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Integrated Value-Based Planning (project of EPRI) 
joule 
kelvin 
kiloelectron volt 
kilogram 
kilojoule 
kilometer 
KNS. Fusion 
krypton-fluorine 
Kellogg-Rust-Westinghouse 
kilopounds per square inch 
kilovol t-ampere 
kilowatt 
kilowatt (electrical) 
kilowatt-hour 
liter 
local area network 
Los Alamos National Laboratory 
pound 
Lawrence Berkeley National Laboratory 
liquid crystalline polymer (molecular composite) 
Least-&st Utility Planning Division (of DOE) 
less developed countries 
Lewis Research Center (NASA, located at Cleveland) 
low-heat rejection engine 
lithium 
Limestone Injection Multistage Burner 
laser isotope separation 
Laboratory for Laser Energetics, University of Rochester 
Lawrence Livemore National Laboratory 
lumen 
liquid-metal- (sodium-) cooled fast breeder reactor 
Laboratory Microfusion Facility 
liquid natural gas 
light-water reactor 
square meter 
cubic meter 
million barrels per day 
million British thermal units 
molten carbonate fuel cell 
microbially enhanced oil recovery 
megaelectron volt 
megagram (or megaton) 
magnesium oxide 



MIID 
MHTGR 
MHr 
min 
MIT 
MJ 
MLIS 

MOSCI 
MCJ S ??ET 
"P 
"Pg 
MSW 
MTG 
M'11 
MW 
MW(e> 
MWl 
N 
Na 
NaK 
NaS 
NL4S 

NBS 
NED0 
NEPA 
N hPP-V 
NGA 

NIPBA 
NiH, 
NiO 
NMHC 

mm 

NASA 

N H, 

nllli 
NO2 
NO, 
NPC 
NPOVS 
NPP 
NPR 
NPRA 
NRL 
NKRh 

NSF 
NSPS 

11 s 

magnetohydrodynamics 
modular high-icnaperature gas-cooled reactor 
megahertz 
minute 
Massachusetts Tnstitute of Technology 
megajoule 
Molecular Laser Isotope Separation 
millimeter 
Mobil OiZ Sludges 
metal-n~ide-semicoladUctoL. field-effect transistor 
n-ding point 
miles per gallon 
inunicipal solid waste 
methanol to gasoline 
Mecbanice! Technolcgy, Inc, 
megawatt 
mcgawatt (electrical) 
megawatt-hour 
nitrogen 
sodium 
sodium-potassium eutectic 
sodium sulfide 
National Academy of Scienccs 
National Aeronautics and Space Administration 
National Bureau of Standards 
Nav Energy Developrncnt Organization 
National Environmental Policy Act of 1969 
Natiisnal Energy Policy Plan V 
National Governors' Association 
ammonia 
National Home Builders Association 
nickel hydride 
nickcl oxidcs 
noniixethane hydrocarbon 
nuclear magnetic resonance 
nitrogeil dioxide 
nitrogen oxide 
National Petroleum Council 
Nuclcar POWCL Options Viability Study 
National Photovoltaics Program 
new production reactor 
National Petroleum Refiners Association 
Naval Rescarch 1,aboratury 
National Regulatory Research Institute 
nanhpsccond 
National Science Foundation 
New Source Performance Standards 
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PEAC 
PED 
PEM 
PESC 

PIC 

PJ 
PM 
pn junction 



RDF 
rf 
Rn  
KOR 
rPm 

S 
SAF 
SBIR 
scf 
SDI 
SERI 
SFE 
SG 
Si  
Sic 
SIC 

SNG 
SNL 
SO, 
SOFC 

SSF 
SST 
STIG 
T 

S 

sm/g 

sox 

TAHP 
TlsP 

TCA 
TCF 
T&D 
TEL 
TES 
TI;TR 
'WWE 
Th 
TJ 
TMI 
TRU 
TVA 
U 
UHB 
I J W  

Tc 

refuse-derived fuel 
radio frequency 
radon 
rate of return 
revolutions per minute 
second 
sulfur 
Society of American Forcstcss 
Small Busincss Innovation Research 
standard cubic hot 
Strategic Defense Initiative 
Solar Energy Research Institute 
supercritical Quid extraction 
synthesis gas 
silicon 
silicon carbide 
Standard Industrial Classification 
seat miles per gallon 
substitute natural gas 
Sandia National Laboratory 
sulfur dioxide 
solid oxide fuel cell 
sulfur oxide 
simultancous saccharification and fermentation 
supersonic transport (plane) 
steam-injected gas turbine 
1. temperature 
2, tesla 
3. tritium 
thermally activated heat pump 
tetraphenylboron 
transition temperature 
Turhulcnt Contact Absorber 
trillion cubic feet 
transmission and distribution 
tetraethyl lead 
thermal energy storage 
Tokomak Fusion Test Reactor 
Task Forcc on Wood Energy 
thorium 
terajoule 
Three Mile Island 
transuranium 
Tennessee Valley Authority 
uranium 
ultrahigh bypass 
ultrahigh voltage 



UHVAC 
UNESCO 
USDA 
USE3 
USSC 
v-I 
VAC 
var 
VAWT 
VCR 
VLSI 
vm 
VSWF 
VW 
W T C  
ZnBr 
ZnBr, 
Zn/C1 
ZrO, 
Pm 
Q-CI3.l 

ultrahigh-voltage alternating current 
United Nations Wueational, Scicntific and Cultural Organization 
U.S. Department of Agriculturc 
W.S. Forest Service 
United States Steei Corporation 
voltage-curren t 
alternating current volt 
voltage and reactive power 
vertical-axis wind turbine 
video cassette remrder 
very large scale integrated 
open-circuit voltage 
variable-speed wind turbine 
Voikswagen 
Wind Energy Test Center (SEN) 
zinc bromine 
zinc bromide 
zinc chlorine 
zirconia 
micrometer 
ohan-centimeter 

XiX 





ABsTRAcr 

Early in 1988, the management of Oak Ridge National Laboratory (ORNL) decided 
to  organize an internal study to review the status of energy technologies and to  identify the 
research and development opportunities that could make a difference for both the United 
States and the rest of the world. More than 100 ORNL staff members were organized into 
teams to  review the status of technology in 18 areas covering energy use, energy supply, and 
crosscutting science. Each team attempted to identify significant technological advances that 
could be made within a reasonable time and a t .  

The results of the study are being published in two volumes. The first volume is the 
synthesis report, while the second volume is the collection of the 18 team reports. The 
three parts of Vol. 2 review (1) end-use technology, (2) supply technology, and 
(3) crosscutting science and technology. 

This part of Vol. 2 reviews supply technology. 





Much has happened in energy tahn01og-y in the past dmade. A fcw examples are 
the Cool-Water combined-cycle power plan 1, ~ i g ~ ~ - e ~ ~ ~ i e n c y  .beat pumps (both electric and 
adsorption), low-emittance glass for buildings, and znore efficient high-performance 
automobiles. In addition, recent advances in materials (high-temperature materials and 
liquid nitrogen temperature superconductors) and othcr crosscutting technologies hold great 
promise for future dcveiopmcants. 

to organize an internal study to review the status of energy technologies and to 
research and development (R&@) o p ~ o r t ~ i n i t i ~  that could make a difference for both the 
United States and the rest of the wtrrld. 

The study examined energy from two dircctbns. ' n c  first direction was bottom- 
up- More than 100 ORNL staff ers and several researchers from otbcr institutions 
were organizcd into tcams to review the status of  technology in 18 areas covering energy 
USC, energy supply, and crosscutting science (the team membea arc listed at the beginning 
of Part 1). Each tcam attempted to identily significant technological advances that could be 
made within a reasonable time and cost. 

The second direction was top-dowxl. The objectives of encrgy system R&D are to 
solve problems, to  prc~idt:  technological alternatives to cope with future circumstances, 
and to provide new opportunities- The synthesis team reviewed the energy situation, the 
problems with the energy system, possible hkurre circumstances, and dcsirable charactcristics 
of the future energy system. Having reviewed potential problems and Cuture circumstances, 
the team formulated a balanced R&D strategy into which bottom-up R&D opportunities 
were fitted. 

To perform the bottom-up review, cach stu y team identified a ccnmprehensive list 
of R&D opportunities in the team's area, used ip ~ ~ ~ g ~ e n t a ~  methodology to evaluate the 
opportunities, and identified thox  that showcd promise. This introduction reviews the 
methodology9 and the body of the report reviews the status of Lechnobgy and identifies 
R&D opportunities. 

Each of the 58 ~ e ~ ~ s  rcvkwcd the research programs at BRNL, the other national 
laboratories, universities, and private labs. Discussions were held at many of these 
institutions. The teams relied 1 1 e d y  on the research plans of the US. Department of 
Energy, the Electric Power Research Imstitutc, and the Gas Research Institute. Each learn 
prepared an area-related report that summarized the R&D cyportunities. The reports are 
collccted in the three parts of Vd. 2. The three parts review (1) end-use and cncrgy 
conversion technologies, (2) supply tec nolog, and (3) crosscutting science and technology. 

Early in 1988, the ~ a ~ a ~ ~ ~ e ~ t  of Oak Ridge National Laboratory [ORN 

At the start of the study, each team was asked to address the following queslions: 

I. What significant advanccs in technology have occurred in the past five years? 
2. Why are these advanws significant for the future of the energy system? 
3.  Which R&D opportunities look promising to produce future significant advances? 
4. What is the probability of success for the R&D? 
5. If the R&D is successfu:wL, could it improvc US. compctitiveness? 
6. If the R&D is successful, what impacts might the resulting technology have on the 

social, institu tianal, and regulatory practices of the nation? 
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1. Does this techrio1ogy have the potential for making a major near-term (by the year 
2 W )  contribution to o ~ i r  energy system (assuming the ecoconraics grovc reasonable)? 

1-1 1 quadfyear equivalent 
M at least 0.2 quadbycar 
L less than 0.2 quad/year 

2. Does this t ~ ~ h ~ - ~ d ~ g y  have the potential for makiiig a major longer term (by 2040) 
eontPibution? 

M 4 quadsfyear equivalent 
M 1 quadbear 
I, less than 1 quadlyear 

3. Can the technology continue to glow iadefinitely beyond thc 50-year ‘Lime frame, or is 
it resource or application constrained? 

H virtually inexhaustible and unconstrained 
E, significant limitations 

4. Is the technology likely to be cost competitive with other means of satisfying the energy 
requirements? 

d- 
0 
- 

likely to be csmnpctitive even at low energy p1lccs 
competitive witti modest price rise @e., oil at $20-35/barrel (bbl)] 
competitive only with expensive energy- (is., oil over $35) 

5. Is the technology avell enough undcrstood at this timc that the cost projections assumcd 
in question 4 can be coiisidcrcd accurate? 

+ 
0 

cost projections should be accsarate, few if any hidden surprises 
about the same as most R&B options 

- many uncertainties 

6. Will this technology gcnerate significant exports of cqii ipment, services, or resources? 
.+- + large potential markct 

+ some but not great 
0 negligiblc 

7. Is developmenst likely to lead to other valuable technologies? 
I- significant potential 
0 little potential 



Table 1. (continued) 

fivuonmenfat h e a h  a d  safety impacts 

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

+ 
0 
- SODIC major uncertainties 

little risk, or much less likely than current equivalents 
about the same as current equivalenh 

9. Would deployment of this technology result in reduced emissions of carbon dioxide 
(cop 

+ 
0 
- likely to produce more 

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

10. Would ~ ~ n ~ ~ f ~ ~ t u r c  and use of this technology he relatively free of routine but 
damaging environmental and occupakional impacts? 

+ little potcntial for problems 
0 will require regular monitoring and corrections 

11. Will this technology reduce oil imports? 
++ 

+ 
0 

yes, by at least 200,080 bbl/d (0.4 quad/year) by 2000 
some, but Bas than h i ;  
little or none, maybe even negative 

12. Will this technology facilitate shifts to other fuels in case of shortages of oil or natural 
gas? 

+ 
0 
- 

easy to  shift fucls, at least 200, 
some but less than that 
may make the system less flexible 

bbl/d within one year 

13. 1s the existing iazdislrial/commehcial infrastructure well organizsd to deploy this 
technology? 

+ can be easily accommodated 
0 
- major changes required 

moderate changes to iiistitutinns required 

14. Is the techndogy Ekdy to be readily accepted by the public? 
+ likely to be popular 
0 
- likely to be controvcrsiai 

generahly acceptable or no impact on the public 



Table 1. (continued) 

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

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

+ 
0 
- major uncertainties 

Less &v impacts 

16. Will this technology be directly beneficial to poor countries? 
+ will be quite useful 
0 few or no advantages 

Note: H = high, M = medium, L = low. 
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Table Z EvaluatiW of Pomising X&D options fw enetgysupply 

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

Technological opportunities" term term potent oosts uncert equip offs impact imp flex struct percep risk impact 

2.1. Fossil energy 

2.1.2 Oil and gas 

Field characterization techniques 
Enhanced oil recwery 
Tar sands 
Heavy oil 
Oil shale 
ExpIoration and drilling techniques 
Tight sands 
Devonian shales 
Coal seams 

H M L  
H M L  
L L L  
L L L  
L H H  
H M L  
H H L  
M M L  
M M L  

o + + o  0 0  0 ++ 0 
o + + o  0 0  0 ++ 0 
o + o o  0 0  0 0 0  
o + o o  0 0  0 0 0  
- - 0 0  0 -  - 0 0  
o + + o  o o +  ++ 0 
o + + o  o o +  ++ 0 
o + o o  0 o +  + o  
0 0 0 0  0 o +  + o  

+ o  0 
+ o  0 
+ o  0 
+ o  0 

+ o  0 
+ o  0 
+ o  0 
+ o  0 

- -  - 

k!*::o :& cualniquid slurry M M L  + + + +  + 0 -  0 f +  + o  + 
Fluidized bed (atmospheric 

Keduction of sulfet oxides and 
combustion, pressurized combustion) M H H + 0 ++ + 0 - +  + o  + o  + 
nitrogen oxides + 0 ++ 0 0 - +  0 0  + o  0 

Direct liquefaction L H H  - o + +  0 - - 0 +f 0 0 -  - 
Combined cycle (integrated coal 
gasificarion, steam-injected gas 
turbine & intercooled steam- 
injected gas turbine) M H H  f 0 ++ 0 o o +  + +  + o  + 

Indirect liquefaction L H H  - o + +  0 - - 0 ++ 0 0 -  - 
Bioprocessing liquefaction L M H  - - ++ + - - 0 ++ 0 0 -  - 
High Btu gasification M 1% H 0 O f +  0 0 -  - + o  0 -  0 
Bioprocessing gasificatior, L M H  - - ++ + 0 -  - + o  0 -  0 
In situ gasification M H H  0 - + o  - - - + o  0 -  0 

+ 
+ 
0 
0 
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2 SUPPLY TIXHNOLOGY 

21 FOSSIL ENERGY [by R A. Bradlq (Leader), P4 
R R Judkks, R P. Krishnan, D. B. Reisier, and J.  5. Watson] 

Carlson, i7 Fox, R L. Graves, 

21.1 Inlroduction (by R A. Bradley) 

For the foreseeable future, fossil energy will be the primary energy source for the 
United States and for the rest of the world. Fifty years ago (see Table 2.1 in Vol. I), fossil 
energy provided 99% of the energy for the world; today, the fossil share is 88%. The fossil 
energy share in 2050 ranges from 70% in the high-effkiency scenario to 75% in the 
modera te-e fficiency scenario. 

In the past 50 years, world energy usage has changed from coal to oil and gas. In the 
next 50 years, usage may return to coal (and oil shale). Twcnty years ago, we expected the 
transition from oil and gas to mal  to be well under way by 2000. The unexpected reduction 
in the rate of increase in energy consumption has pushed the expected date for the 
transition well into the next century. Because oil and gas resources are much smaller than 
coal resources, the transition must occur eventually. 

Many of the environmental stresses from human activity are related to the production 
and consumption of fossil fuel. The environmental concerns include air pollution, coal 
mining, oil spills, acid rain, and climate change. 

The goals oE fossil fuel R&D are to extend the oil and gas resources, to produce 
liquid and gaseous fuels from coal, and to reduce the environmental impacts of fossil fuel. 

This section reviews the estimates of the fossil fucl resource base and discusses 
promising R&D opportunities. 

21.2 Oil and Gas Resources (by D. B. Xeister) 

This section reviews the oil and gas resources of the United States and the rest of 
the world. The conventional oil and gas resources of the United States will be depleted 
before those of the rest of the world. As the US. resources are consumed, unconventional 
oil and gas will be required to enhance domestic resources and reduce dependence on 
imported oil and gas. 

2.1.21 U.S. energy situation 

In the 13 years from 1960 to 1973, US. oil consumption increased from 
9.8 million barrels per day (MBD) to 17.3 MBD. If the trend had continued Tor the next 
13 years, the oil consumption in 1986 would have increased by 7.5 MBD (17.3 - 9.8 = 7.5) 
to 24.8 MBD. After the oil embargo in 1974, oil consumption continued to incrcase and 
reached 18.8 MBD in 1978. The large increases in oil prices from 1979 to 1981 resulted in 
a large drop in consumption (consumption reached 15.2 MBD in 1983). 

Domestic crude oil production increased from 7.0 MBD in 1960 to 9.6 MBD in 1970, 
and production declined to 8.1 MBD in 1976. Alaskan production exceeded 1.0 MBD in 
1978, and the price increases from 1979 to 1981 encouraged more production until 
production reached 9.0 MBD in 1985. Production in the contiguous states continued to 
decline and reached 7.1 MBD in 1985. Net oil imports increased from 1.6 MBD in 1960 
to 4.5 MBD in 1973 and 8.0 MBD in 1978. The price increases from 1979 to 1981 reduced 

1 
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consumption and increased production. 7'hc imports dveragc,! 4.4 MOR from 1982 to 1985. 
The collapse of the oil prim in 1986 increascd coilsumption (+5% from 1985 to 1987), 
reduced production (-7%), and increased imports ( I 35%). Iri 1987, conswnption was 
16.6 MBD; production was 8.3 MDD, and imports w r e  5.8 MBD. 

Resource assessments are inrharcntly contioversiR1. ' !he assessments are produced by 
large teains rcvicwing databases that dcpcnd on a set of (1 itions and assumptions, and 
the results are politically sensitive. The numbers used in this seciiori air3 from a recent 
assessment by Charles Masters and his associatcs at the U.S. Geological Service (USGS) 
and the Energy Information Administration (El,\) (Masters 1987). As of June 1988, the 
USGS was revising the resoiirce estimates for the Unitcd States amidTt a storm of 
controversysy. The final revised numbeis fur thc Unitcd States will probably be quits: closc 
to the values used hy Masters (1987). 

Thc geographical distribution of wcrld pctr ale;im r isems is liai row, with about 75% 
of the ultimate resources of both oil and gas occuiiing Li three regions (Noith America, 
the Soviet IJnion, and the Middle East). Orsly 22. basins have had oil discoveries of mole 
than 10 billioii barrels (BIZ). Their combii l~~i  original iescrws ai: siiore tllarn 75% of the 
world total. "kit: most recent discoveries were the N o ~ t h  Slope (1958) and the North Sea 
(1969). The characteristics that peirnit the origin arid tiappir3g of large occiiiicnces of oil 
are inherently basin characteristics and are commonly ciei'inrr? in the early stagzs of 
exploration. T ~ I I S ,  the probability of the existelice of u?idiscouered largc basins is small. 

Estimates of criidc oil. resources for five regions of the world are prcsentcd in 
Table 2.1-1 and displayed in Fig 2.1-1. ' l a w  of the five regions have unconventional 
definitioins. "America" includes all North and South American countries cxcept thc 1Jnited 
States. "Other" includes h r o p e p  Africa, AGx arid Occa?;;a. 

Region 1954 Cumulative Identified Ilndiscovcred IJltimate (R  +U)/F 
production production reserves TeSO:ltCCS rcmii rces 

USA 3.25 135.8 47.4 37.8 220.0 26 
America 2.83 75.6 94.6 80.4 250.9 52 
USSR 4.48 85.7 81.0 77.0 247.2 35 
Mideast 4.20 142.3 420.9 98.0 451.1 124 
Other 4.98 81.6 151.5 118.3 354. I 54 

I._..- _. ~ ." ,_ __ - 
World 19.72 524.0 795.4 42.5.0 1744.0 62 
l__l- I ._ . . 111- I, I - ll_l_ ..- 

Source: Based on data from C. D. Masters st al., "World Resources of Crude 
Oil, Natural Gas. Natural EZitumen, and Sh& Oil,' Wo:JI:: Peiruleunr Co,qgess, I l ~ u s t o n ,  
1987. 

"(R+U)/IP = Sum of identifie3 reserves (It)  and undiscovered reserves (U) 
divided by 1984 production (P). 
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225 

Product,  io13 

Reserves 

Undiscovered 

dative production, Identifkd resemes, and undiscavercd. rtxmmxs 01 
(biliions of barrels). Source: Based on data from C. 11. Masters et 

Resources of Crude Oil, Natural Gas, Natural Biturnem, and Shale Oil,'1 
'~~~~~~~~~~~ Coage.w, Houston, 1987. 

"Idcn titred reserves" include measured reserves, indicated rcscrves, atid a portion of 
inferred CeSeKva" casured reserves are estimates of the ainount of crude oil that 
geological and enginecring data demonstrate with reasonable certainty to be recovcmb 
future years from known reservoirs under existing economic and operating conditions.. 
measured reserves lor an oil field grow as the field is developcd. 

Far the United States, the average value for the ratio of the finall estimate of 
measured memr a thc initid estimate is 7.6. Consider an average field that contains 
76 barrels of oil. en the fiicld is discovered, the measured reserves are 10 barrels and thh: 
sum of indicated rves and inferred reserves is 66 barrels. As the field is developed, the 
ciil move5 from inferred reserves to indicatcd reserves to measured reserves to eumulativc 
produetion, At ttic end o f  the life of the field, the cumulative production will be 76 barrds. 

Reported values for the inferred reserves tend to be underestimates. Thus, Masters 
and has col%eagues (1987) assumed that their values for the identified reserves include only 

urces" arc resources thought to he geologically possible 
and technically rcmverable within a reasonable price range. Masters and his colleagues 
(1987) reported undismvered resources in a probahility range from 95% to 5%. 3%le valilcs 
in Table 2.1-1 arc the mean estimates. 

"he weighted averagc recovery factor for conventional oil is 34%, and thc cslimates 
of csiS resmmcs in Table 21-1 are based on  this recovery rate. Thus, if the ultimate 
rmsouic:: is 1744 BB, the original oil in place was more than 5000 BB, 

a portion of thc in 
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"Ultimate resources" are the sum of undiscovered rcsoilrces, idmtified reserves, and 
cumulative production. As oil i s  dkcovcied, dcvelopcd, dird prothced, i 1 si'iovcs frGm 
undismvcrcd resources to identified reserves to cumch tive production. 'i'he values in 
Table 2.1-1 are estimates for a particular date-Jamary 1, 1985. 

'I'he column of Table 2.1-1 that is labeled "(R-+U)/P" is the sum of idci-t'F-d r i  1 Ab I rescrrves 
(R) and undiscovered resources (U) divided by the production in 1984 (I?). If production 
is  constant, the ratio is thc number of years required io  produce the remaining oil in thc 
region. Although the produdon is  nor likely to be constant, thc ratio is a ush;ful measure 
of the magnitude of the rcmaining oil. 

For the United States, thc cumulative pioduction of oil t o  thc end of 1984 i s  I35 BB. 
The identified reserves arc 47 B'B, and thc mcan estimatc of tine ulrdiscnvcrcd cconoanically 
rccnverahle oil i s  37 BB. Vius, the mean estimaic of the ultiiriatc pir>ductiolj is 220 BB; 
62% has been produccd, 21% is  identified, and 17% is undiscovered. The ratio o f  thc s ~ i m  
of identified plus undiscovcrcd and annual protluctkm is  Zh ycars. 

For the world, the czmmiilative production of oil is 524 BS3, the idcntified rescr~'v@s arc 
795 BB, and tlic mean estimatc of thc  undiscovered economically recoverable oil is 435 BM. 
Thus, the mean estimate of the ultimate production is 1744 BR; 30% has h e m  prodxcd, 
46% is identified, and 24% is undiscovered. The ratio of the sum of identified plus 
undiscovered and annual production is 62 years, 

For the Middle East, the cumulative productioii of oil is 142 BE, the identified 
reserves are 421 BR, and the mean estimate uf the undiscovered economically recoverable 
oil is 98 BB. Thus, the mean estimate of the idtimate productinn is 661 BB; 21% has been 
produced, 64% is identified, and 15% is undiscovered. The ratio of the sum of identified 
plus undiscovered and annual production is 124 years. 

In Fig. 2.1-1, thc summary for the United States is strikingly different from those for 
the other four regions. ' l hc  United States has produced niorc than one-half (62%) of its 
ultimate resources, while the other regions have produced less than 35% of their ultimate 
resources, '1%~ second significant f a t l i r e  of thc fig"'" is  that the Middle East has thc 
majority of thc idcntificd reserves for the woiId. 'RE United States is likely ;o become 
heavily dependent on importcd oil from thc Middle East until the vast resct-ves of oil in the 
Middle East are consiinxd. 

Edmatcs  of resources of natural gas for five regions of the world are presca2ted in 
Table 2.1-2 and displayed in Fig. 2.1-2. 

For the United States, the cumulative production of gas is 635 trillion czrbic feet 
(TCF). Ilic identified reserves are 327 'K%', and the iizcan cstimate of the undiscovered 
economically recoverable gas is 272 TCF. Tlius, the mcan cstirnaie of the ultimate 
production is 1234 TCH"; 51% has been produced, 27% is identified, and 22Vo is 
undiscovered. The ratio of the sum of identified plus undiscovered and annual production 
is 33 years. For the world, the cumulative production of gas is  1173 TCF, the identified 
reserves are 3903 TCF, and the mean estimate of the undiscovered cconnmically recoverable 
gas is 4193 TCF. TIPUS, the mean estimate of the ultimatc productioii is 9280 TCF; 13% has 
been produced, 42% is identified, and 45% 'as undiscovered. The ratio of thc sum of 
identified plus undiscovcred and annual production is 138 ycars. 

For North America, the cumdative production of gas is 708 TCF, the identified 
resewes arc 5133 TCF, and the mean estimate of thc undiscovcrcd econornicaiy recoverable 
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fig- 21-5. World resources of he a& Source: Based on data from C. D. Masters 
e t  al., “W-orld Resources of Crude Oil, Natural Gas, Natural Biturnem, and Shale Oil,” 
World Petroleum Coripes.~~ Houston, 1987. 

Current estimates of thc ultimately recovcrable resources of tar sands (bitumen) are 
308 ;RH for Canada and 436 BB for the world (see ‘Table 2.1-4 and Fig. 2.1-6). 

T%c current estimate of tlmc resources of shale oil in place are 5,600 BH in North 
America and 13,883 BE3 for the world (see Table 2.1-4 and Fig. 2.1-7). Froduction 
cxperiencc is insufficient to estimate the recoverable resource for shale oil, 

Unconvcntional gas includes tight sands, Devonian shale, methane from coal, gas 
hydiatzs, and gcsprcssurizcd gas. Because Masters and his cdeagues (19873 did not lrevicw 
the unconventional gas resourccs for the world, we use an asscssment by the National 
Petrolcum Council (NPC 1980). The size of the economically recoverable resource depends 
on price and rate of return. The highest estimate of rescwc additions by 2000 is 363 TCF, 
wit11 80% from tight sand5, 12% from coal seams, and 8% from Devonian shale. ETtimates 
of the total recoverable resource are 600 TCF for tight sands, 400 TCF for Devonian shale, 
and 400 TCF for coal seams. Thus, the unconventional gas resourccs arc probably larger 
than thc undiscovered convcntional resource and comparable to the total cor~entionai 
re:^\oime. 
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North America 3 IS 5, 
South America 0 4,m 
USSR 117 
0 ther 4 4,283 
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World 436 13,883 

Source: Based on data from C. D. Masters et a]., 
"World Resources 01 Crude Oil, Natural Gas, Natural 
Bitunicn, and Shale Oil," Pelroleurn Congress, 
Houston, 1987. 
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Fig. 21-6. World resourcxs of bitwen. Source: Based on data from 6. D. Masters 
et al., "World Resources of  Crude Oii, Natural Gas, Natural Biturnern, and Shale Oil," 
World Pepoleurn Congress, Houston, 1987. 



Fig- 2.1-7. World r w u r r ~ s  of 03 shdc, Source: Baaed on data from C. D. Masters 
et  al., "World Resnurces of C : T L ~ C  Oil, Natural Gas, Natural Ritumem, and Shale Oil," 
World Pebuleeun Cong~ess, Houston, 198%. 

An oil field is  a porous geological formation that contains oil and natural gas. On the 
average, conventional recovery techniques recover about 34% of the original oil in place 
(OOIP). Mowc~er, the recovery can range from 15% to 90%, and advanced techniques can 
recover more of the ISOIP. As oil is discovered, the amount of undiscovered oil will 
become smallel than thc oil that could be recovercd by advanced techniques. 

Over time, advanced techniques beccltnr: widely adopted and are no longer considered 
to be advanced. For examplc, The 1384 NPC study on enhanced oil recovery (EOR) defines 
EQR to includc chemical flooding, miscible Ilooding, and thermal recovery, but not to 
indudc water flooding. 

In his 1987 paper, Fisher estimated khat about 60% of the mobile oil originally in 
place will be recovercd by conventional pi imary and secondary techniques. He argues that 
geologically targeted infill diilliiig (CTD) can recover more of the unswept mobile oil. In 
this scction, we cstimabe thc amount of oil thai could be recovered in the IJnited States 
from both EOR and G i X l  

In thc NPC study (i984), the ultimate recovery from current technology with a 
$3l)/barrel (bbl) price and a 10% discount rate was estimated to bc 14.5 billion barrels (RB). 
Of thc total, 45% was thcrmal recoveiy, 38% was misciblc flooding (by carbon dioxide), and 
1'7% was chemical flooding (by polymers, surfadants, and alkaline chemicals). 

The NPC study (1984) r e p  ts estimates for higher prices and advanced technology. 
For currerit technology, the ultimate recovcq increases from 7.4 BE3 to 19.0 BB as the price 
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increases from $20 to $50. For the advanced technology case, the ultimate recovery 
increases from 27.5 BB to 34.0 BB as the price increases Crom $30 lo $50. 

recovery (34.0 BB) is 7% of the OOIP. In cent reports on the EOR potential in 
New Mexico and Oklahoma (IOCC 19%; IOCC 1987), the highest estimates uf ultimate 
recovery were 5% of OOIP in New Me3gico and 2% of OOIP in Oklahoma. 

Fisher's (1987) estimate of the OQIP is 498 BB. 'I'hc conventional ultimate rer;ovcry 
will be 34% (169 BB), implemented EQR will rec~ver  3% (IS BB), unswept mobile oil is 
16% (80 BB), and the remaining oil is 47 >. If wc assume that 50% of thc 
unswept mobile oii can be recovered by G 9 thc EOR res:source is 3% plus 8% 
of the OOIP for a total of 55 BB (see Fig. Ohbl, the oil is wcwth $1100 billion. 
If the country spent 1% of the value c) &D, the R&D budget woa1d hc  
$1.1. billion. 

The NPC (1984) estimate of OOIP is pa.. n l U S ,  the high& iirstilIMk Qf UlLhate 

US QQIP = 50 

Fig. 218 .  Estimate of the enhand oil recovery rescn~rn (OQW = original 
oil in place; BB = billion barrels). Sourec: Based ta, with permission, from 
W. I-,. Fisher, "Can the U.S. Oil and Gas Resource S Sustained Production'?" ,1Scicnee 
236, 1631-36 (26 June 19871, copyright 4987 by the 

2-1.2.7 conclusions 

From the perspective: of 1971, conventional oil and gas were being rapidly exhaiistcd 
and the United States needed to mount a rnassi~ve effort LO develop (befoic 2000) a 
synthetic fuel industry based on coal and oil shale. From the pcrspectivc of 198S, we know 
that demand responds to price. The massive reduction in demand (mrnp:ired with the 1971 



forecasts) for oil arid natural gas allows a slo~vzp. transition to synthetic fuels based on coal 
and shale. 

In 1988, we recognize that we have more options. ?qlc options include unconventional 
oil and gas, EOR, and GTJD. 

Because we Inam more time and IP~XC options, the synthetic fuel industry based on 
coal and shale may not beesme large until after 2030. Unless the U.S. government or the 
Organization of Petrolcum Fixporting Countries (OPEC) places high taxes on imports, we 
will become increasingly dependent on imported oil atid gas. 

Because the United States will exhaust its resources of conventional oil and gas 
before other regions of the world, wc should play a leading role in the development of 
unconventional oil and as, EOR, and CTIl). 

21.3 Oil and G R&D (by D. 8. Reivter) 

T h i s  section reviews tbc R&D opportunities for ~ $ 1  and gas? including conventional 
oil, unconventional oil, sail  skill^, coltiventiunal gas, and unconventional natural gas. 

This section discusses geologically targeted infill drilling (GTID), enhanced oil 
recovery (EOR), k c t i c  tcchnology, deepwater technology, and horizontal drilling. 

As noted in Sect. 2.1..2,6, Fisher (1987) estiwatcd that about 50% of the mobile 
OOIP will be recovered by conventional primary and sccimdaty techniques. The remaining 
40% of the mobile oil is not recovered because reservoirs are not homogeneous. Most of 
the remaining mobile oil could be recavercd by drilling: reservoirs on ever-closer well 
spacing and by completing wells at ever-smaller inlewals. However, the random approach 
would require the drilling and completion of a large nurnber of wells and would probably 
not be economical. After R&D, GTID can economically find and recover more of the 
unswept rnobilc oil. 

In Sect. 2.1.2.6, we assumed that 58% of the unswept ~riobile oil could be recovered 
by GTID. Of the &SOP, conventional methods will yield 3496, implemented EOR will 
recover 3%, GRD will rccwver 8%, and 55% of tbc OOlP will remain in the ground. 

Both tkc likellihood of economic BQM opcratlons and the EOR techniques used 
depend upon the particular field, its characteristics, and the location. When the field 
contains a very heavy oil such as that often Touead in California, recovery by conventional 
pumping may be very low, but increasing tkc temperature in the field can reduce the 
viscosity of the oil and increasc the recovery. This approach to EOR is called thermal 
stimulation. The kcat can be added via hot wafcr, steam, or hot gases produced by 
combustion of a portion of the oil in thc field. More lhan 90% of the thermal stimulation 
projects in the IJrnited States are in California, where heavy crudes are common (Holstein 
198Sj. Total oil recoveq by primary pumping plus thcrmal stimulation can exceed 50% of 
the available oil in the field The cost of thermal stinnidation can range from $3 to $18/bbl 
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(I-lolstein 319829, and many projccts can compete effectively even with laday's re1ativc:By low 
h a i l  prices. 

Another common and promising approach to EOR for some fields involves miscibk 
ng. Miscible gas is usually either a hydrocarbon mixture (natural gas) or car 
creased gas production can result from lowering th effective oil .Eiscosicy by ihe 
as or even supercritical extraction by the gas. ydrmarbon gas flooding is 

eflective and emnoniic where there is a large supply of available raatural gas. Mydr 
Blooding currently accounts for approximately 10% of the oil production in 
(Camda) and could reach 30% by 2010 (Torr 198.8). One reason For the relatively extensive 
use of hydrocarbon gas flooding in Alberta is the availability of large supplies of natural gas 
associated with the production of oil and the expense of shipping the gas to  selatitejly 
distant markets for other uses. In the Alaskan North Slope fields, the unused natural gas 
is also being injected back into the field and should increase Lhe overall yield of oil. 

In the contiguous United States, the lower availability of natural gas and thc greatcr 
dcmand for the available gas makes hydrocarbon gas flooding less common. HOWCVCI-, in the 
west Texas fields, carbon dioxide flooding is practical, and more than 60% of hhe gas flood 
projects in the contiguous states use carbon dioxide. The practical use of carbon dioxide 
results partially from nearby sources of underground supgiies of carhim dioxide. 
of carbon dioxide flooding can range from $10 to $23/bb9 (Holstein 19%). Inert gases 
(nitrogen) can aiso be used for gas flooding (Wudgins and Chang 19%). 

A number of other approaches to EOR can be grouped together and called chemical 
flooding. The approaches involve introducing chemicals into a water-flooded Geld to alter 
either the bulk or interfacial properties of the liquids. Polymers @an be added to the water 
flood to incrcasc the viscosity of the water. Polymers rcduce the "fingering" that occucs 
when a less viscous tluid is used to displace a more viscous fluid. The kgering allow thc 
water flood to bypass large portions of the oil without forcing it toward the pr-aderction welf. 
Surfactants can be used to  alter the surface and wetting properties of the oil-watcr system. 
The lower surface tension reduces the capillary forces that oppose removal of oil h r n  
capillary regions of the field, and very high surfactant concentration can even trap oil in 
micelles that are more easily flushed from the field. Phesc approaches are not well 
developed, and increased oil yields can be low and difficult to predict. The cost for pslytner 
flooding can be relatively low, but the yield of additional oil can also he low, perhaps only 
an additional 5%. Degradation of the chemicals (surhctants or polymers) can be a problern. 
One estimate places the cost of surfactant flooding at between $15 and $30hbi (Tort 1988). 

A potentially important variation of chemical tlooding is rnicrobially enhawed oil 
recovery (MEOR), which is discussed separately in Sect, 2.4.2. In MEOR, surfactants, 
polymers, and/or other chemicals are produced by microorganisms within the field (in situ). 
The differences between MEOR and chemical flooding are not clear at this time, and 
MEOR shouM be considered less well developed than even chemical fl~oding. 

The different approaches to  EOR need not be u d  separately; c o ~ ~ b ~ ~ ~ ~ i ~ ~ ~ ~  of 
apprcaaches can also be used. For instance MEOR can involve the use of several chemicals 
pr~~duced by organisms rather than single chemicals. One particularly interesting approach 
uses gas flooding (carbon dioxide) with surfactants to produce foam flooding (Rossen 19c88; 
Friedmann 19%; McPhee, Tehrani, and Jolly 1988). Gas and waler/chemical additions may 
also bc made alternately as well as simultaneously (Llave, Chung, and Burchfield 3988). 
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above the crude oil due to gravity diffc-cnces lids rcduccd t t~overy cfficiency. Chemical 
additives might bc able to zeducr the out;;-iriding a d  ;mpi ovc cfficie~xcy. 

Cuircnt commcrcixl p r o d u c t h  of  oil from iar  sands is under way at the huge 
Athabasca depcsit in fiortiisrn AJ :A Cam& No more than 15% of the IJ,S resource 
aild 5% of the rn11~1~ largrr CaiiaJlm tar w i d  rxource ii surface minable. Cmnsequentiy, 
the majority of ihc ~CSQUICC;  will I;; p 

R&D i s  directed toward u1-14 ;uiidij7g the furd:i tal. chemical and physical. 
properties of the 1J.S. tar san VTC;: cad ti--. '~ncTaiodyildm1ic.e and physics by which the 
bitumeri constituents am iiiyih arid extrw-ted frum the iiiineial nratrix. 

U C C ~  by  ifi siiu ex ion teclrncrlogies. 

"1Jne unconverrtioi-ial gas resoulcr is largz [on the ordzr of thousands of trillion cubic 
feet (TCF)]. Unconventional gas iiiclcdzs tight sands. Dcslonian shales, and coal-bed 
methane. In this section, we ::Im discuss secondai-? gas iccGv:rj technologics and advanced 
tccbnology Tor exploiatiipn a d  p r o d ~ ~ h n .  

Tight sands occur in ihc, t arid lzriiicular formations. In both types of 
foimations, the eft pendcrri paramcters aic stiXl unknown and, 
consequently, the gas recoucrj, rate sild rctive reserwir life for a given field remain 
unczrtain. To pcrmit low--cos! exploitatim 01' tfir h l l  poimtid of thc tight sands resource = 

base, the following specitic trchimlcrgic~l issiics nce& 10 be addressed: (1) determining the 
relationship he!;rween gcologic a d  eq;iiccring pa[  amrii~;;, (2) fur iher characterizing of tight 
sands gas resenairs aa:d impruvtiig resljurcc mtimates, (3) identifyifig the parameters critical 
to formation evaluatics d gas prolit d o n ,  (4) understading more clearly the mechanisms 
of hydraulic fraetiirc p p a g i t b f i  a i d  controi, ( 5 )  diag g fraztarz shape and downhole 
conditions usifig surfzre paramckm, (6) providilig m:: fractlrcc treatment design 
changes, and ('7) applying advmc id  tech gics to cuiiriiily nonccmmercial areas. 
Geoteeclrnical and ecoiioiiik analys~h havc ,&I a t d  that blanket-typc formations are 
morc amernable in the cear term to ics tdxwiogicdl advances in the areas cited 
above because the geological enviruiini, ,its in WhiLIi thcy exist are less complex than the 
CXIV~~QIXIICF~~  asmcizted with ht iculdi  foiniatiniis. '1 he Gas Rescarcli Institute (GIU) 
pel forms R&D Oli blankct foriudiinrks, \-.Me I X 3 ,  concmtrates cm lcnticular formations. 

The Dewmian gas sl!aic~ ;:,idc:lie 175,000 sqmre mile$ of the castern United States. 
More than 10,000 wells havc heec complclcd in ikvoiikrt s h a k  formations since 1850. Two 
major factors cnixtraif i tile exploitation of this rcsouicc: (1) thc inability to piedict 
production rates for w ~ l k  drillei: aitsidz ai' inistoi;cai PioduLtinn areas and (2)  the 
inconsistent respomc of fotinatir~rss io cuiierrt stil 

l<&D objectives incliidc (1) iiiddeqiiatt" understanC3;ng of factors that control the flow 
of gas from Devonian shale for mai;nns; ( 3 )  tiie lack of effectivc exploration rationales, 

latioir practices. 
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(3)  the need to improve diagnostic methods to assess the potential of roductive zones, 
(4) ~~~~~~u~~~ 
effative stirnu1 techniques. 

rstanding of shale gas reservoir dynamics, and ( 5 )  the lack of generally 

of gas-in-place has traditionally been estimated to be in the 80 to 90% 
ever, recent data have indicatcd that these estirnatcs of recovery efficiencies are 

often tcm high. Far example, recovery efficiicicncies for the prolific water-drive gas reservoirs 
along the Texas a d  Louisiana Gulf Cmast are now known to be 50% or less. These poor 
remvev ~ ~ ~ c ~ ~ n c i e ~  result lrom ike encroachment of water anid the subsequent trapping 
of gas in water-drive reservoirs and from reservoir heterogencitics in more conventional 

irs. Impraved drilling, ~cclmp'ietio~~, and production techniques would have an 
ate impact ~ z b p  gas remvcry from these rmxvoirs. 
To emure the timely development of technologies for near-terrn production of 

b ~ p a ~ ~ ~ d  gas and gas from undiscovered reservoir ~rnparkrnents~ the ~~~~~w~~~ specific 
t ~ ~ ~ ~ ~ ~ g ~ ~ a ~  issues need to be addressed: (1) impraving the ~ n ~ ~ ~ ~ t ~ n d i ~ ~  af gmlogic 
enariroramenLc and characteristics of gas fields to allow €or resours  identification and 
eslirnates, (2) providing a methodokgy for cased-hole formation evaluation, and 
(3) developing in-field reexploration rationales based on an understanding of reservoir 
heterogeneities. 

Natural gas is generatcd during the geologic process of coai fcmiation, The resource 
in the United States is estimated by various agencies to be aircam 280 to 7ocB TCF of gas- 
in-place, with 1 TCF estimatcd to be cconomically recoverable. The major variations in 
the resource estimates are ue to uncertainties in the gas content and recoverability of the 
gas fscprn deep, unminabk coal deposits in the Wcst. The Piceance and San Juan basins in 
Culorado have approximately 180 coal-bed methane wells currently producing gas. In the 

r 285 wells now tap gas from the Black Warrior Basin coal fields in Nabama. 
t h ~ ~ g h ,  in many cases, state-of-the-art technology is adequate for the production 

of gas from shallow, single-seam mal beds, advances in drilling, cementing and fracturing 
prwdures ,  ~ e w ~ ~ e r ~ ~ ~  techniques, and deiincation of reservoir mechanics arc required to 

Ily produce gas s ~ ~ u ~ t a n ~ o ~ s ~ y  from shallow, multiple scams or from mal seams 
n 2500 ft. The principal constraint is the limited ability to elfecxively stimulate 

the wellb to increase reservoir ~ ~ ~ ~ ~ ~ c t ~ ~ i ~ y .  Rcttcr ~~~~~~a~~~~~ of coal-bed  io^ 
damage due tra corrtyletion techniques and of the effects of natural fracturing is also critical 
to eccincrmic recovcq of smtthane from coal seams. 8 n c  e n v ~ r ~ ~ ~ ~ ~ ~ t a l  consideration is the 
disposal sa€ the water prodsecd cancurrently with the gas. Other U I X X S Q ~ V ~ : ~  R&D issues 
include well design and spacing, coal fines production, well interactions, and multiple-zone 
completion techniques. 

rinc ~ ~ ~ ~ ~ i i ~ ~ ~ ~  dissolved methane, at niodcratcly high  at^^^^ and pressures, 
011 along the Gulf Coast. The estimatcd size of the economic ~ C S O U F C ~  is 276) to 

SLD program has 2800 quads of methane and 160 to 1 quads of heat. The 
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demmstrated that geopressured reservoirs can produce high-voiume flows nf brine saturated 
with natura). gas ovcr a long time period and that the gas can be separated and sold. 
Solutioins to the engiiiccring problems of brine handling and brine disposal have. been 
demonstrated. 

111 Texas and Lr~is iana ,  approximately 1000 wells that are currently pi oducing ria turd 
gas have becn drilled through geopressured reservoirs. Aftcr the avetls are no longer 
economical producers of natural gas, they could be recompleted ds gestpressured nietkiane 
wells. 

An intcresting concept is to disposlo of thc hot biine by using iC to water flood oil 
fields. 

W&D issues include formula tion of niodels for predicting well perforrnancc, definition 
of resew& dynaniics, and solution of the technical problems related to the production of 
geopressured brines" 

The cost of finding and producing natural gas can be ieduced through the 
development of advanccd tcchnologics and techniques applicable to both tight formations 
and conventional natural gas formations. Specific R&D opponturrities include exploration 
techniques, directional and deep drillirng, well logging and testing, core analysis, new field 
practices, and advanced production instrumentation and modeling. These oppuriunities 
irrclude making improvements to currently practiced technologies, d e w  loping lower cost or 
morc accurate equipment, and the pursuit of novel or p ~ ~ ~ l y  understood concepts 

To improve exploration techniques, advances in surface prospecting methods are 
needed hccause existing seismic methods are relatively expefisive and yield li Ltle information 
about the fluid mntaiaed in the rock. The objectives of drilling rcsearch iraclr~lc 
devdaprncnt of short- to medium-radius directional dr ililing methods, developiiaenr of 
riicasurzmen: while drilling hardware (smart drill), development of new materials for deep 
drilling (beiow 20,000 ft), and development of new drill bit designs. Adz,aneed logging 
tec,hnology is needed to allow for more accurate identification of potentially pradiictivr: 
zones. Advanced cased-hole logging tools are needed tu identify gas L O X ~ ~ S  in existing wclls 
that were not selected for primary completion. 

A better understanding oE &he geologic characteristics of fields and ~ ~ S W V Q ~ ~ S  is 
necdcd to develop methodologies for improved infill drilling. 

211.1 Oil shale (by U. B. Reister) 

After coal, oii shale is thc most abundant fossil cncrgj resource in the United States. 
The total resource of oil shale with a minimum of 25 gal of oil equivalent per ton of shalc 
in the Green River Formation of CBlorado, Utah, and Wyoming has been estimated at 
604) BH. 'I'hc resource of oil shale with 10 to 25 gal of oil per t o i i  has been estimated at 
1400 BB far the Green River Formation and 200 BB for thc castern shalcs. 

Green River oil shale is not a shale but is actually a marlstone that contaipls solid 
organic material. The organic material is about 90% kerogen and 10% bitumen. Kerogen 
is coniposed of carbon and hydrogen molecules cross-linked together by sulfur and oxygen 
atonis to limn relatively large three-dimensional macromoleculcs with molccalar wcights of 
ahout 3000. Crude shale: oil (suitable for refining as a substitute for conventional crude oil) 
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studics of process chemistry and kinetics; experiinental studics on in situ retort concepts; 
systems analysis using thc ASPEN computer model; analysis of novel concepts; devclopment 
of a siting methodology; and eiivironniental research a n  solid waste management, process 
water cleanup, in situ retort abandonment, and air emissions comlrol. 

Coal is tkc most abundant h s i l  fuel. The resources ol' coal are compared with thc 
resourax of the other fossil fuels in Fig. 2.4 I of Vol. 1. Chal is 71% of the total world 
fossil fuels and 93% of the United States total. "he data source for the estimate of coal 
resources was the World Energy Chnference (WE42 1986)- Bccause judgment was used to 
derive the estimate, the details of our estimate are discussed in this section. 

Our estimatcs arc based on Table 1.1 of tlnc WEC (1986) report, The. table reports 
four estimates of coal rcsourccs arid reserves: (1) proved amount in placc, (2) proved 
recoverable rescw~@s, (3) estimated additional. amount in place, and (4) Estimated additional 
reserves recoverable. To derive our estimate,, wc added catcgorics 2 and 4 (proved 
recoverable r~sehvcs and estimated additional reserves rccoverablc). 

The WBC (1986) repont lids estimates faor three ranks nf coal: (1) bituminous and 
anthracite, (2) subbituminous, and (3) lignite. Table 1.1 of the WEC report prcseiits 
estimates for 76 countries. Our sumnary of world coal resources is  displayed in Table 2.1-5, 
which focuses on the 3 countries with the largest coal resources. 

Most of the values in Table 2.1-5 arc taken from Table 1.1 of the WEC (1986) 
report. When estimates of recoverable reserves werc not given hut estimates of the amount 
in place were availabie, we assumed that the recovery rate was 50%. For the United States, 
a footnote states that an additional 1678 gigatonnes (GT) of coal could be placed in 
category 3, but it was not available by rank. The total classified by rank in the table was 
827 GT. Thus, less than one-half of the total was classified by rank. To derive the estimates 
in Table 2.1-5, we assumcd a recoveny rate of 50% arid that the distribution by rank for the 
839 GI' (1678/2 = 839) was the smnc as the distribution cor the 827 GT. 

The countries with the largest rcshsnes of coal are China, the Soviet IJnisn, and the 
United States. Unlike those of oil atid gas, coal rescsucs in the Middlc East are not large. 

Using appropriate (and approximate) conversion factors, we can convert from mass 
units to energy units, The results are displayed irr Table 2.11-5. The total amount of energy 
is 156,700 quads, and bitinminois coal reserves are 60% of the total. 

From 1970 to 1986, the world production rate far coal increased steadily from 67 to 
88 quads/year. At a productioii rate of 100 qtisbsjyear, the coal ~CSCL-VCS would last for 
1567 years. From 1976 to 1986, thc world production rate for all fossil fuels increased from 
240 to 247 quadsbear. At a production rate of 300 quads&as, the coal reserv~s would last 
for 522 years. 

From 1976 to 1986, the world production rate for crude oil. decreased by 1 quad/year, 
natural gas increased by 17 quads/year, and coal increased by 21 quads/year. Thus, coal has 
had the largest increase in. production rate in the last decade. 
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Austridia 
China 
Germany 
Great Briraia 
India 
Poland 
South Africa 
Soviet Union 

Tot.al 

267 
1,155 

56 
58 

723 

3,575 

113 
213 
56 
0 
4 

25 
10 

625 
461. 

1,495 

Couversion factors, 26.5 22.0 17.6 
qua&/GT 

-_____ -.I_̂ .. 

ascd on data froam. "Swwcy OS Energy Resource,,," World Energy 
Conference, London, 1986. 

is section addrc~ses the status of and R&D necds for coal gasification technologies. 
c discussion is i i imit~d to the application of gasil'ication technologies for (1) the 

uction of substitute natural g~hs (SNG), ( 2 )  the production of synthesis gas for the 
r n ~ n ~ ~ ~ ~ ~ ~ ~ ~  of a varicty of ~~~~~~~~~~ and fuels, and (3) the generation oE electrical power 
in ~ i ~ i ~ ~ ~ ~ ~ ~ n  combined cy&: (G CC:> systems. 

A large number of gasifiers arc in usc itaroughcxat the world today, and they can be 
divided into the ~ o ~ ~ o w i ~ ~  major categories: (1 )  fixed bed [dry ash and slagging types), 
(2) fluidized bed (dry ash and ~ ~ ~ ~ ~ ~ ~ ~ ~ c ~ ~ i t ~ ~ ~ ~  types), and ( 3 )  ciitrainzd flow (slagging). The 
main operating charaetccistlcs u l  each type of gasifier are summarizrd in Table 2.1-6 
(Bcnner 1987)" 
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3 metal alloys for high-teiiippmtiirc I-~i t - ;eorvety applications; 
iiiiproved C C ~  aliiics for high-teinprraturz appiications, siirli a< particulate t^ 
and valvcs, 
additional irifoi illaiioii on the C ~ O S ~ E  corrixion beiiavioi and resistance o f  
mekals and ceramics in coal gasificatioir wiviroilnic^Tr:.s, including iong-trrn 
cnrrssion data; 
vap:r-!iqiiit! equilibrium data at cle;.sted tempcraturrs and pkeswri s foi 
selected multicoiilpoilci-,t systeim involved iii the SNC process; 
transport data (theimal cor~d vitics, viscosities, and diffiisivilie:,) fur tais a i d  
slurries; and 
thei ~rrci-lynniilk data, i~icludii~g hiproved cstirndies for free eneigv of formation, 
heats of formation, cximpies, asid spccific heats. 

S 

@ 
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The ~ a s ~ f ~ ~ ~ t ~ o n  of mal i s  also valuable in the production of chemicals and fcedsttacb. 
Gasification processes producc CO, in signifi'icant amounts, and this product is one that is 
in short supply and has an increasing palarrrkxx oC uses. It is considerably easier to remove 
CO, from gasification it is to rcmuve it from flue-gas streams, and current 
R&D efforts shaulld to remove this chemical in a fairly pure state from 
gasification processes. A p ~ ~ ~ ~ ~ t ~ ~ ~ ~ s  for CO, include (I) use in enhanced oil. recovery 
operations, synthesis of urea (arnnmnia and fertilizers), synthesis of  polymers, refrigeration, 
carbonation of beveragess, and many others. 

Several plants worldwide USG mal gasification to produce SG for fuels and chemicals. 
TIre Telanessee Eastmara plant in ~ ~ ~ ~ s ~ ~ ~ ~ ~ ~ ,  Teniicssee, has been in operation since 198% 
Tennessee Eastman two 9M-ton/d Texaco gasifiers to produce acetic anhydride, acetic 
acid, and methanol. ~ ~ a ~ - t ~ - a ~ ~ o n i ~  plant in Uk,,  Japan, has been in operation since 
1984, producing 1000 totas/d of ammcsnia. in this plant, I'our Texacn gasifiers have 
connected to an existing ammania plant to generak the neccssasy M, for the 
production. "he Rheinbsnun ~ i ~ ~ - - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  Winkler process plant in the Federal 
Republic of Germany (I;TPG) is a 7IX)-tonJd ~ ~ ~ ~ ~ ~ i ~ ~ t r ~ ~ ~ o n  plant that started up in 1986 for 
the production of SG for methanol production. In addition, the 82O-taii/d Ruhr Kohk plant 
in FRG was started in 6986 and generates SG for mychemical production. 

- It is believed by some (Penner 1987) that coal gasification will he an 
important contributor to the production of clean liquid fuels by 2010. If this is ail accurate 
prediction, the following RRsD need attention (Penner 1987). 

additional research 4x1 the synthesis of ethanol from SG for use in 
~ r a ~ s ~ ~ ~ r ~ a ~ i t a n  ~ ~ p p ~ ~ ~ a ~ i ~ ~ s ;  

understanding of the conditions and catalysts necessary for the 
n of certain alcohols that can be uscd in transportation ~ ~ p ~ ~ ~ ~ t ~ ~ ~ s ~  

tho& far separating CO, from coal gasification processes with fewer than 

studies to identify major potential cost savings resulting from integration of the 
gasifier with downstream processing and studies to exaniinc oxygcm purity 
requirements to minimize costs of overall process; 
improvements in Isw-tcmperatur 
make either Rigla-MJCO S.6 or 
exploration on homogeneous and ~ ~ ~ e ~ ~ ~ ~ ~ e ~ ~ ~  methanol synthesis catalysts; 
and 
development of synthesis gas c011versi0ti catalysts that can tolerate highcr fee 
impurities (S comp~unds,  iisr example), 

weer-gas-shift efficiencies an 
by ~ ~ ~ i ~ ~ ~ ~ ~ g  excess steam 

uctbn. Trne world enerby situation in the past several years, with regard to the 
consumption of  petroleumbased fuels, laas resultc in incre:~sed attention being focuse 
the economical usc ~f c c ~ i .  Coal, ~~~~~~1~~~~ one 01 the nation's more abundant energy 
raourccs, is difficult to consunic in an economical and ~ n v ~ ~ ~ ~ ~ ~ ~ n ~ ~ ~ l ~  acceptable fashion. 
Current strict environmental controls have rcsiidted in substantial increases in 110th capital 
and operating casts for conventional coal-fir stearn plants, while at thc same time 
lowering plant efficiency and reliability. Thc t s of coal fcedstocks that can be burned 



cleanly and yet produce a sufficient level of electrical powcr cconomically are limited. The 
higher costs and uncertainty of supplies of oil and gas result in oil- and gas-fired steam 
plants being less attractive economically than conventional coal-fired plants. Oil- and gas- 
fired combincd-cycle plants, however, have several advantages. First, they are characterized 
by extremely high fuel efficiencies because of the operating tempcraturcs of the combustion 
turbines. Second, they have relatively low capital costs and short construction times. Third, 
they are extremely responsive to load-following requirements because of the high rate of 
maneuverability of the combustion turbine. The major disadvantages, howcver, arc the high 
costs associated with the use of oil and natural gas fuels and the Uncertainty of supplies of 
these fuels. 

The concept of a gasification combined-cycle (GCC) plant developed as a way of 
combining the attractiveness of using coal, a low-cost and available fuel, and the high 
efficiency and operability of the combined-cycle system. In addition, the GCC concept 
allows for a modular approach to construction that permits the addition of gasifiers and 
turbines to match power requirements. In the GCC system, coal is converted to a 
combustible fuel gas through the gasification process. The fuel gas is cleaned and burned 
in a gas turbine to produce power. Thermal energy from the gas turbine exhaust and from 
the gasification process is converted to steam and used to produce power in a steam turbine 
(Simbeck, Dickenson, and Oliver 1953). 

With regard to the economy and efficiency of GCC systems, this process offers 
several advantages over conventional coal-fired steam plants. First, the GCC dcsign is 
capable of operating with a wide range of coal types and quality. Second, the GCC plant 
produces H2S from elemental sulfur in the coal feedstock through the gasihation process. 
After separation, low-sulfur fuel gas that can be injected directly into a gas turbine for 
power production. Third, steam produced from waste heat from the gasification process 
and the gas turbine can be used for additional power generation (A Review of Coal Cas 
EffXencies Among Various Coal Gasifiers, Oak Ridge National Laboratory, Oak Ridge, 
Tennessee, unpublished paper, March 1988). 

GCC systems have several environmental advantages. GCC systems have the capability 
of removing sulfur and nitrogen compounds froni the fuel gas, which provides flexibility for 
the utility to purchase lower rank, and perhaps more available, high-sulfur coals. .41so, GCC 
systems are conceptually capable of particulate removal to levels below current emission 
control requirements. Because approximately 60% of the power in a GCC is generated by 
the combustion turbine, which requires no cooling water, significantly less water i s  required 
in a GCC plant than in a coal-fired steam plant (Simbeck, Dickenson, and Oliver 1983). 

The Cool Water Coal Gasification Project (CWCGP) is a lOO-MW(e) GCC plant 
located in Daggett, California. The CWCGP uses two 1000-tonld Texaco gasifiers and has 
operated successfully since 1984. During its operation, the plant has demonstrated the 
ability to operate within thc stringent California environmental standards using both low- 
sulfur western coal and high-sulfur eastern coal. The 2400-ton/d Dow Syngas Project in 
Plaquemine, Louisiana, has the distinction of bcing the world’s largest GCC plant. The 
dcsign uses an entrained-flow slagging gasifier that began operation in 1957. The status of 
other gasifiers being demonstrated for combined-cycle technology is summarized in 
Table 2.1-7. 
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Table 21-7. Status of gasifiers being demonstrated 
gasiliation combined cycle 

for 

Plant/technology Location Status 

Kellogg-Rust- Waltz Mill, Pennsylvania 270-ton/d demonstration plant 
Westinghouse (KRW) 

British GasLurgi Westfield, Scotland 550-ton/d demonstration plant; 
Slagging CasiEier 30-MW gas turbine; in 

operation since 1986 

Prenflo (Krupp-Koppers) M-ton/d pilot plant; testing 
began in 1986 

High-Temper ature Berrenr ath, Federal 700-ton/d; began operation in 
Wirikler Republic of Germany 1986 

The four major components of the GCC system are (1) the coal gasifier for 
conversion of the coal feedstock to  a fuel gas, (2) the hot-gas cleanup system to prepare 
the gas for injection to the gas turbine and to reduce the emission to the environment, 
( 3 )  the gas turbine for production of power, and (4) the steam turbine for the conversion 
of rcxoverahle waste heat to power. Each of these components is discussed in this section. 

&d gasifier. Current GCC systems use one of three principal gasification processes: 
(1) entrained bed, (2) fluidized bed, and (3) fixed bed. A summary of these gasification 
processes is shown in Table 2.1-8- The Lurgi, Koppcrs-Totzek, and Winkler gasification 
processes arc generally considered to be firs t-generation processes. The second-generation 
gasifkition technologies include the British Gas Corporation Slagging Lurgi (BG/SL), Shell, 
Texaco, Dow, Wes tinghouse, and U-Gas gasifiers (Marqueen, Carbone, and Ligammari 

Current research efforts are Locused on ways to broaden the range of coal types that 
can he used economically and cleanly in thc gasification scheme. While it is true that the 
coals that can be gasified include lignite, sub-bituminous, bituminous, and anthracite, most 
of the major gasification processes use bituminous coals. It is important to widen the 
available coal types that can be used in. gasification systems to include lower rank coals, in 
view of the nation's overall coal reserves and also the practicality and economy of using 
gasification schemes in locations with limited or inferior coal reserves. 

1 08h) . 
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Gasification Lurgi" BGisi,b Winkler Wcstiriglioiisc Trxaco GK'P' 
technologics LJ-GAS (IGI') DOW Shcil 

Prcferred mal rank h w  IIigh Low Any h Y  Any 

Distinctive Liquid hydromrbons Char recy-lc 
characteristic,? in raw gas 

Iarge quantity of 
inlet. coal encrgy 
leave? as heat energy 

.__I. ......... .._^__l_l .......... _I _I._._. . 
Source: Rased on data from 3.  IMarquecn, D. J. Ckbone, and .T. Ligammari, "Coal Gasification Coiiibined Cycle 

Systems---Technical Horimns," pp. 23-41 in Vol. 48, 1986 Proc. A m  f'ooweu. Con$, Chicago, with permission from Kllinois 
Institute of Tcchnology, Chicago, 1986. 

"First-generation technologies. 
bBritish Gas Corp/slagging Lurgi. 
CGerman Koppediiotzet 

'I'hrce additional areas of cnrrent research ~ i ~ e  intiriiatenigi connccted: (1) increasing the 
efficiency of thc coal gasification process, (2) reducing thc complexity of the gasifier product 
(fuel gas) treatment, and (3) reducing thc cmissioin of gasification products to the 
environment. 

rl'hc coal gasifier i s  extremcly important in thc overall GCC system because it is the 
component that deterrnincs the composition of the fucl gas for the gas turbine and the level 
of efficiency OF conversion of the coal feedstock to fuel gas and thcrmal energy. Most 
gasifiers convert virtually thc same total percentage (=%I%) of fccd coal energy to fuel gas 
(m80%) and thcrmal energy (~14%).  With little difference in efficiency among the various 
gasifiers, the particular choice of gasifiics for a CCC systein icids tn be based more on the 
quality and availability of the coal feedstock and other ecoiaoinic and political considerations. 
The important factor is the operatirag teinpcrature of the gasifier. As the opcrating 
temperature of the gasifier- decreases, the amount of cnergy generated as fuel gas increases. 
It is the amount of cncrgy generated as fuel gas that ultimately determincs the efriciency 
of the overall gasification combincd-cycle process. It i s  desirable that a high percentage of 
coal energy be converted to fuel gas because thc fuel gas can be converted directly to 
power through the gas turbine, wlaercas that portion of the coal encigy that is coiaverted 
to thermal energy must be converted to steam bcfore it can be convei izd to power. Because 
the conversion of fuel gas to power- i s  more sfficicnt tliaii thc conversion of thermal cnergy 
to power, the design objective for GCC systems is to maximize thc production of fuel gas. 
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The temperature at which the gas cleaning can bc done will dcpeiid on the IimiLition 
of the materials and components in the fuel gas handling, hcat recovery, aiid gas cleaning 
system. HOWGVCP, perlo1 mance improvements resulting from hot- gas cleanup will reyiiire the 
gas to be delivered to the turbine at higher :emperatuies than those currently planlied foi 
GCC plants. Current turbines can accept fuel gas at turbiae inlet tci-nperatrrirs up to 
100WF. Trnproverncnts in the materials of the fuel-handling sysienn have thr; potential to 
raise the tuibine inlet temperature to betwccn 1200 and 1400"b. in  addition to Jime usable 
fuel gas from the gasifier, hot-gas cleanup will result in additional thermal energy for 
generation of' electrical power through the steam turbinc systcm 

Iiesolution of problems surrounding the integrated high-tempeiature sulfiir, nitrogcn, 
and particulate removal uill result in the most zconomical GCC systcms. bor example, a 
3.6% increase in system effickncy can he rcalked by changing from a cold- to a hot-gas 
cleanup system with an attendant inucase in the tcmperaturc of tl ic fuel gas into the 
combustor from 810 to 1100'F (Stochl and Namiger 1983). 

Gas and steam f i I h h e 3 .  The principal component of the GCC systcrn is the gas 
turbine because it determincs the efficiency for conversioim to electrical power o f  the fuel 
gas dclivererl by the gasification process. Current, simple ~ y c k  turbiincs with tiring 
temperaturcs of 2000°F have cff'iciencies of approximately 32 to 33% high heating value 
(IlHV), and with the recovery of exhaust heat (coiilbimd cycle), the elficicr-rcies can 
approach 45%. Improved designs for cornbustioii turbines with hrinz tcmperstures of 2200 
to 2300°F lime anticipated eff'icicsiiics of 34 to 35% in sinplc-cyclc and 48% in combined- 
cycle opcration (Marqueen. Carhone, and Ligarnrnari 1986). 

Improved turbine efficiency will have thc greatest inpact in those @C:C systems 
whose gasifiers convert thc greatest frzction of coal energy to fuel gas. Por examplc, as can 
be seen from Tables 2.1-9 and 2.1-10, thc: BG/SL gasifier has the highcst fraction of 
conversion of coal energy to fuel gas (89.35%) and also the greateyt amount of combined- 
cycle pciwer (435.3 I MW) of the four GCC systems examined ('l'exaco. Shell, \19'esti,ighouse, 
and BG/SL) (Marqueen, C zrbonc, ai-id Ligarnniari 1386). 

Additional increases in CCC system cfficiencies can be expczted as a result oi' thc 
highei steam supcheat  capahdities of turbines with firii-ry tcrnperatulcs in the 2200 to 
2300°F range. lncreasiog steam superkcat tempeiatures from 930 to 10063°F can iaiprove the 
performance of the steam-bottoming cycle by as much as 3% and rcpresents a 
1% improvement for thc GCC system. It should be noted that ressxch on improved 
materials for superheaters and nehcaters for advaticed stea? cycle systems d l  allow the iisc 
of increased exbanst teuiperatures from turbines 'i;,;ing above 2200 to 2300°F. .\ recent study 
(Stock1 and Nainiger 1983) to evaluate thc effects of gas turbine filing tcmperaturc and 
cooling sclicmc on overall system cfficierncy showd that gas turbine (and steam turbine) 
efficiencies are the most important parameters irn the ovcrall efficiency of the GCC: system. 
(The overall system elficicicncy is more aensitivc to changcs in steam turbine c€fLciency in 
those: cases where sizable fiactiorms of the raw gas thermal energy is uscd t o  raise steam for 
the steam turhice.) 'Ihc performance of the gas turbiric can be, improved by incrcasing the 
firing temperature in conjianction with advanced blade cooling techniqucs. It is important, 
however, to ensure that coolinng not be sewre enough to affect turhine elC1ckm-y (Stochl 
aiid Nainiger 1983). 



Tabie 21-9.4uivaknt energy xcvvay of fuet gas plllnts 

Internal Gross Heat 
Equivalent 

net power recovered 

Gasifier fuel plant fuel plant Net fuel plant equivalent 
output'" requirements power products of energy 

generation 
product 

Fuel gas Thermal Fuel gas' MW MW Fuel gasQ MW Heatboc Heatbrd -~ -- - 
TaaCO 75.93 18.45 6.27 71.32 105.32 69.66 34.00 7.34 77.00 

Sheli 79.56 14.94 6.14 68.69 86.80 73.44 18.11 3.91 77.3s 

Westinghouse 80.84 13.73 5.85 56.67 47.79 74.99 11.80 2.57 76.34 
oxygen blown 

BGC/SLC 89.35 5.70 3.56 48.10 13.83 85.49 (34.27) (7.4) 78.09 

"Percent oC coal energy to gasifier. 
'Coal cnergy input (100 =- lo9 Blukij Iiiinois #6 cop,[. 

'Based on heat rate of 9OOO BtukWh. 
dEER - B* BtuN fuel gas i- R *  3tu:d equjvalent of Mwer 

'British Gas CorpJSlagging Lugi ;  steam import 54,500 Ibh. 
Source: Based on daia from T. 1. h~arqueen, 13. J. Curbone, and 3. Ligamniari, "Coal Gasification Combined Cycle Systems-Technical HoLiZoz~s; 

(Nofe: EHR = energy efficiency ratio). 
B* Btu/d coal energy input 

pp. 235-41 in Vol. 48, 1986 Proc. A m  P00wr.r Con$, Chicago, with permission from Illinois Institute of Technology, Chicago, 1986. 
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Gasifier 

Net fuel 
plaiit 

Power prod II c t iori 
~ ~ .... _ _ _ _ - . ~ _ _ .  

products cc EFF" 45% cc r i m a  4810 - __. ._. . . ~ ..... ___ 
I+IP Powe; CC rota1 CC Total 

_____^  ,...I_I_. ___l_r _....._..I 

B* 3tu/d (hlWj (MW) (MW) (MW) (MW) 

Texaco 

Shell 

Westinghouse 

NGC/SLC 

69.66 34.00 387.81 416.81 408.32 412.32 

73.44 15.11 403.59 421.70 430.25 448.36 

74.9a 11.88 412.11 423.99 448.72 460.60 

85.49 (3427) 450.58 435.31 501 15 466.85 

"CC EFF = Combined cycle energy efficiency ratio. 
b~~ = fuel gas. 
"BGC/SL = British Gas CorpiSlagging Lurgi. 
Sou~zre: Baaed on data from T. J. Marqueen, D. J. Chtcne, and J. Ligammari, "Coal Gasification 

Combined Cycle Systems-Technical Horizons," pp. 235.41 in Vol. 48, 1986 F"K. Am. P m ~ r  ConJ, 
Chicago, with permission from Illinois Institute of Tcciiimiogy, Chiago, 1956. 

,4 10% change in steam turbiiie efficiemy rcsults in a system efficieiicy increase 
between 5 and 6%. High steam throttle conditions, along with stearn reheat arid steam 
induction, will result in maximum steam tui'oiiic power Goin recovcrahle thermal energy 
(Stochl and Nainiger, 1983). 

R&D needs. To increase the coutiihiion of thc GCC icchnology to the nation's 
power production, reseaich in thc next dccadc should be focused in thc following areas. 

Devclopment of advaiiccd gasitication pioccsses that have (1) increased 
efficiency of conversion of coal energy to fuel gas and thcrmal energy. 
(2) increased ratios of fuel gas to thelinal energy in the product balancc, and 
(3) the ability to operate at tcmperatures sufficientiy low to produce a 
maximum percentage of €iieB. gas without reducing the efficicricy of the GCC 
system. 
Development of improved hot-gas cleailiip systems through the use of advanced 
materials for the components of the entire fuel gas-handling and cleanup 
module. Improved systcr~ls should 1~ capable of removring particuiatcs to levcls 
compatible with the dcsign? rcquirei-nents of thc gas turbinc. The hot-gas 
cleanup system should opcrate at tempsrsturcs appioachhing the gas turbine 
inlet temperature to avoid loss of effie'ieicney in the: ovcrall GCC system. 
Devcloprnent of turbine designs with higher inkt  teirnpcrniures for increased 
efficiency of conversion of fuel gas energy to electrical power. In addition, 
higher turbinc operating temperatures caii bc expected to result in increascs 
in the GCC system cfficiericies through higher strain sups heat capabilities. 
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Development of materials for advanced, more efficient steam turbine, steam 
reheat, steam superheat, and steam induction systems to obtain maximum steam 
turbine power from recoverable thermal energy from the gas turbine and the 
gasifier. 
Research on slagging for improved methods of predicting fouling: 
(1) predictions of slag viscosity under gasifier conditions, (2) phase diagrams 
for binary, ternary, and higher order mixtures for improved understanding of 
wall-and tube-deposit formations, and (3) use of improved diagnostic techniques 
to veri& C)P improve ~ u n ~ a m ~ n ~ ~ ~  ~ n ~ ~ r s ~ a n ~ ~ ~ ~ g  ob" gasification rates and 

Measurements of h ~ ~ h - t ~ m p e r a t ~ r e  corrosion-htigue for alloys under realistic 
conditions and on the kinetics and mechanisms of mrrosion-fatigue damage in 
the temperature range 350 to 7CKI"C and pressures of 20 to GO atm (Penner 
1987). 

s (Penner 19879. 

A variety of direct liquefaction prcxesses Rave been (and are being) developed in the 
United States and in other parts of the world. These processes include pyrolysis, solvent 
extraction, and catalytic liquefaction. Most of the development has been in direct 
liquefaction-the dissolution and hydrogenation of coal at elevated tempera tures (800 to 
850°F) and pressure (1500 to 3000 psi), both with and without catalysts. 

Of the potential processes €or producing liquid fuels from coal, direct liquefaction is 
the most advanced in the United States. During the period 1974-82, four liquefaction pilot 
plants were operated and demonstrated the feasibility of direct liquefaction processes. One 
of these, the Wilsonville Advanced Coal Liquefaction Research and Development Facility, 
remains in operation today. Summary information about these plants is presented in 
Table 2.1-1 1. 

These plants successfuliy demonstrated the feasibility of the various processes, and 
demonstratioii and commercial plants using these processes were planned. Demonstration 
plants (6000 tons/d) for the SRC-I and -11 proceses and a commercial plant (26,SOO tondd) 
for the H-Coal process were designed and planned for construction, but they were never 
built. 

For the four processes discussed above, the final phase of R&D needed is the 
construction and operation of demonstration plants of about 6OOO-ton/d capacity, that is a 
single train of a comrnercial-sized hcility. On thc basis of the results of pilot plant 
operations, plants of this size cauld be built and operated successfully. Successful 
demonstration at this scale would ensure the ability to scalc up to commercial size 
(30,000 tons/d) when the need for mmmercial-size plants arises. 

A need exists to continue laboratory- and pilot-plant scale R&D of advanced direct 
liquefaction processes. These advanced processes include developments such as the 
integrated two-stage liquefaction process currently being uscd at the Wilsonville, Alabama, 
facility. These advanced processes apparently offer considerable benefits in efficiency 
compared with the four processes that have heen opcrated at pilot plant scale. 



l'rociucts 

SRC-I Wilsonville, Ala. 6 

ITSI. Wilsonville, Ala. 5 

H .Coal Catlettsburg, Ky. 2.50 
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Less expensive coals, easier-to-liquify coals, and evolutionary i m p r o v ~ ~ e ~ ~ ~ s  snicyl as 
recycle to ~ ~ x ~ i ~ ~ t ~ o ~  OF heavy liquids and modifications to equipment or operating 
conditions will likely lea to a 15 to 20% cost reduction. Breakthroughs in t ~ c ~ n o l ~ ~ ~  eouEd 
have mu& more signifi nt impacts o n  the cast of liquid fuels produced from coal. The use 
iaf gases such as cartmn monoxide and water or methane to transfer hydrogen tu coal 

~~~~~~~~~~~~ reduce the cost of coal liquids, Improved and more selective catalyst 
wouid maximize the yieids of desired products would reduce costs. A better understanding 
s f  coal structure could lead to thc identification of rcagents that are more appropriate for 
the ~~~~~~a~~~~~~ of coal. Research programs in these areas that could lead to b ~ ~ ~ ~ t ~ ~ o ~ ~ ~ ~ s  
In heehndergy should be funded. The evolutionary improvements will result as a natiixal 
eonscquence of'  in^ piPot plants and in conducting research urn nweE ~~~~~~~~~~~~~ 

DrWe&5es. 

Indirect iiqucfaction consists of first gasifying coal arid then catalytically converting 
rhz synbhcsis gas (SG) (principally CO and H2) to liquid hydrocarbons and other organic 
~ o ~ ~ ~ ~ ~ n ~ ~ -  Various gssificalion processcs can be used to produce the SG required fnbr the 
~ ~ ~ ~ e ~ ~ c ~ ~ o ~  process. Many of these processes-Lurgi, Westinghouse (or wj, Texaw, and 
Shelfi, mmng others-have been or are being demonstrated at sutEcierak scale to ensure thc 
~ ~ a ~ ~ a ~ ~ ~ i ~  of the gasification coraipoiient of indirect coal liquefaction. Except hor Bakxlratoq 
research can innovative gasilication concepts, no additional larger scdc K&D on coal 
~ ~ ~ ~ ~ ~ ~ a ~ ~ o ~  for  cod liquefaction feedstock production is indicated. In thc event substantial 
i ~ ~ ~ ~ r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  kn coal gdsifiication is suggested by the laboratory research on new Imxesscs, 
scale-up sliould be addresscd. 

For the ~ ~ ~ u ~ f ~ ~ ~ ~ ~ ~ ~  component of the indirect liquefaction process, various catalytic 
proccsscs can be employcd, depending on the desired products. The ~ ~ s ~ ~ ~ ~ - ' ~ ~ ~ ~ s ( ; ~  
process has been demonstr:itcd in South Africa to be an eff'ective process for converting 
SC to a useful slate of products including propanes and butanes, light naphtha, heavy 
~~~~~~~~~ dicsei, f d  oil, methane, and alcohol rnixturcs. Hf gasoline is the dcsireed end 
produ~f, the MohEl M"K3 (methanol t o  gasoline) process may bc used. In this prrxcss, SG 
i s  catalytically converted bo methanol and then to gasoline. 

Much of this pxu0xl.s~ i s  currently being demonstrated on a commercial scale in Ncw 
Zealand, wihere natural gas is being converted lo gasoline. The New Zealand plant has been 
in gapcratiun Cor CFWX two years and is n technical success. The economic success of this 
plant (or any other synthctk fuel plant) depends on the price of crude oil. At the current 
low oil prim, ?he plant is not economical. After the loans are tcpaid in 1995, the plant is 
anticipated to b a a m e  ecmcamical. Thc current policy in New Zealand is to sell the gasoline 
at caarrenh import prices. The strategic importance of the New Zealand plant i s  that it 
5upplks a b w t  114% (627,6)00 tons/year of gasoline) of the liquid fuels produced in New 
Zcahand (New Zealand laas achieved about 50% self-sufficiency in liquid fuels). 

In the U~raited Statcs, a demonstration plant for indirect coal liqucfaction shou'bd be 
built, and i t  should he based on processcs that havc becii succc~sfully demonstrated 
else-& hcse (either the Tvlobil MTG proccss or the Fiseher-Tropsch process). A F.J.S. 
e x p c ~ - ~ ~ ~ c e  base is needed to ensure that indirect liquefaclion of coal can be ~ ~ ~ ~ ~ ~ ~ r n e ~ t ~ ~ ~  
when and if i t  is  needed. Laboratory rcsearcta o n  novel concepts for coal gasification and 
thc subsequent liquefaction of the gascous produch should be conducted, and Lhz most 



promising of thcse new processes should bc incorporated into the demonstration plant 
or0graaPI. 

Ckml-buriiing powcr plants ~ L O ~ U C C  a little over 60% of the i:iati-i~~adc SO, P,IM~SS~QIW 
in the United States. To corngly with thc environmental rcgulaticns, utilities and industries 
have tn install flue-gas desulfuri.dioii (FGD) systems downstrear11 of thc boilers to rcduce 
SO, emissions. With the passing of thc CSean Air Ael ,bcndmcnts  atid the New Snrrrcc 
l%xfonrrnmcc Standards (NSPS), R number of FCiL9 systems h a w  Iiccn instal!ed in the past 
decade, Installed capacity of FGD plants rose from 4,000 MW ten yeais ago to 50,080 MW 
today. An additional 15,000 MW- arc under construction atad 9,000 MW in thc contract 
award category (Mcllvaine 19%). By 1992, nearly onc third of the industrial and utility coal- 
fired boilers in the United States will be cmtrdled by FGD systems; given thc current 
utility plans. 

There are 135 utility FGL) systcms curreirtiy operating ia tlic TTnitcd States. Sixty- 
nine ui~its represcrrting a capacity of 2'7,845 MW are locatcd in t k ~  castcrn part uE the 
country, and 66 (30,054 MW> are located in thc West- Projected growth in FGI) installed 
capacity in the next 10 ycarrs is  63 units or 32,815 MW (Melia e t  31. 1987). The greatcst 
L, growth is expected in the western IJnited States bccawsc the. majority of the new generating 
capacity projected lics in the west. If new "acid rain" controls are eixactcd, the role of FGD 
as a suIIpur abatenen:t stratepy could increasc dramatically. 

FGD systems can bc, conveniently classified under three main categories: (3) wet 
scrubbing, (2) spray dry scrubbing; and (3) dry scrubbing. Over 200 individual pruecsses 
have been suggcsted for FGD (EPWI 1984). A large number of thcse processes have been 
abandoned at various stages because of tec:n~ical/~co,noil?ic reasons. A recent study 
evaluated 24 FCD processes for operabi!ity, tcchiiical merit, and comnieicial availability 
(Kecth et al. 1987). 'I'hc 24 pi-uccsse. wcre grouped L ~ E ~ C T  three catcgorics. 

1. 

2. 

3. 

Migh-sulfur coal. 'l'hrowaway; whmc the FGD system is applied to  a high-sulfur 
(4% S) coal-fired boiler, and thc avastc prodilct is gypslim or a r';xaicd sludge. 
Processes ia this category include Chnvcratiorial Lirncstone, Chiyoda Thoroughlrrcd 
121, Dovra, Lirncstone with Forced Oxidatinn, Saarbekg Plollter/r,ime, Saarhcrg 
HoPter/S..irnestonc, Ihes tone  Dual Alkali, Lime Dual Alkali, Wet Lirnc, 
T,irnestone/W"allboard Gypsum By-Product, T,irnestone Enhanced with Organic Acid 
(with and without forced oxldation), High Sulfur Lime Spray Dryer and 13ischuff. 
High-sulfur coal. Regenerable; in which the FGD system is appBicd to a high-sulfur 
coal-fired boiler and produces a by-product while rcgcncrating the absorbing I eagent. 
Processes k this category include Wellman-T,ord. MgO, SIJTT-X. Flakt-Boliden, 
Aqucous Carbonate, &nosox, PGeL:r, Mitsui-Desox, SOXAL, and NOXSO. 
Low-sulfur coal. Throwaway; where the FGL) system is applied to a low-sulfur (~4%) 
coal-fired boilci., and the waste p i d u c t  is a sludge or t31-y solid. Processes in this 
category include Convcntioirai Limestone, Lime Spray Dryer, Nahiolite/Trona 
Injection, and Furnace Sorbent Injceticin. 
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Overall, the per€ormance of FG D systems has shown naarkcd improvement since the 
mid 1978s, and system availability has shown a slow but steady improvement aver the years. 
Cornmcrcially available FGD processes can remove 90% of SO,, and over 90% of NO, can 
be removed by a simultaneous or supplemental process. ' h e  lime and dual-alkali FGD 
systems have shown superior performance on high-sulfur coals and, at the sanze time, use 
!css water; consume less enero ;  have better turndown and load efficiency; and are less 
prone to plugging, corrosion, and erosion. The disadvantage is that the reagent costs are 
higher compared with limestone. Nevertheless, these system will be considered in increasing 
nurnhers by utilities and industries in the future. 

From the point of sorbent usage, the current figure for wet-limestone systems arc 
80 to 85% usage at 90% sulfur removal at a Ca/S ratio of 1.2. *fie figures for limc are 
greater than 90% usage for 95% removal at a Ca/S ratio of 1-05. For dpy FGD, the figuies 
are 50% SO, reduction with limcstorie at a Ca/S ratio of 2.5. The near-time goals for dry 
FGD are to increase SO, capture to 70% at a Ca/S ratio of 2 with calcitic hydrate or other 
reactive materials for sorbent. 

Research on fincr grind limestone and the use of chemical additives tn enhance the 
limcstone usage at stoichiometric ratios approaching that of lime is a high-priority area 
(R. P. Krishnan, Engineering Technolo,gy Division at Y-12, personal conmunication with 
M. Owcn, Radian Cmrp., Austin, Texas, May 198s). Because limestone is  less expensive and 
is widely available, it should he the first choice for any future FGD system. 

Reliability issues in FGD can bc addrcsscd by a better understanding of the process 
chemistry. While thc chemistry appears to be deceptively simple, most problems that have 
plagued FGD in the past were due to a lack of understanding of the chemistry of the- side 
reactions that occur in the various sections of the plants. "lie basic chemistry of SO, 
removal in spray-dryer FGD (ie., reaction mechanisms and rate controlling steps) are not 
conpletely deGncd, and additional work is necded in this area. A somewhat similar situation 
prevails in dry-sorbent injection systcms, where the chemistry is controlled by  tbc 
furnace/duct temperatures at which the sorbent i s  injected. Tcmperature bands have been 
ideniiGcd whcre the sorbcnt usage is maximum, but further work is needed to optimize the. 
process conditions. 

Cmnslruction materials is an area that has received great attention in the FGD 
industry. The early failures of FGD systems were mostly due to premature failure of 
eqiiipment arid components in FGD systems (e,g., absorbers, tanks, duct ~ o r k ,  and slacks). 
These pioblcms have been resolved through extensive R&D. Depending on the service 
condi:ion, metals ranging from carbon steel to nickel-base alloys, organic linings, plastics, 
and ceramics are currently being used in FGD plants, With rcgard to stacks, acid-resistant 
brich are used; and more rccently, for wet stacks, lining of the stacks with 
titaniwn-Iracmel T M  alloys havc been considered (R. P. Krishnan, Engineering Technology 
Division at Y-12, personal csrnrnunication with B, Laskey, PEI Aqsociates, Cincimati, May 
19%). Research on perEorniance of materials under various environments (temperature, pH, 
chloridcc, fluorides, SO,/NO, concentration, moisture content) i s  needed. 

The simultancous removal of SO,/NO, in FGD systems and the process of combining 
SO, and particulate control using dry reagents is gaining interest. Thesc systems have the 
potential of greatly simplifying FGD hardware requirements and significantly reducing the 
capital requirements for ncw and retrofit installations. Several processes (e.g., i.IMB: 
Selective Catalytic and Noncatalytic Reduction, Ammonia Injection coupled with Electron 
Seam) are in the various stages of development. Major improvements are needed with 
regard to removal efficicncies, process optimieation and control, waste fixation, catalyst life 
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extension, cost reduction, and elimination of ainmonia leakage. Given adequate funding and 
emphasis in future R&D programs, these processes can be made c ~ t ~ ~ ~ e r ~ ~ ~ ~ ~ y  viabie in the 
1wos. 

This section discusses three methods for a vancd  eonvcrsion oE fuel into electriciiy: 
(1) aeroderived gas turbines, (2) Kallina cycle, and (3) ~ a ~ n ~ ~ ~ ~ ~ ~ r o d ~ a ~ ~ ~ ~  (MHD). 

21.6-1 AederiVed gas turbines 

This section is based on a recent paper by Biam and Larson (19@), who conclude 
that a revolution is under way in electricity-gene that could Soon radically 
transform the power industry (in both developed and developing countries). The revolution 
involves not an exotic new technology but rather the upgrading of the gas turbine. In the 
electric utility industry, the gas turbine as hecn restricted to peaking plants because it has 
a lower efficiency than a condensing steam turbine and hecause it requires ~ i ~ ~ - ¶ u a ~ ~ ~  (and 
expensive) fuel. In cogeneration (thc joint production of electricity and process steam), hhc 
gas turbine has been used in applications with steady steam loads. 

Recent technological innovations allow gas turbines to compete in cogeneration 
markets characterized by variable heat loads atid to compete with baseload electric utility 
technologies. The central innovation is to inject large quantities of steam into the 
conibustor and increase the gas flow and pnwer output Bi,r the gas turbink, 

units have been used for peaking uniLq and ~ ~ ~ n ~ d ~ ~ y ~ l ~  plants. The electrical output 
of stationary units ranges from 711 to I35 The stationary units are well. suited to 
combined-cycle operations because their low ~ ~ ~ ~ r ~ s s ~ ~ ~ ~  ratios (8 tu 16) yield hot exhaust 
gases (600°C). (In a combined-cycle plant, fuel i s  hurried and expand& through a gas 
turbine to produce electricity. The exhaust gascs c~duce steani ian a hcat-recovery steam 
generator, and the steam produces ekclricity in a 

and higher compression ratios (18 to 30). The aircraft turbines are not well suited to 
combined-cycle operations, because their high C Q ~ ~ R X S ~ O I I  ralicx yicld cool exhaust gascs. 

In the period 1965 to 1975, stationary gas turbhc capacity in the US. electric utility 
industry increased from 1,1 to 37.1 GW. Mter  thc oil rice sbock of 1973, utility interest 
in statianary gas turbines dropped sharply, and the installed capacity in 1987 is only 
43.4 CW. With the collapse of the market for stationary gas turbines, the level of R&D 
declined. 

The oil price shock spurred a massivie M&D  pro^^^^^ to ~ I D ~ ~ Q V ~ Z  the eflieiency of 
aircraft turbines (from 1970 to 1980, the fuel cost share of  operating expenses for air 
passenger service increased from 11 to 32%). Furthcrrnorc, the US. Dcpartanent of 
Defense supported R&D on jet engines Ib 
period 1976 to 1986, the average was $450 

-tcChnc)hgy methods (e.& turbine 
blade materials) of improving aircraft gwlonraance, very little R&D has been performed 
on low-technology methods (e.g., reheat, intercooling, regeneration, evaporative 
regeneration, and steam injection) that could improve thc pcrformancc of aircraft turbines 
in stationary applications. Obviously, turbine nmsditicalions khat involve thc use of Barge 

There are two types of gas turbines: ( 1 )  stationary arid (2) aircraft. 

Aircraft turbines used to produce electricity laavc smnlle~ capacities (30 to 35 I\, 

While the R&D on aircraft turbines 
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quantities of steam or thc use of heavy or bulky heat exchangers will not improve the 
performanee of aircraft. 

rl%e improvemcn;ts in aircrafi tu~bismes have created an opportunity for cost-effective 
R&D to make major improvements in the pea6ormanc;e of aircraft turbines for stationary 
applications. Wiikms and Larwn (i988) outlinrd a research plan that would require four 
or five years and $180 million (including $40 million for the first unit). 

The revolutionary development that transforens the gas turbine from a peaking unit 
to a baseload unit is  the injection of steam into thc combustor. Chnpared with a siniple- 
cycle gas turbine, the stezrn.injected gas turbine (SI'IG) produces more power and has a 
higher electrical cfficicncy. The only cxtra work required with steam injection is compressing 
thc steam to boiler pcssurc. Thc srnali increase in work and thc high heat capacity of 
stcam results in a large increasc I n  efficiency. Aircraft turbincs arc ehoscn for steam 
injection becausc they are desigticd to accommodate large gas flows. 

The Public Utility Regulatory Polkics Act of 1978 (PIJRPA) cncourages 
cogeneration. The STTG concept was introduced to cope with the most troublesome 
problem for a simple-cycle gas turbine (poor part-load performance). With a STIG unit, 
steam not needed for process applieations can bc uscd to produce more electric power (to 
sell to an electric utility). 

rl'hc Gcrrcral Elcctric (GE) LM-5000 is  an aircraft turbine with an elcctrical output 
of 33.1 MW and an efficiency of 33% when operatcd as a simple-cycle gas turbine burning 
natural gas. With full steam iinjection, the output incrcases by 60% to 52.5 MW and the 
efEiciency to 40%. 

' 1 % ~  use of SIIG for cogeneration has stimulated interest in its use for baseload 
electrical utility applications. Compared with a combined-cycle plant, a STIG would have 
lower capital cost, lowcr water requircments, and a biglier availability. However, the 
efficiency o€ a STIG i s  less than those of advanced combined-cycle plants. With a doubling 
of the natural gas price, the advanced combined cycle plant is more cost-effective than a 
STTG. 

A more inteaesting candidate for baseload utility applications is thc intercooled S'I'IG 
(ISTIG). Intercooling betwccn the two compressor stages allows the turbine inlet 
ternpcrature to be raised from about 12 11 to 1370°C. Using a GE LM-5000, GE estimates 
that an TSTG could produce about 110 MW with a 47% efficiency and an installed capital 
cost of about $4OQ/kW. 

The estimated efficiency for ISTSG is higher than that of advanced cornbincd-cycle 
plants, while the capital costs are lower. If both the ISTTG and combined-cycle plants burn 
natural gas, the IS'I'IG will produce less expensive elcctricity. Even if the price of natural 
gas doubles, ISTIG is estimated to poducc elcctricity at a lower cost than can a large coal- 
fired steam-electric plant with flue-gas desulfuriLation. 

While all technological comparisons arc uncertain (both technology and fuel costs will 
probably change), the STIG and ISTIG have several advantages. SlIG and ISTIG units are 
less complex than combined-cycle mits (while both systems have a gas turbine and a heat- 
recovcry steam generator, a STlG does not have a steam turbine, condcnser, or cooling 
tower). Pollution controls are less costly for a ST1G than those for a combined-cycle unit. 

small size of the STIG units piovides more flexibility in capacity expansion. STIGs are 
manufactured in factories and have the benefits of mass production. STIGS will benefit 
from expected continuing improvements in jet engine technology. High efficiency and the 
USC of natural gas will reduce emissions of caibon dioxide. The many advantages of STIG 
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and ISTIG provide a powerful incentives for expanded market penetration in bath the 
cogeneration and electric utility markets. 

Natural gas has a smaller rcsourcc base than coal. Coal could be gasified to provide 
fuel for gas turbines. Williams and Idarson (1988) argue that a Lurgi gasificr would be less 
costly than a Texaco gasifier. Casificd biomass could be an important sou~ce  of fuel in 
developing countries. 

Assessment of ISTIC5 potentia). (by T. K Stovull) 

The intercooled steam-injected gas turbine (ISTIC) cost and efticiency ~ r ~ ~ ~ e ~ t i o ~ s  
cited by Lrarson and W i l ~ ~ a I ~ s  (1988) arc supported by a wide range of authors in industry 
and academia. The ISTIC efficiency estimates are also supported by a theoretical review 
of the cycle thermodynamics. 

The major obstacle for the d e - s c a l c  ~ ~ ~ ~ e r ~ ~ n t ~ ~ ~ o n  o f  ISnG appears to be the 
lack oE a development sponsor. This obstadc, in turn, i s  closely tied to current ,market 
competition with combined-cycle system. Combined cyclcs and 1S"FLG have comparable 
efficiencies, and combined-cycle systems arc currently available. The ISnG i s  projected to 
cost less than combined-cycle systems at small sizes. ' Ikxeforc,  any push for 1STG 
development must logically be aimed at dispersed markets? such as the biomass application 
cited by Larson and Williams. Outside dispersed markets, the combined cyde will likely be 
the chosen system. 

The issues of efficiency, cost, maintenance, and environment. are addressed sspasatcly 
in this summary. 

Currently, the projected energy convcrsion efficiencies caf ISTIC and combined cycles 
(CG) are comparable. Machines €or both cycles are BikcLy to improve before ISXIG 
bccomcs avaiiable (General Electric is working on the S U C C ~ S S U ~  to the machine on which 
the ISTIG projections have been based). Both ISTIBG and CC are clearly superior to a 
straight s team-injected gas turbine (ST'IC) cyyelc. 

The output of the ISTIG will be sharply curtaiPcd for higher ambient tempcraturcs 
(output is rated for 59°F) because of incrcascd compressor work. The additional ampressor 
work is caused by the decreased density o f  air at higher iernpcratures. For example, a STlO 
cycle that produces 52 MW at 20°F will produce only 42 MW at WT'. This lower output 
does not appear to be a problem with gas turbine peaking applications hut may prove to 
be important for baseioad applications. The ambient temperature will also aK%t the output 
of thc gas turbine portion of the combined q c k .  

Most of the literature survcyed places ISTIG and @C costs at about the srame level 
for large systems. Because the steam turbine portion of the CC is more sensitive to scale 
than is the gas turbine, the ISTIG is usually projected to have lower costs for small-size 
applications. (Howcver, it is important to recognize that the cost estimates Iipr IS117G are 
projections for a system that requires further dcuelopmcrit and is furthcr discusse 
For any installations tied to coal gasification cquipmcnt, the cct>nonaies of  scale of the 
gasification technology will probably lcad to larger sizes where CC would be the logical, 
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available choicc, However, for small biomass-fueled systems where the plant size is chosen 
to match the eeu7rncramicallly available hie1 supply, ISTIC; may offer a price advantage. 

Soroka and Kamali (1987) of tsrcktel p?-nBducc,d the original capital cost estimate of 
$4cx)/k%V that is quoted throughout the rcst of the articles surveyed. This 1987 estimate is 
givelr as a range from $400 to $420 and is based on a 188-MW plant. Horner (1988) of 
GE says that this estimate is still appropriate. Rccenit STIG installations have been more 
costly (the Simpson Paper installation was about $540/kW) but have included extra items 
such as redundant auxiliary cquipmcnt. A l s q  the IS‘I’IG should cost less than the STIG 
becausc essentially thc samc machine will pioducc more net yowcr. According to Horner, 
the additional cost attributed to thc intercodcr will be less than that of the heat recovery 
stcam generator, which itsclf is only a small pexcentagc of the total plant cost. 

Most of thc reviewed cost cstimates purport io follow the guidance given in 
TAG-Technical A,ri~essmersLt Guide (EPRI 19%), IIol;v.cvcr, as mentioned above, ambient 
teaaagcratures Inavc: a great effect 011 gas burbint: net output. TXG calls for either basing the 
total rating on the maximum arnbicnt tcnii~peraturc or presenting costs on thc basis of 
derated capacihy under maximum tctnperature conditions. Neither of these approaches has 
been used for the HS’TIG cotnpii~isons. Also, TAG gives specific guidance on contingency 
factors to be applicd to new technologies. Cunsiticring that full-size STICs are in operation 
but that no ISITilC has cvcn been built on a bench scale, tlac apprqriate contingency factor 
should be about 30%. No contingency costs wcrc included in Soroka’s capital cost estimate. 

The ISTIC; busbar electricity cost is qucstionablc because of two factors: 
(1) equipment life and (2j capacity. Jrr most cstimates, the capital cost tends to be spread 
over a 30-year life. Wowevcr, gas turbines are usually dcsigncd for a 100,000-h lifetime. In 
thc past, for pcaking applications, that design lifctimc may have covered a 30-year or longer 
period. In baseload applications, however, thc turbine life will likely be closer to the design 
point. Homer (1988) says that many turbines exceed their design life, but usually by that 
time, the technology has advanced and replacement is more desisablc. Therefore, the capital 
cost element has probably been underestimated. 

Capacity factors also have a direct effect nn the capital cost portion of the busbar 
electricity costs. Capacity factors used in the projected cost estimates varied widely, from 
0.84 to 0.75 to 0.65, Capacity factors have a direct impact on the allocated capital cost, with 
lower capacity factors leading to increased electricity costs. This broad range in capacity 
factors is caused by variations in assumed eqaaipment availability (determined by 
maintenance requirements), system application (such as peaking or baseload), and fuel 
availability (important for cogeneration or biomass applicatiotrs). Usually, a consistent 
capacity €actor was uscd for comparison betwccn tcchndogies within any given reference. 
I-lowcver, the varying capacity factor assumptions makc comparisons between values taken 
€rom different refcrenccs difhcult. 

Remote maintenance through the use of an  einginc lease-pool arrangement seems 
reasonable €or the IS’IICIG system. Scheduled preventative maintenance requirements 
described by Horner (1988) of GE are also reasonable and agree with those listed by Norris 
e t  al. (1980). 

If this issue is of major concern, two other sources could be investigated. The first 
would be to contact operating personnel at the Simpson Paper Company and the Frito- 
Lay plants regarding their experience. It would also be interesting to see the North 
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h c r k a n  Electric Reliability Council data and the Dow maintenance experience refcreaaced 
by h r s o n  and Williams (19%) from one of their workshops. 

G, STIG, and CC all offer environmental benet?& compared with current coal- 
!.?red steam plants. The potential ISTIG cost advantage at small sizes may enhance the 
a o n o m i a  of using renewable biomass fuels. Steam injection decreases NO, awd Cc$ 
e~~~~~~~~~ fdila ISXG and STIG. Both ISTIG and CC have higher overall elficiencies that 
lead to less fuel use and, therefore, decreased combustion products. 

STaG uses about one-half the water used at a traditional steam power plant and 
s~~~~~~~ more than that used by a CC (2.5, 3.8, and 1.8 IbkWh respectively). Bccause of t k  

r heat rejection usage, water requirements for ISTIC are greater than those fm 
th the L M 8 W  ISTTG cycle balance provided, the ing'cction watcr r ~ ~ ~ ~ r e ~ ~ ~ ~ ~ ~  
2 IldkW. 1%~: intereoolcr requires 3300 gpm with a 12°F temperature rise. IiB' this 
rejected via evaporation, it would correspond to 1.2 lb/kWh, for a total JSTIG 

~ e q ~ i r ~ ~ e ~ t  of about 3.2 lb/kWh. 
Water quality requirements for STIG cycles are less rigorous than for GC cycles 

hemuse temperatures are lower and no condenser is required. Water treatment costs are 
to be a very small part oE total costs. Therefore, the total cost is relatively 

insensitive Lo wide variations in thc water treatment costs. 
If water mnsumption becomes a prime concern, a water-injection q c l c  ~ r ~ p ~ ~ ~ ~  by 

EB-Masri (1988) should be investigatcd. It is projected to use 28% less water than an STXG 
cyjrck. It should be noted that recycling water from an STXG or ISTIG would be very 
diIficult bccause of the prcsence of 60, and SO, in the condensate. 
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nuclear energy; a modest but important near-term contribirtion will come from hydroelectric 
powcr as well. Each of these major contributors has advantages, limitations, and 
uncertainties. Collectively, howcver, they offer the balance and resilience necessary to 
ensure ths: cncrgy requircrnents for a healthy US. economy, regardless of the ratc of futurc 
growth in energy use. 

is  making an important contribution to our enersy requirements. 
Currently, 19% of U.S. electricity is produccd in 108 nuclcar plants with an overall electric 
generating capacity of 9.5 GW (DOE 1988, pp- 11, 89. and EE? 1985); 14 ~ P O I - C  plants are 
nearing completion. M a w m u ,  completion of time final, units marks the end of an era for 
the nuclear industry in the United Statcs. No more iinits are ordered or planncd. The poor 
image of nuclear, combined with the recent short-term e x a m  electric gcncrating capacity 
in the United States, has cnntributed to what amounts to an unofficial nuclear nm-atoiium 
in the United States. A11 ncw nuclcar plant orders sincc 1973 were subsequently canwlled. 
Some of the reasons for this situation include: 

Most, probably all, utilities see thc  investment risk aiid uncesdainty associated with 
building ncw nuclear plants as too grerlt in the current environment. Nuclcar 
projects (e.g.? Seabrook, Shoreham) may be dc-layed almost indefinitely by 
regulatory or political proccsscs withou t invcstor rccoursc. 

br A short-term FXCCSS electric gcrierating capacity occurred as a result of the dcclinc 
in rate of growth in clrctrle powrs dcmaiid following the oil price shock of the 
197Qs. 

e Acceptance of nuelcar cncrgy by the public and decision makers lnas been tarnished 
bY - thc accidents at Three Mile Island (TMI) and Chernobyl, 
- major delays arid cost Q V ~ X T U ~ S  of several recent plants, 
- the relatively poor operating performance a,€ U.S. plants comparcd with that of 

Western Europe and Japan, and 
- thc complex regulatory system. 

dilemma we face then i s  that, on the one hand, nuclear power is needed in the 
future as an important elemcart in a resilient national energy policy; and, on the otlm hand, 
nuclear power is not considered to bc a viable option by U.S. utilities today. A fundamental 
reexamination of the nation’s Civilian Reactor Program is needed to respond to today’s 
conditions atid to prepare for the future. 

During most of the 1960s and throiighout the 1971)s and rarly 1?8Qs, the U 5  Civilian 
Rcactor Program focused on thc fast breeder, principally 011 developing and building the 
Clinch River Breeder Reactor Plant (CMBRP). Typically, 75% or more of thc Civilian 
Reactor Program budget has been allocatcd to the fast brceder for the past two decades 
(DOE 1989b). With breeding, nuclear becomes an essentially inexhaustible source of cncrgy- 
At the time this focus was establishcd, clcctricity demand was doubling every 10 years, and 
there wcre projections of u p  to 1000 GW of electricity from nuclcar energy by the turn of 
the century. The brccder was perccivcd as a near-term need. 

‘I’he oil embargo in 1943 and related economic events drarnatically changed energy 
growth rates. In addition, there is increasing recognition that low-cost uranium resources are 
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hid,  from a long-team pcrspectivc, ilae agc:nda should retain a strong base-technology 
efi'wt to prepare for the time whcn urunium T ~ S ; ) I U L - C C  extension is nceded. 

"he a v ~ ~ ~ ~ ~ ~ m ~ ~ ~  majority o f  a;xistiag et:actors around the world are light water 
reactors bascd cm U.S. Icchnulr:gy (TAEA 3892%). ']['he Unitcd Stales has a cumulative 
investment of ovcr $150 billion in about IT2 L W R  plants (DOE 1986a) and an almost 
equal investment in the engineering and man:n Fdcturing c ~ ~ ~ ~ ~ ~ ~ ~ i t y  to support this technology. 
It is in our national interest to derivc the maximum hcncf?ts possible from this economic 
investment and techr~rslagy 

The two primary ;i%'c f c ~ r  g:iining tlnc  ax^^^^^ bcncfiiils from LWR technology 
are to (I> improve ehc opc rAng  ,su~~f~t~rnmc.c o f  existing L Rs and (2) deploy a new 
generation of advilnccd LWRs. 
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As previously noted, the availabilihy and performance of U.S. reactors has not lived 
up to expectations for Ihc technology or to performance in Western Europe and Japan. 
?%e average load factor for all U.S. reactors today is 58.8%, while the average for all other 
countries i s  70.1%, with median of 75.1% (which is also the current performance rating in 
Japan) (NET 1988, pa 19). The Japanese had a similar performance problem in 1975 with 
an average Inad factor below 50%. They embarked at that time on a major seven-year 
LWM Improvement arid Upgrade program which led to the improved performance and to 
the successful nuclear energy program they now enjoy. There is an enormous potential 
public benefit from a U S  program to improve the perhmanct:  of existing reactors with 
the goal of achieving an average load factor of at lsast 75% (comparable to Japan and 
Western Europe). Wc  estimate that achieving such an iniprovement in overall performance 
would 

provide almost 30% more electric power from these plants, resulting in unit power 
cost reduction to the ratcpayers from existing nuclear plants of at least 20% (a 
total cost savings of about $40 billion) bctwecn now and the year 2000 (SCL 1988); 
reduce the gcnc-rating capacity required during that period by 25 GW, resulting in 
a direct cost avoidance of at least $40 billion; and 

0 improve safety by reducing the numbcr of challenges to the safety systems and the 
operator. 

The obvious question arises, “why isn’t more being done in this regard if the bcnefits 
are so large and so obvious?” 

Many have viewcd these goals as the responsibility of the utilities. However, I T S .  
utilities have neithcr tlnc iip-house expertise nor the resources to develop the needed 
technology. Historically, utilities havc been users of technology, not developers. Their profits 
are regulated by public, utility commissions (PUCs) that are focused on near-term rates-not 
long-term improvements. If utility-funded R&D is not immediately successful, it may be 
ruled imprudent and excluded from the rate base. 

Because secure and economical energy supply is a vital national interest, we believe 
that DOE is responsible to the public for taking the lead within the Civilian Reactor 
Program (1) t o  initiatc appropriate R&D activities (for which DOE has both the charter 
and the personne! within the national laboratories); (2) to prornotc a coopcrative effort 
with the private sector (industry and utilities) to implement improvements; and (3) to 
promote in cooperation with the Nuclear Regulatory Commission a regulatory environment 
that is rceeptivc and supportive nf industry efforts to implement technology improvements. 

Everyone bcnefits from such a program: the industry, the utilities, the government, 
the taxpayer, and the utility ratepayer. In short, improving operating performance will lower 
the cost of electricity from nuclear plants. With rates regulated by public service 
commissions, the ratepayer would share with the utility in the direct financial benefit or 
reduced power cost. The government and the taxpayer would enjoy the indirect benefits of 
improvcd safety and rcdiaccd trade de€icit. The industry would be stronger and better able 
to compete in both domestic and foieign markets. 

The foilawing three complementary activities arc required to achieve the goal of 
higher operating perfoot mance. 
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each new generation of t ~ ~ ~ ~ ~ ~ o ~ ,  we shodd strive fcsa enhanced perPornaance, economics, 
and safety. 

New concepts that offer promise for new markets arc crucial to the rutcare 01 nuclear 
energy and an essential 
promising near-term adva 
we helieve demonstration of  this teehnolo~y shouid be a high-priority goal, 

Piant design s ~ ~ ~ ~ i ~ ~ ~ ~ t ~ Q ~ ~  based on the assivc featurcs and factory Fabrication should 
substantially ~wercame the ecmo ic disaLivantages 01 smaller six C h c e p t ~ n l  design o f  the 
MHTGR has been compiicted ( C>E 1986b), and ~~~~~~~~~y evelo $1 ment requirements 
have been identified (Hornan and Simon 1988; Hornan and Ncylan IfdB), While the 
modular design and upliquc passive safety features are new, the concept is based on over 
30 years of experience land aearch in tiiic United States, the Federal 
Germany, and, more recently, pan. ~ i ~ ~ ~ ~ ~ ~ ~ ~ t  interest. is emerging in the Urn 
Socialist Republics, China, 1 e Israel, and ~ ~ ~ r ~ ~ ~ g ~ ~ ~ u t  thc rest of developing world. 
Demonstrating this techmiogy could rcs~c~re the U,S. lead lrole and establish a new nuclear 
industry to ~~~~~~~~~~ thc LWR in thc U.S. 

The: key passive safety features of ihe  ~~~~~~~ design are the gh-temperature 
structural integrity of the fuel particlcs and thc  thermal prqmt ics  of the actor care. The 
care consists of ~~~~~~~~~~e~~~~ ceramic- a ~ d  carbon-coated fUeB particles placcd in graphite 
structural blocks. Fission products are retained within the l u d  pzirticies, and their ceramic 

L 
Republic a6 Germany shows that thc  scramic ated fuel  part icles  re^^^^^ s$ructuraUy sound 
and retain their fission products thrcmgiii any TGR a ~ i d e n t .  These desirabie results are 
attained because the corc's reactivity fcedlaacks passivvely limit heat generation and its heat 
dissipation properties keep fuel-particle temperatures below damaging values. In the u 
event that all activc cooling systems become inoperable, decay-heat removal wo 
provided by a passive, natural-circulation sgrjtcm transferring heat from the pressure vessel 
wall to ambient air, or even to earth surrounding the underground silo, if required. This 
passive decay-heat removal system is adequatc to protect ihc fuel particles even if hcliunm 
coolant were lost fri.orn the rcaclor. 

Because of ks nmudest unit size and passive safely kealures, the conccpt is well suited 
to exp-9rt markets, especially in developing countries. Furthcr, the long-term potential f o r  
this concept. uniquely offers futuec ~ ~ ~ ~ i ~ ~ ~ ~ ~ ~ ~ s  in ~ ~ ~ - t ~ ~ ~ e ~ ~ ~ ~ r ~ ~  high-efficienq gas 
turbine energy conversion systems (elficiencies 50% igltncr than those o f  current reactor 
systems) and ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~ ~  process heah sysbcms (for p r ~ ~ ~ c ~ ~ ~ ~ ~  of I 
fuels from coal or hydrogen rue1 lrom wafcr) (Staerdt and Lidsky 1987; 

recent rccommenkilatisn by the TX.S, ~ ~ ~ ~ ~ ~ ~ ~ r y  of Energy that 
PR) based on M 1'6R 1~~~~~~~~~~~ be huilt may provid 

art of fos~cring ~ ~ ~ ~ ~ ~ t i t ~ Q ~  and creating options. 
cd concept currenliy under ~ ~ v e ~ ~ ~ ~ ~ ~ ~ t  is the MHf 

arket and arcxmd the world. 

coating can withstand extremely gh tcmpcsaturcs without damage (up to l6W'C) ( 
et al. 1988). Considerable cxpcri 

I 
ental evidence in both the United States and the 

demonstration of this concept. I-Iowever, thc U.S. Cangress has not scleck on  this 
recummendation, and i t  would be prcmaturc to draw any firm cc3nciiusinn regarding the 
NPW program. 

e major near-tcrm thrusts havc bccn crnpfiasizcd in this agenda because they are 
if we do not reestabjish the viability 

acknowledged tha(, we would be 
of overriding importance, I,ong-terna R& 
of nuclear energy in the United State. 
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shortsighted if we fail to prepare to respond to Uncertainties that may be imminent. M e n  
the near-term goals outlined above are accomplished, there will inevitably be a need €or 
breeder technology. 

To this point, only slight reference has been made to the greenhouse effect. Thc 
near-term thrusts discussed previously are needed independent of this issue, However, the 
future rate of deployment of nuclear plants may well be influenced by this issue. 

Some scientists claim 95% probability that the greenhouse effect can occur and that 
CO, is earth’s central environmental concern. They urgently call for drastic action to address 
the issue worldwide. Other scientists are more cautious-calling instead for additional data 
and further analysis and modeling. Even so, the question is not whether we have a problem, 
but when the impact will occur, 

If it is necessary to control CO, accumulation in the atmosphere over a 25- to 40-year 
period, a prudent approach to accomplish this goal requires intensive application of both 
conservation measures and nuclcar cnergy. If the world energy demand can be maintained 
at its current lcvel (which is all but impossible in light of the emerging growth of 
developing countries) through intcnsive conservation measures, then the addition of about 
2500 GW of nuclcar energy would be required to replace coal, oil, and natural gas to 
stabilize the level of atmospheric CO, (ITSR 1988). If world energy demand continues to 
grow at a modest rate, then the addition of up to SO00 GW of nuclear energy would be 
required to attain the same goal (ITSR 19B). 

The difference between the moderate-growth projections of today and the potential 
impact of such an aggressive response to the greenhouse issue i s  a major uncertainty with 
enormous consequences. A nuclear reactor deployment plan of the magnitude discussed 
above would dictate a substantially more aggressive effort to demonstrate cornmercial-scale 
nuclear fuel-recycle and breeder technology. 

These uncertainties suggest that it is prudent to continue R&D in breedcr and 
fuel-reprocessing technology to maintain the technology base for future implementation and 
to undergird US. participation in international decisions concerning safeguards. By 
maintaining a modest long-term R&D program, we retain the flexibility and resilience 
necessary io respond quickly when the need to accelerate this technology development i s  
recognized. 

The United States has spent about $16 billion over the last three decades OA breeder 
reactor technology. The liquid-metal- (sodium-) cooled fast breeder reactor (LMFBR) is  the 
system of choice for breeding ( A N S  1987). This technoiogy has also received major 
development effort in Western Europe (led by France) and in Japan (IAEA 1985). 
Experimental o r  demonstration reactors have been completed in each major program. Much 
work has also been done to develop the technology for fuel reprocessing for the brerdcr 
(SAEN 1987). The bulk of the technology devclopment effort ~ C N  both the breeder reactor 
and for fuel reprocessing has been completed, 

The continuing R&D effort should be aimed at a broad spectrum of base tcchnology 
development to maintain expertisc and support advances through a process OP exploring 
innovative design features to enhance the safety and economics of the breeder reactor and 
fuel-recycle technology. Past experience has shown that much of this base technology 
development can be applied to cxisting and near-term plants in addition to the long-term 
benefit. 

In view of the potential long-term nature of the goal and the high cost of 
development, an international program should be explored-combining U.S., European, and 
Japanese efforts into an integrated R&D program. Modest cooperative research efforts are 
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already under way with Japan, and discussions are in progress on more extensive 
cooperation. 

A major issue not addressed in this discussion is nuclear waste management and 
disposal. A separate companion paper on this topic is being developed. There is no doubt 
that this issue also will need future R&D support in addressing technical, siting, 
transportation, and public-acceptance issues. 

Energy is a $4QO-billion/year business in the United States. It is one of the largest 
sectors in our industrial economy. The impact of energy is felt throughout our country in 
every state, in every business and industry, and in every household. Even modest 
improvements in energy technology have enormous potential economic payoff. We believe 
that a substantially larger R&D effort in ail sectors of energy technology is justified and 
would pay back handsomely. 

In this context, our recommendation would be a fourfold budget increase in the 
Civilian Reactor Program. Such an increase is, in our opinion, fully justified by the benefits 
to be derived from the R&D. Unfortunately, the realities of the current budget 
environment makc such a recommendation unreasonable from a pragmatic standpoint. 

What we have recommended for the near term is a major restructuring of priorities 
as rcflected in this proposed new agenda and a moderate increase in the annual budget. 
Some further growth in the annual budgct may be needed in the future. 

Table 2.2-1 presents a breakdown of our near-term budget recommendations for the 
Civilian Rcactor Program. This plan calls for an annual budget on the order of $340 
million. We believe that a level of ellort in this range is critical to make progress in key 
areas outlined in our discussion. In addition, federal participation in a prototype 
demonstration project for one or more new concepts will be needed over the next decade. 

Demonstration project funds are not identified with any specific year. The 
$500 million is proposed on the basis that a four-module MHTGR of 560 MW(e) would 
probably cost about $1.5 billion for a first-of-a-kind plant. We suggest that DOE provide 
one-third of the cost of this commercial prototype demonstration. These funds would 
probably not he expended until the rnid-19SK)s. 
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Crosscutting teclinology and. analysis 

Gcncric techmo!ngies"---basc tcchnoloLgy, 

Institutional and ccsnarnic rcscarch and analysis 
Assessment of new and innovative concepts/ideas 

supportive of all concepts 

Light-water reactor program 

R&D to improve existing light-watcr reactor 

Developnscntal and advanced light-water rcazior design 
Ailvanccd coiilponeni devclnpmcnt and tcsting 

performatrce and d e t y  

High-temperature gas-cooled 1 cactnr piogram 

Base technology developnicnt 
Chmponent development atid tcsting 
Modular high-texperaturc gas-cooled reactai design 
Advanced applications (gas hrbine mC; process heat) 

Fuel recycle and breeding prograrcl 

Oxide fuel recycle 
Metal E z d  developmcnt and recycle 
Advanced liquid-mctal reactor conccpt ual dcsigii 
International research & development collaboration 

40 
5 
5 

40 
313 
20 

110 

25 
35 
40 
10 

90 

5 
60 
15 
10 __ 

Total annual budget 348 
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23 FUSION ENERGY [by J. Sheflield (Lender;), with input and suppori from C. Baker 
(ANL), L. A. Berry, S. Bodner (NRL), I% Bowem, D. Cartwright ( U N L ) ,  T. Fessenden 
(LBNL), H. Furth (PPPL), K Hogan (LLNL), 13. Keefe (LBNL), .?. kamere (AMs Fusion), 
R- kinford (LANL), G. Logan (LLNL), R. McCroy (LLE), E. S i o m  (LLNL), and 
J.  P. VanDevender (SNLA)] 

When the lighter elements collide, they can fuse to create hcavier elements and 
relcase a large amount of energy-many megaelectronvolts (1 MeV = IO6 volts) per 
nucleon. In the sun, a mass of hot, dense hydrogen is contained by gravity, and the 
temperature is sustained by fusion power. The conditions to release fusion energy on earth 
have been created in a number of ways using the isotopes of hydrogen-deuterium (D) and 
tritium (T). The main reactions of interest are shown in Table 2.3.-1. 

The realization of commercial fusion is an cxciting prospect because the source of the 
energy is essentially unlimited. 

The potential applications of fusion include 

production of electricity, 
breeding of fissile fuel and other nuclear materials, 
production of hydrogen and other chemical products, 
transmutation or "burning" of nuclcar wastes, 
production of radioisotopes, 
radiation processing of materials, and 
space power and propulsion. 

The key features of fusion are 

advantages 
-unlimited, ubiquitous source; 
-potential for environmental superiorily over other nuclear and fossil systems; and 

Table 2.3-1. Fusion reactism 

Energy release Threshold energy 
React ion (MeV) (IreV)" 

D + T -+ 4He + n (14.1 MeV) 17.6 4 

T + p  4.0 
D + D ~  

I 

3He f n (2.5 MeV) 3.25 

35 

D -t- 3He -+ 4He + p 18.2 30 
~ 

"1 keV is equivalent to a temperature of about PO million kelvins. 



- much safer than fission systems. 
disadvantages 
---complicated and sophisticatcd tech nology and 
---reactor not portable--exccpt in space. 
unknowns 
-cost and 
-timing. 

The fusion of D-T occurs at the lowest tempai-aturcs. and this option is the current 
focus of the program. Because tritium decays radioactively, it occurs rarcly in nature: in a 
reactor, it will bc prodiaced by using thc fusioa iieutrons io bombard a lithium blanket 
surroundiiig the reactor core. The principal physics challenges in iealizing a practical reactor 
are the k e d  to (1) heat the D-'T fuel to the fusioi-i temperatures of about 
1 0 0  million degrees Kelvin and (2) contain thc hot fuc! away from mater;al walls, whicli 
could cool it. Specialized materials dcvclopment represr~vis a major technnlogical challengc. 
While there are vast quarititics of lithium on earth, the alternative of using deuterium 
alone has the attrzctian that the rese~-vcs of druteriuii? are esscntially unlimited and the 
lithium blanket is not needed. Deuteritilil fiasioii requircs highci tempeiatule;, and this is  
a longer term goal. A further alternative,  which minimiecs ncxntron production and 
radioactive inventory, is the usc of a mixture of deutcririm a i d  hc!ium-3. It has the difficulty 
that the closest source of largc quantities of hdd111-3 is thc moon. Alternative fuels to 14-T 
arc discussed in NAS (1987a). '4 far more sprcdativr possilrility for fusion is to use 
mu-mesons to catalyze the D-'T ieaciion in a hot, dcnsc gas of 1)-T (Jones 1988). 

There arc two principl approaches to confining the hot fusing material (a plasma of 
free electrons and positive ions at fusion tempcratmec) 

1. Magnetic confinement uses the propcrty ihat the i-iltitioin of t h e  charged particles of 
a plasma is constrained by a mlgnetic field (PUnaX, 198";). Tiic contained plasma is 
heated by electric currents, pai tick beams, c?cctromagnetic radiation, or compiession. 
In the ignited state, the plasma heat -.vi11 be rn:2iciiaincd by the charged-particle 
reaction products. 

2. Inertial confincment is thc approach i i i  which a pellet of fusion materia! is 
compressed and heated, by in t cxe  lascr or  prt;cle bcam,  in a sliurt c;aesragh time 
that the fusing material is held togethcr by thc inertia o f  thc pcllet mass (NAS 1986). 
A hydrogen bomb uses inertial conlincrrcnt. 

Excellent progress has becn u i x k  iu both ficlds of rcsearch, and ieactor-level 
temperatures and confinemcnt have hceri schi::ved. Siibstantial advanecs have heen made 
in the development of fusion technology. 

In summary, fusion ofCers the possibility of safe, limitless power with a lower 
environinental impact (IIsIdren 1986). 

@ Fusion has the potential to be an important contributor to central electricity 
generation in the twenty-first ccatury, p~ticularly if  ihc ;:cid rain arid carbon dioxide 
problems cause limitatinn of thr use of fossil file! and ;f  public co~~cc rns  limit the 
deployment of fission. 
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In the event that fission assumes a stronger cole in power production, the fusion- 
fission hybrid (NAS 1987%) has the tential to be an efficient fuel factory for Cision 

The main socioeconomic issues are the likely high capital cost sf either a power 
station of a tission fuel factory and the public acceptance of alternative energy 
SQUFCXS. There is an effective economic advantage in the lower environmental impact. 
In considering the capital cost, allowance should be made for the long lifetime of 
much of the plant (Weinberg 1985). 
?%e immediate primary need is to complete the base physics and technology studies 
to allow a proper asscssment to he made of fusion's potential. 

plants (see Sect. 2.2). 

Some of  thc major laboratories involved in fusion research are listed below and are 
identified by the shortened names used in this report. 

ANI. 
GA 
HEDL 
INEL 

s 
LANL 
LBNL 
LLE 
LLNL 
MlOT 
NRL 
BRNL 
PYPL 
SNI, 
Varian 

Argonne National 1-abormtopy 
General Atomics 
Hanford Engineering ~~~~~~~~~~ Laboratory 
Idaho National Engiiiecring Laboratory 
K.M.S. H;llsion 
Las Alamos National b d h m l t 3 I y  
Lawrence Berkeley National Laboratmy 
University of Rochester Laboratory for Laser Energetic 
Lawrence Livermore National 
Massachusetts Institute of Technology 
Naval Rmcarch. Laboratory 
Oak Ridge National Laboratory 
Princcton Plasma Physics Laboratory 
Sandia National Labmatory 
Varian Corporation 

Thc magnetic fusion program is c;crnducted by national laboratories, universities, and 
industry, under the auspices of DOE'S OKke OC Fusion Energy- Design studics of power- 
producing reactors and generic magnetic fusion considerations arc used 1s guide the 
program. For example, the requirements have becn established for a reactor 
[500-1(300 MW(e)] to be competitive wit current fission and fossil system [Le., cost of 
electricity (COE) within 20%]. The realization sf fusion's potential is a major scientific and 
technological challenge. EQowever, s tuclics show that each physics and technology 
requirement should be achievable, and the principal uncertainty lies in the reliability and 
maintainability of thc complete reactor. This uncertainty cannot be resolved until a 
demonstration reactor (DEMO) has been operated. Therefore, the focus of the program 
is on providing the database upon which thc decision to proceed with a DEMO could be 
made. In a typical conception o f  a magnctic %usion reactor, a U-T plasma, at a density of 
=:IOLo particIes/m3 and a temperature of IOO million degrees Kelvin, is contained in a 
"magnetic bottle" at 4 to 8 teslas, and thc temperature is sustaincd by the power produced 
by the fusion reactions. ?'be fusion neutrons are trapped in a blanket containing lithium, 
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e reactor physics parameters are compared with the achievements of tokamaks and 
with research devkes of the next generation in Table 2.3-2. Good progress is beirrg made 
toward achieving the reactor goals. 

Table 2.3-2 Tokamak pbysics schievemementsa 
(volume average values) 

~ c ~ ~ ~ v ~ ~ ~ ~ n  t CIT - ITER - reactor requirement 
- 

(not simultaneous) (simultaneous) 

Pulse Icngtfs, s 2Q 5 to 200 ($ or high duty factor) 

Bcta, % 8 DIIT-D (CA) 6 t o  10 
-- 

TIT = Compact Ignition Tokamak. lTER = International Thermonuclear 
Experimental Reactor. MI'F ;+ Massachusctts Institute oC Technology. TFTR = Tokamak 
Fusion Test Reactor. PPPL = Princeton Plasma Physics Laboratory. DIIT-D = Doublet 
111-D 'I'ok;-lmak. @A = General Atomics. 

It is expected that tkc full reactor requirements will be nict in short pulses for the 
tirst time in the Compact Ignition Tokamak (CIT), a device to be constructed at 
International Thermonuclear Experimental Reactor (ITER) is proposed as a in 
program to tcst technologics under reactor conditions. Elements oE the p p o s e d  U S  
program arc shown in Fig. 2.3-2. Within the next 20 years, it is expected that the 
combination of ITER and a number of facilities, to improve the configuration and to test 
plasma technoiogies and nuclear technologies, will provide the basis lo assess the 

cia1 potential o f  magnetic fusion (DOE 1985). In the longer term, the goal is to 
a safe, eflicicnt system that will have little adverse impact on the environment. 

To meet the goals of' economic power or fissile fuel production, six principal areas 
need development. Most of these areas havc features in common with the needs of other 
programs. The technology dements are shown in Table 2.3-3. 

Significant achievements include 

A variety of effective heating methods involving particle beams and electromagnetic 
radiation (1 MWz to 100 GI-Iz) have been developed (LBL, MIT? ORNL, PPPL, 
Varian). 



Fueling using pellets of solid hydrogcxi, accelcratcd up 10 2 W  m/s, has prcweml 
effective (ORNL). 
Fecdback control of the plasma position arid shape ami noninductive current drive 
have been demonstrated (MU, PPPL). 
Improved stainless stccls to handle thc 14-MeV ricutron flux have besn developed, 
and work is under way on alloys with low activation potential (HEDl,, INEX,, ORNL, 
University of Wisconsin). 
Tritium breeding and high-cffiieicnscy tritium cxtractinn ha.~e bccn tested in lithium 
compounds (ANL). 
A complete tritium processing bop, with a 1813-g irivcntory, has bcen tested at 1 Rg/d 

ritiuim Syslcms Test Assembly, under an Inteinational Energy Agenq (TEA) 
agreecment (EANL). 

Work has begun r m  remote handling, arid a varieiy of asscmbly and tlisassembly 
techniques have been v&p& (IN p;,f,, ORNL). 
In the PEA Tmgc Cht l  sk, six &tesla superconductifilg toroidal coils of olie-half the 
ITER scale areas were tested successfully to 9 teslpx (ORNL). 

A recenl assessment (CYVA 1987) by the Offkc of Technology Assessment (OTA) is 
an independent review of magnctic €usion, which has great rdevance to illis stuucly. The 
overview of the O'TA report is  givcn in Sect. 2.3.3. 



Plasma processing 
General super- 
conducting coil 
applications 

SDI. 
Communications 
Materials processing 

General advanced 

Inertial fusion 
material development 

Inertial fusion 

Inertial fusion 
Fission 

“SDI = Strategic Defense. Initiative. 

Inertial conf‘incnscnt fusion (ICF) offers a source of energy in which a small p d e t  
of fusible niaterials [the targct (in current ewperirncnts deuterium and tritium)] is 
compressed and heated in an extremely short time (nanoseconds) by a laser or particle 
beam (driver) so that substantial tiision c n c r g ~  is released. Substantial advances have been 
made in (1) dennonstratirag that in scaled, high-gain targets the driver-target interaction 
conditions rcquircd for high-gain performance can be achieved and (2)  the dcveloprnent of 
targets. A principal near-tcmn challenge is to develop a low-cost, cfficient driver. In the 
longcr term, the challenge i s  to dsvclup the t r i h m  generation and heat removal system, 
which together with lhr other components will constitute the heart ole the reactor. 
Advantages of inertial fusion are that the high-tech driver may he  decoupled from the 
reaction chamber and that neutron-absorbing materials can be used inside the first support 
structures. 



For ail economical icactor, D-l' pellets of about 5-miii diarn ate foreseen. The driver 
should deliver Sckeit 3 MJ(<10 MJ) at a icpetition iaie of -5 Hz and cost I $500 mil!icn. 
Each inte;;act;an should generate a fusion output of a fcw hundred rnegajoulcs. Typically, 
the prochit of energy gain 3ind driver cflrcncncy sliould be 210. 'The pellets may bc heated 
( 1 )  directiy by th r  imms or (2) iiidircctly by X rays produced when the beams hit a high 
atomic number targci- 

'Phe clnaiaeteristics required of the  postcoirrpiession pellet are as follows. 

o 
@ 

b 

Q 

Conve~gewcc ratio '= (radius tse:im/spark plug radius after) 3 40. 
Central temperature 2 5 kcY, central density x radius (20.3 g/cm2). 
Outer temperature I 1 keV, outer deiisity x radius (-3 g/cm2) with an average fuel 
density of 200 g/cm'. 
Quality of confiacsncnt - 2 x io7' III '/s. 

The fusion neutrons, radiation, and blast cnergv would be absorbed by a stationary 
or a moving blanket contaiiiirrg lithium. 

'l'he following accomplishnrmits arc significant. 

1. 

2. 

3. 

4. 

With the Nova Laser bacility at Li.NL, which currently can deliver 20 to 25 kT at 
0.35- and 0.53-pm ui.avelengths in 1 lis, thc  following have bcen attained. 
@ Indireet drive targcta with ternpsially unshaped pulses have achieved iieady one- 

dimensionally calculated thermoniiclcar yictds with thc following. 
- convergcnce ratio up to 35 achieved, 
_I quality of confinement n i r )  = 2 x IO2' I ~ - ~ / s ,  
.- central ion tenipelature : 1.7 kcY, and 
-density = 30 @m3. 

9 Direct drive targets attained the I'ollowi~ig. 
-ion trmperaturc = 10 kev, and 
-.--yield 2 1.8 x ioi3 nctitroils. 

With the C h e g a  Laser Facility at 1 , I L  which delivcrs 2 kJ at microinetcr wavelength 
in 3.45 ns, the followiing have been achieved. 
e Direct-drive taigets with tcmporally unshaped pinlscs attained the following. 

--.-. convergence ratio lip to 30, 
- quality of confiilcmeni n(7)  = 3 x 10" m3/s, 
---ceniial ion temperaturc = 1.4 kcV, 
.- dcnsiiy x radius 0.035 E/cm2, and 
- dcmity = 30 g/cm3. 

At KMS, precisely crafted targcts were developed and produced, including glass and 
palyrnei containers with a variety of coatings and with both D-T gas and precise 
cyrogecic fuel laycrs. 
Combined s~~cccsscs of a variety of cuperImm:al piograms ili the laboratories and 
with "major progrcss . . . in the classified Centurion-Halite program" (NAS 1986) have 
provided an understanding of target and drivel requirenicnts to  obtain high-gain 
(i.e., >loo), with a 5- to 20-MJ laboratory driver (Kahalas n.d.). The program will 
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emphasize driver development in preparation for a Liboratory Microhsion Facility 
(LMF) (Kahalas n.d.). 

Major developments under way 

Work is progressing on the following. 

Upgrade NOVA at LLNL to 40 to 80 kJ of 0.35-pm wavclength light in 2- to 3-11s 
temporally shaped pulses for studying pulse-shaped indirect drive with lasers, 
Develop the Particle Beam Fusion Accelerator (PBFA-11) at SNL for 1000 t o  2 
of lithium ions €or ignition studies with light beams. 
Upgrade Omega at LLE to 30 kJ of 0.35-pm light for ignition studies with direct 
drive. 
Develop low-cost, solid state, laser modular prototype at LLNL in collaboration with 
LLE for an LMP option. 
Develop the positive-polarity lithium ion prototype for a Bight-ion LMF option on the 
Hermes I11 accelerator at SNL. 
Develop low-cost krypton-fluorine (KrF) option for LMF at LANL and NRL. 
Develop heavy-ion aceclcrator technology at LBL. 
Develop direct-drive target geometry at NRL and LLE. 
Develop target-fabrication techniques and X-ray laser tcchnologies at KMS, 
Develop techniques for improving bcam quality at NRL and LLE. 

Long-term plans 

The plans for 1992-2020 include the following. 

(I Study near-ignition or ignition targets on PBFA-IT with indirect drive and on Omega 
with direct drive (1992-98). 
- Build Laboratory (High-Gain) Microfusion Facility (LMF) to demonstrate high 

gain, produce 100- to 1000-MJ fusion energy from one pellct, and optimize driver- 
target performance (1995-2000). 

- Building Engineering Test Reactor (ETR) to drive development of reactor-level 
technologies, repetitivc driver, target production and injection, blanket, reaction 
chambcr, heat removal, tritium recycling, and remote handling (2003-10). 

- Build demonstration reactor (DEMO) (2015-20). 

Technology development goals 

To meet the goal of economic power production, five principal areas need 
development. Most o€ these areas have features in common with the needs of other 
programs (see Table 2.3-4). 
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Table 23-4. Development areas 

Technology area Crosscut area 

@ Target production 
-1ncxpensive target (-10 cents per unit) 
-Target factory (few targets per second) 
-Target placement system 

Strategic Defense Initiative 

Tokamak fuel pellet injection 
tracking systems 

@ Efficient driver 
-lo+% efficiency, low capital cost 
-53 to 5 MJ, 10-ns, pulse shaped with good- 

-Waste heat handling 
-brig life (-1" pulses) 

quality beams 

8 Options 
-Advanced solid state laser 
-Gas excimer laser 
---Eight-ion driver 
-Heavy- ion driver 

@ Interface between driver and reaction chamber 
--Coupling of energy 
.-..-Radiationblast environment 

@ First-wall/blanket 
-Materials 
--Pulsed radiation effects 
-Tritium breeding 
--Heat removal. 

t~ Remote handling 

Strategic Defense Xnitiativc; 
battlefield weapon, wcapons- 
effect simulation, or thcrmo- 
nicchanical respsnsc to soft 
X rays 

processing 
Fusion material testing and 

Food irradiation 

Material needs have much in 
common with needs of fossil 
program, advanced erigines, 
and, of course, magnetic fusion 

Fission and magnetic €usion 

ICF may eventually lead to commercial power. A repctitively pulsed KCF plant might 
generate power dircctly, perhaps with a magneto-hydrodynamic topping cycle fol!owed by 
a conventional steam cycle, or it might be used primarily to breed trssile fuel (NAS 19%). 



The challenges of ICF are providing unique new tools for the scientific and 
technological community and for other programs of national importance like SDI. Some 
examples are large lasers and intensive particle beams, diagnostics for microimplosions, 
sophisticated computer codes, and laboratory X-ray lasers (DOE 1983). 

As stated by the National Academy of Sciences (NAS 1986), "Accelerator technology 
has made enormous impact across a wide field of research, industrial, and commercial 
endeavor and new developments are projected to broaden this technology transfer and open 
up new applications not previously possible or economically attractive . . . In order to 
continue to reap the benefits and spin-of& from this area of technology, an expanded long- 
term funding commitment is vigorously endorsed since there appears to be major payoff 
potential in several areas of national need. These includc: 

@ Nuclear Reactor Reliability 
Microelectronics 

0 Energy Source Development 
@ Acid Rain 

Nuclear Waste Management 
@ Materials Processing," 

2-3.3 OTA Review of Magnetic Fusion R a e a r c h 4 e ~ m  

This overview is based on Star Power: The US. a i d  the Intematwnal Quest for Fusion 
Enew (OTA 1987). 

"Potential role of fusion. If successfuIly developed, nuclear fusion could provide 
humanity with an effectively unlimited source oE electricity that has environmental and 
safety advantages over other electric energy technologies. However, it is too early to 
determine whether these advantages, which could be significant, can be economically 
realized. Research aimed at developing fusion as an energy source has been vigarously 
pursued since the 195Os, and despite mnsiderabk progress in recent years, it appears that 
at least three decades of additional research and development will be required before a 
prototype commercial fusion reactor can be demonstrated. 

"The policy context The budget for fusion rcsearcb increased more than tenfold in 
the 1970s, due largely to growing public concern about environmental protection and 
uncertainty in long-range energy supply. However, a much reduced sense of public urgency 
in the 1980s, coupled with the mounting Federal budget deficit, halted and then reversed 
the growth of the fusion budget. Today, the fusion program is being funded (in 19% 
dollars) at about one-half of its peak level of a decade ago (see Figs. 1-1 and 1-2) , . ." 
[figures of OTA 19871. 

"The change in the fusion program's status over the past 10 years has not resulted 
from poor technical perlormance or a more pessimistic evaluation of fusion's prospects. On 
the contrary, the program has made substantial progress. However, the disappearance of a 
perceived need for near-term commercializa tion has reduced the impetus to develop 
commercial fusion energy and has tightened pressure on fusion research budgets. Over the 
past decade, the fusion program has been unable to maintain a constant funding level, much 
less command the substantial funding increases required for next-generation facilities. In 
fact, due to  funding constraints, the program has been unable to complete and operate 
some of its existing facilities. 
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"The, Department of Energy (DOE) manages the U.S. fusion program, and its goal 
is to evaluate fusion's technmobgical feasibility-to detcrmine whether or not a fusion reactor 
can be designed and built-earlly in the twenty-first century. A positive evaluation would 
enable a decision to be madz at that timc to construct a prototype commercial reactor. 
However, this schedule cannot be met under existing U.S. fusion budgets. TRe DOE plan 
requires either that US. budgets be increased substantially or that the world fusion 
programs collaborate much mere closely on fusion research. 

"Choices anade over the nex- several years can place the US. fusion program on one 
of four fundamentally different paths, which are discussed more thoroughly in Chapter 8 
of OTA (1387). 

1. 

2. 

3. 

4. 

With substantial funding increases, the fusion program could complete its currently 
mapped-out research effort domestically, permitting decisions to be made early in the 
next century concerning fusion's potential for commercialization. 
4t only moderate increases in U.S. funding levels, the same results as above might 
be attainable-although possibly somewhat $clayed---if the United States can work 
with sonic or all of the world's other major fusion programs (Western Europe, Japan, 
and the Soviet Union) at an unprecedented level of collaboration. 
Decreascd funding levcls or current funding levels in the absence of extensive 
collaboration would require modification of the program's overall goals. At these 
constraincd funding lev&, U.S. evaluation of fusion as an energy technology would 
be delayed. 
If fusion research ceascd in the United States, the possibility of domestically 
developing fusion as an energy technology would be  foreclosed unless and until 
funding were restored. Work would probably continue abroad, although possibly at 
a reduced pace; later resumption of rcsearch in the United States would be possible 
but difficult. 

"Some of the overall findings from OTA's analysis follow. Experiments now built or 
proposed should, over the next fcw years, reszsolvc most of the major remaining scientific 
uncertainties regarding the fusion paacess. If thosa; experiments do not uncover major 
unforeseen problems, it is likely-although by no means certain-that the engineering work 
necewry to build an electricity-producing fusion reactor can be completed successfully. 

"Additional scientific understanding and technological devclopment are required 
before fusion's potential can bc assessed. It will rcquire at least 20 years, under the best 
circumstances, to determine whether construction of a prototype commercial fusion reactor 
will be possiblc or desirable; additional time will be required to build, operate, and evaluate 
such a device. 

"It is too early to dctermine whethcr fusion reactors, once developed, can be 
economically competitive with other energy technologies. 

"Demonstration and commercialization of fusion power will require several decades 
after completion of the research program. Even under the most favorable circumstances, 
it does not appear likely that fusion will be able to satisfy a significant fraction of the 
nation's electricity demand before the middle nf the twenty-first century. 

"With appropriate design, fusion reactors could environmentally superior to other 
nuclear- and fossilenergy production technologies. Unlike fossil-fuel combustion, fusion 
reactors do not produce carbon dioxide gas, whose accumulation in the atmosphere could 
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affect the world climate. Unlike nuclear fission-the process used in existing nuclear power 
plants--fusion reactors should not produce high-level, long-lived radioactive wastes. 

"One of the most attractive features of fusion is its essentially unlimited fuel supply. 
The only resources possibly constraining fusion's development might bc the materials 
needed to  build fusion reactors. At this stage of development, it is impossible to determine 
what materials will eventually be developed and selected for fusion reactor construction 

"If fusion technology is developed successfully, it should be possible to design fusion 
reactors with a higher degree of safety assurance than realized with fission reactors. It m ~ y  
be possible to design fusion reactors that are incapable of causing any immediate off-site 
fatalities in the event of malfunction, natural disaster, or czperator error. 

"Potential problems with other major sources of electricity-lossil fuels and nuclear 
fission-provide incentives to develop alternate energy technologies as well as to 
substantially improve the efficiency of energy use. Fusion is one of several technologies 
being explored. 

"It is unlikely that major, irreversible e n e r a  shortages will occur early in the next 
century that could be ameliorated by the crash development of fusion power. There is little 
to be gaincd-and a great deal to be lost-by introducing fusion before its potential 
economic, environmental, and safety capabilities are attained. Even if difficulties with other 
encrgy technologies are encountered that call for the urgent development of an alternative 
source of energy supply, that alternative must be preferable before it can be accepted. It 
would be unwise to emphasize one fusion feature-econornies or safety or environmental 
advantages-over the others before we know which aspect will be most important for 
fusion's eventuai acceptance. 

"Due to the high risk and the long time hefore any return can be expected, private 
industry has not invested appreciably in fusion research and cannot be expected to do so 
in the near future. But, unless the government decides to own and operate fusion 
generating stations, the responsibility for fusion research, development, and 
commercialization must be transferred to private industry. The nature and timing of this 
transition are highly controversial. 

"Fusion research has provided a number of near-term benefits such as development 
of plasma physics, education of trained researchers, contribution of spin-off tahnologies, 
and support of the scientific stature of the United States. However, fusion's contributions 
to these areas do not imply that devoting the same resources to other fields of study would 
not produce equivalent benefits. Therefore, while near-term benefits do provide additional 
justification for conducting research, it is difficult to use them to justiQ one field of study 
over another. 

"Fusion research has a long history of successful and mutually beneficial international 
cooperation. If this tradition can be extrapolated to an unprecedented level of co%labora(eion, 
much of the remaining cost of developing fusion power can be shared among the world's 
major fusion programs. 

"International collaboration cannot substitute for a strong domestic research program. 
If the domestic program is sacrificed to support international projects, the rationale for 
collaboration will be lost and the ability to conduct it successfuUy will be compromised. 

"Agreeing to collaborate on fusion energy, both within the U.S. govcrnment and 
between the US. government and potential partners, will require sustained support at the 
highest b e l s  of government. A variety of potential difficulties associated with large-scale 
collaborative projects will have to be resolved, and presidential support will be required. If 
these difficulties can be. resolved, the benefits of successlul collaboration are substantial." 
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This section examines the renewable-energy technologies. Seven types of energy 
production are discussed: (1) hydroelectric generation, (2) biomass energy system, 
(3) recovery of energy from municipal solid waste, (4) solar thermal systems, 
( 5 )  ~ ~ ~ t o v o ~ t ~ ~ ~ ,  (6) wind energy systems, and (7) geothermal energy. The technologies 
have in common some degree of renewability or inexhaustibility, because all recover in 
useful form some part of an existing energy flow whose source is not diminished by the 
energy-rebated use. They also have many differences, some of which make direct 
comparisons difficult. One of the most significant differences is the form of energy 
produced. Geothermal, solar thermal, photovoltaic, wind, and hydroelectric systems capture 
heat, light, or motion to produce electricity, while biomass and municipal solid waste systems 
are based on fixed carbon, which can be converted to a variety of liquid or gaseous fuels. 
A second difference is related to the fact that the technologies exploit very different 
resources-thc potcntial contribution to energy supplies must be calculated differently for 
each technology. 

The resource bases for renewable-energy technology tend to be widely but thinly and 
irrcgularly distributed. The gross numbers can be huge, but estimates of availability or 
recoverability are much smaller and often depend on economic criteria. The economics of 
mast twhnologies are extremely sensitive to efficiencies in collection, conversion, storage, 
and transmission-all factors that can be changed through research. Therefore, time scales 
and projections about the progress of research are critical in estimating the potential 
contribution of renewable energy technologies. Table 2.4-1 presents estimates of current 
use, gross rcsources base, and recoverable resources for most of the renewable technologies. 
The Seven major parts of this section explain the assumptions behind these estimates for 
each technology and discuss factors such as the time frame to development, uncertainties 
in estimates, recent research experiences, and related developments that will affect thc 
deployment of these technologics. 

24.1 Hydmelectric Generation (by S. G. Hildebrand) 

2 A d . l  Current and projected resources 

Hydroelectric generation currently contributes approximately 12% of the total 
US. energy supply. Approximately 1,300 sites, representing an installed capacity in excess 

MW(r), are presently in operation nationwide. These units generate in excess OF 
231 million kilowatt hours (kWh x 10') of electricity annually. 

A number of surveys and data sources have been generated to estimate the available 
developed hydropower resource. Many surveys examine only potential energy without regard 
to other considerations. The data from the National Hydroelectric Power Resources Study 
(COE 1983) are screened to include recognized environmental constraints; economic 
considerations; and input from federal, state, and local agencies. These screens produce a 
more realistic estimate OC the available hydropower resource. Starting with all 5,000 
identifid sites with hydropower potential, a set of reasonable potential sites is produced. 
The roughly 1,948 sites surviving the screens in the study represent approximatdy 

I7 
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46,000 MW of capacity. These sites include 1,407 existing darns with no currently operating 
generating capacity or with significant increased capacity available. Developing the 
hydropower resoiirce at thc remaining 541 sites would require the construction of dams or 
diversions. By including reasonable estimatcs of gencrating capability, developing all these 
sites could produce an additional 125 kWh x IO6 of electricity annually. The potential 
hydropower resource is not uniformly distributed across the United States. Many of these 
sites have 'limited (<15-MW) capacity and have been developed for other purposcs such 
as water storage, Wood control, navigation, recreation, or irrigation. Because of the 
requirements of these competing uscs, less than optimum development of the hydropower 
resource may occur at multiple-use dams. Such factors affect the econoniic viability of sites 
and lead to significant uncertainty in cstimating the hydropower rcsource that might be 
developed on a regional or national scale. 

Table 24-1. Current and potential ene production €ram 
the renewable e m  

Renewable 
technology 

Current Gross Recoverable 
use resource resource 

Hydroelectric, MW(e) 69,000 a 46,OOob 

Biomass, ET 3 35" 13"4" 

Municipal solid waste, El 0.2 3 q  1.2q 

Solar thermal a a a 

Photovoltaics, quads g a O..ah 

Wind, MW 660 a a 

Geothermal 2200 MW(e>' 703,800 quads 379 quads 

"Not reported. 
bAdditional capacity. 
'Enclmdes municipal solid waste. 
%et after: conversion to liquid fuel. 
'15% additional as excess process steam, electricity, and chemical by-products. 
'Estimated in Sect. 2.4.2, biomass technologies. 
Currently in use in remote locations, solid state electronics. 
h Expressed as gas and/or oil displaced. 
'Additional smaller amounts used in direct-heat applications. 

Roughly one-half of the world's hydropower potential is locatcd in developing 
conntries. The World Bank (1980) estimated gross theoretical hydroelectric capacity 
distributed as follows: 533,089 MW in developed market economies; 615,160 MW in 
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centrally planned economies; and I, 194,390 MW of potential in dcvelnping cauntries. 
estimates of potential are not directly coanaparablc to those mentione 
different methods were used and difkrcnt prices of  oil were assumed. De 
are very interested in surveying their hydroclectrk potential and in co 
studies to exploit the possi"nilitics. 

A number of significant iss~aes aCfect the ~ ~ ~ v e ~ ~ ~ ~ ~ ~ ~ ~  of ~ y ~ r ~ ~ ~ ~ ~ ~ y ~ r  ~ ~ S U U H C C S .  

issucs inelude eiectrical demand arid the appropriate geticration mix for a utility or ~ g i ~ n ,  
legal and ~ n s t ~ t u ~ i o n ~ ~  consi.raints, c~x.morsaic ~ ~ ~ ~ ~ ~ ~ ~ e H ~ t ~ ~ ~ ~ ~  o f  'nydroptnwer and a ~ t e ~ ~ ~ ~ ~ ~ ~ s ~  

somc degree in all developments, the rcicttive impoitance chaingcs in diffcrcnt regions as 
well as with the level of ~ n s ~ ~ ~ ~ t ~ ~ ~  requircd ta develop thc resource. 

Planning for c h i m p  in dfimwd four cleckrrcity, pricc caf altcrnntive methnds of 
generating that electricity, and ~~~~~~r~~~~ mixes of gcncriltirng capacity aftects ~ y ~ ~ ~ ~ ~ ~ ~ w e ~  
development. Because the opcrsfion of ~ y ~ r ~ ~ ~ ~ ~ ~  facilities can bc ran 
conditions or by other issues, same effects of ovcrdkl cleciried sys 
reliability may be noted, 'Y'hc ( ~ ~ ~ ~ r ~ ~ ~ ~ ~ n  of smaller units, even Ppurnercms 
a single utility regicn, has no signitiicant elfect c9ti the, utility systcm, but 
be greatly affected by systrrn cnnstsaints. 

Thc proccss of granting dev:vclopuicnt permits nk existing darns is confusing and timc 
consuming because of Begal and ~ ~ ~ ~ ~ ~ ~ ~ t ~ o ~ ~ $ ~  basncrs to ~ y ~ ~ r ~ ~ ~ ~ ~ ~ ~ r  develi~hpment including 
conflicts over dcvelopnnent rights, water rights, Native Anaerisan claims, and competing 
applications on numerous sites. Refcmn 01 the rcgulstisry systcni would allow faster 

develop the resource, concerns over the E; of emincnf domain for private gain, dam 

important throughout w a t e r n  United States, and conflicts causcd by hydropower 
developmen ts require extensive litigation. Rights of PI ative Americans incliadhg water rights, 
fishing reserved by tscaty, and rcscmcd dcvevelopment affect ~ ~ ~ r ~ ~ ~ ~ ~ ~ r  prr1Qects ~~r~~~~~~~~ 
the wcstern Wnited States as well. In parkicdar, the rights of Native , ~ ~ ~ r ~ ~ ~ ~ $  in thc 
Pacific Northwest, an aiea rich in potential bydrc~power devvelopnient,  nus st be resdved 
bcforc additicinal significank dcveloprnierik can occur. 

E c ~ ~ i o ~ n a ' c  coristraints to hydro er development irrclude the high initial capital cost 
of pnojects, the lengthy liecnsing pe uncertainty in regulations r t p r d i n g  purchasers of 
power, and inconsistent ratc structurt: within regions. If purchase rates establis 
commissions are inadeyuak tc; caffsef developmmt costs, private ~~~~~~1~~~~~~ 
will be greatly reduced. At all times, ~ C V ~ O ~ ~ F S  of Bny rap"""' projects dAre in WrnPgcrieiora 
for capital resources with other pr'oposals~ 

ower dcvelopment Cars have adverse ~ ~ v ~ r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  impacts. Facility 
devel and opcratioii can affect water quaiiity, f ish passage. land use, wcthands, 
rtxrcation, and aesthetics. easures dcsigtned to minimize or mitigate thcsc impacts may 
adversely affect the ecanornics of any given project. However, a ct-mprehensive evaluatioei 
must consider the impacts of hydropower eJcvelog?mc:tat rc'lakive to the impacts associaled 
with alternative forms o f  energy productirm. 

Hydroelectric power develapnicnr i s  a  onco consumptive use o f  the resource I-It;)wever, 
the dcvelopment may ccaaflict with oher uses o f  the water. Instream flow uequiiemcnts and 

comptition for the resource, and ~ ~ v ~ ~ ~ ? ~ ~ i ~ l ~ ~ t ~ ~  cCSncerns. ~~~~~~~~~~~ thcsc issues exist to 

developmen1 of the hydrOpCPWc1- ressurce. 

safety, and project Bia 

sites that require significant ccmstrmction to 

irnpact raonktfcral development. water rights arc extremely 



water withdrawals may affect the operation of b y d i o p ~ ~ e r  facilities In addition, conflict 
over the land required for rescnsirs may a r k .  In ail cases, resohtiori of the conflicts must 
include allocation oF water rights and the value of alternativc uses ;pf water and land. 

Rescarch and development activilies that can diminate or reducc constraints to 
developing hydroclcctric capacity are needcd F ~ Q w c v ~ ~ ,  contrary to the situation in m a q  
other technology areas, the research is nc>t fwuserl heavily OIP improving the technology 
itself. Rather, research to improve thc regulatory proccss aiid research to effectively 
mitigate or minimize adverse environmental affects predoxinatr our analysis. Somc 
cngineering innovations could bc helpful, huwevcr, Hydropower plaint connponents (e.g., 
turbines, veins, gates, and valves) must ~ p ~ r a t r :  for long priods of time in severe operating 
conditions. Research is needed to determilic the b a t  materials for n~aximum plant 
component du rabilily and minimrim dowutinie, Miinor iitcmre?ses in e€ficiency arid service life 
would be beneficial. Innovative research in turrbinc des i~n  would provide s m ~  marginal 
increases in capacity. For example, studies have identified the free-glow-turbine and 
ultralow-head-turbine equipmen i as good candidates for R&i). Various assessments such as 
an unpublished DOE report, J~y~lropower A TCCP,E~QD ~r t  the Crossroads (19 pp.), indicate 
that a potential of up to 12,500 MW exists €OK the f ~ ~ - f l o - ~ , ~  ti~rbinc and that -4,008 MW 
could be added .ivith inew ultralow -head equipment. Kcscarchl on free-flow turbines could 
includc tests to validate designs and identify cngincering arid cconomiz: aspects of large- 
scale deployment, aicscarch on ultralow-head tuibines could focus on redesigning a 
conventional unit including inexpensive materials and incorporating prefabrication and 
modularity. 

The current regulatory climate f o r  development of hydroptrwer resources is confusing, 
burdensome, and duplicative. The I':Iectr;c Consumers Pistectiol~ Act of 6986 (ECPA) has 
provided a vehicle for environmental concerns to icceive attention equal. to that of power 
values in the regulatory process. States a x  using thcir rcgidatory authority under the Clean 
Water Act of 1977 (CWA) to add terms and conditions io  hydropower licenses far beyond 
what was intemdcd by the CWA. 'The Federal Energy Kcgdatory Commission (FERC), 
which licenses monfederal hydroelectric facilities, must includc such terms and conditions in 
their licenses but may not enforce thcrn. 'l'ke states have enforcement responsibility. FERC 
will enforce those terms and conditions that they detcrmine to bc relevant. It is difficult to 
define what type of research could address regulatory con fusion. The prob1en.i bcconies 
particularly intense over reliccnsing oldcr hydroelectric facilities. Hundreds of licenses arc 
due for renewal in the early 1990s. If the regulatory c l inak  prevails to correct past 
mistakes in an cnvironimental sense, dcwloprncnt of the rcsnwcc could bc severely 
impacted. 

Research that could make a difference in addressing the environmental constraints 
to hydroelectric production includes both development of nieilmods for proper environniental 
analysis and development of mechanisms to rninimk adverse environmental effects. 
Rcsearch is needed to develop and validate methods for thc specification of instream flow 
requirements to protect fish and other aquailie life. Bccause existing methods are 
controvcrsial and not universally applicable, field rcsearch j, needed to test and evaluate 
ncw methods. miis research should be focused on piedicthis of the response of fish 
populations and other trophic levels to changcs Em flow regimes, and field verification of 
methods developed is essential. Bypassing flows for fish protection have economic 
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consequenecs. AIt ough the technology for moving adult migratory fish upstrcam around 
and over darns is ~ ~ ~ ~ c ~ ~ ~ t ~ y  developed, technology for successfully bypassing darns by 
downstream migrants is less developed. Exhaustive review of the state oE the art in fish 
bypass technology are available, but lithe research to improve this technology is in evidence. 
Regulatory agencics will require suwesslul bypass of downstream migrantss, and the 
effectiveness of the propcpsed bypass systems mush be demonstrated. The development of 
new darns or diversions of migratory fish from streams could be obstructed if the 
~ ~ ~ i r ~ ~ ~ ~ ~ ~ ~ t ~ ~  constraint roblcm is not sucxessfully resolved. 

~ ~ ~ t ~ ~ ~ ~ - ~ ~ ~ e  ~ e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ t  at the river basin level is ncedcd. ~ n ~ i r ~ ~ ~ e ~ t a ~  legislation 
rnandatcs that envirrsnmentul impacts of a given project be placed in the eontext of other 
development. Hydroelectric proj developed sequcnliaily in a river basin certainly have 
high potential for interactiran. R&D should inchde engineering, environmental, 
~ n s t ~ t ~ ~ ~ ~ ~ ~ a l ,  and economic fa Cumulative impacts have rarely been successfully 
quantified. 

Qcrr analysis has focuscd on conventional hydrcxiectric resources. F d t i n g  pump 
s face many of the environmental and institutional constraints describcd 
development of tidal power has k e n  proposed, and some demonstration 

projects exist, R&D needs €or tidal powcr development a r ~  beyond the scope of this study. 
Research needs related ts the development oC hydroelcctric potential in developing 

countries are not specifically addressed in this study. The lessons learned from hydrsclectric 
development En the United States and elsewhere need to be transferred to efforts in 
devcloping wiimtries. The United Nati0ns Mllucational, Scientific and Cultural Qrganization 
(UNESCO) and other such international scientific advisory groups, the World Bank, and 
agench  similar to the U.S. Agency for International Dcvelaprnend must play a role in 
guiding the environmentally safe and efficient development of hydroelectric potential in 
developing countries. Oak Ridge National Laboratory (ORNL) sta€€ expertise in 
environmental impact assessment and natural resource planning could ecrtaialy contribute 
to enlightened development of this potential. through participation in the aforementioned 
international organizations. 

The Department of Energy (DOE) recently estimated that a modest investment in 
federal research and development to improve generating efficiency, to develop new 
equipment concepts, and to address environmental issues could stimulate the development 
of 40,000 MW of eneqgy by the year 2081 that would not otherwise be developed. A 
several-milli~n-dollar-a-year research effort is anticipated to be sufficient to stimulate this 
much development (see Table 2.4-2). 

The ~~Y~~~~~~~~~~ f defensible methods to analyze the cumulative  impact^ of 

2-4.1.4 References for Sr=ctiisa 24.11 

COE (US. Army Corps of Engineers) 1983. National Hydroelectric Power Resources Sludy, 
“Executive Summary,” VoL 1, I[WR 82-H-1, Institute for Water Resources, 
Fort IReZvoir, Va., 32 pp. 

Warld Bank 198Q. E n q y  In Developing Countries,  ash^^^^^ D.C, 
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R&D Potential Cost Time Chance of 
need additional of R&D required sucmss 

energy 

Engineering 
innovation 

environmental (by the 
and safety year 2081) 
issues 

and 40,000 MW $20 million 10 years 75 % 

Energy (by J. W. Ranncy, A. F. Turhollow, and T. 1,- DnnnMson) 

2 4 2 1  h t r d u c t i o n  

Biomass has the potcntial to displace 14.6 exajoules (ET) (13.9 quads) of oil imports 
with liquid fuels. This volume approaches the quantity of imported oil in 1987, and biomass 
is the only domestic source of renewable energy capablc of making such an impact at 
relatively 1 ~ w  cost. Bioniass can be converted to alcohols, gasoline, diesel fuels, and many 
other chemicals by using new biochemical and therniochcrnical conversion technologies. 
Currently marginally competitive and untapped, more than 3 IET of biomass are used in thc 
Unitcd States via clectrieity generation, process steam production, space heating, crop 
drying, and ethanol in gasoline blends (Haggin and Kreigcr 1383). Biofuel is a significant 
option to develop in the United States-if not for future liquid fuel consumption, thcn as 
a viable and competitive option to keep the price of oil down. 

The delivered cost of raw biomass has ranged between $10 and $:35/diy Mg 
(megagram or metric ton), a price range believed to be currcntly competitive with prices 
of alternative fuels such as oil, gas, and coal. The price of bagasse in Hawaii, agricultural 
residues in the Great Plains, dedicated energy grasses in the Midwest, sawdust in the South 
and the Take States, standing low-grade forest inventories in the Soiith and New England, 
municipal solid waste in the Pacific Northwest, and firewood from the Appalachians are all 
within this range (Davenport 1987; Perlack and Geycr 1987; Gershrnan et  al. 1983; IJSFS 
1982; Office o€ Technology Assessment 1980a and 198%; I lNEl 1987). Corn for conversion 
to ethanol costs about $2/bushel (bu) in normal years of surplus production (DIS 1988). 
Vegetable oil from seed costs about the same as corn and can be used with minor 
modifications in diesel engines (Scheithauer and Dripchak 1988). However, the large 
quantities of bioniass nceded to produce 14.6 ET (net) of liquid fuel will calise the cost of 
biomass to increase. 

In the most generic sense, the technological challenges with biofuuels are twofald. ’l’he 
first is to produce and deliver to each conversion facility about 1000 to 2008 dry Mg o€ 
biomass daily from within SO km (48 miles) of the facility at a cost of between $1.50 and 
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B (giga@srle = 0.95 million Btu), which is about $25 to $35/dry Mg. If an 
inte bicsrrsass invcinlory docs not exist o r  cannot be developed at this scale, it makes 

no dii'f'rencs: k c a t  the nation niay have tcns of exajoules of potential biomass-the option 
would not work.. Exceptions in longer distance transport by barge or train can help broaden 
tisc l a d  base fmrn which to draw biomass. New biomass energy crops offer the opportunity 
to meel such demands within small transport distances when consideIed as part of a 
diver~4'M bicsmass sxspply sybtern (Ranney, Wright, and Layton 11987). 

"lie second challenge i?; tcj produce, 270 L (70 gal) or more of gasoline equivalents 
per d;aa ~~~~~~~~~~, tw*.xcc: current levcis, at a tola1 cumuiativc cost of about $0.26 lo $(4.32/L 
($1.00 to $1 20/g:al) using less energy and capital. The harvest, handling, and storage of 
bkmass campxc a 6 hjrd iiraportaril technohgical challenge, which shows less propensity for 
in-xprowmcnt than the othm two areas. 

Mikerate R&D advnnces will be rcquired in cach of the areas ol challenge to make 
the wipndc: hitsfuslcl system work at the scale needed. Advanccs in biofuel conversion 
t e ~ ~ ~ d o ~ w  alone will allow thc approach to work in very restricted locations where large, 
incxpcnsavc: i t~ventcxics i> f  biomass are available. Perhaps 4 to 6 nct exajoufes 01 biofuels 
could be prt~draccd. Advances in biomass energy crops alone will permit some existing 
~~~~~~~~~~~~~ a a d  gasification tcchnologies to expand perhaps by 3 or 4 ET. In many ways, 
the presence c 6  new energy crops will ena'hlc more complete use of rather dispersed existing 
bbmass invenbrics. Advanccs in biomass production, biafuel conversion, and improvements 
in biiornas:; laaridling ieclr;niyues are nccessary to achicve the large contribution of 
I.;i,G nct emjormlcs oh' Biyuid fuels potentially attainable from biomass. 

B ~ S ~ B S S  is the ~ n i y  fuel source that has environmentally positive effects (Pimentel 
1987), esp~xklly with r.=spczt ta atmospheric carbon dioxide (CO,) and the global warming 
issue; inzreasiny vegchmve cc?vcr of land for a variety of positive effects; and avoiding sulfur 
d iowidc (SO,), niirogcn mides (NO,), and fossil carbon emissions. Emissions from the 
convcrsicm of bicimsss to biofueis involve mostly nonfossil eo, residues from upgraded o r  
spent catalysts, phenolic compounds, ash, and organic acids (Klass 1987). Most of the 
biummss a~nvc~Gota  wastcs can be convcrtcd to by-products or recycled to fuel the 
amrersion process, si@ cleanup costs are low. Environmental risks from accidental waste 
relcase in tinc cofivcrssirm pruccss appear to bc low in comparison with coal. Methanol, 
which ran hc pnoduced from biomass or  coal, may soon bc rcquired in plaw oE gasoline in 
b z s  Angcles and Denver io improve air quality. 

Biomass ather than wastes and rcsidues cannot be produced everywhere, nor can it 
bc gtawn nt nli favordble locations at the same cost (Manncy, Wright, and Layton 1987), 
bccausc ''h37:m:;ic primary productivity . . . is controlled by the local supply of raw materials, 

and thc ability oi' local communities as a whole (man included!) to utilize and 
niatertais fcx continuous reuse" (Odum 1959). The least expensive, most 

producelve Boc"atie\ns are whcrc natural primary productivity is high (moist forests; moist 
grassianids; shd8imw lakes; moist agriculture; estuaries; alluvial plains; and limited areas of 
gt assl;trids, mxmtaimi Coscsts, and continental-shelf waters). Thus, desirable locations are 
limited t n  arcas of thc Pacific Northwest, eastern and southern estuaries, Southeast, 
~~~~~~~~" coasiirl Gar16 o f  Mexico, Northeast, Subtropics, and parts of the California coast. 

The poor trmspoi tability of biomass k y o n d  80 km other than by barge (hundreds 
of kileamctcrs'~ or sa2 (-170 km) limits Bocations whcrc biofucls can be economically 

aced and ddivercd. A single: biunrass conversion facility may require from 1u8,OOO to 
Ib$OCl Mglycar-about thc  demand of a modern-day pulp and paper mill. Smaller 

SirciPieics n a y  be pnssihlc A combinatioii o f  elhisting biomass resources and the availability 

L"" 

. .  



84 

of suitable land for new energy ciops will play axn extremely important role in determining 
the energy contribution of new bisfuels. New crop teehndogy must rely on faster growth 
(megagrams pcr hectare per year), grcater tofcrarnce to cnvironmmtal stresses, better use 
and reeyeling of site resources, and better qualities for handling and conversion (Ranncy 
and Cushman 1987). 

Biomass conversion technologies offer rdatively few !ocatinnal limitations if enough 
biomass is available at reasonable cost. Major challenges involve improved process efficiency 
and product upgrading. Thcrmochemical processes offer considerable control over process 
variables with some loss of energy efficiency becausc they operate at higher tempcratures 
and pressures (Schiefelbcin, Stevens, and Gerber 1987’). Chnverscly, biochemical processes 
are more susceptiblc to process fluctuations a d  thc reactivity of biomass components (e-g., 
cellulose, hemiccllulose, lignin, nonstructural carbohydrates) are potentially more cncrgy 
efficient than tine more physicaliy extreme thermochemical processes. Devclnprrmcnts in 
biomass production and conversion, although inherently linked, are presented separately. 

24-22 Biomass p 

Huge biomass resources and high potcntial in the devclopmcnt of new biomass energy 
crops are largely responsible for optimism in anwnual exajoulc production estimates, Increased 
productivity is  key to both providing coinpetitivc cost and meeting the huge dcmaids biofuel 
conversion facilities will have for fccdstocks. Advatices have included the idcntilication of 
fast-growing plants, brccding breakthroughs, new physiologicd knowledge of plant growth 
processes (a major basis for faster, cffcctive genetic improvement), and capahilities tn 
manipulate plants through biotechmkqgy applications. For ex.ample, the capability exists to 
raise productivity 5 to 10 times over natural growth radcs in trees (Cannel1 and Last 1976; 
Ranney, Wright, and Layton 1987) and microalgac (Johnson and Sprague 1987). Annual 
tree growth rates have already doubled and tripled, attaining 15 to 20 dry Mgha 
(max =r 43 tonsha) at a cost varying betwccn $1.90 and $4.sS/GJ (Ranncy, Wright, and 
Eayton 1987). ‘rhe annual herbaceous encrgy crop productivity is 12 to 40 dry Mg/laa, which 
already matches or exceeds agricullural food crop productivity at a cost of bctween $3.00 
to $4.00/GJ (Cushtnan, Turhollow, and Johnston 1987). And produclion (9 

for use as a diesel fuel has reached 20 to 30% (goal of 50 to 60%) 
inicroalgae in a very short growing time in the laboratory at c o s t s  o v a  $2.60/L ($lO.QO/gal) 
(Johnson and Sprague 1987). Lipid production from rapeseed is about 600 L/ha 
(63 gal/acre), while researchers are striving to attain 134 L h a  (141 gal/acre) (Scheithauer 
and Dripchak 1988). Currently, rapeseed oil costs about $0.66/6, ($2.50/gal) to produce, 
although costs could potentially decrease to $0.30/1; (Sl.ls/gal> if research advances 
materialize. Edible oil production in the United States, dominated by soybcans7 was 
equivalent to about 0.5 ET (0.47 x 10” Rtu) in 1987 (USIWFRS 1988). Table 2.4-3 
provides cost and quantitative estimates associated with poterrtial sources of energy biomass. 

Currcnh costs and productivity rates in Table 2.4-3 were derived from many 
publications and hundreds of biomass-ener~-rclaaed expcrirncmts on a wide varicty of sites 
in biomass-producing regions of the United States between 1978 and 1988 (see Sects. 2.4.2.5 
and 2.4.2 ’7). Future biomass prices are calculated on the basis of likely technological 
improverncnts and should attain competitivc status with oil, natural gas, and perhaps coal 
at 1987 prices, These prices arc suhjjcct to change, dcpcrading on world energy markets. Net 
exajoulc coritributions WCE estimated for 2030 to 21350 from expcctcd productivity rates; 
expected standing inventories; estimatcs of the availahility of suitabk land for a range of 
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I II 1 I.-: w inpi i i ivr  csiiditions (no doubje counting of land resources); and 
::', :? result of production, handling, and conversion broadly ideniikd 

in l'abie 7 ' I  PXIL::::~~ Cji:rsg inputs wszc also considered as a cost irn thc net cxajoule 
prodiistion. i-nc.lI i , i a  IiJinis SOukCe has its own paitieular assumptions about markets and the 

encrgy and mnenergy crops (see Sect. 2A2.5). 
of energy crop production, handling, assd conversion 

basis €or soinc of the values in Table 2.4-3. Such evaluations can 
;cr ~ I i d i  assiimptions are made. Table 2-44 can he used as only a very 
' .xciz:v liaianccs, even though consicleiable carc was taken in its 

devdoprneni. Kk%i .* i :bwy accsiiniiiig in biofuel systems must respect biomass losses, energy 
inputs, a d  :i;oi*i a& c used as cnergy in cvaluating energy balances. In connection with 
coIIvt5rs;Bn o f  Li l  froin weed (&ankenhorn et  al. 1985) quantities arc accournled on the 
bmis o f  w5 i t  uction a hectare of land will support per year. 1 cchnological 
impi cvczicnts iiidr :$flcr sour crfs were pihlishcd have beern uscd to adjust the figures 

2 A-J. No special value 9thcr than energy content is attributcd to various 
f o r a s  o f  el i t ;  

titicost summary does not recognize all benefits (q., environmental 
' oi' ~ r i c x p ~ ~ i s ~ v c  waste bisnaass) and costs (e& land, taxes, conversion 
c*aiisi- : k i r  conversion io staiidard energy equivalents may bc misleading. 

.x must bc r-ecc~gnized whim suggesting that an 11:l benefit cost ratio 
may bc jiossibie. k-~w with t h i s  cleficieilcy in the analysis, the: primary C O R C G ~ ~ S  still emerge: 

14' p; kc ta re ,  (2) cnnvcisivrn eflkiency, (3) by-product benefits and valuation, 
t of biomaas loss;s, and ( 5 )  energy inputs, Similar analyses conducted for 

heibaczous e ~ ~ c ~ g y  ,,I 01)s yie!dsd very similar tcsdts (Ycrgara and Fnrnentel 1978; NEWQ 
1987). Pc.rhqs CWII ujt3it- imp01 taut-regardless of the energy balance-the potential liters 
of cthanol froii; ;I k c t a r c  of land can be doiibled under rather conscwative estimates of 

it each phase of the biomass production and conversion process. 
losscs result f ro r  poor nutrient status, pcst and diseacc losses, 

<iiimcixtaI strcsses that abnoimally reduce growth. Estimates of 
y b@ consecvative. Fcr-tilizer costs comprise 98% o€ costs. Land 

rent and 1 a x c ~  arc n o t  iiidiidrd, because eq~iva!ent enerLq or biomass costs requirc extreme 
assumpiions i j ; : i i ~ k ~ i i i i c ~ i i ~  c t  al. (1985) cstimated that productim: costs would bc thrce to 

es i m r c  if 1; i i~Ci  opportunity costs for corn biomass production arc used. Their 
w ~ u i r i  rcc1uLt- ille future overall benefiiricost estimate to about 1O:l. The challenge 

i s  to i m p o w  pntluctivity uiidcr a wide array of site conditions while, at the same time, 
rGE'rliCii-Lg biomass loxsr.; t o  pests, discaxes, and erivironrnental stresses. 

h:ii>diiji,E h s c s  result from unharvested residues, niaterial dropped in any 
fit!:! mmenm-i i ,  [I I :d r,::,piration and deconiptrsition before the conversion process+ Passive 
field dryiiig ~ i ~ ~ i i : x J .  It is imperative that biomass handling be as eEicient as possible and 
that stornjr b p  r81iiLifttLcci 

y :n ethanol pioduction is assumed to improve from 345 L/Mg 
to 459 !.,%is 1 1  is p~,.s;h!c that pioduction codd he made higher, but mi assumptions about 

liquid fuel under efficient enwgy conditions were made, Tliesc 
iigures T q 9 l e S Y l I i  :? rarir:: of A l l  !o 63% coilversion of raw biomass energy into liquid fuel 
e i w p j v .  The rCindliiii15 \ ; ? ~ ' r 2  is iiscd for fuel conversion, sold as elcctrkity, and used to 
make by-pioduc-is. M:ijor future challenges arc i o  use lignin more favorably and to find 
b e t t a  w : ~ y h  01 i113gi~di~it~ cricigy products aiid ~heinical by-products 

_. 

Snc 

C O i i v i  s i k i i i  ciTici 

m c j f  ligiliri t o  

I .  
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Amount at start 
of phase 18.0 (Zq 14.0 (20.0) 12.0 (18.0) 4200 (8100) 

Uiornass Ios 
in phase 4.8 (2.0) 2.0 (2.0) 5.2 (8.8) NA NA 

I.%~~eraal. energ! 
input iti 
biornass 
equivalents! 0.8 (0 S> 0.9 (0.8) 0.1 (Q.1) NA NA 

Internal encrgy 
recycled in 
biCWlXiSS 
equivaIen!s' 0.0 (0.0) 0.0 (0.0) 2.7 (3.0) NA NA 

By-prodim 
cantnhulinn 
in biomass 
eyuivatcntsd 0.0 (0.0) 0.2 (0.2) 2.3 (2.5) NA NA 

Total cumrilalivc benefit cost 
Net bencfnlcost (present) = (6.8 t- 0.2 + 2.3)/(0.8 + 0.9 + 0.1) = 9.3/1.8 = 5.2 
Nct benefr:/~ost (future) = (13.7 d- 0.2 + 2.5)/(0.5 + 0.8 d- 0.1) = 16.4/1.4 = 11.7 

_m I 

"NA e2. not applicai9le. 
%ot included as external. e i ie rg  cats or biomass equivalents conversion efficiencies for electricity or energy 

'Internal energy cm~tribut~ons c u x r  as steam generated from the cumbustion of wastes and residues in the 

"Bternial energy contributions occur io handling as a result of field residues that displace fertilizers and in 

in the rnanu:acture of cmversmon fanhties. 

conversion. proccss. 

coflvers~on as exces steam generation from the combustion of process w'isles. 
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Another way of looking at biomass systems for liquid-fuel. production is  to attribute 
an encxgy cost per niegagrsm of biomass. Although this approach obssurcs the reicognition 
of smie  biomass !asses in terms of what a hectare of land is really producing. it shows the 
rc1a:ivc efficiency givm a megagrani oE biomass (Table 2.4-5). Energy costs of biomass at 
vardoijs phases show the. conversion phase to be very costly. This approach dees not account 
for curindative biomass losses or use of residues to fuel the conversion process. One 
m e g n g r a ~  cf biomass cont,rins 15 to 18 GJ, depending on its type and condition. 

?according to thc results of Table 2.4-5, the conversion process apparently requires 
much ~ O P G  mer,gy pcr mnegagwam than any othcr phasc. Production costs, howevcr, arc 
invcrssly relatcd to productivity. Where biomass is collected as a residue rathcr than growxi 
as a specialized crop, pmdnction encrgy costs are even lower. Conversion costs appear to 
be very high becausa I:O credit is given to the use of wastes to gcncrate the: required 
energy. 

'I'ata3e 2.4-5. Biomass eIficicncgP 
................ .. 

PiCdUCtiOn Ilaiidling Cmnversior-r Qutput 
(GJMg) ( G J m )  (GJIMg>b (litersmg) 

Now (Future) Now (Future) Now (Future) Now (Future) 
- 

With land/ 
tax" 0.2 (0.1) 1 . 1  (0.75) 5.5 (4.2) 315 (410) 

U'itlliout 
landitaxes 0.1 (0.03) 1.1 (0.75) 5.5 (4.2) 315 (410) 

.................. -. --- .___I I.-__ ..... 
"Production cstiniates arc based on those from hybrid poplar energy plantations and ethanol production. 

bInvolves primarily wastes to generate energy, part of which is steam and pari electricity, with average 

'Land rciri and taxes are expressed in the energy required to p r d w x  corn biomass. 

A%urnptions are similar to those ia Tahk 2.4-4. 

efficiency of 50%. 

Basically, research has concentrated on the development of two kinds of energy crops: 
(1) ligmocellulosics, which as the name implics, are plants grown for their lignin-cellulose- 
hewiccl:ulosc 1mi including nunstructural carbohydratcs (aquatic plants, grasses, legumes, and 
wood); and (2) high lipid-producing microalgae and rapeseed oil. Lipids are good for making 
diesel Cuel, Gcncidly excluded are food-related crops that have been well developed under 
nsncim-gy programs. These crops would include starch, carbohydrate, arid hydrocarbon 

L.igfiodltilOSic e i q q  crops can producc huge quantities of biomass, are improved 
for efficient emgy conversion, and are sufficiently low in cost to keep the final fuel price. 
compctiiive. In most biofuel-driven systems, the cost of the biomass feedstock i s  about one- 
half that of the cr,tire process to a final product. Figure 2.4-1 describes thc pathway of 
bimiass from its beginning in actively gathering solar energy to its end product as a biohel. 
This view concentrate< on the challenges of biomass production rather tlian ctlnvcrsion. 
Major ptoductioii challenges to improving productivity and efficiency are (1) maximizing 
solar radiation collection; (2) increasing growth allocation to the harvestable portions of the 
plant; ( 3 )  minimizing losses to rcspiraiion, stress tolerance, pests, and handling; and 

plants 
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(4) tailoring biomass qualitics to conversion processes. Thcse challenges apply to ~~~~~~~~~~~~-~ 
producing plants as well as the lignoccllulosic group. 

__ 
I 

S O L A R  RADIATION 
4 

LOSSES t 3596 1 15% 

._......_.___._I i ...... II .... 

[ PROLILICTION HANDLING CONVERSIQN 1 

BIOFUEL 
(30 - 80%) 

5 COSTS LABOR, EQUIPMENT. CAPITAL, LAND, HESOUACES I 

The capability must be improved for more growth of biomass encrgy crops a8;ross a 
wider range of environmental conditions and free of disease if biomass is to be a $ ~ ~ ~ ~ ~ ~ c a ~ t  
energy feedstock. Wider stress tolerance may require compromises In productki 
QE the major challenge in biomass prductian (Ranney, Wright, and Layto 
challenge varies with major plant groupings. Aquatic plants must deal with water salinity and 
alkalinity, temperature variances, nutricnt and silica limitations, and low light ~~~~~~~~~ and 
Sprague 1987). Terrestrial plants must tolerate drought, poor soil conditions, crowding, and 
late spring or early fall freezes. These growth and stress tolerance problems are ~a~~~~~~~~~~ 
suited for tissue culture and gene engineering techniques in problem solving. 

At this point, it appears that the manipulation of morphological and ~ h ~ ~ ~ o l o g i c ~ ~  
characteristics can accomplish greater productivity improvements than can increasing the 
efficknLy of photosynthesis. Various advanced breeding techniques and ~~~~~e~~~~~~~~~ 
applications are the vehicle by which productivity improvcments can be acconiplisbcd but 
only after specific characteristics have becn identified and evaluated for genetic or cultural 
control and priority of importance. 

For energy crops, nine areas of research art: now idcntified as priority efforts toward 
rcvealing crucial genetic traits for focused gene mapping and improvement that will 
contribute to faster growth (Hhckky e t  til. 19@). 

The most significant challenges involve the identification and isolation uf genes 
(genome mapping) controlling specific aspects of these processes, ~ ~ ~ n ~ p u ~ a ~ ~ ~ ~  genes, and 
the field testing of newly crested material. The altcriaative has been to xcly on screening, 
breeding, hybridization, and selection, processes that rely on the infinite wisdom iaf nature's 
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selection process (wild genetic material) to develop new plants of high survivabiliby but 
managed under slightly improved environmental conditions. Long- and short-term research 
depend on each other, and Table 2.4-6 describes how this dependcncy works in terms of 
short- and long-term priorities. 

Table 24-6. Necessary relationship ktwcen short- and long-term p r i ~ r i t k ~  in 
supporting long-term biomass research 

Major biomass research challenges o l  the future Necessary Important 
near term long term 

Improving physiological definition 
Improving root-soil-root symbiont improvement 
Altering formation of plant metabolites" 
Al tering photosynthate allocation 
Altering basic chemistry of respiration 
Improving solar collection 
Improving pest and disease resistance 
Improving cultural efficicncy 
(herbicide rcsistance, nutrient use mixing spccies) 

1 6 
6 2 
7 4 
5 3 
8 5 
4 1 
2 8 

3 7 
..s r 

"Number 2 priority Tor lipid farming algae. 

Directing growth toward desired components o f  plants for better biofuuel conversion 
or fucl production is the most long rangc and far reaching approach needed in energy crop 
improvement. "Short circuiting" algae to produce more lipids sooner under less costly 
stimulating conditions, causing trees to produce more (or difkrent) cellulosc and 
hemicellulose while. producing less lignin (or vice versa, depending on the desired end 
product), altering aspects of rcspiration processes, and experimenting with metabolic 
pathways offer significant avenues for accumulating considerably more biomass. These are 
the kinds of approaches needed in addition to the more classical breeding and field 
experiments now in progress. 

Studies in progress by the Institute of Paper Chemistry and others are identi€ying low 
to moderate heritability for biomass characteristics desired by biomass convcrsisn 
technologists. These characteris tics include cellulose crystallinity, hexose and pentose 
polymers in hemicellulose, lignin composition, mineral cornposition of ash content, and 
biomass uniformity. Some characteristics such as specific gravity and moisture content are 
genetically more controllable under conventional breeding technology. 

The point is that there are many chemical qualities, as opposed to survivability and 
growth qualities, that may be more amenable to direct deoxyribonucleic acid (DNA) 
manipulation and bioengineering (gcnc transfer) in achieving significant changes than with 
the use of conventional techniques. Thus, if the high cost of biotechnology is disrcgarded, 
two important future concerns emerge. The first is  spccific aspects of basic bioengineering 
to engineer changes at the atornhon level, DNNmolecule levcl, metabolic pathway, and 
physiological response levels depending on the divisions involved. Exemplified by tlac 



93 

developments in ion exchange in photosynthesis (personal communication from 
E. Greenbaum, Oak Ridge National Laboratory, 1987), the connection between 
biotechnology and energy is direct and highly sophisticated. For example, the link between 
computer technoloa and biotechnology (and perhaps robotics) is at the point at which 
many energy-supply and energy-conserving technological developments can be expected in 
the next 30 to 50 years. Chemometabolite regulation of nonorganic structures by organic 
components, for example, is in some ways an extension of existing solar-pawered calculator 
technology. Understanding the formation and control of metabolites in photosynthesis is a 
central challenge to many of the futurist questions being posed. 

The second and perhaps wide-open field is the assessment, policy development, and 
control of environmental and human risk associated with bioengineered organisms (OTA 
1988) and the techno-organic constructs of the future. Confusion reigns. The Oak Ridge 
Associated Universities’ Scarboro Facility’s use as a test release point; the ORNL 
Environmental Sciences Division% expertise with ecological issues, environmental 
contaminants, and environmental policy; and the ORNL Biology and Chemical Technology 
divisions’ expertise in DNA technology offer the richest developmental grounds in the 
United States for new organism-release evaluation and policy. Built-in “organism“ controls 
such as sterility, self-destruct genes, and many other options are part of policy 
considerations. 

More immediate challenges in biotcchnolou concern the rejuvenation of cells, the 
pushing back of differentiated cells to a more undiflerentiated or totalIy undifferentiated 
state from which to multiply and grow entire clonal organisms (Mabry 1988). The process 
must be stabilized, but we do not yet have adequate knowledge to  ensure this. Mutations 
occur; required laboratory conditions create morpho-physiological abnormalities; and the 
steps are laborious, time consuming, and cxpensive. Any of these points are potential 
laboratory research areas. However, as long as ORNL can direct its attention to central, 
basic issues such as cell rejuvenation, environmental risk, and metabolite formation and 
control-all of which require large and highly sophisticated team technology-the private 
sector and universities will probably dircct their attention to  more applied and near-term 
challenges. 

For immediate applicd challenges in energy crop R&D, the two most dominating 
topics are disease defenses and plant mechanisms for environmental stress avoidance or 
tolerance. The stress sources for terrestrial plants are drought, poor drainage, temperature 
extremes, poor soil nutrients and structure, and toxicity from chemicals/pH Formulating 
breakthroughs in these areas is primarily a process OC gaining knowledge about plant 
response mechanisms. It is a waste of energy and undesirable for a plant to expend energy 
defending itself against something that may or may not occur. So the process or turning on 
the proper defense mechanism at thc right time and in sufficient strength and then turning 
off the mechanism when it is not needed is the challenge. 

An arca of tremendous potential is the identification, control, and improvement of 
soil and water microbes. Free-living nitrogen fixers, microbes that protect plant roots from 
diseases and other pests, microbes that facilitate nutrient uptake, and denitrifying soil 
organisms all can strongly affect biomass productivity. Soil microbiology has been an 
important hut neglected field far too long. 
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Approximately one-half the cost of producing fucls from biomass i s  cxpended on the 
conversion proccss; the otlm one-half is  the feedstock production and collection. Therefore, 
improvetnents in canversioii technohgics can significantly reduce overall costs. Most 
conversion processcs include three steps: (1) pretreatment in which the feedstock is 
prepared ira  a manner for  the main conversim step; (2) principal physico-chemical 
conversion to the dcsircd product; and (3) iecovcry and purification of the product to a 
usable and marketable form. In most cases, Lhe final product form is  specified by the market 
use (such as in internal combustion engines OF industrial boilcrs). This situation is somewhat 
reversed from the historical development in which the equipment for final use was designed 
to usc thc product of the conversion proccss. Thus in a sense, hiohels is a retrolit process. 
However, relatively nilnor changes to boilers arid engines ofteri can be made to improve the 
performance with biofuds, 

Conversion of biomass feedstocks into fuels can be accomplished by four principal 
tcchnologies that result in four different fuel products: fermentation of carbohydrates to 
produce fuel cxtenders, thermal liquefactisn to produce a biocrude for gasoline, recovery 
of oils from plant seeds and algal cells for diesel fuel, and gasification (biological or 
thermal) to produce gaseous fuels or gascs for direct combustion and turbine drive. The 
status and rescarch needs for these conversion tccbnologies are sumrnarizcd below. 

Various alcohols. (principally ethanol) can be produced from carbohydrates through 
the fermenting actions of anicroorganism. Alcohols are effective fuel extenders and increase 
the octane rating. More than 8% of the gasoline used today is an alcohol blend, usually 
10% cthanol, Carbohydrate feedstock5 (cellulose and hcrnicellulose;) from wood and 
hcrbaceoris m a t e d  are perceived to be bcttcr than corn and sugar crops bccause there is 
IPO cornpctition with the human food use-thcre is more of it, and it is less cxpcnsive. The 
celluhe and hemicclilulose lractiorns must be separated from the lignin prior to 
fcmmcntation. Proccsscs to accomplish this pretreatment step includc stcam explosion (more 
or a physical separation), acid hydrolysis, and enqniatic hydroiysis (the latter Iwo bcing 
chcrnical scparation). Costs for ethanol via steam explosion and acid hydrolysis pretrcatment 
hav:: been improved from about $l.OS/e ($4/gal) to $0.50/r. ($1.8Bo/gal). The enzymatic 
process is coweptually the best but also the least developed. Effective meam for recovery 
and reuse of the enzymes are essential. Fermeantatisn of the sugars released by the 
pretreatment is relatively straightforward, particularly in the me of continuous fcrmcrntation 
processes and development of microbid populations with improved performance. Principal 
research rrccds include improved separation and fractionation of biomass into cellulose, 
hemicellulose, and lignin fractions. New and better uses for the lignin fraction are needed. 
Lignin is conceptually a feedstock for aromatic chemicals siich as benzcnc, tolucne, and 
xyknc; however, known processes to obtain these materials from jig in are not economical. 
A variety O T  uses for the crude or refined lignin exist in principle but are poorly developcd 
2nd demonstrated, And of course, increased use o€ the. components of hemicellulose is 
mecessary. Siinultancous processing and complete treatment of the various biomass 
compsnoats rcmain a challenge. 

It slioaald be mcctioned that considerable rcscarch remains to be done on scparation 
technology. It mot only helps in reducing refinement costs bent also provides a refined 
understanding of the proccsses of fermentation and all other areas of biofuel conversion by 
more accuratkly identibng the products of processing. Biomass and the products generated 
Gom its cnnversion are complex. 
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Thermal decomposition of wood in the absence of oxygen produrns an oil or far 
material that can be upgraded (in principle) to gasoline and other liquid fuascls. ' 
has been demonstrated in pilot plants. Recent developments include catalytic, h 
reactors that convert 55 to 62% of the biomass to oil with a recovery of over 
energy value of the biomass in the product oil. Catalytic upgrading of the oil to gasoiinc- 
and diesel-like material is under development. The oils are extremely hetcmgeneous and 
difficult to characterize chemically. Burn lests have shown promise khat prducts can be 
dcvelopcd that will be suitable fuels for boilers and pcrhaps for internal ccmbaisiion engines. 

A number of plants and microalgae produce 16-20 carbon Song-chain hy 
that are similar to long-chain petroleum hydrocarbons. These oils can ccsmprise 
the weight of the plant seeds and can be recovered by physical pressure an 
extraction. Although these oils resemble petroleum-derived diesel bels in man 
are generally not directly suitable for use in diesel engines. Upgrading technologies are 
under development. In addition, efforts are under way to improve crop yields. 

The two principal routes to gaseous fuels from biomass fecdstmks are (1) anaerobic 
digestion to produce methane and carbon dioxide (biogas) and (2) partial ~ ) ~ ~ ~ ~ ~ o ~  to 
produce carbon monoxide and hydrogen (synthesis gas). Anaembic digestha1 is cspccialiy 
suited to  feedstocks that are already wet, such as agricultural wastes, ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ g ~ ~  
wastes from f d  processing operations, and energy urc~ps such as water 
Anaerobic digestion of waste sludge from sewage treatment pkw& and selected i ~ ~ ~ ~ i s ~ ~ a ~  
and agricultural wastes is commercial today. Digestion of municipal solid waste has beer1 
demonstratcd at the large pilot scale, and researchers are working on digestion \)f woody 
wastes and energy crops. The methane content of the biogas is typically 50%. T h i s  content 
cmdd be made much higher by better use of the liquid cffluent. sts for Ficlgas have been 
improved from $7 to $S/GJ (1 GJ is roughly equivalent to 1 
DOE Gost goal is  $3.50/GJ. A pdncipal research need an ~~~~~~~y in ~~~~~~~~~~~ 

digestion is better understanding of the complex microbial consortia that carry out the 
biotransformations. Progress in this area will lead to better process perikxmance in terms 
of rates and yields and especially bettcr process control. There are also ~~~~~~~~~~~ 

engineering needs for improved digester mixing and materials ~~~~~~~~g~ 1, surne ease,, tbc 
biogas must bc cleaned to remove corrosive sulfur cornpc~urads before it can 5e use 
fuel. Low- to medium-Btu gas may be produced by partial oxidation of bicimas 
resulting carbon monoxide may be water-gas-shifted to generate a carb 
hydrogen synthesis gas. This gas is a versatile boiler fuel and may *be Cur 
other uses, including production of methanol fuel. 

Thermal gasification has been demonstrated at the large pilot scalc, often with 
u.$unding from fedcral agencies for further verification of system reliability, 
and feedstock options. This technology for energy from biomass is a. successful a ~ a ~ ~ ~ ~ ~ ~ ~  
of mal-burning equipment. Further use of direct combustion of woody biomass is in 
competition with that of coal, oil, and natural gas; the choice is ceonomic and is based on 
factors such as leedstock availability, price, and long-term contracts. In addition to ~~~~~~~~~~ 

handling, perhaps the largest issues of concern are air emissions and W R S ~ C :  dis 
with coal) hut not quite so toxic. 

24.24 Discussion and conclusion 

Biomass as material for producing liquid fuel is reasonably capable of 
e o  14.6 net EJ (13.9 quads)/year and would bc used if oil and coal prices increasc slightly, 



as they are expected to do. 'l'his large amount of energy, wken expiessed as gross biomass, 
amounts to 31.8 B-. miis volume is viewed as a reasonable cciltng imsing practically e v e q  
form of biomass that can be crdlected into usablc amounts at competitive cost. 

The challenges in attahing this large capacity rest with biomass production, handling, 
and conversion rather thai-t any single area. "he cxtent of thc challenges and the time 
demands to meet them are perhaps 50% with conversion, 35% with production, avd 15% 
with handling. In the context of this allocation of challenges, the arms holding the greatest 
long-term promise are biochemical conversion, which priimcipally iii.wlves simultaneous 
saccharification and fermentation (SSF); thermochemical production of mzthannl; n e a ~  total 
use of thc major biomass components (e.g.> cellulose, hennicelllulose, lignin, and nonstrzictural 
carbohydraks); genetic maniplation and testing of plant growth proccsses and biomass 
components; and the c49ilec:ion and densification of bulky biomass at low cost. All of these 
challenges are surmountable within the next 20 years at a research budget of about 
$50 millionlyear. Ilie physical development of the biomass resources and biofueb. conveision 
capacity at the scale presmted would requirc at least two decadcs unlcss a niassivc crisis 
OCCUFS. However, thc groundwork for biomass resource development lor cncrgy is nearing 
its initiation based on direct combustion technologies and US. farm needs foor altcmative 
crops. 

The pervasive power of economics will sort out the must desired biomass soi~rcc~s. Bn 
this evaluation, they appear to be in order of importance, desirability, and tisage: (1) already 
collected wastes and residues, ( 2 )  commercial forest wcocl, (3) new tarrestr ial energy crops, 
(4) existing agricultural crops devoted to food and fecd, and ( 5 )  new squatic energy crops. 
A similar prioritization of biofuel mnvcrsion technologies is rrruch more difficult. In gcweral, 
however, thermochemical processes will be most immediately usable bint will eventually be 
displaced by more energy-i-efficieiit biochemical processes in thc production of licyid fuels. 

Fuel from biomass is our only alternative for producing domestic renmml.le liquid fuel 
to replace imported oil. Amazingly, it i s  the most envinonmcntally positive stcp toward 
decreasing total fossil carbori dioxide emissions by avoiding continued fossil carbon use 
rather than merely ~ o n s e ~ ~ i n g  it. Biomass can also generate many more domcstic jobs per 
unit of energy (high multiplier effect) than any other form of ewrgy. 

Producing 3 1.8 gross quads of biomass is not without ernviroiinicntal coricc1iis. Many 
tens of millions of hectares arc involved. Some of this land would be native, low-quality 
forests; good agricultural land; pasture; certain estuarine arcas; and rurrcntly nonused areas 
with aesthetic value. It is readily apparent that concerns will vary with the particular 
environment impacted, Ttne development of new biomass crops is important in relieving the 
pressure on native habitats and environmentally sensitive areas while achieving thc estimated 
results. 

The conversion technologies also contain environmental co~"rcerns becmsr: of their 
unccrtainty and possible magnitude. Mosi 01 the emissions and wnstes from the conversion 
processes can be used to fuel the conversion process. Perhaps of grcatest conccrn are spent 
catalysts, ash-derived nnimerals: spent weak acids used in hyd~-olysis, and unusable by-products 
such as organic acids or phenol-ielated compounds. 

The eRe1-m cf€iciency of Giofuels, although difficult to present accurately, is another 
area of concern that must be addressed. h 11:l energy bcnefiths: ratio for enerp,y crops 
described in this report is not historically high. In this sense, we have been used to energy 
"hunting and gathering" vdacre very high ratios predominate. For example, harvesting existing 
forests, coal, and crude oil for energy results in ratios reaching 25:l to 50:l or cven higher. 
When we pay foor rencwabiiity and costs to the cnvironment, however, t h e  11:l ratio does 
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Estimates of timber in~entories that 
~~~~~~~~a~~~ basis werc projected by a special 
Anierican Foresters (SAP) .  According to SAE, 
other timber demands (Task Forc 
was made by the t'4fficc of Tech 
distribution of markets will makc 
cstimatcs, onc-third of thc invent 
which Bcaves only 6 FJ- For 
Forest Service estimates t 
(28 billion dry Mg) o f  s ~ ~ n d ~ ~ ~  forest i 
a way of  ~ s ~ ~ ~ ~ t i ~ ~ ~  the impact of 
commercial forest land cut annuall 

F3timates nf volumc lo 
conifer monocultures to about 47% for unmanaged hardwocei8.a. R a  
involve m ~ r c  complete use and aisually in 

and minimal storage was assumed, 
conifer stands of mcxkrately por ~ ~ a ~ ~ t ~ .  re, a 25% 1<%b 31414 



estimate of 6 I 3  timy be an optimistic number. '13e Ek:iD Resexch iidviisory Board 
( E M  1981) estimated closer to 4.5 FJ (4.25 quads), an amount aot f%r from our estimate. 
It is unlikely that all US. commercial forcsts will be fully stocked or  that productivity 4 1  
bc doubled on 50% of the commcecial forest area, thc Forest Scmice assumptions 
accompanying their larger estimate. Becausc ~nudn of this coinrncrcia! fcircst land i s  in sinal1 
private ownership, it is unlikcty tbdt thc highest levels of production will be achieved. kor 
comparison, 6 FJbear  is roughly thc energy equivalent of what is being nationally harvested 
for all conventional forcst products at the beginning of this decade (OTA 1884)a, 198%). 
The Office of Technology Asesswcnt (O'I'A 19S3) also estimated tliat roughly one-half of 
all wood harvested was eventually used €or pmducing energy or hcat. 

Estimates from the agricultural s e c t ~ r  indicak that betwecn 1.7 and '7.1 EJ&~K 
(gross) occur as agricultural residues (Lipinski el a1 1983). 'ihas figui-c varies from year to 
year, depending on weather and planted area. lncluded is straw, stubble, rice hulls, corn 
cobs, and a variety of residues dominaied by corn, wheat, ard soybean crops. 'Phe O f f ~ e  
of Technology Asscssrnent (OTA 6988a, 198Ob) determind th& much of this residue must 
remain in thc field to prevent soil loss and to provide humus a d  nutrients. Therefore, it 
would bc appropriate to assume that no more than 20% of ~ 1 1  iaventoried residues could 
be collected. Collectable residvE=s would be restricted largeby to parts of the Chri Mclt and 
eastern Great Plains. 

Regardless of thc efficiency of agricultural crop liarvesting. some losses will occur 
from handling and storagc in the form of spillage, respiration, and decomposition. If 
residues are used immediatcly for encrgy. storage losses will be minimdl and spillage and 
some respiration may account lor 10% of the dotal field inventories. i f  hcrbaccoans matcrial 
is to be stored in a fresh statc, as much as 50% of its encrgy content may be lost rather 
rapidly (nonstr uctural carbohydratc loss an3 decomposition) (Mosor 19803. Thus, imriicdiate 
use of biomass at thc time of harvest i s  assuwcd. 

Herbaceous residucs tend to be niorc reactive than wood in biochemical liquid-fi-~el 
production bccausc of highcr nonsiructural carbohydrate cowtcnt and loweer lignin. 
Therefore, normally expectcd conversion eff'lcicrscry ratcs of 50% for \4ood (see Table 2 4-5) 
would bc estimated ellaser to 60% for hcrh 

The category includes forcst product icrlrastr-ial wastes such as sawdusl, pulping liquor, 
bark, and other remaindcrs and residues from thc manufacturing of forest products. Bccausr, 
these items tend to be precolIectcd and relatively low in cost, they arc the first to be user! 
in energy production. This source of biomass is already compctitive with othcr C R C X ~ ~  
feedstocks, with the pulp and paper industry dominating this categ~ry. A minimum s;T 
1.8 EJbear is now used in this category. Thc Encrgg, Rescarcl~ Advisory Board (ElLihn 
1981) estimates that  mill residues shodd incrcase 33% b j  the year 3,000. If this increase is 
extended to between 2030 and 2050, then RIGE manufacturing, iim-cased W O Q ~  usagc, and 
greater use of residues will negate onc another, keeping the total at 2 4 FJ. 
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Warxl and herbaceous energy crops 

The estimate for biomass production from this category is hascd t.m two important 
assumptions: the size of the land base and the anticipated productivity zatcs achi~ved f~am 
this land base. The crop uses marginal to good agricultura% land and smi11 amounts of 
forested land. The land base must be shared with agricultural crops, p z i n g  Imd, ~~~~~~~~~i~~~ 
forest land, urbanization, and herbaceous energy crops. Estimates of  rh-sewcxl or othcwise 
available and appropriate agricultural land total a b u t  28 millim ha gust with set-mide or 
Conservation Reserve Program activity. Another 20 niillion ha cuul k s6;la.avertcd frum 
pasture, forest, and rangc that is more appropriate for herbacxous cr s (discussed AeicwJ). 
It is highly likely that 25% of any of this hnd (total of 56 m i h n  ha) would nevcr bc 
usable under any circumstances; 42 million ha is the available land basc kin m y  new 
agricultural crop development, the best that can be hoped that 38% of  the r;cmingiy 
available land base becomes converted to that crop. LhXthoug lPClC as 30 ;il:alAe relc't'lchace, 
this 30% bas proven to be a realistic rule of thumb. Thcr e, a likely a w a  avajlal-t'iz Its 

energy crops is really about 12.6 million ha, 
For thc currently used agricultural land, the farming i try 1s intercslcd in tE?.,ding 

alternative crops, and energy crops are one option. OC the T d I Q s B  ha C G T R X t l y  UIldCl* 
agricultural production, probably not more than 10% of th nd can he cxpated to be 
converted to energy crops. OE course, under crisis condi&ms, this ~ c r c  
drastically increase or decrease. Tbe assumption is that by 2038 to 2050, on 
16.2 million ha to be converted from conventional agricultural crops t~ CWCI gy crops, XK 
total of all suitable land (12.6 million ha of unused a ~ ~ j ~ ~ ~ t ~ ~ ~ l  land 21 66.2 d l im ha r i l  
used agricultural land) is 28.8 million ha (71 million acres). 

The division of this area between hcrbnceous and w w d  cnergy cnap  dcpcixk nix the 
suitability of the land for each crop and species, its quality as an mcqg t 
risks in growing and using these craps. For lack of detailed sprtn;iGd;; ~~~~~~~~~~~~~~~~~~s~ the 
assumption i s  made that 60% of the area would be used [or herbaccowc ~~ficcg-y crops and 
40% for wood energy crops (12.5 million ha for wood energy ciops).. 

By 2030 or earlier, a wood energy crop productivity ratc elf 20 Mgha m m d y  (net 
harvested but not cdec ted  and transported) is expectcd on a v d e  ksai59s in ihc: US 
Southeast, Midwcst, and Pacific Northwest. Because somc i ~ f  the ~g~~~~~~~~~~~ 3md is i a  kkac 
drier Great Plains area, the average annual productiCity rate may aciudly bc Iowvcr- -ahimt 
17 M o a  (Kanney, Wright, arid Layton 1987). Tiis estimate resuits in a t&d prtidasttim 
potential of 3.5 W&m of  wood energy crops, with an assumed 47.9 GJ/dry hag. 

For herbaceous energy crops, an annual p r ~ ~ ~ u ~ ~ ~ ~ ? ~ t y  ratc of 22 M g h a  Qca:shm?n 
et  al. 1987) on 17.3 milion ha yields 6.1 =/year, ~ i t h  86.0 GJi'dry iMg nssunned. 

Tlre estimate Cor new oil seed crops in 'I'able 2.4-3 is  bascd on Scheit 
Dripchak (1988) and is in addition to cowentiornal crops ~~~~~~i~~ vcgctabk tils. T h e  
estimate is based on winter cropping of rapeseed in the Southeast, which ~voiiSs thc diouhle- 
counting of land area. 



The agricultural oil seed market, dominated by soybeans (20% oil by seed weight), 
produces about 0.5 El. I-Iistorically, about two-thirds of the value of soybeans is in thc 
protein-rich meal, with the remaining one-third attributable to the oil. In thc evcnt oE an 
emergency, it is unlikely that more than onc-half of the: edible ~ i l  (0.3 IEJ) would go toward 
energy use even though the oil is almost totally usable as a fuel. 'Vhis crop so predominately 
occupies markets arid farmer interest [I%c tlnited States provides 75% of the world soybean 
market (DXS 1988)] that soybeans probably represent a reasonably large quantity of all 
existing oil sced potential, Oil seed developed for oil production for energy would involve 
48 to 60% oil content (as with rapc sccd), and S Q J J ~ C ~ X I S  with an oil content of >20% can 
be developed. New energy oil sccd crops are ~liscussed as a scparate categssy. 

Municipal solid waste estimates vary greatly, mainly ~LXXNAS~ of their collectibility and 
usc at centralized locatiom. Estimates from various sources me from 1.5 to near 4 ET" b o d  
processing wastes account for a fraction of oiie exajoulc. The 2.6-ET level is used as the 
most common ground in peer-rcvicurcd literature. 

This source of biomass has thc cxtreniely positive benefit of rcducing the amount of 
waste that must bc disposed of. Tipping fees of $10, $IS,  and morc per megagrain make 
this an economically and environmentally attractive source of energy biomass. 

Inventories compiled by several sources indicate that probably 0.3 EJ, in raw animal 
wastcs could feasibly be collected (.Jewel1 et  al. 1976; OTA 198Ob). These wastes include 
primarily manures from livestock in collected crowded conditions (e.g., beef eattlc, chickens, 
hogs, turkeys, dairy cattle), Estimates o f  increased manure production after the cited studies 
would keep the level at 0.3 EA, with the lack of difference in levels being a result of 
rounding error. Potential incrcases to the year 2030 could raisc the lcvell to 0.44 E 3  (Joncs 
and Ogdeia 1981) but would require that considerably more from agricultural crop 
produetion bc, directed toward animal feed. 

The 65% conversion factor is based on the gasification process because no 
information was available on manure conversion dircctly into liquid fuel. 

The pulp atid paper industry may face ai declining market because electronic mail and 
similar methods of communicatiori and in€ormation exchange eliminate a large share of the 
paper market. The paper industry may attempt to diversify by using wood tecliiiology and 
processing in other areas. One area Ehcy may coiisider is ex-nergy. The industry in the United 
States now coiisumes about 2.4 FJ of wmd, i s  near 75% energy self-suffkient, and produces 
about 1.2 EJ eqi,iivalcnt of p a p a  ptoducts. If it were assumed :hiit 25% of thc industry 
redircctcd toward energy products (liquid fuels), the contribution would be about 1.2 EJ. 
This contribution conflicts with estimales ("IFWE 1999; USFS 1982) of perhaps a 30% 
growth in the pulp and paper products market i w  the next 50 years. 
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%vc~al a s s ~ ~ ~ ~ ~ ~ o ~  that are relatively difficult to justiEy must bc made crmcerning 
these crops. The productivity rate under operational conditions is extremely difficult tc3 
estimate, ~~~~~~u~~ it is high, and costs of production will remain a challenge in any 
s~~~~~~~~~~ dcveloprnent. Average daily gross productivity from very productive natural 
aquatic; systems is about 5 ta 18 g d m 2  (Odum 1959), with best realistic outdoor 
expectations for managed systems at about 50 dry Mgka annually under intensive culture. 
The OfGce of Technology Assessment (OTA 198Oa, 1980b) estimated a range of 20 to 

E/ha annually with an energy potential of 1-1 1EJ annually. The problems with 
cstimatiq aquatic productivity are that (1) research results are sometimes from short 
favorabk periods of growth and (2) estimates of suitable and available water area and 
Intensity of management are quitc variable; thus, the magnitude of necessary cost reductions 
makc potential competitiveness difficult t o  estimate. 

Clmsrmt rescarch on microalgae is concentrated in the semiarid US. Southwest, where 
limiting conditions of low winter temperatures and saline water were thought to he 
~~t~~~~~~~ by high incidcnt solar energy (not many cloudy days). Yet growing canditions 
(year-round tempcratures, water availability, and topography) are more Pworable in the 
Southeast along the Gulf Coastal Plain. Suitable water area, costs of production, and 
~ r ~ ~ ~ ~ c t ~ v ~ ~ y  ratcs (lipid production as an oil product) dominate estimates, and information 
is scanty ita all areas. Oil production is probably on the 0.3 EJ ordcr, while biomass 

n may be slightly highzr, with a much less efficient conversion to liquid fuel. 
acroalgae (mainly kelp) appear to offer greater potential than microalgae, evcn 
rn; prcniature ventures failed. Near offshore Farms in the Gulf of Mexico, off the 

coast of southern Calih-nia, and perhaps in some of the shallow productive water along the 
&st Coasi. would $e highly productive and require much less investment than microoalgac 

ncluded in this category are possible productive floating and emergent plants such 
, hyacinths, and spartina, the latter of which may exceed an annualized ~ r ~ ~ u c ~ i u ~ ~ y  

rat-, of 85 M@ha during the best part of the growing season. With such a sizablc waier 
base, ~ r ~ ~ ~ ~ ~ ~ v ~ ~ ~  potential may be 2.5 EJ far macroalgae and emergent plants. This yield 
is s ? ~ ~ ~ ~ ~ ~  hi@er than that epnrted by OTA and lower than unpublished estimates horn the 
Solar Energy Rescarch stitutc. Reducing production costs below $5/GJ remains a 
significant c h a l l e n g ~ n e  that is largely responsible for the energy estimates given 

Tables 2.4-7 and 2.4-8 show ratings and desirable characteristics of an energy system. 

~ ~ a ~ ~ ~ ~ ~ ~ ~ ~ ~ ,  P. E., et  a!. 1985. Net Finarzcial and Eneqy Aiznlysk for R.K.iucing ~~~~~~~~~ 

Pfybrld Under Four M~7nageme~t Strategies First R o t ~ ~ f b f i ,  ORNL/Sub/79-07928/1, 
RSdgc National Laboratory, Oak Ridge, Tenn. 

a G. R., and Last, F. T., eds. 1976. Tree Physiology and Yield ~ i ? ~ ~ ~ @ v ~ ~ ~ ~ ~ ~ ,  

Academic Press, London, 567 p p  
Cushman, J. H., Turhollow, A. F., and Johnston, J. W. 1987. Iferbaeeorrs Energy Crop 

Pmpm: Annu/r? Progress Report for FY 1986, ORNLb369, Environmental Scicnces 
Divisj~n Publication No. 2868, Oak Ridge National Laboratory, Oak Ridge, %em. 
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Table 2-47. Rating a 

Example 

Base case: Oil prices rise gradually, but 
intermediate-term fluctuations are possible 

High oil priws: (1) Middle East or drastic 
OPEC! production curtailaient or 
(2) demand rises rapidly and remains high 
despite high prices 

Emphasis on compctitivcness: Effort to 
reduce electricity costs and raise 
productivity of energy use 

Nuclear shutdown 

CO, causes fossil rationing 

Must compte  with coal and 
natural gas, Accepted but is a 
mcdium-cast tedmdogy 

M 

Samc but i s  a m ~ r e  wx-favorable 
source of liquid fucl than coal 

H environrneii tally; highly acceptcd 

Tropics with cheap labor can 
produce biomass more: ckaply; 

M conversion technology is 
competitive edge but needs 
dorncstic biomass supply 

L Coal betier used for electricity 
prsductioii 

H Only remaining source for liquid 
transportation fuels and is nom 
carbon dioxide contributing 

Znow oil prices 
1. Concerted energy conservation policies 

by the United States and other nations 
(conservation/ cnvironmental ethic) M 

Acceptable aid to ermvironrnent 
and cornsewation 

2. Large discoveries of oil and gas (e.g,, Not a low-cost technology 
abiogenic gas) I, 

._... ~ _... 
"Need for research and development: H = high in the context of tha: pal ticirlar scenario, 

bBPEC = Organization of Pctrolcum Exporting Cmuiitries 
M = moderate, and I, = low. 



Example Score" Biomassbio fuels 
notes 

1. Environmentally acceptable 

2. Inexpensive 

3. Fair 

++ Desirable carbon dioxide capture, 
land impact, conversion chemical 
effluents 

4- Biomass almost competitive with 
coal except algal oil is costly; 
conversion costs in moderate 
range; capital costs are 
moderate (similar to mal) 

4. Accommodates other cultural needs 4- 

+f Indigeneous,  fits cur ren t  
agr icu l ture  system and 
resources; no losers; benefit to 
farmers; moderate risk; highly 
applicable to developing nations 
except those without flat land 
and water. 

5. Robust, resilient, and diversified 

Flexible 

Secure 

F i t s  a l l  m e c h a n i z e d ,  
unmechanized, agricultural, and 
huntedgatherer cultures as long 
as land and water resources are 
prescnt 

Based on many species and 
several alterirative conversion 
technologies from simple to  
complex (oil, gas, electricity, 
heat) 

Production system can fit many 
niches; scales may vary; capital 
invastmen t can vasy for 
conversion 

Generally decentralized but 
subjjcct to weather, climate, 
burning, killing chemicals, 
transportation disruptions 
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Geographic distribution 

6. Enduring 

-?- Temperature to tropical zones 
with good solar flux and some 
source of low-grade water and 
flat to gently rolling Ian 

1- -+ Highly renewable hut adherence 
to soil conservation measures 
and site capabilities important 

4- f Highly pssitivvc. 
i- = Positive. 
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Solar thermal tcchnology includes two major arrangements: (I) a multitude of 
reflectors focused on a central receiver and (2) individual units, each integrated wi&h a 
receiver, Both have been demonstrated successfully and have similar cost projections. 
Howcver, the latter (called distributcd receiver systems) appears to have several advantagcs 
for further development. These technologies can be used to gencrate electricity or to 
provide high-quality heat (at virtually any temperature desired) for industrial use. 

Considcrable progress has been made in the technology over thc past ten yeats. 
S ~ V C E ~  different statc-oE-the-art systems can be built that will produce electricity for about 
$0.12 to $O.lSkWh. ‘I’hc program goal is to reach $O.OS/kWh through reduced costs and 
improved performance. IJltimately, it may be possible to reach $O.OS/kW&, but a cost this 
low will cdl for some heroic advances that cannot now be detailed. 

‘ 1 9 ~  major elements in a solar thermal systerri are the conccntrator (mirrors or 
lenses), the controls and drives that keep the concentrator aligned with the sun, the 
receiver, and usually a fluid that is  heated in the receiver and transfers the energy to a 
turbine o r  some other process, sometimes with some capacity €or energy storage included. 
All these elements are thc subjects of R&D to improve costs and performance. 

‘Ik most dramatic advances for central receiver systerns have been in heliostats (thc 
concentrators) and in the fluids used. Early systems used glasshetal mirrors in the 
heiiostats. Some research is continuing with glass/metal, but the grate4 promise seems to 
be will1 lighter materials. Of particular note are stressed membranes, consisting of aluminuni 
or steel sheets fastened to both edges o f  a thin hoop, somewhat like a wide, flat drua.  One 
face i s  coated with an efficient reflector. The space within the hoop bctwecn the two sheets 
is maintained at a slightly reduced pressurc, which bends the reflector inlo just the right 
co~?cave shape to focus the light on the receiver. Stressed membranes arc about 20% the 
weight of glass/metal mirrors, which reduces the cost of the control system and faindatisn 
as wcll as of the heliostat itself. 

In addition, early solar central receivers such as Solar I at Barstow used water/steam 
as the working fluid. Recently, molten nitrate salt has been tested successfully. Molteii salt 
can be maintained at much lower pressures than steam (reducing costs of piping). The  salt 
also acts as a heat storagc rncdiurn with no need for heat cxchangers or secondary systcms. 
It appears practical to store at least several hours worth of full power. Even without 
storagc, solar thermal power comes fairly close to load following on peak suriiinez days with 
heavy air conditioning loads. Even a small storage capability would allow virtually compietc: 
load following because summer daily peaks usually occur in the late afternoon. 

The receiver on a distributed system is similar to that of a central systcm. One of the 
most promising is the stretched membrane. As with the stressed membrane of the cential 
receiver, it consists of a hoop with two membranes, one silvered to reflect, with the cavity 
at a slight vacuum. One difference is that the membrane could be a polymer sheet without 
any metal, further reducing weight. Other receivers under consideration include large nctal  
mirrors, mirrors incorporating structural support, and fresnel lenses. 

The distributed receiver can be dcsigned Lo use the solar energy directly, for instance, 
in a turbine-generator, or to pipe thc hot Ruid to a ccntral generating station. The irisst 
efficient system tested to date consists of a distributed receiver system with a Stirling engine 
at the focal point. About 30% of the insolation was converted to electricity in this system. 
Tne Stirling engine appears to be the most promising conversion technology €or distributcd 
solar units kemuse it is efficient and compact. Stirlings have long bccn considered desirable 
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but have failed to live up to expectations. Recent years have seen considerable progress, 
but considerable development is still required. Efficiency, reliability, and low cost are the 
main objectives. A relatively recent concept is the free-piston Stirling engine, which has the 
potential for great reliability because OC its mechanical simplicity. 

The trough collector is a type of distributed receiver. The trough is a parabolic 
reflector focused on a line carrying the working fluid. Troughs require only onc-axis 
tracking, instead of two, but the maximum available temperature will generally limit the 
output to industrial uses instead of power generation. In California, the largest solar 
installations in the world use troughs to generate electricity. However, gas-fired superheaters 
are necessary, and the plant econoniics wauld not have been viable without tax credits and 
"avaided-costs" payments set at very high levels. DOE plans no further R&D OR the trough 
because it is a relatively simple, proven concept and because it shows less promise €or 
future cost reductions. 

Distributed units have been more successful so far than central receivers. They are 
easier to install because each unit is independent, and as many as desired can bc added. 
Each central receiver must be designed for  a speciEic number of heiiostats. Reflectors in 
central units have to be individually focused on the tower and must follow a unique tracking 
pattern. However, at this point, it cannot be concluded that distributed systems will be 
superior in the long term. 

It appears possible that solar thcrmal units will achieve the goal of $O.O8/kWh, though 
it will not be easy. Cost reductions to date have been impressive, and a numbcr of ideas 
such as the free-piston Stirling engine, liquid metal thcrmal electric converters, and 
thermochemical energy transport are under invcs tigation. Evcri at $Q.08/kWh, however, solar 
thermal electricity will not he very competitive with oil and gas unless the latter rise 
significantly in cost. As oil prices rise toward $30/bbi, solar thermal interest will increase. 

UnCortunately, solar thermal lacks the natural market that photovoltaics enjoys, It 
cannot be left untended in remote sites, and it cannot be used in very small applications 
such as for garden lights or calculators. Thus, solar thermal cannot carve out a natural 
niche in the market place that would allow it to establish itself and gradually build up 
economies of scale. The only market for which solar thermal might be uniquely well 
qualified is toxic waste neutralization, where photochcmical efccts may be more effective 
than simple heat. Currently, research on this aspcct appears quite limited. 

Solar thermal is unlikcly to ever be inexpensive by current standards, but it  does have 
some advantages. As with other solar technologics, it is very clean and abundant. It is more 
efficient than photovoltaics, thus requiring less land area and support structures. Even more 
than photovoltaics, solar thermal has grcater value than just fuel replaccment and can be 
treated as available capacity because of the load-following characteristics on summer peaking 
systems and the likely availability of some storage. 

No major breakthroughs are envisioned that would dramatically lower costs below 
current projections, but these projections may well be low enough to assure solar thermal 
a place in our energy system. Thus, a significant research program sccms warranted. 
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The debatc over municipal solid waste (MSW) is growing in intensity at the local, 
state, national, and international levels. Numcroiis municipalitics are debating the options 
of landfi81, incineration with and without ’neat recovery, mandated reduction in wastc 
gcneratian, and recycling. States such as New York, Rhode Island, Oregon, and New Jersey 
have rcceratly passed lcgislation that mandates, for example, recycling, sourcc separation, and 
waste reduction as methods to dea!, with municipal wastes. At the national level, the U.S. 
(lmgress is curren tly debating the reauthorizations of the Resource Conscrvation and 
Recovcry Act of 1976 and thc Clean Air Act of 1970 and Amendmcnts of 1977. These 
pieces of legislation could have significant implications for our disposal and recycling 
options. At the international l e d ,  coaaccrn continues about carbon dioxide, acid rain, 
ozone-reducing agents, and other potentially damaging emissions from the incineration of 
waste (see, for example: EPA 1969; Curlce 1989). 

At the center of the controversy is the search for the least costly means of dealing 
with our growing mounds of solid waste, given constraints imposed by existing technology 
and by the levels of pollutants that we as conimunitics, states, nations, and the world are 
willing to accept. Land burial, the commonly used waste disposal method, is growing niuch 
inore expensive in densely populated areas, and incineration i s  being attacked because of 
potential errviroinniental problems (e.gn7 the cost of landfill in the northeastern portion of 
the United States hcreascd by mare than 50% beiween 1986 and 1987). Solutions to the 
problems posed by solid wastes requirc a concerted cffort by various disciplines to addrcss 
the technological options, the economic feasibility of thosc options, the environmental 
implications of those options, and thc development of a consensus about the approaches 
that will be takcn, 

Several issues deserve special attention during the coming decade: (1) potential for 
reducing the quantitics of solid waste; (2) collection possibilities; (3) waste separation 
feasibility; (4) recycling and disposal options and the economic and institutional feasibility 
of each option; (5)  cnvvironmcntal effccts of each option; and (6) a mechanism by which a 
consensus about solid waste can be formed, implemented, and enforced. 

Thc reduction of waste is both a technological and a social matter. Technological 
questions arise when goods are designed and built with little or no concern for the disposal 
of those goods. For example, plastic packaging has come under attack, as well as the 
extensive use of plastics in automobiles and consumer goods. Whilc technology can play a 
part in reducing the quantity and improving the quality of the solid waste stream, the most 
interesting and demanding questions to be posed in the corning decade with respect to 
waste generation will be social questions. Should the public sector encourage or require the 
reduction of wastc? If so; which products and materials should he the focus of these 
actions? In this area, a host of questions arise that are appropriately addrcssed by social 
scientists and environmcntalists. Various incentive mechanisms have been studied to reduce 



the quantity of waste that requires disposal (e-g., taxes, return-fordeposit containen, and 
bans on the use of certain materials for certain uses). Social science research is needed to 
evaluate different policy options to reduce the generation of solid waste. Such policies must, 
however, recognize and attempt to balance the benefits and the costs of such actions, 
[Interest in this question is indicated by the formation of an office to address waste 
reduction issues within the Office of Solid Wdste at the Environmental Protection Agency 
@PA). Several bills currently before the Congress would require that EPA study these 
options (Snow 19%)]. 

fk&ction of wastc also raises both technok9gical and social questions. Collection is 
very important because the means of collection can facilitate source separation. Waste i s  
much easier to recycle if it is collectcd in segregated streams. Once again, technological 
questions are raised about the design of goods and products. Product design can either 
facilitate or hinder collection of wastes. However, the question of collection is more ol: a 
social question than a technological question. A recent survey reported that in 4987, 82% 
of those polled expressed a willingneLs to separate re~yclahle materials. This percentage is 
up from 23% in 19%. Several states require or at least ofkr  the wllcxtion of different 
waste materials (e.g., paper, mctallics, compost, and plastics). Further, Errrcspan countries 
and Japan have made great strides in the collection of separate waste streams. Whether the 
United States can follow those leads will depend on the incentive structures set up by the 
public sector and on gencraf social trends. We must ask if the collection of segregated wastc 
streams makes economic, institutional, and political sense. We must study the mechanisms 
that work most effectively, and we must not hesitate to learn fr:m the experiences uf the 
Europeans and Japanese (Hershkowitz and Salerni 1987). (The literature studied for this 
research indicates that Rhode Island currently has the most ambitious program to coiiect 
segregated wastes. New Jersey is also very active in this area). 

Waste separation is one of the two most important tcchnological solid waste issues. 
It has historically been the case that wastes of various types mixed together are 
technologically very difficult and not ammmically viable to separate. l’his difficulty 
particularly applies to plastics, paper, and compost materials. If an inexpensive and reliabk 
waste separation system can be developed, many of our solid waste problems will be s d v d  
The recyclables could be recycled; the n o n ~ o ~ ~ ~ ~ ~ ~ g  wastes could be incinerated with heat 
recovery, although we may have some debate over what is and is not burnable; and the 
remaining wastes and ash could be directed to  landfills. Rccent waste separation advances 
in Europe and Japan need additional study’ A recent report by the World Bank suggests 
that separation systems there are commercially viable. We should study how those 
technologies could be modified ta suit our particular nee&. 

We must also recognize and attempt to understand the manay alternativc disposal and 
recycling alternatives. Recycling and disposal are not questions of yes and no; rather, they 
are questions of degree. There are numerous technologies to incinerate or landfill wastes. 
Further, there are numerous secondary, tertiary, and quaternary options for the rccycliiig 
of solid wastes. (Secondary recycling refers to producing products with propertics that are 
less demanding than those of the original g d s .  Tertiary recycling refers to processes such 
as pyrolysis or hydrolysis that retrieve fuels and basic chemicals from waste. Quaternary 
recycling refers to incineration with heat recovcry.) Unfortunately, we as a nation are not 
making much effort to understaiid the intricacies of the different options. A knowledge base 
is needed at the national level to identily the technical options available to recycle and 
dispose of segregated and nonsegregated wastes. Further, more work i s  needed to identiLy 
the economic and institutional incentivcs and barriers that are relevant to each option. 
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Again, we should not hesitatc to learn from and use thc rcsults of the work that has been 
done in Europe arid Japan. It i s  increasingly acknowledged that the economic and 
institutional hurdles arc just as difficult as the technological ones. We should also eocauragc 
impartial parties to conduct research, [All too often, major studies are provided by either 
industry or environmental groups, Occasionally, states become involved, as is thc case with 
the state of New York's detailed study of the cnvironmcntal cffects of snllid waste 
incineration. More is needed by the federal government to improve credibility and to rcaliae 
economies of scale (Curlee 1986).] 

Tn addition to waste separation, managing the environmental impacts of disposal and 
recycling is a crucial tcchnological problem that miist be addressed in the coming decade. 
Landfill disposal has been increasingly attacked for various reasons, and controlling the 
movement of harmful materials is of particular concern. Questions about landfill will, 
however, be overshadowed in future years by the decrease in the avai!ahle landfill space. 
Landfill space in the densely populated arcas of the I.J.S. Northeast will soon be exhausted, 
and in other parts nf the country, landfill is becoming very expensive. (Some estimate that 
SO% of the currently available larlclfill space in the U.S. Northeast will be exhausted in 
1991.) Dumping at sea has for the most part been ruled out because of environmental 
concerns, and incineration with and without heat recovery is not receiving great public 
support, again because of environmcntal concerns. Cancerns about incineration include 
scvcral specific environmental issues: the control of carbon dioxide, acid rain, metals, furans, 
and dioxins; and the disposal of toxic ash that results from incineration. Significant technical 
research is needed to idcntifj the cnvironmcntal impacts of the different options. Work is 
also needcd to better understand thc costs of specific enviroiiinental problems that are 
associated with disposal as well as recycling options (Visalli 1985). 

Finally, work is needed to study mechanisms by which a consensus about solid waste 
can be formed, implementcd, and enforced. The environmental, economic, technological, 
and institutional options available to municipalities, states, and the nation arc numerous arid 
complicated. Most of the work in this area is currently being done by industry, 
environmental groups, and (occasionally) state governments. At the minimum, thcrc is a 
need for the federal government to provida coordination and bettcr leadership in the study 
of solid waste disposal and recycling. A the problem of waste disposal grows, the rcsources 
of municipalities and states will not be adcquate to address a need that is rapidly becoming 
more technically, cnvironmentally, economically, and socially complicated. 
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t ak  Technology (by Richard Wood) 

The direct conversion of solar energy into electricity by way of the photovoltaic effect 
remained primarily a laboratory curiosity until the requirements of the space program for 
a ptawer system with high output-to-weight ratio focused attention on solar cell arrays. This 
a t t e ~ t ~ o ~  Srclped stimulate the development of solar cell technology, but the emphasis was 
as on incrgasing the radiation tolerance of the cells as on increasing their efficiencies. 
I t  was not until the establishment of OPEC and the subsequent manipulation of the oil 
market led tc9 the “energy crisis” in the l970s, that serious consideration was given to 
conservation and renewable energy sourccs as supplements to oil, gas, and nuclear energy. 

e mtablisfrmcnt by DOE of the Solar Encrgy Research Institute (SERI) signaled the 
determination or the federal government to pursue the development of solar-related energy 
iechnologies, including photovoltaia, photothermal, wind, and Ocean thermal. The massive 
research eflort that was initiated at that time soon paid handsome dividends in spite of large 
funding cutbacks decreed by subsequent budgetary considerations. 

Eriormsus progress has been made over the past five years in improving ~ h o ~ o ~ ~ ~ ~ a ~ c  
technology. Efficiencies of concentrating cells have reached 28%, and those of one-sun cells 
have exceeded 20%. There seems to be  optimism that the goals set by DOE and the 
Electric Power Research Institute (EPRI) (of achieving systems that can produce electricity 
in the U.S. desert southwest for costs in the range $0.06 to $O.lO/kWh) can be met. These 
cxxts are Icvelized, and a 30-year plant life is assumed. If R&D goals are achievcd, under 
high oil price scenarios, it is reasonable to assume that photovoltaics could displace at least 
a modest percentage of oil and gas usage even within 10 to 15 years. A 10% displacement 
would mean about 0.4 quad of oil and/or gas for today’s systems. 

As a power source for the U.S. electric system, photavoltaic arrays can be used either 
as fucl savers on the grid or, with storage and some backup (e.g., using gas turbines), as 
stand-alone systems.. The principal problem is, of course, the common mode failure cawed 
by the rotation of the earth; all photovoltaic systems ”go to sleep” at night. Even so, 
phmhc~voltaics have many socially desirable characteristics. Environmental impact is very 
small, except perhaps for the relatively large commitments of land use and some emissions 
due to photovoltaic manufacture and the production and use of batteries or other storage 
devices. Photovoltaic systems are not likely to be confronted by social acceptance problems, 
and replacing current electric sources with photovoltaics is not likely to cause any social 
disruption. Clearly, success in photovoltaic technology could have significant implications and 
is B gcaal that necds to  be vigorously pursued. In this section, the rapid evolution (during 
the past 5-10 years) of photovoltaic power systems is documented, and the likely 
developments in this area during the next 50 years are surveyed. 

The section is organized as follows. In Sect. 2.4.5.2, the reader is reminded of the 
basic structure and functioning of a solar cell. A brief discussion of certain general 
~ r ~ ~ i ~ ~ ~ ~ s  underlying the attainment Qf high efficiencies is given; these principles hold 
regardless of the structure and material of any given type of cell. It is in the area of 
~ d i z i n g  these principles that so much progress in raising cell cfficiencies has been made 
in recent years. In Sect. 2.4.5.3, the two main types of photovoltaic energy conversion 
QPVEC) systems (flat-plate and concentrator systems) are identified, and the basic ideas 
underlying their functioning are contrasted. In Sects. 2.4.5.4 and 2.4.5.5, respectively. the 
concentrator and flat-plate options are discussed in somewhat more detail and with attention 



110 

to ~ i i r ~ n t l y  attainable efficiencies. In Sect. 2.4.5.6, the systems showing the most promise 
for rnaturatios, during the ncxt 50 years are contrasted, performance projcctions are givcn, 
and areas of rcsearch opportunities are discussed. In Sect. 2.4.5.7, sample economic analyses 
of two possible photovoltaic operating modes are given, and Sect. 2.4.5.8 summarizes 
photovoltaic technology. 

As mentioned above, certain general statements can be made about the efficiencies 
of solar cells that apply regardless of the particular materials involved and the 
noen~nceraIrator/concentrator option. It seems appropriate to discuss these briefly here to 
set the stage for the inore detailed and specific considerations to he given later. Of GOUPSC, 
cell efficiency is only one or a number of parameters that enter into determining the cost 
of a PVEC system. The cells must be assembled into modules and the modules into arrays, 
and extensive powcr conditioning equipment may be necessary, depending on the intended 
usage of thc system. Nevertheless, many people in the field contend that cell efficiency i s  
the single most important factor entering into a cost analysis that includes land usage, 
support structures, and maintenance. 'Thus, the question of cell efficiency is of utmost 
importance. 

Figure 2.4-2 shows a very simple solar cell structure that illustrates the basic 
ingredients of any cell. The cell consists of a base region that is doped with an impurity to 
make it either negative- (n-) or positive- @-)type material. For example, with P in Si, the 
electrical carriers that are introduced are electrons; and inp-type material (e.g., B in Si), 
they are holes. W-hatever thc conductivity typc of the base region is choscn to be, the 
rnate~ial must contain a region of opposite carrier type so that a p n  junction is formed. In 
most solar cells, the pri junction is formed very near the front surface and has a planar 
csnfiguratisn, as shown in Fig. 2.4-2. The function of the pn junction is to separate, via 
the built-in electric field, the charge carriers that are generated by the absorption of solar 
photons. The simple cell structure is complekd by the application of front and back 
contacts. The front contact must be madc in the form of a comb o r  fan pattern SO that 
most of thc incident photons are not blocked from reaching the surface of thc cell; the 
back contact can cover the entire sudace. Another typc of structure incorporating a 
Schottky barrier instead of a pn junction is also sometimes employed, but it is very similar 
to the cell in Fig. 2.4-2 and will not be discussed further here. 

In a s ~ l a a  cell, the absorption of a photon with energy above the semiconducting band 
gap results in the formation o€ an electron-hole pair. 

In the n-type region, the "minority carriers" are holes; and in the p-type region, they 
are electrons. In the pn  junction, between the two regions a field is formed that acts in 
different directions on electrons and holes. When a hole from the n-type region crosses the 
junction, it changes from a minority carrier to a majority carrier, as does an electron in 
going from the p-  to n-type region. It is this separation of light-generated electron-hole 
pairs that gives rise to the flow of current through the external circuit. 

Obviously, then, one of the major design considerations in a solar cell is to maximize 
the number of photons absorbed in the cell and minimizc the recombination of electron- 
holc pairs before t h e  individual carriers can diffusc to the pn junction and be separated. ']To 
maxiinize thc photon absorption, it would be desirable to have no  metal contacts whatsoever 
on thc front surfaee to block out. the solar radiation arid a surface that is perfectly 
absorbing throughout that part of the solar spcctrum that is  above the band gap. Several 
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approaches have been htrodlaccd to achicvt: this goal. Sur fxe  treatments include the 
application of optimally designcd antircnec tion (A l l )  coatirigs and the texturization of the 
surface on which the photons are incident. Texturimtion (by chemical etching) results in 
R roughened surface that, so to spcak, givcs re ceted p h ~ t ~ i i s  a s c c m  chance of being 
absorbed. As a consequence, a texturazed sus e in cornhination with an aptiniized AR 
coating can reduce thc reflected solar radiation to csscntially iicgligible values. 

designing the contacts specifically for a givcri type of cell and thcn by burying the contacts 
or shaping them in such a way that the incoming p h ~ t o n s  do not "see" them. An even mort= 
drastic approach is to move thc, contacts to the backside. where they block none of the 
incident radiation. An approach oC this type has led to very high efficiency cells of the inter- 
digitated, back-contact, point-junction type, which will be discussed in more detail below- 

The rewmbination o f  electron-hole pairs can be niiniinized by closing down all 
possible recornhination channcls in a cell. Tht: single most important recombination channel, 
insofar as the current is concerned, i s  thc ianpuritics used to "elope" the basic ~ e m ~ ~ ~ ~ n ~ u ~ ~ ~ ~ r  
material to make it either ryt- or p-type. To reduce the dopant-induced recombination, the 
dopant concentration should he kept as low as possible, cxxsisten t with other requirements 
(of which space prevents discussion here). However, we do note that, whereas a seduced 
dopant concentration acts to increase the current, i t  czuscs ~i seduction in the vtilltage 
output. 

The question of the vnltagc: output  lcads to perhaps the most important area of higb- 
efficiency solar cell design, aimd it is in this area that the greatest advances in solar cell 

The effects of the metal contacts on photon "shadowing" can be reduce 
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efficiencies have been achieved. In its simplest form, the open-circdit voltage V, of a solar 
cell is relatcd to the short-circuit current I, by 

The prefactors of the logarithmic function nced not concern us here. The quantity 
I, is called the dark currernt, and it arises because of recombination both in the junction 
region and at surfaces and interfaces (between the semicornductor and the metal contacts). 
Without a more rigorous discussion, it can be seen From the cquation that for a given I ,  
V, increases {slowly) as 1, i s  decreased. The thrust of high-efficicr~cg, cell design and 
fabrication over recent years has been to reduce Io to ptcviously unhzard of values by 
increasing the junction perfection and decreasing as far as possible all surface and interfacial 
recombination channels. For surfaces, this rcsult is usually obtaincd by "passivating" the 
surface by the growth of an oxide layer. The oxide ties up the dangling bonds of the silicon 
atoms that would otherwise act as electron-hole recombination centers. Passivation of the 
interfacial region is accomplished primarily by keeping the direct contact between the 
semiconductor and the metallization to an absolute minimum, consistent with a low series 
resistance. Where the inctal must contact the semiconductor, very heavy doping {to build 
in electric fields, which keep the rnirnority characters away froni the metal-semiconductor 
interface) has proved to bc c€ective. Of course, with cach of these steps, the simple 
structure in Fig. 2.4-2 becomes more complex and expensive. 

2.453 Nonmaxccntrating and conccn trating systems 

The approaches to photovoltaic energy conversion fall quite naturally into two major 
classifications: (1) noneoncentrating, flat-platc collectors and (2) conccntrator systems. A 
Rat-plate system operatcs at one sun an3 puts a pleiniuln on low-cost, high-efficiency cells 
assembled into arrays that cover very large areas and may or may not incorporate some 
degree of sun tracking. Concentrator systerns, on the other hand, require very high 
efficiency cells, which may be quite expensive to make, cnuplcd with a type of inexpensive 
eoncentrator system designed to focus up to between 50 arid 1000 S I ~ S  on a single cell; 
tracking is essential. Within these two major classifications, vast arrays of materials, design 
considerations, fabrication techniques, and manufacturing processes present themselves. 
Space limitations will allow only a few of the available options to be considered here. These 
few were chosen to illustrate the salieiil fcaturcs of systems likely to be developed during 
the next SO years. 

,la brief discussion of the merits and drawbacks of the tlat-plate and concentrator 
systems may prove useful to the reader. Flat-plate collectors havc two major advantageous 
€eatures, namely, they can opcsate in diffuse sunlight, and solar tracking is not an essential 
rcquiremcnt. Ibe disadvairtagcs are that large areas must be covcred by relatively 
sophisticated electronic devices (the solar cells) that must be fabricated in vast quantities 
at very low costs. Bccause of the large number of cells, therz misf also be a large number 
of electrical interconnects and provisions €or encapsulating the rells to protect them from 
various hostile elements in their operating environments. Concentrator systems use the 
principle that both Si and GaAs solar ccllls actually bccorne more efficient as the solar 
intensity i s  conccntratcd up to seveial hundred suns. They havc the  major disadvantage that 
only dircct sunlight can be focused to any significant degrec so that the concentrators must 
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always “fol~ow the sun,” which requircs fairly complex two-axis tracking systems. Cloud cover 
renders a concentrating system virlually inoperable. Also, thc reflectors or wncentratom 
have inherent optical lasses that partially offset the increase in cell efficiency. At very high 
~ ~ c e ~ t r ~ t ~ o n ~ ,  active w o h g  (e.g., circulating tluids) becomes necessary to maintain cell 
efficienq. 

In this section, the tccbnalogy underlying photovoltaic concentrating systems is 
discussed, and in S a t .  2.4.5.5, the technology of flal-phte n o ~ ~ n ~ e ~ t r ~ ~ ~ n g  systems is 
diSCUSS e reawns for this somewhat inverted order are that (I) the concentrator 
~ p ~ r o ~ c h  invoIvcs rellativvcly fewer materials possibilities, at least in thc near term, and 
(2)  recent advances in solar cell efficiencies have been particularly noteworthy in cells 
designed for use in concentrator systems. We remind the reader that, in such a system, a 
large fraction of the array cost can be expended on the fabrication of the most sophisticated 
type cells provided the cost of the concentrators themselves can be kept to a 
~ o r ~ ~ s ~ ~ n d ~ ~ ~ ~ ~  low figure. As a consequence, all of the recent conceptual advances in cell 
design discussed in Sect. 2.4.5.2 can be built into the eclls if the necessary fabrication 
techniques are availablc. 

Only 1wo scmiconducting materials are being seriously considered for near-term 
a p ~ ~ ~ c a t ~ o ~ s  of concentrator systems: silicon (Si) and gallium arsenide (Gab) .  On  a longer 
time scale other materials may emerge, but cxpericncc: with Si and GaAs suggests that such 
rnatcrials will have to  undergo prolonged evolutionary periods to realize their full potential. 
Materials growth, purification, doping, etc., can require very disheartening learning curves. 

The band gap of Si at 1.1 eV is not quite as well matched to the solar spectrum as 
is the CaAs gap at 1 A eV. Consequently, the efficiencies of GaAs cells should be inherently 
a few (3 to 4) percenlage points higher than the efficiencies of Si cells, However, Si 
technology is far morc advanced than that oE GaAs and, t c ~  date, large-area GaAs cells have 
not attained efficiencies quite s(9 high as their Si counterpark It is interesting to note, 
however, that evcn Si has not yet reached thc full materials ripabilities that many scientists 
believe are possible. For concentrator applications, CaAs a!so has an advantage in that cell 
performance does not degrade with temperature as rapidly as it does for Si. This advantage 
is not a particularly signiiicant consideration for concentrations of -100 suns but becomes 
so at 500 to 100 suns where active cooling via fluid circulation can become necessary. 

Anothcr noteworthy difference between Si and GaAs is that the former is an indirect 
band-gap semiconductor, whereas the latter has a direct band gap. Because the absorption 
coefficient of direct band-gap materials is very high, a few microns of @LA. is enough to 
absorb all of the solar radiation. In contrast, a few hundred microns of Si is required for 
complete abs~rption of the long-wavelength solar phototis. In cell design, this drawback of 
Si ciin be partially overcome by optical reflectors o n  the backside and by texturization. 

Although only very thin films of C;a& are needed, growing such films in the quantity 
and with the quality needed for large-scale, high-efficiency cells has not yet proved feasible. 
’This is an active area o f  rcsearch, and there is  optimism that many of the pbblems 
associated with thin-film GaAs cells will eventually be overcome. 
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At this point, it is probably best to discuss two specific typcs of c d  cotrfigumtions 

more spccifie, the discussion is restricted to single-crystal silicon (c-Si), where progress bas 
been thc most rapid. T k  first type of ccll is of fairly conventional stimcture, with P contact 
on the €ront and one on the back. For simplicity, this type of cell will be refcrred to as 
bifacial cell. The other type of cell incorporates an innovativc structure designed ta use 
virtually all of the recent advances in cell theory and modeling. It has both thc ppi2 junctions 
and the positive and negativc contacts on the hackside o f  the cell; hcnci-, ii will be referred 
to as a back-surhce cell. 

to illustrate how the general ideas of Sect. 2.4.5.2 can be realized in practice. To b- k. even 

A schcmatic diagram of an advanced bifacial cell is shown in Fig. 2-43. Thc following 
features should be notcd. Tlie front surface of the cell is texturiLed (via the microgrooves) 
to increase the light-trapping capability; in addition, it has an AR coating. Less than 1% of 
the radiation in the solar spectrum is reflected from that pari of the ccll not “shadowed“ 
by the €ront contacts. The cell surface is passivated by the high-temperature growth of an 
oxide layer =: 100 Pi thick. 

microgroove 

\ 

Fig. 24-3. Schematic c3j,gratn of a micro 
l‘he cell source layer antireflection coating is 
with permission 

~~~~~~~ emitter mhx adl (PESC). 
wn (not to scale), Source: Rcprinted 

k W. Rlakers and M. A. Green, “20% Effickrxy Silicon Solar Cells,“ 
‘4ppL Piyx LeK 

An .=S-pnn-wide channel down the centcr of each finger limits the direct coiltact of 
the metal with the silicon. ’l’he front contact metallization pattern i s  carefully matched to 



:hc: h p h g  level of the emitter region and the intended wwe of the cell, For one-sun 
~~~~~~~~~~~~~, the resistivity of the base region is usually chosen to bc 0.2 to 8.3 i-bcrn, which 
implies a bigh doping level in this region. As a consequence, the ~ ~ ~ ~ r i t ~  candee lifetime 
is1 tlrc bulk is too short to make back-surface fields effective unless the cells are madc very 
llain. Thc highesa QIIC-SUTI efficiencies reported to date for a large-nrea cell of this type are 

1.5 range. Small-area cells of the same structure have achieved 

n be made in this type of cell; for example, burgring lhe 
cont;acts or using other teehniqucs to rducc  the shadowing by the front-surface 
~~~~~~~~~~~~~~~. mmc complete passivation, and thinner cells that incorporate both photon 
rrilccbors and carrier reflectors (~leetric fields) at the back surface. Realistic estimates for 
the mcmimum efficiencies obtainable with this type of cell using currently available silicon 
arc 22% for one sun and 27% for =IO0 suns. There. is a ~ ~ i ~ ~ s ~  by some t at iniprnvcmenttt 
it; Si gi-owth t ~ c h n d s g y  and low-temperature prwssing may bc able to raise these iaumbers 
by 3 to  4 perccntage pc~ints, Of course, the eSSieiency irnprr~vements that have been 
act-&wed with these ccIl structures involve ever-increasing complexity and cost. 

A scaPt:~naric diagram of a back-surface celi is shown in Fig. 2.4-4. As with the bifacial 
cell, thc front surface (shown down on the figure) is texturizcd for light trapping, is 
passivascd by thc growth of oxide layer, and has alp AR coating. With this cell, however, 
the ptz juacticns are kxrned by very small islands of diffused dopant on the back surface. 
Positive and negative contacts are formed by interdigitated comb patterns, with a SO-pm 
repeal. distance Tke doping level of the base material is Iow (520 0-em), so the minurily 
carrier Iilciirne is Bong. 'khe metallization contacts the barc silicon at only a part 01 the small 
a ~ a s  4:f ;he L?,,E junctions. The hack surface is also passivated by an oxide layer. As a 
mnscqucnce of this configuration, the short-circuit current is  very high and the own-circuit 
voltage Is ~ ~ ~ 4 u n t  f~pr such a high-resistivity base material. 

Ei%icir:ncitss as high as 28% AM 1.5 under .=lW-sun ~ l ~ ~ ~ ~ ~ ~ ~ ~ ( ~ ~  have been reported 
fog this eelS and, at. this writing, it is considered by many to be the best type of cell for 
concenhrat~>r apglicakions. Howewr, the cell bas shown degradation oC 2 to 3 percentage 
p in t s  in cfticicienegr under prolonged eoncentrated irradiation, Whet er or not this problem 
can ht: c,vcrcorne and whether it is common to all concentrator cells is not clear at Lhis 
time. Ala,, it is not obvious that the back-surface cell structurc can he uscd for 
Paklaltij is nc Lion d cvices. 

'Ihz ~91:: of thc concentrator, of course, is to focus thc solar radiation onto the cell, 
clcsrly a very important elemeat of a PVEC system that empbys any degree of 
conmsntration. 'I'herc are many types of concentrators ranging from simple Fresncl lcnses 
'80 cmnpkx ~ ~ ~ t ~ ~ ~ ~ c - r ~ ~ e c ~ ~ ~ ~ ~  dcsigns and even very large helioslats of the type usually 
ass~xiated wii h "'power towef appl icat io~ of ~ ~ ~ ~ o t ~ ~ ~ ~ ~ l  ~ Q ~ V C X S ~ C M I .  Two basic 
~~~~~~~~~~~~~~ 01 a satisfactory concentrator arc that optical losses be kept to a rninixnuni and 
that the fcxused radiation be maintained on the cell at all timcs, ~ n ~ ~ u ~ ~ ~ ~  pcriods of 
i h c ~ d  cycling, wind stress, and tracking. ''171is latter requirement is not necessarily trivial, 
Isec~~use the ental area of a concentrator cell may be quite small. 
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I hV 
fig. 24-4. A cross scction of a region in the solar cell one of the Al h w b m  

(copyright 19% IEEE). Source: Reprinted with permission from R. A. Sinton et  al., "27.5 
Percent Silicon Concentrator Solar Cxlls," IEEE Electron Devices Lett. 7(IO), 568 (19%). 

Obviously, the expense of the concentrators is an important issue because the most 
basic underlying principle of a concentrator system is that relativcly inexpensive 
concentrators can more than offset the cost of high-efficiency solar cells and the need for 
solar tracking. It is of great credit to the U.S. PVEC program that R&D efforts, directed 
and funded through Sandia National Laboratory, are addressing problems associated with 
every component of an integrated concentrator system. Intercsting examples include work 
on (1) new ways of making Fresnel lenses that ensure tight focus while using inexpensive, 
light-weight materials; (2) reflectors that achieve light weight by eliminating aluminum in 
favor of thin metallized plastic membranes stretched over plastic frameworks; and (3) 
passive solar tracking that uses thermally controlled transfer of fluid to turn the 
concentrator/cell unit to follow the sun. 



T I C  variety nf approaches to flat-piai-c, onc-sun photovoltaic systems is LOO great for 
detailed ecwerage hcrc, so the iscussion is lirnidcd to bricf rc1narks about thc types of cells 
shown in Fig. 2.4-5. 

The structures of thc cells uscd inn tPme systems arc quite  simil:~ ta those used in 
thc conccnl rator systcns cJ isr;usscd in Sect. 2.4.5.4, dthough thc speciGc dcsign paramctcrs 
niay be quitc differcat. I'hc main consiticration i s  ttnc nccd to kcr:p cell cost to a minimum 
so that large areas can lac eravcrcd at an acceptable cosl, For this rcasm, it is unlikcly that 
cell design and f&rication can bc 3s cumplcx as in the Lnncmtrator systenas. For example, 
multijunction cells mado from single-crysf ail matcrinl nray always remain prohibitivcly 
expensive fur one-sun applications. Also, it is not clear a t  this time that the point-junction 
back-surface cell would be practical in flat-platc sy~tenis, because of the complex 
microelectronics techniques iiscd in its tid~icaiion. Ql)bvic;usly, a premiunn i s  put on 
automated, high-yicld prwcsssing for onc-sun cells, and wsys to achieve this may p iwe  to 
be a more lruitful R&k) area than the cell design itself. Because of its cxpense, it is 
unlikcly that single-ci-ystal @a& will be used cxtensivcly in flat-platc systems unless 
techniques for thin-film gi owth can bc dcvcloped (see helowj. 

*Fhc purposc here i b  L o  avoid tksl cast of growing asid. slicing single-crystal irigats. The 
main dift'icuity with ~ ~ ~ ~ l y ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ n ~  matcriai is the deleiccxious efkcts of' grain boundaries. 
Alt hoiigh scmc p~ogress has becn madc in icarning how to "passivate" grnin boundaries in 
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silicon, the situation €or small-grained material remains unsatisfactory* Several casting pro- 
cesses yield large-grained (millinietcr- and even centimeter-sized) silicon, and thcse show 
considerable promise €or achieving acceptable efficiencies at a significantly reduced cost. 
Similarly, work on continuously pullcd ribbon silicon has demonstrated that good efficieneics 
can be obtained from such material. Both of these approaches suffered considerably from 
cutbacks in Funding sevcral years ago, but a solid base exists €or further progress if and 
when additional funding becomes available. Because of the maturity of silicon technology, 
new techniqucs €01- achieving high efficiencies, new growth processes, and highly automated 
processing provide a combination that may be the best available for flat-plate collectors 
during the ncxt 50 years. In this connection, the glow discharge implantation and laser 
processing dcveloped at ORNL offer some very attractive features. 

In this approach, mcthods of depositing thin semiconductor fiims on low-cost 
substrates are sought. The use of thin films is based on  the direct band-gap natiirc of the 
electronic transitions which makes the absorption coefficient so high that complete 
absorption of the solar radiation occurs within a few microns of the surface. Typicd 
materials are copper indium diselenide (CuInSe,), cadmium telluride (CCxTe), G a k ,  and 
amorphous silicon (a-Si) (discussed below). The rationale behind the use of thin films is not 
only to elimiriak. rnatcrial that is not needed but, more important, to eliminate the costly 
growth and wafer-slicing steps associated with single-crystal Si and GaAs. The films may be 
either fine-grained polycrystalline or expitaxial if a suitable substrate can bc foup.d. If the 
material is polycrystalline, ways niust be found to passivate the grain boundaries, or else 
materials in which grain boundary effects are minimized must be used. Of course, it is also 
crucial to establish deposition techniques that ensure high-quality, defect-free material 
within the individual grains. Gallium arsenide provides an interesting example of a material 
that has been grown as a single crystal in thin-film form and then separated from its growth 
substrate. Efficiencies as high as 19% have been reported in small-area laboratory cells 
using this rnatcrial. 

Amorphous (a) silicon is a thin-film material on which the current effort i s  so great 
that it is listed here in its own category. Much of the interest in a-Si arises because of two 
factors, namely, (1) its absorption coefficient is sufficiently high that only thin f i l m  of the 
rnatcrial are needed, and (2) large-area films can be deposited very easily by glow discharge 
and other techniques. The a-Si films must contain hydrogen to compensate the dangling 
covalent bonds of silicon, but the hydrogen is easily incorporated during the deposition 
process. Also, hydrogenated silicon-germanium (Si-Ge) alloys in which the band gaps can 
be tailored over a wide energy are easily formed. Solar cells made from a-Si show a light- 
induced degradation effect (Stabler-Wronski effect), and much of the current research elfort 
is directed toward understanding and eliminating this effect. Because of the ability to easily 
alter the band gap by controlling the gas mixtures during the deposition process, multi- 
junction a-Si solar cells can be made readily. 

Another reason for enthusiasm among some researchers about a-Si is the rapid rate 
at which efficiency improvements have been made. T’hiis, small laboratory cells (<1 cm2) 
have gone from -2% efficiency in 1975 to ~ 1 2 %  in 1986. Other researchers bclicve that 



further i m ~ r o v e ~ e K ~ t s  will be very difficult to realize and that the  achievement of high 
efficiencies in largearea cells is stili a long way off. 

at-plate photovoltaic systems, thc asscmblly of individual cells intc) modules 
mcwhart mole and different problems than are encountered in making 

concentrator mndulcs. The principal problem concerns the numbcr of electrical c o n n t ~ t i ~ m  
[hat r n ~ ~ s t  be made among a large number of cells. In a system designed with an operating 
lifctimc oL 30 yearsr the integrity of the interconnects arid their prratectinai against hostile 
agents in the cnviroanrrrent becomes even more important thara the protection of the cells 
themselves, In fact3 a well-encapsulated solar cell should continue to operate at one sun 

~ ~ ~ ~ ~ t e ~ ~  if the mctallization can be protected. There is nothing in the cell to wear out. 
rcause large cells reduce the nurnbcr of interconnects that must be made, it is 

rey uircments). potential tor making very large single cells by low-cost deposition 
techiques is one of thc most attractive features of thin-film and arnorplious solar eel1 

Some sacrifice in efficiency can be acccptcd to achieve this end. 
For crystalline silicon flat-plate systems, RStD related to mr~dules and to 

~~~~~~~~~~~~~ mmekhods for dsscnibling them inexpcnsively is of  the utmost importance and 
is receiving a grcat cral of attention. 

gea1eraIly bettc make cells as large as possible (consistent, of ccurse, with other 

In this section, the cursent status of cell efficiency in the variorias types of PVEC 
proaches i s  tahddted, and pro.jecled cell performance is discusscd. The R 

~ ~ p ~ r t u ~ ~ ~ ~ ~ s  to achieve thc projcctcd performance goals are cmsidered. 
akerial is takcgn directly from the DOE Five Ycar Resenrch Plan ~ ~ ~ ~ ~ - 2 ~ 9 ~ ~  of the 
ational Fhotavoltaics Program (NPI)). Table 2.4-9 shows infarinalion o n  currently achieved 

cc13 eEciencies for the various major categories of  cell types, as taker? from the NPP five 
year plan. Theoretic:d efffcicncy h i t s  based on no-loss devices are also given. It should be 
understood that Flncsc are very approximate nurnbers, dependent to snme extent on how the 
~ ~ ~ ~ ~ ~ ~ t ~ ~ n s  are made. They are not likely to be realized in praehiee but are useful four 
comparing where tlmc various approaches may be leading. A few comnicrits are made about 
thc likely progress from thc left side of the table lo the right side. 

Hat plate c s i  

e 22% mcasurcrxaent appearring in Table 2.4-9 for the small cells is a bit misleading 
bccause the measurements wcrc not made undcr the conditioxns normally used Lor flat plate. 
Also, the a r m  was considerably less than 1 em’, and the cclls were tnadc from selected 
areas on a wafer that showed very high minority carrier lifetimes. Howevcr, in very recent 
work csn eclls with an a rm of 12 cm2, thc 19% mark has hcen cxceeded. 

Evcn though silicon technology is very maturc relative to other materials, it is 
gctxxally believed that significant increases in the qualiay o f  solar-cell-grade Si can be 
achieved. If this i s  indeed the case, it should be possit.ele to reach efficiencies of 25% for 
small-area cells by the ycnr 2000 if, at the very least, no decrease is made in funding for 
this type of research. 
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Table 24-9. Currently achieved efficiencies of 
van'our of laboratory cells 

Current technology (1986) 
efficiency (%) Theoretical efficiency 

Cell type" Small cells Large cells limit (%) small cells 
(e1 cm2) (100 em2) (<1  cm') 

Hat-plate c-Si 
pc/ribbon silicon 22 18 

']Thin Film 
GaAS 19 
Mu1 tiju nction 22 

miin Film 
a-Si 11 
Mu1 tijunction 13 

Conccntirator 
Silicon 27 
GaAS 26 
Muhijunction 26 

9 
9 

30 

30 
40 

25 
35 

35 
37 
45 

%-SI = amorphous silicon. 
c-SI = single-crystal silicon. 
pc = polycrystalline. 

Sozirce; Based partly on data from the US. Department of Energy, Five- 
Year Research P?m (1987--1992), National Photovoltaics Program, 1987. Theorctical 
efficiency limits are based on no-loss devices. 

The structurc of such. cells will probably be quite complex and the fabrication steps 
costly. 'l'hercfore, it seems likely that the R&D thrust in this area after the year 2000 
should bc toward (1) achieving the 25% mark in large-area cells and (2)  simplifying the 
structure and refining and automating thc fabrication techniques. It is important to 
emphasize again the need for large-area cells. One 10 em x 10 cm cell covers approximately 
tlne same area as twenty-five 2 crn x 2 cm cells. Depending on how the cells are wired 
together, the large cell saves =50 interconnects relative to the 4-cm2 cells. Because of this, 
evcn if the cell efficiency is somewhat lower for thc large cells, the assembled module 
efficiency could be higher. 

Hat-plate psi 
Mcaningfill efficiency figures for cells made from polycrystalline (pc) and ribbon Si 

are difficult to establish because the material characteristics vary greatly from batch to batch. 
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Semicrystalline (very large grained pc) Si is somewhat more reproducible. Also, it is not 
clear at this time how the advances in c-Si a l l  technology will contribute to advances in cell 
technology for this type of material. At this writing, it is the author's understanding that 
reasanably large area cells of =16% efficiency have been obtained from selected stock of 
both pc and ribbon Si. 11 should be obvious from previous discussion that the issuc is the 
material itself and not how to make a high-efficiency cell from good material. 

mat-plate thin-flrlm GaGs and muftijunction cek 

The measurements in Table 2.4-9 represent a rather specialized case. The Gax4s thin 
film was formed o n  the "growth" substrate and then attachcd to another substrate before 
the cell could be fabricated. The area of the cell was small. Similarly, the multijunction cell 
was formed by putting the thin film of GaAs on a thick Si substrate. With the recent rapid 
developments in c-Si solar cells, it is difficult to understand how this type of cell could 
become an important element of flat-plate lcchnology. However, thcre is no reason that it 
should nut be seriously considercd for multijunction concentrator cells. 

Hat-plate aSi single and rnultijunction cells 

The efficienq improvements in this type of cell in recent years have becn impressive 
and, to a great extent, justify thc emphasis that is being put on a-Si and its alloys. 
Nevertheless, it seems to the author that the theoretical limits shown in Table 2.4-9 are 
entirely too optimistic and represent at best an enthusiastic guess. Tbc problem is simply 
that not enough basic research on a-Si alloys has been done yet to form a foundation for 
reliable extrapolations. It is clear, howevcr, that 20% efficient, large-area, rnultijunction a- 
Si cells made by refinements of current techniques would practically revolutionize the 
photovoltaic solar energy program. This possibility should be viewed as a long-range (-50- 
year) goat to be pursued through a carefully planned and coordinated program. The current 
heavy emphasis on a-Si solar cells should not be allowed to interfere with more mature 
approaches such as flat-plate crystalline and polycrystalline Si and GaAs concentrator 
sys terns. 

Concentrator systems 

The theoretical limits shown in Table 2.4-9 for these systems are probably closest to 
bcing realizable. However, it must be kept in mind that the cell efficiencies for 
concentrators are not directly comparable 10 those in flat-plate systems until the optical 
losses in the concentrators themselves are taken into account. Moreover, the lack of 
response to diffuse sunlight also contributes to an overall lowering of the system efficiency 
and restricts concentrator systems to certain areas, although very large ones, of the United 
States. In spite of these reservations, it seems that 20% concentrator modules can bc 
achieved in the near term and probably 25% modules sometime within the 50-year term of 
this study. 

Table 2.4-10 shows part of a table labeled "Research and Development Tasks" 
adapted from the DOE Five Yenr Resenrch Plan (1987-1991). Many of the items are quite 
general and follow logically from the discussions in this report. From the standpoint of a 
laboratory such as ORNL that has had only very small efforts in the photovoltaic area, two 
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Table 24-10. Research and dmelopment tasks 

Research areahask Five-year goal 

MateriaLs and devices research 

1. Fundamental and supporting research Conduct fundamental research on promising 
new ccll matcrials and devices and provide 
supporting mcasurements and modeling 
capabilities. 

2. Flat-plate thin films 

3. Flat-plate crystalline silicon 

4. Concentrators cells 

Module research 

5, Flat-plate modules 

6. Concentrator modules 

Increase the efficiency of large-area (1000-cm2) 
submodules to 10% in single junctions and 
13% in multijunctions using amorphous and 
polycrystalline thin-film materials, and raolvc 
device stability issues. 

Continue matcrials research activities in support 
of low-cost, high-efficiency, crystalline-siljccm 
development. 

Increase the efficiency of module-ready cells 
to 27%; increase efficiencies of experimental 
single-junction cells to 30% and of 
multijunction devices to 32%- 

Gtablish technology base in support of 
achieving cost-effective and reliable (30-year 
life expectancy), flat-plate, thin-film modules. 

Establish the technology for 22% cfficient, 
$150/m2 modules with 30-year lifetimes. 

Source: Based on data from U.S. Department of Energy, Five Year Research Plan (1987- 
1991), National Photovoltaics Program, 1987. 

questions must be addressed: (1) Are there R&D areas in which we can contribute? and 
(2) Do we wish to make a commitment to photovoltaics? Tic answer to thc second 
question is largely a management decision, and no attempt to address it is made here. 

The answer to the first question is clearly in the affirmativc. The pioneering work at 
ORNL on the use of glow-discharge implantation and pulsed laser proccssing to make very 
high efficiency solar cells is widely recognized and highly regarded. However, the ORNL 
approach is still seen by many researchers in photovoltaics as a curiosity rather than a 
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technique that is likely to be used eventually in production. Conversely, most scientists who 
are studying new processing techniques to make very high efficiency cells are well aware 
of the potential of the ORNL methods. The possibility that these methods will be essential 
in obtaining the very highest efficiency cells is quite real. It is based on the capability of 
eliminating all high-temperature processing steps that may result in the degradation of the 
electronic properties of the silicon. It is also possible that, for the same reason, grain- 
boundary effects can be greatly minimized by laser processing techniques. 

ORNL is in a very good position to continue to lead in certain areas of advanced 
prlaeessing but not in the overall semiconductor area. The microelectronics capabilities so 
succcssfuiifly used by the best photovoltaic groups simply are not available at ORNL. If 
ORNL is to continue to contribute in the area of photovoltaic research, a much more 
serious commitment to the general area of semiconductor and microelectronics R&D must 
be made. In addition, a more vigorous photovoltaic research effort must be reconstituted. 
Significant amounts of money and personnel effort will be required, but ORNL does have 
the capability of contributing in the general area of development of advanced processing 
techniques. 

Another somewhat related area in which ORNL should be able to contribute is 
automated, computer-controlled manufacturing. The laboratory background in robotics, 
artificial intelligence, and related disciplines should be extremely useful in developing 
manufacturing mcthods that would result in lower cost and more reliable photovoltaic 
systems. An obvious synergism exists between research and development in the two areas 
of advanced processing techniques and advanced manufacturing methods. It seems somewhat 
of an oversight that neither of these areas is specifically mentioned in the DOE Five Year 
Research Plan (1987-1991) of the National Photovoltaic Program. 

BWNL should be aware of the possibility that the Bush administration may be much 
more favorably disposed to conservation and renewable energy research than was the 

eagan administration over its entire eight-year tenure. 

245.7 Syskrn and economic considerations 

In this section, two modes in which photovoltaic systems might separate are examined 
fk-om an elementary economic point of view. The first of these, a load-leveling, fuel-saver 
mode, is the most likely candidate for near-term application of large-scale photovoltaic 
systems. The second mode is in a stand-alone system that requires some form of storage and 
back-up capability. The assumptions and calculations have been put into tabular form for 
clarity and emphasis (see Table 2.4-11). 

It can be seen from Table 2.4-12 that even if DOE and EPRI goals are met, stand- 
alone solar photovoltaic systems would be much more expensive than nuclear- or coal-based 
powcr because of the cost of storage and backup. Unless both nuclear and coal become 
socially unacceptable or unless there is a continuing reduction in photovoltaic costs well 
below $O.M/kWh, it is difficult to visualize solar photovohaim as a maior power source 
during the next Nty years. As a supplement to conventional energy sources, the prospects 
are much brighter. 
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Assume, as does the DOE 5-year research planQ, that a $ 
photovoltaic (PV} technology is achieved in the next 20 years ( 
1J.S. desert southwest arid $O.lO/kWh for other southern locations}, 

sources of capacity (i.e., it is a fuel saver). 

injected gas turbine or molten-carbonate fuel cell, cach using natural gas as the fuel. 

h s u m c  that the PV technology is used on utility grids to reduce load borne by other 

Compare the PV technology with a 50% efficient conibincd-cycle ox advanced steam- 

1 
$O.MkWh x - = $17.6/lS4 Btu (electricity) , 

3413 BtukWh 

1 
$Q.lO/kWh x = $29.3/106 Rtu 

3413 Btu/kWh 

For PV to pay off, natural gas would need to cast more than $9/106 Btu and 
$15/106 Btu respectively. 

If the utility summer peak coincides well with the PV peak, utilities should be willing 
to give a capacity credit to the PV system. In other words, PV becomes more valuable than 
just a fuel saver-it can also be relied on to replace other capacity. If we assume the device 
displaced is a gas turbine at $5OSkW capital cost, that the gas turbine runs 30% of capacity 
during the year, and that it lasts 15 years, then the capital charge displaced is 

$SOO/kW x $0.14 (capital cost factorhear) ~ $0.027kWh 

8760 h/year x 0.30 

On this basis, if we assume an 80% capacity credit, gas would need to cost 

x 0.5 = $5.60/106 Btu , $O.M/kWh - $0.022/kWh 

3413 Btu/kWh 

and $1l.4Q/1O6 Btu if the PV device produces electricity at $O.lO/kWls. 
I ._...I _I 

“Source: Based on data from US. Department of Energy, Five Year Research Plan 
(1987-1991), National Photovoltaics Program, 1987. 
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Table 24-12 A stand-alone solar system consisting of pbotovolLaks 
plus battery storage plus a highefficiency combined-cycle 

gas turbine €or backup (e.g., €or rainy days) 

Assumptwns 

1. Turbine must be used 20% of the time. 

2. 

3. 

The load to  be supplied is time invariant night and day. 

The sun shines on average 40% of the day. 

4. ?le turbine costs $500/kW. 

5. Gas costs $10/106 3tu. 

6. Capital cost rate for the turbine is 20%. 

7. The photovoltaic system supplies power at an average cost of $0.86 to $O.lkWh 
[includes operating and maintenance (O&M) costs]. 

8. The battery cost = $O.O4kWh (including O&M/costs) and can be charged and 
discharged at 78% efficiency. 

Total system cost is 

(($0.06 to $O.lOkWH) x 0.4 sunshine hours 

total hours 

[(SO.% to $0.10) + 0.04kWh (battery cost)] o.6) o.8 + (  
0.7 (efficiency of battery) 

+ ($0.2 x $0.07/kWh) gas fuel cost 

+ $O.Ol/kWh (turbine capital cost) 

(0.036 to O.0G -t 0.024) o.e)8 = ((0.024 to 0.04 + 
0.7 

+ 0.014 $. 0.01 = $O.llkWh to $O.lS/kWh . 

This cost compares with $0.056-$0.071/kWh generation and O&M cost based on 
current coal and nuclear technology rcspectively. The Electric Power Research Institute 
(EPRI) suggests that advanced technology might reduce the future cost of cod and nuclear 
generation to $0.037 and $0.04 respectively {Energy Qutlool;; The Foudalion for EPN R M  
PZanning, EPRI 1988.) 
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"he design principles for very high efficiency, sitig!e-crystnl solar c e h  arc now well 
understood. Recent work 011 developing fabrication techniqucs to implement these principles 
in laboratory cclls has led t o  reniarkahle incrcascs in the efficiency of photovoltaic cncrgy 
conversion. For examplc, in cclls designed to operate at one  sun, the effickncy has bcejn 
raised from ~ 1 6 %  to ~ 2 0 %  AM 1.5 in littlc morc than live yeacs. W t h  fuethce 
improvements in fabrication techniqucs and with higher quality silicon, additksnal effTciency 
gains can hc expected, Although similar design principllcs apply for polycaytallirne and 
amorphous materials, additional constraints that are not yet fully understood also must be 
taken into account. 

The approaches to photovoltaic energy cornversion can be dividcd into the ~ W Q  major 
categories of flat-plate and concentrator systems, with the following features. 

Hat-plate. systems 

@ 

8 

operatc ina one-sm, Jiffusc sunlight; 
premium on low-cost, large-area, high-efficiency cells; 
several different approaches using a variety of matcrials are being investigated; and 
material in near tcrm will be crystalliiie and/or large-grained pc-Si (a-Si may play an  
important role later). 

Cancentrator systems 

solar conccntsatioris up to 2100 suns; 
premium on highssf efficicncy cells, with less emphasis on  cell cost; 
require relatively inexpensive concentrator system; 
must have tracking system to follow the sun; 
inherently h i g h  cfficicncies of concentrator cclls help offset cost of t i  acbirag system; 
and 
materials i i i  neat term arc Si  and GaAs (combinations o f  Si and GaAs in 
multijllnctioil cells may come later). 

@ 

A further subdivision of classcs of photovoltaic systems can be made on ihc basis of 
materials and the form in which thc materials are used. Three of the most important 
subdivisions are the hllowing. 

Crystalline (c) Si cclls must be thick (200 to 400 pm) because of the  low absorption 
coefficient nF Si itn much of thc solar spctctrum. Float-zoned (Fz) Si has thc highest quality, 
but it is costly and material is wasted in sawing and cutting thc round ingots. Cells a few 
microns thick can be made from G a h ,  but the giowhh 01 large areas of single-crystal thin 
films remains a problem. Crystalline silicon is the most maturc photovoltaic material 
technology. 
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k t  and nibon silicon 

These are two promising methods for circumventing the high cost of growing, sawing, 
and cutting wafers from crystalline Si. The quality of material grown in this way, though 
steadily improving, is not yet comparable to  that of Fz Si. 

Amorphous (a) Si, CdTe, CuInSe,, and other semiconductors can be grown, by a 
varicty of methods, in thin-film form on  inexpensive substrates. Thin-film material is 
potentialiy the lowest cost approach to photovoltaic energy conversion. The challenge is to 
obtain acceptable cell efficiencies while maintaining the low cost of the processing. 

Although it  is seldom straightforward to translate a laboratory cell into production, 
it i s  apparent that the laboratory cells are the most reliable guides to likely developments 
in production cells. The current and projected efficiencies ("1) of the most promising cell 
types are given below, together with a few descriptive comments. 

I, one-sun crgrstalline c-Si 20 to 22% 
0 concentrator (200 suns c-Si) 25 to 28% 
0 thin-film GaAs (1 sun, -1 cm') 19 to 22% 
0 a-Si (1 sun, <1 cm2) 11 to 13% 

9% a-Si (I sun, 100 cm') 

Projected near and midterm (20 yeam) 

e one-sun c-Si (5 years, mature) 24 to 25% 
=35% 

0 multijunction concentrator 

e small area multijunction a-Si 

10-sun c-Si (5  years, mature) 

(20 years, development continues) =3S% 

(20 years, development continues) -20% 

Q one-sun c-Si: emphasis on low-cost growth (casting and ribbon) and automated 
processing; 

o 100-sun c-Si: evolutionary refinements of cells and concentrators; 
multijunction concentrator: new materials, new fabrication tcchniques, q = 40%; and 

0 large-area thin film and a-Si: new materials, new growth and fabrication techniques, 
Y) $z 2 5  - 30%. 

The assembly of individual cells into modules results in a decrease in efficiency 
bccause of electrical. losses in the interconnections, slight misrnatchcs in cell efficiencies, etc. 
If cell development proceeds more or less along the lines mapped out above, it seems likely 
that field-tested 20% modules for both flat-plate and concentrator systems can be achieved 
bcfore the midpoint of the 50-year time of this study. During the second half of the period, 
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further itnproverncnis lo the 25 to 30% range are possiblc if progress on mdtijunction 
concentrator or t:rin-film, fiat-plate collect~rrs meets or e~cceclb ciitrrent expectations. 

Oiie ol the most important aspects oE cost rcdustinn would seem to be rzlatcd to thc 
implementation of highly automated, cvmpi.itcr-controlled manufacture of cells, modules, and 
arrays. It seems likely that, by the year 2020, the hasir research will have hecn done and 
the technology will have bccn established to realix solar cdl moduks of -30% efficiency. 
It is  not likely that these modules cap be n~aclk: cost cffcctivc without the introduction of 
manufacturing methods much more sophisticated than those now in USE. 

Economic analysis indicates that operationally provcn photovoltaic systcms can became 
economically competitive with othcr smrces oT energy early in the next century. The most 
promising near-term approach appears io  be conecntrator systems opeiating at -100 suns 
and used by utility cornpaiiies in a load-leveling mode. 

2.4.6.1 Summary 

Cost-effective and ext~erncly competitive wind systcms arc attainable i~ thc n e x ~  b e  
to ten years. Imminent from military rcsearchers a rc  high-temperature powi semiconductors 
that can significantly "leap frog" offShoiL and domestic icchnologies in today's wind-control 
systems. Thesr: advanced clectric powcr-shaping devices are now Leiilg plarined for U.S. 
defense and space projects. Application of new solid state switches promises drzstic 
equipment weight, volume, and cost rcductions combined with greatly increased efficiency 
and reliability. Innovative researdieis in power electronics point to additional ?mart 
features" that may be integrated within the devices by irrte!ligerat control and protection. 

An immediate opportunity cxists to initiate a joint-veniur e project witla government, 
component devebpers, equipment manufacturcrs, utilities, and thc Elcctiic Power Research 
Institute (EPRI). ?"ne project's thrust would be to poduce a strategy for aggressively 
identibing and defining the ncxt steps needcd to qualify commeic:lal rector synergism based 
on high-temperature semiconductor technology. The strqtegy sliould contain a tactical plari 
to revise the pcrception of wind cronornic-s am.: risk. Revised assessments should include 
this new technology's potcntially major i m p x t  on thc lifc cydc a d  capital cquiiprneat cost 
for wind systems oE P renewable energy rcsuurce. 

Wind energy tcchnology ma-3m gcncrating elci-tric power from the wind. Wind 
generators use an inexhaustible (renewable) ICSOU~CE, rai-ige in siic from a fcw watts to 
sevcral megawatts, and can be constructed and installed i ~ n  a niaiier of months. Therefore, 
wind technology can hclp incrcase planning flexibility and dccicaw tl-tc financial risks 
associated with large, 'konventional" geriec ;ding ~ i 6 t s .  In adtlitioii, wind turbines can be 
designed to operate: safely and reliably and may be compatible with maiiy environments and 
land uses. Wind technology ran hclp adlicvc the U.S. goal of a diversified energy resvuace 
syslcm. 

The two basic appioachcs. €or convcrtii-ig wind to elcctiicity are (1) vertical-axis wind 
turbines (VAWTs) a i d  (2) horimiital-axis wind turbines fHAWTs). The primary difference 
bctween the two i s  the orientation of th r  twbine axis of rotation to the wind stream a d .  
the ground. Typical exam13les of cnch wind turbine type a t e  sliown in Figs. 2 -46  and 2.4-7. 
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Fig. 2.4-6. A horizor?td-axis wind turbine (Photo K/PH-88-3509). Source: Five Year 
Research Plan 1985-1 990, Wind Enelry Tecktnology: Generating Power from the Wind, 
DOE/CE--Tll, January 1985. 
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Each orientation has an cffect on the five primary subsystems: (1) blade or rotor, (2) drive 
train (gearbox and generator), (3) tower, (4) turbine support systems (cables, controls), and 
(5 j balance of plant subsystems (substation equipment, ground support equipment) 

I'he basic concept in wind turbines is to convert wind energy into rotationcl mction 
of  an airfoil mounted on a shaft by using the Bernoulli principle: lower pressure on the top 
(leeward side) and higher pressure on the bottom (windward side) of the airfoil rcslalts in 
aerodynamic lift, causing the rotor to turn. 

(DOE 2985). 

Status of wind energy techoiogy 

Improvements in the technology related to wind subsystems, combined with fcderd 
and state tax incentives (which expired in 19863, resulted in the creation of a market for 
electricity grid-connected wind turbines in the United States. Most of thc rapid 
commercialization of wind power was sparked by independent power producers operating 
mainly in California. Expansion beyond that relatively modest market is nccessary, ~ O W C V G F ,  
if wind power is to significantly affect the U.S. energy supply. The cost of wind-generatcd 
electricity must be reduced from between $0.10 and $0.15/kWh (1984 dollars) to $O.e)4kWh 
(19x4 dollars). Wind turbine characteristics of total annual encrgy production, installed cost, 
operating and maintenance cost, system availability, and life expectancy influence the ability 
of wind to compete with other energy sources. 

'B'hc wind energy market today 

While wind energy technology is no longer rapidly expanding in the United Stales, 
overseas markcts-particularly those of Western Europe and Japan-are growing rapidly. 
American manuhturers  are taking advantage of export opportunities, thus crcating 
American jobs. 

Additional factors beyond economics provide incentive for the use of wind resources 
in the United Statcs. Wind energy (and renewables in general) reduces this CQLIII~I-Y'S 
dcpendency on imports and is compatible with the movement in US. industry to highcr 
technology bases. Wind energy technology niatured in a very short period (1981-85) and is 
IKJW ready. Over 660 MW of installed capacity in the United States, almost cxclusivety in 
tkc <P-MW class, attests to the large number of modular units. However, wind use in [be 
IJnitcd Statcs is highly regional. R e  modular nature af wind allows matching regional 
energy requirements and demand growth with local renewable resources Finally, wind 
cnergy allows utilities to add to the energy supply in small increments, with corresponding 
reduced lead time and reduced capital outlay. 

'ne future of wind energy technology 

In 1986, representatives of utilities, federal agencies, a wind power developer, EPRT, 
and select consultants convened to assess the prospects and requirements for geographic 
cxpansion of wind power usage (EPRI 1986). This group arrived at consensus on thc: 
following points. 

e Substantial undeveloped wind resources are available in the United Statcs. To 
understand the full potcntial within the undeveloped areas will requirc intensive 
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efforts to quantify local wind variations, to dctcrminc site acccssihility, and to idirntify 
institutional restrictions on development. 
?‘he USC of wind power is likely to grow gradually over the ncxt 15 years? regardless 
of technologic advances. Nevcrthelcss, the application in key areas of power 
electronics might significantly enhance the attractiveness of wind power techntrlogy. 
Examples include the development of electronic controls for variable-speed generators 
by wind turbines and improved protection devices for wind power stations. 

@ 

Wind presents an opportunity for growth when used to displacc aging convcntional 
capacity or planrid new generation cquipment of nonrenewable typc. The low per-unit cost 
and environriieiital benefits associated with wind (no wastc heat, 116 coding water, no 
carbon dioxide or toxic waste/emissions) offer an alternative to utilities with mortgages on 
multibillion-dollar fission reactor plants. The regional wind resources (see next section) must 
be known, however, if wind’s potential as a piomising future cnergy rcsoime i s  to be 
realized. 

The benefits of wind also depend on application-specific K&D programs. Many of 
these programs have been fundcd heretofore by this U.S. govcrnmcnt [DOE or the National 
Aeronautics and Spacc Administration (NASA)] or EPRI. 

Among the most recent activities is the application of new power elcctronics control 
to wind turbine systems. Current wind turbines operate at a constant rotor speed to comply 
with the constant electrical frequency established by the utility intcr€ace. By using suitable 
power electronics circuitry, i t  is yossiblc to decouplc thc wind turbine’s rotor speed frona 
the utility system’s operating frequency and thereby allow the wind turbine to operatc at 
variable rotor speed. A variable-spccd wind turbine would provide prospective gains in 
torsional dynamics and energy capturc relative to its constant-spacd counterpart. The 
improved torsional dynamics, in turn, would reduce structural loads and thcreby possibly 
reduce weight, increase component life, or both. The iescarch challengc is to develop a 
suitable power electronics package that provides optimal blend nf the abow-mentioned 
benefits and to integrate that package into a wind turbine system, whilc maintaining an 
overall system cost-to-bcncfit I atio lower than unity. We ~ ~ S C ~ . I S S  those aspccts of wind 
technology R&D that can make a difference in thc commercialization process. 

Finding a suitable site foi a wind p;wei  station is crucial to the economic feasibility. 
In addition to an adequate wind rcsourcc, the site must have suitable topography, be 
accessible to the utility system, be accessible by transportation, and be acceptable from 
environmental, regulatory, and public perspectives. However, the most important factor in 
siting a wind system is the wind resource at the site. Charactcrizatioia of the wind nesnurce 
at a particular site is greatly complicated by thc spacial and temporal variability of the wind 
in a given area. Techniques for extrapolating wind mcasuremeiit data from one site to 
another site have limited accuracy, and the available data for existing sites are usudy 
inadequate to fully charactcrize the resource at the site-much less at other sites. 
Cmnscquently, extensive customized wind nieasiiremeilts arc: rcqvired at most sitcs to 
establish their full potential. FZecause wind measuiemcnts can be costly and time consuming 
to plan and implement, a systematic approach to the problem of wiiid resource 
measurements is req ~1 i rcd. 
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Regional wind resource data such as the natural wind atlases (DOE 1987) (see 
Fig. 2.4-$1 are useful for only initial screening of a region for wind power development 
potential. Detailed data collection and analysis are required to identify potential site areas 
and to verify the potential at specitic sites. The data are necessary to define wind turbine 
and wind power system design parameters, assess operational requirements, and estimate the 
annual energy production potential. 

The first stcp in a detailed regional wind resource evaluation involves the 
characteristics required of  site areas that would make them candidates for wind power 
development. This stcp includes definition of  wind resource requirements; climatology; and 
other area characteristics such as topography, demographics, utility system access, and 
transportation access. 

The second is the review of existing regional databases to obtain information needed 
to identify potential site areas and to help guide future wind resource assessments in 
specific areas. Databases from various government and private sector organizations can be 
a good starting point for this step. 

The third stcp includes identification of those areas within the region of interest that 
appear to have potential lor development of wind power using the criteria developed in 
step 1. Application of the siting guidclincs developed by EPRI (1983b) to select potential 
areas is recommended. 

Once a potential site area has bccn idcntified, step 4 is to pcaceed to collect wind 
resource data for the assessment of the overall potential in the specific area. Data 
generated with site wind resource measurement equipment should he transferred monthly 
from on-site storage for summary and analysis. At lcast one year, and preferably several 
years, of data collection is desirable. 

The wind resource data collected for each site should include 10-minute (nominally) 
average volumes of wind direction and deviation, wind speed and peak velocity, and 
temperatures. This information can be used to develop persistence tablcs for the parameters 
and charts showing the diurnal varialions of  the wind speed. Analyscs can be performed tu 
correlate the collected wind data to thc rcgional climatdogy, local topography, and daily and 
seasonal utility load variations. The data ran be used also to estimate wind p0~7er availability 
and wind turbine performance. Finally, the data can be used to perform production costing 
arialyscs to estimate system energy cost savings arid system reliability impacts resulting from 
potential wind power stations at specific sites in the candidate areas. 

Clearly, a number of areas in the United States have substantial wind resources, but 
the potential for the development al' these resources needs further evaluation. The level 
of effort involved necessitates establishing a coordinated program, with parties oE vested 
intcrests, to integrate, documcnt, and disseminate wind measurements on a long-term, 
constant basis. Such a program would entail developing long-term maintenance QI data 
collection stations in promising wind resource areas. 

24.64 Update on wind turbine technulogy 

Among the key factors that led t o  the rapid growth of wind power over the past five 
years were the advances achieved in wind turbine technology. The cost o f  producing wind- 
derived electricity in excellent wind resource areas is now suflicicntly low that it is 
approaching the threshold of cconornic t'easibi6ity without tax credits in some parts of the 
country. Through further evolutionaiy iinprovenients in turbine design, mass production, and 
technological advances, it should be posihle to furthcr decrease the cost of producing 
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electricity with wind turbines. Although there are numcrous areas in the United States that 
appear to have excellent wind resourccs, as wind power usage increascs in this country i t  
will sometimes expand into regions with average wind syecd omewhat lower than tliose 
at current sites of intense wind powcr extraction. It is natural tcs ask ivheiher sites with 
more moderate wind speeds will introduce ncw tcchnical problems. The: ~~~~~~~~~e 
information indicates that no signifkant new technical problems will bc cncauntered at 
moderate wind-speed sites. In fact, many technical problems should b ~ :  Icss ~ ~ o u b l ~ s o m e ”  
The economic impact of tower enerby yields will be the major praMem at moderate wind 
sites. 

Expansion into new site areas will require redesign to optimke energy yicld. Tlicsc 
changes consist of rotor speed reduction, possible generator sizc rcduetion, and control 
setpoint changes. Technical challengcs such as thcsc continue: to  hinder adclitiunal interest 
at many sites. R&D can provide dcfinite, near-term imprc~vcrncmts for win 
More accurate and reliable design mcthods are necded t o  lower the cost of design, 
development, and product improvemcnt. Methods for calculation of system performance and 
structural loads must be improved. It is becoming cicar that the use of variable-speed 
generator systems would enhance energy yield, reduce operating structural loads lor a small 
increase in systcm cost, and improve utility system compatibility. Thus, rlevclopmcnt of 
variable-speed generator systems has a potential of providing nxajcar benefits to wind cneqy 
economics. 

New airfoils designed spccifically for wind energy applications also hold promise for 
expanded wind energy usage. Not only can cncrgy yield be increased, hut mailatenanice casts 
associated with blade cleaning and repair will be reduced. None of  thcse ~ ~ i ~ ~ ~ v ~ m ~ ~ ~ s  
offers the promise of a major breakthrough in wind energy usage. Howcver, with wind 
power on the threshold of economic viability, small improvemcnts in wind Lurhinc 
technology could have substantial impacts on  the future gecrgraphic expansion of wind 
c1icrg-j capture. 

24.6.5 Wind power station technology 

In addition to an adcquate wind resource and a siaitablc wind Lcarbinc, t h e  
developrncnt of economically feasible wind power stations requires careful attention to 
station design. The balancc of plant costs is a substantial part of the total cost of a wind 
powcr installation, and decisions made by the station designers with respect to the p w c r  
collector nctwork, protection and control schemes, and turbine micrositing will have 
significant impact not only on the capital cost of the stL?tiQn b u t  also on e n e r p ~  
and operation and maintenance requirements and costs. For example, ecoiianmies oC scale 
for large transformers arc offsct by the number and lcngth of conductors required to link 
with multiple turbines. Close turbine spacing shortens conductor lengths, pcrmits more 
turbines per transformer, and reduces land costs. These advantages can be offsct, howevcr, 
by reduced energy capture and structurally hazardous wakes from closc spacing, Little 
information is available on these trade-offs. In current station designs, engineering 
optimizations are limited. Designs with the lowest initial costs arc usually selected, 
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24.6.6 Institutional and environmental issues 

A number of factors may promote the development of wind power in the 
United States. Perhaps the most important factor is the relatively moderate environmental 
risk posed by wind power installations. 

Other factors that may promote the development of wind power include the 
modularity and the relatively short construction lead time required for wind power stations, 
federal legislation that has pavcd the way €or wind power development, and early utility 
experience in siting wind power stations. 

Factors that may limit the growth prospects for wind power include both 
environmental and institutional issues. Environmental issues include possible noise generated 
by large clusters of wind turbines, the visual impact of large clusters of wind turbines 
deployed in wind power stations, ecological impacts, and possible wind turbine 
electromagnetic interference with communications systems including television reception. 
Institutional issues include reduced public acceptancc of wind power resulting from a 
perception that the energy crisis is over, increased state and local regulation of wind 
devclopment, a lack of industry consensus standards for wind system performance, and 
possible disputes involving thc question of wind access or wind rights. 

A variety of tools, either based on early wind system user experience o r  found in the 
technical literature, are suggested for use in assessing the set of institutional and 
environmental risks that may be associated with wind power development in their respective 
service areas. These risks of wind power development can be minimized or mitigatcd 
through careful siting and appropriate advance work with local communities and 
govcrnments. The use of EPRI (1983a) and Solar Energy Research Institute (SEN) 
(Shepard and Hubbard 1985; 1986; McClendon and Duncan 1985; Senior and Sengupta 
1983; Sengupta, Senior, and Ferris 1983a; 1983b) checklists and reports on these issues 
relating to wind power development is rccomrnended. 

24.6.7 F d e r a l  Wind Research and Development Program' 

1 % ~  federal Wind Energy Program comprises two subprograms; one studies the basic 
science of converting wind into usable energy, and the other researches advanced 
componcnts and systems. Thesc programs complement the efforts of manufacturers and 
consumers in the wind community (a primary objective of the federal wind program is to 
transfcr research results to industry and other users). In FY 1986 and FY 1987, progrcss 
was made in both of these research areas as well as in technology transfkr. 

TRc program is structured into research issues within the following broad areas. 

@ research on wind turbine dynamics 
- atmospheric fluid dynamics 
- aerodynamics 
- structural dynamics 
research on advanced components and system 
- advanced conccpts 
- supporting research 

@ 

'Adapted from Wtnd Energ Systems, Draft, U.S. Department of Energy, May 17, 1988. 
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- applied-technology testing and analysis 
- mu1 timegawa tt sys terns 

Two federal agencies, DOE and the National Aeronautics and Space Administration 
(NASA), sponsor research and developmen t in wind energy technology. Principal 
laboratories include 

0 

e 
e 

Sandia National Laboratory (SNL), Albuqucrque, New Mexico; 
Solar Energy Research Institute/Wind Energy Test Center (SERWTC) ,  Golden, 
Colorado; 
Pacific Northwest Laboratories (PNL), Richland, Washington; and 
NASA-Lewis Research Center (NASA LeRC), Cleveland, Ohio. 

A majority of the private contracts for research go to university laboratories; among 
the recipients of the largest doliar-value contracts in Ey 1987 were Colorado State 
University, Ohio State University, and Wichita State University. 

Basic research 

In ET 1986 and Fy 1987, the federal wind program continued to sponsor basic 
research on the science of wind turbine dynamics and advanced technology development to 
be applied to various configurations of wind machines. Research was aimed at three primary 
issues: (1) to better understand the physics of atmospheric motion in the boundary layer 
where wind turbines must opcrate, (2)  to increase knowledge of the aerodynamic 
characteristics of the rotor and how it extracts encrgy from the turbulent wind, and (3) to 
develop models and computer programs to predict the loads and effects that structural 
vibration has on various materials. 

Understanding the atmospheric physics involved in the interaction of wind and wind 
turbine rotors is fundamental to advancing thc technology base, because it is at this junction 
that wind energy is extracted. An improved understanding is needed for both vertical- and 
horizontal-axis systems. The influence o f  wind turbulence on rotor loads, airfoil 
performance, and wind turbine wakes is not complctely understood and therefore cannot 
be satisfactorily modeled. Because the existing lwo-dimensional, steady state aerodynamics 
theories have proven inadequate in explaining thc obscrved performance of wind turbines, 
there is a need for a three-dimensional, unsteady-flow theory. 

Researchers made important progress in ET 19% and FY 1987 in many of these 
R&D areas. For example, wind variability in complex terrain can now be predicted more 
accurateiy as a result of ongoing modeling and monitoring. Another R&D product is the 
Wmd Energy Resource Atlas of the United Stutes (DOE B387), a comprehensive document 
released in early FY 1987 that estimates wind resources throughout the nation and enables 
accurate site selection for wind energy users. 

Advanced technology 

The primary goal of advanced concepts and systcnis research is to develop the 
technology base necessary for the wind industry to achieve major improvements in machine 
cost, performance, and lifetime, with special emphasis on concepts offering the potential for 
cost-effective operation under unsteady conditions. Areas capable of improvement include 
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airfoil design, rotor blade matcrials, control concepts, and drive trains. Important progress 
made in FY 1986 and W 1987 includes the following. 

Aidoil family. SERI completed its design and development of a new, special-purpose 
airloil family in which performance gains and incrcased reliability are believed possible 
without affecting machine cost. 

MQD2 wind turlpha. In FY 1936, DOE continued to opcrate i ts  cluster of threc 
experimental, 2.5-MW MOD-2 wind turbines at Goodnoe Hills, Washington. These H A W S  
feature 3M-ft-diam., partial span control, upwind rotors; the rotor's center of rotation was 
2 M  ft aboveground. 

The MOD-2 project was the first to operationally test large-scale wind turbine 
performance and interaction. Upon completion of the project on Septemher 30, 1986, the 
three turbines had generated more than 16 million kWh of electricity and provided scientific 
and engineering inforniation that would enhance the developrneat of futurc 
cost-competitive, large wind turbines, including the MOD-SB. 

MOD-SB wind turbine. Development and testing have been completed on the 
MOD-SW, a 3.2-MW wind turbine constructed by Bocing and shipped for installation on 
Oahu, Hawaii. In January 1988, the turbine was sold to Hawaiian Elcctric Tndustries, Inc. 
(HEX), for $4.9 million. Under the agreement, HEI will provide the federal government with 
operational tcst data for five years. 

The MOD-5B turbine has becn performing better than expectcd for a prototype 
machinc. Research and acceptance testing of the MOD-5R was succcssfully completed ahead 
of schedule in Decembcr 1987. The turbine performance exceeded dcsign estimates for the 
advanced concepts in the machine. Overall, the turbine pcrformed extremely well, 
experiencing no significant technical problems. 

The MOD-SB is DOE'S largest and most advanced experiniental turbine. The design 
and pcsforrnancc parameters borrowed heavily from the MOD2 rescarch and operation 
results. Technica! characteristics of the two machines are compared in Table 24-13. 

A key feature of the MOD-SB is the variable-speed electrical generator and control 
system. It permits the turbine rotor to turn at various speeds over a limited range to match 
changing winds and thereby producc more energy more efficiently. 

Opcrational testing on  thc MOD-5B began on schedule on July 1, 1987, arid the 
turhine was dedicated on August 25, 1987. Testing of the MOD-SB was successfully 
completed in early Dccernber, and the machine was transferred to HE1 on January 15, 1988, 
for long-term operation and testing in a utility environment. 

During the final week of acceptance tests, a record was set when the MOD-SB ran 
continuously for 106 h, 22 rnin, while producing 3.2 MW of powcr much of the time. 
Energy capturc from the wind was 106%, exceeding the analytical design estimates; 
operational availability was 94.7%, exceptionally high for alp initial test on a ncw design that 
employs advanced system concepts. 

MOD4 wind turbine. tan earlier, large-scale experimental wind turbine, the MOD-0, 
was recently dismantled at its fcdcrally supported site in Plum Brook, Ohio, after successful 
completion of its projected operational run. The 100-kW MOD-0 first began operation in 
September 1975. The turbine was frcquently modified to enable testing of advanced 
concepts in a variety of configurations. Many of thcse concepts are now used in commercial 
wind turbines. 

Other technology advances in FY 1986 and FY 1387 include design and construction 
progress on an intcrinediate-scale, advanced Darrieus (vcrtical-axis) research turbine in 
Bushland, Texas. This turbine will bc operated for DOE by the U.S. Department of 
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Agriculture under the direction of SNL. In support of the future generation ~f commercial 
VAWTs, the 500-kW, 100-ft-diam, 164-ft-tall wind turbine is nearly twice as large as the 
commercially available VAWTs now operating on California wind farm. The technology was 
tested in mid-FY 1988. 

Table 24-13. MOD-2 and MOD-93 
expimental wind turbine specificatom 

MOD-2 

Rotor diameter, ft 
Hub height, ft 
Rotor, rpm 
Rotor lacation 
Rotor material 
Hub type 
Aerodynamic control 
Gearbox 
Generator type 
Generator slpeed, rpm 
Tower 
Cut -in/rat edku t -0u t 

Rated power, k W  
Total weight on 

foundation, lb 
Annual energy, h4TVl-1 

(1Cmph design site) 

at hub height, mph 

300 
200 
17.5 
Upwind 
Welded steel 
Teetered 
Tip pitch 
Thsee-stage planetary 
Synchronous 
1,880 
Flared-steel shell 

14/23/45 
2,580 

630,000 

8,3W 

320 
200 
13.9-17.3 
Upwind 
Welded steel 
Teetered 
Tip pitch 
Three-stage planetary 
Variable-speed 

Flared-steel shell 
1,330-1,780 

12/30/m 
3,200 

932,000 

10,1900" 

"Assumes 90% availability. 
Source: Adapted from JEnd Energy Systems, Draft, US. Department of Energy, 

May 17, 1988. 

Tschnology transfer 

Technology transfer activities under the federal wind program include regular 
communication with industry and other users, cooperative field test programs, innovative 
research contract awards, national and international conferences and workshops, and 
published research results. DOE regularly confers with industry members and the scientific 
and engineering communities through participation in seminars and meetings with such 
organizations as the American Wind Energy Association (AWEA), American Society of 
Mechanical Engineers (ASME), the American Solar Energy Society (ASES), the Electric 
Power Research Institute (EPRI), and the Institute of Ekt r i ca l  and Electronics Engineers 
(1EEE)- 

With the steadily increasing use of wind energy abroad, especially in European 
countries, DOE has actively participated in several international cooperative programs 
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conducted through the Tnternational Energy Agency (EA). IEA's wind energy research 
and dcvelopment efforts are conducted by 13 member countries, including the United 
States, and result in valuable exchanges of data and ideas. 

In F T  1986 and Fy 1987, several events helped industry, researchers, and the 
government to focus on the progress and problems relating to wind turbine research and 
dcvelopment. Included i s  the Small Business Innovative Research Program, which awardcd 
several contracts to qualified wind energy researchers and manufacturers. 

The federal Wind Energy Program budget levels for FY 1986 and W 2987 are shown 
in Table 24-14. The major change in the budget levels between the t w ~  years was due to 
completion of the MOD-5B, 3.2-MW project (transferred to MEI). A major emphasis on 
blade aerodynamics accounted for some budget growth in FY 1987 in the research program. 

Tabk 24-14. B 'Eaergy Pragram 
(millions of dollars) 

FY 1986 FY 1987 

Atmospheric fluid dynamics 
Aerodynamics 
Structural dynamics 
Advanced c~ncepts  
Supporting research 
Multimegawatt systems (MOD-5) 
Capital equipmcnt 

Total 

1.1 
1.6 
3.8 
4.5 
1.5 

1 1 5  
- 0.8 
24.8 

1.3 
4.0 
2.4 
2.2 
2.2 
4.5 
0.2 
16.3 

Source: Adapted from Wind Energy Systems, Draft, U.S. Department 
of Energy, May 17, 1988, 

The federal Wind Energy Program will continue to focus on the basic science of 
wind-turbine dynamics to explain the nature of the wind, the wind's complex interaction 
with the wind turbine, and the effects of this interaction on the wind turbine's design. 
Research on advanced components and systems will focus on such areas as identifying and 
testing high-performance airfoil concepts designed specifically for wind turbines. Improved 
control systems supporting variable-speed operation will be investigated. 

Applying aerodynamics studies in ways that improve turbine airfoils could double the 
annual production from wind systems. Improved rotor blades and turbine structures should 
reduce weight and system complexity and could increase fatigue Me by a factor of three or 
more. The ability to predict wind resources more accurately, especially in complex terrain, 
can lead to improved wind turbine design and performance cfficiency. 
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The federal Wind Energy Program is designed to take advantage of a strong 
partnership with industry, whereby industry can ultimately achieve the long-tcrm goal of 
developing broadly competitive wind machines and self-sustaining R&D capabilities. DOE 
will continue building a technoIogy base that can be transferred to the wind industry. 

24.6.8 The IEPRI feeearch focus* 

EPRI, through ongoing discussions with industry and participation in select workshops, 
has identified a number of areas where continued support for wind power development in 
the form of research and information dissemination activities is needed, including: 

wind resources 
- long-term measurement stations 
- program to coordinate utility wind measurements 
wind turbine technology 
I 

- afrloils 
- investigation of cyclic loads 
wind power station technology 
- power-electronic control and protection devices 
- integrated control and protection schemes 
- micrositkg capabilities 
environmental and institutional 
- educational activities 

er  -elec t ronic con trolled variable-speed genera tion 

Qf the above potential research areas, variable rotor speed was deemed to be the 
most significant fundamental advance possible for wind turbine technology. Because wind 
power is a highly modular twhnology, an extensive control and power collection network 
is needed. Hence, it is desirable to have low-cost, low-power control and protection devica 
to integrate the turbines into reliable, easily operable, cost-effective wind power stations. 
Bath the turbine and station applications of power electronics are ways of evolving wind 
power into a technology that is more fuily compatible with utility industry needs. 

Findings dealing with airfoils, structural codes, and micrositing provide a basis for 
continued related activity within the federal program. 

If wind power usage is to continue to grow and emerge as a significant generation 
option for electric utilities, all sectors involved with wind power development including 
EPRI, the federal Wind Energy Program, the wind power industry, and the electric utility 
industry Wail1 need to participate and cooperate in providing support. The implications for 
the EPWl program and those of other sectors are discussed below. 

'The authors gratefully acknowledge the information provided by the following EPWI 
s taE Ed Demea, Frank Goodman, and John Schaefer. 



Although tbc EPWl program should support, either independently or in cooperation 
~ t h  other Sectors, programmatic efforts in each of the areas kkntified above, the primary 
efforts of the EPWI program should b 

variable-speed gennerationi and new power-clectronic dcvices for station protection and 
control. EPRI i s  unique among the sectors associatcd with wind power development in 
having the %cchnical and other resources needed to support and guide the development 
of such dwlces for wind power applications and to cnsure their compatibility with electric 
utility systcms. *Ihus, thc continuatiors and expansion csl the main program thrust at EYRI 
is power-electionis; applications to wind power. Other activities are being kept at the 
rriirlitriurn level ncuxsa1-y to track other wind power research and field experience. 

r-clectronic application work is divided into two categories: (1) power- 
electronic drive circuits for variable-speed generation (turbine application) and (2) 
integrated control aE2 pmtectioia conicepb (station application). Each of these areas is 
briefly discussed below. 

Illurhe appkimtion. Far thc turbine, the specific goal is to develop low-cost, 
power-electronic drive circuits that will allom cost-effective variable-speed generation. Ihe 
research mission is to quantify the benefits and, thereby, establish the basis for the cost and 
performaiace targets, evolve the requisite power electronics through suitable laboratory work, 
and integrate the p9w;lr electronics with the wind turbine application. 

The research to evolve law-cost drives for operation of wind turbines with variable 
rotor specs) has already begun with identification of the requisite drivc test and evaluation 
capabilities. Tlie capabilities will include data acquisition and measurement systems and 
associated simulation and calibration apparatus. The capabilities will be used in subsequent 
phases of the piograin to evaluatc current-tcchnology drives and advanced-conccpt drives. 

Variable-spced drives incorporating existing technology will be laboratory tested to 
quantify the ber,efits and establish baseline cost and performancc goals for advanced 
csncepis. Thereafter, advanced conccpts should be evolved and tested and then transferred 
to industry. To make variable r o t a  specd sufficicntly attractive for widespread use will 
require advanced drives that take full advantage of the state of the art in power electronics, 
?'he evalutissn of these drives in concert with small hydroelectric and motor applications to 
the mutual benefit of all these technologies is desirable. 

Ddiverables to date inchide two key products available from this activity. They are 

specifications of data acquisition and measurement capabilities to be used in the 
suirsequmt program phases and 
definition of tun-mt-technology drives and candidate advanced drives for test in the 
subsequent piograrn phases. 

Q 

Oppmtmities to involve utilities and wind turbine manufacturers in the research 
proccss are being pursued inn, parallel with these start-up activities. Utility involvement is 
desirable from thc standpoint of ensuring that the power-electronic technology is compatible 
-with t k i r  needs. Additionally , the utility representatives can aid in identifying other 
applications (such as hydroelectric systems) for various derivative versions of the advanced 
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Year 
Date Budget 

Milestone' (cum. rnontkq (cum. $ r r m ) b  

1 Start 0 0 

Design specification 
completed 6 1 

BesigrmidGvebpment of 
PIE subsystem completed 9 15 

Design of overall VSWT 
system comp!eted 12 2100 

2 Labratory test of VSWT 
subsystem completed 21 

Fabrication, shipment 
of two prototype units 
completed 24 GlOO 

3 Installation of two VSWf 
prototype units completed 30 

System checkout tests 
comp?eted 

4 Test and evaluation, 
year 1 completed 

5 Test and evaluation, 
year 2 completed 

7 2 0  

36 8200 

4a 8900 

60 9200 

l-..l_l..........-... ---___ 
"PE = power electronics, VSWT = variable-speed wind turbine. 
bCum. = cumulative. 
Source: Bascd on data from US. Wind Power, Tnc., Buslington, Mass., Utility Variable 

Speed Wind Turbine Program Pla?iJ EPRI Contract No. RP2'798-3, 1988. 
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Fig.. 24-9. Se for the development a d  test of a vwbb 
Source: Based on data from U S  Wind Power, Inc., Burlington, Mass., Ui;Tlilily Variable Speed 
Wmd Turbine Pwgrarn Flusl, EPRI. Contract No. RP27W-3, 1988. 

The first turbines ~ 4 t h  >2 rating w ~ r :  installed in I983 and peaked at 6.2% 
of all turbines installed in 1985. es in this size range have never contributed to a 
significant dcgree to the installed base of turbines in the US. wind power industry. 
Hcwever, the largest turbine ever installed in an operating U.S. commercial wind power 
station, the Bwing SB, rated at 3200 kW, was installed by Hawaiian Electric 
Renewable Systems i 

In 19% and 1987, fifteen manufacturers-Eoreign and six domestic-supplied turbines 
to US. wind power station developers. The details of the number of turbines installed and 
their aggregate rating for each manufacturer are shown in Table 2.4-16, according to 
country of origin. Of the total of 3373 turbines installed in 1986 and 198?, representing 
372.5 MW of aggregate rating, only 1293 (38.3%) were supplied by US. manufacturers, 
representing 133.7 MW of aggregate rating (35.9% of the total). This total iS in marked 
contrast to the 1981-85 period, in which 60.8% of the turbincs and 60.3% of the aggregate 
rating were supplied by U.S. manufacturers. Nthough six W.S. manufacturers supplied 

r stations in 19% and 1987, the only manufacturer with significant 
power, which supplied 12% turbines, or 99.5% of all the turbines 
nited States. Although Boeing supplied only a single turbine at a 

accounted far 2.4% of the aggregate rating supplied by W.S. 

Among foreign supplieps, Denmark supplied the vast majority of turbines installed, 
with 58.3% of the turbines and 56.5% of the aggregate rating. The dominant supplier was 

icon, f d h ~ e d  by Nordtank and Bonus. Vestas was also active but dropped considerably 
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Table 24-16. Aggregate 

and muntry of origin 

Aggregat- narne- 
Country s f  origin and Number of plate rating 

manufacturer turbines (MW) 

Uriited States 

U.S. Windpower 

Fayette 

Carter 
Northern Power System 

Boeiilg 

m'estinghome 

Subtotal 

Belgium 

PiMZ Windmaster 

Micon 
Nordtaiik 
Banus 
Vestas 
Danwin 
Wincon 

Subtotal 

Japan 

Mitsubishi 

United Kingdom 

WEG 
Total 

1286 
1 
2 
1 
1 
2 - 

1293 (38.3%) 

35 (1.0%) 

558 
582 
381 
273 
91 
2 
1969 (58.3%) 

57 (1.7%) 

- 19 (0.6%) 
3373 

128.0 
3.2 
0.5 
0.6 
0.3 
0.2 
133.4 (35.9%) 

9.5 (2.5%) 

58.6 
55.2 
48.9 
24.4 
14.6 
9.1 
2110.6 (56.5%) 

14.3 (3.8%) 

4.8 (1.3%) 
372.6 

- 
,Source: Based on data from Robert Steele, Strategies Unlimitcd CNrp., Mountain View, 

Calif,, private communication dated July 12, 1988. 
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from its position as the leading Danish supplier in the 1981-85 period. The other supplying 
countries included Belgium, the United Kingdom, and Japan, which achieved its first entry 
into the US. wind power market in 1987, supplying 57 Mitsubishi 250-kW turbines. 
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24-7. Geothermal Energy (by H. 6. Arnold) 

2419.1 Introduction 

Geothermal literally means "earth heat"; for a technical definition, geothermal 
excludes thermal gradients in water bodies, the atmosphere, and fabricated structurcs. The 
inclusion of geothermal with renewable energy sources is debatable because there is no 
evidence that existing geothermal extraction methods are associated with replenishment of 
the resource within the lifetime of the production plant. However, one may look into the 
future and imagine geothermal production that taps into the magma of the earth and would, 
for all intents and purposes, be renewable as long as the extraction rate neither excccded 
the contribution of natural radioactive decay to geothermal heat nor otherwise appreciably 
cooled the general vicinity of the extraction point. 

The temperature of the earth increases as a function of the depth to which it is 
penctrated. For practical reasons, the thermal gradient with depth must exceed some limit 
to be of use in energy production or hcat recovery. Depending upon the magnitude of the 
thermal gradient, geothermal energy is said to exist at certain places throughout the world, 
generally when it exceeds some useful temperature within the depth of current drilling 
technology. Low- temperature geothermal energy is distinguished from other geothermal 
energy by the magnitude of the thermal gradient and serves as a category of geothermal 
energy based solely on temperature. 

Other categorizations of geothermal energy are generally applied to the temperature 
of the extracted resource and to the Eorm oE heat-extraction medium present rather than 
the thermal gradient of the hole by which it is accessed. Four categories are conventionally 
accepted: (1) hydrothermal, (2) geopressured, (3) hot dry rock, and (4) magma. Generally 
speaking, the low-temperature resource may be either hydrothcrmal or dry and extends from 
some temperature suitably above ambient heat sinks up to the boiling p i n t  of water at the 
altitude where the land surface of the geothermal facility resides. The high-temperature 
resource is gcncrally defined by a minimum resource tempcrature that will produce rncdiurn- 
pressure steam at the inlet of a steam turbine, a temperature which varies depending upon 
the mix of steam and liquid in the underground fluid. Somewhere near the temperature of 
molten rock, the categorization of the magna resource begins. 

The hydrothermal resources are cross categorized by the percentage of liquid water 
in the product at the depth of the access hole. The most visible and well known resource 
is the dry steam resource that exists in the ground within drillable depths as dry saturated 
steam with essentially no liquid. Dry steam is also the least geographically distributed 
resource around the world, existing at only three placcs in the western United States, two 
of which are protected as national parks. 

The next most abundant of hydrothermal resources is the hot water resource, which 
is more generally located throughout the western and Gulf Coast regions of the United 
States as well. as other places in the world. The hot dry rock resource with no hydrothermal 
fluid present is potentially the most abundant. It is about the same tenipcrature as the hot 
water and occurs throughout the western United States within the depths of current drilling 
technology. It must have a heat-transfer medium introduced for effective heat recovery. 

The magma resource is confined by current technology to active volcanic regions and 
to  date has been of minimal interest except as a research field, although some interest and 
experiments have occurred in Japan and Hawaii. The low-temperature rcsourcc is 
prcdominantly found in the eastern United States and generally follows the distribution of 
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A further variation of the hydrothermal resourw results when the downhole pressure 
of the hot water greatly exceeds the hydrostatic head for the depth of penctration. ‘I’his 
variation is the geopressured resource, found mostly along the Gulf Coast. A significant 
factor in the geopressured resource development is the current conclusion that almost all 
of the fluid reservoirs contain methane gas, perhaps as much as 60 k3/bbl of hot water. 
Results of the DOE Wells of Opportunity flow tats  itidicatc that mmnxercially attractive 
amounts of methane :nay be extractable from some previously abatidoned gas and oil wells, 
but no estimate is indicated of how many of some 1209 wells penetrating the geopressured 
region may contain sufficient amounts of methane. 

’l%e current amount of electrical production in the United States from geothermal 
energy is about 2000 MW(e) from steam and about 288 MW(e) from hot water. Additional 
smallcr amounts of energy are in use in direct-heat applications. Thc potential resource base 
for geothermal energy is huge, often measured in equivalent numbers of Alaskan oil ficlds; 
however, the rceoverable base is only a small percentage af the total under current 
econioniic and technological conditions. Part of the economic deterrent is technological and 
concerns corrosion, energy conversion cycle efficiency, and reservoir exploration 
unccrtainties. Thc other part concerns location becausc a sizeable portio11 of the resource 
is remote horn energy markets and involves large distribution costs. 

‘I’he estimated gross amount of hydrothermal resource above 150°C is 4,800 quads 
(49 billion bbl of oil), of which slightly more than 1% can be recovcred (48 quads) at an 
estimated cost of $0.05 to $0.07kWh. The low-temperature resources (lower than 150°C) 
may amount to 40,000 quads, but less than 1% is rceoverable and thc low grade of the 
heat makes the economics of remvcry questionable for a11 but a small part of that 
percentage, and certainly there will be little or no elcctrical generation at this temperature. 
There may be 5,800 quads of geopressured heat of which 164 quads are recovcrable, and 
3,200 quads of geopressured methanc of which 102 quads are recovcrable at an estimated 
cost of $5.00 per thousand cubic feet. There are approximately 1,200 producing oil and gas 
wells penetrating the geopressured zone that may be potential wells of opportunity for 
recompletion, but no estimate is available regarding how many may produce as much as 
60 ft3/bb1 of fluid, whereas a production of 150 to 200 ft3/bbl would be rcquired for current 
economic viability. The hot dry rock resource is estimatcd at 650,000 quads, of which 
65 quads or less may be recoverable at an optimistic cost of about $0.07 per k w ,  
depending upon the ability to predict well life. 

During the 1970s, the geothermal resource and its exploration and cxtraction 
technologies were researched heavily by the federal government, a few enterprising oil and 
drilling companies, and independent corporations formed expressly for the promotion or 
development of geothermal energy. Mthough formal documentation is not available to 
support the concIusio~~, conversations at geothermal meetings would havc led many 
observers to conclude that few of the principals expected to get rich from geothermal 
development. Research and resource development continued at a reduced pace into the 
198k, but the real gains from the effort were smaller than those originally expected. 

Materials and corrosion research was expected to lead to ecornomic recovery of thc 
highly saline solutions in the Imperial (California) valley, with published estimates running 
as high as 50,800 MW(e), but the uncertainties of effluent disposal in the agricultural valley 
combined with the costs of resource exploration and well drilling iendcd to ovceshadow thc 
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inodest ~ ~ v ~ n c ~ s  in corrosion research. uch research was directed also to the treatment 
of gaseous effluents, energy cycles, downhcrle sensing devices, novel drill bits, plasma rock 
cutters, serial sensing, well logging, ~ ~ ~ r ~ ~ ~ ~ ~ c ~ ~  survey, and geochemical analyses. 

tkat thc areas for 
resource is to be 

base, the major conclusion 

The research a r a s  for ~ ~ ~ t ~ ~ ~ ~ a l  dwclopment may be lo~~seky gouppxf around the 
requirements for exploration, ~ ~ ~ d ~ ~ ~ ~ ~ ~ ,  and usage. 'B'ke single must ianp)rtunt factor 
~ ~ ~ ~ ~ t ~ n g  gmthermal ~ e y e ~ o ~ ~ e ~ t  that all types of ~~~~~e~~~~ res:sourees hhaid in ~ ~ i ~ ~ ~ o n  is 
the ~ n ~ r t a ~ n t ~  of the specific locstian of known amounts of e n ~ r  rmal maps from 
geologic surveys and oil or water drilling logs may indicate gcne erans over large 
areas, but the detailed hydrcdgeoilogic knowledge s f  the actual reservoir, its extent, and its 

racteristia require expensive and ~ ~ ~ ~ - ~ ~ n s u ~ ~ ~ ~  explo n and well testing 
'Thus, far a geothermal resource tcr be wed for cncqy pi- lion, there must Re 

an ~ ~ ~ e ~ t ~ i e ~ ~  in Lhe determination of firm reserves 
reduction and For a given facility life based on a resour 

ition uncertainties exist for oil 

greater than for geothermal, while the cost per gesthe 
for the oil OH gas well. Thus, the irnvestrnent risk for fin 
than that for morc conventional energy sources, m ~ k i ~ ~  the ~ c ~ ~ ~ ~ ~ ~ a ~ i o ~  of firm capacity 
a serious impediment t o  geothermal develwpment. A n y  research that will facilitate or 
ecrease the cost of resource exploration will speed the ~ ~ ~ e ~ ~ ~ ~ c ~ ~ t  of geothermal energy. 

use of most forms of geothermal energy is 
eat  ont tent caf hot water is so much lower 

usl be disposed of 
XJniteci States, the 

nt is generally reinjected into dep ted wclls to protect the surface environment and 
ate any potential 10, Bard. subs we as a r a d t  of fluid ~ ~ ~ ~ ~ ~ a ~ a ~ ~  I[ the plant 

A signiiflcant e ~ v ~ r c ~ ~ ~ ~ ~ e n t a ~  
the ~ r ~ ~ ~ e ~  o f  cfflue 

an that of steam, of the fluid prcxhcti 
with afmul 20% far 

eKhaent is injected, the expense of keeping injection wells ope availablc must bc met; 
if there is no injection, the ccist of  treatment and surface disch ust be horne. Research 
inti) hettcr mctbo& of disposal and ~ ~ ~ ~ ~ ~ ~ - ) ~ ~ ~ ~ ~ ~ ~ ~  conseqaicnces sf returning or not 
returning the fluid to the reservoir is impartant to the; economic factors influencing the 
growth of the r1=501src~. 

sides steam plumes rising 
from wellhead vents, may be the odor of thc flulid. Most and steam resources have 
a measurable concentration of hydrogen sulfide. Upon flasbsxag of the fluid at the surface, 
the hydrogen sulfide must be prevented from entering the ~~~~~~~~~~~~~ for environmental 
protection and aesthetic reasons. In addition, the cooling IBWCPS of open-cycle and some 

The most famous eha~acterisstic of geothermal ener 



closed-cycle encrgy recovery opsrations release water droplets into the atmosphere that niay 
contain heavy metals and salts. In short, the thermal cycle of geotkemal plants can be fairly 
dirty a d  detrimental to tbc immediate environment and nearby human inhabitants. The cost 
of containing and controlling these releases is a significant impedimcnt to geothermal 
development and a fruitful area for rcsearch payoffs. (It is quite likely that the hot dry rock 
resoairce will experience many of the same environmental problems that the hot water 
resource experiences when water is circulated through the rock, especially heavy metal and 
salt deposition.) 

Finally, there is the difficuity of extracting the resource from the rescwoir. Not only 
is the geothermal energy usually found at depth, usually greater than 8 ft, but the high 
tenfperature osivencss of the rctource place severe loads on sensing, drilling, and 
extraction eq In addition, it is not uncommon for geothermal resources to occur 
in highly fractured geologic formations, Drilling in fractured formations can often require 
the p~se of eemcnt to seal the hole as the drill penetrates the sock. Tbe iimability of the 
dri!Ier to seal the fractures can result in a likelihood for reservoir depletion upon 
penetration or environmental damage to othe erground or surface fluids by connectivity 
through the fracture system. Research into drilling or alternative technologies for mining 
the resource is essential to the long-term, full-scale development of the resource. 

Possibly, the nios! promising area of new research is  into the rcmverj of magmatic 
lieat from deep within the earth. To date, the magmatic resource research has concentrated 
on surface manifestations near active volcanoes. The problems encountered there are a 
microcosm of the problems of deep-earth penetration and cnergy recovery. Howevcr, if 
there i s  to be any significant production of geothermal energy, especially projecting 50 years 
into the futurc, a research program for evaluating this almost inexhaustible, high-density 
resource should be devised. 

In gcneral, the research areas mentioned above arc not new and in fact are those 
begun in the 1970s. 'plac low potential yield of the resource is per an inhibiting factor 
in funding extensive research. Promoters in the past gm€y overst (author's cmplnasis) 
the recoverable resource potential and failed to remind funders or the distribution problem 
assaeiated with the usablc resource. The rcsult was disil!usionment, but there was some 
enhanced development in the ImpePial Valley and a speed up of development at the 
Geysers that delayed the impact of a troubled nuclear program in California. Future 
research should be based on a coherent goal for the development of thc resource. Should 
the resource be pursued on a regional or a national basis, on near-term exploration and 
eonvcrskon icchnologics, on midterm materials and drilling technologies, or a n  even longer 
term mining and eonversion rcseaech? Should the rescarch into cnvironmcntal 
conscquenczs center on long-term heat mining or short-term hole drilling? The lack of 
such a focus could well lead to piecemeal research funding of demonstration projects and 
risk ventures as opposed to providing the basis for devcloping a viable energy rcsourcc in 
the future. 

l'he real question is whether the probable return of 5,000 to 10,ooO MW of energy 
from dirty water in a b u t  ten years will stimulate enough interest to fund methods for 
exploiting a higher pcrcenlage of the potential resource base and a long-term look at a truly 
inexhaustible resource in the deep mantle. 
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24.7.4 Geothermal research summay 

The most obvious question about geothermal energy is its potential for generating 
significant amounts of energy. Most estimates of the resource base generally are gross 
assumptions based on the amount of energy in large volumes of the earth, then adjusted 
by some small percentage to reflect the recoverable energy. A significant contribution to 
the setting of research priorities would be to systematically estimate the recoverdble amount 
of energy under differing development scenarios-environmental protection, cycle 
efficiencies, distribution costs, drilling and exploration advances, and improved reservoir 
capacity confirmation. If large volumes of energy are claimed to exist within 3 km of the 
surface, it would be of interest to know how useful it might be. 

In support of the above estimates, extension of previous research into exploration and 
drilling practices would be of immediate- and long-term benefit to mining the recoverable 
resource. A significant cost of geothermal development is the uncertainty of the reservoir 
capacity and production life. 

For the long term, research into the technology required for mining the deep-earth 
heat would be of use in determining the ultimate potential of geothermal energy. This 
research would initially concentrate on theoretical investigations of resource mapping, 
mining, and conversion technologies. 

Finally, renewal and expansion of past efforts to supply one or more research facilities 
with representative geothermal fluids for use by system and component researchers would 
be of long-term benefit to the improvement of geothermal energy cycle and materials 
development. While research funding of specific projects can lead to the solution of specific 
problems, it requires a knowledge of where the technology is headed and concentrates on 
relatively small aspects of the: total development picture. The more generalized availability 
of research facilities can encourage innovative solutions to current and future problems and 
permit input from small as well as large participant organizations. 
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24.8 Ocean Thermal Energy Conversion (by Fang Chen) 

The National Energy Policy intends to foster the development of a technology base 
for systems and products that will reduce the consumption of premium fossil fuels and will 
allow for increasing the use of renewable resources. An additional policy consideration that 
is likely to gain further recognition of its importance in the near future is the need to 
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reduce the emissions of CO, and other gases that lead to  global warming (i.e., the 
"grccnhouse effect"). 

Electric power generation accounts for almost one-fourth of the primary emrgy 
eonsumption in the United States (28 quads in 198'71, with the majority of the electricity 
generated from nuclear power or fossil fuels. Thae conventional power-generating systems 
have associated environmental effects (e.g,, radioactive waste disposal from nuclear power 
plants and CO, emission and acid rain effects from fossil-fueled plants). 

Electricity is needed to sustain the nation's economic growth and to maintain and 
improve the living standards of the people. To protect the environment in the meantime, 
however, fundamental changes may be required in power generation and in industry (as 
compared with current practice), such as the increased use of rcnewables. Om of the 
rcncwable technology options showing the most promise for contiiiuous and large-scale 
power generation is that of ocean thermal energy conversion (OW,C)a 

The tropical oceans are the world's largest solar collector and thermal eacrgy stoiage 
system. Incoming solar energy creates a seawater temperature difCerence on the order of 
20°C between the upper and low-cr parts of the tropical oceans. AI OTEC power system 
uses this temperature difference to generate electricity. Obvicxdy, the ocean thermal 
resource is vast. If only 1% of this resource were used daily, the electricity prodinced would 
be 2 x los MW. By comparison, the total U.S. installed electricity generating capacity in 
1986 was 7.1 x I d  MW (U.S. Bureau of the Cknsus 1987). In addition to power, O E C  
systems can yield othcr possible bcncfits such as a freshwater supply and protein production. 
Both analyses and experience with operating demonstration systems indicate that OTEC can 
produce continuous reliable electric power comparable to that of conventional practice with 
little environmental impact. For every megawatt of power generated by an OTEC plant, 
1400 m3/d of freshwater can be produced. The nutrient-rich cold effluent can bc used for 
mariculture, and the potential protein-yield benefit of this use has been projected in tcrms 
of annual shellfish production at 1700 tons/ha.MW (Roels 1980). 

OTEC power systems can have several variations that includs: closcd-, opepa-, lift-, and 
hybrid-cycle systems. In a closed-cycle OTEC system, a working fluid such as ammonia is 
used to run a vapor turbine for power generation. In an open cycle, warm seawater flashed 
into steam in a partial vacuum chamber will be the working fluid to  run a steam turbine; 
freshwater will bc a by-product of this system if a surface condenser is used. In a lift cycle, 
warm seawater is the working fluid, which enters at the bottom of a tall, partial-vacuum 
vessel; a small fraction of the scawatcr is flashed into steam, which entrains and carries the 
remaining part of the seawater to the top of the vessel, where the seawater is collected and 
run through a hydraulic turbine for power generation. A hybrid-cycle powei system is a 
combination of the seawater flashing process (in an open cycle) and a closcd-cycle powcr 
system for the purpose of producing the by-product of  freshwater (in a closcd OTEC power 
system). OTEX power plants can bc shore based or ocean based. In either casc, cold 
seawater in the depth of 800 to 1080 rn is  nccded to be pumped to the plants through cold 
water pipes. Am O E C  cold water pipe will be largc in diameter and long and will be 
subject to the ever-changing ocean environment, which makes cold water pipe one of the 
many OTEC technology challenges. 

Since. the early 197Os, the U.S. government has sponscpred OTEC R&D that includes 
power systems development, component technology, ocean system, cold-water pipes, 
biofouling and corrosion, power transnxission, ecoiioniics, and enviroinmental studies. The 
initial effort focused on closed-cycle power systems. Many components and subsys terns have 
been tested, and many technology achievemcnts have been made. Among them are the 
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58-kW, Mini-BTEC experiment in Hawaii that demonstrated net power output of 15 kW, 
and the OTEC-1 tests that proved the efficient operation of large heat exchangers in an 
mean environment with insignificant biofouling degradation under a simple, environmentally 
acceptable (trickle chlorination) maintenance procedure (personal communication dated 
March 23, 1989, from e. C. Castellano to Fang Chen). As far as the closed OTEC power 
cyde is concerned, no major technology hurdles are foreseen, and its environmental effect 
is  more favorable than that of a wnventionaf technology. 

OT'EC has to deal with a diffused energy resourse, which is a common attribute to 
many renewables. For power generation using a diffused resource (a temperature difference 
of 20°C) as in OTEC, plant economics is the issue {IEEE 1986). The technology seems to 
be ready for shore-based, closed- or hybrid-cycle power systems {personal communication 

at& March 28, l9&I2 from C. Wu to Fang Chen). The cost of such a plant is probably 
twice as expensive as a comparable fossil-fueled plant (Gritton et  ai. 1980). For open-cycle 
systems, the low-pressure steam turbine is a critical technology that needs to be 
demonstrated. For lift cycles, the fundamental lifting phenomenon is not well understood 
i15 yet. 

In summary, QTEC uses renewable solar energy as the fuel, it does not use fossil 
fuels for power generation, and the ocean thermal resource is essentially inexhaustible. 

ecause thc world ocean is a CO, sink, the pumping of the cold seawater to the surface 
by an 019EC plant will relcase some of the dissolved CO, to the atmosphere. However, the 
"greenhouse effect" of an OTEC plant is a factor of 3 to 4 times smaller than that for a 
comparable fossil-fuelcd power plant (W. H. Awry and C. Wu, Ocean Thermal Energy 
CO~VWS~QIZ, to be published). Although cost reduction on capital-intensive components (such 
as heat exchangers) of the power system is an area that demands constant attention, a 
successful demonstration of a prototype QTEX plant f h m  a total reqources usage approach 
is needed. That is, the plant benefits should demonstrate not only power generation but also 
freshwater production, protein yield, and savings in environmental mitigation. To this end, 
the 8TEC research priorities are as follows. 

develop critical open-cycle tcchnology-low-prcssure steam turbine; 
validate ogen-cycle technology through subscale component testing; 
conduct preliminary design analyses and cost comparison between open- and hybrid- 
cycle systems; 
design a prmf-of-concept, shore-based OTEC power system; 
select a meaningful shore-based site capable of realizing the benefits of power, 
freshwater, or protein yield and of maximizing the benefit-to-cost ratio; 
build and demonstrate a prototype plant on the selected site, with privatc cost sharing 
if possible; 
conduct a technology-based R&D program for further plant cost reduction and 
advanced concepts; 
develop ocean system technology for floating OTEC plants; 
develop ocean-based, combined OTEC and energy-intensive material production 
technologies; and 
develop an ocean-based, integrated QTEC artificial island MSI~IQS. 
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