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Thermoelectric Cooling and Power 
Generation 

Francis J. DiSalvo 

In a typical thermoelectric device, a junction is formed from two  different 
conducting materials, one containing positive charge carriers (holes) and 
the other negative charge carriers (electrons). When an electric current is 
passed in the appropriate direction through the junction, both types of 
charge carriers move away from the junction and convey heat away, thus 
cooling the junction. Similarly, a heat source a t  the junction causes carriers 
t o  f low away from the junction, making an electrical generator. Such 
devices have the advantage of containing no moving parts, but low 
efficiencies have limited their use t o  specialty applications, such as cooling 
laser diodes. The principles of thermoelectric devices are reviewed and 
strategies for increasing the efficiency of novel materials are explored. 
lmproved materials would not only help t o  cool advanced electronics but 
could also provide energy benefits in refrigeration and when using waste 
heat t o  generate electrical power. 

Imagine having generators that directly convert thermodynamics te!l us that a maximum effi- 
heat to electricity, or refngeration devices that ciency, called the Camot efficiency, cannot be 
use electricity to pump heat from cold to hot, exceeded. The COP at Carnot efficiency is just 
both without any moving parts or bulk flu- TC,,,/(Th,, - T,,,,), where Tho, and T,,,, are the 
ids [liquids or gases like chloroflurocarbons temperatures of the ambient environment and 
(CFCs) or hydrochloroflurocarbons (HCFCs)]. of the coldest part of the refngerator, respec- 
Such thermoelectric (TE) devices already exist. tively. The real efficiency of any device is often 
They are lightweight, small, and inexpensive, given as a percentage of the Camot efficiency. 
and they completely eliminate the need for Present TE devices operate at about 10% of 
CFCs or HCFCs and heavy compressors in Carnot efficiency, whereas the efficiency of a 
small-scale rehgeration. Most refrigeration fail- compressor-based refrigerator increases with 
ures are due to gas leaks or to the failure of 
moving parts in the compressor. The former, of 
course, may also pose environmental problems. 
TE devices are potentially much less prone to 
failure because no moving parts are involved. 
Currently, the world market for TE cooling 
devices is still small (about $80 million to $1 60 
million per year). Major uses for these TE 
devices include cooling laser diodes and elec- 
tronic coolers for picnic baskets. These same 
devices can also be used as electrical generators 
when a source of heat is present. Yet, if these 
TE devices are so useful, why are they not more 
widely used? 

Presently, the use of TE devices is limited 
by their low efficiencies. The efficiency of a 
refngerator is expressed by the coefficient of 
performance (COP), which is the amount of 
cooling divided by the electrical energy input 
needed to obtain that cooling. The laws of 
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size: a kitchen refngerator operates at about 
30% of Camot efficiency and the largest air 
conditioners for big buildings operate near 
90%. Today's TE devices are particularly use- 
ful when rapid on-off cycling is required at low 
temperature differences. Moreover, TE devices 
are used, for example, when the efficiency is a 
less important issue than small size, low weight, 
or high reliability. However, there is no known 
limit to the potential efficiency of a TE device, 
except for the Camot limit. 

The efficiency of a TE device is determined 
by the materials used in making the device, and 
thus the current focus of research is on finding 
better materials. If the low efficiencies can be 
overcome and if new materials can be made at 
reasonable cost, it would revolutionize the cool- 
ing industry. Other industries, such as micro- 
electronics, could also benefit from the devel- 
opment of active cooling technologies. The na- 
tional semiconductor roadmap (I) indicates that 
higher operating frequencies, higher capaci- 
tances, and larger chlp sizes will result in dou- 
bling of the heat dissipation requirements from 

1997 to 2005. In addition, the potential to op- 
erate devices below room temperature holds the 
promise of improved reliability and speed of 
CMOS-based microprocessors. Likewise, when 
used as electrical generators, TE devices could 
tap the waste heat generated in engine combus- 
tion to make automobiles more efficient, for 
example. Thus, the economic benefits of fmd- 
ing higher efficiency TE materials would be 
large. A conservative estimate is that the world 
market for efficient TE materials alone (at cur- 
rent TE materials prices) is billions of dollars 
per year. If one includes the value added to 
systems including the TE devices, such as 
home refrigerators or computers and many new 
applications, the economic impact could be 
huge. Here I discuss the current status of re- 
search to improve the materials used to fabri- 
cate TE devices. 

lmproved Devices 
A schematic of a TE cooler is shown in Fig. 1A. 
Currently available devices are made by joining 
two doped semiconducting materials together, 
one n-type and the other p-type. If a current 
flows from the n-type material to thep-type, the 
dominant caniers in both materials move away 
from the junction and cany away heat. The 
junction thus becomes cold because the electri- 
cal current pumps heat away from the junction. 
This effect was discovered in 1834 by Jean 
Peltier, a French scientist. The heat flow (dQidt, 
measured as energy per second) away from the 
junction is equal to the magnitude of the current 
(I) times the Peltier coefficient (II),  so that 
dQidt = III. If there are no heat inputs to the 
junction, the junction temperature must de- 
crease. If the materials are chosen carehllv. II , ' 
will be large enough to produce significant 
cooling (temperature drop of -50°C). Such a 
device can also be used to generate electricity 
when the junction is intentionally heated. In this 
case, the heat is partly transported by the flow 
of the electrical caniers from the junction to the 
base, which generates a voltage between the 
two ends of the device (Fig. 1B). 

In addition to the heat flow away from the 
junction in a TE cooler, there are heat genera- 
tion effects to consider. Driving electrical cur- 
rent through the device causes the familiar 
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Joule heating. ~vhich is proportional to the de- coolers ~vith ZT of 1 operate at only 10% of 
vice resistance (R) times the square of the cur- Carnot efficiency. At infinite ZT, 100Y0 of 
rent ( I 2 ) :  RI'. Also. if the junction temperahlre Carnot efficiency would be achieved. but that 
is less than the teil1peratu1.e at the base. heat will limit need not be reached to allow many new 
flow back to~vard the junction driven by the technological uses. Some 309.0 of Carnot ef- 
temperatt~re difference (iiQ'rir = K I T ,  where I( ficiency (comparable to home refrigeration) 
is the thelmal conductance of the device). Both could be reached by a device with a ZT of 
of these heat loads limit the temperature drop at only 4. Increasing ZT by a factor of 4 has 
the junction. Because the Peltier cooling is pro- remained a formidable challenge. 
poltional to cuisent and Joule heating is propor- \\hy has the goal of ZT > 1 been so 
tional to the cuisent squared. the illaxiilluln elusive? Understanding elechical caniers in 
decrease in the junction temperature is obtained clystalline solids is one of the triulnphs of 
at an optimal culsent. At the optimal current. modem quantum mechanics, and a theory of 
the coldest attainable junction temperature is TE semicondnctors has been available for about 
propoitional to II2:(RI0. Tlms. as the abol-e 10  years (2 ) .  This transport theoiy needs one 
discussion indicates. the cooling is increased if input: the electronic band structure. hfor2 recent 
II is large and if R and K are small. ininilllizing adlances in determining the band stnlcture. 
the heat load t e i ~ ~ ~ s .  based on density functional theoly and modem 

In 1822. Thomas Seebeck discovered that a computers, give acceptable results (3). The 
material placed in a temperature gradient devel- ~nain  input to band theon is the cnstal struc- 
ops an elect~ical x.oltage between the hot and hlre of the material. Known colnpounds can be 
cold ends. The thennopoxer is the voltage di- solTed into a nmch slnaller group of crystal 
xlded by the gradlent (S = T'AT) and IS the 
basls of the TE pone1 genelator discussed 
above. Based on experimental observations. 
Lord Kelx.in posited in 1854 (and onlj. in 193 1 
did Lars Onsager prove) that rI = (4,-S,,)T. 
n,here S is the t11eimopov.er of each inatelial ( / I -  

or p-type) and T is the temperature of the junc- 
tion. Although II is difficult to measure. S is 
x-eiy easy to measure. If the geometric factors 
that dete~llline the resistance and thei~nal con- 

structure types. A given sh-tlchlre y p e  may be 
adopted by many compounds, and by compar- 
ison, we can often predict which elemental 
coillpositions ~vill  have this same shucture be- 
cause of siiuilar atom sizes and average va- 
lence, for example [4). Ho~vever. many new 
ternary and quateinaly compounds adopt new 
structure types which cannot be predicted be- 
forehand, and without the cnstal stiucture. 
electsonic band struch~re cannot be calculated. 

ductance are taken into account, a materials Not only is the inability to predict crystal struc- 
figure of merit can be defined: Z = S':pti. ture (and thus composition or propelties) the 
where p is the electrical resistivity and ti is the main ilnpedilnent to predicting which new ma- 
thelmal conductivit). In most circumstances. a terials mill make better TE devices. this inabil- 
dilllensionless figure. Z times T, or just "ZT." is ity is most often the limiting factor in obtaining 
quoted. improvements in most other lnaterials applica- 

The best materials available today for de- tions. However, the cursent theory can at least 
vices that operate near room ten~perahn'e ha1.e a be used as a guide to suggest general charac- 
ZT of about 1. a value that has increased by teristics of materials that might be better suited 
only a few tens of a percent since the late for TE devices. 
1950s. These matirials are alloys of antimo- Gi\-en the slow advance in TE efficiencies 
ny and bismuth tellurides with traces of other since the late 1950s. why is this a good time to 
eleillents to dope the semiconductors. TE look for better TE materials? Progess in syn- 

Fig. 4. (A) A schematic of a TE A 
couple. I t  is composed of two 

B 

electrically conducting materials: 
one n-type and the otherp-type. 
They are joined at the top by a 
metal (black bar) to make a junc- 

pty 
tion. When the current flows as 
shown, the negatively charged 
electrons ~n the n-type material 
flow from the junction toward 
the base, while the positively 
charged holes in the p-type ma- 
terial also flow from the junction 
to the base. Both carriers con- 
duct heat away from the junc- 
tion and the junction becomes 
cold. Commercially available de- 
vices contain from 18 to 128 couples. (B) When the junction is instead heated, both types of 
carriers conduct heat to the cold base and a voltage difference is  generated at the two base 
electrodes. This type of thermoelectric generator i s  used in some space missions for system power, 
with a radioactive plutonium mass as the heat source. In terrestrial uses, any source of heat above 
ambient temperature could be used. 

thetic inetl~ods and especially in stmct~lre de- 
termination by x-ray diffraction has been rapid 
and allows much more coillplicated materials to 
be studied than those used in present TE devic- 
es. In some cases, atom-by-atom control of the 
gso~vTh of artificially structured or composition- 
ally graded matelials can be obtained. Modem 
computers make it possible to rapidly calculate 
a realistic electronic description of the caisiers 
(band structure). The combination of all these 
adx ances has ~ncleased the chances of dexelop- 
ing Inlpro\ ed TE matenals The iemaindei of 
this al~icle focuses on current TE research. An 
excellent review of the theoretical and experi- 
mental situation has recently been published 
(5) .  but other reviews in professional society 
magazines may be more accessible to the non- 
expert [6. 7). 

Current Research 
One way to categorize the research efforts is 
by materials type: uniform bulk materials and 
compositionally modulated films. Bulk mate- 
rials can often be prepared in large quantities 
by traditional synthetic methods such as di- 
rect solidification from a melt. Modulated 
materials may have periodic variations in 
stixcture or coillposition on the scale of nano- 
meters. These can be obtained by evaporation 
or chemical deposition to make films or by 
chenlical infusion into llano- or microporous 
materials prepared by a variety of techniques. 

The most promising approach in \ague 

for bulk materials preparation is to create 
highly doped. slnall band-gap semiconduc- 
tors. The problem is that the three parameters 
in ZT (S ,  p. and ti) are not independent. In 
general, as S lncleases. so does p The best 
compromise seems to be to use hea\ lly doped 
semiconductors to produce a carsier density 
of about 1O1~cm' .  Ful-theimore, K has two 
contributions, one from the electrical caisiers. 
tie, and one from the lattice vibrations (pho- 
11o11s). tipii Although ti, is proportional to 1 'p, 
in many semiconductors ti,,,, is l l~uch greater 
than tie. SO that one challenge is to minimize 
tipil, One way to do this has been l u ~ o n a  for 
some time: use compounds made from heavy 
elements. High atomic masses reduce the 
atolnic vibration frequencies and the thermal 
conductivity (at roo111 temperature and great- 
er). However, low vibration frequencies also 
raise the electrical resistivity somewhat. 
Tonetheless. the commercial TE materials fit 
this description because they contain ele- 
ments such as antimony. bismuth, tellurium, 
or lead. Other approaches include hax-ing a 
large nulnber of atoms ( K )  in the unit cell or 
using alloys to prepare struchlrally coillplex 
materials. The large N lo~vers the fraction of 
vibrational modes (phonons) that c a q  heat 
efficiently (the acoustic modes) to 1UK. The 
disorder of random atomic substitution in an 
alloy scatters the phonons, v-hich reduces the 
thermal conductivin., again at the paltial ex- 
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rials that operate at atmospheric pressure. 
Xost of the focus of research on bullt 

materials has bee11 on small band-gap semi- 

pense of posslbl: lalslllg the electrical con- large iluillber of near neighbors. say six or 
duc t i~  ity. I11 the last approach. preparing ma- 
terials u i th  a particular kind of stl-uctural 

greater. 
To summarize, the features of a new semi- 

conductor material n,ith high ZT will lil<el!r 
be (i) a high sj-mmeti-). clystal structure (high 
C;) with a large nuinber of Ilea\-y eleineilts 

complesity. so that one or more conq~onent 
elenlents "rattle" in a cage made from a 
framework of other elements. The rattling 

conductors. but soine research has concen- 
trated on metals with unusually high ther- 
mopowers. The most interesting of these lat- 

vibrations lon-er the lattice thellnal conduc- 
ti\-ity. hopefully without increasing the resis- 

per unit cell (low K,,),). (ii) snlall electroaega- 
ti\-ity differences betn een the elenleilts in the 

ter materials are the rare earth intellnetallics 
that display an uilusual electronic state, called 

tivity. because the carriers travel only in the 
frame~vorl<. Slack has called such lnaterials 
"phonon glass and electron crystal" (81, since 
glasses ha\ e the loa-est of all lattice thermal 
conductivities. It is now possible to efficient- 

coinpound (high mobility or long scattering 
time). (iii) alloying or "rattling" to further 
reduce the lattice themlal conductivity, (iv) at 
least one high effective mass. and iv) the 
ability to dope the Inaterial to a high carrier 

the intermediate valence state (10). No mate- 
rial wit11 a ZT greater than --0.2 has been 
reported, but recent experinlents by Bad- 
ding's group on alloys of one of these mate- 
rials (Ce,-,NdyPt,Sb,) have suggested that 
ZT values somewhat above 1 can be attained 
under pressure (11, 12). If these results and 

1y s>vthesize such materials and to rapidly 
detellnine their stl-uchlre. 

Once the lattice thennal coad~ictivity has 
been lowered. the electronic factors nlust be 
addressed. I11 the staildard inodel of semicon- 

density of about 10''' ca~siers cn1' (this gen- 
erally gi\-es optimal S ' : p ~  ratios). This list of 
needs remains daunting. because the structure 
of inost ne\v materials cannot be predicted. 
There are grounds for optimism that a ZT of 
3 can be attained. but little basis for predict- 
ing jvhen this \{,ill occur. 

those on several other nlaterials are confillned 
by further study, a "proof of principle" that 
higher ZT can be attained would be achieved. 

ductor transpost. one can she\\ (21 that ZT 1s a 
monotonically increasin,o filnction of tv o pa- 

Finally, T briefly address the cornposition- 
ally lnodulated film approach. The syntlletic 

rameters: E,, and B. \\here E, is the band gap 
and B is detertllined by a number of lnateiials 
parameters (see belom-). In this ailalysis. it is 

Recent society nleetings (American Phys- 
ical Society, Alnerican Chemical Society, 
and Lfaterials Research SocieQ) have iilclud- 

methods used to make such nlaterials are 
related to those used in fabricating lllodulated 
semiconductor optoelectroilic devices such as 
Ga,-,Xl,As multi-quantum well (MQI4;) la- 
sers. In MQW materials. llanometer-tllicl< 

assunled that the seinicoilductor canier density 
( 1 1 -  or 11-type) has been adjusted by doping to 

ed sessions on TE nlaterlal research and de- 
I elopment. X recent alticle sunlinarizes 

the optimal level. Then, the band gap E, nlust 
be greater than XT (the thelmal energy) by a 
factor of about 10 to lllaxiinize ZT for a gil-en 
B. B is a product of several factors: B .'\I p . l i l '  

2 : ~ ~ ~ ~ ~  The need to lninilnize K,,,, was discussed 
abobe. .V, is the degeneracy of the band ex- 
trema near- the Fernli level. p. is the electronic 
mobility. and 111 is the band inass deteinlined by 
the density of states. Each paraineter can be 
coilsidered in tur11. .'\\ in present TE nlaterials is 

many colltributioils from i n d i ~  iduals at the 
December 1998 Llaterials Research Society 
lneetiilg (9) .  LVhereas lnany new inaterials 

layers of an acti\-e nlaterial and an "inert" 
spacer material are sequentially deposited by 
techniques such as MBE iinolecular bean1 
epitaxy) (13). The challenge in lnalting mod- 
ulated films is to lnalte vely thin, atoinically 

ha\ e been s: ntheslzed and exainiaed. and 
\\heleas inuch has been lealned about "de- 
signing" inaterials properties such as low 
thermal conductivity. the goal of consider- 
ably enhancing ZT has not yet been reached 
in bulk materials. Hone\-er. soine new ap- 
proaches to speed up the discovery rate of 
ilen TE materials offer hope that the higher 
ZT goal inay be achiel able in the near future. 

perfect layers. not to invent new materials, as 
is the case with bullt materials. The materials 
used to build the act11 e layers are usually just 
those nlatellals that are already k11om11 to be 
good bulk TE materials. 

typically 6 or even 8. The clystalliae synunetly 
lilnits the i n a x i ~ n ~ l n ~  ~ a l u e  of A', . Tu cubic space 
groups. it might be as high as 38. followed by 
\dues  of 23 in hexagonal gro~lps. 16 in tetrago- 
nal. 8 in orthorl~onlbic. and 3 or less in the 
remaining groups. If the compound has a large 
number of atoms in the unit cell. there is an 

There are nvo types of fill11 devices: in the 
first. the cui~ent and heat flow parallel to the 

The current research method involves mak- 
ing materials one at a time and exarnining their 
propelties in some detail. At Symyx Teclinolo- 
gies, a colnbinatolial approach to nlatelials 
probleins (including TE materials) is being de- 

layers; in the second, both flow perpendicular to 
the layers. In the first approach (14), an in- 
crease in Z has been calculated to arise froin a 
ilu~nber of factors, including an increase in the 
electronic density of states per unit voluune and 

increased chance of attaining the maximuill 
value of A', . In general. it is not l iuo~lu hon. to 

veloped. The key to using conlbiilatorial meth- 
ods for material disco\-e1-y is to develop an 

a consequent Increase 111 thennoponer that 
n ould occur for small me11 mldths i s e ~  era1 
nanometers), as well as an increase in carrier 
mobility if lnodulation dopiug is exploited. Ex- 
pelilnents using PbTe as the active-layer mate- 

design materials n-it11 high .'\, and approaches 
to attaining high values of .I:, have not yet beell 
well explored. The electronic mobilit\. p. should 
be high. but generally. the mobility and the 
band mass 111 are not independent. The mobilit~ 

appropiiate screelling method that identifies the 
important propel-5. or properties of interest. The 
tools to prepare hundreds of samples at once 
and to e\.aluate them in parallel are in hand, and 
an accelerated search has begun. Jo1111 Bad- 
ding at Pemlsylvania State University has de- 
veloped a second approach that exploits pres- 

rial suggest lnodest illcreases in ZT to perhaps 
I .2 are possible at room temperature (14).  A 
potential difficulty in obtaining higher ZT from 
such de\-ices is that the inert spacer does not 
contribute to the Peltier heat flow. but does 
have a thennal cond~ictivity that increases the 
heat load and lo\vers the effecti\-e ZT. In the 

is inr-ersely proportional to the baud Inass in the 
direction of the cu~sent flow. ilr,:y = e; 117, .  

where T is the caisier scattering time. Thus, B is 
proportional to h;:(iil13 '111~~~,,,. 111 noncilbic 
matedals. 111, can be different from 171.  In that 

sure tuning of materials parameters. Nost phe- 
nomena of interest in solids depend on interac- 
tion parameters that are deternlined by the 

case. nhen 117 > i l l , .  B is increased. tIo\~-e\-er. 
exploiting an anisotropic mass inay mil counter 

electrollic structure of the solid. which in tuln 
is dependent on interatomic spacing. So. by 

second approach, materials and layel stsuchlres 
ale designed so that the impact of the baniel 

to increasing -I;, so a coinproluise mnulst be 
shuck. Interestingly. the current TE materials 
all ha\-e cubic or hexagoaal sylluneb~-. Finally. 
long scattering times T are possible if the elec- 
tronegativity differences behveen the eleinents 

applying pressure. one e~p lo res  a piece of 
"interaction space" in a contiiluous (but not 
colupletely predictable) manner. This pres- 
sure-tuning inethod contrasts to ~ualiing man>- 
samples. each of ~vhich is characterized by a 

layer is minimized. Recent \vorl< has s~lggested 
these stmctures may have a much more pro- 
found effect on phonon transpoit. resultiilg in 
significant reductions of thermal conductivity 
either tlxough phonon confinement (15)  or pho- 

in the material are sinall and optical librations 
ha] e small coupling to the calsiers. The latter 
condition is difficult to control or design. but 
slnall coupling is favored if the each atom has a 

point in this interaction space. Several \.cry 

recent pressure experiments indeed suggest 
that ZT > 1 is possible. Perhaps such obser- 
vations call be translated into practical mate- 

non scattering mechanisms (16 ). Scientists at 
the Research Triangle Institute (1 7) have re- 
ported a significant enha~lceinent of ZT to 
about 3 at 300 K usiug a Bi,Te,. Sb,Te, super- 
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lattice structure in which the current flows per- 
pendicular to the layers. A reduced thermal 
conductivity compared to the commercial bulk 
alloys without lowering the electronic mobility 
is claimed. These results are obtained from 
difficult. but state-of-the-art, measurements per- 
pendicular to a very thin film. If these obsema- 
tions can be repeated on much thicker multi- 
layer films, the result would be very exciting. If 
such film devices with high ZT values can be 
built, they may prove useful as "on-chip" cool- 
ers for electronic systems, where perhaps even 
a ZT of 2 would be useful. It seems unlikely. 
however. that the films will be used in systems 
with large heat loads. such as a home refnger- 
ator. because very thick films, or stacks of 
films. of more than a millimeter thickness 
would be needed. High MQW manufacturing 
costs would llkely prohibit the production of 
very thick or very large area films. For these 
applications, better bulk materials are a likely 
necessity. 

More recently, attention has turned to the 
development of thermoelectric structures based 
on one-dimensional confinement, quantum 
wires. Theoretical predictions suggest such ma- 
terials will have more favorable thermoelectric 
properties than the two-dimensional MQW sys- 
tems, due to further increases in the density of 
states. In addition, a number of templating and 
vapor-phase methods that have been developed 

for the synthesis of nanowires in general are 
being exploited in the synthesis of these new 
TE structures. It is too early to know if such 
approaches hold promise. 

Summary 
The search for better TE materials has recently 
accelerated due to advances in materials synthe- 
sis techniques, in x-ray diffraction technology, 
and in computational capabilities. There are the- 
oretical grounds for some optimisrn that mate- 
rials with ZT > 4 will be found. However, the 
current inability to predict new structures and 
compositions of new solid-state compounds 
makes the search for more-efficient materials 
nonsystematic, which has led to a specification 
of generic materials characteristics and Ediso- 
nian synthetic searches for those characteristics. 
Nonetheless, the recent growth of research ac- 
tivities has resulted in many discoveries of nov- 
el. complex. and structurally beautiful com- 
pounds, and some of these classes of materials 
may indeed be the answer to our quest. Many 
groups are now participating in that search. and 
methods to speed up the search are being ex- 
plored. Hopefully. the advances will come soon. 
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Environmental Engineering: Energy Value of 
Replacing Waste Disposal with Resource Recovery 

R. Iranpour,'* M. Stenstrom,' C. Tchoban~glous,~ D. Miller: 
J.   right,^ M. vossoughi6 

Although in the past, environmental engineering has been primarily con- 
cerned with waste disposal, the focus of the field is now shifting toward 
viewing wastes as potential resources. Because reclamation usually con- 
sumes less energy than producing new materials, increasing reclamation 
not only reduces pollution but saves energy. Technological innovations 
contributing to this shift are summarized here, and are variously classified 
as emerging technologies or research topics, as either new departures or 
incremental improvements, and as opportunistic innovations, or examples 
of a unifying strategy. Both liquid and solid waste examples are given, such 
as a recent discovery of effects in disinfecting microfiltered reclaimed 
wastewater with ultraviolet light. In addition to i t s  value in reducing 
pollution and conserving energy, this reorientation of environmental en- 
gineering could contribute to a more general shift toward greater coop- 
eration among organizations dealing with the environment. 

All human endeavor interacts with the envi- the most convenient and least expensive way, 

concepts, but rather depend on customs or val- 
ues (real or perceived) and on available knowl- 
edge and technology to determine whether a 
substance 1s considered potentially useful, 
hence a resource. or useless at best, and there- 
fore a waste With greater understanding or 
ingenuity. it may be possible to process useful 
components from what had previously been 
considered entirely useless waste streams 
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