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DEFINITIONS OF UNIT SYMBOLS

British thermal unit

°c: degrees celsius

Ci: curie (unit of radioactivity)

cm: cent imeter

d: day

dB: decibel

dBa: decibel, adjuated

°F: degrees Fahrenheit

g: gram

GHz: gigahertz (109 cycles per second)
GW: gigawvatt (109 watts)

h: hour

J: joule

kg: kilogram (103 grams)

kJ: kilojoule

km: kilometer

kV: kilovolt

kW: kilowatt

kwh: kilowatt-hour

L: liter

lb: pound

m: meter

mL: milliliter (10™3 liter)

mY: milliwatt

deV: mega electron-volt (10% electron-volts)
MW: megawvatt

Vide: megawatt (electric energy)

MWt : megawatt (thermal energy)

MW-yr: megawatt-year

pm: micrometer (1076 meter)

N: newton (unit of force)

N/m2: rewton per square meter

Pa: pascal (unit of pressure: 1 Pa = 1 N/m?)
Q: quad (1015 Bry)

8: second

t: metric ton (1000 k.lograms)

T: tesla (unit of magnetic force); also English ton
W: watt

yr: year
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EXECUTIVE SUMMARY

The SPS Concept Development and Evaluation Program (cDEP)! was estab-
lished by the Department of Energy (DOE) and the National Aeronautics and
Space Administration (NASA) to generate information by which a rational
decision could be made regarding the direction of the Satellite Power System
(SPS) progrem after fiscal 1980. The four functional areas within the joint
DOE/NASA CDEP are as follows:

® Systems Definition: development of the SPS reference
system design.

¢ Environmental Assessment: evaluation of potential
envirommental effects of SPS.

e Societal Assessment: evaluation of potential societal
effects of SPS.

e Comparative Assessment: development of a comparative
data base on the SPS and six other energy technologizs.

The results of the first three activities are inputs to the comparative
asgsessment process as well as independent program assessments.

This report concerns the comparative assessment portion of the CDEP,
The objective of the comnarative assessment is to develop an initial under-
standing of the SPS with respect to a limited set of energy alternatives.
Thie is consistent with the overall CDEP objective, that is, to determine
wiether or not the SPS concept is sufficiently attractive (presenting no
insurmountable barriers) to receive further research inveatment.

In all comparative assessments it is vital that the assumptions,
uncertsinties, and significant differences betweer. the systems being compared
are clearly and objectively presented. Otherwise, the cemparison may prove
ugeless for makiag meaningful decisions. The key assumptions and ground
rules made in this report are as follows:

1. The baseload electric generation technologies are pro-
jected to be on line in the year 2090, with an approxi-
mate availability date of 1990. Further, the R&D base
and the infrastructure are assumed to be in place when
required.

2. All deta are traceable to publicly available information.

3. Each technology is treated as an independent variable.
For example, if coal costs go up or down, the costs of
the other technologies are assumed not to change for the
same reagsons.

4. Wwhen no historical data or basic reports were available,
the analysts have specified the conditions they have
chosen and presented their rationales for doing so. In
cases vhere the chosen cenditions have favored or dis-
favored a technology, the analysts have stated thu bias.
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The SPS, fusion, and central-station terrestrial photovoltaics technol-
sgies have received less engineering design and R&D than the other tech-
nologies examined in this assessment. Therefore, they are subject to larger
uncertainty a3 ';ell as greater optimism. Furthermore, the life cycle costs of
these three tecinologies are reduced, since the R&D and infrastructure costs
are not addresse! explicitly, in keeping with the second part of the first
assumption,

The third assmption tends to exaggerate cost overlap, but tsking
corralated characteritics into account was not feasible in this study except
in a theoretical way. The choices tade under the fourth assumption terd to
favor the two solar technologies and fusion.

The intent of the data derived under these assumptions is to compare
SPS to each of the other six technologies, or to subsets of the six, or to
ali six technologies together. The limitations resulting from the assumptions
preclude other comparisuns. Within these assumptions and ground rules, the
six limited but representative emnergy technologies were seiected, character-
ized, and dccumented. These data were normalized to unit bases, such as
dollars per megswatt or environmental residuals per megawatt, and alternative
futures were compared (i.e., possible technology mixes, supply and demand
cases, and resultant environmental, resource, and cost uncertainties).

The technology alternatives selected for comparison with the SPS were
limited to the following:

o Imp: 1 conventional coal technology

e Light water reactor (LWR)

® Coal gasification/combined cycle (CG/CC)

e Liguid-wetal, fast-breeder reactor (LMFBR)

e Central station, terrestrial photovoltaic (TPV)

e Fusion (magnetically confinz2d)
These selections were considered to be the most representative set of year-
2000 energy technologies for comparison to the SPS reference system. It

snould be noted that the selections were not made by DOE, but by the Concept
Development and Evaluation Program.

A six-step comparative methodology is described briefly in this
report and more thoroughly in a companion report .2 This assessment included
only five of the six steps (i.e., selection of alternatives, issue selecticn,
system characterizations, side-by-side analysis, and alternative futures
analysis).

This assessment represents an update of the preliminary side-by-side
comparative assessmentd and has added an alternative futures analysis The
update includes changes in the technology descriptions as well as improvements
in the comparative analyses.

Included im this document are a brief description of the compara-
tive methodology, brief characterizations of the alternative technclogies,
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side-by-side comparisons in selected issue areas, alternative futures analysis
for three different scenarios and most issues, and conclusions on the compara-
tive viability of the SPS technology.

The issue areas used for comparisons were (1) cost and perfcrmance,
(2) health and safety, (3) environmental welfare, (4) resources, (5) macro-
economic and socioeconomic, and (6) institutional. The comparisons were
performed for technologies that are at different stages of development --
current. near-term, and advanced -- and which therefore have different degrees
of information available (e.g.. actual vs. projected construction data).
Table 1 lists experience and uncertainty levels for the techaologies evaluated
in this assessment. Capital cost uncertainty factors and cost uncertainty
issues are also listed. These cost uncertainty factors were developed on the
basis of existing relevant documentation and on the judgments of the assess-
ment participants.

As stated earlier, the information presented and developed in these
comparisons has been derived from published research and information found in
the literature for the various technologies. However, in some instances, data
have not been available from such sources, and it has been necessary to
develop these data either through analysis or on the basis of engineering
judgment. In these instances, the rationales are explained and the inherent
uncertainties duly noted.

Table 1 Developmental Status of the Technologies
Selected for Comparison

Units Capital Cost Cost
in Uncertainty Uncertainty

Technology Operation Rat ing Issues
Convent ional
Coal 100 2 Fuel, ECT@
LWR 50 2 Fuel, ECT
cG/cc 5 3 Fuel
LMFBR 3 Fuel, ECT
TPV 0 4 M:terials, cell

efficiency

SPS 0 4-5 Materials, ECT,
Space Transport,
and Construction

0&M

Fusion 0 4-5 Materials, Con-
tainment Design,
ECT

2ECT - Environmental Control Technology.
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Cost and performance characterization data for the alternative tech-
noclogies sre presented briefly in Sec. 3 and form the basis for the com-
parisons that are reported in Sec. 4. Cost data for the SPS were obtained
from NASA-sponsored Boeing and Rockwell systems design efforts. Cost esti-
mates for the alternative technologies were developed from reference design
reports.

ALTERNATIVE TECHNOLOGY CHARACTERIZATIONS

Six alternative technologies were selecced for comparison with the
SPS; their major characteristics are displayed in Table 2. The general
approach was to review a broad segment of the recent technical literature
concerned with the characteristics of the individual technologies and their
accompanying fuel cycles. This data base of information was then synthesized
into the alternative technology reference characterizations by adapting the
data into internally consistent energy and materials balances for each
of the systems. Where appropriate, a nominal generating capacity of 1250 Mwe
was selected for the reference technologies. Only the terrestrial photo-
voltaic and fusion systems differ frcm this nominal capacity due to special
considerations unique to ea h system.

An integral part of the energy and materials balances was the deter-
mination of natural resource requirements such as land, water, fuels, and
other raw materials, and the determination of environmental residuals includ-
ing air-borne emissions, liquid effluents, and solid and radioactive wastes.
These parameters have been estimated for the main plant site and for major
elements of the respective fuel cycles.

The final step in the characterization procedure was to estimate the
capital construction costs, labor requirements, and annual nonfuel operation
and maintenance (0&M) costs for each alternative reference system. Detailed
lists of equipment, materials, and site labor requirements €from the Energy
Economic Data Base (EEDB) and other major references were used as the basis
for estimating the direct and indirect capital construction costs and con-
struction labor requirements for many of the systems. For technologies not
included in the EEDB, similar data from other major references was used. All
costs are presented in 1978 dollars.

Direct capital costs include the costs of all materials, components,
structures, and direct labor necessary for construction of the reference
facility at the plant site. Indirect costs include *2mporary site construc-
tion facilities, payroll insurance and taxes, and other construction services.
Excluded are items sensitive to the particular policies of individual utili-
ties, including owner's costs, fees and permits, interest on construction
funds, contingency funds, and price escalation during comstruction.

Nonfuel O&M costs were derived on the basis of labor requirements,
disposal and materials handling costs, and other factors applicable to the
respective technologies. Decommissioning costs for each of the nuclear
systems are also included. Fuel costs for each of the systoms are scenerio-
dependent and will be estimated as part of the subsequent cost and performance
analysis.
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Table 2 Major Characteristics of Alternative
Central Station Technologies¥*

Convent ioral LwR, Magnet ic
Coal with Improved Confinement
Charecterist ic Advenced YGD Puel Use cG/cc LMFDR TPV Pusion
Major Peature Wellman-Lord Fuel Burn up 32 Fixed-Bed Uranium/ Cell NUWMAK
§0; Removal 50 Mwd/kg U Gasifiers Thor iuva Efficiency Concept
Fuel Cycle Like SPS
Nominal Capacity (Mwe) 1,250 1,250 2 @ 825 1,250 200 2 @ 660
Heat Rate (Btu/kWh) 9,546 10,224 8,865 9,330 NA 10,835
Conversion Efficiency (2) 35.8 33.4 38.5 36.6 14.2 31.5
Aitr Pmissions
Plan® Site
807 (T/yr) 21,200 - 11,090 - - -
No; (T/yr) 22,060 - 2,320 - -
Particulates 250 - 200 - - -
Radionuclides (Ci/yr)} - %, 100 - 155 NA 730
Fuel Cycle
803 (T/yr) 290 6,0408 270 6 NA -
NOy (T/yr) 220 1,600° 205 23 NA -
Particulates 1,300 1,550 1,200 1 NA -
Radionuclides (Ci/yr) - 95 - 409,500 NA -
Solids and Sludges
Plant Site
Pry Sulfur (T/yr) 95,565 - 91,725 - NA -
Ash Sludge (T/yr) 426,490 - 317,060 - NA -
Other (T/yr) 18,400 b 18,600 b < b
Radionuclides (Ci/yr) - 11,000 - 33,000 NA 9,0004
Fuel Cycle Solids (T/yr) 113,600 215 105,650 1 NA -
Liquid Effluente
Plant Site
Total Solids (T/yr) 16,000 1,330 16,000 1,330 - ¢
Radionuclides (Ci/yr) - 405 - 482 NA ¢
Fuel Cycle
Total Solids (T/yr) 5,220 - 4,850 - NA -
Rad ionuclides (Ci/yr) - 1,5C0 - c NA -
Water Use (106 gal/day) 70 33 13 29 - 37
Land Use
Plant Site (acres) 500 500 500 500 1,000 500
Fuel Cycle (acres/yr) 250 22 235 1 NA -
Labor Requirements
Plant Construction
(10° man-hours) 9.3 15.5 13.4 12.7 1.7 17.4
Plant Operation (peraons) 259 215 336 225 26 ¢
Fuel Cycle (persons) 650 225 605 c NA
Costs (1978 dollarz)
Direct (106 §) 452.1 486.0 537.4 702.9 117.5 1,533.2
Indirect (165 §) 90.7 197.1 132.7 262.6 20.0 628.6
Total (106 §) 542.8 683.1 670.1 965.5 137.5 2,161.8
Total ($/kWe) 434 .2 546.5 536.1 172.4 687.5 1,637.7
O & M Cost (millg/kWh) 3.1 2.2 2.7 2.9 J.4/4.6° 1.3
Operating Factor (X) 70 79 70 70 25.8/19.1¢ 70

NA: Not Applicable.
~: Small or Negligible

CNot estimated

dafeer 10 yra of on-gite storage
498 due to supporting power production €values for Phoenix/Cleveland

bQuantified in terms of Ci/yr

*Conversion factors:

Btu x 1.06 = kJ; T x 0.907 = t; gal x 0.0038 = mJ;
acres x 0.004 = km?.
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ALTHFRNATIVE FUTURES SCENARIOS

Sinve the objective of this comparative assessment is to compare
technolopices projected for the post-2000 era, a great number of assumptions

are  required ., Most of these assumptions are highly uncertain and inter-
dependent so that a single consistent set may not present the decision maker
with an adequate comparative perspective of the future. The alternative
fntir - analvsis was chosen as a means ~f providing a broader perspective of
bey ameters that may describe the fuiure. The assumptions underlying the
alternative futures analysis constitute a set of energy supply/demand futures
(B8] sSUenNarios.

S1x scenartos were created from a consistent economic model so that

tnte tdependencies between economic assumpt ions were preserved. Scenarios were
selected as g means of exploring and analyzine, not predicting, the economic
cuervy tuture. The scenarios were selected to represent a plausible future
wor 140 and no probabilities were assigned to any of them. Scenarios were
selected to provide a comparative perspective on the negative and positive
aspects ot demand  and mixes of supply technologies in the post-2000 era.

A model developed by Resources for the Future, Iuc. (RFF)% was selected
for this assessment on the basis of several selection criteria -- sectoral
detart, endogenous treatment of both capital investment and final demand, and
transterable experience in the form of existing model runs covering the
desired 1 ime frame, 2000-2030.

One GNP trajectory was selected for all scenarios. For simpliciry,
thro ltermative price elasticities of aggregate demand for energy were
comr o b vz

H- High energy intensiveness, corresponding to low
elasticity (=0.25);

" Intermediate energy intensiveness, corresponding to
intermediate elasticity (-0.4 for residential and
housing demand, -0.7 for industry, O for feedstocks);

I: Low encrgy intensiveness, corresponding to high
clasticity (-0.75).

Regarding constraints, two cases were selected:

U: Unconstrained supply of coal and nuclear power;

C: Conctrained supply, due to health, safety,
environmental, and other limitations on the rate
of supply increase.

The three price elasticities and two different constraints resulted in

the development of six scenarios. Each of these scenarios resulted in dif-
ferent supply-demand patterns and different fuel (i.e., coal and nuclear)
price trajectories. Three of these six scenarios [i.e., unconstrained high

energy (UH), unconstrained intermediate energy intensity (UI), and constrained
intermediate energy intensity (CI)] were selected for the alternative futures

COmparisons.
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COST AND PERFORMANCE

Table 3 shows the nominal capital costs and capital cost uncertainty
factors that were developed for the SPS and the six alternative technologies.
The following three factors were considered to include the major capital cost
uncertainties and were used to derive the capital cost uncertaint; ratios
shown in Table 3.

1. Uncertainty about future costs of materials, supplies,
and labor necessary to construct powerplant facilitins;

2. Uncertainty about the future requirements and associated
costs of environmental and safety equipment; and

3. Uncertainty about the capability of technologies to
perform as conceptualized,

The analysis of the alternative energy supply/demand scenarios resulted
in the range of fuel prices shown in Fig. 1. The range of coal prices seems
to bracket forecasts made by others, and the light water reactor fuel price is
similar to that in other projections.

The capital cost ranges and scenario-dependent fuel prices were used
to calculate levelized energy cost ranges for each technology. Table 4 shows
the levelized energy cost rvanges for the SPS and the six alternatives for
scenario CI (constrained coal and nuclear, intermrdiate energy demand).
Sinilar energy cost ranges were calculated for othe'. ecenarios with similar
cost ranges. These cost ranges were developed with independent reference
costs so that the degree of overlap between coal and nuclear technologies and
the SPS systems is not as large as shown in Table 4, because there is probably
some correiation between the SPS cost base and coal/nuclear data bases that
are not accounted for in these calculations.

Tablc 3 Capital Cost Ranges for Technical
and Regulatory Uncertainty ($/kw)

Costs Coal LWR cG/ccC LMFBR TPV Fusion SPS
1978 Costs (Nomiunal) 549 12 690 1037 A 2378 3340/3079
2000 Costs
Low 647 886 811 12¢1 731 2278 3139/2874
Nominal 762 1100 957 1603 1057 3677 3646/3362
High 1605 2566 2623 5048 4229 ? 16,698/
15,398
Cost Ratios:
2000 Low/1978 Nominal 1.18 1.24 1.18 I 0.87 1.00 0.94/0.94
2000 Nominal/2000 Low 1.18 1.24 118 1,28 1.45 1.55% 1.16/1.16
2000 Higt /2000 Nominal 2.11 2.3 2. 3. 14 .00 ? 4.58/4.58
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Table 4 Levelized Energy Cost Ranges for Scenario CI®

Cost, (1978) mills/kWh

Technology Low Nominal High
SPS

Si 45.6 52.1 218.1

GaAlAs 42.3 48.5 201.7
Coal

Conventional, Righ-$S - 41.1 54.8

cG/cc - 42.0 69.0
Nuc lear

LWR - 30.0 53.8

LMFBR - 35.1 90.9
TPV 36.6 51.4 195.7
Fusion (NUWMAK)D - 74.0 -

4This constrained scenario represents continuation and
augmentation of current regulatory trends concerning
emissions, health, and safety. The price elasticity
of energy demand is assumed to be moderate (inter-
mediate), which is considered the most likely situa-
tion if constraints are maintained.

bNo range was established for the cost of energy from
fusion.
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DEVELOPMENT COSTS

looinss estimated development costs on the basis of the refervence
system scenario, which predicates a 20-year development schedule and a 30-year
deployment schedule (for 60 5-GW satellites). Theae costs amount to $100-110
billion and are broken down as followse (Pig. 2):

® Recgearch costs: wmainly ground-based research to address
environmental and social issues and alternative svstews,
resulting in a preferred system;

e Engineering: development and testing of prototype sub-
systeas, resulting in specifications for demonstration
units and production facilities;

o Demonstration: flight tests of a 100-200 MW unit inte-
grated with a commercial network;

o Investment: development of industrial infrastructure,
e.8., transportation, photcvoltaic, and klystron manu-
f. iv ¢ facilitiee.

~nastryction and implementation: the first 5-GW SPS
into place.

«t is impoctant o note that rhese cost estimates assume that all
effor’ 1+ specific to the SPS. The benefits from generic research or from
cost & iuy (e.g., industry or other federal program support for photo-
voltaics #anufacturing facilities) have not been considered. Such cost
modif.cations could amount to 50-70% of the $102.5 billion.’

Since comparable cost data for the other six technologies were not

available, side-by-side comparisons of costs or of the benefits or disadvan-
tages of public expenditures were not atteampted.

80.1%

2.0%

9.4
R ——
Research Enginoering Domon tration  Invertment First 378

FPig. 2 Development Costs of the 3PS
(Source: Ref. 6)
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HEALTH AND SAFETY

The comparison of health and safety aspects of advanced and current
technologies is not possible on the basis of total quantified risk because of
the uncertainties and unquantifiable impacts for all the technologies, even
current coal and nuclear technologies. The health and safety issues can best
be summarized as follows:

e All the technologies will have distinct health and
safety impacts.

o It is difficult to quantify and assess the low-level
and delayed impacts of all the technologies.

Assessing the health and safety risks required three major tasks:
detailed characterization of each phase of the fuel cycle; analysis of the
magnitude of risk associated with each identified issue; and accumulation of
risks by technology, risk category, and generation scenario. Each segment of
the energy cycle was considered, including component fabrication, plant
construction, fuel extraction and processing, operation and maintenance, and
waste disposal. 1In additior, an uncertainty index was assigned to each issue
to reflect the uncertainty in the magnitude of ihe impact. Figure 3 shows
the total quantified construction and 0&M fatalities per MW/yr for SPS and
five alternative technologies,

({79
100 r AIR EMISSIONS
08M, PUBLIC

50+ g 08M
. / } COAL TRANSPORT OCCUPATIONAL
> EXx CONSTRUCTION,
2 20 bl MFR
=
o COAL MINING
(@]
9 |.0 —
>
i
= 05
=
L4
[V

02

01 ‘zkxﬁ

e C6/CC LAFBR TPV SPS FUSION

Fig. 3 Total Quartified Construction and
O4M Fataliiies per 1000 MW-yr

XX




Of the various systems considered, the coal technology has the largest
overall quantified risk, primarily due to coal extraction, processing and
transport, and air-borne emissions, although large uncertainties remain in the

actual effect of the air-borne emissions. On the other hand, additional
issues that are potentially major but remain largely unquantifiable were not
identified for the coal system. Quantified risks from the remaining tech-

nologies (fission, fusion, SPS, and centralized terrestrial photovoltaic) are
comparable within the range of quantified uncertainty. The occupational risks
for component production, both direct and indirect, are a substantial fraction
of the total risk, in particular for the advanced, capital-intensive solar and
fusion technologies.

ENVIRONMENTAL WELFARE

Environmental effects not related to health and safety are classified

here as environmental welfare effects, e.g., weather modification by carbon
dioxide, materials degradation, electromagnetic interference with communica-
tions, aesthetics, and noise. Welfare effects were identified at each part
of the fuel c(ycle and were categorized by the environmental impact (e.g.,
air pollution) that produced the welfare effect (e.g., crop damage). In
summary, each technology produces environmental effects that affect society in
different ways. With the exception of the CO; climatic effects from coal

combustion, all the technologies appear to be equivalent with regard to
environmental welfare problems.

RESOURCES/MACROECONOMIC/INSTITUTIONAL ISSUES

Three areas Iimportant in the comparative assessment of energy tech=-
nologies are resource reguirements, macroeconomic effects, and institutional
considerations. The scenarios (alternative energy futures) developed as part
of the SPS Concept Development and Evaluation Program were used to provide
another perspective on the land and water resources required; macroeconomic
results followed from the scenario development activity. The institutional
analysis, completed before development of the .:enarios, focused on regula-
tory issues.

Land. requirements were first derived on a normalized basis for each of
the energy technologies. The land requirements (in kmZ per 1,000 MW of
installed capacity) used in this study are: 10 for coal, 3 for light water
reactor (LWR), 2 for liquid metal fast breeder reactor (LMFBR), 20 for
terrestrial photovoltaic (TPV), 35 for SPS, and 2 for fusion. These amounts
include (where appropriate) land requirements for resource and fuel extrac-
tion, processing, the power plant site itself, and waste disposal. Transmis-
sion requirements are not included because they have been shown to be about
the same for all technologies, particularly in view of studies indicating that
60 SPS rectennas can be sited within 300 miles of a load center. Scenario-
driven results shown in Fig. &4 for the 1980 to 2030 time period in .ate that
total land use (excluding transmission) increases 0-500% without SPS and
100-900% with SPS, whereas electrical energy demand increases 75-850Z2 by the
year 2030. The land required by SPS alone in the year 2030 is 2-6 tires the
total land in use for electrical generation in the United States today. The
availability of additional land for power plent sites has not been determined.
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Fig. 4 Alternative Futures Analysis of Land Requirements

The need for large contigious areas, as tor SPS rectennas, is a furtaer
complicating factor.

Water use in mJ x 106/GH/year, is 22 for coal, 60 for LWR, 22 for
LMFBR, 12 for fusion and negligible for TPV and SPS. Total water requirements
for the three scenarios, with and without SPS, are shown in Pig. 5. Results
indicate that deployment of SPS can save large volumes of water; in scenario
CI, SPS saves an a~unt equal to 402 of the total used in 1980 for baseload
electrical generation by coal and auclear; in scenario UH, the saving is 1702
of today's total.

Due to large uncertainties in determining the resource/reserve levels
for both the United States and the world, the analysis of materials problems
was less quantitative thar the land and water analyses. . screening methodo-
logy included a reliance on imports as a criterion as well as availability and
total demand considersiions. These screening factors identified gallium as
being a material of serious concern. Gallium is used extensively in the
GaAlAs solar cell oytion for 8P8. 4Liso of serious concern is tungsten, which
is used both in SPS and coal technotiogies.

Net enerzy analysis shows that the payback period for most of the
technologies s.udied is small (less than 1.5 years). The payback periods for
the SP8 GaAlls option, coal, end the nuclear options are about one year, and
those for the 8P8 Si option and TPV (silicon cells) are about 6 and 2G years,
respectively. Thus, the GaAlAs design aff.cds SPS with an option that
compares favorably with conventional technologies on a net energy basis.
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Fig. 5 Alternative Futures Analysis of Annual Water
Consumpt ion for Baseload Electricity Generation

Macroeconomic snalyses included the .;alculation of changes in GNP for
the year 2000 aud, in qualitative termsz, the effect on inflation due to
deployment of the SPS. Using a target GNP of $3.7 trillion (all figures in
1978 dollars) for the year 2000, deployment of 10 GW of SPS power will require
$20 to $50 billion of excess investment compared to the least expensive option
(coal). This is 10 to 15X of $200 billion, the smount available for financing
economic growth of about 2.3 per annum. Compounded to the year 2030, szuch a
reduction would result in a $200 to 3500 billion reduction in the target GNP
of §7 trillion.

If uranium and coal fuel supplies are much more contrained than
presently envisioned, then deployment of SPS would reduce consumption of these
scarce items and possibly reduce their prices. This could in turn reduce
total energy expenditures, as indicated in Table 5. For the UH and U1
scenarios, SPS energy costs of about 40-50 mills/kWh would result in a
breakeven from the point of view of total energy expenditures.

The institutional analysis focused on the regulatory aspects of
electricity generation by coal, nruclear, and the SPS. The technologies were
characterized relative to one another, and justifications for regulation, the
level of governmental responsibility, and the cost of regulation were con-
sidered. Studiee estiimate that the annual cost of regulating the nuclear
industry is about $6 billion, versus about $3.4 billion for coal. In view of
the changing regulatory enviromment (e.g., the decentralization movement and
the growth of power on the local level), SPS regulatory costs may look more
like nuclear regulatory costs than coal regulatory costs. Regulatory costs
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Table 5 Net Change in Annual Energy Expenditures
Due to the SPS (1978 $ x 109)

Scenario (mills/kWh)

__UH U1 c1
Tear 60 120 60 120 60 120
2015 8 79 4 34 -12 1
2025 14 132 6 56 ~20 19
2030 16 158 8 67 -25 23

for SPS could be significant compared to SPS investment costs, particularly in
a low deployment rate (2.3 GW/yr) scenario.

CONCLUSIONS

This comparative assessment analyzed each technology issue by issue
(side~-by-side analysis), and then evaluated the technologies, given different
post-2000 economic climates and the economic trajectories that would lead
to those climates (alternative futures analysis). Conclusions were formed
separately for these two types of analyses and are summarized in the following
tables. Tables 6 to 1l summarize the comparison among the seven technologies
issue~by-issue. Comparisons are described in terms of key issues, uncertainty
about the understanding of those issues and a concluding comparative statement
that cuts acrcss all technologies for that issue area.

Table 12 describes the six mixes of technologies that were analyzed in
terms of meeting the energy demand for two different scemarios (i.e., UH and
CI). Tables 13 and 14 summarize comparative conclusions about mixes of
technonlogies from an energy supply/demand perspective. In these tables, the
comparative analyses are described briefly, iefsue by issue, for each of the
eni-tev supply alternatives.
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Table 12 Energy Supply Options

Supply Option

Description

sl

82

83

84

85

s6

Convent ional

Conventional fuel
utilization plus SPS

Conventional fuel
sources plus fusion

This is the same as
Supply Option 1.

Conventional systems
plus SPS.

Conventional systems
plus fusion

Conventional coal combustion and combined-cycle
plants and nuclear LWRs with advancement to LMFBRs
make up this anpply option. Coal and uranium
would be continually used in conventional systems
until they are replaced by improved systems, e.g.,
combined-cycle coal gasification and the LMFBR.

This supply option includes the use of cosl, with
nuclear only in the form of the LWR, replaced

by the SPS when fuel prices for uranium either
rise too high or the resource is depleted.

Thie option utilizes coal, with nuclear in the
form of both the LWR and LMFBR, and replace= these
systems with fusion. 1If fusion is not available
when the LWR fuels 4are running low, the ~MFBE
would be utilized until fusion technology is
available.

Same as Supply Option 2.

In this case since the energy demand is expected
to be low, only nuclear LWRs would be used until
fusion would be available. Since the energy
demand is low, it is expected thot che uranium
fuel would last until fusion technology could be
applied.

xXxxi




Table 13 Evaluation of Energy Supply Options $i-S3 ftor Demand
Scenario UH - Unconstrained, High Demand

Scenario Definition

1SSueN.

Energy Demand Energy Supply lassue Comparative Analysis
Electrical energy Sl - Conventional Coal Energy Cost Low because costs of conven-
demand is high {Conv. and CG/cCC) tional sourcea remain relatively
because coal and lowest of all scenarios
nuc lear energy Nuc lear (LWR, LMFBK)
remain relatively Continued use of conventional Health & Possible impact of further coal
cheap. Regulation sources with improved systems. Safety use and nuclear safeguard
impositions will LMFBR cou)d provide energy
not get much for aary years. Environmental Welfare: (U; could become a
larger. Conser- We'!fare problem after 2000.
vation and sub-
sitution do not Resource Nonrenewable fuel supplies
penetrate to a continue to be depleted.
great degree.

Economic/ Cont inued development of coal
Societal mining and technology in western

Institutional

states.

Minimal impact because role of
regulatory bodies will remain
relatively constant.

§2 - Conventional ¢+ SPS
(Coal, LWR, SPS)

Conventional systems will
be used until the SPS is
implemented.

Energy Cost

Health &
Safety

Environmental
Welfare

Resources
Economic/

Societal

Institutional

Higher energy cost than Si
because of depleting uranium
stocks and the introduction of
a new technology.

Many new health issues associated
with SPS, but conventicnal prob-
lems decreased.

Potential CO; impact is nc.
changed because of other uses;
several new SPS issues.

Increased land consumption, con-
t inued uranium depletion.

New technology will affect the
economy because of large invest-
ments; western states could go
through a boom/bust cycle with
cost

A whole new set of interactions
will develnp because of SPS.

S3 - Conventional ¢+ Fusion

Energy Cost

(Coal, LWR, LMBFR, and
Fusion)

Convent ional systems includ-
ing some form of breeder
until fusion technology is
available.

Health &
Safety

Eavirormental
Welfare

Resource

Economic/
Societal

Institutional

Higher than &' alightly lrgev

than S2.

New radiation problems.

Same as 51.

Same as Sl.

Similer to S2 but probably not
as great.

Nuc lear fission regulatory bodies
will probably handle fusion.
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Table 14 Evaluation of Energy Supply Options S54-56 for Demand
Scenario CI - Constrained, Intermediate Demand

Scenario Definition

Energy Demand

Eneryy Supply

Issue

Comparative Analysis

Elect ical energy

demand is low

becausc regula-

tions and fuel

prices have driven

up the cost of

energy. Conser-
vation and other
supply substitu-

tions are

selected, therebdy

lessening the

demand for elec-

trical energy.

84 - Conventional

(Coal, LWR, LKTBR)

Because of low electrical
demand, conventional supply
systems cculd be used for
wmany years (i.e., fuel
stretchout). Breeder could
be implemented when fuels
are depleted {e.g., 2030).

Energy Cost

Realth &
Safety

Environmental
Welfare

Resc rce
Economic/
Societal

Institutional

High because of restrained
conventional sources.

Better than S] because of de-
creased use of conventional
technologies.

Not much different than Si.
Depleting fuel supplies but at

a low rate.

Moderate development cf western
states.

Strong regulation.

85 - Conventional + SPS

(Coal, LWR, and SPS)

Because of low demand for
electricity, SPS would not
be required until later
(e.g., 2020).

Energy Coat

Environmental
Welfare

Resource
Economic/
Societal

Institutional

Lower than S4 because replace-
ment technology will hold down
fuel prices somewhat.

Same as S2.
Same as S3.
Land consumption, depleting

fuels.

Same as S2 but boom/bust would
be less.

Same as S2.

§6 - Conventional + Fusion

Energy Cost

(Coal, LWR, LMFER, and
Fusion)

Secause »f locw demand for
electri:ity, fusion would
not be ;eeded until later
(e.g., 2020).

Health &
Safety

Environmental
Welfare

Resource

Economic/
Societal

Ingtitutional

Lower than S4, maybe lesa than
S5.

New radiation problems.

Same as Sl.

Same as Sl.

Similar to S2 but diminished
boom/bust.

Same as S3.
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1  INTRODUCTION

1.1 BACKGROUND

The SPS Concept Development and Evaluation Program (CDEP)! was estad-
lished by the Department of Energy and the National Aeronasutics and Space
Aduinistration to generate information from which a rational decisior .ould be
made tegarding the direction of the Satellite Power System (SPS) Progras after
fiscal 1980. The comparative assessment program is one of four functional
areas within the joint DOE/NASA CDEP. The other CDEP functional areas are:

e Systems definition: reference system design, alternative
and advanced concept design, and critical supporting
studies.

e Environmental assessment: evaluation of human health ari
safety, ecological, atmnspheric, und electromagnetic
interference issues pertaining to microwave transmission,
power~line transmission, transportation activities,
construction, and operation of the SPS.

e Societal assegsment: evaluation of international issues,
institutional issues (e.g., utility interfacing), rescarce
issues, and public outreach.

The results of these three activities are inputs to the compara-
tive assessment process as well as to program assessments. These four
areas form the basis for the CDEP assessment of the technical possibility,
economic viability, and envirommental and social acceptability of the SPS
concept.

1.2 OBJECTIVE AND APPROACH

The objective of the assessment is to provide an initial, traceable
and consistent comparison of the SPS and selected current, near-term, and
advanced energy technologies. To achieve this objective, the comparative
assessment was divided into four parts:

1. Energy alternatives characterization: terrestrial
alternatives were selected, and their cost, performance,
and environmental and societrl attributes were specified
for use in the comparison with the S®S in the post~2000
era.

Methods: the framework for comparisons was egtablished.

3. Evaluation: the SPS was compared with alternative
systems in terms of key issues such as life-cycle cost
and environmental impacts.

4. Management and integration: the results of the assess-
ments were assembled and integrated into a consistent
comparative assessment.




Data on alternative technologies were sought from previous research
and from cther comparisons, and data on the SPS developed by other parts of
the program were evaluated and used for the comparative assessment. Traceable
data were gathered on alternative technologies, eva'uated, and normalized to
some coneistent power or energy level and then synthesized into a format
convenient for comparison.

A comparative assessment such as this cannot proceed without a large
number of initial assumptions. Furthermore, ~ group of technologies that is
representative, for which data exist, and of a size reasonable for study must
be selected from a larger set. These assumptions and technologies were
selected on the basis of an objective selection procedure and the subjective
judgments of the assessors and their program staff. The documentation of this
assegsment was prepared to provide the reader who strongly objects to some
assumpt ions or data with ample information for reanalysis of the comparison
with other data or assumptions. However, the many assumptions and data
selections supporting this report were made carefully and thoughtfully,

This final comparative assessment is a revision and expansion of
a preliminary assessment and represents a culmination of the CDEP program
in this area. Some of the information from the preliminary assessment
has not changed either because it represented the best comparative information
available on a particular issue or because the issue was not considered as

important as others and was therefore de-emphasized. The goal of the pre-
liminary assessment was to gather some initial comparative information on a
limited set of technologies. The objective of the present assessment is to

finalize these comparisons on all key issues on the basis of state-of-the-art
knowledge and to point out data deficiencies that affect the conclusions, as
well as to add comparisons based on alternative future scenarios.

The preliminary assessment? evaluated six centralized baseload tech-
nologies: conventional coal; light water reactor (LWR); coal gasification/
combined cycle (CG/CC); liquid-metal, fast-breeder reactor (LMFBR); central-
station, terrestrial photovoltaic (TPV); the satellite power system (SPS);
and fusion. For the final comparative assessment, some minor .odifications
were introduced into this group of technologies; most notably, an improved
emission control system for the conventional coal technuiogy and an improved
fuel utilization cycle for the LWR were assumed.

The technologies compared with the SPS in this assessment vary in their
stages of development and, therefore, in their degree of definition. This
variability was handled by qualifying the data wherever possible: for
example, a technological) uncertainty factor was applied to data used in
the cott and performaace compariso: -~.

The assessment framework or methodology is described briefly in
this report and in more detail in a companion report.3 This assessment
follows the structure of the first five steps of the methodology, but the
sixth (integration/aggregation techniques) was not carried out. Instead of a
formalized procedure for reducing the comparative information to a specific,
condensed format for decision-making, the information is presented in its
entirety; it was assumed that decision makers would use their own procedures
for summarizing and evaluating the information.




All issues included in the methodology taxonomy &sre addressed in
this assessment. Thc side-by-side assessment reported here is a normalized
comparison (i.e., per unit of energy output, such as per megawatt year)
based on assumptions about the economic conditions in the beginning of the
21lst century. This alternative-futures comparison defines plausible economic
and energy futures and makes comparisons on the basis of the energy and
economic climate pertinent to these futures.

Reported in this document are a brief description of the compara-
tive methodologzy; brief characterizations of the alternative technologies;
side-by-side coumparison, by issue; alternative futures compurison, by issue;
and conclusions about the assessment.




]‘

2 ASSESSMENT FRAMEWORK

2.1 OVERVIEW

This section describes a framework for comparing the SPS with various
projected alternative energy sources on the basis of technical possibility,
economic viability, and social and environmental acceptability. A more
detailed description of the approach and method used in the assessment is
contained in the methodology report for the comparative assessment .3

The analysis in the comparative methodology is composed of the fol-
lowing steps (Fig. 2.1):

1. Comparative issues selection and organization. Key
issues from the deploymen( f the SPS and the alternative
systems are selected and organized into an appropriate
t axonomy.

2. Energy alternatives selection. Alternatives similar in
utility to SPS are selected. Many possible issues and
alternatives are examined, and thcse selections provide
an initial focus for the remaining steps in the compara-
tive assessment.

3. Energy system characterization. The energy system
characterization provides reference data on technology
costs and performance, resource use, and environmental
residuals.

4. Side-by-side analysis of energy systems. Side-by-side
analysis normalizes the energy output from each system to
allow comparison of alternative technology impacts.

5. Alternative futures analvsis. The alternative futures
analysis incorporates the results of the side-by-side
impact analysis into future energy supply/demand and
state-of-the world scenarios that are not forecasts but

] are designed to examine specific issues and potential
problems over a range of possible futures.

6. Development and application of integration/aggregation
techniques. The development of formal techniques for
integrating and aggregating the large amounts of data
and information provided by the analysis will aid the
decision maker in formulating SPS program recommenda-
tions.

Only the first five st=ps have been carried out in this comparative

assessment. The following sections describe each of these six steps of
the comparative assessment framework in more detail.

2.2 JCOMPARATIVE ISSUES

The selection of issues for the comparative assessment must be guided
by the idea that not only should the issues structure be general emnough to
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Fig. 2.1. Analysis Sequence for Comparative Assessme:..

accommocate different impacts that result from the alternative technologies,
but it should also be specific enough so that comparisons between technologies
are feasible and commensurate.

The classification system for the comparative assessme~t is shown in
Fig. 2.2. The major issLz categnries are cost and performance, - nvirommental,
economic and societal, resource, and institutional.

In the cost and performance category, the life-cycle cost and system
performance are compared. The R&D cost comparison between technologies was
not considered because of the inability to develop an acceptable methodology
or accurate data. Life-cycle cost includes development, construction, opera-
tion, maintenance, and decommissioning. Reliability is an example of en
important system performance issue. The coste being compared are projected,
and it is important to specify ths uncertainty in these projesctions so that
conclusions can be drawn in perspective.

Environmental issues are divided into two subcategories: health
and safety issues and welfare issues. Health and safety is subdivided
into public and occupational 1ssues. In this context, health refers to

chronic irpacts (e.g., respiratory illness), whereas safety refers to the
effects of a-cidents such as launch malfunctions, spills, and unexpected
releases of hazardous pollutants. Welfare impacts are those that result
from disruptions cf the physical erviromment, such as damage to buildings
from air polluticn, degradation of radio-frequency communication due to
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microwave interference, and changes in land value because of deployment
of an energy technology.

cconomic and

employment ‘.

The economic and societal category is divided into two parts:

soclioeconomic.
regional mac:oeconomic impacts (e.g.,
Sociceconomic

trade,

GNP,

stresses on the localities where power systems are sited.

impact on energy systems.
labor, materials,

land,

for naw skilled labor.

2.3

listed

macro-

The macroeconcmic issues deal with national and
capital availability, and
issues concern the monetary impact and social

Institutional comparisons deal with the effects of existing and
potential institutions on tke deployment of a technology (r-gulatory impacts).
International ingtitutional issues are addressed in terms of their regulatory

The
in Table 2.1

technologies

energy,

include six fossil options,

and water.

SELECTION OF ENZRGY ALTERNATIVES

Here,

The resource category includes five subcacegories:

key concerns iaclude
resource limits, production limits, dependence on foreign resources, and need

initially considered for comparison with the SPS
ten nuclear technologies

(including two fusion options), five solar technologi.s, and three geothermal

technologies.

frilowing criteria:

e Technical dats must be available in suffi~ient detail to
allow adequate technical characterization and comparison.

The list was narrowed to six technologies according to the



® The candidates must be central-station, baseload
technologies.

o The technology should be available for commercial
applicarion by year 2000.

e Include improved current baseload technologies.

® Include representative advanced technologies currently
being engineered.

e Include alternative (nonspace) applications of photo-
voltaic solar energy technology.

® Include alternatives that show potential as long-term
energy sources after 2000.

e Fuel must be available for a2 long period (e.g., 2000-
2050).

The energy alternatives selected were conventionai coal with stack
scrubber, coal gasification/combined cycle, the light water reactor, the
liquid-metal breeder reactor, fusion, and the nhotovoltaic solar central
station. Missing from this list are wind, biomass, decentralized solar {c.g.,
space heating and cooling, procees heating and cocling, water heating; and
photovoltaics for electrical enmergy production), and OTEC. These technolozies
were not included in the final list because they are not large central-

station-baseload options or they have only regional application.

2.4 CHARACTERIZATICH OF ENERGY SYSTEMS

Following the selection of energy alternatives and the preliminary
selection of comparative issues, the reference energy systems were defined
and described, and data on cost, performance, and environmental impact were
collected from published sources for issue comparisons.

The ground rules for this data collection included the following:

e Characterizations should use readily available information.

e Characterizations should be performed and doc'-sented by
persons who are knowledgeable about alternative techno-
logies and DOE programs.

e Each technology characterization should be internally
corsistent.

o The set of characteristics should be consistent enough,
overall, to facilitate comparisons with the SPS concept.

© There should be enough inforw.tivn to allow adequate
evaluation of issues (failing this criterion, a candidate
technology may have to be dropped).

2.5 SIDE-BY-SIDE ANALYSIS OF ENERGY SYSTEMS

The objective of the side-by-side analysis is to compare the alterna-
tives on the basis of single units normalized to the same power level, using a

L



Table 2.1 Candidate Alternative Technologies

Fossil

Coal-Steam, Conventional
with Improved Environmental Controls
with Atmospheric Fluidized Bed
Pressurized Fluidized Bed
Gas Turbine, Closed-Cycle
Open-Cyc le, Low-Btu Gasifier
Open-Cycle, Synthetic Liquid Fuel
Metal Vapor Topping Cycle
Molten Carbonate Fuel Cell
Mag.uetohydrodynamic, Upen-Cycle
Closed-Cycle

Nuc lear Fission

Light Water Reactor, Conventional
with Improved Fuel Utilizalion
with Mixed-Oxide Fuel

High Temperature Gas-Cooled Reactor

Advanced High Temperature Reactor

Liquid-Metal, Fast-Breeder Reactor

Gas~Cooled, Fast-Breeder Reactor

Light Water Breeder Reactor

Electronuc lear Breeder

Fusion-Fission System

Fusion

Magnetic Confinement
Inertial Confinement

Solar

Terrestrial Thermal
Terrestrial Photovoltaic
Ocean Thermal Energy
Wind Energy

Biomass Fuels

Geothermal

Hydrothermal
Geopressurized
Hot Dry Rock




consistent set of ground rules for all units. This was the first analytical
step of the comparative assessment, and it entailed listing information (some
detailed, some summary) for each of the energy systems. Information cate-
gories cover the technical, economic, environmental, and societal issues
ment ioned earlier.

Two important functions of the side-by-side analysis are: (1) pro-
viding the decision maker and analyst with a normalized comparison,* and (2)
functioning as an intermediate atep between the technology characterizations
and the alternative futures analysis.

2.6 ALTERNATIVE FUTURES ANALYSIS

The alternative futures analysis compared alternative energy-supply
systems (i.e., alternative mixes of coal, nuclear, and SPS technologies) under
different levels of energy demand (i.e., alternative supply-demand patterns).
This analysis addressed synergistic impacts or those that result from aggrega-
tion of single-plant effects. An integral part of the analysis was the
creation of scenarios (e.g., statements about future supply, demand¢, life-
style, resources, and regulation) to serve as inputs to other analyses.

The primary objective of the alternative futures analyses was to
provide a comparison of the impacts of alternative technolegies under several
different assumptions of future conditions.

The following criteria were considered in the choice of scenarios
that drive the alternative futures:

® A limited number of scenarios should be used, and they
should be credible and representative;

e They must illustrate a suitably large raunge of alternative
policies, and economic and social conditions (or at least
those of major concern or interest);

e They must not produce a flood of data that would tend to
overwhelm analysts and the decision-making process;

e They should highlight or identify major categories of
issues for further analysis; and

e Uncertainty should be included in a consistent and
efficient manner, conveying useful information to the
decision maker.

*The term "normalized comparison" simply means that quantifiable impacts
are expressed in amount of impact per unit output of electrical energy,
e.g., per megawatt-year {MW-yr). Thus, a 5-MW system that provides energy
continuously for one year and expels 1,000 tons of pollutants to the environ-
ment in the process will be characterized by the normalized amount of 200
(= 1,000 : 5) tons of pollutart per MW-yr of electrical energy; similarly, a
1 MW plant that operates for half a year and produces 50 tons of pollutants
is assigned the normalized amount of 100 (= 50 : 1/2) tons of pollutants per
MW-yr.
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Although a scenario must be plausible, it does not necessarily have a
probability of occurrence associated with it, but instead addresses key issues
and, perhaps, reveals other problems that result from specific future models.

2.7 ASSESSMENT INTEGRATION/AGGREGATION TECHNIQUES

The objective of integration/aggregation techniques is to analyze
and focus the data assembled for the comparison of SPS with t:rrestrial
technologies. A further objective is to begin reducing the complexity of
the decision-making problem (which is aggravated by the large amounts of
supporting data for each technology) by using techniques such as formal
incorporation of preferences.

There are a number of criteria for deciding the appropriate level at
which to carry out such integration/aggregation techniques. These include:

o The number of measurement categories desired;
e The number of alternatives desired;

e The manner in which views of priorities are deter-
mined, represented, and inco-porated into the
decisiou~making process;

o The use of uncertainty;

e The degree of inclusion of interactions between
variables and priorities; and

e The suitability of the aggregated information for
describing dynamic and time-varying conditions.

The degree of appropriateness of any of these criteria is determined by
the degree of quantification of variables and effects that is achievable.
Cost-risk-benefit analysis, total social cost, minimum energy cost with
environmental constraints, and decision analysis are some of the techniques
that may be considered. These approaches are formalized techniques that
require value judgments. Since these value judgments would mainly be those of
the analysts, it was decided to present the comparative information in its
entirety and permit the reader to use his or her owa values for arriving at
any aggregate evaluation.
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3 CHARACTERIZATIONS OF THE SPS AND ALTERNATIVE TECHNOLOGIES

This section contains brief descriptions of each of the technologies
considered. More detailed characterizations are contained in the SPS CDEP
Reference System Report1 and in the alternative technology characterization
reports.“’s The objective of the technology characterizations was to collect
and develop a consistent and traceable set of characterization parameters for
the SPS and other possible post~2000 baseload systems. The characterizations
represent "first-order" characteristics that define systems in sufficieut
detail for the cost and environmental analyses.

3.1 SELECTION OF ALTERNATIVE TECHNOLCGIES

The preliminary list of 29 technologies (Table 3.1) was initially

screened according to two sets of criteria. The list was reduced to a

subset of systems that were then further screened by more restrictive criteria

to a final subset of alternatives. Decentralized technologies were excluded

from the comparative assessment, since the focus was on baseload alternatives

to SPS. A more detailed description of the technology screening and selection
process is presented in another report.® ‘
|

Initial screening was both qualitative and quantitative. The qualita-
tive screening procedure included the following criteria for selection of an
initial and representative subset of candidate electrical power generation
systems:

A. The initial set should include improved conventional
systems (e.g., coal and LWR systems).

B. It should represent the following classes of advanced

systems:

1. Advanced coal combustion and synfuels,
2. Solar,

3. Fission,

4. Fusion, and

5. Geothermal.

C. It should include the principal energy systems most
suitable for large, central-station baseload generation
within each class of inexhaustible energy sources.

D. It should reflect the consensus about which candidates
are most likely to be viable in the year 2000.

A group of qualified energy technology researchers was asked to judge the
candidate technologies according to the listed criteria, and their choices of
the most viable candidate technologies for the year 2000 constituted the
qualitative screening selections.

The quantitative screening technique explicitly considered five major

technology factors and numerous subfactors (Table 3.2). The following
criteria were used in the final alternative technology selection:

]
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Table 3.1 Technologies Considered in Initial Screening

Energy Convent ional
Source Systems

New Systems

Exhauetible Resource Technologies

Coal Coal-steam plants
with flue-gas
desulfurization

Fission Light water reactors
with once-through
fuel cycle

Geothermal Dry steam

Coal-steam plants with improved environ-
mental controls

Atmospheric fluidized-bed combustion
(AFBC)

Pressurized fluidized-bed combustion
(PFBC)

Low-Btu gasifier/open cycle gas turbine,
combined cycle

Closed cycle gas turbine

Metal vapor topping cycle

Open cycle magnetohydrodynamics (MHD)
Closed cycle magnetohydrodynamics

Molten carbonate fuel cell with gasifier
(MCFC)

Synthetic fuels for advanc-1 power
cycles

Light water reactors (LWR) with improved
fuel utilization efficiency

Light water reactors with mixed oxide
fuels

High temperature gas-cooled reactors
Advanced high temperature reactors

Liquid-dominated hydrothermal
Geopressure

Renewable or Essentially Inexhaustible Resource Technologies

Solar Hydroelectric
Wood-fired steam

Fission

Fusion

Geothermal

Solar thermal electric with storage
Solar photovoltaic with storage

Ocean thermal energy conversion

Wind energy conversion with storage
Biomass fueled (other than wood-fired
steam)

Liquid-metal, fast-breeder reactor
(LMFBR)

Gas-cooled, fast-breeder reactor
Light water breeder reactor
Electronuclear breeder
Fusion-fission systems

Magnetic confinement fusion
Inertial confinement fusion

Hot dry rock (HDR)
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1. Technical data must be available in sufficient detail to
allow adequate technical characterization and comparison.

2. The candidates must be central-station, baseload tech-
nologies.

3. The technology should be available for commercial applica-
tion by the year 2000.

4., Include improved current baseload technologies.

Include representative advanced technologies currently
being engineered.

6. Include alternative (non-space) applications of photo-
voltaic solar energy technology.

7. Include alternatives that show potential as long-term
energy sources after 2000.

8. Fuel must be available for a long period (e.g., 2000-
2050).

The details of the qualitative and quantitative screening procedures
are reported in a supporting documeat .6

Table 3.2 Quantitative Screening of Energy Systems

Factors Subfactors

Technology Availability Technology Feasibility
Fue! or Energy Resource Availability
Regional Limitations
Status of Development

Economic Attractiveness RD&D Costs
Capital and 0O&M Costs
Fuel Costs
Plant Availability and Reliability
Utility Compatibility

Environmental Impacts Air and Water Pollutants
Land Use or Disturbance
Public Health and Safety
Reversible vs. Irreversible Impacts

Critical Resource Requirements Energy, Materials
Land, Water
Capital, Manpower

Socineconomic Impacts Economic
Industrial Infrastructure
Social
International
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The light water reactor (LWR) and coal technologies best satisfy
the applicable criteria and thus were included in the final list of tech-
nologies to be compared with the SPS. Only one technology, terrestrial
photovoltaics (TPV), meets the special criterion (No. 6) established to
provide for a direct comparison of photovoltaics in space and terrestrial
applications.

The combined-cycle system had the highest rating of the three advanced
coal systems and thus was selected for the comparative assessment.

The liquid-metal, fast-breeder reactor (LMFBR), although controversial,
has great potential, is close to demonstration, and has received worldwide
backing; it was thus included in the comparative assessment.

Fusion is a technology of high scientific interest and potential.
Therefore, it was selected to fill a position as a baseload alternative, even
though DOE's Fusion Review Panel has stated that a date for a commercially
competitive prototype reactor cannot now be established.

3.2 BRIEF TECHNICAL DESCRIPTION OF ALTERNATIVE GENERATION SYSTEME

The characteristics of each of the alternative generation systems
have been derived primarily through a synthesis of data and information
obtained from available technical literature. The best self-contained
system characterizations available in single documents were chosen as primary
data sources. Where deficiencies were noted, available supplemental material
was obtained or input from reviewers was solicited.

In most cases, the available data are for nominal systems that differ
in some respects from the reference alternatives chosen for comparison.
Usually, these differences are a result of varying assumptions about system
generating capacity, cooling type, or, in some cases, even the site or fuel
characteristics. Thus, in some cases, the reference characterizations
required engineering judgment to adjust data to the system capacities and
basic assumptions being wused. The subsequent analyses are generally not
sensitive to small variations in the system parameters deriveud in this
fashion. However, the analysis is broad enough to allow reasonable conclu-
sions to be drawn.

The parameters addressed in the systeun characterizations include
those that relate to the physical system design and operating factors,
capital and operating costs, rveliability and availability, resource require-
ments, and environmental residuals. Table 3.3 briefly summarizes the charac-
terization parameters for the technologies. Studies conducted by TRW* and
United Engineers and Constructors’® provide the basis for the non-SPS tech-
nical, environmental, and cost characterizations summarized in the following
sections of this chapter.

3.2.1 Satellite Power System

The satellite pover system characterization is based on data available
in the SPS CDEP Reference System Report, supplemented by additional studies
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Table 3.3 Characterization Parameters for Plant Site and Fuel Cycle

Physical System Characteristics Capital and Operating Coste
- Plant Configuration -~ Construction Schedule
- Thermodynamic Cycle ~ Consgtruction Cash Flow
Characteristics - Direct and Indirect Capital Cost
- Capacity Factor - O0&M Costs
- Environmental Controls - Decommissioning Costs

- Mass & Energy Balances
Natural and Human

Environmental Residuals Resource Requirements
- Air-Borne Emissions - Fuel Use
- Liquid Effluents - Water Use
- Solid Wastes - Land Use
- Radionuclides - Construction Labor
- Waste Heat - Operating Labor

performed for NASA by Boeing’ and Rockwell.8 The satellite power system
consists of three basic elements: the first two, in geosynchronous orbit
at 36,000 km, are the solar collector, which receives energy from the sun
and converts it to electrical energy, and a microwave antenna, which trans-
mits that energy to the third element, an earth-based rectifying antenna
(rectenna). The reference system is sized for 5 GW of DC power output to a
conventional wutility grid The satellite has one end-mounted antenns, as
illustrated in Fig. 3.1.

The satellite consists of a " 1nar solar array structure of graphite
composite material. Two conversion options (Fig. 3.2) are presently being
considered: one is the use of single-crystal gallium aluminum arsenide

(GaAlAs) solar cells with a conceatration ratio of 2; the other is the use of
single-crystal silicon (Si) solar cells with no concentration,

The size of the solar array is dictated primarily by the efficiency
chain of the various elements in the system. Figure 3.3 shows the end-to-end
efficiency chain for the GaAlAs and siiicon cell options. The satellite is
designed to provide 5 GW of DC power to the utility busbar, and with an
overall efficiency of approximately 7Z, it 1is necessary to size the solar
arrays so that approximately 70 GW of solar energy will be intercepted.
The efficiency assumed is the minimum efficiency, including the worst-
case summer soisiice factor (0.9675), the seascnal variation (0.91), and the
end-of-life (30-yeor) solar cell efficiency {assuming annealing in the silicon
case). Fur the GaAlAs case, the end-of-life (30-year) concentrator reflectiv-
ity is 0.83. Since only half of the intercepted solar energy is reflected by
the concentrators, the equivalent lifetime average efficiency is 0.915.

The GaAlAs option is a five-trough configuration with a solar blanket
area of 26.52 kmZ, a reflector area of 53.04 kmZ, and an overall planform

area of 55.13 km?2. The silicon option has the solar bianket with no concen-
tration, resulting in a blanket area of 52.34 km? and a planform area of
54.08 km2. Table 3.4 lists the cell and planform power characteristics for

each cell type.
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10,400m

52.34 km2

PLANFORM AREA =54.08 km2

SILICON CR=1
BLANKET AREA

GaAlAs CR=2

BLANKET AREA =26.52 km2

PLANFORM AREA = 55.13 km2

Ref. 1)

Fig. 3.2 SPS Satellite Configurations (Source:
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Table 3.4 SPS Cell and Planform Power Characteristics

Celi Type GaAlAs Silicon

Concentration ratio 2 1
Solar power available 1,353 W/m? 1,353 w/m2
Solar power on cell at maximum of f-sun poin’ing 2,414 W/m? 1,190 w/m2
Cell conversion efficiency at 28°C AMO (in vacuum) 20% 17.332
Blanket power output

Beginning of life 380 w/m2 186 W/m?

End of life 370 W/m2 149 W/m2
Planform power output

Beginning of life 185 W/m? 186 W/ml

End of life 171 w/m? 149 W/m2

Source: Ref. 1.

The end-mounted microwave antenna is a phased-array transmitter of l-km
d'ameter. The phase control system utilizes an active, retrodirective array
w.th a pilot beam reference for phase conjugation. Klystrons are used as the
Laseline power amplifier with slotted waveguides as the radiating element.
The ground rectenna has subarray panels with an active element area of 78.5

km2. At 35° latitude, the total rectenna area, including the buffer zone,
would be 149 kmZ.

The construction of the satellite in geosynchronous orbit (GEO) is
estimat=d to require gix months. The initial estimates of construction crew
size are 555 for the silicon opticn [480 in GEO and 75 in low earth orbit
(LEO)] and 715 for the GaAlAs option (€80 in GLO and 35 in LEO).

The transportation system assumed for the NASA contractor reference
system consists of four major components: the heavy-lift launch vehicle
(HLLV), the cargo orbit—-transfer vehicle (COTV), the personnel launch vehicle
(PLV), and the personnel orbit-transfer vehicle (POTV). The HLLV is a two-
stage, vertical launch, winged, horizontal 1landing, reusable vehicle with
a 4Z4-metric ton payload to low earth orbit. The Kennedy Space Center was
cliosen as the refererice earth launch site. The COTV is an independent, reus-
able, electric engine-powered vehicle, which transports cargo from the HLLV
delivery site in low earth orbit to the geosynchronous earth orbit. For the
GaAlAs option, the COTV is powered by GaAlAs solar cells, whereas a silicon
solar cell power supply is assumed for the silicon ojtioa.

Pergonnel for the orbital construction and support functions are
transported to LEO by the PLV, which is a modified space shuttle orbiter with
a passenger module. The POTV, a two-stage, reusable, chemical-fuel vehicle,
is used to transfer personnel from LEO to GEO and vice versa. Additionally, a
LEO operations base would be constructed and used for temporary storage of
supplies and propellant.
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Power convercion equipment converts the direct current (DC) power from
the collectors into high density microwave (RF) power; the microwave antenna
transmits it to the ground-based rectifying antenna, called the rectenna, The
microwave antenna is a phased-array transmitter of l-km diameter and contains
7,220 subarrays or power modules. The antenna transmits 6.85 GW of power at
2.45 GHz.

The subarrays are arranged to provide a 10-dB Gaussian power distribu-
tion 2ross the array surface. The power densi.y varies from 22.14 kW/mZ at
the center module to 2.45 kW/mZ at the outer edge. At the earth's surface,
the power s 23 mW/cm? at the rectenna center and 0.08 mW/cmZ in the first
sidelobe.

Each subarray covers 108 square meters and contains from 4 to 50
klystrons, depending on the power output of the subarray. Each klystron
converts DC to 70 kW of RF. An alternative concept described in the SPS
CDEP Reference System Report would use a 50-kW klystron tube that would
result in tlhe use of 6 to 50 tubes per subarray (Ref. 1, p. 30). The subarray
radiates power through slotted waveguides on the surface. Electronic phasing
equipment in each subarray processes a beam-phasing signal from the ground
and focuses the microwave beam. Waste heat is dissipated by radiation. The
subarray also includes power distribution and conditioning equipment, wave-
guides, amplifiers, and frequency-control electronics.

The rectenna consists of a dipole network and diode rectifiers, which
receive and rectify the microwave power; a power distribution and conditioning
system, which collects ¢~d delivers the rectified DC, power to ¢the utility
interface; and the structure that provides support to the dipole rectenna
panels and components of the distribution system. The support structure also
provides a ground plane for the microwave power.

At 35° latitude, the rectenna area of 10 km by 13 km contains 814 rows
of rectenna panels tilted 40° from the horizontal, providing an active inter-
cept area of 78.5 km?2. 4 total of 436,805 panels will be assembled on site
and erected. In order to minimize electrical wiring from the rectenna panel
area, two electrical switchyards will be employed, each with its own converter
and relay building. The rectenna site, including auxiliary buildings and the
buffer zone, has been estimated to be an elliptical plot 12 km by 15.8 knm,
with a total area of 149 kmZ.

The configuration of the ground-based rectenna, which receives and
vectifies the downlink power beam, has half-wave dipoles feeding Schottky
[ isrier diodes. Two-stage, low—pass filters between the dipoles and diodes

.~ --8 harmonic generation and provide impedance matching. The rectenna is
a . ries of serrated panels perpendicular to the incident beam, rather than
a coutinuous structure. Each panel has a steel-mesh ground plane with 75-80%
opcical transparency. This mesh is mounted on a steel framing structure,
supported by steel celumns in concrete footings. Aluminum conductors are used
for the electrical power collection syster.
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3.2.2 Central-Station Terrestrial Photovoltaic System

The reference terrestrial photovoltaic (TPV) alternative is a 200-MW
system in which silicon cells are mounted in fixed- tilt, flat-plate arrays, in
eight 25-MW modular components. The reference system, which does not include
storage, is based primarily on designs published in a 1978 EPRI study. 9
That study defined the cost and performance goals for utility photovoitaic
conversion devices and assessed the effects of photovoltaic generation on
electric utility systems.

The reference TPV system is assumed to have a silicon-cell efficiency
equal to that of the SPS silicon cell, or 19%. (A cell efficiency of 122 was
assumed in the EPRI study.) This modified assumption alters the EPRI design,
in that it reduces by approximately 37% the number of solar cells required to
generate 200 MW. Figure 3.4 shows the energy efficiency chain for this
system.

Eight 25-MW modules of photovoltaic arrays are connected radially to a
34.5~kV switchyard, which, in turn, supplies the transmission grid through a
step-up transformer. Each module contairs 48.9 x 106 cells measuring 6 cm x 6
cm. Each module s composed of the solar array field and its connecting DC
cables and m2in b3, the DC-to-AC converter station, and the AC medium-voltage
connectiru to the 34.5-kV switchyard. Within each module, the photovoltaic
cells are connected in series and parallel to provide as high a voltage as

" 2.9km <
L v
1.2km Collector Field Encapsulation i Electrical
> ——iPacking Factor M Connections
Cell Eff = 19% Eff = 90.5% Eff = 93.75% Eff = 98.0%
DC/AC Conversion Step-up voltage
) SN ——4 1ine losses
Efficiency Chain (%) Eff = 98% Eff = 92%

Component Cumulative

Solar Cell 19.00 19.00
Encapsulation 90.50 17.20
Packing Factor 93.95 16.12
Connections 98.00 15.80
UC/AC Conver ter 92.00 15.53
Step-up volt/line

losses 98.00 14.24

Fig. 3.4 Efficiency Chain of the Central-Station Photovoltaic System
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practical. This produces improved inverter efficiency and minimizes DC cable
losses. The arrangement is such that + 5,200 V DC and 2,438 V AC are provided
at the inverter input.

The plant capacity factor can be highly variable, since it is criti-
cally dependent on the plant's geographic location. Capacity factors have
been estimated to range from nearly 25.8% in the Phoenix area to just under
18% in Boston. The Phoenix site was chosen for this analysis.

The reference system is designed to occupy a 4-kmZ (1000-acre) site,
which houses the solar arrays, switch gear, transformer station, and personnel
buildings. Excluding periodic maintenance crews, the staff requirement is
about 26 persons.

Environmental residuals from the plant site should be minimal under
normal operating conditions. No gaseous emissions should result from the
normal operation of the system, and any waste heat should be removed from the
arrays by natural convection. Small amounts of waste and garbage would be
generated by personnel on site and small amounts of combustion products would
be produced by on-site maintenance vehicles. An unquantified but small amount
of runoff would result from cleaning of the solar arrays. Some environmental
residuals would be generated as a result of the cell manufacturing process,
but these effects have not yet been characterized.

3.2.3 Conventional Coal-Fired Power Plant

The reference, high-sulfur coal-combustion system is a single-unit
facility. The steam plant uses a cross-compound turbine generator with two
parallel shafts and hes a net plant capacity of 1250 MW. The basic steam
cycle is modeled after a 1232-MW concept designed by United Engineers and
Coustructors (UE&C), as described in their report "Commercial Electric Power
Cost Studies."l0 The UE&C design utilizes a couventional lime flue-gas
desulfurization system for stack gas cleaning and a mechanical draft cooling
tower for removing condensate heat.

The characterization represents high-sulfur coal-combustion technology
and SO removal as projected to be available in 2000. The plant capacity
factor is assumed to be 70%. It is also assumed that all of the plant's stack
gases are processed to remove 904 of the SO; (recent EPA regulations). Thus
the reference high-sulfur coal facility for the year 2000 is assumed to use a
Wellman-Lord SO removal system. The Wellman-Lord process has recently been
demonstrated by the EPA,ll and it is expected that this or a similar tech-
nology will be the preferred option in the year 2000. The Wellman-Lord system
reduces the area of land required, but the processing of all stack gases
decreases the net plant efficiency. Therefore, the plant capital cost 1is
higher than that for the UE&C design.10 These factors have been fully ac-
counted for in the characterization.

Figure 3.5 is a simplified schematic of the functional flant compo-
nents. The combustion boiler produces steam at 26.5 x 106 N/m? (3845 psi)
and 543°C (1010°F). Turbine power is produced with throttle steam of 24.2 x
106 N/mZ (3515 psi) at 540°C (1000°F) for the high pressure turbine and
steam at 4.1 N/mZ (600 psi) at 540°C for the intermediate pressure turbine.
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Figure 3.5 illustrates the generation of a net capacity of 1250 MW with an
assumed capacity factor of 70%, from typical eastern high-sulfur bituminous
coal. The amount of pulverized coal yielding 10.1 x 107 kJ is required to
generate one kWh of net output; this corresponds to a net plant efficiency of
35.75%. The coal characteristics assume a higher heating value of 25.6 x
103 kJ/kg of coal on an as-received basis. At this rate, an average of
8245 metric tons (t) of coal would be needed at the site each day. Because
coal storage requirements are estimated at full capacity factor, a 3-day live
storage stock pile would contain 35.3 x 103 t of coal, and a 57-day reserve
storage would contain 67.2 x 10% t of coal. A 9.1-m-high active storage and
a 15.24-m-high reserve storage pile results in a site area of 56 x 103 m2
deveoted to coal storage.

Other fuel in the form of natural gas is also required for reducing
sulfur dioxide (S07) from the Wellman-Lord scrubber system (Fig. 3.6) to
elemental sulfur. This process requires about 148 x 106 kJ/h of natural gas
at full glant capacity or, at 702 capacity and 34 x 103 kJ/m3 of gas, about
2.7 x 106 m3 of natural gas per year,

The design has hot electrostatic precipitators sized for the removal of
99.7% of the flyash particulates emitted from the combustion furnace boiler.
Auxiliary electric power of 13.9 MW is required for effective operation of the
electrostatic precipitators.l2,

The combustion of 4.9 x 107 kg/h of coal with an ash content of 10.29%
by weight produces 40 x 103 kg/h of flyash, assuming an 80% flyash/20% bottom
ash proportion. (About 10% kg/h of bottom ash would be produced.) Removal
of 99.7% of this flyash leaves 120 kg/h of flyash to be sent downstream for
further processing in the Wellman-Lord S0 removal system.

The sludge wastes from the electrostatic precipitators and bottom ash
total 63,120 kg/h for the 1250 MW reference coal facility at 100% capacity.

Downstream from the electrostatic precipitators 1is the Wellman-Lord
flue-gas desulfurization system, This system uses a regenerable process in
which S0, is removed from flue gases with a sodium sulfite scrubbing solution.
The concentrated SO; stream that is produced can be processed into elemental
sulfur or sulfuric acid, both of which are marketable industrial products.

The Wellman-Lord process consis.s of the four basic steps shown
schematically in Fig. 3.6. These steps are (1) flue gas pretreatment, (2)
S0p absorption, (3) purge treatment, and (4) sodium sulfite regeneretion.
A fifth step, the processing of S0; into marketable sulfur by-products, is
not part of the Wellman-Lord process, but is generally associated with
wellman-Lord installations.

Tables 3.5 and 3.6 show the air pollutants and solid waste products
emitted by this 1250 MW facility,

The normal construction period would take a total of seven years.
Two vyears would be taken up for site selection, design, and preparation,
and five years for on-site construction. Opexation of the plant would
require a staff of 259.

- u
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Table 3.5 Air Pollutants from a 1250-MW Coal Facility

100% Capacity Factor 70% Capacity Factor
Pollutant kg/h t kg/h t kg/10% ¥J
S0, 3136 27,605 2203 19,323 0.26
Particulates 36 318 25 223 0.003
NC, 3254 28,537 2278 19,9738 0.27

Table 3.6 Solid and Sludge Wastes from a 1250-MW
Coal Facility, 70% Capacity Factor

Accumulation Rates at 70%

Capacity Factor Land Area®
Solid Waste kg/h t/yr 103 m3/yr 103 m2
Elemental Sulfurb 9,917 86,964 44 190
Ash Sludge€ 44,260 388,105 269 1,145
Sodium Sulfite/
Sodium Sulfate 2,909 16,744 8.6 40.5
Total - - - 1,375.5

4Agsumes 8-m disposal depth typical of current practices.
bpisposal density = 1953 kg/m3.

€80% ash, 20% water, density = 1440 kg/m3. Solids content
is 40,100 kg/h from bottom ash, and 85 kg from Wellman-Lord
pretreatment.

3.2.4 Coal-Gasification/Combined-Cycle Power Plant

The coal-gasification/combined-cycle plant is an integrated system
whose primary components are a gasifier, an open-cycle gas turbine, and a
Rankine bottoming cycle. The basic plant is modeled after a 579-MW plant
described in the ECAS study;14 the design was augmented with information from
the EPRI Preliminary Design study.ld The plant design was scaled to 1250 MW
net plant output (2 units at 625 MW each).

The reference facility is fired with eastern high-sulfur bituminous
coal with heat content of 25,646 kJ/kg (11,026 Btu/lb), The overall net
plant efficiency, which accounts for in-plant auxiliary steam and electrical
consumption, is 38.5%. Figure 3.7 displays the major pieces of planrt equip-
ment in a simplified cycle schematic and energy flow diagram of the reference
design.
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The prime cycle consists of eight air-cooled gas turbine generator
units, with a 12:1 compressor pressure ratio and 1315°C firing temperature
(that is, the temperature at the inlet of the first-stage rotor). The prime
cycle generates two-thirds of the total electrical power output. The gas
turbine exhaust temperature is 640°C.

The bottoming cycle includes =2ight heat-recovery steam generators
(HRSG) and two steam turbines. The HRSGs extract thermal energy from the gas
turbine exhaust stream. The steam is supplied to steam-turbine generators,
which contribute about one-third of the total power output. At full capac-
ity, coal feed is required at a rate of 455 t/h or 2.8 x 106 t/yr at 70%
capacity factor. At this rate, an average of 7650 t of coal would be required
at the site each day; as coal storage requirements are estimated at full
capacity factor, a 3-day live storage stock pile would contain 22,950 t of
coal, and a 57-day reserve storage would contain 435,000 t of coal.

The average storage density of utility coal in live storage is 700
kg/m and reserve storage density averages 865 kg/m . The assumption of 9.15-
m-high active storage and 15.25-m-high reserve storage yields an area of
about 36 x 103 m? devoted to coal storage and handling.

Figure 3.8 depicts the major envirommental pollutants that arise from
the impurities in the fuel and water used by the plant. The major impurities
in the fuel are the sulfur and nitrogen compounds and incombustible ash. In
the gasification step, almost all of the ash is separated from the coal, so it
does not show up as a potential air pollutant. Similarly, about 93X of the
sulfur is removed from the process stream by the combined Alkazid-Claus
process. Another 1.3% is disposed of in the scrubber sludge from the wet
limestone scrubber. The remaining sulfur appears as S0 in the stack gas
from the various plant flues and exhsusts. NO; control is effected by
removing most of the NH3 from the fuel gas streams before combustion.

Water used for plant cooling is also a source of environmental pollu-
tion. As the water is evaporated, concentrations of dissolved soiids in-
crease. This brackish "blowdown" water must be specially handled, to avoid
pollution of local water systems.

The cleanup system must remove enough sulfur as elemental sulfur so
that the sum of the SO; emitted from incinerator flues and the S0 emitted
from the power plant flues will be no greater than allowed by EPA standards.
The carbonyl sulfide (CO0S) formed in the gasifier and entering with the raw
gas is almost completely hydrolyzed to hydrogen sulfide (HyS) before enter-
ing the Alkazid plant. Five percent of the HyS removed by the Alkazid plant
will not be converted to elemental sulfur in the Claus plant. The tail gas is
treated in the Wellman-Lord plant, which allows 902 of the sulfur to be
recycled back to the Claus process. The Alkazid plant removes 95% of the
H2S entering with the raw gas. Only 5.6% of the total sulfur is emitted to
the atmosphere as S0j.

Nitrous oxides are formed by combustion of ammonis, and to a limited
extent by oxidation of Ny gas diluent. To meet the emission standards, 0.14
kg of NO; may be emitted to the atmosphere per million kJ of gaseous fuel.
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In the cleanup system, foul water condenses from the gas during
dewatering. A foul process water enters with oil and phenol from the gasifier
washer-coolers. These foul waters contain dissolved HyS, NH3, COj, and
phenols. The water separated from the oil and phenol is returned to the
washer-coolers where some additional makeup water is located. This makeup
water evaporates and enters the cleanup systems with the saturated gas,

The construction period for a large coal-fired electric generation
facility of the tyye characterized here would take a total of seven years.
This includes a two-year period of fairly low level of effort for site selec-
ti. , design and preparation, and a five-year period of actual on-site con-
struction. During the on-site construction period, an estimated 8.1 million
person-hours of direct craft labor would be required. The operating personnel
requirement (336 persons) for this plant were estimated from experience with
conventional plants.

3.2.5 Light Water Reactor Power Plant

The reference light water reactor (LWR) power plant16-20 s a 1250-Mw
single-unit facility consisting of a pressurized water reactor supplying
superheated steam to a conventional turbine generator. Condenser cooling is
accomplished with a cooling tower.

The reference reactor as shown schematically in Fig. 3.9 was scaled up
to 3750 MWt from a basic Westinghouse 3450-MWt design. At the present time,
nuclear fuel is being discharged from reactors after an average burnup of
25,000 to 30,000 mefawatt days per metric ton of fuel (MW-d/t). LWR tech-
nclogy has a goal2 of achieving 50,000 MW-d/t, and therefore this value
was assumed to be achieved by the year 2000 for the purpose of this char-
acterization.

The nuclear steam supply system (NSSS) consists of a light-water-
moderated nuclear reactor having a reactor core containing low-enriched
uranium oxide fuel, approximately 4.15% U-235, in approximately 193 fuel

assemblies. Loaded in the core are 98,000 kg of fuel. The core is refueled
by replacing approximately one-third of the total set of fuel elements at
roughly one-year intervals. The spent fuel is stored on site in a special

fuel handling building. This building .s also a repository for fresh fuel
prior to its insertion in the core.

The NSSS produces approximately 3750 MWt at nominal full power. The
power generation system consists of the reactor core and vessel, its asso-
ciated pressurirer, and four primary reactor coolant loops and four steam
generators. Primary coolant (water) is heated from 295°C to 330°C by the
nuclear reaction taking place in the core. The nominal coolant pressure is
15.5 x 100 Pa (or N/m?Z). The high pressure is maintained in the primary
system by a pressurizer to prevent boiling in the core. This hot water 1is
then passed through the steam gencrators (u-tube heat exchangers) where water
on the secondary side of the heat exchanger is heated to produce steam. Water
on the primary side of the steam generator is returned to the core to be re-
heated to 330°C. Steam produced on the secondary side of the steam generator
passes through the turbine generator power-conversion system. The turbine
generators, at nominal rated power, produce 1250 MW. The condensate from the
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turbine is returned by the steam generator feedwater pumps. The reactor is
equipped with residual-heat removal systems. The condensers are designed to
condense the outlet steam from the low pressure turbine #¢nd the exhaust
steam from the auxiliary turbine drive of the feedwater pump at 500 Pa, by
dissipating the heat to three mechanical-draft wet cooling towers. The three
main mechanical-draft wet cooling towers are each sized for one-third of the
requirements. Each tower is designed to cool 13.6 m3/s of water from 48°C
to 33°C when operating at a wet bulb temperature of 23°C. Each tower employs
a reinforced concrete-filled structure combined with com onents for water
distribution, fill splash service, support system, drift eliminators, lcuvers,
and fan deck.

Radioactive contaminants can come from the fuel itself or from (1)
impurities in the fuel cladding, (2) activated wear -oducts, or (3) other
sources. Because several systems are contaminated, normal maintenance,
nperations, and legks will lead to release of some of these elements. The
mechanisms of release of these radioactive elements are primarily leakage
through the building ventilation systems and dissolution in liquid effluents.
Areas that have the potential for contamination are ventilated through high
efficiency particulate filters, which remove more than 99.9Z%Z of the particles
larger than 0.3 um. Potentially contaminated liquid effluents are monitored
or processed to remove radioactive elements by filtration and ion exchange.
In each case, not all of the radioactive elements can be prevented from
entering the biosphere. Consequently, radioactive elements are emitted
to the biosphere by the LWR,* wi'“in the limits prescribed by the EPA and
enforced by the NRC.

Water consumption results primarily from cooling tower evaporative
losses and cooling tower blowdown (1.42 m3/s at full power). The largest
consumers of water are the mechanical-draft cooling towers (about 1 m3/s).

The primary sources of liquid effluents from a LWR facility include the
cooling tower blowdown stream and process water effluent. No radioactive
wastes are discharged in effluent streams. These waste streams, which are
processed to remove radionuclides, are then discharged under controlled
conditions.** (Cooling tower blowdown does not contain any radionuclide
contamination but does contain chemicals added for control of corrosion and
biological growth.

3.2.6 Liquid-Metal, Fast-Breeder Reactor

The LMFBR plant reference design' is a 3400-Mwt locp-type, sodium-
cooled fast-breeder reactor plant with a nominal electrical rating of 1250 MW.

*Airborne radionuclides: total noble gases, 3 x 103 Ci/yr: iodine, 13.1 x
102 ci/yr; Mn, Fe, Co, Sr, Cs, 4.1 x 1072 Ci/yr.
**WYaste~-water effluents at 70X capacity factor: total suspended solids,

0.94 t/d; total dissolved solids, 2.35 t/d; organics, 210 kg/d.

T The plant design was developed by United Engineers and Constructors for the
Department of Energy in the Energy Economic Data Base (EEDB) program as
described in Ref. 22. Adauitional input was derived from Ref. 23.
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The plant area will be about 70 acres, including the reactor building, switch-
yard, parking lot, access roads, and wet cooling towers. As a minimum, a
buffering area 7 400 acres is needed. Thus with other physical facilities, a
total area of :'*2J to 1200 acres is needed. The 1000-MWe LMFBR design (about
2500 MWt) was scaled up to 1250 MWe vecause the cost estimate is also based on
this plant and major equipment.

The LMFBR primary system consists of a liquid sodium~cooled nuclear
reactor having a reactor core containing low-enriched (about 11-15%) uranium
and plutoniim oxides in approximately 400 fuel-and-blanket assemblies. The
core is refieled by replacing approximately one-third of the assemblies after
achieving a 53,000 Mw-d/t average burnup. Both the new and spent reactor
fuels are intensely radioactive and must be stored in heavily shielded areas.

The reactor produces approximately 3417 MWt at nominal full power.
The LMFBR heat transport system removes the heat generated by the reactor
core and converts it to the rotational mechanical energy required by the
generator to produce electric power. The overall system consists of a radio-
active primary cools~t (liquid sodium) system, a ronradiocactive seccndary
coolaut (also liquid sodium) system, a steam generation system, and a steam
plant system, the latter including the turbine that delivers the required
mechanical energy to the electrical generator. A simplified system diagram is
given in Fig. 3.10.

The primary coolant sys”em consists of several redundant circulating
loops that conduct sodium from the core exit plenum of the reactor vessel
and circulate it through intcrmediate heat exchangers. Here, the heat 1is
transferred to the sodium of the secondary coolant syster. The primary sodium
then returns to the reactor vessel. In the secondary system, secondary sodium
is heated in the intermediate heat exchangers and is circulated to the stzam
generstion system. There & > four parallel primary loopc and four secondary
loops, one serving each primary loop.

Two basic arrangements for the primary coo:ant system have been
proposed: the pool-type and the loop-type configurations. These are depicted
schematically in Fig. 3.11. In the gpool-type configuration, the reactor,
intermediate heat exchangers, primary pumps, and interconnecting piping are
all immersed in a large primary tank filled with sodium. During operation,
sodirm is drawn fror the bulk content of the tank by the primary pumps and is
forced through the reactor. Then, the sodium flows by gravity through the
intermediate heat exchangers and discharges back vo the bulk sodium in the
primary tank. The driving force fcr the intermediate heat exchanger flow 1is
the difference between the level of sodium over the reactor and that in the
remaginder of the primary tanks. Witn this configuration, the prinary tank
with its cover &axd the tubes and tube sheets of the intermediate heat ex-
changers constitute the primary coolant system boundary.

In the loop-type configuration, the primary pumps and the intermediate
heat exchangers are located outside the reactor vessel. Either hot-leg or
cold-leg pumps could be used in the primary system. The primary loop piping
is elevated, and guard vezsels are provided around the pump, intermediate
heat exchanger, and reactor vessel 30 that leaks in the primary piping or
these components :annot causc the sodium level in the reactor to drcp below
the minimum safe level. The loop aczzles would be covered, and con*inuous
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Fig. 3.11 Configurations of Pool- and Loop-type
Primary Coolant Systems

heat removal by sodium circulating through the loops could be permitted. The
LMFBR characterized in this section is a loop-type plant.

The primary sodium system is designed to operate at a lower pressure
than the secordary system, Thus, should a leak develop in an intermediate
heat exch :ger between these two systens, sodium would flow from the nonradio-
active secondary system into the radioactive primary system. Finally,
even though such leakage would not result in a radiological problem in the
secondary system, the intermediate heat exchangers are designed to facilitate
removal or replacement of faulty tubes.

The overall steam cycle is expected .: be similar to that of modern
fossil-fired, steam-electric power plants. The turbine design assumed in this
study is a set of tandem compound turbines like those used in fossil-fuel
plants.

Barriers to release of fission products are the fuel element cladding,
the boundary of the primary coolant system., and the outer reactor containment.

The orter containment consists of a leak-tight cylindrical steel
or steel-lined concrete building with a flat bottom and hemispherical or
ellipsoidal dome. The containment building houses the reactor and entire
primary coolant system, spent fuel handling and storage facilities, and sodium
service systems related to the primary system,

The turbine configuration consists of two half-capacity tandem, com-
pound, four-flow machines with 0.85-m last stages designed to operate at
3600 rpm. Inlet steam coaditions at the high-pressure throttle valves are
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15.4 x 10® Pa and 455°C. This reactor plant design provides the superheat
so the inlet steam is not saturated; its condition resembles that in a
fossil-fired power plant.

The condensers are designed to condense the low-pressure turbine outlet
steam and exhaust steam from the auxiliary turbine drive of the feedwater pump
by dxssxpatlng the heat to Lhree mechanical-draft wet coolxng towers. Each
tower is designed to cool 12.3 m 3/s of water from 48° to 33°C when operating
at a wet bulb temperature of 23°C.

Radioactive contaminants come from the fuel itself, impurities in the
fuel cladding, activated wear products, or other sources. Because several
systems are contaminated, normal maintenance, operations, and leaks will lead
to release of some of these elements. The building ventilation systems and
processed liquid effluents are the transport mechanisms for release of these
radioactive elements. Areas with the potential for contamination are venti-
lated through high-efficiency particulate filters, which remove more than
99.9% of the particles greater than 0.3 um. Potentially contaminated liguid
effluents are monitored or processed to remove radioactive elements primarily
by filtration and ion exchange. 1In each case, not all of the radioactive
elements can be prevented from entering the biosphere. Table 3.7 shows the
estimated airborne radionuclice releases from the reference 1250-MW LMFBx
facility. These emissions are within the limits prescribed by the EPA
for the LWR.

The aqueous chemical wastes from a nuclear power plant generally
enter the environment via the blowdown stream from a closed-cycle cool-
ing system or the circulating cooling water stream from an open-cycle system.
The major sources of the waste streams from a nuclear power plant are those
originating from the condeaser cooling system and the process water system,
All other waste streams are minor compared to those. Negligible radioactive
effluents will be emitted from an LMF3R plant. A summary of effluents is
provided in Table 3.8.

Solid wastes generated at the reactor will consist typically of filters
from the heating and ventilation
system, deactivated primary coolant
sodium cold traps, analytical labor-
atory and liquid waste treatment
residues, contaminated tools and
parts, and waste such as plastic
bags, footcovers, paper towels, and
protective clothiug. These wastes
will be compacted and packaged in
55-gallon (0.21m3) sealed drums,

Table 3.7 Postulated Radionuclide
Releases, 1250-MW LMFBR
Power Plant at 70%
Capacity Factor

Atmospheric Release,

then shipped to a low-level waste Nuclide Ci/yr
burial ground. About 0.26 m3 of

tritium waste per year, in the form H-3 65.63

of ca(o3 H)7, will be included in Ar-39 87.50

these solid wastes. Kr-85m 0.33

Kr-8°% 0.44

About 3117 curies of beta- Kr-87 0.44

gamma waste and about 30,000 curies Kr-88 0.54

Xe-133 0.03

of tritium waste will be generated
each year.
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The 1250-MW LMFBR would reject Table 3.8 LMFBR Wastewater Effluents
heat at about 7.5 x 10® kJ/h through at Nominal (1250 MW)
the cooling towers. In addition, Operation
there will be miscellaneous thermal
losses to air (called general plant

losses) amounting to less than 12, a Effluent Amount
value typical of present-day nuclear
fgcilities. Approximately 2.8 x 10° Chemical t/h
m“ of land will be required for
facilities associated with the LMFBR BOD 0.000
Chromates 0.000
power plant; namely, the reactor
ey gs . 2y as . Phosphates 0.007
buildings, turbine building, switch-
. Boron 0.051
yard, parking lot, access roads, Acids 0.013
and cooling towers. As a minimum, an : . ’

. Organics 0.011
exclusion area of at least 16 x 10 Chlo:ine 0.004
m?2 is needed, and presantly most LWR e :
stations are on even larger sites. Rrdiological Ci/zr

Water consumption results g:f;;zn 8981'
primarily from cooling tower evapor-

. . Th-230 0
ative losses, cooling tower blowdown, Th=234 0
and general plant uses, totalling Co-60 0.774
1.28 m3/s. By far the largest con- Sr-90 0'257
sumers of water are the mechanical- I-131 0'01
draft cooling to$§rs, which use Cs-134 9'38
approximately 0.88 m?/s. 0e-137 797
Ce-144 0.030
W Pu 0
3.2.7 Fueion Tritium 350
Ru-106 0.014

The reference fusion-power
plant is based on the NUWMAX power
plant design developed by the Univer-
sity of Wisconsin Fusion Engineering
Program of thc Nuclear Engineering
Department.24 The NUWMAK power plant produces electricity through a boiling-
water reactor power cycle with heat supplied by a Tokamak fusion reactor. One
plant produces 660 MW net . and the power facility characterized here consists
of two NUWMAK reactors, producing 1320 MW net power,

Other activation and
fission products

~
[=]
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The NUWMAK discussed here is a newer and more realistic design than the
UWMAK series developed by the University of Wisconsin. The objective of the
new treatment was to simplify mechanical design and maintainability. The
power density in NUWMAK is increased to about 10 W/cm3 as compared to 0.5
to 2 Wem3 in earlier designs. Figure 3.12 is a schematic of this NUWMAK
concept. The reference fusion plant uses deuterium-tritium fuel. During the
reactor burn cycle the deuterium (D) and tritium (T) in the toroidal reactor
chamber are in a plasma state. When a D-T fusion reaction occurs, a helium-4
nucleus (alpha particle) is formed and a l4-MeV neutron is given off. The
high-energy neutrons are absorbed by a blanket that surrounds the fusion
reaction chamber. The neutrons heat the blanket, and this heat is then
removed from the blanket and used to produce electricity. NUWMAK uses boiling
water as a coolant and a conventional boiling-water reactor power cycle
{v produce electricity.
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Fig. 3.12 Schematic of NUWMAK Fusion Power Plant

The power flow for one NUWMAK reactor is shown in Fig. 3.12. The gross
thermal efficiency is 34.5%. After accounting for auxiliary power require-
ments of 65 MW, of which 60 MW is needed to cool the magnets, the net power
output is 66C MW with a net thermal efficiency of 31.5%. 7wo reactors would
have a net output of 1320 MW.

The NUWMAK reactors differ from those of previous studies (such
as UWMAK) in that no diverter is used. Impurity control (which is needed
in nrder to keep the plasma from cooling) is accomplished instead by gas
puffing, which, along with partial pellet fueling, permits operation for
approximately 225 seconds with adequate plasma cleanliness. During a burn,
neutral deuterium gas is puffed into tne plasma approximately every 0.5
seconds. Tritium is introduced in solid pellets, which penetrate only the
outer plasma mantle. A sharp temperature profile develops at the plasma edge,
which is kept cold both by the gas puffing and by introduction of impurities.
However, the step temperature profile prevents impurities from diffusing
towards the plasma center. The impurities are neutralized and pumped out
through vacuum-pump ports.

The plasma requires a magnetic field of 6.05 T (tesla) at a major
radius of 5.13 m, which means a maximum field of 12 T at the magnet. To
provide the needed access for maintenance and repair, NUWHAK is designed with
only eight large superconducting 'D"-shaped TF coils and the increased ripple
is corrected with 16 saddle-shaped trimming coils. The primary design of the
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TF coil uses NbTi superconductor with subcooled superfluid liquid helium at
1.8 K and atmospheric pressure. ... ~ are four cryogenic vertical field coils
inside the TF ccils and four superconducting coils at the outside of the TF
coils to maintain the elongated plasma. The ohmic heating coils are located
inside the central core of the reactor system. Since the magnets require a
pulsed power supply, each reactor is supplied with a 2-Mwh superconductive
energy storage unit.

Since ohmic heating is effective only at relatively low plasma tempera-
tures, auxiliary heating is necessary to raise plasma temperatures to ignition
conditions (when fusion reactions will sustain themselves without further heat
input). The NUWMAK design employs radio-frequency (RF) supplementary heating
in the ion cyclotron range of frequencies in order to ignite the plasma. The
design entails launching a fast magnetosonic wave into a 50-50 DT plasma and
heating the ions at the second harmonic cyclotron frequency of deuterium.

The NUWMAK reactor operates with a cycle length of 245 seconds:
225 seconds of burn followed by 20 seconds of down time. The heat stored in
the blanket material provides energy to the coolant during the down time,
reducing the cyclic variation from 70% to 30% of the maximum energy to the
turbines. Since a 30% variation is still unacceptable, a steam drum is used
and the feedwater temperature is adjusted. Figure 3.13 is a schematic of this
load-leveling system, with which constant electrical output can be achieved.
Simultaneous operation of the two reactors is not necessary for constant
electrical output. Two reactors produce 4566 MWt with a net electrical output
of 1320 MW. Since the burn time is 92% of the cycle time, the net thermal
efficiency is 31.5%.
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Fig. 3.13 Schematic of NUWMAK Load-Leveling System
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The total tritium inventory in NUWMAK may amount to more than 1010 cj.
In ovder to limit tritium releases from NUWMAK to less than 10 Ci per day,
tritium losses must be limited to one part in one hundred million on a
daily basis. Essentially perfect containment of tritium depends on clearly
identifying possible routes of tritium release. During normal operation,
potential sources of tritium loss include the plasma fueling and fuel purifi-
cation components, energy-storage equipment (both normal and emergency),
tritium breeding and extraction system components, and the first wall and
blanket coolant. Tritium containment associated with each of these systems is
examined in the analysis of a multi-layer containment system.

The three-level corcainment system (Fig. 3.14) is designed to deal
with tritium release undcr both normal and abnormal conditions. Each level
prevents the dilution of released tritium, so that it can be recovered before
permeating to the next barrier. The primary containment system consists of
those pipes and other structural elements that contain tritium or tritium-
bearing materials.

The secondary containment system consists msinly of a second physical
barrier around the primary system components: for example, primary system
piping outside the plasma chamber is contained within larger-diameter piping.
A slowly flowing inert gas is passed through the annulus and monitored for
tritium leakage. Large pieces of equipment requiring maintenance or adjust-
ment are enclosed in glove boxes.

REACTOR MALL Sx10%*m?
T-@:-l—gmsrs GASES
SECONDARY
CONTAINMENT
SYSTEM 7 INLET
GLOVE BOX
PLASMA ATMOSPHERE
FEED AND PROCE SSING
J EXHAUST
£ QUIPMENT
|
—ETCS—
S
LEGEND:

TERS = TRITIUM eFFLULNT REMOVAL SYSTEN
ETCS ® EMERGENCY TRITIUM CONTAINMENT SYSTEM

Fig. 3.14 Tritium Effluent System Design
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The tertiary containment system includes the reactor hall, rooms
containing tritium processing equipment, the reactor building itself, the
tritium effluent removal system (TERS), and the emergency tritium contain-
ment system (ETCS). The TERS is designed to operate on routine tritium
losses while the ETCS is used only under abnormal conditions.

. As with the primary and secondary systems, the reactor building is
subdivided to reduce both the extent of loss and the extent of contamination
in the event of a leak. Each reactor hall has a volume of 8.7 x 104 m3 and
may be divided radially to provide the least impediment to maintenance opera-
tions. The reactor building is maintained at 8.4 x 103 pa during operation,
and the pressure can be reduced to 1.3 x 103 Pa under emergency conditions.

About 20¥ of the building volume atmosphere would be circulated
each day, from areas of smallest to largest radioactive hazard before leaving
through a stack of sufficient height to guarantee proper dispersal of the
effiuent. Under normal operation, this stack effluent would contain about 1
Ci per day.

The emergency tritium containment system (ETCS) consists of a heated
catalyst to oxidize HT and T79 to HTO and T20, alumina Leds presaturated with
water at 100% humidity, and the required air handling equipment. The ETCS
is used in the event of a simultaneous breakdown of both the primary and
secondary systems to rapidly detrifriate air from contaminated areas of the
reactor building. During cleanup, the inlet dampers of contaminated areas are
closed and only a small fraction of fresh air is allowed to circulate to
reduce tritium losses from the stack.

One further source of tritium leakage is the boiling water coolant. It
nas been calculated that the leak rate of tritium into the cooling water will
be limited to a few curies per day. In the event that the leak rate in-
creases, it is possible, without much increase in costs, to add equipment for
removing tritium (in the range of 0.001 to 10 Ci/mL) by combined electrolysis-
catalysis or by molecular photo-excitation.

Tuc 14-MeV neutrons from the fusion reaction induce radioactivity
in the structure surrounding the plasma. Most of the activity originates in
the inner region of the blanket. The blanket should be replaced every two
years, and the material processed and stored on the plant site.

3.3 COST CHARACTERIZATIONS

A comparative assessment of the electric generation costs for the SPS
and alternative technologies requires that the cost components of each system
be characterized on a consistent and normalized basis. Unfortunately, tech-
nology cost estimates from previous efforts were usually developed under
assumptions that differed from study to study, and are inconsistent with the
characteristics assumed for the nominal reference systems in this assessment.
Thus the remainder of this section quantitatively documents the procedure
used to derive a set of consistent capital and operation and maintenance (0&M)
costs for the SPS and alternative technologies.
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Costs from the original data snurce are displayed for each technology
and it is shown how these costs are adjusted to be consistent with the
nominal reference system characteristics such as plant capacity and overall
efficiency. Where the original data present estimated costs in other than
1978 dollars, these are normalized to 1978 dollars by application of appro-
priate escalation factors.

The development presented in this section results in baseline point
estimates based on the assumption that each technology is constructed to come
on line in 1978 and is financed totally in 1978 dollars. This is the starting
point for the analysis presented in the cost and performance comparison,
where these 1978 point estimates are adjusted to reflect systems coming on
line in the year 2000. These costs are analyzed in the cost and performance
comparison in terms of their potential uncertainties in the 2000 time frame by
assigning an upper range to the year-2000 base costs. Subsequent analysis is
then based on these cost ranges.

As previously mentioned, constructicn costs for each of the ncuwinal
reference systems were developed on a consistent basis by adjusting published
data to a common set o>f rules and assumptions. Thus, all costs make similar
assumpt ions aboui the owner's costs, contingencies, and allowances for funds
used during construction. The primary source of data for the coal and nuclear
systems was the Energy Economic Data Base (EEDB)?22 compiled aud updated for
DOE by United Engineers and Constructors. The General Electric study for
EPRI8 and the SPS concept definition studiesl» 7,8 yere used for cost data
on the terrestrial photovoltaic system and the SPS, respectively.

In several cases the available cost estimates were for plant sizes and
heat rates (efficiencies) different from those selected for the reference
technologies. These were adjusted by power factors commonly used in electric
utility cost estimation. A construction cost that excludes contingencies,
owner's costs, and interest during construction was thus derived. Where costs
were in a different year's dollars, they were adgusted to 1978 dollars by an
appropriate escalation rate; SPS cost estimates’>® given in 1977 dollars were
escalated to 1978 dollars using an 8.0% escalation factor,

3.3.1 Satellite Power System

Development Costs. BoeingZd estimated development costs on the basis
of the reference system scenario, which predicates a 20-year development
schedule and a 30-year deployment schedule (for 60 5-GW satellites). These
costs amount to $100-110 billion and are broken down as follows (Fig. 3.15):

® Research costs: mainly ground-based research to address
environmental and social issues and alternative systems,
resulting in a preferred system;

e Engineering: development and testing of prototype sub-
systems, resulting in specifications for demonstration
units and production facilities;

e Demonstration: flight tests of a 100-200 MW unit inte-
grated with a commercial network;

i

T T
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Fig. 3.15 Development Costs of the SPS
(Source: Ref. 26)

e Investment: development of industrial infrastructure,
e.g., transportation, photovoltaic, and klystron manu-
facturing facilities,

® Construction and implementation: the first 5-GW SPS
unit put into place.

It is important to note that these cost estimates assume that all

effort is specific to the SPS. The benefits from generic research or from
cost sharing (e.g., industry or other federal program support for photo-
voltaics manufacturing facilities) have not been considered. Such cost

modifications could amount to 50-70% of the $102.5 billion.27

Since comparable cost data for the other six technologies were not
available, side-by-side comparisons of costs or of the benefits or disadvan-
tages of public expenditures were not attempted.

The SPS development program would consist of five phases and include
basic research, engineering verification, prototype demcnstration, investment
requirements, and commercial production of the satellites. A cost estimate
compilation based on 1977 dollars was presented on February 20, 1980, by R.J.
Harron and R.C. Wadle of NASA.28 The estimates were updated to 1978 dollars
by a factor of 1.08 and are shown in Table 3.9. The required investment in
facilities to produce satellites and related equipment is unique to this
program and will enter into the commercial operation costs as an allocated
expense, i.,e., depreciation of investment for each satellite. 1In accordance
with the reference accounting method, developing and establishing the space
fleet for transport of materials, supplies, and personnel are not considered
part of the depreciable satellite investment and, accordingly, have been
excluded from capital recovery. The cost estimates of the work breakdown
structure include provisions for price escalations and for project management
and integration, which are included herein, in addition to the applied
contingency and owner's costs added for this review.
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Table 3.9 Capital Requirements of the SPS
(5000 MW), 1978 Dollars x 100

Solar Array

. Space Earth-
Deve lopment Satellite Construct ion Space Tranaport Based Totals
Phase Silicon  GaAlAs? Bases Silicon GaAlAs Facilities Silicnn GaAlas®
Research
Specific 152.3 27.0 199.8 379.1
Systems Studies 8.2 - 1.5 10.8 - - 20.5 -
Total 160.5 28.5 210.6 399.6
Engineering
Specific 621.0 3,005.1¢ 4,896.14 8,522.2
Project
Management @ 4.8 - 23.2 37.9 - - 65.9 -
Total 625.8 3,023.3 4,934.C 8,588.1
Demonstration
Specific 6,119.3 6,580.4 6,977.9 1,897.6 21,575.2
Operationg® 852.5 916.7 972.1 264.3 3,005.6
Project
Management 46.6 - 50.1 53.1 - 14.4 164.2 - ]
Total 7,018.4 T7,547.2 8,003.1 2,176.3 24,745.0
Investment
specific 2,322.0 18,571.7 24,361 .6 16,246.4 61,501.7
Project
Management 31.0 - 248.2 325.6 - 217.1 821.9 -
Total 2,353.0 18,819.9 24,687.2 16,4613.5 62,323.6
Satellite
First:
Specific 4,928.6 1,852.8 4,345.3 2,539.7 13,706.4
Proj. Mgt. 167 .4 - 64.3 147 .6 - 86.2 465.5 -
Total 5,096.0 1,957.1 4,492.9 2,625.9 14,171.9
Avg:
Specificf 5,432.2 5,552.2 945.0 3,062.8 1,900.6 2,421.3 11,861.3 10,819.1
Proj.Mgt. 212.8 212.8 37.0 119.9 11%.9 9.7 464 .4 464 .4
Total 5,645.0 5,765.0 982.0 3,182.7 2,020.5 2,556.0 12,325.7 11,283.5
Project Contingency® 2,147.0 1,980.2
Owners Costs at 32 491.0 455.0
Interest During
Construction (IDC),
4X, 3 yr 816.3 755.3
Investment Costs/SPS 1,092.0 1,092.0
Total Capital 16,872.0 11,566.0
8pllocated on dollar ratio.
bsps Ref. System Costs - GaAs Option - Memo 3/3/80, D. Taylot to NASA. Used only chargea in avg. SPS/
space transport. Assumed investment phase unchanged.
€pyll cost of LEO Lab + 0.5 x cost of LEO shuttle flight.
d9.5 x cost of LEO shuttle flight.

€Demonstration period expenditure allocated on dollar ratio.
fvarious segments include "cost growth and escalation" omitted earlier.

816X Total + $1092 x 10% Investment per SPS, net of space transport fleets.
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Table 3.10 Operation and Maintenance Costs
of the SPS (5000 MW)

106 §  Mills per

Cost Component (1978) kWh
Maintenance
Satellite
Klystron 10.8 0.27
DC-RF Converter 15.7 0.40
Balance 15.9 0.40
Total 42.4 1.07
Transportation
Materials Facility 41.3 1.04
Personnel Facility 87.5 2.22
Total 128.8 3.26
Ground Receiving Station 15.1 0.38
Space Construction Bases 4.2 0.10
Cumulative Total 190.5 4.81
Contingency at 132 24.8 0.63
Management and Integration at 5% 9.5 0.24
Grand Total O&M Costs 224 .8 5.68

Harron and Wadle also estimated annual operating and maintenance (0&M)
expenses for the space transport, space construction, and repair of the
satellites and the ground receiving station. These wers not adjusted in any
way except for conversion to 1978 dollars (with a multiplier of 1.08). Total
annual expenses (shown in Table 3.10) of $224.8 x 10® 1978 dollars are
equivalent to an annual charge of 5.7 mills per kWh of net electrical output.

3.3.2 Conventional Coal-Fired Power Plant with Advanced Flue Gas
Desulfurization (H-S Coal)

The capital costs for the reference system were based on EEDB costs,22
adjusted to reflect a 5.9% increase in the steam system, insertion of the
Wellman-Lord sulfur removal system (and removal of the conventional lime
treater), an additional heat exchanger to increase stack gas temperatures,
and a larger turbine generator to accomodate higher internal requirenents.

Direct and indirect capital costs are estimated at $452.1 million and
$90.7 million (1978 dollars), respectively. A contingency allowance of 7% is
added to account for the conventional nature of the plant. It is anticipated
that the owner will spend approximately 9.2% of the cumulative subtotal on
expenses 3uch as consultants, peimits, and site sgelection, and an ali.wance
for funds during construction over the seven-year construction period is
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estimated to total approximately $52 million (expressed at ''real" rates in
January 1978 dollars).

Annual operating and malatenance expenses are estimated to be $23.5
million, representing $5.7 million for the pavroll, $4.8 million for disposal
of residues, and $5.0 million for acid-gas removal supplies. Other components
of O&M are materials, supplies, and intetim replacements, which contribute
$7.1 million, and administrative and general expenses, estimated at $0.9
million. Based on an annual plant capacity factor of 0.7, the annual cash
expenditures amount to 3.06 mills per kilowatt hour.

3.3.3 Combined-Cycle Power Plant with Low-Btu Gasifiers (CG/CC)

Capital costs and annual expenses were based on a 1975 Energy Conver-
sion Alternatives S3tudy (ECAS)!4 reference plant of 579-MW capacity. As a
reference system, the unit was updated to 1978 dollars, general facilities
were segregated, and processing segments were exponentially scaled to 625 MW
with two units on one site making up the total facility. Appropriate adjust-
ments were made to substitute the reference eastern bituminous coal and more
rigorous emission standards. Direct capital costs are $537.4 million.

Indirect capital costs, $132.7 million or 24.7%, were derived from data
presented on a 630-MW coal gasification facility found in the Energy Economic
Data Base (EEDB).22 A comparison was made summarily to validite this match-up
by comparing ECAS with EEDB indirect costs for plants witb identical capacity
(of a different type). The indirect construction costs for the two units
total $132.7 million, with a breakdown of 60X for construccion service, 22%
for home-office engineering, and 18% for field engineering.

A construction contingency at 9% of the cumulative expenditures was
added, resulting in installed facilities amounting to $730.4 million in 1978
dollars. Owners' costs of $66.5 million and an Allowance for Equity Funds
Used During Construction (AFUDC) over the seven-year construction period of
$65.1 million vield a capital requirement for the 1250-MW CG/CC of $862
million, or $689.60 per installed kilowatt.

Of the estimated operating and maintenance expenses of $20.66 million,
materials, supplies, expenses, and interim replacements contribute 47%. The
536-person staff accounts for $7.4 million, and related administrative
and general costs are $1.2 million. Environmental control costs are estimated
to be $2.3 million/yr, principaliy for disposal of dry solid wastes. The
total contribution of environmental control expenditures to energy cost, at
the 70% plant capacity factor, is 2.70 mills per kilowatt hour.

3.3.4 Light Water Reactor (LWR)

A 1139-MW system was changed to the reference 1250-MW design by use
of conventional capacity-ratio exponertial factors used by the eleciric
industry for various segments of the plant. This method yielded an estimate
for instalied plant cost, in 1978 dollars, of £485.9 million. Indirect
construction costs for the nuclear plant were estimated to be S$S197.1 million,
or some 40.6% of the installed equipment. These indirect construction costs
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included construction services ($75.0 million), home-office enginecring ($91.2
million), and field engineering ($30.8 million). An allowance for contirgent
expenditures amounting to 8% of the cumulative subtotal yields a combined
plant sinvestment of $737.7 million. Owners' costs of 9.3%7 and interest during
construction (IDC) ccmputed on a 12-year construction cycle result in overall
capital requirements of $890.2 million in 1978 dollars.

Annual expenditures for operation and maintenance total $16.9 million,
or 2.31 mills per kWwh of net producti.n. Matorials, supplies, expenses, and
interim replacements contribute 572 ‘1.32 mills) to these costs, with staff
costs (including administration and general) at 0.83 mills and the balance
accruing to inspection fees, special insurance, and amortized decommissiowing
expenses.

3.3.5 Liquid-Metal, Fast-Breeder lLeactor (LMFBR)

The basic plant cost estimate, in 1978 dollars, for a 1390-MW LMFBR
unii, which was prepared by United Engineers and Constructors for the EEDB,Z22
was downscaled by the appropriate capacity ratio exponents to the 1250-Mw
reference size for a total of $702.9 million in direct construction costs.
Because of safety and inspection requirements, indirect construction costs
amount to $262.6 million, for a total facility cost of $965.5 million. A
project contingency at 11X was deemed reasonable for this technology, re-
sulting in a plant investment totalling $1071.7 million in 1979 dollars.
Owners' costs over the l2-year construction period are estimated at more than
$93 million, and during the lengthy period, IDC will accumuiate to 11.3% of
the cumulative subtotal, even at the reduced 'real" cost of utility capital.

Annual non-fuel operatirg expenses amount to 2.96 mills per annual
kWh of rnet production, and total $22.7 million. Materials, supplies, ex-
penses, and interim replacements account for 64%; staff, 22%; administrative
and general, 2.2%; and the balance (insurance, inspection fees, and allocated
decomissioning expenses), approximat:ly 4.8%.

3.3.6 Fusion Reactor (NUWMAK)

The direct capital costs for the maguetically confined fusion facility
presented 1in the NUWMAK report24 were adjusted to a different average labor
rate for consistency with the LWR and LMFBR deta. Unlike the procedure in
past assessments, in this assessment design allowdnces for unproven technology
appropriate for this system were incorporated in the equipment accounts to
eliminate the customary owissions in conceptual design. Direct capital costs
for the entire two-unit facility are estimated at $1.5332 biilion (in 1975
dollars) over the staged construction period of 10 years, which includes eight
years per unit with a two-year lag between construction starts. Indirect
costs for the reference system have been adjusted upward from thoce contained
in the NUWMAK report (412 vs. 35%) for consistency with the EEDB boiling water
reactor plant, and thus amount to $628.6 million. Reflecting the project
uncertainties and status of technology 'evelopment, a project contingency of
18% is applied to the subtotal for a total pleat investment of $2.551 billion.
The combination of design allowance, 1increased indirect costs and higher
contingency rate may seem to escalate the finsl ~o2st more than for the other
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technologies, but it is considered prudent for this concept. In any event,
the incremental margin would amount to bet-reen 15% and 20% of the total plant
investment, well within cost-estimating accuracy of a novel process. Owners'
costs of 9% and IDC accruals over the 10-year construction period ($389.2
million) result in a capital requirement of some $3.1395 billion, roughly 2.5
times more expensive thar the next most costly terrestrial energy investment,
LMFBR.

Annual operating and maintenance expenses for the facility were
adjusted, from the basi: NUWMAK repert, tc be $57.9 million/yr, which includes
a 2% factor of direct and indirect costs for O&M plus scheduled replacements
of other plant facilities. Total O&M costs applied to the energy output
amount to 7.29 mills per kWh, adjusted from the reference report to include
amortized decommissioning expenses.

3.3.7 Central-Station Terrestrial Photovoltaic (TP:,

Direct construction costs? are estimated to be $120.1 million (1978
dollars), and indirect construction amounts to $22.4 million, for a cumulative
tc 1 construction cost of $142.5 million. Project contingency allowances
©17.0%) of $18.5 million yield 2n installed plant cost of $161.0 million.

Owners' costs for permits, coordination, consultants, and site selec-
tion are estimated at 10.2% of the installed plant cost, or $16.4 million in
1578 dollars. The IDC, calculated on a five-year construction period, is $£..0
million in real terms, for a cezpital requirement of $186.4 million in 1978
dollars, or $863.8 per installed KW,

Or~rating expenses, 1a 1978 dollars, are $1.66 million per year,
including $567,000 in payroll and $762.00C for the sinking fund accrual of 30%
of the basic facility cosis for interim replacements. The total, at an
assumed 25% plant capacity ractor, is calculated at 3.5 mills per k¥h.
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4 COMP. . MATIVE ANALYSIS

4.1 ASSUMPTIONS AND ALTERNATIVE FUTURES SCENARIOS

4,1.1 Ascmptions of the Comparative Analysis

Three levels of comparative analysis are described in the assessment
framework (Sec. 2) and illustrated it Fig. 2.1. These levels are (1) compari-
son of characterizations, (!) side-by-side analysis, and (3) alternative
futures analysis. In this section, comparisons are made, issue by issue, at
each of these levels. Each level of analysis has associated assumptioms, and
are ordered in a hierachy: therefore, the analysis and assumptions are
cumulative as one proceeds from the lowest level (characterization comparison)
to the highest level (alternative futures analysis). Before proceeding to the
description of these comparative analyses, it is important to delineate the
assumptions used here in order to place the comparisons in proper perspective.
By assumptions we mean any important information, caveats, or baseline data
that affect the analysis.

Many assumptions were made in the course of the comparative analyses,
and to describe them all would obccure the comparisons. Therefore, the ones
uoscribed here are those that most affect the perspective of the analysis.
The description of these assumptions is handled sequentially (i.e., as part
of the characterization, side-by-side analysis, and alternative futures
analysis).

Comparison of Characterizations. These comparisons are made o2n the
basis of the parameters that define a system (e.g., capital cost, 0&M cost,
resource consumption, and <nvironmental residuals). Therefore, the charac-

terization comparison is solely dependent on the technology description. For
currentl utilized technologies (i.e., coal ard nuclear fission) most of these
prarametecs are fairly well-defined because advanced technologies represent
extrapolations of existing 3ystems, In the case ~f the newer technologies
(i.e., TPV, SP"~ fusion), in which similar technology ‘s not in operation, the
parameters represent estimaLes based on design assumptions,

The technologies selected snd characterized for these assessments are
intended to represent eiectrical supply systems that could satisfy energy
demand in the 200C-2030 era. Some of the advances in design are in limited
operation or have been demoustrated, but fcr others, only design or conceptual
information exists. The characterizations were carefully prepared so that the
analysis of each technology is internally consistent. For example, the
capital cost information presented for a technology -ncludes the cost of
environmental control systems, and the assessment of enviroanmental performance
is based on tiue same environmental contvol systems. The characterizations
were dev:loped according to an integrated procecure; therelore, characteri
zation data r2povted in this agsessment may be Jifferent from piecemeal
inforriation (e.g., capital cost, envirommental periormance) reported else~
vhere.
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Side-By-Side Analysis. The side-by-side analysis uses the characteri-
zation information with impact models to determine the impact of a technology,
and then normalizes this impact to a unit of net energy output. The determin-
ation of impact in most cases requires assumptions about the state of the

world (e economic conditions, technology penetration, other environmental
pollutants. . These assumptions were made in a nonintegrated fashion from
issue to issue. For example, in the health and safety analysis certain

baseline environmental assumptions were necessary, from which incremental
health impacts from the addition of another power plant could be determined.
The results of this type of assessment are generic, not region-specific.
The impact models are based on dose-response data derived from experience with
existing technology, and the pollution levels they indicate d¢ not necessarily
represent projections of what the impact might be from pollution by new
technologies. For example, occupational health and safety information
was developed from the most representative currernc technology, in an attempt
to predict the levels of c.cupational health and safety impact of the future
technologies. The important assumptions (e.g., key economic parameters) that
are made in each side-by-side comparative analysis are described in each
section,

Alternative Futures Analysis. Since the objective of this comparative
asgessment is to compare technologies projected for the post-2000 era, a great
number of assumptions are required. Most of these assumptions are highly

uncertain and interdependent, so that a siagle consistent set may not present
the decision miker with an adequate and consistent comparative perspective of
the future. The alternative futures analysis was chosen as a means of
providing a broader perspective of the most important parameters that describe
the future. These alternative futures perspectives represent an integrated
parametric analysis of plausible but unforecastable events, to provide a
broader picture of the comparative issues. The assumptions underlying the
alternative futures analysis constitute a set of energy supply/demand futures
Oor scenari-s.

The alternative futures scenarios describe the level of energy demand
and tne mix of energy technologies that are used to mzet this demand, given a
set of assumptions about the U.S. economy. The levels of technology deploy-
ment and economic assumptions in each scenario can be used to calculate a
comparative assessment. The scope of this assessment is limited to electrical
energy and does not d=scribe mixex of nonelectrical energy supply.

These scenarios are created from a consistent economic model so that
interdependencies betweer economic assumptione are preserved. Scenarios were
selected as a means of exploring and analyzing, not predicting, the economic
energy future. The scenaric: were selected to represent a plausible future
world, and no probabilities s-e assigned to any of them. We are not attempt-
ing to eliminate uncertainty in our choice of scenarios; in fact, by choosing
a range of scenarios we hope tu explo-- the dimensions of uncertainty more
fully, Scenarios were seiected to provide a comparative perspective on the
negative and positive aspects of demand and mixes of supply technologies in
the post-2000 era. The remaining part of this seccion will briefly describe
the procedure and th2 energy supply-demand scenarios used in the alt:rnative
futures analysi . A more detailed technical description of these scenarios is
found in a separate report .29
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4.1.2 Alternative Futures Scenarios

At a time when petroleum energy prices have ir:reased nearly tenfold in
a decade, and analysts have di fi~uiiy undcrstanding events that have already
occurred, the notion of making energy/economic forecasts well into the 2lst
century seems foolhardy.

Given the long-range perspective of the SPS (i.e., not available until
year 2000), a 50-year horizon for evaluating alternative major energy technol-
cgies (such as the SPS) is necessary. The key problem is how to reduce the
vast number of possible "alternative futures" to a few meaningful alternatives
that encompass the range of significant policy variables and unknowns without
simply creating confusion. The solution is to focus attention mainly on the
factors that may cause energy prices and demands to vary under a given set
of economic-demographic assumptions. The underlying economic analysis -- a
major research effort in itself -- was borrowed rrom the work of Ridker and
Watson.30

Most energy/economic analyses begin with some model of the relationship
between energy censumption and GNP. The simplest model, found mainly in
pre-1973 studies, was based on the observation that GNP and energy demand,
E, have tended to move closely in tandem in the U.S. for several decades. A
simple E/GNP ratio was sometimes assumed. Deeper study of the data revealed
a long-term declining trend in this ratio (see Fig. 4.1). This can be inter-
preted as a result of the economy's shift from energy-intensive primary
agriculture and materials and manufacturing industries toward services,
which add greatly to the GNP without concuming much energy.

Until 1973, energy prices were declining, on the average, so that
demand for energy presunably would have increased if it were not for the
structural changes in the economy mentioned above. After 1973, of course,
energy prices rose very shorply, The expected response in a market economy is
a further decrease in demand, together with increased supplies. The balancing
mechanism is illustrated schematically in Fig. 4.2.

A number of medium- and long-term energy/econom:c models have an
optimizing scheme (usr.ally some mathematical programming algorithm) to project
future energy costs for specified levels of demand. This procedure is classi-
fied as partial equilibrium insofar as the reverse feedback, i.e., the
dependence of GNP on energy prices, is neglected. Examples include the ETA
Model,31 the Nordhaus Model, 2 the Brookhaven BESOM Model, 33 and a dvnamic
version known as DESOM.34 All of these models assume that energy prices are
bounded by the long-term marginal costs of supply. The independence of GNP
and energy-influenced price changes can be a conveuient, although rough,
approximation If the energy sector is very small (4%) compared to the rest of
the GNP.

The ETA~MACRO3 model is another kind of general equilitrium model with
a more detailed energy sector driven by an aggregated macroeconomic model,

which includes a link between economic growth and investment, There are
several dynaric, multisector, general equ111br1um models in the literature,
ircluding Hudson-Jorgenson,3° PIES, and Gulf-SRI,38 by they are all

necessarily very complex and consequentlv difficult to use and to explicate.
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Fig. 4.2 Simplified Macroeconomic Model of the Interaction
between Energy and the Economy

Probably the long-term model that is most sophisticated in its treat-
ment of interindustry relationships and capital accumulation is the Resources
for the Future (RFF) model, developed by Ridker and Watson,30 based on a
185~sector dynamic interindustry model.3 The RFF model was selected for
this assessment on the basis of several selection criteria -- sectoral detail,
endogenous treatment of both cgpital investment and final demand, and trans-
ferable erperience in the form of existing model runs covering the desired
time frame -- 2000-2030.

Table 4.1 provides our assumptions about population, labor force, lebor
productivity, and GNP in constant (Jan. 1978) dollars. The population
figures incorporate a replacement fertility rate of 2.1 children per woman.
Although the total fertility rate is currentiy around 1.9, there is no basis

on which to assume it will remain at this unprecedented level. Moreover,
immigration -- illegal as well as legal -- will probably remain above the
400,000 pec year that is incorpcrated into these projections. Tre labor

numbers, which take into account increased {emale participation in the labor
force, somewhat earlizr retirement age, and other trends, are consistent with
the populstion figures. The GNP, derived from projections about the labor
force, participation rates, employment rates, changes in working hours per
year, and productivity growth rates, increases at an annual rate of 2.8%
between 1980 and 2000 and 2.5% thereafter. This compares with a rate of 3.1%
per year between 1970 and 1979 and 3.4%Z between 1950 and 1970. The decrease
in GNP growth is due in pert to declining productivity, attributable to the
need to divert capital into the energy sector and energy conservation. Clear-
ly, this economic scenario is only ocire of several self~consistent possibili-
ties. It pro.ably representa an vpper limit to GNP growth.

p—
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Table 4.1. RFF Model Assumptions about Population, Labor Force,
Productivity, and GNP, 1975-2025

Element 1975 1980 1985 2000 2025 2030
Population (millioms) 214 225 236 264 304 312
Labor force (millions) 95 107 111 124 139 142
GNP (billions, 1978 §$) 1754 2108 2394 3691 6449 7000

Consumpt ion 1131 1350 1451 2351 4226 -
Investment 219 304 435 426 1011 -
Government 383 403 482 742 1154 -
Exports 131 175 196 315 676 -
Imports?@ -99 ~1582 -184 =312 ~-643 -
Inventory change -14 11 14 17 27 -

4Import requirements are computed explicitly in the RFF model, making due
allowance for the cost of imported energy. Exports &re then calculated
on the basis of the long-run equilibrium assumption that international
currency exchange rates avtomatically adjust to pe-mit exports to balance
imports.

But future energy demand and prices depend not only on GNP but also on
other parameters of the economy. The key unknowns are as follows:

"o The inherent energy intensiveness of the economy, or
(equivalently) the price elasticity of demand;

® The degree of effective constraint on production of
coal and nuclear energy that will be imposed for health,
safety, and environmental reasons;

e The cost of synthetic fuels from coal and energy from
other medium- or long-term technological alternatives,
including wind, biomass, passive solar collectors,
terrestrial photovoltaic cells, SPS, and fusion.

For simplicity we have considered three alternative price elasticities
of aggregate demand for energy, namely:

H: High energy intensiveness, corresponding to low
elasticity (-0,25).

I: Intermediate energy intensiveness, corresponding
to intermediate elasticity (-0.4 for residential
and housing demand, -0.7 for industry, 0 for
feedstocks).

L: Low energy intensiveness, corresponding to high
elasticity (~0.75).
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Regarding constraints, we have selected two cases:

Unconstrained supply of coal and nuclear power,

Constrained supply, due to health, safety, environ-
mental, and other limitations on the rate of increase
of supply.

It is important to note that we have assumed domcstic production of
petroleum and natural gas, and imports of these fuels, to be strictly limited
by geological factors in the first instance and by international political
factors in the second. The combined effect of all constraints is shown
in Table 4.2,

As regards long-run supply costs, our basic assumptions (Table 4.3)
are taken trom a recent comprehensive appraisal by Resources for the Future.40

Table 4.2 Constrained Energy Supplies (1013 Bruw)
for Future Scenarios

Energy Source 1980 1985 2000 2025 2030
Petroleum
Domestic production 20.2 16.5 11.2 6.1 5.1
Net Imports 18.0 18.0 18.0 18.0 18.0
Total 38.2 34.5 29.2 24,1 23.1
Natural gas
Domest ic gas 19.4 17.6 12.0 5.6 4.3
Net Imports 2.3 3.0 3.0 3.0 5.0
Total 21.7 20.6 15.0 8.6 7.3
Coal
Direct 14.9 19.2 21.1 22.0 28.2
Converted 0 0 8.5 20.8 25.0
Total 14.9 19.2 29.74 47.88 51,32
Nuc lear 3.0 5.0 15.0 14.5 15.4
Hydro 3.2 3.2 3.3 3.5 3.5
Geothermal 0 0 1.0 3.0 3.5
Solarb 0 0 1.1 6.4 7.5
Shale 0 0 5.0 18.3 21.0
Total Consumption §1.0 82.5 94.3 126.2 136.6

40r other ‘ombinations with the same total.

bpassive solar collectors or hot water and seasonal space
heating in suitable applications,
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Table 4.3. Assumed Long-Run Costs per
Million Btu (1978 §)

Coal gasification

$3.17 for conversion
+ $0.97 for distribution

Shale o1l

$4.67 for extraction
+ $1.90 for refining and distribution

"Alternatives" (e.g., passive solar, wind, etc.)

$9.00 standard case, or
$4.50 "decentralized" case, assuming a cust
breakthrough

Electricity

$7.33 for crnversion from coal
$8.96 for mveirsion from nuclear fuel

Source: Ref. ¢

Not: that two price cases for "alternative sources" were considered. The
higher ($9/10% Btu) is consistent with continued dependence on centralized
electric or gas utilities. However, the lower-price case {$4.50/10® Btu)

would presumably lead to .wore decentralized energy production. Two scenarios
of the latter type are considered.

The procedure for quantifying scenarios is outlined briefly as folliows.
First, from the assumed GNP growth rate and assumed price elasticitiecs of
demand, a set of projections of alternative energy (E) to GNP ratios car be
derived, as shown in Fig. 4.3. De*ailed demands by each of 185 sectors of the
economy are computed from in input-output model for this economic scenario,
assuming fixed prices.30 Next, demands for specific fuel types are generated,
and a supply-demand balance is computed for each of six scenarios, repre-
senting combinations of the levels of price elasticity and comnstraints, as
follows: UH, UI, UL, CH, CI, CL. The supply-demand balances are displayed in
Fig. 4.4 (2000) and Fig. 4.5 (2030).

The next step was to calculate the energy prices (for each primary fuel
and for electricity) that would match supply and demand in each year. Adjust-
ment lags of unkrown length make this calculation approximate. The final
steps involve recomputation of total demand, by sector, for the revised energy
prices; recomputation of total E and E/GNP; and reiteration of the whole
sequence until convergence is achieved.

Our baseline scenario is the constreined case with an intermediate
value of price elasticity (designated CI). This choice reflects our belief
that conctraints on production growth are likely to continue, rather than
abate; that the intermediate value of elasticity is more likely than either cf
the extremes; and that the higher cost level ($9.00/106 Btu) is more realistic
for "alternative sources' than the tower cost ($4.50/106 Bru).
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In only one case -- the unconstrained, high-energy-intensiveness
scenario (UH) -- does the economy of 2030 depend on electricity wore than it
does at present.

In all other cases, the use of electricity can be expected to declin2
in relative importance, at ‘east after the year 2000. In Fig. 4.6 electrifi-
cation is plotted as a percentage of net energy use in the economy, for
three representative scenarios.

It is noteworthy that the foregoing resu'te are qualitatively dependent
on most of the detailed supply/demand price projections. The calculated
supply-demand balances are shown graphically for all scenarios for the years
2000 and 2030 in Figs. 4.4 and 4.5. Price projections for all scenarios are
displayed graphically in Figs. 4.7-46.10 for oil, gas, coal, and electricity,
respectively. Nuclear fuel prices for light water reactors and LMFBRs are
shown in Table 4.4. As expected, energy prices rise much faster 4nd higher in
the 'constrained' scenarios than in the unconstrained cases.

Table 4.5 shows a comparison of the six comparative assessment scenar-
ios and projections updated by the Energy Information Administration.*4l The

28—

/‘"’u:‘o

% Elecric

8
8
]
o —
¥

Fig. 4.6. Tlectrification as a Percentage of Net
Fnergy Use: Thre¢ Scenarios

*Supply assumptions and costs for uranium were developed separately but are

consisteit with the rest of the calculations.
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Table 4.4 Nuclear Fuel Prices (1978 $/106 Btu)
for Future Scenarios

Light Water Reactor LMFBR
Year UR, UI, UL CH, CI, CL All Scenarios
1980 0.62 0.62 a
1985 0.67 0.76 a
1990 0.71 0.81 a
2000 0.72 0.86 0.64
2010 0.79 0.95 0.65
2025 0.89 1.12 0.67
2030 0.93 1.17 0.68

8LMFBR introduction assume] between 1990 and 2000.

Table 4.5 Electrical Generation in Comparative Assessment
Scenarios and Two Other Projections (109 kwh)

EIA® (1995)

Energy 1978 Annual EPRID Comparat ive Assessment (2000)
Source Report (2000) UH Ul UL CH CI CL
Coal 2549-3163 3396 1922 1300 738 563 9] 1010
0il 130-85 390 126 126 126 126 126 126
Gas 42~17 0 126 126 126 126 126 12¢€
Nuclear 978-1215 2795 3010 1621 1223 893 970 970
Hydro 327-323 395 320 320 320 320 320 320
New 96-76 164 106 106 106 106 106 106
Total  4122-4879 7140 5610 3600 2640 2134 2610 2660

8Source: Ref. 41.
bSource: Ref. 42,

comparative assessment scenarios fall within the range of those reported by
EIA (with the exception of the nuclear/coal distribution) but lower than the
EPRI projections. We do not feel that the comparative assessment scenarios
are any better or worse than the EIA or EPRI scenarios, just different.
However, we feel that the comparative assessment scenarios are plausible,
representative, and useful for alternative future comparisons.

Table 4.6 shows the total installed capacity and new baseload construc-
tion for the six acenarios. Since the total capacity and additions were not
substantially different for several of the scenarios, only the three most
representative scenarios (UH, UI, and CI) were selected for comparative

analysis. These ceses represent the range of energy growth in the six
scenarios. Tables 4.7-4.9 report the cumulative capacity for each technology
for the three scenarios with and without SPS. These capacity levels will

serve as the basis for the comparative analyses reported in subsequent
sections of this report.
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Table 4.6 Total Installed and New—-Construction Baseload Capacity
(1000 MW) for Six Comparative Assessmant Scenarios

UH Ul UL CH CI CL

Year Total New Total New Tctal New Total New Total New Total New

1980 202 63 202 63 202 63 202 63 202 63 202 63
2000 906 231 536 140 364 91 288 47 402 63 364 91
2015 1344 382 570 114 359 58 385 184 398 100 358 58
2030 1772 417 586 173 335 78 503 80 378 110 335 718

Table 4.7 Energy System Deployment (GW
of Capacity) for Scenario UH
with and without SPS

Year
Technology 1980 2000 2015 2030
With SPS

Coal 155 354 395 460
LWR 47 508 546 534
LMFBR 0 44 175 312
TPV 0 0 36 72
SPS 0 0 150 300
Fusion 0 0o’ 42 94

Total 202 906 1344 1772

Without SPS

Coal 155 354 470 584
LWR 47 508 574 628
LMFBR 0 44 210 375
TPV 0 0 36 72
SPS 0 0 0 0
Fusion 0 0 54 113

Total 202 906 1344 1772
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Table 4.8 Energy System Deployment (GW of
Capacity) for Scenario UI with
and without SPS

Year
Technology 1980 2000 2015 2030

with SPS
Coal 155 238 166 70
LWR 47 263 208 169
I FBR 0 34 81 125
e 0 0 24 48
SPS 0 0 75 150
Fusion 0 0 16 24
Total 202 5.5 570 586
Without SPS
Coal 155 238 181 109
LWR 47 263 227 177
LMFBR 0 34 111 195
TPV 0 0 24 48
SPS 0 0 0 ]
Fusion 0 0 27 57
Total 202 535 570 586

Table 4.9 Energy System Deployment (GW of
Capacity) for Scenario CI with
and without SPS

Year
Technology 1980 2000 2015 2030
With SPS
Coal 155 224 121 24
LWR 47 157 116 75
LMFBR 0 22 79 124
TPV 0 0 18 36
SPS 0 0 50 100
Fusion 0 0 14 19
Total 202 403 398 378
Without SPS
Coal 155 224 135 30
LWR 47 157 130 94
LMFBR n 22 92 169
TPV 0 0 18 36
SPS 0 0 0 0
Fusion 0 0 23 49
Total 202 403 398 378

e



4.2 COST AND PERFORMANCE

4.2.1 Introduction

The comparison of projected energy costs for alternative technologies
is a prime consideration in the selection of programs for further research and
development. The basic energy costs of the SPS and other technologies are
described in Sec. 3.3. The goal of these cost analyses is to produce an
objective comparison using consistent data and assumptions. These comparisons
were performed with an internally consistent and traceable data base that was
developed for this assessment. In addition, wany assumptions were made in
performing the cost comparisons reported in this section. Therefore, the
absolute numbers reported here are intended only for the present comparison,
should not be compared to assessments or energy cost studies reported else-
where.

Different costing methods, assumptions, or base data could affect
the calculations substantially so that comparability to other studies is
not possible without a detailed knowledge of technology costing and the
differences in assumptior: and data that exist between studies. However, the
goal of this study was not to produce information that is directly comparable
in detail to other studies, but rather to be internally consistent, so that
this cost compaiison would be useful in decision making concerning the rela-
tive economic viability of SPS.

The comparative cost analysis conducted in this assessment was a
multistep process. These steps were assembled into an evaluation framework
so that the numerous analytical steps could be performed in an orderly
progression. Figure 4.11 shows the sequence of steps in the evaluation
framework.

The results of four of these steps are discussed in other sections
of this report: the SPS and the six alternative technologies are charac-
terized in Sec. 3; the cost characterization, which includes capital and
operation and maintenance data, is described in Sec. 3.3; and the alter iative
future energy supply-demand scenarios, which include SPS implementation rates,
are described in detail in Sec. 4.1.

The next section uf this report (Sec. 4.2.2) will begin with a descrip-
tion of the cost uncertainty that exists in the base data that is reported in
Sec. 3.3 for all of the technologies. The uncertainty in fuel price projec-
tions that resulted from the alternative futures scenarios will be reported in
Sec. 4.2.3. Section 4.2.4 contains comparative cost information standarized
to levelized annual costs for all technologies. The comparative cost informa-
tion described in Sec. 4.2.4 was subjected to sensitivity analyses, which are
discussed in Sec. 4.2.5. Finally, an uncertainty analysis of the comparative
costing approach was conducted, and this analysis and its implications for any
future comparisons are discussed in Sec. 4.2.6. This cost comparison section
ends with some summary statements regarding the status and conclusions of the
analysis.



69

—_— .

TECHNOLOGY CAPITAL & coSsT UNCERTAINTY
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Fic. 4.11 Cost and Performance Evaluation Framework

4.2.2 Uncertair:y in Capital Cost Ranges for SPS and Alternatives

Capital costs of technologies that have not yet been developed are
highly uncertain and depend in part on the commitment male to, and the results
of, future R&D efforts. At this time the estimated ranges of capital costs
for the SPS and the other advanced technologies are large. Significant
uncertainties also exist in the projected cost of energy from current or
conventional technologies. Capital costs for electric generation technologies
to commence operation in the year 2000 are highly uncertain. Accurate projec-
tions of costs in that era, even for technologies that are in commercial
operation today, are still difficult. Consideration of factors that con-
tribute to the range of estimated costs is necessary for a valid pairwise
comparison of technologies, and these factors have been included in the
following analysis and assessment.

There are many parameters that could be factored into the estimation
of capital cost uncertainty, but we have chosen to aggregate the capital

cost uncertainty into the following three factors that we feel represent the
major unc2rtainties:

1. Uncertainty about future costs of materials, supplies,
and labor necessary to construct power plant facilities;

2. Uncertainty about the future requirements and associated
costs of envirommental and satety equipment; and

3. Uncertainty about the capability of technologies to
perform as conceptualized,

The uncerfainty associated with fuctor 1 was generally accounted .or
through an analysis of the Handy-Whitman Index%3 of public utility construc-
tion costs, which is widely used as a '"benchmark” index by the electric
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utility industry. It is here referred to as a benchmark since it is derived
not from actual project construction costs, but rather from a periodic
sampling of a market basket of over 50 standard commodities and components
used in conventional utility plant construction. The market basket contents
have not been updated significantly in many years, so that the index more
closely tracks a lower bound of cost increases. Thus, the Handy-Whitman
Index doss not appropriately account for technological or regulatory cost
increases, as is typified by the added cost of sulfur-removal or nuclear-
safety requirements imposed by le¢;islation in recent years.Aa

However, this index does measure the nominal real cost increases
in power plant construction. The lack of revision in commodity mix is
judged not to be a serious problem, since the mix of added environmental and
safety eguipment and personnel in post-i970 plants is the same as that of the
plants overall.

Over the 30-year period 1948-1978, the Handy-Whitman Index has in-
creased in real terms (relative to the GNP deflator) at an average compound
rate of 1.52 per year. For the period 1948-1978, increases were about 1% per
year, while for the period 1968-1978 increases averaged over 2% per year
relative to the GNP deflator. The analysis of the Handy-Whitman Index indi-
cates that the compound annual real cost increases exhibited over the past 10
years are 1.5% per year for coal and 2.0% per year for nuclear.

Information on factor 2 was derived from construction cost information
assembled over the past decade. Although the available data contain the cost
estimates of actual construction projects, these estimates are for a wmix of
plant sizes. However, the data indicate approximately a 101 per year real
increase early In the period, with the rate of increase tapering cff to
about 7% per year more recently. These rates of real escalation are due
primarily to added safety regulations and environmental controls that have
been imposed over this period; no time-related factors are included. The
easing of these rates in more recent years is a result of attempts to con-
solidate and simplify the existing regulations and of a decrease in the
escalation rate due to new regulstions. Although these rates may ease
even more in the future, it is also pocsible that they may continue to be
quite substantial. Thus, continuing rates of 5% and 61 per year have been
assuned as a high range of escalation for the coal and nuclear technologies,
respectively.

Factor 3 uncertainties are based on judgments about the technical
uncertainty surrounding an advanced technology. Since this is a comparative
assessment, these numbers were derived from a range of estimates reported for
each technology or from uncertainty in the technology definition.

Low, nominal, and high capital costs were derived for each technology,
using the three factors just described. The uncertainties for each technol-
ogy, at the low, nominal and high cost levels, are summarized in Table 4.10.

A factor of 1.3 was applied to the combined-—cycle system and one of
1.35 to the LMFBR system. For the combined-cy:le alternative, the gasifier
elements make up the major technological uncertainty and also compose 30X of
the nominal plant costs. It has been assumed that this component might
increase in cost by as much as 100{. For the LMFBR, two recent estimates
provided by United Engineers anc Constructors show plant costs to vary by 35X.
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An uncertairty factor of 5.0 was apnlied to the 1978-dollar costs of
the SPS system. This value is equivalent to a factor of 4.6 applied to the
year-2000 base construction cost and was estimated from varioun cost ranges
recently documented in the SPS literature.45,46 During 1976 and 1977,
several independent study teams gave cost estimates that ranged from a low
$1400 per kilowatt to a high of $6000 per kilowatt.

A recent ECON report4’ points out the sensitivity of the probability
distribution of a cost to a change only in the solar cell assumptions of the
Rockwell International design.8 Bv a change in assumptions, the spread of a
total cost distribution for the first theoretical unit was increased from a
high/low ratio of 2 to one of 4, In an article on SPS costs,48 Glaser dis-
cusses the SPS prire tag and cost distributions. He states that the cost of
producing the second 5-GW SPS may range from $8 to $35 billion, with a median
cost of $14 billion.

Little informatioa is available from which a possitle range of costs
for the terrestrial photovoltaic system can be derived. A reasonable assump-
tion, however, is that this cost range should lie somewhere between the
range of the combined cycle or LMFBR and that of the SPS. Since most of the
uncertainty results from technical unknowns related to solar cell technology,
and in light of ECON's results4’ concerning the possible impact of cell
costs on SPS, a factor of 4.0 was assigned.

A combined factor, used to derive the high, year-2000 bounds of
capital costs, was thus taken to be the product of the high multiplicative
factor and the uncertainty factor for the appropriate technology option. The
resultant combined factor was then multiplied by the 1978 base costs to arrive
at the upper bound estimate.

An examination of the ratio of h:yh to low year-2000 capital cost
estimates resulting from these assumptions shows a reasonable consistency with
the level of current knowledge and state of developwent apparent for each
technology. This ratio varies from a value of 2.11 for conventio—~al coal
systems to come on line in the year 2000, to 4.58 for the SPS in the same
period. Table 4.11 summarizes the year-2000 capital cost ranges used in the
analysis,

4.2.3 Fuel Price Projections

Background and Methodology. Projections of aiy type - -tending far into
the future involve many uncertainties that are amplified w.en that forecast
attempts to define energy supply, demand, and costs. Energy sector uncertain-

ties arise in three principal areas: (1) Puture energy policy decisions,
reflecting actions and reactions between producers and consumers, are not
predictable. (2) The ultimately recoverable reserves of energy resources

cannot be precisely defined and, similarly, the rate of improvement in produc-
tion or efficiency for developing technologies such as photovoltaic cells
cannot be rigorously determined. (3) The price elasticity of energy substitu-
tion in the total economy is not fully known, and therefore assumptions must
be made about the adaptability of GNP to varying components of gross energy

supply.




Table 4.11 Capital Cost Ranges for Technical
and Regulatory Uncertainty ($/%xW)

Costs Coal LWR cG/cc LMFBR TPV Fusion SPS
1978 Costs (Nominal} 549 712 690 1037 B4l 2378 3340/3079
2000 Costs
Low 647 886 813 1291 713 2378 3139/2874
Nominal 762 1100 957 1603 1057 3677 3646/1362
High 16CS 2566 2623 5048 4229 ? 16,698/
15,398
Cost Ratios:
2000 Low/1978 Nowminal 1.18 1.24 1.18 1.24 0.87 1.00 0.94/0.94
2000 Nominal/2000 Low 1.18 1.24 1.18 1.25 1.45 1.55 1.16/1.16
2000 High/2000 Nominal 2.11 2.33 2.74 3. 14 4,00 ? 4,58/4.58

Possible future scenarios (described in Sec., 4.1) were defined by
assuming certain values for key unknown parameters and by following an inter-
nally consistent computational pathway. Reasonable boundary assumptions were
made concerning the key unknowns, which established the range of v:lues within
which most plausible futures will fall.

The long-run costs of fuel (primary energy) are, in part, predicated
on OPEC maintaining petroleum prices just below the long-run costs of pro-
ducing substitutes from oil shale or coal. The cost of synthetic natural gas
from coal was projected from a non-fuel cost of $3.17/10% Btu plus 1.25 times
the cost of coal per 106 Btu (to allow for the 80X efficiency estimated tor
the gasification process) plus an assumed $0.97/10% Btu for transmwission and
distribution. Similarly, the long-run cost of natural gas was deterained to
be equivalent to its alternative —-- high-Btu gas from ccal. Finally, the
long-run cost of electricity was based on non—-fuel capital costs for the
projected coal/nuclear ratios, assuming generation from oil and natural gas
phased out and modest improvements in conversion efficiency between now and
2030. .

Fuei Price Paths. The lorg-run costs dictate the price of electricity,
but the cost of other energy forms can differ when there are supply con-—
straints. Qi1 prices are estimated to increase at a rate that maintains OPEC
production more or less at constant levels, and, at a relatively inelastic
demand, OPEC could seek increased prices because of constraints on coal and
oil shale. However, if the price shculd reach $9.20 per 106 Btu, it is esti-
mated that large quantities of low—level solar thermal energy could become
economically attractive,40 free of the environmental conrtraints affecting the
development of other resources. Natura! gas prices essentially follow the
pattern of oil prices and are get so thar remaining resources are produced
before higher-cost gas from coal or substitutes such as solar enter the
market. In scenarios featuring low elasticities (energy-intensive GNP), the
rate of price increases is high, and particularly so when supply constraints
affect coal production,

The price of coal is expected to increase from $1.15 to $1.38/15° Btu
between 198U and 1985 because of impacts from the Surface Mine Control
and Reclsmation Act of 1977 and the possible continuation of decline in
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productivity. Beyond 1985, new federal leases of land with high-quality coal
will keep prices constant until 2000, with modest increases thereafter to
reflect increased long-run costs resulting from rapid production increases
when the supply is not constrained. If the supplies are constrained and the
price-demand elasticity is moderate or low, prices increase above the iong-run
costs untii demand is dampened to the required level,

Uranium prices, for convenience, are assumed to differ only between the
constrained and unconstrained scenarios. The rationale is that future supply-
demand conditions of the world-wide market, not local markets, will deter: ine
prices.

Projections. Three scenarios were used to measure a range of possible
fuel prices and supplies. They are:

UH: An unconstrained scenario wheveln energy price elas-
ticities of demand are low (-0.25) and the energy/GNP
ratio is therefore relatively ccnstant. The uncon-
strained scena~io is defined as possessing controls at
about the level that existed in 1970,

UI: An unconstrained scenario wherein the energy price
elasticities of demand are moderate (~0.7 for indus-
trial fuel use, -0.4 for all other fuel uses and Q0 for
feedstock use).

CI: A constrained scenario wherein the energy price elas-
ticities of demund are moderate, as in UI. The con-
straints imposed are based on environmental, health, and
safety aspects of coal and nuclear fuels and serve to
restrict rapid expansion of production. Petrcleum and
natural gas are constrained only by world market
conditions,

The delivered costs of fuels as projected by the RFF mode130 are
shown in Table 4.12 and graphically displayed in Fig. 4.12 for the period
1980 to ?030. For comparison, the ..<I Technical! Assessment Guide49 gives
coal price estimates of between $2.00 and $2.40/10% Btu, depending on the
consuming and supply regions. Ouv unconstrainec price trajectory for LWR
fuel agrees very closely with the EPRI projection until 2000, after which EPRI
does not project LWR fuel costs. 'i.e corresponding UjOg prices for the
unconstrained and constrained scenarios are shown in Fig., 4.13,

4.2.4 Cost Comparisons

The comparative costs reported in this section were calculated by the
revenue-requirements (RR) method used by utiliiies and prescribed by regula-
tory &gencies. Levelized life-cycle costs were calculated by a comstant-
dollar revenue-requirements method similar to the approach recommended by the
Electric Power Research Institute (EPRI) for the analysis of generating costs
of alternative technologies.50 The important assumptions of this method
will be briefly described here; a detailed description of the methodology is
provided in the EPRI report.>0

e

1
,4‘
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Table 4.12 Fuel Cost Projections (1978 $/10% Btu): Delivered
Prices for Three Scenarios, 1980 to 2020

Study Period

Scenario and

Energy System 1980 1985 1990 2000 2010 2025 2030
UH
0il 5.75 6.49 6.49 6.79 7.13 7.65 7.82
Natural Gas 2.45 3.11 4.60 5.87 6.10 6.29 6.36
Coal 1.15 1.38 1.38 1.38 1.55 1.73 1.78
LWR Nuclear 0.62 0.67 0.71 0.72 0.79 0.89 0.93
LMFBR - - - 0.64 0.65 0.67 0.68
U1
0il 5.75 6.49 6.49 6.49 6.49 7.65 8.04
Natural Gas 2.45 3.53 4.60 4.60 4.60 5.98 6.44
Coal 1.15 1.38 1.38 1.38 1.48 1.66 1.72
LWR Nuclear 0.62 0.67 0.71 0.72 0.79 0.89 0.93
LMFBR - - - 0.64 0.65 0.67 0.68
[94
0il 5.75 6.49 6.49 7.33 8.21 9.55 10.00
Natural Gas 2.45 3.53 4.60 6.59 7.10 7.87 8.13
Coal 1.15 1.38 1.66 2.17 2.68 3.45 3.71
LWR Nuclear 0.62 0.76 0.81 0.86 0.95 1.12 1.17
LMFBR - - - 0.64 0.65 0.67 0.68

Annual revenue requirements for an investment wili normally vary from
year to year over the life of the investment, but as a mea.s of developing a
single overall cost metric, the varying annual revenue requirements are
converted to an equivalent stream of constant (levelized) annual revenue
requirements. Equivalency is established by equating the present worth of the
varying annual revenue-requirements stream with the present worth of the
congtant annual revenue-requirements stream. The revenue requirements are
made up of the capital (i.e., return on equity, interest on debt, and depre-
ciation) and operating costs (i.e., income and property taxes, fuel, operation
and maintenance, and insurance).

Capital and operating costs usually proceed over the plant life as
described in Fig. 4.14, The levelized annual revenue requirement (LARR)
is arrived at by the following equation:

B
1 n
n=1 Fn (1 + D)
LARR =

3 )

n=1
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REVENUE REQUIREMENT (DOLLARS)

LEVELIZED ANNUAL
REVENUE REVENUE
REQUIREMENT REQUIREMENT

OPERATING
COSTS

CAPITAL
COSTS —
[
COMMERCIAL BOOK
OPERATION TIME LIFE

Fig. 4.14 Typical Patterns of Costs and Revenue Requirements

where:

R, = revenue requirements in year n,
D = discount rate (weighted average cost of capital), and

B = book life.

A discount rate consistent with financial assumptions is needed for the
present worth and levelizing calculations. Most electric utilities use their
own weighted average cost of capital z£a the discount rate for making these
calculations. The weighted average cost of capital is composed of the appro-
priate fractions of preferred stock, common stock, and bonds multiplied by the
corresponding rates of return required in the marketplace.

In general, observed market rates of return reflect the investor's
expectation of future general inflation plus some premium known as a 'real"
rate of return. The GNP deflator was used to estimate the historic inflation
and to adjust the current-dollar rates of return to obtain real rates of
return. In the comparative analyses, annual and levelized revenue require-
ments were calculated in inflation-free or "constant" dollars. A 1978 dollar
value was used as the constant-dollar basis. Hence, only the '"real' part of
the discount rate should be used. Future prices of goods were expressed in
the 1978 values, and increases higher than general inflation were added to

these prices.

Base capital structure and eccnomic assumptions typical of privately-
owned utilities are used in the analysis and are summarized in Table 4.13.




79

Table 4.13 Base Capital Structure and
Economic Assumptions

Capital Structure

Debt 502 Interest 2.02
Common Stock 352 Return 7.5%
Preferred Stock 152 Return 2.5%
Discount Rate 42
Fed. Income Tax Rate 462
State Income Tax Rate 42
Ad Valorem Taxes 2.52
Piant Book Life 30 yr

Variations in base capital structure and interest rates were examined as part
of the analysis. Reasonable variations did not significantly affect the
relative ranking or cost differential of technologies.* No investment tax
credits were applied in this analysis because these politically determined
incentives have had a history of frequent change. Current regulations are
considered to be applicable only to the analysis of near-term projects.

Table 4.14 reports the levelized energy cost for the two SPS reference
designs and the six alternative central station systems. These energy costs
were calculated by using the capital cost ranges reported in Sec. 4.2.2, the
fuel prices generated by the alternative futures scenarins, and the cost
characterization information reported in Sec. 3.3. Figures 4.15-4.17 display
the cost ranges for each of the scenarios for the six technologies and two SPS
reference designs. Some sensitivity calculations using these numbers as a
basis are described in the next section,

4.2.5 Cost Sensitivity Analysis

Several cos: assumptions were made in the comparisons presented in the
previous sectior, and a few of these assumptions were tested to determine
their effect on the cost comoarisons. The first sensitivity analysis was made
on the plant capacity factors. Baseline capacity factors for the technologies
were: SPS, 90%; LWR, LMFBR, and coal, 70%; fusion, 70%; and TPV, 25%. The
relationship between capacity factor and energy costs is shown in Fig. 4.18,
in which energy costs are plotted for the constrained scenario and nominal
ccst values. Generally speaking, the more capital-intensive the technology,
tue more sensitive it is to the capacity factor. The TPV curve is steeper
than the others, mainly due to the fact that the scaling for this technology
is much smaller and therefore the incremental change in capacity factor is
much larger.

*These variations included higher real interest and return rates of 5%, 5.5%
and 10.22 for bonds, preferred stock and common stock, respectively Nebt co
equity ratio variation was also examined at 702 bonds, «0%Z common e%.,ck, and
102 preferred stock to bracket most utility financial configureti.ninr con-
sidered reasonable.
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Fig. 4.15 Levelized Energy Cost Ranges for Scenario UHP

%No upper limit of the range for fusion could be determined.

bynconstrained scenario, no significant restrictions on coal or nuclear power.
There are relatively low prices and high energy demand. The price elasticity

of demand is -0.25.
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Fig. 4.16 Levelized Energy Cost Ranges for Scenario urd

8No upper limit of the range for fusion could be determined.

bUnconstrained scenario, no significant restrictions on coal or nuclear power.

This is consi‘ered the most likely unconstrained scenarin, with moderate
price elasticity of demand. Industrial fuels are -0.7, all other fuel uses
are -0.4, and chemical feedstock elasticity is 0.0.
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Fig. 4.17 Levelized Energy Cost Ranges for Scenario Cl®
3This constrained scenario represents a continuation and augmentation of
current regulatory trends affecting emissions, health, and safety. The
energy price elasticities of demand are moderate, and this is considered the
most likely situation if constraints are maintained.
4
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The second parameter th/. was investigated in the sensitivity analysis
was the implementation rate for the satellite power system. Thre reference
design scenario for the implementation of the SPS is to build 60 5,000 MW
satellites over a 30-year period. As was pointed out in the scenario descrip~
.ion of this report, this number of satellites may not be feasible if the
demand for energy is not adequate (e.g., in the unconstrained intermediate or
the constrained intermediate supply/dewand scenarios). Table 4.15 shows the
change in cost with different building schedules for both the silicon and the
gallium aluminum arsenide reference systems. The table shows the total
capital cost per unit as a function of three different schedules. The first
schedule entails building 60 units over a 30-year period, and the other
schedules are 30 and 20 units, respectively, over a 30-year period, a substan-
tial reduction in the commitment to SPS. The increase in unit cost is less
than 4X as the implementation rate decreases. However, this may be a result
of tha accounting system, rather than a real estirste, because the SPS
base costs were derived under the assumption of a matur¢ industry.

The third cost parameter that was examined for sensitivity to compara-
tive costs was the set of economic or financial assumptions that were made in
order to calculate energy costs. The baseline economic assumptions were
reported in Table 4.13. Figure 4.19 shows the relative technology cost ranges
and percentages for bonds, stock, and preferred stock returns on investment
for the baseline assumptions and two other sets of assumptions. As shown in
the figure, the cost range of each of the technologies varies slightly with
different asesumptions, but the overall comparative cost position does not
change at all.

Table 4.15 Effect of Reduced SPS Implementation Rate on Costs:
Nominal Average Unit Costs (106 1978 §)

No. of SPS Units, No. of SPS Units,

Unit Cost Silicon Reference System GCaAlAs Reference System
Component 60 30 20 60 30 20
Direct 11,073 11,073 11,073 10,035 10,035 10,035
Indirect 464 464 464 464 464 464
Investment 1,093 1,324 1,555 1,093 1,324 1,555

Subtotal 12,630 12,861 13,097 11,592 1,823 12,024
Cont ingency 2,020 2,058 2,095 1,855 1,892 1,929
Owner's Cost 439 448 455 404 411 420
Interest During

Construction 684 745 758 670 685 697

Total 15,7173 16,112 16,400 14,521 14,811 15,100

X Increase Base 2.1 3.8 Base 2.0 4.0
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4.2.6 Comparative Cost Uncertainty

Previous sections cf this report have compared the costs of the SPS and
alternative rechnologies through ar analysis of possible capital and fuel cost
ranges. These ranges of c.pital and fuel cost uncertainty have resulted
in substantial overiap in total generating costs for all of the energy tech-
nologies. The degree of overlap in these cost comperisons is large because
the comparisons were made from independent data bases and have not taken into
account the correlation between state-of-the-world variables (e.g., the cost
of labor) and these independent estimates. In addition, the cost estimates
for capital and fuel cost were developed deterministically, by including upper
and lower bounds as # means of dealing with uncertainty.

In this section of the report, the question of uncertainty in technolo-
gy cos: comparisons is discussed in a probabilistic framework. This approach
to cost comparison is primarily a method using historical data, and informa-
tion used in other sections of the report was prepared to indicate the results
of such an approach to uncertainty. The methodology was applied to a com-
parison between coal and the SPS but is equally relevant to comparisons
between any technologies.

To illustrate the focus of the probabilistic cost comparison between
coal and nuclear, consider the relationship between the cost of energy from
coal technology vs. that of the SPS. Figure 4.20 illustrates the relation-
ships for a fixed set of cost parameters and input assumptions. The typical
levelized cost of electricity from coal is generally shown to increase in
real terms because of increased cosl costs. On the other hand, the cost of
electricity from the SPS would not be expected to increase so rapidly, because
it does not stem from a depleting resource base. Conceptually, the levelized
cost of these two technologies should intersect somewhere in the future.
There is no way of telling in what year the intersection wil! occur. Much

LEVELIZED ENERGY

SPS 7"“:
|
£Z
: cOAL I
3 |
-
% |
(@)
I
|
i |
1980 1990 7

Fig. 4.20 Comparison of Coal and SPS Energy Costs
with Fixed Parameters and Inputs
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depends on the supply and use of coal. Figure 4.20 iz only a hypothetical
and simplistic illustration of a complex relationship, and it is not expected
that the levelized cost of energy from these technologies would follow such
straight line projections.

The uncertainties in the cost of energy from coal are dominated by
uncertain fuel costs, whereas the uncertainties in *the cost of energy from the
SPS are dominated by technologically uncertain fixed costs. The approach in
this probabilistic analysis was to focus only on these two dominant variables
(other uncertainties were ignored in this analysis) and to treat the costs as
random variables; to determine a cost probability distribution for each of
the technologies for any particular year; and to combine them to develop a
probability distribution for the differences in energy cost between the

technologies. First, the coal probability function will be described, along
with its ties to historical data, and then the foundation for SPS cost
uncertainty will be discussed. The resultant combined probability function

will then be shown for a few parameters.

Coal Price Relationships. Figure 4,21 chows a plot of constant-dollar
coal prices from 1950 through 1977. From 1950 to 1968, the real cost ef coal
declined by 1.2% per year, mainly due to decreased use because of substitution
by oil and gas. After 1968, the real cost of cozl rose sharply (1iXZ per
year), and this could be attributed to the passage of mine safety regulations

4+
Index
numbars
2+
‘ _ . 1%/year
increase
—
—1.2%/year
1 . 1 I i 1
1950 1955 1960 1965 1970 1975
Year

1,

Fig. 4.21 Coal Prices (Constant Dollars)




89

in 1969 and the increased use of coal. Coal prices fluctuated around these
mean increases and decreases, with the average fluctuation between 1950 and
1968 being 3.5 and that between 1968 and 1977 being 142, The trend and
fluctuation in coal prices in the future is uncertain. However, it is
unlikely that the trend will be similar to either of the two shown in Fig.
4.21. More probable are some moderate real increases in coal prices (less
than in the volatile period from 1968-1977) with fluctuation similar to that
in the period from 1950 to 1968 (i.e., 3.5%). The range of average price
increases for coal, as described in the supply/demand futures analysis, is
shown in Fig. 4.22. The figure shows that the average real increases in coal
price ranged from 2.42/yr to 0.87%/yr for the constrained intermediate case
and unconstrained high case, respectively. 1In approximately the same period
of time (i.e., 1964~1977), electrical equipment prices declined 1.52/yr, with
a 1.7% fluctuation. Similarly, construction costs increased 1.9%/yr with 2.6%
fluctuation, and transportation and utility labor rose 1.6%/yr with a 3.0%
fluctuation.

The price of coal in any particular year (Y.) can be related to that
of another year (Y,) through a series of factors.

Let:

Ye = Yo (1 # 0+ ) (1 +p+0p) .00 (1 +p+N)

where:

Y, = constant dollar amount, year O,
Yy = constant dollar amount, year t,
U = mean rate of increase,

N = independent random variable with mean 0 and
standard deviation o.

Examples of 1 and ©

u(2) a(X)
Coal prices, 1950-1958 -1.2 3.5
Coal prices, 1968-1977 11 14
Electrical equip. prices 1964-1977 -1.5 1.7
Construction cost 1564-1977 1.9 2.6
Transportation and utilicy labor 1964-1977 1.6 3.0

This expression gives the price of coal in, say, the year 2000, but in
reality, that figure is the levelized cost of coal. Thus the cost of coal
for every year over the whole period of operation of the coal plant must be
weighted by a discount factor so that the random variable is not just the
price of coal in the year 2000 but the levelized cost of coal for the whole
period. The equation for the levelized cost of coal, regarded as a random
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Fig. 4.22 Real Cosl Price Increases

variable, for a plant that operates between the year t' and the year t, is as
follows:

t k t
Yeoe' =¥ 2 (1 -a)k M (1 + u+ng) Y (1 -oa)k
k=t '+1 i=1 k=t '+1

where:

Y = the levelized cost of coal over the period t - t',
k = no. of years in the period, and

1 - a = discount factor.

Figure 4.23 shows the distribution for levelized fuel cost and level-
ized capital charge for a 22 average growth with 4% fluctuation per year and a
real discount rate of 4%. A normal distribution is plotted in dotted lines to
show the slight skew of this distribution, The skewed distribution has a long
tail on the high side, which is important because the high side of the coal
distribution will be important in the comparison to SPS.
\

SPS Price Relationships. 1In the case of the SPS, the dominant uncer-

tainty factor is technical uncertainty, since there is no economic experience.
The SPS is made up of a number of subsystems that were broken up into six
categories: energy conversion, space construction and support, power trans-
mission, transportation, rectenna, and other. A typical prcbability distribu-
tion for the cost that one might expect for each of these subsystems is shown




by the triangular distribution in
Fig. 4.24. A skewed distribution was
considered representative, because
more factors seem to be left out than
extra ones included at the early
developmental stages of an advanced
technology, since a design can never
be complete 20 years in advance or
before the technical problems have
been solved.

What is needed, in realicy, is
a cost distribution for the SPS. How-
ever, to assemble a subsystem cost
distribution 1like that illustrated
in Fig. 4.24 requires the considera-
tion of correlation* in the cost
components, which means that several
subsystems would fall into the high
cost range because of the same
factors. SPS subsystems are probably
highly correlated in some areas and
highly uncorrelated in others. For
example, energy conversion is heavily
dependent on the manufacturing cost
for solar cells, which is very
dependent on fuel cost. That would

Probability
c_iensity
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a= .04
u = 02
o= 04
Yo= 10 milts/kwh

1 . ] »
milis/kwh
Levelized Fuel Cost
{ a = .04
| u = .02
o - 04
Yo= 8 mills/kwh
1 FO | i
8 1 111 b
milts/kwh

Levelized Capital Charge, Cosal Plant

Fig. 4.23 Distributions of Levelized
Fuel Cost and Levelized
Capital Charge of a Coal
Plant
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Fig. 4.24 Typical Cost Distribution for Advanced Technologies

*A more detailed discussion of the correlation effects can be found in Ref. 2,

pp. 70-72.
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correlate with transportation. On the other hand, solar cell production
depends on the manufacturing sector (not strongly fuel dependent), and this
would be uncorrelatad with transportation. If the subsystem cost components
were completely correlated, the resulting distribution would look like the
triangular figure in Fig. 4.25. If the components were completely uncor-
related the resulting distribution would look like the normal distribution in
that figure. Since the SPS components are partially correlated, the distribu-
tion for the entire system starts out as a triangle and probably ends up
something like the smooth distribution shown in Fig. 4.24 (dotted line). A
distribution like this was obtained for the SPS, with 20% of the area to the
left of the modal value and 80X to the right. This assumption was based on
the earlier discussion that component projections for advanced technologies
err more on the high side than on the low side. The resulting analysis could
be performed using other distributions. This assumption is consistent with
the capital cost range developed in Sec. 4.2.2,

Probabilistic Cost Comparisons Between Coal and the SPS. The main
problem in comparing the coal and SPS cost diatributions is to establish the
size of the overlap between the two technologies. Again, developing a cost
distribution for the difference between these technologies is dependent on the
degree of correlation of cost elements between coal and the SPS. The correla-
tion was tested and found to be unimportant, because the two tachnologies stem
from such radically different bases.

The goal of this probabilistic analysis is to determine the probability
that the cost of electricity from the SPS will equal that from coal, and the
time at which this might occur. Figure 4.26 gshows 1X, 10%, and 20X probabil-
ity curves for the difference in generating cost between coal and the SPS.
For example, the slope of the 20X curve indicates that there is a 20% prob-
ability that the SPS will cost the same as coal in the year 2018. Similarly,

P’

4 Y uncorrelated
Probability 18,

density g; '}

completaly

/ correlated

L
| “Ctesepygg

mills/kwhr

Fig. 4.25 Distributions of the Sum of Cost Elements
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there is a 20X probability that the cost differential will be around 16
mills/kWh in the year 1990. This curve was plotted for the constrained
intermediste coal price increases (2.4% real per year) and a 31 fluctuation.
A real 4% discount rate was used. Curves similar to those in Fig. 4.26 were
calculated for other coal price increases and fluctuations, but the results
are no more representative than those shown in the figure. It should be
pointed out that the probabilistic results were obtained using nominal values
for coal and the SPS and only show the conceptual probabilistic differences.
The exact numbers plotted in Fig. 4.26 are illustrative and should not be used
as hard conclusions, because changing some of the assumptions (e.g., SPS cost
distribution, coal price rise and fluctuations) could change the results
sudstantially.

A, Mills/kwh

16
15~ A= 30 Year Levelized
14 - Generation Cost Difference
13 | (SPS - Coal)
12 - P(A) = Probability That A
11 - Will be Less Than
10 - Ordinate Value®
o |- Pla)=10%
8 ——
7
6 |- P(A) = 20%
5}-
3
2 r
1 pu—
o 1 1
1890 2000 2010 2020

Year of Technology implementation

85 p(A) value of 20% is the highest curve that can be calculated
from the SPS cost-uncertainty curve assumed in this study, i.e.,
with 202 of the probability distribution to the left of the
modal cost.

Fig. 4.26 Probability Curves of SPS Costs Equalling Coal Costs
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4.3 HEALTH AND SAFETY*

4.3.1 Introductigﬂ

The evaluation of health and safety risks is of high priority in the
assessment of alternative energy systems because of the increasing U.S. demand
for energy as well as societal concern regarding the risks associated with
energy technologies. Ideally, health and safety evaluations sum all risks
associated with each system under comparison. However, this sort of evalua-
tion is not currently feasible because of uncertainties surrounding system
designs and risk estimates. In addition, an evaluation based solely on a
summing of impacts would obscure the differences b-tween energy systems that
result from different societal perceptions of '"acceptable" risks, which are
important considerations for the policymaker.

This secticn describes an assessment taxonomy and results of the
comparison of health and safety impacts from six energy systems: the SPS; a
light water fission reactor system without fuel reprocessing (LWR); a low-Btu
coal gasification system with an open-cycle gas turbine combined with a steam
topping cycle (CG/CC); a liquid-metal, fast breeder fission reactor system
(LMFBR); a central-station, terrestrial photovoltaic system (TPV); and a
first generation fusion system with magnetic confinement.

Two levels of analysis are included in this assessment: the unit
health and safety risks associated with 1000-MW average electrical generation
for each technology and the cumulative risks of alternative scenarios with
different electrical generation technology mixes for the period 2000 to
2030. It must be stressed that the results described in this section are
based on highly uncertain factors, and therefore the numbers are subjective;
they should not be taken as strictly quantitative, but can provide only a
qualitative view of the future.

4.3.2 Methodology

Assersing the health and safety risks of each technology required
three major tasks: detailed characterization of each phase of the system
as a basis for identifying the major health and safety issues associated
with each of those phases; analysis of the magnitude of risk associated
with each identified issue; and accumulation of risks by technology, by
category of risk, and by generation scenario. Figure 4.27 illustrates this
process and identifies the technology system activities and major sources of
risk considered.

Detailed descriptionss’52 of alternative, year-2000 baseload generation
systems were compiled on a consistent basis for comparison as part of the
larger SPS Concept Development and Evaluation Program. The design for the
coal system wlth low-Btu gasification was based on an SO; emission factor of
0.2 1b S0,/10% Btu of gas, or 0.326 1b 50,/106 Btu of coal. Load factors of

*The contents of this section are primarily a summary of results in K2f. 51, R
which includes a more comprehensive list of basic references.

L.
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Fig. 4.27 Components of Comprehensive Health
and Safety Impact Analysis

702 were assumed for the coal, fission, and fusion systems, 90X for the SPS
systems, and 26 for the centralized terrestrial Ehotovoltaic systems.
Silicou photovoltaic cells at an array cost of $35/m* were assigned to the
solar energy systems.

From the technology characterizations and other related information, we
identified all lnown, potentially major health and safety issues that could
be unambiguously defined and discussed. Each segment of the energy cycle was
considered, including component fabrication, plant construction, fuel extrac-
tion and processing, operation and maintenance, and waste disposal. The
health and safety risks of system storage or utility system back-up were not
included for any of the systems.

Compared to the more conventionsal coal and fission technologies,
the advanced solar and fusion technologiey present a tradeoff of reduced
fuel requirements but higher initial capital and construction requirements.
Furthermore, the industries producing the energy systca components in turn
require certain commodity inputs (e.g., cupper mining to produce electrical
equipment), and the risks associai.d with the production of these indirect
requirements must be considered in the overall risk analysis, as shown in
Fig. 4.28. Input-output tables based on the 1972 U.S. economic structured3
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SITE DIRECT CONSTRUCTION SITE DIRECT
LABOR FATALITY & PDL - OCCUPATIONAL
REQUIREMENTS INCIDENCE RATES RISKS
DIRECT COMPONENT INDUSTRY SECTOR DIRECT INDUSTRY
PRODUCT!ON - FATALITY & PDL OCCUPATIONAL
REQUIREMENTS ($106) INCIDENCE RATES RISKS
r
NATIONAL INDIRECT COMPONENT INDUSTRY SECTOR INDIRECT INDUSTRY
ECONOMIC - PRODUCTION #~  FATALITY & PDL - OCCUPATIONAL
170 TABLES REQUIREMENTS ($106) INCIDENCE RATES RISKS

Fig. 4.28 Procedure for Computation of Occupational Impacts of Direct
and Indirect Construction and Component Production

were used to obtain these indirect output requirements for the various
categories of industries. The associated occupational fatalities and person-
days lost from non-fatal accidents and diseases were then determined from
historical data’4 for each of the categories of direct and indirect energy
producers.

The analysis of health and safety risks of the remaining phases of the
energy cycle was based primarily on adaptation of available literature. (See
Ref. 51 for full literature citation.) Whenever possible, a quantitative
estimate of fatalities and person days lost was made. Although these measures
do not define the total adverse impact of a health and safety issue, they do
provide a means for comparison between technologies and categories of energy
cycle activities. )

A range of impact estimates is included in each quantification, re-
flecting the uncertainty associated with the magnitude of impact. In addition
to the quantitative measure of uncertainty, issues identified for each system
were classified according to qualitative uncertainty categories, as indicated
in Table 4.16. Included is a category for those identified potential health
and safety issues for which it was not possible to provide any meaningful
quantification. Lack of inforwscion, such as dose-response relationships at
low-dose levels, siting patterns, populations exposed, and uncertainties
regarding the probability of event occurrence and the characterizations of
advanced technologies limited the estimation of risk magnitudes for these
issues to qualitative discussion of potential severity or possible mechanisms
for occurrence of the event.

For the unquantified or high-uncertainty category 3, the risks were
further evaluated as being of potential significance (risk category A, poten-
tially more than 0.01 fatalities/1000 Mw-yr) or of low significance (risk
categ.ry R, potentially fewer than 0.0l fatalities/1000 Mw-yr).
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Table 4.16 Uncertainty Index for Health
and Safety Issues

Uncertainty Risk
Description Index Evaluation
Causal relationship and
impact levels relatively 1 Quantified
well established (e.g., Range
coal mining accidents)
Eatablished but poorly
quantified causal rela- 2 Quantified
tionship (e.g., ionizing Range
radiation)
Cauge-effect association
established but extremely 3 Qualitative
variable impact level esti- Range

mates (e.g., ground water
pollution, catastrophic
events)

The risks resulting from electricity generation differ among the
technologies not only in the magnitude but also in the manner in which impacts
occur. These distinctions affect societal perceptions of the acceptability of
each risk and need to be preserved in the analysis. Catastrophic events
constitute a prime example of the need for categorization. Because of the
engineered low risk of occurrence for these events, the number of expected
deaths per year, averaged over the lifetime of the plant, may be lower than
that from more probable low-impact events, but the public perception of the
significance of these potential events may critically affect the viability of
a technology. The various impact categories utilized in the analysis are
listed in Table 4.17.

4.3.3 Discucsion of Results

The results of the quantitative risk analysis are summarized in
Table 4.18 and Pigs. 4.29-4.31. A detailed analysis of each issue considered
is provided in Tables 4.19-4.23. The major unquantified issues are listed in
Table 4.24, The following is a discussion of major features from those
results.

Occupational Risks of the Construction Phase. For each unit value of
direect industrial output required to supply components for each of the energy
systems, an additional indirect in the range of 0.5-0.9 units from cther
industries is required. This significant requirement for indirect industrial
output regults in a significant addition to th: average number of occupational
fatalities per unit of component production, as illustrated in Fig. 4.29. The
combined direct and indirect fatalities per unit of component requirement is
within the same ranje for all the technologies, and, as a result, the total
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.able 4.17 Categorization of Health
and Safety Issues

Issue Category

Affected Population Public
Occupational

Impact Period Intermediate Term (Component
Production, Plant Construction)
Long Term (Plant O&M, Waste
Management)
Short Term (Catastrophic Events)

Impact Cause Accidents
Chemical Pollutants (Toxic,
Carcinogenic)
Radiation (Ionizing, Nonionizing)

Impact Severity Fatalities
Person Days Lost (Nonfatalities)

component requirement per 1000 MW of generation is the overriding factor in
determining risk of component production. The total component production
risks, combined with on-site construction risks, are shown in Fig. 4.30 and
illustrate the higher construction—-phase risk of the terrestrial solar and the
fusion technologies, which is due to the more capital-intensive nature of
these rechnologies. The terrestrial photovoltaic system requires nearly
20 units of component production at 200-MW peak capacity and 262 load factor,
and the SPS requires extensive ground and space facilities to construct and
maintain the orbiting satellites.

Although not shown, similar results are obtained for the number of
work days lost. For this parameter, more disaggregated data on risk levels
are available for individual industrial categories.

Occupational Rieks of the Operation and Maintenance Phase. The total
quantified risk of fatality, averaged over an assumed 30-year lifetime, is
shown for each technology in Fig. 4.31. Quantified risks of operation and
maintenance (0&M) are largest for the coal technology, primarily due to the
risks of accidents and illness during coal mining. A major uncertainty in
estimates of mining risk derives from uncertainty in the long-term effect of
recent regulations for reducing the levels of dust in coal mines. Additional
O&M occupational risks of energy production from coal .- related to rail
transport of the coal, accidents in the coal processing and electrical genera-
tion plants, and exposure to potential carcinogenic emissions from the coal
gasification process. The estimate for the risk from potential in-plant
gasification emissions (0.0-0.2 fatalities/1000 MW-yr) is based on the
estimated number of workers in the plant and on historical data from pilot
plants with limited control measures.’> Approximately 70-80% of the O&M
risks of the fission systems are related to conventional occupational hazards,
and the remaining 20-30% are due to low-level radiation exposure, the impacts
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of which are uncertain. The OUM occupational risks of the advanced fusion,
SPS, and centralized terrestrial photovoltaic systems have no histo.ical basis
and are projected from conventional risk levels for exiatir? similar occupa-
tions and estimates of the number of O&M employees required. »32

Public Risks of the Operation and Maintenance Phase. The largest
O&M-phase public risks quantified for this study are thogse related to the coal
technologies, and these are almost entirely due to coal transport accidents
(0.8-1.9 fatalities/1000 MwW-yr) and ai. pollutants (4.6-75 fatalities/1000
MW-yr). The estimates for air pollutant impacts include long-range transport,
and the urcertainty range is based on a 602 confidence level for incidence
rates of health effects (adapted from Ref. 56). It should be noted that a
similar procedure using 901 confidence ievels for air pollutant dose-response
gives a range including zero impact. Low levels of public impact (less than
0.1 fatality/1000 MW-yr) can be attributed to normal 0&M of the fission and
fusion systems, and these impacts are primarily due to low-leve! radiation,
which has a high uncertainty level. The quantified public impacts from O&M
for the SPS and the TPV system are negligible.

Unquantified Health and Safety J-sues. In contrast to the apparent
willingness of the public to accept known limited risks of energy systeas,
recent experience with light water fission systems indicater that perceivea
major risks that are less quantifiable or predictable may restrict or com—
pletely halt energy system deployment 1if sdequate assurances of very low
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Table 4.24 Summary of Potentially Major but Unquantified Issues

Solar Technologies (TPV, SPS) Nuc lear Technologies (LWR, LMFBR, Fusion)
Exposure to Cell Production System Failure with Major Public
Emissions Exposure to Radiation
Hazardous Waste From Disposal or Occupational Exposure to Chemically
Recycling of Cell Materials Toxic Materials during Fuel Cycle
Chronic Exposure of Large Diversion of Fuel or By-product for
Populations to Low-Level Military or Subversive Uses (LWR,
Microwaves (SPS only) LMFBR only)

Space Vehicle Crash into Urban *iquid Metal Fire (LMFBR, Fusion only)

Area (SPS only)

Exposure to Rocket Exhaust

Emissions from HLLV (SPS only)
Coal Technologies

(None Identified)

impact probability cannot be given. For this reason potentially major, but
unquantified, risks should be given prominence comparable to the quantified
risks discussed above. Table 4.2/ is a listing of potentially major (Category
A) but unquantified issues identified for the six technologies considered.

Estimates of expected health and safety impact levels have been
developed for certain catastrophic events (i.e., events with low probability
of occurrence but high impact per event), in particular, for fission reactor
systems.115 However, these impacts were not included as quantified issues
in this study because of inherently high uncertainties associated with pre-
dicting occurrence rate and impact per occurrence. Furthermore, averaging
expected catastrophic impacts over plant lifetime does not indicate the full
significance of these potential events. The issues of potential diversion of
fission fuel for weapons use and the potential for a crash of a SPS space-
transport vehicle into an urban area are also included in the potential
catastrophic event category. Through engineered safeguards, the probability
of occurrence of these events can be reduced to very low levels, but essen-
tially zero probability is very difficult if not impossible to achieve at
reasonable cost.

A further important distinction concerning unquantified issues is
whether the potentially affected persons are part of the general public
or are workers producing or operating the system. Issues in the latter
category (e.g., emissions from solar cell production, emissions of toxic
materials from the fission system fuel cycle, liquid-metal fire hazards in the
LMFER and fusion systems) affect a well-defined group, i.e., occupational
workers, and those impacts can be more easily monitored and mitigating actions
implemented. In contrast, impacts from low-level microwave radiation, if they
exist, may be difficult to identify because of their potentially small and
subtle effects on a large exposed group.
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In general, the better-defined technologies (e.g., CG/CC, LWR) have a
greater number of quantifiable risks and fewer unquantifiable risks. The
opposite is true for the less-defined technologies (e.g., fusion, SPS). Table
4.24 does not attempt to rank the unquantified issues, although, for example,
potential radiation release from fission is expected to be greater than that
from fusion.l0

Cumulative Risks From National Energy Scenarios. A further perspective
on the significance of relative technology risks is provided by Fig. 4.32,
which indicates the range of annual occupational risks for scenarios of energy
production in 2000-202( with and without the SPS system. A nearly constant
total electrical energy generation is assumed in this period for the scenarios
(Table 4.25). The SPS units were assumed to operate at the design load factor
of 90%. However, because of the large SPS unit size (5000 MW), it is assumed
that because of reliability requirements, the overall capacity, including
conventional technologies, is the same for the SPS scenario as for the non-SPS
scenario in which the overall load factor was assumed to be 702. In the SPS
scenario, the non-SPS technologies serve in part as back-up for the SPS and
operate at less than 70X load factor.

Because cf high construction and manufacturing impacts, the SPS
scenario has a higher initial value for the mean occupational health and
safety risks. By 2020, in this scenario, these occupational risks have
dropped to nearly the same values as those for the non-SPS scenario.

80 — (ZIWITH SP3

R WITHOUT SPS

FATALITIES

ol 1 | l |

2000 2005 2010 2015 2020

YEAR

Fig. 4.32 Annual Occupational Fatalities from Construction and
0&M in Baseload Scenarios with and without SPS
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Table 4.25 Scenario Baseload Capacities and Electrical Genera%tion

. Total
Capacity (GW) Generation
Year LWR CG/CC LMFBR SPS TPV Fusion Total (GW-yr)
2000 263 238 34 0 0 0 535 kY
2020 (SPs) 199 145 96 100 29 19 578 405
2020
(No sPS) 213 159 140 0 29 37 578 405

The addition of quantified public risks to the occupational riske in
Fig. 4.32, in particular those from coal, would favor the SPS scenario with
redu:ed conventional generation. However, the unquantified risks to the
public in Table 4.24 restrict the delineation of definitive conclusions
related to total scenario risks.

Conclusions. Under the assessment taxonomy and the assumptions
described in this report, the coal technology appears to have the largest
overall quantified risk of the various systems considered, primarily due to
coal extraction, processing and transport, and air pollution, although large
uncertainties remain in the actual effect of the air pollution. On the other
hand, no additional issues were identified for the coal system that are
potentially major but remain largely unquantifiable. Quantified risks from
the remaining technologies (fission, fusion, SPS, and centralized TPV) are
comparable within the range of quantified uncertainty. The occupational
risks for component production, both direct and indirect, are a substantial
fraction of the total risk, in particular for the advanced, capital-inten::ive
solar and fusion technologies.

O0f potential major significance for public acceptance of new energy
systems, but not included in the quantification,. is the possibility of
catastrophic incidents that exist for the fission and fusion systems. Unique,
unquantified possibilities of catastrophic incidents also exist for the SPS,
in relation to the use of microwave transmission of energy and extensive space
travel.

4.4 ENVIRONMENTAL WELFARE EFFECTS

4.4.1 Introduction

Several types of effects from envirommental degradation that are not
directly related to public or occupational health and safety will be referred
to as environmental welfare effects, since they concern the well-being of
individuals. For example, deterioration of building materials from S0,
emissions, reduced crop vroductivity due to water pcllution, and aesthetic
impacts such as plumes from stacks and cooling towers are considered. This
evaluation of coal (conventional coal and CG/CC), nuclear (LWR, LMFBR, and
fusion), and solar (TPV and the GaAlAs version of SPS) systems identifies the
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extent and severity of these welfare effects and develops a set of priority
effects that require more in-depth analysis. Specifically excluded from this
category are effects on health and safety, natural biological systems,
resource depletion (including direct land and water use), and social and
economic dislocations. Conditions following accidents were also not included
in this study.

The sequencell® for determining the environmental welfare effects of
each energy technology begins with an examination of the various activities
involved in each fuel cycle, starting with the extraction of the resource and
extending to the delive-y of electricity to a utility grid. These activities
result in environmental impacts such as noise and air and water pollution. In
turn, the environmental impacts could result in welfare effects such as
property damage, climatic change, interference with other activities, and
aesthetic disturbences. This activity-impact-effect chain is illustrated in
Pig. 4.33. The structure is used for categorizing the impacts and effects
of the various activities in the fuel cycle.

The physical envirommental impacts and their effects caused by the

various activities associated with selected coal, nuclear, and solar tech-
nologies are listed in Tables 4.26-4.32.

4.4.2 Comparative Impacts

The velfare effect of each energy-related activity is examined in the
context of the additional burden imposed on a community by that activity.
Typical facility sizes -- for a mine, processing plant, or power plant --
are used 'shenever possible as a basis for determining local welfare effects
(the assumed facility sizes represent current opinion regarding the most
likely unit sizes to be constructed in the near future). The welfare effects
are not scaled to a cowmon metric, such as cost or impact per 1,000 MW of
electrical capacity. Use of a common metric tends to obscure informition
because of the need to introduce various assumptions in converting impacts to
a single unit of measure. The approach used in this assessment takes into
account the fact that small, dispersed power plants often have smaller local
welfare effects than would a large centralized facility, even though the
quant ity of emissions per megawatt of electricity generated may be smaller for
the larger facility and the larger facility could more easily be sited in an
isol.ated area. At the same time, it is recognized that many minor impacts may
have a cumulative impact that could equal or exceed a major impact from a
single, large facility. Other assumptions that underlie this analysis
ar:e that all activities use advanced pollution control technology representa-
tive of newer facilities and that facilities operate routinely (that is,
'‘without accidents).

The environmental welfare impact of each activity was quantified by
the magnitude of some physical effect (e.g., noise level), and its capacity
to be mitigated was evaluated. It is thought that this approach provides a
qualitative judgwent that reflects the more recent trends in emissions and
anticipated effects. Direct comparison between technologies tends to obscure

the welfare issues associated with each energy technology and was therefore
avoided.
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Table 4.26 Welfare Effects of a Conventional Coal Fuel Cycla®

Envirommental Impact

Activities Involved

Welfare Effecte

Air Pollution

Atzospheric Changes

Themmal Discharges

Water Pollution

Water Use

Solid Waste

Land Use Disturbance

Electromagnetic
Disturbances

Ionizing Raediation

Noise

Aesthet ic
Disturbances

Mining
*rocessing
Transpertation
Power generation

Power generation

“ower generation

Mining
Processing
Powetr generation

Mining
Processing
Power generation

Mining
Processing
Power generation

Mining
Processing
Transportation
Power generation
Transmission

Tranemission

Power generation

Mining
Transportation
Pover generation
Trensmission
Mining
Proceasing
Trensportation
Powar generation
Transmission

Emissions of SO; and NOy from power generation can
lead to acid rainfall, whick can reduce crop yield and
yield and remove lskes or rivers from commeicial or
recrestional use. Emissions of 50 and particulates
can cause or auygwent material dsmege and reduce crop
yields. Secondary particulates can impair visibility.
bility.

Injection of lsrge amounts of COj and other green—
house gases into the stwosphere msy promote global
verming, with effecte on precipitation, agricuiture,
ax1 ocean levels. Particulate emissions may also play
a minor role in climatic change.

Cooling tower operation cen increase local fogging
and 1.°1g, with 2ffects on visibility, traffic, and
convenience for nearby residents. Cloud and precipi-
tation augmentation is possible but should be minor,
with little elfect on crop productivity.

Discharges of acids, dissolved solids, suspended
solids, and other chemicals can degrade drinking water
supplies, contaminste waterways, lower crop productiv-~
ity because of r~idified irrigation or ground water,
and reduce commercial and recreational use of streams
and lakes.

Mining can disrupt water flow patterna. Cooling needs
during power production require extensiv: smounts of
water if evaporstive systems are used. Both impacts
can conflict with downstream and competing uses.

Demand for disposal sites can be increased. Land
use, value, and productivity can be reduced by over-
burden ind refuse from wmining and processing, ash and
scrubber vastes, and by hazardous trace metals from
coal.

Surface mining and power generstion (waste dispossl)
remove land from alternate usep; reclaimed land may
be less productive agriculturslly than before mining.
Subsidence of land over underground mines can reduce
land values; damage crops, buildings, and livestock;
rupture pipes; and disrupt drainage. Coal processing
Lan contaminate and lower value of surrounding land.
Transportation and tranemission land requirements are
significant and limit other uses of the land.

High intensity magnetic fields around transmission
lines can cause radio and TV interference in fringe
reception areas.

Small quantities of redioactive materials are emitted
during coal) combustion. Welfere effects of these
emissions, which are unce :ain, include effects of
long-term exposure of crops and livestock to radiation.

Welfare impacte of noise generation from most coal-
related activities are relatively minor due to the
remote locations of the operations. Audible hum from
high-voltage transmission lines may occur.

Visual impects will occur from wmines, tailing piles,
power plents, stack plumes, and transmission co.ridors.

®Main sources include Refs. 116-124.
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Table 4.27 Welfarc Effects of a Light Water Reactor Fuel Cycle?

Envirommental Impact

Activities Involved

Welfare Effect

Air Pollution

Thermal Discharges

Water Pollution

Water Use Cnanges

Solid Waste

Land Use Disturbance

Electromagnetic
Disturbances

Ionizing Radigtion

Noise

Aesthetic
Disturbances

Mining

UFg production
Enrichment

Fuel fabrication
Transportation
Power generation
Reprocessing

Enrichment
Power generation

Mining

Milling

UFg production
Enrichment

Fuel fabrication
Power generation
Reprocessing
Mining

Power generation
Enrichment

Mining

Milling

UFg product ion
Fuel fabrication
Mining
Enrichment
Reprocessing
Decomiss.oning

Transmission

Mining

Milling
Ccnversion
Enrichmen:

Fuel fabrication
Power generation
Reprocessing
Mining

Power gereration
Transmission

Mining
Power generation
Transmission

Fluorine and sulfuric acid emissions could damage live-
stock, grazing land, and crops. Other air polluténts
are emitted from coal plants, which may be used to
supply process power.

Cooling tower operation can increase local fogging and
icing with effects on visibility, traffic, and conven-
ience for nearby residents. Cloud and precipitation
augmentation is possible, but should be minor, with
little effect on crop productivity. The same effects
would be possible from power generation for uranium
enrichment fecilities. Nuclear power parks would re-
lease muct more heat than single power plants, with
increase. welfare effects.

Procesrs effluents can on occasion degrade drinking
water suppiies; degrade irrigation water, impairing
crr~: growth; and reduce ccamercial and recreastional
use.

Mining operations can disrupt water flow. Ccoling needs
during power production require exteusive amounts of
water if evaporative systems are used; uranium enrich-
ment also has significant water requirements. All three
impacts camn conflict with downstream uses.

Release of trace elements into terrestrial ecosystems
may locally reduce crop productivity. Lateral and up-
ward movement of leachates may contaminate root ing
zones of otherwire produ-tive cropland.

Agricultural use of reclaimel wirzs may be less pro-
ductive. Exclusion zonec aro. =d enrichment and rve-
processing plants remove lzad ‘rom other uses, whereas
burial of nuclear wastes aay reinove all further use of
land involved.

High intensity magn:tic fields around transmission lines
can cause radio and TV interfereice in fringe-reception
aress.

Low-level radiation 2missions could act as an extremely
low-level mutating agent tor crops and livestock. Know—
ledge of a “hreshold level for adverse effects from
ionizing radiation is uncertain.

No major effects. High-voltage transmission lines
create a barely audible hum,

Aesthet ic degradation due to mines, cooling tower
plumes, transmission corridors.

8y, in <ources include Refs. 20, 116, 117, 120, 125-129.
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Table 4.28 Welfare Effects of a Coal-Gasification/
Combined-Cycle Fuel Cycle?

Environmental Impact

Activities Involved

Welfare Effects

Air Pollution

Atmospheric Changes

Thermal Discharges

Water Pollution

Water Use

Solid Waste

Land Use Disturbance

Electromagnetic
Disturbances

Ionizing Radiation

Noise

Aesthet ic
Disturbances

Mining
Processing
Transportation
Power generation

Power generation

Power generation

Mining
Processing
Power generation

Mining
Processing
Power generation

Mining
Processing
Power generation

Mining
Processing
Transportation
Power generation
Transmission

Transmission

Power generation

Mining
Transportation
Power generation
Transmission
Mining
Processing
Transportation
Power generation
Transaission

Emissions of SO, and NO, greatly reduced by CG/CC
compared to the conventional cosl-fuel cycle. These
emissions do contribute to acid rainfall, which can
reduce crop yield and remove lakes or rivers from
commercial or recreational use. Emissions of SO; and
particulates can cause or sugment material damage and
reduce crop yields. Secondary particulates can
impair visibility.

Injection of large amounts of CO; and other green-
house gases into the atmosphere may promote global
warming, with effects on precipitation, agriculture,
and ocean levels. Particulate emissions may also
play a minor role in climatic change.

Cooling tower operation can increase local fogging
and 1icing, with effects on visibility, traffic, and
convenience for nearby residents. Cloud and precipi-
tation augmentation is possible but should be minor,
with little effect on crop productivity.

Discharges of acids, dissolved solids, suspended
solids, and other cheseicals can degrade drinking
water supplies, contaminate waterways, lower crop
productivity because of acidified irrigation or
ground water, and reduce commercial and recreational
use of stresms and lakes.

Mining can disrupt water flow patterns. Cocling
needs during power production require extensive
amounts of water if evaporative systems are used.
Both impacts can conflict with downstream and
competing uses.

Demand for disposal sites can be increased. Land
use, val.« aud productivity can be reduced by over-
burden au. refuse from mining and processing, ash
and scrubber wastes, and by hazardous trace metals
from coal. Ash wastes are about 251 less than those
for the conventional coal fuel cycle.

Surface mining and power gencration (waste disposal)
remove land from alternate uses; reclaimed lend may
be less productive agriculturaliy than before mining.
Subgidence of land over underground mines can reduce
land values=; damage crops, buildings, and livestock;
rupture pipes; and disrupt drainage. Coal process-
ing can contaminate and lower value of surround-

ing land. Transportation and transmission land re-
quirements are significant and limit other uses of
the land.

High intensity magnetic fields around transmission
lines can cause radio and TV interference in fringe
reception areas.

Small quantities of radioactive materials are emitted
during coal combustion. Welfare effects of these
emissions, which are uncertain, include effects of
long-term exposure of crops and livestock to radiation.

Welfare impacts of noise generation from most coal-
related activities are relatively minor due to the
remote locations of the opecations. Audible hum from
high-voltage transmission lines mav occur.

Visual impacts will occur from mines, tailing piles,
power plantg, stack plumes, and transmigssion corridors.

%Main sources include Refs. 15, 116-124, 130,

L e S
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Table 4.29 Welfare Effecta of a Liquid-Metal,

Fast-Breeder Reactor Fuel Cycled

Environmental Impact

Activities Involved

Welfare Effect

Air Pollution

Thermal Discharges

Water Pollution

Water Use Changes

Solid wWaste

Land Use Disturbance

Electromagnetic
Disturbances

lonizing Radiation

Noise

Aesthetic
Disturbances

Fuel fabrication
Transportation
Power generation
Reprocessing

Power generation

Fuel fabrication
Power generation
Reprocessing

Power generation

Fuel fabrication

Rerrocessing
Decomissioning

Transmission

Fuel fabrication
Power generation
Reprocessing

Power generation
Transmission

Power generation
Transmission

Air pollutants are emitted from coal plants
which may be used to supply process power.

Cooling tower operation can increase local
fogging and icing with effects on visibility,
traffic, and convenience for nearby resi-
dents. Cloud and precipitation augmentation
is possible, but should be minor, with little
effect on crop productivity. Nuclear power
parks would release much more heat than
single power plants, but such parks would
probably be sited in lightly populated areas.

Process effluents can on occasion degrade
drinking water supplies; degrade irrigation
water, impairing crop growth; and reduce
commercial and recreational use.

Cooling needs during power production require
extensive amounts of water if evaporative
systems are used and can conflict with down-
stream uses.

Small releases of trace elements into terres-—
trial ecosystems may locally reduce crop
productivity.

Exclusion zones around reprocessing plants
remove land from other uses, whereas burial
of low-level nuclear wastes may remove all
further use of land involved.

High intensity magnetic fields around trans-
mission lines can cause radin and TV inter-
ference in fringe-reception areas.

Low-level radiation emissions could act as an
extremely low-level mutating agent for crops
and livestock. Knowledge of a threshold
level for adverse effects from ionizing radi-
ation is uncertain.

No major effects. High~voltage transmission
lines create a barely audible hum.

Aesthetic degradation due to cooling tower
plumes and transmission corridors.

4Main sources include Refs. 23, 110, 116, 120, 131-133.

LW
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Table 4.30 Welfare Effects of a Terrestrial

Photovoltaic Fuel Cycled

Environmental Impact

Activities Involved

Welfare Effects

Air Pollution

Atmospheric Changes

Water Pollution

Water Use

Solid Waste

Land Use Disturbance

Electromagnetic
Disturbance

Noise

Aesthetic
Disturbances

Mining
Manufacturing
Construction
Transportation

Solar Collectors
Mining
Manufacturing

Mining
Manufacturing
Construction
Mining
Manufacturing

Mining
Solar Collectors
Transmission

Transmission
Transmission

Mining
Transmission

Solar cell manufacturing may produce toxic
emissions -- exact emissions and welfare
effects arc vaknown. Environmental prob-
blems from fugitive dust from mining and
construction could occur -- welfare effects
are not expected to be as severe as those
of toxic emissions.

Negligible effects on climate likely.

Water pollutants generated by conventional
mining and manufacturing activities could
degrade drinking water supplies and cause
reduced commercial and recreational yield
in affected waters.

Mining of materials could disrupt aquifers
and bodies of water; impacts unknown.

Mine tailings and residuals from photo-
voltaic cell manufacturing could increase
demand for disposal sites. Toxic manufac-
turing wastes could reduce productivity
and usefulness of land to some degree.

Mining operations and solar collector sites
remove large parcels of land from alternate
uses. Post-mining agricultural use of
reclaimed areas may be less productive.
Large solar collector sites could require
relocation of homes, roads, and right-of-
ways and inconvenience persons having to
drive around an area that they formerly
could drive through.

Power transmission can effect fringe TV ari
radio reception.

No major effects. High voltage transmis-
sion lines create a barely audible hum.

Mining activities and transmission lines
would have visual impacts.

®Main sources include Refs. 9, 134-140.
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Welfare Effects of a Satellite Power System Fuel Cycle®

Environmental Impact

Activities Involved

Welfare Effects

Air Pollution

Atwospheric Changes

Thermal Discharges

Water Pollution

Water Use

Solid Waste

Land Use Disturbance

Electromagnet ic
Disturbance

Microwave Radiation

Noise

Aesthetic
Disturbances

Lasunch and recovery
Mining
Manufacturing
Construction
Transportation

Launch and recovery
Rectenna

Launch and recovery
Rectenns

Mining
Manu facturing
Launch and recovery

Mining
Manufacturing
Construction

Launch and recovery
Mining
Manufacturing
Launch and recovery

Mining

Launch and recovery
Rectenna
Transmission

Launch and recovery
Satellite

Microwave power
transmission
Transmission

Rectenna

Launch and recovery
Transmission

Mining
Satellite
Transmission

Solar cell manufacturing and rocket launches may pro-
duce toxic emissions -~ exact emissions and welfare
efZects are unknown. Environmental problems from
fugitive dust from mining and construction and spills
of rocket propellants could occur -~ welfare effects
are not expected to be as severe as those of toxic
emissions.

Rocket emissions of CO; and Hy0 would augment the
greenhouse varming effect to a small extent, with
slight effects on precipitation, agriculture, and
ocean levels.

Waste heat from the rectenna would raise local tem-
peratures slightly, possibly produce slight changes

in local cloudiness, and contribute to heat island
effects. Heat from launch ground cloud could modify
local weather. Welfare impacts would likely be minor.

Water pollutants generated by conventional mining

and sanufacturing activities could degrade drinking
water supplies and cause reduced commercial and re-
creational yield in affected waters. (Transportation
of propellants could result in accidental spills, with
similar welfare effects.)

Mining of materials could disrupt aquifers and

bodies of water; impacts unknown. Local water short-
ages due to cooling needs of the launch tower would be
possible, but should be avoidable.

Mine tailings, residuals from photovoltaic cell manu-
facturing, and wastes from launch-related activities
could increase demand for disposal sites. Toxic manu-
facturing wastes could reduce productivity and useful-
ness of land to some degree.

Mining operations, launch and reccvery sites, and
rectenna sites remove large parcels of land from al-
ternate uses. Post-mining agricultural use of re-
claimed areas may be less productive. La~ge rectenna
and launch complex sites could require re'ocation of
homes, roads, and right-of-ways and inconvenience
persons having to drive around an area that they
formerly could drive through.

Launch vehicle emissions could modify the electron
density of the ionosphere and disrupt communications
systems. Reflected light and waste heat from the
satellite could create EM disturbances; affected
systems could include radio astronomy. SPS microwave
coupling with electroaic systems up to 100 km from
the rectenna could occur. Power transmission can
effect fringe TV and radio reception,

Rectenna operation would emit low levels of micro-
wave radiation beyond exclusion area. The cffects of
these emissions are unknown, but possibly could
include indirect impacts on beneficial insects and
invertebrates. Microwave radiation could also make
crops more susceptible to other environmental
stresses.

Noise from HLLV launches could exceed recommended EPA
noise standards. Sonic booms would occur during
launch and reentry. High voltage transmission lines
produce a barely audible hum. High noise levels near
residential areas could reduce property values, cause
annoyance, and interfere with other activities.

Mining activities and transmission lines would have
visual impacts. The satellites would be vigible as
bright objects in the night sky, affecting opticasl
astronomy.

8Main sources include Refs. 3, 90, 97, 116, 141-144.
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Table 4.32 Welfare Effects of a Fusion Fuel Cycle®

Environmental Impact

Activities Involved

Welfare Effect

Air Pollution

Thermal Discharges

Water Pollution

Water Use Changes

Land Use Disturbance

Electromagnetic
Disturbances

Noise

Aesthetic
Disturbances

Mining

Power generation

Power generation

Power generation

Decommissioning

Transmission

Mining

Power generatior
Transmission
Mining

Power generation
Transmission

Tmpacts of mining lithium are
unknown .

Cooling tower operation can
increase local fogging and
icing with effects on visibil-
ity, traffic, and convenience
for nearby residents. Cloud
and precipitation augmenta-
tion is possible but should be
minor.,

Releases of tritium into water
supplies would be a health and

" safety issue,

Cooling needs during power
production could require ex-
tensive amounts of water if
evaporative systems are used.

Burial of nuclear wastes may
remove all further use of land
involved.

High intensity magnetic fields
around transmission lines can
can cause radio and TV inter-
ference in fringe-reception
areas.

No major effects. High-voltage
transmission lines create a
barely-audible hum.

Aesthetic degradation due to
mines, cooling tower plumes,
transmission corridors.

8Main sources include Refs. 24, 103-105, 107, 109, 110, 112, 116, 120,

145-152.

Table 4.33 indicates the key areas of impact that have been identified.
In the following sections, the principal areas of concern and the rationales
for their selectior are summarized.

4.4.3 Generaticn of Air Pollution

Air pollutants consisting of trace and toxic elements could be the

major area of concern for coal, TPV, and SPS activities.

Such emissions will

arise in differing amounts from specific activities within each technology.
Insufficient data exist for characterizing the type and quantity of trace
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emissions resulting from the solar cell manufacturing process and rocket
launch activitiez. However, the potential exists for atmospheric emissions
of gallium, arsenic, hydrogen sulfide, and other compounds during GaAlAs
manu facture.

Emissions of potentially hazardous trace metals are discharged into the
atmosphere with the waste geses from combustion at coal-fired generating
plants. Although the quantities emitted are small, their degree of enrichment
in the flyash and their hazardous nature requires that this be considered an
area for concern. Other coal-related emisgions require attention: coal
combustion emits primary SOy and NO,, which are precursors of secondary
sulfate and nitrate particles and have been implirated in acid precipitation
and impairment of visibility. Lakec with reduced buffering capacity c=n
acidify and deteriorate the aquatic environment, resulting in commercial and
recreational losses. Degraded visibility may impair navigation and result in
cancelled or delayec airline flights.

Emissions of regulated criteria pollutants from coal combustion (S0j,
NOy, TSP, HC, C0), releases of cooling tower drift from coal and nuclear
generating stations, and fluoride from nuclear fuel-conversion facilities are
areas of moderate concern and are likely to be controlled to acceptable
levels. However, these pollutants have been implicated in the physical damage
to and reduced useful life of metals, building materials, and stone objects
such as sculptures. Pollutants at elevated levels have affected the produc-
tivity, appearance, and yield of crops, thereby causing economic damage.

4.4.4 Climatic Changes Due to Air Pollution

The impact on global climate that is currently given the most attention
is the global warming effect caused by increasing CO7 levels in the atmosphere
and the resulting '"greenhouse effect." Atmospheric models predict that
doubling of COUy levels above pre-industrial ievels will produce a global
average warming of 1° to 53°C.153 This could occur ae early as 2025, although
noticeable warming should not be detected before 2000. Such a temperature
increase may significantly affect precipitation patterns, agricultural produc-
tion, energy use, and ocean levels through melting of polar ice.

Combustion of coal releases substantial amounts of CO; into the atmos-
phere (5 x 106 metric tons annually for a 1,000-MW power plant). Although
this is not a local problem, coal combustion contributes significantly to the
total man-made input of CO; into the atmosphere. Furthermore, coal combustion
also releases amounts of other "greenhouse" gases such as S0 and H,0, which
appear to be of a less severe nature,

Another area of concern is the increase in global levels of atmospheric
particles, which, depending on their location and optical properties, act to
change the radiative properties of the earth-atmosphere system and effectively
warm or cool the earth’'s surface. It has not been established whether or not
the increase in atmoeghzric particle concentrations over the past century
has produced a net warming or cooling effect. The direct emissions of par-
ticles from coal combustion, and emissions of gaseous species such as sulfur
and nitrogen oxides which are converted to particles in the atmosphere, do
not contribute significantly to global levels of atmospheric particles.154
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The major emissions into the atmosphere from SPS activities will occur

from rocket launches. Rocket effluents include substantial amounts of CO,,
but these emissions are at least 100 times smaller than the CO; emissions
from coal combustion for an equivalent amount of system capacity.l The

possibility exists for some upper-level clouds to be formed by Hy0 injec-
tions into the mesosphere. The impacts of these clouds do not appear to be
significant but are not well known at present. A slight depletion of the
total ozone column due to emissions of Hy0 and NO, is Xossible but is not
expected to affect global climate to a noticeable extent, 141

The ability to reliably predict climatic change resulting from air
pollution emissions is currently limited by several factors. There is con-
siderable uncertainty concerning the extremely complex nature of the earth-
atmosphere system and the interrelations between the various parts of the
system. Insufficient knowledge hampers the prediction of how second-order
coupled processes or "feedback mechanisms'" might enhance or suppress a first-
order effect on climate such as a surface warming due to CO7. There is also
uncertainty about the magnitude of the effect of other greenhouse gases and
atmospheric particles compared to the COj effect.155 The role of natural
climatic fluctuations in enhancing or masking trends due to man-made emissions
further contributes to the uncertainty of predictions. It is expected that
the ability to predict climatic change will improve with additional research;
however, drastic improvements in forecast reliability are probably not to be
expected in the near future because of the complexity of the problem.

4.4.5 Thermal Discharges and Resulting Climatic Change

Production of electrical energy results in the rejection of waste
heat to the environment. A nuclear power plant with an efficiency of 32%
releases two units of waste heat for each unit of heat used to produce
electrical energy, as do coal- and oil-fired plants that operate on the
Rankine cycle. However, with nuclear plants all of this waste heat is
rejected to cooling towers. The impacts of this waste heat are local and
dependent on the type of cooling technology, the amount of heat released, and
the local ambient meteorological conditions. Most existing and all planned
nuc lear power plants employ cooling towers.l4l  Most new and planned coal-
fired plants also use cooling towers. Mechanical-draft cooling towers can
produce an increase in local ground fog a few days per year within a few
thousand feet of the towers. Some local icing may occur during the winter
when the moist thermal plume contacts the ground. Production or enhance-
ment of cloudiness in the vicinity of large cooling towers has also been
observed.1356 In areas where these problems occur, technology is available
at a moderate incremental cost to eliminate the adverse effects.

A relatively unlikely, but potentially significant impact could ogcur
in the future if nuclear power plants are clustered into energy "parks." The
large release rate of waste heat (e.g., 72,000 MWt from a 36,000 MWe power
park) over an area of relatively small radius (10 to 100 km) could produce or
enhance severe local weather events such as thunderstorms and hail.l37 of
the three nuclear options characterized here, the LMFBR has the lowest heat
rate and fusion has the highest.
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A coal-fired power plant is a little more efficient than a nuclear
power plant (36X versus 34%). Thus, the local waste heat impacts for coal
technologies should be smaller than those of nuclear technologies for a plant
of equal size and similar cooling technology. In addition, the waste heat
effects from coal-fired power plants are reduced because not all of the waste
heat is emitted from the cooling tower. About 252 of the total waste heat of
a coal-fired plant is emitted from the stack.

The SPS rectenua will release waste heat with & density of 7.5 W/ w2
over a 100 km? area. This is an energy density of about 102 of the average
net solar radiation at the earth's surface. In conditions of light winds,
temperature perturbations of as much as 1°C could occur in the vicinity of the
rectenna.l3 Changes in cloudiness near an SPS rectenna or a TPV so’ -~
collector area could occur, but an impact on precipitation distribution seems
unlikely,

4.4.6 Water Pollution

Insnfficient information concerning the solar cell manufacturing
process precludes an accurate assessment of the severity of water-polluting
emissions from this activity. However, the toxicity of the raw materials and
the poesibility of accumulation in the environment warrants further attention.
With data currently available, it is not possible to identify specific water
pollution problems or effects that could occur during normal operation,
However, it is possible that water pollution may result from SPS launches,
SPS rectenna construction runoff, and TPV construction runoff.

Acid mine drainage from underground coal mining activity is an impact
of concern, and in the past such drainage has deg-sied many eastern waterways.
Acid-contaminated waters endanger aquatic pom:lations by altering species
cype, diversity, and quantity, thereby limiting commercial and recreational
opportunities. Various federal and state programs have instituted water
quality criteria, effluent limitations, and reclamation requirements to
control the problems associated with mining activity. There is controversy
over the ability of these laws to achieve the desired effect. LMFBR and
fusion technologies require minimal mining activities by comparison, hence
significantly smaller envirommental welfare effects.

LWR fuel fabrication is also an area of concern although a minor

one. Existing plants have occasionally discharged ammonia, nitrates, and
fluorides into low-flow streams, thereby reducing the quality of the water.

4.4.7 Water Use Changes

Heavy consumption of water is treated in Sec. 4.5 as a resource
issue. However, heavy use of water can decrease the amount of water available
downstream for dilution and therefore can be a welfare issue as well. Mining
operations can disrupt aquifers, resulting in lowering of the ground water
table and alteration of water flow patterns, which could affect crop irriga-
tion. Wet cooling towers at coal or nuclear power stations can consume large
quantities of water. Technologies that do not consume water could be utilized
in areas where water is scarce. During the LWR fuel cycle, the production of
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uranium hexafluoride and enriched uranium (gaseous diffusion process) also
requires heavy consumption of water.

4.4.8 Generation of Solid Waste

The impact of solid waste generation cannot be entirely separated from
land use issues. However, small amounts of waste can have large impacts on
future land use when the nature of the waste affects the disposition of the
land intc which it is placed. 1Issues concerned with the quantity of land
necessary for the disposal of solid waste are treated in Sec. 4.4 as a
land-resource issue.

Manufacture of the GaAlAs solar cell will produce 2 x 107 metric tons
of aluminum oxide waste for each 5-GW satellite produced. This quantity of
waste could present a disposal problem if al' cells were manufactured at a
single facility. Aluminum oxide does have commercial value for other pur-
poses, which could lessen the impact of its disposal. Similar uncertainties
exist for the manufacture of silicon cells for the TPV system.

A 1,250 MW conventional coal power plant using Wellman Lord SO; removal
will produce about 5 x 103 metric tons of solid waste and sludges annually.
CG/CC plants will produce about 20% less solid wastes and sludges. The
quantity of waste leaving fi.e power plant site will vary depending on the
availability of land for on-site disposal. Procedures for returning these
areas to productive use are available but are not mandated. Regulations
governing the toxic nature of these wastes are currently being considered.

Modest amounts of solid and liquid waste are generated in support
of the LWR power cycle. However, most of these activities generate radio-
active waste that must either be sent off site for commercial burial or
buried on site. Among these wastes are:

e 500 metric tons per facility per year of uranium hexa-
fluoride-process effluents consisting of iron, calcium,
magnesium, copper, and nonvolatile f’iorides (shipped
off site).

e 90 metric tons per facility per year of enrichment-
cleanup sludge consisting of mostly settleable solids,
precipitated metals and soil runoff (retained on site).

e 700 metric tons per facility per year of calcium
fluoride from fuel-fabrication activities (generally
retained on site).

¢ Numerous liquid and solid radwastes that are released
through fission product leakage, activation of chemical
inhibitors, reactor purification procedures ani spent
reactor parts (shipped off site).

e Spent reactor fuel shipped to the reprocessing center.
Large amounts of mine and mill tailings should not present any specific

problem since they are often used as backfill and retained on site. However,
inadequate precautionary measures have, on occasion, permitted low-level
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radioactive tailings to enter the environment. LMFBR and f{usion technologies
would have significantly fewer environmental welfare impacts in this area due
to minimal mining requirements. LMFBRs could obtain fuel from LWR tailings
for many years.

Coal, nuclear, and solar technologies each require the extraction

of conventional materials, such as steel and aluminum. These activities will
not produce any unique problems with respect to solid waste generation.

4.4.9 Land Use Changes

The quantity of land removed from public use and the permanent iso-
lation of land are not considered here since these are principally resource
issues. Additional questions c ncerning changes in land use remain. Mining
operations for fuel and materials have the potential of contaminating or
eroding other land areas. Reclamation of mined areas way not be entirely
effective in returning the land to its formerly productive gtate. Keclamation
of mined areas in arid climates such as the southwestern U.S. is difficult.
Proper operation and reclamation techniques should reduce the level of
concern.

Electromagnetic interference with communication systems near the
SPS rectenna location has the potential for limiting the type and diversity of
land use activities around the site; although it is conceptually possible to
mitigate these effects, specific measures and cost estimates are currently
unavailable. The removal of large land areas from public use, because of
the presence of the rectenna, will inconvenience persons having to drive
around the site; a similar problem will occur if the rectenna site is near a
navigable waterway.

4.4.10 Noise Generation

The major noise disturbances (noise exceeding 60-80 dBa, 24-h weighted
average) will be from SPS rocket launch Operations,141 and will likely
exceed EPA recommended 24-h, time--averaged noise standards and elevace noise
levels in surrounding communities to a distance of 30 km. Launches are
projected to occur several times a day. Sonic booms during launch and reentry
operation will elevate nois: levels to a lesser degree. Elevated noise levels
near regidential areas could lead to depressed property values. These e{fects
could be mitigated by launching far from populated areas.

Coal and nuclear mining and power generation have a moderate noise
impact. Noise from power production arises from cooling tower fans and plant
support activities. Blasting and drilling during mining may also elevate
noise levels iu the immediate vicinity. Noise measurements assessed at the
property line in most cases are not expected to be significant, and use of a
buffer zone between the noise source and the property line frequently serves
as a mitigation technique.

Another source of noise that is common to the energy technologies
will occur during rail transport of fuels and materials. Trarsmission line
noigse 18 only barely audible with 345 kV AC lines but increases with the use
of higher-voltage lines.
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4.4.11 Electromagnetic Disturbances

Significant electromagnetic disturbances from the SPS may occur from
microwave coupling with eélectronic aystems at distances of up to 100 km from
the re‘tenna site.lé Functional degradation can affect wilitary radar, law
enforcement, emergency, and utility communications, and other susceptible
systems. However, it is anticipated that modifications {(currently undefined
both technically and from a cost point of view) could be made to these
systems to mitigate these e2ffects.

Other electromagnetic disturbances related to SPS activities may be
anticipated., Rocket effluents may induce ionospheric alterations that may
affect communication systems relying on the ionosphere. Debris clouds con-
sisting of orbiting gaseous and particulate effluents cculd interfere with
radioastronomy and radionavigation. T™e likelihood and severity of these
occurrences is unknown but is currentiy under investigation in the environ-
mental assessment of the SPS.141

High-intensity electromagnetic fields generated around power trans-
mission ilines have, in some instances, caused radio and TV disturbances in
fringe reception areas. This effect is thcught to be of minor concern,
However, it is common to a&ll centralized energy technologies and is likely to
increase with the higher transmission-line voltages.

4.4.12 Radiozctive Emissions

Radiation relcases containing trace radioactive materials result
from the burning of fossil fuelsl23 and all other activities in the nuclear
fuel cycle.zo"17 SPS activities do not result in emission of ionizing
radiation.

The study ol airborne radioactive particles from coal combustion
has not been comprehensive. Radioactive effluents originate in coal and are
emitted with the stack gases. Uranium, thorium, and radon constitute the
radiocactive emissions of coal combustion, which -aay release on the order of
1.2 Ci annually, depending on the nuclide concentration in the coal seam.
Radioactive airborne releases from a 1,250-MW coal plant are considerably
below the amount resulting from a comparably-sized boiling water reactor.
Standards limiting radioactive emissions from fossil-fueled power plants do
not currently exist but could be promulgated under the Federsl Clean Air Act
Amendments of 1977.

Low-level radiation emissions from routine operation of nuclear power
facilities are greatest during power generation and milling activities. In
addition, fuel reprocessing is required by the LMFBR, and causes the release
of larger amounts of radionuclides, primarily krypton, than would be released
from an LMFBR power plant. The use of exclusion zones around nuclear facili-
ties reduces the off-site exposure. Radiation emissions are below the levels
established by federal Nuclear Regulatory Commission regulations (10 CFR* 20,
10 CFR 50), and are characterized as having low welfare impact. However, the
radiation threshold level beneath which an effect will not be observed is
uncertain, and cherefore these standards are being reexamined.

*Code of Federal Regulations
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4.4.13 Microwave xadiation

Microwsave radiation levels will be :‘evated in the vicinity of the
SPS rectenna station. Levels within the exclusion zone will be as high
as 23 mW/cm?. Levels below 0.1 mW/cm?2 will be experienced beyond the
exclusion zone.l

Limited information exists regarding the direct impact of microwave
radiation on biological systems. All of the information that is available
relates to high-level microwsve exposures.l4l  Although the likelihocd of
occurrence of microwave effects is unknown, the potential severity could be
significant. Microwave exposure may alter the mortality, reproduction, and
behavior of birds, invertebrates, and beneficial insects. Disturbances
of pollinization by bees could affect food supplies and is currently under
otucly.ll’1 Direct microwave exposure could increase the susceptibility of
crops to envirommental stress such as drought, resulting in decreased yields.
Birde relying on the earth's magnetic field for navigation may show altered
migration patterns.lal Judicious siting may redvce the extent of impact from
microwave exposure.

4.4.14 Aesthetic Disturbances

Direct aesthetic impacts are site-specific, and the extent of these
disturbances can be moderated by avoiding archaeological, cultural, &nd
historical areas, protected scenic and recreational areas, and habitats
of rare and endangered Jpecies during the siting procegss. Other types of
aesthetic degradation may arise from unsightly mines; visually disturbed
areas, e.g., facilities sited in rural areas; transemission corridors; visible
cooling tower and stack plumes and plume shadows; and n ise-producing opera-
tions.

The aesthetic impacts of satellire operation include the brightness
of the satellites visible in the night sky. The diftfuse glare from reradiated
light may also interfere with optical astronomy.

4.5 RESOURCES

This section summarizes the comparative assessment of five regources --
land, materials, energy, water, and labor. The materials, energy, and labor
assessments inc’ude only a side-by-side arnalysis; for land and water, the
assessments include an altecnative futures perspective using the cesults of
the scenario analysis described earlier in Sec. 4.1.

Seven tachnologies aie compared with regard to the land and water
issues, which are considered to be the most important resource issues.
Conventional coal with flue gas desulfurization, LWR, CG/CC, LMFBR, TPV, SPS,
and fusion were the technologies compared for these issues, and subsets of
this group were compared for the other issue areas.

The essential ingredient of the alternative futures analysis for land
and water ure is energy supply, by technology, through the year 2030. These
data (baseload capacities), produced as part of the scenario development, are
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listed in Tables 4.7 throush 4.9 in Sec. 4.1. Each of the three scenarios CI,
UL, and UH is considered under two conditions: (1) excluding the SPS from the
energy supply system, and (2) including the SPS after 2000.

Results of the side-by-side analysis are listed qualitatively in
Table 4.34. Detsgils of these results, as well as those of the alternative
futures analysis, are presented in the following sections.

4.5.1 Land

Overview. Land requirements were developed as part of the en-.gy
systems characterizations summarized in Sec. 3. These data were then normal-
izes and compared on a side-by-side basis, by computing the amount of land
required to obtain 1,000 MW of installed capacity. Both plant site and annual
fuel cycle requirements were considered. Another side-by-side comparison was
made on the basis of lard per unit energy. This comparison accounted for load
factor and, in the case of TPV, average daily insolation. Next, the scenario
data were brought into the analysis to determine total land requirements for
baseload electrical generation for the period 1980-2030. The 1980 figures
provide a frame of reference for the differing results of the three scenarios
(CI, UI, and UH) wi.h and without inclusion of the SPS in the energy supply
system,

Transmission requirements were not included in any of the calcula-
ticns because they have been shown to be about the same for all technologies,
particularly in view of studies showing that 60 SPS rectennas can be sited
withkin 500 km of & lonad center.

Side~by~side results show that the solar options (TPV and the SPS)
require very large, contiguous land areas. TPV could be deployed in smaller
.nits {with the juestion of economia effects left unanswered), mitigating the
requir.ment for contiguous land. On the basis of land per unit energy, TPV
requires about three times as much land as the SPS, whereas coal requires
about ©a’f the land of the SPS, and che nuclear options are abcut a factor of
10 lowe.: ‘han the SPS in this regard.

Scenario results irdicate that total land use (excluding transmission)
increases 0-500% without SPS and 100-900% with SPS by the year 2030. Over
the same period of time, baseload capacity increases 90-800%. SPS land
requirements for the year 2030 are about 2-5 times the total land in use
today for baseload electrical generation. In all cases, the low figures
regult from scenario CI and the high figures result from scenario UF; results
for acenario UI fall between these values.

Side-by-Side Comparisons. The energy technology characterizations of
Sec. 3 provide the plant and fuel cycle requirements. The latter are signif-
icant only for coal (conventional coal and CG/CC are very similar and are
aggregatad for the calculations in this section) and the LWR. Assuming that
land disrupted during the fuel cycle is restored in six vears, the land use
estimates are as listed in Table 4.35.




131

-A13ue>13TuB1s Nowgded 2onpai1 prnom sjuawaalnbai £Fisus uor3onpoad io/pue £5u21351333 [12° paacadm]g

30403 32103
Y9ANT #3103 Yioa souURUIIUT BT douRuIIUT BT
03 arITENS pITTTAS-A1y31Yy pue suor3jw®aado pue suotjeiado
sjuawmaiinbaa pus mau saiinbaa a1qeIIRAR pR1TIAS-4ATYd1Y Aepo3 a1q® pat1IAs-A1ys1y Aepol 31qe
uoTIONIISUOD ucr3onaysuod aosedg A1ipeax STIIAS ing ]1Fws -11eae SIS Ing iews -11BAB STTTINS sjusmaiInbay
10qe]
asn 133em asn 133EA 38601
a1qriridan 31qrar13aN 8ut100> [BUS
1e0> [BUOTIIUDA
-uod jo 3asoyl Bulutw
in1 o3 838801 ury) 13jjews 835507 {e0> 03 °np
a1qerawedmo) 3o8dat ON 3oedut oN Sutrjooo (iems s1o8dwr BuruTR 3uriood 1 ,3ws uolJRUTWR IUOD 1938M
s1122 3o uot 3onpoad
£31suajur £3i1susd 1122 30 £318uajul
03 SATITSUIS 88317 A312ua yIry
awak auo inoqe ®H s1eak g1
{gawak x18 3Inoqe In0oQe Wa3Isis 1wak 3uo aeak auo aeak auo 1eak uo
PIIBNIRAS ION 1S 103 Adeqhwy 1S 10J gAowqded 3noqe yorqdAwg Inoqe }deqARg Inoqe }oOBqARYg Incqe jyoeqded £8aaug
(un177e3 ‘uajsduny
JUT®3IJSUOD ‘L1nd33m) paTII2 pP3T13ITU3PT ¥MT uey) £1ddns
® 3q p(nos ~U3p1 SRTIAIIPW s[e11930m wajqoad wnIuURIn jo 3sn 1eod 3o paITml] ST 1BO> jO
£1ddns mn1yiT] wayqoad aaxyyl Ieriualjod udaad3 JUITITII2 II0K £1ddns poon A1ddns wniuwig A1ddns poon STRT1I33IFK
180> TRUOT]
-u3auod> uryl wajqoad
s3ioedutr 3ututu s3oedmt utew aYy3 3ae
8831 A13y381]S Sututw awos s3oedwt Buluik
sjusdmaainbaz
£303531102 1®jO8 Suturm 137 1ems
S$JUIWBITNDII 893T8 PUUIINIZ 103 paiinbaa o3 onp ¥MT ueyl gjuamaaInbai siuamaainbaa sjuaweatnbaa
Jurid y1ems snondtjuos ‘33ae] sewaie puw] 3dxe] g3oeduy 137 [PES Jueld 1ems jueid {rews jueld [jewWS pue]
uoteny Sds AdL YEANT 30/90 UMT 1800 @2>ano83y

1€UOT IUBAUOY

8202N083Y

:8juswWe 8288y aATIraerdwo) aprS-Lq-3pIS HE'H 2T qEL




S

132

Table 4.35 Land Requirements, by Technology, in
km?2 per GW of Installed Capacity

Technology Plant Fuel Cycle Total
Coal 2 8 10
LWR 2 1 3
LMFBR 2 0 2
TPV 20 0 20
SPS 30 v 30
Fusion 2 0 2

Fuel cvcle figures reflect the fact that LWR activities disrupt about
one-eighth the land disrupted for coal technologies. For the remaining
technologies, fuel cycle activities result in negligible land disruption.
The land area needed for 7 sposal of nuclear waste is negligible (less than 52
of that required for the ,iant). In the case of coal, fuel cycle activities
at any point in time will have disrupted about four times as much land as that
required for the plant, assuming that a 6-year land reclamaticn program has
been successfully implemented.

To obtain results in terms of land per unit energy output, the opergt-
ing fector (accounting for availability, load factor, and insolation for TPV)
must be specified. These factors, along with the land requirements in km?/
GW-yr, based on a 30-year life for each technology, are listed in Table 4.36.
The operating factor for TPV represents an average figure for the two loca~-
tions (Phoenix and Cleveland) considered in the technology cliaracterizations.

The results of Table 4.36 indicate that only-one comparison changes:
although SPS requires the most land on an installed-capacity basis, TPV
requires the most land on the basis of energy output. One reason for this is
the limited number of hours per day that insolation is available.

Alternative Futures Comparison. Demand data have been listed in Tables
4.7 through 4.9 in Sec. 4.1. These data, plus the land requirements data in
Table 4.35, can be used to estimate total land requirements. These results
are shown for individual scenarios in Figs. 4.34 through 4.39. ¥igure 4.40
illustrates the overall land requirements for all scenarios.

Table 4.36 Land Requirements per Unit Energy Output

Technology km?/GW Operating Factor w2 /GW-yr

Coal 10 0.7¢ 450
LWR 3 0.70 130
LMFBR 2 0.70 100
TPV 20 0.22 3000
SPS 30 0.90 1100
Fusion 2 0.70 100
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Fig. 4.40 Alternative Futures Analysis of Land Requirements

Observations. An unconstrained energy future with high energy inten-
siveness will likely result in much larger land requirements than used today.
With SPS deployment, land requirements go up even higher. If TPV were to be
deployed at a higher rate, further increases would be required. Without
deploying SPS, it may be possible to keep land requirements for baseload
energy production within a factor of two of today's requirements if lower
energy intensiveness prevails.

In scenario CI, considered to be the most likely, deployment of SPS
would itself result in the use of about 75% more land than the 1980 estimate
for all technologies. Without SPS, the 1980 and 2030 figures are about equal
in that scenario.

This analysis does not address the issue of acquisition of the needed
land areas. Acquisiton may prove to be & difficult constraint in the case of
the SPS, which requires large amounts of contiguous land in the current
baseline design. A mitigating strategy is to reduce the size of the rectenna,
which would decrease the installed capacity if power densities cannot be
increased appropriately.

Since the question of land use is likely to play an important role in
the siting of future energy technologies, the effects of SPS deployment and/or
highly energy—intensive economies must not be overlooked.
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4.5.2 Materials

The objective of the materials analysis was to asse3s potential mate-
rials problems by identifying the types and quantities of materials required
by the SPS and alternative technologies. Defining materials problems is not
simple; many important factors should be included: resources, reserves,
production capacity, import dependence, price, and opportunity costs.

The possioility of resource and/or reserve constraints depends on
market penetration scenarios. Domestic production factors include current
capacity, normal growth rate, and required growth rate to meet a given demand
level. If domestic supplies of . material are inadequate, the balance must
come from foreign markets; consequently, the possibility of cartels and the
effects on the U.S. balance of trade must be considered. Since price is
influenced by supply and demand, the possible effects of large increases in
supply or demand must be investigated. If a material is largely used by a
single energy technology, opportunity costs result from the limited use of the
regsource for other purposes. The possibility of substitute materials becomes
an important issue for any materials judged to be a potential problem.

This comparative assessment is based on aveilable research. In
general, conclusions about materials problems published in the open lirerature
were not based on rigorous considerations of the above-mentioned criteria.
Thus there is a lack of uniformity in conclusions from techrology to tech-
nology because the assessments were done by different researchers. Where
possible, an attempt was made to reconcile these differences for this assess-
ment .

Sources include environmental impact statements, 23,159 gystem de-
aizna,137»160.161 system descriptions,l39,l62 federal documents,16 , 165 gnd
comparative studies.9V0,166-168

The present comparison focuses on three screening criteria: Import
d2pendence, availability (resources/reserves), and demand. Table 4.37 sum~
marizes potential materials problems, by technology, for the three acreening
criteria. There are two materials that raise all three flags: galliwm and
tungsten. Gallium is used for the SPS. and tungsten is used for both coal and
the SPS. A number of materials raise the import dependence flag, probably the
most important from a nation. security point of view. Nine SPS materials are
indicated for reasons of import dependence.

Because of the lack of complete and highly reliable materials data. a

scenario perspective was not explicitly attempted for wmaterials. Thus, the
assessment has proceeded only to a qualitative side~by-side level.

4.5.3 Etnergy

Objective. The objective of the net energy ana1y913159 was to provide
a comparison of the net energy requirements of the SPS (silicon and GaAlAs
solar cells) and alternative energy supply systems (CG/CC, LWR, and TPV with
silicon solar cells). Conventional energy systems provide substantially more
energy than was required to put them into operation, and so the concept of net
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Table 4.37 Potential Materials Problems, by Technology,
for Turee Screening Criteria

Coal LWR LMFBR TPV SPS Fusion

Aluminum A

Antimony A

Carbon Steel 0] ®) 0] ®) 9] @)
Chromium A all A0 A0

Cobalt A
Gallium Al O

GFRTP? O

Lithium O

Manganese A A A A
Mercury Al
Molybdenum D D D
Nickel Al] all Al A Al all

Silicon O @)
Silver all
Titanium A ola 0O
Tungsten Ald O Al O
Zinc A A0 A A
KEY: A Import Dependence E]Availability O High Demand

8Graphite Fiber Reinforced Thermoplastic.

energy analysis was not important to the decision-making process. Advanced
technologies, however, require more energy investment to recover each unit of
usable energy, and so the net energy assessment becomes a more important
decision parameter.

Aprroach. This preliminary analysis considers state-of-the-art (circa
1985) capabilities for materials extraction and fabrication in order to
identify critical areas needing improvement. The possibility of technological
improvements was considered in a number of key areas. The energy content of
the fuel is not considered.

The boundary of each energy system was defined as extending from
the primary resource (coal, uranium, and solar radiation) to electricity
transmitted from the generating plant. The boundary includes environmental
control systcms and procedures to the extent that they are directly attrib-
utable to the energy system. Materials, fuels, and electricity required for
plant construction and operation are also considered.
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A combination of process analysis and input/output analysis was used
to compute the energy balance parameters for each supply system. Process
analysis involves a detailed balance of energy flows into and out of a system.
It is the most accurate and most involved method and can be applied to
situations where a great deal of process-specific informaticn exists. Input/
output (I/0) analysis uses an analogy to economic input/output analysis to
determine the energy '"costs" of any energy supply. It involves an identifi-
cation of the interactions between sectors of the economy required to produce
energy and a translation of the flow of goods and services among sectors into
energy equivalents.

Each of the systems chosen for evaluation is described as a collection
of system elements. Each element represents a particular piece of hardware,
processing step, energy conversion step, or transportation mode. The energy
balance of each system element is described in Fig. 4.41. The primary input
is in the form of fuel (e.g., coal into a coal-processing plant) or energy
(e.g., heat from a solar collector into a boiler). The ancillary operating
inputs are those energy forms required to keep the process operating. The
gross output is the energy or processed fuel that results from the system
element. A portion of this gross output may be used to meet internal energy
requirements. The balance is the net output that goes on to become the
primary input of the next system element. The losses are the difference
between the outputs and the inputs.

Up tc this point, a straightforward energy balance can be carried
out since all quantities of materials and their energy contents can be di-
rectly computed. This is the extent of the process analysis used in this
assessment.

The indirect energy requirements of the system are embodied in the
capital energy inputs, i.e., the materials, fuels, and electricity required to
build the system element, and in the energy required to supply the electric-
ity, fuels, and materials for operating inputs. A simplified analysis was
used to compute direct energy requirements during this phase of the analysis.

ANCILLARY CAPITAL

QPERATING  ENERGY INTERNAL
INPUTS INPUTS USE .
PRIMARY
INPUT | SYSTEM .
ELEMENT GROSS NET
OUTPUT OUTPUT

1 LOSSES

Fig. 4.41 Schematic of Energy Balance
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For each system element the quantities of materials, fuels, and electricity
required to build and operate the a%stem were compiled with the aid of
published data on energy requirementsl’0-173 expressed either in joules par
ton of materials or joules per dollar of material cost. The physiczl material
quantity or material cost is converted into an energy requirement equivelent.

Energy Balance Parameters. A number of energy balance parameters were
calculated, including gross efficiency, operating efficiency, operating ratio,
lifetime efficiency, lifetime ratio, and payback period. Gross efficiency
measures the amount of energy delivered per unit of input energy. Operating
efficiency is a more complete measure of how effectively the basic energy
resource is being utilized, i.e., how efficiently a given technology extracts
useful c<nergy from a primary energy form. The operating ratio eliminates the
energy content of the primary resource from the calculation. This parameter
is a measure of how much useful energy can be extracted from a primary
resource. It considers the primary resource as fundamentally unuss-le in its
basic state and measures the amount of energy that must be expended to convert
it .nto usable form. The lifetime efficiency and lifetime ratio are analogous
to the operating efficiency and operating ratio. They include the capital
energy investment in the balance process, which represents the energy required
to construct the system. Payback period is the time required for the system
{o produce enough useful energy to match the energy investment in building
and operating it. All of these parameters must be considered because the
efficiency and payback calculations tend to be better for the coal and nuclear
systems than for the solar energy systems, whereas the operating ratio and
lifetime ratio calcuiations tend to be better for the solar-based systems than
for the coal and nuclear systems.

Annual and lifetime net outputs are computed in terms of electrical
units. All inputs are computed in thermal units but do not consider the
thermal energy content of the fuels or materials involved, only the energy
expended on such activities as mining, processing, and transportation. These
are the usual conventions for doing a net energy analysis. Thus, this
approach represents a short-term view of the use of a nonrenewable resource
base; for example, in computing payback, the interest is in determining at
what rate an energy system returns electrical energy, given the investments
(inputs) required. It does not consider the issue of depletion of a non-
renewable resource base, which must be addressed as a lost opportunity issue
for alternative uses of the resource. Furthermore, if the thermal content of
a nonrenewable resource were considered, the payback period for systems based
on nonrenewable resources would be infinite, by the second law of thermo-
dynamics.

Results. Table 4.38 summarizes the baseline calculations. The coal
and nuclear* systems are two to five times more efficient than the solar
systems but operate on nonrenewable resources. The calculation of efficiency

*0f the nuclear syctems, only the LWR was studied in detail. The LMFBR,
although it has higher capital energy costs, should at least break even due
to lower fuel energy costs. LMFBR fuel is produc.d by chemical separation,
wvhich is less energy intensive than the diffusion process needed to enrich
fuel for the LWR.
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Table 4.38 Summary of Energy Balance Data

Tervestrial
Solar
Nuclear Coal Photovoltaic SPS
Parameter LWR cG/cc Silicon Silicon GaAlAs
Gross Efficiency® (%) 22 37 6 7 7
Operating Efficiency? (X) 20 33 6 7 7
Operating Ratio€ 3 4 27 17 78
Lifetime Efficiencyd (2) 20 33 5 7 7
Lifetime Ratio® 3 3 1 4 18
Payback Period” (yr) 1 1 20 6 1

Source: Ref. 130.

8Annual net output/annual primary input.

bannual net output/annual primary, operating, and internal inputs.

CAnnual net output/annual operating and internal inputs.

dLi fet ime net output/lifet ime primary, operating, and internal inputs.
€Lifetime net output/lifetime operating, internal inputs, and capital inputs.

fTime at which net output equals operating + capital inputs.

for each system is not sensitive to the gross, operating, or lifetime calcula-
tions. The conversion efficiency of the system dominates the recult.

The operating ratio calculation shows that the solar emnergy systems
require substantially less operating energy per unit of electrical output.
However, the lifetime ratio calculation shows that the intensive capital
investment reduces their energy ratios significantly. The payback period for
all systems except SPS/Si and terrestrial photovoltaic is less than 1.5 years.
In both of these cases, sensitivity analysis shows that long payback is
dominated by the energy intensity of silicon production. A number of poasi-
bilities, including reduction in the overall energy requirements of cell
production, the use of solar-generated electricity in place of conventiocnal
electrical power for cell manufacture, increased cell lifetime, and decreased
silicon requirements could reduce the SPS/Si payback period to a level compar-
able to the other systems (i.e., one to two years); the best ccmbination of
conditions for the terrestrial photovoltaic seystem would still result it a
payback of about six years.

Comparison to Other Studies. The comparison of these SIS results with
thoge of previous studies is of particular interest. Direct comparison is
difficult because each study is based on a different reference design and
methodology. Some approximate coemparisons can be made however, noting the
major sources of difference.
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A Planning Research Corporation study174 used I/0 analysis of a
GaAlAs SPS. The study assumed higher energy intensiveness and resulted in a
2.5 year payback (vs. 1.3 years calculated here).

Herendeenl’2 used 1/0 analysis and uncertainty to set a range fter
the lifetime ratio from 0.7 to 6.6, with a mean of 2.1, for a 10-GW SPS. This
is ourprisingly close to our result of 4.0, considering major differences in
the assumption about silicon cell life. Herendeern assumed an exponentially
decreasing cell power output over a 30-year lifetime. This analysis assumes
maintenance to obtain constant power output and a 30-year life.

A Jet Prcpulsion Laboratery (JPL) study171 computed a payback period
in the range of 1.2 to 1.6 ycars for a system of 48 10-GW silicon satellites
(vs. 6.4 years here)j. Three major factors account for the difference in the
estimates. JPL assumes a reduction in the requirements for silicon cell
production to about one-fourth of the energy requirements assumed here, and
only half as much silicon. Most important, JPL converts electrical energy to
a thermal equivalent by multiplying by a factor of three. Removing only this
last diifarence resuits in a payback of 3.6 to 4.8 years for the JPL study.

Summary. The current state of knowledge indicates that energy balance
is not a significant factor precluding the development of certain coal,
nuciear, and satellite power systems. There are indications that reduct ions
in energy recuirements for silicon cell production will be needed, since those
requiremeats constitute a large factor in net energy calculation for silicon
systems. In addition, although current data indicate that GaAlas cells provide
a viable alternative, further studies are warranted because information on the
energy requirements of these cells is extremely limited.

In conclusion, the net energy aralysis has shown that the SPS system
with silicon cells is a viable alternative, having a payback period substan-
tialiy naller than its lifetime; a TPV system using silicon cells does not
look as attractive. However, if the most optimistic projections were realized
for silicon cell production, the TPV option would become a viable alternative
from an energy-balance perspective.

If development of a gallium photocell proceeds as currently procjected,
an SPS system with GaAlAs ceils will result in a payback period comparable to
CG/CC and nuclear. In any event, the SPS is a viable alternative using
state-of-the-art techrolcgies, with promise of even better technology in the
fcreseeable future.

4.5.4 Water

Overview. As for the lai.d assessment, both a side-by-side analysis and

an alternative futures analysis were completed for water use. The side~by-
side comparison is based on the technology characterization data. Scenario

data are coupled with the side-by-side data to provide water use estimates
over the 1980-2030 time frame.



Side-by-Side Analysis. All
technologies, except for TPV and SPS,
require about the same amounts of
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Table 4.39 Water Consumptiun Data
for Energy Systems, 106
w3/GW/yr (installed)

water. The range is 14-77 x 108

3/GW/yr (installed). Water use

for SPS and TPV is negligible. Table Technology Consumpt ion

4.39 suymmarizes the side-by-side
data. The entries are the volumes of Conventional Coal 77
water consumed; withdrawal require- LWR 37
ments were not identified in the cG/cc 14
technology characterizations. LMFBR 32
TPV Negligible
SPS Negligible
Alternative Futures Anslysis. Fusion 39

Scenario data do not disaggregate
coal use by technology. It is
necessary to make an assumption about
the ratio of deployment of conventional coal combustion to that of CG/CC.
Assuming equal deployment, the average water consumption is about 45 x 106
m3/GW/yr (installed) for coal technoiogy. For non-solar technologies, the
range of water consumption is then 32-45 x 106 m3/GW/yr (installed).

Since the real issue here is the impact solar technologies might
have on water consumotior, the precision gained by considering the individual
technologies is or little value. Therefore, a mid-range value of 40 x 10
m3/GW/yr (installed) is used to estimate these effects. Figure 4.42 illus-
trates these results.
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Fig. 4.42 Alternative Futures Analysis of Annual Water
Congumption for Baseload Electricity Gereration
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Deploy ent of SPS avoids the consumption of 4 «x 109, 6 x 109, and
10 x 10% m3 of water in the year 2030 for scenarios CI, UI, and UH, reapec-
tively. These are 30, 282, and 192 of the amounts that would otherwise be
consuaed in the r:spective scenarios. Another point of reference is the
estimated 8.1 x 109 m3 of water consvmed for baseload electririty generation
in 1980.

The main factor driving water cousumption (and consumption c¢f any other

resource) is energy demand. The saving due to SPS deployment in scenario UH
is dominated by the issue of supplying roughly 50 » 10 23 of water on an
annual basis. Clearly, the probability that the water dem.unds of scenario

CI oc scenario UI will be met has to be much higher than that for scenario UH.

4.5.5 VLabor

Cverview. The labor assesswent estimated the number of workers
required for r'aint construction, operation and maintenance, and fuel cycle for
each of the t.chnologies. Again, both side-by-side and alternative futures
analyses were pertormed.

Side~by-Sice Anaivsis. Labor requirements were developed by the
technology characterizations activity and are listed ia Tables 4.40 and 4.41.
Table 4.4C lists requiremeuts for a specific plant design and is useful for
congidering socioeconomic impacts during the construction phase and che C&M
phase. Table 4.41 lists requirements on a per-GW (installed) basis, which is
useful for :he alte mative futures analysis. Labor categories are construc-
“ion, operatior (including maintenance), and fuel cycle.

Except for SPS and TPV, there is little difference in the per-unit
labor requirements for cons .ction; SPS requires the largest crew size but
a'so has the largest capacity, while TPV requires the smallest crew size
but also has the smallest capacity. These diiferences are importan: in
considering sociceconomic impacts on loralities during construction, discussed
in Sez. 4.9.

Annual labor reauirements fov operation and maintenance (0&M) are
significantly different from fuel cycle labor requirements. The approximate
numbers of persone required per plz2at for OSM and the fuel cycle are %33 fo:
c>al, 400 for fizsion and SPS, 200 for fusion, and 26 for TPV. The large coal
number is attributahle to its fuel cycle (mainly mining) requirements. Opera-
tion and maintenance requirements are cbout the game for all technologies,
except for TPV. ‘he ratio of constructioa force tc © fovce is generally
sbout 4 or 5. HKowever, for SPS the difference amoun.: .. about 2000 people,
which could be a significant factor affecting the magnitude of a boom/hust
transition at a rural location.

Alternative Fucures Analys s. Theve is little differvace in the
nrc.structicr labor requirements per GW of instalied capacity among the tech-
nolos ~e. Since SPS requires the smallest jabor force, scenarios with higher
penc _ratior 1ates for SPS would result in lower total conatruction labor
requiirements.
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Table 4.40 Labor Requirements for Specific Plant Designs

Technologies
Coal LWR LV ‘BR TPV SPS  Fusion
Nominal Capacity (MW) 1250 1250 1250 200 5000 1320
Construction Time (yr) 5 7 7 5 2 8

Labor Regquiremeunts

Plant Construction

(persons/yr) 1100 1100 910 170 2500 1100
Plaat Operation

(persons/yr) 300 215 225 26 450 2008
Fuel Cycle

(persons/yr) 625 225 1508 N/A N/A -

NA - Not Applicable
~- - ©aall or Negligible

8Est imate not provided by technology characterization; number assumed
to enable comparison.

Tadis 4.41 Normalized Labor Requirements (per GW)

Activity Coal LWR LMFBR TPV SPS Fusion
Plant Construction
(persons/yr) 880 880 730 850 500 830
Plant Operation
(persons/yr) 240 170 180 130 9 150
Fuel Cycle (persons/yr) 500 180 120 N/A N/A -~

NA - Not applicable
--~ = Srall or Negligible

‘here aie larger differences for the annual OSM and the fuel cycle
labor rsuuvirsmants among the techrologies. In all scenarivs, these require-
ments are abdout 15 to 30 times the annual onstruction requirements for
cnal and the LWR techriologies, which dominate the technology mixes. Replace-
ment of coal and nuclear with solar technologies would reduce these require-
ments significantly.

Figure 4.43 illustrates these comparisoas. The eatlier scenario
data and the labor data for OAM and the fuel cycle from Table 4.41 form
the basis for the figure. The reductions in the year 2030 labor requirements
for 06M and the fuel cycle due to SPS deployment are about 20,000, 40,000,
and 120,000 persons for scenarios CI, UI, and UH, respectively.



146

8.0
n

2

O 600

(/)]

0

w

a

S 400

(/)]

Q

2

;%

@ 200

o

I

[

] ]
1980 200 2015 2030
YEAR

Fig. 4.43 O8M and Fuel Cycle Labor Requirements

The annual construction labor force for SPS has been estimated at 2500
persons per installation. Assuming that construction takes place over two
years and that the cons'ruction crew must stay at a single site for the entire
time period, then the number of crews required (after the first year) would be
one or two for scenario CI, two for scenario UI, and four for scemario UH. In
scenario CI, the distribution of labor requirements from year to year is
uneven due to the deployment rate of two systems every three years.

The skills required are not identified in this analysis. However,
they are likely to be much different between technologies (e.g., space

constru tion workers €‘ur SPS); further treatment of these differences is
beyond the scope of this analysis.

4.6 MACROECONOMIC AND SOCIOECONOMIC ISSUES

4.6.1 Introduction

This section uses resuits from earlier sectinns on scena-ios (Sec. 4.1)
and cost and performance (Sec. 4.2).

Results* of the macroeconomic analysis indicate that (1) if uranium and
coal supplies a-e highly constrained, then the costs due to ‘eployment of more

*All cost figures in this sec.ion are in 1978 dollars.
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expensive but fuel-saving technologies may he offset by savings in other
energy sectors (e.g., deployment of 3.3 GW per year of the SPS priced at 60
mills/kWh could result in a reduction of about $20 biliion in energy expend-
itures for the year 2025, because of savings in nuclear- and coal-based energy
technologies); (2) deployment of technologies requiring large capital invest-
ments tends to cause a reduction in the GNP growth rate (e.g., deployment of
10 GW per year of SPS could reduce the GNP growth rate by 10-252 in the yeur
2000 which, if continued and compounded to the year 2030, would result in a
$400-1000 x 109 reduction in a $7 x 1012-GNP economy); (3) all the constrained
scenarios are inflationary, because the prices of scarce fuels are higher
than they would be otherwise; and (4) deployment of fuel-saving technologies
counteracts to some degree the inflationary aspccts of a constrained environ-
ment, but quantitative estimates are difficult.

Qualitative macroeconomic assessments on a regional level show that the
impacts across technologies are quite different, with different regions having
a vested interest in particulisr technologies. Similarly, income-class macro-
economic assessments show that income groups (low, medium, high) have vested
interests in particular technologies during both construction and operation.
Public infrastructure costs and social stresses during both construction and
operation were considered in a socioeconomic analysis. During construction,
these effects may be quite significant for any remotely sited technology;
however, due to the large amount of ccnstruction involved, this issue is
particularly relevant for the SPS and TPV. All technologies should have
minimal socioeconomic effects during operation.

One major potential socioeconomic effect, though controversial and
unquantifiable, is that successful development of the SPS could provide the
technical ard industrial infrastructure necessary for further exploration of
and industriilization in space.

4.6.2 Macroeconomic Analysis

Caiculations performed here are based on data for the years 2000 and
2025 because data for these years are avaiiable from the RFF model. Results
for other years are largely based on interpolation and extrapolation of these
results.

Discussion. The average cost of central-station electricity generation
(excluding fuel) in th: U.S. is about 25 mills/kWh for coal and 30.5 mills/kWh
for nuclear power. These figures may increase somewhat, in constant dollars,
as mandated environmental and safety controls are implemented. The added
costs will be compensated for, in part, by gradua. improvements in technical
efficiency. In contrast, the future cost of SPS -- as for other untested
technologies -- 1is quite uncertain. The lower bound of present ~stimates
appears to be at least a factor of two above the present nonfuel cost of
nuclear electricity, or around 60 mills/kWh. This translates to $17.50 per
million Btu.

The macroeconomic impact of introducing a high-cost alternative
technology such as SPS arises from three factors:
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e Reduced dependence on imports, with possible associated
effects on international energy prices, the U.S.
balance of payments, the international value of the
dollar, the cost of imports, and the volume of exports;

e Reduced dependence on scarce or constrained domestic
fuele, resulting in lower domestic prices for most
forms of energy; and

e Diversion of capital away from the most productive
forms of investment, with congsequent reductions in
the rate of GNP growth.

The relative importance of the first two factors depends on which fuels
are replaced by the alternative. If SPS were available today, for instance,
it would have its primary impact on the need for oil imports. Assuming the
international oil (spot) market is competitive -- at least at the margin --
the direct consequence of a reduction in U.S. demand (say by 1 quad yper year
-- 1 quad = 1015 Btu) would be a drop in the international spot price of oil,
depending on short-run elasticities of demand and supply. Indirect further
consequences would include an improved U.S. balance of payments, a stronger
dollar, reduced cost of cther imports, a lower domestic inflation rate, and
more dollars spent in the U.S. for domestically produced goods and services.

After the year 2000, however, it seems unlikely that oil from any
source would be used as a boiler fuel. In such circumstances, SPS would
effectively substitute for coal or uranium. A reasonable (verhaps optimal)
strategy in a constrained economy would be to replace all coal used by utili-
ties first, since lower coal prices would then result in lower prices for
syngas manufactured for coal and (because of their direct equivalence) for
natural gas. Lower costs would also be experienced by the steel industry,
which 1s a major coal user.

Supporting Data. The magnitude o the impacc depeands on the extent of
the deployment of SPS. Some rough calculations of the effect for three
representative scenarios have been carried out. A set of baseline data for
GNP and energy use is shown in Table 4.42, Table 4.43 disaggregates energy
use by fuel and lists the prices by scenario for the year 2025. Figures 4.44
through &4.46 display supply and demand data for scenarios CI, UI, and UH,
respectively. Table 4 .44 summarizes the 2025 baseload generating capacities,
SPS deployment, and percentage SPS for the three scenarios.

Calculating Net Energy Expenditures. In scenario CI, SPS is deployed
at the rate of 3.3 GW per year beginning in the year 2000. At this rate, 83
GW will be in place by the year 2025, about 2iX of the total baseload capacity
of 391.4 GW. These 83 GW of installed electricel generation capacity,
operating at a capacity factor of 0.9, could displace the burning of 5.z x
1015 Btu of coal (at a heat rate of 8125 Btu per kWh). Only 3.3 x 1015 Bru
of coal are burned for electricity in scenario CI; an upper bound of the
econoric benefit of 83 GW of SPS capacity (2.2 x 1013 Btu) can be calculated
assuming that no coal is burned for electricity production, with the remaining
SPS generating capacity displacing nuclear electricity production.
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Table 4.42 Baseline Energy/Economic Data

GNP Energy (Quads)*
Year  $ 1012 (1978) cI )¢ UH
1980 2.1 92.4 92.4 92.4
2000 3.7 98.4 99.6  132.3
2015 5.4 117.1  128.8  169.8
2025 6.5 129.6  148.3  194.7
2030 7.0 135.3  158.1  207.1

*]1 quad = 1015 Btu

Table 4.43 Energy Use and Prices for 20z5 Without SPS

_ Electricity Gas Coal (Direct)
Scenario Queds* $/106 Btu Quads* $/106 Btu Quads* $/10% Btu

CI 10.3 15.76 45.6 7.87 7.6 3.45
UI 14.2 13.40 56.2 5.9% 9.8 1.66
UH 36.3 13.55 34.7 6.29 15.0 1.73

*] quad = 1013 Btu

To perform these calculations, the change in the price of coal must
first be determined. The effect of adding a new source in a constrained
economy is to reduce demand for one of the existing fuels (e.g., coal).
Consequently, in situations where the market-clearing price lies above the
cost, the equilibrium (supply = demand) price level must drop, as illustrated
in Fig. 4.44. Demand and supply intersect at point A (from the demand
schedule for scenario “'7); the market-clearing price for coal is $1.66
per million Btu. In scenario CI, the supply of coal is restricted and the.
market clears at a price of $3.45 per million Btu (point B). A straight line
through points A and B provides an approximation to the demand schedule.

Under these conditions, there are four impacts of SPS, provided only
that output exceeds 3.3 quads:

(1) SPS displaces 3.3 quads of coal-fired electricity
(gross) -- reducing coal-fired electricity to zero
-- and thereby shifts the demand curve for coal to
the left by 3.3 quads. This, in turn lowers the
market clearing price for coal to $3.08 per million
Btu (point C in Fig. 4.44).
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Table 4.44 Baseload and SPS Deployment Data

Scenario Baseload (GW) SPS (GW) X SPS

CI 391.4 83 21
124 589.9 125 21
UH 1647.9 250 15

(2) The aversge direct cost of electricity changes by an
amount depending on the cost and deployment of SPS,

accompanied by reduced costs of electricity production
by other ca2chnologies.

(3) The price for gas falls from $7.87 per milliou Btu to
$7.48 per million Btu as a result of the fall in the
price of coal.

(4) The fall in the price of coal reduces the direct expend-

iture for coal to be used as industriai boiler fueli and
feedstock.

At a price of 60 mills/kWh ($17.60/10® Btu) for SPS electricity, the
average direct cost of electricity increases glightly from $15.76/10% Btu to



152

$15.78/10% Btu. The price for gas is related to the cost of converting coal
to gas at an 80% conversion efficiency; the quantity of gas involved includes
both ccal conversion and natural gas sources. Table 4.45 summarizes these
data for the three scenarios, with SPS at the appropriate level of deployment.
There are two entries for electricity in each scenario, one for SPS electri-
city, one for non-SPS electricity.

The data in Tables 4.43 through 4.45 provide the basis for the energy
expenditures listed in Table 4.46. Net expenditure is the total energy
expenditure without SPS, subtracted from the total with SPS. A vresult greater
than zero means that SPS does not trigger enough savings of scarce fuels to
offset the increased cost of electricity; a result less than zero indicates
the savings are greater than the increased cost of electricity.

The calculation of energy expenditures for different SPS electricity
prices is straightforward (approximated by a linear function of the SPS
electricity price) given the calculations just described. Figure 4.47 shows
year-2025 results for ail scenarios over the 30-120 mills/kWh range for SPS
electricity.

Table 4.45 Energy Use and Prices for 2025 with SPS
Deployment at 60 mills/kwh (1978 §)

Electricity _____Gas Coal (Direct)

Scenario Quads $/10% Btu Quads $/106 Btu Ouads $/100 Btu

c1 8.1 15.27

2.2 17.60 45.6 7.48 7.6 0.08
U1 10.8 13.33

3.6 17.60 36.2 5.91 9.8 1.60
UH 25.6 13.36

6.7 17.60 34.7 6.13 15.0 1.57

Table 4.46 Energy Expenditures with SPS at 60 mills/kWh and
without SPS, for the year 2025 ($ 109, i978)

Nat
Scenario SPS  Electricity Gas Coal (Direct) Total Expenditure

CI No 162.3 358.9 26.2 547.4 -20.4

Yes 162.5 45,1 23.4 527.0 "

U1 No 190.3 336.1 16.3 542.7 9.2
Yes 204.0 332.1 15.8 551.9 :

UH No 491.9 218.3 26.0 736.2 13.6
Yes 513.5 212.7 23.%5 749.8 :

3 K
Lo e



. 30 —
2 rl
~ UH/ /UI
% 20 L / /
» ;»/
b3 ! c
S ol /
. 1/
« /
» / NET LOSS
g 0 4
.::’ NET BENEFIT
8
&
% -1C / |
5 /

!
W -20 /
2l o
- /
uw /
z /

-30 2 l
30 60 90 120

ENERGY PRICE (MILLS/kwWh)

Fig. 4.47 Changes in Annual Energy Expenditures
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SPS for any technology that saves scarce fuel- ‘ts best advan-
tage, from an energy expeaditures point of view, in . iined scenario.
For scenario CI, t¢here is a net benefit (i.e., reduction in total energy
expenditures) when price is below about 90 mills/kWh. In scenarios UI and UH,
a net benefit results for prices in the 50-55 mills/kWh range. At 60 mills/
kWh, a likely level for : '} ag indicated in Sec. 4.2, there is a net benefit
only in scenario CI. The reason for this is that in an unconstrained economy,
the primary effect of introducing a high-cost alternative is to raise the
average cost of electricity, with small compensating price advantages else-
where. :

Figure 4.48, derived in a fashion similar to that for Fig. 4.47,
depicts the ne:t changes in energy expenditures that would be expected for
the various scenarios over the 2000-2030 time frame at 60 and 120 mills/kWh.
It also jllustrates that net benefits result only in a constrained scenario at
sufficieutly low prices for SPS energy.

Capital Investments and GNP. To put these expenditure levels in
perspective (assuming that SPS is selected over the least costly technology -
i.e., coal ~ for other than ecoromic reasons), the amounts of excess invest-
wen: per yvear 4que to deployment of SPS instead of coal are $7-17 billion in
rcenario CI, $10=25 billion in scenario UI, and $20-50 billion in scenar’ UH.
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Excess energy expenditures at 120 mills/kWh fcr SPS electricity would soon
exceed the upper bound on the extra amount of capital investment needed to
deploy SPS in all scenarios.

The $20-50 billion range is calculated assuming SPS deploymeut at 10
GW/yr, SPS capital costs in the range of $3000-6000/kW, and coal capital costs
of about $1000/kW. The ranges for scenarios UI and CI are based ¢n reduced
deployment rates of 5 GW and 3.3 GW per year, respectively, and assume that
there are no increases in SPS costs at the lower deployment rates.

Anpual investment for the present $2 tri'lion-dollar economy (1978 §?
i on the order of $300 billion. At the relatively slow growth rates that
appear likely for the next tweniy years, a scaled-up $3.7 trillion economy
with annval investments of the order of $425 billion might be feasible. It
can be reasonably assumed that replacement of depreciated capital assets
accounts for at least 6X% of annual GNP in the year 2000, or $225 billionm,
leaving no more than $200 billion available to finance economic growth of
around 2.1% per annum. The “extra" investment required to build 10 GW of SPS
per year (scenario UH) after the year 2000 -- as compared to the cheapest
alternative (coal) -- would be in the range of $20-50 billion, or 10~252 of
the investment increment dedicated to economic growth. Obviously a less
ambitious rate of deployment, such as 3.3 GW/yr, would have a smaller impact
on economic growth.

This extra investment could possibly cut poteutial GNP growth rates
below the target level of 2.1% by 0.2-0.5% per annum. This drag effect would
not be offset by low cral and gas prices even in a supply-constrained scenar-
io. On the other hesad, the Arag would be proportionally smaller if SPS
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investment were held to a level just sufficient to eliminate the use of coal
fcr electricity production in a constrained economy. In such a case the drag
could &lmost certainly be kept below 0.1% per annum. It would also be less
significant as the economy grows larger after the year 2000.

Nevertheless, when the effect of compounding is considered, the
economy of 2020 could be lower than the target level ($7 trillion) by anywhere
from $400-1000 billion for scenario UH. Results for the other scenarios are:
a $300-500 billion reduction for UI, $100-400 billion for CI. (Growth that
would likely be created by "spin-offs" from SPS have not been included in
these calculations.) These results also illustrate the sensitivity of 30-year
projections in GNP growth to small changes in the growth rate.

Inflationary Aspects. It must be acknowledged that calculations of
this kind are predicated or so many uncertain factors that limited weight
should be placed on them. It is probably enough to say that the capital
demands of SPS could possibly hold back real economic growth to some degree,
relative to the '"cheapest" alternative sources of electric power. Assuming
that the rate of capital accumulation through savings and allowable deprecia-
tion remains cons'.ant -- or declines -- and that capital becomes progressively
less preductive over time (SPS is itself an exzmple), then economic 'growth"
for firms tends to be increasingly financed by borrowing, which is infla-
tionary. Thus capital-intensive projects like SPS are also intrinsically
inflationary. However, on this score, the counter-inflationary impact of
reduced coal and gas prices would probably be more significant than the impact
of financing.

Macroeconomic Effects of Other Technologies. The earlier calculations
of energy expenditures were accomplished by first determining total energy
expenditures without SPS and then substituting a fixed amount of SPS-generated
electricity for that from other technologies. This requires an assessment of
the economic effects of reduced demand for a particular fuel, resulting
generally in reduced electrical generation costs for the technologies that use
the fuel. To go the other way, that is, to assess the effects of eliminating
part or all of coal (or nuclear) generating capacity, would require extrapola-
tion of the supply/demand relationships for those technologies left in the
power gereration portfolio. This 1is necessary to coamplete the "with vs.
without" comparison but is beyond the scope of the present effort. Since the
scenarios were developed coprsidering equilibrium conditions, it is probably
safe (and enough) to say that the cost of electricity would rise, perhaps even
dramarically, if significant amounts of electricity produced by one fuel-
consuming technology were unavailable and had to be produced by other fuel-
consuming technologies. This would undoubtedly result in an increase in total
energy expenditures. Merely elimiaating one of several technologies that use
the same type of fuel (e.g., the CG/CC system) would prubably have little
impact on total energy expenditures, assuming that other coal technologies
covered the difference.

One exception to the above reasoning is the case of TPV. TPV has been
included in the scenarios in much the same fashion as SPS, but at about
one-third the rate of deployment of SPS. Thus, while the nominal electricit;
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prices to the consumer of T.V (60-75 mills/kWh) are about the same as those
for SPS (60-70 mills/kWh), penetration considerations indicate that the impact
on total energy expenditures (in absolute dollars) would be less than that of
SPS with the net impact (with vs. without TPV) urresolved. TPV, like SPS,
would probably have to be priced below 6" mills/kwh in order to realize a net
benefit, gasuming the same linear supply/demand models for electricity as used
in the SPS calculations.

Similar argumen®s would #pply to fusion since it would burn an essen-
tially unlimited fuel. In relative terms, the impact of fusion would be abou:
the same as that of TPV, since it is aseployed at about the same level as TPV
in the scenarios and costs sbout the same at the low end.

Estimates of the impacts on GNP growth due to technologies other
than SPS are difficult for similar ressons. The scenarios were developed
assuming a particular GNP and GNP-energy ratio; principles of equilibrium
economics were used to determine the technology mix. Thus, estimation of the
impact on GNP of a technology that is not the least costly is of questionable
sccuracy and value.

An order-of-magnitude calculation of impact on GNP can be made by
combining capital cost and deployment data, assuming there are no changes in
the economics of the other systems. The result can then be compared to SPS
results.

Earlier results for SPS were based on the following assumptionsa:
a $1000/kW nominal value for coal, a $3000/kW low value and a $6000/kW high
value for SPS in the year 2000 (which should be compared to the $3400/kW
nominal and $15,400/kW high vcelues listed in Table 4.11 for the GaAlAs
option). Results for SPS at $3000/kW indicate a 10% reduction in the GNP
growth rate for scenario UH, 5% for scenario YI, and 3.3% for scenario CI.
Nominal capital coste for the LWK and the CG/CC are also about $1000/kW.
These, along with conventional coal, form the basis for comparison.

At the nominal $1500/kW for the LMFBR, a 2-1/2% reduction (vs.10% for
SPS) in GNP growth rate for scenario UH would be expected if the breeder is
deployed at the same rate as SPS. The deployment rates for SPS and the LMFBR
are about the ssme in scenarios UH and UI, and the breeder d2ployment vate is
about 502 higher in scenario CI. “he resuilt is that the drag eftect on GNP
growth due to the LMFBR would be about one-fourth to one-third that due to
SPS. At the high end (about $6000/kW) of capital costs fo: the LMFBR, the
drag effect would be about t' e same as that for SFS.

For fusion, the nominal capital cost of about $300)/%kW (nc¢ upper ‘imit
of the range is available) is close to that for SPS, buc the deployment rate
is about cne-fifth that of SPS across all scenarios. “hus, fusioa would have
a nominal drag effect about twice that of SPS for each :tcenario.

Regional Macroecoumic Effects. The results of the regional analyses are
more qualitative than earlier macroeconomic results. Increased coal utiliza-
tion will provide economic stimulus to the mountair West, the location of much
of the low-sulfur coal in the U.S. If the power plants are located near the
coal sources, this will provide an adui.ional source of economic growth for

oy
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that region. Trec-spoiting this coal or transmitting this electrical power %o
the coastal regions would result in higher charges for electricity consumed in
those locations. In contrast, the nuclear options (LWR, LMFBR, and fusion)
could be sited in any region, minimizing the differences in macroeconomic
eftects between regions.

TPV is most economically located in areas of high insolation. These
are primarily in the South and Southwes:. Deployment at a significant
level relative to national electrical energy needs could result in long-haul
transmisaion, as in the case of ‘low-sulfur western coal, and subsequently
higher prices to consumers in other aress.

It may be possible to site SPS rectennas in every region in the
U.S. This would minimize regional differences just as the nuclear options
would. However, if it became necessary to transmit SPS power for long
distances due to local siting difficulties (or any other reascn), regional
differences would result.

4.6.3 Socioeconomic Comparisons

The focus of the socioeconomic analysis is on labor requirements
of the various technologies, with som¢ comments on potential "hHoomtown"
effects.

Table 4.47, compiled from technology characterization data in 3ec. 3.2,
lists the labor requirements of the energy technologies. The average number
of people on site during construction and during operation (for operations and
maintenance) are given along with construction time. The entries for SPS
include onl, the rectenna site.

The figures given for construction are for the average work force

per year over the construction interval. The peak work force would be
somewhat higher (by about 30%) than this. Furthermore, families would

Table 4.47 Energy Technology Labor Pequirements

Construction Construction 0&M
Nominal Capacity Average Labor Time Labor
Technology (MW) (persons/yr) (years) (perscons/yr)
Couvent ional
Coal 1250 900 5 250
LWR 1250 1100 7 220
cG/cc 1250 1300 5 340
LMFBR 1250 90cC 7 230
TPV 200 200 5 30
Sspsa 5000 2500 2 450
Fusion 1220 1100 8 b

8sPS figures are for ‘he rectenna construction only.

bNot estimated.
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be relocating with some of the workers, further adding to the population
(by a factor of about three) of the surrounding area. These population
increases affect the amounts of services (e.g., water, sewer, food, housing,
schools, health care, police, fire protection) required, again adding to the
population, although creating permanent jobs for the area in some instances.
If the site is fairly distant from a large population center, these impacts
can be severe for the affected locality.

On a normalized basis, SPS would require the smallest work force,
about 500 persons per year per 1000 MW. All others would be in the range of
700-1000 persons per year per 1000 MW. However, because of the large size
(5000 MW) of the SPS, its impact would be much greater when compared to any
other single plant of typical size. If plants were located in power parks
of comparable size (with regard to capacity) then these differences would
decrease, assuming all the plants at a2 single location were built simul-
taneously. Another option for any technology is to extend the time period
over which construction takes place. This strategy would lessen the peak
level of an impac*.

4.7 INSTITUTIONAL ISSUES

4.7.1 Introduction

The relative institutional impacts of energy technologies are becoming
increasingly important in the assessment of policy priorities for federal
research, development, and demonstration expenditures, The environmental
impact statement process created by the National Environmental Policy Act of
1969 (NEPA) has been interpreted in many legal opinions to require the con-
sideration of factors beyond air and witer pollution. Institutional impacts
fall within this spirit, even if they are not covered by the letter of the
law.

There is a practical, as well as legal, basis for institutional anal-
ysis of new energy technoiogies. A recent publication of a nuclear industry
trade organization, the Atomic Industrial Forum,l75 alleges that government
regulation accounted for an increase in nuclear power plant engineering
man—hours of nearly 40 in the 1970s alone. Thus, a comparative assessment of
the contribution of the Satellite Power System (SPS) to the nation's energy
resources should include a discussion of the effecte of energy technology
deployment on existing and potential regulatory institutions and the effects
of these institutions on the deployment of energv technologies.

This section will compare the regulatory issues surrounding electricity
systems based on the SPS, coal, light water or breeder reactors, and central-
ized terrestrial photovoltaica. The comparison is based on the assumption
that decision makers who must choose between energy technologi:s are inter—
ested primarily in the significant differences between those technologies, not
in a complete catslogue of all of their characteristics. In the case of
institutional analysis, this means that the most relevant information is that
which highlights the different responses of regulatory institutions to
different energy technologies and proje..s the impact of these institutions on

deployment.

ek
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To perform this analysis, it is necessary to imagine the regulatory
scheme for each technology at the same stage of development. Therefore, this
analysis is divided into two parts. Section 4.7.2 will compare the regula-
tions for each technology as they exist at present, without regard to probable
future areas of regulatory activity. Section 4.7.3 will attempt to evaluate
how natiov~® trends are likely to influence technology regulation in the near
future,

4.7.2 Comparison of Present Regulatory Schemes

Approach. Analysis of the overall regulatory schemes associated
with different technologies will focus on three areas:

e The justifications for government regulation of energy
technology.

e The level of govermnment that is primarily responsible
for the regulatory task.

e Where possible, the cost of regulation to both the
government and the owner of the electricity system.

For the purposes of this section, the term '"government regulation” is defined
as any conscious and systematic govermment effort to influence the development
and deployment of an energy technology that would otherwise be left to
evolve in the private market place.

Justifications for Regulation. A recent article by Stephen Broyer176
represents one of the most up-to-date efforts at an overview of our regulatory
institutions. He organizes regulations into a number of categories, each of
which represents a distinct justification for regulation., Justificatioms, he
points out, consist of the best "public interest'" arguments of those who have
zdvocated regulatory measures, regardless of whether these reasons actually
motivated the governmenral action. In effect, these justifications represent
the best policy explanation of why govermment does whiat it does,

Breyer defines a number of regulatory categories that are not appli-
cable to the issues being considered here. For the purposes of this section,
his regulatory justifications can be reduced and adapted to three:

e Control of Monopoly Power. This category includes all of
the numerous forms of regulation intended to control the
freedom of monopolies or Lo restrict competition in favor
of monopolies.

o Correction for Externalities. This includes any govern-
ment-imposed requirement intended to prevent the general
public frum paying for costs that are more properly
ansumed by the entity that creates them. Envirommental
control regulations, for example, are included in this
category.
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e Correction for Inadequate or Improper Information.
This category covers all regulations intended to promote
the free flow of information for its own sake or to
reatrict the free flow of information for national
security purposes.

Regulations effectuated primarily through the tax system are not included
in this discussion, except where specifically nocted.

Level of Government. Each type of regulation for each electricity
system will be classified by the level of govermment that has primary juris-
diction for enforcing it. Local, state, federal, and international govern-
mental bodies will be covered. Hybrid bodies, such as regional agencies or
federal laws that are enforced by state agencies, are classified at the level
of government that has the most direct power over their conduct. For example,
the clean air lawvs are considered federal regulations even though State
Implementation Plans guide their use, because the federal government sets the
standards those Plans must meet.

Cost of Regulation. A rough estimate of the annual cost of each
justification for federal regulation will be included for coal and nuclear
technologies. The figures listed will cover both the measurable costs to
taxpayers through the operation of the federal govermment and the compliance
costs to industry. A fourth category, "hybrid purposes," will include funding
levels for programs that fulfill all three of the justifications for regula-
tions discussed above but which could not be broken dowa more specifically.

These figures must be read with extreme caution because their sta-
tistice are derived largely from untested sources and thus may be incomplete.
The sole purpose of this overall analysis is to enable comparisons of the
differences between orders of magnitude of the costs of regulating these
energy resources.

Results. As Tables 4.48-4.51 indicate, substantially different regu-
latory systems are associated with the four different electricity production
systems under consideration. The regulatory systems differ both in the
overall burden of regulation and in the levels of govermment that have primary
jurisdiction over different aspects of regulation. Under the least favorable
circumstances, significant and unprecedented regulatory burdens and conflicts
could accompany the establishment of SPS.

Obvious regulatory difficulties inevitably would accompany SPS deploy-
ment because of its international charactzr. As Tables 4.48 and 4.50 indi-
cate, neither coal nor centralized terrestrial photovoltaic electricity
production systems are faced with any significant regulation by international
bodies. Although Table 4.49 reveals that light water and breeder reactors are
subject to certain international restrictions on proliferation and information
disclosure, such basic decisions as reactor location, damage liability in the
eveat of accident, and permissible emissions are made within the United
States. Only SPS appears to require an internationally-empowered body or
negotiated treatics to make the types of decisions listed in Teble 4.51 --
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decisions which, like orbit availability, would vest in foreign countries
the control over the right to produce and transmit energy. The United States
Government would have to be prepared to accept the inevitable extra bdureau-
cratic delay that accompanies such complex decisions.

The international regulation of the SPS is likely to increase the
amount of regulation required at the federal level. As Table 4.51 indicates,
the 1967 Treaty on Principles Governing the Activitiesr of States in the
Exploration and Use of Outer Space, Including the Moon and Other Celestial
Bodies and the 1972 Convention on International Liability for Damage Caused By
Space Objects both guarantee that the United States Govermment will pay for
damages resulting from any SPS activities undertaken with its assistance,
regardless of negligence and regardless of the extent of direct govermment
sponsorship. It is logical to assume that the federal govermment will insist
on a powerful voice in the operation of any entity which, like the SPS, could
incur substantial liability for which American taxpayers would ultimately be
responsible,

Table 4.52 lists the similarities and differences between the costs
of regulating coal and regulating nuclear-generated electricity. This compar-
ison has important implications for SPS. Although the costs associated vith
each justification for regulation make up about the ~ame percentage of the
total cost of regulating coal as of the cost of regulating nuclear—derived
electricity, the total costs associated with the nuclear option exceed those
of the coal option by more than 50%. Moreover, the bulk of the extra money
spent on nuc lear regulation appears to be concentrated in two areas of
justification -~ "correction for externalities" and the 'hybrid purpose”
categories.

The reasons for these differences between costs for coal-electric
and nuclear-electric regulation could provide important indications of what
would happen if an SPS system were deployed. If the specific programs within
the nuclear "correction for externalities" and "hybrid purpose” categories are
examined, it becomes apparent that the bulk of spending is on various research
and development activities, Progrems like back-end fuel-cycle wastc manage~
ment and civilian reactor development account for a large percentage of the
total costs in their respective categories. Ccal regulatory costs, on the
other hand, result from regulations aimed mainly at mitigating adverse impacts
that already are relatively well-organized, e.g., protection of miner health
and safety and control of surface mining externalities.

The fact that a large portion of the nuclear regulatory spending
is on research and development activities intended to improve zafety wmay
reflect a v Te general concern that could also affect the S8SPS. Nuc lear-
generated electricity is one example chosen by Talbot Page in a recent
article!?? to illustrate the “szero-infinity dilemms," which Page defines as
the qurstion of whether a decision to proceed with a technology shouid ever be
made if that technology could result in a virtually infinite catastrophe even
though the probability of such an event is virtually zero. It is clear
that the United States Govarnwent has decided thet a nuclear accident that
results in a high~level rsaiation relesse into the environment would be
infinitely costly and therefore intolerable; 178 the substantial spending on
research and development illustrated by Table 4.52 testifies to the ccmmit-
ment of the government to reduce the probability cf such an accident to
zero by effective preventive mearures.

I
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I1f the SPS is perceived to present a gero-infinity dilemma, it is
probable that its regulatory costs will look much more like those of nuclear
power (Table 4.52) than those of coal-fired electricity. Like nuclear power,
the SPS would be faced with continual regulation. Its international character
might not provide an "escape route" around United States regulatory require~
ments -- the rest of the world cannot be expected to be any more willing to
permit even a small possibility of a catastrophic SPS accident for the sake of
supplying energy to the United States than the United States has been willing
to risk a catastrophic nuclear accident within its own borders.

Of course, whether the SPS does present a gero-infinity dilemma as
serious as nuclear power is a question on which there is no consensus.
How serious an accident wmust be to become "catastrophic”" and how small the
probability to be viewed as "impossible" are political decisions that this
study is intended to facilitate. It is important to recognize, however, that
wten a technology has come to be perceived as posing a zero~infinity dilem-
ma, the total costs associated with regulating it could become a determinant
of its economic viability.

4.7.3 Regulatory Trends

The comparative evaluation of the regulatory system that is likely
to accompany any of the technologies corsidered here will continue to evolve.
The extraordinary public attention that has been focused for a variety of
reasons on energy production over the past ten years appears to be having a
long-term impact on the ways in which the problem is being perceived and
resolved. The purpose of this section is to analyze some of these trends in a
qualitative fashion.

In concluding that "the weight and importance or the decentralization
trend in America is greater than the 150-year-old trend toward more centrali-
zation," John Naisbitt185 calls attent to devalopments that have important
implications for the regulatory system . .at would be associated with the 8PS,
as well as other electricity production technologies. Naisbitt states that if
the decentralization trend continues, it is likely to cause intergovermmental
conflicts in the regulation of all electricity technologies, but especially
the SPS. He further contends that increasing decentralization probably will
make uniform regulations more difficult than would otherwice be the case. Of
course, it is dangerous to draw too many conclusions from such recent devel-
opments. Nonetheless, it is impcrtant to understand their impli:ations in the
event they become long-term realities.

Intergovernmental Conflicts. As Naisbitt185 poirts out, numerous
events suggest a growth of power amony states and communities at the expense
of the federal government. Incrzasing activity on the part of regions,
states, and local govermments is leading to greater assertion of decision-
making authority by these entities. Kaisbitt illustretes this trend with
examples of 3tates and localities that have tried recently to gain regulato-y
control over certain stages of the nuclear fuel cycle, includiag siting,
transportiation, and disposal of nuclear waterials, and disaster emergency
plans.
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The preseat conflict between federal and local governmencs in the
context of nuclear power could be even worse in the case of the SPS. Several
studiegl86-188 (¢ the SPS have concliuded that an international regulatory body
probably -oul” be desirable for regulation of the technology. If this move
to csrcalize energy technology regulation comes at a time when the dominant
nzcional trend is exactly the opposite, substantial intergovermmental duplica-
cion and conflict could result, not only between the federal and local govern-
ments, but also> between local governments and the international regulatory
body. For example, Kot inl89 suggests the possibility that states could
attempt (o regulate microwave exposure levels to their citizens -- an area
ripe for intecnational regulation if the SPS is Jdeployed.

Such disputes, should they arise, could cause unexpected delays,
costs, and uncertainties in the deployment of the SPS. While it is true that
world-wide commitwent to international regulatory bodies such as the Law of
the Sea Conference and the International Whaling Commission has grown in
recent years, these bodies derive their asuthority to regulate the United
States from the federal govermment. If the decentralization trend should
continue, it is conceivable that state and local interests would reduce the
ability of these international regulatory bodies to govern effectively. PFor
example, recent litigation on behalf of Alaskan Eskimos to exempt their
whaling activities from regulation by the International Whaling Commission may
be decided in their favor, despite vigorous opposition by the federal govern-
ment.

Non-Uniform Regulation. Regardless of whether the difficulties sug-
gested above materialize, great potential exiats for the SPS regulatory
system, concurrent with other centralized energy technologies, to beccme more
expensive than is predicted. Naisbittl8% concluded that governments "have
stopped looking for the one best way to accomplish a particular social
goal, and are now experimenting with a wide variety of approaches." 1If the
decentralization trend continues, the regulatory system for any of the
electricity tect-ologies covered in this section —-- at whatever level of
goverment that is vested with primary jurisdiction —— will likely have tc be
sufficiently flexible to weet thir demand for individuality. The cost advan-
tages of the uniform regulatory system that would normally evolve will be
reduced as the system becomes unwieldy in the attempt to please widely
divergent constituencies. Although the President has proposed a new regula-
tory body whose explicit purpose is to -ounteract this tendency, it is unclear
whether his objective will be met.

4.7.4 Summary

Institutional (regulatory® considerations are increasingly affecting
the viability of new energy tech -~ .ogies. A comparison of regulatory schemes
for the 8PS, coal, nuclear, and terrestrial photovoltaic technologies suggests
that the 8PS :ould be faced with unprecedented regulatory burdens as a result
of the number of jurisdictions that might seek to govern it. Morecver, this
trend could be exacerbated by the developing tendency of local govermmental
units to attempt to gain regulatory control from the 7 .iz2rzxl govermment.
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5 ASSESSMENT CONCLUSIONS

5.1 INTRODUCTION

The objective of this assessment is to provide a traceable and con-
sistent comparison of the SPS and sz2lected energy technologies operating after
2000. The approach in this comparative ascessment was to analyse each of
tha technologies issue by issve (side-by-side analysis), on the basis of
a preselected set of issues, and then to do an analysis that evaluated the
techrologies, given different post-2000 economic climates and the economic
trajectories that would lead to those climates (alternative futures analysis).
The alternative futures snalysis was also performed issue by issue, although
some issue analyses were qualitative and therefore relatively insensitive to
quantitatively defined economic futures.

It is the goal of this section to formulate some conclusions on the
basis of the analyses described in earlier sections of this report and the
supporting documents. Because the analysis was performed in two weys,
two ditferent types of conclusions will be reported. The first type w:ill
focus on the issue-by-issue analysis (side by side) and incorporate the key
issues for each technology. Conclusions will be made in each major issue
category (e.g., health and safety) by looki-3 across the technologies. The
second type of conclusion will be concerned with the paramcters (e.g., energy
demand and fuel prices) of various futures and will include statements about
the comparative viability of different supply paths. Conclusions will be
formulated in this case for wmixes of technologies in different demand sce-
narios. These two types of concluding anslyses will form the basis of this
section. No statements regarding the overall viability of the SPS concept
will be made. Such a statement is the objective of the cverall CDEP progrem,
of which this assessment is only one part.

5.2 SIDE-BY-SIDE CONCLUSICNS

Tables 5.1 through 5.6 summarize the comparison, issue by issue, among
the seven technologies. The comparisons in thecse tables are described
in terms of key issues, uncertainties sbout the understanding of those issues,
and a concluding comparative statement that cuts across all techuologies for
that issue area. Only one or two key issues were identified for each tech-
nology unless several were equally important.

Cos® and Performance. 1he SPS is economically competitive with coal
and nuclesr energy pricees if high coal and nuclear fuel prices continue and if
further envirormental regulations continue to raise the capital costs of these
technclogies at a rate substantially above inflation. However, if the capital
costs of coal and nuclear technology rise becsuse of the increasing vegulatory
restrictions, the regulatory climate will be such that it may also affect the
cost of 8PS. If coal prices increase at a rate only moderately above infls-
tion, the probability that the SPS will be competitive with coal energy is
relatively small until after the year 2000, although this result is dependent
on the smount of coal use.




*s318070UYd9] pIduwape 2yl

3O A3T1TQRTA DTWOUODI IATIWIL
Y3 Iyen(wad o3 paarnbaa

2q pInoa s3TpnIe udrsIp puw
SUOTIPN[®A? 380D PITIRIIP JIOR
‘sa8wjurape 31905 Auw Suipaw3d
-2 Jpwm aq us> sjuawdpnl ou
pus 28191 £12a 871 IBurz Iyl Inq
‘uorsny puw A4l s® IBuwa 3Is0d
swws 3yl A123emix0adde swy g§4s

‘0007 1333w

1194 113UNn [(OomS £313A 8T [¥OD
YITA da73IT39dmod 3800 3q (1A
sds vyl L3r1Iqeqoad Iyl °g4ds
3109339 osie Avm 3T a®aionu pue
1P0D 10J I1IA38 ST IIPWITD 4L103
-pIn8a1 3yl 31 ‘zaaamoH ‘991801
~ouyo23 I*IY3 jo 380> [w31deEd
24yl I91w1 suollwInBaa [FIUIm
~U01TAUD puw L1dawys Ista sIoO1ad
{anj 31 asaidnu pue [¥OO yI*~
2A137133dmo> L[®o1mMOUOD? 1 §d8

170

‘usoudun £3111QRITIa
pur Iousmaojaiad wajysdg
‘urelaadun A1ysry 1
380D JUIWUTIVIUOD PWSR(J

‘uIP3IIDUN B 3I¥ oUW
-wi0j12d wa3sks puw ‘3900
uotraIwlaodeuvay $380d> 119D

‘3900 119> ur paainbaa
sjuamdacadur 28aw]

‘ute®313duUn Iie
$389310uUr 3905 Tw3Td®)

*suoyendax
1PIUIWMIOITAUS pUR pUFEIP
3o junom® uoc Juapuadap
INQ uI®IaIdun I51ad 1v0H

‘112m £a3a pajsulise aq

JOUUPD £380D JUIWUTRIUOY uotrsng
*3800 A313uad
dIRuTWOP ADUITOVFJD

wa3sds pue 380> [w3iTdE) SaSs
*3800 uor3onpoad i@

uo £18uoais puadap 8380) AdL
*28¥210UT 03 pIdoadxd
$351ad wniusa °suol

~-en8aax 4393%s puw (PIuUM (49aRn1T

~UOITAU? O3 anp IIR[RI8D ‘“4MT)

£1qeqoad 111m 3900 (wilde) agatony
*A11e13UuP3sqns Iot1ad LBaaua

28192 pynoa 9¥>1ad POd ang (03/90

A13y8118 LJuo ajwie¥ss? 03 ‘1vuoT3uaauc))

p2323dxa 300 T®3Ide) 180D

SUOTINTOUO) IAT S-awdmo)

s313uT®IIIOUf

sansseY Ay w3 sdg

SUOTSNIJUO0) JATIvaRdWO) pus ‘saTjuiwilaaduf ‘sanest

A3y :9douPmi03aad puv 3803 ‘¢ I1qel




171

"pauTjap-11as Jou

dae sfeayjvd mnyITa] *I9BIT31 WNIITAL uorsng
* paUTEMIIIIpPUN
a0 pI1jruenbun urswal
‘UTEIIIDUN JaW 6303)FI u1ao10d £33 jo swayqoad
JABA0IDTIW [IAI]-MOT] aaylp -smafqoad L3x aaw
‘uIPIAIOUN Iaw YI[EIY aJn3jowynuem Juluodmod puw
aanaoa aowds uo sjyowdug SI{PT133¥W AFPI JO UOTIOPIIXF sds
- 83owdmy
L333es 38awy aawy 111IA
$3131(1°o¥3 jJO IOUPUI]
-UTPW PpUP UOT IONIISUO)
*#3ovdwr 03 $103NQTIIUOD
uIEm Iy 2Iv S[ID Iwjos
‘uorInjos :
’ *g3oedmt 38aw] aawy Avm 3O @anjdejnuvsm pu® 103
W193 310ys ¥ APy Jou 83I0P muuoavcm uorjonpoad Iy SI¥Ta3I¥W JO UCTIOPAIXF Adl
I®Yy3l §dS 103 wa1qoad jwijudjod ¢ ¢ : ¢
® 87 sTyl -Iydoad Lusw uidIdoUOd
¢
S T e 1.
-u 3 IINITIITP 61 3T (u0TI Jo uor3daosaad ay3 32333%
-ny1od II® [IAI[-AO] pu® UOTI® :
: s3owdwt o1ydoazselm> (494W1T
-Tp®31 BUTZTIUOT [4AIT-AO] O3 3BT . o X p
ute3aasun aaw s3jowdun L3171qRqoad-mo] - [RPUOT3 i)
-urs 1 #338dm; 2ABAO1dIm §45 JO ‘uoTIRTpRA [PA3T~AV #dn>20 2aw syowdmr 38C aeajan
ma1qoad ayl -ASojouydai pITpnis rIwIpRl 1 Lomindt - : R 1°0N
Isom 2y3 ST #IY3 3Inq Is¥ydry T PpIUTIIp-TI3A aaw
22w [v03 jJo s3owdwmt parjriuend *8INSSY sanesT 1V ‘s3iowdwy 03
‘pIUTIIP $83] pPUP JUIIIIJIP 23® 23130 uRyl pIUIII}Pp IJi0w £303NQTI3UO0D UTPW Y3l aaw (02190
smR1qol4 “satBojourddl iayjo Ing uorIniiod x1e 103 uorInyicd are puw uoliwy ‘ {RPUOTIUIAUOD)
23a0 ISwjuwape YI[®IY ou sry S§dS pe3daoow jou 11138 ®IRQ -iodsuri] ‘UOTIONIIXS [ROD 1®0D
sSUOT SN Ou0) IATIvawdwo) $313UYIPIIADUN sanss] £y wa384g

SUOTSNTOUOC) IATIVIRdEO) pPUP ‘SITIUTIRIIIDUN ‘sINSS]

K9y

:£33jeg pu® YII®IH T°G N QEL




172

*pa3vaado puw 3771Nnq

51 wa3sAs ¥ 1333% [T13un jo0u
A1qissod ‘sivak Auwm 10j paajos
3q J0U [11A swa1Q0ad ARMOIOTH
‘w27qoad (i®aaa0 243 jo 3jaed
11vms » A{uo 1 uor3ianpoad
£3151230912 woaj 0o Inq ‘eIl
-uajod s1ydoarseied 31s23w218 ay3
sey wa1qoad Iy aylr ‘swayqoad
219J[aA 1PIUIMIOIYAUI JO 338
3U213331p ® swy L3010uyda3 yowyz

‘urelaadun A1ysty
2ae (s3jowdwr ®O
~-18071022 ‘?dulxdjaajul
SuUOTIWOTUNEWWOD ‘°38°3)
s83owdur 2ABPMOIOTK

‘uaaocadun
81 adousmiojaad LBojou
-yoa3 [wsodsip ajysepm

*A3ure3zasun Igp

*paurjap L193a1dwod
Jou 81 ABojouyda3 Iyl
IINEOIq PITITIUIPY 13
SINSST JUPOTIJTUBIS Of

*@an3inorase

uo s3jdowdwt [v21807029 aamy
Avm UOTIBTPPI IAPAOIITR
*angs1 IBaw] ¥ 9§71 IJuIaj
=333u1 >133uBewoi13da1l

"PITITIUIPT
313n SINSST IaVIIIA [PIuIE
~UOITAUD JUEBDTITUBTS ON

*swa1qoad spaengdajes
*1esodsIp I318®A UOTIIRTPEY

‘sanesY ay3 23vurWOPp
s3owdmy a3jwmrd L)

uorenyg

8ds

Adl

(A4dR1

‘aM1)
28I ONN

(23/90
‘{PuoTjulAucy)

1%0)

suoIsNIduo0) Ia1vaedwo)

#93T3uTIRIaOUN

sanss] £ay

w2 3sig

suoIsn]duo) Iarvawdwo)

PuU® ‘SaTJUTI®IIIOUQ ‘sanss]

Ay

19.%J1oM 1®IUIWMOITAUZ (-G I[qEL




*sma]qoad SNOTIIS Of uotrsng

‘pus 18303
230W UIAP - JU0Z 133INg
- 128291 uaA? ue 2a1nbax -smajqoad
~ Aem suorjwn8ai £333es s[e1i93em Jwos “ISN
puU®  YI[®IY IAPACIDTH pus] snon8tjuod I%aw] sds
‘ul®3laouUn *no7 91
81 uor3onpoad 119> noewqled £8a3uz -paazinbaa
Jo Ajrsuajutr L3iauz 2ae ssaiw puw] ¥I%aw] Adl
(394N
*dM1 30j ure3aaIdoun ‘0007 2233® paitwl] ‘4MT)
-suw1 943 103 sa1{ddns [en3 s1 £1ddns mnyuwiq ?q pinod A1ddns oniuwvap IwIONN
wnyusan jo uoyidaoxs arqrssod !
243 YiIT1A jueizodmy se s1 wa1qoad
20aNn0831 A 30 ON "84S 10 Inesy (02/90
a51nosa1 383881q Iyl s1 uoll *anss1 A1uo Iy sI ‘ {RUOT JUIAUOD)
7 -dunsuo> pus] snon8ijuoc 3818 ‘#373uUTIRIIIOUN Baw] ON UOTIPUTEEIUOCD 1IIBH 1®00
,
f suoTISNId2u0) IATIviedmo) $313UTR33I0U] sanes] L3y w3188

SUOTSN]OUC) 9A1IPIFdWO) PUR ‘$TIUTEIIIOUN ‘sanss] A3y :80IN0SIW %' ¢ IqQEL




174

‘83802 Q34 pPuUP 21n3IdONiIIS
-81JUT JO SIIPWIISI O) uoreng

ruor3Tsoddo

o11qnd afqrssod L1anTy
da@ $31053)3]9 jruolBay
“dND 3I9933% pInod
SJUIWISIAUT 21n3dNIIS

-2ajur puw 180> [wIIde) sds
‘83180700 ‘sjudmaainbaa
-Yd>93 13y30 JO ISOY] URY3J JuED  °PIQTIISIP JOU 2INIONIIS 1®31ded a8ae] - pajdadxa
-TuSts 8831 ais (uorIsnj ‘uoIssT]) ~BIJUT [PTAISNPU] uorIvjuamajdmr jruorday Adl
A30o10uyoa3 awayonu Suyjudwsjdur
uw -uu-“la ~w=0umuu.u.»low00w "a11qnd au3 3o
> . 33 UO 199339 18981s 8103038 Iwos Lq a3ojouyd93 (49dRW1
“ v“:umuWnnnw~=OuummwNun“u =-uM ap@d1onu jo jJuamloidap Ip1a ‘am1)
pInoa ‘A3070uyda3 IYI JO SBIUIATS ©3 uor3rsoddo 31qresoq 1831onN
-ud3ur [r3tded 3yl yzva paidnoo
‘sTYl “°IanIonaseajur Iyl ul Judm *pITpPNIS~T A UIIq |
-3s2aur 3%aw] » aainbax pinoa sgs ARy JInq ‘IsaM ay3 ur (99/9 |
‘sataisnpur adu Auss SuriI®IU =s31qoad v 3ae s3owd .~¢=omu=u>=oov
A8o10uyd93 Aau ¥ 81 3T ISNEOAY -W] JTWOUODd m.ﬂbmwum 1{®0D
suoOISNIduo) AT Iraedwo) sar3juTRiaIOU sanss] £ay =3 94g

SUOTSNOU0) dATIBIRdEO) puB ‘SITIUTEIIIOUN ‘sInss] LIy :SINIS] [PIITO0§/OTWOUOIF GG ITqEL




* passaappe 0§ nessng

* (UOTSSTWSURI] IABACIITIW
‘831q20 ‘uoriwiiodsusa)

- ‘uT®EIAIdUN ‘-8°9) 3ovdw1 jo swaiw Lusm

~ Ajuys1y 81 uvoTIOW L103 30 Isnwdaq L1213A98 8§38
-e1n8a1 (euoOrIRLIIIU] 32333% pIno> suorieInday 84ds

- suoy I

-ngsx Suoays aapun (v}
03 3Ins 1w sITTIIIIFW

‘snoyaads jsom I3y3l Ljqeqoad aaw snopaezey JING ‘pIuraIpun

uorjwizodsuri) Iovds pur ‘uolrs aae s3jowdwy L103®1nBay AdL

-STmsURI] 3aBAc1dTm ‘dYysiauno ‘ur®3IIdUNn cuorjviado puw ‘Juam (agdn1
31Q30 03 INPp SJUTIRIISSII [PUOTIFPU : :

: . : : #1 3q [[1a suorlwIndaa ~Loidap ‘suBisap 31d333® ‘umT)
-133ur IYl - 2anjeu SuryowIa-aw} >inang $u I n . suo ns i
331 jo Isnedaq aBuI[Iey> 1saBawy ny SuUTITQIYUT AOH 11IA pus SAFYy suolIIR[NIIY (A4 Bl 4
3yl sdeyaad sade3 §4s ‘IJurizodml (29/90
u92q 2apy Lfojouys?3 awaronu pur *I8®IIDOIPp 10 ‘ JeUOT JUIALOD)

{®0> uo suor3ie(n$aax ysdnoyiy Jswaidur Kem suoriwinday *pIIwIneI1 L11AWIY 81 [®O) 1*0)
SUOISNIduo) Ia13Ivawdmo) 2373UTRIIIDU( sanssT L3y wol1sdg

SUOTSNIJU0) dATIvaedmO) pue ‘SITIUIPIIIDUN ‘sanss] L3y :sanss] [PUOTINITISU] ¢9°C I[Qel

e ————




176

The cost ranges of all the advanced technologies (i.e., SPS, terres-
trial photovoltaic, and fusion) appear to be approximately the same, but,
given the large uncertainties and judgments about each of these technologies,
no conclusion can be made regarding the viability of one relative to another.
The cost drivers of each of these technologies have been defined, but it is
difficult to come up with uncertainty bounds around each of the cost drivers.
More detailed design and cost evaluation studies would be required on each of
these advanced technologies to determine relative economic viability.

Health & Safety. The satellite power system offers no overall health
and safety advantages over the conventional technologies. The problems are
more defined and the status of public knowledge is greater for the conven-
tional technologies, but the problems that are still undefined for these
technologies are no closer to solutiona than those of the SPS, and uncertainty
in such risks can only be quantified by long-term study. The problem of
determining the risks associated with low-level human exposure to aicrowave
radiation (specific to SPS) is similar to the problem of determining risk from
low-level ionizing radiation (specific to nuclear) or air pollution (specific
to coal). The difficult task in studying these areas is to develop impact
analyses at low levels, and each will probably take years of careful research
to determine the true impact. If the concern with health and safety con-
tinues, the effect on SPS can be expected to be similar to that on coal and
nuc lear technologies.

Terrestrial photovoltaics and fusion may offer fewer public health and
safety problems and long-term undefined risks than do the conventional tech-
nologies and SPS. With the exception of the tritium problem for fusion, the
risks now associated with these two technologies appear to be less than the
risks from the low-level radiation or air pollution problems associated with
the other technologies. Therefore, terrestrial photovoltaic and fusion may
not be as restricted by hazards that cannot be quantified within the period of
technology implementation.

Environmental Welfare. Each technology has a different set of environ-
mental welfare problems. Among thesc, the climatological impacts of increased
CO2 levels have the greatest catastrophic potential, but it must be pointed
out that electricity production from coal causes only a small part of the
CO; problem. The microwave problems resulting from iwmplementation of the
SPS system will take many years to solve, and the viability of a solution may
not be known until after a system is built and operated.

Resources (Land, Materials, Energy, Water, Labor). The biggest issue
in this area is the consumption of large contiguous land areas by the SPS and
terrestrial photovoltaic systems. The terrestrial photovoltaic systems are
designed in smaller capacity levels, i.e., 200 MW, so that large contiguous
blocks of land would not be required for siting. However, the overall land
use is approximately the same as that of the 8P§. If the SPS is designed in
smaller sises (less than 5 GW), the need for large contiguous land areas may
not be as severe a problem, but overall land consumption will probably be a
continuing concern.
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Fuel supplies, particularly uranium, could be a problem after 2000
if increasing use of electricity continues in the next 20 years. If the
demand for electricity continues to fall off as it has in ‘he last several
years, then the uranium supplies for use in LWRs could go on ror many years
beyond the time horison of study (2000-2030). The introduction of the LMFBR
would eliminate uranium resource concerns.

Terrestrial photovoltaic systems, particulary those using silicon
cells, have a very poor energy payback because of the energy intensity of
silicon cell production. If the energy requirements of silicon cell produc-
tion are diminished, then energy payback does not appear to be a problem.

Economic/Societal Issues. The SPS, TPV, and fusion are different
technologies than thcae currently producing electricity and will entail many
nev industries that will require large investments in infrastructure. These
large investwents, coupled with the capital intensiveness of the technology,
could have the largest impact on the GNP compared to the other technologies.
The infrastructure and R&D costs for TPV and fusion have not been estimated;
however, because the SPS would require many different types of systems (space
transportation, space construction), many new types of jobs and training would
be created to support it.

Nuclear and fusion technologies would not be as regionaily biased as
would the other technologies. Terrestrial photovoltaics would probably be the
most regionally applied technology because its implementation is determined by
climatological factors, and the proper climate is only available in certain
areas of the country.

Institutional Issues. The environmental regulatory climate for coal
and nuclear technology has increased substantially in the last 10 to 15 years.
If this tvend continues, the advanced technologies may al!so feel these
institutional restraints at early stages of their development. 8PS raises
additional institutional questions because of its international nature.
Institutional restraints concerning orbital ownership and microwave exposure
standards pose the most serious institutional questions for the implementation
of an SPS technolrgy. As serious as the regulatory difficulties are within
the United States, the international isrues will most likely be even more
difficult.

5.3 ALTERNATIVE FUTURES CONCLUSIONS OF THE COMPARATIVE ASSESSMENT

The energy supply/demand analyses that were part of this assessment
produced several energy-demand and supply trajectories for the future.
The two extremes of these scenarios are discussed here to form conclusions
about the comparative viability of the SP8 in an alternative futures frame-
work. The other scenarios not discussed in this concluding section are
intermediate cases and offer no more perspective on SPS and the alternative
technologies.

The two scenarios that were ctosen were the unconstrained high energy
demand scenario and the constraine., intermediate demsnd scsenario. These
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two scenarios are referred to as UH and CI, respectively. The unconstrained
high scenario (UH) is a situation in which the cost of electrical energy
from conventional sources does not rise at a rate much greater than inflation
and therefore remains relatively cheap. The availability of cheap energy
means that the demand for electrical energy from these sources will continue
to rise. It also means that conservation and substitutes for these sources of
energy would not penetrate to a great degree.

The other energy demand scenario (CI) is the constrained intermediate
scenario. In this situation the electrical demand is low because of the
increasing cost of energy due to regulatory constraints on the utilization of
coal and nuclear energy. Puel prices would rise, and conservation and other
energy substitutes would diminish demand for electrical energy from thes:
sources, thus lowering the overall demand for electrical energy.

Three different mixes of en~rgy supply were examined for each of
these scenarios (Table 5.7). These mixes of energy supply were selected to
illustrate differences in meeting these radically different demand scenarios.

Supply options 1 through 3 are evaluated for demand scenario UH for
each of the comparative issues in Table 5.8. Supply options 4 tnrough 6 are
evaluated for demand scenario CI for each of the issue areas in Table 5.9.

Looking across the different supply options for energy demand UH, it
appears that the conventional energy systems will bring about the lowest cost
of energy for all cases if they remain relatively unconstrained. However,
along with this low cost of energy, future health impacts and safety problems
with coal would no doubt become more severe. In addition, since coal would be
heavily used because of incrcased electrical production, it would be expected
that the western states would continue their very rapid development. The
utilisation of the SPS, as described in supply option 82, would limit the
production of energy from nuclear only to LWRs and then replace this with SPS.
Since SPS can be expected to cost more than these unconstrained conventional
technologies, the overall cost of energy would rise. However, since the LMFBR
would not be implemented, many of the health safeguard issues would not
be of concern, but they would be replaced by the SPS health and safety
issues. It is not expected that the COy problem would be lessened in the
early post-20N0 time frame, because the relative change in electrical energy
production from coal could be small compared to the overall production
of global CO3. In both supply options S2 and 83, the introduction of a new
technology (i.e., 8PS or fusion) introduces new industries that would require
large investments. In addition, the large coal boom that will exist and will
last until fusion or SPS become available would most likely drop very rapidly
and produce a boom/bust cycle.

Among the three supply options for the constrsi-~:1 intersediate demand
case, supply option 84, the conventional onme, would probably have the lowest
energy cost. However, because all energy technology would probably be
constrained, it is expected that all three of these cases would have higher
energy costs than those described in demand scenario UH, unconstrained high.
If the electrical energy growth is indeed constrained and substitution does
occur in the form of other energy supply ~r conservation, then the conven-
tional fuel resources (i.e., coal and uranium) will extend further into the
21et Century and therefore require very little in the form of other tech-
nologies for replacement. Supply scenarios 84-86 replace each of these
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Table 5.7 Energy Supply Options

Supply Option

Description

sl

82

83

85

86

Conventional

Convent ional fuel
utiligation plus SPS

Convent ional fuel
sources plus fusion

This is the same as
Supply Option 1.

Conventional systems
plus SPS.

Conventional systems
plus fusion

Convent ional coal combustion and combined-cycle
plants and nuclecr LWRe with advancement to LMFBRe
make up this supply option. Coal and uranium
would be continually used in conventional sources
until they are replaced by more improved systems,
e.g., combined-cycle coal gasification and the
LMFBR.

This supply option includes the use of coal, with
nuc lear only in the form of the LWR replaced by
the SPS when fuel prices for urenium either rise
too high or the resource is depleted.

This option utiligzes coal with nuclear, in the
form of both the LWR and LMFBR, and replaces these
systems with fusion. If fusion is not available
wvhen the LWR fuels are running low, the LMFBR
would be utilized until fusion technology is
available.

Same as Supply Option 2,

In this case since the energy demand is expected
to be low, only nuclear LWRs would be used until
fusion would be available. Since the energy
demand is low, it is expected that the uranium
fuel would last until fusion technology could be
applied.

conventional technologies, coal and LWR, with the LMFBR or 8PS or fusion. It
would be very difficult to project the energy costs in the constrained,
heavily envirommentally regulated economy, to compare these lsetter supply
options. However, it is expected that the availability of SP} or fusion
might bring down the cost of erergy from depleted fuel sources because these
resources would no longer be utilized. In all cases, for en-rgy demand
scenario Cl, the requirement for an advanced technology is diminished for a
couple of decades into the 21st Century; therefore, the decision time as to
vhich advenced technology or technologies would replace conventional sources
is delayed and would probably have very little effect on the overall future
eniergy supply and demand.
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Table 5.8 Evaluation of Energy Supply Options S1-83 for Demand
Scenario UH - Unconstrained, High Demand

Scenario Definition

Energy Demand

Snergy Supsply

Comparat ive Anaiysis

Rlectrical energy

demand is high

decouse coal and

nuc lear energy

rengin relatively
Wagulation
impositions will

cheap.

not? get much
larger.
vation and sub-
situt ion do not
penetrate to a
great degree.

Conser—

81 "COHVCIC‘OIQI Coal
Conv. and 0C/CC

Muec lear (LWR, LNFBR)
Cont inued use of conventional

sources with improved systams.

LMPBR could provide energy
for meny years.

Environmental
Welfare

Institutional

Low becasuss costs of conven-
tional sources remain relatively
loweot of sll scenarios .

Possible impact of further coal
use and nuc lear safeguard issues.

Welfare: 0D; could become &
problem after 2000.

Nonrenewable fuel supplies
continue to be depleted.

Cont inued developument of coal
mining and technology in western
states

Minimal impact decauss role of
regulatory bodies will remain
relatively constant.

82 - Conventional ¢ 8PS

{Coal, LWR, 8PS)

Conventional systems will
be used until the 8P8 is
implemented.

Energy Cost

Environsental
Welfare

Resources
Rconomic/

Soc iecal

Institutional

Higher energy cost than 8l
because of depleting uranium
stocks and the introduction of
a new technology.

Many new health issues associasted
with 8PS, but comventional prod~
lems decreased.

Potential (0 impact is not
changed because of other uses;
several new 3PS issuss.

Increased lend consumption, con-
tinued uranium deplation.

Nev technology will affect the
economy because of large invest-
mente; western states could go
through a boom/bust cycle with
cost.

A whole nev set of interactions
wvill develop because of SPS.

83 - Coaventional ¢ Pusion

(Coal, LWR, LMBFR, and
Pusion)

Conventional systeme imclud-
ing some form of breeder
until fusion techrnlogy is
availedle.

Energy Cost

Inetitut ional

Nigher thaen 81; slightly lower
than 82.

New rediation problemes.

Same as 81.

Same as 81.

Similar to 82 but probably net
as great.

Wuclear fission regulatory bedies
will probebly handle fusiom.
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Table 5.9 Evaluation of Energy Supply Options 84-86 for Demand
Scenario CI - Constrained, Interwediate Demand

Energy Dewand

Energy Supply

Comparat {ve Analysis

Blectrical energy
denand is low
Mecause regule-
tions and fuel
prices have driveu
up the cost of
energy. Conger-
vation and other
supply substitu-
tions are
selected, thereby
lessening the
demand for e¢lec-
trical energy.

84 - Conventiomnal
lc“l. LVR, LNFBR)

Becouse of low electrical
demend, conventional swpply
systems could be used for
many years (i.e., fuel
stretchout). Breeder could
be implemented when fusle

Energy Cost

Bealth &
Safet

:

Ravirommental
Welfare

Nigh because of iwetrained
coaventional sources.

Better than 81 beceuse of de-
crsased use of comventional
technologies.

Not such diffcrent than S1.

are depleted (e.g., 2030). Resource Depleting fuel supplies but at
a low rate.
Bconomic/ Woderate development of western
Societsl states.
Institutionsl Stromg regulatiom.
33 - Conventionsl ¢+ SPS Energy Cost Lower than 84 because replace-
(Coal, LWR, and $P8) ment technology will hold dowm
fuel prices somevhat.
Because of low demand for
electricity, SP8 would not Bealth & Same as 82.
be required until later Safety
(e.g., 2020).
Environmental Same as 83.
Welfare
Resource Land consumption, depleting
fuels.
Bconomic/ Same as 82 but boow/bust would
Societs be less.
Institutional Sane as 82.
86 - Comnventional ¢ Pusion Energy Cost Lover than 84, maybe less than
(Coal, LWR, LNFBR, and $5.
Pusion)
Bealth & Nev radiation problems.
Becsuse of low demand for Scfety
electricity, fusion would
not be needed until later Envirommentasl Same as $1.
(e.g., 2020). Welfare
Resource Sane as S1.
Bconomic/ Similar to 82 but diminished
Societal boom/buat .
Institutional Same as 83.
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5.4 CONCLUDING REMARKS

Within the limits of present knowledge, it is expected that the cost of
the SPS would be higher than that of the conventional technologies, its
environmental problems different, and its resource consumption (in the form of
land instead of fuels) no less importzat. However, this conclusion probably
results in large part from the character of the SPS reference design. Conven-
tional technology and ideas are incorporated into this refer~nce design; they
make it the most believable SPS concept but possibly not the most viable. A
more advanced SPS concept might compare more favorably to the conventional
1#. hnologies, but would be difficult to characterize. However, in order to go
torvard with such a large new venture as SPS, it is important that the payoffs
be significant. Therefore a more advanced SPS concept might provide the
margins of benefit that are needed to support such a large new technological
venture. For example, the introduction of a different, wore intensze form of
microwave transmission could reduce the land requirements, the wmicrowave
impacts, and the overall cost of the technology. Each one of these impact
areas is a sensitive issue for the current SPS reference design. Therefore,
it should be noted that the comparative assessment reported in this document
considered only one concept for the SPS design, and that others, although much
more advanced, may compare more favorably than the one chosen.
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