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NOTICE : The proj ect that is  the subj ect of thi s report was approved by 
the Governing Board of the Nat ional Research Counc i l ,  whose membe rs are 
drawn f rom the counc ils of the Nat ional Academy of Sc iences , the 
Nat ional Academ¥ of Eng ineering ,  and the Inst itute of Med ic ine . The 
membe rs of the commi ttee respons ible for the report were chosen for 
their  spec ial competence& and with regard for appropr iate balance.  

Th i s  report has been reviewed by a g roup othe r  than the authors 
accordi ng  to procedu res approved by a Report Review Committee 
cons i st ing of membe rs of the Nat ional Academy of Sc iences , the Nat ional 
Academy of Eng inee r i ng ,  and the Inst itute of Med ic ine . 

The Nat ional Research Counc il was e stabl ished by the Nat ional Academy 
of Sc iences in 1916  to assoc i ate the b road community of science and 
technology with the Academy ' s  purposes of furthe r i ng  knowledge and of 
advi sing the fede ral gove rnment . The Counc il ope rates in accordance 
with general polic ies determined by the Academy under the author ity of 
its cong ressiona l charte r of 186 3 ,  which establ ishes the Academy as a 
private, nonprof it , self-gove rning membe rship corporat ion . The Counc il 
has became the p r i nc ipa l  operating agency of both the Nat iona l Academy 
of Sc iences and the Nat iona l Academy of Eng ineering in the cond uc t  of 
thei r se rvices to the government, the publ ic , and the scient if ic and 
eng inee r i ng  communi t ies . I t  is admini stered joint ly by both Academies 
and the Inst itute of Med ic ine . The Nat ional Academy of Eng inee r ing and 
the Institute of Med ic ine were establ i shed in 1964  and 1970 , 
respect ive ly ,  under the charter of the Nat ional Academ¥ of Sc iences . 

Th i s  i s  a report of work supported by Cont ract No. DE-AC01-8 4CE9 01 4 2  
between the u.s. Department o f  Ene rgy a nd  the Nat iona l Academy of 
Sc iences . 

Cop ies ava i lable f rom : 
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Commiss ion on Eng inee r i ng  and Technical Systems 
Nat ional Research Counc i l  
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PREFACE 

This study was unde rtaken in response to a reque st to the Nat ional 
Research Counc i l ' s Ene rgy Eng inee r i ng Board by the u . s .  Department of 
Energy (DOE) to examine the role and process of innovation in  energy 
conservat ion re search and development . In  par ticular , DOE desired a 
report that would ident ify highly innovat ive energy research 
opportuni t ies that could be leve rag ed wi�h a small budget by the Energy 
Conve rs ion and Utili zat ion Technolog ies ( ECUT) prog ram,  espec ially with 
regard to the Innovat ive Energy Conse rvat ion Concepts ( IECC) prog ram. 
The pu rpose was to provide an up-to-date review of opportunities for 
and approaches to innovat ive research as a contr i but ion to the planning 
processes i n  ECUT/IECC . 

In respond ing to this request , the Board organized a balanced 
Committee of expe rts to conduct the study . Each Committee member i s  
personally involved i n  some aspec t of advanced energy research and drew 
upon his  ind iv idual profess ional expe rience and access to the research 
community .  ( See Append ix A for abbreviated resumes of committee 
membe rs . ) 

Spec if ically , the Committee was g iven the following tasks : 

o Reexamination of the rat ionale for energy conse rvat ion in l ight 
of 1985 economic and technolog ical cond it ions . 

o Ident if icat ion of whe re major energy saving s  cou ld be reali zed 
by the implementat ion of new technolog ical tools and solut ions� 

o Deve lopment of a li st of technolog ica l c hallenges that , if met ,  
cou ld result i n  maj or cost-ef fect ive ene rgy gains throug h 
conservat ion . 

o Ident if icat ion of emerg ing or new technical developments that 
cou ld be enli sted to c reate gene r ical ly new ene rgy systems with 
g reatly enhanced energy conservat ion potent ial . 

The main emphasis of the study was on Tasks 2 and 3 .  For a complete 
statement of tas k ,  see Append ix B .  

vi i 
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o Desc ript ion of , but not analy s i s  of , nontechnical incent ives to 
conserve energy . 

In  pursuing these tasks , the Committee organi zed a workshop ( see 
Append ix C) that was held Decembe r 16-17, 198 4 ,  at which experts f rom 
several d ifferent f ields presented papers on f ront ier areas of research 
that could cont r i bute to enhanced energy eff ic iency . 

The workshop exposed the Committee to a broad perspect ive of the 
energy conservat ion needs of the indust r ia l ,  housing , and 
t ransportat ion sectors and to innovat ive ideas for research re lated to 
energy eff ic iency and use of va r ious technolog ies . Representatives of 
these var ious sectors add ressed sectoral requ i rements for ene rgy 
eff ic iency and the opportunities for new methods , technolog ies , 
materials , and products that could he lp solve ene rgy-related problems . 
Invited researche rs in sc ience and eng ineering d i sc iplines  then 
ident if ied new sc ient if ic areas of opportunity whe reby research could 
offer the promise of sati sfying the needs art iculated � the sector 
spec ial i st s .  

These presentat ions were complemented by a panel d iscussion among 
invited sc ient i sts and eng inee r s ,  who helped focus the problems and 
research i ssues . On the bas i s  of the f ind ings of the workshop ,  the 
Committee established a schedule and plan for the rema inder of the 
study . The main empha s i s  was on determining how maj or ene rgy sav ing s  
cou ld be obtained and ident ifying eme rg i ng  techn ical developments that 
could lead to new and more ef f ic ient energy systems . 

Ea rly in the study , the Committee encounte red two def init ional 
problems . The f i rst concerned ag reement on a wor k i ng  def init ion of 
" innovat ion• and the role of the IECC prog ram i n  the DOE . Much of the 
research supported by the ECUT prog ram apparent ly is already innovat ive 
in natu re , as i s  much of the research por tfolio of the Of f ice of 
Conservat ion . For the Committee , "innovat ion• is a relat ivi st ic term 
descr ibing the gene ral processes of invent ion and problem solving . One 
def ini t ion in gene ral use pos its innovat ion as the process throug h  
which new o r  improved produce rs o r  processes are ta ken f rom initial 
concept throug h re search and deve lopment , eng ineering , product ion , and 
ma r keting all the way to the mar ketplac e .  A s  such , the term stubbornly 
res i sts easy appl icat ion for the administrat ive purposes of DOE . 
Rather than seeking to further def i ne the term " innovation• for 
ECUT/IECC , the Committee focused on selec ted applicat ions and on new 
sc ience and technology research areas offe ring the promise of 
s ignif icantly enhanced eff ic iency in the use of energy re sources . 
Thu s ,  the Comm ittee came to ag reement on the def inition of "innovat ion• 
by ident ifying a select ion of opportuni t ies that i llust rate the concept.  

vi i i 
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The second def init ional p roblem related to the concept of ene rgy 
conservat ion , or , more broadly ,  the gain of energy eff ic iencyl 

through use of technology and processes to replace valuable f uels . 
He re the f ield of endeavor i s  s imply too large and ove rwhelming for a 
l imited st udy that is  to have a p ract ical outcome . Because of the 
extensive nature of the subj ec t ,  the Committee needed to carefully 
focus its work . I t  ident if ied two ways to categor i ze research 
opportun ities : ( 1 ) by examining bas ic energy-consuming technolog ies 
( for example , eng ine cycles ,  heat exchangers , mater ials) and def ining 
the range of use r  app l icat ions and ( 2 ) by examining use r  applicat ions 
( bu i ld ings , indust r i al p rocesses , and so forth) and def ining the range 

of research to match technology to the appl icat ion . Both approaches 
were used in the study , and the Committee limited the range of its 
act ivities to a reas that appea red to f it well within the ECUT prog ram 
f ramewor k  ( for example , renewable energy appl icat ions have gene rally 
not been included) . As a result,  this report ident ifies many research 
problems at the cutting edge of seve ral technolog ies , without making 
any claim to being either exhaustive or comprehensive . The Committee 
be lieves that vigorous pursu it of the research opportunit ies ident ified 
will cont r ibute to futu re energy eff ic iency and have other benef its to 
the United States . 

Althoug h thi s report was commissioned by the DOE , pr imar i ly as input 
on its ECUT/IECC prog ram a rea , it is not intended to be a ju st if icat ion 
of the p rog rams . The Committee has gone beyond merely recommend ing 
research areas and offers  gu idance for research management strateg ies , 
with the expectat ion that ECUT/IECC will f ind it usef ul .  

Finally ,  although thi s  report is  add ressed to the study sponsor , the 
Committee hopes that it will be read by energy policymake rs ,  
individuals  i n  private sector research organi zat ions and univers ity 
laborator ies , and ind ividual inventors who seek new opportunit ies . 

ltn prepa r i ng thi s  report ,  the Committee chose to use the term 
•energy eff ic iency •  rather  than •energy conse rvat ion• i n  the t itle as 
well as in  the tex t . • The Committee believes the term • ene rgy 
eff ic iency• better expresses the spi r it of the research and development 
prog rams that are recommend ed .  

ix 
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l 

INTRODUCTION 

This report is about research opportunities to develop new technolog ies 
that wi ll make more ef f ic ient use of fuels i n  the indust r ial,  power ,  
transport ,  and bu i ldi ng sectors . The context for the detailed 
desc r i pt ion of technical research opportuni ties presented in Chapter 2 
is  g iven in thi s introduct ion. 

The start ing point is the rat ionale for future ene rgy ef f ic iency 
f rom the per spective of cur rent 198 5 world energy economic cond itions . 
Two st rateg ies are outlined : ( 1 ) purchasing insurance against future 
contingencies and ( 2 ) ensu r i ng  cont inued prog ress in making energy 
consumption more economically ef f ic ient . 

Althoug h  this report deals prima r i ly with the technical ( that is , 
applied technology) means for achieving improved ene rgy ef f ic iency, it  
is  important to see these within the context of the nontechnical 
approaches ava i lable to public policymakers . Such a view is  provided 
by a desc r ipt ion of bow the nontechnical approaches are actually quite 
dependent on technical solut ions . S inc e  thi s report promotes 
innovation as a spec i f ic strategy for new achievements i n  energy 
technology, the introduc t ion conc ludes with a br ief d iscussion of 
innovation as a public policy issue . 

Chapter 2 conta ins the major thrust of the report ,  d isc ussion of the 
many a reas of techn ical researc h  opportunities that exi st. It is seen 
that many sc ient if ic and eng ineer ing problems can be solved by research 
and development ( R&D) approaches to the goals of improved energy 
eff ic iency . 

Chapter 3 focuses on the research management strateg ies ava i lable to 
Energy Convers ion and Ut i lizat ion Technolog ies and Innovative Energy 
Conservat ion Concepts prog rams for sc reening and selecting projects to 
fund and promote f rom the universe of opportunities . Some of these 
strateg ies call for spec if ic ,  but not necessar i ly larg e ,  inve stments bf 
the agency . 

Chapter 4 examines the impl icat ions of the Committee ' s work and 
summa r i zes its recommendat ions . 

1 
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2 

THE RATIONALE POR ENERGY EFFICIENCY: 
A 1985  PERSPECTIVE 

In 1 9 7 3  the main st imulus for federal support for research on the 
deve lopment of more eff ic ient energy technolog ies was the fuel scarc ity 
induced � the oi l embargo , and the cor respond ing rapid pr ice inc rease , 
imposed bf the Organi zat ion of Pet roleum Exporting Count ries (OPEC) . 
As part  of a strategy to become ene rgy se lf-suf f ic ient , the United 
States attempted to alleviate the adve rse impacts assoc iated with the 
immed iate and expected longer-term oi l scarc ity (Federal Energy 
Admini stration , 1974 ) . The many resu lting efforts of the United States 
to reduce fuel consumpt ion , inappropr iately labeled •ene rgy 
conse rvation , •  were received bf the public in var ious ways . Ea r ly 
attempts at conservat ion , on one hand , were d isparaged by 
energy-produc i ng  communities , who believed that the elast ic ity of fue l 
demand and/or supply was extreme ly low . On the othe r hand , rad ical 
life-style changes to conserve energy we re advocated � dive rse 
const ituenc ies who believed that auste r i ty was the appropr iate response 
to perceived energy problems . 

Meanwh i le ,  the problem of excessive ene rgy costs was being qu ietly 
and effect ive ly pursued � eng ineering pract itione rs i n  the 
ene rgy-intens ive indust r ie s ,  who were look i ng for economic technical 
means to inc rease the energy eff iciency of the i r  ope rat ions . Thus , the 
total productivity factor (optimizat ion of energy, capital , labor , and 
mate r ial)  became pa ramount in addressing u . s .  and world mar kets . 

As a result , ene rgy demand in every sector has changed drast ically 
ove r the 12  years  since 1973  ( Darmstadte r et al . , 198 3 J  Ma rlay ,  1984) . 
In itially ,  some short-term • housekeeping • improvement s were made , such 
as  turning off unneeded l ights , not heating unused rooms , and f ix ing 
leaky steam pipes . Then the re began a succession of changes f rom old 
equ ipment and processes to new and more energy-eff ic ie nt means to 
achieve the same ends ,  such as more fuel-eff ic ient automobi les ,  houses , 
and industr ial f ixtures . The net resu lt of the changes has been a 
s ignif icant reduct ion in  the g rowth of the demand for energy,  the reby 
c reati ng a market for new eff ic ient technolog ies . 

The nat ion cont inues to remain vulnerable to price f luc tuat ion and 
the d i srupt ion of imported energy,  with the Middle Bast st i ll an 
important ( if dec reasing )  cons iderat ion in long-term energy planning . 
Given the exper ience and accomplishments gained i n  the past 1 2  yea rs , 
the quest ion i s  rai sed : Is cont inued federal partic ipat ion in  R&D 
di rected toward energy eff ic iency j ust i fied? If the answer i s  yes , the 
c r iter ia for selecting the areas of R&D and for setting the appropr iate 
level of fede ral funding shou ld be spec ified .  

In the near future ( the next 3 year s) , bar r i ng  unpred ictable c r ises , 
energy in useful forms i s  expected to remain at reasonable pr ices . For 
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3 

example , the average cost of electr ic i ty at a power station will 
probably hover around 7 ¢/kWh i n  real terms or will  slowly r i se ,  even as 
the mix of electr ic i ty-gene rating technolog ies changes . For the next 5 
to 15 years ,  a modestly optimist ic view assumes that improvements in  
coal combustion and pollutant removal , coal gas if ication , 
photovoltaic s ,  advanced l ig ht water reac tors , and ethanol and methanol 
eng ines , as well as other energy technology deve lopments , will  help 
ma intain the stabi lity of electric and other energy costs even as the 
pr ice of bas ic imported or domest ic fuels  fluctuate s .  Thus ene rgy 
ava i labi lity and relat ive cost will depend on energy technology R&D ' s 
keeping pace with the chang i ng ava i labi l i ty of the nat ion ' s and the 
world ' s  energy resources . Thi s  is  the context in which ene rgy 
eff ic iency R&D must be eva luated . 

There are two motivat ions , and cor respond ing strateg ies , for a 
fede ral role : 

o Insurance--provid ing a feasible set of technolog ical opt ions 
that can be called upon in response to g radual or sudden fuel 
scarc ities or unforeseen c r ises . 

o Eff ic iency--enhanc i ng economic productivity by i nc reasing the 
eff ic iency with which energy is used on a cont inu ing basis . 

These i ssues are explored i n  the following sect ions . 

The Insurance Strategy 

The i nsu rance strategy represents technolog ica l cont ingency planning . 
With a knowledge of technolog ical feasibi lity ,  cost s ,  and procedures 
for implementation of an option , it is poss ible to maintain 
technolog ies in reserve that may not be economically viable under 
present mar ket c i rcumstances . Sometimes called •mothball 
technolog ies , " they have a rat ionale sim i lar to that for the strateg ic 
pet roleum reserve . The i r  costs are called insu rance,  and the upper 
l imit on how much should be spent on R&D can be determined in pr inc iple 
by using the standard c r iter ion of present value ; that i s ,  the marg ina l  
costs o f  development a nd  deployment should be no g reater than the 
present value of the marg inal costs of coping with a scarc ity c r isis , 
mult iplied by the probabi lity of that scarc ity .  The terms i n  this 
equation a re easy to express in words but are virtually imposs ible to 
quant ify .  They must be left to the intuit ive j udgment of the 
exper ienced professionals : the probable costs of R&D , to the research 
manag er s ;  the cost of coping in an emergency , to students of events 
l i ke the 1973  oil  c r isis  and to those fami l ia r  with costs of emergency 
regulat ion ; and the probabi lity of a scarc ity cr i s i s  ( the most 
d i f f icult of all) , to e ithe r oracles or those who would estimate it  
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as part of a pol itical pol icy . However d if f icult these quant ities may 
be to est imate , it is  helpful to analyze the problem by its components , 
each of which can be addressed by appropr iate expertise . 

An important cons iderat ion , the t ime requi red for the R&D and for 
the deployment of a technology , must be introduced in this examinat ion 
of the insurance strategy : the more extens ive the technolog ical 
chang e ,  the longe r  the lead t ime for R&D and implementation . An 
evaluat ion of the costs , however approx imate , should not t reat the 
introduction of a new technology as if  it were instantaneous . The 
costs must be computed in terms of a phaseout of the old technology and 
an introduct ion of i ts replacement at a rate consi stent with the t ime 
needed to construct the new technology and to operate it rel iably ( that 
i s ,  the • learni ng t ime • ) .  Hold ing a technology in reserve does not 
mean not using i t .  To the cont rary , it means the st rategic deployment 
of pi lot and prototype i nsta l lations to ensure that operational 
expe r ience remains cur rent and to provide the abi lity to rapidly expand 
installat ions . 

The deve lopment of cur rently unprof itable technolog ies to be held in 
reserve for emergenc ies i s  obviously not a task that pr ivate f i rms will 
car ry out on the i r  own init iat ive. I t  is  ent i rely a matter of publ ic 
benef i t 1  whether it i s  done is a matter of publ ic pol icy . Spec i f i
cally ,  publ ic pol icy quest ions enter i nto est imat ion of the costs of 
respond i ng  to scarc ity c r ise s  in the absence of alte rnati ve 
technolog ies and the est imat ion of the likelihood of such c r i ses . I t  
i s  obviously not within the charge or the capabi l ity of this Committee 
to make such est imates , but the Committee does expl ic itly ind icate how 
the Department of Energy ( DOE) can address the evaluation and select ion 
of R&D projects for energy ef f ic iency ( see in Chapter 3 the sect ion 
Cr i te r ia for Proj ect Selection , which i ncludes the est imates of costs , 
benef its , and probabi l it ies that should enter into the dec ision of 
which R&D proj ects to support) .  

Hence ,  in the insurance context,  it is  important for DOE prog ram 
managers to contemplate a range of opt ions . They can then evaluate 
proposed projects not only in terms of the i r  R&D costs but also in 
terms of cost and t ime for implementation , the extent to which they can 
subst itute for present alternat ives if necessary , and the costs , if 
any , of keeping them in mothballs unt i l  requi red . 

An illust rat ion of the insur ance strategy can be d rawn f rom the 
context of elect r ic i ty supply . Assume that scient i f ic evidence that 
the g reenhouse ef fect poses a dangerous threat becomes convinc ing to 
pol icymake r s  dur i ng  the next 5 years , making urgent the rapid 
replacement of foss i l  fuel combust ion wi th other forms of pr imary 
energy . The technolog ies that cur rently appear to have the requ i red 
large-scale sustainable potent ial , in order of increasing uncerta inty , 
are fission , breede r , and f iss ion/fusion reactors,  photovolta ics with 
storage,  and fus ion reactor s .  These can be considered part  of a 
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basket of insurance opt ions that may include contr ibutions f rom othe r 
technolog ies . The t ime requ i red to br ing these to commerc ial 
pract icality depends on the level of commitment and the uncerta inties 
of the R&D process . Speculat ing , such t ime may be no sooner than 10 
years  for breeder reactors and 20 or more years for fus ion at current 
leve ls of support--shorter t imes if  R&D commitments are inc reased . An 
add itional seve ral years for planning , des ign,  and construction wou ld 
be needed for any of these opt ions to signif icantly af fect the mix of 
electr ic i ty supply technolog ies . The cost of the research to br ing any 
of them to the development stage and to commerc ializat ion can be 
est imated , with appropr iate statements of probabi l i ty .  I f  the annua l 
costs of the untoward consequences of the g reenhouse ef fect can be 
cor respond i ng ly est imated , even roughly ,  the insurance strategy of 
buy ing R&D now can be assessed in economic terms . Other future events 
such as ac id rain or var ious fos sil  fuel pr ice scena r ios can be 
simi lar ly analy zed in terms of insurance . 

The Strategy of Ef f ic iency 

Economic ef f ic iency in relat ion to energy as an input can be improved 
when : 

1 .  The consumpt ion of energy is reduced in produc ing a g iven 
product or se rvice,  thereby lowe r i ng  the cost 1 

2 .  An add i t ional input of energy d isplaces othe r inputs ( labor or 
mater ials ) , thereby lowe r i ng  the cost ( for example , electr ic-d r iven 
automat ion reduces labor and conserves materials) , 

3 .  An add itional i nput of energy adds value bf improving an 
ex ist ing product or service or enabl ing the c reat ion of new produc ts 
and services , in which case the willingness to pay for the added va lue 
is the measure of economic ut il ity ( for example)  a i r  cond it ioning adds 
comfor t ,  which has va lue) J 

4 .  A new product or mater ial is  produced ,  the use of which reduces 
energy consumpt ion in an economic manner for some ope rat ion or function .  

Economic ef f ic iency i s  pursued by policymake rs a s  a means to improve 
living standards . Par t  of this goal involves improving the 
competit iveness of u. s .  products for export . 

In  planning R&D for energy eff iciency , fede ra l thinking has been 
dominated by the nar row goal of reduc ing unit energy consumpt ion rather 
than bf the broader goal of economic eff iciency . Some of the research 
top ics suggested in Chapter 2 involve the deve lopment of new mater ials 
that actually requ i re more energy to produce than what they replace , 
however ,  the new mater ials produce added value by dec reas ing the 
ope rat ional and repa i r  costs of mach inery , includ ing the reduct ion of 
energy consumed in operat ions . 
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The private sector i s  motivated by economic eff ic iency at the level 
of the f i rm.  I t  will invest in energy R&D when certain condit ions are 
met: the expected retur n exceeds that of alternat ive investments ,  the 
benef its can be captu red , the payback pe r iod is not too long , and the 
scale of inve stment does not over ly expose the f i rm to r isk . These 
are , of course ,  subj ective evaluat ions that vary f rom f i rm to f i rm .  

A number o f  public economic a nd  soc ial goods often cannot be 
c aptured bf the private investor : insurance against future fuel 
scarc ity ,  nat ional defense , and envi ronmental protection . 

Taking the above observat ions into account , the pol icymaker 
j ust i f ies a federal inve stment into energy R&D that inc reases economic 
eff ic iency when the private sector fa ils  to invest by vir tue of ( 1 ) 
uncapturable benef its , ( 2 ) microeconomic factors such as r isk to the 
f i rm, payback per i od ,  return on investment , scale of investment , and 
competing inve stments, and ( 3 ) economic distor t ion introduced by 
regulatory processe s .  In today ' s  i ndustr ial and f inancial climate ,  the 
pr ivate sector ' s  bias i s  toward short-term, quick-paybac k ,  minimum r isk  
proj ec ts requ i r ing low capi tal investment. Such proj ects tend to 
produce only minor inc remental improvements to ex ist ing technolog ies 
rathe r than new and innovative technolog ies . When the resu lt is a 
fa i lure to produce innovat ion that is economic to the nat ion ,  the 
government must choose between policies that stimulate the pr i vate 
sector to invest in R&D and those that make the government a major 
i nvestor . 

Since there i s  almost always a gap between nat ional technology 
development needs and the pr ivate sector ' s  abil i ty or willingness to 
respond , there i s  a cont inuous need for a federal R&D effor t . The 
following review of the rationale for energy ef f ic iency provides a 
context for the i nnovat ive R&D opportunites for ene rgy ef f ic iency 
introduced in Chapter 2 .  

NONTECHNICAL INCENTIVES FOR ENERGY EFFICIENCY 

These incent ives relate to act ions that do not involve the subst itut ion 
of more eff ic ient technology for energy consumption . Although th is 
report focuses on technical incent ives that mot ivate the search for and 
appl icat ion of technolog ical solut ions , policy options are ava i lable to 
the federal government that do not depend d irectly on the techno
log ies . However ,  the ef fect of most of these incent ive polic ies , 
although not d i rectly technical ,  never theless is  to stimulate the 
mar ket for more energy-ef f ic ient technolog ies . 

The l i teratu re on such nontechnical i ncent ives i s  va st , dat ing bac k 
to the f i rst Arab oil  embargo and the publ icat ion of a Federal Energy 
Administration report ( 1974 ) . The re is also the assortment of var ious 
state energy emergency cont ingency plans , in which sudden cur ta i lments 
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of the avai labil i ty of impor ted oil are ant ic ipated . A detai led 
treatment of nontechnical incent ives is contained in a DOE-sponsored 
repor t by Battelle Pac i f ic Nor thwest Laboratories ( 1980 ) . The 
Commi ttee d id not study these nontechnical policy options in detail  but 
d i scussed them as poss ible alternatives to the strategy of developing 
new energy-eff ic ient technolog ies . 

Before proceed ing to ind icate the range of these nontechnical 
opt ions , whatever the i r  mer its , it should be said that they are in no 
way to be a cons idered a subst itute for advanced sc ient i f ic researc h .  
A s  public policy i nstruments , they have the i r  appropr iate t ime and 
place . In most cases , the eff icacy of these nontechnical opt ions 
actually depends on future technical developments in energy 
efficiency . The subj ect of nontechnical incent ives is actually par t  of 
the larger subj ect of technology transfe r , as reviewed in a recent DOE 
publ icat ion (Department of Energy , 1984b. ) 

Taxes 

Taxes a re a major instrument of publ ic policy whose bas ic 
revenue-ra i s ing rat ionale has been ove r layed by mot ives des igned to 
promote soc ially des i rable behavior . In the energy area , thi s  takes 
the form of taxes on the fuel commodit ies themselves ,  the technolog ies 
that consume fuel , and on nonfuel  technolog ies such as solar energy . 
To the extent that such taxes are not too large and are proport ional to 
those taxes on all other goods and services that have the intent to 
raise revenue only , they do not mod ify energy consumption behavior . As 
occurs with any commodity ,  as taxes on fuel are inc reased the pr ice to 
the consumer inc reases and demand falls . Consumer s seek to sat isfy 
demand by substituti ng  cheaper fuels or technolog ies , which further 
reduces the i r  demand for fuel . Incent ives to use such technolog ies i n  
the form o f  rebates , accelerated depreciat ion allowances , and s o  for th 
tend to sharpen the economic cho ice for fuel consumers . I f  no 
affordable fuel or technology substitute is  ava i lable , consume rs are 
forced to inc rease the i r  tolerance for d i scomfort and inconvenience and 
to modify the i r  l ife-style . Ultimately this can lead to genu ine 
hardship and depr ivat ion , unless tax-of fsetting subsid ies like lifeline 
electr ic ut il ity rates are employed . Thus one of the rationales for an 
energy R&D prog ram is  to c reate future technology options for 
respond i ng  to nontechnical tax pol icies  that alter the way the consume r 
makes an economic choice . 
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Promulgation of Standards 

S imply stated , standards impose a requi red norm on the rate of energy 
expended per unit of operat ion of some kind of machinery or st ructure . 
The standard can apply to ind ividual machines such as car s , a i r  
cond it ioner s ,  a nd  household appl iances , to a house or bu ild ing , or to 
the stat ist ical properties of a product line ,  as in the case of an 
average gasol ine consumption standard for the ent i re fleet produced by 
a manufacturer . 

The ava i labi l i ty of technical opt ions is important to the success of 
the nontechn ical policy . Not only must the more eff ic ient 
technolog ical opt ions be ava i lable , they must also be af fordable . The 
alternative , as in the case of taxes , i s  the impos ition of d i scomfor t , 
inconvenience , or wor se on the consumer . A major rat ionale for ene rgy 
efficiency standards is to motivate the pr ivate sector to invest in the 
R&D that will produce cheaper produc ts that meet or exceed the 
standards . 

Imposit ion of User Restr ict ions 

Rat ioning of fuel commodities , imposi tion of blac kouts or brownouts , 
prohibit ion of presc r ibed uses of energy , and other such measures are 
assoc iated with public emergenc ies induced by war or embargo . They are 
not cons idered among the rout ine opt ions for economic planners  
proj ecting changes in the supply-demand relationsh ips of  energy 
commodit ies . Never theless , they are important instruments of public 
policy in emergency s ituations and have been used f rom time to t ime . 
Order ly planning for such cont ingenc ies i s  the subj ect of the var ious 
state energy emergency contingency plans . 

The ava i labi l i ty of future technology is an important factor in 
minimi zing the need for such extreme nontechnical measures and 
minimizing the i r  adver se effects if they are indeed appl ied . 

Changes in Life-style 

In add i t ion to the mechanisms d i sc ussed above , there are pol icy options 
that can alter life-styles to reduce nat ional consumption of energy .  
These are somewhat speculat ive and probably controvers ial but are 
nevertheless par t  of the publ ic debate . They include the promotion of 
d i sper sed smaller-scale electr ic energy sources ,  recycl ing of 
energy-intens ive throwaway items , elimination of petroleum-based 
fer t i l i zers and insectic ides in ag r iculture , wider use of public 
transportat ion systems in urban areas , and energy-ef f ic ient zoning .  
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Energy eff iciency R&D will contr ibute new technolog ies that may make 
some of these nontechnical incentives feasible in the future . In fact , 
it  should be clear that if the nontechnical incent ives are to be 
included as public policy instruments , the i r  successful deployment will 
very much depend on the ava i labi lity of new technical options , many of 
which have yet to be conceived . Explor ing a range of such options i s  
the major thrust of thi s  report .  

Addi t ional Nontechnical Incent ives 

The following add itional nontechnical incent ives are ment ioned on ly to 
acknowledge the i r  role in a comprehens ive policy of energy effic iency : 
educat ion , training ,  data banks ,  information d i sseminat ion , mar keting , 
advertising ,  cost shar ing , demonst rat ions , l icens ing , f ranchising , 
patents . All of these presume some under lying pos itive technolog ica l 
development . 

INNOVATION AS PUBLIC POLICY 

The l i te rature on innovation as a focus of public sc ience and 
technology pol icy is so vast that it can be only br iefly ment ioned . 
The subj ect is  not new . The Kennedy administration mobi l i zed a Whi te 
House Panel on Civ i l ian Technology in 1961 (Michael is , 1984 ) . Suf f ice 
it to say that innovat ion appears to be a permanent f ixture of the 
annual legi slat ive process and an important rat ionale for the 
allocation of research funds to DOE conservat ion prog rams ( Crane and 
Back , 19847 Marcus , 198 57 Schacht , 1985) . 

The re is also a class ic l i te rature on innovation as a 
cultural-hi stor ical process which can provide excellent general 
insights (Burke , 19797 Mor ison , 1966 ) . 

Although thi s  report is concerned with i nnovat ion for the purpose of 
inc reasing energy effic iency , innovation as a f ixture of publ ic policy 
has a broader purpose : to mainta in and enhance u . s .  leader ship in a 
whole spectrum of technical areas--military , industr ial , and 
ag r icultural . Energy ef f ic iency is  simply one of many technolog ical 
a reas , such as commun icat ions and transpor tation , in which the 
development of advanced technology cont r ibutes to a number of public 
goals (Georg ia Technology Inst itute , 19747 Harmon , 19807 Holden , 1980 J 
Lundstedt et al . ,  1982 ) . 

Finally , the term • technology transfer , •  which i s  the process by 
which innovative technology is  made to enter the mar ketplace , is 
br iefly ment ioned . The federal role in promoting technology transfer 
i s  very closely tied to its role in innovation ( Department of Energy , 
1984b) . The subj ect is vast and the treatment can be qu ite technical 
(Brown , 19817 Mansf ield et al . , 19827 Walcof f et al . , 198 3 ) . 
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Even though the Committee d id not extens ively dwell on the general 
inte r related subj ects of innovation and technology t ransfer ,  the 
Committee ' s own wor k represents a contr ibut ion . Because the major 
focus of the study was the spec i f ic technolog ical innovations that are 
possible for achieving energy eff ic iency , the process of st imulat ing 
innovat ion and transferr ing it  to the mar ketplace is  treated in  far  
less deta il than ar e the technolog ical opportuni ties themselves . 
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AREAS OP RESEARCH OPPORTUNITY 

Presented in thi s chapter i s  a review of opportunities that ex i st for 
conducting research that wi ll cont r i bute to cur rent technolog y ,  
mater ials , and i nformat ion and thereby resu lt in  the more ef f icient use 
of energy resources .  

The Committee d id not use a presc r i bed methodology i n  conduc ting the 
review, such as that conducted on behalf of the Energy Conve rsion and 
Uti l i zat ion Technolog ies (ECUT) prog ram ( Battelle Pac if ic Northwest 
Laboratorie s ,  1981) , nor d id it undertake a comprehensi ve review of the 
research literature ( see Battelle Northwest Laboraor ies , 1982) . 
Rather ,  a contemporary technology outlook i s  presented that ref lects 
the ind ividual viewpoints of the Committee membe r s , most of whom are 
cur rently involved in some aspect of energy conservat ion research; it 
is augmented by the d i sc ussions he ld at the workshop on December 1 7-1 8 ,  
1984 ( see Append ixes A and C) . . 

The Committee does not attempt to presc r i be  future ene rgy 
conse rvation research by the Department of Energy ( DOE) or to review 
past efforts under the ECUT and related prog rams , as d id Oak Ridge 
Nat ional Laborator ies in reviewi ng the Energy-Related Invent ions 
Prog ram (Soderst rom and Ror ke , in press) and the Appropr iate Technology 
Small Grants Prog ram ( Card inal 
Management Assoc iat ion ,  1984 ) . The Committee does , however ,  ind icate 
a range of i nnovat ion opportunities and ident if ies selected examples 
re lated to recent development s in advanced technology that should he lp 
i nform and ass i st the ECUT planning processes . Some of these examples 
may have already been part of ECUT or othe r Of f ice of Energy 
Conservation prog rams , some may have been cons ide red previously but not 
pursued ; and , more important , some are totally new opportunit ies for 
energy eff ic iency R&D . 

Major technical areas are desc r ibed in which new , ene rgy-ef f ic ient 
technolog ies seem achievable and in which add itional support cou ld have 
high leverage in hastening the prog ress of spec i f ic new approaches .  
The Committee selected these technical areas on the bases of extensive 

11 
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brief i ng s  and d i scussions , a s  well a s  on topics raised a t  a 
wide-rang ing workshop ( see Append ix C) intended to explore a va r iety of 
techn ical a reas as they a re cur rently viewed � the i r  practitioners . 
These areas are : 

o Beat t ransfer  
o Beat eng ine s  and eng ine cycles 
o Sensors and automatic cont rols 
o Mate r i als  processing 
o Spec ial mate r ials 
o Bui ld ing enve lopes 
o Intell igent bui ld ings and advanced design tools 

Certain important technolog ies for energy eff ic iency , requ i r ing 
fu rthe r  R&D , are l ike ly to be pursued but we re not inc luded in this  
review . By thi s we mean the collect ion of renewable energy technology 
systems fall ing outs ide the scope of the ECUT prog ram. Sim i larly , 
ene rgy storage and the spectrum of applied research opportunities 
applicable to the electric util ity indust ry for improved gene rat ion , 
transmi ssion , and d i st r i but ion of energy we re not included because DOE 
has we ll-developed R&D prog ram of f ices cover ing these areas , and the 
Committee wanted to l imit its scope . 

Finally , since no committee or proj ect team could expect to be 
comprehensive about opportunities for innovation in energy eff iciency 
re search even withi n se lected areas , the re are no doubt many 
me r i tor ious ideas and approaches that d id not occur  to the COmm ittee . 
Therefore , th i s  review is  s imply a tool for approachi ng the subj ect, 
ideally ,  it will to help ECUT f ind and support add it ional areas of 
innovat ion . In Chapter 3 ,  ways in which ECUT/IECC can cont inue the 
process of ident ifying innovat ive R&D top ic s  for energy eff ic iency are 
d i scussed .  

HEAT TRANSFER 

Heat t ransfer is a basic mechanism common to the funct ioning of 
bui lding s ,  indust r ial p rocesse s ,  and eng ines . A range of potent ial 
resea rch areas are d i scussed i n  this sect ion under the fol lowing 
head ings : 

o Equ ipment needs 
o wor king fluids 
o Resi stant mater i als and insulat ion 
o Component replacement 

Some of the research d i rect ions ind icated in the d i sc ussions are 
somewhat gene ral becau se they are examined in more deta il under 
subsequent top ics . For example , resi stant mater ials are d iscussed 
further in  the Spec ial Mater ials and Bu i lding Envelopes sect ions . 
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Equ ipment Needs 

Recommendat ions : 

o Conduct research on some of the detai led mechani sms for heat 
t ransfer ,  such as heat t ransfer i n  turbulent f lows , innovative 
heat exchanger designs , and mater ials mass t ransfer through 
porous mater ials; also on rad i at ion heat t ransfe r involving g ray 
fluids in  complex geomet r ies . 

o Develop improved heat exchange r s  ( appl ication to k raft pulp 
mills have one quad potent ial) . 

o Explore appl icat ions of electrochemical high tempe ratu re heat to 
elect r ic conve rs ion devices . 

Discussion : 

Heat transfer  has many aspects that have not been completely explored , 
such as the detai led mechanisms for nucleation and f i lm boiling ,  
rad i at ive heat transfer i nvolving gray flu ids i n  complex geometries , 
and behavior i n  turbulent and mult iphase flows . These and simi lar 
problems are the subj ects of signif icant ongoing research a imed at 
developing new models and explanations for phenomena for which ex i st i ng 
models are inadequate for desig n tasks requ i r i ng  inc reasingly accurate 
pred ict ion of results . 

Heat transfer equ ipment , its performance and costs ,  are limit ing 
factors in a host of system concepts .  For example , the Sti rling 
eng ine , or iginally invented as a demonst rat ion of the validity of the 
idea l carnot cyc le ,  remains by and large imprac t ical because the heat 
t ransfer surface demanded for i ts ef f ic ient func t ioning is too heavy 
and expensive to be economically usable . In  the Rankine cycle , used 
for many types of electric power generat ion , the ef f ic iency falls sho rt 
of that in the ca rnot cycle i n  part because mult iple reheat cycles 
requ i re cost ly heat exchangers to recover the energy of lower-pressure 
steam. If heat exchanger costs were reduced , more feedwater heate rs 
using rej ected moisture would be used . 

Related energy extract ion concepts dependent on heat t ransfe r ,  such 
as Ocean The rmal Electric Convers ion sy stems and bottoming cycles in  
convent ional power plants , also are c i rcumsc r ibed by high heat 
exchanger costs . Quite novel ideas such as the use of a 
two-temperature electrochemical battery system to convert high-tempera
ture heat to elec t r ic ity (cha rge at high temperature , d ischarge at low 
tempe ratu re)  are defeated by heat transfe r equ ipment costs . 

Steam gene rators and reheaters , among the bulkiest and most 
expensive components of nuc lear powe r plants , are the source of a large 
f ract ion of system downt ime and maintenance expense . New equ ipment 
concepts and mate r ials are needed . An important opportunity for new 
heat exchanger equ ipment to capture a large amount of cur rent ly wasted 
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energy lies i n  the kraft pulp mill . There are about 200 kraft mill  
complexes or the i r  equivalent in the world today . The typical capac ity 
i s  1 , 0 0 0  tons/day of pulp . Kraft pulp mills and the assoc iated pape r 
machines  in  a modern i ntegrated f ibe r -mill complex have huge ene rgy 
f lows in wate r and gaseous effluent with low thermodynamic 
ava i labi lities . Exi st ing technology has not made it economically 
feasible to develop thi s  opportunity , large ly because of the 
diff icult ies of heat transfer ac ross small g rad ient s .  New innovat ive 
equ ipment concepts are requ i red , which , if  successful , could perhaps 
cont r i bute a quad to the nat ional ene rgy budget . 

Rad ical and innovative changes in special-purpose i ndust r ial furnace 
desig n  to provide for more rapid and prec ise heat ing of parts are of 
interest . A wide range of new heati ng  technologies can be explored , 
inc lud ing microwave , u lt raviolet , inf ra red , laser , plasma , and 
i nduct ion heating . 

Wor k i ng Fluids 

Recommendation : 

o Search for flu ids that will not attac k  sur faces at high 
operating tempe ratu res . 

D i scussion : 

Althoug h a few heat exchange f luids , such as pure l iqu id sod ium (wh ich 
of cour se poses a hazard)  and hel ium, do not seem to attack standard 
heat exchanger mater ials , vi rtual ly all othe r known wor k i ng fluids do . 
In  fac t ,  the two most common working fluids , steam and carbon d iox ide , 
are both persistent ox id i z i ng  mater ials at high tempe ratures . In spite 
of the most exacting manufactur ing standards , evidence to date is that 
no heat exchange sur face can be operated in contact with these f lu ids 
at high temperature without concern for fa i lure . Not all  the 
mechani sms of cor ros ion are well understood yet , but the ox id izing 
nature of the wor king f lu ids is  at least a tr igger for the effects that 
have been exper ienced . A better understand ing of the cor rosion 
mechani sms will cont r i bute to the development of improved wor k ing 
f lu ids . 

Resistant Mater i als and Insulat ion 

Recommendat ions : 

o Coat mater ials wi th ox ide f i lms to resist ox idat ive attac k .  
o Solve the problems of ce ramic heat exchangers . 
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o Deve lop improved methods for j oining nonduct i le mater ials . 
o Improve the understand ing of how soi l  acts as an i nsulat ion and 

heat storage medi um and how it is influenced bf moi sture 
mig rat ion . 

o See recommendat ions in Spec ial Mater ials sec t ion . 

Discuss ion : 

Bas ic chemist ry suggests some new and potent ially rad ical approache s to 
improve the resi stance of equipment and component parts to chemical and 
physical attac k .  One approach i s  to use substances that can resist 
oxidative attac k ,  such as mater ials that a re already oxides , and one 
d i rect ion to take i s  to seek good manufactur ing techn iques for coat ing 
all vulnerable su rfaces with an ox ide f i lm  that is both rugged and not 
too g reat a the rmal bar r ier to heat t ransfer .  Beyond sur face 
treatment , the ult imate in  thi s  d i rection is to bui ld all-ceramic heat 
exchangers . 

A major problem with ceramics is  that they tend to be br ittle and to 
be heat i nsulators .  Nevertheless , some heat-conduct i ve and tough 
ceramics do ex ist and thus thi s  line of development deserves to be 
encourag ed . There shou ld be a parallel ef fort on the joining of 
nonduc t i le mater ials , probably using cements that are themse lves 
nondeg radable--another challeng i ng  concept to develop . 

The problem of i nsulat ion becomes more demand ing whenever smaller 
components are used in  industr ial systems . As the surface-to-volume 
rat io becomes large r ,  previously tolerable heat losses become 
i ntolerable , and the result is  energy loss and equ ipment damage . 

The health hazards of asbestos have v i r tually eliminated the rout ine 
use of this otherwise very valuable mate r ia l ,  and a less r isky and 
equally inexpens ive mater ial of equ ivalent insulat ing capabi l i ty has 
not yet been found . The development of insulating mate r ials made out 
of safe ,  common substances is needed j ust as much for i ndust r ial 
settings as for building s .  There are some higher-technology 
approaches ,  such as the development of coat ings with unusually high 
thermal res i stivity ,  perhaps incorporating vacuum sublaye rs  to furnish 
at least the f i rst bar r ier  against undue heat loss . 

For ret rof i t  i nsulat ion of the exte r ior walls of ex i st i ng  bu i ld ing s , 
there i s  a c r i t ical need for thi n  insulat ing mater ial with hig h the rmal 
resi stance that does not c reate a f i re ha zard , does not lose its 
insulat ing value with age ,  and is  resistant to moisture transfer .  
The use of low-conductivity gases or evacuated mic rospaces within the 
insu lat ion shou ld dec rease its ef fect ive conductivity .  Such an 
insu lation could also be used to improve the per formance of appliances . 
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The use o f  soil as an insulation a nd  heat storage med ium a round 
bu ild ing foundat ions and earth-sheltered st ructures requ i res an 
unde r stand i ng of soi l  conductivity as influenced by moi sture 
mig rat ion . An understand ing of the mass t ransfer of liqu ids t hrough 
porous mater ials is also important in ant ic ipat ing poss ible problems of 
mo i sture accumulat ion in insulated wall cavi t ies . A better 
under stand i ng  of moi sture percolation will cont r ibute to the u se of 
soi l and othe r cheap mater ials that are subj ect to water inf i lt ra t ion 
or pe rcolat ion . 

Component Replacement 

Recommendat ion : 

o Develop cheap mater ials that deg rade g racefully in heat 
exchangers . 

Discuss ion : 

Instead of expens ive armor ing of components in  certain envi ronments ,  
one line of attac k  i s  to use heat exchange components that are 
suf f ic ient ly inexpens ive that design for l imited life and replacement 
is economically feasible . The standard automobi le radiator is a 
poss ible parad igm. Of course , the standards for indust r ial systems are 
a good deal more st r i ngent than for a car rad iator , even for a heat 
exchanger of l imited service l i fe .  When component fa ilure occur s ,  i t  
must be g r aceful J that is , i t  must result merely i n  deg radat ion of 
f unct ion rathe r  than dest ruct ion of the equipment . Many systems that 
i ncorporate heat exchangers ( nuclear power plants are an extreme 
example )  are not presently designed for rout ine replacement of 
components but can be redes igned for that capabi lity .  A present ly 
unpopular approach ,  namely , the use of a system with a g reat many 
manifolded heat exchanger units rather than a few loop systems , cou ld 
present the best opportunity for both minimizing f ield const ruct ion 
(always expensi ve in the erect ion of large systems ) and fac i l itat i ng 
g raceful system deg radat ion and component replacement . 

HEAT ENGINES AND CYCLES 

Heat eng ines and cycles include all internal combust ion eng ines , steam 
eng ines7 and systems that operate on wor k i ng  f lu ids , such as 
compressor s for a i r  cond it ioning , ref r ige rat ion , and othe r applicat ions . 
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Thi s sect ion desc r ibes research approaches in  the following areas : 

0 Augmentat ion of heat transfer 
0 Reduct ion of heat t ransfer 
0 Reduct ion of thermal d i stor t ions and f r iction 
0 Improvement of combustion characte r i st ics 
0 Improvement of path of pi ston 
0 Improvement of cont rol within cycle 
0 Improvement of mater ials to resist highe r  tempe ratures 

Augmentat ion of Heat Transfer 

Recommendat ions : 

o Improve heat exchange within the regenerator of St irling and 
Er icsson eng i nes . 

o Augment a i r -s ide heat transfer in  a i r  cond it ioners  and 
compressors by explor ing new surface geometr ies , lower fluid 
veloc it ies , and use of new mater ials . 

o Augment gas-side heat t ransfer in high-tempe rature heat 
exchangers of bottoming cycles by using shallow fluid i zed beds . 

o Improve cooling techniques for turbine a i r  foils and use ceramic 
mater ials to achieve highe r  power dens i t ies . 

o Deve lop l ightweight heat exchangers for bottoming cycles used 
with d iesel or gas turbi ne eng ines . 

Discuss ion : 

Augmentat ion of heat transfer can achieve substant ial improvements in 
the eff ic iency of heat eng ines ,  ref r igeration cycles , and heating and 
vent i lat ing equ ipment . In a i r  cond it ioners and heat pumps , the 
i r reversibil ities in the heat exchange rs cause eff ic iency losses of the 
same magnitude as the i r revers ibi l i t ies i n  the refr ige rant 
compressor-motor dr ive . The heat exchange r losses are caused by the 
relat ively poor heat transfer on the a i r  side , which requ i res operat ion 
with substant ial  temperature d i fferences to mai nta in adequate heat 
flow . Improving a i r -s ide heat exchange would improve the ef f ic ienc ies 
of such dev ice s .  For bottoming cycles used with diesel o r  gas turbine 
eng ines , high-tempe rature heat exchangers are needed that are 
lightwe ight and resi stant to fouling and thermal stresses . 

If  the heat exchange in the i r  regene rators could be made more 
eff ic ient and the fluid f r iction reduced , it would be poss ible to 
improve the pe rformance of S t i r l ing and Er icsson eng ines .  These 
coupled problems , along with poor part-load per formance , have always 
been among the biggest stumbl ing bloc ks to maki ng e ithe r of these 
theoret ically eff ic ient cycles into economically pract ical devices . 
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Air-side eff ic iency in a i r  cond it ione rs and compressors can be 
inc reased by improved methods to augment the air-side heat transfe r , 
possible approaches i nclude new surface geometr i es that g ive h ig her 
heat transfer at low ( laminar ) veloc ities . Thus , less expens ive , more 
rel iable techniques for fabr icat ion of large a i r-side surface a reas are 
needed . Th i s  might be accompl ished by the use of new mater ia l s  such as 
high-conductivity polymer ic mater ials and new fabr ication met hods . 

New ceramic or compos ite mater ials could be useful in high-tempe ra
ture heat exchangers . Augmenting gas-s ide heat transfer in bottoming 
cycles with ve ry shallow f lu id i zed beds may be appl icable for 
high-temperature d i r ty streams such as exhaust gases . Low-dens i ty 
fluidi zed beds may also improve ai r-s ide heat transfer in low-tempe ra
tu re exchanges . 

Adopt ion of high-eff ic iency cooling techniques for turbine a i r fo i ls 
used in transportation and new ceramic mater ials for the turbines 
themselves wi ll allow highe r  power dens ities and consequently g reater 
cycle effic ienc ies in gas turbine eng i nes . 

Reduct ion of Heat Transfer 

Recommendations : 

o Seek to reduce turbulence and to approach laminar flow wi thin  
the cyl i nder . 

o Pu r sue add it ional research on the fluid dynamics within the 
cylinder to extract more wor k  f rom the heat produced . 

D iscuss ion : 

Improvements can be made in the deg ree to which a real eng ine ' s  st roke 
actually approaches ad iabat ic ope ration � minimizing heat transfer 
ac ross the boundary layer between the working fluid and the chambe r 
wa lls . Thi s  means mak i ng  the wor king fluid ' s  mot ion more nea rly 
laminar and less turbulent at the smallest possible scale . Thi s  must 
be ba lanced � the turbulence necessary for good mix ing and combust ion 
of the fue l  and a i r .  I n  a d iese l eng ine , reduct ion of heat transfer 
losses and the use of turbo compound ing can lead to a 15  percent 
inc rease in the cycle ef f ic iency . Reduct ion of the heat transfer 
requ i res attention to both the fluid dynamics of the working f luid and 
the use of resistant mater ials , such as new ceramic compounds ,  on the 
surface of the chambe r .  
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The major ineffic ienc ies in modern internal combustion eng i nes , 
whether Otto , d iesel , or combined cycles ,  ar i se f rom heat losses in  the 
hottest part  of the cycles . The more wor k  that can be ext racted f rom 
heat at its highest temperature , the more eff ic ient is the eng ine .  
Here i s  a general problem seeking a solution .  One poss ibil ity i s  
desc r ibed below ( see Improvement of Path of Piston section) , but othe r 
approaches may be used , such as captur i ng  the wor k  that i s  potentially 
ava i lable whi le the gas in the eng ine is  at its peak temperature , 
before heat i s  lost through the walls and temperature declines . Such 
an improvement would make the internal combust ion eng ine pe r form more 
near ly l i ke the ideal Carnot eng ine . 

Reduct ion of The rmal D i stort ions and Friction 

Recommendations : 

o Study convect ive heat transfer in  rec iprocating eng ine cylinders . 
o Study the re lat ionships among flame propagat ion , flu id dynamics , 

convective heat transfer , and solid conduction .  

Discuss ion : 

Convect ive heat transfer in  rec iprocat ing eng ine cylinders i s  
character i zed by turbulent , t ransient flow .  Heat transfe r under such 
complex flow cond it ions leads to nonuniformit ies that reduce eng ine 
performance . Thi s  phenomenon must be better under stood to enable more 
eff ic ient , more nearly ad iabatic processes to be designed , as 
previously desc r i bed . Temperatu re nonuniform ities within an eng ine 
pi ston and cyl inder cause the rmal d i stor t ions that inc rease slid ing 
f r ic t ion . A solut ion to thi s  problem requ i res an unde rstand ing of the 
relat ionships among flame propagat ion , fluid dynamics , convective heat 
transfer ,  and transient sol id conduction .  

Improvement of Combust ion Characteristics 

Recommendat ions : 

o Study the process of mix ing and combust ion of d iesel fue l .  
o Seek to speed up the slow d iesel burning process at the end of 

the combust ion st roke . 
o Exper iment with st rat if ied charge ignition eng ines to approach 

d iesel performance and provide mu lt i fuel use . 
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Discuss ion : 

The processes of mix ing and combust ion , pa r t icularly of d iese l fuel , 
must be unde rstood so that both part iculates and NOx (nitrous ox ides)  
emi ss ions can be s imultaneously reduced . Fa i lure to solve thi s  problem 
may reduce the opportunities to use h igh-ef f ic iency d iesel eng ines as  
prog ressi vely str icter pollut ion standards are  enacted . 

Combust ion i r reversibi l i t ies consume about 30  percent of the energy 
availability in d iesel fuel . A means to speed up the comparat i ve ly 
slow burning process at the end of the d iesel combust ion stroke would 
improve the ove rall d iesel effic iency . Thi s  is because the late 
burning supplies heat energy at a temperature lower than that suppl i ed 
by ear ly burning . 

Strat if ied charge ignit ion eng ines , which approach d iesel 
performance , offer the potent ial of mult ifuel use , includ ing ethanol . 
Por example , they would be more tolerant to lower-quality and 
nonun iform fuels der ived f rom coal than would conventional ignit ion 
eng ines . Although not necessar i ly a more energy-effic ient eng ine , the 
strat i f ied charge ignit ion eng ine allows for the economic use of 
domest ic fuels rather than imported fuels . 

Improvement of Path of Piston 

Recommendat ion : 

o Develop a mot ion transducer that can be int roduced between the 
pi ston and the flywheel in an Otto or d iesel eng ine .  

Discuss ion : 

An approach that has been analyzed theoret ically but has yet to be 
t ranslated into a pract ical test device i s  the introduct ion of a motion 
transducer between the piston and the f lywheel-and-c rank of Otto or 
d iesel eng ines to make the piston follow a path whose t ime cou rse 
opt imi zes the average power . Accord ing to theoret ical analyses , this 
would yield 10  to 1 5  percent more power for the same fue l  consumpt ion 
than would a convent ional eng ine with its piston making an 
approx imately sinusoidal time path . The requisite t ransducers can be 
made with shaped cams and possibly with electromagnetic mot ion 
transducer s .  Whether the transducer could be made to rel iably 
withstand the ord inary stresses in the use of an automobi le is unknown . 
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Improvement of Control Within Cycle 

Recommendat ions : 

o Explore var iable capac ity compressor s .  
o Develop improved expansion valves . 

Discuss ion : 

In  refr igerat ion cycles , the thermodynamic pe rformance at heat sink  
temperatures that d iffer f rom the des ign point can be improved by using 
var iable capac ity compressors and by improving cont rol of the expansion 
valves that minimize i r reversibilities in  the condensor and evaporator 
at lower refr igerant mass f low rates (Mozur kevich and Ber ry , 1981) . In 

internal combustion eng ines ,  particula r ly the d iesel , major ef f ic iency 
improvements can be achieved by paying attent ion to the aerodynamics 
within the cyl i nder-piston volume . One approach i s  to make the 
compress ion par t  of the cycle approximate the common i sothe rmal Brayton 
cyc le .  

Improved Mater ials to Res ist Highe r  Temperatures 

Recommendat ions : 

o Develop high-tempe rature , high-st rength ,  and machinable ceramics . 
o See recommendat ions in Spec ial Mater ials section . 

D iscussion : 

H ighe r-temperature eng ines such as turbines and mageto-hydro-dynamic 
generators offer higher energy eff iciency ( Larsen and Johnson , 1984 ) . 
The pr inc ipal limitat ions now are in the properties of the mater ials of 
the devices.  By developing h igh-temperatur e ,  high-st rength ,  
machinable , castable , or othe rwi se formable ceramics , one could operate 
turbines with the temperature of the incoming gases closer to the f lame 
temperature , thereby inc reasing the thermal ef f ic iency . 

SENSORS AND AUTOMATIC CONTROLS 

The advent of the modern computer chip of fers outstand ing opportunities 
for controll i ng the f low of energy in a vast spectrum of processes . As 
seen in the di scuss ion that follows , the cur rent abi lity to detect 
real-time information on field condit ions relating to energy use lag s  
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far behind the cur rent abi lity of modern compute rs and control systems 
to use the informat ion . Whi le computer abi l i ty cont inues to g row 
rapidly , the technology for obtaining useful energy input data rema ins 
behind . 

Thi s  subj ect i s  d iscussed within the following research approaches : 

o Improved sensor technology 
o Models to extend the scope of sensors 
o Models in  the process loop 
o Artif icial intell igence , expert  systems , and robotics 
o Remote sensi ng/novel appl icat ions 

Improved Sensor Technology 

Recommendation : 

o Develop sensor s that can func tion in more stressful 
envi ronments , such as high temperatures , high-speed moving 
parts , rad iat ion , and chemical-react ive environments . 

Discuss ion : 

There are sing le computer chips with apprec iable data storage and 
a r i thmet ic capability ,  affordable microcomputers for use as cont rol 
log ic elements in subsystems , and inexpensive minicomputers for larger 
data-handling and alarm systems . With these computer hardware 
capabi l i t ies , bold thinki ng can lead to new energy-sav ing appl icat ions 
for consumer appliances and industrial systems . Although these systems 
have become more eff ic ient , furthe r improvements ar e l imited by a 
s i ng le problem whose root is  ne ither the availabi l i ty of appl icable 
methods of measurement nor the ava ilabi l i ty of improved sensor 
technology . The problem i s  translation of the sensory device f rom a 
spec ial i zed sc ient i f ic inst rument to a mass-produced commerc ial or 
i ndustr ial produc t .  The bar r iers  to this  can be categor ized as 
envi ronmental , economic , and inst itut ional . 

Envi ronmental bar r iers refer to the wor king envi ronment of the 
sensor . Its volume may be l imited by mechanical des ign const raints r it 
may be asked to per form at extremely high or low temperatures or in 
host i le chemical envi ronment s ,  and it  may be subj ect to v ibrat ions , 
accelerat ions , and so on . The process to be controlled may requ i re 
such del icate tuning that only a remote sensor is  acceptable . Por 
example , it  would be des i rable to sense in real time the electr ic 
charges in lubr icants that g ive ear ly warning of lubr icant breakdown . 
If  they could wi thstand the envi ronmental stresses , such sensors could 
be l inked to sophi st icated eng ine control systems , which could process 
the sensed parameters and init iate cor rec t ive feedback ( reduct ion of 
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speed or add ition of  lubr icants) . In  other applications , sensors may 
be called upon to per form in rest r icted spaces ( eng ines) , high-speed 
moving parts ( turbine blades ) , h igh-rad iation f ields ( nuclear 
reactor s ) , or exotic chemical envi ronments (catalyst beds) . 

Examples of inadequate sensor technology illustrate opportunities 
for new development . A famous case is the acc ident at the Three Mile 
Island nuclear power plant . Although other factor s  may have 
cont ributed to the i nc ident , a key issue was the absence of adequate 
sensor s of the wate r level in the reactor and water flow in i ts 
assoc iated pressur i zer . I n  this case the lac k of proper sensor s was 
part of a chai n  that conver ted a relatively minor inc ident i nto a 
ser ious acc ident . For such si tuat ions , it is desi rable to develop 
improved sensors that are linked to cont rol loops in order to inc rease 
system eff ic iency and per formance by survey ing and modulating rout ine 
operation as well as to enhance safety . 

Sensor s are bei ng called on to per form in very host ile envi ron
ment s .  For example , in the low-heat-rej ection or ad iabat ic eng ine ,  
high temperatures must be measured in an ox id izing or sulf id ing 
envi ronment i thi s  requ i res protective sheaths or new alloys . It is a 
long way f rom the use of an instrument in a controlled laboratory 
setting to its appl ication in the factory or f ield .  This example 
involves obvious economic constraints , and probably inst itutional 
bar r i er s ,  but the major problem i s  that of f itting the sensor into the 
total process environment . 

Inst itut ional bar r iers inc lude poor informat ion t ransfer in 
i ndustry , par t icularly across profess ional lines . Conservati sm of the 
designer or regulator , who may be skept ical of the rel iabi lity of a 
novelty , must also be recog ni zed . 

Models to Extend the Scope of Sensors 

Recommendat ion : 

o Expand research of bas ic phys ical processes so that models can 
be des igned for a very wide var iety of situat ions not access ible 
to sensory devices . 

Discuss ion :  

S i tuat ions ex i st for which there i s  li ttle chance of develop ing sensors 
for d irect cont inuous measurement . Examples are : 

o mass-temperature-pressure prof i les of fuel and ox idant in a 
combustion chambe r and 

Copyright © National Academy of Sciences. All rights reserved.

Innovative Research and Development Opportunities for Energy Efficiency
http://www.nap.edu/catalog.php?record_id=19218

http://www.nap.edu/catalog.php?record_id=19218


24 

o steel embr ittlement as a result of fast neut ron i r rad ia t ion in a 
nuclear reactor . 

When such informat ion cannot be obta ined , cont rol must be based on 
human i ntervention , qual itative heu r i st ics , and sheer guesswor k .  
However ,  the ability to model systems and processes accurately is  
improving rapidly . In some instances , models have been validated to a 
point approaching the rel iabi l i ty of a phys ical law. Such mode l s  can 
supply a cont rol loop with informat ion as valid as that coming d i rectly 
f rom a sensor of moderate accuracy . An example of thi s  is the 
spec i f icat ion of power density throughout a nuclear reactor cor e f rom 
neut ronic computations and a limited number of observat ions on system 
powe r and coolant temperatu re and flow, par ticularly in boiling water 
reactor s .  According to thi s  concept , data f rom a sensor system ar e 
processed by a computer prog ram that is based on a model of the process 
or dev ice being monitored . The output of the prog ram is  then used to 
control a feedback system,  which in turn control s the process or device . 

Thi s  capabi l i ty has not yet been developed to full advantage . The 
use of elaborate models is not part of the tradit ional cont rol 
algor ithm ,  and there is inst itut ional reluctance to accept th is  
approach . This i s  not surpr ising g iven that cer ta in industr ies 
( nuclear , shipping , utility ,  bui ld ing , steel)  have been slow to accept 

modern concepts of automat ion and tend to res i st even now-trad i t ional 
automat ion ideas f rom othe r sector s .  TO he lp in the ident i f icat ion of 
worthy proposals in this category , it is useful to i nd icate the 
character i st ics requ ired for good modeling in a process cont rol context : 

o Models must be able to accept information f rom ava ilable sensors 
and reconc i le it with ongoing performance evaluat ion ; the 
i r reconc i labili ty of a par ticular sensor s ignal with any 
malfunct ion in the model should provide an alarm capabi l i ty ,  for 
example , a warning of probable sensor malfunction . 

o The informat ion that model-based sensor s provide must be of 
determinable and acceptable accuracy . 

o The informat ion must be made ava i lable in a t imely manne r , 
timel iness being d ictated by system dynamics . 

o The operat ion must be feasible with computat ional equ ipment that 
is economically appropr iate for the system and job .  

Depend ing on requi rements ,  models will va ry i n  sophist icat ion f rom 
detai led representat ions based on sc ient i f ic theory and large , 
well-val idated data bases , to semiempir ical settings based on 
cor relat ions and heu r i st ics , to relat ively elementary processing of 
input data . For the semiempi r ical g roup , the most l ikely to be widely 
used support for the development of spec i f ic innovative process 
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desc r iptions would have very h igh leverage . The more deta i led models 
can be expected to  be used by regulatory agenc ies or  research 
laborator ies , pr imar ily for val idating simpler models . Deta iled model s 
tend to be neither quick nor cheap to run . There is  far more suppor t 
ava i lable at present for detai led modeling , generally cons idered more 
• sc ient i f ic , •  than for semiempi r ical stud ies . Even regard ing heat 
transfer , a f ield in which semiempir ical modeling has long been 
standard , the recent tendency has been to der ive models f rom f i rst 
pr inc iples . Thi s  is  not to be dec r ied :  detailed modeling is necessary 
and desi rable . However ,  semiempir ical appl icat ion modeling must not be 
set aside , because it has a separate and worthwhile rat ionale . Th is i s  
connected to the •chaos• approach : processes that a r e  not really 
stochastic are nevertheless amenable to the power ful and ef ficient 
methods of stochast ic modeling . 

Related problems that generally need to be addressed include 
speci fying the demands for sensor prec ision ,  range , and dynamic 
response . The design of an extremely capable automat ic control system 
is a challeng ing synthesis problem for each new appl ication . However ,  
a par t ial analysis  of the general state of such problems emphasizes 
three areas where impor tant breakthroughs may be expected : 

1 .  Novel appl icat ions of sensors ;  
2 .  I ncorporat ion o f  system or subsystem models into the loop to 

cor relate sensor informat ion , to supplement it , and to provide 
pred ictive power ; 

3 .  Use of expert systems to detect cond it ions requ i r ing an alarm 
signal for automatic response and human intervent ion . 

Models in the Process Loop 

Recommendat ions : 

o Focus research on combust ion eng ines , metal-wor king equ ipment , 
and ceramic forme r s . 

o Study the process of wear on sur faces , reliabi l i ty of 
components , and br ittleness of metals by using more advanced 
sensory tools . 

Discussion : 

An excellent example of an energy-process loop occurs within a nuc lear 
reactor . In nuclear reactor s sensor information ( tempe rature , 
pressures , flows , and neutron and radiat ion f ield strengths)  is melded 
with system models to provide information about the state var iables : 
power , reactivity ,  location and intens ity of hot spots , power prof i les , 
isotope concentration prof i les , and so forth . The state var iables of a 
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process are the parameter s  requ i red for cont rol . Add it ional potential 
appl icat ions of •with in-loop• models include : 

o Meld ing of sensor information in combust ion eng ines into control 
of fuel and oxidant flow reg imes and local concentrat ions ; 

o Metal-wor king equipment in which the state of the wor k  i s  
moni tored and used a s  a sensor of the state of the tool s ; 

o Ceramic forme r s  in which one can see ins ide the mold ; 
o Hi stor ical integ rat ion of wear on sur faces , reliabi l i ty analys is 

of components , br i ttleness of stressed metals , and other 
hi story-dependent phenomena . 

In  all of these cases , the princ ipal problem is to f ind the r ig ht 
match between model and computing device to sat isfy economic and 
dynamic ( that i s ,  t ime-scale ) constra ints . 

Art i f ic ial I ntell igence , Exper t  Systems , and Robot ics 

Recommendat ion : 

o Conduct research on integ rat ing all steps in the standard 
cont rol loop , f rom sensing through processing to control s ig nal 
and feedbac k .  

Discuss ion : 

These approaches to automat ic cont rol have the potent ial for improving 
the eff iciency of most indust r ial processes.  With the abi lity to 
rapidly respond to system state , a complex operat ion can be mainta ined 
within a presc r ibed design enve lope . A related capabi l i ty enta ils 
g iving alarm of potent ial malfunctions , which are d iagnosed by 
detecting excessive demands on the control system . 

The inc lusion of comput ing within the cont rol loop extends these 
capabil i t ies in seve ral ways . In systems with mult iple sensors , 
self -cons i stency of the informat ion can be moni tored , and potent ially 
e r roneous signals can be detected . Informat ion that comes f rom robust 
theor ies or f rom well-val idated empi r ical models can be incorporated 
d i rectly into both feedback loops and interpret ive rout ines . Computing 
can be used for pred ict ion ( to avoid future trouble) and for 
t rouble-shooting through the use of expert  systems . 

A further advance i s  the use of expert systems on-line ,  combining 
computer models with automat ic s ignals and controls . These systems , 
sometimes called • robots , •  have g reat potent ial ut ility for diagnosing 
malfunc t ions and recommend i ng remedial act ion . The i r  use of f-line is 
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g rowing ,  such as in electronic automobile diagnosis , but on-l ine use 
lags . Research is needed at each stage of the standard cont rol loop 
and for i nteg ration , i nclud i ng  research on ( 1 ) information detect ion , 
( 2) transmiss ion to computer system, ( 3 ) compar ison with opt imal 

per formance , ( 4 )  inference of control requ i rements , ( 5) harmonizat ion 
with control capabi l i ty ,  ( 6 ) t ransmission of command s ignal , ( 7 ) 
cont rol action , and ( 8 ) return to information detect ion (Step 1 ) . Of 
these conceptual steps , computing devices per form Step 3 as well as is 
usually requi red and a re extremely useful in Steps 4 and 5 .  Step 7 i s  
a matter of electro-mechan ical-hydraulic-opt ical des ign , which i s  
normally cons idered adequate for the immed iate task , except for the 
regulat ion that takes the system of sensor and response signals bac k 
through the loop again . Por example , the detect ion s igna l  transmiss ion 
funct ion must be ready for act ion before the device receives its next 
cont rol s ignal.  Step 1 ,  informat ion detection , i s  commonly the 
l imiting factor in designing opt imal operat ions . Whi le automat ic 
cont rols are a key to improved system ef fic iency , improved sensor 
technology is the key to wider use of automat ic cont rols . 

Remote Sensing/Novel Appl icat ions 

Recommendation : 

o Exper iment with computer i zed-ax ial tomog raphy (CAT) in  a var iety 
of appl icat ions , for example , neutron rad iog raphy in metal 
forming , d i f ferent ial thermometry , laser ref raction , 
diff raction , and scattering for inspection of close tolerances r 
on-l ine potent iometry for tracer ion concent rat ion , and 
desc r ipt ion of turbulent edd ies within a flu id . 

o See recommendat ions in Build ing Envelopes section . 

Discuss ion : 

Remote sens ing technolog ies usua lly allow for the measurement of 
phys ical and chemical proper t ies without perturbing or othe rwise 
influenc ing the behavior of the system being measured .  These systems 
detect electromagnet ic phenomena f rom a remote vantage point . Por 
example , CAT scans , based on a va r iety of techniques includ ing nuc lear 
magnetic resonance , ultrasonics , and rad iat ion , provide an almost mag ic 
abi lity to • see • ins ide a complex obj ect .  CAT has been impress ive in 
the med ical f ield and recently in sensing the earth ' s c rust and 
mantle . These approaches must surely provide opportuni ties for 
extracting useful information for routine on-l ine use for 
manufactur ing .  Examples of CAT appl ications to be prof itably developed 
inc lude : 
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o Neutron rad iography as an on-l ine tool in  metal forming ; 
o Laser refraction , d i f f raction , scattering ,  and interferometry 

for i nspect ion of optical proper ties and checking of close 
toler ances ; 

o Different ial thermometry , par t icular ly of high-temperatur e  
systems ( because of rapid heat transfer a t  high temperatures , 
large thermal g rad ients are sensed as small temperature 
di fferences) ; 

o On-l ine potentiometry or othe r measurement of spec i f ic t r acer 
ion concentration to moni tor chemical changes ; 

o Turbulent eddy desc r iption within  a f lu id .  

I n  other areas , such a s  electron mic roscopy , where the pr imary data 
are i nsuff ic ient for tomog raphy , othe r methods of image analys is , 
" image enhancement " by multiple-scan ave rag i ng ,  and del iberate 
reduct ion to d i sc rete deg rees of cont rast ( for example ) can y ield 
adequately accurate and useful reconstruct ions of the des ired obj ects . 
Such remote sensing methods are capable of probing heretofore 
inaccess ible informat ion . In gene ral , a "What would we really l i ke to 
know? " approach to sensor development is needed , rather than the 
cu r rent "What can present sensors measure? " approach . 

MATERIALS PROCESSING 

The term "mater ials processing " at one t ime had a very limi ted meaning , 
referr ing spec i f ically to the c lassical metallurg ical operat ions of 
min ing and extract ion of ores , refining of bulk metals and alloys , and 
f inal fabr ication into usable forms by cast ing or hot wor king . Today 
thi s  same term has a much broader meaning , encompass ing such d ive rse 
operat ions as t reatment s to modify sur faces with rad iat ion and par t icle 
beams , rapid solid i f icat ion of metastable mater ials , synthesis of 
mater ials from chem ical (molecular ) precursor s ,  and even the shaping of 
hard , monol i thic ceramics . This  broader def inition of mater ials 
process ing i s  the focus of the following discussion . 

In  the past decade , the skills of the mater ials sc ient ist have 
advanced to a stage at which new mater ials wi th spec i f ic prope rties can 
be constructed using new tools such as thin f i lm deposi t ion and ion 
implantat ion . The mater ial is  no longer a commodity ,  such as copper or 
steel , but a high-value-added product more ak in to a semiconduct ing 
dev ice . It is in th is area whe re the scope for innovat ion i s  greatest . 

The opportun i t ies include the following : 

o Innovat ion in traditional mater ials process ing 
o High-temperature processing 
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o surface mod i f icat ion treatments 
Chemical vapor deposi t ion 
Laser surface alloying 
Ion implantat ion 
Molecular beam depos it ion 

o .  Rapid solid if ication processing 
Thi n-sheet casting 
Spray forming 

o Chemical synthes i s  
o Shaping of ceramics 
o Forest produc ts industry appl ications 

Innovation in Tradit ional Mater ials Processing 

Recommendat ions : 

o Search for opportunities in mining , extraction , refining , and 
forming of metals . 

o Explore extraction of metals f rom powdered ores . 
o Explore methods for near-net-shape fabr ication . 
o Explore improved instrumentat ion , controls , and robot ic systems . 

Discuss ion : 

The traditional methods of produc ing metals and alloys from naturally 
occu r r i ng ores are very energy i ntens ive .  Mining and c rushing 
ope rat ions use considerable mechanical and/or chemical energy a s  fuel 
or explosives. Cur rent DOE-sponsored advances in the tr ibology of 
cutting tools and in eng ine technology will improve this  si tuat ion , but 
more could be done to explore novel methods of extrac t ing ( leaching )  
the metals f rom the ore to r educe the requ irements for crushing and 
g r inding energy . 

Trad i t ional refin ing processes are inef f ic ient and capital-inten
sive .  If a powdered metal , rather than a bulk casting , is a des ired 
product ( as a feed to a near -net-shape compact ion and s inter ing 
process ) , then d irect reduct ion of the metal oxide or sulf ide ( e . g . ,  by 
hydrogen) will probably be more energy eff ic ient than would the 
t rad it ional counterpar t .  Laser and plasma reactions are also feasible 
d irect-reduct ion routes . 

Two related factor s lead to energy ef f ic iency in manufactur ing 
mater ials to the i r  f inal usable shape . First , as h inted in the 
previous paragraph , fabr icat ion to a near -net shape conserves energy , 
and probably mate r ials as well , because recycling is never 100 percent 
effective . Near-net-shape fabr ication processes include powder 
metallurgy and electromagnetic forming , but there must be others as yet 
undeveloped . The second factor is  productivity or manufacturing 
effic iency . Obviously ,  the h igher the yield of usable product , the 
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less the energy consumed overall . Ef f iciency may be increased through  
( 1 )  better instrumentat ion and control of  processes where the cur rent 
need is for better sensors that will function reliably in the host ile 
environment of the process , ( 2) robotics and automat ion where a better 
under stand ing of the appl ications of ar t i f ic ial intell igence and expert 
systems i s  needed , and ( 3 ) inspection ( batch and on-line) enta i l ing new 
and improved methods of nondestructive evaluation , for example , nuclear 
magnetic resonance and computer-aided tomog raphy , which have been 
developed for med ical d iagnost ics and show promise as on-line tools for 
inspecting pores and flaws in f ine ceramics . 

High-Temperature Processing 

Recommendat ions : 

o Expe r iment with chemical react ions at highe r  temperatures to 
exploit inc reased energy ef fic iency . 

o Explor e metal extraction f rom powdered ores . 
o Seek g reater thermodynamic eff iciency in heat eng ines . 

Discuss ion : 

The potent ial for processing car r ied out at temperatures higher  than 
those now used ar ises f rom ( 1 )  g reater thermodynamic ef f icienc ies in  
heat eng ines and ( 2) more ef f ic ient chemical react ion processes , when 
either the equi l ibr ium shifts in the des ired d i rection with increas ing 
temperatur e ,  or the rate of a react ion increases and the faster 
react ion improves the performance of the process . Furthermore ,  some 
techniques for mater ials processes s imply cannot be conducted except at 
very high temperatures . 

An example of a potent ial improvement in a h igh-temperature reaction 
is  the production of hydrogen f rom water . The equ i l ibr ium of 2B20B • 

2B2 + OB2 shifts to the r ight with i ncreasing temperature . If , 
even in  a s imple direct thermal decomposition of water , the process 
could be run at a�proximately 3 , 0000X and the products quenched in 
approximately 10- seconds , a net stored fuel energy of the produced 
a2 , per unit of i nput energy , could reach approximately 5 to 6 
percent , probably the opt imum for this  d i rect spl itting process .  TO 

achieve such a hot reacting mixtu re , one would have to devise a means 
such as mic rowave heat ing to make the flowing , reactive gases 
cons iderably hotter than the chamber walls . This  is  not an unusua l 
demand . It happens all the time in inter nal combust ion eng ines and 
could be achieved in  a cont inuous flow reactor as wel l .  

Some industr ial processes can occur only a t  high temperatures , such 
as s i nter i ng of refractory metals l i ke titanium. I f  one can work  with 
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metal powders to fabr icate structurally sound obj ec ts ,  then methods to 
win the metals f rom the i r  ores in powder form, rather than as ingots , 
can lead to large reduct ions in energy demand . A further important 
cons ider at ion is to capture the high-temperature res idual heat f rom 
such processes for other economic uses , using heat exchanger technology 
previously discussed . 

Sur face Modif ication Treatments 

Recommendat ions : 

o Explore chemical vapor deposit ion for coating of heat 
exchanger s ,  pipe , reactor vessels , and so for th , for c r i t ically 
stressed mater ials . 

o Explore laser sur face alloy ing at low energy input combined with 
g lazing as a way of surface mod if ication . 

o Explore ion beam implantat ion to increase the range of economic 
appl ication for small c r i t ical components in high-wear 
s i tuat ions . 

o Explore molecular beam deposit ion for ta ilor ing the 
microstructure of compos ite mater ials . 

o Study the bas ic phys ical/chemical processes in all of these 
approaches . 

Discuss ion : 

Sur face mod if ication technology , as appl ied to structural mater ials , 
has assumed a prominent pos i t ion in mate r ials eng ineer ing . An 
extraordinary var iety of methods for sur face treatment has been devised 
to deal with spec i f ic problems encountered in real-world envi ronments , 
such as corrosion , eros ion , and wear . It is not the Committee ' s  
intention to cr itically review all these processes but merely to 
highl ight some of the new developments that promise to extend the scope 
and flexibil ity of sur face mod i f icat ion and in thus reduce total energy 
inputs . The four areas that appear to hold the g reatest potent ial for 
innovat ion are chemical vapor deposition ,  laser sur face alloy ing , ion 
implantation , and molecular beam depos it ion . Developments in these 
areas should have favorable impact on future eng ineer ing and process 
systems by extend ing the i r  l i fetimes and per formance capabi lities and 
by increasing energy effic iency in manufactur ing ( for example , by 
reduc ing f r ict ion in wire or tube drawing ) . Appl icat ion stud ies are 
needed as well as fundamental studies . 

Copyright © National Academy of Sciences. All rights reserved.

Innovative Research and Development Opportunities for Energy Efficiency
http://www.nap.edu/catalog.php?record_id=19218

http://www.nap.edu/catalog.php?record_id=19218


32  

Chemical Vapor Depos it ion Chemical vapor deposition (CVD) is a 

ver satile technique for apply ing protect ive coat ings ( both d i f fu s ion 
and over lay coating s )  to mater ials surfaces . Unl ike many other coating 
technolog ies , CVD can be scaled up , and it  does not depend on 
line-of-sight access to the wor k-piece surface . Thus it  is the 
preferred coating method for batch processing of complex-shaped parts , 
such as cutting tools , that are coated routinely with mult iple layers  
o f  hard ceramic mater ials . CVD is also an  attractive opt ion for 
coating i nternal surfaces such as heat exchanger bundles , process 
piping , and reactor vessels . Such a technology could be an integ ral 
par t of eng ineering design in future systems . Thus , c r i t ical 
eng inee r i ng hardware ( for example , the f i rst wall  of a fus ion reactor ) 
could be designed for per iodic reconstruction by CVD techniques . 

Laser Sur face Alloy ing Sur face melting (gla z ing )  using 
high-power-dens i ty laser s (or electron beams) bas been used 
successfully to modify the sur face properties of mater ial s .  Although 
some benefi ts can be obtained d i rectly f rom rapid-sol id i f ication laser 
g laz ing of some mater ials ( for example , high-speed steels) , the 
greatest benefits acc rue when glazing is combined with sur face 
alloy ing . Methods of sur face alloying include preplacement of alloying 
mater ial (powder ,  electro depos it , and so forth) on the wor k-piece 
sur face pr ior to glazing or cont inuous delivery of alloy powder to the 
interaction or melt zone dur ing glaz ing . For example , inj ection of 
hard car bide par ticles into the alloy substrate has been used to 
develop wear-resistant surfaces for valve seats and bear ing s .  The 
poss ibi l it ies for sur face alloy ing treatments , however ,  have by no 
means been exhausted . Further wor k  is needed to determine the 
feas ibility of using ( 1 )  react ive gases for more convenient sur face 
alloying ( for example , carbu r i z ing )  and ( 2 ) gaseous or l iqu id 
organometall ic precur sor s for applying ceramic over lay coat ings ( that 
i s ,  laser-induced CVD) . All these processes make ef f icient use of the 
ava i lable energy in the focused laser beam because the substrate 
remains essentially at ambient temperature dur ing processing . Despite 
the low energy conve rs ion ef f ic iency of electr ic power to laser energy , 
the net energy ba lance in many practical s ituat ions is sti l l  favorable . 

Ion Beam Implantation Ion beam implantat ion is  a power fu l technique 
for modifying the surface structure and properties of mater ials , but i t 
i s  l imited to relat ively small areas of appl icat ion , on the order of 50 
cm2 , and to very th in layer s  of 2 , 000 angstroms or less . Because of 
these l imitat ions in processing ,  applications have been restr icted to 
sur face modif ication of small , high-pe rformance components such as 
bearings , seals , and cutting tools . Thus the ma in thrust of research 
act iv i t ies , at least in the structural mater ials area , bas been ion 
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beam surface modif icat ion to reduce f r iction and wear . In thi s  regard , 
� ion implantat ion of hard mater ials , typically at dose levels of 5 
x lol7 ions/cm2 , has proved to be par t icularly benef icial , with a 
factor of 10 or more reduct ion in wear rates rout ine ly accomplished in 
bear ing and cutt ing-tool mater ial s .  

Another recent development has been the introduction of combined ion 
implantat ion and vapor depos i tion processing , called • ton beam enhanced 
deposi t ion . • This process has great potent ial as a means to apply hard 
ceramic coatings (g raded in compos ition ,  if necessary) to metallic 
substrates , with a guarantee of good metallurg ical bond ing between 
substrate and deposi t .  An interesting example is  the synthesis , under 
essentially ambient pressure cond i t ions , of cubic boron nitride . This  
unexpected result has raised quest ions concerning the applicabi lity of 
ion beam process ing to the synthesis of new classes of metastable 
superhard mater ials ( for example , d iamond ) , which could f ind useful 
application as coat ings for punch and die sets and as hardfac ings for 
cutting elements . In this  area there is an urgent need for in-depth 
studies of the mechanisms involved in the actual S¥nthesis of the 
mater ials . 

Molecular Beam Depos i t ion Molecular beam depos ition is one of the most 
sophisticated techniques ava i lable today for ta ilor ing the microstruc
ture of composite mater ials (metal/metal ,  metal/ceramic , metal/polymer ) 
on a very f ine scale ( nanoscale dimensions ) .  A wide range of 
compos itionally modulated semiconductor mater ials has been produced , 
and some surpr ising phys ical and electronic proper ties have been 
uncovered , such as quantum well effects . Much less wor k has been done 
on metall ic and ceramic mater ials , but already some i nterest ing ef fects 
have been d i scovered . Remar kable increases in elast ic stiffness have 
been reported for layered structures of nickel and gold , in which the 
thickness of the ind ividual layers is  less than 2 nm.  Changes in 
electrical properties with layer thickness have been repor ted for 
modulated structures of nickel and molybdenum r the structures become 
insulator s or nonmetals when the layer thickness is  less than one nm .  
By chang ing metal type and layer thickness , devices can be generated 
that combine normal conductivity in the plane of the f i lms with 
var iable conduct ivity normal to the plane . These f ind ings clear ly 
under score the importance of mater ials with nanoscale dimen-
s ions . 

It  has been cla imed , with some j ust i f icat ion , that •nanoscale 
solids • are spec ial k inds of mater ials , with character i st ics that are 
intermediate between convent ional crystalline and amorphous (glassy)  
solids . This  i s  because when the scale of the microstructure is  
reduced to 1-10  nm, the volume fraction of  the incoherent g ra in 
boundary interfaces becomes comparable with that of the crystall ine 
reg ions . The synthesis  of nanoscale sol ids i s  not l imited to molecu lar 
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beam depos ition. S imi lar results have been obtained by extrusion , 
roll ing , and mechanical milling of d issimilar mater ial combinat ions , 
for example , i ron-copper ( Fe-cu ) , copper (C-glass ) , aluminum-s i lver 
chlor ide (Al-AgCl) , aluminum (Al-Teflon) , and aluminum-aluminum ox ide 
( Al-AlzOJ) • 

Fund ing is needed in all these areas for appl ication stud ies , since 
there is already a good backg round of bas ic knowledge .  An example of 
an application is in dies for wire and tube drawing . Cons iderable 
energy is expended in such processes . Furthermor e ,  the dies are 
usually made from cobalt-bonded tungsten carbide . Cobalt is a 
strateg ic mater ial , and Zaire,  Afr ica , is almost the sole source of 
supply . An alternat ive approach would be to forge the d ie shape f rom 
inexpensive fer ro-ti tanium-carbon alloy and coat the d ie sur faces with 
low-fr ict ion hard deposits of tantalum-nitrogen-carbon or hafnium-nitro
gen-carbon by CVD techniques , laser glazing , or ion beam enhanced 
deposi t ion , using a vapor depos it of tantalum-hafnium and an ion beam 
of nitrogen-carbon . In addition , a composit ionally modulated overlay 
coat ing of a superhard mater ial may be appl ied by molecular beam 
depos ition . Although such complex surface mod i fication treatments may 
be relat ively expens ive , the product has a long l i fe ,  is  f ree of 
strateg ic meta ls , and if integ rated over its l i fetime should involve 
less energy input in i ts manufacture . More important , i t  should result 
in less energy use in the drawing operations . What is needed is an 
energy balance study , which , if favorable , would be followed by 
development stud ies leading to the commerc ial-scale production of 
components . 

Rapid Solidi fication Processing 

Recommendat ions : 

o Cont inue research on thin-sheet cast ing for fabr icating many 
metal shapes . 

o Develop new thin-sheet cast ing methods in the . 010- to . 0 50-inch 
range . 

o Develop new appl ications for thin-sheet casting , such as 
par ticle strengthening and f iber reinforcement . 

o Explore rapid sol id if ication spray forming of metals and 
composi te mater ials . 

o Explore spray forming to exploit  d isplacement reactions , 
synthesize multilayered structures , and fabr icate complex shapes . 
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Discussion : 

The sc ience and technology of rapid solidif ication have been the focus 
of a nat ional effort for about a decade . Major funding commitments 
have been made by several government agenc ies , and support by pr ivate 
industry has not been lacking . As a consequence , remar kable prog ress 
has been made in our under stand ing of the fundamentals of rapid 
sol id i f ication processing and the metastable states der ived by rapid 
quenching f rom the molten state . In addition ,  much prog ress has been 
made in manufactur ing technology , includ ing ( 1 ) the production and 
consol idat ion of rapidly solid if ied f i ne powders and ( 2 ) the 
fabr icat ion and util ization of rapidly sol id i fied thin f ilaments , 
r ibbons , or sheets . In view of this , it may be asked whether there is 
any need for addit ional support in this f ield .  

Af ter carefully reviewing the literature , the Committee concluded 
that at least two areas of oppor tunity would bene f it f rom add itional 
fund ing . These are cont inuous cast ing of thin sheets suitable for 
automotive and other appl ications and rapid sol id i f ication spray 
forming of near -net-shape composite structures . Spray forming of 
shaped structures has the advantage of combining powder production and 
consol idat ion in a single energy-effic ient process . There is a need to 
investigate the fundamentals of spray forming and to determine the 
feas ibility of fabr icating shaped compos ite structures � 
computer-controlled process ing . Continuous thin-sheet casting is an 
attractive process ing concept in that the usable sheet product is 
formed d i rectly f rom the melt , which obviates much of today ' s  
energy-intens ive sheet fabr icat ion technology . Success in planar flow 
casting of very thin ( 0 . 004 inch) sheet products encourages the hope 
that a s imi lar technology can be devised to produce sheet in the more 
useful 0 . 010- to 0 . 0 50-inch thickness range . Such sheet stock would 
have g reat util ity in the fabr ication of a broad range of commerc ial 
products , including automotive bod ies , appl iances , and containers . 

Thin-Sheet Cast ing The convers ion of molten metal d irectly into usable 
sol id forms � continuous casting is an impor tant metallurg ical concept 
that has contr ibuted much to reducing energy requ irements in metal 
forming . It has been appl ied to the fabr icat ion of a wide var iety of 
s imple geometr ical shapes , such as rods , bar s ,  billets , and tubes . The 
recent introduct ion of novel thin-section cont inuous cast ing processes , 
such as melt spinning , melt extract ion , and roller quenching , has added 
a new d imens ion to continuous casting technology . Thin f i laments , 
r ibbons , and sheets can now be produced directly f rom the melt at very 
high rates and with uniform thickness in the range 0 . 0 0 1  to 0 . 0 0 5  
inch . As is well known , a par t icular advantage o f  such thin-section 
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cast ing is  the very high cooling rates ( that is , solid i f ica t ion rates) 
that can be achieved , which have the impor tant effect of generating 
un iform, homogeneous mic rostructures ( for example , amorphous sol ids , 
microcrystalline mater ials , and extended solid solution or metastable 
phases) . Successful commerc ial izat ion of these rapidly solid if ied 
mater ials has been real i zed in at least two cases : ( 1) the use of 
high-aspect-ratio thin f ilaments as reinforc ing elements in castable 
ceramics and ( 2 ) the synthesis of low-melting-point interlayers for 
brazing purposes . An impend ing appl icat ion is  the use of thin sheets 
of amorphous soft magnetic alloys in electr ic motors and power 
transformer s ,  where the character ist ically low core losses of the 
mater ials can be used to advantage . 

Although cont inued research in thin-sect ion cast ing is sure to g ive 
addit ional payoffs , there is also a need to develop new methods for 
cont inuous cast ing of sheets with thickness in the range of 0 . 010 to 
0 . 050 inch , because many commerc ial products are fabr icated f rom sheet 
stock of these d imens ions . Examples include construction materials for 
automobile bod ies , appl iances , and conta iners . Poss ible approaches 
that need to be invest igated include sequent ial mult ilayer planar flow 
casting of wide sheets and some var iation of melt spinning or melt drag 
process ing . Thin-sheet casting could also open the door to new 
poss ibilities for par t icle strengthening and f iber reinforcement and 
may even permit localizat ion of strengthening , for example , along one 
edge of the sheet , as is requ i red in composite saw blade manufacture . 
In multilayer planar flow casting , chang ing the feed dur ing the last 
few incremental sol idi f ication steps could be a st ra ightforward method 
for making cladded mater ial . 

Spray Forming In the fabr ication of shaped parts bf convent ional 
powder metallurgy processing , the synthesis and consol idation of powder 
par t icles are usually car r ied out as two separate operat ions . An 
obvious improvement to this technology that would reduce energy and 
manufactur ing costa would be to combine par t icle product ion and 
consol idat ion in a single operation .  The only process ava ilable today 
that has this capability is spray forming , which i s  being developed 
both in the Un ited Kingdom and Sweden . Spray forming takes advantage 
of the fact that in any controlled gas atomizat ion process there is a 
well-def ined reg ion in the atomized stream where most of the par t icles 
are in the semisol id , or mushy , cond ition .  When a mold is placed at 
thi s  location , it qu ickly f ills with spray-consol idated mater ial . The 
mic rost ructure is extremely fine and homogeneous bf vir tue of the fact 
that it is formed by agg regat ion of mushy par t icles and exper iences 
moderate rates of sol id if icat ion . The resulting molded body can be 
forged into complex shapes whi le st ill in the hot , as-depos ited 
cond it ion . Other s imple geometr ical shapes can be made directly by 
spray forming , for example , tubular shapes , in which a rotat ing/ 
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rec iprocating mandrel i s  used as a r ig id suppor t for bu ilding up of the 
cast structure . Very high rates of depos i tion have been demonstrated , 
and exper imental tubes of practical d imens ions have been produced in 
relatively abort t imes . Composi te structures , such as bimetallic 
tubular a ,  have also been spray formed , making use of two separate 
atomi zing un its . 

Despite the demonstrated advantages of spray forming as a low-cost , 
energy-eff icient process , l i ttle or no development wor k is being done 
in the United States . This  s ituation should be remed ied ,  and perhaps 
as a f i r st step some action should be taken to stimulate the necessary 
research at university or nat ional laborator ies . some oppor tunity 
areas that mer i t  investigat ion are ( 1 )  rapid solid i f icat ion spray 
forming of compos i te mater ials , both par t icle-streng thened and 
whi sker-reinforced , ( 2) spray forming under cond itions des igned to 
exploi t  d isplacement react ions ( that is , two reactive spray deposit ion 
sources ) J ( 3) synthes is of multilayered structures through use of 
mult iple atomizing units , and ( 4 )  fabr icat ion of complex shapes such as 
valve housings and exhaust mani folds � computerized preprog rammed 
spray forming . 

Chemical Synthesis 

Recommendat ions : 

o Conduct research to address c r itical fundamental issues related 
to the design and synthesis of molecular precursors .  

o Conduct research on optimal reaction-phase decomposi t ion 
pathways leading to the f inal consolidated net-shape product . 

Discuss ion : 

Chemical approaches to mater ials S¥nthesis are rapidly ga ining 
acceptance in the mater ials f ield for two reasons . Fi r st ,  because they 
are more direct routes to mater ials S¥nthesia than are convent ional 
methods , energy costs in processing tend to be much lowe r , and , 
cor respond ing ly ,  overall manufactur ing costs are much leas . Second , 
because the mater ial is bu i lt up f rom molecular d imensions , it is 
poss ible to control the mic rost ructure on an unprecedented fine scale 
and with complete uniformity of structu re and compos ition in the 
f in ished product . This  is in mar ked cont rast to convent ional mater ials 
processing , in which the f inal product inhe r i ts much of the segregation 
and microstructural heterogenei ty character ist ic of the in i t ial cast 
ingot . 
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Another consequence of improved flexibility in microstructu ra l  
control is  that it permits more oppor tunit ies for trade-of fs in such 
c r i t ical properties as strength and fracture toughness .  As a general 
rule , the f iner and more homogeneous the mic rostructure ,  the better the 
ove rall properties , and the g reater the potent ial for optimizat ion of 
propert ies . 

Chemical S¥ntbetic routes to mater ials processing have been used 
with g reat success in the nuclear mater ials industry • .  Mixed carbides 
and ox ides of f iss ionable mater ials are rout inely produced by 
coprec ipitation f rom complex salt solut ions . Chemical vapor depos i t ion 
conducted in a fluid i zed bed bas been used to coat the ceramic 
par ticles with thin layer s  of metals pr ior to consol idat ion into 
pellets on other usable forms . A s imilar technology , sol gel 
technology , bas been developed for the synthes is of ceramic mater i a l s  
for structural a nd  electronic appl icat ion and represents the state of 
the art in the f ield . 

Cur rent research i s  focused on extend ing the range of appl icabi l ity 
of chemical synthetic routes to mater ials process ing . Of par t icular 
interest are the attempts now being made to synthesize novel 
transformation-toughened ceramics and the new classes of ultrare f i ned 
metal/ceramic compos i tes , includ ing the technolog ically impor tant 
cermets . 

Chemical approaches to mater ials synthesis are energy ef f ic ient and 
appl icable to a broad range of mater ials . Although cons iderable ef for t 
bas been devoted to the chemical synthesis of mixed carbides and 
ox ides , much less attent ion appears to have been g iven to the synthes i s 
of advanced transformat ion-toughened ceramics and metal/ceramic 
compos ites , such as cermets . Research is needed to address c r i t ical 
fundamental i ssues relat ing to compos ite synthes is , includ ing the 
design and synthes i s  of the complex molecular precursors and studies of 
the opt imal react ion-phase decompos it ion pathways lead ing to the f i nal , 
consol idated , net-shape produc t .  

Shaping o f  Ceramics 

Recommendat ions : 

o Explore photol ithographic techniques coupled with d ry etching . 
o Construct wafers by laser chemical vapor deposition .  
o Explore microwave heating for the diffusion bond ing step . 
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Discuss ion : 

In a number of energy systems and devices i t  is necessary to form 
ceramics into complex shapes . Obviously , it is both energy ef fic ient 
and cheaper to form the f inal shape by nonabrasive methods . These have 
the added benefit  of minimizing flaws that could init iate fa ilure modes . 

Among the poss ible forming methods that can be cons idered are 
photol i thog raphic techniques , coupled with dry etching to remove 
mater ial f rom unmasked areas . When appl ied to thin-sheet mater ial , the 
resulting photo-etched wafers can have extremely complex geometr ies . 
Thus , by stacking appropriately etched wafers in a predetermined 
ar rangement almost any des ired con f iguration of shaped sol id or porous 
ceramic can be produced . To join togethe r  such a stacked array ,  
var ious options are ava i lable , includ ing transient l iqu id-phase 
d i ffus ion bond ing , which makes use of very th in photo-etched ceramic 
eutectic i nter layers for d i f fus ion bond ing purposes . At the bond ing 
temperatur e ,  the eutect ic melts and wets the contact ing sur faces , the 
melt depressant in the eutectic d i f fuses away into the substrate , and 
the sol id joint i s  gradually formed under i sothermal cond it ions . 

Such a technology would permit the fabr icat ion of advanced ceramic 
heat exchanger s ,  in  which the exchange of heat between the wor king 
flu ids occu r s  within interconnecting networ ks of internal passages 
incorporated within the ceramic body . Because of the g reat versat i l i ty 
of the photo-etching process , not only can most any des i red 
conf igurat ion of internal passages be bu ilt into the ceramic body , but 
also the end po ints of the passages can be l inked together in common 
mani folds , which would fac il itate ing ress and eg ress of the wor king 
flu ids . Such a technology has al ready been demonstrated in the 
fabr icat ion of advanced a i r -cooled superalloy tur bine blades , which 
combine convent ional internal convect ive cool ing with transpi ration or 
f i lm cool ing . The a i r -cool ing passages , includ ing both internal and 
sur face-connected passages ,  are bu i lt i nto the or ig inal mult ilayer 
structur e by photo etching . 

Another approach would be to construct the wafer s by laser -ass isted 
chemical vapor depos i t ion , for example , by actual deposi tion on 
unmas ked areas . Alternat ively , tape cast ing cou ld be used to fabr icate 
the initial ceramic sheet mater ial before dry chemical etching to 
produce the desi red wafer geometry .  Mic rowave heat might of fer some 
advantages for the d i f fus ion bond ing step in the fabr icat ion process . 

In summary , a number of novel techniques g ive promise of being able 
to produce f inal-shape ceramic components of complex des ign ( for 
example , ceramic heat exchangers) . Photoli thog raphy and dry etching of 
thin tape-cast ceramic sheets , with f inal joining by transient l iqu id 
phase diffusion " bra z ing , •  should lead to the production of a wide 
range of complex ceramic components in an energy eff ic ient manner . 
Such processes requ i re exploratory stud ies and economic analys is before 
more extens ive R&D prog rams are j ust i f ied . 
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Forest Products Indust ry Appl ications 

Recommendation : 

o Seek to apply many of the mate r ials-proces ing innovat ions 
desc r ibed in thi s  section to energy-intens ive mater ials 
indust r ies , such as forest products . 

Discuss ion : 

This i s  an example of a very energy-intens ive mater ials-processing 
industry with many appl icat ions that can benefit f rom research into 
more energy-eff ic ient methods . These appl ications include the following : 

o Use of the enormous low-grade heat energy in gaseous and l iqu id 
effluent 

o Drying of par t icles , lumber , paper , and pulp 
o Comminution of wood 
o Process cont rol , including new sensor development , in al l micro 

and macro (millwide) processes 
o Papermaking by dry processes 
o Cascading of energy f rom high levels to ambient (all aspects of 

cogeneration) 
o Improved eng ines 
o Improved combust ion technology ( for example ,  Sand ia Prog ram) 
o Tribology 
o Log trucks f uels and eff ic iency 
o Gas i f ication of wood for l ime kilns , boiler , and process use 

These areas clear ly provide oppor tunities to apply the technolog ies 
d i scussed in this and other sections . Innovation in this industry is 
one of the keys to energy ef f iciency in bu ild ings , which i s  d iscussed 
later . 

SPECIAL MATERIALS 

A broad range of spec ial mater ials have been developed that have 
spec i f ic properties that make them unusually su ited for appl icat ions in 
highly leveraged , energy-conserving si tuations . The more impor tant of 
these are discussed below . Thi s  list is � no means exhaust ive , but it 
serves to illustrate the ways in which spec ial mater ials can play a 
c ruc ial role in the des ign and construct ion of energy-conserving 
devices and systems . The following topics are d iscussed : 

o Macro-defect-free hydrau lic cements 
o High-per formance ceramics 
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o Advanced alloys 
o Superconduct ing devices 
o Shape-memory alloys 
o Appl icat ion of •pec ial mater ials to bu ilding const ruct ion 
o Appl ication of •pec ial mater ials to inf ra•tructure 

Macro-Defect-Pree Hydrau l ic Cements 

Recommendat ions : 

o Conduct research to determine the structure-property 
relationship . 

o Conduct research to def ine the nature of interact ions between 
polymer add itives and cement matr ix .  

o Explore appl ications us ing var ious mater ials , such as nylon , 
i ron powder , and organic f ibe r s , to produce spec ial proper t ies 
such as high impact resistance and sc reening of electromagnet ic 
rad iation . 

Discuss ion : 

Hydraul ic cements are manufactured on a large scale wor ldwide 
( approximately one billion tons per year ) f rom read i ly ava i lable 
minerals . Compared with metals and plast ics , they are easier to 
produce and are inexpensive in terms of energy costs . Recently , 
s ignif icant advances have been made in the preparat ion of a strong 
mater ial f rom hyd raulic cement that have extended the range of 
appl icabi lity of thi s  complex inorganic mater ial . This new mater ial , 
which i s  virtually f ree of macroscopic poros ity , i s  called 
•mac ro-defect-free (MDP) cement . •  MOP cement is approximately 10 t imes 
stronger in tensile strength than ord inary cement , and i ts impact 
resistance or toughness i s  comparable to that of cast i ron . It is  also 
impermeable to water , gas , and other f lu ids , so reinforc ing metals do 
not cor rode , and spall ing does not occur . 

With suff ic ient water added to make it castable , ord inary cement is 
made by casting . In the preparat ion of MOP cement , the water content 
is g reatly reduced ( typically to 10 to 20 percent by we ight ) , and a 
small amount of water-soluble polymer ( for example , polyac rylate or 
polyvinyl alcohol) i s  added . Mixing is accomplished in a twin-roller 
mill , and subsequent process ing is  car r ied out by techniques common in 
the plast ics industry , such as inj ection mold ing , sheet rolling , and 
extrus ion . Hardening of the shaped produc t  can be g reatly accelerated 
by a low temperature ( l O OOC)  cur ing treatment . The f i nal produc t 
needs l i ttle or no machining ,  and its proper ties can be ta ilored to 
spec i f ic appl icat ions bf add ing particles or f ibers .  Unlike ceramics , 
the toughness of MOP cement can be fur ther enhanced by reinforcement 
with polymer f ibers ,  such as nylon and Kevlar . 
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The new MOP cements are interesting not only because of the i r  good 
mechanical properties and formability ,  as demonstrated bf the 
fabr ication of a cement spr ing , but also because of the i r  attractive 
appearance and novel properties . At low temperatures , mechanical 
properties are reta ined that together with low permeabi l i ty to gases 
suggest cryogenic appl icat ions . MOP cements have excellent acoustic 
damping propert ies , and stereo speaker cabinets and turntables made 
f rom these mater ials are in commerc ial production . Mater ials 
re inforced with organic f iber s , .  such as nylon , exhibit high impact 
res istance , which suggests the i r  use as armor . Filling the MOP cement 
paste with i ron powder creates a mater ial that is able to sc reen 
against electromagnetic radiat ion . Many other applications in the 
c ivil eng ineer ing f ield are suggested by the unique combinat ion of 
proper t ies displayed by these new mate r ials . High wear res i stance and 
low permeabi l ity of MOP cements make them attract ive cand idate 
mater ials for rehabilitat ion of the nation ' s  infrastructure , as well as 
for bui ld ing construct ion purposes . 

Most of the cur rent research on MOP cements is  being car r ied out by 
Imper ial Chemical Industry , Oxford University ,  and Imper ial College in 
the United Kingdom , where research on MOP cements has high pr ior i ty .  
Research a t  Brookhaven Nat ional Laboratory on polymer cement was 
car r ied out in the 1970s , but has since been terminated . Recent 
publ icat ion of some of the more interest ing research find ings has 
aroused g reat interest in the Uni ted States . New research prog rams are 
being init iated and funding sources sought. Much research rema ins to 

be done to determine structure/property re lat ionships in MOP cements 
and to def ine the nature of the interactions between the polymer 
add i t ives and the cement mat r ix . The durability of MOP cements over 
the long term also needs to be invest igated. Such wor k could be 
pe rformed at the nat ional laborator ies or at universities with a proven 
track record in cement research . 

In summary ,  MOP cements are att ractive mater ials for construction , 
in that they a re stronger and tougher than ord inary cements . They are 
also nontox ic , nonflammable , and envi ronmentally benign mater ials that 
are poss ible replacements for many plastics in use today , and may 
someday even replace metals . u.s. research in this  technolog ical ly 
important f ield needs to be stimulated . Spec ial attention should be 
g iven whe re the potent ial for innovat ion i s  g reat , that is , compos ites 
based on MOP cements . 

High-Per formance Ceramics 

Recommendat ions :  

o Use computer i zed ax ial tomog raphy to achieve better control of 
mater ial shape . 

o Use transformat ion toughening agents to strengthen the ceramic 
body . 
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o Produce ceramic powder s by laser or by rad io-f requency plasma 
pyrolysi s  of molecular precursors to produce low-poros ity 
ceramics . o Explore incorporat ion of strong f ibers  into the 
ceramic body to inhibit crac k ing . 

o Perform optimi zat ion and scal=-up studies to better under stand 
the fundamental processes named above . 

o Cont inue evaluat ion and test ing of advanced mater ials in gas 
turbine and d iesel eng ines . 

o Perform research on compos ite manufactur e ,  a imed at reduc ing 
synthesis to a cont inuous-flow , chemical-eng ineer ing-type 
process in order to reduce manufactur ing costs . 

Discuss ion : 

In the past decade , g rowing interest in the development of more 
eff ic ient automotive eng ines has provided a strong impetus to develop 
ceramics for high temperature structural appl ications . Some structural 
ceramics can now withstand temperatures as high as l , 4 0 0°C ,  whereas 
even the best of the superalloys cannot be used much above 
approximately l , 000°C .  The DOB cur rently supports two large 
demonstration proj ects to develop ceramic-based gas turbine eng ines for 
automobi les , and the u . s. Army is fund ing an effort to develop 
ceramic-based ad iabat ic d iesel eng ines for heavy duty commercial truck s .  

Apa r t  f rom thei r  heat res istance , ceramics have other advantages 
over metals , includ i ng high hardness and strength at elevated 
tempe r atures , res istance to ox idat ion , hot cor ros ion , and eros ion 1 and 
relat ively low density .  The fact that some structura l ceramics we igh 
only approx imately 40 pe rcent as much as metals is  impor tant in 
a i rcraft , mi ssile , and spacec raft appl icat ions , in which reduced we ight 
conserves fuel . Some ceramics also exhibit low coef f ic ient of 
f r ict ion , high compressive st reng th , and wear res istance , mak ing them 
ideal cand idate mater ials for high-per formance bear ings and other 
mechanical components . 

Despite their  many vir tues , however ,  the use of ceramics in many 
appl ications has been limited because of the i r  suscept ibi l i ty to sudden 
catastrophic f racture . Ceramics have other shortcomings besides 
br ittleness . For example , they are much more d if f icult to fabr icate 
into complex shapes than metals ,  and expens ive g r ind ing may be necessary 
to produce a f inal product . Joining ceramic parts to one another is 
another diff iculty . In add ition , ing product ion ceramics may 
develop essent ially undetectable flaws that , by acting as stress 
concent rator s ,  cause a par t  to f racture unexpectedly . In such cases 
flaw detection by computer i zed ax ial tomog raphy (discussed in the 
Sensor s and Hovel Appl icat ions sect ion) would be of g reat assi stance to 
researche r s .  

I n  recent year s ,  the focus in ceramics research has been on 
developing mater ials with g reatly improved facture toughness . One 
approach is to strengthen the ceramic body by t ransformat ion toughen ing 
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agents . An example is the incorporat ion of approximately 1 5  percent 
( by volume ) of f i nely d ivided tetragonal z i rconium ox ide ( Z r02) 

par t icles into an aluminum ox ide (Al203> matr ix .  When crack ing 
occurs in the Al 2D3 matr ix ,  the result ing stresses locally allow 
the Z r02 par t icles to t ransform to the monoclinic form, thus imped ing 
further cracking . Transformat ion toughened ceramics have replaced 
convent ional ceramics in cutt ing tools and in abras ives for metal 
machining and g r ind ing operat ions , and some advanced mater ials ar e 
bei ng tested in gas turbines and d iesel eng ines . 

Another approach i s  to reduce the number , dens ity ,  and s ize of 
c rack-initiating flaws by making the ceramic f rom aubmicron , monoa i zed 
spher ical par t icles , produced by laser or rad io f requency (RP) plasma 
pyrolys is  f rom molecular precursors .  When such par t icles are formed 
i nto dense , close-packed ordered ar rays , they can be aintered at 
relatively low temperatures to produce a ceramic with very l i ttle 
poros ity , and with a minimum of small c racks that cou ld develop into 
larger c racks when the ceramic is later subj ected to stress . 
React ion-bonded s i l icon nitr ide ceram ic par ts recently fabr icated f rom 
laser-synthes ized powders have shown g reatly improved mechan ical 
prope r t ies (particula r ly strength and f racture toughness) . 

Yet another approach is to inh i bit c racking of ceramics by 
incorporat ing within them a high-volume fract ion ( 30 to 6 0  percent by 
volume ) of strong f ibe r s .  To be effect ive , the f ibers should have 
aspect r at ios g reater than about 50 and should be dist r ibuted uniformly 
throughout the matr ix .  Lithium aluminos i l icate glass-ceramic 
reinforced with approx imately 50 percent ( by volume ) of s i l icon 
carbide ( S iC) f iber s  exh ibits excellent mechanical proper ties , 
includ ing fracture toughness , at tempe ratures up to l , OOOOC and is a 
poss ible replacement for high temperature allOfS in gas tur bine and 
d iesel eng ines . Elemental s i l icon re inforced with S iC f ibe r s  has also 
been used exper imentally in a combust ion chamber operating at 1 , 3500C. 

Fund ing in these areas i s  needed for process optimizat ion and 
scale-up stud ies , s i nce many of the c r i t ical fundamental issues have 
been resolved . In the area of laser or RP plasma synthesis of 
ultrafine/ultrapure powde r s ,  the most pressing need is for a realistic 
manufactur ing coat analys i s . If  the economics look favorable , the 
h ighest pr ior ity should be g iven to the construction of a pilot plant 
unit capable of produc ing bulk quant it ies of powder s for teat pu rposes . 

On the other hand , in the a rea of transformat ion toughen ing of 
ceramics , the most impor tant need is for cont inued evaluat ion and 
test ing of advanced mater ials in both gas turbine and d iesel eng ines . 
The re is l i ttle doubt that the economics will be favorable in this 
case , because successful commerc ial ization of ceramic mater ials for 
cutt ing tools and abras ives has already been ach ieved . 

In the area of ceramic compos i tes , the ove r r id ing concern i s  the 
high cost of manufacture . Thi s  is  a consequence of the fact that 
cur rent processing involves a complex sequence of operations that , even 
if automated , would not s ignif icantly reduce overall manufactur ing 
costs . What i s  needed here , and indeed in the whole f ield of 
compos ites , is a r ad ical new approach to compos ite manufacture that 
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would essentially reduce synthes i s  to a cont inuous-flow , chemica l 
eng ineer ing -type process . Although thi s  may be d i f f icult to achieve , 
perhaps a well-conceived request for research proposals might uncover 
some creat ive concepts that would mer it  fund ing . 

In support of ongoing prog rams to develop ceramic-based eng ines for 
automobi les and trucks ,  there is a need for cont inued test ing of 
advanced ceramics as they become ava i lable , includ ing the new 
laser-synthesized mater ials produced f rom ultraf ine/ultrapure powders . 
In the ceramic compos ites area , it  is recommended that ser ious 
cons iderat ion be g iven to ini t iat ing stud ies of new methods of 
compos ite fabr ication that could sharply reduce manufactur ing costs . 

• Advanced Alloys 

Recommendat ions : 

o Seek a potent ial ly new c lass of superalloys through controlled 
thermal decompos ition of homogeneous supersaturated alloys to 
create complex three-phase superalloy compos ites . 

o Seek to replace t i tanium alloys with high-spec i f ic-strength 
aluminum alloys and compos ite mater ials for cooler compressor s 
and fan sect ions of eng ines . 

o Explore rapid sol id i f icat ion of t i tanium-base alloys to obta in 
des i red part icle-streng thened structure . 

o Explore the synthesis of inert-particle dispers ion-strengthened 
alloys by react ion processing for t i tanium alloys ( this  can be 
coupled with a broader spray deposit ion init iat ive ) . 

Discuss ion : 

Although much of the interest in new mater ials for the next generat ion 
of land-based gas turbine and d iesel eng ines has focused on advanced 
cer amics , in aircraft gas turbine eng ines a much more conservat ive 
mater ials design philosophy has prevailed . Thus today , as in the past , 
nickel-base superalloys of pa r t icular crystal structure are the 
mater ials of choice for the hottest par ts of the eng ine . However ,  the 
per formance capabilities of these alloys have not rema ined unchanged 
over the years . On the contrary , cont inu ing development in the coupled 
areas of alloy design and process ing has resulted in steady 
improvements in the high temperature capabi l ities of these alloys . The 
evolut ion of nickel-base superalloy technology has been impress ive , 
with advances in both d i rect ional solid i f icat ion and powder metallurgy 
represent ing two outstand ing processing achievements . The high point 
in d i rect ional solid i f ication cast ing technology was the introduction 
of cast-to-size s ing le-c rystal superalloy tur bine blades w i th spec i f ic 
crystallographic or ientat ion . Th is development is  now prog ress ing 
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through new alloys that have been designed spec i f ically for 
s ingle-crystal appl icat ion , including a new c lass of f i lamentary 
reinforced eutectic supe ralloys , which promises to further inc rease the 
metal temperature capabi l i ty of the superalloys . 

In  turbine d i sc technology , powder metallurgy processing of 
n ickel-base superalloys (and spec i f ically the superplastic forg ing 
process as applied to the consolidated powder product)  has emerged as 
the most endur ing innovat ion . Hot isostatic pressing of near-net 
shapes has not yet lived up to expectat ions because of problems 
assoc iated with the detect ion and control of internal f laws within the 
consol idated product . 

Current research on nickel-base superalloys has as its focus the 
further optimization of the mic rostructure of prec isely or iented s ingle 
c rystals that have been homogenized by h igh temperature annealing . A 
turning point in this research came with the d iscovery that 
st ress-induced changes in the morphology ,  at least in large negat ive 
lattice misfit in the crystal structures of the alloys , can exert a 
profound influence on creep properties . In one exper iment , a 
homogeneous single-crystal supe ralloy ,  having about a 7 5°C advantage 
in metal temperatur e capabi lity ,  was found . A related but large ly 
ignored f inding was the repor ted solid-state prec ipi tation of nit rous 
tantalum (Ni 3Ta ) in alloys super saturated with respect to tantalum. 
The result ing structure i s  a three-phase composi te ,  in which the 
convent ional crystall ine atomic structure is boxed in by a r ig id 
three-d imens ional structure of thin lame llae of Ni3Ta . Complex 
three-phase superalloy compos i tes of this type , formed by controlled 
the rmal decompos ition of homogeneous , supersaturated alloys , represent 
a potentially new class of single-c rystal superalloys which promise to 
fur ther extend the per formance capabili ties of these mater ials . Since 
metal temperature capabi l i ty in the high temperature section of the 
eng ine is the c r i t ical design parameter , which largely cont rols fuel 
e f f ic iency , the re is a large incent ive for pursuing this new l ine of 
research . WOrk simi lar to this is cur rently being sponsored by the 
BCUT prog ram on nickle aluminide (Oak Ridge Nat ional Laboratory , 19 8 5 ) . 

Research on mater ials for the cooler , compressor , and fan sect ions 
of the eng ine continues to focus on titanium-base alloys . However , 
there is  also renewed interest in the possible replacement of titanium 
alloys with high-spec i f ic-strength aluminum alloys and composi te 
mater ials . Cer tain rapidly sol id i f ied aluminum alloys are cand idate 
mater ials for the low compressor section of the eng ine , whereas 
high-per formance f iber -reinforced compos i tes--such as , graphi te/epoxy , 
graphite/polyimide , and boron/aluminum--look attractive for the fan 
sect ion of the eng ine . Rap id sol id i ficat ion of titanium-base alloys 
appear s to be a promising l ine of research.  The goal here i s  to 
achieve phase decompos i t ion strengthening by rapid sol id if icat ion to 
produce a supe r saturated sol id solution , followed by ag ing to obta in 
the des ired par t icle-streng thened structure . 
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Another l ine o f  research in titanium alloys , which has been 
cons idered but not ser iously pu rsued , is the synthesis of 
inert-particle disper s ion-strengthened alloys by d isplacement reaction 
process ing . The idea is to use two d i fferent atomizat ion sources and 
combine them into a single intimately mixed spray-depos ited produc t .  
Subsequent anneal ing results in sol id-state react ions that produce the 
des ired optimal d i str ibut ion of inert par t icles in the t i tanium alloy 
matrix . This is an area of needed research that lacks fund ing and that 
could be coupled with a much broader spray depos ition initiative .  

Superconducting Devices 

Recommendat ions : 

o Seek to develop mater ials with properties super ior to niobium 
t itanium.  

o Explore spec i f ic appl icat ions , inc luding the next-generat ion 
high-energy accelerator , advanced high-f ield high-uniformity 
magnets , and magnetic lev itat ion transpor t .  

o Seek to develop a stable ductile mater ial that becomes a 
superconductor above the boil ing point of hydrogen . 

o Explore the appl icat ion of new mater ials , such as thin-f i lm 
n iobium nitr ide , and several organ ic superconductor s .  

Discuss ion : 

From the perspect ive of energy conservat ion , supe rconducting dev ices 
are vir tual ly without peer--at least in pr inc iple . Superconduc ting 
mag nets , motor s ,  generator s ,  and transmiss ion lines have the potent ial 
to ope rate without loss , and in actual pract ice they lead to enormous 
energy reductions . By way of example , the superconduct i ng high-energy 
accelerator at the Fermi Laboratory operates with a total powe r of 
approx imately 10 percent of what would be requ i red if convent ional 
magnets were used . Areas with promise include development of practical 
mater ials with prope r t ies super ior to niobium titanium 1  spec i f ic 
technical appl icat ions such as the next-generation high-energy physics 
acceler ator ( the Superconduct ing Super Coll ider [SSC ) ) J  advanced 
high-f ield , high-uniformity magnets 1 and , poss ibly ,  a magnetically 
lev itated h igh-speed transpor tation system. 
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However ,  commerc ial appl icat ions in ore separation ,  sc rap sor t ing , 
waste d i sposal , transportation ( for example , levitated tra ins and 
electr ical transmiss ion l ines )  have not developed as rapidly as was 
once pred icted . Th is is because of cost and the slow bui ldup of the 
indust r ial capability ,  including the costly liqu if ied hel ium 
technology . A number of DO B  studies have been per formed on 
superconduct ing transmiss ion lines and storage · devices . The economics 
and energy pr ice structure are cur rently unfavorable to these concepts 
but will probably not rema in so over the next several decades . The 
goal of developing a duct ile stable mater ial that becomes a 
superconductor above the boil ing point of l iquid hydrogen rema ins 
e lusive r obviously it would be extreme ly valuable if it were atta ined . 
The range of ava ilable superconductor s has inc reased , and the i r  
potent ial should be explored , i f  only for the i r  poss ible appl ication i n  
fus ion reactor s .  Two examples of new mater ials are ( 1 )  th in-f i lm 
n iobium nitr ide (Nbn) made by vapor deposition techn iques , which has a 
high c r i t ical f ield ( above 24 tesla--a unit of magnetic intens i ty )  
probably caused by a microstructure that has many effect ive 
f lux-pinning s ites r and ( 2 ) organic superconductor s based on 
tetra-methyl-tetra-selena-fulvalene with hal ide or oxide rad icals 
attached and bi s-ethylene-d ithia-tetra-thia-fulvalene-tetra-thia
fulvalene with comparable rad icals . The latter are spec i fic organic 
compounds that crystallize into highly noni sotropic forma , so they 
conduct in one d imens ion and insulate in another . Such organics , which 
conta in sulfur or selenium, have metal-semiconductor trans it ions below 
room temperature and are often superconducting under a pressure of a 
few k i lobars at temperatures near 20X r one or two are superconducting 
at amb ient pressure.  The structures are becoming understood and 
theoret ical analyses being made of the electronic behavior of these 
compounds , and thi s  will undoubtedly lead to the synthesis of mater ials 
with more favorable proper ties . Their  applications are a matte r of 
speculat ion at present , but the t ime is r ipe for acoping studies 
lead ing to spec i f ic appl ications in energy-related systems . 

In summary , new high-field superconductor s for fus ion energy and 
other appl icat ions are poss ible through thin-f ilm coating techniques . 
Vapor depos it ion of Nbn produces a very-high-f ield superconductor that 
needs to be developed into eng ineering components . Organic 
superconductor s are at an even ear l ier stage of development , but they 
have great promise . Funding is needed to exploit these mater ials into 
new energy-saving appl icat ions . 
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Shape�emory Alloys 

Recommendation : 

o Develop new shape alloys with highe r  transformat ion temperatures 
for appl icat ion to more eff ic ient energy conver s ion devices . 

Discuss ion : 

The well-known nitinol alloys have been used to make low-temperature 
energy convers ion devices.  Because the i r  transformat ion temperatures 
are near room temperature (0°C to lOQOC) , the convers ion 
eff ic ienc ies of these eng ines are very low ( be low 2 percent ) . The 
development of new shape-memory alloys with higher transformation 
temperatures could lead to a new class of more eff ic ient energy 
convers ion devices that can operate on small thermal gradients , thereby 
ef fect ively using low-g rade waste heat . These would , of cou r se ,  have 
to be capable of be ing fabr icated and should be res istant to the i r  
operat ing environment . 

Appl icat ion of Spec ial Mater ials to Bu i ld ing Construct ion 

Recommendations : 

o Research should be d irected to improving the properties of wood . 
o Apply computer-a ided des ign and computer-assi sted manufacturer 

techniques to the lumber indust ry . 
o Apply macro-defect-f ree cements to the construction industry . 
o See recommendations in Bu ild ing Envelopes sect ion . 

Discuss ion : 

In bu i ld ings , energy and resource economies may be possible through use 
of improved wood products as substi tutes for conc rete and steel . 
Because compos ites of wood and metals or polymers have g reater 
structural strength than normal t imber-suf f ic ient strength , they can be 
cons idered as substitutes for reinforced conc rete or steel in cer ta in 
structures . Even in the use of ord inary wood , improvements are 
poss ible through ( 1 )  the development of fast-g rowing trees that replace 
deplet ion at the cost of only sunlight and water r ( 2 )  development of 
improved preservatives to f ight bor ing insects , fung i ,  and bacter ia and 
replace polluting and tox ic formulat ions , ( 3 ) the use of advanced 
manufactur ing technolog ies ( automat ion , computer-a ided des ign and 
computer-ass isted manufacturer , and so for th) in the lumbe r industry to 
improve product ivity and reduce energy consumpt ion . 
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Add i tional opportunit ies relate to the use of mac ro-defect-free 
cementa , as discussed earl ier in this section . 

Appl icat ion of Spec ial Mater ials to Inf rastructure 

Recommendat ions : 

o Develop advanced procedures for repa i r ing roads us ing on-site 
melting and reforming . 

o Develop the use of additives , such as f iberglass , to improve 
durabi lity of roads . 

o S tudy and develop macro-defect-f ree (MDP) cements and improved 
asphalts . 

o Develop coating and relining techniques for condu its and tunnels 
using catalytically induced polymer ization of fluid addi t ives . 

Discuss ion : 

The nat ion ' s  infrastructure of highways , br idges , tunnels , and other 
publ ic works is  prog ress ively suffer ing f rom d i s repa ir because of 
systematic under investment and h igher than intended util izat ion 
levels . Highways , for example , are degenerat ing at an alarming rate as 
a consequence of h igh volumes of traf f ic , heavy loads , great use of 
salts for de-icing , and low levels of investment . Th is deter iorat ion 
i s  expected to cont inue for some year s because of effor ts at both state 
and federal levels to bold down discret ionary spend ing . This means the 
problem will exacerbate before the nat ion faces the need for act ion . 
Thus there should be suf f icient lead time to develop mater ials 
technolog ies for refurbishing the infrastructure that are both less 
costly to apply and more l i kely to give durable results . These will be 
less energy intens ive in their  initial appl icat ion and , through better 
per formance , will substant ially reduce energy use assoc iated with 
traf f ic and repa i r s .  

Highway Repa i r  Innovat ion 

The rapid deter ioration of the nation ' s  highway system provides an 
opportunity for innovative energy-saving approaches to both highway 
repair procedures and roadbed mater ials . The development of on-site 
procedures for remelt ing and upg rad ing of asphalt roadbeds is h ighly 
des irable . The use of add it ives such as f iberglass , g round-up 
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discarded tires , or othe r mater ials to g ive the roadbed more strength ,  
greater durab i l i ty ,  nonsk id character i stics , and other des irable 
proper t ies would be conduc ive to energy savings . 

In-S itu Repair Techn iques Other examples of inf rast ructure needs in 
the publ ic and pr ivate sector s inc lude efficient , energy-saving 
refurbishment techniques for reconst ruction and preservat ion of br idges 
and tunnels ; for restorat ion of the integ r ity of underg round water , 
gas , and oil pipel ines ; and for reconstruct ion of large f ixed 
industr ial fac i l i t ies with minimal d isrupt ion of plant operat ions . 
Because the investments in all of the above fac i l i t ies are so enormous , 
there i s  a cons iderable premium to be earned f rom the development and 
appl icat ion of improved in-s itu repa ir techniques .  The cost of 
creating duplicate fac i l it ies or d isrupting infrast ructur e func t ions 
whether a processing plant or a c r i t ical br idge or highway , is so great 
that the re should be tremendous incent ives to develop qu ick , 
easy-to-apply , in-s itu techniques and ensure that the durab i l ity of the 
repa ir i s  g reater than that of cur rent techniques . 

Inf rastructure Research Opportunities Spec i f ic areas of oppor tun i ty 
wor th cons ider ation for research are ( l) reinforced cements and 
concretes , which are capable of last ing perhaps 50 years even in the 
face of heavy vehicular traffic and aggravated salt cor ros ion and which 
may i ncorporate f iber (g lass , plastic , or elastome r )  reinforcement to 
enhance streng th and tract ion ( in thi s area MDF cement of fe rs  real 
advantages because of i ts h ig h  strength and impermeabi lity to f lu ids) ; 
( 2 ) improved asphalts , which reduce water penetrat ion by making a more 
complete bond with the gravel subsurface , are able to withstand heavier 
loads , and are capable (possibly with mic rowave heat ing ) of be ing 
repa ired in place qu ickly without the need for add i t ional mater ial ; ( 3 ) 
chemical coat ing mater ials,  which when added to the contents of a 
pipel ine form an impermeable chemical bond on the walls , thus repa i r ing 
leaks ;  ( 4 ) relining techniques for underg round piping , using 
catalytically induced polymer ization of flu id add i t ives ;  and ( 5 ) 
advanced patching mater ials and techniques for road sur faces . 

BUILDING ENVELOPES 

Energy consumpt ion in the bu i ld ing sector accounts for approx imately 3 6  
percent o f  the total u.s. energy consumpt ion . Moreover , in the last 
decade , the bu i ld ing sector ' s  share of ene rgy consumpt ion has increased 
relat ive to the share of othe r sectors ; more than 60  percent of the 
electr ic ity produced in the Un ited States is  consumed within bu i ld ings . 

The lack of rapid prog ress in the bu i ld ing area is surpr ising , at 
f i rst glance, g iven the numerous demonstrat ions of super insu lated and 
solar-augmented structures that have appeared i n  the United States and 
over seas . The use of these concepts has also been encou raged by 
spec ial federal and state tax incent ives . 
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I t  is  d i f f icult to promote conservation in the bu i ld ing sector . � 
beg in with ,  the bu ilding stock existing is diverse and has a long 
l ifetime . More than half of the bui ld ing stock ex ist ing ear ly in the 
next century will cons i st of bui ld ings in existence today . This is in 
sharp contrast to the transportat ion f ield ,  whe re the average life of 
an automobile is roughly one decade . There is a prol iferation of 
d i ffer ing local bui ld ing codes that any new or · ret rof i t  construct ion 
must meet . These conservative codes conta in a strong bias aga inst new 
mater ials and innovations in construct ion techniques . 

Futhermore ,  bu ilder s  tend to be local , and the housing sector is 
dominated by small f i rms that use low-cap ital- intens ive methods of 
construction .  The only nat ionwide companies in the field are bu i ld ing 
mater ial manufacturer s ,  and these are not ver t ically integ rated J each 
company tends to concentrate on a cer tain class of mater ials , such as 
insulat ion , wood structural products , plumbing , or appl iances . Similar 
f ragmentat ion occurs in the commerc ial bu ildings f ield and is 
compounded by rest r ictive union pract ices . Finally , the dec is ions on 
technology affecting energy use are not made � the end use r . They are 
made by the developer and the architect , who have a bias aga inst 
dec i s ions that increase the capital investment in a way that cannot be 
recaptured . 

All of these factor s tend to l imit the easy adopt ion of innovat ive 
technolog ies . Clear ly ,  many of the roadblocks are inst itutional . 
However , there is a need to develop technolog ies appropr iate to the 
u . s .  bu ilding sector and to understand the bas ic phys ics under lying 
the i r  concepts so they can be prope r ly appl ied . Equally important is 
the need for conven ient and reliable analyt ical methods that will allow 
pract i t ioners to des ign and construct bu ild ings us ing the new 
technolog ies . 

In approaching bui ld ing envelopes , it  is  useful to d ist ingu ish 
between commerc ial and res ident ial mar kets , because each has i ts own 
unique pattern of energy use and management . Accordingly , this sect ion 
i s  organized as follows : 

o Resident ial st ructures 
Compos ite mater ials 
New technolog ies for windows 
Insulat ion and sealing of appl iances 
Inter ior wall insulat ion panels 

o Commerc ial structures 
Red istr ibut ion of l ight 
Red istr ibut ion of thermal energy 
Innovat ive des ign with new mater ials 
Circulation of air and pred iction of hazards 

o Whole bu i ld ing research � integ rat ing elements 
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Res ident ial Structures 

Recommendat ions : 

o Develop compos ite mater ials such as or iented strand board , 
stressed skin structures with foam cores , and f ibe r-re inforced 
mater ials . 

o Conduct research on mater ial properties of bu ild ing envelopes in 
the presence of hazards such as f i re ,  flood ,  and earthquake . 

o Develop commerc ial window mater ials with prope r t ies such as 
infra red relfectivity and improved res istance to heat transfe r ; 
explore the use of sealed window gaps , us ing low-conductivity 
gases or vacuums . 

o Explore new insulat ion concepts , such as microf ine powder s for 
use in appl iances . 

o Develop inexpens ive and effect ive inter ior wall insulat ion 
panels . 

Discuss ion : 

Res ident ial bui ld ings are par t icular ly sens it ive to the insulat ing 
levels of the exter ior envelope . New structural technologies in which 
structural insulat ing functions (poss ibly with pass ive solar 
character istics) are integ rated should be particularly bene f ic ial . 
Improved retrofit  techniques to increase insulat ing levels are needed 
to solve the problems of chemical vapor contaminat ion and excess costs . 

Qomposite Mater ials For new hous ing , composite mater ials technology 
offer s to meet the need for cost-ef fective and energy-eff icient 
st ructures . Compos ite mater ials can comb ine structural and insulat ing 
funct ions in a single l ightwe ight pane l .  Initially ,  they will be used 
in manufactured homes . The new composite structures range f rom 
or iented strand boa rd to stressed skin structures with foam cores . 
Fiber-reinforced mater ials and honeycomb compos i tes may also be 
appropr iate . Earlier negative expe r ience with prog rams such as 
Operat ion Breakthrough (a federal prog ram of the 1960s to reduce 
housing costs through automation) illustrated that the embod iment of 
the new technology must be appropr iate for the u.s. bu i ld ing f ield 
before i t  will make a substant ial impact .  Compos ite mate r ials made 
with the prec is ion and cost typical of the aerospace industry w i l l  be 
inappropr iate to th is appl icat ion . In  the case of compos i te mate r ials , 
the structure must be above all less cost ly than alternate structures . 
The subassemblies must compr i se a standard l ightwe ight bu i ld ing block 
set so that d if fer ing des igns can be eas i ly assembled f com combinat ions 
of the standard set . 

Copyright © National Academy of Sciences. All rights reserved.

Innovative Research and Development Opportunities for Energy Efficiency
http://www.nap.edu/catalog.php?record_id=19218

http://www.nap.edu/catalog.php?record_id=19218


54 

Flex ible joining methods are needed to deal with the inevi table 
large tolerances produced by the semi skilled bu ild ing labor force . 

The mater ials and coapoa ite system must meet the codes and standards 
for load bear ing , earthquake protect ion , and f i re and health hazards .  
Corollary research prog rams are urgently needed in many of these f ields 
to update teat methodolog ies and the bas ic under stand ing of proper t ies 
so that new mater ials can be rational ly evalua�ed . For example , the 
hazard caused by pollutants g iven off dur ing combust ion of plast ic 
mater ials vi s-a-via wood or other trad i t ional mater ials is the subj ect 
of cons iderable controversy .  

New Technologies for Windows New technolog ies for windows promise a 
substantial inc rease in R values . These range f rom inf rared 
reflect ive , vis ible transmiss ive coat ings for windows to submicro 
aerogel mater ials that act to inhibit convective and conduct ive heat 
transfer . The use of lower -conductivity gases , or , ult imately , vacuums 
in sealed window gaps , should produce h igher R values for window 
areas . Research on methods to support the overpressure on vacuum 
panels without glass d i stor tion and on reliable means of seal ing that 
do not contr ibute substant ial thermal short c i rcu i ts needs to be 
encouraged . 

Insulat ion and Sealing of Appl i ances Better insulat ion and seal ing 
systems for appl iances can produce apprec iable savings . Use of 
ref r igerator s with an R-20 insulat ion , along with other appropr iate 
improvements , could save the Uni ted States as much as one quad of 
energy per year . New insulat ion concepts , such as mic rof ine powder s in 
evacuated panels , have the potential of reaching these insulat ion 
levels with modest th icknesses , for example , as li ttle as one inch . 
The insulat ing values of foam could be increased by as much as SO 
percent by the use of the rmal rad iat ion inhibitor s and the inclusion of 
vacuum aubvolumes . The useful R values of closed-cell foam insulat ion 
that is used for exter ior wal l  sheathing could be inc reased one-thi rd 
by the development of fac ing methods that prevent the d i ffusion of a i r  
into the insulation . 

Inter ior Wall Insulat ion Panels Upg rad ing the energy eff iciency of 
ex isting housing requ i res innovative technolog ical solut ions . The 
add i t ion of insulat ion to ex isting wall cavities is expens ive , is  
d i f f icult to inspect , and may lead to moisture damage of the bu i ld ing 
structur e .  A th in insulat ion panel with a h igh R value that could be 
installed on inter ior walls by homeowners would be a preferable 
technique .  Such insulat ion must not create a f ire hazard or emit 
harmful gases . Present urethane and isocyanate foam panels cannot be 
used for such an appl ication without an inter ior wall to act as a f i re 
bar r ier . Possibly newe r closed-cell foams ( such as phenol ic foams) can 
meet these requ i rements .  
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Commerc ial Structures 

Recommendat ions : 

o Develop new design concepts to improve the d i str ibut ion of 
solar-source l ight ing with in a bu ild ing . 

o Develop energy transfer systems to red i str ibute heat within a 
bu ilding for opt imal inter ior temperature control . 

o Promote explorat ion of new design concepts using new mater ials 
such as fabr ics or local ear th . 

o Study combust ion c i rculat ion patterns in bu i ld ings to pred ict 
pathways of smoke and toxic substances . 

o Study inter ior a i r  pollut ion in sealed bu ild ings and develop 
methods to susta in acceptable interior a i r  qual ity . 

Discuss ion : 

In commerc ial bu ild ings , most energy is used for l ight ing and cool ing . 
Inc reasing the effic iency of l ight ing could reduce the heat ing as well 
as the cool ing requ irements . Commerc ial st ructures will also benef i t  
f rom mater ials and controls that more close ly and reliably integ rate 
the whole bu i ld ing per formance . 

Red i str ibut ion of Light The light ing provided by solar energy can be 
excess ive at the per imeter of the bu i ld ing while neg l ig ible in the 
inter ior of the bu i ld ing . Des ign concepts that collect solar energy in 
the vis ible waveleng ths and transmit it to the bu i ld ing inter ior must 
be combined with automat ic controls or artif icial light ing to 
compensate for var iations in dayl ight . 

Red i st r i but ion of The rmal Energy Energy transfer systems between 
d i fferent locat ions in a bu i ld ing and the bu i ld ing envelope will  
fac il i tate opt imum use of  solar energy . These systems must prov ide for 
energy concentrat ion , that is , concentrat ion of d i f fuse solar energy 
fall ing on a large col lect ion area , d ist r ibut ion of the concentrated 
energy , and red i f fus ion of it  with in the inter ior space . Concentrat ion 
must be car r ied out by techniques that are s impler than the cur rent use 
of d istr ibuted l iqu id l ines , a fluid ized bed med ium with a high rate of 
heat transfer is a l ikely poss ibi l i ty .  

Convent ional thermal energy d i str ibut ion by a i r  duct ing consumes 
apprec iable elect r ical energy . Improvement in the cycle ef f ic iency of 
air -to-a ir heat pumps in a small structure such as a home is qu ickly 
ove r shadowed by the fan power needed for the d istr ibut ion system .  
Replacement o f  the a i r  duct system with l iqu id o r  solid-part icle 
c i rculat ion loops requ ires the development of a simpler means to 
distr ibute the thermal energy to the inter ior space f rom the 
c irculat ion loops .  Th is in turn necessi tates ef f ic ient a i r  heat 
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exchangers and a knowledge of the phys ics of a ir c irculat ion , as well 
as of comfor t requ irements ( see the Intelligent Bu ild ings and Advanced 
Des ign Tools sect ion) . 

Innovat ive Des ign with New Mater ials Opportunities exi st to combine 
innovat ive bu ild ing designs wi th new mater ials· and methods of 
construct ion that will y ield eff icient structures . Examples of these 
include fabr ic structures and earth-sheltered structures . Proper 
d i r ect ion of these developments and eff ic ient exploitat ion of promising 
concepts requ ires a more fundamental under stand ing of bu ild ing thermal 
performance . New concepts such as flexible insulat ion for fabr ic 
structures must be developed to encourage the application of innovat ive 
bu ild ing des ign concepts . 

Whole-Bu ild ing Research by Integ rat ing Elements 

Recommendat ion : 

o Support proof-of-concept projects to demonstrate the wor kabi lity 
of whole-bu ilding energy designs . 

Discuss ion : 

Bu i lding s  are complex assemblages of par ts const ructed to sat isfy the 
spec i f ic needs of the bu ild ing ' s  owner and users . The bu ild ing 
industry conta ins per sons and organi zat ions who address at least seven 
levels of pract ical study and analysis , rang ing f rom basic mater ials to 
the completed build ing . These build ing levels can be class if ied as 
follows : 

o Mater ials--wood , aluminum, glass , steel , conc rete , plast ic , 
and so for th 

o Elements--sized lumber , veneer s 
o Components--laminated wood doors , door f rames 
o Assembl ies--door s ,  f rames , hardware ,  and protect ive sur faces 

as a unit 
o Subsystems--partitioning includ ing door assembl ies , studs , 

gypboard panels , and protective and decorative surfaces 
o Systems--collect ion of integ rated subsystems includ ing wall , 

par t i t ion , structural , ceiling , envelope , and so on 
o Whole bui ld ings--spec i f ic ar rangement and assemblage of 

bu ild ing system parts to meet the prog rammed needs of the 
bui ld ing users 
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Approaches to more eff ic ient use of energy ex ist at every level of 
class if ication as well as at the trans it ion poi�t f rom one level to the 
next . For example , the research necessary to conver t  plast ic into an 
improved weathe r-protect ive element can be applied to a wood window 
f rame to form a component . Improved energy performance cr iter ia for 
envelope or ce iling systems , each of which conta in mu lt iple subsystems , 
are poss ible in terms of both in-place energy and energy for bu ild ing 
ope rat ion requ irements . 

Recent research has explored the fact that systems interact in many 
ways and that the envelope and ce il ing systems must be stud ied in 
relat ion to one another in order to opt imi ze the i r  combined ef fect on 
l ighting , acoustics , a i r  d i str ibution , and subsequent energy use . It 
log ically follows that the g reatest opportuni ty for e f f ic ient use of 
energy can be stud ied most effect ively at the whole-bu ild ing level , 
because at th is level the g reatest number of bu ild ing e lements ( that 
i s ,  parts) are ava ilable for the optimized des ign of a spec ific 
bu i lding type . 

Proof-of-concept proj ects are needed to ver i fy the energy 
conservat ion concepts in actual bu i ld ings . Such proj ects , if prope r ly 
and w idely communicated to the des ign profess ions , wou ld have a highly 
leve raged effect on the design of new bu i ld ings of the same type . 

Although numerous whole-bu ild ing energy conservat ion concepts have 
been and can be tested , a spec i f ic example is referenced--the • l ight 
plenum• concept (Mi rkovich , 1 9 8 3 ) . This concept involves the 
inter related action of a ce i l ing subsystem and an envelope subsystem , 
which can only be des igned as an integ rated pa rt of a whole bu ild ing . 
Light rays , e i ther d i rect or d i f fuse ,  enter the plenum above the of f ice 
space f rom a light shelf over the v iewing window at the bu i ld ing ' s  
southern exposu re . The dayl ight is reflected throughout the plenum by 
means of flat ref lect ive sur faces � no curved sur faces or t rack ing 
devices are used . Th is l ight plenum concept reduces glare and ce il ing 
problems because sof t l ight enters f rom above , at ce i l ing level , 
through di ffus ing lenses . Wi th the aid of louve rs at the s ide windows 
and at the plenum, a deg ree of uni form illuminat ion can be ma inta ined . 

INTELLIGENT BUILDINGS AND ADVANCED DES IGN TOOLS 

Different areas of a bu ild ing , such as the pe r imeter and the inter ior , 
may s imultaneously requ i re cool ing and heat ing or shad ing and 
ar t i f ic ial light ing . The use of sensor s and intell igent control 
systems should permit more ef f ic ient energy exchange to meet these 
disparate needs . Such systems should also be able to deploy the 
build ing structure in combinat ion with spec i f ic energy storage systems 
in order to ant ic ipate and smooth out peak demands .  Local task 
illuminat ion and space cond i t ion ing limi ted to occupied areas would 
reduce overall electr ic energy requ irements as well as peak loads . 

' . 
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New commerc ial bu ildings are being designed with integ rated 
communications and data transmiss ions that can also inter face with 
external networks . One element of thi s  network should be information 
on the d i str ibut ion of comfor t  levels , energy use ,  and indoor pollut ion 
w ithin the bu ilding . Thi s  should fac ilitate the optimization of 
bui ld i ng cond itions and energy use that should in turn minimize average 
energy usage and reduce peak electric ity demands . 

The intell igent commerc ial bui ld ing will  include increasing numbers 
of ind ividual computer wor k  stations . This will approximately double 
the thermal loads in a typical of f ice space and requ ire d i f ferent 
illuminat ion standards for computer d isplay devices . 

The d i scuss ion of research oppor tunities related to these and other 
challenges in bu ild ings is organized as follows : 

o Thermochromic and electrochromic coat ings 
o Operable surface sk in vent ilation 
o Control of mini-envi ronments 
o Development of a new generation of sensors 
o Improved models of bui lding phys ics for adapt ive control systems 
o Advanced bu ild i ng des ign tools 

Thermochromic and Blectrochromic Coat ings 

Recommendat ion : 

o Apply thermochromic and elect rochromic coat ings to bu i ld ing 
exter ior s for var iation of reflectivity . 

Discuss ion : 

Meeting var iable environmental cond it ions as well as d if fer ing 
occupancy and use patterns in commerc ial bu i ld i ngs requ i res elements 
with controllable per formance character ist ics . For example , 
thermochromic coatings on the bu i ld ing exter ior of per imete r areas 
directly exposed to solar energy would allow the reflect ivity and 
emissivity to vary automatically with temperature levels with in the 
bui ld ing . Blectrochromic f i lms would allow for var iat ion of the 
reflectivity � the bu ilding control system . 

Operable Sur face Skin Vent ilat ion 

Reco1111endation : 

o Develop an improved bas ic under stand ing of a i r  flow in 
multi-stor ied bu ildings under d i f ferent wind load ing cond it ions 
so that operable sur face skins can be read ily des igned . 

I 
I 

\ 

\ 
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Discuss ion : 

Vent ilat ion systems can permit g reater energy exchange between exter ior 
and inter ior bu ild ing zones . These systems r equire careful develop
ment , s ince parasi t ic power requ irements for a i r  handler s can sometimes 
exceed energy savings . Operable bu ild ing exter ior s that admit fresh 
air  can reduce the need for mechanical vent ilat ion and refr igerat ion 
systems . A bas ic understand ing of a i r  flow in multistor ied bu i ld ings 
with stack effects , mult iple subareas , and d i f ferent wind load ing 
condi t ions is requi red before surface s k in vent ilation systems can be 
operated to achieve acceptable comfor t  and a ir-quality cond it ions 
throughout the bu ild ing . 

Cont rol of Mini-Environments 

Recommendat ions : 

o Explore methods to control tempe rature for comfor t  at the 
ind ividual ' s  wor k  stat ion .  

o Explore methods to cont rol the local environment of computers 
and other spec ial k inds of equ ipment . 

Discuss ion : 

European bui lding designs such as those in Sweden ind icate how proper 
integ ration and appl icat ion of ex ist ing technology can lead to much 
more energy-eff ic ient st ructures . However ,  the thermodynamic lower 
limit for the energy requ ired for personal comfor t is  well below that 
which has been achieved . New technology is possible that would prov ide 
for and control the comfor t of the individual ' s  personal space while 
allowing less energy for heat ing or cool ing of unoccupied spaces .  For 
example , electromagnet ic rad iation sources can be used to heat 
ind ividuals and local subareas with the aid of d istr ibuted sens ing 
devices and cont rol systems . Alternat ive ly , inf rared reflecting 
mater ial s can be used on inter ior bu ild ing sur faces to create a 
hohlraum ( envi ronment ) for thermal rad iation . Provid ing separate , 
controlled min i -envi ronments for computer s ,  elect ronic , and other 
equ ipment in l iving or wor king spaces will allow more flex ibility and 
eff iciency in the controlled flow of ene rgy . 

Development of a New Generat ion of Sensor s 

Recommendat ions : 

o Explore spac ial sensor s to measure temperature , humid ity ,  a i r  
flows , pollut ion levels , and location of people . 

o Per form research on opt imal econon1ic locat ions for sensor s .  
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o Develop sensor s for improved control and optimizat ion of the 
build ing heating ventilation and a i r  cond it ioning systems . 

o See recommendat ions in Sensor s and Automatic Controls section . 

Discuss ion : 

Eff ic ient control of bui ld ings requ i res a new generation of sensor s .  
These must be capable of measu r i ng cond i t ions d i rectly adj acent to the 
sensor s as well as average cond i t ions and g rad ients within larger 
spaces .  Measurements of the latter are needed because temperature 
d i st r ibut ions and pollutant concent rat ion d i str ibut ions wi thin a 
bu ilding space will change widely , depending on heating or cool ing 
cond i t ions , the occupancy level in the space , the or ientat ion of 
moveable partit ions and doors with i n  the apace , and the cond i t ions 
with in adj acent spaces . FOr example , ceil ing diffusers may provide 
good mixing dur ing per iods of cooli ng , while creat ing strat i f ied zones 
dur ing per iods of heating . Thus , a few point sensor s may g ive 
inaccurate ind icat ions of the cond itions within the space , such as 
temperature , a i r  flow , and pollut ion level . Spac ial sensor s may use 
i nc ident hemispher ical infrared energy to measure the average 
temperature cond itions or average transmiss ion measurements in selected 
wavelengths to measure average pollution concentration levels . The 
locat ion and interpretat ion of such sensor s must be closely t ied to a 
better under stand ing of heat and a i r  transfer with in the bu i ld ing .  
Sensor s are also requ i red to measure occupancy levels , pinpoint the 
locat ion of individuals , measure humidity levels , and detect air  
c i rculat ion patterns and the existence of  stagnat ion reg ions . 

Another class of sensors i s  needed to monitor the funct ion ing of 
impor tant elements of a bu i ld ing ' s  heat ing , vent i lat ing , and a i r  
cond itioning ( HVAC) systems . These sensors should be able to ind icate 
impend ing fa ilures and clear ly alert maintenance and operat ing 
personnel to unsafe or erroneous operat ing cond itions , such as 
malfunct ioning outdoor air dampers . Thi s  task requ ires state of the 
art  technology sensors that are simple , r ugged , reliable , and 
inexpens ive , not the l ightweight or high-prec is ion sensor s used for 
aerospace and other h igh-technology appl icat ions . 

Improved Models of Bu i ld ing Phys ics for Adapt ive Cont rol Systems 

Recommendations : 

o Develop expert systems for use by build ing ma intenance and 
operat ional personnel that when integ rated with sensors allow 
max imum comfor t  with min imum energy use . 
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Discussion : 

Most large and moderate-si zed commercial build ings presently use some 
form of computer control . Newer systems rely on d istr ibuted 
microprocessor s with central control of adj ustable constra ints or 
control parameter s w ith in the microprocessors . However , the prog ram 
algor ithms for these systems are based on over s impl if ied models of the 
bu ilding physics and do not conta in adapt ive elements that would allow 
the controls to use accumulated h i stor ic informat ion to forecast 
peaking requ irements or to reoptimize the systems . Along with 
sophist icated control systems and flex ible HVAC systems conta ining 
features such as thermal storage , there is  the need for proper 
inter face betwen the system and the operator , who may have l i ttle if  
any formal technical training , though substant ial hands-on operat ing 
expe r ienc e .  The challenge is to provide an expert system that will 
allow the bu ild ing to be operated to the occupants ' sati sfaction by 
ma intenance and operat ional personnel , without sac r i f icing the inhe rent 
energy-eff ic ient features . 

Advanced Bu i lding Des ign Tools 

Recommendat ions : 

o Develop g raphic input-output modules or computer prog rams that 
allow the architect to rapidly analyze the energy consequences 
of his bu ild ing des ign . 

o Apply new prog ramming concepts based on advances in the ar eas of 
a r t i f ic ial intell igence and exper t  systems . 

Discuss ion : 

Reduct ion of up to 5 0  percent of bui ld ing energy use is possible 
(Department of Energy , 1 9 8 4a )  if new bu ildings are des igned and 
exi st ing build ings are mod i f ied and operated us ing cur rently ava ilable 
informat ion and energy analysis procedures . Loss of energy in bu ild ing 
use has per s i sted in par t  because of the f ragmentat ion of the bu ild ing 
industry , the resulting spec ialization of the industry members , and the 
iner tia of archi tects and eng ineers  who are comfor table with the 
trad it ional methods of designing and eng inee r ing bu i ld ings . 

Graphic input and output modules for exist ing computer-a ided energy 
analysi s  programs are products that can change the way in which energy 
analys is is included in the des ign of bu ild ings and can ef fect new 
methods of design . These new products must be researched and developed 
with an under stand ing of the bu ild ing indust ry ' s  exi st ing des ign 
methods and procedures . 
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The processes cur rently used to des ign bu ild ings requ ire that the 
architect synthes i ze numerous requ i rements for a spec i f ic bu ild ing 
dur ing a very short per iod of t ime ,  often only one or two days . 
Dec is ions that are made dur ing th is t ime are later ref ined , but many 
bas ic aspects of the bui ld ing are • f rozen • and cannot be economically 
changed dur ing the bu i ld ing documentation per iod . Problems in 
ach ieving a thorough energy analysis ar ise because more than 50 percent 
of all architectural off ices in the Uni ted States have fewer than s ix 
people ; these of f ices are usually unable to af ford an energy 
spec ial ist . The need , therefore , is  for a new energy des ign tool that 
can be used fast and easi ly by an archi tect who is not an energy 
spec ialist and by the architect in tra ining .  The tool must allow the 
input of general arch itectur al proposed solut ions at this  ear ly ,  yet 
c r i t ical , time in the schematic design process and must be able to 
d i splay graphically the impact of proposed des ign alternat ives on 
pred icted energy consumpt ion . 

Cond it ions are favorable at the present time for innovat ion in 
building design. Many mic rocompute rs are being purchased by small 
architectur al/eng inee r i ng  of f ices . A number of excellent energy
economic-analys is  microcomputer prog rams already exist and are 
available for mod i ficat ion (Bur t Hill Kosal Rittlemann Assoc iates , 
1984 ; Depar tment of Energy , 1980 ; Ellenwood , 198 5 ;  Lawrence Ber keley 
Laboratory , 1982 ; Quadrel and Kroner , 1985 ; SYRSOL, 1985) . 

Graphic modules can be added to ex i st ing mic rocomputer energy 
analys i s  with user-fr iendly g raphic output modules so that archi tects 
can use them routinely . Th is will requ i re the integ ration of 
prel tminary energy analysis programs with sketch-pad-type g raphic 
des ign inputs . The input mode should allow the archi tect two- and 
three-d imens ional design f lexibil ity .  The pre l iminary energy analys is 
should be accompl ished with a minimum of design inputs ( for example , 
bu ilding geog raphic locat ion , or ientat ion , general construction type , 
etc . ) . The software must conta in a substant ial deg ree of flexibility 
and intell igence in order to supply c r i t ical des ign components omitted 
in the archi tect ' s  conceptual des ign , such as default values necessary 
to provide an energy est imate based on bu ild ing locat ion , intended 
funct ion ,  and type , and past bu ilding design dec isions made by the 
user . The prog ram should also be able to internally pe r form parametr ic 
stud ies and highlight key design parameter s  that will substant ially 
improve energy effic iency and reduce peak electr ical loads ( in other 
words , an internal •what i f •  procedure ) .  The prog ram must be rapid and 
flexible enough to repeat thi s  process as addi t ional des ign deta ils are 
suppl ied by the architect . New prog ramming concepts could be applied ,  
based on advances i n  the f ield of artif ic ial intell igence . 
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RESEARCH MANAGEMENT STRATEGIES 

Now that a ser ies of opportunities for technolog ical innovat ion has 
been presented , some research management strateg ies for the Energy 
Conver s ion and Uti l ization Technolog ies ( ECUT) and Innovative Energy 
Conservation Concepts ( IECC) prog rams can be of fered . These include 
opportunit ies at the meta level of innovat ion ,  because the i r  successful 
implementat ion would help to improve the select ion of the most 
appropr iate research or development topics . One strategy is the 
establ ishment of a means for regular assessment of the state of 
technology needs and poss ibilities , and anothe r is peer review of 
proposal s .  St ill anothe r i s  to develop analyt ical tools for evaluat ing 
proposed new processes or products . The ove rall strategy should 
emphas ize spec i f ic useful c r iter ia for project select ion , as  d iscussed 
here i n .  Thi s  chapter also offers comments on how to attract more 
innovat ive proposals f rom competent researche r s . Finally , comments are 
made about the need for interact ion between ECUT/IECC and DOE ' s  Basic 
Energy Sc ience Program, about industry-spec if ic strateg ies , and about 
innovat ion prog ram resources . 

USE OF FORUMS AND CRITICAL REVIEW PANELS 

One meta-level research management strategy involves the regular 
assessment of the state of technology and ident i ficat ion of research 
opportunities for the energy effic iency technology . 

The best j udges of current needs and the state of a technology are 
usually the researcher s  and practit ione rs in the f ield ,  par ticularly 
ind ividuals with c reat ive imag inat ions tempe red by healthy and mature 
skept ic ism. A cont inu i ng relat ionship based on d ialogue between 
program administrator s and expert advisers has very high value for 
informing admin istrators of the newest opportunities and of 
technolog ies r ipe for development . Two modes of act ion are suggested . 
One i s  a regular mult id i sc ipl inary forum in which the advisers meet and 
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bra instorm at  relat ively f requent intervals . Although the agenda would 
include a review of the most recent technology developments , it  
pr imar i ly would provide an oppor tunity for a g roup of  except ionally 
creative sc ient ists and eng ineers  to conce ive new research 
poss ibilities . Thi s  mode has proved itself already in industr ial 
settings , espec ially when the par ticipants are properly selected and 
motivated . 

A supplement would be a ser ies of spec ial forums in response to 
proposals made to the ECUT prog ram or to recommendations by the general 
panel . The recognition of opportunit ies , l ike the invent ion of new 
sc ient i f ic questions , can sometimes move a f ield ahead faster than 
f i nd ing the answer to a well-recognized problem. Bence , i t  may be of 
value to ECUT to also request imag inative or speculative reviews of 
areas it has already ident if ied as fruitfu l and where wor k is cur rently 
being pur sued ( in contrast to convent iona l c r i t ical reviews , which f ind 
fault and foreclose opportunities) .  These spec i f ic problem-or iented 
reviews (with a focus on the d iesel eng ine , for example ) may be 
per formed by academic , pr ivate sector , and nat ional laboratory expe rts 
but , aga in , will only be as good as the c reativity and imag inat ion of 
the pa rtic ipants . 

PEER REVIEW OP PROPOSALS 

Although it has its weaknesses and flaws , the procedure of peer review 
has served as well as any other procedure yet devised to gu ide the 
allocat ion of funding for sc ient i f ic research suppor ted by 
organizat ions such as the Nat ional Sc ience FOundat ion and the Nat ional 
Institutes of Health . Other agenc ies have relied much less on peer 
review . Whether the results of peer review are str ictly followed or 
used only for gene ral guidance , the method g ives the prog ram 
administrator a means to obtain expert advice in a systemat ic way on a 
var iety of topics far wider than any s ingle ind ividual could 
encompass . At the level of the proposals env i sioned in th is repor t ,  
where publ icat ion of the results of the wor k  would be a vis ible 
outcome , peer review is not compl icated by propr ietary cons iderat ions . 
However ,  the re is some small concern that reviewers  could plag iar ize 
the proposals they read . This  is a small hazard to accept in retur n  
for the vast source o f  expertise that the method makes avai lable to the 
program of f icer . It would probably help all of ECUT to make extens ive ,  
regular use of peer review. Regularity i s  impor tant so that those who 
submit proposals can come to expect the read ing and refereeing of the ir 
proposals by professionals in the f ield .  
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NBN ANAL!TIC TOOLS POR ASSESSMENT OP PROPOSED RESEARCH 

Improved ident i f icat ion of the highest-leveraged opportuni t ies for new 
approaches to technolog ical innovation may come f rom better methods of 
analyses . Such analysis  would help to ident ify which research 
proposals might lead to results that would at best y ield only marg ina l  
improvements or provide no net improvement a t  all . It is des i rable to 
eliminate such proposals as ear ly as poss ible in  the weed ing-out 
process . 

Trad it ional energy balances and measures of thermodynamic ef fic iency 
are generally used to help make such evaluat ions in the f ield of 
energy , but these are sometimes too c rude to be real i st ic . Por 
example , a real thermodynamic process must produce i ts goods at a 
useful rate ; thi s  constra int generally imposes bounds on ef f ic iency and 
effectiveness that are considerably lower than those der ived f rom the 
inf in itely slow ideal reversible model , on which trad i tional 
thermodynamic limits are based . Extens ions that incorporate the 
constra ints of finite t ime operat ion have been developed for the 
assessment of many mechan ical systems and are be ing developed for more 
general systems such as chemical syntheses (Ander son et al . , 1984) . 
Evaluat ions of thi s  sort may be per formed in terms of effic iency , power 
product ion ,  consumpt ion , ava i lability , ent ropy , and even generat ion of 
net revenue . The development of such techniques i s  currently be ing 
pur sued by sc ient ists and eng ineers in  the Uni ted States , Denmar k ,  
Italy , and the Soviet Union but has not yet reached the stage of 
incorporat ion into the selection of spec i f ic research proposals . The 
ECUT program can d irect some of i ts suppor t to br ing ing these 
methodolog ies to the level of practice , whi le recogniz ing that no 
methodology will ent irely substitute for human i ntuition and subj ective 
j udgment . 

CRITERIA POR PROJECT SELECTION 

The c r i te r ia relevant to the ECUT prog ram and in  par t icular the IECC 
prog ram,  are wor th examining closely . The IECC prog ram i s  intended to 
provide small g rants to help spec i f ic projects--espec ially those 
cons idered as high-r isk and hig h-leverage--to c ross a bar r ier  
encountered in an early development stage . 

Proposals appropr iate for support by thi s  prog ram could or ig inate in 
pr ivate f i rms of any s ize ,  in fede ral laborator ies , in universi ties , or 
even with private ind ividuals ;  the actual env i ronment of the wor k is 
i r relevant . The scale and character of the proposed research is 
relevant . In  order to f i t into the IECC program,  the proposed research 
should show st rong entrepreneur ial innovation .  The IECC program ,  
provides a small amount o f  fund ing to support R&D o n  well-def i ned 
projec ts that would enable the principal invest igator to demonstrate 
suf f ic ient proof of concept or develop a convinc ing proposal for pr ivate 
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or government funde r s .  As presently funded , IECC can only help the 
g rantee make a per suas ive case for fuller development . 

The IECC program should select proj ects with enough potent ial to be 
attract ive to larger-scale investor s .  For this  reason it  is  impor tant 
to select high-potential projects , which are not necessar i ly projects 
with high probability of success . Many proof of concept cla ims may 
result , but the prog ram can only be cons idered · successful if  some 
(perhaps only one ) of its proj ects leads to full development and 

deployment in thQ marketplace as a clear improvement in ef f ic ient use 
of energy . 

Even if  none of the projects are successful at that level and in 
that sense , the re is  st ill a way for the IECC prog ram itself to be 
successful . If  i ts projects generate new knowledge to influence 
think ing and action by others , they could ult imately result in 
s ignif icant improvements in energy-efficient technolog ies . TO ensure 
this k ind of second-level success , projects should be chosen that are 
more substant ive than simply clever . IECC should deal with impor tant 
subjects that will lead to publ icat ion in recognized (and refereed ) 
journals and that are fa r-reaching enough to attract the attent ion of 
exper ts work ing on other related topics . 

The ideal st rategy for R&D is  to inve st up to the po int at wh ich 
expected soc ietal benef its do not exceed those f rom other publ ic 
investments .  Unfortunately , R&D proposals cannot be accurately 
assessed before the actual investment . As a consequence , only 
qualitat ive and heu r i st ic measures of potent ial outcomes and benef i ts 
can be ind icated . At best , the opt ions can be ranked by a crude 
est imate of investment benef its . Moreover ,  the cost of a r igorous 
quant itative assessment of a relatively small proposal to DOE/ECUT may 
well exceed the funds requested in the proposal . Hence , as  a practical 
matter , a projec t select ion procedure should assume no pr ior knowledge 
of probable success and of expected benef its . In this s ituat ion , how 
can ECUT/IECC best make investment dec i sions on small g rants for 
innovat ive R&D with high leverage? The following are some practical 
possibilities , beyond a s imple method of investment-benef i ts rank ing : 

o Ident ify projects that are missing l inks between appl ied 
research and product/output development and ident ify experts 
with the necessary competence for the projects . Examples of  the 
k inds of quest ions to ask are : Can the product of hyd raulic 
cement R&D be used to improve bu ild ing effic iency when normal 
construc tion methods are used , and can it reduce bu i ld ing energy 
use. over its l ifetime? Can R&D in heat transfer processes 
result in on-s ite methods for melting road sur fac ing mater ials 
when f i ll ing potholes? The miss ing l inks addressed here are 
transfer of technical informat ion and cons ideration of the 
feas ibility of that transfer in  the context of i ts potent ial 
appl ication . Formal mechanisms to d i scover such missing links 
and ident i fy ind iv iduals with the technical competence to 
address them might include forums of experts , advisory panels , 
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contests ,  demonstrat ions , fa irs , pr i zes , and var ious spec ial 
events sponsored by the med ia or by universities . 

o Emphasize R&D investments that will lead to medium-term consumer 
payoffs ( 3-10 years ) . Omit cons iderat ion of investments 
requir ing 10 or more years of fur ther development . The benef i ts 
of such long-term projects are worth less than half those of 
medium-term projects , and long-term projects may well be 
overtaken by newer and unforeseen technolog ies before reaching 
such a far-of f hor i zon . 

o Evaluate projects i n  terms of the i r  ult imate impacts on 
consumers or industr ies . Small bene f its per ind ividual over 
large number s of users are likely to have very large total 
benef its to the economy . For example , a $100-a-year savings per 
ind ividual , although less than 2 percent of g ross per capi ta 
personal income , would save the economy approximately $ 22 
bill ion per year . Yet technolog ical advances with benef i ts as 
d iffuse as this are unl ikely to attract pr ivate investment 
unless they fall into very spec ial categor ies , for example , 
s ing le , s imple , and salable devices . 

o Ensure that the pool of investment projects being suppor ted by 
DOE as a whole reflects in the agg regate a r isk-neutral 
ph ilosophy . That is , the prog ram should be nei ther an exclus ive 
r i sk taker ( selecting only proj ects with very small 
probabi l it ies of success but large potential payof fs)  nor a r isk  
aver ter  ( selecting only proj ects w i th large probabi l i ties of 
success and small potent ial payof f s ) . The investment pool 
should conta in both extremes but emphas i ze proj ects w i th 
moderate poss ib i l i t ies of success and payoff .  Preced ing 
discuss ion implies that the role of IECC tends toward the 
h igh-r isk , high-payoff end of the spect rum, where a small 
investment by DOE has the potent ial for extremely hig h  leverage . 

ATTRACTING INNOVATIVE PROPOSALS FROM COMPETENT RESEARCHERS 

The scale of support for ECUT/IECC proj ects is small compared with most 
academic research projects and t iny compared with most projects in  
federal or  pr ivate laborator ies ( see the Innovat ion Prog ram Resources 
sect ion) . Given thi s  hand icap , to be ef fect ive the IECC prog ram must 
attract par t icularly c reat ive , imag inative people : They are the ones 
who will f ind ways to advance the solut ion of impor tant problems by 
innovative means and with only a few thousand dollar s .  These 
invest igator s already have the mot ivat ion to do c reative wor k 1  IECC 
should provide incentives for them to choose to think about problems 
and projects that serve IECC ' s goals and that would othe rwise not be 
suppor ted because of the compe t i t ion of other problems that might be 
chosen by invest igator s .  It is impor tant to stress such benef its , 
because the f i nanc ial and temporal scales of prog ram support will not 
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of themselves be attractive to the researcher , who bas ically seeks 
support for prog rams with flexible funds over long per iods . Benef i ts 
that ECUT/IECC can offer include : 

o Provid ing a gateway to researchers  in the bas ic sc iences into 
the world of applied and developmental wor k , a k ind of access 
that is not eas i ly found by academics outs ide of eng i neer ing 
schools . 

o Help ing successful g rantees obta in fund ing and technical suppor t 
elsewhere , for further proj ect development . 

o Helping g rantees f ind experts with spec i f ic technical sk i lls or 
spec ialized knowledge that would advance the i r  proj ec ts . 

o Minimiz i ng administrat ive requ irements , red tape , and 
unnecessary reporting , which act as d is i ncent ives , espec ially 
for small projects . 

o Publ ishing informat ion about new technolog ies , methods , and 
f ind i ngs that will enhance the technology transfer f rom 
successful projects and attract add it ional innovat ive proposals , 
perhaps 10 percent of prog ram funds can be used in this way . 

INTERACT ION WITH THE BAS IC ENERGY SCIENCES PROGRAM 

One opportunity relates d irectly to the improvement of the innovat ion 
prog ram' s overall effect iveness . The Committee strongly recommends 
that ECUT/IECC make a del ibe rate , extens ive effort to establ ish closer 
and much more f requent interact ion with DOE ' s  Bas ic Energy Sc iences 
Program, particularly the Eng inee r ing Research Program. Such 
interact ion would help to improve the f low of ideas , technolog ies , and 
sc ient i f ic results f rom the bas ic level to the appl ications and 
developmental levels . It is not impor tant who takes the in itiative to 
establ i sh and maintain th is  interaction , it i s  very impor tant that 
someone does . such interaction should enhance all of the 
aforement ioned strateg ies for research management . 

INDUSTRY-SPECIFIC STRATEGIES 

There are strateg ies that are spec i f ic to part icular industr ies 
assoc iated with the seven technical areas about which recommendat ions 
are made in th is report . For example , some of the mater ials-process ing 
industr ies are perhaps at the stage whe re the u . s .  steel industry was 
several years ago , when industr ies of other nat ions were able to invest 
in R&D for new technology whi le the i r  u . s .  counterpar ts cont inued to 
produce steel with old and outdated equ ipment . Only by ident i fy ing and 
pursuing opportunities  for more eff ic ient use of resources can the u . s .  
mater ials-process ing industry rema in competitive with those of other 
nat ions . Thi s  can be seen in  the way the u . s .  cement industry 
neg lected the development of the u . s-invented macro-defect-f ree 
cements , which the Br itish have vigorously adopted . 
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Although strateg ies to address the bas ic R&D investment problems of 
var ious industries are beyond the scope of DOE ' s  operations , it is 
helpful to ma intain an awareness of the larger context for technical 
innovation in industry , of which energy is but one component . For 
example , many-high technology industr ies exper iment with novel and 
innovative ways to generate and profit f rom innovative ideas 
(Rosenfeld , 1 9 83 ) .  DOE may wish to search out such innovat ion prog rams 
in the pr ivate sector and evaluate the i r  appl icat ion to DOE ' s  own R&D 
strateg ies . It is also impor tant to state that the fundamental problem 
is  not DOE ' s  choice of R&D topics , but its lack of long-range 
commitment to fund what i t  takes to turn R&D-der ived new knowledge into 
commerc ially viable products or processes . 

INNOVATION PROGRAM RESOURCES 

I n  conducting this study , the Committee was br iefed by the program 
manager of the IECC prog ram, who presented a summary of prog ram 
character istics and a compar ison of three DOE prog rams that target a 
community of individual entrepreneur ial inventor s ( rather than 
established energy research centers)  ( see Tables 3-1 and 3- 2 ) . The 
purpose of the br ief ing was to help the Committee under stand the 
spec ial role of the IECC within the larger framework of ECUT and other 
DOE prog rams . 

The IE�C prog ram has a small annual budget and seek s to d i str ibute 
grants on the order of $ 15 , 0 0 0  each ( see Table 3- 3 ) . Thus , many of the 
recommendat ions made in thi s  repor t are clear ly beyond the capability 
of IECC to implement . However ,  they are generally appl icable to ECUT 
and , select ively , to other prog rams in the Off ice of Conservat ion . 

With th is in mind ,  the Commi ttee recog n i zes that IECC and the Energy 
Related Invent ions Prog ram ( ERIP) with which it is now g rouped (as  par t  
o f  a recent reorgani zation) have a spec ial role to play . Within a 
major organi zat ional f ramewor k committed to inherently innovat ive R&D , 
IECC seeks to elic i t  and suppor t projects that are par t icularly 
innovat ive and is di rected toward ent repreneur ial inventor s who are not 
otherwise likely to obta in funds to pursue the ir ideas . 

The Committee ag rees with the need for the IECC prog ram and bel ieves 
it can make valuable contr ibutions . The many recommendat ions g iven in 
th is repor t are d irected toward that end . However ,  the Committee has 
ser ious reservat ions : There is concern that IECC is simply too small 
and l imited in flex ib i l i ty to benef it  f rom the recommendat ions and 
adequately achieve i ts intended purposes . 

For IECC to pur sue many of the research d i rect ions the Committee has 
ident i f ied ,  it needs access to laboratory fac i lities and equ ipment . 
Most of the competent research wor kers  are likely to be af f i l iated with 
such laborator ies in univers i t ies or with pr ivate f i rms .  As a 
pract ical matter , these per sons usually seek funds suf f ic ient to cover 
the overhead expenses of establ ished fac i l i ties and to pay salar ies for 
a s ignif icant per iod of t ime .  A g rant of $15 , 0 0 0  will pay for approxi 
mately S O  days o f  a researcher ' s  t ime , no t count ing purchase o f  equ ip
ment and mater ials . This  seems to l imit the g rants to wor k that f i ts 
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TABLE 3-1 Cha r ac te r i s t ic s  o f  the Innovat i ve Ene rgy Conve r s ion Concepts Prog r am 
W i t h i n  The Depa r tment of Ene rgy ' s  Ene rgy Conve r s ion a nd Ut i l i z a t ion Technolog i e s  
Prog r am 

Obj ec t i ve s  

• To seek innova t i ve concept� fo r a lte rnat i ve fuel u se o r  imp roved ene rgy 
e f f ic iency in conve r s ion sto r age and e nd u se 

• To i nve s t igate techn ical feas i b i l i ty ,  become tempo r a r y  sponso r s  for 
i nnova t i ve concept s ,  and accomp l i s h  techno logy t r ans f e r  

Recent accomp l i s hments 

• Sol ic i ted p roposal s  on i nnova t ive bu i ld i ng mate r i a l s  and f u nded 1 2  r e se a r c h  
proposa l s 1 concepts f rom sma l l  bu s i nesse s ,  u n i ve r s i t i e s ,  and research 
o r g an i za t ions we re f u nded for about $1 5 , 000 each 

Se lected act i v i t ie s  o f  f i scal yea r 1 9 8 4  

• l� ld mee t i ng t o  t r ans f e r  i nnovat ive bu i ld i ng mate r i a ls concepts t o  Depa r tment 
o f  Ene rgy bu i ld i ng s  prog r am and p r i va te resea rche r s  fo r fu r t he r  development 

• Conduct ana ly s i s  o f  poten t i a l  r e sea rch oppo r tu n i t ies i n  e ne rgy conve r s ion to 
s t r uc t u r e  a sol ic i t a t ion fo r nove l e ne rgy conve r s ion concepts 

• Conduct ana ly s i s  o f  ene rgy conse rva t ion potent i a l  o f  innova t i ve uses of 
e lect romag ne t ic r ad i at ion ( m i c rowave s , fo r example)  

!Nove l approaches f u nd amenta l ly d i f fe rent f rom c u r rent p r ac t ices , rathe r  than 
" bas ic re sea rch o r  i nc rementa l opt im i z a t ion• out l i ned i n  t he f i sca l year 1 9 8 3  
annua l ope r a t i ng p la n . 

SOURCE : Te r ry M .  Lev i nso n ,  Depa r tment of Ene rgy . 

-..J 
0 
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TABLE 3 -2 Compa r i son of Th ree DOE Prog rams that Appea r to Be S im i lar bu t Are Not 

Numbe r a nd 
S i ze of Awa rds Potent i a l  Sou rce of 

Prog r am App roach in FY 1 9 8 3  Sponso r s  Pha ses Proposa l s  

CE/ECUT 

Ene rgy 
Re se a r c h/ 

SBIR 

CE/ERI P 

Ac t i vely so l ic i ts 
new ideas for 
energy 
conse rvat ion 
u s i ng RFPs 

Ac t i ve ly so l ic i ts 
new ideas fo r a l l  
o f  DOE i n  2 5  yea r s  
research a reas , 
of which only 
Ma te r i a l s  
may pe r t a i n  
t o  conse rvat ion ; 
a few pe r t a i n  
t o  renewabl e s  

Pa s s i ve ly f u nd s  
u nso l ic i ted ideas 
for all o f  DOE 

1 2  awa rds of 
of approx ima tely 
$1 5 , 000 each 

106 Pha se I 
awa rds r a ng i ng 
f rom $ 3 5 , 0 0 0  
t o  $ 5 0 , 000 
each 

Va r i e s ; s i ze s  
of awa rds 
up to $ 1 0 0 , 000 

Conse r va t ion 
& renewable 
e ne rg y  of f ices 
a nd p r i vate 
sec to r 

DOE a nd 
pr i vate sec tor 

DOE a nd 
p r i vate 
sec tor 

No phase s 1 
only seed 
money 
be fore 
be i ng 
t r ans
f e r red 

Phases 1 
a nd 2 
funded by 
Ene rgy 
Research 
prog r am ;  
Phase 3 to 

Sma l l  
bu s i nesses 
colleges 
u n i ve r s i t i e s ,  
r e se a r c h  
i nst i tutes 

Sma l l  
bu s i nesses 
only 

be done by 
p r ivate sec to r  

No pha ses Invento r s  

Advi so r s/ 
Reviewe r s  

Nat iona l 
Academy 
o f  Sc i ences 

DOE 

Nat ional 
Bu reau of 
Stand a r d s  

NOTE : CE = Co nse rvat ion Ene rgy ; ECUT = Ene rgy Conve r s ion and Ut i l i za t ion Tec hnolog ies ; SBIR a Sma l l  Bus i ne s s  
Innov� t ion ; ERIP = Ene rgy Re l ated Invent ions Prog r am . 

SOURCE : Te r r y  M .  Lev i nson , Depa r tment of Ene rgy . 

...... 
..... 
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into a larger program that already has fac i l it ies and suppor t or to the 
development of concept papers and proposals for more fund ing . I t  does 
not preclude worthwhi le outcomes , and g rants of this  s i ze do attract 
interested and qual i f ied applicants . However ,  the recommendat ions of 
the Committee could be tmplemented only by an organizat ion w i th 
cons iderably more flex ibile g rant size .  Perhaps such flexibi l i ty will 
result from the recent reorgani zat ion under which IBCC and ERIP will be 
more closely l inked . 

The cor responding concern of the Committee relates to the overall 
IBCC budget . Implementation of the recommendations for research 
management strateg ies alone does not appear poss ible within cur rent 
staff constra ints . There is a reali st ic crit ical mass of g rants 
necessary to j usti fy a level of program staff activity in manag ing the 
prog ram as recommended . These recommendations applied to BCUT as a 
whole appear more real i st ic in scale but not wholly appropr iate in 
function J perhaps the combined IBCC/BRIP prog ram will provide the 
c r i t ical mass of g rants to j ust i fy the more r igorous management 
approach advocated by the Committee . Whatever the case , the Committee 
concludes with a final recommendat ion : determine what the minimum 
level of g rants should be to j usti fy an investment in the qual ity of 
management needed to make the program successful . If thi s  can be done 
through some combination of prog rams and/or add it ional funds , the 
Committee bel ieves that further pursuit of the IBCC prog ram would be 
greatly enhanced . 
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TABLE 3-3 Ene rgy COnve r s ion a nd Ut i l i za t ion Tec hnolog i e s  Prog r am  Budg ets f o r  Fisca lYea r s  1 9 8 1 -1 9 8 5 , i n  
m i l l io ns o f  do l la r s  

F i sc a l  Yea r  
Budget Ar eas 1 9 8 1  1 9 8 2  

COmbu s t ion and the rma l sc i e nces 5 . 8 4 0  4 . 00 

Mate r i a l s  sc iences 1 . 669 2 . 4 28 

Catalysts/biocatalys i s  0 . 4 9 1  0 . 8 4 9  

Tr i bology o . o  o . o  

Innovat ion ( I ECC ) 0 . 0  o . o  

Prog ram d i rec t ion 0 . 2 0 0  0 . 18 2  

Cap i t a l  equ ipment 0 . 0  0 . 38 4  

Total 8 . 2 00 7 . 8 4 3  

NOTE : IECC = Innova t ive Ene rgy COnve r s ion COncepts prog r am .  

SOURCE : Te r ry M .  Levi nson , Depa rtment o f  Ene rgy . 

1 9 8 3  1 9 8 4  1 9 8 5  

4 . 4 , 00 0  4 . 8 6 4  5 . 5 0 0  

2 . 77 5  1 . 9 8 3  4 . 8 3 2  

0 . 5 2 5  0 . 800 2 . 0 0 0  

1 . 0 0 0  1 . 1 5 3  2 . 700 

0 . 30 0  0 . 20 0  . 57 5  

0 . 2 3 0  0 . 27 7  . 29 3  

o . o  o . o  1 . 6 6 6  

9 . 2 3 0  9 . 2 7 7  1 7 . 566 

....., 
w 
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THE IMPLICATIONS AND RECOMMENDATIONS 

OVERVIEW 

Th i s  c hapter br ief ly reviews the rat ionale for ene rgy conse rvat ion and 
then presents the recommendat ions of the Committee . The chapte r c loses 
with suggest ions of how the Department of Ene rgy ( DOE )  and the Ene rgy 
Conve rsion and Ut il izat ion Technolog ies (ECUT) prog ram can pu r sue more 
i nnovat ive research and development ( R&D ) prog rams . 

The mot i vat ion for ene rgy conservat ion in 197 3 wa s the United 
States ' s  re sponse to a c r i s i s  of scarc ity--not a shortag e ,  but a ve ry 
sudden i nc rease in pr ice and reduced availabi l ity of fuels in some 
reg ions . There was considerable skept ic ism among people in the ene rgy 
supply business and in u . s .  r egulatory agenc ies regard i ng  the mag n i tude 
of the elast ic it ies of demand for ene rgy : They believed that demand 
would remain high even as p r ices inc reased rapid ly . Othe r s ,  howeve r ,  
such a s  those c lose to vulnerable ene rgy- intens ive indust r ies and 
certain economi sts spec i a l i z i ng in  ene rgy ana lysis at consu lt ing f i rms 
and academic centers ,  regarded inc reased ef f ic iency of ene rgy use and 
the cor re spondi ng  reduction of demand for fuel as vita l ,  log ical 
responses that would play an important role in the panoply of responses 
to the "oi l c r i s is . " The ene rgy use r s  turned out to be cor rec t J  they 
we re able to reduce the i r  demand in a va r iety of way s ,  from short-term 
housekeeping improvements to long-term, sometimes slow changes of 
capital equ ipment , and the refore u . s .  ene rgy consumpt ion fell of f 
mar ked ly i n  the 197 3-198 3 decade . 

The que st ion remains : Should the re be a federal role in the 
st imu lat ion or  advancement of ene rgy eff ic iency , at a t ime when demand 
has fallen so f a r  and when supplies have cont inued to be so ava i lable 
that one hears about oil g luts ,  and not at all about oil scarc it ies? 
Howeve r large these surpluses seem now , fossi l and nuc lear fuels are 
u lt imately nonrenewable resou rces (Darmstadte r et a l . , 198 3 ) . The 
cheapest , most read ily ava i lable resources of oi l ,  ga s ,  coal , and 
uranium a re stead i ly d rawi ng down . It is unlike ly that we wi ll 
conf ront sha rp ,  total Malthusian ( resource exhau st ion) scarc it ies , but 
stead i ly g rowi ng Ricardian {pr ice i nc rease) scarc ities forced by 
i nc reasing ly cost ly methods for winning fuels f rom the envi ronment are 
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7 5  

inevitable . I f  the ana lysis  developed by Hubbert ( 1969)  is  va lid ,  
these scarc it ies are even pred ic table . 

Opt imi st ic economi sts emphas i ze our gene ra l  technolog ica l capabil ity 
to f ind subst itutes i n  re sponse to p r ice signals , pessimist ic 
geolog i sts and othe r sc ient i sts empha s i ze the need for advanced R&D to 
explic itly develop those technolog ical capabi lit ies . The economist can 
afford to be opt imi st ic because the process of f i nd i ng  technical 
solut ions to Ricard ian sc arc it ies i s  assumed to occur naturally in 
response to economic developments . The sc ient i st st resse s pess imism 
because it focuses attent ion on the need for i nvestment in R&D if the 
economist ' s technology assumpt ions are to be rea l i zed . 

In adapting to the long-term g rowth in  the cost of a depletable-

and depleti ng--resource ,  the p r i vate secto r  wi ll not ,  on its own , 
develop the needed technolog ies . A federal role is necessary . 

In add ressing the que st ion , the Comm ittee see s two st rateg ies : 

( 1 ) insurance,  in  which a gove rnment role is necessary and not s imply 
accessory , and ( 2 ) economic ef f ic iency , in which the gove rnment 
augment s  the private sector . 

o The Insurance Strategy. Conduct research on and develop 
technolog ies that can be kept in reserve and called i nto use i n  
the event of sudden sc arc it ies o r  unforeseen c r i se s .  

o The Eff ic iency Strategy : Enhance the publ ic good by supporting 
· research on i nc reased ef f ic iency of ene rgy use and othe r 
resou rces wherever  the publ ic benef its are large but too d iffuse 
to be captured by private inve stors .  

These two st rateg ies , althoug h ent i re ly compat ible , have somewhat 
d ifferent implicat ions . 

The Insu rance Strategy 

The insu rance st rategy requires ana lysis  of cont ingencies so that 
responses can be ident if ied and re search desig ned for tec hnolog ies 
tha t ,  if  successfu l ,  wi ll rema in in reserve unt i l  they are economica l ly 
viable as f uel  pr ices inc rease or as some c r i s i s  occurs . 

The spec if ic proj ects to be supported can be se lected f rom the 
spectrum of opportuni t ies on the bas i s  of est imates of probable 
success , max imum poss ible impact (easier to est imate than probable 
impact if successf ul) , probable t ime eithe r  to success or d i scard ,  and 
cost of mai nta ining re se rve . 
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The Effic iency Strategy 

The strategy of eff ic iency calls for maintenance of a portfolio of R&D 
proj ects that are desig ned to provide economically compet it ive 
technolog ies at the t ime of thei r complet ion . The por tfolio viewpoint 
vi rtually demands maintaining a research prog ram with enoug h breadth to 
encompass ( 1) long-te rm, h igh-r isk , and h igh-potent ial proj ects , ( 2 ) a 
middle g roup of st rong proj ects in  the main l ines of prog ress , and ( 3 )  
proj ects that sustai n  the re st of the R&D ente rpr i se by supply ing the 
st ream of re liable data requ i red to carry out innovat ive wor k .  The 
high- r i s k  port ion is  l i ke venture capita l  inve stment , the data-sup
ply ing port ion i s  analogous to munic ipal and government bonds 1 and the 
rest is l i ke the bul k  of an inve stment por tfolio des igned to g i ve both 
g rowth and incane , with a balanc e  of moderate r i sk and secur ity .  The 
one add it iona l c r ite r ion that d i stinguishes what should be publ ic ly 
supported is the d if fuseness and publ ic characte r of the benef its , that 
i s ,  t he i nabi lity of the private investor to capture the benef its of a 
soc ially worthwhi le technology investment . An important mot ivat ion for 
publ ic support i s  to spread the r isk so that no single investor is  
overexposed . 

RECOMMENDED TECHNICAL AREAS OF RESEARCH 

With the assi stance of i nputs f rom other expe rts at its workshop , the 
Committee examined a wide f ield of technical areas and evaluated 
ongoing R&D , the potent ial and opportunit ies fo r s ig n if icant 
improvement s in energy ef f ic iency as evidenc ed by cur rent f ront ier 
technology , and spec if ic examples that illustrate the opportunit i e s .  
With the goal of provid ing spec if ic advice on the areas o f  highe st 
opportunity ,  seven broad a reas of sc ient if ic and e ng i neering research 
were se lected as part icularly interest ing . Some of the se of fer 
resea rch proj ects that are st i l l  in ea rly stages of deve lopment and 
that could repay re lat ively small  inve stment s with large inc reases in 
ene rgy eff ic iency if successful .  

The seven research areas are : 
o Heat transfer 
o Heat eng ines and cycles 
o Sensors and automat ic cont rols 
o Materi als processing 
o Spec ial mate r ials 
o Bui ld ing enve lopes 
o Intellig ent bui ld ing s and advanc ed design tools 
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Within these areas spec if ic research and development proj ects are 
recommended not for fund i ng but only as worthy of furthe r  attent ion .  
The actual f und ing dec i sions should be made on the bas i s  of what is 
said in each proposal .  

Table 4-1 l i st s  the seven research areas worthy of interest and 
summar i zes how such research cont r i bute s to ene rgy savings or 
effic iency . Table 4-2 l i st s  the Committee ' s spec if ic recommendat ions . 

RECOMMENDATIONS ON ECUT/IECC RESEARCH MANAGEMENT STRATEGY 

The Committee cons iders the j ud ic ious choice of top ic s important and 
recommends the development or improvement of tools for ident ify ing and 
evaluat ing top ics and proposa ls.  

The fol lowing st rateg ic approaches are recommended : 

o Use of forums and c r i t ical review pane ls to tap the pool of 
expe rts wor king on advanced sc ient if ic research that has 
appl icat ion to energy ef f ic iency in order to ident ify usef ul 
research areas ; 

o Use of peer review , drawi ng  upon the same pool of experts , to 
evaluate spec if ic proposals ; 

o Development of new analy t ical tools for planning of research 
based on model s  that i ncorporate thermodynamic concepts ; 

o Appl icat ion ·of seve ral pract ica l c r iter ia to the cur rent proj ect 
select ion process , ta king i nto account such f ac�ors as 
addressing mi ssing links between research and markets , t ime to 
payof f ,  spread of benef its , and balanc ing the r isks of the 
project portfolio ; 

o Addre ssing the problem of how to att ract the more competent 
innovat ive researche r s  to a prog ram based on small g rants ; 

o Establ ishment of a way to interact more with DOE ' s  Basic Ene rgy 
Sc iences Prog ram in orde r to improve the flow of ideas and 
sc ient if ic results and to enhance ove rall ef fect iveness . 

By using a small part of the total budget for these act ivities , the 
net ef fect ivene ss of the innovat ion prog ram could be expected to 
improve ove r a pe r iod of 2-4 yea r s .  

The Commit tee feels that the Innovat ive Energy Conservat ion Concepts 
Prog ram as cur rent ly st ructu red and funded is not in a position to 
effect ively implement the technical and manag ement recommendat ions 
offered in this report .  The refore , it is recommended that DOE i nc rease 
the staf f and fund ing leve ls to permit a more ef fec t ive prog ram.  
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TABLE 4-1 Re sea rch Areas and The i r  Poten t i a l  Cont r i but ion to Energy Sav i ng s  

Re sea rch Area 

Hea t  t ransfe r  

Equ ipment needs 

Wo r k i ng f lu ids 

Res i stant mate r ials and i nsulat ion 

Component replacement 

Contr ibu t ion to Ene rgy Savi ng s  

In genera l ,  heat losses c a n  be 
reduced , i nc reas i ng  ava i la ble 
wor k  i n  eng i nes o r  useful 
process heat 

Improved heat exchange 
equ ipment will i nc rease eng ine 
e f f ic i e ncy and pe rm i t  the 
prac t ical deve lopment of 
innova t i ve h ighe r -ef f i c iency 
energy conve r s ion systems 

New wo r k i ng f lu ids a r e  needed 
to conve r t  low-g r ade waste heat 
to useful work 

As mate r i als i n  mac h i nes , 
fur naces , and bo i le r s  deg rade , 
usefu l heat is los t ; improved 
mate r ials w i l l  result in d i rec t  
energy sav i ngs 

When components such a s  
r ad iators deg r ade , ene rgy is 
wasted ; the ava i labi l i ty o f  
cheap , ea sy-to-replace 
components w i l l  resu l t  i n  
d i rect energy sav i ng s  

-..J 
(X) 
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TABLE 4 - 1  Re sea rch Areas and The i r  Pote n t ial Con t r i bu t ion to Ene rgy Sav i ng s  (con t i nued ) 

Re sea rch Area 

Hea t  eng i nes and cycles 

Augmentation o f  heat t ransfer 

Reduc t ion o f  heat t r ansfer 

Reduc t ion of the rma l d i s to r t ion and f r ic t ion 

Contr ibution to Ene rgy Sav i ng s  

Gene r a to r s  and compresso r s  w i l l  
produce mor e  wo r k  fo r t h e  same 
energy i nput 

By augment i ng heat exchange on 
the a i r  s ide of an a i r  
cond i t io n i ng cycle , e f f ic iency 
can be s ig n i f icantly improved ; 
augmented heat exchange w i l l  
a l so  al low improved recove ry of 
work f rom the wa ste heat of 
indust r i al energy mac h i nery 

W i t h i n  an eng i ne , heat f low 
throug h the combus t ion chambe r 
reduces useful wo r k :  by 
r educ i ng heat t r ans fe r , 
e f f ic i e ncy can be increased 

Uneven hea t i ng of mov i ng pa r t s  
cau ses uneven expans ion , 
g reatly i nc re a s i ng f r ic t ion : by . 
unde r s tand ing and cont rol l i ng 
tempe r ature d i s t r ibutions with 
the combust ion chambe r and 
p i s ton , e f f ic iency can be 
inc r eased s ig n i f icantly 

-..J 
10 
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TABLE 4-1 Research Areas and The i r  Potential Co n t r ibution to Ene rgy Savi ng s  ( cont inued ) 

Research Area 

Hea t  eng ines and cyc les (con t i nued ) 

Improvement of combust ion cha r ac te r i st ics 

Improvement o f  pa th o f  p i s ton 

Improvement o f  cont rol w i th i n  the cycle 

Improved mate r i a l s  to r e s i s t  h ighe r tempe ratu r e s  

Contr i bution t o  Energy Sav i ng s  

W i t h i n  t h e  d iesel eng ine the 
te•pe r atu r e  of combu s t ion 
va r ie s  w i t h i n  the cycle , by 
mod ify i ng the cycle to m i n im i ze 
the lowe r tempe rature po r t ion , 
e f f ic iency can be improved . 
Othe r improvements to eng ines 
permit u se o f  a lternative fuels 
tha t  may be cheape r 

Theo r e t ica l ly i t  i s  pos s i ble to 
ext r ac t  10-l S pe r cent more wo r k  
f rom a u n i t  of f u e l  i f  t h e  t ime 
pa th of the piston can be 
adequately control led 

Ai r cond i t ione r s  a nd combustion 
eng ines can expe r ience improved 
e f f ic i ency if the movemen t  of 
the i r  expans ion valves and 
cyl i nde r s ,  respec t i vely cou ld 
be mo r e  prec ise ly controlled 

H igher tempe r a t u r e  eng ines w i l l  
operate at h ig he r e f f ic ienc ies 

(X) 
0 
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TABLE 4 -1 Research Areas and The i r  Potential Cont r i bution to Ene rgy Savi ng s  (continued ) 

Re sea rch Area 

Senso r s  and automat ic cont rols 

Improved sensor technology 

Models to extend the scope of sensors 

Models in the process loop 

Cont r ibut ion to Energy Savi ng s  

These have appl icat ion to 
improved pe r formance of heat 
eng ines and cycles and to 
v i r tua lly any coabustion and 
heat exchange process 

Many processes that take place 
at h ig h  te.pe r atures or in 
cor ros i ve envi ronments can be 
made to exper ience iaproved 
e f f ic i ency if measu r ements o f  
ta.pe r a ture , pressu re , and f low 
r ate cou ld be accu r ately 
obta i ned 

Compu te r mod e l s  make i t  
poss ible to infe r the 
tempe r ature , pressu re , o r  flow 
r a tes in many envi ronments froa 
i nd i rec t  sensor measurements ; 
the ef fec t is to i nc rease 
energy ef f ic iency through 
improved process control 

I•proved cont rol o f  a ve ry wide 
va r iety of ene rgy and 
indust r ia l  processes w i l l  
i nc rease ene rgy e f f ic iency r 
models that are i nteg r ated with 
the process provide such control 

(X) 
..... 
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TABLE 4-1 Research Areas and Thei r  Pote n t ial Cont r i but ion to Ene rgy Sav i ngs (con t inued ) 

Re search Area 

Senso r s  and au toma t ic cont rols (con t i nued ) 

Ar t i f i c i a l  i ntell igence , expe r t  sys tems , 
robot ics 

Remote sensi ng/nove l app l icat ions 

Cont r i but ion to Ene rgy Sav i ng s  

The se represent f u r the r 
advances in u s i ng a�vanced 
computer technology and 
feedback con t r o l  to improve 
ene rgy e f f ic iency th roug h more 
prec i se cont rol of any 
i ndus t r ial  process 

Remote se nsing technolog ies 
such a s  computer -aided 
tomog r aphy , nuclea r mag ne t ic 
resonance , u l t rasonics , la se r 
beams , and advanced opt ica l 
systems a l low for the detec t ion 
o f  tempe r ature , pressu r e , 
s t ress , and deformat ion w i thout 
i nfluenc i ng the behavior of the 
sys tems measu r ed r t h i s  
capab i l i ty g re a t ly enha nces the 
abi l i ty to con t ro l  many 
processes and the reby i nc r eases 
ene rgy e f f ic iency 

(X) 
IV 
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TABLE 4-1 Research Areas and The i r  Potential Cont r i bu t ion to Energy Savi ng s  ( con t i nued ) 

Re search Area 

Mate r ials proce s s i ng 

I nnovat ion in t r ad i t ional mate r ia l s  proce s s i ng 

High-tempe r at u r e  proce s s i ng 

S u r face mod i f icat ion t reatments 

Cont r ibution to Energy Sav i ng s  

Maj o r  amounts of ene rgy that 
are u sed in process i ng 
mate r ial s f rom o r e s  can be 
reduced r in add i t ion , many new 
mate r i a l s  can be produced that 
will improve the energy 
e f f ic iency o f  mach i ne r y ,  hea t  
exchange r s ,  and indust r i al 
processes 

Me tal s can be ext r ac ted f rom 
ores at g reat reduc t ions i n  
ene rgy consumption 

Many i ndu s t r ial processes 
i nvolving chem ical reac t ions 
u se less energy when car r ied 
out at h igher tempe r a t u r e s  

Advanced technolog ies c a n  a l te r 
the s u r face of mate r i a l s  to 
ach ieve improved wea r , reduced 
f r i c t ion , and be t t e r  heat 
exchange prope r t i e s , a l l  of 
which have the ef fect of 
improv ing energy ef f ic iency i n  
many processes 

(X) 
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TABLE 4 -1 Research Areas and The i r  Poten tial Contr ibut ion to Energy Savi ng s  (continued ) 

Re sea rch Area 

Ma te r ials proce s s i ng (con t i nued ) 

Rapid so l id i f icat ion process i ng 

Chem ical synthe s i s  

Shaping o f  ce ramics 

Contr ibution to Ene rgy Saving s  

Many impor tant i ndust r i a l  
mate r ia l s ,  such a s  t h i n  
f i laments and r i bbons , c a n  be 
produced w i t h  these methods at 
g reater ene rgy e f f ic iency than 
with othe r methods : in 
add i t ion , a s  prec i s ion-made 
t h i n  mate r ials replace heav ie r 
mate r i al s  in many appl icat ions , 
ene rgy embod ied i n  the 
mate r i al s  produc t ion process i s  
reduced 

As above , the resu l t  is lowe r 
ene rgy in manu fac t u r e , as we l l  
as new produc t s ,  which i n  t u r n  
reduces ene rgy consumption i n  
many processes 

Ce r aa ic combustion eng i nes and 
heat exchang e r s  can accept 
h igher tempe r atures of 
ope r a t ion , the reby inc r e a s i ng  
t he e f f ic iency of t he 
respect ive processes ; the 
abi l i ty to create the cor rect 
shapes is c r i t ical to prope r 
functioni ng 

(X) 
"'" 
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TABLE 4-1 Research Areas and The i r  Poten t ial Cont r ibution to Ene rgy Savi ng s  (con t i nued ) 

Research Area 

Mate r i als processing (cont i nued ) 

Forest products i ndustry appl ica t ion 

Spec i a l  ma te r ials 

Mac ro-de fec t-f ree hyd r au l ic cements 

H igh-pe r formance ceram ics 

Cont r i bu t ion to Ene rgy Savi ng s  

The re a r e  many innovat ive way s  
t o  reduce t h e  energy u s ed  i n  
produc ing wood and pape r  
produc ts , u s i ng  some o f  the 
aforementioned i nnovat ions as 
wel l  as othe r aethods 

These mate r ia l s  can reduce the 
use of ene rgy i n many 
const r uc t i on and i ndust r ia l  
appl icat ions 

By reduc i ng the t ime be tween 
replacements ( such a s  of 
pavement)  and other 
i n f r a s t r uc tu r e , these cements 
can conse r ve s ig n i f icant 
amounts o f  energy 

In add i t ion to ope r a t i ng a t  
h ig he r  tempe ratures , thereby 
reduc i ng t he energy consumed by 
improved i n te r na l  combus t ion 
eng i ne s , these ce ram ics can 
replace more ene rgy- intens i ve 
meta l s  in many s t r uc tu r a l  and 
mechanical appl icat ions 

(X) 
U1 

Copyright © National Academy of Sciences. All rights reserved.

Innovative Research and Development Opportunities for Energy Efficiency
http://www.nap.edu/catalog.php?record_id=19218

http://www.nap.edu/catalog.php?record_id=19218


TABLE 4-1 Research Areas and The i r  Potent ial Contr ibut ion to Energy Saving s  (con t i nued ) 

Research Area 

Spec i a l  mate r i als (con t i nued ) 

Advanced a l loys 

Supe rconduc t i ng dev ices 

Shape-memory alloys 

Appl ication of spec i a l  mate r ials to bu i ld i ng s  

Cont r i bu t ion t o  Energy Savi ng s  

Ene rgy i s  conserved by u s i ng 
mate r i a l s  that a l low for h igher 
eng ine ope rat ing tempe ratures , 
pa r t icu la r ly in a i rc r a f t r 
add i t iona l energy sav i ng s  a r e  
assoc i a ted w i t h  l ighter 
mate r i a l s  i n  a i rc r a f t  or 
bu i ld i ng s t r uc tu res 

Major reduc t ions of energy los s 
are theoret ica l ly ach ievable 
w i t h  supe rconduc t i ng moto r s ,  
gene rators ,  and t ransm i s s ion 
l i nes 

These al loys can be used to 
make low-tempe rature ene rgy 
conve r s ion devices , al lowi ng 
for the capture of large 
amounts of was te hea t  in 
i ndustry and bu i ld i ng s  

These mate r ia l s  can conse rve 
ene rgy by d i splac ing more 
energy-intens i ve mate r ia l s ,  
reduc i ng  hea t  losses ,  and 
captur i ng waste heat 

Q) 
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TABLE 4-1 Research Areas and The i r Potent ial COnt r ibut ion to Ene rgy Sav i ng s  ( cont inued ) 

Resea rch Area 

Spec ial mate r i als (cont inued ) 

Appl icat ion of spec ial mate r i als to i n f r a s t r uc ture 

Bu i ld i ng enve lopes 

Res ident ial s t r uctu res 

COmme rc ial s t r uctures 

COntr i but ion to Ene rgy Sav i ng s  

Mac ro-defect-free cements and 
othe r aate r ials offer the 
oppor tun i ty to reduce t U.e 
between repa i r s  of road 
surface s ,  dra inage struc tures , 
and water and sever pipes , 
the reby reduc ing the e ne rgy 
u sed i n  const ruc t ion 

Bu i ld ings breathe through the i r  
�nve lopes ( va l l s  and ce i l i ng s ) , 
the reby exchang ing ene rgy with 
the external envi ronmen t ,  
resea rch i n  t h i s  a r e a  can 
g reatly inc rease the ene rgy 
e f f iciency of bu i ld i ng s  

Research shou ld be o n  
insulat ion o f  su r f aces and 
improved w i ndows to m i n im i ze 
adve rse heat exchanges 

Resea rch shou ld be on 
red ist r i but ion o f  the rmal 
energy and of l ight w i th i n  the 
bu i ld i ng in order to match 
loca l i ntens i ty of energy use 
w i th the ac tua l  need 

(J) 
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TABLE 4-1 Resea rch Areas and The i r  Potential Contr ibut ion to Energy Savi ng s  ( con t i nued ) 

Re sea rch Area 

Bu i ld i ng envelopes (cont i nued ) 

Whole bu i ld i ng research by i nteg ra t i ng e lements 

Intell igent bu i ld i ng s  and advanced des ign tools 

The rmochromic and elec t rochromic coa t i ngs 

Ope rable s k i n  s u r face ven t i la t ion 

Cont r ibu t ion to Ene rgy Sav i ng s  

Th i s  research wou ld explore a 
ve ry vide range of 
archi tec t u r a l  i nnova t ion , 
resu l t i ng in more 
ene rgy-e f f ic ient bu i ld ing 
des ig n  for vide appl ication 

The use o f  advanced senso r s  and 
cont rol s ,  moni tored by 
ded icated compute r s ,  can 
optimize t he u t i l i zat ion of 
ene rgy 

By control l i ng r e f lec t i v i ty ,  
solar i nc ident ene rgy can be 
absor bed or reflec ted as 
needed , reduc i ng a i r  
cond i t ioning and hea t i ng needs 

By cont rol l i ng a i r  exchanges 
be tween t he bu i ld i ng and t he 
envi ronment , a i r  cond i t ion i ng 
and heat i ng needs can be reduced 

CD 
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TABLE 4-1 Resea rch Areas and The i r  Potent i a l  Contr ibut ion to Energy Sav i ng s  (continued ) 

Research Area 

Inte l l igent bu i ld i ng s  and advanced des ign tool s (conti nued ) 

Cont rol of mini-envi ronments 

Deve lopment of a new gene r a t ion o f  sensors 

Improved models of bu i ld i ng  phys ics 
fo r adaptive control systems 

Advanced bu i ld i ng des ign tool s  

Cont r i bution t o  Energy Savi ng s  

By ma inta in i ng human comfo r t  
leve l s  or equ ipment-requ i red 
tempe ratu res only in the small 
spaces whe re needed , a i r 
cond i t ione r and heater e ne rgy 
expend i tures can be reduced 

By sensing tempe r ature and 
humid i ty within and outs ide of 
bu i ld i ng s ,  prec i s ion comfor t  
cont rol at lower energy 
expend i ture can be achieved 

By pred ic t i ng tempe r ature and 
humid i ty w i th g reater 
prec i sion , equ ipment can be 
r eg u lated and a i r  f lows 
control led to provide comfo r t  
leve l s  w i th minimum use of 
energy 

Us i ng state-of-the-a r t  
ca.pute r s , architects can 
s imu late the energy 
impl icat i ons of va r ious design 
concepts ve ry qu ic kly and e a r ly 
in the design process 

(X) 
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TABLE 4 -2 Spec i f ic �p ies Recommended for Innovat i ve Research in the Seven Gene r a l  Research 
Areas 

ltc sca rch 1\rcn 

Hea t  t r a ns f e r  

Equ ipme nt needs 

Wo r k i n<J  f lu ids 

Re s i stant mate r i als 

Spc«: i. f ic neco111111cml a t  ion 

• Cond uc t research on some of the deta i led mec ha n i sms 
for hea t  t r an s fe r ,  such a s  heat t r a ns f e r i n  
t u r bulent f lows , i nnovat i ve he at exchang e r  designs 
and mate r ia l s ,  mas s  t rasnfe r t h roug h po rous 
mate r i a l s ,  and on r ad iat ion heat transfer i nvolving 
g r ay f lu id s  i n  complex geome t r ies 

• Deve lop imp roved heat excha nge r s  ( appl icat ions to 
k ra f t  pu lp m i lls have one quad potent i a l )  

• Explore elec t roc hem ica l h i g h  tempe r at u r e  heat as 
appl ied to elec t r ic conve r s ion devices 

• Sea r c h  for flu ids that will not attac k  su r f aces at 
high ope r a t i ng tempe r atures 

• Explo re u se of ox ide f i lms to coat mat e r i a l s  to 
res i s t  ox ida t i ve at tac k 

• Solve t he p roblems of c e r am ic heat exchang e r s  

• Deve lop imp roved method s  for j o i n i ng nonduc t i le 
mate r i a l s  

• Improve the und e r s tand i ng of so i l  a s  an i nsula t ion 
and heat stor age med ium a nd a s  i t  is i nfluenced by 
moi s tu re m ig rat ion 

"' 
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TABLE 4 -2 Spec i f ic Topics Recommended for I nnova t i ve Re sea rch i n  the Seven Gene r a l  Re search 
Areas (cont i nued ) 

Re search Area 

Res i stant Mater i a l s  ( con t i nued ) 

Component replacement 

Hea t  eng i nes and cyc les 

Augmentat ion o r  r ed uc t ion of 
heat t r a nsfer 

Spec i f ic Recomme nd a t ion 

• See recommendat ions for Spec i a l  Mate r i als area 

• Deve lop cheap mate r ia l s  t hat deg r ade g race fu l ly in 
heat excha nge r s  

• Improve heat exchange w i t h i n  the reg e ne rator o f  
S t i r l i ng and Er icsson eng i ne s  

• Augment a i r -s ide heat t ra ns fer i n  a i r  cond i t i one rs 
and compresso r s  by exp lo r i ng new su r face 
gP.Ome t r ies , lowe r f l u id ve loc i t ie s ,  and use of new 
mate r i als 

• Augment gas-s ide heat t ransfe r i n  high tempe rature 
heat exchang e r s  of bottom i ng  cycles by using 
sha l low f l u i d i zed beds 

• Imp rove cool i ng techn iques for t u r b i ne a i r  fo i l s  
and use of ce ramic mate r ia l s  t o  ac hieve h ighe r  
powe r dens i t ie s  

• Deve lop l ig h twe ight heat exchang e r s  f o r  bot tomi ng 
cycles used w i t h  d i e sel or gas t u r bi ne eng i nes 

• Seek to reduce t u r bu lence and to approach lam ina r 
f low w i t�i n  the cylinder 

• Pu r sue add i t iona l research on the f lu id dynamics 
w i t h i n  the cy l i nde r ,  to ex t r ac t  more work f rom the 
heat produced 

\C) 
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TABLE 4 - 2  Spec i f ic Topics Recommended fo r Innovat i ve Resea rch in the Seven Gene r a l  Re se a r c h  
A r e a s  (cont i nued ) 

Re sea rch Area 

Red uc t ion o f  the rmal d i sto r t ion 
and f r ict ion 

Improvement o f  combu s t ion 
cha racte r i st ic s  

Improvement o f  path o f  p i s ton 

Improvement of cont rol w i t h i n  
cyc le 

Imp roved mate r i a l s  to res i s t  
h ig he r  tempe r a t u r e s  

Spec i f ic Recommendat ion 

• Study convec t i ve heat t r ans f e r  in rec iproca t i ng 
eng i ne cyl i nde r s  

• Study the relat ions h ips among f lame propag at ion , 
f lu id dynamic s , convec t i ve heat t ransfe r ,  and sol i d  
cond uc t ion 

• Study the process of m i x i ng and combu stion 
of d iesel fuel 

• Seek to speed up the slow d ie se l bu rn i ng process at 
t he end of the combustion st roke 

• Expe r iment w i t h  s t r at i f i ed charge ig ni t ion eng ines 
to approach diesel pe r fo rmance and provide 
mult i fuel use 

• Deve lop a mot ion t ransduce r that can be i n troduced 
be tween the p i s ton and f lywheel i n  an Otto o r  
diesel e ng i ne 

• Explore va r iable capac i ty compresso r s  

• Deve lop improved expans ion va lve s 

• Deve lop h igh-tempe r a tu re , h igh-st re ng th , a nd 
and machi nable ce ram ics 

• See recommendations for Spec i a l  Mate r ials a rea 

"' 
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TABLE 4 -2 Spec i f ic Top ics Recommended for I nnovat ive Research in the Seve n Gene r a l  Research 
Areas (con t i n ued ) 

Research Area 

Senso rs and au tomat ic cont rols 

Improved sensor techno logy 

Mod els to extend scope of senso r s  

Models i n  the process loop 

�r t i f ic i a l  i n te l l igence , 

expe r t  systems , robotics 

Nove l appl ica t ion o f  senso r s  

·-

Spec i f i c  Recommendat ion 

• Deve lop sensor s  t ha t  can func t ion in more stress f u l  
envi ronme nts such as h igh tempe r atu res , h igh-speed 
mov i ng pa r t s ,  rad iat ion , and chem ical reac t i ve 
envi ronments 

• Expand research of basic phys ical processes so tha t  
models can be de s ig ned for a ve ry wide var i e ty o f  
s i tuat ions not access i ble t o  senso ry devices 

• Focus research on nuclear reac to r s ,  combus t ion 
eng ines , metal-wo r k i ng equ ipment , and ceramic 
forme r s  

• Study t h e  process o f  wea r  on s u r faces , r e l i a bi l i ty 
of components , and b r i t t leness of me tals by u s i ng 
more adva nced senso ry tool s  

• Conduc t  research i n teg r A t i ng a l l  steps i n  the 
st andard cont ro l loop f rom sens i ng th rough 
process i ng to cont rol s ignal and feed bac k 

• Expe r iment w i t h  compu t e r -a ided tomog r aphy in a 
va r i e ty of appl icat ions such as ne u t ron rad i og r aphy 
in me tal fo r m i ng ; d i f fe rent i a l  thermome t r y ; laser 
r e f r ac t ion , d i f f r ac t ion and scatte r i ng for 
i nspec t ion o f  close tole rances ; on-l i ne 
potent iome t ry for t r ace r ion conce n t r a tion ; and 
desc r ip t ion of t u r bu lent eddy ies w i t h i n  a f l u i d  

"' 
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TABLE 4 -2 Spec i f ic Top ics Recommended for I nnova t i ve Research in the Seven Gene r a l  Research 
Areas (con t i nued ) 

Resea rch Area 

Novel appl icat ions o f  senso r s  
(con t i n ued ) 

Mate r ia l s  p rocess i ng 

I nnova t ion i n  t r ad i t ional 
mate r i als proce ss i ng 

H igh tempe r a t u r e  proce sses 

S u r face mod i f icat ion t reatments 

Spec i f ic Recommendat ion 

• See r ecommendat ions in Bu i ld ing Enve lopes area 

• Search for oppo r t u n i t ie s i n  m i n i ng , ex t r ac t ion , and 
raf i n i ng a nd form i ng of meta l s  

• Explore ex t r ac t ion of metals f rom powde r ed ores 

• Explo re met hod s  fo r nea r ne t shape fabr ication 

• Explo r e improved inst rumentat ion , cont ro ls ,  and 
robot ic systems 

• Expe r iment w i t h  chem ica l reac t ions a t  higher 
tempe r a t u res to explo i t  i nc reased ene rgy e f f ic i ency 

• Explo re metal ex t r a c t ion f rom powde r ed o r e s  

• S e e k  g reate r the rmodynamic ef f ic i e ncy i n  heat 
e119 i ne s  

• Explor e chem ical vapor depos i t ion fo r  coa t i ng o f  
heat exchang e r s , pipe ,  reactor vesse l s ,  and so 
for t h  fo r c r i t ic a l ly s tressed mate r ia l s  

• Explore �aser sur face a l loy i ng at low-ene rgy inpu t  
combined wi th g l a z i ng as a vay of su r f ace 
mod i f icat ion 

• Explor e  ion beam impla ntat ion to i nc rease t he r a nge 
of econom ic appl ication for sma l l  c r i t ical 
components i n  h ig h-wear s i tua t i ons 

\D 
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TABLE 4 -2 Spec i f ic Topics Recommended for Innovat i ve Resea rch in the Seven Gene ra l  Resea rch 
Areas (con t i nued ) 

Research Area 

Ma te r i al s Process ing (cont inued ) 

Chem ica l synt he s i s 

Shap i ng of ce r am ics 

Fo rest produc ts i ndustry 
applicat ions 

Spec i f ic Recomme nd at ion 

• Explore molecula r beam depos i t ion for t a i lo r i ng the 
m i c ros t r uc t u r e  of compos i te mate r ials 

• S tudy the ba s i c  phys ica l/che• ica l processes i n  all 
the aformentioned approaches 

• COnduc t resea rch to add ress c r i t ical fundamental 
i ssues related to the des ign and synthe s i s  of 
molec u la r  prec u r sors 

• COnduc t  research on opt imal reac t ion phase 
decompo s i t ion pathways lead i ng  to the f ina l  
consol idated ne t-shape produc t  

• Explo re photo l i thog raphic techniques coupled w i t h  
dry e tc h i ng 

• COns t ruc t  wa fe r s  by lase r  chem ical vapo r  depos i t ion 

• Explo re mic rowave heat i ng for the d i f fusion bond i ng 
s tep 

• Seek to apply any of the a fo rment ioned innovat ions 
to energy- intensive mate r i a l s  i ndus t r i e s , such as 
forest products 

\0 
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TABLE 4 -2 S�c i f ic Topics Recommended for I nnova t i ve Resea rch in the Seven Gene r a l  Re search 
Areas (cont i nued ) 

Re sea rch Area 

Spec ial mate r i a l s  

Mac ro-defec t - f ree hyd r au l ic 
cements 

High pe r fo rmance c e r amics 

Spec i f ic Recommendat ion 

• COnduc t research to determ i ne t he s t r uc tu re-prop
e r ty r e lat ions h ip 

• COnd uc t  research to def i ne t he nature o f  
i n t e r ac t ions be tween polyme r add i t i ves and cemen t  
mat r i x  

• Explo re appl icat ions u s i ng va r ious mate r i a l s , such 
as nylon , i ron , powde r ,  and organic f i be r s ,  to 
produce spec i a l  prope r t ies such as h igh- impac t 
res i s ta nce and sc reen i ng of elec t romag net ic 
r ad iat ion 

• Explore use o f  compu te r -a ided tomog r aphy to ach ieve 
better con t ro l  o f  ma te r i a l  shape 

• Explo re use of t r ansfo rmation toughe n i ng agents to 
s t reng then the ceramic body 

• Produce c e r am i c  powde r s  by lase r or r ad io- f r equency 
pla sma py ro lys i s  o f  molecu la r precursors to produce 
low-po ros i ty ce ramics 

• Explore i nco r po r a t ion of st rong f ibe r s  i nto the 
ce r am ic body to inh i b i t  c r ac k i ng  

• I n  o r d e r  t o  deve lop be t t e r  unde rstand i ng of the 
fundamental processes de sc r i bed above , pe r fo r m  
op t im i z� t ion and scale-up stud ies 

1.0 
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TABLE 4 - 2  Spec i f ic Topics Recomme nded fo r Innova t i ve Research i n  t he Seven Gene r a l  Resea rch 
Areas (cont i nued ) 

Resea rch Area 

Spec i a l  mate r i a l s  ( cont i nued ) 

Advanced a l loys 

Supe cconduc t i ng d e v ices 

Spec i f ic Recomme ndat ion 

• Cont i nue eva luat ion and test i ng o f  advanced 
mate r i a l s  in gas t u r b i ne and d i esel e ng i nes 

• Pe r form research on compos i te manu fac t u r e , a imed at 
reduc i ng  synthe s i s  to a con t i nuous-flow , c hem ical-en 
g i nee r i ng - type process i n  order to reduce manu
fac t u r i ng  costs 

• Seek a potent i a l ly new class o f  supe r a l loys th roug h 
cont rolled therma l  decompo s i tion of homogeneous 
supe rsatu rated a l loys to c reate complex three-pha se 
supe ra l loy compo s i tes 

• Seek to replac-. t i ta n i um a l loys w i th h ig h-spec i
f ic-st rength a lumi num a l loys a nd compo s i t e  
mate r i a l s  f o r  coo le r compresso r s  and fan sec t ions 
of e ng i nes 

• Explore rapid sol id i f icat ion of t i tanium-base 
a l loys to obta i n  de s i red pa r t icle-st reng thened 
st ruc t u r e  

• Explo re t h e  synthe s i s  o f  i ne r t  par t icle 
d i spe r s ion-s t re ng t hened a l loys by r eac t ion 
process i ng foe t i tanium a l loys ( th i s  can be coupled 
w i t h  a broad e r  spr ay-depo s i tion i n i t i a t ive)  

• See k to deve lop mate r i als w i th prope r t ies supe r ior 
to niob i um t i tanium 

• Explore spec i f ic appl icat ions , foe example , the 
nex t-gene r a t ion h igh-energy acce l e r ator : advanced 
h ig h- f i e ld , h igh-un i formi ty mag nets : and t r anspo r t  
by mag ne t ic lev i tat ion 

"' 
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TABLE 4 - 2  Spec i f ic TOpics Recommended fo r I nnova t i ve Research i n  the Seven Gene r a l  Research 
Areas (con t i nued) 

Re sea rch Area 

Spec ial mate r i als (con t i nued ) 

Shape-memo ry al loys 

App l ica t ion of spec i a l  mate r i als 
to bu i ld i ng cons t r uc t ion 

Appl ication of spec ial 
mater i a l s  to i n f r a s t r uc t u r e  

Spec i f ic Recommend at ion 

• Seek to deve lop a s table duc t i le mate r i al that 
becomes a supe rcond uc to r  above the bo i l i ng po i n t  o f  
hyd rogen 

• Explore the appl icat ion of new mate r i a l s  suc h as 
thin-f i lm niob i um n i t r ide and seve ral organic 
supe rcond uc to r s  

• Develop new shape-memo ry a l loy s w i th h ig he r  
t r a ns format ion tempe r a t u r e s  fo r applicat ion t o  mo r e  
ef f ic ie nt e n e r g y  conve r s ion devices 

• Research imp roveme nt o f  wood prope r t ie s  

• App ly compu t e r -a ided-design and compu t e r -ass i s ted 
manu fac t u r e r techn i ques to t he lumbe r i nd u s t ry 

• Apply mac ro-defect-free cements to the cons t r uc t ion 
i nd u s t ry 

• See recommendat ions in Bu i ld ing Enve lope s a rea 

• Deve lop advanced proced u r e s  for r epa i r i ng road s 
by u s i ng on-s i te melt ing and r e form i ng 

• Deve lop the use of add i t i ves s uch as f ibe rg laes to 
improve d u r a b i l i ty of roads 

• Study and deve lop cements and improved aspha l t s  

• Deve lop coat i ng and r e l i n i ng tec hn i ques fo r 
cond u i ts and t u nne l s  u s i ng  cata lyt ica l ly i nd uced 
polyme r i za t ion o f  f lu id add i t ives 

\0 
(X) 
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TABLE 4-2 Spec i f ic Top ics Recommended for Innova t i ve Re sea rch i n  the Seven Genera l Resea rch 
Ar eas (con t i nued ) 

Research Area 

Bu i ld i ng enve lopes 

Re s iden t ial s t r uc t u r e s  

Commerc ial s t ruc t ures 

Spec i f ic Recommendat ion 

• Deve lop compos i te mate r i a l s  such a s  o r iented s t ra nd 
boa rd , s t r e s sed s k i n  s t r uc t u r e s  with foaa core s ,  
a nd f i be r-rei nforced mate r ials 

• Conduct research on mate r ia l  prope r t i e s  of bu i ld i ng 
enve lopes i n  the presence of hazards suc h  as f i re ,  
f lood ,  a nd e a r thquake 

• Deve lop comme r c i a l  wi ndow mate r i a l s  w i t h  prope r t ie s  
s u c h  a s  i n f r a red r e f l ec t i v i ty and improved 
r e s i stance to heat t ransfe r r explore the use of 
sealed w indow g aps u s i ng low-cond uc t i v i ty gases or 
vacuums 

• Explo r e  new i n s u lat ion concepts , s uc h  as microf i ne 
powde r s  for use i n  appl i a nces 

• Deve lop i nexpens i ve and e f fect i ve i n ter io r  wa l l  
i nsu lation panels 

• Deve lop new design concepts to improve t he 
d i s t r i bu t ion of so la r -source l ight i ng  w i t h i n  a 
bu i ld i ng 

• Deve lop ene rgy t r ans f e r  systems to r ed is t r i bu te 
heat w i t h i n  a bu i ld i ng for opt ima l i n te r io r  
tempe r a t u re control 

• Study combus t ion c i rculat ion pat te r ns i n  bu i ld ing s  
t o  pred ic t pathways o f  smoke and tox ic substances 

\0 
\0 
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TABLE 4 - 2  Spec i f ic Top ics Recommended for I nnova t i ve Re search in the Seven Gene ra l  Rese a r c h  

Ar e a s  (con t i nued ) 

Re search Area 

Bu i ld i ng e nve lope s (con t i nued ) 

Who l e  bu i ld i ng research by 
integ r at i ng e lements 

Spec i f i c Recommendat ion 

• S t udy i n t e r i o r  a i r  po l l u t ion in sea led bu i ld ing s ,  
and develop methods to s u s ta i n  acceptable i n te r io r  
a i r  qu a l i ty 

• Suppo r t  p roo f-of -concept proj ec t s  to 
demons t rate t he wo r kabi l i ty of whole bu i ld ing 
e ne rgy de s ig ns 

Inte l l igent bu i ld i ng s  and advanced de s ig n  tool s 

The rmoch romic and e lec t roch romic 
coa t i ng s  

Ope rable su r face s k i n  
ve nt i lat ion 

Cont rol o f  
m i n i -envi ronments 

Deve lopment o f  a new 
gene r a t ion of senso r s  

• Apply t o  bu i ld i ng ex te r iors fo r va r i at ion 
of r e f lec t i v i ty 

• Deve lop an imp roved bas ic u nde r s t and ing of a i r  
f low i n  mu l t i s t o r i ed bu i ld i ng s  unde r d i f fe rent 
w i nd load i ng cond i t ions so that ope rable s u r f ace 
s k i ns can be r e l iably de s ig ned 

• Explo re method s to con t r o l  tempe r a t u r e  for comfo r t  
a t  t he i nd i v id ua l ' s  wo r k  s t a t ion 

• Explore method s  to cont rol the loca l  env i ronment of 
compu te r s  a nd othe r spec i a l  k i nds of equ ipment 

• Explo r e . spac ial senso rs to measure tempe r at u re ,  
humid i ty ,  a i r  flow s ,  pollution level s ,  and loca t i on 

of people 

1-' 
0 
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TABLE 4 - 2  Spec i f ic Top ics Recommended fo r Innovat i ve Re search in the Seven Ge ne ral Resea rch 
Areas (cont i nued ) 

Resea rch Area 

I n t e l l igent bu i ld i ng s  and advanc ed 
des ig n  tools (cont i nued) 

Imp roved models of 
bu i ld i ng systems for 
adap t i ve cont rol sys t ems 

Ad vanc ed bu i ld i ng de s i g n  
tools 

Spec i f ic Recommend a t ion 

• Pe r form research on opt imal economic locat ions fo r 
se nso r s  fo r improved control and opt im i zation of 
the bu i ld ing heat i ng ,  vent i la t ion , and a i r  
cond i t io n i ng systems 

• See recommendat ions in Senso rs and Auta.at ic 
Controls a rea 

• Deve lop expe r t  systems fo r use by bu i ld ing 
ma i ntenance and ope r at ional pe r sonne l t hat 
when integ rated wi th senso r s  a llow max imum comfo r t  
w i t h  m i n imum ene rgy use 

• Deve lop g r aph ic i nput-output mod u l e s  or compu t e r  
prog r ams that a l low t he a rc h i tec t  t o  r apid ly 
analyze the ene rgy consequences of h i s  bu i ld ing 
de s ign 

• App ly new prog r amm i ng concepts based on advances i n  . 
the a r eas of a r t i f ic ia l  i n t e l l igence and expe r t  
systems 

..... 
0 
..... 
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APPENDIX A 

ABBREVIATED RESUMES 01' COMMITTEE MEMBERS 

COMMITTEE MEMBER FIELD 

R .  Stephen Berry Phys ical 
chemi stry 

David Bullen Architecture 

Paul P. Craig Phys ic s  

Ralph c .  D ' Arge Physic s  

Bernard B .  Kear Mate r ials 
sc ience 

Leon Gl ic k sman Mechanica l 
eng inee r i ng 

J .  Laurence Kulp Geochemistry 
nuc lear 
sc ience , and 
forest ry 

Joe l M .  Leathers  Chemi st ry 

RESEARCH 

Atomic a nd molecular 
processes , 
thermodynamics 
resource management 

Energy conse rvat ion 
eng inee r i ng 

Energy policy , 
alternat ive ene rgy 
strateg ies , energy 
conse rvat ion ,  

c ryogenics 

Energy conservat ion , 
economics 

Metallurg ica l  
sc ience 

Thermodynamics , 

heat transfer 

Geochemi st ry , 
rad io-chemist ry , 
and forestry 

Chlor inat ion of 
saturated 
hydrocarbons 
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Chicago , 
Department of 
Chemist ry 
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Inst itute of 
Architects 

Unive rsity of 
Cali forn i a ,  
Davis 

Unive rs ity of 
Wyoming , 
Department of 
Economics 

Exxon Research 
Eng ineer ing Co .  

Massachusetts of 
Inst itute of 
Technology , 
Department of 
Chemical 
Eng ineering 

Nat ional Ac id 
Prec ipat ion 
Assessment 
Prog ram 

Dow Chemica l 
u . s . A .  
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APPENDIX B 

STATEMENT OF TASK 

The committee will underta ke the followi ng tasks : 

Task 1 .  A Reexaminat ion of the Ene rgy Conse rvat ion Rat ionale . ( In the 
recent past the role and importance of energy conservation has been 
addressed extens ively in professional j ournals , the open l i terature , 
and published books on energy and ene rgy-related matte rs . It is 
generally accepted that energy conservat ion i s  in  economic compet it ion 
with energy sources as a way of making energy available . )  Prepare a 
statement , in lig ht of the above , as to the eff icacy of past 
conservat ion measures ; the potent ial ut i l i ty of future conservation 
emphase s ;  and the relat ive importance of conservat ion--among othe r 
approaches--to the energy future of the nat ion . This statement will 
serve to mot ivate the pe r formance of Tasks 2 and 3,  by calling 
attention to the relati ve stakes and the relat ive potent ial of ef forts 
to f ind new conservat ion measure s .  

Task 2 .  Ident if icat ion o f  Technical Needs . Ident ify ex ist ing ene rgy 
systems where major ene rgy saving s  could be rea l i zed , were it not for 
the lac k of certa in technolog ical tool s ,  development s ,  or solut ions ; 
catalog needed deve lopments and solut ions in var ious technica l f ields , 
that could have major impact in energy conservat ion vi s-a-vis  g iven 
systems . Areas . of spec ial i nterest include ene rgy storag e ,  conve r sion ,  
a nd  transmiss ion . Attent ion will be pa id to the likely 
cost-effectiveness of developments in these a reas . The result of thi s  
effort will be a list of technolog ical c hallenges which , i f  met ,  could 
result in major cost-effective energy gains through conservation . 

Task 3 .  Gener ically Dif ferent , Potent ially New Ene rgy Systems . 
Ident ify emerg i ng scient i f ic or techn ica l developments that could be 
enl isted to c reate gene r ically new energy systems , with g reatly 
enhanced energy conservat ion potentials ; catalog such developments and 
speculate on the types of energy systems that might benef it f rom them, 
with attent ion g iven to the i r  likely cost-effect iveness . Again , the 
areas of spec ial interest are energy storag e ,  convers ion and 
transmi ss ion . It is  expected that the princ ipal emphasis  of the study 
w i ll be on thi s task . 

Task 4 .  Nontechnical Incent ives for Conse rvat ion . For completeness , 
desc r ibe , but not analyze ,  nontechnical i ncent i ves to conser ve energy ,  
such a s  the imposit ion of taxes , the promulg at ion of standards , the 
requ i rements of reporti ng ,  and the administration of regulat ions . 
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APPENDIX C 

WORKSHOP AGENDA 

AGENDA 

WORKSHOP ON INNOVATIVE CONCEPTS AND APPROACHES TO ENERGY CONSERVATION 
Decembe r 17-18 , 1984  

9 : 00 a . m .  

9 : 1 5 

11 : 00 

11 : 1 5 

1 2 : 3 0  p . m .  

1 : 30 

MONDAY, DECEMBER 17 , 1984  

( Lecture Room,  Nat ional Academy of Sc iences , 
2101 Const itut ion Avenue , N . W .  

Washington , D . C .  20418)  

Int roductory Remar ks 

R .  Stephen Ber ry , University of Chicago 

Energy Conservation in I ndustry 

OVerview :  Charles Berg , Northeastern Unive r s i ty 
Research on Indust r ial Processes : Marc Ross ,  Unive rs ity 

of Michigan 
The Chemical Industry : Joel M. ( Levi ) Leathers , Dow 

Chemical Company 

Cof fee Break 

Energy Conservat ion in Transportat ion 

Overview : Wi lliam Garr i son , University of California ,  
Ber keley , 

Diesel Technology : W . T .  Lyn , Commins Eng ine Company 
Isothe rmal and Ad iabat ic Eng ines : St i rl ing Colgate , 

Los Alamos Nat ional Laboratory 

Lunch 

Energy Conservat ion in Transportat ion (cont inued ) 
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2 : 30 

3 : 30 

3 : 45 

4 : 15 

5 : 00 

8 : 30 a . m�  

12 : 00 Noon 

1 : 00 p . m .  
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Energy Conservat ion in Bu i ld ings 

OVerview : Richard Stein , The Stein Partnership 
Observat ions : A . H . Rosenfeld , Lawrence Ber keley 

Laboratory 

Coffee Break 

Light ing in Build ings : Samuel Berman , Lawrence 
Ber keley Laboratory 

Sc ient iCic and Technolog ical Innovat ions Appl icable to 
Energy Conservation 

Phys ical and Electro-Chemist ry : John Bockr i s ,  Texas A&M 
University 

Ideas f rom Basic Chemist ry ,  Combust ion Process : Sydney 
Benson , University of Southern Cal i fornia 

Adjourn 

TUESDAY , DECEMBER 18 , 1984 

( Conference Room 356 , Joseph Henry Bu i ld ing , 
Nat ional Academy of Sc iences 

2100 Pennsylvania Avenue , N . W .  
Washing ton , D . C . ) 

Sc ient i f ic and Technolog ical Innovat ions Applicable to 
Energy Conse rvat ion (cont inued ) 

Ce ramic Eng ineering :  James Mue ller , Unive rs ity of 
Washington 
Mater ials Sc ience : Br ian Frost , Argonne Nat ional 
Laboratory 
Analyt ic Tools for Ene rgy Conservat ion : R .  Stephen 
Ber ry , University of Ch icago 
Robotics : Gerald Michel , Arthur D .  Little , Inc . 

Lunch 

PANEL COMMENTARY 

David Whi te ,  Massachusetts Inst itute of Technology 
Rober t  Whitford , Purdue Center for Public Pol icy 
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PANEL OOMMEHTARY (continued) 

2 : 30 

4 : 00 

Henry Kelly , Off ice of Technology Assessment 
Boward Hagle r ,  Hagler , Ba illy and Company 
James H .  Porter , Energy and Environmental Eng ineers , Inc . 
Richard Schor r ,  Liebert Corporation 

Group Discussion 

Closi ng Comments , R.  Stephen Berry ,  Chai rman 
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