.6 percent;
over the next five years, the compound
growth rate was 22.8 percent.

Below: Trends in research funding over the
past five years are reflected in the table.
The largest amount of federal money
comes from the National Science Founda-
tion. Other major federal funding agen-
cies, in descending order of dollar
amounts, are the Department of Defense,

Year

1977-78

1978-79

1979-80

1980-81

1981-82

TRENDS IN FUNDING FOR RESEARCH

Cornell College of Engineering
Millions Federal Govt.

of Dollars (%)

10.9

14.7

16.3

20.7

24.8

93.7

93.5

90.9

89.5

88.3

Industry
(%)

5.7

5.5

7.3

9.1

10.4

Other
(%)

0.6

1.0

1.8

1.4

1.3
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THE RESEARCH PROGRAM
HEALTHY AND GROWING
The College's growing research activ-
ity is reflected in the level of funding.
As shown in the accompanying graph,
the annual expenditures have in-
creased markedly in the past few
years, reaching almost $25 million in
1981-82. "Of course, research dollars
are not an end in themselves,"
Everhart commented. "They are a
means for educating graduate stu-
dents, making good use of faculty
talent, and producing the research

results needed for a vital university
program." The growth rate is "strong
testimony to the effectiveness of the
faculty," he said. "It shows that our
professors not only teach and do re-
search, but find resources to support
the research activity."

The most recent national survey of
engineering college research and
graduate study, published in Engineer-
ing Education, placed Cornell among
the top few schools in research ex-
penditures. Cornell was very competi-
tive also in research funding per fac-

the Department of Energy, and the Na-
tional Aeronautics and Space Administra-
tion (NASA}; smaller amounts have come
from other sources, such as the Depart-
ment of Health, Education, and Welfare,
the Environmental Protection Agency, and
the Department of Agriculture.

Below: The recent installation of a new
MV18000 computer at the School of Elec-
trical Engineering called for a dedication
celebration. Representatives of the Data
General Corporation, donor of the
$275,000 system, joined Cornellians in
looking over the new equipment.



" . . . industry
realizes it has
a large stake

in the welfare
of engineering
colleges . . .'"

Above: One of the major research
laboratories established in recent years at
the College is the National Research and
Resource Facility for Submicron Struc-
tures. Established by the National Science
Foundation and housed by Cornell in the
recently built Knight Laboratory, the facil-
ity serves the University's researchers in
many areas of microstructure science, en-
gineering, and technology, as well as sci-
entists in university, government, and in-
dustrial laboratories around the country.
State-of-the-art equipment provided by the
facility includes this ion-beam milling
system.

ulty member, with an average for the
engineering faculty of more than
$122,000 a year.

A breakdown of the sources of re-
search funding shows that federal sup-
port accounts for the major share.
"Since more than half the total comes
from NSF," Everhart remarked, "it is
good news that in the recent federal
budget proposal, next year's allocation
for NSF is up by about 22 percent."

A significant trend in the College's
research budget, the dean pointed out,
is the increasing share contributed by

industry. In the past five years, the
dollar amount provided annually by
industrial organizations has increased
four-fold, and it now constitutes over
10 percent of the total research dollars.
"My guess is that this percentage will
continue to rise," he said. Among the
reasons he cited is "the important one
that industry realizes it has a large
stake in the welfare of engineering
colleges and should be more involved
in their programs."

SOURCES OF COLLEGE FUNDS
AND HOW THEY ARE SPENT
An indication of the rising cost of the
total College program is the increase in
the annual budget. In 1973-74 the total
expenditure was about $11 billion; in
1981-82 it was about $39 billion.
Trends in the sources of these funds
are evident in the "pie" charts shown.
The proportion obtained from the Uni-
versity appropriation has decreased,
while the proportionate amount de-
rived from sponsored research has in-
creased. The funds for "sponsored
research," Everhart explained, cover
direct expenses connected with the par- 24



Sources of College Funds

Sponsored \University
Research \ Appropriation
(Government

1973-74 $11.1 M

1977-78 $19.4 M

25
1981-82 $39.1 M

College Expenditures
(Millions of Dollars)

Computer
Expenses
k $0.8 M

Student
Aid
$1.3 M

1981-82

Salaries, Wages,
Benefits
$21.6 M

Capital
Equipment

$2.8 M

$39.1 M

Above: College expenditures in 1981-82.
Not included are University-administered
funds, including those for such expenses as
building maintenance and operating costs,
major capital outlays, and a large share of
financial aid for students.

Left: Sources of funding for the Cornell
College of Engineering. The increasing
dollar amounts and the changing propor-
tions of funds derived from different
categories of sources are illustrated with
data from three different years. A signifi-
cant change is the increasingly larger
share provided by industrial organizations
and by "other" groups, which include
foundations and individuals.

ticular projects. The budget share con-
tributed by "other" sources—which
include foundations, corporations, and
individuals—is also increasing.

The way in which the College funds
are used is illustrated in another "pie"
chart of expenditures. The largest
share, more than half, goes for sal-
aries, wages, and employee benefits.

Everhart commented that despite its
large budget, the College of Engineer-
ing is not "plush" in comparison with
peer institutions, or with respect to the

needs. To maintain excellence in the
face of continual change, he said, the
College requires considerably more in
annual funds. "Nevertheless, in my
talk to the trustees, I stressed the point
that each college has an important role
to play at Cornell," he said. "We
depend upon the College of Arts and
Sciences to teach our students much
basic mathematics, physics, and
chemistry, and also social and
humanistic subjects. These latter help
our graduates interact effectively with
other members of society and be good
engineers rather than narrow
technocrats."

The main priority of the College and
the University, he said, should be the
overall academic program. "It is not
the housing arrangements that bring
quality students here," he concluded,
"and not the food in the dining halls. It
is the excellence of the faculty, the
students, and the educational pro-
grams. It is the excitement of new and
meaningful ideas. It is what goes on in
the classroom."—G. McC.



FACETS

Under the Water, Up in the Air:
Leonard Dworsky at the Controls
When Professor Leonard Dworsky
learned to fly at the age of sixty-two, he
fulfilled a dream that he had been nur-
turing for fifty years.

Dworsky grew up in Chicago during
the 1920s, when barnstorming pilots
were crossing the land, risking their
lives to prove that men could fly. He
used to take the streetcar down to the
old Boston Store on State Street,
where fc "these eagle-eyed men of steel"
gave lectures on the glorious future of
aviation. He built model planes and
studied the principles of flight in aero-
shop at Crane Technical High School.
But he was thwarted in his desire to
become a pilot by his need to wear
eyeglasses. It never occurred to him
that he might become an aeronautical
engineer.

Instead, he followed in the footsteps
of his father, a self-taught engineer
who worked for the Chicago Water
Supply System. At the old 14th Street
pumping station he saw steam-driven,
triple-expansion pumping engines that
were over two stories high. And he
knew that the Chicago River had been
made to flow backward, so that the city

could send its waste water down the
Mississippi instead of returning it to
Lake Michigan. Impressed with these
feats, he studied civil engineering at
the University of Michigan and then
specialized in water resources.

Under the water (below) and up in the air
(at right) are habitats of environmental
engineering professor Leonard Dworsky,
who likes to explore coral reefs in the
Caribbean and pilot a glider over the up-
state New York countryside.
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Left: Dworsky was in his sixties when he
took up gliding. He says that his back-
ground in engineering made it easier to
learn the essentials of meteorology and
aerodynamics.

He has always been at home in his
chosen element. As a boy, he learned
to swim on the eastern shore of Lake
Michigan, where his family had a
summer cottage. Later, he played
water polo on a team coached by Sam
Grellar, an Olympic teammate of
Johnny Weissmuller, who became
Hollywood's best-known Tarzan.
Weissmuller paid his old friend a visit
one day, and Dworsky remembers him
as a man with "shoulders a yard and a
half wide, who jumped in the pool and
was at the other end in three strokes."



Right: Dworsky checks out his plane before
taking off from Tompkins County Airport.

Below: An early exposure to his father's
work as a civil engineer in Chicago led to
his own professional specialization in
water resources. This historic photograph
shows triple-expansion pumps like the ones
he saw when his father took him to visit the
14th Street pumping station. (Photograph
courtesy of the Chicago Historical
Society.)

Dworsky has continued swimming all
his life, and when Cornell offered its
first scuba-diving course, in 1976, he
immediately signed up. After learning
the essentials in Teagle Hall, he went
diving in the coral gardens of the
Caribbean. In the British Virgin Is-
lands, he explored the wreck of the
Rhone, a cargo ship that sank in 1865.

Dworsky's appreciation for the rec-
reational potential of water resources
also led him to take up sailing. While
out driving with his son one day, he
yielded to a sudden impulse and
bought a Cal 21, although he had never
before sailed. After reading up on the
subject, he set out to develop his skills
on Lake Cayuga. He now has a pro-
prietary interest in what he refers to as
"my lake," of which he has a magnifi-
cent view from his office on the third
floor of Hollister Hall.

After his children were grown,
Dworsky felt he could indulge his
fancy and learn to fly. He rapidly de-
veloped the knowledge and skills nec-
essary for powered flight, and went on
to take up gliding. Many enthusiasts
claim that soaring high on the wind 28



gives one a sense of the way birds must
feel. But Dworsky disagrees; he says
that gliding is instinctive for birds, but
for humans, it demands a "heightened
reaction to knowledge." One must
learn a great deal of meteorology and
aerodynamics, and then use this in-
formation to make rational decisions.

"Gliding is not inherently danger-
ous," Dworsky says, "but there is
little room for errors of judgment." He
speaks from experience, having suf-
fered the consequences of a crash land-
ing in a cow pasture. The incident
occurred while he was trying to earn a
silver badge from the Soaring Society
of America. This requires a continuous
flight of at least five hours, a gain in
altitude of 1,000 meters, and a cross-
country flight of at least fifty kilome-
ters. He met the first two criteria with-
out difficulty, but when he set out to fly
from Elmira, New York to Towanda,
Pennsylvania in fulfillment of the third
requirement, disaster struck. Shortly
after starting out he made a low pass
over a ridge in the expectation of find-
ing an updraft on the other side. In-

29 stead, he hit a downdraft followed by

turbulence. He found himself over a
rolling pasture, without sufficient al-
titude to clear a wall of trees that was
rushing toward him. He raised the
brakes, nosed up, and made the best
landing he could on very rough terrain.
The glider withstood the impact, but he
cracked his second lumbar vertebra
and spent a month strapped to a board
in St. Joseph's Hospital.

Dworsky points out that both sailing
and gliding require a knowledge of the
air and its motions; "You begin to
watch the clouds and judge what is
happening and what to expect." But
what really appeals to him about all his
avocations—swimming, sailing, fly-
ing, and downhill skiing, which he has
just recently taken up—is the chal-
lenge of learning to master impulse
through knowledge and reason. "You
suffer the consequences if you make a
mistake," he says, "and you have to
struggle constantly to overcome your
apprehensions. But success leaves you
with a great sense of confidence. If you
are an environmental engineer, you
ought to be able to manage your own
environment."—DAVID PRICE

Leonard B. Dworsky has been a professor
in the School of Civil and Environmental
Engineering since 1964, when he came to
Cornell after an extensive career in public
service. He received the B.S. degree in civil
engineering from the University of Michi-
gan in 1936, and then worked for five years
as an environmental engineer in the Illinois
Department of Public Health. He served in
the army during World War II, attaining
the rank of lieutenant colonel. From 1946
until his move to Cornell, he was an en-
gineering director in the U.S. Public-
Health Service. During this time, he
earned an M.A. in public administration
from American University and studied
natural resources conservation at the Uni-
versity of Michigan.

Dworsky is a member of several profes-
sional societies, and has served on the
national water and energy policy commit-
tees of the American Society of Civil En-
gineers. He is a registered professional
engineer in the state of Illinois and a dip-
lomate of the American Academy of En-
vironmental Engineers. He has served as
environmental consultant to the Rockefel-
ler Foundation; he sat on the Science Advi-
sory Board of the International Joint
Commission; and he was an adviser on
water resources to President Johnson.
From 1964 through 1974 he directed the
Cornell University Water Resources and
Marine Sciences Center.



FACULTY
PUBLICATIONS

Current research activities at the Cornell Uni-
versity College of Engineering are represented
by the following publications and conference
papers that appeared or were presented during
the three-month period September through
November, 1982. (Earlier entries omitted from
previous Quarterly listings are included here
with the year of publication in parentheses.) The
names of Cornell personnel are in italics.

• AGRICULTURAL
ENGINEERING

Campbell, J. K. (1982a.) An uncomplicated
solar water heater for the tropics. Appropriate
Technology $(4):25, 27.

. 19826. Machinery for village-level pro-
cessing of potatoes. Paper no. 82-6513, read at
Annual Winter Meeting, American Society of
Agricultural Engineers, 14-17 December 1982,
in Chicago, IL.
Naylor, L. M., and/?. C. Loehr. 1982. Priority
pollutants in municipal sewage sludge: Part II.
BioCycle 23(6):37-42.
Pitt, R. E. 1982. Models for the rheology and
statistical strength of uniformly stressed vegeta-
tive tissue. Transactions of the American Soci-
ety of Agricultural Engineers 25(6): 1776-84.
Pitt, R. E., G. S. Farmer, and L. P. Walker.
1982. Approximating equations for rotary dis-
tributor spread patterns. Transactions of the
American Society of Agricultural Engineers
25(6): 1544-52.
Rehkugler, G. E. 1982. Tractor steering
dynamics: Simulated and measured. Transac-
tions of the American Society of Agricultural
Engineers 25(5): 1512-15.

• APPLIED AND
ENGINEERING PHYSICS

Jacobson, K., E. Elson, D. Koppel, and W. W.
Webb. (1982.) Fluorescence photobleaching in
cell biology. Nature 295:283.
Lewis, A. 1982a. Kinetic resonance Raman
spectroscopy with microsampling rotating cells.
In Methods in Enzymology, ed. L. Packer, pp.
659-66. New York: Academic Press.

. 19826. Resonance Raman spectroscopy
of rhodopsin and bacteriorhodopsin: An over-
view. In Methods in Enzymology, ed. L. Packer,
pp. 561-616. New York: Academic Press.
Lewis, A., and G. J. Perreault. 1982. Emission
spectroscopy of rhodopsin and bacteriorhodop-
sin. In Methods in Enzymology, ed. L. Packer,
pp. 217-29. New York: Academic Press.
Nothnagel, E. A., J. W. Sanger, and W. W.
Webb. (1982.) Effects of exogenous proteins on
cytoplasmic streaming in perfused Chara cells.
Journal of Cell Biology 93:735-42.
Nothnagel, E. A., and W. W. Webb. (1982.)
Hydrodynamic models of viscous coupling be-
tween motile myosin and endoplasm Characean
algae. Journal of Cell Biology 94:444-54.
Pesacreta, T. C , W. W. Carley, W. W. Webb,
and M. V. Parthasarathy. (1982.) F-actin in
conifer roots. Proceedings of the National
Academy of Sciences, U.S.A. 79:2898-2901.
Scofield, J. H., D. H. Darling, and W. W. Webb.
(1981.) Exclusion of temperature fluctuations as
the source of 1/f noise in metal films. Physical
ReviewB 24:7450-53.
Tank, D. W., E.-S. Wu, P. R. Meers, and W. W.
Webb. 1982. Lateral diffusion of gramicidin C in
phospholipid multibilayers: Effects of choles-
terol at high gramicidin concentration. Biophysi-
cal Journal 40:129-35.

Wu, E.-S., D. W. Tank, and W. W. Webb. (1982.)
Unconstrained lateral diffusion of con A recep-
tors on bulbous lymphocytes. Proceedings of
the National Academy of Sciences, U.S.A.
79:4962-66.

• CHEMICAL ENGINEERING
Azevedo, E. J. S. G., L. Q. Lobo, L. A. K.
Staveley, and P. Clancy. 1982. Thermo-
dynamics of liquid mixtures of argon and carbon
monoxide. Fluid Phase Equilibria 9:267-77.
Calado, J. C. G., P. Clancy, A. Heintz, and W.
B. Streett. 1982. Experimental and theoretical
study of the equation of state of liquid ethylene.
Journal of Chemical and Engineering Data
27:376-85.
Heintz, A., and W. B. Streett. 1982. Phase
equilibria in the H2/C2H6 system at temperatures
from 92.5 to 280.1 K and pressures to 560 MPa.
Journal of Chemical and Engineering Data
27:465-69.
Ma, D. S., and C. Cohen. 1982. NMR self-
diffusion of water in polyacrylamide gels. Paper
read at meeting of American Institute of Chemi-
cal Engineers, 14-18 November 1982, in Los
Angeles, CA.
Rodriguez, F. 1982. Compact correlation of flow
data for solutions of rigid polymer molecules.
Paper read at 54th Annual Meeting of Society of
Rheology, 24-28 October 1982, at Northwestern
University, Evanston, IL.
Shing, K. S., and K. E. Gubbins. 1982. Fluid
phase equilibria for nonideal mixtures: Com-
puter simulation and perturbation theory. Paper
read at annual meeting of American Institute of
Chemical Engineers, 14-19 November 1982, in
Los Angeles, CA. 30
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Shuler, M. L., S. Lee, and S. Rollins. 1982. The
feasibility of an activated sludge-ultrafiltration
unit for use in closed ecological life support
systems: Experimental system and preliminary
results. Paper read at 184th National Meeting of
American Chemical Society, 12-17 September
1982, in Kansas City, MO.

• CIVIL AND ENVIRONMENTAL
ENGINEERING

Brutsaert, W. 1982. Vertical flux of moisture and
heat at a bare soil surface. In Land surface
processes in atmospheric general circulation
models, ed. P. S. Eagleson, pp. 115—68. Cam-
bridge, England: Cambridge University Press.
Dick, R. I. (1982a.) Comments on integrated
swine waste management system for pollution
control and energy and food production. In
Proceedings of State-of-the-Art Seminar on En-
vironmental Engineering and Pollution Control
Processes (Publication EPA-600/9-82-018), ed.
D. F. Carey and J. Y. C. Huang, pp. 171-73.
Washington, DC: U.S. Environmental Protec-
tion Agency.

. (1982£.) Thomas R. Camp Lecture:
"Sedimentation since Camp." Journal of the
Boston Society of Civil Engineers 68:199-235.
Grigoriu, M. \9S2a. Approximate analysis of
load combination probability. Paper read at an-
nual convention of American Society of Civil
Engineers, 25-29 October 1982, in New Orleans,
LA.

. 19826. Approximate solution of first-
passage problem. ASCE Journal of the En-
gineering Mechanics Division 108(EM5):991-
99.
Jau, W.-C, R. N. White, and P. Gergely. 1982.
Behavior of reinforced concrete slabs subjected

to combined punching shear and biaxial tension.
Report no. NUREG/CR-2920. Washington, DC:
U.S. Nuclear Regulatory Commission.
Liggett, J. A. 1982. Singular cubature over
triangles. International Journal for Numerical
Methods in Engineering 18:1375-84.
Liu, P. L.-F., and M. Abbaspour. 1982a. An
integral equation method for the diffraction of
oblique waves by an infinite cylinder. Interna-
tional Journal for Numerical Methods in En-
gineering 18:1497-1504.

. 19826. Wave scattering by a rigid thin
barrier. ASCE Journal of the Waterway, Port,
and Coastal and Ocean Division 108(WW-4):
479-91.
Lukose, K., P. Gergely, and#. N. White. 1982.
Behavior of reinforced concrete lapped splices
for inelastic cyclic loading. Journal of the Amer-
ican Concrete Institute 79(5): 355-65.
Lynn, W. R., andF. A. Long. 1982. University-
industrial collaboration in research. Technology
in Society 4:199-212.
Meyburg, A. H., and A. M. Lee. 1982. Elec-
tronic message transfer: The impact on USPS
resource requirements. In Proceedings of
Transportation Research Forum, vol. 23, no. 1,
pp. 532-40. Oxford, IN: Richard B. Cross.
Orloff, N. (1982.) SEQR: New York's reforma-
tion of NEPA. Albany Law Review 46:1128-54.
Stedinger, J. R.t and D. Pei. 1982. An annual-
monthly streamflow model for incorporating
parameter uncertainty into reservoir simulation.
In Time series methods in hydrosciences, ed. A.
H. El-Shaarawi and S. R. Esterby, pp. 520-29.
Amsterdam: Elsevier.
Stedinger, J. R., D. Pei, and T. Cohn. (1982.) A
review of the literature of 1981 on wastewater
and water pollution control: Systems analysis.

Journal of the Water Pollution Control Federa-
tion 54:508-11.
Stedinger, J. R., and M. R. Taylor. (1982a.)
Synthetic streamflow generation, part I: Model
verification and validation. Water Resources
Research 18:909-18.

. (1982/?.) Synthetic streamflow genera-
tion, part II: Effect of parameter uncertainty.
Water Resources Research 18:919-24.
Tsay, T.-K., and P. L.-F. Liu. 1982. Numerical
solution of water-wave refraction and diffraction
problems in the parabolic approximation. Jour-
nal of Geophysical Research 87(C 10):7932-40.
Turnquist, M. A., A. H. Meyburg, and S. G.
Ritchie. 1982. An innovative transit service
planning model that uses a microcomputer.
Transportation Research Record 845:1-5.
White, R. N. 1982. Model study of the failure of a
steel bin structure. In Proceedings: Physical
Modeling of Shell and Space Structures, ed. G.
M. Sabnis and S. E. Swartz, pp. 1-22. New
Orleans, LA: ASCE.
White, R. N., and P. Gergely. 1982a. Punching
and radial shear problems in reinforced concrete
containments. In Proceedings of Workshop on
Containment Integrity, vol. 2 (NUREG/CP-
0033, SAND82-1659), ed. W. A. Sebrell, pp.
109-21. Albuquerque, NM: Sandia National
Laboratories.

. 19826. Summary of research on con-
tainment elements. Paper read at 10th Water
Reactor Safety Research Information Meeting,
11-14 October 1982, at National Bureau of Stan-
dards, Gaithersburg, MD.
Yan, S. Y., W. R. Philipson, and W. L. Teng.
1982. An analysis of Seasat SAR for detecting
geologic linears. In Proceedings of Fall Techni-
cal Meeting, American Society of Photogram-
metry, pp. 435-42. Falls Church, VA: ASP.



• COMPUTER SCIENCE
Coleman, T. F., and A. R. Conn, \982a. Non-
linear programming via an exact penalty func-
tion: Asymptotic analysis. Mathematical Pro-
gramming 24:123-36.

. \9S2b. Nonlinear programming via an
exact penalty function: Global analysis.
Mathematical Programming 24:137-61.
Pritchard, P. 1982. Explaining the wheel sieve.
Acta Informatica 17:477-85.
Salton, G. 1982. Automatic information re-
trieval. In End user facilities in the 1980s, ed. J.
A. Larsen, pp. 229-44. New York: IEEE Com-
puter Society.

• ELECTRICAL ENGINEERING
Ballingall, J. M., and C. E. C. Wood. 1982.
Crystal orientation dependence of silicon au-
tocompensation in molecular beam epitaxial gal-
lium arsenide. Applied Physics Letters 41:947-
49.
Barnard, J.A.,F.E. Najjar, andL. F. Eastman.
1982. The steady-state optical response of the
homojunction triangular barrier photodiode.
IEEE Transactions on Electron Devices ED-
29:1396-1403.
Barnard, J. A., C. E. C. Wood, and L. F.
Eastman. 1982. Preparation and properties of
molecular beam epitaxy grown
(AlO5Gao 5)o 48^052As. IEEE Electron Device
Letters EDL-3.318-19.
Berger, T., and A. Kaspi. 1982. Rate-distortion
for correlated sources with partially separated
encoders. IEEE Transactions on Information
Theory IT-28:828-40.

Bischoff G., and P. Krusius. 1982. Universal
user defined device modeling approach for simu-
lation of integrated circuits. Paper read at 5th
Annual Conference on Electron Devices Ac-
tivities in Western New York, 19 October 1982,
in Rochester, NY.
Cook, R. #.,and J. Frey. 1982. An efficient
technique for two-dimensional simulation of ve-
locity overshoot effects in Si and GaAs devices.
COMPEL 1:65-87.
Faricelli,J., andJ.Frej. 1982. PATHFINDER:
A CAD tool for analyzing CMOS latchup struc-
tures. Paper read at IEEE Symposium on VLSI
Technology, 1-3 September 1982, in Oiso,
Japan.
Finn, A. M., and C. Pottle. 1982. An algorithm
and simulation results for a systolic array com-
putation of the singular value decomposition. In
Proceedings of 1982 International Large Scale
Systems Symposium, pp. 93-97. New York:
IEEE.
Heffernan, D. M., and R. L. Liboff (1982.)
Review of fundamental processes for matter-
radiation interaction. Journal of Quantitative
Spectroscopy and Radiative Transfer 27(1):
55-77.
Kawai, N. J., C. E. C. Wood, and L. F.
Eastman. 1982. Carrier compensation at inter-
faces formed by molecular beam epitaxy. Jour-
nal of Applied Physics 53:6208-13.
Kieckhafer, R., and C. Pottle. 1982. A processor
array for factorization of unstructured sparse
matrices. In Proceedings of IEEE International
Conference on Circuits and Computers, pp.
380-83. New York: IEEE.
Kinch, R., and C. Pottle. 1982. Automatic test
generation for electron-beam testing of VLSI
circuits. In Proceedings of IEEE International
Conference on Circuits and Computers, pp.
548-51. New York: IEEE.
Krusius, P., and./. J. Berenz. 1982. Simulation
of the novel high frequency FET with an
opposed-gate source structure. Paper read at
Joint SIAM-IEEE Electron Devices Society
Conference on Numerical Simulation of VLSI
Devices, 2-4 November 1982, in Boston, MA.
Liboff, R. L., and D. M. Heffernan. 1982. Kinet-
ic theory for a short-wavelength lasing plasma.
Journal of Plasma Physics 27:473-89.
Nulman, J., J. Faricelli, and P. Krusius. 1982.
Vi fim Si MESFET logic devices. IEEE Transac-
tions on Electron Devices ED-29:1665.
Nulman, J., and/.P. Krusius. 1982. Self-aligned
gate technologies for submicron MESFETs and
MOSFETs with channel lengths down to 1000A.
Paper read at 5th Annual Conference on Elec-
tron Devices Activities in Western New York,
19 October 1982, in Rochester, NY.
Olsson, A., D. Erskine, Z. Xu, A. Schremer, and
C. L. Tang. 1982. Nonlinear luminescence and

time-resolved diffusion profiles of photo-excited
carriers in semiconductors. Applied Physics Let-
ters 41:659-61.
Tang, C. L. 1982. General considerations in the
characterization of nonlinear optical materials.
Invited paper read at meeting of American
Chemical Society, 12-17 September 1982, in
Kansas City, MO.
Torng, H. C. 1982a. Fiberloop: Integrated ser-
vices with a wideband multiaccess ring. In Pro-
ceedings of the International Symposium on
Subscriber Loops and Services, pp. 225-29.
New York: IEEE.

. 1982/?. R-switch: A VLSI switch ar-
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LETTERS

Engineering and Productivity

Editor: Andrew Schultz's article "Produc-
tivity and Engineering" in your Autumn
1982 issue strikes me as being a most
significant statement of our current na-
tional problem and the most likely direction
in which to find a solution. I should like to
reprint it in the Spring 1983 issue of The
Bent of Tau Beta Pi. Our magazine goes to
more than 83,000 subscribers, all of them
members of Tau Beta Pi. It is this wider-
than-Cornell audience whose attention I
want to call to Dr. Schultz's excellent
presentation. (Dr. Schultz is a member of
Tau Beta Pi, of course, and served for
many years as a faculty adviser to our New
York Delta chapter at Cornell, of which I
am also a member.)
Robert H.Nagel
Knoxville, Tennessee

Editor: In Andrew Schultz' article in the
Autumn 1982 Engineering there is a photo
from Modern Times starring Charlie Chap-
lin and featuring Juana Sutton, the secre-
tary. . . . Thanks to my skills of persua-
sion, she booked passage on a freighter out
of Los Angeles in 1939 and headed for
China where I was serving on a Yangtze
River gunboat. We were married in Shang-

35 hai in May and we still are. . . . I was

president of Webb Institute of Naval Ar-
chitecture for eight years after I retired
from the Navy in 1966 and I know that I
crossed paths with Professor Schultz either
there or when I was chief of the Navy's
Bureau of Ships.
W.A. Brockett, Rear Admiral, USN (Ret)
San Diego, California

Nuclear Power

Editor: Hooray! Just reread your Autumn
1982 issue and found Len Reid's letter re
atomic power, and it made my day! Of
course, I would have changed one sen-
tence; where he says, " . . . and who says
fusion will be safer than fission?" I would
substitute,".. .and who says fusion will be
as safe as fission?" Fission has been
proven in thirty years of actual service in
power stations and Naval vessels to be the
safest system ever invented by man. And
despite the fact that Three Mile Island was
the worst type ofk 'accident" that can befall
a nuclear station, no one was hurt. Physi-
cally, that is; the power company was
apparently destroyed financially by the re-
fusal of the NRC to permit operation of the
undamaged unit.

In view of the obvious world oil glut, it is
understandable that the oil monopoly

would not want the competition from the
fantastic energy potential of nuclear
power; killing the nuclear power industry
was simply a means of reducing competi-
tion; they were given this opportunity
when then President Nixon made an oil
representative the Energy Czar, in charge
of all energy production, including nuclear.

It is damnable that mankind has to live
with the fear of H bombs, even given the
fabulous benefits of the peaceful atom; but
it is obscene to have the H bombs and not
have atomic power.
Arthur Dutky
Omaha, Nebraska

Molecular Thermodynamics

Professor Jorge Calado: I recently read
your short article in Engineering [Vol. 15,
No. 3] on molecular thermodynamics. This
was a tantalizing article and leads one with
my interest in the area to ask for a more
detailed look. Would you please send ref-
erences on work you and perhaps others
have done on elementary interactions be-
tween molecules? Our main interest here is
to extrapolate some type of parameters to
large molecules.
Christopher D. Batich
University of Florida
Gainesville, Florida



Solar and Fuel Cells
in Our Energy Future

A decade ago an international symposium and workshop on the "Hydrogen
Economy" convened at Cornell to explore the potential of hydrogen as a fuel. The
organizer of the conference—Simpson Linke of Cornell's School of Electrical
Engineering—discussed for Quarterly readers the prospects for an energy system
based on this ''abundant, clean, economical synthetic fuel that may be obtained
without sacrifice of national energy self-sufficiency/' Now the current issue
brings us up to date on a few scientific and technological ideas, under development
at Cornell and elsewhere, that have a direct bearing on the Hydrogen Economy, or
at least on hydrogen as a component of the nation's energy resources.

One exciting idea is for a solar cell based on a pigment that can use sunlight to
produce hydrogen (and oxygen) through the decomposition of water. What could
be more appealing than a free source of energy able to convert water to fuel
without consuming anything else—a process that could be used in small portable
units or in utility-size installations, without a huge capital outlay? Aaron Lewis's
article gives us visions of spacecraft operating on batteries of bacteriorhodopsin-
based solar cells, and space travelers breathing oxygen produced by the same
cells. We imagine sunny fields spread with the biologically-produced pigment and
giving off hydrogen that only has to be collected for use as fuel or conversion to
electricity.

The fuel cell described here by Joseph Cocchetto is more technologically
advanced; in fact, a demonstration fuel-cell power plant is to begin operating this
year. Fuel cells could make the utilization of what is left of our fossil fuels more
efficient and environmentally acceptable. But an especially intriguing possibility
is the use of the fuel cell to complement Lewis's bacteriorhodopsin solar cell,
producing electricity cleanly and efficiently from solar hydrogen. Realization of
the full potential of the hydrogen-fuel concept depends upon engineering solutions
to a variety of problems, including those of storage and transportation. But a major
concern is the effective conversion of hydrogen to electricity, and the most crucial
requirement of all is the development of a truly economic means for large-scale
production of the gas. Conceivably, both of these deterrents to the establishment
of hydrogen as a fuel might be overcome by a combination of fuel-cell and
solar-cell technologies.

These possibilities take their place among a lively assemblage of ideas for
energy alternatives, some of which have been discussed by Cornell people in these
pages in recent months and years. The goal of renewable, clean, safe, convenient,
environmentally attractive, and affordable energy may be ambitious, but it is not
ultimately impossible. The requisites for its attainment are ideas, inquiry, and
innovative engineering.—G. McC.
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