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ABSTRACT

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, encrgy supply, and
crosscutting science. Each team attempted to identify significant technological advances that
could be made within a reasonable time and cost.

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.






INTRODUCTION TO PART 2

Much has happened in energy technology in the past decade. A few examples are
the Cool-Water combined-cycle power plant, high-efficiency heat pumps (both electric and
adsorption), low-emittance glass for buildings, and more efficient high-performance
automobiles. In addition, recent advances in materials (high-temperature materials and
liquid nitrogen temperature superconductors) and other crosscutting technologies hold great
promise for future developments.

Early in 1988, the management of Qak Ridge National Laboratory (ORNL) decided
to organize an internal study to review the status of energy technologies and to identify the
research and development (R&D) opportunities that could make a difference for both the
United States and the rest of the world.

The study examined energy R&D from two directions. The first direction was bottom-
up. More than 100 ORNL staff members and several researchers from other institutions
were organized into tcams to review the status of technology in 18 arcas covering energy
use, energy supply, and crosscutting science (the team members are listed at the beginning
of Part 1). Each team attempted to identify significant technological advances that could be
made within a reasonable time and cost.

The second direction was top-down. The objectives of energy system R&D are to
solve problems, to provide technological alternatives to cope with future circumstances,
and to provide new opportunities. The synthesis tcam reviewed the energy situation, the
problems with the energy system, possible future circumstances, and desirable characteristics
of the future energy system. Having reviewed potential problems and future 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 study team identified a comprehensive list
of R&D opportunities in the team’s area, used a judgmental methodology to evaluate the
opportunities, and identified those that showed promise. This introduction reviews the
methodology, and the body of the report reviews the status of technology and identifies
R&D opportunities.

Each of the 18 teams reviewed the research programs at ORNL, the other national
laboratorigs, universitics, and private labs. Discussions were held at many of these
institutions. The teams relied heavily on the research plans of the U.S. Department of
Energy, the Electric Power Research Institute, and the Gas Research Institute. Each team
prepared an arca-related report that summarized the R&D opportunities. The reports are
collected in the three parts of Vol 2. The three parts review (1) end-use and energy
conversion technologies, (2) supply technology, and (3) crosscutting science and technology.

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

. What significant advances in technology have occurred in the past five years?

. Why are these advances significant for the future of the energy system?

. Which R&D opportunities look promising to produce future significant advances?

. What is the probability of success for the R&ID?

. If the R&D is successful, could it improve U.S. competitiveness?

. If the R&D is successful, what impacts might the resulting technology have on the
social, institutional, and regulatory practices of the nation?

N B N e
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Naturally, the team reporis are uicven in leagih because some teams were perhaps
mor¢ vigorous than others and becanse mose is knowi about some areas than others. The
length of the iteam reporis s ot a moasure of tha sipnifica = of the opportunities for
R&D. Some team reports are hrief (and well wiitten); other reports are more voluminous
(and also well written).

Some topics have been ncglecied in the team reports. For exarmple, although the
report on nuclear fission is quite compichensive, the discussion of wasie disposal and
proliferation is limited.

After reviewing the team reporis. ihe syiithesis team and the iechoology team
prepared the comprenensive lisi of R&1L} opportunitics that comprises Appendix A of the
synthesis report (Vol. 1).

The sclection of t“ﬂ R&D optiops that can make a difference requires a

methndologv The synthesis icar developed a mairixk methodelogy to cvaluate R& T options.
Sixteen criteria i six categovios wors apr ied (see ldblc 1).
Most of the 16 cmwuu detined in Te'e 1 are straightforward. A few words of

explanation and interpretation may be heiplul, however, with respect to the first three
criteria, which relate to encrgy %iﬂnii‘icame

We considered three time {rames:
ycai’ 2040) and u]tmmm Mpnluumu, I

crm (oy the year 2000), longer term (by the
cach timc {rame, we assigned a
. for low) xwth nomerical guidelines.

We creaic d the uurd tlmw {frame u.ltm.atn significaiice) for the large or incxhaustible
encrgy sources {coal, breeder rearmrs, and solar and fuston :mcrgj). W e struggled with the
issue of whether or not an end-usc icchnology can be inexhaustible. Is efficiency an
exhaustible resource? Compared with the current fleet average, the improved mileage of
a 50-mile/gal (npg) car would incur a farge eneruy savings that wou'd last forever. But can
the energy savings gro*vﬂ The eicrgy savings restized by replacing 10-mpg cars with 20-mpg
cars is larger than the ,savmgs gained by e n]dum 7;11113 cais with 50-mpg cars (boih
changes are by a factor of iwo, but the base consumiption is lower for the second u,mc)

We decided that cfficiency is an exhaustil 1c resouice. Thus, all but one of the
techinclogical options to improve end-usc efficicacy wers given a score of 1. (significant
limitations) for uliimaie potential. However, thc synihcsis team  assigned i (high
performance) for ultimate ,,otamz al of clectric s , as an encrgy technclogy,
their potential is unlimited. On the supply side, we decided that the ultimate poiential of
hydroeleciricity and biomass is significantiy lnmtul

To estimate energy signiticaince, we “ppu ialed the potential market for each
opticn and the projected market penetraticn. In guwral, we assumed that future markets
would be about the same size as curreni markets.

We adopted two differcnt methods {or defining the magnitude of the energy
associated with an option. for cad-use opions, we estimated energy savings. For energy
conversion, storage, and supply opiions, we estimated the magnitude of the iotal installed
capacity.

The criteria were developad from a review of encrgy issues—in particular, those
factors that influence how the encigy b)stun will be abie o meei society’s needs [as
discussed in Chap. 2 of the synilicsis erun {Vol. 1)} Thc criicria emphasize the magnitude
of the potential encrgy coniribuiion of the technology by assursing successful development
and implementation; the econoniic advaniage ihai may aceiue; the cffect on national energy
security; and the environmenial, social. and intcrnational impacts it may have. Because the
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crosscutting research can provide ben siions, we did not apply our
methodology to the crosscutting technologics i‘sﬁmﬁ i1 f"m; cnds B of the synthesis report.

Clearly, there i no perfect anergy i gy. Everything in wse now or under
development has some sericus habilitics. Each ?.tti:‘l nology ;my havn iimﬁiﬁd resouree bd%
(ol and natural gas), cause sigmificant ¢
{nuclear), be expensive (‘eolar\, of requi
(efficiency improvements). Th
the evaluation of a wide vavicty {Jf >

Fifty technologies or technologic
and are listed in Table 3-2 of the d
evaluating the technological i‘%pﬂﬁﬂ% s uﬁ ]
The detailed evaluations ave summarized v fables at the end of this introduction.

While the details of the wa;uaimm procedurg varied from team {0 team, most of the
evaluations were performed in meetings between the technology tcam anid cach synthesis
team. The meetings began with a roview of ih{: state uf the technology and the
identification of the optinms listed in Append A (Y ﬂ 1. To introduce the 16 criteria,
several options were evaluated in the rﬂv"v. n aggregate option was evaluated.
For an example, consider that, in Apper

’ 'ﬂm"y p“@pic to hev lmpi mcntcd widely
ni 1o create a level playing field for
2 mm use or supply energy.

d as having the greatest promise
Yol 1) This list was prepared by
] A.;:;; : Vol 1) and using the 16 criteria.

x

weolagidly

fix 'X seven é.-f:«ém_,‘,taicai options are listed for
steel. In the large meeting, an o (ahww}w war performed for the aggregation of the seven
options. Later, in a smaller meeting, an evaluation was performed for each of the seven
options.

After all of the aggregate ’m‘hy%u WIS OO
synthesis team chose the aggregaied opt i h htie
Table 3-2 of the synthesis report (Vol >
basis of judgements of the overall paii : ratings for the 16 criteria. Table 3-3 of
the synthesis report (Vol. 1) ﬂhmm the eve under the eriteria for the fifty options.
More detailed evalustions are s "«max"iszd irn Table 2 al f’m. e d of ﬁiﬂ-m mira‘aduciion

The criteria provide d a basis for sy
to ensure that the criteria were consis e :md ahdt ’fh, zptmm sdcctbd
represented the most attractive opportuniies based on the results. No quantitative weighting

leted, the technology tcam and the
atest promise iha( are listed in
; in this table were made on the

i ;
S gy E
REEMLETEER

methodology was used. As discossed in 4 the wmm;sa report (Yol 1), no one

knows just what our energy reguire
energy needs lead to differgnt R&D program
programs are inherently ungy;‘edici&‘s}‘ée, and o wit mecessarily share the same
expeciations of success, Therefore, there ¥ no comple ,:-§y f § shiective way 1o rigorously
compare different types of programs, and 9{: should be noted that the list is, by its nature,
somewhat subjective. A different group of aralvsis using the same methodology may have
produced a different list (sithough there al miv wvu’;@ be a substag:tial overlap).
However, these results huve boen wids and major differences of
opinion have led to appropriate revisio

Thus, there have been three lov
R&D opimns by the researcher teams {A)
economic, environmental, and social ori
rescarchers and other observers.

This part of Vol. 2 preseuts the team reporis for the supply technologies.

o in the future, so various perceptions of
: jfch needs. In addition, R&D

: first, the preparation of the list of
d, the comparison to the energy,
the review of the results by the

KRV



Table 1. Criteria for selecting top R&D opportunitics

Energy significance

Does this technology have the potential for making a major near-term (by the year
2000) contribution to our energy system (assuming the economics prove reasonable)?
H 1 quad/year equivalent
M at least 0.2 quad/fycar
L less than 0.2 quad/year

Does this technology have the potential for making a major longer term (by 2040)
contribution?

H 4 quadsf/year equivalent

M 1 quadfyear

I. less than 1 quad/year

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

H virtually inexhaustible and unconstrained

L. significant limitations

Econosmics and interniational compeiitiveness

Is the technology likely to be cost competitive with other means of satisfying the energy
requircments?

+ likely to be competitive even at low energy prices

0 competitive with modest price rise [i.e., oil at $20-35/barrel (bbi)]

- competitive only with expensive energy (i.c., oil over $35)

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

+ cost projections should be accurate, few if any hidden surprises

0 about the same as most R&ID options

- many uncertaintics

Will this technology generate significant exports of equipment, seivices, or resources?
++ large potential market
4+ some but not great
0 negligible

1Is development likely to lead to other valuable technologies?

+  significant potential
0 little potential
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Table 1. (continued)

8.

9.

Environmental, health, and safety impacts

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

+  little risk, or much less likely than current equivalents

0 about the same as current equivalents

- some major uncertainties

Would deployment of this technology result in reduced emissions of carbon dioxide

(COY?

10.

11.

12.

13.

14.

+ significantly less CO, likely to be released
0 not much difference, or depends on what it replaces
- likely to produce more

Would manufacture and use of this technology be relatively free of routine but
damaging environmental and occupational impacts?

+ little potential for problems

0 will require regular monitoring and corrections

Energy securily

Will this technology reduce oil imports?
++ yes, by at least 200,000 bbl/d (0.4 quadfyear) by 2000
+ some, but less than that
0 little or none, maybe even negative

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

+ easy to shift fuels, at least 200,000 bbl/d within one year

0  some but less than that

- may make the system less tlexible

Social impacts

Is the existing industrial/commercial infrastructure well organized to deploy this
technology?

+ can be easily accommodated

0 moderate changes to institutions required

- major changes required

Is the technology likely to be readily accepted by the public?
+ likely to be popular
0  generably acceptable or no impact on the public
- likely to be controversial
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Table 1. (continued)

15.

16.

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

+ few if any problems anticipated

0 some problems, but should be manageable

- major uncertainties

Less developed country ﬁnpacts
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 2. Evaluation of promising R&D options for energy supply

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 costs uncert equip offs  impact imp flex struct percep risk impact
2.1. Fossif energy

2.12. Qil and gas

Field characterization techniques H M L 0 + + 0 0 0 0 ++ 0 + 0 0 0
Enhanced oil recovery H M L 0 + + 0 0 0 0 ++ 0 + 0 0 0
Tar sands L L L 0 + 0 0 0 0 0 0 0 + 0 0 0
Heavy oil L L L 0 + 0 0 0 ] 0 g 0 + 0 0 +
Oil shale L H H - - 0 0 0 - - 0 0 - - - 0
Exploration and drilling techniques H M L ¢ + + 0 (] ¢ + ++ 0 + 6 0 ¢
Tight sands H H L 0 + + 0 0 0 + ++ 0 + 0 0 0
Devonian shales M M L 0 + (0] 0 0 0 + + O + 0 0 ¢
Coal seams M M L 0 0 0 0 0 0 + + 0 + 0 0 0
2.1.5. Coal
"Micro coal & coalliquid sturry M + + 4+ + 0 - 0 + 4+ + 0 + +
Fluidized bed (atmospheric

combustion, pressurized combustion) M H + 0 ++ + 0 - + + 0 + 0 + +
Reduction of sulfer oxides and

nitrogen oxides + 0 ++ 0 0 - + 0 ¢© + 0 0
Direct liquefaction L H H - 0 ++ 0 - - 0 ++ O 0 - 0
Combined cycle {integrated coal

gasification, steam-injected gas

turbine & intercooled steam-

injected gas turbine) M H H 0 ++ 0 0 0 + + o+ + 0 +
Indirect liquefaction L H H - 0 ++ 0 - - 0 ++ 0O 0o - - ¢
Bioprocessing liquefaction L M H - - ++ + - - 0 ++ O 0 - - 0
High Btu gasification M H H 0 0 ++ 0 0 - - + 0 0 - 0 +
Bioprocessing gasification L M H - - ++ + 0 - - + 0 0 - 0 +
In situ gasification M H H 0 - + 0 - - - + 0 ¢ - 0 0



Table 2. (continued)

Energy significance Economics/competitiveness Environment Security Social do-ability
Near Long Ultim Energy Cost Export Spin Severe CO, Other 0il Fuel Infra Public Invest LDC

Technological opportunities? term term potent costs uncert equip offs  impact imp flex struct percep  risk impact
2.2 Nuclear fission
Improve existing plants H M L + + + + + + + + 0 + o+ + 0
Advanced concepts L H L + 0 ++ + + + 0 + 0 + 0 0 +
Resource extension L M H - 4 ++ + - + 0 0 0 0 - - 0
Waste management L H H + + 0 0 + + + 0 O - 0 0 g
2.3 Fusion
Reactor systems L L H 0 0 0 + + + 0 0 0 0 + - 0
Fuel ¢ycie L L H 0 0 0 + + + 0 0 0 0 + - 0
2.4 Renewabies

% 241 Hydro M M L 6+ 0+ + o+ o + 0 - - 9 +
2.4.2 Biomass M H L 0 0 + + + + - ++ 0 - 0 + +
2.4.3 Solar thermal L M H - - ++ 0 + + + + 9 0 + + +
2.4.4 Municipat 50lid waste M M L + + 0 0 0 0 - 0 90 0 - 0 0
Collection M M L 0 0 + + + 0 - 0 8 - 0 0 0
Separation M M L G 0 0 0 O 0 - o0 ¢ + - - 0
Secondary recycling M M L + + 0 0 0 0 - g 9 0 - 0 0
Tertiary recycling M L L 4 + 0 + + i 0 ¢ 0 - - 0 G
Quaternary recycling M L L Y + 0 + + 0 0 0 0 - - 0 0
2.4.5 Solar photovoltaic L M H - - ++ + + + 0 + 0 0 + + +
2.4.6 Wind L M L 0 0 ++ 0 + + 0 + 0 0 0 + +
2.4.7 Geothermal M M L 0 0 0 0 0 + - 0 0 + - - +
Hydrothermal M M L + + 0 0 0 + - 6 0 + - Y +
Hot dry rock L M L 0 0 0 0 0 + - ¢ 0 + - - 0
Geopressure L M L 0 0 0 0 g + - 6 0 + - - G
Magma L L L - - i 0 0 + - g ¢ 0 - - +

Note: CO, = carbon dioxide. LDC = less developed countries. L = low energy significance; M = medium energy significance; and H = high energy
significance. See Table 1 for definitions of 0, +, and -.
“The numbers identify the sections where the entries are located.



2. SUPPLY TECHNOLOGY

2.1 FOSSIL ENERGY [by R A. Bradley (Leader), P. T. Carlson, T. Fox, R. L. Graves,
R. R Judkins, R. P. Krishnan, D. B. Reister, and J. §. Watson]

2.1.1 Introduction (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. 1), 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-efficiency scenario to 75% in the
moderate-efficiency scenario.

In the past 50 years, world energy usage has changed from coal to oil and gas. In the
next S0 years, usage may return to coal (and oil shale). Twenty years ago, we expected the
transition from oil and gas to coal 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 of 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 fuel resource base and discusses
promising R&D opportunities.

2.1.2 Oil and Gas Resources (by D. B. Reister)

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 U.S. resources are consumed, unconventional
oil and gas will be required to enhance domestic resources and reduce dependence on
imported oil and gas.

2.1.2.1 U.S. energy situation

In the 13 years from 1960 to 1973, U.S. oil consumption increased from
9.8 million barrels per day (MBD) to 17.3 MBD. If the trend had continued for 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 increase 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



consumption and increased production. The imporis averaged 4.4 MBD from 1982 to 1985.
The collapse of the oil price in 1986 increased consumption (+5% from 1985 to 1987),
reduced production (-7%), and increased imports (+35%). In 1987, consumption was
16.6 MBD, production was 83 MBI, and imports were 5.8 MBD.

2.1.2.2 Ol resources

Resource assessments are inherently controversial. The assessments are produced by
large teams reviewing databasecs that depend on a set of definitions and assumptions, and
the results are politically sensitive. The nurabers used in this section are from a recent
asscssment by Charles Masters and his associates at the U.S. Geological Service (USGS)
and the Energy Information Administration (ELA) (Masters 1987). As of June 1988, the
USGS was revising the resource estimates for the Unitcd States amidst a storm of
controversy. The final revised numbers for the United States will probably be quite close
to the values used by Masters (1987).

The geographical distribution of world petroleum reserves is narrow, with about 75%
of the ultimate resources of both oil and gas occurring in three regions (North America,
the Soviet Union, and the Middle East). Only 22 basins have had oil discoveries of more
than 10 billion barrels (BB). Their combined original reserves are miore than 75% of the
world total. The most recent discoveries were the Noith Siope (1968) and the North Sea
(1969). The characteristics that permit the origin and trapping of large occurtences of oil
are inherently basin characteristics and are commonly defined in the early stages of
exploration. Thus, the probability of the existence of undiscovered large basins is small.

Estimates of ciude oil resources for five regions of the world are presented in
Table 2.1-1 and displayed in Fig. 2.1-1. Two of the five regions have unconventional
definitions. "America” includes all North and South American countrics except the United
States. "Other” includes Europe, Africa, Asia, and Occania.

Table 2.1-1. Woild rescurces of crudis ol (billions of barrels)

Region 1984 Cumulative  Identified Undiscovered  Ultimate  (R+U)/P”
production production  reserves rESOurees resources
USA 3.25 135.8 47.4 37.0 220.0 26
America 2.83 75.6 24.6 &0.4 250.9 62
USSR 448 85.7 81.0 77.0 2472 35
Mideast 4.20 1423 420.9 G8.0 661.1 124
Other  4.98 84.6 151.5 1183 354.1 54
world  19.72 524.0 795.4 4250 1744.0 62

Source: Based on data from C. D. Masters ct al., "World Resources of Crude
Oil, Natural Gas, Natural Bitumen, and Shale Oil," Werld Peiroleum Congress, Houston,
1987.

*(R+UYP = Sum of identified reserves (R) and undiscovered reserves (U)
divided by 1984 production (P).
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Fig. 2.1-1. Comulative production, identified reserves, and undiscovered resources of
crude oil for the world (billions of barrels). Source: Based on data from C. ID. Masters et
al.,, "World Resources of Crude Oil, Natural Gas, Natural Bitumem, and Shale Oil," World
Petroleurn Congress, Houston, 1987.

"Identified reserves” include measured reserves, indicated reserves, and a portion of
inferred reserves. Measured reserves are estimates of the amount of crude oil that
geological and engineering data demonstrate with reasonable certainty to be recoverable in
future years from known reservoirs under existing economic and operating conditions. The
measured reserves [or an oil field grow as the ficld is developed.

For the United States, the average value for the ratio of the final estimate of
measured reserves to the initial estimate is 7.6. Consider an average field that contains
76 barrels of oil. When the field is discovered, the measured reserves are 10 barrels and the
sum of indicated reserves and inferred reserves is 66 barrels. As the ficld is developed, the
oil moves from inferred reserves to indicated reserves to measured reserves to cumulative
production. At the end of the life of the field, the cumulative production will be 76 barrels.

Reported values for the inferred reserves tend to be underestimates. Thus, Masters
and his colleagues (1987) assumed that their values for the identified reserves include only
a portion of the inferred reserves. ‘

Estimated "undiscovered resources” are resources thought to be geologically possible
and technically recoverable within a reasonable price range. Masters and his colicagues
(1987) reported undiscovered resources in a probability range from 95% to 5%. The valucs
in Table 2.1-1 are the mean estimates.

The weighted average recovery factor for conventional oil is 34%, and the estimates
of oil resources in Table 2.1-1. are based on this recovery rate. Thus, if the ultimate
resource is 1744 BB, the original oil in place was more than 5000 BB.



"Ultimate resources" are the sum of undiscovered resources, identified reserves, and
cumulative production. As oil is discovered, developed, and produced, it moves from
undiscovered resources to identified reseives to cumulative production. The values in
Table 2.1-1 are estimates for a particular date-January 1, 1985.

The column of Tabie 2.1-1 that is labeled "(R+U)/P" is the sum of identified rescives
(R) and undiscovered resources (U) divided by the production in 1984 (F). If production
is constant, the ratio is the number of years required o produce the remaining oil in the
region. Although the production is not likely to be constant, the ratio is a useful measure
of the magnitude of the remaining oil.

For the United States, the cumulative production of oil to the end of 1584 is 136 BB.
The identified reserves are 47 BB, and the mean estimate of the undiscovered economically
recoverable oil is 37 BB. Thus, the mean estimaic of the ultimate production is 220 BB;
62% has been produced, 21% is identified, and 17% is undiscovered. The ratio of the sum
of identified plus undiscovered and annual production is 26 years.

For the world, the cumulative production of oil is 524 BB, the identified reserves are
795 BB, and the mean estimate of the undiscovered economically recoverable oil is 425 BB.
Thus, the mean estimate of the ultimate production is 1744 BB; 30% has been prodiuced,
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 production of oil is 142 BB, the identified
reserves arc 421 BB, and the mean estimate of the undiscovered economically recoverable
oil is 98 BB. Thus, the mean estimate of the ultimate production is 661 BB; 21% has been
produced, 64% is identified, and 15% is undiscovered. The ratio of the sum of identificd
plus undiscovered and annual production is 124 years.

In Fig. 2.1-1, the summary for the United States is strikingly different from those for
the other four regions. The United States has produced more than one-half (62%) of its
ultimate resources, while the other regions have produced less than 35% of their ultimate
resources, The second significant feature of the figuie is that the Middle Tast has the
majority of the identified reserves for the world. The United States is likely to become
heavily dependent on imported oil from the Middle East until the vast rescrves of oil in the
Middle East are consumed.

2.1.2.3 Gas resources

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

For the United States, the cumulative production of gas is 635 trillion cubic feet
(TCF). The identified reserves are 327 TCF, and the mean estimate of the undiscovered
economically recoverable gas is 272 TCF. Thus, the mecan estimate of the ultimate
production is 1234 TCF; 51% has been produced, 27% is identified, and 22% is
undiscovered. The ratio of the sum of identified plus undiscovered and anaual production
is 33 years. For the world, the cumulative production of gas is 1173 TCF, the identified
reserves are 3908 TCF, and the mean estimate of the undiscovered economically recoverable
gas is 4199 TCF. Thus, the mean estimate of the ultimate production is 9280 TCF; 13% has
been produced, 42% is identified, and 45% is undiscovered. The ratio of the sum of
identified plus undiscovered and annual production is 138 years.

For North America, the cumulative production of gas is 708 TCF, the identified
reserves arc 503 TCF, and the mean estimate of the undiscovered economically recoverable



Table 2.1-2. World resources of natural gas (trillions of cubic feet)

Region 1984 Cumulative Identified  Undiscovered  Ultimate  (R+U)/P
production production  resgrves resources TESDUICES
USA 18.08 635.1 3269 2728 1234.0 33
America 6.92 99.1 28994 5678 957.7 25
USSR 1940 234.1 1275.4 1227.0 2819.3 129
MidEast 1.32 23.1 11865 039.0 2149.9 1610
Other  13.15 181.8 819.4 1047.5 1989.7 142
World 5890  1173.1 3908.0 4199.4 9280.5 138

Source: Based on data from C. D, Masters et al., "World Resources of Crude Oil,
Natural Gas, Natural Biturmen, and Shale Qil" World Petroleusm Congress, Houston, 1987.

“(R+U)/P = Sum of identified reserves (R) and undiscovered reserves (U) divided
by 1984 production (P).

gas is 697 TCF. Thus, the mean estimale of the ultimate production is 1908 TCFE, 37% has
been produced, 26% is identified, and 37% & undiscovered. The ratio of the sum of
identified plus undiscovered and annual production s 52 years.

For the Middle East, the sumulative preduction of gas i3 23 TCE, the identified
reserves are 1187 TCF, and the miean estimate of the undiscovered economically recoverable
gas is 939 TCF. Thus, the mean estimate of the vltimate production is 2149 TCF; 1% has
been produced, 55% is identified, and 44% i uadiscovered.

The United States has used 51% of its vltimate production of conventional gas. As
the conventional gas is consumed, the United States will turn to imported gas and
unconventional gas. The cost of gas transportation by pipeling is considerably lower than
the cost of shipment of liquified natural gas {IL.NG). The pipeline vonnections for the
United States are limited to Canada, Mexico, and Alaska. For the next 50 vears,
conventional gas will be the primary source of gas in the North American market.

As the gas price increases, LNG and unconventional gas will penetrate the market
and the high price will encourage gas customers to swilch to eleciricity and coal.

Figure 2.1-3 compares the oil and gas vesources for the world. The ultimate resource
of natural gas is 1632 BB-—a value that is close to the ultimate resource of crude oil
(1744 BB). The cumulative production of gas s much less than for oil, the identified
reserves are similar for oil and gas, and the undiscovered resources are Jarger for oil than
for gas. '

2.1.2.4 Unconventiona) ol

Unconventional oil includes heavy oil, tar sands, and oil shale. The ultimately
recoverable resources of unconventional oil are compared with those of conventional oil in
Fig. 2.1-4. The resources of oil shale are larger than those of conventional oil, while the
resources of heavy oil and tar sands {bitumen) are smaller than those of conventional oil.
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Fig. 2.1-3. World oil aid gas rescurces (billions of barrels). Source: Based on data
from C. D. Mastcrs et al,, "World Resources of Crude Oil, Natural Gas, Natural Bitumem,
and Shale Cil," World Petroleum Congress, Houston, 1987,
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Fig. 2.1-5. World resources of heavy oil. Source: Based on data from C. D. Masters
et al., "World Resources of Crude Oil, Natural Gas, Natural Bitumem, and Shale Oil,"
World Petroleum Congress, Houston, 1987.

Cuirent estimates of the ultimately recoverable resources of tar sands (bitumen) are
308 BB for Canada and 436 BB for the world (see Table 2.1-4 and Fig. 2.1-6).

The current estimate of the resources of shale oil in place are 5,600 BB in North
America and 13,883 BB for the world (see Table 2.1-4 and Fig. 2.1-7). Production
experience is insufficient to estimate the recoverable resource for shale oil.

2.1.2.5 Unconventional gas

Unconventional gas includes tight sands, Devonian shale, methane from coal, gas
hydrates, and geopressurized gas. Because Masters and his colleagues (1987) did not review
the unconventional gas resources for the world, we use an assessment by the National
Petroleum Council (NPC 1980). The size of the economically recoverable resource depends
on price and rate of return. The highest estimate of reserve additions by 2000 is 363 TCF,
with 80% from tight sands, 12% from coal seams, and 8% from Devonian shale. Estimates
of the total recoverable resource are 600 TCF for tight sands, 400 TCF for Devonian shaie,
and 400 TCF for coal seams. Thus, the unconventional gas resources are probably larger
than the undiscovered conventional resource and comparable to the total conventional
resource.



Table 2.1-4. World resources of tar sands
and oil shale
(billions of barrels)

Region Tar sands Oil shale
Notth America 315 5,600
South America 0 - 4,000
USSR 117

Other 4 4,283
World - 436 13,883

Source: Based on data from C. D. Masters et al.,,
"World Resources of Crude Qil, Natural Gas, Natural
Bitumen, and Shale Oil," World Petroleum Congress,
Houston, 1987.

B Canada

B USSR

Fig. 2.1-6. World resources of bitumen. Source: Based on data from C. D. Masters
et al, "World Resources of Crude Oii, Natural Gas, Natural Bitumem, and Shale Oil,"
World Petroleum Congress, Houston, 1987.
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Fig. 2.1-7. World resouwrces of oil shale. Source: Based on data from C. D. Masters
et al,, "World Resources of Crude Cil, Natural Gas, Natural Bitumem, and Shale Oil"
World Fetroleuin Congress, Houston, 1987.

2.1.2.6 Fohanced oil recovery

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). However, the recovery can range from 15% to 90%, and advanced techniques can
recover more of the QOIP. As oil is discovered, the amount of undiscovered oil will
become smaller than the oil that could be recovered by advanced techniques.

Over time, advanced techiiques become widely adopted and are no longer considered
to be advanced. For example, The 1984 NPC study on enhanced oil recovery (EOR) defines
ECR to include chemical flooding, miscible flooding, and thermal recovery, but not to
include water flooding.

In his 1987 paper, Fisher cstimated that about 60% of the mobile oil originally in
place will be recovered by conventional primary and secondary techniques. He argues that
geologically targeted infill drilling {GTID) can recover more of the unswept mobile oil. In
this section, we cstimate the amount of oil that could be recovered in the United States
from both EOR and GTID.

In the NPC study {(1984), the ultimate recovery from current technology with a
$30/barrel (bbl) price and a 10% discount rate was estimated to be 14.5 billion barrels (BB).
Of the total, 45% was thermal recovery, 38% was miscible flooding (by carbon dioxide), and
17% was chemical flooding (by polymers, surfactants, and alkaline chemicals).

The NPC study (1984) reports estimaies for higher prices and advanced technology.
For current technology, the ultimate recovery increases from 7.4 8B 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 from $30 to $50.

The NPC (1984) estimate of OOIP is 460 BB. Thus, the highest estimate of ultimate
recovery (34.0 BB) is 7% of the QOIP. In two recent reports on the EOR potential in
New Mexico and Oklahoma (IOCC 1986; IOCC 1987), the highest estimates of ultimate
recovery were 5% of OOIP in New Mexico and 2% of OOIP in Oklahoma.

Fisher’s (1987) estimate of the OOIP is 498 BB. The conventional ultimate recovery
will be 34% (169 BB), implemented EOR will recover 3% (15 BB), unswept mobile oil is
16% (80 BB), and the remaining oil is 47% (239 BB). If we assume that 50% of the
unswept mobile oil can be recovered by GTID or EOR, the EOR resource is 3% plus 8%
of the OOIP for a total of 55 BB (see Fig. 2.1-8). At §20/bbl, the oii is worth $1100 billion.
If the country spent 1% of the value of the oil on R&D, the R&D budget would be
$11 billion.

Us OOIP = 500 BB

Conventional
EOR

R&D
Residual

3% - 15 BB

8% - 40 BB

Fig. 2.1-8. Estimate of the enhanced oil recovery {(EOR) resource (OOIP = original
oil in place; BB = billion barrels). Source: Based on data, with permission, from
W. L. Fisher, "Can the U.S. Oil and Gas Resource Support Sustained Production?” Science
236, 1631-36 (26 June 1987), copyright 1987 by the AAAS.

2.1.2.7 Conclusions

From the perspective of 1971, conventional oil and gas were being rapidly exhausted
and the United States needed to mount a massive effort to develop (before 2000) a
synthetic fuel industry based on coal and oil shale. From the perspective of 1988, we know
that demand responds to price. The massive reduction in demand (compared with the 1971
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forecasts) for oil and natural gas allows a slower transition to synthetic fuels based on coal
and shale.

In 1988, we recognize that we have more opticns. The options include unconventional
oil and gas, EOR, and GTID.

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

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

2.1.3 Qil and Gas R&ID (by D. B. Reister)

This section reviews the R&D opportunities for il and gas, including conventional
oil, unconventional oil, oil shale, conventional gas, and unconventional natural gas.

2.1.3.1 Conventional oil and gas

This section discusses geologically targeted infill drilling (GTID), enhanced oil
recovery (EOR), Arctic technology, deepwater technology, and horizontal drilling.

Geologically targeted infill drilling

As noted in Sect. 2.1.2.6, Fisher (1987) estimated that about 60% of the mobile
OOIP will be recovered by conventional primary and secondary iechniques. The remaining
40% of the mobile oil is not recovered because reservoirs are not homogeneous. Most of
the remaining mobile oil could be recovered by drilling reservoirs on ever-closer well
spacing and by completing wells at ever-smaller intervals. However, the random approach
would require the drilling and completion of a large number of wells and would probably
not be economical. After R&D, GTID can economically find and recover more of the
unswept mobile oil.

In Sect. 2.1.2.6, we assumed that 50% of the unswept mobile oil could be recovered
by GTID. Cf the COIP, conventicnal methods will yield 34%, implemented EOR will
recover 3%, GTID will recover 8%, and 55% of the COIP will remain in the ground.

Enhanced oil recavery (by J. S. Watson)

Both the likelihood of economic EOR operations 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 found in California, recovery by conventional
pumping may be very low, but increasing the temperature in the field can reduce the
viscosity of the oil and increase the recovery. This approach to EOR is called thermal
stimulation. The heat can be added via hot water, steam, or hot gases produced by
combustion of a portion of the oil in the field. More than 90% of the thermal stimulation
projects in the United States are in California, where heavy crudes are common (Holstein
1988). Total oil recovery by primary pumping plus thermal stimulation can exceed 50% of
the available oil in the field. The cost of thermal stimulation can range from $3 to $18/bbl
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(Holstein 1988), and many projects can compete effectively even with today’s relatively low
oil prices.

Another common and promising approach to EOR for some fields involves miscible
gas flooding. Miscible gas is usually either a hydrocarbon mixture (natural gas) or carbon
dioxide. Increased gas production can result from lowering the effective oil viscosity by the
dissolved gas or even supercritical extraction by the gas. Hydrocarbon gas flooding is
effective and economic where there is a large supply of available natural gas. Hydrocarbon
flooding currently accounts for approximately 10% of the oil production in Alberta
(Canada) and could reach 30% by 2010 (Torr 1988). 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 relatively
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 the overall yield of oil.

In the contiguous United States, the lower availability of natural gas and the greater
demand for the available gas makes hydrocarbon gas flooding iess common. However, in the
west Texas fields, carbon dioxide flooding is practical, and more than 60% of the gas flood
projects in the contiguous states use carbon dioxide. The practical use of carbon dioxide
results partially from nearby sources of underground supplies of carbon dioxide. The cost
of carbon dioxide flooding can range from $10 to $23/bbl (Holstein 1988). Inert gases
(nitrogen) can also be used for gas flooding (Hudgins and Chang 1988).

A number of other approaches to EOR can be grouped together and called chemical
flooding. The approaches involve introducing chemicals into a water-flooded fieid to alter
cither the bulk or interfacial properties of the liquids. Pelymers can be added to the water
flood to increase the viscosity of the water. Polymers reduce the "fingering” that occurs
when a less viscous tluid is used to displace a more viscous fluid. The fingering allows the
water flood to bypass large portions of the oil without forcing it toward the production well.
Surfactants can be used to alter the surface and wetting properties of the oil-water system.
The lower surface tension reduces the capillary forces that oppose removal of vil from
capillary regions of the field, and very high surfactant concentration can even trap oil in
micelles that are more easily flushed from the field. These approaches are not well
developed, and increased oil yields can be low and difficult to predict. The cost for polymer
flooding can be relatively low, but the yield of additional oil can also be low, perhaps only
an additional 5%. Degradation of the chemicals (surfactants or polymers) can be a problem.
One estimate places the cost of surfactant flooding at between $15 and $30/bbl (Torc 1988).

A potentially important variation of chemical tlooding is microbially enhanced oil
recovery (MEOR), which is discussed separately in Sect. 2.42. 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 should be considered less well developed than even chemical flooding.

The different approaches to EOR need not be used separately;, combinations of
approaches can also be used. For instance MEOR can involve the use of several chemicals
produced by organisms rather than single chemicals. One particularly interesting approach
uses gas flooding (carbon dioxide) with surfactants to produce foam flooding (Rossen 1988;
Friedmann 1988; McPhee, Tehrani, and Jolly 1988). Gas and water/chemical additions may
also be made alternately as well as simultaneously (Llave, Chung, and Burchfield 1988).
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Although numerous ZOR projects are in oporation or development both within and
outside the United States (DO 1980), thoese projects appear to be hampered by two
cominon problems-low oil )lc‘!ds and uncerlainies in the improved ol yields. Elaboraic
computer models have been developed to desenibe and predict the behavior of an EOR
project, bui tnose predictions can be ;‘:utliy diffevent from the resolts produced by the
project. Our inability to predict how much oil will be produced by an EOR project clearly
creates a serious risk (o the el! operator and braits the applications of EOR to thosc cases
vhere the expected improvemcenis are sallicient Lo take such risks. The uncertainties in the
predictions resuit both from lailure to undernstand desails of the physical processes taking
place in ZOR operations and from faillure to characierize the formation adequately.
Research and developineai prograrms arc currently addressing the chemisiry involved in
FOR cperations, but quantitative descriptions of the How patterns (fingering flow) have not
beea available. This bypassing of large poriions of the ofl in the field by the flood fluid
probably accounits for the major portioi ol the ofl retained within the formation and clearly

a phenomenon that necds botter undessionding. Known methods for reducing fingering
ndudu increasing ithe effective viscosity of the Hoodwater with polymers or of the flood gas
by creating a foam. However, without quaniiiative descriptions of finger formation, it is not
possible to say quantitatively how much those fprovemenis will reduce oil retention. Not
only is the amount of fingeiing and hypassing important, but the scale of the fingering can
also be importani. If the rctained oil s in Jarge pockets of the formation, the recovery
approach may b differcnt ivom the approach used when the oil is iin relatively small regions
with simall bypass channcls.

The seeond major problom imporiani o ma:‘ntml;y all approaches to EOR is the
difficulties in charscterizing the field. Aa oil hicld can be large and inhomogenecus. It can
include layers of materials with different porosities and different chemical and surface
propeiiics. There wiay be sumcrous cracks or faults that clhiannel flow or bleck flow. The
major information about (he formation comes probabiy from cores taken when the wells
were drincd. In many cases, thc\‘f‘ cores have boeca retaiied and can be used later when
EOR opcrations are considered. However, the wells may be far apart (espccially for deep
fieldc\ and many changes in the properiies conld occur between wells. There are other

hOuS such as acoustic measurements and tracey experiments to examine the structure
d flow patterns in the Hield However, the results are not always casy to interpret, and
t ¢ interpretation may not be unigue.

EOR is an especially attractive area tor remste sensing research and development.

i fields usually have several wells available from primary oil recovery which may be useful
for placing sensors. ‘These wells are usually spaced approximately along a grid pattern. The
spacing between the walls i the grid sy be too large for r fine resolution of the field
characteristics. It may be too expensive to diill additionat wells for sensor placement except
in the most shallow ficlds.

Asciic research

The Asctic arens of the United States are among the nation’s most promising future
sources of fossil fuel. In addition o the existing oil and gas reserves on the North Slope,
Alaska contains large (esources of undiseovercd ofl and gas 2id hcavy oil and tar sands.
However, discovery uid production of these resources reguires the development of
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above the crude oil due to gravity differences has reduced recovery efficiency. Chemical
additives might be able to reduce the overriding and improve efficiency.

Tar sands

Current commercia l roduciion of o1l from tar sands is under way at the huge
Athabasca depcsit in nort em Alberta, Canada. No more than 15% of thc U.S. resource
and 5% of the much largc Canadian tat sand resource is surface minable. Consequently,
the majority of the resource will be produced by i situ exiraction technologies.

R&D is directed toward understanding the fundamental chemical and physical
properxties of the LS. tar sand resonrce and the thermodynamics and physics by which the
bitumen constituents are mob: {

ed and extrartm‘ from the mineral matvix.
2.1.3.3 Uncoaveaiional natural gas

The unconventicnal gas resource iz large [on the order of thousands of trillion cubic
feet (TCF)]. Uncomventional gas includes tight sands, Devonian shales, and coal-bed
methane. In this section, we zlso discuss secondary gas recovery technologies and advanced

technology for exploration and produciion.

Tight sands

Tight sands occur in the foim of blerkot and lenticular formations. In both types of
formations, the effects of a variety of interde epe endent parameters are still unknown and,
consequently, the gas recovery rate and active reservoir life for a given field remain

uncertain. To pqmlt low-cost ex pl(ntatloq of the full potential of the tight sands rescurce -
base, the following specitic technolo g cal issues need 1o be addressed: (1) determining the

relationship between geologic and g icering pacameteds, {2) furiber characterizing of tight
sands gas reservoirs and improving resource ostimates, (3) identifying the parameters critical
to formation evaluaticn and gas prOuuctmm (4) understanding more clearly the mechanisms
of hydraulic fracture propagation and control, (5) diaginusing fracture shape and downhole
conditions using surface paramcters, (6) providing real-time fractuce treatment design
changes, and (7) applving advanced techoologics to currently noncommercial areas.
Geotechnical and economic analyses have dedwiistrated that blanket-type formations are
mor¢ amenable in the near term to rescarch and technological advances in the areas cited
above because the geologica! environimeits in which they exist are less complex than the
environments associated with leaticular formations. The (Gas Research Institute (GRI)

AT

performs R&D on blanket formations, while DCE concentrates on lenticular formations.

i R

Devonian shale

The Devonian gas shales uaderlie 175, OOO square miles of the eastern United States.
More than 10,000 wells have been completed in I2evonian shale formations since 1850. Two
major factors constrain the exploitation of this rcsource: (1) the inability to predict
production rates for wells drilled outside of historical production areas and (2) the
inconsistent response of formations to current stimulation practices.

R&D objectives include (1) inadequate understanding of factors that control the flow
of gas from Devonian shale formations, (2) the lack of effective exploration rationales,
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(3) the need to improve diagnostic methods to assess the potential of productive zones,
(4) inadequate understanding of shale gas reservoir dynamics, and (5) the lack of generally
effective stimulation techniques.

Secondary gas recovery

The recovery of gas-in-place has traditionally been estimated to be in the 80 to 90%
range. However, recent data have indicated that these estimates of recovery efficiencies are
often too high. For example, recovery cfficiencies for the prolific water-drive gas reservoirs
along the Texas and Louisiana Gulf Coast are now known to be 50% or less. These poor
recovery efficiencies result from the encroachment of water and the subsequent trapping
of gas in water-drive reservoirs and from reservoir beterogeneities in more conventional
reservoirs. Improved drilling, completion, and production techniques would have an
immediate impact on gas recovery from these reservoirs.

To ensure the timely development of technologies for near-term production of
bypassed gas and gas from undiscovered reservoir compartments, the following specific
technological issues need to be addressed: (1) improving the understanding of geologic
environments and characteristics of gas fields to allow for resource identification and
estimates, (2) providing a wmethodology for cased-hole formation evaluation, and
(3) developing in-field reexploration rationales based on an understanding of reservoir
heterogeneities.

Methane from coal deposits

Natural gas is generated during the geologic process of coal formation. The resource
in the Uniled States is estimated by various agencies to be from 200 to 700 TCF of gas-
in-place, with 100 TCF estimated to be economically recoverable. The major variations in
the resource estimates are due to uncertainties in the gas content and recoverability of the
gas from deep, unminable coal deposits in the West. The Piceance and San Juan basins in
Colorado have approximately 180 coal-bed methane wells currently producing gas. In the
East, over 285 wells now tap gas from the Black Warrior Basin coal fields in Alabama.

Although, in many cases, state-of-the-art technology is adequate for the production
of gas from shallow, single-seam coal beds, advances in drilling, cementing and fracturing
procedures, dewatering techniques, and delineation of reservoir mechanics are required to
economically produce gas simuitancously from shallow, multiple seams or from coal seams
deeper than 2500 ft. The principal constraint is the limited ability to effectively stimulate
the wells to increase reservoir conductivity. Better understanding of coal-bed formation
damage due to completion techniques and of the etfects of natural fracturing is also critical
to economic recovery of methane from coal seams. One environmental consideration is the
disposal of the water produced concurrently with the gas. Other unresolved R&D issues
include well design and spacing, coal fines production, well interactions, and multiple-zone
completion techniques.

Geopressured methane

Brine containing dissolved methane, at moderately high temperatures and pressures,

is common along the Gulf Coast. The estimated size of the economic resource is 270 to
2800 quads of methane and 160 to 1600 quads of heat. The DOE R&D program has
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demonstrated that geopressured reservoirs can preduce high-volume flows of brine saturated
with natural gas over a long time period and that the gas can be scparated and sold.
Solutions to the engincering problems of brine handling and brine disposal have been
demonstrated.

In Texas and Louisiana, approximately 1000 wells that are currently producing natural
gas have beecn drilled through geopressured reservoirs. After the wells are no longer
economical producers of natural gas, they could be recompleted as geopressured methane
wells.

An interesting concept is to dispose of the hot brine by using it to water flood oil
fields.

R&D issues include formulation of models for predicting well performance, definition
of reservoir dynamics, and solution of the technical problems related to the production of
geopressured brines.

Advanced technology for exploration and production

The cost of finding and producing natural gas can be reduced through the
development of advanced technologies and techniques applicable to both tight formations
and conventional natural gas formations. Specific R&DD opportunities include exploration
techniques, directional and deep drilling, well logging and testing, core analysis, new field
practices, and advanced production instrumentation and modeling. These opportunities
include making improvements to currently practiced technologies, developing lower cost or
iore accurate equipment, and the pursuit of novel or poorly understood concepts.

To improve exploration techniques, advances in surface prospecting methods are
nceded because existing seismic methods are relatively expensive and yield little information
about the fluid contained in the rock. The objectives of drilling research inchude
development of short- to medium-radius directional drilling methods, development of
measurement while drilling hardware (smart drill), development of new materials for deep
drilling (below 20,000 ft), and development of new drill bit designs. Advanced logging
technology is needed to allow for more accurate identification of potentially productive
zones. Advanced cascd-hole logging tools are needed to identify gas zones in existing wells
that were not selected for primary completion.

A better understanding of the geologic characteristics of fields and reseivoirs is
nceded to develop methodologies for improved infill drilling.

2.1.4 Cil shale (by D. B. Reister)

After coal, oil shale is the most abundant fossil encrgy resource in the United States.
The total resource of oil shale with a minimum of 25 gal of oil equivalent per ton of shale
in the Green River Formation of Colorado, Utah, and Wyoming has been estimated at
600 BB. The resource of oil shale with 10 to 25 gal of oil per ton has been estimated at
1400 BB for the Green River Formation and 200 BB for the castern shales.

Green River oil shale is not a shale but is actually a marlstone that contains solid
organic material. The organic material is about 90% kerogen and 10% bitumen. Kerogen
is composed of carbon and hydrogen molecules cross-linked together by sulfur and oxygen
atoms to form relatively large three-dimensional macromolecules with molecular weights of
about 3000. Crude shale oil (suitable for refining as a substitute for conventional crude oil)



is produced by heating raw shale rock to about 300°C. Ax high temperatures, the chemical
bonds between the atoms of kerogen are ruptured and smaller molecules are formed.

Surface retorting of oil shale requires the handling of large volumes of solids
(Fig. 2.1-9). At 25 galfton, the energy content of cil shale is less than 4 million Btu/ion. In
contrast, the lowest grade of coal (lignite) has an energy countent of  about
14 million Biu/ton.
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Fig. 2.1-9. Solid wastes for varions coergy forms (units are kg/GL). Sowrce: Based on
private communication data from G. I Pine, Gak Rudge National Laboratory, Oak Ridge,
Tennessee, Deg, 2, 1982,

Retorting shale decomposes the marbstone and produces carbon dioxide. Marland
{1982) estimate; 2.}* ai he x, } emissions {(messured in kilograms of carbon per gigajoule)
are 47.6 for smaiﬁ I, 358 tor ,,yi‘zi;heiw oil and gas from coal, 23.9 for coal, 19.7 for ofl, and
13.8 for natural gas‘,

In 1980, Unosal began corstructing a commerciak-size oil shale project in Parachuie,
Colorado. Since that time, an underground ming, o ai shale retorting complex, and upgrading
facility have been coustructed. The mine pmu aces 13,500 tons of crushed ore per day. The
"Unishale B" retort, the vessel where ore i heated to reiease the o1, is designed to produce
16,000 bbl of ol per d‘av, The raw fhdk oil ii@w by pipeline to the upgrading facili ity,
whc,rc, it is converted to p,::m m-guality syoathetic o ude oil. The synthetic crude o is

ansported t0 a copventional refinery where it s made into producis such as gasoline,
dlaw% oil, and jet fuel In 1988, *nc plani opersied for several months at 5000 to 6000 bbi/d
at a production oost of $45/bbL

The DOE program plan for oil shale hes identified the following R&D options:
studics of the physical and chemical propertics of both Eastern and Western oil shales;
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studics of process chemistry and kinetics; experimental studies on in situ retort concepts;
systems analysis using the ASPEN computer model; analysis of novel concepts; development
of a siting methodology; and environmental research on solid waste management, process
water cleanup, in situ retort abandonment, and air emissions control.

2.1.5 Coal
2.1.5.1 Coal Resources (by D. B. Reister)

Coal is the most abundant fossil fuel. The resources of voal are compared with the
resources of the other fossil fuels in Fig. 2.11 of Vol. 1. Coal is 71% of the total werld
fossil fuels and 73% of the United States total. The data source for the estimate of coal
resources was the World Energy Conference (WEC 1986). Because judgment was used to
derive the estimate, the details of our estimate are discussed in this scction.

Our estimates are based on Table 1.1 of the WEC (1986) report. The table reports
four estimates of coal resources and reserves: (1) proved amount in place, (2) proved
recoverable reserves, (3) estimated additional amount in place, and (4) estimated additional
reserves recoverable. To derive our estimate, we added categorics 2 and 4 (proved
recoverable reserves and estimated additional reserves recoverable).

The WEC (1986) report has estimates for three ranks of coal: (1) bituminous and
anthracite, (2) subbituminous, and (3) lignite. Table 1.1 of the WEC report presents
estimates for 76 countries. Our summary of world coal resources is displayed in Table 2.1-5,
which focuses on the 9 countries with the largest coal resources.

Most of the values in Table 2.1-5 are taken from Table 1.1 of the WEC (1986)
report. When estimates of recoverable reserves were not given but estimates of the amount
in place were available, 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 assumed a recovery rate of 50% and that the distribution by rank for the
839 GT (1678/2 = 839) was the same as the distribution for the 827 GT.

The countries with the largest reserves of coal are China, the Soviet Union, and the
United States. Unlike those of oil and gas, coal reserves in the Middle East are not large.

Using appropriate (and approximate) conversion factors, we can convert from mass
units to energy units. The results are displayed in Table 2.1-5. The total amount of energy
is 156,700 quads, and bituminous coal resecves are 60% of the total.

From 1976 to 1986, the world production rate for coal increased steadily from 67 to
88 quadsfyear. At a production rate of 100 quadsfyear, the coal reserves would last for
1567 years. From 1976 to 1986, the world production rate for all fossil fuels increased from
240 to 277 quads/year. At a production rate of 300 quadsfyear, the coal reserves 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/fyear, and coal increased by 21 quadsfyear. Thus, coal has
had the largest increase in production rate in the last decade.
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Table 2.1-5. Recoverable reserves of coal

(gigatonnes)

Country Bituminous Subbituminous Lignite Total
Australia 267 S8 113
China 1,155 0 213
Germany it7 0 56
Great Britain 45 { ‘ 0
India 56 0 4
Poland 58 0 25
South Africa 66 0 0
Soviet Union 1,084 1,084 623
United States 727 478 461

Total 3,575 1,620 1,495
Conversion factors, 26.5 22.0 17.6

quads/GT
Energy, quads 94 600 35,700 26,400 156,700

Source: Based on data from "Survey of Energy Resources,” World Energy
Conference, London, 1986.

2.1.5.1 Coal gasification emcrging technologies and R&D needs (by P. T. Carlson)
Introduction

This section addresses the status of and R&D needs for coal gasification technologies.
The discussion is limited to the application of gasification technologies for (1) the
production of substitute natural gas (SNG), (2) the production of synthesis gas for the
manufacture of a varicty of chemicals and fuels, and (3) the generation of electrical power
in gasification combined cycle (GCC) systems.

A large number of gasifiers are in use throughout the world today, and they can be
divided into the following major categories: (1) fixed bed (dry ash and slagging types),
(2) fluidized bed (dry ash and agglomerating types), and (3) entrained flow (slagging). The
main operating characteristics of each type of gasifier are summarized in Table 2.1-6
(Penner 1987).



Table 2.1-6. hinportant characteristics of generic types of gasification reactors

Moving bed Fluidized bed Entrained flow
Ash conditions Dry ash Slagging Dry ash Agglomerating Slagging
Feed coal characteristics
Size Coarse (-2 in.) Coarse (-2 in.) Crushed {-1/4 in.) Crushed (-1/4 in.) Pulverized (-100 mesh)
Acceptabdility of fines Limited Betier than dry Good Better Unlimited
ash

Acceptadility of caking Yes (with Yes (with Possibly Yes Yes

coaf modifications) modifications)

Preferred coal bank Low High Low Any Any
Operating characteristics

Exit gas temperature Low Low Moderate Moderate High

(800-1200°F) (800-1200°F) {1700-1900°F) (1700-1900°F) {>2300°F;
Oxidant requirement Low Low Moderate Moderate High
Steam requirement High Low Moderate Moderate Low

Key distinguishing
characteristics

Key technical issue

Hydrocarbon liquids in the raw gas

Utilization of fines and

hydrocarbon liquids

Large char recycle

Carbon conversion

Large amount of sensible
heat energy in the hot
raw gas

Raw gas cooling

Source: D. R. Simbeck, R. L. Dickenson, and E. D. Oliver, Synthetic Fuels, Inc., Coal Gasification Systems: A Guide to Status, Applications,

and Economics, EPRI AP-3109, Electric Power Research Institute, Palo Alto, Calif., June 1983

(44
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Coal gasification for the production of substitute natural gas

Introduction. In the early 1970s, serious concerns were raised regarding the extent of
natural gas reserves and the long-term availability of this resource. As a vesult, more than
100 major projects or plants were under consideration that would generate a substitute
natural gas (SNG) from coal. Some of these projects were on schedules that would result
in substitute natural gas production in the mid- to late-1980s. The changing world energy
picture since that time, however, has reduced the immediate need for the production of
pipeline-quality gas from coal (Peaner 1987).

Advanced Gasification Technologies for SNG. In the 1970s, over twenty conversion
processes were in various stages of development in the United Staies o convert coal to
SN{z Each of the processes was conceived to improve the commercially available
technologies with respect to process efficiency, feedstock utilization, and flexibility. As more
data from these R&ID efforts were obtained and more detailed economic evaluations were
performed, it was determined that sufficient economic incentives could not be identified to
warrant continued work and expenditure of research funds on the production of SNG from
coal. The processes {or which research and development work is still being pursued are the
(1) asb-agglomerating, fluidized-bed process, (2) British Gas/Lurgi slagging gasifier, and
(3) Rhbeinbraun direct, fluidized-bed hydrogasification process. For the most part, continued
devclopment work is justificd on these processes primarily because of process flexibility and
the potential for application of the technology in areas other than SNG production (e.g,
in gasification combined-cycle systems for electric power generation).

Great Plains Coal Gasification Plant. The economics of producing SNG from coal are
a function of coal type and cost, the technologies used in the conversion process, and the
specific economic constraints of the site chosen for the plant. As a consequence of the
changing world energy market, most of the 100 projects or plants considered in the mid-
19705 are no longer uvnder consideration. Only the Great Plains Coal Gasification Plant
(GPCGP) in Beulah, North Dakota, was constructed through the combined efforts of a
consortium of natural gas companies and the federal government.

GPOGP was started up in 1984 with a nominal output of 125 million standard cubic
feet per day (sci/d) on pipeline-quality gas. The feedstock for this plant is North Dakota
lignite. GPCGP has been highly successful in terms of its design purpose to produce
substitute natural gas. The plant was designed to produce 137.5 x 10° scf/d of SNG, but it
has operated at levels consistently exceeding the design capacity. The highest daily rate (in
March 1986) for SNG production was 154.7 x 10° scf, which is 112% of the design capacity.
In the current world economic climate resulting from low oil prices, however, GPCGP is
not economically competitive with other gas-supply options. The Department of Energy
(DOE) became the owner of the plant in 1985 when the five industrial partoers defaulted
on the government loan, and DOE is currently attempting to sell the plant to ensurc long-
term operation.

Direct methanation. Since 1978, the Gas Research Institute (GRI) has funded
rescarch and development of the direct methanation process to improve the economics of
the conversion of coal to SNG. Direct methanation is a process that converis equitnolar
coneentrations of hydrogen (H,) and carbon monoxide (CO) to methane (CH,) and carbon
dioxide (C(O,). The process has no requirements for steam, and sulfur removal is not
required prior to methanation. Az a result, the direct methapation process can be used to
treat the raw, quenched gas from a gasifier with little or no pretreatment.
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Agid gas removal. An cosseatial elemcnt of the coal-to-SNG process is the rewmaval
of gases such as CO, and hydrogen sulfide (H,S) and oiganic sulflides from the product
stream to satisfy process constraints, environmenial constrainis, or product requirements.
The exiensive list of available commercial technologies for the removal of acid gases from
product gas streams has resulted in only a limited R&D effort in the pucsuit of new
processes for the removal of acid gases that could improve the economics of SNG
production from coal.

R&D needs. I at some point in the futiire, naiural gas supplies and costs are such
that the produciion of SNG f{rom coal becomes an economically viable alternative, the
following R&D areas need aitention.

#® metal alloys for high-iemperature heat-recovery applications;

#  improved ceramics for high-temperatuic applications, such as particulate filters
and valves;

#  additional information on the crosion-corrosion behavior and resistance of
metals and ceramics in coal gasification environments, including long-term
corrosion data;

@&  vapcr-liquid equilibrium data at clevated temperatures and pressures for
selected multicomiponcit systems involved in the SNG process;

®  transport data (thcrmal conductivities, viscosities, and diffusivities) for tars and
slurries; and

#  thermodynamic data, including improved estimaies for free energy of formation,
heats of formation, entropies, and specitic heats.

Coa! gasification for the production of synthesis gas for chemicals and fuels

Gvervicw of technolopy. Coal was the first fossil fuel to be converted to synthesis gas
(8G) for commercial use. The manufacture of methanol from coal-derived G began in
Germany in 1923, That same year, the Fischer-Tropsch process was put into commergial
operation for the manufacture of fuels and chemicals from eoal-derived SG. The production
of methanol throughout the werld, for the most part, uses natural gas as the starting
material; although, with the shoriages of natural gas in Furope, peivolesm fractions have
also been used for the production of SG. Following the oil embargo of 1973-74, the
gasification ot coal became an important source of SG; however, the recent decline in oil
and gas prices has resulted in a decrease in R&ID activities in this area. Nonctheless, the
instability of thc oil and gas markets is a good reason for continving R&D in the
gasification of coal for the production of SG.

Gasification processes are cxcelicntly suited to the production of SG for subsequeni
conversioin to liquid fuels. Variability in coal source, rank, mineral matter, and other factors
is more casily accommodated by gasification processes thai by liquefaction processes.
Indirect liguefaction (by way of SG) producis are converted relatively easily into clcan
gaseous and liquid fuels and to chemicals. Plants designed to produce SG by the gasification
of coal are, however, more costly and cormplex than facilitics designed to produce SG from
natural gas beeause of the additional facilities needed to handle the coal, solid residues, and
the extensive cleanup of resultant gases.
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The gasification of coal is also valuable in the production of chemicals and feedstocks.
Gasification processes produce CO, in significant amounts, and this product is one that is
in short supply and has an increasing number of uses. It is considerably easier to remove
CO, from gasification processes than it is to remove it from flue-gas streams, and current
R&D efforts should focus on ways to remove this chemical in a fairly pure state from
gasification processes. Applications for CO, include (1) use in enhanced oil recovery
operations, synthesis of urea (ammonia and fertilizers), synthesis of polymers, refrigeration,
carbonation of beverages, and many others.

Several plants worldwide use coal gasification to produce SG for fuels and chemicals.
The Tennessee Eastman plant in Kingsport, Tennessee, has been in operation since 1983,
Tennessee Eastman uses two 900-ton/d Texaco gasifiers to produce acetic anhydride, acetic
acid, and methanol. The coal-to-ammonia plant in Ube, Japan, has been in operation since
1984, producing 1000 tons/d of ammonia. In this plant, four Texaco gasifiers have been
connected to an existing ammonia plant to generate the necessary H, for the NH;
production. The Rheinbraun High-Temperature Winkler process plant in the Federal
Republic of Germany (FRG) is a 700-ton/d demonstration plant that started up in 1986 for
the production of SG for methano! production. In addition, the 820-ton/d Ruhr Kohle plant
in FRG was started in 1986 and generaies SG for oxychemical production.

R&D needs. It is believed by some (Penner 1987) that coal gasification will be an
important contributor to the production of clean liquid {uels by 2010. If this is an accurate
prediction, the following R&D need attention (Penner 1987).

® additional research on the synthesis of ecthanol from SG for use in
transportation applications;

® increased understanding of the conditions and catalysts necessary for the
production of certain alcohols that can be used in transportation applications;

e  methods for separating CO, from coal gasification processes with fewer than
10 ppm H,S;

e  studies to identify major potential cost savings resulting from integration of the
gasifier with downstream processing and studies lo examine oxygen purity
requirements to minimize costs of overall process;

® improvements in low-temuperature, waler-gas-shift efficiencies and economies o
make either high-H,/CO SG or H, by minimizing excess steam requirements;

e  exploration on homogeneous and heterogeneous methanol synthesis catalysts;
and

®  development of synthesis gas conversion catalysts that can tolerate higher feed
impurities (8§ compounds, for example).

Coal gasification combined cycle technologics

Introduction. The world energy situation in the past several years, with regard o the
consumption of petroleum-based fuels, has resulted in increased attention being focused on
the economical use of coal. Coal, although one of the nation’s more abundant energy
resources, is difficult to consume in an economical and environmentally acceptable fashion.
Current strict environmental controls have resulted in substantial increases in both capital
and operating costs for conventional coal-fired steam plants, while at the same time
lowering plant efficiency and reliability. The types of coal feedstocks that can be burned
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cleanly and yet produce a sufficient level of electrical power economically 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 combined-cycle plants, however, have several advantages. First, they are characterized
by extremely high fuel efficiencies because of the operating temperatures 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, however, are the high
costs associated with the use of oil and natural gas fuels and the uncertainty of supplics 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 1983).

With regard to the economy and efficiency of GCC systems, this process offers
several advantages over conventional coal-fired steam plants. First, the GCC design is
capable of operating with a wide range of coal types and quality. Second, the GCC plant
produces H,S from elemental sulfur in the coal feedstock through the gasification process.
After separation, low-sulfur fuel gas that can be injected directly into a gas turbine for
power production. Third, steam produced f{rom waste heat from the gasification process
and the gas turbine can be used for additional power generation (4 Review of Coal Gas
Efficiencies 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 from the fuel gas, which provides flexibility for
the utility to purchase lower rank, and perhaps more available, high-sulfur coals. Also, 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 is 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 100-MW(e) GCC plant
located in Daggett, California. The CWCGP uses two 1000-ton/d Texaco gasifiers and has
operated successfully since 1984. During its operation, the plant has demonstrated the
ability to operate within the 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 being the world’s largest GCC plant. The
design uses an entrained-flow slagging gasifier that began operation in 1987. The status of
other gasifiers being demonstrated for combined-cycle technology is summarized in
Table 2.1-7.
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Table 2.1-7. Status of gasifiers being demonstrated for
gasification combined cycle

Plant/technology Location Status

Kellogg-Rust- Waltz Mill, Pennsylvania 270-ton/d demonstration plant

Westinghouse (KRW)

British Gas/Lurgi Westfield, Scotland 550-ton/d demonstration plant;

Slagging Gasifier 30-MW gas turbine; in
operation since 1986

Prenflo (Krupp-Koppers) 48-ton/d pilot plant; testing
began in 1986

High-Temperature Berrenrath, Federal 700-ton/d; began operation in

Winkler 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 recoverable waste heat to power. Each of these components is discussed in this section.

Coal 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, Koppers-Totzek, and Winkler gasification
processes are generally considered to be first-generation processes. The second-generation
gasification technologies include the British Gas Corporation Slagging Lurgi (BG/SL), Shell,
Texaco, Dow, Westinghouse, and U-Gas gasifiers (Marqueen, Carbone, and Ligammari
1986).

Current research efforts are focused on ways to broaden the range of coal types that
can be used economically and cleanly in the 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.
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Tabtie 2.1-8. Generic classification of available gasification technologics

Fixed hed Fluidized bed Entrained bed
Process system _— — .
Dy Slagging Dry ash  Agglomerating Slurry feed Dry feed

Gasification Lurgi® BG/SLY Winkler Woestinghouse Texaco GKI%*
technologies U-GAS (IGT) Dow Shell
Preferred coal rank  Low High Low Any Any Ay
Opcrating
characteristic
@ T'xit gas

temperature Low (800-1000°F) Moderate (1600-1800°1) High (2300-2700°F)
2 Oxygen

requicements Low Moderaic High
e Coal feed Sized Pulverized Pulverized
Distinctive Liquid hydrocarbons Char recycle Large quantity of
charactcristics in raw gas inlet coal encrgy

leaves as heat enetrgy

Source: Based on data from J. Marqueen, D. J. Carbone, and J. Ligammari, "Coal Gasification Combined Cycle
Systems-—Technical Horizons," pp. 235-41 in Vol. 48, 1986 Froc. Am. Power Conf, Chicago, with permission from Illinois
Institute of Technology, Chicago, 1986.

“First-generation technologies.

bBritish Gas Corp/slagging Lurgi.

‘German Koppers-Totzek.

Three additiona! areas of current research are intimately connected: (1) increasing the
efficiency of the coal gasification process, (2) reducing the complexity of the gasifier product
(fuel gas) treatment, and (3) reducing the emission of gasification products to the
environment.

"The coal gasifier is extremely important in the overall GCC system because it is the
component that determines the composition of the fuel gas for the gas turbine and the level
of efficiency of conversion of the coal feedstock to fuel gas and thermal energy. Most
gasifiers convert virtually the same total percentage (~94%) of feed coal energy to fuel gas
(~80%) and thermal energy (14%). With little difference in efficiency among the various
gasifiers, the particular choice of gasifier for a GCC system tends to be based more on the
quality and availability of the coal feedstock and other economic and political considerations.
The important factor is the operating temperature of the gasifier. As the operating
temperature of the gasifier decreases, the amount of energy generated as fuel gas increases.
It is the amount of encrgy generated as fuel gas that ultimately determines the efficiency
of the overall gasification combincd-cycle process. It is desirable that a high percentage of
coal energy be converted to fuel gas because the {uel gas can be converted directly to
power through the gas turbine, whercas that portion of the coal encigy that is converted
to thermal energy must be converted to steam before it can be converied to power. Because
the conversion of fuel gas to power is more efficient than the conversion of thermal energy
to power, the design objective for GCC systems is to maximize the production of fuel gas.
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{n addition, higher operating temperatures reduce the fraction of coal energy that can
be made available {0 the gas turbine because the higher chz'aiing, temperatures tesult in
more feed coal combustion to raise the reactants to the pasifier operating temperature.
Increased temperatures also result in creased oxyge n mnsumptwn and  increased
equipment costs to recover heat generated in the gasificr, Furthermore, increasing the
operating teraperature of the gasifier resulis in increased coal throughput, and mdue,cz. the
level of hydeocarbons in the resultant [uel gas. Cmn the other hand, higher operating
temaperatures result in simpler and less expensive gas cleanup systems.

Consequently, it can be seen that there is a delicate balance for the operating
temperature of the gasifier for an efficient GCC plant. Fixed-bed gasifiers operate at Jower
temperatures but require extensive gas cleanup operations. The two extremes for
conventional gasification processes with regard to operating temperatures are tixed bed
(product gases at 800 to 1000°F) and entrained bed (preoduct gases at 2300 to 2700°F).
{deally, the gasifier should produce gas at a temperature at which it can be delivered to the
turhine and at which components deleterious to the turbine can be removed. Optimizing
the operating teruperature of the gasifier to produce a high-quality, combustible, clean fuel
gas without negatively impacting the overall seopomy of the process through large capital
expenditures {or gas cleanup is the area of greatest potential for improvement in the gasifier
portion of the GOU system. There §s a trend toward the wse of fixed-bed gasifiers that
convert a greater percentage of the coal to fuel gas. For c'x'ampie? 05% of the coal energy
to the BGSL gasifier is used directly m the gas turbine, and 2 10% increase in gas turbine
elficiency resulls in a 5% increase in system efficieucy Fluidized-bed systems have the
greatest potential for using developments in hot-gas cleanup and gas turbine technology to
effect an overall improvement in the viability of gasification combined-cycle technology
{(Marqueen, Farbm:s and Ligammari 1986).

Hot-gas e;:imnug system. The principa! purpose of the fuel gas generated by the
gasifier is to provide a combustible fuel for the gas turbine {or the production of electrical
power. Even with the most advanced gasilication schemes, the sulfur and nitrogen
compounds and the partimﬂ"tcs n the fuel gas as it exits the gasification process arc highly
deleterious to the materizls in the combustion turbine, Fajlure to pmw de the turbine with

a clean, nonabrasive fuch will result in expensive turbine blade and component replacement
and costly downtimes for the overall GCC plant. In addition, failure to remove the oxides
of sulfar and witrogen from the gas stream will resull in an unacceptable enviconmental
impact. A hot-gas cleanup system, therefore, is an integral part of the GOC plant,

As discussed in the nest section, optimum turbine efficiency is attained at higher firing
temperatur2s. To ensure high efficiency in the gas turbine cperation, it 1s desirable to clean
the gases exiting from the pasifier at high temperatures to reduce the amount of cooling
necessary to clean the gases with aub-».e, juent reheating for optimum turbine operation.
Current operating costs of systemns required to cool and remove the impurities {0 turbine
specifications from hot product gas streams represent approximately 15 to 20% of the
operating costs of a GUC plant. Research in the area of bigh-temperature pariiculate
removal will accomplish a great deal in lowering the operating costs for GCC plaats and,
thereby, increase the cost-effectiveness of the technology. Effective hot-gas cleanup systems
will reduce costs for the removal of sulfur from the fuel gas and will eliminate expensive
gas cooling and reheating equipment.
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The temperature at which the gas cleaning can be done will depend on the limitation
of the materials and components in the fuel gas handling, heat recovery, and gas cleaning
system. However, performance improvements resulting from hot-gas cleanup will require the
gas to be delivered to the turbine at higher temperatures than those currenily planned for
GCC plants. Current turbines can accept fuel gas at turbine inlet tcmperatures up to
1000°F. Improvements in the materials of the fuel-handling system have the potential to
raise the turbine inlet temperature to between 1200 and 1400°F. In addition to niore usable
fuel gas from the gasifier, hot-gas cleanup will result in addiiional thermal energy for
generation of electrical power through the steam turbine sysiem.

Resolution of probleins surrounding the integrated high-temperature sullur, nitrogen,
and particulate removal will result in the most economical GCC systems. For example, a
3.6% increase in system efficiency can be rcalized by changing from a cold- to a hot-gas
cleanup systemi with an attendant increase in the temperaiure of the fuel gas into the
combustor from 810 to 1100°F (Stochl and Nainiger 1983).

Gas and steam turbines. The principal component of the GCC system is the gas
turbine because it determines the efficiency for conversion to electrical power of the fuel
gas dclivered by the gasification process. Current, simple-cycle turbines with firing
ternperatures of 2000°F have efficiencies of approximately 32 to 33% high heating value
(HHV), and with the recovery of exhaust heat (combined cycle), the efficiencies can
approach 45%. Improved designs for combustion turbines with firing temperatures of 2200
to 2300°F have anticipated efficiencies of 34 to 35% in simplc-cycle and 48% in combined-
cycle operation (Marqueen, Carbone, and -Ligammari 1986).

Improved turbine ecfficiency will have the greatest impact in those GCC systeins
whose gasifiers convert the greatest fraction of coal energy to fuel gas. For example, as can
be seen from Tables 2.1-9 and 2.1-10, the BG/SL gasifier has the highest fraction of
conversion of coal energy to fuel gas (89.35%) and also the greatest amount of combined-
cycle power (435.31 MW) of the four GCC systems examined (Texaco, Shell, Westinghouse,
and BG/SL) (Marqueen, Carbone, and Ligammari 1986).

Additional increases in GCC system efficiencies can be expected as a result of the
higher steam supcrheat capabilities of turbines with firing temperatures in the 2200 to
2300°F range. Increasing stecam superhcat temperatures from 950 to 1000°F can imiprove the
performance of the steam-bottoming cycle by as much as 3% and represents a
1% improvement for the GCC system. It should be noted that rescarch on improved
materials for superheaters and reheaters for advanced steam cycle systems will allow the use
of increased exhaust temperatures from turbines firing above 2200 to 2300°F. A recent study
(Stochl and Nainiger 1983) to evaluate the effects of gas turbine firing temperaturc and
cooling scheme on overall system efficiency showed that gas turbine (and steam turbine)
ctficiencies are the most important parameters in the overall efficiency of the GCC system.
(The overall system efficiency is more sensitive to changes in steam turbine cfficiency in
those cases where sizable fractions of the raw gas thermal eaergy is used to raise steam for
the steam turbine.) The performance of the gas turbine can be improved by increasing the
firing temperature in conjunction with advanced blade cooling techniques. It is important,
however, to ensure that cooling not be severe enough to affect turbine efficiency (Stochl
and Nainiger 1983).



Table 2.1-9. Equivalent epergy recovery of fuel gas plants

Internal Gross
Gasifier fuel plant fuel plant Net fuel plant
output? requirements power products
generation
Fuel gas Thermal Fuef gas® MW MW Fuel gas® MW

Texaco 75.93 18.45 6.27 7132 105.32 69.66 34.00
Sheli 79.56 14.94 6.14 68.69 86.80 73.44 18.11
Westinghouse 80.84 13.73 5.85 56.67 4779 74.99 11.80
oxygen blown
BGCSL? 89.35 5.70 3.86 48.10 13.83 85.49 (34.27)

Heat
equivatent
of

net power
product

Heat®®

7.34

3.9

Equivalent
energy
recovered

Heath4

77.00

77.35

76.34

78.09

“Percent of coal energy to gasifier.

bCoal cnergy input (106 = 10 Btu/d) Illinois #6 coal.
“Based on heat rate of 9000 Btu/kWh.

YEER - B* Btuid fuel gas + B* Biw/d equivalent of power {Note: EBR = energy efficiency ratio).

B* Btu/d coal energy input

“British Gas Corp./Slagging Lurgi; steam import 54,500 Ib/h.
Source: Based on dawa from T. J. Marqueen, D. J. Carbone, and J. Ligammari, "Coal Gasification Combined Cycle Systems—Technical Horizons,"
pp. 235-41 in Vol. 48, 1986 Proc. Am. Power Conf, Chicago, with permission from {llinois Institute of Technology, Chicago, 1986.

1e
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Table Z.1-10. Gasification combised oycle performance
[coal input (100 x 10%) Btu/d)
Illinois #¢ coal

Net fuel Power production
plant R

Gasifier products CC EFF*  45% CC LFE®  48%

£GP Power cC  doml CC otal

B* Btu/d  (MW) TTMW) (MW (MW) (MW)
Texaco 69.66 34.00 382.81 41681 40832 44232
Shell 73.44 18.11 40359 42170 43025 44836
Westinghouse 74.99 11.88 41211 42399 44872  460.60
BGC/SLE 85.49 (34.27) 469.58 43531  501.15  466.88

“CC EFF = Combined cycle energy cfficiency ratio.

*FG = fuel gas.

‘BGC/SL = British Gas Corp./Slagging Lurgi.

Source; Based on data from T. J. Marqueen, D. J. Carbone, and J. Ligammari, "Coal Gasification
Combined Cycle Systems—Technica! Horizons," pp. 235-41 in Vol. 48, 1986 Proc. Am. Power Conf,
Chicago, with permission from Illinois Institute of Technology, Chicago, 1986.

A 10% change in steam turbine efficiency results in a system efficiency increase
between 5 and 6%. High steam throttle conditions, along with steam reheat and steam
induction, will result in maximum steam turbine power froin recoverable thermal energy
(Stochl and Nainiger, 1983).

R&D needs. To increase the contribution of the GCC technology to the nation’s
power production, research in the next decade should be focused in the following arcas.

@ Devclopment of advanced gasification processes that have (1) increased
efficiency of conversion of coal energy to fuel gas and thcrmal energy,
(2) increased ratios of fuel gas to theimal energy in the product balance, and
(3) the ability to operate at tcmperatures sufficiently low to produce a
maximum percentage of fuel gas without reducing the efticiency of the GCC
system.

®  Development of improved hot-gas cleanup systems through the use of advanced
materials for the components of the entire fuel gas-handling and cleanup
module. Improved systeins should be capable of removing particulates to levels
compatible with the design requirements of the gas turbine. The hot-gas
cleanup system should operate at temperatures approaching the gas turbine
inlet temperature to avoid loss of efficiency in the overall GCC system.

®  Development of turbine designs with higher inlet temperaiures for increased
cfficiency of conversion of fucl gas energy to elecirical power. In addition,
higher turbine operating temperatures can be expected to result in increascs
in the GCC system efficiencies through higher steam superheat 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.

¢ Rescarch 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 verify or improve fundamental understanding of gasification rates and
mechanisms (Penner 1987).

¢  Measurements of high-temperature corrosion-fatigue for alloys under realistic
conditions and on the kinetics and mechanisms of corrosion-fatigue damage in
the temperature range 350 to 700°C and pressures of 20 to 60 atm (Penner
1987).

2.1.5.3 Coal liquefaction (by R. R. Judkins)
Direct liquefaction

A variety of direct liquefaction processes have 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 temperatures (800 to
850°F) and pressure (1500 to 3000 psi), both with and without catalysts.

Of the potential processes for 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 2.1-11.

These plants successfully demonstrated the feasibility of the various processes, and
demonstration and commercial plants using these processes were planned. Demonstration
plants (6000 tons/d) for the SRC-I and -II processes and a commercial plant (26,500 tons/d)
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 6000-ton/d capacity, that is a
single train of a commercial-sized facility. On the basis of the results of pilot plant
operations, plants of this size could be built and operated successfully. Successful
demonstration at this scale would ensure the ability to scale up to commercial size
(30,000 tons/d) when the need for commercial-size plants arises.

A peed 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 used at the Wilsonville, Alabama,
facility. These advanced processes apparently offer considerable benefits in efficiency
compared with the four processes that have been operated at pilot plant scale.
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Tabie 2111, Direct Ggucizagion pilot plants

Size Gyerating

Process? Location (tons/d? period Products
SR Wilsonville, Ala. 6 1974 -prosent Solid SR
ITSL Wilsonville, Ala. b 19%1-preseint FFuel oii

Light distiliate
SRC-1I Fort Lewis, Wash. 50 1974-81 Fuel oil

Light distllate

Gas
H-Coal Catlettsburg, Ky. 250 1980-82 Crude oil

Gas
EDS Baytown, Tx. 250 1930-82 (j.]solim blend stock

Peavy tuel oil
Distillate fuel il

agRC - Solvent Retined Coal,
1TSL, - Integrated Two-Stage Liquefaction.
EDS - Exxon Donor Solvent.

A receat paper (Lumpkin 1988) reviewed recent progress in the direct liquefaction
of coal. Over the past 50 years, the trend has been toward milder operating conditions
(lower pressure and temperature). The conversion of coal into products has remained
constant at about 95%. Hydrogen consumption has decrcased because the production of
methane decreased at the milder opcrating conditions.

Since 1983, the quantity and quality of the Yquid pmvuu‘; have increased. The
heavier liquids (residual oil and gas oil) have been climinated ! ny recycling. The current
liquid products are distillate fuel oil. keroseinz, and gasoline

The increase in quantity and quality of the liquid products without an increase in
hydrogen consumption has improved the ccononues of the process. The current process
would be cosi-effective at a crude oll price of $35/bbl. With the samic assumptions, the 1983
process would have required a crude oil price of $87/6bl. Thus, R&D has reduced the cost
of the direct liqucﬁrtion process by 60% this decade.

Further progress is possible. Given the composition of an average coal, the upper
bound on liquid fuel is reached when all of the oxygen in the coal is converted to carbon
dioxide, all of the sulfur and nitrogen arc converied o hydrogen sulfide and ammonia, and
the liquid fuel is gasoline. Because the upper bound is about 25% higher than the current
yield, R&D will probably result in processes with signilicantly higher vields of light liquid
fuels.

Current ldooraiory R&1) on coal liquctaction processes focuses primarily on improved
catalysts that will permit efficient liquetaction of coal under much wilder conditions than
the older processes. A considerable rescarch effort on these improved catalysts is being
conducied under the DOE Advanced Kcscarc} and Tech -.nomgy Development (AR&TD)
Coal Liguefaction Advaiiced lf{csc;i‘rch subprogram. This type ol rescarch cffort is
appropriate and should be continued. A demonstration plant based on the most advanced
technology should be included in the planning for future development of direct coal
liquefaction processes.
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Less expensive coals, easier-to-liquify coals, and evolutionary improvements such as
recycle to extinction of heavy liquids and modifications to equipment or operating
conditions will likely lead to a 15 to 20% cost reduction. Breakthroughs in technology could
have much more significant impacts on the cost of liquid fuels produced from coal. The use
of gases such as carbon monoxide and water or methane to transfer hydrogen to coal could
significantly reduce the cost of coal liquids. Improved and more selective catalysts that
would maximize the yields of desired products would reduce costs. A better understanding
of coal structure could lead to the identification of reagents that are more appropriate for
the liquefaction of coal. Research programs in these areas that could lead to breakthroaghs
in technology should be funded. The evolutionary improvements will result as a natural
consequence of tunning pilot plants and in conducting research on povel liquetaction
DIOCESSES.

Indirect liquefaction

Tudirect liquefaction consists of first gasifying coal and then catalytically converting
the synthesis gas (8G) (principally CO and H,) to liquid hydrocarbons and other organic
compounds. Various gasification processes can be used to produce the SG required for the
liguefaction process. Many of these processes—Lurgi, Westinghouse (or KRW), Texaco, and
Shell, among others~have been or are being demonstrated at sufficient scale to ensure the
availability of the gasification component of indirect coal liquefaction. Except for laboratory
research on innovative gasification concepts, no additional larger scale R&D on coal
gasification for coal liquefaction feedstock production is indicated. In the event substantial
improvements in coal gasification is suggested by the laboratory research on new processes,
scale-up should be addressed.

For the lquefaction component of the indirect liquefaction process, various catalytic
processes can be employed, depending on the desired products. The Fischer-Tropsch
process has been demonstrated in South Africa to be an effective process for converting
SG to a wuseful slate of products including propanes and butanes, light naphtha, heavy
naphtha, diesel, fuel oil, methane, and alcohol mixtures. If gasoline is the desired end
product, the Mobil MTG (methanol to gasoline) process may be used. In this process, SG
is catalytically converted to methanol and then to gasoline.

Much of this process is currently being demonstrated on a commercial scale in New
Zealand, where natural gas is being converted to gasoline. The New Zealand plant has been
in operation for over two years and is a technical success. The economic success of this
plant {or any other synthetic fuel plant) depends on the price of crude oil. At the current
low oil price, the plant is not economical. After the loans are repaid in 1995, the plant is
anticipated to become economical. The current policy in New Zealand is to sell the gasoline
at current import prices. The strategic importance of the New Zealand plant s that it
supplics about 14% (627,000 tonsfyear of gasoline) of the liquid fuels produced in New
Zealand (New Zealand has achieved about 50% self-sufficiency in liquid fuels).

In the United States, a demonstration plant for indirect coal liquefaction should be
built, and it should be based on processes that have been successfully demonstrated
elsewhere (either the Mobil MTG process or the Fischer-Tropsch process). A U.S.
experience base is needed to ensure that indirect liquefaction of coal can be implemented
when and if it is needed. Laboratory research on novel concepts for coal gasification and
the subsequent liquefaction of the gascous products should be conducted, and the most
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promising of these new processes should be incorporated into the demonstration plant
program.

2.1.5.4 Flue-gas desulfurization (by R. P. Kiishnan)

Coal-burning power plants produce a little over 60% of the man-made SO, emissions
in the United States. To cormply with the environmental regulaticns, utilities and industries
have to install flue-gas desulfurization (FGD) systems downstream of the boilers to reduce
SO, emissions. With the passing of the Clean Air Act Amcndmenis and the New Source
Performaice Standards (NSPS), a number of FGI systems have been installed in the past
decade. Installed capacity of FGD plants rose from 4,000 MW ten vears ago to 50,000 MW
today. An additional 15,000 MW are under construction and 9,000 MW in the coniract
award category (Mcllvaine 1986). By 1992, nearly onc third of the industrial and utility coal-
fired boilers in the United States will be controlled by FGD systerss, given the current
utility plans.

There are 135 utility FGD systems currently operating in the United States. Sixty-
nine units representing a capacity of 27,845 MW are located in the castern part of the
country, and 66 (30,054 MW) are located in the West. Projected growth in FGD installed
capacity in the next 10 ycars is 63 units or 32,815 MW (Melia et al. 1987). The greatest
growth is expected in the western United States because the majority of the new generating
capacity projected lics in the west. If new "acid rain" controls are enacted, the role of FGD
as a sulfur abatement strategy could increase dramatically.

Classification of FGD systcms

FGD systems can be conveniently classified under three main categories: (1) wet
scrubbing, (2) spray dry scrubbing, and (3) dry scrubbing. Over 200 individual processes
have been suggested for FGD (EPRI 1984). A large number of these processes have been
abandoned at various stages becausc of technical/economic reasons. A recent study
evaluated 24 IFGD processcs for operability, technical merit, and commercial availability
(Keeth et al. 1987). The 24 processes were grouped under three categorics.

1.  High-sulfur coal. Throwaway; where the FGD system is applied to a high-sulfur
(4% S) coal-fired boiler, and the waste product is gypsum or a lixaicd sludge.
Processes in this category include Conventional Limestone, Chiyoda Thoroughbred
121, Dowa, Limecstone with Forced Oxidation, Saarberg Holter/lime, Saarberg
Holter/Limestone, Limestone Dual Alkali, Lime Dual Alkali, Wet Lime,
Limestone/Wallboard Gypsum By-Product, Timestone TEnhanced with Organic Acid
(with and without forced oxidation), High Sulfur Lime Spray Drycer and Bischoff.

2. High-sulfur coal. Regenerable; in which the FGD system is applied to a high-sulfur
coal-fired boiler and produces a by-product while regenerating the absorbing reagent.
Processes in this categoiry include Wellman-Lord, MgO, SULF-X, Flakt-Boliden,
Aqueous Carbonate, Conosox, Plizer, Mitsui-Desox, SOXAL, and NOXSO.

3. Low-suifur coal. Throwaway; where the FGD system is applied to a low-sulfur (<4%)
coal-fired boiler, and the waste product is a sludge or dry solid. Processes in this
category include Conventional Limcstone, Lime Spray Dryer, Nahcolite/Trona
Injection, and Furnace Sorbent Injcction.
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Conventional limestone and lime-based, wet throwaway )y%*mf'zw are the most popular
and have the broadest application because these systems are relatively simple and use less
equipment (absorber and a reaction tank), compared with the other systems, and Jend
themselves to modular construction {which allows stepwise *xnm';gi&n’) Furthermore, these
systems use a low-cost sorbent, have 3 wide range Uﬂ commercial d va:hﬂmmt dnd meet
the SO, emission criteria for all m;z%c They can be fitted to new and existing plants.
Disadvantages of these systems are the maﬂz plugging, corrosion, erosion, excessive
reagent requirements due to the low solubility of calehum compounds and treaiment of
waste sludge before disposal.

Wet scrubbing systemss. In wet scrubbing, the fue gas i¢ scrubbed with an alkaline
solution containing lime or limesione. The gas may or may not contain fyash, depending
on the absorber design. Venturis and Turbulent Contact Absorbers {TCA) have been used
for combined SO, and particulate control while spray i@we 5, perforated trays, and other
low-pressure drop contactors are often used wﬂ for 303, resmoval after the gas is first
cleaned to remove the particulstes in ,m clectir o precipitator (BESP) or baghouse.
Relative to gas volume, a large amount of slurry s sprayed or dispensed in the contactor,
saturating the tlue gas and re mawm; i“‘ka 0, Typical recirculation vates are 40 to 120 gal
per thousand actual cubic feet of gas. The Sct ubbed gas is passed through mist eliminators
and is often reheated to restore %uuym ¢y before boing umhz&rgm

The SO,-rich liquor is neuiralized by ad"mg alkaline wagum.& (imefimestone), and
the calcium suiftis, liquor is allowed to precipitate in a holding tank. The shudge (calcium
sulfite-flyash) is also sometimes oxidized (mm, oxidation) by injecting air in a separate
vessel to form calcium sulfate (gypsum), which is casier to dispose than sultite liquor. Some
processes also produce a "salable” gypsum. Other wet FGD svstermns we alkaline flyash,
sodium carbonate, and a wmixture of sodivm hydroxide/sodium carbonate and hime (dual
alkali) as the scrubbing reagent. The dual alkeli systems are gaining popularity because they
combine the advantage of using more reactive bt p ensive reagent (3odivm compounds)
at the same time, regenerating the scrubbing reagent with lime for reuse in the scrubber.
Sodium carbonate systeras are :’»‘«imﬂm to dual ;if.i»:‘.la systems excepl that there is no
regeneration of the scrubbing reages

Alkali fiyash for 5O, remo @ se coal that pr@duce a ﬂya*;h

with sufficient alkalinity to neutralive the avsor bed faﬂzm T, > calcium oxide in the ash is
responsible for SO, removat ----mkm*m«?a magoesionm, sodivm, and potassium species can also
contribute to SO, removal. Currently, FGD p m ts cperating on alicatine flvash are restricted
to plants fired on lignite and western coals

Regenerative FGD processes differ from the “thr mmwa} processes described above
in that the product of reaction between the reagent and 50, is decomposed to yield the
scrubbmg agent, which is then reconstituted and returned o the FOGD process. The process
results in a stream of 50, that can be m:«*wgnw to wseful by-products. The regenerative
FGD systems that have reached commercial siatus are the Wellman-Lord and the
Magnesium-Oxide (Mg() pro“esa«s‘ To ;“uhu‘ they C»:, nstifnle about 6 to 7% of the total
FGD systems in the United States (Murawezyk et al. "‘13 Ra‘yemmiwe systems are opted
only where there is a shortage of land for FOGD smdm posal. Throwaway systems are still
the first choice among the utilitics because they are less complicated and do not involve
chemical operations as in the e’f‘mnmai ble systems.

Spray dry scrubbing. In sprav dry scrubbing, an alkaline solution or slurry 8 atomized
in the flue gas and evaporates o %1 ness while reacting with the 8O, and HCL The
resulting reaction products are collected, vsually along with ithe flyash, in 2 particulate
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control system (USF or baghounse) and disposcd of as a doy product. This method has
several advarnitage s the complexily and operating
prohlcims associatoe 1 ste product. Conversely, high
SQ -removal efticiencics {95% for wet FGD svstems) are difficult to attain, and a highly
reactive absorbent (n(m-hmcsmnc} must be used. Typically, spray diving systeins vse lime,

owver wot scrubboers *wuuw oo
d with louid was

ot

i

‘

e wipees a "divTow

and 1 seimc cases, sodiumn wompouinds. Several spray diver  systemis  are  offered
commeicialy. All fnvolve the following stcps: (1) reageni prepaiation, (2) atomization,
{(3) dropici-gas contact, (1) SO, absorption—water evanovation, and (9) perticulate removal
(Burncti and Andomson 1961).
Spray drving sysiens currently operate on utituy #nd indusirial boilers. Key features,
cndors, and deseription of the spray drying system opeiating are described in EPRI (1984).
Utdity appiication is limiied o low-sulfur coals fless than 1.59%), and sulfur removal
guaianices ranges from 60 o 90%. Unis range in sizo from 100 o 500 MW, Industrial
boiler applications iring slightly highas sulfur maIs (;/. iv 3.5%) {or units generating up 0
1ZU000 actual cubic feet per minute (actin of raw fluc sas are operating. Worldwide, more
thain 2600 MW have bees cominitied m spray drylng: 4300 MW in the United States. This
figure is expected io rise substantially with the projecied growth in plants committed to low-
sulfur wesiern coals.

A protoyyps spray deyling FGLY sustene o o fngh-salfur coal application is in the
demonstration stage at tiie Northern States P« wer Compuany Raverside Station. If the tests
are successful then the future for spray G jooks quite atiractive

Spray-dover TGD svstems have chcr;&! pu(k nital advantages over wet.-scrubbing ¥GD
systems but also several {cchinical and economic lmitauons that resirict iheir use in certain
applications. First, spray-drying FGID does nor have the limm volumes of liquid scmbbing
medium recircalating through the absorber with s high- v roguircraent for pumping
and the corrosion/crosion probleins tiat Dave Dlagucd wel sy \[(’nn Mist climinators and flue
gas rehcaters are not always necded as inowel svstenis, because the flue gas does not reach
the saturaton wemperature, High pressure drops associziad with wet sysicins are eliminated.
Tho systens praduces a dry waste, which can be cGnoined with the tivash eollection. On the
other Band, there me cortain limitations associied with this system. Absorbents that are
more. yeactive and expoisive than limesione (e sodium compounds, lime) are required
and must be used at higher stoichiometric ratios ithas can wet serubbing. There is also a
limit 1 the guantity of water and absorbent that con be added to the tlue gas, which limits
s use to low-sulfur coals.

llly \u.tll“ulﬁl{ RYRALS

N Hiy -SCiu 'ﬂi processes Carey spray- uxvlnlf Uull()\(‘pﬂy orne step
further by eliminating water usage c,nm:‘]u In a dry-scrubbing process, a div alkaline
powder s injected dlI‘(‘(‘ﬂy into the thue gas stream. The alkaline particles react with SO,

while suspcnded in the gas stream. Dry waste product from this reaction is subsequently
colleetnd i a particulate collection device (e.g.. baghouse, precipitator) and the clean flue
gas is veitad to the atmosphere Additional reaction belween alkaline particles captured in
the particeiate control equipient and SO, oceurs as thie {lue pgas passes through the
srticulate collection system.

i

o

Dyy scrubbing offers clear advaniages over wet scrubbing and spray-diying FGD:
(1) the totai absence of water mininnizes corrosion, crosion, p]ugmir-ﬁ scaling, and freezing

problems; (21 div scrubbing controls both particulates andd SO, 1n a single piece of

(4\ no reheat of flue gas is

The shortcomiiigs of the dry

equipineni; (3) the dry product is more convenieni 0 handie;

reguired as in wet sorudbdiing (therchy redocing cacrey conts)
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Overall, the performance of FGD systems has shown marked improvement since the
mid 1970s, and system availability has shown a slow but steady improvement over the years.
Commercially available FGD processes can remove 90% of SO,, and over 90% of NO, can
be removed by a simultancous or supplemental process. The lime and dual-alkali FGD
systeras have shown superior performance on high-sulfur coals and, at the same time, use
less water; consume less energy; 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 systems will be considered in increasing
numbers by utilities and industries in the future.

From the point of sorbent usage, the current figure for wet-limestone systems are
80 to 85% usage at 90% sulfur removal at a Ca/S ratio of 1.2. The figures for lime are
greater than 90% usage for 95% removal at a Ca/S ratio of 1.05. For dry FGD, the figures
are 50% SO, reduction with limestonc 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 finer grind limestone and the use of chemical additives to enhance the
limestone usage at stoichiometric ratios approaching that of lime is a high-priority area
(R. P. Krishnan, Engineering Technology Division at Y-12, personal communication with
M. Owen, Radian Corp., Austin, Texas, May 1988). Because limestone is less expensive and
is widely available, it should be the first choice for any future FGD system.

Reliability issues in FGD can be addressed by a better understanding of the process
chemistry. While the 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. The basic chemistiy of SO,
removal in spray-dryer FGI) (i.e., reaction mechanisms and rate controlling steps) are not
completely defined, and additional work is needed in this area. A somewhat similar situation
prevails in dry-sorbent injection systems, where the chemistry is controlled by the
furnace/duct temperatures at which the sorbent is injected. Temperature bands have been
identified where the sorbent usage is maximum, but further work is needed to optimize the
process conditions.

Construction materials is an area that has received great attention in the FGD
industry. The carly failures of FGD systems were mostly due to premature failure of
equipment and components in FGD systems (e.g., absorbers, tanks, duct work, and stacks).
These problems have been resolved through extensive R&D. Depending on the service
condition, metals ranging from carbon steel to nickel-base alloys, organic linings, plastics,
and ceramics arc currently being used in FGD plants. With regard to stacks, acid-resistant
bricks are used; and more recently, for wet stacks, lining of the stacks with
titanium-Inconel™ alloys have been considered (R. P. Krishnan, Engineering Technology
Division at Y-12, personal communication with B, Laskey, PEI Associates, Cincinnati, May
1988). Research on performance of materials under various cnvironments (temperature, pH,
chlorides, fluorides, SO,/NO, concentration, moisture content) is nceded.

The simultaneous removal of SO,/NQO, in FGD systems and the process of combining
SO, and particulate control using dry reagents is gaining interest. These systems have the
potential of greatly simplifying FGD hardware requirements and significantly reducing the
capital requirements for new and retrofit installations. Several processes (e.g., LIMB,
Selective Catalytic and Noncatalytic Reduction, Ammonia Injection coupled with Electron
Beam) are in the various stages of development. Major improvements are needed with
regard to removal efficiencies, process optimization and control, waste fixation, catalyst life
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extension, cost reduction, and elimination of ammonia leakage. Given adequate funding and
emphasis in future R&D programs, these processes can be made commercially viable in the
1990s.

2.1.6 Advanced Conversion (by D. B. Reister)

This section discusses three methods for advanced conversion of fuel into electricity:
(1) aeroderived gas turbines, (2) Kalina cycle, and (3) magnetohydrodynamics (MHD).

2.1.6.1 Aeroderived gas turbines

This section is based on a recent paper by Williams and Larson (1988), who conclude
that a revolution is under way in electricity-generating technology 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 has been restricted to peaking plants because it has
a lower efficiency than a condensing steam turbine and because it requires high-quality (and
expensive) fuel. In cogeneration (the joint production of electricity and process steam), the
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 and to compete with baseload electric utility
technologies. The central innovation is to inject large quantitics of steam into the
combustor and increase the gas flow and power output for the gas turbine.

There are two types of gas turbines: (1) stationary and (2) aircraft. The stationary
units have been used for peaking units and for combined-cycle plants. The electrical output
of stationary units ranges from 70 to 135 MW. The stationary units are well suited to
combined-cycle operations because their low compression ratios (8 to 16) yield hot exhaust
gases (600°C). (In a combined-cycle plant, fuel is burned and expanded through a gas
turbine to produce electricity. The exhaust gases produce steam in a heat-recovery steam
generator, and the steam produces electricity in a steam turbine.)

Aircraft turbines used to produce electricity have smaller capacities (30 to 35 MW)
and higher compression ratios (18 to 30). The aircraft turbines are not well suited to
combined-cycle operations, because their high compression ratios yield cool exhaust gases.

In the period 1965 to 1975, stationary gas turbine capacity in the U.S. electric utility
industry increased from 1.1 to 37.1 GW. After the oil price shock of 1973, utility interest
in stationary gas turbines dropped sharply, and the instalied capacity in 1987 is only
43.4 GW. With the collapse of the market for stationary gas turbines, the level of R&D
declined.

The oil price shock spurred a massive R&D program to improve the efficiency of
aircraft turbines (from 1970 to 1980, the fuel cost share of operating expenses for air
passenger service increased from 11 to 32%). Furthermore, the U.S. Department of
Defense supported R&D on jet engines for military applications at a high level (for the
period 1976 to 1986, the average was $450 million/year).

While the R&D on aircraft turbines {ocuses on high-technology methods (e.g., turbine
blade materials) of improving aircraft performance, very little R&D has been performed
on low-technology methods (e.g., reheat, intercooling, regeneration, evaporative
regeneration, and steam injection) that could improve the performance of aircraft turbines
in stationary applications. Obviously, turbine modifications that involve the use of large
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quantities of steam or thc use of heavy or bulky heat exchangers will not improve the
performance of aircraft.

The improvements in aircraft turbines have created an opportunity for cost-effective
R&D to make major improvements in the performance of aircraft turbines for stationary
applications. Williams and Larson (1988) outlined a research plan that would require four
or five years and $100 million (including $40 million for the first unit).

The revolutionary development that transforms the gas turbine from a peaking unit
to a baseload unit is the injection of steam into the combustor. Compared with a simple-
cycle gas turbine, the steam-injected gas turbine (STIG) produces more power and has a
higher electrica! efficiency. The only extra work required with steam injection is compressing
the steam to boiler pressure. The small increase in work and the high heat capacity of
stcam results in a large increase in efficiency. Aircraft turbines are chosen for steam
injection because they are designed to accommodate large gas flows.

The Public Utility Regulatory Policies Act of 1978 (PURPA) encourages
cogeneration. The STIG concept was introduced to cope with the most troublesome
problem for a simpie-cycle gas turbine {poor part-load performance). With a STIG unit,
steam not needed for process applications can be used to produce more electric power (to
sell to an electric utility).

The Gengral Electric (GE) LM-5000 is an aircraft turbine with an electrical output
of 33.1 MW and an efficiency of 33% when operated as a simple-cycle gas turbine burning
natural gas. With full steam injection, the output increases by 60% to 52.5 MW and the
efficiency to 40%.

The use of STIG 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, lower waier requirements, and 2 higher availability. However, the
efficiency of a STIG is 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
STIG.

A more interesting candidate for baseload utility applications is the intercooled STIG
(ISTIG). Intercooling between the two compressor stages allows the turbine inlet
temperature to be raised from about 1211 to 1370°C. Using a GE LM-5000, GE estimates
that an ISTIG could produce about 110 MW with a 47% efficiency and an installed capital
cost of about $400/kW.

The estimated efficiency for ISTIG is higher than that of advanced combined-cycle
plants, while the capital cosis are lower. If both the ISTIG and combined-cycle plants burn
natural gas, the ISTIG will produce less expensive elcctricity. Even if the price of natural
gas doubles, ISTIG is estimated to produce electricity at a lower cost than can a large coal-
tired steam-electric plant with flue-gas desulfurization.

While all technological comparisons arc uncertain (both technology and fuel costs will
probably change), the STIG and ISTIG have several advantages. STIG and ISTIG units are
less complex than combined-cycle units (while both systems have a gas turbine and a heat-
recovery steam generator, a STIG does not have a steam turbine, condenser, or cooling
tower). Pollution controls are less costly for a STIG than those for a combined-cycle unit.
The small size of the STIG units provides 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 enging technology. High efficiency and the
use of natural gas will reduce emissions of carbon dioxide. The many advantages of STIG



43

and ISTIG provide a powerful incentives for expanded market penetration in both the
cogeneration and electric utility markets.

Natural gas has a smaller resource base than coal. Coal could be gasified to provide
fuel for gas turbines. Williams and Larson (1988) argue that a Lurgi gasifier would be less
costly than a Texaco gasifier. Gasified biomass could be an important source of fuel in
developing countries.

Assessment of ISTIG potential (by T. K Stovali)

The intercooled steam-injected gas turbine (ISTIG) cost and efficiency projections
cited by Larson and Williams (1988) are supported by a wide range of authors in industry
and academia. The ISTIG efficiency estimates are also supported by a theoretical review
of the cycle thermodynamics.

The major obstacle for the wide-scale implementation of ISTIG appeass to be the
lack of a development sponsor. This obstacle, in turn, is closely tied to current market
competition with combined-cycle systems. Combined cycles and ISTIG have comparable
efficiencies, and combined-cycle systems are currently available. The ISTIG is projected to
cost less than combined-cycle systems at small sizes. Therefore, any push for ISTIG
development must logically be aimed at dispersed markets, such as the biomass application
cited by Larson and Wllliams. Outside dispersed markets, the combined cycle will likely be
the chosen system.

The issues of efficicncy, cost, maintenance, and environment are addressed separately
in this summary.

Efficiency

Currently, the projected energy conversion efficiencies of ISTIG and combined cycles
(CGCs) are comparable. Machines for both cycles are likely to improve before ISTIG
becomes available (General Electric is working on the successor to the machine on which
the ISTIG projections have been based). Both ISTIG and CC are clearly superior o a
straight steam-injected gas turbine (STIG) cycle.

The output of the ISTIG will be sharply curtailed for higher ambient temperatures
(output is rated for 59°F) because of increased compressor work. The additional compressor
work is caused by the decreased density of air at higher temperatures. For example, a STIG
cycle that produces 52 MW at 20°F will produce only 42 MW at 90°F. This lower output
does not appear to be a problem with gas turbine peaking applications but may prove to
be important for baseload applications. The ambient temperature will also atfect the output
of the gas turbine portion of the combined cycle.

Cost

Most of the literature surveyed places ISTIG and CC costs at about the same 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. (However, it is important to recognize that the cost estimates for ISTIG are
projections for a system that requires further development and is further discussed below.)
For any installations tied to coal gasification cquipment, the economics of scale of the
gasification technology will probably lead to larger sizes where CC would be the logical,
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available choice. However, for small biomass-fueled systems where the plant size is chosen
to match the economically available fuel supply, ISTIG may offer a price advantage.

Soroka and Kamali (1987} of Bechtel produced the original capital cost estimate of
$400/kW that is quoted throughout the rest of the articles surveyed. This 1987 estimate is
given 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. Recent STIG installations have been more
costly (the Simpson Paper installation was about $540/kW) but have included extra items
such as redundant auxiliary equipment. Also, the ISTIG should cost less than the STIG
because essentially the same machine will produce more net power. According to Horner,
the additional cost attributed to the intercooler will be less than that of the heat recovery
steam generator, which itself is only a small percentage of the total plant cost.

Most of the reviewed cost cstimates purport to follow the guidance given in
TAG-—Technical Assessment Guide (EPRI 1986). However, as mentioned above, ambient
temperatures have a great effect on gas turbine net output. TAG calls for either basing the
total rating on the maximura ambicnt temperature or presenting costs on the basis of
derated capacity under maximum tcmpcrature conditions. Neither of these approaches has
been used for the ISTIG compariscns. Also, TAG gives specific guidance on contingency
factors to be applied to new technologies. Considering that full-size STIGs are in operation
but that no ISTIG has even beern built on a bench scale, the appropriate contingency factor
should be about 30%. No coniingency costs were inchuded in Soroka’s capital cost estimate.

The ISTIG busbar electricity cost is questionable because of two factors:
(1) equipment life and (2) capacity. In most estimates, the capital cost tends to be spread
over a 30-year life. However, gas turbines are usually designed for a 100,000-h lifetime. In
the past, for peaking applications, that design lifetime may have covered a 30-year or longer
period. In baseload applications, however, the turbine life will likely be closer to the design
point. Horner (1988) says that many turbines exceed their design life, but usually by that
time, the technology has advanced and replacement is more desirable. Therefore, the capital
cost element has probably been underestimated.

Capacity factors also have a direct effect on 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 equipment availability (determined by
maintenance requirements), system application {(such as peaking or baseload), and fuel
availability (important for cogeneration or biomass applications). Usually, a consistent
capacity factor was used for comparison between technologies within any given reference.
However, the varying capacity factor assumptions make comparisons between values taken
from different references difticult.

Maintenance requircments

Remote maintenance through the use of an engine lease-pool arrangement seems
reasonable for the ISTIG system. Scheduled preventative maintenance requirements
described by Horner (1988) of GT: are also reasonable and agree with those listed by Norris
et 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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American Electric Reliability Council data and the Dow maintenance experience referenced
by Larson and Williams (1988) from one of their workshops.

Environment

ISTIG, STIG, and CC all offer environmental benefits compared with current coal-
fired stcam plants. The potential ISTIG cost advantage at small sizes may enhance the
economics of using renewable biomass fuels. Steam injection decreases NO, and (O
emissions for ISTIG and STIG. Both ISTIG and CC have higher overall efficiencies that
lead to less fuel use and, therefore, decreased combustion products.

STIG uses about onc-half the water used at a traditional steam power plant and
slightly more than that used by a CC (2.5, 3.8, and 1.8 Ib/kWh respectively). Because of the
intercooler heat rejection usage, water requirements for ISTIG are greater than those for
STIG. With the LM8000 ISTIG cycle balance provided, the injection water requirements
are about 2 Ib/kWh. The intercooler requires 3300 gpm with a 12°F temperature rise. If this
heat were rejected via evaporation, it would correspond to 1.2 1b/kWh, for a total ISTIG
requirement of about 3.2 Ib/kWh.

Water quality requirements for STIG cycles are less rigorous than for CC cycles
because temperatures are lower and no condenser is required. Water treatment costs are
expecied to be a very small part of total costs. Therefore, the total cost is relatively
insensitive to wide variations in the water treatment costs.

If water consumption becomes a prime concern, a water-injection cycle proposed by
El-Masri (1988) should be investigated. It is projected to use 28% less water than an STIG
cycle. It should be noted that recycling water from an STIG or ISTIG would be very
difficult because of the presence of CO, and SO, in the condensate.
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sirong magnpetic field. | "xcctrérity Is produced that can be tapped by electrodes embedded
in the channcl At the end of the MHD cvcle, hicat exchiangeis and particulate-removal
systems extiact heat (for the steam botioming cvele) and solid particles of seed (and coal
ash if the fuel is coal).

As electrical ronduciivily (and powce deunsity) decrcases rapidly with decicasing
temperatures, the hot gases exit the MHID channc! at 2006°C. Thus, the MHD channel
removes a small fraction of the enoergy in the hot gases. Typical inlet temperatures are
1100°C for a gas turbine and 540°C for a steam turbine

Oveiall plant efficiencies for farge, mature MHD plants are projected to be in the
range of 50 to &0%, althcugh 40 to 45% is probably imore realistic for early commercial
plants um'np' oxygé‘n enrichment for combusvon. Thus, the carly plants are less efficient than
advanced, u)mbi d-cycle lmn..\ and ISTIG.

DOEFE research on MHD is i()u sed on the Componeni Development and lotegration
Facility (CDIF) in butte, Moiana, and ihe Coal-Fired Flow Facility (CFFF) in Tullahoma,
Tennessee. The components of a compl“ ¢ system include combustor, gencrator, magnet,
power conditioning, heat recovery/seed recovery, and gas cleaning. The CDIF is testing a
50-MW thermal input conibustor developed by TRW. The CFEF has been performing R&D
on power conditioniing, heat recovery/seed recovery and on evaluating emissions of SO, and
NO, from MHD planis. AVCO corporation has been performing R&D on the generator
channel, while Argonnc National Laboraiory has been developing superconducting magnets.

The Soviet Unjon compieied a 250-MW thermal gas-fired pilot plant (called U-25G)
in 1972 The U-25G plani produces about 20 MW(c) from an MHD topping cycle and
could produce another 40 to 50 MW(e) it a steain bottoming cycle had been installed. The
Soviet Union is constructing the U-500, a 500- to 660-MW({¢), cormcrcial-scale combined
cycle plani.

The feasibility of gencrating clectricity by MHD has been demonstrated at a small
scale, although considerable developmenital work on individual components remains. Early
commercial MHD planis might be able to produce '::Lmuty at a cost 10% less than other
advanced technologies. The potential for a small reduction in cost will probably not justify
the risk reauired to develop the technology.

MHD remains a long-termi  technology.  Significant  component  development
(particularly with regard to materials) is required. Much of the current R&D work is about
an order of magnitude lowes In scale than for a full-size commercial plant. Pricrity R&D
topics are

leng-duration, high-enthalpy exiraction channel tests;
seed recovery and st‘Cd FEprocessiiig;

collection of particulates from coal-fired planis;
high-temperature, dircet-fired air heaters; and
extension of electrode iife.
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nuclear energy; a modest but important near-term contribution will come from hydroelectric
power as well. Each of these major contributors has advantages, limitations, and
uncertainties. Collectively, however, they offer the balance and resilience necessary to
ensure the energy requirements for a healthy U.S. economy, regardless of the rate of future
growth in energy use.

Nuclear energy is making an important contribution to our energy requirements.
Currently, 19% of U.S. cleciricity is produced in 108 nuclear plants with an overall electric
generating capacity of 95 GW (DOE 1988, pp. 11, 87; and EEL 1988); 14 more plants are
nearing completion. However, completion of these final units marks the end of an era for
the nuclear industry in the United States. No more units are ordered or planned. The poor
image of nuclear, combined with the recent short-term excess electric generating capacity
in the United States, has coniributed to what amounts to an unofficial nuclear moratorium
in the United States. All new nuclear plant orders since 1973 were subsequently cancelled.
Some of the reasons for this situation include:

® Most, probably all, utilities sce the investment risk and uncertainty associated with
building new nuclear plants as too great in the current environment. Nuclear
projects (e.g., Seabrook, Shorcham) may be declayed almost indefinitely by
regulatory or political processes without investor recourse.

® A short-term excess electric generating capacity occurred as a result of the decline
in rate of growth in electric power demand [ollowing the oil price shock of the
1970s.

® Acceptance of nuclear energy by the public and decision makers has been tarnished

- the accidents at Three Mile Island (TMI) and Chernobyl,

- major delays and cost overruns of several recent plants,

- the relatively poor operating performance of U.S. plants compared with that of
Western Europe and Japan, and

- the complex regulatory system.

The dilemma we face then is that, on the one hand, nuclear power is needed in the
future as an important element in a resilient national energy policy; and, on the other hand,
nuclear power is not considered to be 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 and to prepare for the future.

2.2.2 New Directions for National Nuclear Energy Policy

During most of the 1960s and throughout the 1970s and carly 1980s, the U.S. Civilian
Reactor Program focused on the fast breeder, principally on developing and building the
Clinch River Breeder Reactor Plant (CRBRP). Typically, 75% or more of the Civilian
Reactor Program budget has been allocated to the fast breeder for the past two decades
(DOE 1$89b). With breeding, nuclear becomes an essentially inexhaustible source of energy.
At the time this focus was established, electricity demand was doubling every 10 years, and
there were projections of up to 1000 GW of electricity from nuclear energy by the turn of
the century. The breeder was perceived as a near-term necd.

The oil embargo in 1973 and related ¢conomic events dramatically changed energy
growth rates. In addition, there is increasing recognition that low-cost uranium resources are



53

more abundant than originally thought. Today it is apparent that nuclear energy will provide
only about 110 GW of our glectric power capacity by the turn of the century (NAERC
1988, p. 32). While the long-term need for breeding remains indisputable, on the bases of
the growth rate already realized and corrent projections for the future, it appears that the
need and economic incentive for breeding will not emerge before the middle of the next
century. Since the CRBRP was cancelled in 1983, the national nuclear R&D program has
suffered dramatic loss of budget and political support, while nonetheless continuing to focus
heavily on the infrastructure that supported that technology.

The justification for spending the bulk of our U.S. Civilian Reactor Program
resources on the fast breeder is no longer valid. A new dirgetion and a new set of priorities
based on today’s realities are needed.

The situation today is characterized by the worldwide concern over environmental and
safety issues. There is an increasing recogaition of and concern with the environmental
impact of a growing wosld economy relving heavily on fossil-fuel combustion—e.g., the
greenhouse cffect, acid rain, ash disposal. The increased apprehension regarding reactor
safety has heightened both interest and debate susrounding advanced reactor concepts
which emphasizc "passive” safety {catures, With the new U.S. administration, there is an
opportunity to revisit and reformulate national energy policy—a normal part of the political
process soon after an administration change.

Renewed public and policy-raaker intereat in nuclear energy must be met by a
positive commitment to respond aggressively to overcome weaknesses and mistakes of the
past and establish a new direction consisient with society’s needs. We believe that a new
agenda for the Civilian Reactor Program should focus in the near-term on two major
thrusts.

® Derive maximum benefits from existing and advanced light-water reactor (LWR)
technology.
# Demonstrate the modular high-temperature goas-cooled reactor (MHTGR), an
advanced concept featuring a high degree of passive safety.
And, from a long-term perspective, the agenda should retain a strong base-technology
effort to prepare for the time when uranium resource extension is needed.

2.2.3 Derive Maximum Benehits from Bxsting and Advanced LWR Technology

The overwhelming majority of existing reactors around the world are light water
rcactors based on U.S. technology (IAEA 1988). The United States has a cumulative
investment of over $130 billion in about 122 LWR plants (DOE 1986a) and an almost
equal investment in the engineering and manufacturing capability to support this technology.
1t is in our national interest to derive the maximum benefits possible from this economic
investment and technology base.

The two primary avenues for gaining the maximum benefits from LWR technology
are to (1) improve the operaling performance of existing LWRs and (2) deploy a new
generation of advanced LWRs.
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2.2.3.1 Improve operatiopal performance

As previously noted, the availability and performance of U.S. reactors has not lived
up to expectations for the technology or to performance in Western Europe and Japan.
The average load factor for all U.S. reactors today is 58.8%, while the average for all other
countries is 70.1%, with median of 75.1% (which is also the current performance rating in
Japan) (NEI 1988, p. 19). The Japanese had a similar performance problem in 1975 with
an average load factor below 50%. They embarked at that time on a major seven-year
LWR Improvemeni and 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 performance of existing reactors with
the goal of achieving an average load factor of at least 75% (comparable to Japan and
Western Europe). We estimate that achieving such an improvement in overall performance
would

& provide almost 30% more electric power from these plants, resulting in unit power
cost reduction to the ratepayers from existing nuclear plants of at least 20% (a
total cost savings of about $40 billion) between now and the year 2000 (SCI 1988);

® rcduce the generating capacity required during that period by 25 GW, resulting in
a direct cost avoidance of at least $40 billion; and

@ improve safety by reducing the number of challenges to the safety systems and the
operator.

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

Many have viewed these goals as the responsibility of the utilities. However, U.S.
utilities have neither the in-house expertise nor the resources to develop the needed
technology. Historically, utilities have 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) to initiate appropriate R&D activities (for which DOE has both the charter
and the personne] within the national laboratories); (2) to promote a cooperative 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 receptive and supportive of industry efforts to implement technology improvements.

Everyone benefits 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 of
reduced power cost. The government and the taxpayer would enjoy the indirect benefits of
improved safety and reduced trade deficit. The industry would be stronger and better able
to compete in both domestic and foreign markets.

The following three complementary activities arc required to achieve the goal of
higher operating performancs.
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& First, U5, industiy should inttiate an aggressive effort to identify and introduce
technology improvements based on experience that can be effectively acquired
and/or adapted to existing plants. As previously noted, Japan and some Wesiern
Furopean countries have already implemented improvements to U.S. technology,
but few of those improvements have been implemented in existing US. reactors.
For example, the Japanese have automated fuel handling during refueling to reduce
cutage time.

® Sceond is the need to apply new and emerging technologies that have the potential
to improve the operation and maintenance of LWRs. Advanced R&D in strategic
technologies—such as advanced controls and automation, materials and structural
design, shiclding, physics, fuels, robotics, selsmic—supports and undergirds the
technology improvements necessary to soive problems associated with the causes
of low avalabilitv. For example, existing analog control systems are old and
unreliable. In some instances, component paris for such systeras are no longer
available. The introduction of advanced automated digital control systemns offers the
potential for both improved reliability and improved human-machine intertace. New
advanced instrumentation and diagnostics in conjunction with these modern digital
control systems have the potential to contribute to a whole new maintenance
philosophy  based on  monitoring  degradation in  performance of key
components—such as steam generators, pumps, and valves—with {ime. Research in
these strategic technologies will, in the long run, eshance all reactor concepts, but
near-term efforts should have the support of existing LWRs a3 their highest
near-ferm priority.

A collaborative approach should be pursued with government-sponsored research
and industry implementation of the technology. Joint definition of research goals
would provide the basis for a strong and beneficial collaboration.

# Finally, an equally important activity is to establish institutional and regulatory

reforms to better manage the nuclear enterprise. The regulatory process is slow,
cumnbersome, and bureaucratic. Licensing reform is critical to the future of nuclear
energy. Prelicensing of standardized plants mav be an appropriate basis for the
licensing process. Without suggesting any prescriptive form for the solution, it is
apparent that institutional reformos are needed. These needs require the
participation and cooperative effort of representatives of government, industry,
regulators, and the public at large.
At this time, the opportunity for public participation occurs late in the process after
all development and siting decisions have already been made. Only through
intervention or litigation can the public participate, and by this time the issues are
often so highly polarized that there is little chance for compromise or mutual
understanding. We must find a better, more open decision-making process that
brings representatives of interested parties into the decision-making process earlier
and at more levels. For instance, laving the groundwork for uitimate public
acceptance of new and improved nuclear technologics suggests public involvement
not only for specific siting decisions but also for near-term R&ID technical
directions and choices. Research is needed to give guidance on the nature, timing,
and scope of constructive public involvement based on past experiences and carrent
theoty in developing durable public decisions.
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2232 A pow gon

Jeancod LWRs

In addition to impioving the performance of cxisting LWRs, maximizing the benelits
of establishicd LWR techaology also includes advanced LWR (ALWY) desigins. In addition
to independant private sector initiatives, EPRI and DOE are collaborating on an ALWR
prograim focused on two design concepts—an evolntionary plant design and a more
devclopmental design approach ihat '1c01‘;’mrates now passive safeiy features and systeims
(C. W. Foisberg, New Developiieits in Reactor Design, paper presented at WATTec "89
Meeiing, Kuoxville, Tenn,, Feb. 14-17, 1989; McGoft 1988; Stahlkopf, DeVine, and Suginct
1988). The cvoiu ‘L sy ALWR s based directly on cxisting LWR \,emym with
improvemenis such as digital countrol, improved man-imackioe interface, and impioved
componenis and systems. In parailel, the program is pursuing advanced developmental
designs thai are smaller and simipler and that incorporaic certain passive safety features.

The ALWR program descives continued support because it builds on the existing
LWR technology base and the thousands of reactor-years of worldwide operating expericnce
to attain an 1mpr0vcd product. Economic benefits of using the existing body of LWR
experience, research basc, design codes, and probabilistic data arc quite significant.
However, greater consideration should be given o advanced, passive-design features that
could reduce reliarice on active components and human intervention to achicve safety.

Existing LWR designs incorporate active safety systems, providing defense in depth
to protect the public and tiie investment by virtue of system diversity and redundaacy.
These systeras are based on valid engiitceriag ;‘)rincip‘xes of proven worth. But relying
primarily on active safety systems may not provide the {undamental safety improvements
necded 1o gain public and investor acceptance. hnthcrmorg—x incorporation of z high degree
of passive safeiy in {uture ALWRs can reduce complexity and perhaps lead 1o a more
cost-effective desigi.

While the current design approach is a manageable system that has rendered existing
LWRs safer than virtually all other major industrial activitics, passive safety improveniciis
in future ALWRs are desirable, and may be necessary, to enhance public and investor
confidence.

A debate has developed within the nuclear community over now rcactor concepts.
This debate focuses on the concern that espousing the need fox H\’Squly salec nuclear
ieactors may cast doubt on the adequacy of the safety of existing L.WRs. ln addition, the
view is presenied that therc is no need to pursue levels of safety greater than those
achicved and achievable with ALWRs, because these technoiogies already mcet stringent
safety goals.

A broad view of itechnology progress will demonstrate that these concerins are
unwarranted. In an analogous fashion, one can note that the DC-3 was and remains an
excellent aircraft. It served reliably and well as the workhorse ot the airling industiy over
many decades (some 3C-3s are still in seiviee today). But, if acrospace technology (Which
is heavily dependent on governnient support) had not developed beyond a hypothetica
advanced 12C-3, growili and development of that industcy would have been stifled and Lhe
pubiic less w*‘l served. A simuar analogy could be drawn for almost any techiology serving
mankind. Technoiogies either progress through innovation or they atrophy and die. With
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each new generation of technology, we should strive for enhanced performance, economics,
and safety.

New concepts that offer promise for new markets are crucial to the future of nuclear
energy and an essential part of fostering competition and creating options. The most
promising near-term advanced concept currently under development is the MHTGR, and
we believe demonstration of this technology should be a high-priority goal.

Plant design simplification based on the passive features and factory fabrication should
substantially overcome the economic disadvantages of smaller size. Conceptual design of the
MHTGR has been completed (DOE 1986b), and technology development requirements
have been identified (Homan and Simon 1988; Homan and Neylan 1988). While the
modular design and unique passive safety features are new, the concept is based on over
30 years of experience and resecarch in the United States, the Federal Republic of
Germany, and, more recently, Japan. Significant interest is emerging in the Union of Soviet
Socialist Republics, China, Ttaly, Isracl, and throughout the rest of developing world.
Demonstrating this technology could restore the U.S. lead role and establish a new nuclear
industry to complement the LWR in the 1.5, market and arcund the world.

The key passive safety features of the MHTGR design are the high-termperature
structural integrity of the fuel particles and the thermal properties of the reactor core. The
core consists of multilayered ceramic- and carbon-coated fuel particles placed in graphite
structural blocks. Fission products are retained within the fuel particles, and their ceramic
coating can withstand extremely high temperatures without damage (up to 1600°C) (Goodin
et al. 1988). Considerable experimental evidence in both the United States and the Federal
Republic of Germany shows that the ceramic-coated fuel particles remain structurally sound
and retain their fission products through any MHTGR accident. These desirable results are
attained because the core’s reactivity feedbacks passively limit heat generation and its heat
dissipation properties keep fuel-particle temperatures below damaging values. In the unlikely
event that all active cooling systems become inoperable, decay-heat removal would be
provided by a passive, natural-circulation system transferring heat from the pressure vessel
wall to ambient air, or even to earth surrounding the underground silo, if required. This
passive decay-heat removai system is adequate to protect the fuel particles even if helium
coolant were lost from the reactor.

Because of its modest unit size and passive safety features, the concept is well suited
to export markets, especially in developing countries. Further, the long-term potential for
this concept uniquely offers future applications in high-temperature, high-efficiency gas
turbine enecrgy conversion systems {efficiencies 50% higher than those of current reactor
systems) and high-temperature process heat systems (for production of liquid and gaseous
fuels from coal or hydrogen fuel from water) (Staudt and Lidsky 1987; Kasten 1988).

The recent recommendation by the U8, Secretary of Energy that a new production
reactor (NPR) based on MHTGR technology be built may provide the vehicle for
demonstration of this concept. However, the US. Congress has not acted on this
recommendation, and it would be premature to draw any [irm conclusion regarding the
NPR program.

225 R&D for the Long Term

The major near-term thrusts have been emphasized in this agenda because they are
of overriding importance. Long-termt R&D is irrelevant if we do not reestablish the viability
of nuclear energy in the United States soon, Having acknowledged that, we would be
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shortsighted if we fail to prepare to respond to uncertainties that may be imminent. When
the near-term goals outlined above are accomplished, there will inevitably be a need for
breeder technology.

To this point, only slight reference has been made to the greenhouse effect. The
necar-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 nuclear energy. If the world energy demand can be maintained
at its current level (which is all but impossible in light of the emerging growth of
developing countries) through intensive conservation measures, then the addition of about
2500 GW of nuclear 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 5000 GW of nuclear energy would be
required to attain the same goal (ITSR 1988).

The difference between the moderate-growth projections of today and the potential
impact of such an aggressive response to the greenhouse issue is 3 major uncertainty with
enormous consequences. A nuclear reactor deployment plan of the magnitude discussed
above would dictate a substantially more aggressive effort to demonstrate commercial-scale
nuclear fuel-recycle and breeder technology.

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

The United States has spent about $16 billion over the last three decades on breeder
reactor technology. The liquid-metal- (sodium-) cooled fast breeder reactor (LMFBR) is the
system of choice for breeding (ANS 1987). This technology has also reccived major
development effort in Western Europe (led by France) and in Japan (IAEA 1985).
Experimental or demonstration reactors have been completed in each major program. Much
work has also been done to develop the technology for fuel reprocessing for the breeder
(SAEN 1987). The bulk of the technology development effort for 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 technology
development to maintain expertise and support advances through a process of 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 existing 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 rescarch efforts are
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alrcady 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.

22.6 Civilian Reactor Program Budget

Energy is a $400-billionfyear 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 statec, 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 all 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 make such a recommendation unreasonable from a pragmatic standpoint.

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

Table 2.2-1 presents a breakdown of our near-term budget recommendations for the
Civilian Reactor Program. This plan calls for an annual budget on the order of $340
million. We believe that a level of effort 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 be expended until the mid-1990s.

2.2.7. References for Section 2.2
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Table 2.2-1. Near-term budget recommendations for the

Civilian Reactor Program

Cos
Item Total
(§ x 169 ($ > 10%
Anrnual budget
Crosscutting technology and analysis 50
Generic technologies”—basc technology,
supportive of all concepts 40
Institutional and economic rescarch and analysis 5
Assessment of new and innovative concepts/ideas 5
Light-water reactor program 290
R&D to improve existing light-water reactor
performance and safety 40
Developmental and advanced light-water reactor design 30
Advaoced component development and testing 20
High-temperature gas-cooled reactor program 110
Base technology development 25
Component devclopment and testing 35
Modular high-temperature gas-cooled reactor design 40
Advanced applications (gas turbine and process heat) 10
Fuel recycle and breeding prograrn 90
Cxide fuel recycle 5
Metal fuel development and recycle 60
Advanced liquid-metal reactor conceptual design 15
International research & development collaboration 10
Total annual budget 340
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Table 2.2-1. Condinued

Demonsiration proiect budget
Demonstration project 500

Matching funds are proposed to support a commercial prototype of an advanced,
innovative reactor concept. 1.5, Department of Encrgy maiching funds on the order
of one-third to one-hall of the first-ofta-kind project cost would be subject o an
acceptable private sector initiative, funding commitment, and project leadership. The
modular high-temperature gas-cooled reactor concept appears to be the {first
candidate for such a deronstration. A sinilar demonstration project may be needed
for an advanced, innovative light-water reactor or liquid-metal reactor in the future.

“Includes items such as materials d(‘%’@iﬂ}’}m"”", modular construction, seismic concerns,
shielding, advanced controls and diagnostics, physics code developments, robotics, and man
machine interface.
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2.3 FUSION ENERGY ([by J. Shefficld (Leader), with input and support from C. Baker
(ANL), L. A. Berry, §. Bodner (NRL), H. Bowers, D. Cartwright (LANL), T. Fessenden
(LBNL), H. Furth (PPPL), W. Hogan (LLNL), D. Keefe (LBNL), J. Larsen {KMS Fusion),
R. Linford (LANL), G. Logan (LLNL), R. McCrory (LLE), E. Storm (LLNL), and
J. P. VanDevender (SNLA)]

When the lighter elements collide, they can fuse to create heavier elements and
release a large amount of energy—many megaclectronvolts (1 MeV = 10° 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 exciting 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 nuclear 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 superiority over other nuclear and fossil systems; and

Table 2.3-1. Fusion reactions

Energy release Threshold energy

Reaction (MeV) (keV)y"
D + T - ‘He + n (14.1 MeV) 17.6 4
T+p 4.0
D+D7 35
hY
*He + n (2.5 MeV) 3.25
D + *He » ‘He + p 182 30

“1 keV is equivalent to a temperature of about 10 miilion kelvins.

63



— much safer than fission systems.
®  disadvantages
—complicated and sophisticated technology and
—reactor not portable-—-except in space.
e  unknowns
~—cost and
—timing.

The fusion of D-T occurs at the lowest temperaturcs, and this option is the current
focus of the program. Because tritium decays radioactively, it occurs rarcly in nature; in a
reactor, it will be produced by using the fusion ncutrons o bombard a lithium blanket
surrounding the reactor core. The principal physics challenges in realizing a practical reactor
arc the need to (1) heat the D-T fuel to the fusion temperatures of about
100 million degrees Kelvin and (2) contain the hot fuel away from material walls, which
could cool it. Specialized materials development represents a major technological challenge.
While there are vast quantities of lithium on carth, the alternative of using deuterium
alone has the attraction that the reserves of deuterium are essentially unlimited and the
lithium blanket is not needed. Deuterium fusion requires higher temperatures, and this is
a longer term goal. A further alternative, which minimizes ncutron production and
radioactive inventory, is the usc of a mixture of deuterium and helium-3. It has the difficulty
that the closest source of large quantities of hiclium-3 is the moon. Alternative fuels to D-T
are discussed in NAS (1987a). A far more speculative possibility for fusion is to use
mu-mesons to catalyze the D-T reaciion in a hot, dense gas of D-T (Jones 1988).

There are two principal approaches to confining the hot fusing material (a plasma of
free electrons and positive ions at {usion tempecratures).

1.  Magnetic confinement uses the property that the motion of the charged particles of
a plasma is constraincd by a magnetic field (ANL 1987). The contained plasma is
heated by electric currents, particle beams, electromagnetic radiation, or compression.
In the ignited state, the plasma heat will be maiaiained by the charged-particle
reaction products.

2. Inertial confincment is the approach in which a pellet of fusion material is
compressed and heated, by intense laser or particle beams, in a short enough time
that the fusing material is held together by the inertia of the pellet mass (NAS 1986).
A hydrogen bomb uses incrtial confincrient.

Excellent progress has been made in both ficlds of rescarch, and reactor-level
temperatures and confinement have been achieved. Substantial advances have been made
in the development of fusion technology.

In summary, fusion offers the possibility of sale, limitless power, with a lower
environmental impact (Holdren 1986).

® Fusion has the potential to be an important contributor to central electricity
generation in the twenty-first century, particularly if the acid rain and carbon dioxide
problems cause limitation of the use of fossil fuel and if public concerns limit the
deployment of fission.
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® In the event that fission assumes a stronger role in power production, the fusion-
fission hybrid (NAS 1987b) has the potential to be an efficient fuel factory for fission
plants (see Sect. 2.2).

® The main sociceconomic issues are the likely high capital cost of either a power
station of a fission fuel factory and the public acceptance of alternative energy
sources. 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).

® The immediate primary need is to complete the base physics and technology studies
to allow a proper assessment to be made of fusion’s potential.

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

ANL Argonng National Laboratory

GA General Atomics

HEDI.  Hanford Engineering Development Laboratory
INEL.  Idaho National Engineering Laboratory

KMS K.M.S. Fusion

LANL  Los Alamos National Laboratory

LBNL  Lawrence Berkeley National Laboratory

LLE University of Rochester Laboratory for Laser Energetic
LLNIL  Lawrence Livermore National Laboratory
MIT Massachusetts Institute of Technology

NRL Naval Research Laboratory

ORNL  Oak Ridge National Laboratory

PPPL Princeton Plasma Physics Laboratory

SNL Sandia National Laboratory

Varian  Varian Corporation

2.3.1 Magnetic Confincment Fusion [by C. Baker (ANL), L. A. Berry (ORNL), H. Furth
(PPPL), R. Linford (LANL), G. Logan (LLNL), and J. Shefficld (ORNL)]

The magnetic fusion program is conducted by national laboratories, universities, and
industry, under the auspices of DOE’s Office of Fusion Energy. Design studies of power-
producing reactors and generic magnelic fusion considerations are used to guide the
program. For example, the requirements have been established for a reactor
[500-1000 MW(e)] to be competitive with current fission and fossil systems [i.e., cost of
electricity (COE) within 20%]. The realization of fusion’s potential is a major scientific and
technological challenge. However, studies show that each physics and technology
requirement should be achievable, and the principal uncertainty lies in the reliability and
maintainability of the 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 the decision to proceed with a DEMO could be
made. In a typical conception of a magnetic fusion reactor, a D-T plasma, at a density of
=10% particles/m® and a temperature of 100 million degrees Kelvin, is contained in a
"magnetic bottle" at 4 to 8 teslas, and the temperature is sustained by the power produced
by the fusion reactions. The fusion neutrons are trapped in a blanket containing lithium,



which surrounds ths plasma to produce tritium and to heat the primary working fluid
(Fig. 2.3-1).

SUPERCONDUCTING —~ PLASMA 100 muidion degrees Celsius
COIL.~-. e ; / DENS!ITY 250 miilion million particles

\ per cubic centimeter

MAGNFTIC FIELD S tesic, Heta 8%

POWER
OuUTRUT

MAGNETIC
FIELD ..
12 tesla

LITHIUM
BLANKET
MODULE
HEATING
FUELING

TRITIUM

CYTOASNTIC
EXTRACTION PUMPING
CLEANING

Fig. 2.23-1. Conceptual design of 2 fusion seector (ORNL-DWG 87-2692R FETD).

Various magnctic configurations have been tested Most curreind designs are based
upon the use of closed ioroidal ficld lines, which form nested maguetic surfaces. In such
configurations, the loss of particles and hest s minimized. The tokamak is the principal
rescarch vehicle. It uses a strong toroidal magaetiic hield (pioduced by cxternal coilsy in
combination with a weaker field {produced by a toroidal cvrrent flowing in ihe plasma).
Other toroidal devices, in earlier stages of development are (1) the reversed-ficld pinch and
compact tori, in which the plasma curreni provides the main ficld and oxternally applied
fields are weaker; and (2) the stellarator, in which all the fields are produced by external
coils. A lincar system, the mirror, has been studied extensively and may have advaniages for
some fusion applications. The more speculative, dense Z-pincit is in a4 mach carlier stage
of developmeunt.

Achicvements and long-tonm plan

& «

#  physics parameters for a typical reactor;

2  temperature of about 100 million degrees Kelvia for a D-1 plasmia;
#  the quality of confinemeni == density x encrgy confinoment tinie (the decay time of

1
the temperature if the heating were turned off), > 2 x 16* m™ s;
#  beta, which is the ratio of the plasma pressure to the magneiic pressure, > 10%; and

2  high duty factor or steady state operation, with low recirculated power.



67

The reactor physics parameters are compared with the achievements of tokamaks and
with research devices of the next generation in Table 2.3-2. Good progress is being made
toward achieving the reactor goals.

Table 2.3-2. Tokamak physics achievements”
{volume average values)

Achievement CIT - ITER - reactor requirement
(not simultaneous) (simuitaneous)
Pulse length, 8 20 5 to 200 (§ or high duty factor)

Confinement, m’fs 1 x 107 2 x 10°
TFTR (PPPL)
Alcator-C (MIT)

Ion temperature, keV ~ ~10 10
TFTR (PPPL)
Beta, % 8 DIII-D (GA) 6 to 10
“CIT = Compact Ignition Tokamak. ITER = International Thermonuclear

Experimental Reactor. MIT = Massachusetts Institute of Technology. TFTR = Tokamak
Fusion Test Reactor., PPPL. = Princeton Plasma Physics Laboratory. DIII-D = Doublet
LI-D Tokamak. GA = General Atomics.

It is expected that the full reactor requirements will be met in short pulses for the
first time in the Compact Ignition Tokamak (CIT), a device to be constructed at PPPL. The
International Thermonuclear Experimental Reactor (ITER) is proposed as a multinational
program to test technologics under reactor conditions. Elements of the proposed U.S.
program are 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 technologies and nuclear technologies, will provide the basis to assess the
commercial potential of magnetic fusion (DOE 1985). In the longer term, the goal is to
develop a safe, efficient system that will have little adverse impact on the environment.

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

Significant achievements include

® A varicty of effeciive heating methods involving particle beams and electromagnetic
radiation (1 MHz to 100 GHz) have been developed (LBL, MIT, ORNL, PPPL,
Varian).
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Fig. 2.3-2. The U.S. experimental program strategy in magnetic fosion.

®  Fueling using pellets of solid hydrogen, accelerated up to 2000 mifs, has proven
effective (ORNL).

@  Feedback control of the plasma position and shape and noninductive current drive
have been demonstrated (MIT, PPPL).

#®  Improved stainless steels to handle the 14-MeV neutron flux have been developed,
and work is under way on alloys with low activation potential (HEDL, INEL, ORNL,
University of Wisconsin).

®  Tritium breeding and high-cificicncy tritium extraction have been tested in lithium
compounds (ANL).

® A complete tritium processing loop, with a 100-g inventory, has been tested at 1 kg/d
in the Tritium Systems Test Assembly, under an International Energy Agency (IEA)
bilateral agrecment (LANL).

®  Work has begun on remote handling, and a variety of asscmbly and disassembly
techniques have been developed (INEL, ORNL).

@ In the IEA Large Coil Task, six 8-tesla superconducting toroidal coils of one-half the
ITER scale areas were tested successfully to 9 teslas (ORNL).

A recent assessment (OTA 1987) by the Office of Technology Assessment (OTA) is
an independent review of magnetic fusion, which has great relevance to this study. The
overview of the OTA report is given in Sect. 2.3.3.
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Table 2.3-3. Technology clements®

Technology area Crosscut area

Coil system ("simple,” efficient plasma confinement) Plasma processing

— superconducting coils General super-
conducting coil
applications

Control {density, temperature, plasma purity)

— Pecllet fueling SD1

— Particle and electromagnetic radiation heating Communications

— Divertor/pumped limiter Materials processing
Materials (low activation, radiation resistant) General advanced

— Targets/limiters material development
— First-wali/blanket Inertial fusion
Blanket

—~ Net tritium breeding from lithium Inertial fusion

—- Fissile material production

Maintenance
— Effective shiclding Inertial fusion
— Remote handling Fission

“SDI = Strategic Defense Initiative.

232 Imertial Confinement Fusion [by S. Bodner (NRL), D. Cartwright (LANL),
T. Fessenden (LBL), D. Keefe (LBL), J. Larsen (KMS Fusion), and J. P. VanDevender
(SNLA)]

Inertial confinement fusion (ICF) offers a source of energy in which a small pellet
of fusible materials [the target (in current experiments deuterium and tritium)] is
compressed and heated in an extremely short time (nanoseconds) by a laser or particle
beam (driver) so that substantial fusion energy is released. Substantial advances have been
made in (1) demonstrating that in scaled, high-gain targets the driver-target interaction
conditions required for high-gain performance can be achieved and (2) the development of
targets. A principal near-term challenge is to develop a low-cost, efficient driver. In the
longer term, the challenge is to develop the tritium generation and heat removal system,
which together with the other components will constitute the heart of the reactor.
Advantages of inertial fusion are that the high-tech driver may be decoupled from the
reaction chamber and that neutron-absorbing materials can be used inside the first support
structures.



For an economical rcactor, D-T pellets of about 5-mm diam are foreseen. The driver

should deliver about 3 MJ(<10 MIJ) at a repetition rate of ~5 Hz and cost < $500 miilion.
Each interaction should generate a fusion output of a few hundred megajoules. Typically,
the product of energy gain and driver cfficiency should be =10. The pellets may be heated
(1) directly by the beams or (2) indirectly by X rays produced when the beams hit a high
atomic number target.

]

The characteristics required of the postcompression pellet are as follows.

Convergence ratio = (radius before/spark plug radius after) = 40.

Ceniral temperature > 5 keV, central density x radius (20.3 g/em?).

Outer temperature < 1 keV, outer deisity x radius (~3 g/em®) with an average fuel
density of 200 g/em’.

Quality of confinement ~ 2 x 10” nr'fs.

The fusion neutrons, radiation, and blast energy would be absorbed by a stationary

or a moving blanket containing lithium.

Achievements

The following accomplishmcnts are signilicant.

With the Nova Laser Facility at LILNL, which currently can deliver 20 to 25 kJ at
0.35- and 0.53-pm wavelengths in 1 ns, the [ollowing have been attained.
# Indirect drive targets with temporally unshaped pulses have achieved nearly one-

dimensionally calculated thermonuclear vields with the following.

— convergence ratio up to 35 achieved,

— quality of confinement n{r) = 2 x 10* m's,

-— central ion temiperature = 1.7 keV, and-

— density = 30 g/em’.
& Direct drive targets attained the f(ollowing.

— ion temperature = 10 keV, and

—yield = 1.8 x 10" neutrons.
With the Omega Laser Facility at LLE, which delivers 2 kI at micrometer wavelength
in 0.75 ns, the following have been achieved.
# Direct-drive targets with temporally unshaped pulses attained the following.

------ convergence ratio up to 30,

— quality of confinement n{7) = 3 x 10 m’s,

- central ion temperature = 1.4 keV,

— density x radius = 0.035 g/cm’, and

— density = 30 glem’.
At KMS, precisely crafted targets were developed and produced, including glass and
polymer containers with a variety of coatings and with both D-T gas and precise
cyrogenic fuel layers.
Combined successes of a variety of experimental programs in the laboratories and
with "major progress . . . in the classified Centurion-Halite program"” (NAS 1986) have
provided an understanding of target and driver requirements to obtain high-gain
(i.e., >100), 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 Laboratory Microfusion 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-um wavelength light in 2- to 3-ns
temporally shaped pulses for studying pulse-shaped indirect drive with lascrs,
Develop the Particle Beam Fusion Accelerator (PBFA-II) at SNL. for 1000 to 2000 kJ
of lithium ions for ignition studies with light beams.

Upgrade Omega at LLE to 30 kJ of 0.35-um 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 light-ion LMF option on the
Hermes II1 accelerator at SNL.

Develop low-cost krypton-fluorine (KrF) option for LMF at LANL and NRL.
Develop heavy-ion accelerator technology at LBL.

Develop direct-drive target geometry at NRL and LLE.

Develop target-fabrication techniques and X-ray laser technologies at KMS.
Develop techniques for improving beam quality at NRL and LLE.

Long-term plans

The plans for 1992-2020 include the following.

Study near-ignition or ignition targets on PBFA-II 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 pellet, and optimize driver-
target performance (1995-2000).

— Building Engineering Test Reactor (ETR) to drive development of reactor-level
technologies, repetitive driver, target production and injection, blanket, reaction
chamber, 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 of these arcas have features in common with the needs of other
programs (see Table 2.3-4).
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Table 2.3-4. Development arcas

Technology area Crosscut area

Target production

—Incxpensive target (~10 cents per unit)
—Target factory (few targets per second)
—Target placement system

Efficient driver

--10+% efficiency, low capital cost

<3 to 5 MJ, 10-ns, pulse shaped with good-
quality beams

-—Waste heat handling

—Long life (~1" pulses)

Options

—Advanced solid state laser
—Gas excimer laser
—Light-ion driver
-—Heavy-ion driver

Interface between driver and reaction chamber
—Coupling of energy
~~Radiation/blast environment

First-wall/blanket
—Materials

—Pulsed radiation effects
—Tritium breeding
—Heat removal

Remote handling

Strategic Defense Initiative
tracking systems
Tokamak fuel pellet injection

Strategic Defense Initiative;
battlefield weapon, weapons-
effect simulation, or thermo-
mecchanical response to soft
X rays

Fusion material testing and
processing

Food irradiation

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

Fission and magnetic fusion

ICF may eventually lead to commercial power. A repetitively pulsed ICF plant might

generate power dircctly, perhaps with a magneto-hydrodynamic topping cycle followed by
a conventional steam cycle, or it might be used primarily to breed fissile fuel (NAS 1986).
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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-offs 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 include:

Nuclear Waste Management
Materials Processing.”

®  Nuclear Reactor Reliability
®  Microelectronics

®  Energy Source Development
®  Acid Rain

°

°

2.33 OTA Review of Magnetic Fusion Research—Overview

This overview is based on Star Power: The U.S. and the International Quest for Fusion
Energy (OTA 1987).

"Potential role of fusion. If successfully developed, nuclear fusion could provide
humanity with an effectively unlimited source of electricity that has environmental and
safety advantages over other clectric 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 vigorously
pursued since the 1950s, and despite considerable 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 research 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 1986
dollars) at about one-half of its peak level of a decade ago (see Figs. 1-1 and 1-2) .. ."
[figures of OTA 1987].

"The change in the fusion program’s status over the past 10 years has not resulted
from poor technical performance 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 commercialization 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 unabie 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 technological feasibility—-to determine whether or not a fusion reactor
can be designed and built—early in the twenty-first century. A positive evaluation would
enable a decision to be made at that time to construct a prototype commercial reactor.
However, this schedule cannot be met under existing U.S. fusion budgets. The DOE plan
requires either that U.S. budgets be increased substantially or that the world fusion
programs collaborate much mere closely on fusion research.

"Choices made over the next several years can place the U.S. fusion program on one
of four fundamentally different paths, which are discussed more thoroughly in Chapter 8
of OTA (1987).

1.  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.

2. At only moderate increases in U.S. funding levels, the same results as above might
be attainable—although possibly somewhat delayed—if the United States can work
with some or all of the world’s other major fusion programs (Western Europe, Japan,
and the Soviet Union) at an unprecedented level of collaboration.

3. Decreased funding levels or current funding levels in the absence of ecxtensive
collaboration would require modification of the program’s overall goals. At these
constrained funding levels, U.S. evaluation of fusion as an energy technology would
be delayed.

4. If fusion rescarch ceased 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 research 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 few years, resolve most of the major remaining scientific
uncertainties regarding the fusion process. If those experiments do not uncover major
unforeseen problems, it is likely-—although by no means certain—that the enginecring work
necessary to build an electricity-producing fusion reactor can be completed successfully.

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

"It is too early to determine whether 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 of the twenty-first century.

"With appropriate design, fusion reactors could environmentally superior to other
nuclear- and fossil-energy 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 be 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 {ission reactors. It may
be possible to design fusion reactors that are incapable of causing any immediate off-site
fatalities in the event of malfunction, natural disaster, or operator error.

"Potential problems with other major sources of electricity—fossil 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 energy shortages will occur early in the next
century that could be ameliorated by the crash development of fusion power. There is little
to be gained—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
energy 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—economics or safety or environmental
advantages—over the others before we know which aspect will be most important for
fusion’s eventual acceptance.

"Due to the high risk and the long time before 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 technologies,
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 justify 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 collaboration,
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 successfully will be compromised.

"Agreeing to collaborate on fusion energy, both within the U.S. government and
between the U.S. government and potential partners, will require sustained support at the
highest levels 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 successful collaboration are substantial.”
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24 RENEWABLES [by R. Van Hook (Leader), H. G. Amold, F. C. Chen, A. Crane,
T. R Curlee, T. L. Donaldson, R Ferraro (EPRI), R. A. Hawsey, S. G. Hildebrand,
F. C. Kornegay, J. W. Ranney, A. F. Turhollow, Jr., and R. Wood]

This section examines the renewable-energy technologies. Seven types of energy
production are discussed: (1) hydroelectric generation, (2) biomass energy systems,
(3) recovery of energy from municipal solid waste, (4) solar thermal systems,
(5) photovoltaics, (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-related 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—the potential contribution to energy supplies must be calculated difterently for
each technology.

The resource bases for renewable-energy technology tend to be widely but thinly and
irregularly 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
most technologies 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 resources base, and recoverable resources for most of the renewable technologies.
The seven major parts of this section explain the assumptions behind these estimates for
cach technology and discuss factors such as the time frame to development, uncertainties
in estimates, recent research experiences, and related developments that will affect the
deployment of these technologies.

2.4.1 Hydroelectric Generation (by S. G. Hildebrand)
2.4.1.1 Current and projected resources

Hydroelectric generation currently contributes approximately 12% of the total
U.S. energy supply. Approximately 1,300 sites, representing an installed capacity in excess
of 69,000 MW(e), 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; cconomic
considerations; and input from federal, state, and local agencies. These screens produce a
more realistic estimate of the available hydropower resource. Starting with all 5,000
identified sites with hydropower potential, a set of reasonable potential sites is produced.
The roughly 1,948 sites surviving the screens in the study represent approximately
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46,000 MW of capacity. These sites include 1,407 existing dams with no currently operating
generating capacity or with significant increased capacity available. Developing the
hydropower resource at the remaining 541 sites would require the construction of dams or
diversions. By including reasonable estimates of gencrating capability, developing all these
sites could produce an additional 125 kWh x 10° 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 purposes such
as water storage, flood control, navigation, recreation, or irrigation. Because of the
requirements of these competing uses, less than optimum development of the hydropower
resource may occur at multiple-use dams. Such factors affect the economic viability of sites
and lead to sigpificant uncertainty in estimating the hydropower resource that might be
developed on a regional or national scale.

Table 2.4-1. Current and potential energy production from
the renewable energy technologics

Renewable Current Gross Recoverable

technology use resource resource
Hydroelectric, MW(¢) 69,000 a 46,000
Biomass, ET 3 35° 1354
Municipal solid waste, EJ 0.2 3% 1.24
Solar thermal a a a
Photovoltaics, quads g a 0.4"
Wind, MW 660 a a
Geothermal 2200 MW(eY 703,800 quads 379 quads

“Not reported.

*Additional capacity.

‘Includes municipal solid waste.

“Net 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.

*Expressed as gas and/for oil displaced.

‘Additional smaller amounts used in direct-heat applications.

Roughly one-half of the world’s hydropower potential is located in developing
countries. 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 1,194,390 MW of potential in developing countries. These
estimates of potential are not directly comparable to those mentioned above, because
different methods were used and different prices of oil were assumed. Developing countries
are very interested in surveying their hydroelectric potential and in conducting feasibility
studies to exploit the possibilitics.

24.12 Constraints to hydropower development

A number of significant issues affect the development of hydropower resources. These
issucs include electrical demand and the appropriate generation mix for a utility or region,
legal and institutional consiraints, econoniic considerations of hydropower and alternatives,
competition for the resource, and environmental concerns. Although these issues exist to
some degree in all developments, the relative imporiance changes in different regions as
well as with the level of construction required to develop the resource.

Planning for changes in demand for electricity, price of alternative methods of
generating that electricity, and appropriate mixes of generating capacity affects hydropower
development. Because the operation of hydropower facilities can be constrained by natural
conditions or by other issucs, some eclfects of overall electrical system flesibility and
reliability may be noted. The operation of smaller units, even numerous smaller units within
a single utility regicn, has no signiticant ¢ffect on the utility system, but larger projects can
be greatly affected by system constraints.

The process of granting development permits at cxisting dams is confusing and time
consuming because of legal and institutional barriers to hydropower development including
conflicts over development rights, water rights, Native American claims, and competing
applications on numerous sites. Reform of the regulatory system would allow faster
development of the hydropower resource. For sites that require significant construction to
develop the resource, concerns over the right of eminent domain for private gain, dam
safety, and project liability impact nonfederal development. Water rights are extremely
important throughout the western United States, and conflicts caused by hydropower
developments require extensive litigation. Rights of Native Americans including water rights,
fishing reserved by treaty, and reserved developrent aftect hydropower projects throughout
the western United States as well. In particular, the rights of Native Americans in the
Pacific Northwest, an area rich in potential hydropower development, must be resolved
before additional significant development can occur.

Economic constraints to hydropower development include the high initial capital cost
of projects, the lengthy licensing period, uncertainty in regulations regarding purchasers of
power, and inconsistent rate structure within regions. If purchase rates established by utility
commissions are inadequate to offset development costs, private hydroelectric development
will be greatly reduced. At all times, developers of hydropower projects are in competition
for capital resources with other proposals.

Hydropower development can  have adverse environmental impacts. Facility
development and operation can affect water quality, fish passage, land use, wetlands,
recreation, and aesthetics. Measures designad to minimize or mitigate these impacts may
adversely affect the economics of any given project. However, a comprehensive evaluation
must consider the impacts of hydropower development relative to the impacts associated
with alternative forms of energy production.

Hydroelectric power development is a nonconsumptive use of the resource. However,
the development may coaflict with other uses of the water. Instream flow requirements and
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water withdrawals may affect the operation of hydropower facilitics. In addition, conflict
over the land required for reservoirs may arisc. Ta all cases, resolution of the conflicts must
include allocation of water rights and the value of alternative uses of water and land.

2.4.1.3 Research that could make a difference

Rescarch and development activities that can eliminate or reduce constraints to
developing hydroeclectric capacity are needed. However, contrary to the situation in many
other technology areas, the research is not focused heavily on improving the technology
itself. Rather, rescarch to improve the rcgulatory process and research to effectively
mitigate or minimize adverse environmental affects predominate our analysis. Some
engineering innovations could be helpful, however. Hydropower plant components (e.g.,
turbines, veins, gates, and valves) must operate for long periods of time in severe operating
conditions. Research is needed to determine the best materials for maximum plant
component durability and minimum downtime. Minor increases in efficiency and service life
would be beneficial. Innovative rescarch in turbine design would provide somc marginal
increases in capacity. For example, studies have identified the free-flow-turbine and
ultralow-head-turbine equipment as good candidates for R&iD. Various assessments such as
an unpublished DOLE report, Hydropewer: A Technology at the Crossroads (19 pp.), indicate
that a potential of up to 12,500 MW exists for the free-flow turbine and that ~4,000 MW
could be added with new ultralow-head equipment. Rescarch on free-fiow turbines could
include tests to validate designs and identify engincering and cconornic aspects of large-
scale deployment. Research on ultralow-head turbines could focus on redesigning a
conventional unit including inexpensive materials and incorporating prefabrication and
modularity.

The current regulatory climate for development of hydropower resources is confusing,
burdensome, and duplicative. The Electiic Consumers Protection Act of 1986 (ECPA) has
provided a vehicle for environmental concerns to receive attention equal to that of power
valucs in the regulatory process. States are using their regalatory authority under the Clean
Water Act of 1977 (CWA) to add terms and conditions io hydiopower licenses far beyond
what was intended by the CWA. The Federal Energy Regulatory Commission (FERC),
which licenses nonfederal hydroelectric facilities, must include such terms and conditions in
their licenses but may not enforce them. The states have enforcement responsibility. FERC
will enforce those terms and conditions that they determine to be relevant. It is difficult to
define what type of research could address regulatory confusion. The problem becomes
particularly intense over relicensing older hydroelectric facilitics. Hundreds of licenses are
due for renewal in the early 1990s. If the regulatory climaie prevails to correct past
mistakes in an cnvironmental sense, development of the resource could be severely
impacted.

Research that could make a difference in addressing the environmental constraints
to hydroelectric production includes both development of meihods for proper environmental
analysis and development of mechanisms to minimize adveise environmental effects.
Research is nceded to develop and validate methods for the specification of instrcam flow
requircments to protect fish and other aquatic Jife. Because existing methods are
controversial and not universally applicable, field research is needed to test and evaluate
new methods. This research should be focused on predictions of the response of fish
populations and other trophic levels to changes in flow regimes, and ficld verification of
methods developed is essential. Bypassing flows for fish protection have economic
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consequences. Although the technology for moving adult migratory fish upstrecam around
and over dams is sufficiently developed, technology for successfully bypassing dams by
downstream migrants is less developed. Exhaustive reviews of the state of the art in fish
bypass technology are available, but little research to improve this technology is in evidence.
Regulatory agencies will require successful bypass of downstream migrants, and the
effectiveness of the proposed bypass systems must be demonstrated. The development of
new dams or diversions of migratory fish from streams could be obstructed if the
environmental constraint problem is not successfully resolved.

The development of defensible methods to analyze the cumulative impacts of
multiple-site development at the river basin level is needed. Environmental legislation
mandates that environmental impacts of a given project be placed in the context of other
development. Hydroelectric projects developed sequentially in a river basin certainly have
high potential for interaction. This R&D should include enginecering, environmental,
institutional, and economic factors. Cumulative impacts have rarely been successfully
quantified.

Qur analysis has focused on conventional hydroelectric resources. Existing pump
storage facilitics face many of the environmental and institutional constraints described
previously. The development of tidal power has been proposed, and some demonstration
projects cxist. R&D needs for tidal power development are beyond the scope of this study.

Research needs related to the development of hydroelectric potential in developing
countrics are not specifically addressed in this study. The lessons learned from hydroelectric
development in the United States and elsewhere need to be transferred to efforts in
developing countries. The United Nations Educational, Scientific and Cultural Organization
(UNESCO) and other such international scientific advisory groups, the World Bank, and
agencies similar to the US. Agency for International Development must play a roie in
guiding the environmentally safe and efficient development of hydroelectric potential in
developing countries. Oak Ridge National Laboratory (ORNL) staff expertise in
environmental impact assessment and natural resource planning could certainly 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 energy by the year 2001 that would not otherwise be developed. A
several-million-dollar-a-year research effort is anticipated to be sufficient to stimulate this
much development (see Table 2.4-2).

2.4.1.4 References for Section 2.4.1

COE (U.S. Army Corps of Engineers) 1983. National Hydroelectric Power Resources Study,
"Executive Summary,” Vol 1, IWR 82-H-1, Institute for Water Resources,
Fort Belvoir, Va., 32 pp.

World Bank 1980. Energy in Developing Countries, Washington D.C.
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Table 2.4-2. Hydroelectric technology data

R&D Potential Cost Time Chance of
nced additional of R&D required success
encrgy
Engineering
innovation
and 40,000 MW $20 million 10 years 75%
environmental  (by the
and safety year 2001)
issues

242 Piomass Energy (by J. W. Ranney, A. F. Turhollow, and T. L. Donaldson)

2421 Introduction

Biomass has the potential to displace 14.6 exajoules (EJ) (13.9 quads) of oil imporis
with liquid fuels. This volume approaches the quantity of imported oil in 1987, and biomass
is the ooly domestic source of renewable energy capable of making such an impact at
relatively low cost. Biomass can be converted to alcohols, gasoline, diesel fuels, and many
other chemicals by using new biochemical and thermochemical conversion technologies.
Currently marginally competitive and untapped, more than 3 EJ of biomass arc used in the
United States via electricity generation, process steam production, space heating, crop
drying, and ethanol in gasoline blends (Haggin and Kreiger 1983). Biofuel is a significant
option to develop in the United States—if not for future liquid fuel consumption, then as
a viable and competitive option to keep the price of oil down.

The delivered cost of raw biomass has ranged between $10 and 3$35/dry Mg
(megagram or metric ton), a price range believed to be currently 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 Lake States, standing low-grade forest inventories in the South and New England,
municipal solid waste in the Pacific Northwest, and firewood from the Appalachians are all
within this range (Davenport 1987; Perlack and Geyer 1987; Gershiman et al. 1983; USES
1982; Office of Technology Assessment 1980a and 1980b; HNEI 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 biomass needed to produce 14.6 EJ (net) of liquid fuel will cause the cost of
biomass to increase.

In the most generic sense, the technological challenges with biofuels are twofold. The
first is to produce and deliver to each conversion facility about 1000 to 2000 dry Mg of
biomass daily from within 80 km (48 miles) of the facility at a cost of between $1.50 and
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$2.00/GI (gigajoule = 0.95 million Btu), which is about $25 to $35/dry Mg. If an
appropriate biomass inventory does not exist or cannot be developed at this scale, it makes
ao difference that the nation may have tens of exajoules of potential biomass—the option
would not work. Exceptions in longer distance transport by barge or train can help broaden
the land base from which to draw biomass. New biomass energy crops offer the opportunity
to meet such demands within small transport distances when considered as part of a
diversified biomass supply system (Ranney, Wright, and Layton 1987).

The second challenge is to produce 270 L (70 gal) or more of gasoline equivalents
per dry megagram, twice current levels, at a total cumulative cost of about $0.26 to $0.32/L
(31.00 1o $1.20/gal) using less energy and capital. The harvest, handling, and storage of
biomass compose a third important technological challenge, which shows less propensity for
mmprovement than the other two areas.

Moderate R&D advances will be required in each of the areas of challenge to make
the whole biofuel system work at the scale needed. Advances in biofuel conversion
technology alone will aliow the approach to work in very restricted locations where large,
imcxpensive inventories of biomass are available. Perhaps 4 to 6 net exajoules of biofuels
could be produced. Advances in biomass energy crops alone will permit some existing
combustion and gasification technologies to expand perhaps by 3 or 4 EJ. In many ways,
the presence of new energy crops will enable more complete use of rather dispersed existing
biomass wmventories. Advances in biomass production, biofuel conversion, and improvements
in biomass handling techmiques are necessary to achicve the large contribution of
14.6 net exajoules of lquid fuels potentially attainable from biomass.

Biomass is the only fuel source that has environmentally positive effects (Pimentel
1987}, sspecially with respect to atmospheric carbon dioxide (CO,) and the global warming
issue; increasing vegetative cover of land for a variety of positive effects; and avoiding sulfur
dioxide (S0,), nitrogen oxides (NO,), and fossil carbon emissions. Emissions from the
conversion of biomass to biofuels involve mostly nonfossil CO,, residues from upgraded or
spent catalysts, phenolic compounds, ash, and organic acids (Klass 1987). Most of the
biomass conversion wastes can be converted to by-products or recycled to fuel the
conversion process, so cleanup costs are low. Environmental risks from accidental waste
release in the conversion process appear to be low in comparison with coal. Methanol,
which can be produced {rom biomass or coal, may soon be required in place of gasoline in
Los Angeles and Denver to unprove air quality.

Biomass other than wastes and residues cannot be produced everywhere, nor can it
be grown at all favorable locations at the same cost (Ranney, Wright, and Layton 1987),
because "basic primary productivity . . . 18 controlled by the local supply of raw materials,
sun energy, and the ability of local communities as a whole (man included!) to utilize and
regenerate matertals for continuwous reuse” (Odum 1959). The least expensive, most
productive locations are where natural primary productivity is high (moist forests; moist
grasslands; shallow lakes; moist agriculture; estuaries; alluvial plains; and limited areas of
grasslands, mountain forests, and continental-shelf waters). Thus, desirable locations are
limited to arcas of the Pacific Northwest, ecastern and southern estuaries, Southeast,
Midwest, coastal Gulf of Mexico, Northeast, Subtropics, and parts of the California coast.

The poor transportability of biomass beyond 80 km other than by barge (hundreds
of kilometers) or rail (~170 km) limits locations where biofuels can be cconomically
produced and delivered. A single biomass conversion facility may require from 100,000 to
1,000,000 Mglyear—about the demand of a modern-day pulp and paper mill. Smaller
facilitics may be possible. A combination of existing biomass resources and the availability
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of suitable land for new energy crops will play an extremely important role in determining
the energy contribution of new biofuels. New crop technology must rely on faster growth
(megagrams per hectare per year), greater tolerance to cnvironmental stresses, better use
and recycling of site resources, and better qualitics for handling and conversion (Ranncy
and Cushman 1987).

Biomass conversion technologies offer relatively few locational limitations if enough
biomass is available at reasonable cost. Major challenges involve improved process efficiency
and product upgrading. Thermochemical processes offer considerable control over process
variables with some loss of energy efficiency because they operate at higher temperatures
and pressures (Schiefelbein, Stevens, and Gerber 1987). Conversely, biochemical processes
are more susceptible to process fluctuations and the reactivity of biomass components (c.g.,
cellulose, hemicellulose, lignin, nonstructural carbohydrates) are potentially more euergy
efficient than the more physically extreme thermochemical processes. Developments in
biomass production and conversion, although inherently linked, are presented separately.

2.4.2.2 Biomass producticn

Huge biomass resources and high potential in the development of new biomass energy
crops are largely responsible for optimism in annual exajoule production estimates. Increased
productivity is key to both providing competitive cost and meeting the huge demands biofuel
conversion facilities will have for feecdstocks. Advances have included the identification of
fast-growing plants, breeding breakthroughs, new physiological knowledge of plant growth
processes (a major basis for faster, effective genetic improvement), and capabilities to
manipulate plants through bictechnology applications. For example, the capability exists to
raise productivity 5 to 10 times over natural growth rates in trees (Cannell 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 = 43 tons/ha) at a cost varying between $1.90 and $4.00/GJ (Ranney, Wright, and
Layton 1987). The annual herbaceous encrgy crop productivity is 12 to 40 dry Mg/ha, which
already matches or exceeds agricultural food crop productivity at a cost of between $3.00
to $4.00/GJ (Cushman, Turhollow, and Johnston 1987). And production of microalgae lipids
for use as a diesel fuel has reached 20 to 30% (goal of 50 to 60%) by weight of the
microalgae in a very short growing time in the laboratory at costs over $2.60/L. ($10.00/gal)
(Johnson and Sprague 1987). Lipid production from rapeseed is about 600 L/ha
(63 gal/acre), while researchers are striving to attain 1340 L/ha (141 gal/acre) (Scheithauer
and Dripchak 1988). Currently, rapeseed oil costs about $0.66/L ($2.50/gal) to produce,
although costs could potentially decrease to $0.30/L ($1.15/gal) if rescarch advances
materialize. Edible oil production in the United States, dominated by soybcans, was
equivalent to about 0.5 EJ (0.47 x 10" Btu) in 1987 (USDA/ERS 1988). Table 2.4-3
provides cosi and quantitative estimates associated with potential sources of energy biomass.

Current costs and productivity rates in Table 2.4-3 were derived from many
publications and hundreds of biomass-energy-related experiments on a wide variety 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
improvements and should attain competitive status with oil, natural gas, and perhaps coal
at 1987 prices, These prices are subject to change, depending on world energy markets. Net
exajoule contributions were estimated for 2030 to 2050 from expected productivity rates;
expected standing inventories; estimates of the availability of suitable land for a range of
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Table 2.4-3. Potential costs, amount, and yiclds
from varnious bwfuel feedstiocks

Biomass/biofuel contributions®

Feedstock Cost ($/GJ)
' Raw biomass® Fuel external
Current  Goal energy cost
®)
Commercial forest wood <2 <2 (6.0 -1.5) x 50 = 23 0.2
Iimproved forest
management <2 (6.0 - 1.5) x 50 = 23 0.2
Logging residues >3 <2 (3.8 - 3.0) x 50 = 0.4 t
Urban wood wastes and
land clearing 2 2 (1.6 - 04) x 50 = 0.6 0.2
Forest manufacturing
residues 1 <1 (24 -03) x50 = 1.1 t
Environmentally
collectable
agricultural residues 1-2 1 (22 -02) x 60 = 1.2 0.1
Agriculture oil seed 038/L 0306/L (03 -1)x95 =03 t
Municipal solid waste
& industrial food waste 2-3 <150 (25-02) x50 =12 0.1
Animal wastes <4 3.50 (0.5 -t) x 60 = 0.3 t
25% wood industry
changeover to energy 2 2 (0.6 - 0.1) x 50 = 0.2 t
Wood energy crops 3 2 (35-03) x50 =16 0.3
Herbaceous energy crops
Lignocellutosics 4 2 (6.1 -0.6) x 60 = 33 0.4
New encrgy oil seed 0.66/L. 030/ (04 -t)x95 =04 t
Aquatic energy crops
Microalgae 260/ 030/L (03 -1) %95 =03 0.1
Macroalgae 3.50 2 (1.5-04) x 65 =07 0.1
Subtotal (318 - 83) 16.2 1.7

Note: Net potential energy output primarily as liquid {uel = 14.5 EJ. Additional enecrgy
and by-product contributions are about 15% as excess process steam, electricity sold to grid,
and chemical by-products,

“(gross loss) x efficiency (%) = net (§).

't = trace.



86

various oGy viwler compettive conditions (no double cousting of land resources); and
bicmass energ _y iwossies ze 2 result of production, handling, and conversion broadly identified
in Table 2z 4-4. Exterpal encrgy inputs were also considered as a cost in the net exajoule
production. Hach biomass source has its own particular assumiptions about markets and the
inieractive notwork wmong various energy and nonenergy ciops (see Sect. 2.4.2.5).

An encrgy balance analysis of energy crop production, handling, and conversion
(Tablc 2.4-4) reveals inc basis for some of the values in Table 2.4-3. Such evaluations can
be miclcadin;‘; o maiier whai assumptions are made. Table 2.4-4 can be used as only a very
gencral indication of epcigy balances, even though considerable care was taken in its
developmeni. Nt eierpy acconnting inn biofuel systems must respect biomass losses, encrgy
nputs, and bioimass wasics used as epergy in cvaluating energy balances. In connection with
conversion of cihena! from wood {(Blankenhorn et al. 1985) quantities ate accounied on the
basis of what production a hectare of land will support per year. Technological
improvements wiade after sources were published have been used to adjust the tlgures
slightly in Table 2.4-4, No special value other than energy content is attributed to various
forims of encrgy.

The caergy beactitjcost summiary does not recognize all benefits (e.g., environmental
improvemeni, use ol inexpensive waste biomass) and costs (e.g., land, taxes, conversion
facility capitat), becanse their conversion to standard encrgy equivalents may be misleading.
However, their absence must be r“cogmzcd when suggesting that an 11:1 benefit cost ratio
may bc possible. Evcii with this deficiency in the analysis, the primary concerns still emerge:
(1) pmduumt) per hectare, (2) conversion efficiency, (3) by-product benefits and valuation,
(4) the exiciit of biomass losses, and (5) energy inputs. Similar analyses conducted for
heiuacenus encigy crons yielded very similar results (Vergara and Pimentel 1978; NEDO
1987). Perhiaps even moic imporiant—regardless of the energy balance—the potential liters
of cthanol fromi a hoctare of land can be doubled under rather conservative estimates of
efficicnicy improvemenis at each phase of the biomass production and conversion process.

Biotass production losses result from poor nutrient status, pest and disease losses,
plant mortality, and eovironmeital stresses that abnormally reduce growth. Hstimates of
these curmulative losses may be conservative. Fertilizer costs comprise 90% of costs. Land

1

rent and taxes are not included, because equivalent energy or biomass costs requite extreme
assumptions. Bilankenhiorn et al. (1985) cstimated that production costs would be three to
four times more if land opportunity costs for corn biomass production are used. Their
inciusion would reduce ithe future overall benelit/cost estimate to about 10:1. The challenge
is to improve pi‘OdHCllVlly under a wide array of site conditions while, at the same time,
reducing biomass losses to pests, discases, and environmental stresses.

Biomass handiing losses result from unharvested residues, material dropped in any
ficld movement, and r\::,pxrdtlon and decomposition before the conversion process. Passive
field drving is assumed. It is imperative that biomass handling be as efficient as possible and
that storage be mininized.

Convession efficiency in ethanol production is assumed to improve from 345 L/Mg
to 450 I./Mg. It is possible that production could be made higher, but no assumptions about
conversion of lignin to a hquld fuel under efficient energy conditions were made. These
figures represeni 2 range of 40 to 60% conversion of raw biomass energy into liquid fuel
eneigy. 1he remaining cnergy is uscd for fuel conversion, sold as electricity, and used to
make by-products. Major future challenges are to use lignin more favorably and to find
better ways of upgrading energy products and chemical by-products.

o

an
H
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Table 2.4-4. BEnergy balance analysis of energy crop production

Annual Annual Annual
production handling conversion Qutput®
(Mg/ha) {Mg/ha) (Mg/ha) (liters ethanol)
Now  (Future) Now  (Future) Now  (Future) Now  (Future)
Amount at start
of phase 180 (2249 140 (200) 120 (180) 4200  (8100)
Biomass loss
in phase 4.0 (25 2.0 (2.0) 52 (8.8} NA NA
Ixternal energy
input in
biomass
equivalents® 08 {0.5) 0.9 0.8) 0.1 (0.1) NA NA
Internal energy
recycled in
biomass
equivalents® 0.0 (0.5) 0.0 0.0) 2.7 3.0 NA NA
By-product
contribution
in biomass
equivalents? 0.0 {©.0) 0.2 0.2) 23 (2.5) NA NA
Total cumulative benefit cost
Net benefit/cost (present) = (6.3 + 0.2 + 23)/(08 + 0.9 + 0.1) = 8.3/1.8 = 5.2
Net benefit/cost (fature) = (13.7 + 0.2 + 25)/(03 + 08 + 0.1) = 164/14 = 11.7

NA = pot applicable.

*Not included as external energy costs or biomass equivalents conversion efficiencies for electricity or energy

in the manufaciure of conversion facilities.

“Internatl energy contributions occur as steam generated from the combustion of wastes and residues in the

conversion process.

“External energy contributions occur in handiing as a result of field residues that displace fectilizers and in
conversion as excess steam generation from the combustion of process wasies.
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Another way of looking at biomass systems for liquid-fuel production is to attribute
an energy cost per megagram ot biomass. Although this approach obscures the recognition
of some biomass losses in terms of what a hectare of land is really producing, it shows the
relative efficiency given a megagram of biomass (Table 2.4-5). Energy costs of biomass at
various phases show the conversion phase to be very costly. This approach does not account
for cumulative biomass losses or use of residues to fuel the conversion process. One
megagram of biomass contains 15 to 18 GJ, depending on its type and condition.

According to the results of Table 2.4-5, the conversion process apparently requires
much more energy per megagram than any other phase. Production costs, however, are
inversely related to productivity. Where biomass is collected as a residue rather than grown
as a specialized crop, production encrgy costs are even lower. Conversion costs appear to
be very high because no credit is given to the use of wastes to generate the required

energy.

Tablc 24-5. Biomass cificicncy”

Fioduction Handling Conversion Qutput
(GI/Mg) (GIMg) (GIMg) (liters/Mg)
Now (Future) Now (Future) Now (Future) Now (Future)
With land/
tax® 02 (0.1 1.1 (0.75) 55 (42 315 (410)
Withiout
land/taxes 0.1 {0.03) 1.1 (0.75) 55 (42 315 (410)

“Production estimates arc based on those from hybrid poplar energy plantations and ethanol production.
Assumptions are similar to those in Table 2.4-4.

*Involves primarily wastes to generate enecrgy, part of which is steam and pari eleciricity, with average
efficiency of 50%.

“Land reni and taxes are expressed in the energy required to produce corn biomass.

Basically, research has concentrated on the development of two kinds of energy crops:
(1) lignocellulesics, which as the name implics, are plants grown for their lignin-cellulose-
hemicellulose but including nonstructural carbohydrates (aquatic plants, grasses, legumes, and
wood); and (2) high lipid-producing microalgae and rapeseed oil. Lipids are good for making
diesel fuel. Generally excluded are food-related crops that have been well developed under
noncnergy programs. These crops would include starch, carbohydrate, and hydrocarbon
plants.

Lignocellulosic energy crops can produce huge quantities of biomass, are improved
for efficient eneigy conversion, and are sufficiently low in cost to keep the final fuel price
competitive. In most biofuel-driven systems, the cost of the biomass feedstock is about one-
half that of the entire process to a final product. Figure 2.4-1 describes the pathway of
bicmass from its beginning in actively gathering solar energy to its end product as a biofuel.
This view concentrates on the challenges of biomass production rather than couversion.
Major production 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 respiration, stress tolerance, pests, and handling; and
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(4) tailoring biomass qualities to conversion processes. These challenges apply to lipid-(oil-)
producing plants as well as the lignocellulosic group.

_____________________ 1
¥ 7
1 2 4 ,
GROWTH-LIMITING 8YPRODUCTS
FACTORS !
{ 20--40% ) WASTES
LOSSES
&
SOLAR RADIATION | easy 10
PHYTOMASS (20- i CONVERT g BIOFUEL
70% ) PHY TOMASS h (30-80%)
-
MODERATE-
TO-
CONVERT
3 WASTE PHY TOMASS
o USE
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FIXED s
CARBON HANDLING LOSSES ALTEANATE ;
(100%) (10--80% } CONVERSION  LOBSES mmasmie s
LOSSES A '\
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|

5 COSTS LABOR, EQUIPMENTY, CAPITAL, LAND, RESOURCES

Fig. 2.4-1. Energy flow and cost categories in a biofuels pathway using (herbaceous
and wood) energy crops (ORNL-DWC 87-1790R).

The capability must be improved for more growth of biomass energy crops across a
wider range of environmental conditions and free of disease if biomass is to be a significant
energy feedstock. Wider stress tolerance may require compromises in productivity, the origin
of the major challenge in biomass production (Ranney, Wright, and Layton 1987). The
challenge varies with major plant groupings. Aquatic plants must deal with water salinity and
alkalinity, temperature variances, nutrient and silica limitations, and low light (Johnson 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 particularly
suited for tissue culture and gene engineering techniques in problem solving.

At this point, it appears that the manipulation of morphological and physiological
characteristics can accomplish greater productivity improvements than can increasing the
efficiency of photosynthesis. Various advanced breeding techniques and biotechnology
applications are the vehicle by which productivity improvements can be accomplished but
only after specific characteristics have been identified and evaluated for genetic or cultural
control and priority of importance. ‘

For energy crops, nine arcas of research are now identified as priority efforts toward
revealing crucial genetic traits for focused gene mapping and improvement that will
contribute to faster growth (Hinckley et al. 1988).

The most significant challenges involve the identification and isolation of genes
(genome mapping) controlling specitic aspects of these processes, manipulating genes, and
the field testing of newly created material. The alternative has been to rely on screening,
breeding, hybridization, and selection, processes that rely on the infinite wisdom of nature’s
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selection process (wild genetic material) to develop new plants of high survivability but
managed under slightly improved environmental conditions. Long- and short-term rescarch
depend on each other, and Table 2.4-6 describes how this dependency works in terms of
short- and long-term priorities.

Table 2.4-6. Necessary relationship between short- and long-term priorities in
supporting long-term biomass rescarch

Major biomass research challenges of the future Necessary  Important
near term  long term

Improving physiological definition 1 6
Improving root-soil-root symbiont improvement ) 2
Altering formation of plant metabolites” 7 4
Altering photosynthate allocation 5 3
Altering basic chemistry of respiration 8 5
Improving solar collection 4 1
Improving pest and disease resistance 2 8
Improving cultural efficiency

(herbicide resistance, nutrient use mixing species) 3 7

“Number 2 priority for lipid farming algae.

Directing growth toward desired components of plants for better biofuel conversion
or fuel production is the most long range and far reaching approach needed in energy crop
improvement. "Short circuiting” algae to produce more lipids sooner under less cosily
stimulating conditions, causing trees to produce more (or different) cellulose and
hemicellulose while producing less lignin (or vice versa, depending on the desired end
product), altering aspects of respiration 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 identifying low
to moderate heritability for biomass characteristics desired by biomass conversion
technologists. These characteristics include cellulose crystallinity, hexose and pentose
polymers in hemicellulose, lignin composition, mineral composition 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 (gene transfer) in achieving significant changes than with
the use of conventional techniques. Thus, if the high cost of biotechnology is disregarded,
two important future concerns emerge. The first is specific aspects of basic bioengineering
to engineer changes at the atom/ion level, DNA/molecule level, metabolic pathway, and
physiological response levels depending on the divisions involved. Exemplified by the
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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 technology 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-powered 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’s 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 biotechnology concern the rejuvenation of cells, the
pushing back of ditferentiated cells to a more undifferentiated or totally 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 expensive. 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 direct their attention to more applied and near-term
challenges.

For immediate applied 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 of gaining knowledge about plant
tesponse 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 of turning on
the proper defense mechanism at the 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 but neglected field far too long.
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2423 Convorsion

Agpproximatiely one-half the cost of producing fuels from biomass is expended on the
conversion proccss; the other one-half is the feedstock production and collection. Therefore,
improvemeiits in conversion technologics can significantly reduce overall costs. Most
conversion processes include three steps: (1) pretreatment in which the feedstock is
prepared in a manner for the main conversion step; (2) principal physico-chemical
conversion to the desired product; and (3) recovery and purification of the product to a
usable and marketable form. In most cases, the final product form is specified by the market
use (such as in internal combustion engines or industrial boilers). This situation is somewhat
reversed {rom the historical development in which the equipment for final use was designed
to use the produci of the conversion process. Thus in a sense, biofuels is a retrofit process.
However, relatively minor changes to boilers and engines often can be made to improve the
performance with biofuels.

Conversion of biomass feedstocks into fuels can be accomplished by four principal
technologies that result in four different fuel products: fermentation of catbohydrates to
produce fuel extenders, thermal liquefaction to produce a biocrude for gasoline, recovery
of oils from plant secds and algal cells for diesel fuel, and gasification (biological or
thermal) to produce gaseous fuels or gases for direct combustion and turbine drive. The
status and research nceds for these conversion technologies are summarized below.

Various alcohols (principally ethanol) can be produced from carbohydrates through
the fermenting actions of microorganisms. Alcohols are effective fucl extenders and increase
the octane rating. More than 8% of the gasoline used today is an alcohol blend, usually
10% ethancl. Carbohydrate feedstocks (cellulose and hemicellulose) from wood and
herbaceous material are perceived to be better than corn and sugar crops because there is
no competition with the human food use--there is more of it, and it is less expensive. The
cellulose and hemicellulose fractions must be separated from the lignin prior to
fermentation. Processes to accomplish this pretreatment step include steam explosion (more
of a physical separation), acid hydrolysis, and enzymatic hydrolysis (the latter two being
chemical separation). Costs for ethanol via steam explosion and acid hydrolysis pretreatment
have been improved from about $1.05/I. ($4/gal) to $0.50/1. (31.80/gal). The enzymatic
process is conceptually the best but also the least developed. Effective means for recovery
and reuse of the enzymes are essential. Fermentation of the sugars released by the
pretreatment is relatively straightforward, particularly in the use of continuous fermentation
processes and development of microbial populations with improved performance. Principal
research nceds 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 such as benzene, toluene, and
xylene; however, known processes to obtain these materials from lignin are not economical.
A variety of uses for the crude or refined lignin exist in principle but are poorly developed
and demonstrated. And of course, increased use of the components of hemicellulose is
necessary. Simultaneous processing and complete treatment of the varions biomass
components remain a chalienge.

It should be mentioned that considerable research remains to be done on separation
technology. It not only kelps in reducing refinement costs but also provides a refined
understanding of the processes of fermentation and all other areas of biofuel conversion by
more accurately identifying the products of processing. Biomass and the products generated
from its conversion are complex.
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Thermal decomposition of wood in the absence of oxygen produces an oil or tar
material that can be upgraded (in principle) to gasoline and other liguid fuels. This process
has been demonstrated in pilot plants. Recent developments include catalytic, high-pressure
reactors that convert 55 to 62% of the biomass to oil with a recovery of over 70% of the
energy value of the biomass in the product oil. Catalytic upgrading of the oil to gasoline-
and diesel-like material is under development. The oils are extremely heterogencous and
difficult to characterize chemically. Burn tests have shown promise that products can be
developed that will be suitable fuels for boilers and perhaps for internal combustion engines.

A number of plants and microalgae produce 16-20 carbon long-chain bydrocarbons
that are similar to long-chain petroleum hydrocarbons. These oils can comprise 20-50% of
the weight of the plant seeds and can be recovered by physical pressure and chemical
extraction. Although these oils resemble petroleum-derived diesel fuels in many ways, they
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 feedstocks are (1) anaerobic
digestion to produce methane and carbon dioxide {biogas) and (2) partial oxidation to
produce carbon monoxide and hydrogen (synthesis gas). Anacrobic digestion is especially
suited to feedstocks that are already wet, such as agricultural wastes, high-strength industrial
wastes from food processing operations, and energy crops such as water hyacinths.
Anaerobic digestion of waste sludge from sewage treatment plants and selected industrial
and agricultural wastes is commercial today. Digestion of municipal solid waste has been
demonstrated at the large pilot scale, and researchers are working on digestion of woody
wastes and energy crops. The methane content of the biogas is typically 509%. This content
could be made much higher by better use of the liquid effluent. Costs for biogas have been
improved from $7 to $8/GJ (1 GJ is roughly equivalen: to 1 MBtu) to about $5/Gi. The
DOE cost goal is $3.50/GJ. A principal rescarch need and opportunity in anacrobic
digestion is better understanding of the complex microbial consortia that carry out the
biotransformations. Progress in this area will lead to better process performance in terms
of rates and yields and especially better process control. Therc are also significant
engineering needs for improved digester mixing and materials handling. In some cases, the
biogas must be cleaned to remove corrosive sulfur compounds before it can be used as a
fuel. Low- to medium-Btu gas may be produced by partial oxidation of biomass. The
resulting carbon monoxide may be water-gas-shifted to generate a carbon monoxide and
hydrogen synthesis gas. This gas is a versatile boiler fuel and may be further upgraded for
other uses, including production of methanol fuel.

Thermal gasification has been demonstrated at the large pilot scale, often with
cofunding from federal agencies for further verification of system reliability, optimization,
and feedstock options. This technology for energy from biomass is a successful adaptation
of coal-burning equipment. Further use of direct combustion of woody biomass is in
competition with that of coal, oil, and natural gas; the choice is cconomic and is based on
factors such as feedstock availability, price, and long-term contracts. {n addition to materials
handling, perhaps the largest issues of concern are air emissions and wasie disposal (as
with coal) but not quite so toxic.

2.42.4 Discussion and conclusion

Biomass as material for producing liquid fuel is reasonably capable of producing up
to 14.6 net EJ (13.9 quads)/year and would be used if oil and coal prices increase slightly,
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as they are expected to do. This large amount of energy, when expressed as gross biomass,
amounts to 31.8 EJ. This volume is viewed as a reasonable ceiling using practically every
form of biomass that can be collected into usable amounts at competitive cost.

The challenges in attaining this large capacity rest with biomass production, handling,
and conversion rather than any single area. The extent of the challenges and the time
demands to meet them are perhaps 50% with conversion, 35% with production, and 15%
with handling. In the context of this allocation of challenges, the arcas holding ihe greatest
long-term promise are biocherical conversion, which principally iiivolves simultaneous
saccharification and fermentation (55F); thermochemical production of mcthanol; near total
use of the major biomass components (e.g., cellulose, hemicellulose, lignin, and nonstructural
carbohydraics); genetic manipulation and iesting of plant growth processes and biomass
components; and the collection and densification of bulky biomass at low cost. All of these
challenges are surmountable within the next 20 years at a rescarch budgei of about
$50 million/year. The physical development of the bioinass resources and biofuel conversion
capacity at the scale presented would require at least two decades unless a niassive crisis
occurs. However, the groundwork for biomass resource development for coergy is nearing
its initiation based on direct combustion technologies and U.S. farm needs for alternative
Crops.

The pervasive power of economics will sort out the most desired biomass sources. In
this evaluation, they appear to be in order of importance, desirability, and usage: (1) already
collected wastes and residues, (2) commercial forest wood, (3) new terrestrial eneigy crops,
(4) existing agricultural crops devoted to food and fecd, and (5) new aquatic energy crops.
A similar prioritization of biofuel conversion technologies is much more difficult. In general,
however, thermochemical processes will be most immediately usable but will eventually be
displaced by more energy-efficient biochemical processes in the production of liguid fuels.

Fuel from biomass is our only alternative for producing domestic renewable liquid fuel
to repiace imported oil. Amazingly, it is the most environmentally positive step toward
decreasing total fossil carbon dioxide emissions by avoiding continued fossil carbon use
rather than merely conserving it. Biomass can also generate many more domestic jobs per
unit of energy (high multiplier effect) than aoy other form of encrgy.

Producing 31.8 gross quads of biomass is not without environmental concerns. Many
tens of millions of hectares are involved. Some of this land would be native, low-quality
forests; good agricultural land; pasture; certain estuarine areas; and currcatly nenused areas
with aesthetic value. It is readily apparent that concerns will vary with the particular
environment impacted. The development of new biomass crops is important in relieviag the
pressure on native habitats and environmentally sensitive areas while achieving the estimated
results.

The conversion technologies also contain environmental concerns because of their
uncertainty and possible magnitude. Mosi of the emissions and wastes from the conversion
processes can be used to fuel the conversion process. Perhaps of greatest concern are spent
catalysts, ash-derived minerals, spent weak acids used in hydrolysis, and unusable by-products
such as organic acids or phenol-related compounds.

The energy officiency of bicfuels, although difficult to present accurately, is another
area of concern that must be addressed. An 11:1 energy benefit/cost ratio for energy crops
described in this report is not historically high. In this sense, we have been used to energy
"hunting and gathering" where very high ratios predominate. For exaniple, harvesting existing
forests, coal, and crude oil {or energy results in ratios reaching 25:1 to 50:1 or cven higher.
When we pay for renewability and costs to the environment, however, the 11:1 ratio does
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not appear so low. Nonetheless, energy efficiency must be of major coatinued concern in
biofuel R&D if it is to become competitive.

It became immensely apparent in the course of this study thal many sectors of the
national economy not only affect but are significantly affected by E%x@ mm..ﬁy of bicmass
cnergy and the developments it would generate. The agricultural, enorgy, hosvy equipment,
and transportation sectors would be most affected. Most changes wonld be positive in
adding diversification, technology, and demand to these sectors. Of preat sacerm s the
reduction of foreign and domestic oil processing in favor of a2 growing

£
¢ doimestic alcohol,
biocrude oil, or liquid fuel from gas processing industry. The reaction and mﬁc of the

existing strong oil industry will be crucial in sequestering or ;w ” > eventual
development of a biofuels industry. Arco and Shell, for example, have ;:Ompanies

visibly interested and supportive in biofuel research. Some others
having no (biomass-derived) alcohol blended with their gasoline. Kisin
over global warming {greenhouse effect), energy security, and balance of
debt) could potentially generate much more interest in biofuels in the
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2425 Assumptions and justification for feedstock encrgy poleniial

Commercial forest wood

Estimates of timber inventories that could potentially be ava
sustainable basis were projected by a special wood cnergy task fore
American Foresters (SAF). According to SAF, over 9 EJ could *
other timber demands (Task Force on Wood Energy 1979}, A sim
was made by the Office of Technology Assessment (T4 19800}
distribution of markets will make a portion of the 9 EJ effectiv
estimates, one-third of the inventory is considered unfeasible for vario
which leaves only 6 EJ. For comparison, the U8, Department of A
Forest Service estimates that the United States has the
(28 billion dry Mg) of standing forest inventory. This (:nmpaﬂson i
a way of estimating the impact of energy harvesting (i.e., 6460 or
commercial forest land cut annually for cnergy).

Estimates of volume lost in the conventional harvest of forasts varies from 13% for
conifer monocultures 1o about 47% for unmanaged hardwoods, Forests harvesied for encrgy
involve more complete use and usually involve hardwood forests or 2l Mmdwmmd and
conifer stands of moderately poor quality. Therefore, a 25% loss duriy; handling,
and minimal storage was assumed.

ival reasons,

e (USDA)
of 460 I
ém oroviding
sl volume of

Improved forest management

Under almost any alternative, our forest resources will b s increasing
management to improve productivity and prevent resource destruction. The potential
productivity improvement is enormous, so estimates vary widely, The SAY Task I{"orce on
Energy estimated that 13 to 19 EJjyear {gross) could be made availavie by about the year
2050 with full stocking and intensive managemeni. However, this gross estimate includes
land clearing, urban wastes, urban tree removal, and m)nwmmc,rcm‘l forest land but excludes
conventional product demands. Eliminating these categories and allowing for what may bc

economically recoverable for energy at about $35/dry Mg delivered { 1987 dollars), a
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estimate of 6 EJ may be an optimistic number. The Encrgy Rescarch Advisory Board
(ERAB 1981) estimated closer to 4.5 Ti (4.25 quads), an amount not far from our estimate,
It is unlikely that all U.S. commercial forests will be fully stocked or that productivity will
be doubled on 50% of the commercial forest area, thc Forest Scivice assuraptions
accompanying their larger estimate. Because nuch of this commercial forest land is in small
private ownership, it is unlikely that thc highest levels of production will be achieved. For
comparison, 6 El/fyear is roughly the energy equivalent of what is being nationally harvested
for all conventional forest products at the beginning of this decade {OTA 1980a, 1980b).
The Office of Technology Assessment {OTA 1983) also estimated that roughly one-half of
all wood harvesied was eventually used for producing energy or heat,

Agricultural residues

Estimates from the agricultural sector indicate that beiween 1.7 and 7.1 Elfyear
(gross) occur as agricultural residues (Lipinski et al. 1983). This figure varies from year to
year, depending on weather and planted area. Included is straw, stubble, rice bulls, corn
cobs, and a variety of residues dominated by corn, wheat, and soybean crops. The Office
of Technology Assessment (OTA 19802, 1980k} determined that much of this residue must
remain in the field to prevent soil loss and to provide humus and nutrients. Therefore, it
would be appropriate to assume that no more than 20% of all inventoried residues could
be collected. Collectable residues would be restricted largely to parts of the Corn Belt and
eastern Great Plains.

Regardless of the efficiency of agriculiural crop harvesting, some losses will occur
from handling and storage in the form of spillage, respiration, and decomposition. If
residues are used immediately for energy, storage losses will be minimal and spillage and
some respiration may account for 10% of the total field inventories. if herbaccous material
is to be stored in a fresh state, as much as 30% of its encrgy content may be lost rather
rapidly (nonstructural carbohydrate loss and decomposition) (Mosor 1980). Thus, immediate
use of biomass at the time of harvest is assumed.

Herbaceous rtesidues tend to be more reactive than wood in biochemical liquid-fuel
production because of higher nonsiructural carbohydrate content and lower lignin.
Therefore, normally expected conversion efficiency rates of 50% for wood (see Table 2.4-5)
would be estimated closer to 60% for herbaceous maierials.

Forest manufacturing residues

The category includes forest product industrial wastes such as sawdust, pulping liquor,
bark, and other remainders and residues from the manufacturing of forest products. Because
these items tend to be precollected and relatively low in cost, they are the first to be used
in energy production. This source of biomass is already competitive with other energy
feedstocks, with the pulp and paper industry dominating this category. A minimum of
1.8 El/year is now used in this category. The Energy Rescarch Advisory Board (ERAB
1981) estimates that mill residues shouid increase 33% by the year 2000. If this increase is
extended to between 2030 and 2050, then more manufacturing, increased wood usage, and
greater use of residues will negate one another, keeping the total at 2.4 EJ.
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Wood and herbaceous energy crops

The estimate for biomass production from this category is based on two important
assumptions: the size of the land base and the anticipated productivity rates achieved from
this land base. The crop uses marginal to good agricultural land and small amouats of
forested land. The land base must be shared with agricultural crops, grazing land, expanding
forest land, urbanization, and herbaceous energy crops. Estimates of reserved or otherwise
available and appropriate agricultural land total about 28 million ha just with set-aside or
Conservation Reserve Program activity. Another 20 million ha could be converted from
pasture, forest, and range that is more appropriate for herbaceous crops (discussed below),
It is highly likely that 25% of any of this land (total of 56 million ha) would never be
usable under any circumstances; 42 million ha is the available land base. In any new
agricultural crop development, the best that can be hoped is that 30% of the seemingly
available land base becomes converted to that crop. Although there is no citable reference,
this 30% has proven to be a realistic rule of thumb. Therefore, a likely area available o
energy crops is really about 12.6 million ha.

For the currently used agricultural land, the farming industry is interested in finding
alternative crops, and energy crops are one option. Of the 162 million ha currently under
agricultural production, probably not more than 10% of this land can be expected to be
converted to energy crops. Of course, under crisis conditions, ihis percentage could
drastically increase or decrease. The assumption is that by 2030 to 2050, one wmight expect
16.2 million ha to be converted from conventional agricultural crops to eneigy crops. The
total of all suitable land (12.6 million ha of unused agricultural land and 16.2 million ba of
used agricultural land) is 28.8 million ha (71 million acres).

The division of this area between herbaceous and wood energy crops depends on the
suitability of the land for each crop and species, its quality as an energy fecdstock, and the
risks in growing and using these crops. For lack of detailed specific recommendations, the
assumption is made that 60% of the area would be used for herbaceous encrgy crops and
40% for wood encrgy crops (11.5 million ha for wood energy crops).

By 2030 or earlier, a wood energy crop productivity rate of 20 My/ha annually {(net
harvested but not collected and transported) is expected on a wide basis in the US.
Southeast, Midwest, and Pacific Northwest. Because some of the agricultural land s in the
drier Great Plains area, the average annual productivity rate may actually be lower—about
17 Mg/ha (Ranney, Wright, and Layton 1987). This estimate results in a total production
potential of 3.5 EJfyear of wood energy crops, with an assumed 17.9 GJ/dry Mg,

For herbaceous energy crops, an annual productivity rate of 22 Mgha (Cuoshman
et al. 1987} on 17.3 million ha yiclds 6.1 Elfyear, with 16.0 GJ/dry Mg assumed.

New oil seed crops

The estimate for new oil seed crops in Table 2.4-3 s based on Scheithauer and
Dripchak (1988) and is in addition to conventional crops producing vegetable oils. The
estimate is based on winter cropping of rapeseed in the Southeast, which avokls the double-
counting of land area.
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Agricultural oil seed

The agricultural oil seed market, dominaied by soybeans (20% oil by seed weight),
produces about 0.5 EI. Historically, about two-thirds of the value of soybeans is in the
protein-rich meal, with the remaining one-third attributable to the oil. In the event of an
emergency, it is unlikely that more than one-half of the edible oil (0.3 EJ) would go toward
energy use even though the oil is almost totally usable as a fuel. This crop so predominately
occupies markets and farmer interest [The United States provides 75% of the world soybean
market (DIS 1988)] that soybcans probably represent a reasonably large quantity of all
existing oil sced potential. Oil seed developed for oil production for energy would involve
40 to 60% oil content (as with rape sced), and soybeans with an oil content of >20% can
be developed. New energy oil sced crops are discussed as a separaie category.

Municipal solid waste and industrial food wastes

Municipal solid waste estimates vary greatly, mainly because of their collectibility and
use at centralized locations. Estimates from various sources are from 1.5 to near 4 EJ. Food
processing wastes account for a fraction of one exajoule. The 2.6-EJ level is used as the
most common ground in peer-reviewed literature.

This source of biomass has the extremely positive benefit of reducing the amount of
waste that must be disposed of. Tipping fees of $10, $15, and more per megagram make
this an economically and environmentally attractive source of energy biomass.

Animal wastes

Inventories compiled by several sources indicate that probably 0.3 EJ, in raw animal
wastes could feasibly be collected (Jewell et al. 1976; OTA 1980b). These wastes include
primarily manures from livestock in collected crowded conditions (e.g., beef cattle, chickens,
hogs, turkeys, dairy cattle). Estimates of increased manure production afier the cited studies
would keep the level at 0.3 EJ, with the lack of difference in levels being a result of
rounding error. Potential increases to the year 2030 could raise the level to 0.44 EJ (Jones
and Ogden 1984) but would require that considerably more from agricultural crop
production be directed toward animal feed.

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

25% wood industry changeover 10 energy

The pulp and paper industry may face a declining market because electronic mail and
similar methods of communication and information exchange climinate a large share of the
paper market. The paper industry may attempt to diversify by using woed technology and
processing in other areas. One arca they may consider is energy. The industry in the United
States now consumes about 2.4 EJ of woaod, is near 75% cnergy self-sufficient, and produces
about 1.2 EJ equivalent of paper products. If it were assumed that 25% of the industry
redirected toward energy products (liquid fuels), the contribution would be about 1.2 EJ.
This contribution conflicts with estimates (TFWE 1979; USKFS 1982) of perhaps a 30%
growth in the pulp and paper products market in the next 50 years.



Aquatic energy crops

Several assumptions that are relatively difficult to justify must be made concerning
these crops. The productivity rate under operational conditions is extremely difficult to
estimate, although it is high, and costs of production will remain a challenge in any
significant development. Average daily gross productivity from very productive natural
aquatic systems is about 5 to 18 gm/m® (Odum 1959), with best realistic outdoor
expectations for managed systems at about 50 dry Mg/ha annually under intensive cualture.
The Office of Technology Assessment (OTA 1980a, 1980b) estimated a range of 20 to
120 Mg/ha annually with an energy potential of 1.1 EJ annually. The problems with
estimating aquatic productivity are that (1) research results are sometimes from short
favorable periods of growth and (2) estimates of suitable and available water area and
intemsity of management are quite variable; thus, the magnitude of necessary cost reductions
make potential competitiveness difficult to estimate.

Current research on microalgae is concentrated in the semiarid U.S. Southwest, where
limiting conditions of low winter temperatures and saline water were thought to be
outweighed by high incident solar energy (not many cloudy days). Yet growing conditions
(year-round temperatures, water availability, and topography) are more favorable in the
Southeast along the Gulf Coastal Plain. Suitable water area, costs of production, and
productivity rates (lipid production as an oil product) dominate estimates, and information
is scanty in all areas. Oil production is probably on the 0.3 EJ order, while biomass
production may be slightly higher, with a much less efficient conversion to liquid fuel.

Macroalgae (mainly kelp) appear to offer greater potential than microalgae, even
though some premature ventures failed. Near offshore farms in the Gulf of Mexico, off the
coast of southern California, and perhaps in some of the shallow productive water along the
East Coast would be highly productive and require much less investment than microalgae
systems. Included in this category are possible productive floating and emergent plants such
as cattails, hyacinths, and spartina, the latter of which may exceed an annualized productivity
rate of 85 Mg/ha during the best part of the growing season. With such a sizable waier
base, productivity potential may be 1.5 EJ for macroalgae and emergent plants. This yield
is slightly higher than that reported by OTA and lower than unpublished estimates from the
Solar Enesgy Rescarch Institute. Reducing production costs below $5/GJ remains a
significant challenge—one that is largely responsible for the energy estimates given.

2426 Evaluation tables
Tables 2.4-7 and 2.4-8 show ratings and desirable characteristics of an energy system.
2.42.7 References for Scction 2.4.2
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Table 2.4-7. Rating against scenarios

Example Score’ Biomass/biofuels
notes
Base case: Oil prices rise gradually, but Must compete with coal and
intermediate-term fluctuations are possible M natural gas. Accepted but is a
medium-cost technology
High oi! prices: (1) Middle East or drastic
OPEC®  production  curtailment or Same but is a more war-favorable
(2) demand rises rapidly and remains high source of liquid fuel than coal
despite high prices H environmenially; highly accepted
Emphasis on competitiveness: Effort to Tropics with cheap labor can
reduce  electricity costs and  raise produce biomass moie cheaply;
productivity of energy use M conversion technology is
competitive edge but needs
domestic biomass supply
Nuclear shutdown L Coal better used for electricity
production
CO, causes fossil rationing H Only remaining source for liquid
transportation fuels and is non-
carbon dioxide contributing
Low oil prices Acceptable aid to environment
1. Concerted encrgy conservation policies and conservation
by the United States and other nations
(conservation/ cnvironmental ethic) M
2. Large discoveries of oil and gas (e.g., Not a low-cost technology
abiogenic gas) L

“Need for research and development: H = high in the context of the particular scenario,

M = moderate, and [. = low.

*OPEC = Organization of Pctroleum Exporting Countries.
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Table 2.4-8. Desirable characteristics of an energy system

Example Score’ Biomass/biofuels
notes
1. Environmentally acceptable ++ Desirable carbon dioxide capture,
land impact, conversion chemical
effluents
2. Inexpensive + Biomass almost competitive with

coal except algal oil is costly;
conversion costs in moderate
range; capital costs are
moderate (similar to coal)

3. Fair ++ Indigeneous, fits current
agriculture system and
resources; no losers; benefit to
farmers; moderate risk; highly
applicable to developing nations
except those without flat land
and water.

4. Accommodates other cultural needs + Fits all mechanized,
unmechanized, agricultural, and
hunter/gatherer cultures as long
as land and water resources are
present

5. Robust, resilient, and diversified + Based on many species and
several alternative conversion
technologies from simple to
complex (oil, gas, electricity,
heat)

Flexible + Production system can fit many
niches; scales may vary; capital
investment can vary for
conversion

Secure + Generally  decentralized  but
subject to weather, climate,
burning,  killing  chemicals,
transportation disruptions
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Table 248 (contizued)

Example Score” Biomass/biofuels
notes
Geographic distribution + Temperature to tropical zoncs

with good solar flux and some
source of low-grade water and
flat to gently rolling land

6. Enduring ++ Highly renewable but adherence
to soil conservation mecasures
and site capabilities important

“++ = Highly positive.
+ = Positive.
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24.3 Solar Thermal Energy (by Alan Crare)

Solar thermal technology includes two major arrangements: (i) a multitude of
reflectors focused on a central receiver and (2) individual units, each iniegrated with a
receiver. Both have been demonstrated successfully and have similar cost projections.
However, the latter (called distributed receiver systems) appears to have several advantages
for further development. These technologies can be used to generate electricity or to
provide high-quality heat (at virtually any temperature desired) for industrial uvse.

Considerable progress has been made in the technology over the past ten years.
Several different statc-of-the-art systems can be built that will produce electricity for about
$0.12 to $0.15/kWh. The program goal is to reach $0.08/kWh through reduced costs and
improved performance. Ultimately, it may be possible to reach $0.05/kWh, but a cost this
low will cail for some heroic advances that cannot now be detailed.

The major elements in a solar thermal system are the concentrator (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 or some other process, sometimes with some capacity for energy storage included.
All these elements are the subjects of R&D to improve costs and performance.

The most dramatic advances for central receiver systems have been in heliostats (the
concentrators) and in the fluids used. Early systems used glass/metal mirrors in the
heliostats. Some research is continuing with glass/metal, but the greater promise seems to
be with lighter materials. Of particular note are stressed membranes, consisting of aluminum
or steel sheets fastened to both edges of a thin hoop, somewhat like a wide, flat drum. One
face is coated with an efficient reflector. The space within the hoop between the two sheets
is maintained at a slightly reduced pressure, which bends the reflector into just the right
concave shape to focus the light on the receiver. Stressed membrancs are about 20% the
weight of glass/metal mirrors, which reduces the cost of the control system and foundation
as well 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. Molten salt
can be maintained at much lower pressures than steam (reducing costs of piping). The salt
also acts as a heat storage medium with no need for heat exchangers or sccondary systems.
It appears practical to store at least several hours worth of full power. Even without
storage, solar thermal power comes fairly close to load following on peak summer days with
heavy air conditioning loads. Even a small storage capability would allow virtually complete
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 system. One of the
most promising is the stretched membrane. As with the stressed membrane of the central
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 metal
mirrors, mirrors incorporating structural support, and fresnel lenses.

The distributed receiver can be designed to use the solar energy directly, for instance,
in a turbine-generator, or to pipe the hot fluid to a central generating station. The most
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 systern.
The Stirling engine appears to be the most promising conversion technology for distributed
solar units because it is efficient and compact. Stirlings have long beea 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 of 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 one-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 economics would not have been viable without tax credits and
"avoided-costs” payments set at very high leveis. DOE plans no further R&D on the trough
because it is a relatively simple, proven concept and because it shows less promise for
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 be added.
Each central receiver must be designed for a specific number of heliostats. 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 thermal units will achieve the goal of $0.08/kWh, though
it will not be easy. Cost reductions to date have been impressive, and a number of ideas
such as the free-piston Stirling engine, liquid metal thermal electric converters, and
thermochemical energy transport are under investigation. Even at $0.08/kWh, however, solar
thermal electricity will not be 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.

Unfortunately, solar thermal Jacks 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 photochemical effects may be more effective
than simple heat. Currently, research on this aspect appears quite limited.

Solar thermal is unlikely to ever be inexpensive by current standards, but it does have
some advantages. As with other solar technologies, it is very clean and abundant. It is more
efficient than photovoltaics, thus requiring less land arca and support structures. Even more
than photovoltaics, solar thermal has greater value than just fuel replacement 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 seems warranted.

Bibliography for Section 2.4.3
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2.4.4 Municipal Waste Disposal and Recycling (by 7. R. Curlec)

The debate over municipal solid waste (MSW) is growing in intensity at the local,
state, national, and international levels. Numerous municipalitics are debating the options
of landfill, incineration with and without heat recovery, mandated reduction in waste
generation, and recycling. States such as New York, Rhode Island, Oregon, and New Jersey
have recently passed legislation that mandates, for example, recycling, source separation, and
waste reduction as methods to deal with municipal wastes. At the national level, the U.S.
Congress is currently debating the reauthorizations of the Resource Conservation and
Recovery Act of 1976 and the Clean Air Act of 1970 and Amendments of 1977. These
picces of legislation could have significant implications for our disposal and recycling
options. At the international level, concern continues about carbon dioxide, acid rain,
ozone-reducing agents, and other potentially damaging emissions from the incineration of
waste (sec, for example: EPA 1989; Curlee 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 communitics, states, nations, and the world are
willing to accept. Land burial, the commonly used waste disposal method, is growing much
more expensive in densely populated areas, and incineration is being attacked because of
potential environmental problems (e.g., the cost of landfill in the northeastern portion of
the United States increased by more than 50% beiween 1986 and 1987). Solutions to the
problems posed by solid wastes require a concerted effort by various disciplines to address
the technological options, the economic feasibility of those options, the environmental
implications of those options, and the development of a consensus about the approaches
that will be taken.

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) cnvironmental effects of each option; and (6) a mechanism by which a
consensus about solid waste can be formed, implemented, and enforced.

The 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. While 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 coming decade with respect to
waste generation will be social questions. Should the public sector encourage or require the
reduction of waste? If so, which products and materials should be the focus of these
actions? In this area, a host of questions arise that are appropriately addressed by social
scientists and environmentalists. Various incentive mechanisms have been studied to reduce
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the quantity of waste that requires disposal (e.g., taxes, return-for-deposit containers, 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 wasie
reduction issues within the Office of Solid Waste at the Environmental Protection Agency
(EPA). Several bills currently before the Congress would require that EPA study these
options (Smow 1988)].

Collection of waste also raises both technological and social questions. Collection is
very important because the means of collection can facilitate source separation. Waste is
much easier to recycle if it is collected 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 of a
social question than a technological question. A recent survey reported that in 1987, 82%
of those polled expressed a willingness to separate recyclable materials. This percentage is
up from 23% in 1986. Scveral states require or at least offer the collection of different
waste materials (e.g., paper, metallics, compost, and plastics). Further, European 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 sct up by the
public sector and on general social trends. We must ask if the collection of segregated waste
streams makes economic, institutional, and political sense. We must study the mechanisms
that work most effectively, and we must not hesitate to learn from the experiences of 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 coilect
segregated wastes. New Jersey is also very active in this area).

Waste separation is one of the two most important technological solid waste issues.
It has historically been the case that wastes of various types mixed together are
technologically very difficult and not economically viable to separate. This difficulty
particularly applies to plastics, paper, and compost materials. If an inexpensive and reliabie
waste separation system can be developed, many of our solid waste problems will be solved.
The recyclables could be recycled; the nonpolluting 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. Recent 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 to suit our particular needs.

We must also recognize and attempt to understand the many alternative 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 recycling
of solid wastes. (Secondary recycling refers to producing products with properties that are
less demanding than those of the original goods. 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 recovery.) Unfortunately, we as a nation are not
making much effort to understand the intricacies of the different options. A knowledge base
is needed at the national level to identify the technical options available to recycle and
dispose of segregated and nonsegregated wastes. Further, more work is needed to identily
the economic and institutional incentives and barriers that are relevant to each option.
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Again, we should not hesitate to learn {rom and use the results of the work that has been
done in Europe and Japan. It is increasingly acknowledged that the economic and
institutional hurdles arc just as difficult as the technological ones. We should also encourage
impartial parties to conduct rescarch. [All too often, major studies are provided by either
industry or environmental groups. Occasionally, states become involved, as is the case with
the state of New York’s detailed study of the environmental cffects of solid waste
incineration. More is needed by the federal government to improve credibility and to realize
economies of scale (Curlce 1986).]

In addition to waste separation, managing the environmental impacts of disposal and
recycling is a crucial technological problem that must 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 available landfill space.
Laandfill space in the densely populated arcas of the U.S. Northeast will soon be exhausted,
and in other parts of the country, landfill is becoming very expensive. (Some estimate that
50% of the currently available landfill 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 environmental concerns. Concerns about incineration include
several 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 identify the environmental impacts of the different options. Work is
also needed to better understand the costs of specific environmental 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, implemented, and enforced. The environmental, economic, technological,
and institutional options available to municipalities, states, and the nation are numerous and
complicated. Most of the work in this area is currently being done by industry,
environmental groups, and (occasionally) state governments. At the minimum, there is a
need for the federal government to provide coordination and better leadership in the study
of solid waste disposal and recycling. As the problem of waste disposal grows, the resources
of municipalities and states will not be adequate to address a need that is rapidly becoming
more technically, environmentally, economically, and socially complicated.
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2.4.35 Photovoltaic Technology (by Richard Wood)
2.4.5.1 Introduction

The direct conversion of solar energy into electricity by way of the photovoitaic effect
remained primarily a laboratory curiosity until the requirements of the space program for
a power system with high output-to-weight ratio focused attention on solar cell arrays. This
attention helped stimulate the development of solar cell technology, but the emphasis was
as much on increasing the radiation tolerance of the cells as on increasing their efficiencies.
It was not until the establishment of OPEC and the subsequent manipulation of the oil
market led to the "energy crisis” in the 1970s, that serious consideration was given {o
conservation and renewable energy sources as supplements to oil, gas, and nuclear energy.
The establishment by DOE of the Solar Energy Research Institute (SERI) signaled the
determination of the federal government to pursue the development of solar-related energy
technologies, including photovoltaics, photothermal, wind, and ocean thermal. The massive
research effort that was initiated at that time soon paid handsome dividends in spite of large
tunding cutbacks decreed by subsequent budgetary considerations.

Enormous progress has been made over the past five years in improving photovoltaic
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 $0.10/kWh) can be met. These
costs are levelized, and a 30-year plant life is assumed. If R&D goals are achieved, under
high oi! 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, photovoltaic arrays can be used either
as fuel 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 caused
by the rotation of the earth; all photovoltaic systems "go to sleep” at night. Even so,
photovoltaics 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 contronted 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 a goal that needs 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
principles underlying the attainment of high efficiencies is given; these principles hold
regardiess of the structure and material of any given type of cell. It is in the area of
realizing these principles that so much progress in raising cell efficiencies has been made
in recent years. In Sect. 2.4.5.3, the two main types of photovoltaic energy conversion
(PVEC) 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
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to currcatly attainable efficiencies. In Sect. 2.4.5.6, the systems showing the most promise
for maturation during the next 50 years are contrasted, performance projections are given,
and arcas of rescarch 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.

2.4.5.2 High-¢cfiicicncy solar cells

As mentioned above, certain general statements can be made about the efficiencies
of solar celis that apply regardless of the particular materials involved and the
nonconcentrator/concentrator option. It seems appropriate to discuss these briefly here to
set the stage for the more detailed and specific considerations to be given later. Of course,
cell efficiency is only one of 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 power conditioning equipment may be necessary, depending on the intended
usage of the system. Nevertheless, many people in the field contend that cell efficiency is
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- (p-)type material. For example, with P in Sj, the
electrical carriers that are introduced are electrons; and in p-type material (e.g., B in Si),
they are holes. Whatever the conductivity type of the base rcgion is chosen to be, the
material must contain a region of opposite carrier type so that a pn junction is formed. In
most solar cells, the pn junction is formed very near the front surface and has a planar
configuration, 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 compleicd by the application of front and back
contacts. The front contact must be made in the form of a comb or fan pattern so that
most of the incident photons are not blocked from reaching the surface of the cell; the
back contact can cover the entire surface. Another type 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 solar cell, the absorption of a photon with energy above the semiconducting band
gap results in the formation of 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 clectrons and holes. When a hole from the n-type region crosses the
junction, it changes from a minority carricr 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.

Cbviously, then, one of the major design considerations in a solar cell is to maximize
the number of photons absorbed in the cell and minimize the recombination of electron-
hole pairs before the individual carriers can diffuse to the pn junction and be separated. To
maximize the photon absorption, it would be desirable to have no metal contacts whatsoever
on the front surface to block out the solar radiation and a surface that is perfectly
absorbing throughout that part of the solar spectrum that is above the band gap. Several
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Fig. 2.4-2. Simple solar cell structure (ORNL-DWG 89-10917).

approaches have been introduced to achieve this goal. Surface treatments include the
application of optimally designed antireflection (AR) coatings and the texturization of the
surface on which the photons are incident. Texturization (by chemical etching) results in
a roughened surface that, so to speak, gives reflected photons a second chance of being
absorbed. As a consequence, a texturized surface in combination with an optimized AR
coating can reduce the reflected solar radiation to essentially negligible values.

The effects of the metal contacts on photon "shadowing” can be reduced first by
designing the contacts specifically for a given type of cell and then by burying the contacts
or shaping them in such a way that the incoming photons do not "see" them. An even more
drastic approach is to move the contacts to the backside, where they block none of the
incident radiation. An approach of 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 recombination of electron-hole pairs can be minimized by closing down all
possible recombination channels in a cell. The single most important recombination channel,
insofar as the current is concerned, is the impurities used to "dope” the basic semiconductor
material to make it either n- or p-type. To reduce the dopant-induced recombination, the
dopant concentration should be kept as low as possible, consistent with other requirements
(of which space prevents discussion here). However, we do note that, whereas a reduced
dopant concentration acts to increase the current, it causes a redoction in the voltage
output.

The question of the voltage output leads to perhaps the most important area of high-
efficiency solar cell design, and it is in this arca that the greatest advances in solar cell
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efficiencies have been achieved. In its simplest form, the open-circuit voltage V,, of a solar
cell is related to the short-circuit current I, by

V.. = AKT/Q) In [IJI, + 1] .

The prefactors of the logarithmic function need not concern us here. The quantity
I, is called the dark current, and it arises because of recombination both in the junction
region and at surfaces and interfaces (between the semiconductor and the metal contacts).
Without a more rigorous discussion, it can be seen from the ecquation that for a given I,
V,. increases (slowly) as I is decreased. The thrust of high-efficiency cell design and
fabrication over recent years has been to reduce I, to previcusly unhcard of values by
increasing the junction perfection and decreasing as far as possible all surface and interfacial
recombination channels. For surfaces, this result is usually obtained 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 serics
resistance. Where the metal must contact the semiconductor, very heavy doping (to build
in electric fields, which keep the minority characters away from the metal-semiconductor
interface) has proved to be effective. Of course, with cach of these steps, the simple
structure in Fig. 2.4-2 becomes more complex and expensive.

2.4.5.3 Nonconcentrating and concentrating systems

The approaches to photovoltaic energy conversion fall quite naturally into iwo major
classifications: (1) nonconcentrating, flat-plate collectors and (2) concentrator systems. A
flat-plate system operates at one sun and puts a premium on low-cost, high-cfficiency cells
assembled into arrays that cover very large areas and may or may not incorporate some
degree of sun tracking. Concentrator systems, on the other hand, require very high
efficiency cells, which may be quite expensive to make, coupled with a type of inexpensive
concentrator system designed to focus up to between 50 and 1000 suns 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 salient features of systems likely to be developed during
the next 50 years.

A brief discussion of the merits and drawbacks of the tlat-plate and concentrator
systems may prove uscful to the reader. Flat-plate collectors have two major advantageous
features, namely, they can operate in diffuse sunlight, and solar tracking is not an essential
requirement. The disadvantages are that large areas must be covered by relatively
sophisticated electronic devices (the solar cells) that must be fabricated in vast quantities
at very low costs. Because of the large number of cells, there must also be a large number
of electrical interconnects and provisions for encapsulating the cclls to protect them from
various hostile elements in their operating environments. Concentrator systems use the
principle that both Si and GaAs solar cells actually become more efficient as the solar
intensity is concentrated up to several hundred suns. They have the major disadvantage that
only direct sunlight can be focused to any significant degree so that the concentrators must
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always "follow the sun,” which requires fairly complex two-axis tracking systems. Cloud cover
renders a concentrating system virtually inoperable. Also, the reflectors or concentrators
have inherent optical losses that partially offset the increase in cell efficiency. At very high
concentrations, active cooling (e.g., circulating fluids) becomes necessary to maintain cell
efficiency.

24.5.4 The concentrator option

In this section, the technology underlying phoiovoltaic concentrating systems is
discussed, and in Sect. 2.4.5.5, the technology cof flat-plate nonconcentrating systems is
discussed. The reasons for this somewhat mmverted order are that (1) the concentrator
approach involves relatively fewer materials possibilities, at least in the near term, and
(2) recent advances in solar cell efliciencies 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
correspondingly 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 cells if the necessary fabrication
techniques are available.

Materials

Only two semiconducting materials are being seriously considered for near-term
applications of concentrator systems: silicon (5i) and gallium arsenide {GaAs). On a longer
time scale other materials may emerge, but experience with Si and GaAs suggests that such
materials 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 js not quite as well matched to the solar spectrum as
is the GaAs gap at 1.4 eV. Consequently, the efficiencies of GaAs cells should be inherently
a few (3 to 4) percentage points higher than the efficiencies of Si cells. However, Si
technology is far more advanced than that of GaAs and, to date, large-area GaAs cells have
not attained efficiencies quite so high as their Si counterparts. It is interesting to note,
however, that even Si has not yet reached the full materials capabilities that many scientists
believe are possible. For concentrator applications, GaAs also 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 significant consideration for concentrations of =100 suns but becomes
so at 500 to 1000 suns where active cooling via fluid circulation can become necessary.

Another 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 GaAs is enough to
absorb all of the solar radiation. In contrast, a few hundred microns of Si is required for
complete absorption of the long-wavelength solar photons. In cell design, this drawback of
Si can be partially overcome by optical reflectors on the backside and by texturization.

Although only very thin films of GaAs 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 of research, and there is optimism that many of the problems
associated with thin-film GaAs cells will eventually be overcome.
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Cell structures

At this point, it is probably best to discuss two specific types of cell configuraticns
to illustrate how the general ideas of Sect. 2.4.5.2 can be realized in practice. To be even
more specific, the discussion is restricted to single-crystal silicon (c-Si), where progress has
been the most rapid. The first type of cell is of fairly conventional structure, with a contact
on the front and one on the back. For simplicity, this type of cell will be referred to as
bifacial cell. The other type of cell incorporates an innovative structure designed to use
virtually all of the recent advances in cell theory and modelinig. It has both the pn junctions
and the positive and negative contacts on the backside of the cell; hence it will be referred
to as a back-surface cell.

Structure and performance of bifacial cells

A schematic diagram of an advanced bifacial cell is shown in Fig. 2.4-3. The following
features should be noted. The front surface of the cell is texturized (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 part of the cell not "shadowed"
by the front contacts. The cell surface is passivated by the high-temperature growth of an
oxide layer =~ 100 A thick.
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Fig. 2.4-3. Schematic diagram of a microgrcoved passivated emitter solax cell (PESC).
The cell source layer antireflection coating is not shown (not to scale). Seurce: Reprinted
with permission from A. W. Blakers and M. A. Green, "20% Efficiency Silicon Solar Cells,"
Appl. Phys. Lett. 48(3), 215 (1986).

An ~5-pm-wide channel down the center of each finger limits the direct contact of
the metal with the silicon. The front contact metallization pattern is carefully matched to
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the doping level of the emitter region and the intended use of the cell. For one-sun
applications, the resistivity of the base reglon is usually chosen to be 0.2 to 0.3 g-cm, which
implies a high doping level in this region. As a consequence, the minority carrier lifetime
in the bulk i5 too short to make back-surface fields effective unless the cells are made very
thin. The highest one-sun efficiencies reported to date for a large-area cell of this type are
in the 20% AM (air mass) 1.5 range. Small-area cells of the same structure have achieved
~25% efficiencies at =100 suns. ‘

Further improvements can be made in this type of cell; for example, burying the
contacts or wsing other techniques to reduce the shadowing by the front-surface
metallization, more complete passivation, and thinner cells that incorporate both photon
reflectors and carrier reflectors (electric fields) at the back surface. Realistic estimates for
the maximum efficiencies obtainable with this type of cell using currently available silicon
are 22% for one sun and 27% for =100 suns. There is optimism by some that improvements
in Si growth technology and low-temperature processing may be able to raise these numbers
by 3 to 4 percentage points. Of course, the efficiency improvements that have been
achieved with these cell structures involve ever-increasing complexity and cost,

Structure and performance of back-surface celis

A schematic diagram of a back-surface cel is shown in Fig. 2.4-4. As with the bifacial
cell, the front surface (shown down on the figure) is texturized for light trapping, is
passivated by the growth of oxide layer, and has an AR coating. With this cell, however,
the pn junctions are formed by very small islands of diffused dopant on the back surface.
Positive and negative contacts are formed by interdigitated comb patterns, with a 50-um
repeat distance. The doping level of the base material is low (<20 fi-cm), so the minority
carrier lifetime is long The metallization contacts the bare silicon at only a part of the small
argas of the pr junctions. The back surface is also pdssmled by an oxide layer. As a
consequence of this configuration, the short-circuit current is very high and thc open-circuit
voltage is excellent for such a high-resistivity base material.

Efficiencies as high as 28% AM 1.5 under ~100-sun illumination have been reported
for this cell and, at this writing, it s considered by many to be the best type of cell for
concentrator applications. However, the cell has shown degradation of 2 to 3 percentage
points in efficiency under prolonged concentrated irradiation. Whether or not this problem
can be overcome and whether it is common to all concentrator cells is not clear at this
time. Also, it is not obvious that the back-surface cell structure can be wused for
multijunction devices.

Concentrators

The role of the concentrator, of course, is to focus the solar radiation onto the cell,
clearly a very important element of a PVEC system that employs any degiee of
concentration. There are many types of concentrators ranging from simpie Fresnel lenses
1o complex multipic-reflection designs and even very large heliostats of the type usually
associated with "power tower" applications of photothermal conversion. Two basic
requirements of a satisfactory concentrator are that optical losses be kept to a minimum and
that the focused radistion be maintained on the cell at all times, including periods of
thermal cycling, wind stress, and tracking. This latter requirement is not necessarily trivial,
because the total area of a concentrator cell may be quite small.
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Fig. 24-4. A cross section of a rcgion in the solar cell near one of the Al bussbars
(copyright 1986 IEEE). Source: Reprinted with permission from R. A. Sinton et al,, "27.5
Percent Silicon Concentrator Solar Cells," IEEE Electron Devices Leit. 7(10), 568 (1986).

Obviously, the expense of the concentrators is an important issuc because the most
basic underlying principle of a concentrator system is that relatively 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, arc addressing problems associated with
every component of an integrated concentrator system. Interesting 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.
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2.4.5.5 Flat-plate systems
Types of cells
The variety of approaches to {lat-plate, one-sun photovoltaic systems is too great for

detailed coverage here, so the discussion is limited to brief remarks about the types of cells
shown in Fig. 2.4-5.

NONCONCENTRATING PV SYSTEMS

SINGLE POLYCRYSTALLINE THIN AMORPHOUS
CRYSTAL AND RIBBON FILMS SILICON

SINGLE MULT)- SINGLE MULTI-
JUNCTION JUNCTION JUNCTION JUNCTION

Fig. 2.4-5. Flat-plate systems cell types (ORNL-DWG 89-10916).

Single crystal

The structures of the cells used in these systems are quite similar to those used in
the concentrator systems discussed in Sect. 2.4.5.4, although the specific design parameters
may be quite different. The main consideration is the need to keep cell cost to a minimum
so that large areas can be covered at an acceptable cost. For this reason, it is unlikely that
cell design and fabrication can be as complex as in the concentrator systems. For example,
muitijunction cells made from single-crystal material may always remain prohibitively
expensive for one-sun applications. Also, it is not clear at this time that the point-junction
back-surface cell would be practical in [lat-platc systems, because of the complex
microelectronics techniques used in its fabrication. Obviously, a premium is put on
automated, high-yield processing for one-sun cells, and ways to achieve this may prove to
be a more [fruitful R&I» area than the cell design itself. Because of its expense, it is
unlikely that single-crystal GaAs will be used extensively in flat-plate systems unless
techniques for thin-film growth can be developed (see below).

Polycrystalline and ribbon silicon
The purpose here is to avoid the cost of growing and slicing single-crystal ingots. The

main difficulty with polyerystalline material is the deleterious effects of grain boundaries.
Although some progress has been made in {earning how to "passivate” grain boundaries in
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silicon, the situation for small-grained material remains unsatisfactory. Several casting pro-
cesses yield large-grained (millimeter- and even centimeter-sized) silicon, and these show
considerable promise for achieving acceptable efficiencies at a significantly reduced cost.
Similarly, work on continuously pulled ribbon silicon has demonstrated that good efficiencies
can be obtained from such material. Both of these approaches suffered considerably from
cutbacks in funding several years ago, but a solid base exists for further progress if and
when additional funding becomes available. Because of the maturity of silicon technology,
new techniques for 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 next 50 years. In this connection, the glow discharge implantation and laser
processing developed at ORNL offer some very attractive features.

Thin-fiim technology

In this approach, methods of depositing thin semiconductor fiims on low-cost
substrates are sought. The use of thin films is based on the direct band-gap nature 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. Typicsl
materials are copper indium diselenide (CulnSe,), cadmium telluride (CdTe), GaAs, and
amorphous silicon (a-Si) (discussed below). The rationale behind the use of thin films is not
only to eliminate material 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
cither fine-grained polycrystalline or expitaxial if a suitable substrate can be found. If the
material is polycrystalline, ways must 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 material.

Amorphous silicon alloys

Amorphous (a) silicon is a thin-film material on which the current effort is 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 {ilms of the
material 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 effort
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. Thus, small laboratory cells (<1 cm?)
have gone from =~2% efficiency in 1975 to =12% in 1986. Other researchers believe that
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further improvements will be very difficult to realize and that the achievement of high
efficiencies in large-area cells is still a long way off,

Modules

In flat-plate photovoltaic systems, the assembly of individual cells inte modules
involves somewhat more and different problems than are encountered in making
concentrator modules. The principal problem concerns the aumber of electrical connections
that must be made among a large number of cells. In a system designed with an operating
lifetime of 30 years, the integrity of the interconnects and their protection against hostile
agents in the environment becomes even more important than the protection of the cells
themselves. In fact, a well-encapsulated solar cell should continue to operate at one sun
indefinitely if the metallization can be protected. There is nothing in the cell to wear out.

Because large cells reduce the number of interconnects that must be made, it is
generally better to make cells as large as possible (consistent, of course, with other
requirements). The potential for making very large single cells by low-cost deposition
techniques is one of the most attractive features of thin-film and amorphous solar cell
technology. Some sacrifice in efficiency can be accepted to achieve this end.

For crystalline silicon flat-plate systems, R&D related to modules and to
manufacturing methods for assembling them inexpensively is of the utmost importance and
is receiving a great deal of attention. '

24.5.6 Performance, projections, and rescarch opportunitics

In this section, the current status of cell efficiency in the various types of PVEC
approaches is tabulated, and projected cell performance is discussed. The R&D needs and
opportunities to achieve the projected performance goals are considered. Much of the
material is taken directly from the DOE Five Year Research Plan (1987-1991) of the
National Photovoltaics Program (NPP). Table 2.4-9 shows information on currently achieved
cell efficiencies for the various major categorics of cell types, as taken from the NPP five
year plan. Theoretical efficiency limits based on no-loss devices are also given. It should be
understood that these are very approximate numbers, dependent to some extent on how the
calculations are made. They are not likely to be realized in practice but are useful for
comparing where the various approaches may be leading. A few comments are made about
the likely progress from the left side of the table to the right side.

Flat plate c-Si

The 22% measurement appearing in Table 2.4-9 for the small cells is a bit misleading
because the measurements were not made under the conditions normally used for flat plate.
Also, the arca was considerably less than 1 cm?, and the cells were made from sclected
areas on a wafler that showed very high minority carrier lifetimes. However, in very recent
work on cells with an area of 12 cm?, the 19% mark has been exceeded.

Even though silicon technology is very mature relative to other materials, it is
generally believed that significant increases in the quality of solar-cell-grade Si can be
achieved. If this is indeed the case, it should be possible to reach efficiencies of 25% for
small-area cells by the year 2000 if, at the very least, no decrease is made in funding for
this type of research.
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Table 2.4-9. Currcatly achieved efficiencies of
various types of laboratory cells

Current technology (1986)

efficiency (%) Theoretical efficiency
Cell type” Small cells Large cells limit (%) small cells
(<1 cm?) (100 cm?) (<1 cm?)
Flat-plate c-Si
pe/ribbon silicon 22 18 30
Thin Film
GaAs 19 30
Multijunction 22 40
Thin Film
a-Si 11 9 25
Multijunction 13 9 35
Concentirator
Silicon 27 35
GaAs 26 37
Multijunction 26 45

“a-SI = amorphous silicon.

c-SI = single-crystal silicon.

pc = polycrystalline.

Sowrce; Based partly on data from the U.S. Department of Energy, Five-
Year Research Plan (1987-1991), National Photovoltaics Program, 1987. Theorctical
efficiency limits are based on no-loss devices.

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

Hat-plate pe-Si

Meaningful 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 ¢-Si cell technology will contribute to advances in cell
technology for this type of material. At this writing, it is the author’s understanding that
reasonably large area cells of ~16% efficiency have been obtained from selected stock of
both pc and ribbon Si. It should be obvious from previous discussion that the issue is the
material itself and not how to make a high-efficiency cell from good material.

Flat-plate thin-film GaAs and multijunction cells

The measurements in Table 2.4-9 represent a rather specialized case. The GaAs thin
film was formed on the "growth" substrate and then attached 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 ¢-Si solar cells, it is difficult to understand how this type of cell could
become an important element of flat-plate technology. However, there is no reason that it
should not be seriously considered for multijunction concentrator cells.

Flat-plate a-Si single and multijunction cells

The efficiency improvements in this type of cell in recent years have been impressive
and, to a great extent, justify the 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. The 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, however, that 20% efficient, large-area, multijunction 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) goal 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
systems.

Concentrator systems

The theoretical limits shown in Table 2.4-9 for these systems are probably closest to
being realizable. However, it must be kept in mind that the cell efficiencies for
concentrators are not directly comparable to those in flat-plate systems until the optical
Josses 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 be
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 "Rescarch and Development Tasks"
adapted from the DOE Five Year Research 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 2.4-10. Research and development tasks

Rescarch area/task Five-year goal

Materials and devices research

1. Fundamental and supporting research  Conduct fundamental research on promising
new ccll materials and devices and provide
supporting mecasuremenis and modcling
capabilities.

2. Flat-plate thin films Increase the efficiency of large-area {1000-cm®)
submodules to 10% in single junctions and
13% in multijunctions using amorphous and
polycrystalline thin-film materials, and resolve
device stability issues.

3. Flat-plate crystalline silicon Continue materials research activities in support
of low-cost, high-cfficiency, crystalline-silicon
development.

4. Concentrators cells Increase the efficiency of module-ready cells

to 27%; increase cfficiencies of experimental
single-junction cells to 30% and of
multijunction devices to 32%.

Module research

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

6. Concentrator modules Establish the technology for 22% cfficient,
$150/m* 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? The answer to the sccond
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 affirmative. The pioneering work at
ORNL on the use of glow-discharge implantation and pulsed laser processing 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
arc 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
processing but not in the overall semiconductor area. The microelectronics capabilities so
successfully 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 methods that would result in lower cost and more reliable photovoltaic
systems. An obvious synergism exists between research and development in the two arcas
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.

ORNL 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
Reagan administration over its entire eight-year tenure.

2457 System and economic considerations

In this section, two modes in which photovoltaic systems might separate are examined
from 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
power 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 $0.06/kWh, it is difficult to visualize solar photovoltaics as a major power source
during the next fifty years. As a supplement to conventional energy sources, the prospects
are much brighter.
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Table 2.4-11. Solar photovoltaics as a fuel saver

Assume, as does the DOE S-year research plan®, that a $0.06 to $0.10/kWh
photovoltaic (PV) technology is achieved in the next 20 years ($0.06/kWh for the
U.S. desert southwest and $0.10/kWh for other southern locations).

Assume that the PV technology is used on utility grids to reduce load borne by other
sources of capacity (i.e., it is a fuel saver).

Compare the PV technology with a 50% efficient combined-cycle or advanced steam-
injected gas turbine or molten-carbonate fuel cell, cach using natural gas as the fuel

1
$0.06/kWh x = $17.6/10° Btu (electricity)
3413 Btu/kWh

1
$0.10/kAWh x — = $29.3/10° Btu .
3413 Btu/kWh

For PV to pay off, natural gas would need to cost more than $9/10° Btu and
$15/10° 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 $500/kW 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

$500/xW x $0.14 (capital cost factor/year) _
8760 hfyear x 0.30

$0.027/kWh .

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

$0.06/kWh - $0.022/kth
3413 Btu/kWh

0.5 = $5.60/1¢° Btu ,

and $11.40/10° Btu if the PV device produces electricity at $0.10/kWh.

“Source: Based on data from U.S. Department of Energy, Five Year Research Flan
(1987-1991), National Photovoltaics Program, 1987.
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Table 2.4-12. A stand-alone solar system consisting of photovoltaics
plus battery storage plus a high-cfficiency combined-cycle
gas turbine for backup (e.g., for rainy days)

Assumptions
1. Turbine must be used 20% of the time.
2. The load to be supplied is time invariant night and day.
3. The sun shines on average 40% of the day.
4.  The turbine costs $500/kW.
5. Gas costs $10/10° Btu.
6. Capital cost rate for the turbine is 20%.

7. The photovoltaic system supplies power at an average cost of $0.06 to $0.1/kWh
[includes operating and maintenance (O&M) costs].

8. The battery cost = $0.04kWh (including O&M/costs) and can be charged and
discharged at 70% efficiency.

Total system cost is

{(50.06 to $0.10/KWH) x 0.4 -Sunshine hours
total hours

+ [(50.06 to $0.10) + 0.04/kWh (battery cost)]
0.7 (efficiency of battery)

% 0.6} x 0.8

+ (30.2 x $0.07/kWh) gas fuel cost
+ $0.01/kWh (turbine capital cost)

(0036 10 0.06 + 0.024) , o
0.7

= {(0.024 to 0.04 +

+ 0.014 + 0.01 = $0.11/kWh to $0.15/kWh .

This cost compares with $0.056-30.071/kWh generation and O&M cost based on
current coal and nuclear technology respectively. The Eleciric Power Research lnstitute
(EPRI) suggests that advanced technology might reduce the future cost of coal and nuclear
generation to $0.037 and $0.04 respectively (Energy Outlook, The Foundation for EPRI R&D
Planning, EPRI 1988.)
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2.4.5.8 Summary

The design principles for very high cfficiency, single-crystal solar cells are now well
understood. Recent work on developing fabrication techniques to implement these principles
in laboratory cells has led to remarkable increases in the efficiency of photovoltaic energy
conversion. For example, in cells designed to operate at one sun, the efficiency has been
raised from =16% to >20% AM 1.5 in little morc than five years. With further
improvements in fabrication techniques and with higher quality silicon, additional efficiency
gains can be expected. Although similar design principles apply for polycrystalline and
amorphous materials, additional constraints that are not yet fully understood also must be
taken into account,

The approaches to photovoltaic energy conversion can be divided into the two major
categories of flat-plate and concentrator systems, with the following features.

Flat-plate systems

operate in one-sun, diffuse sunlight;

premium on low-cost, large-area, high-efficiency cells;

several different approaches using a variety of materials are being investigated; and
material in near term will be crystalline and/or large-grained pc-Si (a-Si may play an
important role later).

® % DB

Concentrator systcrus

solar concentrations up to =500 suns;

premium on highest efficiency cells, with less emphasis on cell cost;

require relatively inexpensive concentrator system;

must have tracking system to follow the sun;

inherently higher efficiencies of concentrator cells help offset cost of tracking system;
and

materials in near term are St and GaAs (combinations of Si and GaAs in
multijunction cells may come later).

P B D H &
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A further subdivision of classcs of photovoltaic systems can be made on the basis of
materials and the form in which the materials are used. Three of the most important
subdivisions are the following.

Crystalline Si and GaAs

Crystalline (c) Si cclls must be thick (200 to 400 um) because of the low absorption
coefficient of Si in much of the solar spectrum. Float-zoned (Fz) Si has the highest quality,
but it is costly and material is wasted in sawing and cutting the round ingots. Cells a few
microns thick can be made from GaAs, but the growth of large areas of single-crystal thin
films remains a problem. Crystalline silicon is the most mature photovoltaic material
technology.
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Cast and ribbon 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.

Thin-film materials

Amorphous (a) Si, CdTe, CulnSe,, and other semiconductors can be grown, by a
variety of methods, in thin-film form on inexpensive substrates. Thin-film material is
potentially 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 is apparent that the laboratory cells are the most reliable guides to likely developments
in production cells. The current and projected efficiencies (n) of the most promising cell
types are given below, together with a few descriptive comments.

Current efficiencies

#® one-sun crystalline ¢-Si 20 to 22%
® concentrator (100 suns c-Si) 25 to 28%
® thin-film GaAs (1 sun, =1 cm®) 19 to 22%
® a-Si (1 sun, <1 cm?) 11 to 13%
® a-Si (1 sun, 100 cm?) 9%

Projected near and midterm (20 years)

® one-sun ¢-Si (5 years, mature) 24 to 25%
® 100-sun c-Si (5 years, mature) ~35%
¢ multijunction concentrator

(20 years, development continues) =35%
® gsmall area multijunction a-Si

(20 years, development continues) ~20%

Projected long term (50 years)

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

® 100-sun c-Si: evolutionary refinements of cells and concentrators;

@ multijunction concentrator: new materials, new fabrication techniques, n =~ 40%; and

® Jlarge-area thin film and a-Si: new materials, new growth and fabrication techniques,
n = 25 -~ 30%.

The assembly of individual cells into modules results in a decrease in efficiency
because of electrical losses in the interconnections, slight mismatches 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
before the midpoint of the 50-year time of this study. During the second half of the period,
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further improvements to the 25 to 30% range arc possible if progress on multijunction
concentrator or thin-film, {lat-plate collectors meets or exceeds current expectations.

One of the most important aspects of cost reduction would seem to be rclated to the
implementation of highly automated, computer-controlled manufacture of cells, modules, and
arrays. It seems likely that, by the year 2020, the basic research will have been done and
the technology will have been established to realize solar cell modules of =30% efficiency.
It is not likely that these modules can be made cost effective without the introduction of
manufacturing methods much more sophisticated than thosc now in use.

Economic analysis indicates that operationally proven photovoltaic systems can become
economically competitive with other sources of energy early in the next century. The most
promising near-term approach appcars to be conccntrator systems operating at =100 suns
and used by utility companies in a load-leveling mode.

2.4.6 Wind as a Renewable Encrgy Resource (by R A. Hawsey and R. J. Fervaro)
2.4.6.1 Summary

Cost-effective and extremely competitive wind systems are attainable in the next five
to ten years. Imminent {rom military researchers are high-temperature power semiconductors
that can significantly "leap frog" oftshore and domestic technologies in today’s wind-control
systems. Thesc advanced electric power-shaping devices are now being planned for U.S.
defense and space projects. Application of new solid state switches promiscs drastic
equipment weight, volume, and cost reductions combined with greatly increased efficiency
and reliability. Innovative researchers in power electronics point to additional "smart
features” that may be integrated within the devices by intelligent control and protection.

An immediate opportunity cxists to initiate a joint-veniure project with government,
component developers, equipment manufacturers, utilities, and the Electric Power Reseaich
Institute (EPRI). The project’s thrust would be to produce a strategy for aggressively
identifying and defining the next steps needed to qualify commercial sector synergism based
on high-temperature semiconductor technology. The straiegy should contain a tactical plan
to revise the perception of wind economics and risk. Revised assessments should include
this new technology’s potentially major impact on the life cycle and capital equipment cost
for wind systems of a renewable encrgy resource.

2462 Introduction

Wind enecrgy technology means generating electric power from the wind. Wind
generators use an inexhaustible (renewablce) resource, range in size from a few watts to
scveral megawatts, and can be constructed and installed in a matiter of months. Therefore,
wind technology can help incrcase planning flexibility and decrease the financial risks
associated with large, "conventional” generating vnits. In addition, wind turbines can be
designed to operatc safely and rcliably and may be compatible with many environments and
land uses. Wind technology can help achicve the U.S. goal of a diversitied energy resource
system.

The two basic approaches for converting wind 1o electricity are (1) vertical-axis wind
turbines (VAWTs) and (2) horizontal-axis wind turbines (HAWTs). The primary difference
between the two is the orieatation of the turbine axis of rotation to the wind stream and
the ground. Typical examples of ecach wind turbine type are shown in Figs. 2.4-6 and 2.4-7.
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Fig. 2.4-7. A vertical-axis wind turbine (Photo K/PH-88-3507). Source: Five Year
Research Plan 1985-1990, Wind Energy Technology: Generating Power from the Wind,
DOE/CE--T11, January 1985.
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Each orientation has an effect on the tive primary subsystems: (1) blade or rotor, (2) drive
train (gearbox and generator), (3) tower, (4) turbine support systems (cables, controls), and
(5) balance of plant subsystems (substation equipment, ground support equipment)
(DOE 1985).

The basic concept in wind turbines is to convert wind energy into rotational motion
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 results in
acrodynamic lift, causing the rotor to turn.

Status of wind energy technology

Improvements in the technology related to wind subsystems, combined with federal
and state tax incentives (which expired in 1986), resulted in the creation of a market for
electricity grid-connected wind turbines in the United States. Most of the rapid
commercialization of wind power was sparked by independent power producers operating
mainly in California. Expansion beyond that relatively modest market is necessary, however,
if wind power is to significantly affect the U.S. energy supply. The cost of wind-generated
clectricity must be reduced from between $0.10 and $0.15/kWh (1984 dollars) to $0.04/kWh
(1984 dollars). Wind turbine characteristics of total annual energy production, installed cost,
operating and maintenance cost, system availability, and life expectancy influence the ability
of wind to compete with other energy sources.

The wind energy market today

While wind energy technology is no longer rapidly expanding in the United States,
overseas markets—aparticularly those of Western Europe and Japan—are growing rapidly.
American manuflacturers are taking advantage of export opportunities, thus creating
American jobs.

Additional factors beyond economics provide incentive for the use of wind resources
in the United States. Wind energy (and renewables in general) reduces this country’s
dependency on imports and is compatible with the movement in U.S. industry to higher
technology bases. Wind energy technology matured in a very short period (1981-85) and is
now ready. Over 660 MW of installed capacity in the United States, almost exclusively in
the <1-MW class, attests to the large number of modular units. However, wind use in the
United States is highly regional. The modular nature of wind allows matching regional
energy requirements and demand growth with local renewable resources. Finally, wind
energy allows utilities to add to the energy supply in small increments, with corresponding
reduced lead time and reduced capital outlay.

The future of wind energy technology

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

&  Substantial undeveloped wind resources are available in the United States. To
understand the full potential within the undeveloped areas will require intensive
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efforts to quantify local wind variations, to determine site accessibility, and to identily
institutional restrictions on devclopment.

® The use of wind power is likely to grow gradually over the next 15 years, regardiess
of technologic advances. Nevertheless, the application in key areas of power
electronics might significantly enhance the attractiveness of wind power technoclogy.
Examples include the development of electronic controls for variable-speed gencrators
by wind turbines and improved protection devices for wind power stations.

Wind presents an opportunity for growth when used to displace aging conventional
capacity or planned new generation equipment of nonrenewable type. The low per-unit cost
and environmental benefits associated with wind (no waste heat, no cooling water, no
carbon dioxide or toxic waste/emissions) offer an alternative to utilitics 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 promising future energy resource is to be
realized.

The benefits of wind also depend on application-specific R&D programs. Many of
these programs have been funded heretofore by the U.S. government [DOE or the National
Acronautics and Space Administration (NASA)] or EPRL

Among the most recent activitics is the application of ncw power electronics 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 interface. By using suitable
power electronics circuitry, it is possible to decouple the wind turbine’s rotor speed from
the utility system’s operating frequency and thereby allow the wind turbine to operate at
variable rotor speed. A variable-speed wind turbine would provide prospective gains in
torsional dynamics and energy capture relative to its constant-speed counterpart. The
improved torsional dynamics, in turn, would reduce structural loads and ihereby possibly
reduce weight, increase component life, or both. The research challenge is to develop a
suitable power electronics package that provides optimal blend of the above-mentioned
benefits and to integrate that package into a wind turbine system, while maintaining an
overall system cost-to-benefit ratio lower than unity. We discuss those aspects of wind
technology R&D that can make a difference in the commercialization process.

2.4.63 Wind rcsources

Finding a suitable site for a wind power station is crucial to the economic feasibility.
In addition to an adequate wind resource, 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 tesource at the site. Characterization of the wind resource
at a particular site is greatly complicated by the spacial and temporal variability of the wind
in a given area. Techniques for extrapolating wind measurement data from one site to
another site have limited accuracy, and the available data for existing sites are usuvally
inadequate to fully characterize the resource at the site—inuch less at other sites.
Consequently, extensive customized wind measurements are required at most sites to
establish their full potential. Because wind measurements can be costly and time consuming
to plan and implemcnt, a systematic approach io the problem of wind resource
measurements is required.
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Regional wind resource data such as the natural wind atlases (DOE 1987) (see
Fig. 2.4-8) are useflul 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 specific 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 step in a detailled regional wind resource evaluation involves the
characteristics required of site areas that would make them candidates for wind power
development. This step 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 step includes identification of those arcas within the region of interest that
appear to have potential for development of wind power using the criteria developed in
step 1. Application of the siting guidelines developed by EPRI (1983b) to select potential
areas is recommended.

Once a potential sitc area has been identified, step 4 is to proceed 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 be transferred mounthly
from on-site storage for summary and analysis. At least 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 tables for the parameters
and charts showing the diurnal variations of the wind speed. Analyses can be performed to
correlate the collected wind data to the regional climatology, local topography, and daily and
seasonal utility load variations. The data can be used also to estimate wind power availability
and wind turbine performance. Finally, the data can be used to perform production costing
analyses to estimate system energy cost savings and 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 of these resources needs further evaluation. The level
of effort involved necessitates establishing a coordinated program, with parties of vested
interests, to integrate, document, and disseminate wind measurements on a long-term,
constant basis. Such a program would entail developing long-term maintenance of data
collection stations in promising wind resource areas.

24.64 Update on wind turbine technology

Among the key factors that led to the rapid growth of wind power over the past five
years were the advances achieved in wind turbine technology. The cost of producing wind-
derived electricity in excellent wind resource areas is now sufficiently low that it is
approaching the threshold of economic feasibility without tax credits in some parts of the
country. Through further evolutionary improvements in turbine design, mass production, and
technological advances, it should be possible to further decrease the cost of producing
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Fig. 2.4.8. U.S. annual average wind power (Photo X/PH-88-3508). Source: Wind Energy Resource Atlas of the United States,
DOE/CH 10093-4, Solar Technical Information Program, Solar Energy Research Institute, Golden, Colo., March 1987.
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electricity with wind turbines. Although there are numerous areas in the United States that
appear to have excellent wind resources, as wind power usage increases in this country it
will sometimes expand into regions with average wind speeds somewhat lower than those
at current sites of intense wind power extraction. It is natural to ask whether sites with
more moderate wind speeds will introduce new technical problems. The available
information indicates that no significant new technical problems will be encountered at
moderate wind-speed sites. In fact, many technical problems should be less troublesome.
The economic impact of lower energy yields will be the major problem at moderate wind
sites.

Expansion into new site areas will require redesign (o optimize energy vield. These
changes consist of rotor speed reduction, possible generator size reduction, and control
setpoint changes. Technical challenges such as these continue to hinder additional interest
at many sites. R&D can provide definite, near-term improvements for wind energy use.
More accurate and reliable design methods are needed to lower the cost of design,
development, and product improvement. Methods for calculation of system performance and
structural loads must be improved. It is becoming clear that the use of variable-speed
generator systems would enhance energy yield, reduce operating structural loads for a small
increase in system cost, and improve utility system compatibility. Thus, development of
variable-speed generator systems has a potential of providing major benefits to wind energy
€Conomics.

New airfoils designed specifically for wind energy applications also hold promise for
expanded wind energy usage. Not only can encrgy yield be increased, but maintenance costs
associated with blade cleaning and repair will be reduced. None of these improvements
offers the promise of a major breakthrough in wind energy usage. However, with wind
power on the threshold of cconomic viability, small improvements in wind turbine
technology could have substantial impacts on the future geographic expansion of wind
energy capture.

24.6.5 Wind power station technology

In addition to an adequate wind resource and a suitable wind turbine, the
development of economically feasible wind power stations requires careful attention to
station design. The balance of plant costs is a substantial part of the total cost of 2 wind
power installation, and decisions made by the station designers with respect to the power
collector network, protection and control schemes, and turbine micrositing will have
significant impact not only on the capital cost of the station but also on energy production
and operation and maintenance requirecments and costs. For example, economies of scale
for large transformers are offset by the number and length of conductors required to link
with multiple turbines. Close turbine spacing shortens conductor lengths, permits more
turbines per transformer, and reduces land costs. These advantages can be offset, however,
by reduced energy capture and structurally hazardous wakes from close spacing. Little
information is available on these trade-offs. In current station designs, engineering
optimizations are limited. Designs with the lowest initial costs are usually selected.
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2.4.6.6 Institutional and environmental issucs

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 paved the way for 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 acceptance 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 the question of wind access or wind rights.

A variety of tools, either based on early wind system user experience or 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 arecas. These risks of wind power development can be minimized or mitigated
through careful siting and appropriate advance work with local communities and
governments. The use of EPRI (1983a) and Solar Energy Rescarch Institute (SERI)
(Shepard and Hubbard 1985; 1986; McClendon and Duncan 1985; Senior and Sengupia
1983; Sengupta, Senior, and Ferris 1983a; 1983b) checklists and reports on thesc issues
relating to wind power development is recommended.

24.6.7 Federal Wind Rescarch and Development Program’

The federal Wind Energy Program comprises two subprograms; one studies the basic
science of converting wind into usable energy, and the other researches advanced
components and systems. These programs complement the efforts of manufacturers and
consumers in the wind community (a primary objective of the federal wind program is to
transfer research results to industry and other users). In FY 1986 and FY 1987, progress
was made in both of these research arcas as well as in technology transfer.

The 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 systems
- advanced concepts
- supporting research

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



137

- applied-technology testing and analysis
- multimegawatt systems

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

®  Sandia National Laboratory (SNL), Albuquerque, New Mexico;

®  Solar Energy Research Institute/Wind Energy Test Center (SERI/WETC), 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 dollar-value contracts in FY 1987 were Colorado State
University, Ohio State University, and Wichita State University.

Basic research

In FY 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 operate, (2) to increase knowledge of the aerodynamic
characteristics of the rotor and how it extracts energy 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 the 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 of wind turbulence on rotor loads, airfoil
performance, and wind turbine wakes is not completely understood and therefore cannot
be satisfactorily modeled. Because the existing two-dimensional, steady state acrodynamics
theories have proven inadequate in explaining the observed performance of wind turbines,
there is a need for a three-dimensional, unsteady-{low theory.

Researchers made important progress in FY 1986 and FY 1987 in many of these
R&D areas. For example, wind variability in complex terrain can now be predicted more
accurately as a result of ongoing modeling and monitoring. Another R&D product is the
Wind Energy Resource Atlas of the United States (DOE 1987), 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 systems 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 materials, control concepts, and drive trains. Important progress
made in FY 1986 and FY 1987 includes the following.

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

MOD-2 wind turbines. In FY 1986, DOE continued to operate its cluster of three
expcrimental, 2.5-MW MOD-2 wind turbines at Goodnoe Hills, Washington. These HAWTs
feature 300-ft-diam., partial span control, upwind rotors; the rotor’s center of rotation was
200 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 September 30, 1986, the
three turbines had generated more than 16 million kWh of electricity and provided scientific
and engineering information that would enhance the development of future
cost-competitive, large wind turbines, including the MOD-5B.

MOD-5B wind turbine. Development and testing have been completed on the
MOD-5B, 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 Electric Industries, Inc.
(HED), for $4.9 million. Under the agreement, HEI will provide the federal government with
operational test data for five years.

The MOD-5B turbine has been performing better than expected for a prototype
machine. Research and acceptance testing of the MOD-5B was successfully completed ahead
of schedule in December 1987. The turbine performance cxceeded design estimates for the
advanced concepts in the machine. Overall, the turbine performed extremely well,
experiencing no significant technical problems.

The MOD-5B is DOE’s largest and most advanced experimental turbine. The design
and performance parameters borrowed heavily from the MOD-2 research and operation
results. Technical characteristics of the two machines are compared in Table 2.4-13.

A key feature of the MOD-5B 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 produce more energy more efficiently.

Operational testing on the MOD-5B began on schedule on July 1, 1987, and the
turbine was dedicated on August 25, 1987. Testing of the MOD-5B was successfully
completed in early December, and the machine was transferred to HEI 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-5B ran
continuously for 106 h, 22 min, while producing 3.2 MW of power much of the time.
Energy capture from the wind was 106%, excceding the analytical design estimates;
operational availability was 94.7%, exceptionally high for an initial test on a new design that
employs advanced system concepts.

MOD-0 wind turbine. An earlier, large-scale experimental wind turbine, the MOD-0,
was recently dismantled at its federally 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 frequently modified to enable testing of advanced
concepts in a variety of configurations. Many of these concepts are now used in commercial
wind turbines.

Other technology advances in FY 1986 and FY 1987 include design and construction
progress on an intermediate-scale, advanced Darricus (vertical-axis) research turbine in
Bushland, Texas. This turbine will be 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 of 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 farms. The technology was

tested in mid-FY 1988.

Table 2.4-13. MOD-2 and MOD-5B
experimental wind turbine specifications

MOD-2 MOD-5B
Rotor diameter, ft 300 320
Hub height, ft 200 200
Rotor, rpm 17.5 12.9-17.3
Rotor location Upwind Upwind
Rotor material Welded steel Welded steel
Hub type Teetered Teetered
Aerodynamic control Tip pitch Tip pitch
Gearbox Three-stage planetary Three-stage planetary
Generator type Synchronous Variable-speed
Generator speed, rpm 1,800 1,330-1,780

Tower
Cut-in/rated/cut-out

Flared-steel shell

Flared-steel shell

at hub height, mph 14/28/45 12/30/60
Rated power, kW 2,500 3,200
Total weight on

foundation, 1b 630,000 932,000
Annual energy, MWh

(14-mph design site) 8,300 10,700

*Assumes 90% availability.

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

May 17, 1988.

Technology 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 Resecarch Institute (EPRI), and the Institute of Electrical and Electronics Engineers
(IEEE).

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 International Energy Agency (IEA). IEA’s wind energy research
and development efforts are conducted by 13 member countries, including the United
States, and result in valuable exchanges of data and ideas.

In FY 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
development. Included is the Small Business Innovative Research Program, which awarded
several contracts to qualified wind energy researchers and manufacturers.

Annual budget

The federal Wind Energy Program budget levels for FY 1986 and FY 1987 are shown
in Table 2.4-14. The major change in the budget levels between the two years was due to
completion of the MOD-5B, 3.2-MW project (transferred to HEI). A major emphasis on
blade acrodynamics accounted for some budget growth in Y 1987 in the research program.

Table 2.4-14. Budget for the federal Wind Energy Program
(millions of dollars)

FY 1986 FY 1987

Atmospheric fluid dynamics 1.1 1.3
Aerodynamics 1.6 4.0
Structural dynamics 3.8 2.4
Advanced concepts 4.5 2.2
Supporting research 1.5 2.2
Multimegawatt systems (MOD-5) 11.5 4.5
Capital equipment 08 0.2
Total 24.8 16.8

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

Future research and development role

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 life 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 efficiency.
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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-term goal of
developing broadly competitive wind machines and self-sustaining R&D capabilities. DOE
will continue building a technology base that can be transferred to the wind industry.

2468 The EPRI rescarch 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
— power-electronic controlled variable-speed generation
- airfoils
— investigation of cyclic loads
®  wind power station technology
-— power-electronic control and protection devices
— integrated control and protection schemes
— micrositing capabilities
e  environmental and institutional
— educational activities

Of 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 technology, an extensive control and power collection network
is needed. Hence, it is desirable to have low-cost, low-power control and protection devices
to integrate the turbines into reliable, easily operable, cost-effective wind power stations.
Both the turbine and station applications of power electronics are ways of evolving wind
power into a technology that is more fully 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 will need to participate and cooperate in providing support. The implications for
the EPRI program and those of other sectors are discussed below.

“The authors gratefully acknowledge the information provided by the following EPRI
staff: Ed Demeo, Frank Goodman, and John Schaefer.



EPRI program

Although the EPRI program should support, either independently or in cooperation
with other sectors, programmatic efforts in cach of the areas identified above, the primary
efforts of the EPRI program should be directed toward enhancement of the wind turbine
and wind power siation techoologics through application of power electronic devices.
Substantial benefits are possible through development of power-eglectronic controlled,
variable-speed generation and new power-electronic devices for station protection and
control. EPRI is unique among the sectors associated with wind power development in
having the technical and other rescurces needed to support and guide the development
of such devices for wind power applications and to ensure their compatibility with electric
utility systems. Thus, the continuation and expansion of the main program thrust at EPRI
is power-electronic applications to wind power. Other activities are being kept at the
minimum level necessary to track other wind power research and field experience.

The power-clectronic application work is divided into two categories: (1) power-
electronic drive circuits for variable-speed gencration (turbine application) and (2)
integratecd control and protection concepis (station application). Fach of these areas is
briefly discussed below.

Turbing applicatiop. For the turbine, the specific goal is to develop low-cost,
power-electronic drive circuits that will allow cost-effective variable-speed generation. The
research mission is to quantify the benefits and, thereby, establish the basis for the cost and
performance targets, evolve the requisiie power electronics through suitable laboratory work,
and integrate the power electronics with the wind turbine application.

The research to evolve low-cost drives for operation of wind turbines with variable
rotor speced has already begun with identification of the requisite drive test and evaluation
capabilities. The capabilities will include data acquisition and measurement systems and
associated simulation and calibration apparatus. The capabilities will be used in subsequent
phases of the program to evaluate current-technology drives and advanced-concept drives.

Variable-spced drives incorporating existing technology will be laberatory tested to
quantify the benefits and establish baseline cost and performance goals for advanced
concepis. Thereafter, advanced concepts should be evolved and tested and then transferred
to industry. To make variable rotor speed sufficiently attractive for widespread use will
iequire advanced drives that take full advantage of the state of the art in power electronics.
The evolution of these drives in concert with small hydroelectric and motor applications to
the mutual benefit of all these technologies is desirable.

Deliverables to date include two key products available from this activity. They are

#  specifications of data acquisition and measurement capabilitics to be used in the
subsequent program phases and

®  definition of current-technology drives and candidate advanced drives for test in the
subsequent program phases.

Opportunities to involve utilities and wind turbine manufacturers in the research
process are being pursued in parallel with these start-up activities. Utility involvement is
desirable from the standpoint of ensuring that the power-clectronic technology is compatible
with their needs. Additicnally, the utility representatives can aid in identifying other
applications (such as hydroelectric systems) for various derivative versions of the advanced
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power electronics. Wind turbine manufacturer participation is desirable to ensure that the
power-electronic technology i wind turbine compatible during the laboratory development
phase and to aid in actual turbine application tests in the later technology trapsfer phase.

Station application. In addition to wind turbine drives, advanced power-clectronic
concepts are expected to have a variety of other applications in wind power stations and
later in other modular technologies such as photovoltaics. Examples of such concepts are
integrated, low-cost controf and protective devices and static voltage and reactive power
(var) controllers. EPRI has aiready initiated exploratory rescarch in these areas through
contracts with wind turbine manufacturers.

This work is aimed at identifying specific apparatuses for EPRI development. The
process of evolving advanced power-electronic devices for station protection and control
would parallel that described earhier {or turbine control. The evolution of these devices
would require the saree definition, laboratory work, and field-test sequences as the turbine
controllers. Again, opportunitics for utility cosponsorship are being pursued for the same
reasons indicated above.

For both the turbine and station applications of advanced power clectronics,
opportunities for cosponsorship from the power-electronic industry are being pursued. This
industry would provide ap esseniial ingredient, namely, an understanding of where the
rapidly changing field of power eclectronics 5 going and how the trends affect the
application research. To set the stage for dialogue among all parties with a vested interest
in advanced wind stations, a preferred wind power station architecture would be developed.
Ditferent locations and topologies for the power electronics in the power station would be
examined, including the substation, pad-mounted transformess, and wind turbines. The thrust
of this activity will be to access the economics and risks associated with variable-speed wind
turbine (VSWT) stations. The work will focus on construction and a multiyear program plan
including budgetary cost estimates and schedule.

Table 2.4-15 and Fig. 2.4-9 include proposed elemeunts for a five-year joint venture
project with utilities, government, manufacturers, and EPRI for a VSWT station.

Economics, benefits, and risks

Cost estimates were made for the mechanical and electrical components, installation
and balance of station, and operation and maintenance costs. These costs were obtained and
compared for a constant-speed and a variable-speed wind turbine. The selling price for a
wind turbine included the mechanical and electrical components; the installation and balance
of station costs for the optimized wind turbine would be ~$1000/kW. This cost projection
assumes mature production quantities of 1004 units/year, rated 300 kW each. The life cycle
cost of energy for both the constant-speed and variable-speed wind turbines for a wind site
similar to Altamont Pass are nearly equal and below $0.048/4&kWh for the constant dollar
method. This cost of encrgy makes the use of power electronics for variable-speed operation
affordable. The additional benefits of quality power resulting from the use of the power
electronics and projected lower prices in the future for the power electronics were not
included in this analysis but provide additional reasons for pursuit of variable speed.

The technical risks associated with this approach relate primarily to the reliability of
the power electronics and lower their projected productivity. The cost risks are directly
proportional to the development time.
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Table 2.4-15. Milestones, schedule, and cumulative budgetary
cost ostimates

Date Budget
Year Milestone” (cum. months)” (cum. $1000s)
1 Start 0 0
Design specification
completed 6 100¢
Design/development of
PE subsystem completed 9 1506
Design of overall VSWT
system completed 12 2100
2 Laboratory test of VSWT
subsystems completed 21 4600
Fabrication, shipment
of two prototype units
completed 24 6100
3 Installation of two VSWT
prototype units completed 30 7200
System checkout tests
completed 36 8200
4 Test and evaluation,
year 1 completed 48 8700
5 Test and evaluation,
year 2 completed 60 9200

“PE = power electronics, VSWT = variable-speed wind turbine.

*Cum. = cumulative.

Source: Based on data from U.S. Wind Power, Inc., Burlington, Mass., Utility Variable
Speed Wind Turbine Program Plan, EPRI Contract No. RP2790-3, 1988. "
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Fig. 2.4-9. Schedule for the development and test of a variable-specd wind turbine.
Source: Based on data from U.S. Wind Power, Inc., Burlington, Mass., Urility Variable Speed
Wind Turbine Program Plan, EPRI Contract No. RP2790-3, 1988.

2469 The U.S. wind power market

The first turbines with >200-kW rating were installed in 1983 and peaked at 6.2%
of all turbines installed in 1985. Turbines in this size range have never contributed to a
significant degree to the installed base of turbines in the U.S. wind power industry.
However, the largest turbine ever installed in an operating U.S. commercial wind power
station, the Boeing MOD-SB, rated at 3200 kW, was installed by Hawaiian Electric
Rencwable Systems in 1987, '

In 1986 and 1987, fifteen manufacturers—foreign and six domestic—supplied turbines
to U.S. 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 1987, representing
372.5 MW of aggregate rating, only 1293 (38.3%) were supplied by U.S. 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 turbines and 60.3% of the aggregate
rating were supplied by U.S. manufacturers. Although six U.S. manufacturers supplied
turbines to wind power stations in 1986 and 1987, the only manufacturer with significant
activity was U.S. Windpower, which supplied 1286 turbines, or 99.5% of ail the turbines
manufactured in the United States. Although Boeing supplied only a single turbipe at a
rating of 3200 kW, it accounted for 2.4% of the aggregate rating supplied by U.S.
manufacturers.

Among foreign suppliers, 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
Micon, followed by Nordtank and Bonus. Vestas was also active but dropped considerably
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Table 2.4-16. Aggregate installed wind turbine rating in U.S. wind
power stations, 1986-87, by manufacturer
and country of origin

Aggregate name-
Couantry of origin and Number of plate rating
manufacturer turbines (MW)

United States

U.S. Windpower 1286 128.6

Boeing 1 32

Fayetie 2 0.5

Westinghouse 1 0.6

Carter 1 0.3

Northern Power System _ 2 0.2

Subtotal 1293 (38.3%) 133.4  (35.9%)
Belgium

HMZ Windmaster 35 (1.0%) 95 (2.5%)
Lenmark

Micon 558 58.6

Nordtank 582 55.2

Bonus 381 487

Vestas 273 24.4

Danwin 91 14.6

Wincon _ 84 9.1

Subtotal 1969 (58.3%) 210.6 (56.5%)
Japan

Mitsubishi 57 (1.7%) 143  (3.8%)
United Kingdom

WEG 19 (0.6%) 48 (1.3%)

Total 3373 372.6

Source: Based on data from Robert Steele, Strategies Unlimited Corp., 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 U.S. wind power market in 1987, supplying 57 Mitsubishi 250-kW turbines.
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2.4.7. Geothermal Energy (by H. G. Arnold)
247.1 Introduction

Geothermal literally means "earth heat"; for a technical definition, geothermal
excludes thermal gradients in water bodies, the atmosphere, and fabricated structures. 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 exceeded
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 heat 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 form of 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 hydrothermal or dry and extends from
some temperature sujtably above ambient heat sinks up to the boiling point of water at the
altitude where the land surface of the geothermal facility resides. The high-temperature
resource is generally defined by a minimum resource temperature that will produce medium-
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 magma 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 places 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 temperature 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 resource is
predominantly found in the eastern United States and generally follows the distribution of
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hot spring spas that sprang up during the late nineteenth and early twentieth centuries.
The magma resource is beset with technical problems because of its high temperatures and
hostile production environment, while the low-temperature resource has a low economic
return potential because of its low-grade heat and high development costs compared thh
waste heat sources.

The convenience of virtually clean steam created by natural processes has made the
dry steam resource the mosi readily developed and the most avidly sought of the geothermal
forms in the world today; one merely has to place a centrifugal separator between the well
and the turbine to produce usable steam. Uriortunately, to protect the locally sensitive
environment, one must aiso control the venting of hydrogen sulfide and other gases, trap
metals such as boron and mercury, and dispose of the condensed efthuent—all of which
require relatively complicated and expensive equipment and controls.

The dry steam resource is currently known to exist at two legally exploitable locations
in the world—northern California and Italy. The long-term potential for developing this
form of geothermal enerpy is thus tied {0 any change in or ability to change its known
occurrence around the world. The limited distribution of this form of the resource is a fact
of nature and is not likely to be affected by technologies other than those tied to
exploration. Unfortunately, if one can drili much deeper the resource turns into hot water.
In short, dry steam is a rather limited energy source, except for the fortunate developers
near San Francisco and Larderello, untid it s unexpectedly located elsewhere or until
turbines are installed in Mount Lassen or Yellowstone parks.

The entire perception of geothermal energy could change if research and exploration
combined to reveal an as-yet-unidentified resource form, such as naturally occurring
supercritical steam (i.e., steam that would not form liquid regardiess of its depth). Current
belief is that temperatures that high are not likely to exist at depths to which water has
penetrated except around shallow magma, in which case the steam has long ago percolated
away. But such conclusions would be subject to reexamination should  the proper
observations be made.

The hot water resource has been developed 10 a small degree in the United States
and to a greater extent in Mexico, Central America, New Zealand, Japan, and Iceland. The
reason for the delayed development of this resource in the United States is a combination
of its close proximity to the clean dry steam fields and the impurity of the liquid. The solids
content of the liquid in Southern California, where it is the most accessible, runs as high
as 30%, whereas the hot water at other developments around the world is somewhat
purer—generally less than 3% solids. '

Experimental ventures have attempted to recover the hot dry rock resource,
principally at Los Alamos National Laboratory with DOE funding. The results of these
experimenis are that the resource can be recovered by circulating water through artificially
fractured rock at depth, but the extrapolation of these results {o reservoir development
methodologies and well life for viable commercial production ventures is still considered to
have higher risk than hydrothermal well ficld development.

The magma resource is dependent largely on materials compatibility and durability,
although the relatively high risk locations tend to discourage investment of large amounts
of money. The low-temperature resource, averaging about 120°F, is awaiting the same
developments that other low-grade heat technologies are awaiting, namely more efficient
cycles, fortuitous locations, and changing economic parity with higher density heat sources,
except for a few isolated spas and heating projects.
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A further variation of the hydrothermal resource results when the downhole pressure
of the hot water greatly exceeds the hydrostatic head for the depth of penctration. This
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 ft'/bbl of hot water.
Results of the DOE Wells of Opportunity flow tests indicate that commercially attractive
amounts of methane may be extractable from some previously abandoned gas and oil wells,
but no estimate is indicated of how many of some 1200 wells penctrating the geopressured
region may contain sufficient amounts of methane.

2472 Resouice base

The current amount of electrical production in the United States from geothermal
energy is about 2000 MW(e) from steam and about 200 MW(e) from hot water. Additional
smaller amounts of energy are in use in direct-heat applications. The potential resource base
for geothermal encrgy is huge, often measured in equivalent numbers of Alaskan oil fields;
however, the recoverable base is only a small percentage of the total under current
economic and technological conditions. Part of the economic deterrent is technological and
concerns corrosion, energy conversion cycle efficiency, and reservoir exploration
uncertainties. The other part concerns location because a sizeable portion of the resource
is remote from energy markets and involves large distribution costs.

The 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 recovered (48 quads) at an
estimated cost of $0.05 to $0.07/kWh. The low-temperature resources (lower than 150°C)
may amount to 40,000 quads, but less than 1% is recoverable and the low grade of the
heat makes the economics of recovery questionable for all but a smali part of that
percentage, and certainly there will be little or no electrical generation at this temperature.
There may be 5,800 quads of geopressured heat of which 164 quads are recoverable, and
3,200 quads of geopressured methane of which 102 quads are recoverable 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 ft*/bbl of fluid, whereas a production of 150 to 200 ft*/bbl would be required for current
economic viability. The hot dry rock resource is estimated at 650,000 quads, of which
65 quads or less may be recoverable at an optimistic cost of about $0.07 per kWh,
depending upon the ability to predict well life.

During the 1970s, the geothermal resource and its exploration and extraction
technologies were researched heavily by the federal government, a few enterprising oil and
drilling companies, and independent corporations formed cxpressly for the promotion or
development of geothermal energy. Although formal documentation is not available to
support the conclusion, conversations at geothermal meetings would have 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
1980s, but the real gains from the effort were smaller than those originally expected.

Materials and corrosion research was expected to lead to economic recovery of the
highly saline solutions in the Imperial (California) valley, with published estimates running
as high as 50,000 MW(e), but the uncertainties of effluent disposal in the agricultural valley
combined with the costs of resource exploration and well drilling tended to overshadow the
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modest advances in corrosion research. Much research was directed also to the treatment
of gaseous effluents, energy cycles, downhole sensing devices, novel drill bits, plasma rock
cutiers, aerial sensing, well logging, hydrological surveys, and geochemical analyses.

From the above-mentioned recent experience, it may be concluded that the arcas for
needed research and development are well known if the geothermal resource is to be
exploited to a significant portion of its potential. Regardiess of the potentially large resource
base, the major conclusion of the current knowledge about geothermal energy is that it is
of only regional significance with existing technology. The minable energy content is roughly
equivalent to the expected expansion rate of individual energy markets within reasonable
distribution distances of the resource. As a further complication, the occurrence of
geothermal resources is tied to geological features that city founders have tended to
avoid—seemingly in direct proportion to the temperature of the geothermal resource.

2.4.7.3 Potential rescarch arcas for geothermal development

The research arecas for geothermal development may be loosely grouped around the
requirements for exploration, production, and usage. The single most important factor
limiting geothermal development that all types of geothermal resources hold in common is
the uncertainty of the specific location of known amounts of encrgy. Thermal maps from
geologic surveys and oil or water drilling logs may indicate general isotherms over large
arcas, but the detailed hydrogeologic knowledge of the actual reservoir, its extent, and its
flow characteristics require expensive and time-consuming expioration and well testing
methods. Thus, for a geothermal resource to be used for energy production, there must be
an investment in the determination of firm reserves for a given capacity of energy
production and for a given facility life based on a resource depletion schedule.

Similar exploration uncertainties exist for oil and gas reserves; however, the
production energy per successful well for hydrocarbons is several orders of magnitude
greater than for geothermal, while the cost per geothermal well is about the same as that
for the oil or gas well. Thus, the investment risk for finding geothermal resources is greater
than that for more conventional energy sources, making the determination of firm capacity
a serious impediment to geothermal development. Any research that will facilitate or
decrease the cost of resource exploration will speed the development of geothermal energy.

A significant environmental factor in the use of most forms of geothermal energy is
the problem of effluent disposal. Because the heat content of hot water is so much lower
than that of steam, about 80% of the fluid production {mass rate) must be disposed of
during plant operation compared with about 20% for dry steam. In the United States, the
effluent is generally reinjected into depleted wells to protect the surface environment and
to alleviate any potential for land subsidence as a result of fluid withdrawal. If the plant
effluent is injected, the expense of keeping injection wells open and available must be met;
it there is no injection, the cost of treatment and surface discharge must be borne. Research
into better methods of disposal and environmental consequences of returning or not
returning the tluid to the reservoir is important to the economic factors influencing the
growth of the resource.

The most famous characteristic of geothermal energy, besides steam plumes rising
from wellhead vents, may be the odor of the fluid. Most liquid and steam resources have
a measurable concentration of hydrogen suifide. Upon Hashing of the fluid at the surface,
the hydrogen sulfide must be prevented from entering the atmosphere for environmental
protection and aesthetic reasons. In addition, the cooling towers of open-cycle and some
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closed-cycle encrgy recovery oparations release water droplets into the atmosphere that may
contain heavy metals and salts. In short, the thermal cycle of geothermal plants can be fairly
dirty and detrimental to the immediate environment and nearby human inhabitants. The cost
of containing and controlling these releases is a significant impediment to geothermal
development and a fruitful area for research payoffs. (It is quite likely that the hot diy rock
resource 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 difficulty of extracting the resource from the reservoir. Not only
is the geothermal energy usually found at depth, usually greater than 8000 ft, but the high
temperature and corrosiveness of the resource place severe loads on sensing, drilling, and
extraction equipment. In addition, it is not uncommon for geothermal resources to occur
in highly fractured geologic formations. Drilling in fractured formations can often require
the use of cement to seal the hole as the drill penetrates the rock. The inability of the
driller to scal the fractures can result in a high likelihood for reservoir depletion upon
penetration or environmental damage to other underground or surface fluids by connectivity
through the fracture system. Research into drilling or alternative technologies for mining
the rescurce is essential to the long-term, full-scale development of the resource.

Possibly, the most promising arca of new research is into the recovery of magmatic
heat 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 energy recovery. However, if
there is to be any significant production of geothermal energy, especially projecting 50 years
into the future, a research program for evaluating this almost inexhaustible, high-density
resource should be devised.

In general, the rescarch areas mentioned above are not new and in fact are those
begun in the 1970s. The low potential yield of the resource is perhaps an inhibiting factor
in funding extensive research. Promoters in the past grossly overstated (author’s emphasis)
the recoverable resource potential and failed to remind funders of the distribution problem
associated with the usable resource. The result was disillusionment, but there was somse
enhanced development in the Imperial 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 the resource. Should
the resource be pursued on a regional or a national basis, on near-term cxploration and
conversion tcchnologies, on midterm materials and drilling technologies, or on even longer
termn mining and conversion research? Should the research into environmental
copscquences 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 developing a viable energy resource in
the future.

The real question is whether the probable return of 5,000 to 10,000 MW of energy
from dirty water in about ten years will stimulate enough interest to fund methods for
exploiting a higher percentage of the potential resource base and a long-term look at a truly
inexhaustible resource in the deep mantle.
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24.74 Geothermal research summary

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 recoverable amount
of energy under differing development scenarios—environmental protection, cyclc
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
beat 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.

2.4.7.5 Bibliography for Section 2.4.7
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24.8 Occan Thermal Energy Conversion (by Fang Chen)
2.4.8.1 Introduction

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 i 1ncreasmg 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 (ie., the
"grecnhouse effect").

Electric power generation accounts for almost one-fourth of the primary energy
consumption in the United States (28 quads in 1987), with the majority of the eclectricity
generated from nuclear power or fossil fuels. These 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-fucled 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 renewables. One of the
renewable technology options showing the most promise for continuous and large-scale
power generation is that of ocean thermal energy conversion (OTEC).

The tropical oceans are the world’s largest solar collector and thermal energy storage
system. Incoming solar energy creates a seawater temperature difference on the order of
20°C between the upper and lower parts of the tropical oceans. An OTEC power system
uses this temperature difference to generate electricity. Obvicusly, the ocean thermal
resource is vast. If only 1% of this resource were used daily, the electricity produced would
be 2 x 10° MW. By comparison, the total U.S. installed clectricity generating capacity in
1986 was 7.1 x 10° MW (U.S. Bureau of the Census 1987). In addition to power, OTEC
systems can yield other possible benefits 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 m*/d of freshwater can be produced. The nutrient-rich cold effluent can be used for
mariculture, and the potential protein-yield benefit of this use has been projected in terms
of annual shellfish production at 1700 tons/haMW (Roels 1980).

OTEC power systems can have several variations that include closed-, open-, 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 scawater flashed
into steam in a partial vacuum chamber will be the working fluid to run a steam turbine;
freshwater will be 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 seawater is flashed into steam, which entrains and carries the
remaining part of the secawater to the top of the vessel, where the seawater is collected and
run through a hydraulic turbine for power generation. A hybrid-cycle power system is a
combination of the seawater flashing process (in an open cycle) and a closed-cycle power
system for the purpose of producing the by-product of freshwater (in a closed OTEC power
system). OTEC power plants can be shore based or ocean based. In either case, cold
seawater in the depth of 800 to 1000 m is needed to be pumped to the plants through cold
water pipes. An OTEC cold water pipe will be large 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 1970s, the U.S. government has sponsored OTEC R&D that includes
power systems development, component technology, ocean system, cold-water pipes,
biofouling and corrosion, power transmission, economics, and environmental studies. The
initial effort focused on closed-cycle power systems. Many components and subsystems have
been tested, and many technology achievements have been made. Among them are the
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50-kW, Mini-OTEC 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
ocean environment with insignificant biofouling degradation under a simple, environmentally
acceptable (trickle chlorination) maintenance procedure (personal communication dated
March 23, 1989, from C. C. Castellano to Fang Chen). As far as the closed OTEC power
cycle is concerned, no major technology hurdles are foreseen, and its environmental effect
is more favorable than that of a conventional technology.

OTEC has to deal with a diffused energy resource, which is a common attribute to
many renewables. For power generation using a diffused resource (a temperature difference
of 200C) 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
dated March 28, 1989, 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 al. 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
as yet.

2.4.8.2 Summary

In summary, OTEC uses renewable solar energy as the fuel, it does not use fossil
fuels for power generation, and the ocean thermal resource is essentially inexhaustible.
Because the world ocean is a CO, sink, the pumping of the cold seawater to the surface
by an OTEC plant will release some of the dissolved CO, to the aimosphere. However, the
"greenhouse effect” of an OTEC plant is a factor of 3 to 4 times smaller than that for a
comparable fossil-fucled power plant (W. H. Avery and C. Wu, Ocean Thermal Energy
Conversion, to be published). Although cost reduction on capital-intensive components (such
as heat exchangers) of the power system is an arca that demands constant attention, a
successful demonstration of a prototype OTEC plant from a total resources usage approach
is needed. That is, the plant benefits should demonstrate not only power generation but also
tfreshwater production, protein vield, and savings in environmental mitigation. To this end,
the OTEC rescarch priorities are as follows.

develop critical open-cycle technology—Ilow-pressure steam turbine;

validate open-cycle technology through subscale component testing;

conduct preliminary design analyses and cost comparison between open- and hybrid-

cycle systems; .

design a proof-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;

6. build and demonstrate a prototype plant on the selected site, with private cost sharing
if possible;

7. conduct a technology-based R&D program for further plant cost reduction and
advanced concepts;

8.  develop ocean system technology for floating OTEC plants;

9.  develop ocean-based, combined OTEC and energy-intensive material production
technologies; and

10.  develop an ocean-based, integrated OTEC artificial island cosmos.

bl Sl

¢ oa
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