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'3%~ objective of this study was to survey both energy technologies and crosscutling areas of science 
and technology in order to identify important RSrD needs and opportunities in the context of the US. and 
world energy situations. The iinperative for RgLD was judged against its potential tor fixing current energy 
system problcms; for providing a robust set of options for coping with, taking advantage of, or encouraging 
future energy circumstances; and for creating unanticipated opportunitics. 

The principal conclusions were 

1. 

2. 

3. 

4. 

5. 

The encrgy tcchnology RSrD effort of the country should be and is broad in scope. Ricadth is needed 
because o f  large unccriainties about future energy demand, especially demand for oil, and about the 
consequences of thc grcenhouse effect and other environmental health and safely problems. Fossil fuels 
will still likely dominate the U.S. and world energy systems SO years from now unless concern about 
thc greenhouse effect intervencs. 

Although aggregate public and private sector KSrD is sufficiently broad-based, it is inadequate for 
providing longer-term options to cope with the grecnhouse effect. Nonfossiil encrby sources individually 
and collectively are not yet ready to substitute massivcly for fossil fuels, and providing better 
technologies will require long lead times. Corrccting this inadequxy will probably rcquire an additional 
R&D invcstmcnt of about $1 billion per year. 

The RSrD prospects appear bright for producing much improvcd nonfossil sources, ranging from 
passively safc nuclear p w c r  reactors to lcss expensive photovoltaim. Hence, making the needed 
additional investmcnt scans a small risk and good insurancc. Little is likely to be lost even if rhe 
greenhouse cffccl turns out to be less important than some fear since bettcr nonfossil sources will be 
useful in their own right. 

The technical potential for economical improvements in the efficiency of cnergy use is large, and an 
expandcd RJiD effort can incrtrasc the potential significantly. Realizing this potential is rhc best near- 
10 mid-term st rateu for moderating the growth of C02 emissions. Furthermore, the strategy should be 
attractive ao all nations since it can also save money, enhance competitiveness. reducc the stress on the 
oil market, and reduce cnvironrncntal impacts of energy sources, including those faom global warming. 
Wowevcr, the rate and extcnt of adoption or more efficient and economical technologies depend on many 
factors and arc highly uncertain. 

Part of this added RSrD investment should be to provide new or  adapted technologies tailored to the 
nceds or developing nalions since the encrby choices of developing nations will be caucial in dctermining 
the future of the grcenhouse effcct and the demand for petrolcum as well. 





Preface 

Energy technologies have been improved remarkably since the Arab oil embargo of 1973-74, and current 
R&D efforts promise further significant improvements, ranging across the enerpy system from sources to end 
use. The progress in many areas is rapid, and the energy technology outlook is changing, owing in part to 
spectacular advances in related areas of science and crosscutting technologies such as biotechnology, 
microelectronics and computing, and materials science (e.g., high-temperature superconductors). It seems 
timely, therefore, to revicw the evolving state of the technology and to include in the appraisal the potential 
future impacts on energy tcchnologies of the many developments in the science and crosscutting technology 
areas. 

This study, commissioned by the management of the Oak Ridge National Laboratory (ORNL), identifies 
promising arcas of R&D that may make significant beneficial differences in the future cnergy situation. The 
goal is to help ORNL management in reviewing existing priorities and setting new ones for the Laboratory. 

?he study was conducted largely by more than 100 ORNL staff members from all across the Laboratory 
with some iniportant hclp from some colleagues in other R&D institutions. The participants, listed at  the 
boginning o f  this document, were mostly volunteers; the effort lhcy expended was in addition to their regular 
duties. Everyone knew this constraint from the outsct, and yet the level of interest was most intense, which 
is a strong indication that what we tried to do was worthwhilc. 

Although the initial intent was that the study serve the needs of the senior managers of the bboratory 
and the ORNL staff, particularly those who participated, we received much advice, information, and insight 
on tcchnology R&D progress and promisc from our colleagues around the country. Some have helped peer 
review the product. I-Iopcfully thc document will be of use to them as well. Finally, we hope that the study 
will be o f  value to managcrs in the Dcpartmcnt of Energy (DOE) and perhaps even to the new 
administration. 

Our work will be published in two volumes. This synthesis report (Vol. 1) vicws energy technology 
R&D broadly i n  the context of the energy situations of the United Statcs and of the world. Volume 2, 
organized into three parts, contains more detailed reports. Part 1 conccrns end-use technologies. Various 
encrgy source and conversion technologies arc reviewed in Part 2, and Part 3 is a rcvicw of R&D 
opportunities and needs i n  various crosscutting areas of science and technology. 

‘he U.S. energy technology R&D community is complex, pluralistic, decentralized, and compartmcntal- 
ized, Consisting of many players, this community includes universities; DOE, its laboratories, and contractors; 
the Electric Power Rcscarch Institute (EPRI), the Gas Rcscarch lnstitute (GRI), and their contractors; 
numerous state agencies, such as the New York State Energy Research and Development Agency, the 
California Energy Commission, and the Florida Solar Energy Center, to name but a few; and, of course, 
research establishments in  privatc firms producing energy resources and tcchnologies. Funding for R&D 
comes rrom thc gtwernmcnt, from the private sector, from tariffs on utility operations, and more and more 
frcquently from foreign governments and companies. 

In this multifacetcd arena, i t  is not a trivial problem t o  know what i s  happening or even what has 
happened. This study is meant to help keep the ORNL staff up to date with these multiple RSrD activities 
and to put the various pieces of R&D into the overall context of the energy situation. 

Of course, various studies by others have addrcsscd the state of encrgy technology R&D. Thcse include, 
for example, some 18 reports by the Office of Technology Assessment (OTA) of the Congress over thc  past 
8 years on various enerby technologies and policy issues. Currently, an integrative OTA study, Tecknolu&pd 
Risks and Opportunities for Future US.  Energy Sipply and Dunand, is in progress. The stale of technology 
and various technology RSrD issues is assessed from time to time by the Energy Rcsearch Advisory Board 
of DOE and by the National Research Council. In addition, various ad hoc assessments have been made; 



and some of them are updated periodically as parts of the planning activities of the organization funding 
or  performing RStD. We have tried to take maximum advantagc of what others have done or arc doing. 
Most of all, we have tried to talk to people around the country who are doing RSrD. 



Executive Summary 

T wo major unccrtaintics preclude gaining a clear 
picture of future energy tcchnology needs: (1) future 
energy demand and (2) the seriousness and urgency 
of the greenhouse effect and of other environmental, 
health, and safety problems. To allow for these 
uncertainties, it is important to have an R&D 
strategy that is balanced with respect to its focus on  
improved energy sources and its focus on  improved 
end-use encrby efficiency. 

Whatever the future holds, dcvcloping econom- 
ical technologics which use cncrgy more efficiently 
is an attractive R&D objectivc in both the short 
term and the longer term. Improving the efficiency 
of encrgy use and conversion can help solve many 
problems facing the U.S. and world energy systems. 
It can reduce the costs o f  providing energy services, 
i t  can contribute to international competitiveness, 
and it has high value in managing environmental 
impacts and improving energy security. However, 
despite the large and gencrally unanticipated effi- 
cicnLy Improvenients achicvcd by the United States 
and other industrialized nations over the past dccadc 
and a half, and although the technical opportunities 
for further improvements arc substantial, the rate of 
future progress is uncertain. Social barriers and 
market imperfections may slow the adoption of 
more efficient tcchnologics. For this rcason, and to 
help correct existing problems with the energy 
systems and t o  avoid anticipated future ones, i t  
seems impcrativc that thcrc be significant improve- 
mcnt in energy supply technologies and espccially in 
nonfossil sources. Hence, a balanced R&D strategy 
is required in order to improve both energy sources 
and end-use technologics. 

In this study, we have surveyed a broad range of 
enexby supply and end-use tcchnologics with rcspcct 

to problems, opportunities, and responsiveness to 
perceived societal necds. Our survcy reveals a rich. 
variety of R&D options all across the energy systcm 
which, if pursued, can achieve the nccdcd balance. 
There exists in the United Statcs at prcsent a 
diversity of cncrgy technolog,, RLQD activities that 
meet the broad, qualitative requiremcnts for a 
balanced strategy. However, given the fundamental 
importance of energy to thc economy, the level of 
R&D cxpenditures from both public and private 
sources, amounting to only 1 to 1.5% o f  total 
annual cnergy expenditurcs, sccms too low. Furthcr- 
more, the  existing sct of activities is inadequate for 
coping with the greenhouse effect. None of the 
nonfossil energy sources, sepamtely or colleclivcly, 
is ready t o  substitute for fossil fuels at the necessary 
largc scale and with the performance, cost, and 
social acceptance rcquircd t o  be compctitivc. Conse- 
quently, a much more intensive RStD effort is 
required to  develop and improve nonfossil sources 
which will be requircd for any sustained control of 
COL emissions. Similarly, a greater R&D invcstmcnt 
is needed to develop techriologics that will improve 
the efficicncy of end use and conversion of fossil 
fuels, since improving efficiency is the most effective 
near-tam strategy for reducing C02 emissions. We 
estimate that the annual encrgy tcchnology KSrD 
investment by the country (both public and private) 
would nccd to be incrcascd by about $1 billion to 
corrcct the inadequacy. 

This incrcased RSrD investment is an insurance 
policy with relatively small risk since thc potential 
for succcss seems large and the resulting improved 
technologies will be useful, cven if the greenhouse 
effcct turns out to be less consequential than many 
fear. 



Our objective in thi5 report is to provide Oak 
Ridge National Laboratory (ORNL) management 
and staff with a broad-based review of energy 
technology R&D in the belief that such a review will 
be useful as people think about the energy situation 
and enerhy technologies and as they make decisions 
about R&D priorities. A second objective is to 
educate ourselves and perhaps thereby to strengthen 
our dedication to helping solve the energy problems 
of the nation and the world through RSrD. This 
second objective was pursued by involving some 100 
staff rnembcrs from all across the laboratory. 

The question "What Could Make a Difference?" 
was examined from two directions. First, technical 
promise and need were considered. That is, can 
significant technological advances be made within a 
reasonable time and cost? Also, what important 
national needs can be met by R&D that significantly 
improves an energy technology? This is a hottom- 
up, or  technology-push, look at  R&D opportunities. 
The other direction, top-down, or demand-pull, con- 
cerns the potential importance of the R&D to the 
energy system. Looking from both national and 
international perspectives, we tried to identify what 
could make a difference for the nation as a whole, 
leaving aside the question of whether the R&D is 
more appropriately sponsored by the fcdcral govern- 
ment or by the private sector, including the Cas 
Research Institute (GRI) and the Elcctric Power 
Rewarch Institute (EPRI). 

Both energy technologies and crosscutting areas 
of science and technology were reviewed. Energy 
technologies included ( I )  end uses for each sector 
anti the technical conditions that influence end uses, 
such as the design of building envelopes; (2) the 
primary sourccs, fossil anti nonfossil; and (3) energy 
car1 iers, (e.g., electricity and hydrogen). Crosscutting 
areas of science and technology were those judgcd 
to have a significant impact on energy technoloby. 
These included materials; biotechnology; microelec- 
tronics, computing, and sensing; combustion; separa- 
tions; effluent management; geosciences; and man- 
agement and decision making. The last was felt to 

be important because of the applicability of the 
growing science of organizational decision making 
and conflict resolution to energy technology issues. 
The technical reviews of the energy technologies and 
the crosscutting areas comprise Vol. 2 of this report. 

Our study looks at  needs and opportunities over 
the next 50 years. Thus, it looks at  technologies that 
may be available in the near term as well as those 
that may not come o n  line for decades. We 
considered it important to use a SO-year time frame 
because some important R&D may take decades and 
because near-term decisions both on RSrD and on 
deployment of energy technologies can have long- 
term consequences. T~IJS ,  a sense of possible energy 
circumstanccs in the longer term should be most 
helpful in making judgments even about near-term 
K&D priorities. A sense of where we might be 
headed and where we might want to head should 
help us make better R&D choices. 

S.21 W&D That Could Makc A DiMcrenw 

b c h  of the technical reviews recorded in Vol. 
2 identifies encrgy technology R&D opportunities 
and needs which, in the judgment of those authors, 
are significant. (A list of options is given in 
Appendix A of this volume.) Many of these are 
already a part of the RRrD agenda of the nation. In 
fact, thc reviews were influenced strongly by the 
research activities and plans of the 1J.S. Department 
of Energy (DOE), EPKI, and GRI. Of course, 
OKNL plays a strong role in some of these. 

In this synthesis report (Vol. l), the R&D 
options described in Vol. 2 are evaluated for their 
potential contributions to improving the U.S. energy 
system. Clearly, there is no perfect energy source. A 
source may have a limited resource base (e.g., oil 
and natural gas), may cause significant environ- 
mental damage (coal), may pose safety concerns 
(nuclear), may be very expenskc, (solar), or  may 
require action by many people to be implemented 
widely (efficiency improvements*). For the energy 
technology R&D options wc studied, their potential 

*Efficiency inrprovcmsnf is not  an energy sciurce but i t  has fhc effect of reducing the demand for priniary sourccs. 



for reducing these liabilities and improving the 
system was evaluatcd agdinst a set of 16 criteria in 
6 categories: (1) energy significancc-amount of 
cnergy produced or saved; (2) economics and 
international competitivcncss; (3)  environmental, 
health, and safety jmpacts; (4) energy security in 
terms of oil; (5)  social impacts-influence of the 
new sechnology on the social infrastructure and its 
acceptability to the public and the investment 
community; and (6) impacts on less-developed 
countria. Some SO energy technology R&D options 
were chosen from this screening as being particularly 
promising and arc listcd in Table 3.1. 

This evaluation process was generally qualitative 
and judgmental. Other analysts using the same 
process could arrive at different lists. Nevertheless, 
the results and their justifications were reviewed 
extcnsively, both internally and cxternaily, and thcsc 
reviews influenced the final choices. The list in 
Table S.1 includes significant options from across 
the energy spectrum, including fossil and ntinfossil 
sources and all t hc  end-use scctors. The results 
reveal a great richness in the opportunities; and in 
almost every area, thc revicws indicated thc potcn- 
tial for substantial technical progress with R&D. 

In addition, significant crosscutting R&D oppor- 
tunities and needs were identified during the hechni- 
cal r e v i m  reported in Vol. 2. Many h3ve a direct 
bearing on the energy technologies listed in Table 
S.1, and some of these connections are summarized 
in ‘Table S.2. Again thc richness and promise are 
impressive, and further progress in these crosscutting 
areas of science and technology should lead to 
unanticipated but rewarding opportunities in the 
energy technologies. 

S.22 A Balanced Energy Technology R&D Strategy 

Thc bottom-up approach that w e  used to 
identify and evaluate promising R&D options 
cnsurcd broad coverage o f  the whole energy tech- 
nology RSrD arena. Each of the 50 options we 
sclectcd is currently the subject of some RSsD 
activity and collectively they provide comprehensive 
coverage of important energy Sources and end uses. 
However, the bottom-up approach provides no basis 
for assigning emphasis to one or anothcr of the 
options. In order to get a better perspectivc on 
appropriate R&D emphasis, we therefore carried out 
the top-down review of the R&D options. 

Table S.1. Energy ecchnology RAD options of grcatcst promise 

Transprtation effidcncy 

Advnnccd autonioiiiv fvzgitie tdinolo@?s: efficient gas turbines and low-heat-rejcct ion (LHR) 
reciprocating engines arc promising tcchnologies which require irnprovemcnts in  high-tempcrarurc 
materials and lubrication, and attention to thc adequacy of  combustion and emission control as well. 
Continued improvcmcnt in smart fucl injcction systems and, more broadly, combustion enhancing 
technologies will benefit conventional engines and may permit the use of unthrottlcd engincs in spark- 
ignited versions, pcrhaps with LHR, for light-duty, light-fuel (gasoline, methanol) applications with 
notably improved efliciemy and low emissions. 
Gonrinuously vciricible tmnsvttission: permits optinium operation of engines 
Autonznted dynnnzic triiflc control: Smart systcms can optimize traffic flow and reduce fuel use 
Improved nircrufi e,fpckncy: composites, plastics, and light alloys may simplify manuhcture wliile saving 
weight; rntrrc efficient by-pass engines should be economical without sacrificing performance; 
improvements in design and materials should rcduce drag; and better operations control should offset 
increased congcstion 



Table S.1 (conrimued) 

Building efficicnq 

0 

0 

0 

e 
0 

e 

e 

0 

0 

@ 

8 

e 

0 

(e 

0 

0 

Wear punips: major potential gains from more efficient electric and gas- fired equipment 
Lighting: more efficient lamps as well as optimnm control to meet lighting needs have significant 
potential 
Snznrt confrol sysfenis-sensors and confrols: precise determination of energy needs and control to rcducc 
waste 
Envelopes: heat losses can be sharply reduced with advanced materials and system design 
Manitfacmred buildings and conlponenfs: economic method of construction that promises significant 
energy bencfits if innovative concepts are included 
Computer-nssisfed design for eficiency and cost control: very economic energy rcduction in new buildings; 
immediate payoff that will continue to grow 
Exisring bidding remofits: improving predictions of energy savings and how building occupants affcct 
energy use will promote cost-cffectivc retrofits 

Industrial cnergy cficicncy 

Catnr'),srs: improved catalysts can reduce energy requirements o f  many chemical proccsscs 
Sensors and confrols: improve process efficiency by precise dclivcry of exact energy needs using intclli- 
gent sensors 
Separarions: developments include mcmbrancs, supercritical fluid extraction, and improvements to 
distillation with much lowcr energy requirements 
Advanced heor nznnagenient: optimization of heat flows by improved monitoring and control, high 
temperature heat pumps, recuperators, and storage can reduce losses substantially 
Cogenemrion: steam-injccted aeroderivative turbines, fuel cells, and other innovations make continuing 
progress likely for both industny and large building applications 
Pulp and poper processes: integration of fcrmcntation into the conventional pulping process promises 
significant energy savings 
Sreef processes: advanced steelmaking processes can reduce energy use by SO% as well as increase 
productivity 
Agriculwd lechniques: new plants and new techniques for cultivation and harvesting promise to reduce 
requirements for encrgy as well as for water and fertilizer 

Elcctricity applications 

Superconducfor applicafions: great improvement in the efficiency of motors, transmission lines, ctc., i f  the 
new materials prove feasible 
Power elecfronics: cfficicnt control of motors and other electrical devices 

Aeroderivative gas tltrbines (intercooled steam-injected gas lurbinc, ctc.): low cost, very efficient; may be 
technology of choice for electric gcncration if gas i s  available or when coupled to coal or biomass 
gasification 



0 

e 

e 

e 

e 
e 

e 
e 

* 

e 

e 
e 

a 

* 

0 

Table S.1 (conli~ued) 

Advanax3 conversion to elcdricity (conrinued) 

Brayron cycle: high-temperature gas turbine combined-cycle utilizing MHTGR should yield 4550% 
efficiency in electricity production 
Kalinn q d e :  possihlc 50% efficienl conversion for cornbincd gas turbine and kalina stcam/ammonia 
turbine cycics if capital costs can be reduced 
Fuel cells: very efficient electric generators with low NO, emissions if gas is available, but cost and 
longevity are unccrtain 
Hot gas clemzup: kcy to high-efficiency gasification of coal and biomass 

Petrolcum 

Enhnnced oil recm'er),: major opportunity for increasing oil availability as oil prices increase 
Field chnractcJrizarion techniques: cxtend use of enhanced oil recovery and optimizc infill drilling 

Natural gas 

Evplorarion nnd drilling techniqites: new gas fields (eg., deep gas) at  modcrate cost 
Unconvenrional gas techniques: potentially major increase in gas supplies at moderate pricc; could kccp 
gas an option for many decadcs (e.g., from tight formations) 

coal 
Oil substitures: coal-water mixtures and micronizcd coal can providc a relativcly easy replacement for 
industrial use of oil; advantages for fluidized bed combustion 
Fluidized bed cnmhrrsrion: economic and environmental advantagcs for both utility and industrial coal 
combustion 
Biuprocessing: economically desulfurized coal and potential breakthroughs in gasification and liqucfac- 
tion 
Gaszfmrion: key to greatly expanded use of coal as a rcplacemcnt for natural gas and pCJhapS oil 
Liguefimion: most likely way to replace large quantities ol oil 

Nucicar f i i o n  

Iniproving light worer reactor (LWR) technology: substantia1 encrgy contribution from increased availability 
of existing plants and improved public acceptance from incidcnt-frce, high-productivity operation; 
advanced LWR technology could reduce cost and incorporate passivc safcty fcaiurcs 
Modular high tentpcralrire gas rencror: advanced concept featuring passive safety should cnhance public 
acccptanw; standardized modular design; polential for very high efficiency and process heat applications; 
could be crucial for C 0 2  reduction 
Lzquid nierd fast breeder reactor: important option for ensuring long-term fuel supply; urgency of need 
will increase if concern about greenhouse effect lcads to large-scale nuclear deployment; passive safety 
features need to he proven 



Table S.1 (conrinued) 

Nuclear fission (continued) 
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Waste manageniennt techniques: implementing a waste management plan based on  public participation arid 
consensus is necessary for public health and a prerequisite for a nuclear revival 

Fusion 

Fusion power: inexhaustible, C0,-free energy source (with potential for relatively small environmental 
impacts); long dcvclopment program but should provide valuable spinoffs; magnetic fusion R&D 
international in character 
Fissile fuel breeder: uses fusion technology to produce fuel for fission reactors 

Biomass 

Feedstock development: increased plant productivity can make biomass a significant liquid energy source; 
new sources of e n c r g  (e.g., hydrogen and oil from algae) 
Conversion rechnology: fermentation, othcr dircct liquefaction techniques, and gasification (indirect 
liquefaction) tailored to feedstock species arc kcys to biomass derived transportation fuels to replace 
fossil fuels 
Municipal solid wnste processing: produce energy from recycled materials while reducing landfill problems 

Solar dccldc 

Plzotovoltaic energy conversion: cost breakthroughs possible; already cconomic for some applications; small 
packages with appropriate storage could be future technology of choice, especially if CO, is a problem 
Solar tiiernznl: may bc cheaper than photovoltaics but i s  more complex and lacks market niches to 
grow in 
Hydroelectric: methods to realize 50 GW(e) additional capacity focus on analysis and minimization of 
environmental effects to fish and othcr aqualic life 
Wind turbines: power electronics, better materials, and improved aerodynamics should lcad to significant 
cost reductions 

Advanced barteries: kcy to electric vchicles and photovoltaics 
Thermal sforage: new materials, some using chemical processes or phase changes, could improve solar 
thermal economics and intermittent industrial processes 
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Smart systems for control of industrial processes, combustion efficiency, building heating/mling/light- 
ing, etc. 
Sensors for determining conditions in harsh environments 

Advanad matcriak 

Ceramics for high-temperature engines 
Surface treatments, including low-friction materials 
Superconductors for motors, power electronics, and transmission lines 
Materials by design 
Lightweight structural materials 
High-temperature, erosion- and corrosion-rcsistant materials for hot gas cleanup, turbines, heat 
exchangers, etc. in harsh environments 

Biutwhnology 

Improved plants for high biomass productivity 
Microbes for coal cleaning, oil recovery, and hydrogen production 
Genetic engineering of improved enzymes 

Scprations 

Improved distillation 
Membranes 
Supercritical fluid extraction 
Low-grade ore recovery (including recovery from seawater) 

Combustion scicncc 

Efficiency improvement and environmental control of internal combustion engines and boilers 
Enhanced fucl switching capability 
Municipal waste incineration 

Improved understanding of reservoirs for enhanced oil recovery 
Gas exploration tcchniques 
Unconventional gas recovery 
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Table S.2 (continued) 
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Categorizing and cvaluating geothermal energy resources 
Waste immobili7ation and isolation 

Elflucnt managcmcnt 

Waste reduction and recycling 
Pollution control tcchniques for improving thc efficiency of transforming and scavcnging harmful 
effluents 
More manageable wastc forms (stable and degradahlc) 

Daision making and management 

Planning for technologies involving social risk (e.& rnore cffcctive mechanisms for public participation 
in decision making) 
Managing the reduction in thc emissions of C 0 2  
Implernentiiig high energy efficiency strategies 
Utility least-cost planning 
Planning for uncertainties 

A balanccd R&D strategy should not only 
provide generally improved energy technologies but 
also facilitate the attainment ol three societal 
objectives. First, it should help solve existing or 
imminent energy system problems. Second, it should 
provide a robuvt sct of options for coping with, 
taking advantage of, or encouraging future energy 
circumstances. That is, it should help movc the 
system in desirable directions, and it should provide 
insurance against advcrse circumstances. R&D 
should, in short, provide technological rcsiliencc for 
an uncertain future. Finally, RSrD providcs the 
important funclion of creating unanticipated oppor- 
tunities. Part of any balanced energy technology 
RSrD strategy should bc basic, gencric and crosscut- 
ling research which has a chance to produce break- 
throughs that can rcvolutionize energy technology 
(Le., the type of R&D outlincd in Table S.2) .  In 
fact, some of thc opportunities identified in the 
review of crosscutting areas influcnced the choices 
listed in Table S.l. 

Neither energy system problems nor our guesses 
about futurc energy circumstances arc independent 

of our selection of promising R&D options. As 
mcntioncd, system problems and dcsirablc charac- 
teristics were used to sclcct criteria against which to 
evaluate the RSrD options. Still it is uselul to 
cxaminc problcms and future circumstances from the 
top down, which can givc a different pcrspcctivc of 
RStD needs. 

S.2.21 Strengths and problems of thc cncrgy 
system in 1988 

The global and U.S. energy systems arc both 
rcasonably healthy. They have provcn to be rcsilicnt 
ovcr the past dccade and a half dcspitc the mag- 
nitude of the oil price shocks. Significant adjust- 
mcnls have occurrctl in both supply and dcmand, 
but the speed and cxtent of the adjustments in 
energy end-use patterns (e.& thc succcss of cffi- 
ciency improvement and conservation, particularly in 
the United States and other industriuliml countries) 
were largely unanticipated. Fcw would have pre- 
dicted in 1974, for cxamplc, that thc United Statcs 
would be using about the samc amount of primary 



energy in 1987 as it did in 1973, even though the 
economy grew 39% in real terms during that period. 

The adjustments made were both instifutional 
and technical. Significant institutional changes 
included the following: Oil and gas markets were 
largely deregulated; the Strategic Petroleum Reserve 
was organized and developed (and now contains 550 
million barrels); various efficiency standards were 
adopted, (including the Corporate Average Fuel 
Economy standards for automobiles and light trucks, 
appliance standards, and building codes); utilities 
became active in helping customers use energy more 
efficiently; and encrgy RSrD was institutionalized 
with the formation of EPRI and GRI and in the 
federal government-first with the Energy Research 
and Development Administration and then DOE. 
Also, on the institutional side, the  United States 
maintained and expanded its efforts to improve the 
protection of human health, safety, and the environ- 
ment; in fact, regulations which impact the e n e r a  
system became substantially more stringent. 

Technological adjustments were also substantial. 
Throughout the system, we discovered how to use 
fuel more efficiently, and we became much more 
clever at  fuel switching. For example, we learned 
how to makc vehiclcs more efficient and with less 
emissions, and substantial progress was made in 
burning coal more efficiently and cleanly. The 
opportunitics for further technological advances 
through RSrD are enormous; and, as summarized 
above, we have idenlificd many possibiiidcs across 
the energy systcm which could make a difference. 

These adjustments in the energy system, al- 
though effcctive, were not made easily, inexpensively, 
or smoothly. The oil price shocks caused or exaccr- 
bated two kcessions -and causcd or contributed lo 
regional economic dcprcssions. Additionally, the 
energy problems of the country probably worsened 
the human displacement impacts of the major 
industrial restructuring that is now under way. 

The components of the cnergy system have 
changed more than the total system over the past 15 
years, but these individual changes have not bcen 
dramatic. The system is still dominated by fossil 
fucls but less so (down from 96% in 1973 to 89% 
in 1987), primarily because of the growth of nuclcar- 
supplied energy, which is up from 1% of the total 
to 4%. The energy system is also still oil dominated, 
although not as much as 15 years ago (43% com- 

pared with 47%). The world is not running low on 
fossil fuels, not even oil and gas. Indigenous U.S. 
resources of fossil fuel, particularly coal and oil 
shale, are enormous and should be sufficient to last 
much longer than 50 years, even with substantially 
increasing demand. The same is true worldwide. 
However, most accessible and inexpensive oil and 
gas reserves are not in the United States-hence our 
growing dependence on foreign sources, some o f  
which are in unstable parts of the world. Nonfossil 
energy sources do not yet compete strongly with 
fossil fuels for many uses, particularly transportation. 
Therefore, it is reasonable to expect that the U.S. 
and world energy systems will still be dominated by 
fossil fuels SO years from now, just as they were 50 
years ago (barring a tcchnological breakthrough in 
nonfussil sources or decisions to control use of fossil 
fucls because of concern about greenhouse effects). 

Dcspite the present rclativc health of the energy 
system, significant problems and uncertainties, 
current or imrnincnt, persist and are relevant to an 
energy technology R&D strategy. Four problems are 
particularly important: 

I. Impucrs o/ Ihe meqy syslem on rhe envihnnwu 
and h u m  health and safety Concern about 
these impacts is growing in both industrialized 
and devcloping nations. Table 5.3 is a listing of 
some of these energy-related environmental, 
heatth, and safety issues. 

2. Energy insecudy and price inrtahilii)r, As oil 
prices have dropped, consuniption has started to 
increase again, and oil imports have moved 
sharply upward, perhaps setting the stage for 
future price shocks. Also, the rate of increase of 
energy productivity, as measured by the decline 
in the ratio of primary encrgy use to Gross 
National Product (GNP) seems to be slowing. 
A loss of energy productivity may adversely 
affect U.S. competitiveness with other countries 
(e.g., Japan). 

3. Energy needF of less-developed colm&- Improv- 
ing the economic condition of less-developed 
countries is vitally important to maintaining 
world economic and political stability and on 
moral grounds. Rcasonably priccd energy ser- 
vices will be essential to improvement. In 
addition, the rapidly growing dcmand for pri- 
mary energy sources by developing nations can 
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Table 5.3. Current and imminmt environment, safcty, and 
health problcms and ksua rehtcd to the energy system 

e The greenhouse cflect: a potential show stopper for fossil fuels 
e Smmpkeric  ozone deplerion: chlorofluorocarbon substitutes are needed 
e Nilclear nccidenrs and proliferotion of nuclear fissionable mrrterial: what happens anywhere in the world 

impacts nuclear power everywhere 

Muitioalional consoqucn 

e Acid rain: will drive the development of cleaner coal technologies 

b Eni.ironnientol, health, and snfely risks of fuel cycles: all primary sources have undesirable impacts of onc 
kind or another which may be the objects of national concern and regulation 

Lncal and regional conqucnccs 

o Smog (ozone) and carbon monoxide: could promote the development of alternate fuels and vehicles 
o Land and wo/er resources: important factors in the choice of energy sourccs (e& solar, biomass, near- 

surface coal, and oil shale) 
6 NIMBY ("Not in my hack yard"): this syndrome cpitomizcs the decision making problem for many new 

energy facilit ics 

Individual (or family) lcvcl CQ 

Indoor nir pollririon: an important design constraint in new high-efficiency buildings and in retrofitting 
older ones 

8 Arrtonzohile snfely: a potential harrier to improving vehicle efficiency through weight reduction 

put additional stress on the environnicnt at all 
geographic scales. 

needed to demonstrate improved reactor perfor- 
mance and enhanced safety using simpler passive 
systems and for acceptance of a plan for nuclear 
waste storage and disposal. 

S.222 Thrcc futurc circumstatam 

4. Probkm wirh mclem power. Advances are Two major uncertainties about the energy futurc 
complicate the selection of an appropriate encrby 
technology RSrD agenda. One is the growth o f  
demand for fossil fuels, particularly oil and gas. 
Sustained economic growth is a societal goal, not 



any particular level of energy use. As population and 
wealth grow, the demand for energy services will 
increase. The experience of the past 15 years has 
shown that economic growth can occur without 
increase in the demand for primary energy sources 
if thc efficiency with which energy services are 
delivered increases sufficiently or if shifts in the 
industrial sector toward less energy intensive prod- 
ucts and processes occur. Efficiency can continue to 
improve, but lower oil and gas prices reduce the 
incentives. We do not know how effectively effi- 
cicnLy improvement will proceed in the future. 

The second uncertainty is environmental. We do 
not know the extent to which environmental, health, 
and safety problems may cause curtailment of 
particular energy sources or  uses. Potentially, the 
most serious o f  these problems is the greenhouse 
effect caused by increasing concentrations of COz 
and other infrared-ahsorbing trace gases in the 
atmosphere. The principal ~zuses  of increasing CO, 
levels are anthropogenic, primarily the burning of 
fossil fuels and land use changes, notably deforesta- 
tion. If the consequences of the greenhouse effect 
become serious, the impact on the energy system 
could be profound. 

These uncertaintics lcd us to consider three 
future circumstances which might imply quite 
different requiremenls for energy technoloby RSrD. 

Ciramstafict: 1 (high cllicicncy, low oil usc). 
Improvement in the cfficiency of energy use and 
reduction of oil use arc emphasized and practiced by 
the United States and many other countries to the 
extent that it is economically attractive to do so. 
Demand for primary energy, particularly oil, grows 
much less rapidly than GNP, possibly even resulting 
in total primary energy use bcing held constant. Low 
or zero energy growth would depend on improve- 
ments {through R&D) in the technology of end use 
and conversion, on continuation of the trend away 
from energy intensive manufacturing processes, and 
on institutional measures that help or encourage 
(but do not coerce) people and organizations lo 
optimize their energy consumplion (in an economic 
sense). In this circumstance, such procedures are 
deemed appropriate to help cope with the extcr- 
nalitics of environmental degradation and energy 
insecurity. To the extent that it works, this cir- 
cumstance is hi&@ desirable. It is a circumstance 
driven by improvd technology, not austerity or 

curtailment. Up to a point, efficiency improvement 
can be the least-cost approach to providing the 
energy services required for economic growth, and 
it can contribute to our competitiveness. It also 
reduces the stress on oil and gas resources and 
provides more time to develop and improve non- 
fossil sources, to learn to extend indigenous oil and 
gas resources, and to convert and use abundant coal 
more cleanly and cheaply. Finally, it reduces many 
of the stresses that energy supply puts on the 
environment. To the extent that efficiency improve- 
ments are achieved worldwide, greenhouse impacts 
are slowed. Pursuing high efficiency through the 
development and use of technologics which provide 
energy serviccs at  economically competitive costs 
with equal or better performance than those for 
which they substitute is a no-loss strategy. 

Circumstance 2 (increasing primary energy 
demand). Circumstance 2 results if circumstance 1 
is not obtained. In this circumstance, primary energy 
demand, particularly for oil, grows substantially 
faster than in Circumstance 1 for the same growth 
in the economy. Possible reasons are that improve- 
mcnts in the tcchnology of end use and convenion 
occur at  a slower pace, energy sources become 
cheaper, or market imperfections and institutional 
barriers which impede the adoption of improved 
end-use technology pcrsist to a greater degree. 

It should be emphasized that we do not know 
the extent to which a low energy future will in fact 
prove to be economically optimal. Nor do wc know 
how closely the system will be able to approach the 
optimum, whatever i t  is, with the removal of market 
imperfections and institutional barriers. Furthcr- 
more, we do not know what might be the costs or 
social difficulties of the removal. Whatever the 
reason for its occurrence, Circumstance 2 requires 
significantly grcater supplics of primary energy than 
are required for Circumstance 1. 

Cirmmstancc 3 (environmental wnccm curtail 
fossil sources). Environmental, health, and safcty 
conccrns may lead to more or lcss severe rcstrictions 
on various forms of energy supply and use. In 
Circumstance 3, the consequences of the greenhouse 
effect are considered t o  be so severe that the usc of 
fossil fuels must be curtailed. This circumstance 
would lead to the most profound change in thc 
energy system. It would require urgent implerncnta- 
tion of nonfossil sources, as well as more draconian 
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measures to enforce the adoption of more efficient 
technologies and the switch to  fossil fuel substitutes 
in end uses including transportation. Biomass (for 
transportation fuels) and nuclear and possibly solar 
electricity would become crucially important. 

These three circumstances are not either/or 
alternatives. Instead they represent boundaries, 
themselves somewhat arbitrarily defined, for the 
possibilities in which the energy system must oper- 
ate, moving more toward one or another over time. 

5.2.2.3 Elements of a balanced energy technology 
R&D stratcgy 

In our view, a balanced energy technology R&D 
strategy must seek to provide a variety of new and 
improved technologies which form a robust set, in 
the sense that they hclp achieve or cope with the 
three possible future circumstances. The strategy 
should also help solve existing or imminent prob- 
lems with the energy system and should promote 
development of new opportunities presently un- 
dreamed of. Consequently, the broad elements of 
the strategy are clear and sccm almost trivially 
obvious. They are to conduct R&D in the following 
areas: 

e improving the efficiency and flexibility (fuel 
switching capacity) of energy use and conversion 
technologies; 
improving fossil fuel sources by technologies 
which reduce environmental, health, and safety 
impacts and which extend and improve the avail- 
ability and flexibility of indigenous resources; 
dcveloping and improving technologies for non- 
fossil sources; and 
developing relevant areas of science and cross- 
cutting technology, notably those listed in Table 
s.2. 

0 

a 

0 

Progress in all these areas is essential to the 
continuing health of our energy system. None, in 
our opinion, should be neglected. Obviously, the 
relative emphasis will change among the areas as 
circumstances change, including the progress of 
technology itself. The promising R&D options listed 
in Table S.l populate each of these four elements, 
but the emphasis may changc as the energy system 
moves toward the possibilities represented in the 

three circumstances. The relative emphases are 
indicated in ‘rable S.4. 

Improving the efficicnq and flexibilily of energy 
end-use and conversion technologies has high impor- 
tance in all three circumstances. Improving fossil 
sources i s  generally given low emphasis for Cir- 
cumstance 3, of course, and it is most important in 
Circumstance 2. Developing and improving nonfossil 
sources is essential for Circumstance 3 but is of low 
to moderate importance for circumstance 1. For 
Circumstance 2, nonfossil RSrD is important insofar 
as i t  promises to be clearly competitive with fossil 
fuel costs. However, the improvemcnt of existing 
nuclear power plant perfor mnnce is important for all 
three circumstanccs. The current problems with a 
source that geiierates 18 to 20% of our clectricity 
are too important to ignore, and the technical 
wherewithal to fix them secms attainable. 

Our R&D stratcgy bears a striking resemblance 
to what the country is doing already, indicating that 
what may have appeared to be an unfocused eollcc- 
tion of RSrD efforts is, in fact, quite responsive to 
the nation’s needs. O u r  polycentric and decentralized 
system has led to a broad-based R&D program 
which is exploring, at one level or another, most of 
the promising RSrD opportunities we have idcn- 
tified. 

Although the current U.S. energy technology 
RStD agenda is appropriately broad, is it adcquatc? 
Total R&D expenditures, public and private, are 
probably in the vicinity of S1 billion to $5 billion 
annually, or about 1 to 1.5% of total annual energy 
expenditures. For such a vital part of the economy, 
this percentage for RSrD secms low. We have no 
absolute scale on which lo judge, however, except to 
ask whether we are doing the research necessary to 
solve cner6y systcms problems and to provide 
options for future Circumstances. 

We conclude we are not ready to cope with Cir- 
cunisfance 3. Nonfossil sources are just not good 
enough, including nuclear power-the only nonfossil 
source which could presently be mobilized worldwide 
at sufficient scale and reasonable cost to offset the 
growth of fossil fucl use. From this point of view, 
the nation’s R&D agenda is not adequate nor 
balanced. A much greatcr effort is  needed to dcvc- 
lop and improve nonfossil sources and to improve 
the efficienq and economics of end-use technolo- 
gies. ??he latter has the greatcst potential to reduce 



Table S.4. "he importance of RdkD options to achieving or 
accommodating the three futurc c~pergy 

Elements of a balanced energy 
tcchnology RScD strategy 

Three future circumstances 
1" 2 b  3" 

0 Improve efficiency and flexibility 
of energy use and conversion for 
- Transportation 
- Industry 
I Buildings 
- Electricity generation 

e Improve fossil fuel sources 
- Clcan coal tcchnologics 
- Extend oil and gas resources 
- Synthetic liquid and gaseous fuels 

0 Develop and improve nonfossil sourccs 
- Improve nuclear power 

Bcttcr performance of cxisting 
system and LWR technology 

Scco nd - gc nera t io n passively safe 
reactors 

Resourccs extension 
- Enhance biomass productivity and 

- Kmprove solar electric, wind, 
conversion 

and hydroelectric 
Develop remaining hydroclcctric 
Rcduce cost o f  solar electric 
Reduce cost o f  wind turbines 

- Demonstrate fusion 

e Develop relevant arcas of science 
and crosscutting tcchnology 
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H H 
H H 

H L 
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"Circumstance 1 - high efficiency, low oil use. 
Y3rcurnstance 2 - increasing primary energy demand. 
cCircumstance 3 - environmental concerns curtail fossil sources. 
dH = high importance of doing RStD in the timc frame of this study; M = medium; L = low. 



the use of fossil fuels in the near to mid term. 
Furthermore, as we have noted, the adoption of 
high-efficiency technology will provide more time to 
develop the needed improved nonfossil sources. 

Reducing the nation's C02 emissions from 
current levels while maintaining economic growth 
will be very difficult to accomplish over the next 50 
years. A reduction can be achieved only by a com- 
bination of much improved efficiency of fossil use 
and a greatly accelerated use of nonfossil sources. 
Our most optimistic estimate is that this combina- 
tion might lead to an emission rate for the US. in 
the 2020-2040 time frame of about one-third the 
1987 value of 1.3 GtC/year. This optimistic estimate 
is based on the assumption that primary energy 
demand can be kept in  the range of 60 to 90 quads 
and that nonfossil sources can supply 40 to 70 
quads. 

The principal nonfossil sources are biomass*, 
providing 20 quads (which is converted to 10 quads 
of liquid fuel); nuclcar power, providing an equiva- 
lent of 16 to 40 quads; and hydroelcctric and other 
renewables, which supply 6 to 10 quads. The nuclear 
contribution is assumed to be based on a sccond 
generation of reactors with passive safety features.* * 
The estimates of biomass and other rcncwable 
sources assume the development of much more 
economic technologies. 

Holding primary energy demand ncar today's 
levels will require an average annual reduction of 
E/GNP at  the same rate that GNP grows over the 
50-year period, Whether such an improvement in 
efficiency can  be achicvcd i s  unclear, but the likcli- 
hood of success will be increased if improved cnd- 
use and conversion technologies arc developed. Also, 
we do not know how fast GNP will grow. 

We cannot predict when the greenhouse cfrcct 
will havc a major impact on energy policy, but wc 

bclieve that sooner o r  later it must. Substantially 
higher CO, concentrations in the atmosphcre may 
be acceptable, but a t  some level further increases 
will, we expect, have unacccptable consequences. 
Because of thc substantial lead time rcquired, it 
seems imprudent to delay the R&D necessary to 
provide the options that move the cnergy system 
away from fossil fuels at reasonablc cost. Furthcr- 
more, what will we havc lost by taking aggressive 
action now? We will havc learned how to be more 
efficient, a highly dcsirable outcome no matter what 
the future circumstance. We also will have learned 
how to make nuckar powcr safer and hopefully 
more acceptable and how to make solar and other 
renewable sourccs more economically competitive. 
We will have accclerated determining the feasibility 
of fusion. These outcomes will be useful in any 
event, and thc cost of achicving them on an accelcr- 
atcd schedule i s  the increased cost of R&D. 

What might this cost be? To get a ballpark 
number, we postularcd expanding efforts on cnd-use 
and conversion cfriciency, nuclcar, solar (and other 
renewables), and fusion. We also hclicve an R&l> 
program aimed at improving cfficicncy and dcvelop- 
ing nonfossil sources in less-developed countrics 
should be part of the package. A rough guess is that 
the addcd cost would be about $1 billion annually, 
as itemized in Tablc S.5. This is similar to the effort 
that i s  called for in Icgislation proposed rcceritly by 
Senator Timolhy Wirth of Colorado and his col- 
leagues (U.S. Congress 19883). The public sector 
share of the cost mighl be dcrived from a very small 
tax on fossil fuel use. A tax rate as little as 0.2% 
would raise about S o 0  million per year. The private 
sector Contribution could come from matching funds 
invesfcd by privatc firms participating in the KSrD. 
Thcir rcwayd would bc markctable technology. 

*Burning of hiomass or biomass-derived fuels produces CO, emissions, of course, but growing the bioniass rernovcs CO? from 
the atmosphere so the cycle can be operated at steady-state with no net effect on the atmosphere. 

**Our assumption here is that the expansion of nuclear powcr in the United Statcs much bcyond prcsent lcvcls will be acceptable 
only if a reactor technology rclying more on passive safety features is developed. The fint of these would be advanced LWRs available 
by the mid 1990s. Fully passively safe reactors such as the MIITGR would be available for commercial dcploylnent by 2005. 



Tablc SS. Additional energy technology R&D expenditures 
d e d  to be prepared to matrol CO, emissions 
(combined public and private sector investments) 

RSrD area 
Added cost 
(S  million 
per year) 

Tmprove efficiency and cconomics of end-use and conversion technologies 
Phased increase over several years to double the current national 
level seems warranted by opportunities. 

300 

Improve nuclear power 300-400 
Prototyping an advanced LWR (ALWR) with passive safety features and 
an MHTGR which is fully passively safe would probably cost $3 billion 
to $4 billion over thc next decade. Prototyping the liquid mctal breeder 
with passive safety features should bc initiated in the first decadc of 
the next century. 

(avera gc) 

Solar and renewables 200 
Expanded budgets for biomass, hydroelectric (to capture 50 GW of remaining 
capacity), photovoltaics, solar thermal electric, wind, and others (phased 
increases over several years) seem warranted by the technological promise. 

Fusion 
Better international coordination of the $1 billion to $2 billion per year 
expended worldwide is  needed. 

No additional 
requircd if 

improved world 
coopera tion 

achievcd 

Technologies for less-developed countrics 100-21H) 
This would be thc  U.S. part of a worldwide effort to develop energy 
technologies for dcvcloping nations. 

'TO'TAL. 





Chapter 1 
Introduction and Approach 

E n e r g y  is an essen ial nu rient of the conomi S 
and social systems of nations. Such services as rrans- 
portation, space conditioning, lighting, communica- 
tions, food, industrial output, and some recreations 
are accurately characterized as energy services. 
Technology is the vehicle that society uses to 
convert primary energy sources into these services. 
The objective of energy technology research and 
dcvelopment (R&D), then, is to provide a broader 
range of energy services that not only offer enhanced 
performance and reliability but also minimize the 
negative impacts on human health, safety, and the 
cnvironment. Consequently, continuous innovation 
to produce new and improved technologies* is 
critical to our ability to shape the future of the 
energy system and thus the society. 

As used in this report, technology is defined 
broadly. We believe technology must be seen as a 
set of man-machine systems. It includes that broad 
set of measures, techniques, and processes needed to 
ensure that energy services are delivered in a form 
which assures that human health, safety, and the 
environment are adequately protected. Technology, 
with rare exceptions, involves both software and 

hardware. The use of technology D convert primary 
energy into energy services occurs in the context of 
political, economic, and institutional systems; those 
systems, as well as the availability of natural re- 
sources, have always had-and certainly in the future 
will have-major impacts on the energy situation. 
This study has as its goal looking at technology as 
a broad activity that functions within a broader 
social resource context. Thus, energy technology 
R&D includes social science research to provide the 
knowledge and means to improve the management 
of energy systems. 

Our faith is that R&D can provide the technol- 
ogy needed to ensure attractive alternatives for the 
United States and the world. Whether the country 
will have the resolve to do the research and the wit 
to use intelligently the technology developed de- 
pends on all of us. Nevertheless, we are cautiously 
optimistic-optimistic because of the promise of 
technology and the scientific progress that supports 
it and cautious because potentially serious problems 
loom, such as continued instability ol  oil markets, 
the potential for international conflict, and global 
environmental problems. 

*We should try to be clear about what we mean by impmval technology. What we mean is technology which supplies an energy 
service with equal or bctter performance than that which it replaces for lower life cycle cost or which supplies that senice with better 
performance for a competilive life cycle cost (Le., the increased performance is worth the increased cost as judged in the market place). 
For example, an automobile with the same acceleration, comfort, interior space, and safety as one it competes with in the market but 
with lower life cycle cost due to improved fuel economy is  an improved technology. Another example would be an advanced nuclear 
reactor with the same lice cycle cost as the present light water reactors but with walk-away passive safely. A new technology which 
provides a previously unavailable energy sewice is also what we mean by improved technology. 

It should be kept clearly in mind that improved technologies are not free. The research, dwclopment, and demonstration (RD&D) 
required IO bring them to the market has a mst. The trick is to choose RD&D with a benefit-to-cost ratio greater than unity. In this 
study, we have not attempted to estimate such a benefit-to-cost ratio, primarily because the benefits are difficult to quantify. 
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Also, we neither have today nor do we see much 
prospect for any single energy source technology 
which is wiihout serious limitations. For this reason, 
the recent Japanese study published by the Ministry 
for International Trade and Industry is entitled The 
Twcnv-First Century Energy Viiion: Entering [he 
Multiple Energy Era (MITI 1987). In that report, the 
authors recognize that there is no unambiguously 
preferred technology. Many source and end-use 
technologies and potential technologies are worthy 
of continued exploration, development, and improve- 
ment. Clcarly, however, we cannot support RSrD on 
every possibility with equal intensity. Which ones 
deserve the most attention? Our objective is to shed 
some light on this question. 

The same question was the object of a recent 
comprehensive evaluation of energy technology R&D 
in the United Kingdom (U.K. DOE 1987), which 
concluded that a broad-ranging R&D program was 
warranted. Some comparisons between the results 
of the British study and ours are presented in 
Chap. 3. 

Over the past two decades, the United States 
has moved from a low level of encrgy R&D in all 
bur the nuclear area to a virtual explosion, including 
vigorous work on every conceivable R&D option, 
and thcn recently to a reduced but broad-based 
package of energy R&D activities pursued at a 
relatively relaxed paw. The current situation reflects 
the oil glut and declining prices of the mid-l980s, 
which caused both the private and public sectors to 
scale back McYrD. In both sectors, however, energy 
continucs to be a source of concern and a generator 
of problems. The continuing broad range of RSrD 
activities is driven by those concerns and problems. 

In this chapter, we summarize the technological 
components of the energy system from sources to 
end uses by briefly examining the flow of energy in 
society. We then describe the approach we took lo 
analyze and evaluate energy technology R&D needs 
and opportunities, and we conclude by explaining 
the organization of the remainder of the report. 

coal, nuclear power, hydroelectric power, and 
others). It also shows the conversion losses in the 
system due to transforming primary energy S O U ~ C ~ S  
to more convenient carricrs (e& electricity). 

As the economy grows, energy services can be 
expanded by increasing either primary energy supply 
or the thermodynamic efficiency of conversion and 
end-use processes. Over the years since the Arab oil 
embargo of 1973-74, a controversy has raged over 
which of these approaches is likely to be more 
effective in the future; and they have often been 
treated as mutually exclusive instead of complemen- 
tary. In fact, whole neo-religious cults have grown 
around lhese two methods of providing increased 
energy services. We profess to being in neither 
camp, but we have been influenced by the arguments 
of both. R&D can increase the effectiveness of 
either; and we assume that a prudent society, when 
faced with future uncertainty, must ensure R&D 
progrcss across the entire spectrum of energy supply, 
conversion, and end-use technologies. 

The encrgy system diagrammed in Fig. 1.1 is a 
huge entcrprise. As shown in Fig. 1.2, annual energy 
expenditures equaled about 8% of the U.S. gross 
national product (GNP) in 1987, or about $346 bil- 
lion; they wcre as high as 13.5% of GNP in 1980 
and as low as 7.6% in 1972. 

A major portion of the energy supply is pro- 
vidcd by large, costly physical facilities (e.g., electric 
powcr plants and rcfinerics) that are operated for 
decades. Many of these facilities are managed by 
large organizations which generally change slowly. 
Some end-use technologics (e.& automobiles) may 
change more rapidly but most (e& buildings and 
industrial plants) have a long lifetime. Thus, the 
impact of R&D on the system will generally be 
quite gradual because advanccd technology, which is 
the product of RAD, will penetrate slowly. 

Partially for this reason, we have chosen a 50- 
year outlook for the study. 'This relatively long 
horizon is appropriate also because decisions about 
nearcr-term R&D may benefit from a longer-term 
view of the energy futurc. 

1.1 FLOW OF ENEKGY JN SOCIETY 
1.2 APPROACH 

Figure 1.1 is a schematic representation of the 
flow of energy in the United States for 1987. It 
shows quite vividly the relative importance of the 
various primary sources (petroleum, natural gas, 

We looked for answers to "What could niake a 
difference?" from two perspectives. These are 
represented schematically in Fig. 1.3. One perspec- 
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Fig. 1.1. Flaw of energy in U.S. society in 1987; net primary r e s o u ~ c ~  use 76 quads. Source: Annual Review of 
Energy 1987, DOE/EIA-0384(87), US. Depattment of Energy, Energy Information Administration, Office of Energy 
Markets and End Use, May 1988. 

live is a "top-down" view in which we examined the 
energy situation, the problems with the energy 
system, possible future circumstances, and desirable 
charmeristics of the energy systems as a whole. This 
vicw served to idenlify technological needs that can 
be equated with societal and market demand pull. 

In our search for the problems and oppor- 
tunities that require or provide incentives for new 
or improved technologies, we carried out a broad 
review of the literature and consulted with people 
knowledgeable about energy. Our objective was to 
gain a comprehensive picture of existing problems 
and opportunities and some insight into possible 
future ones. Chapter 2 represents the product of our 
effort to understand and define the needs of the 
energy system. 

The other pcrspective represented in Fig. 1.3 is 
a "bottom-up" view of encrgy R&D technology. The 
information base for this view is compiled in Vol. 2, 

and most of the effort of the ORNL staff on the 
study was devoted to this aspect. The orientation 
was on the technobgy itself; it was a technology- 
push viewpoint. 

We tried to look comprehensively across the 
energy system from the various sources to end uses. 
The objective was to identify significant advances 
and the opportunities and needs for additional 
R&D. An outline of the tcchnologies and technol- 
ogy areas reviewed is given in Appendix A. 

We also looked at various crosscutting areas of 
science and technology, because advances in these 
can significantly affect the progress of energy tech- 
nologies. These crosscutting areas (outlined in 
Appendix B) include materials science, microclec- 
tronics and computing, biotechnology, combustion 
science, geosciences, efflucnt management, separa- 
tion science and decision-making techniques. 
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F g .  1.2 Energy asxpnditures as a p?rcentag@ d Grass NliQnd Product. Sources: Rata for 1972-81 taken from 
Alex Korny, Dollar Measures of Energy Production and Consumption in the United States 1972-82, BEA Working 
Paper 5, BEA87WP-5, U.S. Department of Commerce, 1987; data for 1982-87 calculated from energy expenditures 
given in State Energy Price and Expenditure Report, DOE/EIA-0376(85), October 1987, and from data in Monllily 
Energy Review, DOE/EIA-0035(88/%), February 1988, with GNP data from the Survey of Current Business, US. 
Department of Commerce, various issues. 

In preparing the reviews that appear in Vol. 2, 
contributors wcrc askcd to review current work in 
their areas of assignment, both in the United Slates 
and around the world. Their R&D reviews relied 
hcavily on research activities of the U.S. Department 
of Energy (DOE), of course, as well as on those of 
other organizations such as the Elcctric Power 
Research Institute (EPRI) and the Gas Research 
Institute (GRI). 

The R&D options identified by our review were 
then evaluated to determine their potential contribu- 
tion to solving energy system problems or  their 
bencficial impacts on the system. As described in 

Chap. 3, the evaluation used 16 criteria in 6 areas. 
The 6 evaluation arcas wcre energy significancc; 
economics and international competitiveness; envi- 
ronmcntal, health, and safety impacts; energy sccu- 
rily; social impacts; and less-developed country 
impacts. The analysis was qualitative and resulted in 
identification of 50 promising R&D options or  foci. 
These promising options, discussed in Chap. 3, 
rcprcscnt our best judgment of the R&D that could 
rtiakc a difference. 

To check the potential contribution of thc 50 
K&D options, we looked at the nation’s likely needs 
from the top down. This evaluation i s  summarized 
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in Chap. 4. In sum, we sought to define a balanced 
strateby given a range of possible future energy 
needs. We began by asking "What do we want our 
national energy technology R&D strategy to accomp- 
lish?" We reasoned that in addition to providing 
better technologies R&D should also accomplish 
three broad system objectives: (1) help solve prob- 
lems with the system; (2) provide alternatives for 
coping with or taking advantage of future circum- 
stances, favorable or adverse; and (3) provide new 
opportunities. 

In pursuit of this balanced strategy, we postu- 
lated three future  energy circumstances. These 
derived from consideration of two dominant uncer- 
tainties: (1) What will be the future level of energy 
demand, and (2) will fossil fucl use be curtailed 
because of concern about the greenhouse effect? 

Given these uncertainties, we then examined 
how well o u r  promising RSrD options (identified in 
Chap. 3)  actdress future energy system problems and 
issues and provide a robust set of alternatives for 
thc three future circumstances. In sum, Chap. 4 
assesses whether the 50 options represent a balanced 
strategy. 

It was one thing to embark on this quixotic 
mission and quite another to accomplish it. If we 
fell short, the weaknesses and biases manifested by 
the study should be recognized. For example, 
although we tried to make the assessment compre- 
hensive and nonparochial, that proved to be impos- 
sible. ORNL is not working on all technologies; 
thcrcfore, our knowledge of some of these was less 
complcte. We sought to conipensate by encouraging 
our participants to communicate with researchers 
around the country, and sections of the report were 
scnt to colleagues outside ORNL for review. The 
complete draft of lhis synthcsis report was reviewed 
both internally and by several colleagues outside 
ORNL. In addition to the technical literature, we 
reviewed the multiyear plans of DOE, EPRI, and 
GRI. Despite these efforts, some R&D areas were 
not fully assessed, either because of lack of time and 
human resources or because, in the judgment of the 
authors, the particular technology was thought to 
have low probability of making a signilicant dif- 
ference. 

Our approach lo the analysis is qualitative and 
judgmental. Quantitatively assessing the benefits of 
future technologies is not possible, in our opinion; 

the Uncertainties are just too great. We did try to 
explain the bases for our judgments about the 
advantages and disadvantages of technologies and 
the needs and Opportunities for R&D. Undoubtedly, 
others may judge the prospects for some technology 
R&D differently, but perhaps our  efforts may serve 
to stimulate needed debate about critical choices 
faced by the nation and, in the broader context, the 
world cominunity of nations. 

1.3 ORGANI2ATION OF TIIE REPORT 

The following chapters in this report each 
address a major question. Together, the questions 
represcnt those which must be answered to know 
"What could make a difference?" Chapter 2 responds 
to "What is the prcscnt condition of the U.S. and 
world cnergy system?" and SCIVCS as the foundation 
for the study by sumniarizing the nation's energy 
problcms and opportunitics. In providing an over- 
view, the chapter sketches (1) the recent history of 
enerby by comparing what has happened over the 
past 15 years with what was occurring bcfore the 
1973 oil boycott, (2) the currcnt energy supply and 
demand situation, and ( 3 )  a range of expert views of 
the world's energy future. In summarizing existing 
and cxpectcd problems and opportunities, the 
chapter provides reference points for judging the 
desirability of individual R&D options-specifically, 
R&D which has the likelihood of contributing to the 
solution of problems or to the crcation of attractive 
new energy technologies. In Chap. 2, we have also 
sought to achieve an ancillary purpose: to provide 
a primer for those who are interested in energy 
R&D but who have not studied it in depth and to 
offcr a rcfrcshcr for thosc who may have a familiar- 
ity with energy R&D but who have not followed it 
in recent years. 

Chapter 3 asks, "What are the attractive R&D 
options, judged by thcir ability lo contribute to 
desirable goals and their likelihood of being techni- 
cally (commercially) available?" This chapter lists 
and characterizes some 50 R&D options that we 
have judgcd to be particularly attractive when viewed 
in the context of 16 dcsirable energy system charac- 
teristics. 'These options are discussed in the com- 
monly used energy resource or tcchnology categories. 

Chapter 4 asks, "Docs the slate of energy R&D 
options identified in Chap. 3 represent a balanced 
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R&D strategy?" The concept of a balanced strategy 
is defined, and the slate of R&D options discussed 
in Chap. 3 is then compared with the needs of a 
balanced strategy. It is shown that in spite of major 
uncertainties about future energy demands and 
supply constraints, the set of energy R&D activities 
likely to be most fruitful under different circum- 
stances will not differ as much in kind as in empha- 
sis and intensity. 

Chapter 5 answers "What of a more general 
nature did we learn or conclude in carrying out this 
study?" In it we summarize the principal conclusions 
and make a number of general observations. 
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Chapter 2 
The Energy System in 1988 

s e v e r a l  chronic issues affect the energy system 
of the United States. These include (1) a variety of 
environmental, health, and safety problems; (2) en- 
ergy insecurity, especially with respect to petroleum 
and petroleum products and the instability of oil 
prices; (3) lack of confidence in nuclear power; and 
(4) the need of lessdeveloped nations for an 
increasing share of the petroleum supply. Of course, 
these issues are not peculiar to the United States; 
they are felt to one degree or  another by most of 
the industrialized nations of the world. 

In this chapter, we examine these problems in 
the context of history. How did the present circum- 
stances arise? What has been the reaction, partic- 
ularly with respect to technology change? What may 
future circumstances be? Will we be able to main- 
tain a stable future? What part can R&D play? We 
hope to give the reader a sense oI where we are, 
how we got here, and what the uncertainties and 
options are for the future. 

21. THE WORLD BEFORE 1973 

Since our prospective time frame is 50 years, it 
might be instructive to look back 50 years as well. 
In 1937, the energy system was qualitatively not very 
different from what it is today. Our nation used 
much less energy, to be sure-about one-fourth as 
much as in 1987-but we were drhjng cars, flying 
airplanes, and refrigerating our f d  with electricity 
and gas. We were not yet enjoying air conditioning 
on a large scale. Coal was king, but oil was rising 
fast, and electricity was on the way to becoming 
universally available (with the Tennessee Valley 
Authority and the Rural Electrification Administra- 
tion). Then, as now, fossil fuels supplied nearly all 
commercial energy, and about the same amount of 
wood fuel was used then as now. Essentially all 
energy sources were indigenous. Pollution was bad, 
but much less fuel was being burned; even less coal 
was used (Table 2.1). One difference was that 

nuclear power had not been invented, but we were 
using wind power. In 1937, energy was not a na- 
tional issue, but electrification was. 

Over the next several decadcs, coal lost market 
share to oil, gas, and hydropower. World War 11 was 
followed by 25 years of general economic growth, 
and although energy use rose by a factor of four, 
energy supply was not a problem. Total energy use 
rose roughly in proportion with the Gross National 
Product (GNP), and clectricity and gas rose more 
rapidly. To fuel this economic growth, we began to 
import cheap oil from the Middle East as domestic 
sources became more expensive. By 1957, net 
imports had risen to 12% of total petroleum use; by 
1967, to 19%; and by 1973, to 37%. This glut of 
cheap oil was devclopcd and controlled by a group 
of U.S. and Western European oil companies, the 
so-called seven sisters. They played the same role 
internationally as the Texas Railroad Commission 
did domestically. They stabilized oil supply and oil 
prices. 

The cost of oil and gas was so low that our cars 
got bigger, we neglected to insulate our homes, and 
our industries failed to improve their energy produc- 
tivity as they had in previous decades. Also, in thc 
19#s, nuclear power became commercial with the 
hope of providing inexhaustible power at low cost. 

Something else happened in the 1960s: an 
upsurge of environmental awareness that became 
and has remained a crucial force in the energy 
system and in energy technology development and 
deployment. For example, in the late 1960s and early 
1970s, a shift from coal to oil and gas for electricity 
generation was encouraged, a trcnd reversed after 
the Arab oil embargo but one that is apparent again 
today. Also, the earnest questioning of nuclear 
power began in the early 1970s and was the cause 
of the Calvert Cliffs dedsion in 1971 requiring the 
Atomic Energy Commission to conform to the 
National Environmental Policy Act in licensing 
nuclear power plants. The questioning has grown 
steadily to  this day. 
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Table 21. US. and world primary energy use and associarod CO, emissionsa 

Oil 
CO? 

Total Hydro- Total emissions EfGNP Efcapita 
% oil Gas Coal Fossil electric Nuclear prirnaw (id5 g [Id Btul (106 Btul 

imports q %  q % q % q % q % q %  9 C&r) (1982)%] pe-n) 

1937 
US. 7 33 2 11 12 55 21 '99 0 1 21 0.4 29.8 161 
World 12 20 3 5 4 5  7 5 6 0  9 9 0  1 60 1.2 29 

1947 
U.S. 12 36 4 13 16 50 32 99 0 1 
World 18 24 6 9 4 8  6 6 7 2  9 9 0  I 

1957 
W.S. 12 18 44 10 25 11 27 39 % 2 4 
World 35 33 12 11 53 50 100 94 6 6 

1967 
us. 18 25 44 18 31 12 21 55 96 2 4 
World 70 40 30 17 65 31 165 94 11 6 

32 0.7 29.9 221 
72 1.4 32 

40 0.8 26.1 236 
106 2.2 31 

58 1 .O 25.3 290 
176 3.3 51 

1973 
U.S. 37 35 47 23 30 13 17 70 95 3 4 1  1 14 1.3 27.1 35 1 
World 111 47 42 18 66 28 220 94 13 6 2  1 235 4.5 M) 

1977 
US. 49 37 49 20 26 14 18 71 93 3 3 3  4 76 1.3 25.8 344 
World 118 46 46 18 73 28 237 92 15 6 5  2 258 4.8 61 

1985 
us. 29 31 42 16 24 17 24 66 90 3 5 4  6 74 1.3 20.1 309 
World 112 38 59 20 90 31 260 E48 20 7 14 5 295 5.3 61 

1966 
U.S. 36 32 43 17 23 17 23 66 89 3 5 4  6 74 1.3 20.0 308 
World 115 38 59 20 92 31 266 88 21 7 15 5 302 5.4 61 

1987 
us. 37 33 43 17 23 18 24 63 89 3 4 5  6 76 1.3 19.9 312 
World 117 38 62 20 95 31 273 88 21 7 16 5 310 5.5 62 

ONo?e: Total primary energy in  this table does not inciude biomass. Energy from biomass is estimated lo be 2 to 3 quadsbear in rhe Ur,ited Statzs and probably 
ten to twenty times as much worldwide. Columns headed by "q" represent the energy supplied by each suurcz in quads. 



Sources: 

Energy: U.S. 
1973-1987: 

1957, 1967: 

1937, 1947: 

Energy: World 
1%7- 1987: 

1957: 
1937, 1947: 

CO, emissions: World 
1937-1982: 

1985-1987: 

C 0 2  emissions: U.S. 
1937- 1987: 

Gross National Product: U.S. 
1937- 1985: 
1986, 1987: 

U.S. Department of Energy, Energy Information Administration, MunthCy Energy Review, Feb. 1988, 

U.S. Department of Energy, Energy Information Administration, Annual Energy Review 1986, DQEEIA- 
0384(86), 1987. 
Putnam, Palmer C, Energy in the Fucure, New York: D. Van Nostrand, 1953, pp. 374, 379. 

DOE/EIA-0035(88/02), p. 7. 

British Petroleum Company, BP Statistical Review of World Energy, various editions, including June 1988. 
(Given in metric tonnes of oil equivalent and converted to quads at 104 caloriedgram = 39.685 * lo6 
Btu/tonne (metric tonne of oil equivalent), as defined by BP. 
United Nations, "World Energy Supplies, 1950-1974," UN Statistical Papers, Series J, No. 19, 1976, p. 3. 
Putnam, Palmer C., Energy in the Future, New York D. Van Nostrand, 1953, pp. 441-42. 

U.S. Department of Energy, Atmospheric Carbon Dioxide and the Global Carbon Cycle, DOEER-0239, 
December 1985, pp. 69-70. 
Computed from oil, gas, coal energy consumption using coefficients derived from DOEER-0239. 

Computed from oil, gas and coal consumption using coefficients 17.4 grams carbon/MJ for oil, 13.7 g C/MJ 
for gas, 23.9 g C/MJ for coal (18.35, 14.45, 25.21 @lo3 Btu respectively), taken from R. M. Rotty and G. 
Marland, "Constraints on Fossil Fuei Use," pp. 191-212 in W. Bach, J. Pankrath, and J. Williams, Eds. 
Interactions of Energy and Climate, Boston: B. Reidel Publishing Co., 1980. 

U.S. Department of Commerce, Sunwy of Current Business 66(2), 20, Feb. 1986. 
Survey of Current Business 68(4), 10, April 1988. 

Population: US. 
U.S. Bureau of the Census, Historical Staristics of the United States, 1970; Statistical Abstract of the United 
States, 1987. 

World 
1937, 1947: 
1957-1987: 

Putnam, op. cit. 
United Nations, World Population Prospects, Population Studies No. 98, p. 48, New York, United 
Nations, 1986. 



Then came the Yom Kippur War and the Arab 
oil embargo of December 1973, and suddenly energy 
was a prominent national issue. The system, stable 
for so many decades, was suddenly very unstable. 

22 THE WORLD AFTER 1973 

By 1973, oil was supplying half our total energy 
requirements, and our net imports were 37% of 
petroleum use (Table 2.1). Although the Arab oil 
embargo did not actually result in any huge physical 
curtailnient of U.S. supply, it was certainly sufficient 
to cause the world price of oil to triple in a few 
months. Thc U.S. consumer did not immediately see 
a price rise of this magnitude because of price 
controls, but the embargo resulted in gasoline 
shortages, lines at filling stations, and an econoniic 
recession. 

The embargo triggered a great flurry of actions 
by the government and other institutions, as well as 
by individuals. Many laws were passed that changed 
the rules of the energy system management. Among 
these actions was the institutionalization of a 
national energy R&D establishment. It included the 
Electric Power Research Institute (EPRI), formed in 
1973 to stimulate R&D on the electricity systcm. 
The Energy Research and Development Administra- 
tion (ERDA was formed in 1974 to consolidate the 

energy-related R&D activities of the government, 
and was in turn subsumed into the Department of 
Energy (DOE) in 1977. Also, in 1974 the Solar 
Energy Research Institute was founded and became 
one of the DOE laboratories. The Gas Research 
Institute (GRI) was organized in 1978 to do for gas 
what EPRI did for electricity. No such umbrella 
R&D organbation has been established for petro- 
leum, although it has often been suggested and is 
still an active topic. The fact that it has not materi- 
alized i s  tcstimony to the strength and tradition of 
R&D in the oil industry. Since the formation of this 
national R&D establishment, virtually all aspects of 
energy technology have become the subject of R&D 
to some degree. 

Just as the first oil price shock in 1973-74 was 
unexpected, so too was the second, which was 
triggered in 1979 by the Iranian rcvolution. The 
word "triggered" i s  probably appropriate because the 
sudden price change was not transient but remained 
high for several years after the shift. This time oil 
prices doublcd, causing an inflationary recession. 
Aka, prices were passed along more rapidly to the 
U.S. consumer because oil price dcrcgulation was 
well under way. In Fig. 2.1, the recent price shocks 
are put in the perspective of historical trends since 
1860. Although oil prices have fluctuated a good 
deal in thc past, the price increases of the 1970s 
were by far the largest in modern times. 
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Fig. 2.1. Historical trends in oil prices (constant 1987 ddhrs per barrel). Source: API, DOC, and WAC estimates. 
Redrawn with permission from A. E. Sieminski, "Future of Oil: Supply and Price Trends," County NatWesWashington 
Analysis Corporation, paper presented at 1988 Energy Technology Conference, Washington, D.C., Feb. 18, 1988. 
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The economic response to these two oil price 
shocks was classic: demand for oil moderated, as did 
the demand for energy sources in general (Fig. 2.2), 
and supply increased. But the magnitude of the 
moderation was unexpectedly vigorous. In the mid 
197Os, few people expected that the U.S. would be 
using the same quantity of primary energy in 1986 
as it did in 1973, and about $% less oil; yet during 
tke same period, the GNP rose 35% in constant 
dollar terms, and the population increased by 13%. 
The same general behavior was exhibited by other 
industrialiiad nations, as indicated by Figs. 2.3 and 
2.4. Figure 2.3 shows a plot of annual energy use 

i 

i 

tW 40 I I I I I I 

rose 73%. Per-capita energy use also rose for non- 
OECD countries, as indicated in Fig. 2.5. As a 

divided by GNP for total energy, oil, and electricity, 
all normalized to the values in 1973. Total primary 
enera/GNP (E/GNP) for the United States de- 
creased 27% between 1973 and 1987. Figure 2.4 
shows that the Organiiration for Economic Cuopera- 
tion and Development (OECD) countries* com- 
binedwould have used 26% (41 quads) more primary 
energy in 1987 if the ratio of energy use to GNP 
had remained the same as it was in 1973. The 
OECD countries used 9% less oil in 1987 than in 
1973, although demand has risen 4.4% since 1985. 

For the rest of the world, the demand for 
energy has been qualitatively similar in some re- 
spects but different in others. Oil use for the rest of 
the world rose by 50% from 1973 to 1987, but about 
two-thirds of that increase occurred between 1973 
and 1979. Total energy use by non-OECD countries 

01 I I I I I I lo widened, beginning in 1979, as shown in Fig. 2.6. 
From 19Sl to 1985, the constant dollar price of oil 
declined steadily, as shown in Fig. 2.1. Then in 
January 1986, oil prices crashed by one-half with 
Saudi Arabia’s decision not to support a price of 
$28/bbl. A$ with the price rises, this sudden drop 
was generally unexpected. 

It is a reasonable contention that the large gap 
b e t ~ a ~  Production capacity and oil consumption 
ultimately led to the collapse of oil prices in January 

1920 rmo 1w 19-50 1980 1970 1980 1990 

WAA 

Fig. 2.2 Total prjmary energy cOrtSwnpbOn in tho 
W~ited !%es (1-1987) and ltte Bnergy use 
(E) to Gross (GNp)- Sources: GNP: 
US. Department of Commerce, Survey of Current 
Business, Feb. 1986, April 1988 (see Table 2.1). E: 
DOEIEIA, State Energy Data Report, 196686, DOE/EIA- 
021 (861, p. 21. DOE/EIA ~onthly Energy Review, DOE- 
EIA-0035 (88/2), p. 7. 

*The OECD comprises the following nations: Austria, Belgium, Denmark, Finland, France, Greece, Iceland, Republic of Ireland, 
Italy, Luxembourg, Netherlands, Noway,  Portugal, Spain, Sweden, Switzerland, Turkey, United Kingdom, and West Germany; Canada 
and the United States; Australia and New Zealand; Japan. 
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1986. In fact, the Energy Information Administra- 
tion (EN) has proposed a correlation between 
yearly changes in oil prices and the percentage of 
the oil production capacity of the Organization of 
Petroleum Exporting Countries (OPEC) that is 
actually used (EIA 1985). A pIot similar to the one 
used by EIA is shown in Fig. 2.7. The dashed line 
suggests that world oii prices do not change much 
when OPEC production is between 70 and 80% of 
capacity. When production exceeds 85% of capacity, 
prices rise precipitously, and when production falls 
below 60 to 70% of capacity, prices drop. 

During this trauma with oil markets and energy 
system changes and adjustments, the United States 
did not falter in its commitment to improve the 
environment. During the 15 years since 1973, 
environmental legislation continued to be enacted at 
a furious rate, including toughened restrictions on 
air emissions that affected highway vehicies and 
stationary power sources just when the emphasis was 
to improve the efficiency of the former and to 
switch the latter to coal. Other legislation involved 
the handling of toxic and hazardous substances, 
including nuclear wastes. In addition, the Three-Mile 
Island accident in 1979 resulted in the reevaluation 
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of the safety of eve7  nuclear plant existing or under 
construction and the redesign or retrofitting of most. 

All of these substantial changes in the system 
were not without their costs. Both of the oil price 
increases led to or exacerbated recessions and were 
factors in painful industrial dislocations and the 
decline of energy-intensive heavy manufacturing. The 
latter was caused in no small measure by stiff 
competition from abroad. It is fair to say that energy 
prices experienced by U.S. industries during this 
period were no higher (and often lower) than those 
experienced by our foreign competitors, but high 
interest rates made needed capital improvcments 
costly. These high rates, in combination with rising 
energy costs, environmental restrictions, and compe- 
tition, contributed to the enormous dislocations in 
U.S. industry from which the country has yet to fully 
recover. In macroeconomic terms, the growth of the 
U.S. economy, which had averaged 3.6%/year be- 
tween 1950 and 1973, slowed to 2.4%hear between 
1973 and 1987. 

Thus, the oil price shocks of the 1970s were 
perhaps the most visible of a series of external 
shocks to the U.S. economy. A4 popular belief in the 
1970s was that the US. economy would remain 
dominant in the world regardless of developments 
elsewhere. Still, retrospective analysis indicates that 
the economic situation was changing even before the 
oil price shocks. For example, the growth rate of 
labor productivity in America fell from 2.0%/year 
(1960-68) to l.S%/ycar (1968-73), l.O%/year (1973- 
78), and 0.6%/year (1978-85). Although no clear 
consensus exists about the reasons for this decline 
(Wolff 198S), there is agreement that significant 
changes in the rate of productivity growth have 
occurred over the past two decades. 

The supply shocks of the 1970s were particularly 
suitable to a supply-push inflationary adjustment; 
and indeed that is what happened. In each of the oil 
price shocks, U.S. labor became less productive in 
real ternis. In Fig. 2.8, a simple estimate of the 
impact of the oil shocks is illustrated in terms of 

16 Chapter 2: The Energy Sysmn in 1988 



/- 

- ACTUAL / - / 
118 c 
108 

98 

88 

78 

0 
0 

- 2 0  

------ HYPOTHETICAL 

*.** /.*- 0 
(WITHOUT OIL SHOCK) 

- - HYPOTHETEA1 0 
(NO SHOCKS) 

6BW ' I '  I I I I I I I I I " ' I ' I ' 
60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 

YEAR 

Council ;d Economic Advisors, Economic Report of the 
President, 1987, Table 843, p. 294. 

average real compensation in the business sector. 
The line labeled "Hypothetical (no shocks)" extrapo- 
lates from 1973 by using the 1W-73 trend in real 
wages. This line indicates the level that real w a g s  
wauld have reached if there were no post-1973 
declines in the trend. The line labeled "Hypothetical 
(without oil shocks)" extrapfates from 1973 using 
thc post-1973 average trend in real wages. This 
extrapolation takes into account that other condi- 
tions were changing, lowering American labor 
productivity. Comparing this line with the actual 
trend line suggests that the typical American worker 
is now significantly poorer as a result of the oii- 
price shocks. 

In summary, the U.S. and world energy systems 
have responded to the oil price shocks by very 
significant adjustments and fuel switching on the 
source side of the equation and by very substantial 
increases in the efficiency of energy use on the 
demand side. These efficiency improvements have 
been largest in OECD countries, The systems 
remain dominated by fossil fuels just as they were 50 

years ago, but today oil instead of coal is the 
principal fuel type. However, since the Arab oil 
embargo, oil consumption has risen and fallen back 
to below 1973 levels, whereas coal has experienced 
significant growth, as have gas, hydropower, and 
nuclear power. Over the past 15 years, the world- 
wide growth of nonfossil fuels has been much faster 
than fossil: 3%&ear for hydropower and 15%/year 
for nuclear power, compared with onty lJ%&ear for 
fossil fuels of all types. 

Thus, although much about the energy systems 
of the world and the United States remains qualita- 
tively the same as before the Arab oil embargo, and 
although the systems are ponderous with much 
inertia, they have changed and are continuing to 
evolve slowly. Are the systems as stable as they were 
before the embargo? We return to this question in 
Sect. 2.5 when we talk about chronic system prob- 
lems, but first we review in somewhat more detail 
what has happened since 1973 in each energy-use 
sector and with each energy source, highlighting 
both difficultics and promise. 
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2.21. Energy End Use 

In thc mid 197Os, few people expected that the 
United Statcs would use the samc quantity of 
prima9 energy in 1986 as it did in 1973. The 
apparent increase in the productivity of energy use 
by the US. economy, as measured by the ratio 
E/GNP, occurred in all end-use sectors (Le., build- 
ings, industry, and transportation. This behavior is 
shown in Table 2.2. For residential buildings, the 
energy use per household decreased from about 215 
milliori Btu/year in 1973 to about 174 million 
Etuiycar in 1983-a 19% reduction. Annual energy 
use per square foot in commercial buildings ap- 
parently dccrcased about 7%, although it is difficult 
to know how mush allowance to make for unoccu- 
pied space. Obviouqly, some of these changes were 
caused by lifestyle changes, such as turning down 
thermostats, and some were caused by technical 
improvemcn&, such as installing niorc insulation, 
tightcning up buildings, or using more efficient 
equipment for heating, ventilating, air conditioning, 
and lighting. For residential use, some apparent 
improvement was also caused by the increased use 
of wood for heating, which is not accounted for in 
Tablc 2.2. From numcrous studies, however, it is 
clear that much of thc improvement can be attrib- 
uted to technical changes. 

Similar improvements occurred in the industrial 
sector, where energy use per dollar of output 
decreased by 30%. Probably a third or more of this 
improvement resulted from structural changcs in the 
industrial sector (Le., a shift away from energy- 
intensive manufacturing, although it appears that 
heavy manufacturing is making a bit of a comeback 
today). Nevertheless, one-half to two-thirds of the 
apparent reduction in energy use per unit of output 
in the industrial sector has been caused by inzprove- 
mcnts in energy-use efficiency (DOE P987a). 

Ira the transportation sector, similar improve- 
ments were observed. Energy use per vehicle mile 
dropped 22% for automobiles and 18% for light 
trucks. Very little change in energy used per vehicle 
mile was observed for heavy t rucb  and buses, 
although with this measure significant technical 
improvements are obscured by trends towards 
heavier trucks and multiple-trailer truck$, as well as 
by a retreat from the lower highway speeds of the 
1970s. Tbc automotive fleet efficiency continues to 
improve as new cars replace the old. Improvements 
are causcd by smaller, lighter vehicles with less 
aerodynamic drag and by innovations such as radial 

tires and microelectronic-controlled fuel injection 
and ignition. For the scheduled airlines, energy use 
per passenger mile decreased by 43%. Part of this 
decrease was the result of increased passenger 
loading, but significant technical improvements were 
also made. 

It should be noted that no apparent improve- 
ment in the efficiency of electricity generation (also 
shown in Table 2.2) occurred in the United Statcs 
during this period, partly because the efficiency of 
the steam Rankine cycle used in modern coal-fired 
steam plants has not increased in the past several 
decades and because many plants were derated by 
the addition of emission control devices. 

In addition to efficiency improvements, signi- 
ficant fuel switching occurred. In the buildings 
sector, the use of petroleum products dropped about 
50% for residences and about 28% for commercial 
buildings between 1973 and 1983. During the same 
period, overall energy use staycd about constant for 
residences but grew about 15% in the commercial 
sector, indicating the significance of the shift away 
from oil in both of these sectors. Similarly, in 
electricity generation, petroleum use dropped 63%, 
from 3.5 quads in 1973 to 1.3 quads in 1987, despite 
the fact that electricity demand grew 38%. The 
situation is not nearly as clear for industry. Never- 
theless, the industrial sector decreased its use of oil, 
gas, and coal by almost 7 quads between 1973 and 
1983, while increasing its use of electricity by more 
than I quad, including losses in generation and 
distribution. 

It is possible that some productivity imprave- 
menr in the end use of energy will continue despite 
lower fuel prices. Even at today’s prices, many 
efficienLy improvements are still good investments 
(Rosenfeld and Hafemeister 1988), and as the sap- 
ita1 stock turns over, they will be made. Second, 
various standards have permeated society, including 
new building codes, efficiency standards for appli- 
ances, and the Corporate Average Fuel Economy 
(CAFE) standards for new automobiles and light 
trucks. A great deal has been lcarned about efficient 
energy use, and this knowledge has been or is being 
incorporated into the standards and practices of the 
engineering and architectural community and into 
the university curricula of these professions. 

Third, new technology is being developed that 
should continue to fuel the efficicnq revolution. 
Figure 2.9 indicates current estimates by DOE of 
the potential rcduction in energy use if tcchnologics 
now being developed under DOE programs are coni- 



Tablc 22 Apparent mluctions in energy intensiyacss of end-use 
scdors in the US. economy, 1973-1983 

Buildings" Industry Transportation" 
Residential Commercial Automobiles Light trucksh Airc Electricity 

1973 14.6 9.5 31.6 9.83 2.10 1.44 19.8 
1978 15.6 10.5 31.5 10.21 3.01 1.44 23.6 
1983 14.6 20.9 25.7 8.74 3.19 1.44 24.6 

Activity output  Net 
lcvcl Number sq. fr. (i ndexed Vehicle Vehicle Passenger electricity 

of house- floor to 100 miles/ mi les/ miles/ generation 
holds area for 1967) year year year (quads) 

1973 a x  106 41 x 109 127 1.05 x loi2 177 x lo9 162 x lo9 6.35 
76 x 106 47 x 109 147 1.15 x 1012 279 x 109 227 x 109 7.53 

1983 84 x 1v 51 x lo9 147 1.20 x 10l2 328 x lo9 282 x 10' 7.89 

Energy 
F*P Quad/ Btu/ input/ 
unit l@ 5tu/ l@ Btul output Btuj Btu/ passenger clcctricity 
activity houschold sq. ft. index mile mile mile gcneratiori 

1973 215 0.23 0.25 9400 11,900 8900 3.11 
1978 205 0.22 0.21 8900 10,800 6300 3.14 
1983 174 0.22 0.17 7300 9,700 5 100 3.12 

"Energy use is on a primary cncrgy basis and includcs losses in electricity generation, transmission, and 

bRcportcd by Federal Highway Administration as two-axle, four-tirc trucks. 
c&rtificatcd routc air carriers; does not include general aviation. 

Sources: Energy Information Administration. 1983. State Energy Data Report. DOE/EIA-0224(83) and 
(86). U.S. Dcpartment of Transportation. 1985 Fcdcral Highway Administration, Highway Statistics. Davis, 
S. ,  D. Shonka, and P. Hu.  1988. I988 Auroninted Transportdon Energy Dntn Book. Draft. Oak Ridgc 
National Laboratory, Oak Ridgc, Tcnn. To be published as Edition 10 of the Trimportiirion Energy Darn 
Book. 

distribution. 

mcrcially succcssful and pcnctratc the market Somcthing else happencd during the past 15 
substantially by 2010 (DOE 1987h). Specifically, it years. An cnergy consenation ethic grew. Pcople fclt 
indicates a potential reduction in primary energy that saving energy was the right thing to do. Also, 
requirements of 22% and a rcduction in petroleum they could protect lhemselves somcwhat against rhc 
products o f  38%. Other studics of the energy uncertainties of energy prices and often save money; 
efficiency improverncnt potential for the llnited but sincc the price crash in 1986, this ethic may bc 
States show similar rcsults (Sce, for cxamplc, the waning. 
synopsis by Carl and Schcer 1987). 
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2 2 2  Energy Sourccs 

Oil 
Refined liquid petroleum products are marve- 

lous fucls. They are relativcly clean burning, they 
have very high energy density (energy per unit 
volume or mass), and they are liquids at room 
temperature, making them easy to  handle, pump, 
and store. They are wonderfully portable and 
transportablc fuels, and they are easily used at any 
scale from very large to very small equipment. 
Consequently, petroleum products supply virtually all 

of our transportation energy, and two thirds of total 
petroleum use goes to transportation. Transportation 
is the critical use that makes us so dependent on 
petroleum. 'The other onc-third of the uses arc more 
easily substitutable, except in the use of petroleum 
as a chemical feedstock and for farm equipment. 

The problcm, of course, is the geopolitics and 
cconomics of pctrolcum because most of thc lnw- 
cost oil is in the Middlc East, an unstable part of 
the world. Figure 2.10 shows the geographical 
distribution of the reserves and cstiniated undis- 
covered resources of pctrolcum. At present usc rates 

20 Chapter 2: The Energy system in 1988 



Quads 

3,(HN) 

............................................................................... 

Undiscovcred 

........................................................................ 

........................................................................ 

................. 

USA Other America USSR ,9;1 i d 

Fig. 210. WCWM oil TBSWITCBS as d Jan. 1,1985; cumulative production, ident i i  resBNBs, and undiscovered 
resour- d CNde oil by regions. Source: C. D. Masters et al., World Resources of Crude Oil, Natural Gas, Natural 
Bitumen and Shale Oil, Twelfth World Petroleum Congress, Houston, 1987. 

these "conventional" petrolcuni resources are equiva- 
lent to about a m-year supply for the world as a 
whole, but only about 15 ycars for ihe United 
States, which explains forecasts of increased reliance 
on foreign sourccs. 

Although conventional and inexpensive petro- 
leum is a limited resource both in quantity and 
geographically, fossil fuel in general is a very big 
resource. Figure 2.11 shows the energy content of 
the various fossil fuels for the United States and the 
world. Vast quantities of lower-grade fossil fuel exist, 
notably coal and oil shale. By comparison, resources 
of oil and gas are relatively very small. At a price, 
the lower-grade fuels can be upgraded to liquids that 
can substitute for petroleum products for transporta- 
tion and other uses. 

Since, 1973, much has been learned about these 
conversion technologies, and many variations have 
been tried. For coal, these include both (1) direct 
liquefaction by hydrogenation, followed by further 

processing and refining and (2) indirect liquefaction 
by gasification, followed by catalytic reforming, as in 
the Fisher-Tropsch process developed before World 
War $1. It may be argued that the cost of producing 
liquids from coal or oil shale puts a cap on world 
oil prices. This cap can be lowered by advances in 
technology. For example, a recent estimate suggests 
that the cost of producing synthetic crude from coal 
via the H-coal process is now as low as $35/bbl 
(Lumpkin 1988). Shale oil is now being produced in 
Colorado by UNOCAL Corporation at a cost of 
about $40 to $45/bbl. 

In addition, many ways have been found to 
extend domestic conventional oil resources, including 
infill drilling (Fisher 1987) and enhanced oil recov- 
ery to extract more oil from presently producing 
formations. Because only about one-third of the oil 
originally in place is extractcd on average using 
present methods, much may be gained by improved 
technology. 
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heavy oil, tar sands, and ail shale resource, Masters et al. 1987; coal, Vol. 2; unconventional gas, enhanced oil 
recovery, and oil shale recovery, estimates by 0. 8. Reister. 

Finally, this hemisphere has huge deposits of 
heavy oils (in Venezuela) and tar sands (in Canada). 
These less conventional sources will be produced as 
the price of conventional oil rises and as the tech- 
nology for producing liquids from these sources 
improves. About 200,000 bbl of oil per day are 
currently being produced from bar sands in Canada, 
although it is unlikely that any increase in produc- 
tion could be justified at current oil prices. Heavy 
oils are produced by steam injection in Canada and 
in California at prices apparently competitive in 
today's oil market. 

From all of these sources, sufficient liquids can 
be supplied using both domestic and foreign re- 

sources to meet an even Substantially increased 
demand. In fact, as shown in Fig. 2.12, a recent 
Chevron projection shows worldwide liquid use 
rising to some 150 quads by 2050 (25% greater than 
current usage), with prices from $6 to $9/million Btu 
(Fig. 2.13). 

In summary, we are totally dependent on 
petroleum for transportation, and cheap petroleum 
is located in the Middle East. However, the United 
States is richly endowed with coal and oil shale, 
which could become abundant sources of liquid fuels 
as the price of petroleum increases and as conver- 
sion technology improves. In addition, domestic 
conventional oil resources can be extended signi- 
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Fig. 212 WorM crude Oa supply as projected by chevron. Source: Redrawn with permission from World Energy 
Outlook, Chevron Corporation, October 1987. 
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ficanrly by enhanced oil recovery and other advanced 
production techniques. Finally, large quantities of 
heavy oil and tar sands are found in this hemi- 
sphere, notably heavy oil in Venezuela and tar sands 
in Canada. 

Natural gas 
Natural gas is the cleanest burning of all the 

fossil fuels and, as a result, requires virtually no 
emission-control devices, provided that combustion 
is arranged to be complete and the temperature of 
combustion i s  not so high that significant quantities 
of NO, are formed from oxidizing nitrogen in the 
combustion air. Often very little processing i s  
required at the wellhead, except to separate hydro- 
carbon liquids and sonie impurity gases accom- 
panying gas production. The products of combustion 
are CO, and water vapor (or condensed water) and 
small amounts of NO,. Consequently, gas i s  an ideal 
fuel for usc in buildings and in urban areas of high 
population dcnsity. It burns so cleanly that it can be 
used vcry efficiently because cleaning devices are not 
required. Fxtracting heat or  mechanical work from 
the combustion process is straightfornard because 
particulate matter that can cause erosion or clogging 
i s  absent and the products of combustion are 
normally not very corrosive, except for condensing 
water vapor. Various ways of dealing with conden- 
sate have been found, 

Natural gas is readily transportable by pipcline 
or. at somewhat greater cost, in tanker ships as liq- 

1.500 

1,000 

Q11ild~ 

500 

0 

uefied natural gas (T.Nti). LNG is produced by 
cooling the gas below the boiling point, -161”C, 
under a pressure of 0.14 MBa (1.4 atm). Compressed 
gas and LNG have been used to fuel highway 
vehicles, but on-board storage is expcnsive, arid the 
range is much more restricted than for petroleum 
liquids. 

Of course, natural gas can be converted into 
other hydroarbon forms, and it is an important 
petrochemical feedstock. It can be converted into 
gasoline or methanol; this technique is being prac- 
ticed i aa  New Zealand, where methane is first 
mnverted to methanol, which, in turn, i s  converted 
to gasoline by the Mobil-MTG process (Musgrove 
1987). This converfion entails a 30 to 40% loss of 
energy, most of which occurs in the  conversion of 
natural gas to methanol (Salmon 1985; Salmon et al. 
1980). Proposals have beeii madc Po convcrt undcr- 
utilized methane, cirrrently produced with oil and 
flared or sometimes reinjccted, into methanol to use 
as a transportation fuel. Recent analysis indicates a 
maximum yield of about 4 quads of methanol 
worldwide from this source (Greenc et al. Vol. 2, 

However, natural gas, like oil, i s  a limitcd 
resource. Potentially recoverable resoiirces of 
conventional &as in the IJAitcd States are estimated 
to be about 190 quads, which is 35 times the current 
annual usagc rate (Fig. 2.14). For all of North 
America, these numbers are 1200 quads and 60 
years, respectively. Unconventional sources in the 
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United States, such as tight sands and gas associated 
with coal, could add another 1300 quads, or 75 
times the present annual use rate, if appropriate 
technologies can be developed. GRJ has projected 
US. demand and supply of gas for the next quarter- 
century, as shown in Fig. 2.15 (GRI 1988). GRI 
projects that gas consumption in the United States 
will remain below 20 quads per year, with an 
increase in acquisition price from the present value 
of $2/million Btu to $6/million Btu by 2010. The 
projected supply mix in 2010 includes some 20% 
imports, mostly from Canada and Mexico. Also, 
some 25% of the supply is assumed to result from 
the application of advanced production technology, 
including recovery from tight formations and the 
development and application of enhanced gas- 
recovery techniques for all kinds of gas-producing 
geologic regimc5. 
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Fig. 215. GRI basefi project&? of suppty of gas. 
"Other Gas Sources" include imports from Canada and 
Mexico, LNG imports, coal gasification, and Alaskan gas. 
Source: Gas Research Institute, 1989-1993 Research and 
Development Plan, April 1988. 

Worldwide conventional natural gas resources 
are estimated to be about 8400 quads, which is 135 
times the present world annual use rate. Most of 
this gas is in the USSR and the Middle East, but a 
substantial amount is also found in other regions of 
the world, as shown in Fig. 2.14. Hence, the geo- 
graphic distribution of natural gas is CotlSiderdbly 
different from that of oil. Thus, although gas is a 
limited resource, especially in the United States, 
suflkient quantities probably exist to supply it at 
present rates for a century or  more worldwide and 
for many decades, even in the United States. 

Because gas is such a clean, efficient fuel, its 
demand might be expected to grow rather than to 
remain constant. The American Gas Association 
(AGA) has projected a considerable increase in 
demand, owing to  new or growing markets, including 
space cooling, compressed-gas-fueled vehicles, 
cogeneration, combined-cycle electricity genera tion, 
and cofiring of gas with coal and other dirty fuels to 
reduce pollution (AGA 1986). Balanced against 
these possible expanded markets are the potential 
improvements in the efficiency of gas use and the 
increasing price of natural gas, both of which would 
reduce demand. The improvement in the efficiency 
of gas-fired equipment has already been impressive, 
including pulsed-combustion furnaces and watcr 
heaters that achieve better than 90% first-law 
efficiency, compared with pre-embargo values around 
60%. Very high efficiency gas rurbincs for electricity 
generation based on aircraft engine technology are 
now coming on the market. 

In many uses (except transportation), gas is a 
good substitute for oil. For many industrial applica- 
tions, especially process heat generation, for the 
generation of electricity by gas turbines or steam 
boilers, and for the supply of space and water 
conditioning for buildings, gas can substitute easily 
for oil products. Gas is also a good chemical feed- 
stock. This substitution has two important conse- 
quences. The first is that gas gives the energy system 
some flexibility in ihe event of an oil shortage, an 
important energy security factor. The second is that 
the price of gas Lends to be tied to that of oil. 

As with liquids, gas of pipeline quality can be 
produced from coal. That is what is happening, with 
government subsidy, at the Great Plains plant in 
North Dakota, which is producing 125 billion 
Btu/day of gas for the pipeline. At today's gas prices, 
the plant is certainly no money maker, but it is 
operating well, and it is the only large-scale demon- 
stration of such technology in the United States. 

In summary, natural gas is the cleanest of the 
fossil fuels and can often bc used more efficiently 
than other sources. It is a mostly indigenous re- 
source, although imports from Canada and Mexico 
are likely to increase. The resource base, including 
such nonconventional sources as tight formations 
and coal-seam gas, is about 1900 quads or about 110 
times the present annual use rate. The recent 
tendency is to consider gas an easy fix for some 
environmental problems and an expedient way to 
increase electricity supplies with a relatively low 
capital commitment. As a rcsult, demand for gas 



may grow, despite impressive iniprovemenes in the 
efficiency of technologies for its use. 

CCXl1 
From i ts  mining to its burning, coal has the 

highest health-related and environmental costs of the 
major energy technologies. However, it is abundant, 
indigenous, and relatively inexpensive. Coal's share 
of U.S. primary energy consumption has grown from 
17S% in 1973 to 24% in 1987, largely because of its 
increased use in electricity generation (46% in 1973 
to 57% in 1987) and to the growth of electricity 
generally. Burning of coal probably accounts for 
over 60% of SO2 emissions and 30% of NO, emis- 
sions. It is a major source of acid in the atmosphere. 
Worldwide, coal burning accounts for about 44% of 
the CO, emissions, gas for 16%, and oil for 40%. 
However, only coal is sufficiently abundant to 
increase atmospheric C 0 2  by more than a factor of 
two (see Table 2.3). 

Nevertheless, much has been done technologi- 
cally to improve the use of coal, including ways to 

mine it that are less ecologically damaging, ways to 
reduce emissions, and ways to convert it to gases 
and liquids. Coal gasification is ,  in fact, being 
practiced around the country for various applica- 
tions. It i s  used as a source of chemical feedstocks 
by Tennessee F ~ s t m a n  in Kingsport, Tennessee, and 
as a m a n s  for reducing SO2 and NO, emissions in 
the generation of electricity, as demonstrated in 
California by the Cool Water Plant, a joint effort of 
Southern California Edison, EPRI, the U.S. Syn- 
thetic Fuels Corporation, and various other partners, 
such as General Electric, Bechtel, Texaco, and a 
Japanese consortium. The Cool Water Plant benefits 
from recent advances in gas turbine technola 
attractive option for electric utilities is to increase 
capacity by incrementally adding very high efficiency 
gas turbines run on natural gas, either in a com- 
bined cycle with a steam turbine or with steam 
injection (Williams and Larson 1388), and backfit 
later with a coal gasifier when the price of natural 
gas increases. 

Fuel 

CO, concentration 
increase ( p p n ~ ) ~  
Fraction of COz 
retained in the 
atmosphere = 

0.4 0.55 0.7 

..... Energy Carbon 
contcnt contenta 

Quantity (10'8 Btu) (10'5 g) 

Oil 1255 x 10' bbl 7 130 24 3 4 43 
(0.2 x 10'2 m3) 

Gas 8200 TCF 8 120 23 31 39 
(232 x 10'7 m3) 

coa I 5500 x 10" g I_ 153 3850 --- 72.3 994 12(,_5 

Total (rounded off) 16s 4100 770 1060 1350 

addition to these amounts of carbon, comparable or larger amounts may be available in other fossil 
rcsourccs such as hcavy oils, oil shales, tar sands, lower grades ol  coal, etc. Thus, the quantity of carbon 
ultimatcly relcased t o  the atmosphere as COz could conceivably bc half again as much, or twice as much, 
as the total shown in the table. 

bThese hypothctical increases may be compared with thc preindustrial CO, concentration (about 270 
ppmv), the  present concentration (350 ppmv), or the current arinual increase (about 1.5 ppmv@car). In thc 
atmosphcrc, 1 ppm of C 0 2  by volume, uniformly distributed, equals about 2.13 Gt of carbon, o r  7.81 Gt o f  
CO,. Thus, 350 ppmv CO, corresponds to 745 GtC. (1 Gt ::: lo9 tonnes = 10" 9.) 

___ 
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Significant progress has been achieved with flue 
gas desulfurization (FGD) processes (or deacidifica- 
tion, if the process includes NO, removal along with 
the SO, removal). These include wet scrubbing, 
spray dry scrubbing, and dry scrubbing stack gas 
processing techniques. The reliability and efficiency 
of such methods is improving, although much work 
remains to be done, and the disposal of solid 
residues is a significant problem. Also, FGD reduces 
the net efficiency of a conventional electric gener- 
ating steam plant by about 5%. 

Other approaches to NO, and SO, emission 
reduction include fluidized-bed combustion and 
direct sorbent injection into the furnace (e.g., 
slagging combustors). NO, emissions from fluidized- 
bed combustion are Low because of the low combus- 
tion temperatures of the bed. Reduced NO, emis- 
sions can also be achieved by various combustion 
modification techniques such as staged combustion, 
flue-gas recirculation, or reburning (e& with natural 
gas), which reduce the formation of NO, or by 
various downstream NO, removal strategies such as 
selective reduction of NO, (with or without cata- 
lysts) by injection of reducing agents such as am- 
monia, urea, cyanuric acid, or  ammonium sulfate 
(see Heap et al. 19% and NAF'AP 1987). The latter 
strategies (selective reduction of NO, in flue gases) 
can yield lower overall NO, emissions but are likely 
to be more expensive and significantly increase 
emissions of N,O, which contributes to destruction 
of the ozone layer. NO, removal can also be com- 
bined with SO, removal by adding iron chelates to 
a wet alkali SO2 scrubber, as in the experimental 
ARGONOX process {Haznzat World 1988). 

As the national effort to control acid rain 
increases, these technologies will be applied gen- 
erally. A recent study by DOE (DOE 1987~) argues 
that if aging coal-fired electric-generating plants are 
replaced by more efficient fluidized-bed combustion 
facilities or advanced integrated gasification com- 
bined cycle plants {an advancement over the Cool 
Water Plant), SO2 and NO, emissions can be 
reduced significantly, and at the same time, electric 
generating capacity can be increased due to the 
improved generating efMency of the new technol- 
ogy. The overall cost will be comparable to that of 
extcnding the life of aging plants and retrofitting 
with FGD devices. 

In summary, coal has serious environmental 
liabilities, but it is plentiful and cheap. Advanced 
technology is providing the means to use coal more 
cleaniy and without a significant reduction in 
efficiency. As natural gas and petroleum become 
more expensive, coal can be used to produce sub- 
stitute liquid and gaseous forms of hydrocarbons. 
One large unknown, of course, is what impact the 
greenhouse effect will have on the use of coal. 

Nuclear fission 
During the past 15 years, public acceptance of 

nuclear p e r  and its attractiveness to electric 
utilities have been greatly diminished. In that time, 
no orders were placed for nuclear plants in the 
United States that were not subsequently canceled. 
This de facto moratorium was caused primarily by 
lower-than-expected growth in electricity consump- 
tion that led to excess generating capacity; but it was 
also caused in part by a combination of problems 
and issues, ranging from safety concerns (exacerbated 
by the Three-Mile Island and Chernobyl accidents) 
to escalating costs (partiaIly related to safety), and 
to the difficult question of disposing of high-level 
radioactive wastes. Fully satisfactory technical fiies 
have not been forthcoming. However, steady prog- 
ress is being made on nuclear wastes; passively safe 
or more nearly inherently safe new reactor types are 
being designed; and backfitting existing plants with 
additional safety systems is virtually completed. 
Institutional fmes, such as regulatory reform, havc 
been controversial. As the de facto nuclear morator- 
ium in the United States continues, the loss of 
infrastructure, including creative people to develop 
advanced concepts, grows. Despite these problems, 
nuclear power produced about 18% of the nation's 
electricity in 1987, which is more than from any 
other source except coal, and more than from oil 
and gas combined. 

Great variability exists in the cost and operating 
experience of nuclear utilities across the country. 
Over the past decade, the "overnight" costs* of 
nuclear power plants have generally increased 
because of real increases in material, equipment and 
labor costs, but with a large spread around the mean 
(Hewlett, Cantor, and Rizy 1986). Operating costs 
(EIA 2988b) and capacity factors (the power pro- 

"Overnight costs are the estimated costs in constant dollars as if the plant could be built overnight. Thus, financing costs are 
not included. 



duced as a fraction of the rated capacity of the 
plant) have also varied greatly among U.S. nuclear 
plants. This  large variability indicates both the 
difficulty of managing nuclear technology and the 
importance of potential improvements. In a recent 
report projecting the costs of nuclear plants com- 
pared with those of coal (Williams et a!. 1987), coal 
was generally cheaper than nuclear when the com- 
parison was based on the median cost of recently 
completed plants, but nuclear was generally less 
expensive than coal in most regions of the country 
when the comparison was based on the most favor- 
able costs of reCent plants of both types. This great 
variability in experience suggests that perhaps the 
industry tried to grow too fast (Crane 1988). 

If nuclear energy is tO be retained in the United 
States, several conditions need to be met (Crane 
1988; Traugea: et al. 1986): 

1. 

2. 
3. 

4. 

Tks: existing plants must be operated safely and 
reliably. 
Waste management issues must be resolved. 
A second generation of nuclear power plant 
must be developed that has passive safety 
features for increased protection of workers, the 
public, and the capital investment. The technol- 
ogy would be niore attractive if it can be eco- 
nomically deployed in sizes much smaller than 
lo00 MW(e). 
Standard designs for either the whole plant or 
a11 portions critical to safety must be licensable. 

Whether these conditions are sufficient for the 
revitalization of nuclear power is unknown. That 
may depend to a considerable extent on what hap- 
pens with competing, alternative energy sources, 
particularly coal. It should be remembered that 
around the world, including the United States, 
nuclear fission, hydroelectricity, and biomass are now 
the only large-scale nonfossil sources available; of 
these, only nuclear power is capable of growing to 
supply a substantial fraction of energy needs met 
today by fossil fuels, and at a roughly comparable 
cost. 

~ ~ ~ ~ b l ~  
Since the Arab oil embargo, much attention has 

been focused on the so-called renewable energy 
sources. Most forms are either limited in availability 
and/or geography (i.e., geothermal, biomass, hydro- 
electric, ocean thermal energy conversion) or are 
intcrniittent (is., direct solar and wind). Neverthe- 

less, the combination of these s o u ~ m  could play a 
more important role in the future, especially if the 
costs of fossil and nuclear energy rise. Direct solar 
radiation is, after all, one of the three large, virtually 
inexhaustible resources. Furthermore, although it is 
of low and variable intensity, i t  is ubiquitous; and it 
has great emotional and aesthetic appeal. Tech- 
nological advances have been substantial, from 
improvements in the efficiency of wood stoves for 
heating the home to photovoltaics, the price of 
which has dropped by an order of magnitude or 
more in 10 years (see Fig. 2.16). 
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Fig. 216. !%I& cell pr0duC;lian and costs. Sources: 
from "Photovoltaic Power," Yoshihiro Harnakawa. Copy- 
right @ 1987 by SCI€NT/F/C AMERICAN, Inc. All rights 
reserved. Vol. 256 (Issue 4), pp, 86-93 (April 1987); EPRl 
Journal, pp. 5-15 (Jan./Feb. 1987). 
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Biomass. In many parts of the world, biomass 
remains a major source of energy, mainly for warm- 
th  and cooking and mainly in traditional forms such 
as fuel wood, forest residues, and both agricultural 
and animal wastes. Worldwide, it contributes per- 
haps one-tenth of total energy supply. However, 
biomass has not generally been viewed as an impor- 
tant energy source for the future: dwindling supplies 
would be overwhelmed by increasing demand, and 
traditional forms would be poorly matched to the 
needs of more technically oriented societies. 

That view may be changing. Emphasis is increas- 
ingly placed on conversion of biomass into energy 
forms-liquids and gases-that can be used more 
conveniently, more cleanly, and more efficiently. 
Furthermore, prospects for greatly enhanced produc- 
tivity (mass per unit area per year) increase the 
likelihood that biomass can contribute significant 
amounts of energy in some industrial countries such 
as the United States. 

Leaving aside food, biomass supplies 2 to 3 
quads of energy annually in the United States, 
mostly for pulp and paper operations or for residen- 
tial wood stoves. Ranney et al. (Vol. 2, Sect. 2.4.2) 
cstimate that it should be possible to derive about 
14 qua& of high-quality fuels (mainly liquids) from 
30 quads of feedstocks drawn from various sources, 
including commercial forests, forest residues, agricul- 
tural wastes, municipal solid wastes, wood and 
herbaceous energy crops, aquatic energy crops and 
others. The 14 quads is the net amount after deduct- 
ing energy inputs required for acquisition and 
processing of the feedstocks. These amounts are not 
the maximum amounts that could be produced in 
the United States but rather the amounts estimated 
to be obtainable at costs only slightly above present 
fossil fuel costs and without seriously distorting 
markets for other commodities such as food and 
forest products. Thus, biomass might someday 
become an important source of liquid fuels for 
transportation if costs can be substantially reduced, 
and some steps in that direction have already been 
taken. During the late 197Os, government subsidies 
in the form of tax exemptions were introduced to 
promote the production of ethanol from corn as a 
gasoline additive (about 750 million gal of ethanol 
was used in gasoline in 1986). In Brazil, ethanol 
from sugar fermentation is used neat (without 
blending) in over 90% of all Brazilian autos sold 
since 1983. Assuming a 50% net efficiency of 
conversion from solid to liquid and accounting for 
the fuel necessaly to cultivate and harvest the 

biomass, it seems feasible to produce 10 quads of 
liquid fuel in the United States. This quantity 
represents about one-half of the transportation fuel 

Hydmdectricity. Hydropower now accounts for 
11% of U.S. electricity generation and a comparable 
percentage of installed capacity. Another 46 GW(e) 
capacity might be possible with acceptable environ- 
mental consequences. This number represents 
roughly a 50% increase in hydroelectric capacity. 
However, hydropower is a mature and nearly satur- 
ated resource in the United States, and such an 
increase would come with difficulty (Hildebrand and 
Kornegay, Vol. 2, Sect. 2.4.1). 

Geothermal Geothermal resources take numer- 
ous forms, including steam, hot water, geopressured 
brines, hot dry rock, and volcanic magma. Most are 
located in the western United States, exwpt for the 
geopressured brines located along the Texas and 
Louisiana coasts. The total resource is enormous, 
but that which is economic is very small. At the 
Geysers in Northern California, about 2 GW(e) of 
electricity are p r o d u d  from a steamdominated 
hydrothermal reservoir. Considerable work is in 
progress to develop hot-water-dominated hydro- 
thermal resources in the Imperial Valley of Califor- 
nia (Mock 1988). Research in New Mexico by Los 
Alamos National Laboratory to develop hot dry rock 
technology is promising, and generalizable tech- 
niques are resulting (Whetten et al. 1988). The 
results from developmental wells into geopressured 
formations indicate the feasibility of producing 
methane and shaft power. Existing natural gas wells 
that penetrate into the geopressured region may 
prove the best means to establish an economic 
geopressured energy source (Whetten et ai. 1988). 
Volcanic magma may prove to be a viable energy 
source in some locations, such as Hawaii. 

Wind Electricity from wind is an old idea, but 
the technology has improved enormously over the 
past decade with the application of advanced aero- 
dynamic analysis, better materials, and better con- 
trols. Both horizontal and vertical axis machines are 
being developed. The DOE cost target for wind 
power is $0.04ikWh(e) on the basis of 30-year 
levelized costs for machines operating where the 
average annual wind power is greater than 300 w/m2. 
Present costs are probably in the range $0.10 to 
SO.IS/kWh(e) (DOE 1985a). Areas of the country 
where wind power may be feasible include parts of 
the central plains, spots along the west and east 
coasts or  offshore, and portions of the Appalachian 

used today. 



Mountains. Installed wind capacity in the United 
States at the end of 1983 was about 300 MW(e), 
much of which is on wind farms in California as a 
result of liberal tax credits and incentives (DOE 
1985a), San Martin and Costello (1987) report that 
wind turbines with a combined capacity of Mi0 
MW(e) were installed in 1985. By 1988, the total in- 
stalled capacity in the United States was about 1.5 
GW(e) (wind Energy Weekly 1988). The problems 
with wind power are its intermittency, geographical 
limits, and noise, but in some places it may prove to 
be economical, especially if low-cost storage methods 
can be developed. 

Solar llmmal electric Considerable progress has 
been made with a variety of solar thermal systems, 
including (1) distributed systems using parabolic dish 
or trough collectors focused on a heat collector 
containing a working fiuid or a heat engine and (2) 
the eentral power tower concept, in which a ficld of 
heliostats is focused on a central receiver tower to 
heat a working fluid. These devices can produce 
electricity today in the desert southwest for a cost of 
about $0.12 to $O.lS/kWh(e); the DOE R&D 
program objective is $O.OS/kWh(e). Obviously, solar 
thermal technology can be used to produce process 
heat for industry as well as electricity. Currently, the 
installed capacity is around 300 MW(e), mostly in 
southern California near Barstow because of Califor- 
nia tax credits. If solar thermal electric is used as a 
grid-connected fuel saver, saving natural gas, the gas 
would need to cost about %7/million Btu €or the 
solar thermal electric to be competitive at the goal 
of $Q,OS/kWh(e). If, however, a capacity credit can 
be taken for the gas turbine for which the solar unit 
substitutes (because peak power demand and peak 
sun power coincide), then solar may compete if gas 
costs $5/million Btu. 

tovoltaicS. Progress in photovoltaics has been 
impressive (see Fig. 2.16). Various configurations are 
under consideration, including flat plate "single-sun" 
and concentrating "multisun" devices. Many types of 
materials are under development, including crystal- 
line and amorphous silicon, gallium arsenide, 
copper-indium-diselnide, and thin-film multilayered 
(multijunction) stacked e l l s  of various design. For 
concentrating cells, the efficiency (electricity pro- 
duced divided by the incident solar energy) is near 
30%. For single-sun devices, it is near 20%. Cua- 
rently, the system costs are about $0.40/kWh(e), but 
the DOE and EPRI goal is $O.M/kWh(e), similar to 
solar thermal electric (DOE 1987d). If this goal. 
were met, a stand-alone system might produce power 

for a constant 24-h load at a cost of about 
$O.ll/kwb(e) in the desert Southwest, assuming 
storage costs of $Q.W/kWh(e) and a storage 
efficiency of 70%. That is  still expensive power. Just 
as for solar thermal electric, the first applications of 
grid-connected photovoltaic power will likely be as 
a fuel saver in areas of the country where peak 
power loads correspond to peak insolation. 

Nevertheless, photovoltaics can be applied at 
any scale (from powering a wristwatch up); they 
already have a market niche, providing a basis for 
further, incremental technological improvements and 
for realizing the economies of scale as these markets 
expand. Also, the systems tend to be rugged and 
durable and to require little maintenance. Therefore, 
photovoltaics are well suited to remote applications, 
where cost of grid connection is high. 

Fusion 
Like fission and solar energ ,  fusion has the 

potential to supply virtually unlimited amounts of 
energy. Furthermore, based on current information, 
fusion is expected to  have smaller environmental and 
social. impacts than those of fission. Neverthelcss, 
despite substantial scientific and technical progress, 
a recent study by the Office of Technology Assess- 
ment (OTA 1987) suggests that commercial power 
from fusion is unlikely to be available until midway 
in the twenty-first century. Research is now directed 
towards reaching an assessment point in the next 
decade or two at which the feasibility and probable 
commercial attractiveness of fusion can be evaluated 
and decisions made regarding further R&D. Design 
studies and engineering cost estimates, indicating 
that fusion-derived electricity might cost approxi- 
mately $0.05 to $0.08/kWh (e&, Sheffield et al. 
1986), have been used in setting goals for the 
program. Fusion may be regarded as an alternative 
or a complement to fission; it remains to be seen 
which of these long-term energy options may prove 
to be the more attractive in practice. 

Electricity 
Electricity is a marvelous encrgy form because 

of its versatility, high quality, and availability, and 
because the electric system can serve large or small 
loads on demand. It is a vely controllable source, 
and it can therefore contribute to increascd effi- 
ciency of end me. Electricity generation consumes 
a growing share of primary energy in the lJnited 
States: from 27% in 1973 to 36% in 1987. Since 
1970, the real price of electricity bas increased 23%, 
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whcreas bcfore that time, the real price had drop- 
ped for many years. The price incrcase was the 
result of incrcased fucl costs and incrcasing capital 
costs, partially related to nucicar power plant 
construction, deferral, and cancellation. This change 
from declining to incrcasing marginal costs lcd to a 
significant slowing of  the ralc of increase of dcmand, 
but the demand still increased over the past scvcral 
years a t  roughly the same rate as the GNP. It is 
possible that ovcr thc ncxt several decades, tcchnol- 
ogy advances will again cause the cost of eiecrricity 
to decline (EPRI 19S7a). 

Bccausc of uncertainties regarding load growth, 
long lcad times, and high capital costs o f  coal and 
nuclcar plants and bccausc of changing and unccr- 
tain fcdcral policics, a large fraction of new capacity 
addcd over the  next 5 to 10 years will probably be 
fuclcd with natural gas, and some considerable 
fraction o f  tha t  new capacily could be installed by 
so-callcd "indcpcndcnt power producers" rather than 
by electric utilities. Many interesting tcchnologics 
may be used, including combined cycle, rcpowcring 
of existing aging cc)a1 plants, various forms of 
cogeneralion, and possibly even fuel cells. Also, 
significant progress has bcen made over thc past 5 
ycars in automating thc clectric transmission and 
distribution network, thus facilitating thc wheeling 
of powcr, and in integrating many small sources 
(including cogcncrators and wind and solar sources) 
into the grid. Automation also increases rcliabilily 
by helping to locate faults and wire or  route around 
them morc quickly. 

One of the niosi important developments of the 
past dccade has hccn the  rcalization by electric and 
gas utilities that both the supply and dcmand side 
o f  the market equation can bc uscd to provide Icast- 
cost scrvice. Thus, programs that encourage morc 
efficicnt use of clcctricity and gas by the consumer, 
as well as pcak-load shaving, can compete with ncw 
generating capacity. Ail sorts of arrangements, 
including time-of-use pricing and conscrvation 
inccnlivcs, arc bcing uscd by utilitics and encouriged 
by public utility commissions. The utilitics have 
become among the most cffcctivc forces in market- 
ing cost -cfkc t ivc c fficicncy im provemcn Is. 

Summary 
The period sincc thc Arab oil cmbargo of 1973 

has Seen considerable improvement in both cncrby 
use and yrospcctivc source tcchnologics. Further- 
more, bccausc thcsc improvemcnts are only now 
beginning or have not yet begun to pcnelratc the 

market, much of the impact of these changes will be 
felt in the future. RSrD has produced a wide array 
of technologies, some of which not only convert and 
use energy more efficiently and economically but 
also do it more cleanly and safely. Clearly, the 
greatest impact was felt on the end-use side of the 
equation because the United States uscd 27 fewer 
quads of energy in 1987 than it would have used had 
energy intensity of the economy remained at  the 
1973 levcl. This reduction is three times as large as 
the increased contribution of coal and nuclear 
sources combined ovcr the same period. The re- 
duccd etierpy intensity is due to both improved 
efficiency and to other changcs such as shifting away 
from energy-intensive industries and modified 
behavior patterns. Furthermorc, not all improved 
efficiency can be attributed to the adoption of new 
technology; some rcsultcd from applying what had 
been known before the embargo. Still, much that is 
new was learned and applied as well. The progress 
in end-use energy efficiency sincc 1973 has been 
evolutionary, consisting of a "million quarter steps," 
but in aggregate, the results havc been impressive. 

2.3 LNTERNATIONAL CHARACTER OF 
ENERGY 

Obviously, encrgy is internalion:il, as thc Arab 
oil cmbargo demonstratcd so vividly. Oil is the key 
energy commodity in world trade; howcvcr, gas, coal, 
nuclear fuel, and electricity arc growing in signifi- 
cance. Gas and clcctricity from Canada and gas from 
Mexico may becomc much more important to the 
Unitcd States. Certainly, an important dcvclopment 
is gas supplicd to Wcstcrn Europe by thc Soviet 
Union, and France has hccomc an exporter of 
elcctricity as a result of its commitment to nuclcar 
power. International shipmcnts of nuclcnr fuel that 
contain plutonium raisc concerns about the possible 
diversion of weapons-usable niatcrial. Finally, tradc 
in cncrgy technologies is a factor in  international 
competitivcness. An often quotcd fact is lhat we are 
losing the photovoltaic markct share t o  the Japan- 
csc, and ccrtainly wc havc lost much nuclcar rcdctor 
and uranium cnrichment busincss. 

A very important internafional aspect of cncrby 
is thc environment. Acid rain, possible global 
climate changes (e&, thc grccnhousc cffcct), and the 
depletion of the stratosphcric ozone layer arc all in  
part a result of fossil fucl usc 2nd olhcr energy- 
rclatcd aclivitics, and the greenhouse efCcct and 
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ozone depletion are the same regardless of where 
the polluting activities take place. Nuclear safety is 
also an international concern, as Chernobyl proved. 
All these cffects transcend national boundaries, and 
in the future, they may have the most profound 
impacts on the U.S. energy system. What one nation 
chooses to  do to satisfy its energy needs clearly may 
affect another. It is the global commons question, 
and how to manage it will become an increasingly 
prominent issue. 

In a sense, oil can be thought of as a global 
commons issue, too. If aggregate demand rises too 
rapidly or supply is rcduced, price shocks may occur. 
Such shocks hurt everyone, particularly the non-oil- 
producing developing nations, and contribute to 
world political as well as economic instability. Thus, 
actions taken to moderate oil use, such as improved 
energy efficiency, whether taken in the United States 
or in a developing country, can have a positive 
impact on world stability. 

Finally, energy RSrD is becoming more and 
more collaborative among nations. Cooperation is 
needed particularly for very expensive, long-term 
R&D programs. Nuclear fusion research is an 
example. A commercial reactor is many decades 
away, but progress depends on ever bigger and more 
expensive machincs. International collaboration may 
be needed to spread the costs. Even with less 
expensive programs, such as conservation research, 
collaborative programs speed technical progress. It 
niay be noted that when the knowledge acquired 
through RSrD is freely shared throughout the world, 
such collaborative cost sharing seems especially 
appropriate. 

The next section deals with a range of projec- 
tions for energy use and supply for the United 
States and the world. As this chapter emphasizes, 
the only appropriate view of the energy system is a 
world view. Interactions with the rest of the world 
are essential, and to understand what may make a 
difference in energy technology R&D, it is necessary 
to consider the whole system of which we are a part. 

2 4  FUTURE ENERGY DEMAND 

In considering rcquirements and opportunities 
for energy technology R&D, future energy demand 
is a major factor. How much energy will people 
want and be able to afford? In what form? How 
much will energy suppliers be asked to provide? The 
fact is that nobody knows. The great range of energy 

forecasts for the United States and for the world as 
a whole is not merely a matter of philosophical 
differences about how the world ought to develop; 
it reflects genuine large uncertainties regarding a 
host of factors that together will determine the 
future use of energy. We can, however, attempt to 
characterize these uncertainties, to establish a 
plausible range of energy forecasts, and to explore 
the implications of projections within this range for 
energy R&D. 

Economic growth is the primary cause of 
expansion of energy demand and the corresponding 
expansion of supply. However, numerous studies and 
our experience over the Bast several years demon- 
strate that the ratio between energy use and eco- 
nomic output is by no means fixed. As Fig. 2.1 
shows, that ratio for the United States, after remain- 
ing roughly constant for two decades, has declined 
27% since 1970, largely in response to higher energy 
prices. Although future changcs in the size and 
composition of economic output cannot be predicted 
accurately, the relationship between economic output 
and energy use, E/GNP, remains the largest source 
of difficulty in trying to forecast future energy 
demand. 

Discussions of energy policy over the past 15 
years have often focused on this point. There has 
been and to some degree there Temains a funda- 
mental disagreement betwecn those who expect 
encrgy demand to continue to rise and arc chiefly 
concerned with ensuring an adequate supply, and 
those who believe that it is both possible and 
advantageous to reduce E/GNP far enough and fast 
cnough to support continued economic growth with 
little or no increase in energy consumption, and 
perhaps even a decrease, for at lcast several decades. 
Intermediate positions are also held. In truth, the 
uncertainties are quite largc. Currently, a wide 
spectrum of possibilitics exists, ranging from at least 
-1 to +2%/year average change in US. energy use 
over the next few decades. 

These widely differcnt expectations for the 
future result from different assessments (or assump- 
tions) regarding future population trends, growth in 
the GNP, a changing mix of goods and services, 
changes in living and working patterns, energy 
prices, and especially the real prospects for reducing 
the energy intensiveness of activitics in all sectors of 
the economy. The last factor, improved energy 
efficiency, is partly a matter of technical possibilities, 
partly of government policies (including tax policies 
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and regulatory standards) and partly of markct 
forces (Le., economic efficiency*). 

The nominal bunds ,  -1 to +2%4ear energy 
growth, are by no means absolute limits. Nor docs 
one expect a constant rate of exponential growth or 
decline to continue for very long. Indecd, either 
+2%/year or -l%/year, continued for many decades, 
leads to a levcl of cncrgy consumption that, from 
our perspective today, Seems improbably high or 
low. 

It is not our purpose to review projections for 
future U.S. energy use in much depth or  detail. A 
few of these projections will serve to illustrate the 
broad range possible. 

Two studics from thc mid 1970s that explored 
a range of possibilities were the Ford Foundation’s 
Energy Policy Project (Freeman et  al. 1974) and the 
National Acadcmy of Sciences’ CONAES (Comniit- 
tee on Nuclear and Alternative Enerby Sources) 
study (National Research Council 19793). Projcc- 
tions from these studies arc shown in Fig. 2.17(a 
and b), along with othcrs that are discussed bclow. 

The Energy Poliiy Project (EPP) cnnsidcred 
three cnergy-demand scenarios for the United Stares 
for the years 19SS and 21xx). All were based o n  full 
employment and steady growth in thc GNP. The 
historical growth (HG) scenario assumes that energy 
use in the Uniled States will continue to grow at 
3.4% annually (thc average rate from 1950 to 1970) 

and explores potential problems of enerjy supply 
that might arise with such continued growth. The 
Tcchnical Fix scenario explores the potential 
for more efficient energy use through improved cost 
effective technologies. The Zero Energy Growth 
(ZG) scenario includes all of the energy-saving 
deviccs of the TF scenario and a small but distinct 
redirection of economic growth away from energy- 
intensive industries toward economic activities that 
require less energy. An energy tax would cncourage 
a shift (by making energy morc cxpcnsive) from 
making things to offering services. 

From the perspective of 1985, all three scenarios 
scem high; but the TF and ZG sccnarios are much 
closer to cxperience. In Fig. 2.17, [he encrW con- 
sumption estimatcd for thc threc sccnarios is 
compared with historiual data. For the rhrec sccnar- 
ios, the energy consumption in 1985 rangcd from 88 
lo 116 quads. In 19S5, the sccnnrios wcrc high by 19 
to 57%. In 2000, the thrcc scenarios rangcd from 
1c#) to 187 quads. The crmvenlional wisdom now is 
that U.S. cncrgy consumplion in 20W will he less 
than 1 0 0  quads. In 2988, the EIA forecasts for 2000 
range from 85 to 93 quads (EIA 198sC). 

In the CONAES study, lhc dcmand panel 
analylcd six sccnarios for 2010 bascd on difkrcnt 
assumptions about energy prices and thc C N P  in 
that year (Table 2.4). Scenario A’, a variation o C  A, 
requires more aggressive govcrnmcnt policics to 
rcduce energy demand and morc lifcslyle changcs. 

Table 2.4. CONAES energy demand scenarios 

Average 
(2010 energy price) (2010 GNP) annual GNP 

Sccnario growth rate 
(1975 price) (1975 GNP) 

A 
I3 
C 
D 
A* 
€3’ 

4 
2 
1 

2M 
4 
2 

2 
2 
2 
2 
2 

2.8 

Source: National Research Council 1979(a). 

‘ I n  this rcpr t ,  we use the word “efficiency” primarily to mean “cncrgy efficiency“ or, lomely, the relative cncrby rcqtiircd IO 

prforni a certain task, hut occasionally we use it to niean “economic cfficicncy,” the optimal use of all rtxources; in the latter case, we 
say, “economic efficiency.“ 
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As shown in Fig. 2.17(a), these different as- 
sumptions lead to a very wide range of enerby use 
in 2010, from less than 60 to 160 quad$. Since the 
GNP (but not neceswrily the mix of goods and 
scrvices) is the same in all of the scenarios except 
R’, a correspondingly large variation in energy per 
unit of output (E/GNP) is implied, as shown in Fig. 
2.17(6). Most o f  this variation is attributable to the 
large range of assumed energy prices. 

The possibility of very large reductions in 
UGNP in the U.S. economy (E/GNP) has of course 
been the subject of numerous studies ovcr the past 
15 years. One recent exploration of these possibili- 
ties i s  that of Williams (1987), who concludes that 
technologies now available or in an  advanced stage 
of development should permit roughly a fourfold 
reduction in E/GNP and that such a reduction 
would be cost-effcctivc at energy prices similar to 
those prevailing in the early to inicldle 1980s. 
Williams’ analysis was not predicated on substantial 
lifestyle changes but did incorporatc expected shifts 
in the composition of industrial output towards less 
energy-intensive products. 

Williams’ study involved explicit technical 
assumptions for the energy intensiveness of spccific 
activirics-for example, miles per gallon for automo- 
biles, kilowatt hours for lighting, and percentage 
efficiency gains in heavy industry (Williams 1937). In 
contrast to this approach, the Edmonds-Keilly (ER) 
Model (Edmonds and Reilly 1986) is an energy 
market equilibrium model for the world, with the 
IJnited States modeled as one of nine disaggregated, 
interacting regions. We have used it to explore 
trcnds in energy consumption over the time frame 
of our study, extending out to ahout 2050. The 
model establishes a detailed balance between energy 
demand and supply, the result depending on a large 
number of parameters characterizing supply and 
dcmand (e.g., elasticities and technical-change 
indexes), The GNP, however, is essentially an 
exogenous input, subject only to small adjustments 
within the model. Each of the paramctcrs is de- 
scribed by a range of values derived from different 
assumptions or sources. The base case is onc run of 
the model using median values of all these parame- 
ters. It should be noted that, with plausible varia- 
tions in the parameters, this model can produce a 
range of projections as wide as that shown in 
Fig. 2.17(a). In the base case, with the GNP growing 
at about 2 l/2%lyear, E/GNP declines at about 1- 
1/2%lyear, and primary energy use incrcases about 
l%/year. By contrast, in the Williams scenario, with 

roughly the same growth in the GNP, E/GNP 
declines at morc than 3%/ycar so that energy use 
decreases at about l%lyear. 

The International Institute for Applied Systems 
Analysis study (IIASA 1981) modeled North Amer- 
ica (the United States and Canada) as one of eight 
world regions; the energy use shown in Fig.2.17(a) 
for the United States is 87% of that obtained by 
IKASA for North America. Explicit assumptions 
made in this study for future cfficienq improve- 
ments for various activities and processes were less 
optimistic than others (Williams’, for example). The 
higher energy use projected in the IIASA scenarios 
is a direct result of this assumed smaller improve- 
ment in the energy efficiencies of many different 
processes, modified in the case of the IIASA low 
scenario by a slower growth in the GNP. It is 
interesting that E/GNP declines more rapidly in the 
IIASA high scenario than in the low one [Fig. 
2.17(b)] because of more rapid dilution of older, less 
efficient capital stocks by new more efficient stocks. 
Figure 2.17(a) also shows the energy use previously 
delailed in Fig. 2.9, projected by DOE for National 
Energy Policy Plan-V (NEPP-V) with and without 
the reductions in energy use that may result from 
current DOE conservation research. 

The foregoing discussion deals only with energy 
consumption in the Unitcd Statcs. But as we have 
discussed, our cncrgy system is part of the world 
system. and the two are locked together. Conse- 
quently, we looked at a range of forecasts for the 
world. For our purpose, this range is well repre- 
sented in Fig. 2.18, which shows a comparison of 
projections for world energy use in 2020 from 
Goldemberg et al. (19881, IIASA (1931), and the 
World Energy Conference (WEC 1983). The latter 
two projections embody somewhat greater popula- 
tion growth than that of Goldemberg et al., and 
equal or greater growth in per capita GNP, at lcast 
for the industrialized countries, as indicated in Table 
2.5. But the main distinguishing fcature of the 
projection of Goldernberg et al. is  the very large 
(fourfold) reduction in E/GNP for the industrialized 
countries. Based on studies of the United Statcs 
(Williams 1987) and Sweden (Johansson et al. 1983), 
Goldernberg et al. assume that per capita use of 
final energy (at the point of use, excluding conver- 
sion losses) can be cut in half in industrialized 
countries while per capita GNP is doubled. They 
also assume (with spccific technologies in mind) that 
conversion efficiencies can be increased sufficicntly 
to offset a substantial increase in thc fraction of 
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Table 25. Factors affecting eocrgy growth to 21)20 

Scenario 
Factors of increase, 1975-202W 

Regionb Population (m GNP (E/GNP) B (I:,/cap) 
&PI 

1IASA high 

IIASA low 

A 1.3 3.3 4.2 0.6 2.5 1.9 
B 2.1 3.5 7.3 1.1 8.1 3 .!I 
W 1.9 3.4 1.8 

A 1.3 2.0 2.7 0.7 1.8 1.4 
B 2.1 2.1 4.4 1.1 4 3 2.4 
w 1.9 2.3 1.2 

2.2 0.25 0.6 0.5 
? ? 2.2 1.3 B 1.7 ? 

W 1.6 1.1 0.7 

A 1.1 (2) Goldemberg et aLC 

'Value of quantity in 2020 divided by value in 1975. 
bA = industrialized countries; B = developing countries; W = world. 
c1980 to 2020, 1980 = 1.00. 
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primary energy devoted to electricity generation. 
With respect lo developing countries, Goldemberg 
et al. conclude from an analysis of a representative 
range of specific activities and processes that it 
should be possible, and economically desirable, for 
a prototypical developing country to raise living 
standards greatly, perhaps on average approaching 
that of Western Europe in the 297oS, with very little 
increase in per-capita final energy use. Nonetheless, 
total primary energy use by the developing countries 
more than doubles, and their share of world energy 
use increases from one-third to two-thirds. 

The scenario of Goldemberg et al. requires that 
energy be uscd worldwide in 2020 as efficiently as 
the best technology now available (or soon to be 
available) permits. Whether or not one believes that 
such a scenario i s  possible, it does demonstrate one 
way that advanced technology of energy use could 
makc a profound difference. 

We do know that energy efficiency improve- 
nients of the type assumed by Goldemberg et al. are 
technically possible. For example, greatly improved 
refrigerators, heat pumps, water heaters, and other 
appliances are already appearing on the market, and 
even better ones are being tested. Vehicles with far 
better fuel efficiency than those now on the road 
have been tested, and not all of these involve loss 
of comfort or performance. Industrial processes are 
constantly being improved. Sometimes more efficient 
technologies cost more to acquire than the less 
efficient ones, but the efficient ones may have lower 
life-cycle costs. In some instances, life-cycle costs 
may be relatively small or nearly constant over a 
range of energy efficiencies so that a purchaser may 
prefer an option with the lowest first cost without 
regard for energy efficiency or may consider other 
attributes more important than efficiency. In short, 
thcse and many other factors, including ignorance, 
limited planning horizons, and nonmarkct trans- 
action costs, may limit the rate of adoption of more 
energy efficient devices. In addition, of coursc, some 
capital stocks remain in use for many years. Improv- 
ing existing stocks via retrofits or early retirements 
may be less econornically attractive than choosing 
morc efficient stocks only as new ones are required. 
Finally, it may bc that for some applications, devices 
or promsses that are both more energy efficient and 
more economical will simply not be forthcoming at 
anything like current energy prices. 

Some important nonmarket considerations, on 
the other hand, may favor the adoption of more 
energy efficient technologies. Many of these are 
obvious and well known. They include a broad range 
of environmental impacts, some not easily overcome 
by a simple technical fix. Climate change may prove 
to be the prime cxample. More elusive issues, such 
as continued dependability of energy supply, inter- 
regional and intergenerational equity, and the social 
acceptability of various sources of energy, may also 
enter the balance. 

We are tantalized and attracted by visions of a 
low-energy future, like those of Williams for the 
United States and Goldemberg et al. for the world 
as a whole, that achieves vastly improved energy 
efficiency without sacrificing universal aspirations for 
a better life; and we cannot dismiss them as imprac- 
tical, unattainable, austere, or socially and econom- 
ically undesirable. Indeed, some further movement 
in this direction, beyond what has already been 
accomplished, seems virtually certain to occix 
although the rate of movement and the detailed 
character of the improvements are by no means 
certain. 

We remain unsure whether improvements in 
energy efficiency will take place fast enough and far 
enough to  offset the requirements of economic 
growth, leading to little or no growth in energy use, 
as indicated in Table 2.5 for the Goldemberg et al. 
scenario, or whether the balance will fall the other 
way and energy use will continue to grow but less 
rapidly than the economy. 

From the perspective of this study, we should 
ask if it matters very much, in terms of appropriate 
energy technology R&D. whether energy use in- 
creases significantly over the next several decades 
or not. We will take up that issue in Chap. 4. In the 
meantime, we can anticipate that the issue of C 0 2  
emissions corresponding to these various energy 
scenarios will also be important. 

The mix of energy sourccs for each of the 
scenarios in Fig. 2.18 is shown in Fig. 2.19. (For the 
WEC and IIASA scenarios, an average of the high 
and low scenarios is  shown.) ln 1980, fossil fuel usc 
contributed about 76% of total energy supply 
(including biomass), and the C02 emissions from 
these fuels were 4.9 GtC/year,* of which oil con- 
tributed 51%. For the scenario of Goldemberg et al., 
oil use in 2020 i s  less than in 19S0, but natural gas 

'1 GtC = 1 gigaton of carbon = lo9 metric tons g) carbon, contained in C02 
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has become a major source, up 105% from 1980. 
Fossil fuels still contribute 76% of totai primary 
energy supply, but CO, emissions, a t  4.8 GtC/year, 
are slightly less than in 1980. In the composite WEC 
and IIASA scenarios, the use of all fossil fuels is 
higher than in 1980, and together they still con- 
tribute about 70% of a greatly increased energy 
supply. Coal use, in particular, is nearly three times 
greater than in 1980, and CO, emissions have 
doubled, from 5 to about 10 GtCjyear. 

To look at C02 emissions more closely, we 
turned again to  the ER Model (Edmonds and Reilly 
1986). This model was developed for DOE to create 
long-run (1975 to 2100) CO, emission scenarios for 
the world. The model is well documented and widely 

available, and it provides a useful framework fur 
creating consistent scenarios. 

We decided to use the ER Model to create two 
scenarios: a "middling" or midrange scenario, similar 
to the IIASA and W C  low cases, and a high 
efficiency case similar to the scenario of Goldemberg 
et 81. For the midrange scenario, we used the ER 
base case discussed above, including this time, of 
course, the projections for the whole world, not just 
for the United States. To create a high conservation 
case, we followed a suggestion of Goldemberg et al. 
(1988) and changed the values of two key param- 
eters (income elasricity and price elasticity) in thc 
ER Model. 
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The primary energy supply for the two scenarios 
is displayed in Figs. 2.20 and 2.21. COz emissions for 
the two scenarios are displayed in Fig. 2.22. As 
expected, the C o t  emissions are much higher for the 
middling case than for the high-efficiency case, and 
half or niore of the C 0 2  comes from the combustion 
of coal.. Thc high-efficiency scenario indicates the 
potential for using more efficient technologies to 
manage C 0 2  emissions, as is discussed in more 
detail in Chap. 4 and Appendix C. 

From the foregoing discussion, it i s  obvious that 
enormous uncertainty exists concerning what future 
energy demand will be. The range of forecasts we 
have highlighted is representative, but it does not 
bracket the world of possibilities. Furthermore, the 
difficultics of some energy system problems, dis- 
cussed in the next section, are tied to how fast 
primary energy demand rises. It is fair to say, 
however, that the lower the demand, the smaller the 
problems that will need to be solved. Energy tcch- 
nolojg bi&D can help achieve lower demand, and it 
can also help provide better technologics to supply 
whatever primary energy is needed. Finally, the 
common conclusions of all the forecasts are that 
fossil fuels are likely to remain the dominant energy 
sourccs for many years and that the need of devel- 
oping nations for primary energy will grow very 
sharply. 

As we indicated at the outset and throughout 
this chapter, the energy system has a number of 
problems, some of which are chronic, I n  addition, it 
may suffer new difficulties, depending on how 
circumstances evolve. In this section, we review 
significant problems faced by the system now and 
some that it may face in the future. Some are 
recurring, such as sudden large oil price changcs; 
others are ongoing, such as acid rain; and still 
others are specters of the future, such as the green- 
house effect. 

at, Health, and Safety ksua 

The tension between energy use and its adverse 
impacts on the environment and human health and 
safety goes on. Suffice it to say that energy is an 
essential means by which the human animal has 
improved his environment, health, and well-bcing; 
but the production and use of energy can also have 
undesirable effects, such as harmful emissions, 
accidents, scarred landscapes, conflict over resources, 
and so on. We review these and other problems at 
various geographical levels (global, national, region- 
al, and local) and even at the level of the individual. 

Coal i Car 
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For each problem, we ask what can and is being 
done to reduce the problem. 

25.1.1 Global consque- Of m F g y  ltse 

Three energy system issues appear to have a 
global reach: the greenhouse effect, stratospheric 
ozone depletion, and nuclear reactor safety and 
proliferation of fissionable materials. 

The grecr~house cEm. Of all the environmental 
issues arising from the production and use of energy, 
the so-called greenhouse effect may prove to be the 
most important and one of the least tractable. The 
term “greenhouse effect” refers to the warming of 
the earth’s surface and lower atmusphere by the 
trapping of heat radiation. The absorption of 
infrared radiation by various gases in the atmosphere 
raises the temperature at which the earth can 
maintain an energy balance with incoming energy 
from the sun. Without this effect, the temperature 
of the earth’s surface would be about 35°C colder on 
avcrage than it is now, and life on earth as we know 
it would hardly be possible. Nevertheless, rather 

rapid changes in climate that could be induced by 
changing concentrations of the greenhouse gases 
present a worrisome prospect. Human societies and 
natural ecosystems have adjusted to current climate 
regimes. Of course,, climate has changed greatly in 
the past (e.g., glacial and interglacial periods) and 
will do so in the future without our help. Neverthe- 
less, prospective anthropogenic climate changes 
could create a warmer world than at any time during 
at least the last few million years. Futhermore, rapid 
changes, as may result from current trends in human 
activities, may tax adaptive capabilities, both human 
and natural, and could be extremely disruptive. 

The most important greenhouse gases are water 
vapor (whose concentration is itself a function o f  
temperature), C02, ozone (03), methane (CH,), and 
nitrous oxide (N,O), all of which are naturally 
present in small amounts in the atmosphere hut 
whose concentrations are changing as a result of 
human activities. In addition, the man-made chloro- 
fluorocarbons (CFCs) are also potentially important 
infrared absorbers. CFCs are used in refrigerators 
and heat pumps and in the manufacture of insu- 
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lating materials and solid state electronic devices, 
such as photovoltaic cells. Hence, many uses of 
CFCs are energy related. 

Of the previously named greenhouse gases, CO, 
is the most important one that is directly tied to 
human activities. The natural balance of CO, in thc 
atmosphere is evidently being upset by two major 
human interventions: (1) the burning of fossil fuels 
and (2)  reduction in the quantity of terrestrial 
biomass through deforestation and loss of organic 
carbon in disturbed soils. Presumably as a result of 
these interventions, the CO, concentration in the 
atmosphere has increased 25 to 30% over the past 
two centuries, from less than 0.03% of the volume 
of gases in the atmosphere to 0.035% [350 parts per 
million (ppm) by volume]. But more than half of 
that change has occurred within the past four 
decades, and Ihc rate of change is still increasing: in 
thc last 20 years, the rate of increase in  CO, con- 
centration has doubled, from about 0.7 pprn&car to 
1.5 ppm/year. 

The relative contributions of fossil fuel use and 
of land-use practices to this increase in C02 con- 

centration are not easily determined. Fossil fuel 
burning now adds some 5 x lo9 metric tons of 
carbon to the atmosphere each year as COz, a 
perturbation that may double over the next few 
decades, as noted in Sect. 2.4. In the past century or 
two, some 200 GtC have been released into the 
atmosphere by the combustion of fossil fuels and 
perhaps 100 to 200 GtC (net) have been released 
from the biosphere. Half of the total release from 
fossil fuel combustion has occurred within the last 
20 years. The current net release of CO, from 
terrestrial biomass is estimated to be between 0 and 
3 x lo9 tons of carbon per year. The number is 
quite uncertain, however, because it is difficult to 
determine thc extent to which the net loss of carbon 
from biomass in some regions may be balanced by 
the regrowth of forests in other regions. 7116. large 
uncertainty in the net CO, source from the bio- 
sphere makes it difficult to use past experience to 
confirm models used in forecasting future increascs 
in COz concentration. Nevcrthelcss, it appears that 
the COz content of the atmosphere could double by 
the middle or latter part of the coming centusy if 



fossil fuel emissions of C 0 2  continue to increase as 
suggested by the upper curve in Fig. 2.22. 

Doubling of the atmospheric CO, Concentration 
is often taken as representative of changes large 
enough to have a major impact on human affairs 
and natural ecosystems. The principal effect is 
expected to be a climate change: up to a 5°C 
increase in global annual average surface tempera- 
ture (with much larger warming at high northern 
latitudes in winter), marked changes in the amount 
and distribution of precipitation, large seasonal 
changes in average soil moisture, perhaps a greater 
frequency of extreme weather events associated with 
warmer weather such as droughts and more severe 
tropical storms-in short, a distinctly different 
climate regime to which existing patterns of human 
activity (including the energy system itself) and 
natural ecosystems may be poorly adapted. In 
addition, the warmer climate is  expected to reduce 
the world's great masses of ice, which, together with 
thermal expansion of the oceans, would raise sea 
levels and flood coastal areas at a rate and to a 
degree that are now difficult to estimate. 

Although CO, is the most important greenhouse 
gas that humans can control, it is not the only one. 
Atmospheric concentrations of the other infrared- 
absorbing gases named above are also increasing, 
and they can add significantly to the greenhouse 
effect, bringing much closer the time when the 
radiative equivalent of C 0 2  doubling might be 
expected to occur. We estimate that CH4, NzO, and 
the CFCs together are currently contributing nearly 
as much to the annual change in the earth's radia- 
tion balance as CQ2 does. Relative contributions in 
the future will depend on future changes in emis- 
sions and concentrations of all the gases. These are 
even more elusive for CH4 and N2Q than for COz 
because their sources and sinks are not well known, 
a matter that we will not pursue in detail here. 
Suffice it to say that CH4 in the atmosphere is 
mainly biogenic and is believed to come primarily 
from anaerobic processes involving cattle, rice- 
growing and wetlands, and from biomass burning. 
Some CH4 may also come from coal mining and 
from the production and distribution of natural gas. 
Important sources of N,Q apparently include tropi- 
cal and subtropical forest soils, oxidation of the 
nitrogen contained in fossil fuels (mainly coal), and, 
to a lesser degree, oxidation and/or reduction of 
nitrogen in agricultural fertilizers. Many of these 
sources of CH4 and N#I are related to or influenced 
by human activities. 

To illustrate at least qualitatively some general 
dimensions of the problem before us, Fig. 2.23 
indicates the amount of warming that might be 
expected under two different hypothetical scenarios 
for the greenhouse gases. In the scenario referred to 
as "Moderate Growth," C 0 2  emissions increase as 
shown in the upper curve in Fig. 2.22; CH4 and N20 
concentrations increase at rates close to the highest 
observed in recent years. In the curve marked "Low 
Growth," C 0 2  emissions are held constant at the 
present level; CH4 and N20 concentrations grow 
more slowly, as indicated in the figure. For both 
curves, the CFC emissions are assumed to be re- 
duced over a few years to about 50% of current 
levels, as proposed in the recent Montreal Protocol 
to the 1985 Vienna Convention for the Protection 
of the Ozone Layer. For both scenarios, 50% of the 
emitted GOu the "Airborne Fraction," was assumed 
to remain in the atmosphere. (This fraction might 
prove to be either greater or less than 50%; it will 
probably change somewhat over time, and it might 
well be greater for the "Moderate Growth" scenario 
than for the "Law Growth" one. Present knowledge 
is inadequate to resolve these uncertainties.) In 
Fig. 2.23, the climate-change parameter, 7 ,  is not 
temperature per se, but rather the ratio of the rise 
in global average annual temperature to the cor- 
responding rise that would be associated just with 
doubling CQ2, a quantity now estimated to be ahout 
1.5 to 4.5% (DOE 1985b). This approach suppresses 
the large uncertainty in the expected warming and 
is adopted because the relative effects of the various 
gases are thought to be better known than their 
absolute values. However, delays in actual tempera- 
ture rise that would be caused by the great heat 
capacity of the oceans are not accounted for in this 
presentation; thus, Fig. 2.23 shows the relative 
conrniitted temperature rise that would eventually 
result from the gases present in the atmosphere at 
a given time rather than the effect actually experi- 
enced at that time. Figure 2.23 shows the warming 
effect of changing concentrations of CO, alone, of 
thc other greenhouse gases (CH,, N2Q, and the 
CFCs) and of all of these gases together. 

As Fig. 2.23 shows, stabilizing C 0 2  emissions at 
present levels would not prevent a further increase 
in C02 concentration but would only slow the rate 
of increase. Tentative indications are that stabilizing 
the concentration would require roughly a 50% 
reduction in emissions (Firor 1988; Perry 1984). In 
any event, the other greenhouse gases would con- 
tinue to produce a warming trend unless their con- 
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Assumptions for the two curves are as follows: 
Post-1980 growth rat& 

Concentration' (%/year) 
Initial 1 980 1988 Moderate LOW 

GO2 270 338 350 1.5 
CH4 0.8 1.6 1.9 1.5 
N20 0.28 0.30 0.31 0.4 
CFC 0 Q.44 0.66 -3 

0 
0.75 
0.1 

-3 

"Concentrations of CO,, CH,, and N,O are in parts per million by volume; concentrations of CFC (F-11 + F-12) 
are in parts per billion by volume. 

bGrowth rates for CO, and CFC refer to rate of increase of emissions; these may be considered moderate to low 
(or negative). Rates for CH, and N,O refer to increase of concentration. These may be considered high to moderate 
or low. The Airborne Fraction for C02 was assumed to be 0.5. 

CEmissions decrease 3%/year from 1983 to 2010, then hold constant at 45% of 1983 emissions; this approximates 
the reductions called for in the Montreal Protocol of 1987. 

For GO,: T = In (C/C,) + In 2 ; c, = 270 ppm 

FOi NZO: T = 0.97(C?'- C/') ; c, = 0.28 ppm 
Foi CW,: T = 0.33(JC - ,./Go) ; C, = 6.8 pprn 

For CFC: 7 = 0.085C ; C = F-11 4- F-12 (ppb) ; C, = Q 
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centrations could also be stabilized. It is not yet 
clear what actions might accomplish that result, 
because the reasons for the present upward trends 
in CH, and N,O concentrations are not well under- 
stood. 

If the reductions in CFC emissions called for by 
the Montreal Protocol are implemented, CFC 
concentrations would eventually stabilize a t  two to 
three times the present values, and their contribu- 
tion lo the greenhouse effect, although not quite 
negligible, would remain small (i.e., r about 0.15). 
This outcome is assumed in Fig. 223. However, if 
CFC emissions are not controlled and increase 
appreciably above present rates, CFCs could become 
major contributors to future global warming (See p. 
47 on stratospheric ozone depletion). 

Also note in Fig. 2.23 that in both the "Moder- 
ate Growth" and the "L..ow Growth" scenarios. the 
contribution of the other greenhouse gases advances 
by more than four decades the time when "equiva- 
lent doubling" of COz takes place (i.e., when T = 1). 
For the Moderate Growth scenario, that date is 
advanced from about 2060 to 2020. Although these 
calculations are probably not Gorrect in detail, the 
gencral message is valid: the time is not far off when 
significant climate changes may begin to be evident. 

Further note in Fig. 2.23 that given the stated 
assumptions on initial concentrations of these 
gascs-that is, the starting points for measuring 
changes in their warming effects-the cumulative 
effects of the other gases are now still much smaller 
than that of C 0 2  However, the current rate of 
change of their combined effect is about the same 
as that of CO,, effectively doubling the annual 
increase in the warming effect of 0,; thus, T is 
presently increasing by about 0.10 to 0.12 per 
decade. 

A puzzling aspect of Fig. 2.23 is the rather large 
value of T found for the present (i.e., about 0.6). If 
T = AT/AT2 is this large, and if  AT^, the tempera- 
ture rise associated with doubling C 0 2 ,  is as large 
as 3°C or  larger, why hasn't a much greater change 
in global average temperatures been observcd? 
During the past century, global annual average 
temperature has increased about 0.7% (Fig. 2 . 2 9  
not 1.5 to 2"C, as might be expected from Fig. 2.23. 
Several possible explanations can account for this 
apparent discrepancy. The temperature rise for CQ, 
doubling may be smaller than is now believed. The 
initial concentrations chosen for our computations 
might be too low. The great heat capacity of the 

oceans may delay for several decades the full tem- 
perature response to a change in the radiation 
balance. Finally, other natural causes of temperature 
variations may temporarily mask the greenhouse 
eflect. 

This last explanation is particularly intriguing. 
In addition to short-term, seemingly random fluctua- 
tions in temperature, systematic longer-term varia- 
tions appear to  be associated with various identifi- 
able natural causes (Bell 1988). More than a decade 
ago, Broecker (1975) pointed out that periodicities 
observed in '80 measurements in a Greenland ice 
core strongly suggested that the downward trend in 
temperatures observed from 1940 to 1970 (Fig. 2.24) 
would be reversed during the latter part of the 
century. Then the C02 effect, no longer masked by 
a natural cooling trend, would instead be augmented 
or  at least not compensated by natural, cyclic 
variations, even as the COz effect becomes stronger 
because of expected increases in fossil fuel use. Bell 
(1988) has updated and extended Broecker's observa- 
tion and has reached much the same conclusion. 
This explanation by itself is probably not sufficient 
to account for the apparent discrepancy between 
observed and expected temperature changes, but 
taken together with ocean thermal lag, i t  may do so. 
If so, we may expect the upward trend of tempera- 
tures over the past two decades (Fig. 2.24) to 
con linue. 

There are two schools of thought about coping 
with the greenhouse effect. They may be referred to 
as adaptation and avoidance, or  prevention. The 
prevention strategy-preventing the climate change 
from occurring-includes actions to limit increases 
in the atmospheric concentrations of C02 and other 
grecnhouse gases and actions to offset the warming 
effects of those increases if they do occur. The latter 
actions might include efforts to increase the earth's 
albedo, or  reflectance, to compensate for the in- 
creased absorption of infrared radiation by the 
greenhouse gases. Such an approach seems risky and 
has certainly not been adequately evaluated. 

Limiting the increase in COz concentrations may 
be accomplished by restricting emissions of C 0 2  
from fossil fuel combustion and from deforestation, 
by a very large scale reforestation program (Marland 
1988), or by capturing CQ2 from large point sources, 
such as coal-fired power plants, and disposing of it 
in depleted gas wells or  in the depths of the oceans 
(Steinberg et al. 1984). Reforestation has limiled 
potential but may be useful as a partial remedy. 
Sequestering COz from coal combustion does not at 
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present look very promising, but it deserves continu- 
ing attention because, if successful and not too 
expensive, it could be helpful in reducing CO, 
emissions. [Steinberg et al. (1984) estimated that 
removal and sequestering C02 would increase the 
cost of electricity from coal-fired stations, on aver- 
age, by about 75%.] The principal means of limit- 
ing the increase in COz concentration still appears 
to be restricting the use of fossil fuels and especially 
of coal and oil shale.* 

Many people believe that fossil fuels are so 
essential for further economic development that 
significant further increases in CO, concentration 
cannot be avoided. Certainly some increase is 
inevitable. Hence, some climate change will occur, 
although it isn't at all clear how rapid and extensive 
thc changes will be. 

Our view is that both prevention and adaptation 
will be neccssaiy: that some climate change will 
occur and we will have to adapt to it, but that large 

*Relative CO, emissions from fowil fuels, per unit of energy, are approximately in the following proportions, with natural gas 
arbitrarily chosen as 1 .0  gas, 1.0; oil, 1.3 coal, 1.7; shale oil, 2 to 4 or more, depending on shale composition and retorting method; 
liquids from coal, 2 to 4, depending on product and process; high-Btu gas from coal, 2.6 to 3, depending on process. Combustion of 
natural gas emits 13.7 gC/MJ (Marland 1982). 
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changes can be avoided, probably should be, and at 
some level probably will be. That is, the very large 
changes that would result from full exploitation of 
the world's fossil fuel resources (Table 2.3) will 
probably not be allowed to occur. Coal, in par- 
ticular, and shale oil will probably not be developed 
to the extent that would eventually occur in the 
absence of concern about climate change. However, 
the quantitative aspects of this question, although 
enormously important, are still lacking. 

The problem of what to do about the increasing 
concentrations of other trace greenhouse gases has 
not been carefully evaluated except for the case of 
the CFC's. If the Montreal Protocol is implemented 
by the nations participating, the prospective increase 
of CFC concentrations should be much reduced. 
This action is not taken because of the greenhouse 
effect but because of the depleting effect of CFC's 
on stratospheric ozone, which is the subject of the 
next section. Nevertheless, implementation of the 
Protocol would markedly reduce the importance of 
the CFCs as contributors to the greenhouse effect. 

As noted above, the reasons for the observed 
increases in CH4 and N20 concentrations are not 
sufficiently well understood to permit either a 
reliable forecast of their future concentrations or 
formulation of a strategy for limiting them. Limiting 
combustion of coal would presumably help to limit 
the increase of N 2 0  (Wao et al. 1987), whose con- 
tribution to the greenhouse effect in any case is 
relatively small. Increasing numbers of cattle, rice 
production, sanitary land fills, biomass combustion, 
coal mining, natural gas production and flaring all 
may contribute to increasing CH, concentration. In 
addition, changes in abundance of the OH radical 
(the principal sink for CH,) can affect the CH4 
concentration. Release of methane hydrates from 
Ocean sediments, which may be caused by global 
warming, could perhaps double the annual emissions 
of CH,, and would be in addition to the other 
effects cited above. Since the greenhouse effect of 
CH4 could be as much as one-third to one-half that 
of C02 (depending on growth assumptions), it is 
clearly important to learn more about factors 
affecting future CH4 concentrations. 

Stratospheric ozone depletion. Many of the 
chlorofluorocarbons (CFCs) are non-toxic, non- 
carcinogenic, non-flammable and very stable chemi- 
cally. Hence, they are a most useful group of 
materials. Most refrigeration Lycles, air conditioners, 
and heat pumps use CFCF as the working fluid. In 
addition, CFCs are used to make foam insulation 

and are used as solvents in the electronics industry. 
By means of all of these uses, CFCs eventually find 
their way to the atmosphere, and because they are 
stable, they are transported throughout the atmo- 
sphere, including the stratosphere. In the strato- 
sphere, they are decomposed by the sun's radiation, 
and chlorine atoms are produced. These cata€yze a 
cyclic set of reactions that destroy ozone. The net 
result is a depletion of stratospheric ozone. Ozone 
absorbs ultraviolet light from the sun. Its depletion 
in the stratosphere means higher levels of ultraviolet 
(vv) light at the earth's surface. The consequences 
of this increased UV include a greater risk of skin 
Cancer and various effects on plant and marine life. 

In September 1987 at a meeting in Montreal, 
24 nations agreed to collectively curtail the use of 
halocarbons containing chlorine. If the agreed-to 
protocol is implemented, the potential problems 
with CFCs should be greatly reduced. In fact, there 
is currently much pressure to phase out the fully 
halogenated CFCs completely. The best substitutes 
available are chlorofluorocarbons or  fluorocarbons 
containing hydrogen. These compounds have much 
shorter lifetimes in the atmosphere and have zero or 
much reduced ozone depletion potential, but they 
too can contribute to greenhouse warming. Hence, 
the business of finding adequate, more environ- 
mental€y benign substitutes, either alternative 
chemicals or processes, is an active R&D topic. The 
net effect on the energy system is likely to be small 
in the long run, since it is generally believed that 
adequate substitutes can be developed for CFCs 
used in insulation and for refrigeration. 

NuCaear reactor safety and proliferation of 
€issionabk materials. The Chernobyl accident in the 
Soviet Union in 1986 produced more than radio- 
active fallout. It impressed on the world the fact 
that nuclear reactor safety is a global problem: first 
because radioactive emissions can be transported 
across national borders, and second because a 
nuclear accident anywhere causes great alarm 
everywhere. Nuclear power is special because of the 
large quantities of radioactive materials assodatcd 
with it and because it uses or produces fissionable 
materials that could be used in nuclear weapons. 
For these reasons, it is a challenging technology 
requiring care and vigilance. Despite these charac- 
teristics, the nuclear industry has an excellent safely 
record. Nevertheless, as Chernobyl reminded us, a 
nuclear power plant can have a catastrophic acci- 
dent. This possibility is of great public concern as 
demonstrated by the recent decision not to start the 
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Shoreham plant on Long Island because no agree- 
ment could he reached on an evacuation plan. 

Because of these concerns, a number of coun- 
tries are attempting to develop power reactors that 
do not rely on active safety systems. These new 
reactor concepts involve passive safety; that is, the 
reactor will shut down automatically without any 
operator intervention in the event of a failure in the 
coolant system, and the reactor will not overheat 
regardless of whether the emergency cooling systems 
work or not. Such reactors, if they can be built 
economically, should be much more forgiving, and 
they will protect both the public and the capital 
investments, (The major loss caused by the TMI 
accident in 1979 near Harrisburg, Pa., was financial; 
there was little physical harm to the public.) 

The second global concern with nuclear power 
as it is adopted by more and more countries is she 
proliferation of nuclear weapons. Any power reactor 
is a potential source of fissionable materials that 
could be used for weapons although other sourccs 
of weapons-grade material are generally more 
attractive. Concerns focus largely, though not 
exclusively, on the reprocessing and recycling of 
plutonium, for which effective safeguards have yet to 
be demonstrated. Little economic justification exists 
now for reprocessing, but as the number of reactors 
continues to grow, uranium prices will eventually 
rise, and so will the value of the plutonium, leading 
to an economic incentive to recover and recycle the 
plutonium. Some persons concerned about prolifera- 
tion might be prepared to accept a limited role for 
nuclear power that does not require reprocessing. 
However, the decision by France and Japan to 
reprocess spent fuel and ship recovered plutonium 
around the world (presumably to gain experience 
and facilitate waste disposal) underscores concerns 
that plutonium will be available, conceivably even to 
terrorist groups. The decision also underscores the 
fact that no unilateral action by the United States 
is likely to change the situation. 

Technology can reduce the risks of proliferation 
or diversion but cannot eliminate them, especially 
under a reprocessinghecycle regime. Safeguarding 
measures can be improved, and reactor and fuel 
cyclc dcsigns that minimize the opportunities for the 
diversion of plutonium can be used.* However, if a 
country is willing to risk detection, no safeguards 
program can stop it. 

Note that no country with nuclear weapons 
achieved them using power reactors. Rather, they 
built facilities dedicated to the production of nuc- 
lear weapons materials. This path is likely to be the 
preferred one for potential proliferators in the 
future. The main linkages to nuclear power plants 
are (1) plutonium in spent fuel could be used for a 
crash program to build crude nuclear weapons, and 
(2) a nuclear power program provides camouflage 
for a surreptitious weapons program and expertise 
that would be useful, if not crucial. 

The major barriers to proliferation will have to 
be political, not technical. Nations must agree that 
nuclear weapons are not in their best interest. The 
Nonproliferation Treaty, now signed by 126 coun- 
tries, states that signatories are not engaged in 
proliferation, thus reducing the incentives for their 
neighbors to do so. The treaty is enforced by the 
International Atomic Energy Agency through 
voluntary inspections of nuclear facilities. However, 
several countries of particular concern have not 
ratified the treaty, including Israel, South Africa, 
Pakistan, India, Brazil, and Argentina. 

Proliferation will be an issue in any debate over 
a nuclear power revival. Under some conditions, a 
nuclear power program could contribute to a 
nation's nuclear weapons program, and plutonium 
reprocessing/recycle clearly creates the possibility of 
opportunities for diversion by terrorists. The severity 
of these risks is a matter of judgment that cannot be 
validated conclusively. 

25.1.2 

Acid Rain. The quintessential example of energy 
system pollution emitted from one country, causing 
adverse impacts in another, is acid rain and the 
growing controversy between the United States and 
Canada and among European countries. "Acid rain" 
is a generic term describing both wet and dry acidic 
deposition from the atmosphere. Both SO2 and NO, 
emissions are converted to acids by chemical reac- 
tions in the atmosphere (National Research Council 
1983). The evidence thus far supports the conclusion 
that acid deposition is mainly anthropogenic in 
origin, with electric utilities contributing over 50% 
of the precipitation acidity (Adams and Page 1985). 
Although scientific uncertainty over the cause and 

'Alternative fuel cycles could be used to make diversion more difficult (e.g., T h P U  because u2U, inevitably present to some 
degree, emits a hard gamma ray). 
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effect relationships between acid deposition and the 
environment still exists, scientific evidence is accum- 
ulating that emission byproducts are having deleteri- 
ous impacts on lakes, streams, and forests. (National 
Research Council 1986, Schindier 1988). Recent 
reviews (Schindler 1988) have suggested that the 
prevention of further damage or  deterioration of 
eastern lakes will require a t  least a 50% or  more 
reduction in current deposition loadings of SOp The 
relationship between emission rates and deposition 
loadings is complex and depends on location, atmo- 
spheric transport, and complex atmospheric chemis- 
try. It is these uncertainties, in part, that have made 
it difficult to agree on SOz emission reductions. 
While the evidence for SOz effects on forests is 
more equivocal, some evidence indicates that reduc- 
tion in forest growth and other types of damage are 
associated with overall air pollution. 

Congressional concerns over acid precipitation 
resulted in legislation that created a 10-year national 
program (U.S. Congress 1980) charged to (1) idcn- 
tify the causes and effects of acid precipitation and 
(2) identify actions to limit or ameliorate its effects. 
This program, the National Acid Precipitation 
Assessment Program (NAPAF'), is charged with 
providing information by 1990 to serve as the basis 
for policy recommendations on acid rain controls 
(General Accounting Office 1987). Numerous 
independent legislative initiatives have been pro- 
posed for regulating emissions that would place 
some constraints on the use of coal. Most recently, 
Congress has passed legislative proposals that would 
provide cost sharing for the development and 
deployment of new clean coal technologies. (U.S. 
Congress 198& EPRI 198Sa). As a policy issue, 
acid precipitation will continue to remain on the 
legislative agenda, and the current active support for 
controls on emission of precursors of acid dcposi- 
tion strongly suggests that. Congressional action is 
likely within the next few years. The final specific 
provisions of legislation will remain uncertain until 
a bill is enacted. 

Enactment of stringent emission controls on 
SO, and NO, would shift a portion of potential coal 
demand to other fuels. What is uncertain is the rate 
at which new generating stations using clean coal 
technologies could be brought on line to replace 30 
to 40 year old facilities for which emission controls 
would be too costly (DOE 1987~). 

25.13 National coase~uences of the cptergy system 

The health, safety, and environmental impacts 
of various fuel cycles are national concerns, and 
these are reviewed here briefly, especially those 
associated with various electricity technologies. For 
a more complete discussion, see the DOE Energy 
Technologies and the Environment, Environmental 
Information Handbook (DOE 198th). 

AH energy technologies have inherent health 
and environmental risks associated with their use. 
The origins and potential. magnitudes of these risks 
are as varied as the technologies themselves. Any 
energy technology represents a sequence of steps or 
operations, each of which may be a source of 
impacts or  risks. Therefore, a comparison of the 
relative benefits and costs of a particular technology 
should take into consideration the potential environ- 
menta1 and social liabilities that may exist at the 
different stages of a particular technology or in the 
total fuel cycie. 

As Holdren et al. (1983) points out, an assess- 
ment of the comparative liabilities of energy systems 
would include at least the following classes of 
environmental and social effects: 

1. injuries (fatal and nonfatal, occupational and 
public) from accidents or  sabotage; 

2. illnesses (fatal and nonfatal, occupational and 
public, somatic and genetic) from routine 
emissions and exposures; 

diminution of well-being through disruption of 
ecosystems or climate; 
aesthetic loss and nuisance; and 
undesirable changes in sociopolitical conditions 
and processes. 

3. damage to property; 
4. 

5. 
6. 

Of all the energy sources, we have the greatest 
experience and therefore the most knowledge of the 
effects of fossil fuels. Operating experience in the 
fuel cycles of oil, gas, and coal has provided a strong 
base of information on their environmental and 
social impacts. Because of its long history of use, we 
have a great deal of experience and knowledge about 
the effects of coal. The general public and workers 
in a wide variety of trades are subjected to risks 
from coal production and use. These risks include 
actidental injury, respiratory disease, and cancer. 
Nevertheless, despite more than a century of study 
of the health effects of coal, great uncertainties still 
exist. The health risks of the coal fuel cycle include 
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those caused by mining, cleaning, transport, combus- 
tion, and conversion. Estimates of mortality, injuxy, 
and disease for the various parts of the coal and 
nuclear fuel cycles are listed in Table 2.6. These 
estimates are discussed in the paragraphs that 
follow. 

Cod Mining and Cleaning. The major and most 
well-documented healnh effects of coal mining are 
occupational (Morris 1983). Health impacts result 
primarily from chronic exposure to coal dust (espe- 
cially in underground mines), which may lead to 
black lung disease if chronic inhalation occurs. More 

obvious is the number of injuries or deaths that 
result from the different types of accidents that 
occur with regularity in underground mines. These 
effects have been diminished with improvements in 
underground working conditions brought on by 
recent federal legislation and by the shift toward 
more surface mining of coal. Both black lung disease 
and accident and injury rates are much lower in 
surface mines (Gotchy 1987). 

Environmental damage has long been associated 
with coal mining and especially with strip mining. 
Aside from direct damage do surface areas, acid 
mine drainage from both underground and surface 

of ptential bealth 
US. population ftom the nuclear and mal fuel cycles [per GWy(e)] 

Source of risk 
Total 

mortality 
Total injury 
and disease 

Uranium Mining 0.36-0.52 
Processing" 0.17-0.29 
Power Generation 0.068-0.070 
Transportation 0.0 1 
Reprwssing 0.052-0.057 
Waste Management 0.004 
Catastrophic Accidents 0.04 

Totals 0.70-0.99 

coal Fuel qdeb 

Coal Mining - 1.6 
Coal Processing - 0.027 
Transport at ion - 2.2 

Waste Management >o-1 
Power Generation 5-1W 

Totals 8.8-15 

4.6-13 
1.0-3.1 
1.9-5.0 
0.06-0.17 
0.19-0.21. 
0.008 
0.15 
8.1-22 

-66 
- 3.4 
-31 
50-1W 
>O 
150-200 

___-I 

aIncludes milling, conversion, enrichment and fuel fabrication. 
bRanges in this table are the range of best estimate values in the l ist and do not reflect 

'These ranges are controversial; actual range could be zero to perhaps several hundred. 
the total range in the list. 

Note: 1 GWy(e) = 8.76 x lo9 kWh(e). 1987: nuclear, 52 GWy(e); coal, 167 GWy[c) 

Sozuce: Gotchy, R. J,. 1987. Potential Health & Environmental Kmpacts Atihutable to 
the Nuclear c9r Coal Aiel Cycles, Final Report, NUREG-0332. U.S. NRC, Washington, D.C. 
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mines has been a major source of environmental 
impact. As a result of federal legislation, consider- 
able improvement has been made in the past several 
years. Nevertheless, rigorous enforcement is required 
at both the state and federal ileveb to prevent such 
abuses in the future. 

After being mined, coal must be cleaned to 
remove impurities before shipment. Water is the 
primary cieaning vehicle. Hence, wash water is 
acidified and contains traces of toxic heavy metals 
and other contaminants. The remaining solid waste 
is usually dumped in spoil banks or  waste piles. 
These are subject to sliding and further leaching of 
deleterious substances into ground or surface waters. 
Moreover, the piles are subject to spontaneous fires. 
These fires in 250 million tons of burning waste in 
the United States are believed to contribute about 
5% to the overall national burden of carbon mon- 
oxide (Christrnan et  al. 1980). One possibility being 
explored is the purposeful burning of these wastes 
in a fluidized bed combuster to produce heat and 
power (EPRI 1988b). Deaths and injuries to coal 
processing workers are not insignificant. It has been 
estimated (National Research C o u n d  1979b) that 
about 0.02 accidental deaths occur per GWy(e). The 
injury rate is about 3.4 per GWy(e) (Cotchy 1987). 

Cumbuslion of Coal. The combustion of coal 
has long been associated with health problems. As 
a result, many studies and analyses have been aimed 
at deriving valid quantitative estimates of the 
cause/effect relationships among health effects and 
the effluents resulting from the burning o f  coal. 
Nevertheless, although the air pollution produced as 
a result of coal combustion is recognized by health 
authorities as a direct cause of respiratory fatalities, 
no exact measure of their number exists. Many 
estimates have been made of the number of fatalities 
attributable to the combustion of cual in generating 
electricity (for which about 70% of coal combustion 
occurs). Btimates of excess deaths caused by SO2 
and sulfate exposures vary widely and range from 3 
to 60 per GWy(e) (Holdren 1987). This range is 
equivalent to about 500 lo 10,000 excess deaths per 
year nationwide. Another set of values is given in 
Table 2.6. Although these estimates are subjcct to 
considerable uncertainty, they are in qualitative 
agreement with a recent projection of life shortening 
made by Wilson (1987), who estimates that of the 
2,000,000 people who die each year in the United 
States, 50,000 may have their lives shortened by air 
pollution. These human health impacts of coal 

burning will be significantly reduced as SO2 and NO, 
emission from central power stations and industrial 
boilers are reduced as a result of the national clean 
coal effort. 

The Nuclear Fuel -le. The estimates given in 
Table 2.6 of human health and safety risks asso- 
ciated with the nuclear fuel cycie indicate that they 
are approximately a factor of 10 less than for coal. 
This result depends on a very low value for catas- 
trophic accidents. Holdren (1987) shows a much 
greater range, from less than 0.001 to 60 deaths per 
GWy(e) from such accidents. To put such numbers 
in perspective, the number of delayed fatal cancers 
over the next 50 years that may result from the 
Chernobyl accident is estimated to be about 17,400, 
or  about 0.003% of the expected number from all 
other causes. (Anspaugh, Catlin, and Goldman 
1988). The accident resulted in 31 early deaths. If 
accidents as mere as Chernobyl were to occur as 
often as once in lot#) reactor years, then approxi- 
mately 17 deaths/GWy(e) would be an appropriate 
estimate. [Worldwide cumulative operating experi- 
ence with nuclear power reactors now totals about 
2000 GWy(e).j However, such a high frequency for 
such severe accidents seems unacceptably and 
unnecessarily high. Nuclear power can and must do 
much better than that. 

Risks from normal operations of the nuclear 
fuel cycle are ertainly much less than for coal, 
although clean coal technology can narrow the gap 
significantly. Note (Table 2.6) that with the emp- 
tion of accidents, the major sources of risk in the 
nuclear fuel cycle are from uranium mining and 
processing. 

Nuclear and Other Hazardous Wastes. The 
permanent, safe disposal of residuals that are 
byproducts of energy generation or its associated 
fuel cycles is a major challenge. The mounting 
evidence of direct (e.g., sludge piles) or  indirect 
(e.g., ground water potlution) environmental and 
health threats continues to fuel public concerns 
about the siting and operations of energy-related 
facilities. 

In the case of nuclear wasles, the issue of long- 
term storage is still not fully resolved. Because it is 
impossible to guarantee that there will never be any 
leakage, however slight, over very long periods of 
time (e.g., thousands of years) the issue becomes 
one of providing convincing assurances that any 
radioactive leakage into ground or  surface waters 
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that might occur over such long periods will remain 
below certain very low tolerance levels. A site for 
the first federal high-level waste repository has been 
selected, at Yucca Mountain, in Nevada, and the 
extensive tests and detailed analyses necessary to 
validate this site selection are under way. The same 
laborious process will be required at each new site, 
and i t  can be expected to be difficult, controversial 
and time-consuming. Nevertheless, most experts 
believe that safe disposal of radioactive wastes can 
be accomplished in any of several types of gcological 
settings and that the required assurances will be 
provided to accommodate both the considerable 
quantities of radioactive wastes already i n  existence 
and the even larger quantities to be expected from 
future nuclear power operations. 

Disposal of intermediate and low-level radio- 
active wastes may prove to be more troublesome in 
the long run than disposal of high-level wastes, 
because the volumes of material to be handled are 
very much larger and the number of disposal facili- 
ties to be licensed and monitored is much greater. 
The specters that have been created in the minds of 
the general public by past practices in hazardous 
waste disposal-by leaking disposal sites or waste 
burial grounds, either radioactive or nonradio- 
active-have resulted in a very negative reaction to 
the location of any such facilities in many com- 
munities. 

The nation faces a tremendous and costly 
cleanup problem because of its past waste disposal 
practices. The siting of new facilities for residual 
disposal, he it  fly ash, sludges from emission control 
systems, or mixed radioactive and hazardous cheni- 
cal wastes, will be increasingly restricted and costly. 
The reduction of health and environmental risks 
associated with disposal and siting practiccs will 
require the application of new sociotechnical ap- 
proaches, such as recycling and front-end modifica- 
tions to reduce end-of-pipe disposal requirements. 
Although remedial action activities will exact a large 
and necessary cost over the next decade, it is to be 
hoped that out of that investment, new attitudes, 
approaches, and technologies will emerge that will 
minimize the formation of residuals or lead bo new 
concepts for treatment and disposal. 

Other Energy Soiirces and Technologies. Environ- 
mental and health impacts are not limited to the 
fossil fucl or nuclear fuel cycles. No energy technol- 
ogy is free of potentially significant environmental 
hazards (Holdren 1987). These hazards are divcrse 

and difficult to quantify, and in our present state of 
experience, they represent major challenges to arrive 
at measures of damage or risk. Recently, OECD has 
assessed the environmental impacts of renewable 
energy (BECL) 1988). 

Biomass, Occupational risks derive primarily 
from harvesting although they niay be alleviated by 
the increased use of mechanized techniques. The 
other major direct hazard is indoor air pollution 
from the combustion of biomass without proper 
ventilation, which can be a problem in extremely 
tight, energy efficient buildings. This problem, as 
well ;is the emissions of unburned hydrocarbons in 
the outside atmosphere, a n  be greatly reduced by 
the use of properly designed stoves with catalytic 
oxidation enhancers. Other potential problems are 
deforestation, depletion of soil nutrients, and 
erosion, although proper management in an agro- 
forestry setting can minimize these problems. 

One of the potentially most exciting new oppor- 
tunities and approaches that could make a sig- 
nificant difference in the role of biomass as a Source 
of energy is the rapidly developing field of biotech- 
inology or genetic engineering. Genc splicing, recom- 
binant DNA techniques, and specialized tissue 
culture offer a powerful set of tools that may have 
profound influences on society, including the energy 
field. New types of plants that can fix nitrogen and 
resist the effects of pesticides are imminent, Selec- 
tion for plants that are more efficient photosyn- 
thesizers and the mass cloning of such plants are 
within the realm of possibility. New microorganisms 
that will enhance nutrient uptake and growth of 
biomass are a distinct possibility. 

The planned introductions of genetically engi- 
neered organisms into the environment are not 
without potential risks. A new organism that lacks 
ecological controls could multiply unexpectedly with 
undesirable consequences; subtle shifts and altera- 
tions in ecosystem balances may be brought about 
with a reduction in selective forces that have kept 
the systems in balance. The loss of genetic diversity 
in crops that have been engineered to precise 
criteria, although enhancing ccrtain attributes, may 
make such crops vulnerable to unexpected biotic or 
climatic stresses. As a result of such recognized con- 
cerns, governments are moving toward regulation 
and imposition of careful controls on the use of 
genetically engineered organisms and especially their 
experimental release into the environment. 
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Ilydrogower. Because of natural or  manmade 
causes, dams sometimes fail with serious loss to life 
and property. Also, hydroelectric facilities flood 
fertile bottom lands and may adversely affect both 
aquatic and terrestrial ecosystems. Dams may affect 
fish and biota by altering stream flow and oxygen 
concentrations downstream and by blocking the 
movement of fish during reproductive seasons. These 
are all well-known problems that may significantly 
restrict the further development of hydropower. 

short exposures to high concentrations (loo0 ppm) 
and cause serious problems at Iesser concentrations. 

Two environmental hazards have been noted 
with geothermal systems. First, the escape of geo- 
thermal fluids that contain high concentrations of 
dissolved salts and toxic elements can affect nearby 
water bodies and supplies. Second, hydrogen sulfide 
oxidizes in the atmosphere to sulfur dioxide. It has 

Photovoltaics. Each of the most promising 
semiconductor materials, such as silicon, cadmium 
sulfide, copper indium diselenide, and gallium 
arsenide, poses significant hazards of human expo- 
sure to toxic materials (Mintzer 1980). In the 
photovoltaic energy cycle, the principal potential 
impacts are health haards  to workers and possible 
environmental e€fects resulting from contamination 
of I m l  water bodies by toxic substances during the 
manufacturing process. Workers may be exposed to 
dusts, fumes, or aerosols composed in large part of 
respirable particles containing quantities of those 
toxic materiab. 

The health hazards posed by the large-scale 
deployment of photovoltaics are significant but 
manageable with existing technology (Holdren et al. 
1983; OECD 1988). The risks posed by the produc- 
tion and use of silicon cells are the least severe. The 
large-scale use of cadmium or arsenic in photovol- 
taic devices will yield both occupational and public 
health risks if these materials are released to the 
environment. Nevertheless, such problems are 
amenable to more or less standard abatement 
techniques. 

Solar Themial Electric (or Process Heat) and 
winci Devices. The risk impacts of these technologies 
Seem minimal although some problems exist with 
noise and rotor failure accidents of wind machines 
(OECD 1988). 

Geothermal Energy. Geothermal energy systems 
have a number of potential health hazards that may 
affect workers and the public. From some sources 
such as the Geysers in Northern California, hydro- 
gen sulfide emissions are a problem, although a 
controllable one. Other gases associated with the 
process, such as ammonia and radon, are considered 
to be issues of lesser magnitude. Hydrogen sulfide 
is a highly toxic compound and has been an occupa- 
tional hazard in oil and gas fields. It can be fatal in 

been speculated that ihese would add to the atmo- 
spheric burden of this acid precursor in areas of 
intense geothermal development. However, most of 
these problems are manageable at some cost. 

Fusion. Thermonuclear fusion is often said to 
be more benign than nuclear fission in terms of 
health and environmental hazards. However, at 
today’s stage of development, too little is yet known 
about eventual designs, composition, and operation 
of these devices to make other than very general 
judgements. Fusion will involve radioactive materials 
that can pose threats to both workers and the 
environment. One of the primary fuel components 
will be radioactive tritium, which will also be 
produced in appreciable quantities ai the reactor 
sites. This tritium inventory will pose hazards to 
workers at the site, will be subject to routine 
leakage, and could be released in larger quantities 
during an accident (Cannon 1983). The problem of 
tritium control will depend on details of fusion 
reactor design and could be comparable to or more 
demanding than the corresponding tritium control 
problem in fission reactors (Holdren et al. 1987). 

The fusion process produces high-energy (14- 
meV) neutrons, which will produce a variety of 
radioactive isotopes in reactor components. The 
activated components may present an occupational 
hazard to workers and will have to be treated as 
radioactive wastes if they are to  be disposed of at 
the end of their use. For pure fusion reactors, these 
problems are much smaller than those associated 
with fission reactors, but for fusion-fission hybrids, 
they are comparable. Pure fusion reactors also have 
a much smaller potential for serious accidents and 
much less potential for contributing to nuclear 
weapons proliferation. 

Electromagnetic Radiation. Electromagnetic 
radiation from high-voltage power lines has become 
of concern because of presumed health effects 
resulting from chronic exposures to such fields. 
Many studies have been done on humans and 
animals, including epidemiological investigations of 
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the effects of power lines on local populations. 
These studies have yielded conflicting results (EPRI 
1987b). Because of large remaining uncertainties, 
DOE and others are continuing studies of the 
biological effects of this type of radiation. 

25.1.4 

Several consequences of the energy system are 
felt and dealt with mostly at  the local, state, or 
regional levels. These include localized air and water 
pollution problems, among which smog and related 
high concentrations of ozone and carbon monoxide 
have proved to be especially bard to overcome. Two 
other issues, primarily related to decision-making 
about new energy facilities, are management of land 
and water resources and the growing syndrome of 
"put it anywhere, but not in my backvard" (NIMBY). 

Smog, Ozone, and CO. The smog problem i s  
generally the result of growing traffic densities that 
exceed the carrying capacities of areas such as the 
Denver or Los Angeles basins, Sixty-five areas in the 
United States do not now comply with the National 
Ambient Air Quality Standards (NAAQS) for 
carbon monoxide, and 62 areas do not comply with 
the NAAQS for ozone (Swank 1987). These situa- 
tions are partly caused by vehicle emissions in areas 
where meteorolo&y is unfavorable for dispersion. 
The Clean Air Act (as amended) requires attainment 
of the NAAQS in all states by August 1988. Areas 
that failed to attain the standards by this deadline 
face more stringent emission controls. Without 
taking substantial new measures to reduce emissions, 
approximately 80 urban areas in the United States 
will be unable to attain the NAAQS for ozone or 
carbon monoxide (DOE 1988b) in the foreseeable 
future.* One such potential measure is the use of 
alternative fuels, such as methanol and ethanol in 
vehicles. Methanol is more likely to substitute for 
petroleum products as a basic fuel in vehicles, 
whereas ethanol will probably be limited to use as 
a blending agent in fuel becausc it is relatively 
expensive (DOE 1988b). 

Methanol and ethanol emissions are mostly 
similar to gasoline emissions when used with the 
same emission-control equipment. Neat methanol- 
and ethanol-fueled vehicles emit unburned hydro- 
carbons of lower chemical reactivity than do vehicles 
using gasoline or diesel fuel (Alson, Adler, and 
Baines 1988). l%us, the formation of ozone, which 
consists of a complex series of photochemical 
reactions involving hydrocarbons and nitrogen 
oxides, is reduced. Nitrogen oxide emissions are 
reduced substantially because of cooler combustion 
(depending on engine design). Using fuel blends 
that contain alcohol at high altitudes and in cold 
weather reduces emissions of carbon monoxide 
appreciably (DOE 1988b). Methanol is especially 
attractive for diesel engines because it burns without 
soot and particulates and emits much less nitrogen 
oxide, but the use of methanol in diesel engines 
requires ignition enhancement. 

These benefits are not without certain tradeoffs. 
For example, methanol conibustion produces more 
formaldehyde, a highly reactive carcinogen, than 
does petroleum product combustion. It i s  believed 
that current-generation catalytic systems will be 
effective in controlling formaldehyde emissions, but 
further studies are needed (DOE 1988b). 

Several states now have alternative fuel pro- 
grams. The Colorado Air Quality Control Commis- 
sion has adopteA regulations requiring the winter 
use of oxygenated fuels to reduce ambient levels of 
carbon monoxide and particulate emissions (DOE 
19SSb). kgislation requiring future USC of methanol 
is pending in California, and Arizona legislators 
have introduced bills requiring the use of oxygenated 
fuels during the winter. 

Land- ard Water-Resource Conflicts. Energy 
technologies, whether fossil and nuclear power 
stations, refineries and synthetic fuel plants, or wind 
farms and solar electric facilities, can require a good 
deal of land for diverse purposes such as fuel 
storage, energy harvesting, and the  disposal of 
residuals. Moreover, some sites are chosen for ease 
of transportatioii or power transmission, thus placing 
them. near centers of high population density. Also, 

*'fie August 1988 deadline having passed, EPA must now proceed with implementing the sanctions required by the Clean Air Act; 
however, the prevalent view seems to be that Cmgress will somehow have to recognize the great difficulties these areas will face in trying 
to comply with the NAAQS for 0, and CO, even with more stringent controls on vehicle emissions. 
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such facilities are often located adjacent to water 
bodies to provide cooling water, ready transportation 
of bulk fuel, or both. Consumptive water use by 
energy facilities makes a significant demand on water 
supplies in many regions. The use of land and water 
far new energy facilities will be in competition with 
other purposes such as agricubure, recreation, 
conservation, and homes. The energy industry may, 
for example, have to give serious consideration to 
the concepts of remotely located energy parks that 
seme population centers through new jointly owned 
and operated transmission grids. 

Biomass, the most important component of 
which is now fuel wood, is highly land intensive. 
Within the continental United States, land for the 
large-scale production of biomass for energy may 
compete for land with food and fiber production and 
with other uses such as wildlife management, 
recreation, and watershed protection.. &.cause food 
production wili continue to use the most fertile 
soils, biomass energy crops will require fertilization, 
the runoff from which can place stress on water 
resources. 

In addition, other land- and water-use conflicls 
arise because fuel exploration and production on 
some public or native Indian lands and on the outer 
continental shelf are opposed for ecological reasons. 
A recent example is the dispute over drilling in the 
Alaska National Wildlife Refuge. Resolution of 
resource allocation conflicts is a growing politicxi 
problem. 

NIMBY. Various energy facilities (e.g., nuclear 
power plants, power lines, and waste disposal 
facilities) are often considered to be undesirable 
neighbors. Even when people are convinced that a 
proposed facility promises a net social benefit, they 
often don't want it located in their vicinity. This 
situation often stymies decision making. NIMBY 
seems to be caused by a deepening loss of trust in 
institutions associated with energy facility develop- 
ment, which extends from the utilities or other 
developers to the state and federal regulatory bodies 
responsible for oversight (Peelle 1988). Public parti- 
cipation in assessment of costs and benefits may 
offer the best approach to solving this problem. 

25.15 Individual (or family) level mqucnccs 
of the energy system 

Individuals may suffer adverse health or safety 
consequences of the direct use of energy services in 

the home, on the job, o r  during either transporta- 
tion or  rareation. Two seem worthy of some note: 
indoor air pollution and automobile safety. 

Indoor Air Pollution and Safety of Building Energy 
systems. Indoor air quality is a growing concern and 
is related to the energy system because changes de- 
signed to reduce energy use in existing or  new 
buildings may also adversely affect air quality. 
Obviously, indoor air quality is determined by the 
type and quantity of pollutants, the ventilation rate 
a t  which air is circulated and treated, and the extent 
of leakage from the outside (infiltration). Extremely 
efficient buildings are designed to have very tight 
shells with low accidental infiltration rates; air 
quality is maintained by using heat exchangers so 
that "clean" outside air, brought in to maintain 
inside air quatity, is warmed or cooled by an equal 
vulume of discharged "dirty" air. This system is 
effective for achieving air quality in very tight 
buildings. An alternative approach is to control 
pollutants a t  the source. 

High indoor radon concentrations can be a very 
serious problem. The radon source is generally the 
earth surrounding the building foundation, and it 
will vary enormously with location. The radon 
infiltration through cracks and joints in the founda- 
tion and basement is driven by small pressure 
differentials between the building and the ground. 
Effective measures for reducing radon infiltration 
have been developed (Underground Space Center 
1988). Nevertheless, the fear of increasing radon 
levels has caused some utilities to retreat (in their 
energy conservation programs) from sanctioning or 
requiring measures that make buildings very tight. 

Kerosene heaters and wood stoves are major 
sources of pollution, and the resulting air quality 
problems may be compounded because people using 
these forms of heating may be inclined to reduce 
infiltration rates as much as practicable. As men- 
tioned, welldesigned equipment, properly vented 
and designed to achieve complete combustion (e.g., 
by the use of palladium catalytic surfaces), can 
minimize the problem. 

Undoubtedly, as understanding and monitoring 
of indoor air quality improve, heating, ventilation, 
and air conditioning (HVAC) codes and standards 
will be adjusted, thus, significantly afkcting the 
design and perhaps the energy efficienq of HVAC 

The availability of electricity and gas in build- 
ings is a source of accidents of many types. Over the 

technology. 
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years, an elaborate system of standards and testing 
has reducRd the risks. Another step in that continu- 
ing improvement may be at hand with smart wiring 
and gas plumbing systems which use diagnostic 
sensing to evaluate faults in the system or attached 
equipment and respond intelligently to control 
energy flow and provide information about trouble. 

Automobile Strfety. A decade ago, it was argued 
that reducing automobile size and weight to meet 
the fuel economy standards then being promulgated 
might-or  might not-have an adverse effect on 
safety. Occupants of smaller, lighter vehicles, it was 
thought, would be at greater risk in collisions with 
heavier vehicles, and smaller vehicles might provide 
fewer opportunities for impact-absorbing design 
features. Some automobile safety regulators, on the 
other hand, argued that better use of available 
materials and technology (e.g., air bags) could make 
the more fuel-efficient cars of the mid-1980s safer 
than the 1977 models (Boehly and Lombard0 1981). 

O m  should also consider different kinds of 
collisions (e.g9 light cars with heavy ones, light cars 
with light ones, and single-car accidents). In a survey 
of small-car safety, the General Accounting Office 
(1982) concluded (1) that srnaller cars are not 
involved in more accidents than large cars, (2) that 
small-car occupants did suffer greater injuries in 
collisions with larger vehicles, and (3) that the 
evidence was inconclusive with respect to collisions 
between cars of the same size and accidents invol- 
ving a single vehicle. A great deal still remains to be 
resolved with respect to these issues. The net long- 
run effect of fuel economy on automotive safety i s  
a problem that still requires further research. 

Insecurity and Fluctuating Oii Prim 

In a recent report to the President, DOE 
comments, "Higher import dependence WQUM 
increase the risk of nnajor supply disruptions that 
are damaging to our economic well-being and energy 
security" (DOE 1987e, p. 7). DOE projects that in 
the 19% U.S. annual oil imports may increase from 

the present level of 12 quads (6 MRD) to the range 
of 16 to 20 quads (8 to 10 MBD). Furthermore, this 
may be accompanied by similar increases by other 
industrialited countries. Imports, however, are not 
necessarily the best indicator of vulnerability to oil 
price shocks. Total consumption of oil, regardless of 
its source, is often a better index of the total costs 
an economy incurs in responding to sudden in- 
creases in oil prices.* Athough U.S. oil consump- 
tion has been creeping up since 1985, the resultant 
costs in increased vulnerability need to be balanced . 
against the increases in real GNP that the additional 
use of oil, a response to lower prices, has made 
possible. 

Wc are now cnjoying what seems to be a period 
of relative energy stability and security. This stability 
is manifestcd in a large gap between world crude 
production capacity and demand (Fig. 2.6). As 
discussed, the gap is created by sharply reduced 
demand resulting from efficiency improvements and 
fuel switching efforts, primarily by OECD countries, 
and by increases in stablc production capacity, 
mostly outside the Mideast. Security has also been 
improved by filling the U.S. Strategic Petroleum 
Reserve (SPR) to 550 million bbl and by govern- 
ment-owned or controlled reserves of at least that 
quantity among othcr OECD countries. 

Maintaining this state of relative security re- 
quires a comprehensive and flexible policy carefully 
coordinated with other nations. It should include 
reliance on free-market prices, which, as noted 
above, have elicited an enormous conservation 
response among OECD countries (Figs. 2.2, 2.3, 
2.4). It should also includc plans for the use of 
OECD-member strategic reserves under a variety of 
conditions, possibly including unilateral drawdowns, 
which could be io the interest of the United States 
and other OECD countries. Taxes, incentives, 
standards and other market-compensating tactics 
may also have a role to play. One objective should 
be to keep the dcmand for oil down by encouraging 
economic efficiency improvements, fuel switching, 
and the adoption of fuel-flexible technologies. 
Dercgulatory initialives, particularly in natural gas 

'Simulations hy a wide variety of models indicate that the lass of rcal G N P  following an oil shock tends to be proportional to a 
country's total consumption of oil rather than its imports. 1 Iowever, hecmse of differential price level (terms of trade) effects, countries 
more dependent on imports suffer somewhat greater total economic losses. As much as 70% of the total economic losses caused by 
a severe oil price shock is represented by the loss of real G N P  caused by the temporary unemployment of labor and underutilization 
of other resources that are involved in adjusting to the new, oil-constrained equilibrium. The remaining 30% reflects a greater claini 
on domestic CNP by foreigners (resulting from increased oil prices) and a somewhat lower Icvd of G N P  at full employment. (See 
Hickman, et al., 1987.) 
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and electric power, should also be given serious 
consideration. R&D can help by (1) enhancing fuel- 
me flexibility and efficiency, (2) extending domestic 
oil and gas resources (both conventional and uncon- 
ventional) and (3) reducing the cust of production. 
By producing liquids from more abundant fossil 
fuels (notably coal) and biomass, R&D may produce 
competitive indigenous liquid fuels in the long run. 

Whether or not oil supplies are insecure, we 
h o w  that prices can fluctuate dramatically as a 
result of relatively moderate changes in world supply 
and demand. Large sudden price changes are, of 
course, economically disruptive and damaging, at 
l a s t  when prices rise. Sudden oil price drops can 
also be damaging to certain segments of the econo- 
my and regions of the country although probably not 
to the aggregate economy. 

Are such large price fluctuations likely to recur? 
We don't know. In fact, predicting oil prices has 
proven to be impossible, but Fig. 2.25 indicates 
some possibilities schematically. We might expect 
that as conventional oil sources deplete, prices will 
rise gradually. Obviously, as this trend proceeds, 
other sources of liquid fuels will eventually compete, 
including heavy oil, tar sands, shale oil, and liquids 
from coal. The progress of technology will determine 
when and at  what price. 

The market structure (i.e., whether the market 
is more or less free or is controlled by a cartel) can 
also influence the price. The shaded area on Fig. 
2.25 illustrate this e l fa t .  The large fluctuations in 
price over the past 15 years were not caused by 
physical depletion, at least not worldwide. Instead, 
they represent a volatile market, the dynamics of 
which is not atypical of some commodities. Curlee 
and Reister (1987) suggest that such fluctuations can 
mcur because short-term elasticities of response to 
prices are small on both the demand and the supply 
side of the system, but long-term elasticities are 
much larger. Under these conditions, small fluclua- 
tions in supply or demand can trigger large price 
responses that do not correct rapidly. Instead, these 
intermediate-term increases and decreases in price 
can persist for several years until the long-term 
reaction compensates. Also, Curlee and Reister 
observe that intermediate-term fluctuations can be 
caused by changes from one market structure to 
another (e.g., by changing from "free" market 
conditions to cartel control and back again). Such 
future fluctuations in price are entirely possible. 
They could be large and could more or less obscure 
the more gradual price increase caused by depletion. 

From the point of view of maintaining a healthy 
world economy, avoiding large oil price fluctuations 
is highly desirable. How to achieve greater stability 
is not obvious, and figuring out practical ways to do 
it should have a high priority among energy policy 
makers. The means would seem to be a judicious 
use of the tools mentioned above, including R&D 
of the types mentioned. It is not inconceivable that 
a de facto consortium of oil importing nations (a 
sort of consumer's cartel) might control its demand 
such that oil prices rernain relatively low for a con- 
siderable period of time. 

253 The Neods of I)eveloping Couotries 

The needs of developing countries are of 
concern to the United States which is genuinely 
interested in helping p p l e  who are less well off. 
There are other reasons, too. The North-South 
poverty gap is a chronic source of tension and 
political instability. Also, as nations develop, they 
can become stronger trading partners, which is both 
an opportunity and a challenge. It is an opportunity 
for expanding markets for our goods and services, 
and it is a challenge because newly industrializsd 
countries can be strong competitors. 

Development is fueled by modern, more efficient 
energy sources. The forecasts discussed in Sect. 2.4 
concur that the primary energy requirements of the 
developing world will increase substantially if 
economic progress is to be achieved. Goldemberg et 
al. (1988) see efficient use of energy as the least- 
cost strategy for achieving desired growth, but even 
in their scenario, the primary energy requirements 
of the developing nations increase substantially. The 
increased demand will put an additional stress on 
world energy sources, particularly oil, and will 
contribute an increasing fraction of worldwide CO, 
emissions. Accordingly, one challenge for U.S. 
energy technology R&D policy should be to help 
develop improved technologies that will promote 
economic growth in developing countries with the 
least possible stress on scarce resources and on the 
environment. 

25.4 Lack of Public Confidence in Nuclcar Power 

Nuclear power has long been universally recog- 
nized as having the potential for satisfying a major 
part of the world's requirements for energy. Two 
central points-the potential for supplying energy on 
a very large scale and for doing so at  prices not very 

~ 
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hetical Mure Si! pkx! fluctuations. Fluctuations can be caused by changes in market structure 
or by small changes in supply. Resource depletion results in a gradual increase in the long-run price. Source: Curlee 
and Reister 1987. 

different from contemporary prices for energy from 
fossil sources-have provided the impetus for four 
dccades of development and implementation of this 
technology. 

However, nuclear power also has two generic 
characteristics that from the beginning in 1939 [or 
even earlier, before the actual discovery of fission 
(Segre 19591 have been universally recognized as 
presenting unusual risks to society that would 
require very careful rnanazement if the bright 
promise of a major new energy source were to be 
realized. These characteristics-very large quantities 

of radioactive materials and a potential for the 
malevolent use of the basic fuel materials, uranium 
and plutonium-were discussed in Sect. 2.5.1. 

We have singled out the problems of nuclear 
power as one of four problem areas facing the 
energy system precisely because of this agonizing 
dilemma. The potential benefits of nuclear power 
appear to be very great because of the very large 
scale at which it can be deployed, but the potential 
risks are perceived by some as too great to permit 
such large-scale deployment. Yet nuclear power has 
already become an important contributor to world 
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energy supply, as well as to  that of the United 
States.* It is important to ensure that all of these 
reactors continue to operate safely and reliably. 

It seems clear that R&D has a major role to 
play in resolving the important issues surrounding 
nuclear power, as is discussed in Chaps. 3 and 4. 
However, improved technologies alone may not he 
sufficient Lo restore public confidence. Better 
institutional arrangements may also be necessary. 
Rayner and Cantor (1987) s u a e s t  three reyuire- 
ments: (1) trust in the institutions managing the 
technology; (2) agreement a b u t  liability for acci- 
dents; (3) the consent of those potentially affected 
by the technology. Inventing the needed institutional 
arrangements may be as important an R&D objec- 
tive as improving the technologies themselves. 

26 C€€AR.AClXRISTICS OF A DESIRABLE 
ENERGY SYSTEM 

In this chapter, we have tried to paint a picture 
of the United States and world energy systems, of 
how they have evolved and changed, and of the 
future challenges and problems they may face. We 
have observed that the systems are remarkably 
resilient on both the supply and demand side of the 
economic equation, but the magnitude and speed of 
the adoption of energy-conservation was generally 
unanticipated. The improvement in  the efficiency of 
energy use worldwide is certainly a major tech- 
nological success story of the post-oil-embargo 
period. 

Although significant technological progress has 
occurred and is occurring with most of the energy 
sources, no one source is perfect, as we have dis- 
cussed in this chapter. All have flaws. As is pointed 
out in the recent report, The Twenty-First Century 
Energy fiiion (MIT1 1987) the world is entering an 
era of increasing competition among numerous 
energy sources and technologies as oil becomes 
more limited. Despite imperfections in each energy 
source, the energy system in the aggregate scrves us 
well. 

As a whole, the energy system has evolved to 
exhibit attributes or characteristics that are desired 
by society. in evaluating R&D needs and oppor- 
tunities it is important to consider these desirable 
characleristics. Indeed, R&D should be done to 
ensure that the energy system will have these 
characteristics. That was the premise of an earlier 
QRNL assessment of energy and technology (Living- 
ston et aX. 1982). 

Table 2.7 lists six of these desirable characleris- 
tics: the system should be (1) available, reliable, and 
resilient (because of diversified sources, flexibility in 
networks and in the use of energy forms, and 
adequate reserves to provide security from supply 
disruptions); (2) enduring (through the use of 
inexhaustible, renewable, or very abundant sources); 
(3) inexpensive (to provide cheap energy services for 
a growing economy in a competitive world); (4) safe 
(with acceptable impacts on human health and the 
environment); ( 5 )  fair (in that it does not impose 
inordinate risks or  costs on particular individuals, 
nations, or  future generations); and (6) ammmo- 
dating to cultural needs (such as mobility, con- 
venience, and recreation). 

The U.S. energy system displays all these 
characteristics to one degree or  another, but it also 
has some limitations, as described in Sect. 2.5. 
Energy technology R&D that could make a dif- 
ference will be that which contributes significantly 
to improving energy system characteristics by re- 
ducing chronic probiems, by providing new oppor- 
tunities, and by providing insurance against adverse 
contingencies in an uncertain future. In Chap. 3, 
promising R&D options are discussed and evaluated 
in terms of criteria that were chosen by considering 
these desirable system characteristics and the four 
problem areas discussed in this chapter. The cor- 
respondence between the desirable characteristics of 
the energy system as a whole and the criteria used 
in Chap. 3 to evaluate specific R&D options and 
areas is indicated in Table 2.7. 

'Nuclear power now contributes 5% of the world energy supply, compared with 7% for hydropower. In the OECD countries, 
nuclear power exceeds hydropower. It contributes a much larger share of electricity generation than of total energy supply, especially 
in certain countries: nearly one-fifth of all electricity in the IJnited Stales (more than oil and gas combined), about one-fourth in Japm, 
and more than two-thirds in France. 

- 

Energy Technology MD: What Could Makz A Differencc? 59 



Table 27. Correspondence between desirable energy system cbaMlcteristics and criteria used in 
Chap. 3 to evaluate energy technology R&D options, and ateas 

Characteristics of a 
desirable energy system 

1. Energy sources available, reliable, and resilient 

- diversified 
- flexible 
- secure reserves 
- geographically distributed (i.e., available 

everywhere) 

2. Enduring (inexhaustible and/or renewable and 
sustainable) 

- primary resources adequate for the long 
term - low use of critical materials 

3. Inexpensive and prices stable 

- compatible with economic goals 
- competitive in world markets 
- total energy costs a small fraction of 

Gross National Product 

4. Environmentally acceptable and safe 

- little discharge of hazardous materials 
- small probability of serious accidents 
- low impact on local and regional 

environments 
- small impact on the global commons re- 

sources such as atmosphere and the ocean 

5. Fair 

- to individuals, communities and regions 
- to other nations 
- to future generations 

6. Accomodates cultural needs 

- mobility 
- covenience 
- recreation 

Criteria used to evaluate energy 
technology R&D in Chapter 3 

1. Energy significance 

- near term 
- longer term 
- indefinite future 

2. Energy security 

- reduces oil use 
- facilitates shift to sources other than oil 

or gas 

3. Economics and international competitiveness 

_I_ cost competitive 
- certainty about costs 
- contributes to exports 
- leads to spinoffs 

4. Environmental, health, and safety impacts 

- free of major problems such as accidents 
- would reduce CO, emissions 
- few routine but damaging impacts 

5. Social impacts 

- infrastructure organized for deployment 
- accepted by public 
- free of high risk 

I§. Beneficial to less-developed countries 
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Chapter 3 
The R&D Options 

T h e r e  i s  a vast array of technologies under 
development that, if successful, would be beneficial 
in producing energy or improving its use. It is the 
intent of this report to identify those technologies 
that are likely to be particularly useful over the next 
50 years (i.e., those technologies which should be 
the care of an R&D program aimed at ensuring that 
energy will not be a major constraint on socicty’s 
goals). 

As explained in Chap. 2, there is no perfect 
energy technology. Everything in use now or under 
development has some serious liabilities. Each 
technology may have a limited resource base (e.g., 
oil and natural gas), cause significant environmental 
damage (coal), pose safety concerns (nuclear), or be 
very expensive (solar) or require action by many 
people to be implemented widely (efficiency im- 
provemen ts). 

The technologies discussed in this chapter have 
been identified as the best compromises to contrib- 
ute to the goals discussed in the previous chapter. 
Sixteen criteria in six categories were applied as 
listed in Table 3.1. The criteria were developed from 
a revicw of energy problems and issues-in partic- 
ular, factors contributing to desirable characteristics 
of the energy system which influence how it will be 
able to meet society’s needs, as discussed in Chap. 2 
(Sect 2.6). In general, the criteria emphasize the 
magnitude of the potential energy contribution of 
the technology (or technological group) assuming 
successful R&D and implementation, the economic 
advantage that may amrue, the effect on national 
energy security, and the environmental, social, and 
international impacts it may have. 

The first step in this bottom-up review was to 
organize teams of ORNL staff members to review 
13 areas of energy technology covering end-use 
sectors and the various sources and 8 areas of 
crosscutting science and technology. Each team was 
asked to review the research programs at ORNL, 
other national laboratories, and other research 

centers. The teams relied heavily on the research 
plans of DOE, the Electric Power Research Institute 
(EPRI), and the Gas Research Institute. Each team 
prepared a report to summarize RSrD opportunities 
in its area; these reports are collected in the three 
parts of Vol. 2 of this report. After reviewing the 
team reports, the synthesis team prepared the lists 
of R&D opportunilies that comprise Appendices A 
and B of this report. These lists are not exhaustive 
of all energy RSrD programs. Rather, they represent 
the reviewer’s selection of R&D opportunities that 
have significant potential for improving existing 
technology or creating new ones. 

Fifty technologies or technological areas were 
selected as having the greatcst promise and arc 
listed in Table 3.2. This list was prepared by com- 
paring all the technological groups listed in Appen- 
dix A to the 16 criteria in Table 3.1. When several 
competing technologies were included in the group, 
the best results were noted. The detailed evaluations 
of the options are discussed in Vol. 2. The selec- 
tions in Table 3.2 were made on the basis of judg- 
menls of the overall pattern of the ratings for the 
16 criteria. Where directly competing technologies 
are approximately equal in promise, they are aggre- 
gated in the table and identified in the discussion 
below. Table 3.3 shows the evaluation under the 
criteria for the 50 options. 

Most of the 16 criteria defined in Table 3.1 are 
straightforward. A few words of explanation may be 
helpful, however, with respect to the first three 
criteria, which relate to energy significance. 

We considered three time frames: near-term (by 
the year 2000), longer-term (by the year 2040), and 
ultimate significance. For each option in each time 
frame, we assigned a rating (H for high significance, 
M for medium, and L for low) with numerical 
guidelincs. 

We created the third time frame (ultimate 
significance) for the large or inexhaustible energy 
sources (coal, breeder reactors, and solar and fusion 
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1. Does this technology have the potential for making a major near-term (by the year 2000) contribution 
to  our energy system (assuming the economics prove reasonable)? 

H 1 quadbear equivalent 
M at least 0.2 quadfyear 
L 4 . 2  quadfyear 

2. Does this technology have the potential for making a major longer-term (by 2040) contribution? 
13 4 quads/year equivalent 
M 1 quad/year 
L <1 quadfyear 

3. Can thc technology continue to grow indefinitely beyond the 50-year time frame, or  is it resource or 
application constrained? 

H virtually iiiexhaustible and unconstrained 
L significant limitations 

4. Is the technology likely bo be cost competitive with other means of satisfying the energy requirements? 
c 
0 - 

likely to be competitive even at low energy prices 
competitive with modest price rise (i.e., oil at  S20-35bbl) 
competitive only with expensive energy (Le., oil over $35) 

5. Is the technology understood well enough at  this time that the cost projections assumed in question 4 
can be considered accurate? 

f 
0 
- many uncertainties 

cost projections should be accurate; few if any hidden surpriscs 
about the same as most R&D options 

6. Will this technology generate significant exports of equipment, services, or resources? 
++ large potential market 
+ 
0 negligible 

some market, but not great 

7. Is developmcnt likely to lead to other valuable technologies? 
f significant potential 
0 little potential 

Environmen!naal, health, nnd safely impacts 

8. Is the technology likely to be free of major problems such as large quantities of toxic materials or 
catastrophic accidents? 

+ 
0 
- some major uncertainties 

little risk, or much less likely than current equivalents 
about the same as current equivalents 
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Table 3.1 (continued) 

Em- health, and s a f q  impacls (continued) 

9. Would deployment of this technology result in reduced emissions of carbon dioxide? 
+ 
0 
- likely to produce more 

significantly less C 0 2  likely to be released 
not much difference, or  depends on what it replaces 

10. Would manufacture and use of this technology result in relatively few routine but damaging 
environmental and occupational impacts? 

+ little potential for problems 
0 regular monitoring and corrections required 

11. Could this technology reduce oil imports? 
++ yes, by at least 200,000 bbl/day (0.4 quadbear) by the year 2000 
f some, but less than that 
0 little or  none, maybe even negative 

12. Could this technology facilitate shifts to other fuels in case of shortages of oil or natural gas? 
+ 
0 
- 

easy to shift fuels, at least 200,000 bbl/day within 1 year 
some, but less than that 
may make the system less flexible 

13. Is the existing industrial/commerciaI infrastructure well organized to deploy this technology? 
+ can be easily accommodated 
0 
- major changes required 

moderate changes to institutions required 

14. Is the technology likely to be readily accepted by the public? 
+ likely to be popular 
0 
- likely to be controversial 

generally acceptable or  no impact on the public 

15. Will this technology be free of concerns (e.g., significant accidents or  cost overruns) that could make 
it appear to be a high-risk investment? 

4- 
0 
- major uncertainties 

few if any problems anticipated 
some problems, but should be manageable 

16. Will this technology be directly beneficial to economically underdeveloped countries? 
4- will be quite useful 
0 few or  no advantages 
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Table 3.2 Promising energy tschnolog R&D options 

Advanced engine technologies 
Continuously variable transmission 
Improved aircraft efficiency 
Automated dynamic traffic control 

Heat pumps 
Lighting 
Smart control systems 
Envelopes 
Manufactured buildings and components 
Computer-assisted design 
Retrofits of existing buildings 

Enhanced oil recovery 
Field characterization techniques 

N a w d  gas 

Exploration and drilling techniques 
Unconventional gas techniques 

Coal 

Oil substitutes 
Fluidized bed combustion 
Bioprocessing 
Gasification 
Liquefaction 

Catalysts 
Sensors and controls 
Separations 
Advanced heat management 
Cogeneration 
Pulp and paper processes 
Steel processes 
Agricultural techniques 

Electricity 

Superconductivity applications 
Power elcctronics 

Advanced cmversbn 

Aeroderived gas turbines 
Brayton cycle 
Kalina Lycle 
Fuel cells 
Hot gas cleanup 

Advanced batteries 
Thermal storage 

Improving existing LWR technology 
Modular high-temperature gas reactor 
Liquid nietal fast breeder reactor 
Waste management techniques 

Reactor systems 
Fissile fuel breeder 

Feedstock development 
Conversion technology 
Municipal solid waste processing 

Photovoltaic energy conversion 
Solar thermal 
Hydroelectric 
Wind turbines 



Taw 3.3. Ev8hutiou of promisbig R&D optioes 
~ 

Energy significance Economics/competitiveness Environment Security b i a l  &ability 
Technological opportunities Near Long Ultim. Energy Cost Export Spin Severe Oil Fuel Infra Public Invest, LDC 

term term poten. costs uncert. equip. offs impact CO, Other imp. flex. struc. percep. risk impact 

Transportation 
Advanced engine technologies 
Continuously variable 

Impraved aircraft efficiency 
Automated dynamic traffic 

transmission 

control 

Heat pumps 
Lighting 
Smart control systems 
Envelopes 
Manufacturad buildings and 

Computer-assisted design 
Existing building retrofits 

Catalysts 
Sensors and controls 
Separations 
Advanccd heat management 
Cogewration 
Pulp and paper processes 
Steel processes 
Agricultural techniques 

Superconductivity applications 
Power electroaics 

AdvaRced conversion 
Aeroderived gas turbines 
Btayton cycle 
Kalina cycle 
Fuel cells 
Hot gas cleanup 

Advanctd batteries 
Thermal storage 

Enhanced oil recovery 
Field characterization 
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Table 3.3. (continued) 

Energy significance Economics/competitiveness Environment Security Social do-ability 
Technological opportunities Near Long Ultim. Energy Cost Export Spin Severe Oil Fuel Infra Public Invest. LDC 

term term poten. costs uncert. equip. offs impact C 0 2  Other imp. flex. struc. percep. risk impact 
~~ ~ 

Natural gas 
Exploration and drilling 

Unconventional gas 
techniques 

techniques 

Oil substitutes 
Fluidized-bed combustion 
Bioprocessing 
Gasification 
Liquefaction 

Nuclear power 
Improving existing LWR 

technology 
Modular high-temperature 

gas-oooled reactor 
Liquid metal fast 

breeder reactor 
Waste management 

techniques 

Reactor systems 
Fissile fuel breeder 

Feedstock development 
Conversion 
Municipal solid waste 

Coal 

Fusion 

Biomass 

processing 
Solar electric 

Photovoltaic energy 
conversion 

Solar thermal 
Hydroelectric 
Wind turbines 
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energy). We struggled with the issue of whether or 
not an  end-use technology can be inexhaustible. Is 
efficiency an exhaustible resource? For example, 
compared with the current fleet average, the im- 
proved mileage of a 50-mile/gal W G )  car would 
incur a large energy savings that would last forever. 
But can the energy savings grow? The energy savings 
realized by replacing 10-MPG cars with 20-MPG 
cars is larger than the savings gained by replacing 
25-MPG cam with 50-MPG cars (both changes are 
by a factor of two, but the base consumption is 
lower for the second case). 

We decided that efficiency is an exhaustible 
resource. Thus, all the technological options to 
improve end-use efficiency were given a score of L 
(significant limitations) for ultimate potential. On 
the supply side, we decided that the ultimate poten- 
tial of hydroelectricity and biomass is significantly 
limited. 

To estimate energy significance, we estimated 
the potential marker €or each option and the 
guessed market penetration. ln general, we assumed 
that future markets would be about the same size as 
current markets. 

We adopted two different methods for defining 
the magnitude of the energy associated with an 
option. For end-use options, we estimated energy 
savings. For energy conversion, storage, and supply 
options, we estimated the magnitude of the dotal 
instatfed capacity. 

The evaluations leading to the results listed in 
Table 3.3 were performed in meetings between each 
technology area team and the synthesis team. The 
meetings began with reviews of the options listed in 
Appendix A. To introduce the criteria in T3ble 3.1, 
a few options (or an aggregate option) were evalu- 
ated in the meeting. For example, consider steel, for 
which seven technological options arc listed in 
Appendix A. In the meeting, an evaluation was 
performed for the aggregation of the seven options. 
Later, in a smalier meeting, an evaluation was 
performed for each of the sewn options. After all 
the aggregate analyses had been completed, the 
technology team and the synthesis team chose the 
aggregated options with the gratest  promise, listed 
in Table 3.2. The technologies in Table 3.2 were 
selected on the basis of the overall pattern of the 
ratings for the 16 criteria. 

The Criteria provided a basis for systematically 
reviewing each option. Great care was taken to 
ensure that the criteria were consistently applied and 
that the options selected represented the most 

attractive compromises based on the results. No 
quantitative weighting methodology was used. As 
discussed in Chap. 2, no one knows just what our 
energy requirements will be in the future, so various 
perceptions of energy needs lead to different R&D 
programs to meet the needs. In addition, R&D 
programs are inherently unpredictable, and observers 
do not necessarily share the same expectations of 
success. Therefore, there is no mrnpleteiy objective 
way to rigorously compare different types of pro- 
grams, and it should be noted that the list is, by its 
nature, somewhat subjective. A different group of 
analysts using the same methodology would have 
produced a different list, (although there almost 
certainty would be a substantial overlap). However, 
these results have been widely reviewed, and major 
differences of opinion have led to appropriate 
revisions in the list. 

Thus, there have been three levels of evaluation: 
first, the review by the researchers involved leading 
to the lists in Appendix A; second, the comparison 
to the energy, economic, environmental, and social 
criteria; and third, the review by the researchers and 
other observers of the results. In addition, these. 
options are viewed in Chap. 4 from a broad energy 
perspective to see how they fit into a balanced R&D 
strategy. 

It should be noted that exclusion from Table 3.2 
does not suggest that a technology is not wr4h 
pursuing. On  the contrary, all the technologies 
considered (and discussed in Vol. 2) have merit. For 
example, some technologies were excluded because 
their energy contribution would be small, but they 
might still show a high benefit-to-cost ratio. in other 
cases, the technology itself is likely to be important, 
but the improvements due to the R&D will not add 
materially to this success. The purpose of this list is 
to focus attention on the key energy R&D oppor- 
tunities that are most likely to make a significant 
difference in our energy system over the next 50 
years. 

In light of these caveats, a brief justification of 
the selection is in order and is given below in Sects. 
3.1.1 and 3.1.2. Further details about these and 
other technologies can be found in VoL 2. 

R&D options in crosscutting technologies and 
areas of science (Appendix 3) may be indirectly 
important to the suw%ss of one or more of the 
energy technology R&D options. For instance, 
advanced materials are key to high-temperature 
turbines, very eflicient automobile engines, and 
various coal conversion processes. These crosscutting 
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technologies are listed in Table 3.4 and discussed in 
this chapter (Sect. 3.2), but no effort was made to 
analyze their desirability as was done for the energy 
technology K&D options. 

3.1 PROMISING ENERGY TE(3-lNOmGY 
R&D OrnONS 

Automobiles, light trucks, and airplanes have all 
been made remarkably more efficient over the past 
15 years. The technology exists for substantial 
further improvements, but most are unlikely to be 
implemented at current fuel prices. The goal of the 
R&D program is to provide economically attractive 
ncw technology. 

Because transportation accounts for the con- 
sumption of vast amounts of oil and because of the 
difficulty of converting to other fuels, research must 
be directed at both cfficiency and fuel switching. 
Electric vehicles would appear to provide a means 
to accomplish fuel switching, but their performance 
has been inadequate; internal. combustion engines 
have been improved faster. Electric vehicles are 
discussed in Sect. 3.1.1.6 (Storage) because batteries 
are the major technological constraint. 

Eventually, alternative fuels will have to be used 
for transportation to reduce or eliminate dependence 
on gasoline. Alcohols from biomass, liquids from 
coal, and hydrogen have been proposed for use in 
automobiles. The major constraint to the use of 
these fuels for the next several decades is likely to 
be their cost. Earlier penetration of mcthanol and 
other oxygenated fuels could occur for environ- 
mental reasons; they result in less ozone (a prime 
cause of smog) and less carbon monoxide than does 
gasoline [see Transportation (Sect. 1.1 in Vol. 2) 
and Sect. 251.31. Automobile engine!! a n  be readily 
adapted to methanol using available technology, so 
they are not included on the list of most promising 
technology developments. However, research on the 
integration of thc issues of fuel supply (production 
and distribution) and engine fuel requirements may 
point the way to productive lines of devclopment. 

Research on automobile and truck efficiency 
covers improved engines, more efficient drive trains, 
and factors such as acrodynamics and weight that 

ileagee. Promising advanced 
nder development include th 

and various low-heat-rejection engines. The gas 
turbine promises high-efficiency with expectations 
for low emissions (as yet undemonstrated) and 
multifuel, capability, but it will require ceramic 
components which can operate reliably at very high 
temperatures. The DOE target is 2500°F (1371°C). 
A silicon-carbide turbine rotor has now been suc- 
cessfully demonstrated in a test-bed engine at 2200°F 
(1204°C) (DOE 19%). Final questions regarding 
emissions must be addressed when prototype engines 
are available. 

hw-heat-rejection (LHR) reciprocating engines 
offer iniprovcd efficiency through minimization of 
heat losses and reduction of the parasitic losses of 
fans and water pumps. Reduction in size or elimina- 
tion of radiators can permit additional improvement 
in vehicle aerodynamics as well. High-temperature 
materials, thermal barriers, and compatible high- 
temperature lubrication systems are the  critical 
requirements for LHR engines. In addition, conibus- 
tion systems must be optimized and, if necessary, 
rcconfigured for LHR engincs to ensure compliance 
with emissions regulations. 

Turbocompounding and bottoming cycles are 
demonstrated fuel-saving tcchnologies and are very 
effective when married with LHR engines, but they 
are more practical for heavy trucks than for light 
trucks and passenger cars. 

With continued progress in combustion control 
and enhancement (e.g., catalytic surfaces), unthrot- 
tled engines, with their inherent efficiency advantage, 
may achieve largcr penetration into the transporta- 
tion sector. Spark-ignited (or other ignition-enhan- 
cing technology) versions of unthrottled engines will 
have the fuel flexibility to use gasolines and metha- 
nol instead of only diesel fuel. Direct injection 
versions of these engines are typically the most 
efficient, thus falling under the definition of the 
widely recognized DISC (direct injection stratified 
charge) engine. Application of LHR technology to 
spark-ignited, unthrottled engines may have note- 
worthy potential and as yet is relatively unexplored. 
Two-stroke (or even rotary) versions of these 
engines, which offer better power-to-weight ratios 
and lower internal friction losses than the more 
common four-stroke versions, may yield additional 
fuel economy gains, but again combustion enhance- 
ment (with consideration of fuel flexibility) and 
emission control will be the keys to the success of 
these technologies. 

introduces an essentially infinite number of gears, 
The c m  voriobk ~~~~~~~ (CVT) 
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Tabk 3.4. Cruwmm-ng whmhgies and r&td  ateas of science 

M i m ~ - w b m d -  

Smart systems for control of industrial processes, combustion efficicnq, building heatinglcoolingflighting, etc. 
Sensors for determining conditions in harsh environments 

A.dvmmdtnatenhls 

Ceramics for high-temperature engines 
Surface treatments, including &-friction materials 

Materials by design 
tightweight structural ma:erials 
High-temperature, erosion- and oorrosion-resistant materials for hot gas cleanup, turbines, heat exchangers, etc., in harsh 

superconductors 

environments. 

BiQ&C- 

Xniproved plants for high-prcductivity biomass 
Microbes for coal cleaning, oil recovery, and hydrogen production 
Enzymes 

Improved distillation 
Membranes 
Supercritical fluid extraction 
Low-grade ore recovery, including recovery from seawater 

EfficienLy improvement and environmental control of internal ambus t  ion engines and boilers 
Enhanced fuel-switching capability 
Municipal waste incineration 

GeoscieneeS 

Improved understanding of reservoirs for enhanced oil recovery 
Gas exploration techniques 
Unconventional methods of gas recovery 
CRothermal energy 
Waste sequestering 

Waste reduction and recycling 
Pollution control techniques that improve the efficiency of chemical and physical processes for transforming and scavenging 

Solid waste disposal 
harmful effluents 

l k c i & ? l & g m r d ~  

Tmplerneslting high-energy-effciency strategies 
Planning for energy technologies invohrlng social risk 
Managing a reduction in the emissions of carbon dioxide 
Utility least-cost planning 
Planning for uncertainties 



allowing an engine to remain constantly at its most 
efficient speed; but matcrial and reliability problems 
must be solved before CVT will be practical for any 
but small vehicles. Further gains could be realized 
by designing the engine to operate at precisely the 
most eificient speed, since the need to design for a 
range of speeds imposes compromises on other 
factors, including economy. Alternatively, computer- 
optimized control of the engine and transmission 
coupling with current automatic transmissions may 
prove to be a more practical way to achieve similar 
objectives. Lighter materials, improved aerody- 
namics, and tires with lower rolling resistance, as 
well as a multitude of specific design innovations, 
may be important in improving vehicle mileage. 

uhwafi efzknq will not save as much 
energy as automobile efficiency is expected to save 
becausc the current fuel requirements are so much 
lower (although air traffic is increasing rapidly). 
Nevertheless, substantial gains are possible, and 
advanced materials are a major target. Composites, 
plastics, and light alloys may all simplify manufac- 
ture while saving weight. Advanced aerodynamics 
can reduce drag significantly, and improved engines 
(such as ultra-high-bypass jets and high-speed turbo- 
prop engines) should be more economical. Also, 
improvements in operations-including flight plan- 
ning, load management, and air traffic control-may 
offset the effects of increased congestion. All these 
gains are likely to be effective in reducing demand 
for petroleum, as fuel is a major expense of airlines. 
Reductions in fuel use by as much as 35 to 40% per 
passenger mile seem likely over the next decade or 
two (Vol. 2, Sect. 1.1). Aircraft are a major export 
item, so improved planes and associated technology 
would p a competitive advantage. 

&Q@ cantral is a system 
that monitors traffic patterns and adjusts flow. 
Energy savings are not the primary goal of this 
research program, but idling or slowly moving 
automobiles waste considerable fuel. Research 
concentrates mostly on software development to 
handle the data and calculations and on hardware 
development to improve the reliability of the 
sensors and controls. 

A U  

3.1.1.2 Buildings 

Energy use in residential and commercial 
buildings increased from 33% of all U.S. energy 
consumption in 1972 to 36% in 1987. Most energy 
i s  used for space heating and cooling, hot water, 

and lighting. Improvements can be made to the 
equipment that actually consumes this energy and to 
buildings themselves. 

Many opportunities exist for improved energy 
efficiency in new and existing buildings with existing 
technology; these measures are not being imple- 
mented at  a rate commensurate with their cost 
effectiveness, even though they can pay high divi- 
dends for both energy efficiency and economics. 
However, the research involved is institutional and 
behavioral rather than physical, as discussed in the 
section on decision making under Crosscutting 
Technologies in this chapter and in Chap. 4, Sects. 
4.1 and 4.2. 

Heating and cooling of buildings account for 
about one-half of all the energy used in the building 
sector. Some modern furnaces are virtually as 
efficient as they can ever be (condensing furnaces 
with 92% efficiency are commercially available), but 
major gains in efficiency are still possible with 
advanced heutprnpx The coefficient of performance 
of heat pumps and air conditioners theoretically 
could be more than doubled. Development is under 
way on capacity modulating systems, improved 
controls, new refrigerants, and new cycles. 

In addition to improved electric heat pumps, 
thermally activated heat pumps (TAHP) are being 
developed. These can be gas-fired absorption units 
(which are available now in large, commercial s ix s  
but will require improvement before they are widely 
popular) or more conventional vapor-cycle units 
with the electric motors replaced with, perhaps, 
Stirling engines. Such units could be fired by a 
variety of fuels or even solar collectors and would 
allow the use of waste heat for high efficiency. 
Before advanced TAHPs become practical, consid- 
erable work is required for engine longevity or 
absorption component durability, as well as im- 
proved costs and performance. Current R&D results 
are promising. 

More efficient heat pumps would not only save 
energy themselves, but their range of comperitive- 
ness with oil and gas furnaces would be extended. 
Because very efficicnt heat pumps (either TAHP or 
electric) can deliver more energy than they consume, 
the overall energy savings could be substantial. They 
should find ready acceptance among ConSurners and 
could be major export items. However, new chemical 
compounds must be developed to replace Freon and 
other refrigerants containing chlorofluorocarbons 
(CFCs). Thus, RgLD will be required just to keep 
heat pumps at  their present efficiency. 

... - ~ 
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Improved @.Mag technobgies also could save specific site and through selecting the best possible 
considerable energy, perhaps 2 quadslyear overall envelope and equipment. It can improve the em- 
and maybe more with advanced daylighting tech- nomic application of passive (or even active) solar 
xniques. Fluorescent lamps are particularly appropri- design features. Such techniques also go hand in 
ate for improvements, even though they are already hand With custom manufactured building and 
much more efficient than i n a n d w e n t  lamps. components. 
Reduced self-absorption, mare efficient phosphors, Efficiency is easiest to incorporate into buildings 
and higher ballast frequencies are possible advances. when they are designed and constructed. However, 
Improved fluorescent iarnps are likely to  replace rdrofitc fa misting byiMings can significantly reduce 
some incandescents, with notable energy savings. energy consumption. Many efficiency improvements 

Buildings will increasingly incorporate gnart are already availabb (e.g., insulation, efficient 
d spfem based on miaoekctronics and appliances and lighting). However, recent studies 
sensors to determine the need for space conditioning have shown that performance often fails to reach 
and lighting (including daylighring) and to supply pre-investment estimates. The major research areas 
precisely the right amount of service, avoiding the concern methodology for providing reliable data on 
waste of overdesign in present systems. Although the benefits from efficiency retrofits, and measure- 
smart systems exist, R&D is required to improve ment and analysis of the influence of human and 
systems and apply them to residential as well as other factors on the effectiveness of retrofits. 
commercial situations, Further development of both 
the electronics and the sensors is required to achieve 3.1.1.3 industry 
the potential. savings. 

Heat losses through building errvekytes can be Industry uses approximately 36% of all U.S. 
sharply reduced with advanced materials. A prime primary energy. Its efficiency has improved greatly 
focus is on the dcvelopment of materials similar to since 1972, when the industrial share of enerB use 
existing products but with higher thermal resistance. was 42%. Perhaps more than in the other sectors, 
For instance, high R-value composite wails and foam industry’s decisions on investments to conserve 
cores could sharply reduce construction costs as well energy are based on economic analysis, though other 
as energy requirements. The pending ban on CFQ, considerations also play important roles. Because of 
a prime component of most of the present foams, the wide variety of ways that industry uses energy, 
suggests that substitutes such as evacuated panels many different options will be required to facilitate 
shouid be developed to avoid a drop in the effi- further gains in efficiency. 
ciency of new buildings. Active systems are another Cam€ym are tls8d in many industries and in 
possibility, For instance, windows with switchable consumer products including automobiles {which 
emissivity (opaque on winter nights, transparent use catalytic converters) to facilitate chemical 
during the day) could produce major savings. reactions. The chemical and refining industries are 

Building construction practices are rapidly particularly heavy users, and many opportunities 
shifting toward munufmw buidding;r and compo- exist for reducing energy requirements by the use of 
IMcts, providing an opportunity for new materials better catalysts. Better understanding by the scien- 
and innovative design as well as economic gains in tific communily of basic mechanisms may lead to 
an industry that has been fragmented and slow to new classes of catalysts. Important possibilities are 
introduce improvements. However, the techniques applications to one-step conversion of methane to 
and specific requirements of off-sile construction are melhand, photocatalytic reduction of water, combus- 
not yet mature, and research is required to ensure tion enhancement, and pollution control. 
that the end products will be acceptable to buyers. Smm~ and conlrds also have widespread 

cMlplltB-E1ssisted design techniques are being potentia1 for improving efficiency. Almost any 
dmeIoped to optimize building performance for any process that uses energy Can be made more efficient 
specific application. As the appropriate software is if adequate information is available to optimize lhe 
dcvelopsd, a great deal of routine design work can specific conditions at each point in the process. 
be relegated to the computer, with locus on attri- Sensors measure many different parameters (e.g., 
hutes such as energy efficiency’ safety, and security. temperature, pressure, concentrations) in a variety 
Energy rcquirements can be minimized through of environments. Tfius, each process may call for 
better prediction of building performance for a many different specifically designed sensors and a 
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complex control system that may also handle other 
functions such as quality control and equipment 
maintenance scheduling. R&D is required to devise 
sensors that c a n  withstand harsh environments and 
to devise new ways of processing information. 

One of the most energy-intensive processes is 
thc . of two or more components in a 
mixt as through distillation. Separations 
account for about 20% of all industrial energy use, 
so improvements can have a significant benefit for 
both energy and economics. Distillation Will always 
be energy intensive, but research on the basic 
process is surprisingly meager, suggesting that 
improvements in  design are possible and that new 
column-packing materials are potentially advanta- 
geous. Larger e n e r g  savings are probably available 
from replacing distillation with other processes, 
including use of membranes (e.& reverse osmosis, 
microfiltration) and supercritical fluid extraction. 
Both are in use now, but there is considerable 
potential for improvement. 

'The amount of waste heat produced by the 
industrial sector can be reduced by d v m d  k a t  

9. 'The principal advance is improved 
monitoring and control of all the operations in a 
plant to optimize conversion and distribution of 
eaerg .  Wherever possible, waste heat from a high- 
ternpcrature process provides the input encrgy for 
a lower-temperature process. Analysis based on the 
second law of thermodynamics can identify waste 
heat recovery opportunities (see the discussion of 
the Pinch Technology design method in the Indus- 
trial chapter of Vol. 2, Sect. 1.3.2.1.5). 

R&D needs inchide both software and hardware. 
Computer software can be used to design plants and 
to monitor operations. Examples of improved 
hardware are cost-effcctive heat exchangers, high- 
temperature heat pumps, high-temperature recupera- 
tors, and thermal. storage units for recovery of high- 
temperature reject k a t .  

C~~~~~~ is the simultaneous production of 
electric power and process heBr or process steam. A 
favorable regulatory climate [the Public Utility 
Regulatory Policies Act of 1978 (PURPA)] has 
enmuragcd substantial growth in csgencration in 
both the industrial and the buildings sector. In the 
industrial sector, the primary R&D goal is to 
develop small- to medium-size systems that have a 
flexible electricity-to-heat ratio. 

l k o  of the advanced conversion technologics in 
Table 3.2 (and discussed in Sect. 3.1.1.5), the 
aeroderived gas turbine and some lypcs of fuel cells, 

may be attractive machines for cogeneration. In 
particular, the intercooled steam-injected gas turbine 
(ISTIG) can accomodate variable amounts of steam 
returned to the turbine combustor, and hence it has 
a flexible electricity-to-heat ratio. Steam not re- 
turned to the turbine is  used for process heat. The 
ratio of electricity to process steam output can be 
varied considerably. Cogeneration using ISTIG with 
biomass gasification for fuel could be an attractive 
technology for some developing nations. 

For cogeneration applied to buildings, a primary 
goal for W&D is to produce a cost-effective heat- 
driven absorption chiller or heat-engine-driven 
chiller that can be integrated into a cogeneration 
system to provide cooling as well as heating and 
electricity. Small gas turbines incorporating advanced 
ceramic rotors arc a promising driver for such a 
system. 

The five promising energy technology R&D 
options discussed in the preceding paragraphs all 
have applications in several different industries, and 
some have applications in the buildings sector. They 
may all be important and economic energy savers, 
and thcy arc likely to provide export business. 
Further, they should provide environmental benefits 
by improving energy efficiency and be relatively easy 
to implement. 

Several additional developments could make a 
major difference in specific industries; the para- 
graphs that follow provide examples of promising 
Opportunities for improving energy efficiency. 

In the paper industry, the energy-intensive steps 
are the paper prmasm. Chemical pulping 
is dominatcd by the kraft process. Bemuse the kraft 
process is mature, efficiency improvements from 
many incremental changes will probably increase thc 
energy efficiency by less than 25% in the next 50 
years. 'fie energy required to reqcle paper is 
approximately one-half the amount required for the 
kraft process. A primary R&D need is a better 
process to remove ink and fillers from the recycled 
paper. In the papermaking process, improved process 
control (better automation), process physics (higher 
speeds), and improved matcrials (higher-pressure 
rollers) are called for. The three most promising 
advanccd processes (biopulping, chemical pulping 
with fermentation, and ethanol organosol pulping) 
involve integration of at least one fermentation 
process with a conventicnal pulping process. 

In the ncxt 50 years, electronic media could 
displace paper in Inany applications. Although the 
current ~ n s u ~ ~ ~ ~ o n  of paper is increased by 



computer use, the development of cheap, highly 
reliable digital storage technology (floppy disks and 
optical disks) could cause fundamental changes. The 
electronic storage media are two to seven orders of 
magnitude less expensive and more compact than 
paper and may have better archival capabilities. 

Advanced processes in the steel indumy include 
ore-to-powder steelmaking and direct reduction 
ironmaking. Both could revolutionize the industry as 
well as provide energy savings benefits of over 40%. 
The total energy required to produce steel from 
scrap is less than one-half the energy required to 
produce steel from raw materials. However, scrap 
contains trace elements that can have adverse effects 
on the properties of steel. Improved processes for 
scrap beneficiation could result in substantial energy 
savings. Continuous casting results in a large pro- 
ductivity gain over the traditional ingot casting. The 
current refractory materials that are used as spouts 
to pour the steel must be replaced frequently, and 
the debris from the spouts contaminates the steel. 
Advanced refractories could result in a substantial 
improvement in the continuous casting process. 

Agrimhwe provides several attractive oppor- 
tunities for improved energy use efficiency. The 
improved technologies are not driven by energy 
considerations, but increased energy efficiency is an 
important side benefit. Crop yields will continue to 
increase, plant varieties that reduce losses due to 
stresses (such as pests and drought) will be devel- 
oped, and fertilizer and water use efficiency will 
increase. Grain crops that f ix their own nitrogen as 
legumes do will be developed. Biotechnology will 
aid in the development of these improved plants. 

Sensors, control systems, and information 
systems will be developed that will 

a improve energy efficiency for machinery field 
operations by limiting machinery to specified 
tracts in fields (thus reducing soil compaction, 
which reduces crop yields); 

o allow for variable rates of fertilizers to be 
applied within a field (thus optimizing fertilizer 
use); and 
improve the timing and optimize the quantity of 
irrigation. 

Advances will continue to be made in reduced 
tillage operations. If livestock feed-use efficiency is 
improved, the amount of feed required will be 
reduced and the energy savings could be large. 
Biotechnology will be a significant factor in improv- 

b 

ing livestock. Technological progress will improve 
the competitiveness of American agriculture and will 
be useful to developing countries. 

3.1.1.4 €zkmki€fr 

Rerent developments in SF- have 
excited interest in new applications. It now appears 
that practical devices (generators, motors, storage 
systems, and transmission lines) can he made using 
materiais that exhibit zero electric resistance at 
easily achieved temperatures. Previousiy, all known 
superconductive materials had to be cooled to nearly 
absolute zero, which is prohibitively expensive for 
most applications. Many uncertainties have to be 
rLao1ved before these devices become available; bur 
if the research is successful, the economic payoff in 
higher efficiency, newly feasible applications, and 
equipment exports could be substantial. 

Virtualiy every power-consuming process and 
product can be improved by advances in power 
ekD&, merging power control with rnicroelec- 
tronirs. Utilities will benefit from the advent of 
smart power through improvements in the produc- 
tivity, longevity, and efficiency of powcr plants and 
transmission and distribution networks. Greater end- 
use efficiency and equipment exports could also 
provide major economic benefits. 

3.1.1.5 Advanced mnveIsMn io electricily 

The production of electricity by steam turbine 
generators grew steadily more efficient (from 14% 
in 1925 to 33% in 1960) until 1960. For several 
reasons, new steam plants today are no more 
efficient than they were in 1960, and there is little 
expectation of significant improvement in the near 
future. Yet electric power generation now cansumes 
a large and growing share of all primary energy, so 
there is strong incentive for seeking new ways to 
raise efficiency. 

The most promising option for increasing the 
efficiency of elcctric power generation is the gas 
combustion turbinc. Both large-size industrial 
turbines and smaller aerodaivedgas turhhes (derived 
from aircraft jet engines) wiil have more important 
roles in power generation. Both iypes have benefited 
Prom military R&D which has resulted in better 
turbine blade materials and designs, allowing com- 
bustion temperatures (and hence efficiencies) to 
increase. Because of high maintenance and fuel costs 
and low efficiency, utilities have used industrial 



turbines primarily for peaking, but recent advances 
have improved both reliability and efficiency. in 
1960, the largest industrial turbines could produce 
25 MW(e) in an open cycle at an efficiency of 25%. 
Today, they can produce 150 to 200 MW(e) at 35% 
efficiency; and in combined cycle with steam tur- 
bines, the efficiency can incrtme to 45 to 4'7% 
(based on higher heating value of natural gas). 

The aeroderivedj gas turbine i s  designed to 
accommodate gas flows that are considerably in 
excess of their nominal ratings, which facilitates heat 
recuperation via steam injection. Hot gases leaving 
the turbine are used to produce high-pressure steam 
which is injected into the turbine combustion 
chamber to increase power. This variation i s  called 
STIG (steam-injected gas turbine), and a straight- 
forward improvement in STIG is to pass part of the 
incoming compressed air for combustion through the 
turbine blades to cool them, thus permitting higher 
combustion temperatures while heating the combus- 
tion air. This intercooled steam-injected gas turbine 
(ISTIG) will boost efficiency to nearly 50%, and 
technology transfer from future generations of jet 
engines should raise efficiency to over 50% [see 
Williams and Larson (1988)l. Chemical recuperation 
(using the waste heat to process the fuel into a 
higher heating value) could raise it even further. 
These turbines could produce far-rcaching changes 
in the electric utility industry, especially if they can 
be used with coal (or biomass) gasification employ- 
ing hot gas cleanup. 

Three evolutionary developnients have increased 
the attractiveness of the direct lsrerydon cycle power 
plant using a modular high-temperature gas reactor 
(MHTGR), the advantages of which are presented 
under Nuclear Power in this chapter. Recent studies 
indicate that a Brayton cycle plant that could be 
built using existing materials and within existing 
design codes would be cost effective and have an 
efficiency of 45 to 50%. The three evolutionary 
developments arc the shift in design from the large 
HTGR to the MHTCR, the dcvelopmcnt of com- 
pact heat exchangers, and the advent of reliable, 
high-efficiency solid-state power electronics. 

A recent development in energy conversion is 
the le, which is similar to the Rankine: 
cycle on which conventional steam turbines work 
but could be 10 to 20% more efficient. The Kalina 
cycle has an upper temperature limit and will 
p b a b l y  be used as the bottoming cycle in a com- 
bined cycle power plant. Unlike the. Rankine cycle, 
the Kalina cycle varies the composition of water- 

ammonia mixtures to  optimize the thermodynamics 
within the cycle, whereas the Rankine cycle does 
not. Other than this one modification, the equip- 
ment worsld be identical to present systems and 
would require no other changes in technology or 
materials. Thus, the Kalina cycle could easily be 
transferred into practice at  utility power plants if the 
economics and operating characteristics are con- 
firmed at the 3-MW experimental plant scheduled to 
be built in Canoga Park, California, by early 1989. 
However, the equipment required to operate on the 
Kalina cycle is mniplex, which can lead to unex- 
pected cost escalation and operational problems, and 
the ammonia must be tightly contained to prevent 
occupational health impacts. 

Fad c e h  have long been considered a poten- 
tially attractive source of electricity because of such 
advantages as the fact that they are not forced to 
operate at  extremely high temperatures to achieve 
high efficiency. In fuel cells a reaction occurs 
between a replenishable supply of fuel and oxygen 
to produce the electricity, sometimes at over 50% 
efficiency. However, problems-including high costs 
and short lifetimes-have been encountered. Ini- 
provements are expected in the most commercially 
developed fuel cell, the phosphoric acid fuel cell 
(PAFC), but it i s  unclear if they will be adequate 
considering the current cost of $ZOO0 to $30oOkW. 

The molten carbonate and solid oxide fuel sells 
(MCFC and SOFC) appear to have potential for 
overcoming problems of other fuel cells. Both 
operate at sufficiently high temperatures to make 
cogeneration feasible, further increasing efficiency. 
They use methane, which in principle could be 
produced from coal; but if the methane is  not 
cleaned to almost surgical standards, contamination 
may reduce the lifetime of the fuel cell. Ncithea 
requires the costly materials that must be used in 
the PAFC, but both entail materials and rnaizufac- 
turing difficulties. 

In addition, advanced fuel cells may prove 
important for powering vehicles because of very low 
emissions of NO, and hydrocarbons when using 
methanol as a fuel, Both monolithic solid oxide fuel 
cells (operating at  high temperatures but with high 
power density and without a reformer) and proton 
exchange membrane fuel cells (operating at much 
lower temperatures but with a reformer to generate 
hydrogen) are interesting possibilities 

would avoid the major energy 
losses involved in coal or  biomass gasification/com- 
bined cycles and pressurized fluidized bed cornbus- 

H a  gas 



tion; the output gas must be cooled before it can be 
cleaned sufficiently to be run through a combustion 
or Brayton turbine without eroding the blades. 
However, the clean-up equipment itself erodes and 
iouIs quickiy with hot particulates, so new materials 
and designs are required. This technology is likeiy to 
be difficult to develop, but significant gains in 
energy efficiency could result. 

3.1.1.6 Storagc 

Electricity generation as well as some forms of 
renewable energy can benefit greatly from storage: 
the former because the units least expensive to 
operate (usually coal and nuclear baseload plants) 
cannot be used to meet cyclical demand, and the 
latter because energy is often not there when it is 
needed. The widespread adoption of electric vehicles 
depends on better batteries. 

Advanced batteries will have much higher power 
and energy densities than the existing lead acid 
technology (which is also improving) and will be 
more efficient, less costly, and better able to handle 
deep discharge cycles. Promising examples of ad- 
vanced batteries include sodium/sulfur, lithium- 
aluminudiron-sulfide, sodiurrdiron-chloride, and 
aiuminum/air. Significant progress has been made 
with R&D on advanced batteries in recent years, 
but two major applications are pending. Electric 
vehicles have so far exhibited inadequate perfor- 
mance and economics, but they couid potentially 
offer major fuel shifting and environmental advan- 
tages. Similarly, utilities could use coal- or nuclear- 
generated electricity stored in batteries during off- 
peak hours instead of oil- or  gas-fired turbines to 
meet peak loads. Alternatively, high-temperature 
superconducting coils may ultimately provide eiectri- 
city storage for load leveling, as already noted. 
Widespread use of photovoltaics virtually requires 
advanced batteries of reduced cast. None of these 
appIications is likely to be widespread in the near 
future, but all have considerable potential. 

Thetmnl storage is aimed primarily at solar 
technologies (.solar thermal electric and passive 
sotar) and industrial energy processes that exhaust 
heat intermittently and require: it a t  other times. 
Hol fluids can be stored in a tank, but the cost is 
high relative to the value of the energy contained. 
Research is focused 0x1 fluids such as molten salts 
and on chemical process ajid phase changes that 
absorb the energy and release it as needed at the 
required temperatures, ranging from -40 to 1ooo"C. 

3.1.21 Petroleum 

Approximately 34% of the total amount of oil 
in most fields can be recovered by conventional 
production technology. j ? W k m m d d m v e ~ ~  @OR), 
a collection of technologies, can increase this yield. 
Several techniques, including water and steam 
flooding and CO, injection, are already in mmmer- 
cia1 use. More advanced chemical flooding, miscible 
flooding, and microbial techniques show considerable 
promise. The actual increase in oil production that 
will be realized by flooding techniques is highly 
uncertain but is predicted to be 3% of the original 
oil in place (OOIP). 

Another promising type of EOR is gmlogiaHy 
targeted infili drilling (GTID). After an oil field has 
been exhausted by conventional production tech- 
niques, a substantial amount of mobile oil remaim 
behind in inhomogeneous geological formations. 
Most of the remaining mobile oil could be recovered 
by drilling on an ever closer well spacing and by 
completing wells a t  ever smaller intervals. However, 
the random approach would require drilling and 
completing a large number of wells and would not 
be economical. Improved p2d clw- 
techniqups would permit the cost-effective recovery 
of more of the unswept mobile oil. GTID might 
permit the recovery of 8% of the OOIP. Thus, the 
two forms of EOR (flooding and GTID) might 
facilitate recovery of 11% of the OOIP and raise the 
recovery rate from 34 to 45%. 

EOR may be one of the most productive R&D 
investments. Presenting few problems of institutional 
adaptation, it directly addresses the most valuable 
form of energy (oil) and is likely to place a cap on 
oil costs. In addition, for the most part, EOR is 
environmentally benign since it is applied outside 
the biosphere. The United States would also benefit 
from significant exports of materials and services, 
and the rest of the world would benefit from 
additional production. 

3-1-22 Natural gas 

In the past, the major restraint on the use of 
gas has been the concern that reserves were very 
limited. It now appears that uncmvenrional gm 
technoiogy under development may make available 
large reserves of gas at two to three times present 
wellhead prices ($1,67/million Btu). The four major 

Energv Technology R&D: W h ~ i  Could Makz A Di@nce? 75 



forms of unconventional gas are tight sands, Devo- 
nian shales, coal seams, and geopressured brines. 
Tight sand formations appear to contain about 600 
trillion cubic feet (TCF) (current annual US. 
production is about 16 TCF). Recovery of this 
resource would be expedited by research in char- 
acterizing the reservoirs and by gas stimulation 
through hydraulic facturing. Devonian shales are also 
a major resource (about 400 TCF). Many wells have 
been drilled into Devonian shales, but gas rccovery 
is slow and uncertain. Further research is needed on 
gas flow in the shale and on stimulation techniques. 
Coal seams are another source of gas (perhaps 400 
TCF). Recovery of this resource would not only 
provide valuable energy but also reduce the danger 
of coal mine explosions. Advances in drilling, 
fracturing, and dewatering are required to exploit 
coal seams that are not close to the surface. The 
estimated size of the geopressured resource is 270 
to 2800 quads of methane and 160 to 1600 quads of 
heat, but better understanding of well performance 
over time and reservoir dynamics is needed to 
evaluate the economic potential. 

to help in the search for conventional gas fields that 
had been missed when the object of most explora- 
tion was oil. In addition, smart drills capable of 
measurements, new bit designs, and new materials 
for deep drilling can make formerly uneconomic 
fields (Le., those with gas below 10,OOO ft deep) 
feasible to develop. Both improved surface explora- 
tion techniques and improved drilling could help 
produce gas at competitive prices. 

Increased production of gas, if sustainable for 
50 years, would have profound effects on how we 
View the energy problem. It would help prolong the 
present energy system, avoiding drastic and expensive 
changes. If some coal (burned in power plants or  
converted to synthetic gas or liquids) can be re- 
placed by gas, the rate of production of CO, and 
other pollutants will be reduced. The advanced 
combustion turbines and fuel cells discussed pre- 
viously would be even more attractive if gas were a 
long-term option. Gas can also substitute for oil in 
case of emergencies or  steep oil price rises. 

Improved surface qloralion 

3.1.23 Coal 

The United States has enough coal to last 
hundreds of years, even at greatly expanded rates 
of production. Coal is thus a major factor in both 
short- and long-term energy projections. However, 

coal i s  inconvenient to use and contains contami- 
nants that came serious pollution unless controlled. 
Research has focused on ways to burn it more 
cleanly and economically and on conversions to 
liquid and gaseous fuels. 

Technologies for improved burning of coal 
include developing oil ~~~~ such as coal-water 
mixtures and micronized coal. Both can be handled 
as liquids, which are much more convenient than 
solid fuels, and both may be usable as fuels in 
appropriately modified oil burners, thus enhancing 
fuel flexibility. Results to date for coal-water mix- 
tures show promise for reducing handling costs 
(especially when the coal is supplied by a slurry 
pipeline) and for control of combustion to reduce 
NO, emissions. This technology is on the verge of 
being commercialized, but, problems of keeping the 
coal suspended and erosiorl of burners can still be 
serious. Micronized coal, pulverized to a fine pow- 
der, is not as developed as coal-water mixtures, 
though some units have been marketed, The fine 
particles make possible the removal of almost all 
the ash and much of the sulfur, which would greatly 
reduce emissions. The reliability of the pulverizers 
must still be demonstrated, as must the long-term 
compatibility of other equipment with this new form 
of coal. 

bed (FBC) units burn coal 
particles suspended in a stream of air. The coal is 
mixed with particles of limestone, which captures 
the sulfur from the coal. There are two types of 
fluidized bed combustion: atmospheric (AF;1BC) and 
pressurized (PFBC). hFBC is a recently commercial- 
ized technology, but many refinements are still 
possible to improve operability. When perfected, 
AEBC is  likely to be the coal-burning technology of 
choice for many industrial applications (and will 
probably displace oil used for such purposes) since 
pollution control is relatively easy. PFBC differs 
from AFBC in that the combustion chamber is 
pressurized to several atmospheres, greatly reducing 
the size of the equipment and permitting factory 
construction of relatively large units that a n  be 
delivered by barge. In addition, operation with a 
combined cycle for higher efficiency is possible. The 
hot pressurized combustion gases power a gas 
turbine, while the turbine exhaust gases generate 
steam for a steam turbine. 

Coal-water mixtures would be very appropriate 
for feeding a PFBC because moving a solid fuel into 
a pressurized vessel is difficult; the energy absorbed 
as the water turns to steam is partially recovered in 
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the exhaust turbine. However, hot gas cleanup may 
be required for effective combined qcles to prevent 
erosion/conosion of the turbine blades. Other 
problems to be addressed invoke load control and 
equipment reliability. PFBC pilot plants have been 
operated successfully, and the concept iS promising 
for the clean, efficient combustion of coal in both 
industrial and electric utility applications by the end 
of the century. 

I 3 i q m ~ b g  is a relatively recent method for 
cleaning coal before combustion. Certain pilot plants 
use microbes to facilitate the removal of pyritic 
sulfur from coal. The process is predicted to become 
competitive with traditional cleaning methods. The 
much more difficult removal of organic sulfur is also 
possible, but the research is still in an early stage. 
Through biotechnology, microbes and/or enzymes 
may be produced to generate liquid or  gaseous 
products from coal, possibly while still in the 
ground. Advances through biotechnology may be 
very significant, but research is still preliminary. 

If coal is to eventually replace oil and gas on a 
large scale, it must be converted into more conve- 
nient forms for transportation and other uses. In the 
early part of this century, gas@umm of coal was 
quite common until coal gas was displaced by 
natural gas. New processes have been developed, but 
all of them are still considerably more costly than 
natural gas. Nevertheless, gasification has such great 
potential that work is continuing, and two applica- 
tions may permit early deployment: feedstocks for 
chemical plants and fuels for combined cycle power- 
plants. in both cases, the gasification process itself 
must be made more efficient. Research opportunities 
include an improved system to continuously feed the 
solid fuel into the gasification chamber, increased 
flexibility of the gasifier to accept a wide range of 
coals, and better environmental protection tech- 
nologies. Improved waste heat recovery could also 
raise efficiency. Combined cycle applications would 
benefit from hot gas cleanup to  reduce thermal 
lC8SiWS, 

An alternative approach to gasification involves 
the use of unmined coal. Combustion is controlled 
underground to produce gas. The simplicity of the 
process results in low costs, but many serious 
environmental questions remain. It is also possible 
to make high-Btu gas equivalent to natural gas from 
coal, but the process is uncompetitive at present 
prices. The economics of high-Btu gas would be 
improved with the development of catalysts to raise 
the efficiency of methanation. 

The C 0 2  emissions from the production (and 
combustion) of methane from coal are a factor of 
2.6 higher than the emissions from the combustion 
of natural gas because a reaction between coal and 
water is used to generate the hydrogen required to 
convert coal to methane. A promising R&D option 
is to use nuclear power to produce the hydrogen, 
thereby eliminating the COz emissions from the 
production of methane from coal. 

Pilot plants have demonstrated the feasibility 
of several technologies for coal hpefmk, but all 
the technologies tested have proved too expensive to 
compete with petroleum. However, advanced proces- 
ses show promise for increasing efficiency and 
reducing costs. Coal liquehclion will not be compe- 
titive soon, but it and biomass (discussed in this 
chapter) offer the best potential for supplying large 
amounts of liquid fuels to keep the transportation 
fleet operating in its present mode if petroleum 
shortages develop and prices rise considerably. A 
two-stage, direct liquefaction process is now being 
tested, and various catalysts could substanlially 
improve the economy of the reactions. Indirect 
liquefaction (first gasifying the coal, then converting 
it to liquid) may be even more expensive than the 
direct process, but it has been used extensively in 
South Africa and elsewhere. The environmental 
impacts of indirect liquefaction may be easier to 
control than impacts for direct liquefaction, espe- 
cially impacts related to emissions of carcinogenic 
compounds. 

3.1.24 NuGfear power 

Despite all the problems of the present genera- 
tion of reactors, nuclear technology offers some 
major advantages and some impressive successes. 
The nearly 100-GW(e) capacity that nuclear power 
contributes to  the electric grid supplies nearly 20% 
of electricity sales and will be essential as reserve 
margins shrink and alternative fuel prices rise. A 
major advantage of nuclear power is that it elimi- 
nates emissions of COL and the pollutants that cam 
acid rain and other environmental problems. In 
addition, there is no inherent reason why future 
nuclear reactors cannot be economically competitive 
choices if the public is satisfied that the existing 
problems of safety, reliability, and costs have been 
solved. Safely extending the lifetimes of reactors 
would result in long-term energy benefits. 

Public acceptance of nuclear power will be 
enhanced by tnprrwinS ezistiFlg light-watm r e a m  



(LW) &ch.mw. If the average performance of 
existing power plants can be improved so that load 
factors are increased from the present value of 60% 
to about 75% (achieved by several other countries 
using the same technology), the benefits would be 
substantial. The increased availability of low-cost, 
low-impact electricity would improve economics and 
moderate the need for additional capacity. Further- 
more, better operation of existing plants is essential 
for improved public opinion on nuclear safety. 

Specific improvements may include further 
development of probabilistic risk assessment ( P M )  
and its application to all operating reactors to 
identify any weak points and ensure that all reactors 
meet reasonable standards. The problems that have 
caused shutdowns, including human factors, can also 
be analyzed in an effort to improve operations and 
maintenance. Existing analog control systems are old 
and unreliable; thus, advanced automated digital 
control systetns offer the potential for both im- 
proved reliability and improved human-machine 
interface. 

Although no reactors are expected to be ordered 
over the next few years, nuclear power may still be 
a desirable part of the future generating mix. 
Overcoming the barriers to a nuclear revival is far 
more likely if reactors significantly better than the 
existing generation are available. Wider safety and 
operating margins will be built into the advanced 
LWR designs, and they should be at least conipeti- 
tive economically with present designs. At this point, 
it cannot be predicted whether advanced designs will 
be adequate to provide reassurance that current 
concerns have been addressed. 

U.S. companies, in collaboration with Japanese 
partners and with joint DOEEPRI  support, are 
collaborating on an advanced LWR (ALWK) design 
program focused on two concepts: an evolutionary 
plant design and a more revolutionary design 
approach that incorporates new passive safety 
features. The evolutionary design features improve- 
ments such as digital control, improved human- 
machine interface, and better components. 

Several alternative concepts to ALWR are 
passively safe reactors so forgiving that no operator 
action and no active safety systems would be re- 
quired to contain any crcdible accident without off- 
site release of radioactive materials or serious 
damage to the reactor. ORNL researchers believe 
that the most promising passively safe reactor is the 

h i g h - m p e r ~ e  gas reacm (MMTGR), 
though alternative passively safe reactors (the PIUS, 

or process inherent ultimately safe, LWR of Swedish 
design and various liquid metal reactor designs) have 
strong advocates. 

The key passive safety features of the MHTGR 
design are the high-temperature structural integrity 
of the fuel particles and the thermal properties of 
the reactor core. The core consists of multilayered 
ceramic and carbon-coated fuel particles placed in 
graphite structural blocks. Fission products are 
retained within the fuel particles which have ceramic 
coatings that can withstand extremely high tempera- 
tures (up to 1 W C )  without damage. Temperatures 
are maintained well below this value by natural 
convection and conduction to the surrounding earth, 
even with the failure of pumped active cooling 
systems. 

Because of its modest unit size and passive 
safety features, the MHTGR is well suited to export 
markets, especially in developing countries. As 
mentioned earlier, this concept offers future applica- 
tions in high-temperature, high-efficiency gas turbine 
energy conversion systems and high-temperature 
process heat systems. 

If a worldwide commitment is made to major 
reductions in COz emissions to the atmosphere, the 
major technological options are improved energy 
efficiency and nuclear power. If a decision is made 
to deploy nuclear power on a massive scale (several 
thousand gigawatts worldwide), R&D will be re- 
quired in order to demonstrate commercial-scale 
nuclear fuel recycle and breeder technology or other 
resource extension approaches such as extracting 
uranium from seawatcr, the fusionifission hybrid, 
and accelerator breeders. The system of choice is 
the fizsr bmeder reactor (LMFBR). 

Over the past three decades, LMFBR technology 
has been developed as the result of a major effort 
in the United States, Western Europe, and Japan. 
The continuing R&D effort airned at base technol- 
ogy development will maintain expertise and support 
advances in the safety and economics of the breeder 
reactor and fuel recycle technology. 

One of the major reasons for the loss of public 
confidence has been the lack of demonstrated 
r-he ~~~ . R&D is 
required for dealing with high- and low-level waste 
and decommissioning nuclear reactors. Waste 
disposal is fundamental to a revival of the nuclear 
option. Fxhaustive efforts must be made to charac- 
terize the site chosen in Nevada for commercial 
high-level waste disposal and to examine all poten- 
tial means by which nuclear material could escape. 

~ 
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We do not know the conditions under which 
further growth of nuclear power will be accepted. 
Better understanding of such conditions may be 
essential to avoiding false starts in developing 
advanced technology. Obviously, such conditions 
may be a moving target influenced by many factors, 
but finding ways of measuring such conditions and 
involving representatives of constituencies with 
various viewpoints in technical decision making will 
be very important. 

3.1.25 Fusion 

The technical problems facing the fusion pro- 
gram are formidable. Several more decades of 
intensive research will be required before it is 
known whether an economical, operable reactor can 
be built.* Because fusion is unlikely to make a large 
energy contribution within the next 50 years, it 
should possibly not be included with promising 
energy technology R&D options; however, it is 
included for two reasons. First, no other technology 
has as great a potential for producing huge quanti- 
ties of energy with minimal environmental and social 
impact. Second, the program is pushing the frontiers 
of knowledge in several areas, and considerable 
benefits may derive even if no feasible reactor is 
developed. For instance, microwave sintering and 
plasma etching are spinoffs of the fusion program 
that promise to revolutionize the preparation of 
certain materials. 

The key element in the lusion program is the 
re4dorqwem itself. The most promising system now 
uses magnetic field confinement to contain the 
reaction. An alternative, using lasers or particle 
beams to initiate the reaction (inertial confinement), 
is being pursued largely for military purposes, but it 
may eventually prove appropriate for power reactors 
also. Fuel cycle technology of a relatively straight- 
forward nature will also be necessary. The jissj€e@?!l 
bteeder uses fusion technology to provide fuel to 
fssion systems, and it might become a successful 
competitor to the LMFBR. 

3.1.26 Biomass 

Fuels derived from plants have the potential tu 
become major components of our energy system. A 
considerable amount of wood and waste products is 
already burned directly, but the greatest contribution 
will depend on  biomass culture and conversion Lo 
more useful products. We estimate that the United 
States could produce as much as 14 quads of liquid 
fuels from biomass (Vot 2, Sect.2.4). If there is a 
worldwide effort to reduce CO, emissions, biomass 
could be a major source of liquid fuels for transpor- 
tation. 

The DOE biomass research program is directed 
at producing aicohol fuels, oil, and gas. In all cases, 
R&D will focus on three areas: production, c o l l e ~  
tion, and conversion. Advances in all three areas are 
necessary for biomass to be economically viable, but 
the greatest potential for cost reduction is in conver- 
sion. 

Feerisrock dcvcloprrrent encompasses the produc- 
tion of both terrestrial and aquatic crops. Break- 
throughs from breeding and genetic engineering are 
creating the capability of raising the growth rate of 
woody and herbaceous terrestrial crops by a factor 
of five or even more. Various algae that are being 
developed produce hydrogen directly or can be used 
to produce synthetic oil. Other algae and emergent 
plants are also promising for biomass, but generally 
terrestrial biomass will be much more significant 
than aquatic. Research also focuses on developing 
plants that are productive over a wide range of 
environmental conditions and are disease resistant. 
Progress will depend on advances in physiological 
research and biotechnology. 

Different forms of m& teehnohgy are 
required depending on the type of fuel needed. 
Ethanol is produced by fermentation. Wood and 
herbaceous products have greater ultimate potential 
for the production of ethanol than food crops, but 
the fermentation process is more difficult. The wood 
or other material must be broken down into sugars 
that can be fermented. Among various processes 
under development, the enzymatic process appears 
to hold the most promise, although it is the least 

'AI the time this manuscript was completed, the announcem 
made. Obviously, if the claims are substantiated, the implications 

ents ol the discovery of eleclmlytically driven cold fusion were being 
could b revolutionary. 
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developed. Acid hydrolysis is also promising. Many 
different yeasts, as well as bacteria and other fungi, 
are being investigated because the various sugars 
that are produced during fermentation cannot all 
be digested by any one yeast. Some of the separation 
technologies discussed in this chapter may improve 
the prospects for economic fermentation processes. 

Wood and other biomass can be liquefied or 
gasified by methods similar to those that are appli- 
cable to coal. Direct liquefaction results in oils or 
tar that can be upgraded to gasoline or other liquid 
fuels. Thermochemical pilot plants have been 
operated, including one with a catalytic, low-tempcr- 
ature, high-pressure reactor. This process is poten- 
tially a high-payoff area of research, but many 
problems have to bc solved. An alternative approach 
is to grow plants that produce natural oils-for 
example, several plants and microalgae produce 
hydrocarbons with 16 to 20 carbon atoms. About 
0.7 quad of soybean oil is already processed, and 
this amount might be doubled if improved plants 
are developcd. These natural oils resemble dicsel 
fuel, but upgrading is necessary before they are 
usable. 

Gasification can be accomplished eithcr with 
anaerobic digestion to produce methane or partial 
oxidation to produce carbon monoxide and hydro- 
gen. Anaerobic digestion of sewage sludge and some 
other wastes is already done commercially. Further 
developments may allow the processing of energy 
crops at costs that are nearly competitive. 

%did wavte ~ ~ e ~ ~ ~ .  Solid waste is turning into a 
major problem for many communities as landfill 
sites become harder to find and air pollution 
restrictions limit incineration. This waste contains 
paper, food products, and other biomass with a 
significant energy content. Somc efforts to recover 
the energy via incineration with heat exchangers and 
steam turbines (and environmental controls) have 
been successful, but a great many problems have 
also been experienced. If sorting techniques for 
recovcring metals and other recyclable noncombus- 
tibles were perfected (and the incinerator and 
pollution control equipmcnt improved), a modest 
but cconornisally attractive energy contribution could 
he gained in the process of solving the disposal 
problem. The gain includes that which is realized 
because recycling of materials is generally less energy 
intensive than producing them from virgin resources. 

A final area that deserves mention is 

Sunlight can be converted directly into usable 
energy in a variety of ways. ~ ~ t ~ v ~ ~ ~ ~  
ctanvemim, which directly converts sunlig 
electricity, has experienced a steep drop in price and 
a major increase in efficiency over the past 15 years 
(Fig. 2.16). Although still expensive, photovoltaics 
is the technology of choice in applications such as 
those in remote sites and for batteryless calculators. 
Further advances in crystalline silicon, amophorous 
silicon, and other thin films promise to increase 
efficiency and reduce costs significantly within a few 
years. Multijunction concentrator cells could eventu- 
ally raise efficiency to about 40%. Improved manu- 
facturing techniques as well as increased manufactur- 
ing scale will cut costs even more. Utility companies 
whose loads peak in the sun mer may find photovol- 
taics competitive, as output of photovoltaic cells 
closely tracks air conditioning loads. Photovoltaics 
probably holds more promise than any other tech- 
nology for untcnded, independent applications such 
as in residences. 

energy is quite 
different from photovoltaics, although the applica- 
tions can be similar. Sunlight is focused by mirrors 
o h  lenses onto a receiver that contains water or 
another fluid to conduct the heat to an engine that 
generates electricity. A distributed receiver is an 
independent unit consisting of mirrors (or lenses) 
and a receiver/engine of perhaps several tens of 
kilowatts. Alternatively, a larger engine might share 
the output of several receivers. Another concept 
involves a stationary central receiver that collects the 
energy from many mirrors, each of which separately 
tracks the sun. The largest central receiver currently 
in operation has a capacity of 10 MW(e). Advances 
such as lightweight mirrors have sharply reduced the 
cost of solar thermal electricity, and further irn- 
provements are expected. Molten salt as a heat- 
transfer medium is testing well. Stirling engines 
would be particularly appropriate for solar thermal 
energy conversion, especially for distributed recei- 
vers, and recent developments suggest that they may 
finally be nearing readiness for commercialization. 
Solar thermal lacks the market niches of photovol- 
taics and will probably never be able to run un- 
tended, but it is more efficient (over 30% conversion 
of sunlight to electricity has been demonstrated) arid 
may prove less expensive. Storage capability can be 
incorporated easily, which improves desirability for 
utility applications. 

The technology of 



Both photovoltaic and solar thermal technolo- 
gies could be expanded rapidly if their economics 
prove competitive, but that is unlikely at  present 
fuel prices. Thus, their energy contribution is 
uncertain, though it could be large. Both offer major 
environmental advantages. Along with biomass and 
nuclear energy, they are the supply technologies that 
would be relied upon if C02 accumulation becomes 
a major problem within the next several decades. 
Both technologies may also become significant 
exports, particularly beneficial for less developed 
countries where remote applications are common. 
Photovoltaics and solar thermal technologies are 
popular with the public and could be incorporated 
in the existing electric system with no great problem. 
However, neither can power a stand-alone electric 
system without storage, and reliable storage for 
extended periods of cloudy weather, especially in 
winter, is very expensive. 

Although hyiruekctk power is a mature tech- 
nology, a small investment in R&D could produce 
great benefits, significantly increasing the hydro 
generating capacity for the United States. The 
installed capacity of 90 GW produces about 300 bil- 
lion kWh/yar. Most people regard the period from 
1930 to 1940 as the golden age of hydro (the 
Tennessee Valley Authority, Hoover Dam, and 
Grand Coulee Dam were built during the period); 
however, hydro capacity has more than doubled 
since 1960. 

In our review of hydro resources, we have 
learned there are 1948 sites that have a potential 
combined capacity of 46 GW (Vol. 2, Sect. 2.4). 
These sites include 1407 existing dams, and new 
dams would be required at the remaining 541 sites. 
R&D focusing on the analysis and minimization of 
the environmental effects of hydro is required to 
overcome the legal and institutional bamers to the 
development of these hydro resources. For example, 
research is needed to develop and validate methods 
for the specification of in-stream flow requirements 
for fish and other aquatic life. Also, the technology 
far allowing fish to bypass dams as they migrate 
downstream should be improved. 

An immature but promising technology is the 
generation of electricity using wind turbines. As a 
result of federal and state tax incentives, the in- 
stalled capacity of wind turbines increased rapidly 
from 0.3 GW in 1983 to 1.5 GW in 1988, when the 
tax incentives expired. R&D is required to develop 
a power electronics package for a wind turbine 
system. Early wind turbines operated at a constant 

rotor speed to comply with the constant frequency 
required by the electrical utility. Through the use of 
suitable power electronics, an advanced wind turbine 
can operate at variable rotor speeds and provide 
constant frequency power to the utility. A variable- 
speed wind turbine would provide more energy and 
have smaller structural loads, reduced weight, and a 
longer life. 

Like the sun, wind is intermittent and varies 
significantly from one region to another. Photovol- 
taics, solar thermal, and wind turbines will probably 
be used initially in a fuel-saving mode. 

3.2 CROSSCU?TINC TEcHN0Ux;IES AND 
AREAS OF SCIENCE 

In the RSrD process, new technologies are built 
on the foundation created by basic science research. 
The crosscutting technologies are intermediate 
between basic and applied research. The new tech- 
nologies created by crosscutting R&D may find 
applications in many different energy technologies. 
This section reviews some of the most promising 
opportunities for R&D among the crosscutting 
technologies. 

Miaalecavmucs and sensors have been men- 
tioned several times in this report. "Smart systems" 
will play a significant role in improving efficiency in 
industrial processes, buildings, and transportation. 
They will also be important in improving the 
efficiency, economics, safety, and environmental 
protection performance of the energy supply sys- 
tem-from finding and producing fuels to the 
conversion to more useful energy forms and to the 
transmission and distribution of electricity, natural 
gas, and other carriers. 

Significant developments will come in cheaper, 
more sensitive, and miniaturized sensors which can 
be integrated with microelectronics for customized 
smart control and diagnostics. The range and type 
of parameters which can be measured will be 
extended, and sensors which can withstand harsher 
environments will be invented. The better integra- 
tion of smart sensors for system control, optimiza- 
tion, and failure identification and diagnosis repre- 
sents an area of opportunity, the full implications of 
which are only beginning to be appreciated. 

Advanred matenah * may affect virtually every 
aspect of energy supply and use. Superconductors 
are the most dramatic new development, but appli- 
cations depend on new materials with properties 



such as ductility and machinability. The lack of 
appropriate high-temperature materials has always 
been the limiting factor on the efficiency of auto- 
mobile engines and electric generating equipment. 
Materials with improved resistance to corrosion and 
erosion, especially at  high temperatures, are essential 
for gas turbines fired by fuels with particulate matter 
or for hot gas cleanup in coal gasification. High- 
strcngth, lightweight materials would be particularly 
usefiil in transportation and probably in other 
applications as well. Problems in energy storage 
relate to materials, especially for advanced batteries, 
thermal storage, and metal hydrides, as well as 
superconducting coils. Disposal of nuclear and other 
toxic wastes also depends largely on materials for 
containment. Better fundamental understanding of 
coupled materials will lead to maierials by design 
@e., the knowledge to fabricate rnaterials-cornpo- 
sites, alloys, plastics, and ceramicv-which exhibit the 
properties needed for specific applications). 

is very important for the produc- 
tion of energy crops, but it also holds promise for 
improved paper and pulp manufacture, the direct 
production of hydrogen, chemical feedstocks, coal 
cleaning, and enhanced oil recovery. Several enzymes 
and bioprocessing techniques are also promising. 
One potentially important development might be 
enhanced biofmtion of C 0 2  using a more efficient 
form of the enqme Kubisco, which i s  essential to 
plant photosynthesis. In addition to product develop- 
ment projects, biotechnology R&D must include a 
substantial basic research component, especially on 
understanding the risks of genetic engineering. 

Sepm&m have been mentioned in connection 
with the industrial sector. A range of potential 
applications exists for improved membranes, inclu- 
ding use in gaseous separations and the separation 
of alcohols from biomass fermentation using less 
energy than distillation, and basic research may open 
other avenues. Membranes and siipercritical fluid 
extraction might eventually lead to a viable C02 
scrubbing process. IJltrapurifica tion techniques could 
be useful for chemical production and waste treat- 
ment. Scawater can be a source of vast quantities of 
minerals, including uranium and deuterium, as well 
as potable water in arid regions, with the proper 
separations that are economical. 

-- 

fills some surprising gaps in 
the actually rakes place during 
combustion. Advances could lead to optimization of 
both efficiency and environmental emissions for 
fossil fuels and biomass. All sectors using combus- 
tion-transportation, the electric generation industry, 
and buildings--could benefit. Specific developments 
might include combustion cnhancement techniques, 
fuel switching capabilities, improved use of sorbents 
to remove SO, and NO, knock control in automo- 
bile engines, and cornbustion control of municipal 
incineration. 

.4dvances in s* including 
pho toelect roche the keys to 
advanced batteries, fuel cells, artificial f i i t ion  of 

n of hydrogen. Better electro- 
may lead to more efficient and 
es to producing aluminum, 

magnesium, chlorine, and other materials. 
Geosckma can contribute to e n b a n d  oil 

recovery and iinconventional gas production tech- 
niques as well as exploration, Understanding of 
geosciences is also vital in nuclear waste disposal 
and oil storage in the strategic petroleum reserve, 
Developments in geothermal energy are likely to 
depend on better understanding of processes within 
the earth. Progress is dependent on developing 
better subsurface sensing and imaging techniques, on 
improved theories of structure, chemistry, and 
mechanics? and on improved models of multiphase 
flow. 

can help make oppor- 
tunities out of problems by recovering useful prod- 
ucts from waste streams or at least reducing the 
problems by removing pollutants. Energy production 
results in many such waste streanis, especially from 
combustion and conversion processes. R u e  gas 
scrubbing for SO, NO, and C 0 2  i s  an area ripe for 
further development. Long-term durability of solid 
waste forms is a vital R&D objective for radioac- 
tivehairardous materials. 

Many of the questions likely to prove c r i t i d  in 
planning the future of the energy system involve not 
hardware or technique development but rather ways 
to get the right information into the right placcs so 
that appropriate decisions can be made. 

*In the course of the final review of this document, John Whetten of Los Narnos National Laboratoty pointed out that we had 
missed electrochemical processes as an important crosscutting area. He is right, althoiigh we did recognize the importance of the 
applications of electrcchemi~~l  proceses in batteries and fuel cells. 



I k c h  muking and manag-tmeat reseaxh is particu- 
larly important for questions involving social risk. 
An understanding of the way that people come to 
different perceptions can help in program develop- 
ment and conflict resolution. Another key area may 
involve the response if CO, is eonfirmed as a major 
problem. An unprecedented level of worldwide 
cooperation would be required. A better understand- 
ing of international decision-making prooesses which 
may be invoked to resolve global environmental 
issues could be particularly useful in focusing R&D 
on conflict and policy relevant aspects of these 
issues. 

As has been explained, an effective strategy for 
modcrating the rate of greenhouse change as well as 
relieving the stress on oil and gas markets is the 
adoption of more energy-efficient technologies. 
Encouraging billions of people to adopt energy- 
efficient technologies will require considerable 
research into how people decide on investments in 
enerpy savings. Too little is known about the 
barriers to more complete and rapid market pene- 
tration of such technologies. Not only are market 
barriers and failures not well understood, but the 
effectiveness of various policies which might improve 
adoption is only beginning to be measured. Decision 
making in organizations, such as for utility least 
cost-planning, is a related subject of high priority. 

3 3  COMPARISON WITH UNITED KINGDOM 
STefllY 

The Department of Energy of the United 
Kingdom recently published an analysis of energy 
technology R&D (U.K. DOE 1987). The study was 
both an assessment of technology and an appraisal 
of R&D. The assessment was an evaluation of the 
future role of technology, while the appraisal 
required an estimate of the needed R&D and its 
cost effectiveness. 

Table 3.5 compares promising R&D options 
identified in this study with the attractive options 
identified in the U.K. report. Our objective is to 
determine the amount of overlap between the two 
studies and to identify promising technologies that 
we might have overlooked. To be included in 
Table 3.5, an option from the U.K. report must 
have a rating of E A  (economically attractive) or P 
(promising) in the assessment of technology and an 
R&D returns- toast  ratio that is greater than unity 
for all the scenarios considered in the U.K. study. 

The U.K. study defines an essential technology 
as a component of an energy supply system. Ex- 
amples of essential technologies are nuclear fuel 
cycle technologies and technologies for transmitting 
and distributing gas and electricity. Although there 
are cost-effective R&D opportunities to improve the 
essential technologies, we have not included the 
essential technologies in Table 3.5. 

R&D options for Transportation are listed in 
the first part of Table 3.5. For the e n e r g  utiliration 
technologies, the U.K. study analyzed specific R&D 
projects rather than an aggregation of many projects. 
For the vehicle and engine design category, they 
analyzed an advanced diesel engine. However, both 
ORNL options, "Advanced engine technologies" and 
"Continuously variable transmission," are compatible 
with the U.K. "Vehicle and engine design" categoory. 

The U.K. study performed a technological 
assessment of aircraft design and aero engines and 
found that the category was economically attractive 
(EA). Because R&D on aircraft engines is done by 
a private company (Rolls Royce), it was impossible 
to obtain enough information to perform an ap- 
praisal of aircraft R&D. The U.K. study did not 
consider automated dynamic traffic control. 

The lists of R&D options for the Buildings 
sector are similar. 

For the Industrial sector, the two lists have 
significant differences. The U.K. study did not 
consider process changes that could increase energy 
efficiency; thus, it does not mention catalysts, 
separations, pulp and paper processes, steel proces- 
ses, or agricultural techniques. "Cogeneration" is the 
same as "Combined heat and power." The U.K. study 
mentions R&D on sensors and controls in several 
sections of the detailed evaluations. 

"Motive power" in the Industrial sector includes 
R&D on electric motors and overlaps with our 
category "Power electronics" in the Electricity sector. 
The U.K. study was completed before the recent 
advances in superconductors. 

In the Advanced Conversion area, the U.K. 
study did not consider aeroderived gas turbines, the 
Brayton cycle, the Kalina cycle, or hot gas cleanup. 
The U.K. study did consider fuel cells, but it was 
concluded that too little R&D was being conducted 
in the U.K. to appraise the cost effectiveness of the 
R&D. The assessment of the fuel cell technology 
indicated that it was on the borderline between 
promising and unpromising. 

In the Storage area, the U.K. study did not 
evaluate advanced batteries and thermal storage. 
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Table 3.5. Pro 

Oak Ridge National hboratory Department of Energy, The 
United Kingdom 

Advanced engine technologies 
Continuously variable transmission 
Iriiproved aircraft efficiency 
Automated dynamic traffic control 

Heat pumps 
Lighting 
Smart control systems 
Envelopes 
Manufactured buildings and components 
Computer-assisted design 
Existing building rctrofits 

CA t a lys ts 
Sensors and controls 
Separations 
Advanced heat mainagemesat 
&generation 
Pulp and paper processes 
Steel processes 
Agricultural techniques 

Superconductivity applications 
Power electronics 

Vehicle and engine design 

Design 
Management 
Fabric and ventilation 
Heating and cooling 
Lighting and appliances 
Passive solar design 

High-temperature process beat 
Combined heat and power 
Motive power 
Encrgy management 

Lmd management 

Aeroderived gas turbines 
Brayton cycle 
Kalina cycle 
Fuel cells 
Hot gas cleanup 
Combined heat and power 
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Table 35. (continued) 

Oak Ridge National Laboratory Department of Energy, The 
United Kingdom 

strnrage 

Advanced batteries 
Thermal storage 

Enhanced oil recovery 
Field characterization techniques 
Exploration and drilling techniques 
Unconventional gas techniques 

Oil substitutes 
Fluidized bed combustion 
Bioprocessing 
Gasification 
Liquefaction 

Improving existing LWR technology 
Modular high-temperature gas reactor 
Liquid metal fast breeder reactor 
Waste management techniques 

Exploration techniques 
Drilling technology 
Reservoir engineering 
Production engineering 
Offshore technology 

Coal 

Conventional extraction 
Large-scale coal combustion 

Reactor systems 
Fissile he1 breeder 

Advanced gas-cooled reactor 
PressuriLed water reactor 
Fast reactor and fuel cycle 

Feedstock development 
Conversion technology 

unicipal solid waste processing 

Photovoltaic energy conversion 
Solar thermal 
Hydroelectric 
Wind turbines 

Combustion of organic wastes 
Digestion of organic wastes 
Energy crops 

Hydropower 



In the Petroleum and Natural Gas area, the two 
lists overlap substantially. Because W.K. oil is 
offshore, the study concluded that R&D on en- 
hanced oil recmvery would not be cost effective if 
oil prices are low. 

In the Coal area, fluidized bed conibustion is 
included in the category "Large-scale coal cornbus- 
tion." We did not identiify any promising R&D 
options in the mining of coal. The U.K. study 
c o n s i d e ~ d  oil substitutes, gasification, and liquefac- 
tion and concluded that the R&D might not be cost 
effective if the oil and gas prices were low. 

In the Nuclear Power area, there is substantial 
overlap between the two lists. Waste management is  
included in the U.K. study as an essential technol- 
ogy. ' h e  advanced gas-cooled reactor is substantially 
different from the MHTGR. 

In the Fusion area, the U.K. study concluded 
that fusion was 1111 pro mising. 

In the Biomass area, there i s  substantial overlap 
between the two lists. 

In the Solar Electric area, the oiily technology 
on both lists is hydropower. 

The U.K. study concluded that Photovoltaics 
were unpromising and the R&D was never cost 
effective; it further concluded that wind power was 
promising but the RSrD was not always cost effec- 
tive. 'me U.K. study did not consider solar thermal 
elcctricity. Of course, the U.K. does not have as 
muck solar potential as does the southwestern 
United States, for example. 

To summarize, our comparison of the two lists 
revcals many areas of agreement and does not 
identify any promising technologies we neglected, 

'171e objective of the work described in this 
chapter has been to identify energy technology R&D 
options that can make a difference, A large team 
was organized, a comprehensive list of R&D oppor- 
tunities was revicwed, and 50 promising W&D 
options were identified. In a concluding look at the 
50 options in Tablc 3.2, we will ask the questions, 
What is unexpected? What is most important? What 
will make a difference? 

In Phk: last 1.5 years, efficiency has made a great 
difference. However, improved efficiency is the result 
of many small changes by millions of people. As we 
look at the list of R&D options for the e~d-use 
sectors, it appears that none of them could make a 
significant difference by itself; however, thr  sum 
total of all of the end-use optiow could mzlie a 
large difference. 

An R&D supply option that surprised us is the 
aeroderived gas turbine. Since 1360, the average 
efficiency of electricity generation in the United 
States has remained at 33%. 7%Pe ISTIG, an acro- 
derived gas turbine, coilld have an efficiency of 41% 
or  more. A recent paper (Williams and Larson 
1988) estimates that TSTIG could be developed and 
demonstrated in 4 to 5 years at a cost of $100 mil- 
lion (including $40 million for the first unit). It 
requires essentially no additional R&D, only deninon- 
stration. 

If CO, emissions are to be significantly reduced, 
P#Q important options are biomass and the MI-ITGR 
(or other passively safe reactor). Most advanced 
technologies produce electricity. Howevcr, liquid 
fuels are an essential input To the fianspoitatisri 
sector. Biomass can be used to produce liquid rueis 
without any net C 0 2  emissions. Wc estimate that 
biomass in the United States could pmvide 5 to 15 
quads of liquid fuels at costs less than %lO/mil- 
lion Btu. 

The MHTGR has three attractive features. It  is 
a passively safe nuclear reactor. Using the Rrayron 
cycle, the MIITGR a n  produce electricity with an 
efficiency of 4.5 to 50%. Process heat from the 
MHTGR can be used to produce liquid and gaseous 
fuels from coal without any CO, emissions in the 
production process. 



Chapter 4 
A Balanced Energy Technology 

R&D Strategy 

I n  Chap. 3, we identified some 58 promising 
R&D options. These were obtained by reviewing the 
state of R&D progress in the various energy source 
and end-use areas. This was the technology-push or 
bottom-up approach described in Chap. 1. Oppor- 
tunities are pursued because they are there and, with 
success, the products should respond to perceived 
societal needs. 

However, approaching the matter by starting 
with the needs themsekes can determine whether 
the list presented in Table 3.2 is sufficient. Further, 
because all the R&D options identified in Table 3.2 
are being pursued at various levels of intensity, we 
should inquire whether that intensity of effort is also 
sufficient. 

This chapter defines a balanced energy technol- 
ogy R&D strategy for the country by taking the top- 
down or  societal-pull point of view, in contrast to 
the bottom-up emphasis of Chap. 3. These are two 
different ways of getting answers to the question 
"What might make a difference?" A central purpose 
is to assess how well the package of promising 
options of Chap. 3 fits R&D needs over the next 50 
years. We should expect a priori a reasonable fit 
since the criteria used to evaluate the promising 
R&D options were chosen to represent energy 
system problems or desirable characteristics. The 
bottom-up approach of Chap. 3 identifies promising 
R&D options; the top-down look in this chapter 
defines societal needs, and the matching of the 
options with the needs establishes whether the 
options are sufficient in aggregate to meet the 
needs. If so, the R&D strategy is balanced. 

The goal of R&D is to provide new and im- 
proved technologies which yield economically 

competitive and socially acceptable energy services. 
In other words, the goal of R&D is to develop 
technologies which will sell in the market place. 
Improved technologies which sell are also likely to 
improve the energy system by enhancing desirable 
characteristics (as discussed in Sect. 2.6): that is, by 
reducing costs; reducing negative environmental, 
health, and safety impacts; improving mobility, 
availability, reliability, and security; or by increasing 
long-term economic resources. The technology 
frontiers for providing services will change over time 
as the energy system changes, as new technologies 
penetrate, and as requirements for social accept- 
ability change. Thus, the substantive character of 
attractive technologies will be in continuous flux. 

The goal of a balanced energy technology R&D 
strategy for the country must be more, however. Not 
only must the technologies developed sell, but 
collectively they must also satisfy three basic energy 
system needs as well: 

1. The strategy should help sohe  existing or 
imminent energy system problems. 

2. It should provide a robust set of options for 
coping with, taking advantage of, or encouraging 
future circumstances. That is, it should help 
move the system in desirable directions, and it 
should provide insurance against adverse circum- 
stances. In other words, the R&D should pro- 
vide technological resiliency for an uncertain 
future. 

3. R&D can create unexpected opportunities (e.g., 
the possibility of room-temperature supercon- 
ductors). Part of any balanced energy technology 
R&D strategy should be basic, generic, and 



crosscutting research, such as that discussed in 
Chap, 3, which has a chance to produce break- 
throughs that can revolutionize energy tech- 
nology. 

These three needs or objectives of a balanced 
R&D strategy tend to have different expected time 
frames. The first is concerned with immediate or 
imminent societal problems and goals and, thus, may 
have a relatively short time horizon. The second, 
concerned with possible future circumstances, is 
aimed at providing insurance or investment and has 
a longer-term horizon. The third, new opportunities, 
has generally the longest but inherently an unpre- 
dictable time horizon. 

Do our promising options constitute a balanced 
R&D strategy? To examine that, we need to test the 
slate for value against energy system problems (as 
discussed in Sect. 2.5) and for coping with adverse 
future circumstances or achieving desirable ones. 

One of our three basic needs for appropriate 
R&D strategy is that it provides a robust set of 
options to ensure adequate energy services under 
any future circumstances. Of course, the strategy will 
be reviewcd more or less continuously and modified 
from time to time as circumstances become more 
clear, but for what circumstances should we preparc? 

Initially, we considered a number of scenarios 
for the future (is., high oil prices, low oil prices, 
extensive new resource discoveries, limited new 
discoveries, more or less severe environmental 
restrictions of various sorts, various geopolitical 
developments and so forth). But there appeared to 
be two major uncertainties that most strongly 
influenced our view of R&D requirements to pre- 
pare for the future: 

1. What will be the future demand for primary 
energy sources, particularly for oil and gas, by 
the United States and the rest of the world? 
How fast will it grow, and what will be the 
consequential prices and resource base changes? 

2. Will the use of fossil fuels over the next 58 
years be curtailed because of concern about the 
greenhouse effect? 

We therefore condensed a numbcr af scenarios 
into three future circumstaiices that provide a 
framework for identifying R&D needs. Briefly, these 
are (1) energy demand grows only slightly; (2) en- 
ergy demand increases substantially; and (3)  the 
greenhouse effect becomes a controlling factor in 
energy supply. 

The United States and many other nations con- 
tinue to improve the efficiency of energy use in 
general and oil use in particular to such an extent 
that demand for primary enerpy worldwide grows 
slowly and i s  closer to the estimates of Williams 
(1987) for the United States and of Goldemberg et 
al, (1988) for the world as a whole than to those of 
IIASA (1981) or WEC (1983), as discussed in Chap. 
2, Sect. 2.4. That is, more efficient, economically 
competitive end-use and conversion technologies 
(Le., improved technologies, whether existing or 
developed in the future) penetrate the market 
sufficiently to provide for growth in energy sewices 
with little or no growth in primary energy use and 
particularly in oil use. 

There are significant forces still operating in the 
United States which may be sufficient to cause the 
efficiency of the energy system to continue to 
improve. Even at current low prices, much of thc 
capital stock is not optimum with respect to energy 
use, and more efficicnt technology commonly is still 
a good buy. Also, efficiency standards provide added 
incentives to adopt these technologie5 as capital 
turnover or cxpansioii occurs. Also, the clean coal 
initiative may accelerate the repowering of industrial 
and utility facilities with advanced processes which 
emit less NO, and SO, and are mare efficient than 
the ones they replace. Such a high-cfficiency, low- 
oil-use circumstance i s  attractive for several reasons: 

1. 

2. 

It may be the least-cost approach to providing 
energy services for economic growth. 
To the extent that economically competitive, 
energy-efficient technologies are used by a 
country, its international competitiveness would 
be enhanced. 
The stress on oil and gas markets would be 
lessened, leading to improved energy security 
and an easier situation for developing nations. 

3. 



4. Adverse impacts of the energy system on the 
environment and on human health and safety 
would be reduced, including reduced C02 emis- 
sions. 
More time would be available to develop tech- 
nologies to substitute for oil and gas or  to move 
away from fossil fuels altogether, if necessary 
because of the greenhouse effect. 

5. 

Hence, this high-efficiency circumstance provides 
some important nonmarket benefits-namely, envir- 
onmental protection and energy security. Improving 
efficiency economically should be attractive for any 
nation to pursue and to the extent that it is pur- 
sued, it will reduce C o t  emissions woridwide. It may 
be? in fact, the best interim strategy for managing 
the greenhouse effect. 

For many reasons, however, Circumstance 1 may 
not happen, More energy efficient technologies may 
not have sufficient cost advantages to penetrate the 
market rapidly. Generally, more efficient technol- 
ogies have higher capital costs. Investment decisions 
may be made on the basis of least first cost rather 
than least life cycle cost, particularly because future 
prices are uncertain and may fluctuate. Also, more 
efficient capital stocks may not be introduced rapidly 
enough to fully offset the increasing demand for 
energy services. Various market barriers and imper- 
fections exist, including the lack of readily available 
credible information and know-how. 

Further, the more successfully efficiency is prac- 
ticed, the lower oil and other fuel prices will tend 
to be, thereby reducing the economic incentives for 
further improvements. Finally, improved technologies 
may not come to the market quickly enough, or they 
may not be attractive enough to cause widespread 
adoption. Although in Chap. 3 promising RStD 
options for efficiency improvement were identified 
in all end-use sectors of the economy and in electri- 
city production as welt, we do  not know how rapidly 
the R&D process will deliver successful technologies. 

Because Circumstance 1 is so desirable with 
regard to nonmarket societal benefits, it is assumed 
that government policies are evoked to encourage 
(but not coerce) use of high-efficiency technologies 
which are also economic. These policies are designed 
to remove barriers and market imperfections. 

Circumstance 2 results from Circumstance 1 not 
happening, and demand for primary energy, includ- 
ing oil, rises much more rapidly. In fact, U.S. 
primary energy demand has rebounded over the last 
year and a half (of low oil prices), and the rate of 
reduction of EIGNP has slowcd dramatically from 
the trend of thc previous 12 years. Furthermore, the 
primary energy and oil demand of the developing 
nations and the centrally planned economies has 
been growing much more rapidly since 1973 than 
that of OECD countries, as illustrated by Figs. 4.1 
and 4.2. Remarkably, the pre-1973 rate of growth in 
primary energy demand by the rest of the world 
(ROW), which includes many of the developing 
nations, did not slow appreLliably in the face of the 
oil price shocks of the 1970s (Fig. 4.1). Oil demand 
did slow somewhat but by no means as much as it 
did for OECD countries (Fig. 4.2). 

In this circumstance, the increasing demand 
doubtless will k met primarily by increased use of 
fossil fuels and increasingly with coal as oil and gas 
prices rise. Worldwide, it may be met in part by a 
continuing growth in the use of nuclear power and 
other nonfossil sources, particularly hydropower and 
biomass, but the demand for fossil fuels will also 
grow. Circumstances 1 and 2 differ quantitatively but 
not qualitatively with respect to sources; they are 
both dominated by fossil fuels. 

4.13 Circurnstance3 

In Circumstance 3, the growing concern about 
the greenhouse effect causes many nations of the 
world to move away from fossil fuels and to actively 
promote increased efficiency of energy use and 
conversion. During the course of  this study, we may 
have witnessed the beginning of a state of affairs 
which may lead to Circumslance 3. Public awareness 
of the greenhouse effect has grown much more 
rapidly than we would have expected. It is mani- 
fested by worldwide press coverage of unprecedented 
proportions and by multiple bills introduced in Can- 
gress (U.S. Congress 398%). 

In Sect. 2.5.1.1, we discussed the necessity for 
adapting to some climate change while preventing 
excessive changes from occurring. Although research 
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on adaptation to climate change and its various 
consequences i s  essential, we fociis here on the role 
of improved energy technologies in reducing emis- 
sions of CO, and other greenhouse gases. 

At least initially, action does not need to be 
coordinated among nations to be useful. Action 
could begin unilaterally here and there.* Some of 
the proposed legislation, if enacted, would mean 
unilateral action by the United States. We may be 
observing a most profound social movement; by 
comparison, the oil shocks o f  the past 15 years are 
trivial. On the other 'hand, without more tangible 
evidcnce that greenhouse effects are occurring, the 
clarmor may die down, and no action may occur for 
some time. 

In Circumstance 3, a number of significant 
changes must occur around the world, and they may 
take decades to accomplish. First, there would be an 
intense emphasis on efficiency improvement, but 
unlikc CirclnrnstancE 1, all sorts of policies would be 
adopted to encourage or force the use of more 
efficicnt technologies. Increasing efficiency would 
likcly be the lcast costly, most effective, and quickest 
strategy for reducing CO, emissions initially. Simi- 
larly, in the short run, switching among fossil fuels 
could have some impact on emissions, depending on 
the availability of natural gas at the time. Substitut- 
irig of natural gas for coal would reduce CO, 
emissions by about 40% per Btu siihstituted, more 
if the naleaial gas can be used in the same applica- 
tions more efficieii tly than coal. * * 

At the same time, the substitution of nonfossil 
enerby sources would be encouraged or mandated. 
At least in the short term, only nuclear power, 
hydropowcr, and biomass can substitute for fossil 
fwls compctitively or nearly compclitively. Hydro- 
power and biomass are limited resources. In the 
United States, the estimated expansion potential of 

hydropowcr is aboi.it 50 GW(e) or about two-thirds 
of the present capacity but perhaps only 40 to 50% 
of present energy generation from hydro (see Vol. 
2, Sect. 2.4). Similarly, biomass resources are limited, 
but they can be a significant source of liquids for 
transportation fuels and of feedstocks for chemicals. 
Raanncy et al. (Vol. 2, Sect. 2.4) estimate a fulure 
"optimistic" potential of about 14 quadsiyear of 
liquids (net) for the United States. Used with very 
efficient vehicles, this quantity of liquid fuels could 
satisfj a major part of U.S. requirements for trans- 
porlation fuels. 

Nuclear power i s  the only nonfossil source 
which currently has the potential for large-scale 
expansion at costs roughly competitive with coal- 
derived electricity. As we have noted, however, 
nuclear cannot be expanded much until a number of 
public and utility concerns are resolved. Thesc 
include waste management, safety, proliferation, and 
cost. The latter i s  likely not to be a major concern 
in Circumstancc 3, but proliferation may be a much 
more important concern with massive dcployment of 
nuclear power 011 a worldwide scale as might occur 
in this circurnstancc. 

Othcr nonfossil sourccs are not yet ready to 
contributc much. Photovoltaics or direct conversion 
of solar heat to electricity are too expensive even as 
fuel savers during peak demand periods, and stand- 
alone systems will rcquire much cheaper storage. 
Wind power suffers from the same problems. 
Gcothermal sources are generally limited by cost 
and geography. Other sourccs, such as wave, tidal, 
and ocean thermal energy, could liavc only a limited 
value in the Unitcd States, although there may be 
useful application potentials worldwide. 

If fusion proves tcchnically and economically 
feasible, it could be the ultimate source in the long 
tcrm. It is virtually inexhaustible, with substantially 

*Although Circumstance 3 may begin with unilateral action, curtailment of C 0 2  emissions cannot be fully effective without a 
coordinated effort involving many nations. If reductions are made by only a few, fossil fuel prices will decline and nonparticipants will 
bc encouraged to increase their use of fossil fuels, ofhetting the impact of those nations that reduce thcir emissions. Of course, 
efficiency improvement can be pursued aggressively and advantageously by any country regardless of what others are doing. Enough such 
unilateral actions may or may not add up to effective aggregate behavior. 

**An interesting point is that natural gas suhstituted for coal in electric genrration, for example, reduces CO2 emissions by 
roughly a factor of two per unit of energy substituted, bur the substitution of compressed natural gas (CNG) or of methanol derived 
from natural. gas for gasoline in vehicles woiild reduce emissions by only 25% in the case of CNG and would actually increase emissions 
about 10% for methanol because of the losses associated with manufacturing niethanol from natural gas. 'Thus, there can be a conflict 
bctwccin using natural gns to reduce smog and using it to reduce C02 emissions. 
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smaller environmental or safety problems than 
nuclear fission and, like nuclear fission, it could be 
deployed massively, independent of geography. It 
could also be used to breed fuel for fission reactors. 
However, it is unlikely to be ready for deployment 
in the next 30 to 50 years. 

Hence, nonfossil sources, with the possible 
exception of nuclear, are not able to compete with 
fossil sources on the required scale to significantly 
reduce GO, emissions. If nuclear power is unaccept- 
able, the next best source is not very good. That 
next best is probably biomass, despite its limits. It 
should be noted, however, that solar-electric, wind, 
and geothermal power work in a technical sense and 
can be deployed, albeit at  a high cost. 

Table 4.1 provides a rangc of estimates of COz 
cmissions for the United States for the years 2020 
and 2040, compared with 1987 levels. The estimates 
are also shown in Fig. 4.3. Assuming that R&D is  
successful, the potential contributions of efficiency 
improvements and the substitution of nonfossil for 
fossil energy sources are suggested. We have as- 
sumed that the estimates of Williams (1987) provide 
a reasonable indication of the best that can be 
accomplished through efficiency improvement by 
2020, and for comparison we used the base case 
forecast of the Edmonds-Reilly (ER) model (Ed- 
monds and Reilly 1986), which contains smaller but 
nonetheless significant gains in energy efficiency (see 
Chap. 2, Sect. 2.4). The potential reduction of COz 
emissions in 2020 from both efficienq improvements 
and nunfossil sources is shown in Table 4.1 to be 
a b u t  1.5 GtCbear, a reduction of 74% from thc 
base case (the difference between the ER base case 
A and the high-efficiency case B). The relative 
potential of various nonfossil sources for substituting 
for fossil sources is also indicated in Table 4.1. The 
potential is In the vicinity of 40 quads, assuming 
that R&D makes nuclear power an expandable 
source o n e  again and that it can triple by 2020. 
Nonfossil sources could be even greater with a 
breakthrough in solar R&D. The range of U.S. CO, 
emissions in 2020 could be from 0.5 to 2.1 GtC/year, 
depending on the effectiveness of efficiency improve- 

mcnt and the penetration of nonfossil sources. This 
compares to  1.36 GtCryear in 1987.* 

For the year 2040, we have assumed for the 
high-efficiency case that no further improvements 
will occur in energy use efficiency beyond the large 
improvements assumed by Williams for 2020, 
although the mix of energy-using activities continues 
to evolve, as described by Williams. In other words, 
we presume that efficiency improvernenls will be 
harder and harder to make. The same may be true 
of energy sources. Nothing can grow without limit. 
As sources grow, they too run into barriers of one 
sort or another. It has occurred for coal with acid 
rain and for nuclear with safety and waste problems. 
Nevertheless, we think it is more likely that effi- 
ciency improvements will be limited before nonfossil 
sources. 

Table 4.1 and Fig. 4.3 indicate that efficiency 
improvements and the use of nonfossil sources can 
reduce U.S. COz emissions to about 0.5 GtCbear by 
2040. If efficiency improvement is slower, as repre- 
sented by the ER base case, then emissions are 
around 1.4 GtC/yar,  similar to the 1987 Level. The 
reasoning and calculations behind Table 4.1 and Fig. 
4.3 are given in Appendix C. 

It should be emphasized that reducing US. CO, 
emissions over the next 50 years much beiow present 
levels would require both very large efficiency 
improvements and the aggressive deployment of 
nonfossil sources. One without the other will not be 
sufficient. Furthermore, much better nonfossil 
technology will be required in order for a transilion 
away from fossil fuels to be possible at reasonable 
costs. Much more efficient end-use and conversion 
technologies that are also economic at  relatively low 
fuel prices are also needed, and some such tech- 
nologies exist already. The need would be to create 
the conditions necessary to promote their use-for 
example, by policies such as those proposed recently 
by the American Association for an Energy Efficient 
Economy (Chandler et  al., 1988). 

As difficult as it would be for the United States 
to make the transition away from fossil fuels, it 
would be even harder for much of the rest of the 

*Calculated with the coefficients shown in note of Table 4.1. If calculated with the coefficients of Marland and Rotty (1983), 
which allow for nonfuel uses of oil and gas, the U.S. CO, emissions in 1987 are estimated to be 1.30 GtClyear. 
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Table 4.1. Potential reduction in U S .  CO, emissions via efficiency improvement 
and/or nonfossil energy sources assuming energy technology R kk D successes 

__- 

1987 2020 
Actual Base case' High e f f i s z  

ELECTRICITY GENERATION, I O 9  kWh(e) 
Oil 
Gas 
Coal 

Nuclear 
Hydro 
Solar, etc. 

Subtotal 

Subtotal 

TOTAL 
PRIMARY ENERGY USE, quads 

Oil-Electric 
Non-electric 

Gas-Electric 
Non-electric 

Coal-Electric 
Non-electric 

Tots1 

Total 

Total 
Total fossil 

Biomass (non-electric) 
Nuclear 
Hydro 
Solar, wind, geothermal 

TOTAL PRIMARY ENERGY 
Total nonfossil 

CO, EMl§SlONS,' GtC/year 
Oil 
Gas 
Coal 

119 
243 

1464 
1355 
455 
250 

12 
717 

2572 

1.26 
31.38 
32.64 
2.94 

14.23 
17.17 
15.19 
2.83 

13.02 
67.83 
0 
4.92 
3.01 
0.25 
8.16 

76.01 

0.65 
0.26 
0.45 

TOTAL 1.36 

TOTAL CO, FROM 
ELECTRICITY GENERATION, GlC/year 0.45 

500 
800 

3521 
4821 

500 
475 
25 

1000 
5821 

4.9 
3i.6 
34.5 
7.8 

13.0 
20. 3 
34.3 
6.9 

41.2 
98.4 
0 
5.3 
4.6 
0.2 

10.2 
108.6 

0.73 
0.31 
1.03 
2.07 

i.07 

Bd A' 

500 
800 

242 1 
3721 
1500 
475 
125 

2100 
5x21 

4.9 
21.6 
26.5 

7.8 
13.0 
20.8 
23.4 

6.9 
30.5 
77.7 
20.0 
16.0 
4.6 
1.2 

41.9 
I 19.6 

0.53 
0.31 
0.76 

i .60 

0.80 

120 
450 

1200 
1770 
500 
475 
25 

loo0 

2770 

1.2 
i4.8 
16.0 
4.4 

12.6 
17.0 
11.7 
4.9 

16.6 
49.6 
0 
5.3 
4.6 
0.2 

10.2 
59.B 

0.32 
0.26 
0.41 
0.99 

0.38 

220 
450 

0 
670 

1500 
475 
125 

2100 
2770 

2.2 
10.7 
12.8 
4.4 
8.6 

13.0 
0 
3.0 
3.0 

28.8 
20.0 
16.0 
4.6 
1.2 

41.9 
70.7 

0.26 
0.20 
0.0% 
0.53 

0.11 

2040 
High efficiency6 Base case" 

A' Bd 
~ 

800 
1200 
4627 
6627 

170 
475 

25 
670 

1297 

7.8 
31.3 
39.1 
11.7 
13.5 
25.2 
45.1 
12.2 
57.3 

121.6 
0 
1.3 
4.6 
0.2 
6.7 

128.3 

0.78 
0.38 
1.43 
2.59 

I .46 

- 

A' Bd B' 

400 
800 
lo97 
2297 
4000 

475 
525 

5000 

7297 

3.9 
21.3 
25.2 

7.8 
13.5 
21.3 
10.7 
12.2 
22.9 
69.4 
20.0 
42.7 

4.6 
5.1 

72.4 
141.8 

0.50 
0.32 
0.57 
1.40 

0.46 

120 
480 

2272 
2072 

170 
475 
25 

670 
3542 

1.2 
21.8 
23.0 

4.1 
16.2 
20.9 
22.2 

3.0 
25.2 
69.0 

0 
1.8 
4.6 
0.2 
6.7 

75.7 

0.46 
0.31 
0.63 
I .40 

0.65 

0 
0 
0 
0 

2710 
475 
357 

3542 
3542 

0 
14.0 
14.0 
0 

14.0 
14.0 
0 
3.0 
3.0 

31.0 
20.0 
28.9 

4.6 
3.5 

57.0 
88.0 

0.28 
0.21 
0.02 
0.57 

0 
~ _ _  

'"Base case" refers to Edmonds-Reilly Model Base Case, as discussed in Chap 2. 
b"Kigh efficiency" refers to a high-efficiency scenario based on R. H. Williams 4987. 
'Cases in "A" have limited contributions from nonfossil sources (e.g., no new nuclear reactors are ordered). 
%ses in "B" have the same fuel sild electricixy :equirements as those in *A" but with assumed larger contributions from nonfassil sources, 

'"E)'" invoives additional electrification in the residential, commercial, and transportation sectors to exploit f d l y  :he assumed potential con- 

fCoe%cienis used in caicklaring C 0 2  emissions: 0.020 GtCjquad for oil, 6.015 for gas, 0.025 for coal (see text). ( 1  GtC = 1 >i lols 

as described in Appendix C. 

tribction of nonfossil sources of eiectricity. 

grams of carbon contained in CQ2.) 

0 
0 
0 
0 

4 m  
475 
525 

5000 

5000 

0 
1.3 
7.3 
0 

10.0 
10.0 
0 
3.0 
3.0 

20.3 
20.0 
42.7 

4.6 
5.1 

72.4 
92.7 

0.15 
0.15 
0.08 
0.37 

0 
-~ ~~ 
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FQ 4.3. Estimated potential of efficiency increases and nonfossil energy sw~ces for reducing U.S. CO, emissions from 
fossil fuel cambustion. The top of the bar indicates C02 emissions with limited contribution of nonfossil fuels, as enumerated in 
Table 4.1. The lower, black portion of the bar indicates the reduced CO, emissions made possible by R&D on nonfossil sources. 
The upper three sectors indicate the contributions of various nonfossil energy sources to the reduction in CO, emissions. 
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world, especially the developing world. Fossil fuel 
use by developing countries is growing so rapidly 
that if present trends continue CQz emissions by the 
developing nations will exceed those of the QECD 
countries by about 2005, as shown in Fig. 4.4. 

Nevertheless, the steps needed in developing 
countries are similar to ones for the United States. 
The first action is to use fuel more efficiently and 
economically. As Goldemberg et al. (1988) docu- 
ment, this could also be the least cost approach to 
economic growth. Nonfossil sources are a more 
difficult problem because of their generally highcr 
cost. RSrD in the United States and elsewhere in 
the industrialized world to develop and improve 
nonfossil sources should be carefully planned to 
provide useful technologies for the developing world 
as well. W&D options which may be particularly 
useful for developing nations are indicated by the 
plus signs in the last column of Table 3.3, but 
additional R&D may bc needed which is tailored to 
specific needs of particular countries. 

As poinr4-d out in Chap. 2, after Firor (1988) 
and Perry (1984), for any given concentration of 
CO, in the atmosphere, there may exist an allowable 
nonzero rate of C02 emission that will sustain the 
atmospher ic concentration without increasing it. 
Thus, there is i n  effect a "fossil fuel ration" for the 
world. T h i s  ration, which might change with time, 
may be sufficient to drive the transportation system 
for the world (if that system i s  very efficient). It 
could also supply industrial needs including feed- 
stocks for which substitutes are expensivc. Research 
to establish what this ration may be is crucially 
important. 

As discussed in Sect. 2.5.1.1, removal of CQ2 
from the stack gases of central-station power plants 
and sequestering it, for example, in the oceans, 
would eliminate some of the climate impact of fossil 
fuel use and would increasc the fossil fuel ration. 

A fossil fiiel ration notwithstanding, Circum- 
stancz 3 would likely lead to a much more highly 
electrified world, That is our current trend anyway, 
but it would be accelerated under Circumstance 3 
because ail the nonfoossil sources (except biomass) 
tend to be electric. Electricity would tend to be the 
energy carrier of choice, but with some biomass and 
fossil-derived liquids and gases, and perhaps hydro- 
gen, also contributing. 

4.2 PROBL 
A m  A 

From a consideration of these three future 
circumstances and the four problem areas identified 
in Chap, 2, we establish the needs of a balanced 
R&D strareB. What we find is that the promising 
R&D options identified in Chap. 3 can contribute 
to meeting many of these needs. 

The three future circumstances lead to the 
conclusion that a broad K&D strategy is necessary. 
It must include work to develop 

1. more efficient end-use, fuel-switching, and 
conversion technologies (all circumstances); 

2. technologies which extend oil and gas resources 
and improve the availability, flexibility, (e.g., 
conversion of coal and biomass to gases and 
liquids and of natural gas to liquids), and 
environmental acceptability of indigenous fossil 
resources (Circumstance 2 particularly); and 

3. technologies that improve nonfossil sources 
(Circumstances 2 and 3 particularly). 

Within this broad strategy, further specificity is 
needed to ensure that the four energy system 
problem areas identified in Chap. 2 are adequately 
addressed. These are (1) a variety of environmental, 
health, and safety issues; (2) energy insecuriry and 
the instability of oil pries;  (3) the energy needs of 
developing nations; and (4) problems with nuclear 
power. 

That a balanced K&D strategy must be broad is 
perhaps obvious, but it is important nevertheless. A 
prudent R&D strategy for the nation is one which 
focuses both on the diverse range of end uses and 
on a variety of energy sources, both fossil and 
nonfossil. A comprehensive strategy is needed in 
part because of uncertainty: uncertainty about future 
energy demand, about the consequences of the 
greenhouse effect, and about the future pace of 
tcchnological advance. 

From our bottom-up cxamination of the state of 
the technology, we identified promising R&D 
options all across the energy system. Taken together, 
these options constitute a broad WSrD agenda. 
Advances in crosscutting areas of science and 
technology cnrich these options, and increase our 
optimism that R&D will be successful. But it still 

~ __ 
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Fig. 4.4. Projected CO, missii for various nation groups assuming various growth fates. These rates represent a range around 
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Eastern Europe minus China; ROW = rest of the world, including China. See Appendix C, Table C-1. 



remains to be shown that these promising R&D 
options are responsive to all the needs posed by 
existing problems and by our three future circum- 
stances. 

tiom and Energy System Iproblem 

In Sect. 2.5.1, we discussed a whole series of 
environment, health, and safety issues that are 
related to the energy system. A number of the 
promising energy technology R&D options can 
contribute to resolving these issues. Although we 
find that our 50 options can contribute significantly 
to the solution of cnvironment, health, and safety 
problems, they do not necessarily constitute a com- 
prehensive set for each problem. For example, the 
problems with the coal fuel cycle arc being addres- 
sed comprehensively by the Clean Coal Initiative. 
Some of our options are among the technologies 
being developed under that initiative but there are 
others as well. In this regard, therefore, our bottom- 
up options are not sufficient to do all that may be 
required for using coal more cleanly. 

In the following list we indicate the relevance of 
our selected R&D options to the energy systems 
environment, health, and safety problems that were 
discussed in Chap. 2. 

ejj%ce Since this i s  the basis for 
e its relevance to R&D options 

will be discussed below; however, Table 3.3 
indicates which R&D options would tend to 
reduce COz emissions and those which might do 
the opposite. 
S n l m f o ~ M  mme: Substitutes for chlorofluoro- 
carbons used in heat pumps, refrigerators and 
air conditioners and in the blowing of plastic 
foam insulations is part of R&D associated with 
advanced hkatpumps and builhngenvelapes. This 
K&D will also contribute to reducing the 

4. 

5. 

6. 

7. 

i s  not amenable to any known technological. fix 
(although technological innovations a n  help), 
but implementing safeguards depends on riulti - 
lateral agreements. 

ruin.= Decreasing the pollutant sources of 
acid rain is the objective sf the national effort 
O n  ogie tions of 
fru and are part 
of these technologies, as are more efficient 
electricity generation technologies, some of 
which may substitute (clean) natural gas for coal 

exception of nuclear reactor safety already 
mentioned, no other R&D options were selected 
which improve the safety of other fuel cycles. Of 
course, the health issues associated with coal 
combustion are addressed by the same clean 
coal R&D options mentioned under acid rain. 
wim2 for the nuclear fuel cycle is 
an important option for ensuring public health 
with respect to nuclear power. It may be sig- 
nificant for other technologies as well, including 
coal and petroleum refining residues and wastes 

anufacturer of photovoltaic cells. 
(70.- High levels of smog and GO 

result primarily from vehicle erniscions in urban 
areas under adverse meteorological conditions. 
Alternate fuels such as methanol, compresscd 
natural gas, or eleclriciny may be the only 

batteric.S) and alcohol fuels derived from coal or 
biomass via g~~~~~ ~~~~~f~~~~ or bio- 

water r'eso&LKe conflk&.- Thesc are 
cduced by R&D options that improve 

the efficiency of energy services. Competition for 
land and water resources may pose obstacles for 
any eneqgy source, especially for some solar 
technologies. Land usc impacts from associated 
use of fertilizcrs and pesticides and from erosion 
of soi challenge for biomass fed-  
s m k  R&D, but no different than 
for agriculture in general. High-ternpcraturc 
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8. 

9. 

10. 

.wpc- transmission lines may provide 
some relief to power transmission corridor 
problems since much more power can be tram- 
mitted using existing corridors. 
MMBE The Not-in-My-Back-Yard attitude 
toward some technologies is related to the land 
and water resources conflicts. Passively safe 
reactors such as MHTGR, clean coal technolo- 
gies, better waste management technology, and 
better ntunicipQl solid wasre prmessing may 
amtribute to softening of some of the NIMBY 
problems. 
hdwruirpvd&ion 4ndsrTfirlafbddingenergy 
sys&w.- A potential problem with high-effli- 
clency, tight buildings is indoor air pollution. It 
is one focus in the design of envelopex, particu- 
larly foundations, which can reduce the source 
of radon, for example; and it can also be miti- 
gated using smart sensa fov cmmvl, recuperated 
ventilation, and H i  hentpmps.  It would be 
one factor which ne& to be considered when 
applying colmplilta-assiffaddesign techkps. The 
safety of building energy systems, both gas and 
eleclric, may be greatly enhanced by smart 
sensors and controls (e.g., the so-called "smart 
house' wiring and gas plumbing system). 
A d &  sufkty: The connection between 
automobile efficiency and highway safety needs 
further investigation, as indicated in Sect. 2.5.1.5. 
This is a potentially serious problem to be 
overcome in the development of more efficient 
vehicles. One key could be in the crosscutting 
area of high-strength, lightweight materials. 

4.21.2 Ehcrgy insecurity and price fluctuations 

As was pointed out in Chap. 2, to the extent 
that energy insecurity is measured in terms of the 
fraction of oil we import, R&D will generally play 
an indirect role. There is just too much oil in the 
Middle East that can be produced more inexpen- 
sively than any domestic supply-conventional, 
unconventional or synthetic. Other government 
policies may be required (DOE 1987e). However, 
R&D can yield technologies that can reduce oil or 
gas use, increase domestic oil and gas resources, and 
provide substitutes from coal and biomass. Table 3.3 
indicates a significant number of these RPLD options 

which can be identified by scanning the two columns 
under security (i.e., oil imparts and fuel flexibility). 

Table 3.3 indicates that many R&D options 
could resuit in technologies judged to be useful to 
lessdeveloped countries. Although there are many 
interesting possibilities, K&D aimed at  the needs of 
specific countries may be required to refine OF 
modi9 technologies useful in the United States to 
conditions of other countries or to develop totally 
different ones since infrastructures are so different. 
As we point out in Sect. 4.2.3, research on the 
energy systems in less-developed countries is in the 
best interest of the United States bemuse it may 
provide options to minimize the greenhouse effect. 
Such R&D could also help Ias-dtve:loped countries 
cope with oil insecurity and price fluctuations; and 
to the extent the R&D is successful and improved 
technologies are used, the stress on oil markets 
could be lessened, benefitting all countries. Finally, 
technologies tailored for developing countries could 
provide a significant export trade. 

4.21.4 Problems with nuclear pov~vep 

The nuclear panel recommended a national 
R&D strategy for coping with this problem, which 
is summarized in Chap. 3, so we mention only the 
principal elements here. The promising R&D op- 
tions for nuclear fission listed in Table 3.2 derive 
from that strategy. The first step is to improve the 
performance of operating nuclear power plants and 
to develop an advanced light water reactor (ALWR) 
that has passive safety features and is more forgiving 
than the present reactors. The sccond step is to 
develop a r n u d u i b ~ ~ e p < & r n a  
exhibiting walk-away passive safety protection which 
can be factory constructed, can supply high-tempera- 
ture process heat, and will have high efficiency in 
electricity production. Such a reactor should be 
attractive to developing nations. Other rcactor 
concepts exhibiting walk-away passive safety are 
being investigated, but our choice is MHTGR. The 
third step is to develop resource extension tech- 
nologies, including a @id metal fuel he& reactor 
with passive safety features, Finally, the R&D 
program should resoive remaining issues in develop- 
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ing acceptable was& &qxxd . All of these 
options should! be accompanied by R&D efforts to 
better understand the conditions of puMic accept- 
ance and to find wags of involving representatives of 
constituencies with various points of view in decision 
making. 

In sumniary, we find that our promising R&D 
optioins a n  contribute significantly to resolving all 
four energy system problems, a not-too-surprising 
result considering how we chose the options in the 
first place What about the requirements of future 
circumstances? 

Table 4.2 indicates our judgment of the relative 
potcntial importance of the R&D options for coping 
with or achieving the three circumstances. The basis 
for the judgment is the rating rules given at the end 
of Table 4.2. These rules apply the evaluations given 
in Table 3.3 according to the needs of each future 
circumstance. The first observation in looking at 
Table 4.2 i s  that improved end-use technologies an 
be relatively important in all threc circumstances. 
The importance of options tends to he similar 
between Circumstance 1 and 2 except that energy 
cost i s  a discriminator. In Circumstance 1, we expcct 
the relatively low demand for primary cnergy will 
keep energy costs down, which reduces the urgency 
for R&D on options which are judged to be corn- 
pebitive only at relatively high ener,g costs. Higher 
costs are more likely in Circumstance 2. 

For Circumstance 3, efficiency improvement 
R&L) options and R&D on improving and develop- 
ing nonfossil. so~rces are of highest importance, of 
course, and fnssil R&B options are rated L for low 
importance, except for some natural-gas-related 
options. In the near tcrm, efficiency improvements 
and substituting gas for coal are potentially effective 
steps to reducing CO, emissions, as we have dis- 
cussed. Mcnce, efforts to extend gas resources and 
use fossil fuels, especially gas, more efficiently have 
importance in Circunistance 3. 

From Table 4.2, we conclude that our promising 
options can be very important for providing alterna- 
tives for coping with or achieving the three future 

energy system circumstances. Furthermore, all of the 
options are judged to have at  least medium import- 
ance for one or  the other of the three ciram- 
stanccs. 

If Circumstance 3 were to occur, all nonfossil 
sources would be investigated actively. Notably 
missing from the list in Table 3.3 is geothermal in 
its various forms exapt  that the geopressure re- 
source is among the unconventional sources of 
natural gas. Unfortutiately, much of the best geo- 
thermal resourcp, is located in the western United 
States and is generally remote from major load 
centers. Circumstance 3 would niake R&D to find 
and develop significant and economically suitable 
ot dry rock and magma formations relatively more 

Similarly, R&D on the production, storage, and 
transporl of hydrogen would be more important. 
Recently, the possibilities for the use of hydrogen as 
an energy carrier associated with Barge-scale deploy- 
ment of photovoltaics in the desert Southwest have 
been evaluated (Ogdcn and Williams 1989). Hydro- 
gen produced by electrolytic decomposition of water 
provides a compatible storage medium and can be 
pumped by pipeline around the country at relatively 
low costs, comparable to natural gas. Electrolytic 
hydrogen is, of course, a compctitor to advanced 
batteries for electrifying vehicles. The key to such a 
possibility is a very irnexpensive photovoltaic devise 
which is, of course, one of the high-priority tech- 
nologies for Circumstance 3. 

important. 

The final acquirement of a balanced R&D 
strategy is that it provide new opportunities. T h i s  
can occur serendipitously (e.& during the course of 
research directed at one technology, discoveries lead 
to a new option). But new opportunities come also 
from basic or generic research in relevant areas of 
science and crosscutting technologies. 

Thus, the commitment to including high-risk 
generic work in a balanced energy R&D strategy (a 
commitment we take as fundamental) reflects an act 
of faith sometimes said to be the "Faraday Rule." It 
flows from a popular story about Michael Faraday 
and a British prime minister. When Faraday was 
introduced, the prime minister asked him about the 
utility of his work on electricity. Faraday is said to 



Table 4.2. Relative importance of promising R & il options for coping 
with or achieving the three future circumstances 

~ ~ ~ ~ ~~ 

Energy significance Future 
circumstancesa 

R%D options Near term Long term potential cost COz imports 1 2 3 
Ultimate Energy Oil 

Improving efficiency of end use 
and conversion technologies 

Transportation efficiency 
Advanced engine technologies 
Continuously variable 

Improved aircraft efficiency 
Automated dynamic traffic 

transmission 

control 
Building efficiency 

Heat pumps 
Lighting 
Smart systems- 

Envelopes 
Factory-constructed 

Computer-assisted design 
Existing building retrofits 

Catalysts 
Sensors and controls 
Separations 
Advanced heat management 
Cogeneration 
Steel processes 
Pulp and paper processes 
Agricultural techniques 

Electricity applications 
Superconducting applications 
Power electronics 

sensors and controls 

components and buildings 

Industry efficiency 
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L 

M 
M 

M 
M 

L 
L 
H 

M 
H 
M 
H 
H 
M 
M 
M 

L 
M 

0 + ++ M H H  H 

M 
M 

M 

H 
M 

H 
H 

M 
M 
H 

M 
H 
M 
H 
M 
L 
M 
M 

M 
M 

L 

L 
L 

L 

L 
L 

L 
L 

L 
L 
L 

L 
L 
L 
L 
L 
L 
L 
L 

L 
L 

0 + ++ ++ M M M  
M M M  

+ + 
M M M  + + + 

+ + + + H H H  
M M M  

+ + 
+ + + + H H H  

H H H  
+ + 

+ + + 
+ + + 

M M M  
M M M  
H H H  

+ + + 

+ + + + + 
0 + + 

M M M  
H H H  
L M M  
H H H  
M H M  
M M L  
M M M  
M M M  

+ + 0 + L M M  
M M M  



+ 
+
+
-
+
a
 
3
1
-
 

+ 
+
+
+
a
 

++ 

+ 
+
o
o
a
 

1
0

 

-t- -4- 
++ 

++ 
++ 

++++I 

- 

102 
C

hapK
er 4: A

 B
alanced E

nergy Technology RBrD Strategy 



Table 4.2. (conrinued) 

Energy significance Future 
circumstances* 

C 0 2  imports 1 2 3 
Oil Ultimate Energy 

Near term Long term potential cost R&D options 

Improving nonfossil sources 

Nuclear fission 
Improving LWR technology 
MHTGR 
Liquid metal fast 

breeder reactor 
Waste management techniques 

Feedstock development 
Conversion technology 
Municipal solid waste 

Biomass 

processing 

Photovoltaic 
Solar thermal 
Hydroelectric 
Wind turbines 

Solar electric 

Fusion 
Reactor systems 
Breeder 

H 
L 

H 
H 

L 
L 

+ + + + H H H  
H H H  

+ + 
L 
H 

M 
H 

H 
H 

+ 
0 

0 
0 

L M M  
H H H  

- 
+ 

M 
M 

H 
H 

L 
L 

0 
0 

+ + ++ ++ M H H  
M H H  

M M L 0 0 M M L  + 
M 
M 
M 
M 

H 
H 
L 
L 

+ + + + 

+ + + + 

L M M  
L M M  
M M M  
L M M  

L 
L 
M 
L 

- 
+ 
0 

L 
L 

L 
L 

H 
H 

0 
0 

+ + 0 
0 

L M M  
L M M  

“Circumstance 1 -High efficiency, low oil use 
Circumstance 2-Significantly more rapid increase in primary energy demand, particularly oil and gas, than for Circumstance 1. 
Circumstance 3-Fossil fuel use is curtailed because of greenhouse effect. 



R u b  for Tabk 4 2  

L 
M 

H 

Option does not increase eificiency or reduce oil use  relative to present technology 
Option has an M for either near-term or longer-term energy significance or an H €or ultimate potential, and the opllon can increase 
efficiency or reduce oil use. 
Opeion has an H for either near term or longer term energy significance and it can increase efficiency or reduce oil use. 

General rule for Circumstance 1: Drop one grade for an option if energy cost is rated "0" or "-". 

L 

M 

Option does not increase oil or gas rewurces or reduce oil or gas use and does not have H for either near- or longer-term energy 
significance 
Option an increase oil or gas supply or reduce oil or gas use and has M for either near- or longer-term energy significance, or the 
option can increase other primary supplies and has an M or H €or near-term or an H for ionger-term energy significance or ultimate 
potznt ial. 
Option can increase oil or gas supply or reduce oil or gas use, and it has an H for either near- or longer-term e n e r g  significance, 
or it increases other primary supplies and has an H for near-term energy significance. 

H 

k 
M 
H 

Option does not reduce C 0 2  reiasive to dispiaced technoiogy. 
Option m n  reduce C02, and it has an H for near-term or an M for longer-term energy significance or an H far ultimate potential. 
Option can reduce COz, and it has an H for longer-term energy significance. 

NOTE: L means the R&D option may have less importance; M means medium importance, and H means high importance for coping with or 
achieving the future circumstance. 



have responded, "I know not what the use of my 
work will be, but someday you will tax it." 

Our review of these crosscutting areas, as 
documented in Vol. 2 and discussed briefly in Chap. 
3, revealed a variety of technological options which 
influenced our optimism about some areas of energy 
technology R&D. This was true in the areas of 
materials science, biotechnology, and microelec- 
tronics and computing especially. Examples include 
bioprocessing of coal and biomass; smart sensors for 
buildings, industrial processes, and down hole 
diagnostics for oil/gas exploration and production; 
and ceramics for high-temperature turbines and 
other heat engines. DOE, EPRI, and GRI all devote 
considerable resources to crosscutting areas of 
science and technology. Little attention, however, is 
being given to the area of decision making and 
management. Many of the problems facing the 
energy system involve situations in which there is 
public opposition or  concern. It is often said that 
management of nuclear wastes is a social, not a 
technical problem. Transnational decision making is 
a growing need because of global environmental 
problems. Many energy facilities have sufficient 
noxious aspects that they evoke NIMBY. Despite the 
need and a growing body of relevant social science, 
very little basic or generic research on decision- 
making is sponsored by DOE, EPRI, or GRI. 

4 2 4  Balancing the current R&D agenda 

Since all of our promising R&D options and 
many others are being worked on to some degree 
through public of private sector support, we con- 
clude that the national R&D effort is suitably broad. 
The pluralistic set of institutions which compose the 
energy RSrD system of the country is indeed con- 
ducting R&D which is responsive to the uncertain 
future and to most of the problems facing the 
energy system. In addition, the arms of crosscutting 
science and technology described in Sect. 3.2 are 
being pursued actively except perhaps the area of 
decision making and management. We found this 
conclusion to be quite striking, surprising, and 
comforting. 

Although the national R&D effort is suitably 
broad, is it adequate? The combined energy technol- 
ogy budgets for DOE, the Nuclear Regulatory 
Commission, GRI, and EPRI amounted to about 

$2.8 billion for FY 1988. These budgets are shown 
in Table 4.3, where expenditures are broken down 
between end use and various sources. The combined 
expcnditure for R&D is about 0.7% of the annual 
cost paid for energy ($376 billion per year in 1987). 
Furthermore, the energy technology budget has been 
declining for years, and today it stands at one-half 
of its value a decade ago in constant dollars. The 
record o f  the past 10 years is plotted in Fig. 4.5. 
The percentages spent on end-use technology and 
the various sources are shown in Fig. 4.6. For such 
a vital part of the economy, the combined expendi- 
ture for R&D seems low, even if one assumes that 
other private sector R&D investment is also of 
about the same magnitude. We have no absolute 
scale on which to judge, however, except to ask 
whether we are doing the research necessary to solve 
system problems and to provide options for future 
circumstances. 

From the discussion in Sect. 4.1, we conclude 
that we are not ready to cope with Circumstance 3. 
Nonfossil sources, including nuclear power, are just 
not yet good enough. From this point of view, the 
nation's R&D agenda is neither adequate nor 
balanced. A much greater effort is needed to de- 
velop and improve nonfossil sources and to improve 
the efficiency and economics of end-use technolo- 
gies. The latter has the greatest potential in the 
short- to mid-term. Furthermore, the adoption of 
high-efficiency technology will provide more time to 
develop better nonfossil sources. 

We cannot predict when the greenhouse effect 
will drive energy policy. It may be starting now, but 
even if it is not, it seems likely that it will eventu- 
ally. Substantially higher COz concentrations in the 
atmosphere may be acceptable; but at  some level, 
which is likely to be reached within a few decades, 
further increases will likely be perceived as unac- 
ceptable. The R&D that will provide the options to 
decrease our reliance on fossil he ls  requires some 
substantial lead time, and it seems imprudent to 
delay. Furthermore, what will we have lost by 
aggressive action now? We will have learned how to 
be more efficient a t  competitive costs, a highly 
desirablc outcome no matter what the future cir- 
cumstance. We have pointed out that Circumstance 
1 is a desirable goal regardless of the greenhouse 
issue. We will also have learned how to make 
nuclear power even safer through greater reliance on 
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(in millions of 1958 S) 

R&D 
___~ ......... 

Efficiency 

Renewable energy 
Solar 
Geothermal/Hydio 
Energy storage 
Total renewable 

Civilian nuclear 

Magnetic fusion 

Fossil fuel 
Clean coal 

Total fossil 

Environment, health 
and safety 

Basic energy sci. 
Total EPt&S/IBES 

Transmission/ trans- 
port/distribution 

R&D planning, mgmt., 
and exploratory 
research 

TOTALS 

DOE 

156.3 

96.9 
20.9 
29.8 

147.6 

347.0' 

335.0' 

321.0 
199.1 
525.1 

269.3d 
437.2e 

~~ 

706.5 

f 

8 

2218.5 

EPRI GRI USNRC Total % 
___ ......... ..... ._ 

26.1 67.8 250.2 9.8 

5.4 
4.8 
6.9 

17.1 144. I 5.9 

35.3 119.7' 502.0 18.1 

335.0 12.1 

.~ 

77.1 29.4 434.1 
199.1 

17.7 29.4 633.2 22.8 
___ ....... 

73.7 12.4 355.4 
14.5 45 I .7 

13.7 26.9 807.1 29.1 
~ ....... 

33.6 14.5 48.1 1.7 

11.5 25.7 37.2 1.3 

275.0 164.3 119.7 2177.5 100 
~. ........ _____ 

"The DOE civilian nuclear budget includes funding for the Light Water Reactor pro- 
gram, Advanced Reactors R&I>, Space and Defense Advanced Nuclear Power Systems, and 
Advanced Nuclear Facilities. It does not include remedial actions or waste technology fund- 
ing ($252 million in FY 1988), nor does it include funding for AYLIS Atomic Yapor Laser 
Isotope Separation). In FY 1988, AYLIS was funded a t  $90 million. 

bThe USNRC budget is for regulatory research. 
'Magnetic fusion for DOE does not include $150 million for inertial fusion R&D funded 

out of the Defense Programs. 
dThe DOE Environment, Safety, and Health budget includes funding for the Biological 

and Environmental Research Program. 
%asic Energy Sciences here include university research support, university research 

instrumentation, and energy reseasch analysis as well as the DOE Basic Energy Sciences 
Program itself. 

fFor DOE, electricity transmission and distribution research i s  included in energy 
storage. 

Tunding  in this area is included with the other major DOE areas listed above. 
Sources: The DOE budget is from summaries of the House-Senate Conference Report, 

which appeared in Inside Energy, Jan. 4, 1988; the EPRI budget is from the Research and 
Development Program Plan, 1988-1990; the GRI budget is from the 1989-1993 Research 
and Development Plan and 1989 Research and Development Program; and the USNRC 
budget is from the ,4ppendix 10 the Budget of the U.S. Government, 1980-1989. 
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Fig. 4.5. Combined enwgy techndsgy FULD budge@ (DOE, E m ,  GRl, and USNRC), in miliiorrs d 1988 dollars, for effk-;isncy 
improve-; various energy sowces; environm W h ,  and safety (EH&S) research; basic energy sciencss (BES); and 7&5 and 
other.’ The latter includes GRI and EPRI funds for transmission, t ransv ion ,  and distributi and planning and management fundions. 
Sources: DOE, FY 1988, derived from summaries of the HouseSenate Conference Report on the DOE Budget, which appeared in lnside 
Energy, Jan. 4, 1988. DOE, FYs 197887, Appendix to the Budget of the US. Government, 7980-1989; Deparfment of Energy 
Congressional Budget Request; Department of Energy Budget Highlights, Department of Energy Budget Formulation Off ice, personal 
communication, EPRI, Annual Reports of the Electric Power Research Institute; and Research and Development Plans. GRI, Five-Year 
Research and Development Plans and Program; and Gas Research Institute Annual Reports. USNRC, Appendix to the Budget of the U.S. 
Government, 1980- 7989. 
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passive safety features, and, one hopes, acceptable to 
the great majority of people. We will have learned 
how to make solar and other renewable sources 
more economically competitive. We will have accel- 
erated determining the feasibility of fusion. These 
outcomes will be useful in any event, and the cost 
of achieving them on an accelerated schedule is the 
increased cost of R&D. What might this cost be? 

To get an approximate number, we postulated 
expanding efforts on end-use and conversion effi- 
ciency, nuclear power, biomass, solar energy (and 
other renewables), and fusion. We also believe an 
R&D program aimed at improving efficiency and 
developing nonfossil sources in less-developed 
countries should be part of the package. We judge 
that efficiency and nuclear should have the highest 
priority, since their effects on reducing C 0 2  can be 
large and purchased at reasonable cost. Some 
renewables can also help, particularly biomass which 
can be used io supply portable liquid and gaseous 
fuels, and fusion is an attractive longer-term possi- 
bility with a virtuaIly unlimited resource base. Our 
judgment is that given the uncertainty about public 
acceptance of nuclear power and the uncertainties 
about thc success of future R&D, all four areas 
should be pursued. Of course, relative progress 
between options should determine budget alloca- 
tions, taking into account the fact that some are 
inherently more expensive to develop than others. 
Our estimates of the increased costs are as follows: 

1. Improve the efficiency and economics of end- 
ulie and conversion technologies. We would 
argue that this area of R&D should not be 
budget limited so long as important options are 
yet to be explored. Our list of promising R&D 
options contains many opportunities. Many are 
also part of the DOE Multiyear Plan for conser- 
vation research (DOE 1988d) but are not in- 
cluded in congressional appropriations. We 
would propose a several-year, phased increase 
from the recent level of $250 million to perhaps 
twice that amount, which could be easily justi- 
ficd by the merits of options. The proposed 
National Energy Policy Act of 1988 (U.S. 

Congress 1988a) suggests a similar figure. An 
important part of the effort would be to eval- 
uate and experiment with policy options which 
could seiniulate the adoption of improved, more 

cost is abosrt efficient technologies. A&Wona.l 

2. Imprwe awlear power. If the elements of the 
agenda suggested in Vol. 2 (Sect. 2.2) and 
outlined in Sect. 3.1.2.4 were followed, the 
additional big-ticket items (over and above the 
present level of funding) would be the proto- 
typing of two reactor concepts over the next 10 
years: an advanced LWR (am) and the 
MHTGR.* Prototyping the liquid metal breeder 
(LMFBR) with passive safety features could be 
deferred until the first decade of the next 
century. AdditioMJ cost might be $3 billiorp to 
$4 billian over the ner;t IOym, or Jr3aOmirriOVr 

Solar and other renewables. We would suggest 
expanded budgets for biomass, hydroelectricity 
(to capture 50 GW remaining potential capac- 
ity), photovoltaics, solar thermal electricity, and 
others. We believe a phased increase over 
several years to twice the Ey 1988 level is 
reasonable. Ackiitir;hnal ca t  i s  about $170 million 
per Fa?-- 

4. Fusion. It is estimated that about $1 billion to 
$2 billion per year is currently expended world- 
wide on fusion power research. If this were well 
coordinated, it should be sufficient to establish 
technical and economic feasibility perhaps in 15 

5. Technologies for lcsdcveloped counhies. 
Currently, the U.S. Agency for International 
Development spends about $200 million per 
year on energy problems in less-developed 
countries. If new technologies are to be devel- 
oped and demonstrated adequately, a much 
larger effort is required, We estimate that the 
U.S. effort needs to be in the range of $300 
million to $400 million per year. Again, the 
total effort needs to be shared with other 
industrialized nations. ?%e additiortalmvuralcost 
is arbasrt $ltwmilliOpr to $Z@ millicrn 

$300 ntiuion per)lurar. 

&? JMM tnilIiwr p s y e m  CHI average. 
3, 

to 20 years. 

*‘he recent decision by DOE to recommend an MI-ITGR as one of the new defense. materials production reactors is important 
and positive. Cost sharing with other nations is also a possibility which should be explorcd. 
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Thus, a rough guess about the added W&D 
budget required to prepare adequately for Circum- 
stance 3 would average about $Q.9 billion to $1.1 
billion per year over the next PO years-less than a 
one-third increase of the energy technology R&D 
expenditures by the nation for F Y  1988. 

This additional R&D investment might be 
derived from both public and private contributions. 
A very small tax on fossil fuel use could raise the 
public sector portion. A tax rate of as little as 0.2% 
would raise about $600 million per year. The private 
sector contribution could corne from matching funds 
invested by private f i rm  participating in the R&D. 
Their reward would be marketable improved tech- 

The F Y  1989 Energy and Water Appropriations 
bill (U.S. Congress 19Md) authorized a study by the 
National Academy of Sciences through DOE eo look 
at the R&D requirements of Circumstance 3. That 
should lead to a much better estimate of what kind 
of extra R&D efforts the greenhouse effect may 
require. 

noloB. 

4 3  SU-Y 

A balanced energy technology R&D strategy for 
the nation is one which addresses energy system 
problems, provides options for coping with future 
circumstanccs, and seeks new opportunities. To 
accomplish these goals, the R&D agenda must be 
broad, including work to develop and improve the 
efficiency and economics of end-use technologies and 
to devdop and improve both fossil and nonfossil 
sources. ‘he  promising K&D options identified in 
Chap. 3 in aggregate are a broad set spanning the 
entire energy system. As a group, they are relevant 
to many of the energy system problems discussed in 
Chap. 2, and they also would provide options for the 
three future circumstances we considered. 

Since all of these options and others are being 
worked ora 40 varying degrees, we conclude abaa the 
existing national energ technology R&D agenda is 
sufficiently broad to be balanced. However, given tho 
fundamental importance of energy to the emnomy, 
the current national W&D invest of public 
funds of about 0.7% of total e itures for 
energy-sector investments, and perhaps mice thar 
amount if private sector investments are taken into 
account, seems low. Furthermore, it i s  obviously 
inadequate for coping with Circumstance 3, the 
greenhouse effect. 

R&D budget of the nation would need to be 
increased by a b u t  $1 billion to correct the inade- 
quacy. Tkis includes $100 million to $200 million for 
research on technologies that could be used to 
reduce CO, emissions by developing nations. Much 
more eftort is needed to accelerate the developrrient 
and improvement of nonfossil sources, none of 
which is presently ready to  be substituted for fossil 
source$ on a large scale. Nuclear power is the 
closest to being ready, but the present de facto 
moratorium on further expansion may persist unless 
better reactors are developed. 

l’he best near- to mid-term chance of reducing 
COz emissions is to generally improve the efficiency 
of energy use and conversion. This can be encour- 
aged by the development of end-use tmhnologies 
which are more efficiernt arid less costly. It is clear, 
however, that @02 emissions cannot be substantially 
reduced from present levels without both improved 

the aggressive use of nonfossil sourws. 

It is our guess that the annual ener 
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Chapter 5 
Principal Conclusions an 

General Observations 

uring the final stages of this study, the syn- 
thesis team posed the following questions: "What are 
our most important conclusions about energy 
technology R&D, and what general observations do 
we have concerning the present state of the energy 
system?" Each of the observations represents a 
consensus view of the authors. A number of the 
observations go far beyond the study's specific focus 
on energy R&D, but we hope that these observa- 
tions will have value to readers of this report as 
they think about the future of energy. 

5.11 PpuNClPAL CONCLUSIONS 

1. The energy technology R&D effort of the country 
should be and is broad in scope. Breadth is 
needed for two principal reasons. First, there are 
no p e r h t  technologies for providing energy 
services. Some have a limited resource base (e.g., 
oii and gas); some may cause significant environ- 
mental damage (e.g., coal) or pose safety con- 
cerns (e.g., nuclear); some may be expensive 
(e$., solar); and some may be difficult to deploy 
because thcy require action by many different 
people and institutions (e.g., efficiency). Second, 
large uncertainties about fossil fuels @.e., about 
the rate of their use, particularly of oil and gas, 
and the greenhouse effect) suaest the need for 
a broadly based R&D agenda to provide a 
robust menu of better technology options. 

The significant areas of need and/or oppor- 
tunity are receiving R&D attention. We are 

impressed that the polycentric (public-private 
sector) energy RSrD system in the United States 
is addressing all the attractive options we 
identified and more. R&D progress across the 
spectrum of energy technology options and in 
related areas of science and crosscutting tech- 
nologies makes us technology optimists. 

2. Although the R&D efforl is broad, it L Bot sufi- 
cient to cope with the possible future circunutance 
that concern for the greenhouse effecr will lead to 
limits on fossil fuel use. None of the nonfossil 
energy sources is both competitive with fossil 
fuels and deployable at a scale sufficient to 
reduce COz emissions. Nuclear power is nearest 
in cost, but it is not expandable without signi- 
ficant improvements; solar in its various forms 
is expensive or  limited, and fusion is yet to be 
demonstrated. These considerations make the 
deployment of more energy efficient technol- 
ogies the best near- to mid-term approach to 
reducing C 0 2  emissions. 

3. The technical potential for economical improve- 
nients in the @ciency of' energy use and conver- 
sion is very large and growing. Technologies exist 
or  are under development that could, if adopted, 
significantly reduce energy use for all sectors of 
the economy. To the extent that aggregate 
energy demand is reduced by the economic 
adoption of more efficient technologies, the 
resulting national outcomes would be desirable. 
Benefits would include reduced pressure on oil 



4. 

5. 

6. 

and gas markets, increased energy security, 
enhanccd competitiveness, reduced stress on the 
environment (including reducing the grecnhouse 
effect), and increased time to develop better 
nonfossil energy sources. However, the rate and 
extent of adoption of more efficient and eco- 
noiiiical technologics depend on many factors 
and are highly uncertain. 

The R&D investment necessary to develop better 
nonfossil energy sources and to improve tech- 
riologies for more effricient use and conversion of 
energy is the COSISI of insurance needed to protect 
against the possibility that fossil fuels will need to 
be curtailed because of concern about the changing 
greenhouse eflecr. Paying our technological 
insurance premium will probably cost an addi- 
tional $I billion a year. Doing the necessary 
R&D will require some considerable lead time, 
and it seems imprudent to delay. Furthermore, 
the prospects appear bright for producing much 
improved technology. What will we have lost by 
aggressive action now? We will have learned 
how to be more efficient at competitive costs, to 
make nuclear power even safer through greater 
reliarice on passive safety features, to make solar 
and other renewable sources more economical, 
and to accelerate determining the feasibility of 
fusion. 

Better technologies for developing nations can yield 
numerous benefits. The rapid growth of demand 
for oil and other primary energy sources by 
many developing nations poses both problems 
and opportunizics. The problems are oil market 
and global environmental stresses. Better tech- 
nology tailored to the needs of each country 
may mitigate these pressures while stimulating 
economic growth. Additionally, the development 
of such technology may lead to mutually benefi- 
cial trade and represents, therefore, an impor- 
tant opportunity for the United States. 

Fossil @e/$ may still predominate in the US. and 
world energy sysrenis 50 years hence unless concern 
about the greenhouse effect intervenes. Fossil fuels, 
particularly oil and gas, are marvelous energy 
sources because they are easy to use at nearly 
any scale and they are portable and transport- 

able. At present use rates, world conventional 
oil resources should last 60 years and gas 130 
years, and unconventional sources are at least as 
large. Coal resources are many times greater. 
'Ikus, fossil fuels are very tough competitors, 
and only environmental considerations such as 
COz or a major cost breakthrough by nonfossil 
technologies will cause the world to move from 
its reliance on fossil fuels in the next half 
century. 

1. The US. energy system is relatively healthy. This 
observation should not imply that the energy 
system is free of problems or  that it can easily 
adapt to any future circumstance. In truth, many 
energy system problems are characteriml by real 
differences of opinion among experts and are 
the foci of controversy among political-social- 
economic interests. Our optimistic observation 
flows from two facts: The problems are being 
worked on; and because the energy system has 
demonstrated resilience, we believe that resil- 
ience will characterize its future. Our only 
reservation i s  the greenhouse effect. 

2. Many imponant energy issues are international. 
Energy prices are generally bounded by world 
oil prices, which in recent years have been 
heavily influenced by OPEC. It is instructive to 
recall that the decision which led to the recent 
recession in the U.S. oil industry was made in 
Saudi Arabia. Energy technology and R&D are 
part of an international market which makes 
new technologies rapidly available worldwide; 
and, in fact, R&D itself i s  increasingly being 
carried out in a cooperative international con- 
text. Some environmental impacts of energy 
technologies know no national boundaries. The 
threats to political and economic stability, 
especially evident in the less-developed coun- 
tries, that may flow from energy problems hold 
dangers for all countries. The current debt crisis 
in the less-developed countries was exacerbated 
by the oil shocks of the 1970s. 

3. Oil secudy (dependable supplies and price sta- 
bility) is predominanity a nontechnical issue, The 
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location of the overwhelming portion of the 
world's oil reserves in the Middle East, and its 
low cost of production effectively precludes 
economically competitive domestic alternatives 
to imported oil. Thus, the maintenance or  
enhancement of domestic oil production or the 
development of synthetic substitutes for oil 
would require some system of government price 
supports (e.g., an import tax). hw-cost im- 
p n e d  oil generally stimulates increased mn- 
sumption and precludes development of domes- 
tic sources and use of more efficient end-use 
technologies. 

Environmental concerns will be Q continuing and 
powerful factor influencing the eneqy system 
Environmental regulations are a permanent 
fixture in the energy system, and government at 
every level is organized to enforce those regula- 
tions. Public interest in the environment is well 
established. In truth, the U.S. public consistently 
has been ahead of political leaders in its demand 
for more stringent protection of the environ- 
ment. The strong support for environmental 
protection in the United States is increasingly 
being manifested in countries around the world. 

Because fossil jbels will be used for many years 
{regardless of GO,), domestic sources should be 
inzproved. R&D to develop technologies that can 
me coal more cleanly and efficiently (or convert 
it to liquids or gas) and that extend oil and gas 
resources is an important strategy to help ensure 
energy security and cap fuel prices. 

A fossil fuel "ration" may exist for any given level 
of CO, in the atmosphere. It may not be neces- 
sary to reduce fossil fuel use to zero to hold the 
CO, concentration in the atmosphere at a 
constant value. For any given concentration, 
there may exist an allowable, nonzero COz 
emission rate that woukd not cause the COz 
concentration to increase. This maximum emis- 
sion rate, which might change with time, may be 
sufficiently large that the corresponding per- 
mitted fossil fuel use or "ration" is a significant 
energy source. At present, our tentative view is 
that such a "safe" level of COz emissions might 
be roughly half the current worldwide rate (i.e., 

7. 

about 2 to 3 GtClyear). In any case, discovering 
what the "ration" might be should be a high- 
priority R&D objective. 

Sequestering CO, from fossil fueI souTces seems 
impractical. CQ, can be scrubbed from the 
emissions of fixed sources such as fossil-fired 
central power stations and the CO, sequestered 
from the atmosphere by pumping it into the 
deep oceans, for example. The costs would be 
high, however, and possibly prohibitive (Stein- 
berg, Cheng, and Horn 1984). Also, today the 
majorily of the C 0 2  from fossil fuel burning 
comes from mobile sources and numerous small 
stationary sources that are not well suited for 
separating and collecting GOz- That is likely to 
be even more the case in the future since the 
large stationary sources are those most likely to 
be replaced by nonfossil sources. Alternatively, 
C02 can be stored in trees, as part of a massive 
reforestation effort (Marland 1988). The benefit 
would be temporary, however, since the new 
forests would eventually mature and cease to be 
a net sink for CO,, Furthermore, the social 
problems with reversing land clearing trends are 
formidable. 

8. Discontinuilies may chhnracterize the greenhouse 
efiect. As greenhouse gases accumulate and 
global warming occurs, temporal discontinuities 
may arise. Examples might include freeing 
methane stored in clathrates as ocean tempera- 
tures rise or  accelerated oxidation of peat due 
to both drying and higher air temperatures. 
Alternatively, methane may be produced due to 
increased anaerobic digestion of peat. Such 
potentially rapid positive feedback phenomena, 
as well as potential countcracting negative 
feedback mechanisms, need to be understood 
much better. It is crucially important to energy 
planning to know if there are irreversible 
thresholds or discontinuities in greenhouse 
phenomena. 

9. Both improved eficiency and increased use of 
mnfossil sources will be necessary CO, emk- 
sions are to be reduced The United States (or 
any nation) will find it very difficult to reduce 
COz emissions without incurring high costs. 
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Nonfossil substitutes are just not very competi- 
tive, or they cannot be expanded significantly 
due to physical constraints (e.g., hydropower) or 
social constraints (e.g,> nuclear power). On the 
other hand, technologies €or using energy more 
efficiently and economically are availablc across 
the economy and more are under development; 
as a result, improved efficiency i s  the first line 
of defense in controlling the greenhouse effect. 
It can provide the time needed lo improve and 
develop nonfossil sources which must provide 
the longer-term solution. Only a combination of 
continued significant improvement in the effi- 
ciency of energy use and conversion, in concert 
with the rapid improvement, development, and 
deployment of nonfossil sources, is likely to 
yield a sustained reduction in C 0 2  emissions. 
Implementing the combination will be costly 
without substantial R&D successes on both end 
use technologies and sources. 

10. The rate of penetration of more eficient tech- 
nologies is uncertain. Barriers to the adoption 
of more efficient technologies, such as irnperfcct 
constinier information, the tendency to make 
investments for lowest first cost rather than for 
lowest life cycle cost, uncertainties about future 
energy prices, and suspicions about the reliability 
and performance of new technologies, may all 
limit the penetration of more efficient tech- 
nologies. A better understanding of the impor- 
tance of these barriers and of the effectiveness 
and casts of government and utility actions to 
reduce them i s  needed if efficiency improvement 
is to be an effective tool for energy system 
stability, including reducing CO,. 

11. The ejjiciency of elecniciiy generation from fossil 
fuels has not imprcved for 25 years, but several 
R&D options n2ay change the situation. Electricity 
is the only major area of primary energy use 
that has not enjoyed significant efficiency im- 
provements in the last 25 years, mostly because 
of the materials limitations that fii the upper 
temperature of the steam Rankine cycle arid 
because of the parasitic requirements of environ- 
mental control mcasures (e.g., particulate re- 
moval and flu gas desulfuriiation). In parallel, 
demand for electricity has continued to grow to 
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a point where i ts generation now consumes 
about one-third of the nation’s primary encrgy. 
A significant breakthrough in the efficiency of 
electricity generation offers such high potential 
payoff that alternatives to the Rankine cycle 
deserve major emphasis. Promising options 
discussed in Chap. 3 include advanced aeroderiv- 
ative combustion turbines, novel combined 
cycles, and fuel cells for we with natural gas or 
coupled with coal gasification and hot gas 
cleanup, 

Nuclear power is the most likely nonfossil source 
which can be deplqed at much larger scale n id  
at costs competitive with coal. Although nuclear 
power already supplies about one-fifth of U.S. 
electricily, it faces significant constraints on 
expansion that would be needed to control the 
greenhouse effect. R&D to improve the perfor- 
niance of existing light water reactor technology, 
to develop advanced reactors with passive safety 
features, and to provide the means for better 
management o€ wastes may be a necessary pre- 
requisite for public acceptance of such large- 
scale deployment. 

13. Biomass (woody and herbaceous plants) can be 
a. significant source of liquids for transportakion. 
Advances in the productivity of growing plants 
for fuels and in the technology for converting 
the biomass to liquids promise to provide a 
source which could supply 10 to 15 quadsbear 
of liquids. Such a soiirce could provide a signi- 
ficant fraction of the energy needed for trans- 
portation, replacing fossil fuels. 

14. Photovoltaics, solar thermal electric, and wind 
have been improved enormously hut arc still 
apmsive. With succcssful R&D, these tech- 
nologies might be able to produce electric power 
for S0.W to $O.lO/kWh at optimum geographic 
locations. In that cae, they might provide peak 
power in conjunction with fossil or nuclear 
baseload plants. As stand-alone alternatives to 
fossil or nuclear plants, these technologies would 
require energy storage, which would significantly 
increase the costs of producing rcliable powcr. 
Nevertheless, the potential for a breakthrough 
remains, particularly in photovoltaics. Recently, 



Ogden and Williams (1989) have argued that the 
cost of electricity from amorphous silicon 
photovoltaics could become as low as $0.02 to 
$O.W/kWh dc; and, if so, it could be used to 
produce hydrogen by electrolysis in the desert 
Southwest. The hydrogen is then both the 
mechanism for energy storage and the energy 
carrier to be pumped around the country. 

25. Fusion energy R&D is making significant progress, 
but a prototype power plant is still decades uway. 
This potentially inexhaustible energy source has 
heen under development for more than 30 years. 
The research community generally agrees that a 
machine which demonstrates net power produc- 
tion can be built. International collaboration 
may be the best route to such a demonstration. 
Fusion has significantly fewer environmental and 
safety challenges than fission; furthermore, it 
might be used to breed fuel for fission reactors, 
providing a potential alternative to fission 
breeders. 

16. More eniphusis on technology demonstration will 
rrccelerate the adoption of new technologies. 
Recent energy surpluses and low oil prices have 
eliminated much of the incentive for commer- 
cializing new technologies. The recent tendency 
of the U.S. financial system to focus on short- 
term investments has made the high-cost, long- 
term investments associated with commercial- 
izing many energy technologies even more 
unattractive. The critical importance of proven 
reliability to adoption of energy technologies 
means that arrangements must be found which 
allow commercial-scale technologies to be built 

and thoroughly tested under field conditions. 
Only proven performance will facilitate wide- 
spread commercial use of new or improved 
technologies. Much more active private-public 
sector collaboration and cost sharing are needed. 

17. RgtD on decision making and rneusuring the 
conditions of social acceptance may improve the 
development process. The deployment of new 
energy supply facilities may depend on develop- 
ing better approaches to social decision making. 
Generally, such facilities are not without envi- 
ronmental and social impacts and may not be 
without health or safety risks. Research to learn 
betler methods to accommodate public wnCerns 
and to mitigate or compensate for impacts could 
improve the prospects for deployment. Also, 
research may yield techniques for measuring the 
conditions of social acceptance. If these condi- 
tions can be reliably measured, the resulting 
data could be used as feedback into the R&D 
to improve the technology development process. 

18. Much of our optimism about the potential for 
better energy technologies derives fiom the promise 
of progress in related arem of science and cross- 
cutting fechnologiks. Revolutionary developments 
in materials science, in computing and micro- 
electronics, and in biotechnology seem certain 
to make profound changes in the ways we 
transform, carry, and use energy. The possibili- 
ties range from high-temperature supercon- 
ducting devices, such as long-distance power 
transmission lines, to bioengineered plants for 
liquid fuels, to smart controls for energy services 
in our homes and industries. The potential 
seems enormous. 
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Appendix A 
R&D Opportunities Identified in 

the Supply and End-Use Areas 

This appendix lists research and development (R&D) opportunities identified in the energy supply and 
end-use areas. Teams of ORNL staff were organized in several areas of energy supply and end-use 
technology. Each team produced a report (see Vol. 2, Parts 1 and 2). The list of R&D opportunities in this 
appendix was compiled by reviewing the team reports. 

Sources and Eaergy Carriers 

1. FOSSIL 

1.1 CRUDE OIL 

Conventional Production 
Exploration technology 
Production technology 

Geologically targeted infili drilling 
Horizontal drilling 
Deepwater production 
Arctic production 

Enhanced Oil Recuvery 
Thermal recovery 
Miscible flooding 
Chemical flooding 
Microbial 

Unconventional Produclion 
Tar sands 
Heavy oil 

1.2 GAS 

Conventional Production 
Exploration technology 
Production technology 

Advanced drilling technology 
Advanced logging technology 
Deepwater production 
Arctic production 
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1.2 GAS (continued) 

Enhanced Gas Recovery 

Unconventional Production 
Tight sands 
Coal seams 
Devonian shale 
Geopressured brines 

1.3 COAL 

Matching Chemical. and Physical Properties of Coals to 
Optimize Process Design and Control 

Preparation 
Better grinding and handling 
Advanced cleaning 
Waste disposal (e.g., fluidized bed combustion) 

Direct Combustion 
Oil substitutes 

Micronized coal 
Coalfliquid slurry 

Atmospheric fluidized bed combustion 
Pressurized fluidized bed combustion 

Reduction of oxides of sulfur and nitrogen 
Wet or dry scrubbing 
Catalytic reduction of nitrogen oxides 
Sorbent injection 

With refuse or biomass 
Siagging cornbuster 
Staged combustion 
Better combustion-reaction modeling techniques 
Better diagnostics and control 
Computer-assisted design of coal retrofit burners 
Combustion enhancement 

Fiuidized bed 

Combustion systems 

Better solids handling systems (erosion and clog resistant) 

Gasification 
Separations 

Hydrogen 
Oxygen 
Hot gas cleanup 

Improved acid gas removal 
Improved methanation 

High-Btu gas production 
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Gasification (continued) 
Bioprocessing 
In situ 
Nuclear process heat 
Integrated coal gasification combined cycle (e.g., use of stearn-injected 

intercooled steam-injected gas turbines, fuel cells, hot gas cleanup) 
Liquefaction 

Indirect (see gasification) 
Direct 

Catalysts 
Separations 

Bioproeessing 
In situ 

1.4 SHALE OIL 
Retorting 

Surface 
In situ 

Refining 
Solid waste management 
Process water cleanup 

1.5 CARBON DIOXIDE EFFLUENT SEQUETERING 

2. NUCLEAR FISSION 

2.1 IMPROVING LIGHT WATER REACTOR TECHNOLOGY 
Reliabili tv 

Mi terials 
Components 
Robotics 

Diagnostics 
Instrumentation 
Controls 

Safety 

Life extension 
Advanced light water reactor 

Advanced pressurized water reactor 
Advanced boiling water reactor 

2.2 WASTE MANAGEMENT 
High level 
Low level 
Decommissioning 

Modular high-temperature gas-cooled reactor (MHTGR) 
2.3 PASSIVELY SAFE ADVANCED IREACTOR CONCEPTS 

gas turbines, 
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2.3 PASSIVELY SAFE ADVANCED REACTOR CONCEPTS (continued) 
Liquid metal reactor [sodium advanced fast reactor (SAFR) ,  power 

Process inherent ultimate safety (PIUS) reactor 
reactor inherently safe (PRISM), integrated fast reactor (I=)] 

2.4 UNDERSTAND CONDITIONS TO IMPROVE PUBLIC ACCEPTANCE 

2.5 RESOURCE EXTENSION 
Advanced enrichment techniques 

Recovery from lower grade resources 
Atomic vapor laser isotope separation (AVLIS) 

Seawater uranium 
Chattanooga shale 

Fusion-fission fuel factory 
Breeder reactors 

Accelerator breeder 

Nuclear breeding 

Liquid metal reactor 

2.6 TECHNOLOGIES TO DISCOURAGE PROLIFERATION AND DIVERSION 

3. RENEWABLES 

3.1 HYDRO 
Resource extension technologies 

Free-flow turbine 
IJltralow head turbine 

Enviroiiinental Management 
Methods of assessment of flow on fisk 
Bypass devices for downstream migrants 

3.2 BIOMASS 
Feedstock develogmcnt 

Terrestrial 
Aquatic 

Harvest 
CBlkCt 
Transport 
Store 

Conversion 
Gasification 

Materials handling 

Hydrolysislfermentation 
Combustion 
Chemical Feedstock 

3.3 MUNICIPAL SOLID WASTE 
Collection 
Separation 
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3.3 MUNICIPAL SOLID WASTE (conthud) 

Secondary 
Tertiary 
Quaternary 

Improved methods to characterize and optimize gas recovery 

Recycling 

Landfill gas 

Refuse-derived fuel 

3.4 WIND 
Assessment of axis configuration 
Application of advanced power electronics 
Improved rotor materials 
Siting technology 
Generator research 
Improve airfoil design 
Turbine micro siting 
Wind hybrid systems 
Noise reduction 
Power station design 

3.5 SOLAR THERMAL ELECTRIC 
Heliostats 
Central Receiver 
Parabolic Disk 
Trough 

3.6 SOLAR PHOTOVOLTAIC 
One sun 

Crystalline silicon 
Amorphous silicon 
Other thin films (CuIn%) 
Multijunction 

Crystalline silicon 
Multijunction 
Copper indium telluride 
Gallium arsenide 

Advanced automated manufacturing 
Photo electric chemical processes 

Concentrating 

3.7 GEOTHERMAL 
Hydrothermal 
Corrosion-resistant materials 
Effluent treatment 
Hot dry rock 

Improved fracturing 
Advanced drilling 
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3.7 GEOTHERMAL (continued) 
Geopressure 

Magma 

Resource analysis and characterization 

Experiment with existing wells 

,4dvanced drilling technologies 

3.8 OCEAN ENERGY SYSTEMS 
Wave 
Tidal 
Ocean thcrmal energy conversion 

4. FTJSION 

4.1 REACTOR SYSTEMS 
Magnetic 
Inertial 

4.2 LOW ACTIVATION MA'l%RLtlLS 

4.3 FUEL CYCLE 
Lithiu tn 
Tritium management 

4.4 FISSILE FUEL BREEDER 

5. ELErnICITY 

5.1 LEAST-COST IJTILITY PLANNING METHODS 

5.2 FUELCELLS 
Phosphoric acid 
Molten carbonate 
Solid oxide 

Monolithic oxide 
Tubular oxide 

Proton exchange rnernbrane 

5.3 STORAGE 
Advanced batteries (e&, Na/S, I,i/FeS2, Zn/Ur, Zn/C1) 
Superconducting coils 
Hydrogen 
Alurninum/air fuel cell 
Thermal 
Compressed air energy storage 
Flywheels 

5.4 SUPERCONDUCTIVITY 
Energy storage 
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5.4 

5.5 

5.6 

5.7 

5.8 

5.9 

SUPERCONDUCTIVITY (conainw 
Transmission 
Distribution 
Transformers 
Generators 
Motors 

TRANSMISSION AND DISTRIBUTION 
Automation 
High-voltage dc and ac 
Multiphase a@ 
Amorphous metah for transformers and motors 
Better dieiectric materials 

LOAD MANAGEMENT 
Smart buildings 
Rate design 
Heat and cool storage 
Industrial load management 
Incorporating non-utility sources 

POWER ELECTRONICS 

ADVANCED CONVERSION 
Steam-injected gas turbine 
Intercooled steam-injected gas turbine 
Fuel cell 
Kalina cycle 
Higher temperature steam cycle 
Magneto hydrodynamics 
Combined cycle 
Alkali metal thermoelectric converter 
Thermionic converter 

COGENERATION (see 7.9 and 8.9) 

6. HYDROGEN 

6.1 PRODUCTION 
Better electrolysis 

Water vapor electrolysis 
Reverse fuel cell 

Biophotolysis 
Chemical photolysis 
Thermochemical 
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6. HYDROGEN (continued) 

6.2 STORAGE 
Absorption on activated carbon 
Liquefaction 
Pressurized 
Hydrided 

6.3 PIPELINE RESEARCH 

7. BIJJLDINGS 

7.1 

7.2 

7.3 

7.4 

7.5 

7.6 

MANUFACTURED BUILDINGS AND COMPONENTS 
Automation in construetioil 
Integrated wallhindow units 
Research on joints and sealants 

AFFORDABLE HIGH-TECHNOLOGY HOUSING 

COMPUTER-ASSISTED DESIGN 

BUILDING CONTROL SYSTEMS 
Advanced computer technology 
Networks with utilities 

ENVELOPES 
Building systems 

Advanced wall systems 
Foundations 
Roofs 
lJse of mass 

Advanced insulating concepts and materials 
Windows with electrically $witchable optical property 
Substitutes for CFCs in insulating materials 

Materials 

EQUIPMENT 
Thermally activated hcat pumps 

Long-lived heat engine drivers 
Better pumps, valves, and controls 
Corrosion-resistant high-temperature heat exchangers 
Coupling with desiccant cooling 

Cxntinuous modulation 
Improved controls and diagnostics 
Chlorofluorocarbon substitutes 

Electric heat pumps 
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7.6 EQUIPMENT (continued) 

Ventilation in tight buildings 
Heating, ventilating, and air conditioning comfort meter 
Smart controls 

Isotope enrichment 
Two photon phosphors 
Magnetic fields 

Refrigeration 
Superconductor applications 

Lighting advances 

7.7 ENVIRONMENTAL ISSUES 
Chlorofluorocarbon substitutes 
Indoor air quality 

7.8 EXISTING BUILDING EFFICIENCY IMPROVEMENTS 
Develop better institutional methods to promote adoption 

7.9 INTEGRATION OF BUILDINGS INTO THE COMMUNITY 
Improved district heating and cooling 
Advanced cogeneration for large buildings 

7.10 SOLAR TECHNOLOGIES IN BUILDINGS 
Photovoltaics 
Heating 
Cooling 

8. INDUSTRY 

8.1 CHEMICALS 
CatalyStS 
Electroprocessing 
Sensors and computer conlrol 
Separations 

Membrane 
Supercritical fluid extraction 
Continuous freeze concentration 

Heat-flow optimization 
Pinch-point analysis 

Combustion heater optimization 

8.2 REFINING 
New hydrocarbon conversion technologies 
Waste heat recoveryhergy cascading 
Waste utilization 
Separations 
Improved catalysts 
Sensors 
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8.2 

8.3 

8.4 

8.5 

8.6 

8.7 

8.8 

8.9 

REFINING (continued) 
Energy management systems 
Process flexibility to respond to crude changes 

ALUMINUM 
Carbothermic reduction of ore or aluniina 
Aluminum sulfide electrolysis 
Alma process 
Permanent anode 
Wetted cathode 

STEEL 
Scrap beneficiation/pmrifcatio~ 
Aclvansd ironmaking processes 
Advanced ore to steel processes 
Advancsd scrap to steel processes 
Advanced casting 
Sensors and controls 
Advanced refractories 

PULP AND PAPER 
Chemical pulping 
Yaperlfiber recycle 
Mechanical pulping 
Papermaking 
Advanced pulping technologies 
Increased tree cellulose content 
Decreascd tree lignin and hemicellulose content 

AGRICULTURE 
Increased productivity with decreased per-unit inputs 

(especially decreased mineral fertilizer by 
increased biological nitrogen fixation) 

Improved field operations (e.g., "smart" tillage) 
Improved irrigation efficiency and water usage efficiency 
Animal biotechnology 
Plant biotechnology 

REJECT HEAT RECOVERY 
Heat-flow optimizition 
Efficient heat exchangers 
High-temperature thermal storage 
High-lift heat pumps 

RECYCLE AND UTII,T7ATION OF WASTES 
Improved separation 
Waste utiiization 
Waste characterization 

COGENERATION 
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Small- to medium-sized systems 
Flexible electricity to  steam ratio 
Coal-fired diesels 

9. TRANSPOKTATION 

9.1 

9.2 

9.3 

9.4 

9” 5 

AUTOMOBILES AND LIGHT TRUCKS 
Gas turbine 
Low-heat-rejection engine 
Advanced materials for heat engines 
Flexible fuel vehicles and alternative fuel vehicles 
Optimize match between fuels and engines 
Direct injection stratified charge-solve emission problems 
Two-stroke enginewlve .  emission problems 
Automotive diesel with low emissions 
Continuously variable transmission 
EIectric vehicles 

Advanced batteries 
Fuel cells 

Stirling engine 
Reduce drag 
Reduce tire rolling resistance 

Tire pressure indicators 
Improved lubricants 
Lightweight? high-strengt h materials 

HEAVY TRWCKS/BUSES 
Low-emissions heavy-duty engine 
Adiabatic turbocharged, direct-injection diesel 
Gas turbine 
Rolling resistance reduction 
Reduced drag 

AIRCRAFT EFFIClENCY IMPROVEMENT 
Advanced aerodynamics 
New materials 

Thermoplastics composition 
AI-Li alloy 

Ultra bypass engines 
Distributed electrical control systems 
Computer-assisted flight management 
Electrohydrostatic activators 

ADVANCED TRAFFIC SYSTEMS 
Automated dynamic traffic control 
Improved guideways 
Electric induction systems 

HIGH-SPEED TRAINS 





Appendix B 
R&D Opportunities Identified in 

the Crosscutting Areas 

This appendix lists R&D opportunities identified in the crosscutting areas. Teams of O R m  staff were 
organized in several areas of crosscutting science and technology. Each team produced a report (see Vnl. 2, 
Part 3). The list of R&D opportunities in this appendix was compiled by reviewing the team reports. 

1. MICROELECTRONICS/ADVANCED COMPWTINGISENSORS 

Smart Control Systems 
Integrated sensors and processing 
Distributed systems 
Software 

Sensors 
Specific measurements 

Tempera lure 
Pressure 
Flow 
Force/torque 
Density 
Viscosity 
Humidity 
Electromagnetic flux 
Chemical 

Indoor air quality 
Specific electrodes 

Mot ionhibra tion 
Proximityjlocation 

Chip integrated sensors 
Micro Sensors 
Sensors for hostile environments 
Sensors embedded in structure 
Signal transmission 

Wire 
Fiber optics 
Electromagnetic (RF, microwave) 
Ultrasonic 
Optical (noncontact, IR) 

Signal processing 
Digital processors 
Analog processors 
Filters 
Logic devices 
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Signal processing (continued) 
Sensor drift detection 
Displays 

Industrial 
Consumer 
Microscopy 
Human factops 

Power Electronics 
Solid state 

Switching 
Motor controls 
Larger, high-quality Si wafers 
GaAs single-crystal films on Si substrates 

Computer-aided design tools 
Canducting polymers 

Robotics 
Sensors 
Controls 

Distributed 
Modelinghoftware 
Real-time/faster-than-real-time 

Remote 
Effects of delays 
Local intelligence 
Autonomy 
Machine intelligence 
Actuators and control devices 

Electronic power control 
Stepping motors 

Communications 

Electronic systems 

2. MATERIALS 

High-Temperature Alloys 
Refractory metal alloys 
Intermetallic compounds 

Structural Ceramics 
Fiber-reinforced ceramics 

High-Temperature Superconducting Ceramics 
Inventing a practical power conductor 

CorrosionErosion Resistant Materials 
Surface modification through ion implantation 
Ceramic coatings on metals 

II_ 
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2. MATERIALS (continued) 

Fiber-Reinforced Plastics 
Higher strength 
Higher temperatures 
Higher strength to weight ratio 

Reduced Friction and Wear (Tribology Research) 

Novel Applications 
Better heat, cold and fuel storage materials 
Better containment materials for radioactive and toxic wastes 
Polymer conductors 
Electronic ceramics 
Sensor materials 

Materials by Design 

3. BIOTECHNOLOGY 

Microbially Enhanced Oil Recovery 

Bioprocessing of Coal 
Sulfur removal 
Microbial solubization 
in Situ processing 
Waste treatment 

Commodity and Specialty Chemicals 

Hydrogen from Algal Water Splitting 

Oil Substitutes from Algae and Oil-Producing Plants 

B io f i t i on  of Carbon Dioxide 
Improve Rubism (Ribulose-bisphosphate carboxylase/oxygenase) by speeding up the 
catalytic fmtion reaction or by making it more specific for CO, reduction 

Biobased Materials 

Methane from Landfills 

Bioconversion of lignin, hemicellulose, and cellulose to fuels and useful chemicals such as 
thermoplastics 

Understand Risks of Genetic Engineering 

Genetic Research 
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Understanding synergisms between several microbial organisms 

Site-directed mutagenesis for redesign of proteins 
hw-moisture biofeedqrocks 
Chemically meducal biofeedstocks 
Micro-organisms which will work in severe environments 
Imiinobilization of microorganisms and enzymes (e.g., on high surface area solids) to create 

Enzyme technologies for use in organic solvents 

Genetic Research (consirnued) 

high-productivily biorcacaors 

4. SEPARATIONS 

Major energy opportunities are to replace distillation, drying, and evaporation with less energy intensive 
processes. 

Fundamental research on interfacial phenomeira, selectivity, mathematical modeling, obtaining 
critical properry information. chemistry of dilute solutions, system design and control 

Membranes 
Developing membrane separations (e.g., oxygen from air, hydrogen from oxygen, @02 from 

Develop membranes that will work over broaaer range of temperatures and chemical 

Develop bio-mimetic membranes which mimic cellular separations 
Improve the theory of membrane separation 

flue gas, nonaqucous applications) 

conditions 

Extraction 
Supcrcritiml. fluid extraction research 
Develop theory for polar matcrials and or role of additives in extraction 
Theoretical design of extractants 
Effects of external fields on extracrioii (e.g., for superconducting magnets) 

Lancr Isotope Separation Applied to Other Than IJranium 

Ultrapurification ‘fechniques----waste trcatrncnt; clcan processes 

Separation of Biological Cells (e.&, affinity chromatography and affinity solvent extraction) 

Recovery of Uranium, Lithiuna, Ucutcrium, and Olhcr Elemenis From Seawater (Also, fresh waler 
and salt) 

Removing Organic Sulfur from Coal 

High-EfficienLy Particle-Cas Separators to Operate at High Temp- +ra tu res 

Investigate High-Temperature Superconductor Magncts Applied to Scprat ion (e.g., prctreatment 
of water, solid waste, chemicals) 

... . ..... .- 
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5. COMBUSTION SCIENCE 

Common R&tD Needs 
Nonintrusive diagnostics 
Fundamental measurements/analysis 

Flame and sorbent chemistry 
Turbulence and mixing 

"Smart" control systems-sensorslcomputers 
Improved flue gas instruments (sensors) 
Combustion enhancement techniques 

Cornbustion engineeringlcontrol 

Atomization 
Ignition 
Catalysis 
Membrane separation of oxygen (possible?) 
Thermal barriers 
Fuel modifications 

Fuel Switching 
Developing methods for using micronized coal or  coal slurries in oil and gas boilers 

without NO, and SOz emissions by preconditioning coal to remove pyrite and ash 
and developing combustion simulation models for custom designing each conversion 

Steam Generation 
Complete FBC developmcnt 
Develop effective direct sorbent injection techniques and new sorbents 
Basic understanding of how SOz and NO, are produced and captured. 
Develop better post-combustion treatments (k, more efficient sorbents with less trouble- 

some by-products-for example, cyanuric acid for NO, reduction; use of chelates in 
wet scrubbing as in the ARGONOX process 

Internal Combustion 

Problem Solutions/discoveries 

Engine knock 

Lean limit 

Particulate emissions 

NO, emissions 

Fuel modification 
Combustion alteration (including use of stratified 
charge instead of homogeneous charge) 

Fuel additive 
Perfect stratified-charge combustion 

Fuel modification 
Enhanced mixing in cylinder 
Accelerate oxidation of particulates (as by catalyst) 

Low-temperature, rapid combustion (as by catalyst) 
Simple postcombustion treatment 
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5. COMBUSTION SCIENCE (continued) 
Wet Oxidation 

Investigate €or treatment of hazardous wastes; produces very low SO2 and NO, but also 
works at low temperatures (600°F) 

Incineration 
Combustion control for variable quality fuel 

6. GEOSCIENCES 

Oil and Gas 
Enhanced oil recovery 
Dctectioii of subtle stratigraphic traps 
Recovery of unconventional natural gas resources 
Understanding the evolution and structure of sedimentary basins and 

methods of hydrocarbon entrapment 
Storage of strategic reserves of crude oil 
Minimization of groundwater impacts from abandoned wells 
Protection of fragile lands during extraction of resources 
Management of liquid wastes from oil and gas wells 

Coal 
Prediction of coal quality as controlled by: 

Depositional environmeiie and age of coal-producing organics 
Diagenic and postdiagenic geological processes 

Evaluation of coal organic constituents (macerals) 
Influencing liquefaction processes 

Improved extraction and reclamation methods 
Improved data base for relating coal characteristics to end-use requircrnents 
Ash utilization and disposal 
Heavy metal recovery from ash and mine wastes 

Nuclear 
Basin studies and rock heterogeneity of sedimentary strata for exploration, development 

Geology and geochemistry of uranium migration and accumulation in natural systems and 

Global resource assessment 
Robotic deep mining technology 
Low-level waste disposal technology 
High-level waste disposal technology 
Mill tailings disposal technology 
Waste vitrification technology 

and resource base assessment 

application to solution mining 

Basic Research on Stiucture and Processes of lhe Earth’s Crust 
Improved understanding of the behavior of subsurface organic and inorganic fluids in rocks 
Three-dimensional characteriation of the internal properties and structure o f  rock bodies 
In-situ measurernent in high-pressure and high-temperature environments in dccp boreholcs 



Basic Research on Struclure and Processes of the Earth's Crust (continued) 
Modeling crustal structures and processes 
Testing crustal models through scientific drilling 
Exploring the range of hydrocarbon generation in time and space 

Cat  hemal  
Spatial heterogeneity of geothermal reservoirs, especially in fracturedominated regimes 
Laboratory investigation of physical and chemical properties of fluids and rocks 
Resource assessment and environmerital impact of geothermal energy 
Dtvelopmena of techniques to produce adequately fractured systems 

Oil Shale 
Mapping of oil shale microfacies 
Basic reactions in pyrolysis of oil shale kerogens 
Bchavior of granular solids 
Physical properties of rock 
Environmental problems related to an oil shale industry 
Sulfur and nitrogen geochemistry of oil shale 

Hydroelectric 
Dissolved oxygen management technology 
Dam reclamation technology 

7. ET=E;LUENT MANAGEMENT 

Develop Useful Products from Waste stream 

Develop Waste Forms that Reduce Disposal Capacity and Costs 

R&D to Improve the Durability of Solid Waste Forms 

8. DECISION RIMING AND MANAGEMENT 

Development of Effective Mechanisms for Feeding Information About Social/Risk Acceptance 
into the Energy Technology RSrD Process 

Research on Organizational Decision Making Under Uncertainty (e&, least-cost planning) 

Research on Wow Energy Technologies Penetrate Markets 

Research on Processes for Voluntary "Translocal" Cooperation to Meet Broad Social Needs 
Related to Energy and the Environment (e.g., CO,) 

Research on the Effective Transfer of Publicly Funded R&D into Commercial Use 

Research on Decision Making Related to Risk 
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8. DECISION MAKING AND MANAGEMENT (continued) 

Investigations of Community-Based Risk Analysis and Management Approaches (e.& wmnunity 
involvement and power sharing) 

Research on Enerm Technology Markets in Less-Developed Countries 
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Appendix C 
Reducing COz Emissions 

In this appendix, we investigate in a preliminary 
way the contributions that improved energy effi- 
ciency and nonfossil energy sources could make 
towards reducing worldwide emissions of C 0 2  from 
combustion of fossil fuels. In stating the problem 
this way, we bypass consideration of deforestation as 
a source of increasing atmospheric COP As noted in 
Chap. 2, the annual net reduction (losses minus 
gains) of carbon in the terrestrial biosphere, includ- 
ing organic carbon in soils, may be as much as one- 
half the carbon release (as CO,) from burning fossil 
fuels. Any serious effort to restrict COz emissions 
would involve measures to limit net losses of bio- 
mass as well as fossil-fuel emissions. Nevertheless, 
we wnfine our discussion in this appendix to the 
question of reducing COz emissions from fossil fuels. 

As a preamble to this discussion, we first take 
note of probable differences in trends of future C 0 2  
emissions by different groups of countries. For this 
purpose, we divide the world-like Gaul-into three 
parts: (1) the industrial market economies, as repre- 
sented by the Organization of Economic Coopera- 
tion and Development (OECD), hereafter referred 
to as Group A; (2) the industrial centrally planned 
economies (CPES), that is, the USSR and East 
Europe, hereafter referred to as Group B; and 
(3) the rest of the world, comprising mainly the 
developing economies of Latin America, Africa, and 
Asia (including China), and hereafter referred to as 
Group C. 

In Figs. 4.1 and 4.2, we saw that trends in 
overall energy consumption and in oil consumption 
have been quite different in these three groups of 
countries over the past 15 years. Not surprisingly, a 
similar pattern is evident if one looks spec~fically a t  
C 0 2  emissions (see Fig. C.l). In the decade 1977-87, 
GO2 emissions in the OECD countries (Group A) 
stayed essentially constant (see Table C.1); emissions 
by Group B countries (industrial CPES) increased 
over the decade at an average annual rate of nearly 
2%/year; and emissions from the rest of the world 
(Group C) increased at more than 4%/yar,  which 
i s  dose to the worldwide rate of increase that 

prevailed in the two decades prior to 1973 (Le., 
about 4.5%&ear average). It is quite possible that 
Group A emissions will again increase in the corning 
years, as they have shown signs of doing in 1987 and 
1988, and one might expect the higher rates of 
increase in the other countries to moderate some- 
what as time goes by. Nevertheless, it is reasonable 
to suppose that emissions by the latter two groups, 
and especially by Group C (developing countries and 
uewly industrialized countries) will increase relative 
to emissions from the OECD countries. 

These expectations are embodied in three highly 
simplified examples, shown in Fig. 4.4, in which 
future COz emissions are represented by simple 
exponential functions, starting from the projected 
1990 emission rates that are listed in Table C.1. 
Because the simple exponential behavior should not 
be expected to continue unchanged over so many 
years, the illustrations in Fig. 4.4 are increasingly 
unrealistic for the later years. Nevertheless, two 
important points are highlighted by Fig. 4.4: (1) 
OECD emissions will be less prominent in 
worldwide emissions in future than in the past; 
indeed Group C emissions may surpass Group A 
emissions within a couple of decades; and (2) if 
there is to be any hope of stabilizing worldwide COz 
emissions at anything like current levels, let alone 
actually decreasing the world total, the industrial 
countries would have to decrease their emissions 
quite sharply-not a trivial task while maintaining 
economic growth. 

In the remainder of this discussion, we focus on 
this last point: reduction of C02 emissions in 
industrial countries, and specifically in the United 
States. We explore the efficacy of two approaches 
for reducing future CO, emissions: (1) improved 
efficiency of energy use (conservation); (2) greater 
use of nonfossil energy sources; and (3) both of 
these together. We need to compare four scenarios 
representing future U.S. energy use and COz emis- 
sions with and without higher efficiency and with 
and without greater use of nonfossil sources. For 
reference cases, we choose a mid-range projection 
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Table C1. CO, emissions, 1977-87 (Gt-r) and average gnnvth rates (%&car) 

Carbon emissions from Assumed 

group Year Oil Gas Coal Total in 1990 
Country annual enlisbns 

A 1977 
1987 
1987/77, ratio 
Average, %&ear 

I3 1977 
1987 
1987/77, ratio 
Average, %&ear 

C 1977 
1987 
1987p77, ratio 
Average, %/year 

World 1977 
1987 
19871'77, ratio 
Average, %&ear 

1.405 
1.209 
0.860 
-1.50 

0.384 
0.419 
1.091 
0.87 

0.386 
0.514 
1.332 
2.86 

2.175 
2.142 
0.985 
-0.15 

0.416 
0.419 
1.007 
0.07 

0.192 
0.353 
1.839 
6.1 

0.057 
0.115 
2.018 
7.0 

0.666 
0.887 
1.332 
2.87 

0.689 
0.856 
1.242 
2.17 

0.645 
0.713 
1.105 
1 .Go 
0.4% 
0.818 
1.649 
5.00 

1.830 
2.337 
1.304 
2.66 

2.510 (2.5) 
2.484 
0.990 
-0.10 

1.221 (1.6) 
1.485 a- 
1.216 
1.96 

0.939 (1.6) 
1.447 
1.541 
4.32 

4.67 1 (5.7) 
5.416 
1.159 
1.48 

of future U.S. energy use and a case representing 
very deep reductions in energy use per unit of 
economic output (E/GNP). For the first of these, we 
take the Base Case from the Edmonds-Reilly model, 
as discussed in Sect. 2.4 and illustrated in Figs. 2.21 
and 2.22 (Edmonds and Reilly 19%). For the 
present purpose, we use only the U.S. portion of the 
Base Case (which covers the whole world). The Base 
Case is calculated by the model with median values 
of all model parameters. The U.S. gross national 
product increases at 3%/year during the period 1975 
to 2000, 2.3%&ear Erom 2000 to 2025, and 2%/year 
from 2025 to 2050, reflecting in part an assumed 
decline in the rate of population growth. U.S. energy 
consumption increases less rapidly, rising from 70.5 
quads in 1975 to 90 quads in the year 2000, 115 
quads in 2025, and 142 quads in 2050. Thus, EJGNP 
decreases significantly even in this case, falling to 
60% of the 1975 value in 2000, 43% in 2025, and 
32% in 2050. 

For the High Efficiency Case, we adopt the 
scenario of Williams, also discussed in Sect. 2.4 
(Williams 1987). In this scenario, per capita GNP in 
the United States doubles between 1980 and 2020; 
GNP increases by a factor of 2.6, for an averagc 
growth rate of 2.4%/year. However, very large 
reductions are assumed in the energy requircd for 
almost all activities and processes, so that overall 
EIGNP in 2020 is only one-fourth (27%) as large 
as in 1980. This more than offsets the rising GNP, 
so that energy use decreases 30%, from 76 quads in  
1980 to 53 quads in 2020. 

These two cases, the Edmonds-Reilly (E-R) 
Base Case and the Williams High Efficiency Case 
are not "pure" cases for purposes of  the intended 
comparison. The E-R Base Case already 
incorporates a significant improvement in energy 
efficiency, and both reference cases include a lot o f  
nonfossil sources in  their supply mix. We have 
modified the reference cases in two ways in order to 
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normalize the comparative influence of greater use 
of nonfossil sources. 

Modification A: In both the E-R Base Case and 
the Williams High Efficiency Case, the supply mix 
is modified to reduce the contribution of nonfossil 
sources to a low level assumed to be achievable 
without R&D or further technical advances. 

ModifTcntion B: In each case the supply mix is 
modified to expand the contribution of nonfossil 
sources to the extent assumed to be achievable with 
substantial R&D successes, technical advances, and 
realistic deployment schedules. 

The assumed contributions from nonfossil 
sources are in two categories: (1) liquids from 
biomass, displacing oil in the transportation sector; 
and (2) nonfossil sources of electricity (nuclear, 
hydro, solar-electric, wind, geothermal) displacing 
mainly coal, but also oil and gas, in the electric 
utility sector. The assumed contributions are shown 
in Table (2.2. 

Note that we have assumed that 10 quads of 
liquid fuels can be produced in the United States 
from 20 quads of biomass, harvested on a sustained- 
yield basis, Our study's panel on biomass believes 
that potential production may be somewhat higher 
than this, but here we assume 10 quads. This 
production level is reached by 2020 and thereafter 
remains constant. 

For hydroelectricity, we assume that an 
additional 47 GW of capacity could be brought into 
service, including remaining high-head sites and low- 
head sites, some of which already have 
impoundments not currently used to generate 
electricity. At an annual average capacity factor of 
4396, which i s  typical for current hydro facilities, 
these additional plants would produce about 175 x 
lo9 kWh(e)&ear. This would be added to about 300 
x lo9 kWh(e)/year from existing facilities. (The 250 
x lo9 kWh(e) generated in 1987 was unusually low 
because of persistent below-normal precipitation; it 
was the lowest since 1977, which was also a very dry 
year.) Although the  incentives for developing this 
additional hydroelectric capacity would be greater in 
Circumstance 3 (serious greenhouse threat) than 
otherwise, we assume this increased hydroelectric 
output in Modification A as well as in Modification 
B on the grounds that little new technology would 
be required. 

For nuclear power, there is a very important 
difference between Modification A and Modification 
B (minimal versus maximum use of nonfossil 
sources). For Mod A, we assume that no new orders 
will be placed for nuclear reactors in the United 
States, However, some of those still under 
construction will be completed, and installed nuclear 
capacity will level off in the 1990s at around 100 to 
110 GW(e). Sometime after the turn of the century, 
retirement of older or less economical plants begins 
to reduce the aggregate generating capacity of U.S. 
nuclear plants on a schedule which we do not 
attempt to outline in detail. Nevertheless, with some 
life-extension measures, we assume that 80 GW(c) 
of nuclear plants will remain in 2020 from the "first 
nuclear era." We furthcr assume a progressive 
increase in average capacity factors for nuclear 
plants, from 57% in 1987 to around 70% in 2020, 
permitting these 80 GW(e) to generate around 500 
x lo9 kWh(e). By 2040, even with life extension 
measures, few of the twentieth-century nuclear plants 
remain, and we assume that these generate about 
170 x lo9 kWh(e) in 2040. 

For Mod B, we assume rapid deployment of a 
new generation of nuclear rcactors based on 
Advanced Light-Water Reactor (ALWR) technology 
and on other passively safe concepts such as the 
Modular High Temperature Gas-cooled Reactors 
(MHTGR). It should be noted that only the ALWR 
could be ready for construction by 1995. We assume 
that the MHTGR could not be ready for commercial 
orders much before 2005. Under our assumptions, 
first orders are placed by 1995, the first new reactor 
is completed around 2005, and thereafter reactors 
are completed on an accelerating schedule. 
According to this schedule, 12 GW(e) of new 
capacity would be completed betwecn 2005 and 
2010, an additional 52 GW(e) in the period 2011 to 
2015, 75 GW(e) in the period 2016 to 2020, 205 
GW(e) between 2020 and 2030, and 305 GW(e) 
between 2030 and 2040, for a total of 649 GW(e) 
brought on line in the period 2005 to 2040. Comple- 
tion rates are 15 GW(e)&ear in 2016 to 2020, then 
increasing linearly to 35 GW(e)/year in 2040. It is 
worth noting that these construction rates are 
neither alarming nor unprecedented. From 1965 to 
1985, the average annual rate of generating-capacity 
additions of all types in the United States was 
23 GW(e)/year. From 1965 to 1975, the average rate 
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Table C2 Assnmed contriiutiom of mmfosil soufces 

2020 2040 
1987 

(Actual) A B A B 

Liquids from biomass 
Quads of liquids 0 
Quads of biomass 0 

Electricity, lo9 kWh(e) (quads) 
Nuclear 455(4.9) 
Hydro BO(3.0) 
Solar, etc. 12(0.3)* 

Sum 717(8.2) 

*Low efficiency; approximately 17%. 

was 27 GW(e)/year. Yet our postulated GNP in 
2020 is nearly 4 times larger than in 1970 and by 
2030 it is almost 6 times larger than in 1970. These 
capacity additions, plus remaining plants from the 
first era, generate 1500 billion kWh(e) in 2020 and 
4000 billion kWh(e) in 2040. 

Our assumptions regarding the other nonfossil 
sources of electricity (photovoltaics, solar thermal 
electric, wind, geothermal, tides, etc.) are more 
arbitrary. We make no attempt here to  distinguish 
among them, treating them in the aggregate. The 
physical potential of these sources is very large. The 
economic potential may be more limited, and is not 
easy to predict. Together, these sources (plus wood 
and wastes) currently generate about 12 billion 
kWh(e)/yeax in the United States for distribution by 
electric utilities. This is about 0.5% of the U.S. total 
from all sources. We assume that by 2020, given 
sufficient incentives to do so (such as the 
greenhouse effect), this contribution could be 
increased by an order of magnitude, e.g. to 125 
billion kWh(e)&ear-about what was generated in 
1987 by oil-fired units. This is equivalent to about 
1.2 quads, and is by no means the maximum that 
could ultimately be generated by these sources. [It 
is  also equivalent to about 28 GW(e) operating at 

0 10 0 10 
0 20 0 20 

SOO(5.3) 15OO(16.0) 170(1.8) 4000(42.7) 
475(4.6) 475t4.4) 475(4.6) 475(4.6) 
25t0.3) lZ(1.2) ZS(0.3) 525(5.1) 

lOOO(10.2) 2100(21.8) 70(6.7) 5000(52.4) 

an annual average capacity factor of 50%. However, 
some of these sources could not approach a 50% 
capacity factor, so the actual installed capacity would 
be much greater than 28 GW(e).] 

We further assume that by 2040, the annual 
electricity generation from these other technologies 
could be increased to 525 billion kWh(e) (nearly as 
much as is currently supplied by nuclear power and 
hydropower combined), bringing the total Erom all 
nonfossil electricity generators to 5000 billion 
kWh(e), or  about twice the present U.S. total from 
all sources. How this quantity is divided among the 
various nonfossil technologies (nuclear, hydro, 
photovoltaics, etc.) is actually immaterial for the 
resulting reduction in C 0 2  emissions. However, we 
believe that the combined total of all the nonfossil 
sources, as determined by the time-dependent 
constraints discussed above, could probably not 
increase much more rapidly than we have assumed 
here. 

Williams presents his "Low Energy Future for 
the United States" only for the year 2020 (Williams, 
1987). However, efficiency cannot be improvcd 
without limit, and it isn't clcar to us that the four- 
fold reduction in WGNP represented in this scenario 
can be camed much further. If the economy 



continues to grow after 2020, as we assume it will, 
one night expect a reversal of the downward trend 
in energy consumption that the High Efficiency case 
achieves for the period 1980 to 2020. In that case, 
the substitution of nonfossil energy sources for fossil 
fuels would be a necessary adjunct to efficiency 
improvement in any effort to limit COz emissions. 
In short, Williams' "Low Energy Future" may not be 
a sustainable future beyond 2020 if it continues to 
rely primarily on fossil fuels to maintain economic 
growth. For this reason, we extended the 
comparisons to 2040. In order to project Williams' 
scenario to 2040, we projected disaggregated 
activities (home heating, hot water, appliances, 
comrnerical energy requirements, personal travel, 
highway freight, air transport, manufacturing, basic 
materials, etc.) according to Williams' prescriptions, 
including a continuing trend toward a less-energy- 
intensive mix of industrial activities, but retained the 
same energy intensities per unit activity as Williams 
postulated for 2020. 

All of these considcrations are brought together 
in Table 4.1, which show electricity generation, total 
primary energy use, and CO, emissions for each of 
the four cases, for the years 2020 and 2040. The last 
column, Modification B' of the High Efficiency case 
for 2040, was added because the total electricity 
requircment in Mod B of the High Efficiency case 
was less than the assumed potential generation from 
nonfossil sources alone. We therefore considered a 
further substitution of electricity for fossil fuels in 
the buiidings sector (replacing methane), and in the 
transportation sector (electric vehicles or clectrolytic 
hydrogen fuel), up  to the full exploitation of the 
nonfossil potential. 

The C02 emissions for all these cases are shown 
in Fig. 4.3 in Chap. 4. The coefficients used to 
translate energy use in quads into C 0 2  emissions 
are: for coal, 0.025 GtC/quad; for oil, 0.020 
GtC/quad; for gas, 0.015 GtC/quad. These are not 
quite the same 3s those calculated by Kotty and 
Marland (1980). The principal difference is for oil. 
Rotty and Marland recommended 17.4 gC/A4J = 
0.0184 GtC/quad, to allow for an estimated 8.2% of 
oil production that is not oxidized because i t  i s  used 
in the manufacture of long-lived products. Since our 
focus here i s  on substitutions for energy production 
and use, it is appropiiate to use conversion factors 
based on 100% oxidation of the fuels. 

In each of the comparisons (Modification A vs. 
Modification 13 for the E-R Rase Case and similarly 
for the High Efficiency Case) we assumed the same 
distribution of final energy demand @e., the same 
quantity of fuels and the same quantity of electricity) 
in Mod I3 as in Mod A. In going from Mod A to 
Mod B, we substituted 10 quads of liquids (from 20 
quads of biomass) for 10 quads of oil; and nuclear-, 
hydro-, and solar-electricity substituted for electricity 
generated with coal, oil and gas, to the extent shown 
in Table 4.1. For the E-R Base Case, it i s  clear that 
U.S. COz emissions would rise continuously to a 
level almost twice as high in 2040 as in 1987. The 
reason, as noted above, is that efficiency 
improvements, as large as they are in this case, do 
not occur rapidly enough to offset growth in 
economic output. Furthermore, in the near tcrrn 
(out to 20201, nonfossil sources cannot he deployed 
fast enough in this case to keep C 0 2  emissions from 
increasing. Later on, however, the nonfossil sources, 
according to our assumptions, could penetrate their 
markets deeply enough to return C 0 2  emissions to 
the current level by 2040, despite a four-fold 
increase in GNP. 

On the other hand, if the very large efficiency 
improvements envisioned by Williams could in fact 
be accomplished by 2020, then E/GNB would fall 
more rapidly than GNP increases and energy use 
(and CO, emissions) would decrease over time, at 
least until such time as further imprnvemcnts in 
efficiency become morc difficult or costly to achieve, 
while economic growth continues. At that time, 
which in our example is between 2020 and 2030, 
economic growth would again overwhelm efficiency 
improvements and energy use (and C 0 2  emissions) 
would again increase with time. By then, however, 
nonfossil sources could begin to replace a major 
part of fossil-fuel requirements and, with their help, 
U.S. CO, emissions could continue to fall. 

Thus, the issue boils down to these questions: 
How much and how rapidly will GNP increase? How 
much and how rapidly can the average energy 
intensiveness of various economic activities be 
reduced? How much will the composition of GNP 
continiie to shift from the more-energy-intensive 
activities, like mining and heavy manufacturing, to 
less-energy-intensive activities, like information 
processing, health care, etc.? And how much and 
how fast could the services now provided by fossil 
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fuels be shifted to various nonfossil energy sourws? 
Expressed in the resulting C o t  emissions by the 
United States, the possibilities represented in Fig. 
4.3 range from a two-thirds reduction to a two-fbld 
increase in emissions over the next half-century. The 
steps required to achieve a substantial reduction in 
U.S. CQz emissions, if that should prove necessary, 
arc {first) very large reductions in the energy 
intensiveness of activities throughout the U.S. 
economy, which would be most effective in the near 
term, and {second) large-scale substitution of 
nonfossil sources for fossil fuels in the longer term. 

It should be noted that the level of nuclear 
power that is incorporated in Modification B of each 
case for the year 2040 is less than was expected 
fifteen years ago to be reached in the United States 
by the year 2000. Nevertheless, it is large enough to 
raise questions about uranium availability. We 
estimated cumulative natural uranium requirements 
for our postulated nuclear-power expansion on the 
assumption that all the reactors would use uranium 
with about the same efficiency as today's Light 
Water Reactors. That is, they would use less than 
1% of the energy content of the uranium, if 
operated on a once-through fuel cycle, and about 
I%, with recycle of Pu and U. Without recycle, 
cumulative natural uranium requirements would 
exceed 1 million metric tons by 2030 (1.3 million 
short tons of U30s), and would reach 2 million 
metric tons of natural uranium shortly after 2040. 
Cumulative uranium consumption plus lifetime 
commitments for all reactors in operation would 
exceed 3 million metric tom of uranium (4 million 
short tons of U308) by 2040. At that time (2040), 
cumulative uranium consumption plus forward 
commitments would be increasing at about 92,000 
metric tons of uranium (120,000 short tons of U308) 
per year. 

We don't really know how much uranium can 
reasonably be expected to be available to the United 
States. In the past, quantities like 2 milion to 
4 million tons were thought to be potentially 
available in the United States from domestic sources 

not counting such low-grade s o u m s  as the 
Chattanooga shales and seamter, which contain 
vastly greater quantities oi uranium. It is wnceiv- 
able that these low-grade sources could be lased. 
Purthermore, prospecting for uranium has been far 
less intensive in most of the rest of tbe world than 
in the United States. It seems likely that much 
larger amounts of uranium will ultimately he 
available in high-grade deposils worldwide than is 
presently acknowledged by the international Atomic 
Energy Agency and OECDs Nuclear Energy Agency. 
Also, it may become feasible to produce plutonium 
from natural or depleted uranium in accelerator- 
breeders or  in fission-fusion hybrid machines. In 
short, we are not likely Po "run out" of uranium. 

Nevertheless, the conventional view of the 
uranium supply problem may still be the mrrcce 
one: if nuclear power becomes a major energy 
source, eventually we will need breeder reactors. Our 
present sense of the problem is that that amid 
occur as early as the second quarter of the coming 
century, tbat is, within the time horizon of this 

In th is  analysis we have said nothing about 
relative costs. Our tacit assumption is that after 
internalizing the costs of waste management, decom- 
missioning, and dealing with safely issues, nuclear 
power will still be more economical than renewables, 
and that in the case of Circumstance 3 (serious 
threat from the greenhouse effect), it will prove to 
be acceptable even with large-scale deployment. Of 
course, this may not turn out to be the case. It may 
be that society will choose to buy a more expensive 
set of renewable-energy technologies or that R&;D 
may make renewables competitive. 

We doubt that these possibilities will change our 
basic conclusion that reducing GOz emissions will be 
very difficult and will depend both on much- 
improved efficiency of energy conversion and use 
and on nonfossil energy sources. The costs will 
G e n d  largely on the success of RSrD. 

study. 
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