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ABSTRACT

The SPS Concept Development and Evaluation Program includes a comparative
assessment. An early first step in the assessment process is the selection and
- characterization of alternative technologies. This document describes the cost
and performance (i.e., technical and environmental)_characteristics of six

central station energy altermatives:
o Conventional Coal-Fired Powerplant
o Conventional Light Water Reactor (LWR)
o Combined Cycle Péwerplant with low-Btu Gasifierxs
o Liquid Metal fast Breeder Reactor- (LMFBR)
@ Photovoltaic System without Stérage

o Fusion Reactor

iii
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1. INTRODUCTION
1.0 BACKGROUND

The SPS Concept Development and Evaluation Program (CDEP)* was estab-
lished by the Department of Energy and the National Aeronautics and Space Ad-
ministration to generate information from which a rational decision cound be
made regarding the direction of the Satellite Power System (SPS) program 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:

© Systems Definition: SPS reference** and alternative

concept designs

e Environmental Assessment: evaluation of environmental
impacts (e.g., health & safety, ecological) of the SPS
operation :

e Societal Assessment: evaluation of international issues,
institutional issues, resource issues and public outreach
The results of these three activities are inputs to the comparative

assessment process, as well as to program assessments.

1.1 COMPARATIVE ASSESSMENT AND ALTERNATIVE CHARACTERIZATION

The objective of the comparative assessment is to develop an initial
understanding of the SPS with respect to a limited set of energy alterna-
tives. A comparative methodology report describes the multi-step process in
the comparative assessment. The first step is the selection and characteriza-
tion of alternative energy systems. Terrestrial alternatives are selected,
and their cost, performance, and environmental and social attributes are
specified for use in the comparison with the SPS in the post-2000 era. Data
on alternative technologies were sought from previous research and from other

comparisons.

The objective of this report is to provide a traceable characterization

of the cost and perforwance (i.e., environmental and technical) of competing

*Satellite Power System (SPS) Concept Development and Evaluation Program
Plan, DOE/ET-0034 (February 1978).

*%U.S. Department of Energy and NASA, SPS CDEP Reference System Report, DOE/
ER-0023 (October 1978),
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technologies. The following central station technologies have been selected

for comparison:

e Conventional Coal-Fired Powerplant

e Conventional Light Water Reactor (LWR)

o Combined Cycle Powerplant with low-Btu Gasifiers
e Liquid Metal Fast Breeder Reactor (LMFBR)

@ Photovoltaic system without storage

e Fusion Reactor

Volume 3} - of thc technology characterization repnrt describes a roof-

top decentralized photovoltaic option that was also compared to SPS.

1.2 BASIC ASSUMPTIONS AND DATA BASES

The technologies listed in Section 1.2 either exist currently or have
proven principles of operation with one exception: <+he fusion reactor. The
fusion reactor will probably not be ready for commercial operation by the
year 2000. Best estimates call for a fusion reactor ready by the year 2020
or later depending on the pace and success of current R&D programs. However,

for comparative purposes, the fusion reactor has been included in this report.

The primary data base used for this report was '"Satellite Power System
and Alterngtivé Technology Characterization," UE&C-ANL-790831, prepared by
United Engineers and Constructors. In this document, UE&C prepared charac-
terizations and prepared estimates of the costs of the various technologies
under consideration. The units characterized by UE&C were standard sizes
and represented the technology of the mid-1970's. However, for the purposes
of this report, these technologies were scaled to a common size (1250 MWe)
and extrapolated to the year 2000. Scaling of the units, a fairly routine
practice, is discussed in the individual sections. Extrapolation of the
units to the year 2000 is more difficult.

e The primary advances in nuclear technology will be

related to safety equipment and systems, rather than
performance enhancement advances.

e The LMFRR and fusion reactors represent new tech-
nologies and nothing beyond the first generation con-
figurations is assumed.



e Continued tightening of EPA emission and effluent stan-—
dards will bring advances in pollution control equipment.
A Wellman-Lord Flue Gas Desulfurization system is assumed
for the coal-fired powerplant. Enhanced air emissions.
control equipment is also assumed for the combined cycle
unit. Magnetohydrodynamics and large-scale fluidized bed
combustion are not assumed to be ready by the year 2000.

@ Photovoltaic technology will produce ribbonlike cells,
thus allowing closer packing factors than would be
achievable by the round cells. In addition, the price
of PV cells is assumed to continue its downward trend.

@ Design and construction codes, standards, regulations
and guidelines applicable around 1975-1976 represent
those in effect for the powerplant in 2000 escalated at
the rate of inflation plus 10%.
Other assumptions made for the technology characterizations are addressed

in the individual sections.

All of>the éharéctérized power stations are located on a éuiéable site
near 'Middletown, USA." The site has a major freshwater river flowing next
to the plant site to provide makeup and, in essence, is ideal for a powerplant.
None of the technology characterizations presented in this report has been
optimized. Rather, they describe in general terms what a powerplant would
look like if that technology were developed. Despite this lack of an optimized
design, the cost estimates are éonsidered valid for comparative purposes. The

estimates are believed to lie within the limits of estimating techniques for
periods that extend 20 years into the future for technologies which may or may

not have been fully developed.
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2. CONVENTIONAL COAL FIRED POWERPLANT

1.0 CONVENTIONAL HIGH SULFUR COAL COMBUSTION WITH
- ADVANCED FLUE GAS DESULFURIZATION

The reference, high-sulfur coal combustion system is a single-unit
facility. The steam plant uses a cross compound, two parallel-shaft turbine
generator, and has a net plant capacity of 1250 MWe. The basic steam cycle is
modeled after a 1232 MWe concept designed by United Engineers and Constructors,
as described in their. reports '"Commercial Electric Power Cost Studies,"(l) and

W2

"Satellite Power System and Alternative Technology Characterizatiom.
United Engineers' design utilizes a éonventional lime flue gas desulfurization
system for stack gas cleaning and a mechanical draft cooling tower for conden-
sate heat removal. At the time of its design (1977), this system met the
Environmental Protection Agency (EPA) new source performance standard (NSPS)
for SO2 emissions of 1.2 lb/lO6 Btu by scrubbing about 887 of.the flue gas at
a 90% removal efficiency. More recent EPA regulations require a 90% removal
of all SO, stack gas for a fac111ty of this type, and total SO

2
exceed an upper limit. of 1.2 1b/10 Btu.(3)

2 are not to

The characterization provided here is that of a projected year (2000),

high-sulfur coal combustion technology and SO, removal process. The plant

2
capacity factor is assumed to be 70%. It is also assumed that all of the

plant's stack gases are processed to remove.9OZ of the SO Although it is

9
possible to achieve this removal efficiency with conventional wet lime scrub~

bers, we considered advances in. SO, removal systems anticipated between now

2
and the year 2000. Thus, the reference high-sulfur coal facility for the

year 2000 is assumed to use a Wellman-Lord SO, removal system. The Wellman~

2 (4)

Lord process has recently been demonstrated by the EPA and it is expected
that this or a similar technology will be the preferred option‘in the year
2000 time frame. The Wellman-Lord system reduces land area requirements, the
assumption of processing all stack gases decreases the net plant efficiency.
Thus, the plant capital costs relative to the United Engineers design is in-
creased. These factors have been fully accounted for in the characterization

provided here.



2.0 GENERAL PLANT CONFIGURATION

Figure 2-1 shows the basic plot arrangement for the reference, high-sulfur
coal facility. The predominant structures are identified: the boiler house,
turbine hall, and 802 removal area. Two circular mechanical draft cooling
towers and the electrical switchyard are located several hundred feet from the
main generation facility. The largest onsite area.is the coal storage piles
which typically store a total of 6b—day coal supply.(s) 5% af which ie con-
sidered active storage. The remainder is held as reserve, or dead storage, to
guard against mining strikes or other supply interruptions. Other onsite
structures include access roads, railroad spurs, and miscellaneous storage
tanks and settling basins. The layout shown includes site provisions for an.
optional doubling of the plant'capaéity in the future. Space requirements

for these additional facilities are shown by the broken lines on the plot plan.

Although the elemental sulfur produced as a byproduct of the Wellman-Lord
SOz'removal system could be a marketable commodity, this characte?ization
assumes that the market conditions for sulfur are unfavorable and that the
sulfur byproduct is disposed of in an appropriately prepared disposal site

(6)

remote from the primary plant site. Land area requirements for the primary

site and sulfur disposal are discussed later in rhis section,

Coal is delivered via unit train to the fuel handling area adjacent to
the coal storage piles. The fuel handling system has all of the necessary
equipment to handle the coal gondolas in which the cnal is supplied, including
facilities for thawing the cars in winter and rotary car dumper. From the
storage piles, the coal is moved by front end loaders tn a conveyor aystem aud
on to the dryers, crushers, and pulverizers before being fed to the combustion
furnace boilers along with preheated air. High pressure steam produced in the
boilers 13 used to power the.turbine'generator equipment to produce a net plant
capacity of 1250 MWe. Flue gases are processed through electrostatic precipi-
‘tators to remove 99.7% of the flyash particulates and through a Wellman-Lord
SO2 removal system before being reheated with an in-stack, steam-to-flue gas
heat exchanger and discharged to the atmosphere through a 750 foot high, steel-
lined stack.
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Boiler solid waste, bottom ash, is removed by an ash handling system.
Afterwards, the waste is quenched and combined with the flyash. Then the ash
sludge is routed to an onsite settling pond for temporary stofége and dewater-

ing. Finally, the ash sludge and the elemental sulfur are removed from the

SO2 removal system.

The main condenser heat rejection system includes a makeup water intake
and discharge, circulating water pump, and tWo mechanical draft wet cooling
towers. Waste heat from the thermbdynamic cycle is rejected to the main con-
denser in the form of heated water. Cooler water from the cooling towers
. circulates through the condenser to remove this heat and rejects it Lo the

atmosphere in the form of convective and evaporative losses.



3.0 THERMODYNAMIC CYCLE CHARACTERISTICS(7)

The reference, high-sulfur coal generation facility is fired with an
Eastern bituminous coal which, as receiﬁed, has a higher heating value (HHV)
of 11,026 Btu/lb and other constitutents as shown in Table 2-1. The overall
net plant efficiency, which accounts for in-plant aukiliary steam and electri-
cal consumption, is 35.75. This facility requires 9546 Btu's of coal feed to
produce one .kilowatt hour of electricity. Figure 2-2 displays the major
pieces of plant equipment in a simplified cycle schematic and energy flow
diagram of the reference design. Each of the major components is described

in the following paragraphs.
3.1 COMBUSTION FURNACE BOILER

With a pulverized éoai fee& of 11,932;7 x 106'Btu/hr, or 541.1 tons/hr
at 11,026 Btu/lb, the combustion furnace boiler produces 9.69 x 106 1b/hr of
high-pressure steam at 3845 psig and 1010°F at the superheater outlet. This
is accomplished using an equivalenf flow of feedwater at a temperaturé of
547°. Exit steam from the boiier is expanded through the higﬁ—pressure tur-
bine which has steam inlet conditions of 3515 psig and 1000°F. A total of
7.93 x 106 1b/hr of steam at 565°F and 653 psig is removed from the high-
pressure ;urbine outlet and returned to the boiler steam reheaters where it
is heated to 1000°F and 600 psig before it is expanded through the intermediate
pressure turbine. Exif steam not returned to the boiler reheaters, approxi-
mately i.76 X 106 lb/hr, is extracted at 672°F and used primarily for feedwater

heating.

Total heat to steam in the boiler and reheaters is 10,560 x 106 Btu/hr on
a coal feed of 11,932.7 x 106 Btu/hr, or an 88.5% boiler/reheater efficiency.
Boilers of similar characteristics and heat-to-steam efficiencies are current-

ly marketed by Combustion Engineering and other major boiler manufacturers.

3.1.1 Turbine Generator Configuration

Turbine shaft power totaling 4735.2 x lO6 Btu/hr or 1,387,400 kW is pro-
duced with throttle steam conditions of 3515 psig and 1000°F superheated steam
(at the inlet to the high pressufe turbine) and 600 psig at 1000°F (at the
inlet to the intermediate pressure turbine). The turbine configuration is a

cross compound: two parallel-shaft machines with an eight flow low-pressurc
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Table 2-1. Typical Eastern

High Sulfur Coal Characteristics

Property or Component

As Received

Dry

Higher Heating Value

Carbon

Hydrogen
Sulfur .

. Nitrogen
Oxygen
Other
Ash

Moisture

P05
Si 0
Fe203
Al,04
Ti O

2.
Ca0

MgO
302

KZO

NaZO

Undetermined

Ultimate Analysis (% by Weight)

Ash Analysis (% by Ash Weight)

11,026 Btu/lb ,

61.49

3.81
3.20
.76
8.55
.59
$10.29
11.31
100.00

12,432 Btu/1b

69.33

4.30
3.61
.86

- 9.64
.66
11.60

100.00

.03
45,73
18,38
19.40
1.30
5.50
.95
6.63
1.53
.51
.02

100.00

Source: Reference 2, P. 2.2-5
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Figure 2-2. Simplified Schematic of High-Sulfur Coal Generation Facility
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turbine exhausting to the condenser (four only, as shown previously in

Figure 2-2 schematic) and using 30-inch last-stage turbine blades designed

for 3600 revolutions per minute (rpm). As shown in Figure 2-2, one shaft con-
sists of one high-pressure turbine and two low-pressure turbines driving an
electric generator. A second, parallel shaft consists of one intermediate-

pressure turbine and two low-pressure turbines driving an electric generator.

Turbine shaft power and generator .output is about equally distributed to
the two shafts. Each of the two generators is rated at 722 MVA with 0.90 PF,
26,000 V, 3 phase and 60 Hz output. Fixed and generation losses respectively
account for 1,496 kW and 9,853 kW per generator, thus resulting in a gross
generator output capacity of 1,364,702 kW, before accounting for auxiliary
electrical loads.

The stéam flow configuration throﬁgh the turbines begins with high-
pressure steam entering the high-pressure turbine on the upper shaft displayed
in Figure B-2. As this steam is expanded through the turbine, it imparts
about 1515.6 x 106 Btu/hr (444,066 kW) to the turbine generator shaft. Some
18% of the inlet steam flow is extracted and used in the final feedwater heat-

ing stage, with the remainder (82%) being returned to the boiler reheaters.

From the boiler reheaters, intermediate-pressure steam is expanded through
the intermediate-pressure turbine on the lower turbine generator shaft.
There, 1502.2 x 106 Btu/hr (440,140 kW) is given up to the turbine shaft
before being extracted for various in-plant uses or as feed streams to the
four low~-pressure turbines. The varioﬁs in-plant steam uses primarily in-
clude 161.18 x 10-6 Btu/hr to power the boiler feed pump turbine, 365.6 x 10

Btu/hr to convert sodium bisulfate to sodium sulfite in the Wellman-Lord SO
6

6

2
removal system, and a net of 157.3 x 106 Btu/hr to reheat about 13.0 x 10

1b/hr of stack gases from 125°F to 175°F. As shown in the figure, residual

energy from these auxiliary steam flows is then used for feedwater hLeating.

Twenty-five percent of the remaining 9,323.8 x lO6 Btu/hr of steam, which
was extracted from the intermediate pressure turbine at its final stage outlet,
is used to power each of four low-pressure turbines. The low pressure turbines
on the upper (or high-pressure) turbine shaft each receive 426.0 x 106 Btu/hr
(124,817 kW) of energy at the turbine shaft and reject 1.430 x lO6 Btu/hr to
the condenser., Low-pressure turbines on the lower or intermediate-pressure

turbine shaft each receive 432.7 x 106 Btu/hr (126,780 kW) at the turbine
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shaft and reject about the same amount of waste heat to the condenser. system.
Low pressure turbine steam energy not imparted to the turbine shafts or re-

jected to the condenser is extracted and used primarily for feedwater heating.

3.1.2 Condenser~-Heat Rejection System

Two multipressure, single pass éurface condensers--with divided fabri-
cated steel water boxes and shell--are used to condense the low-pressure tur-
bine outlet steam by dissipating to two mechanical draft wet cooling towers.
Each cooling tower is sized for one-half of the heat rejection requirements.
Designed to cool 231,400 gallons per minute from 118°F to 92°F for a wet bulb
temperaturé of 74°F, each cooling tower houses 13 fans measuring 33 feet in

diameter. Under full load conditions 95% of the heat dumped to the condenser,

6
or 5332.4 x 10 .Btu/hr,.is rejected to the atmosphere by the cooling water

system. -

3.1.3 Feedwater Heaters

Feedwater flow from the condenser enters a series of eight reverse cascade
feedwater heaters designed to achieve a final feedwater flow of 9.69 x 106 1b/hr
at 547°F. As mentioned previously, numerous turbine extractions and other
residual steam flows are utilized in the feedwater heating sﬁage of the steam
cycle. A total of 4901.1 x lO6 Btu/hr is added to the condenser outflow of
340.6 x 10_6 Btu/hr resulting in 5241.7 x 106 Btu/hr final feedwater flow to
the boiler. A small amount of energy is also added to feedwater steam from
electrical pump thermal losses particularly from the condensate and condensate

booster pumps.

3.1.4 Generator Losses and Auxiliary Electric Energy Use

Aggregate turbine shaft power totals 1,387,400 kW. Various generator
inefficiencies result in the loss of 22,698 kW or 1.64% of the shaft power as
fixed and generation power losses. Of the remaining 1,364,702 kW, a total of
114,700 kW or 8.407 is used for auxiliary electrical uses within the plant,
leaving 1,250,014 kW of net plant generation. Table 2-2 details the auxiliary

power requirements for the reference, high-sulfur coal facility.

The fractional power requirement for in-plant auxiliary electrical uses
is somewhat higher than what is typically reported for conventional coal
generation facilities. The primary reason for this is the high power require-

ments for the electrostatic precipitators and the Wellman-Lord flue gas
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Table 2-2. Auxiliary Electric Power Requirements Reference
1250 MWe High-Sulfur Coal Facility

Auxiliary MWe
Combustion Furnace Boiler 63.2

Forced Draft Fans 21.1

Pulverizer Air Fans : 6.3

SOy Booster Fans and Damper Fans 9.8

Soot Blower Compressor 5.5

Electrostatic Precipitators 13.9

Crushers and Pulverizers 6.6
Turbine Auxiliary - 4.5
Wellman-Lord SO, Removal 25.4A
Major Pumps 12.2

Condensate Booster 2.0

Condensate .7

Circulating Water 9.5
Water Iﬁtake and Discharge’ o7
Solids Handling 3.2
"Hotwl"® Loads 2.5
Cooling Tower Fans 3.0

TOTAL 114.7 MWe

*Miscellaneous plant loads not itemized, based, in part, on an analysis of
Nuclear plant Hotel loads. Reference 9.

.Source: Adapted from Reference 1 and Reference 9
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desulfurization system. For example, conventional wet-lime scrubbers w;uld
need. about 11.3 MWe fdr a plant of this size; The Wellman-Lord system, how-
ever, has a power requirement of 25,4 MWe. Also, the electrostatic precipi-
tators (ESP) for flyash removal have been sized for 99.7% flyash removal
efficiency as opposed to a more conventional removal efficiency o% 98.6%. As
power requirements for ESP flyash removal are proportional to log (1-f) where

- f is the fractional collectional efficiency, the assumed increase of 1.1% .
collection efficiency increases the ESP power requirement by slightly more

(8)

than 367 over the conventional system requirements. Other factors which
tend to increase inplant power uses result from added steam, air, and coal
handling requirements that are necessary to support the auxiliary steam uses

for stack gas reheating, and the Wellman-Lord SO removal'system, as well as

2
the gross flows.needed to support the added inplant electrica; uses. Added

steam and air and material flows increase inhouse powef requirements for fanms,
pumps, and solids handling equipment by 5.2% to maintain the same net genera;

tion capacity.

3.1.5 Fuels Use and Logistics

The reference, high-sulfur coal generation facility uses a typical eastern
high—suifur bituminous coal to generate a net capacity of 1250 MWe with an
assumed capacity factor of 70%. A detailed heat balance shows that 9,546 Btu's
of pulveriied coal is required to generate one net kilowatt hour of net output;
this corresponds to a net plant efficiency of 35.75%Z. The coal characteristics
chosen assume a higher heating value of 11,026 Btu/lb of coal on an as-received
basis. At full capacity, ceal feed is required at a rate of 541.1 tons/hour
or 3.32 x 106 tons/year at 70% capacity factor. At this rate, an average of
9,090 tons of coal would be delivered to the site each day. Because coal
storage requirements are estimated at full capacity factor, a 3-day live stor-
age stock pile would contain 38,960 tons of céal, and a 57-day reserve storage

~ would contain 740,225 tons of coal.

The average storage density of utility coal in live storage is 960 tons/
(10 These

data assume that 30 foot high active storage and 50 foot high reserve storage

acre-ft, and reserve storage density averages 1176 tons/acre-ft.

results in a site area of 14 acres devoted to coal storage alone.
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Other fuel in the form of natural gas is also required for processing SO2
gas from the Wellman-Lord scrubber system to elemental sulfur. This process
requires about 156.6 x 106 Btu/hr of matural gas at full plant capacity or, at
70% capacity factor and l,OOOVBtu/ft:3 of gas, about 960.3 x 106 ft3 of natural
gas per yearl(ll) This fuel requirement is discussed in more detail under the
description of the Wellman-Lord flue gas desulfurization system. Table 2-3

summarizes some of the reference plant parameters.
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Table 2-3. Key Plant Parameters - 1250
MWe High-Sulfur Coal Plant

Parameters

Operating Description

Steam Generator

Steam Flow 6
Maximum Continuocus Rating, 10, 1b/hr
Normal Superheater Outlet, 10" 1b/hr
Normal Reheater OQutlet, 10 1b/hr

Steam Pressure
Superheater Outlet, psig
Reheater Qutlet, psig

Steam Temperature

Superheater OQutlet, °F
Reheater OQutlet, °F
' b

Final Feedwater Temperature, °F

Fuel Type

Fuel Firiné Rate, Ton/Hr at full load
Fuel Analysis
Number of Pulverizers
Pulverizer Fuel Flow, Tons/ﬁr
Number of Forced Draft Fans
Total Forced Draft Fan, Capacity, scfm
Number of Primary Air Fans
Total Primary Air Fan Capacity, scfm
Number of Precipitators
Pfecipitator Efficiency, in percent
Turbine Configuration .

6

Steam Flow at HP Turbine Inlet, 10 1b/hr

Steam Pressure at HP Turbine Inlet, psia

Supercritical pressure,
single reheat with a
Pressurized Furnace

10.36
9.69
7.93

3,845
650

1,010

1,000

547

Eastern Bituminous Coal
@ 11026 Btu/lb, 10.29%
ash, 3.2% sulfur

541.1

See Table B-1
6 plus 1 spare
90,2
33
2,160,000

2
540,000

3

99.7

Cross Compound, 8 Flow

9.69

3,515
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Table 2-3. Key Plant Parameters -~ 1250 MWe
High-Sulfur Coal Plant (Continued)

Parameters

Operating Description

Steam Temperature at HP Turbine Inlet, °F

Turbine Back Pressure, in HgA
(multi-pressure condenser)

Total Turbine Qutput, MWe

Fixed and Generator Losses, MWe
Generatpf Output, MWe

Auxiliary Power, MWe

Net Station Output, MWe

Number of Feedwater Heating Stages
Generator Rating, MVA

Net Station Primary Steam Rate, lBs/kWhr
Gross Station Heat Rate, Btu/kihr )

Net Station Heat Rate, Bt&/kWhr(z)
.Gross Plant Efficiency, in percent(l)

(2)

Net Plant Efficiency, in percent

1,000

1.7/2.5
1,387.4
22.7
1,364.7
114.7
1,250.0
8
722
7.75
8,743.8
Y,546
39.03

35.75

(1)
(2)

Net 1s after auxiliary electric uses

Source: Adapted from References 1, 2, 12.
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4,0 ENVIRONMENTAL CHARACTERISTICS

4.1 ELECTROSTATIC PRECIPITATORS

The reference, high-sulfur coal facility has been designed with hot
electrostatic precipitators sized for the removal of 99.7% of the flyash
particulates emitted from the combustion furnace boiler. The flow rate of
the flue gas processes is approximately 13 x 106 1b/hr at full load. Thus,
13.9 MW of auxiliary electric power is required for effective operation of the
electrostatic precipi;ators.(s’ 12, 13)

The combustion of 1,082,233 pounds of coal per hour with an ash content
of 10.292 by weight produces 89,089 1b/hr of flyash baséd-on an 807 flyash,
20% bottom ash (22,273 1b/hr) proportion. Removal of 99.7% of this amount
results in a total of 267 1b/hr of flyash, which is sent downstream for fur-

ther processing in the Wellman-Lord SO, removal system.

2
Flyash removed by the precipitators is quenched with water combined with
(14) Thus, the
sludge wastes from the electrostatic precipitators and bottom ash totals

138,869 1b/hr for the 1250 MW reference coal facility at 100% capacity.

the bottom ash and disposed of as 20% water, 807 ash solids.

It should be noted that the electrostatic precipitators assumed to be
installed in this reference facility could easily meet current EPA standards
for particulate emissions without further processing of particulates in the
initial stage of the Wellman-Lord system.. The 267 1b/hr of flyash in the
electrostatic precipitator exit stream corresponds to the combustion of
11,932.7 x 106 Btu of coal or an exit streaﬁ particulate rate of 0.022
1b/106 Btu. Current EPA regulations call ﬁor particulate emissions not
greater than 0.03 lb/lO6 Btu.

To meet current EPA regulations for particulate -emissions after an addi-
tional 70% removal is achieved in the Wellman-Lord system, the electrostatic
precipitators need to be designed to remove only 98.77% of the flyash paréicu-
lates. This reduction in collection efficiency would have a corresponding
reduction in in-house auxiliary power requirements of 3500 kW (or about 3%
of what is curréntly assumed for the reference facility). Thus, the design
characteristics assumed here, which are achievable with current technology,

are conservative in terms of their affect on the plant heat rate and costs.
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In other words, these assumptions tend to reduce overall plant efficiency and

thus increase total generating costs.
4.2 WELLMAN-LORD FLUE GAS DESULFURIZATION

Downstream from the electrostatic precipitators is the Wellman-Lord flue
gas desulfurization system. This system uses a regenerable process in which
sulfur dioxide, SO,, is removed from flue gases with a sodiuﬁ sulfite scrubb-
ing solution. The concentrated 802 stream that is produced can be processed
into elemental sulfur or sulﬁuric acid, both of which may be marketable in-

dustrial products.

There are currently more than 24 operating Wellman-Lord installations in
Llie Unlted States and Japan. Most nntable is the Wellman-Lord installation
at the Northern Indiéna Public Service Company's-P.'H.'Mitchell Station in
Gary, Indiana, which is this Nation's first application of the Wellman-Lord
process on a coal-fired boiler. This system is currently demonstrating SO2
removal efficiencies greater than 90%.

The Wellman~-Lord process consists of four basic steps as shown

schematically in Figure 2~-3. These steps include:
1. Flue gas pretreatment

2. 80

9 absorption

3. Purge treatment
4, Sodium sulfite regeneration

A fifth step, the processing of SO, into marketable sulfur byproducts, is not
part of the Wellman-Lord process, but is generally associated with Wellman-

+

Lord installations.

In the first process step, boiler flue gas is pretreated by contact with
water in a venturi prescrubber. This step cools and saturates the gas, ab-
sorbs” corrosive chlorides, and then removes 70% or 187 1b/hr of the flyash
particulates rémaining in the gés after upstream particulate removal by the
electrostatic precipitators. This is disposed of as an 80% solids sludge at
a rate of 234 1b/hr. Only 80 1lb/hr of particulates remain in the flue gas

stream after pretreatment in the venturi prescrubber.
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LT-T

ELECTROSTATIC

SO,: 69,262 Ib/hr
Fly Ash: 267 Ib/hr

Ash to Disposal: 88,822 lb/hr (c)

Fiy Ash: 80 Ib/hr

PRECIPITATOR

99.7% EFF.

SO,: 69,262 Ib/hr
Fly Ash: 89,089 Ib’hr (a)

Zoal: 1,082, 233 Ib/hr
e ———————————
BOILER S: 34,631 Ib/hr

) Ash: 111,362 Ib/hr

Bottom Ash: 22,273 ib/hr (a, c)

Water: (b)
l SO, 69,262 Ib/hr
FLUE GAS ABSORPTION
PRETREATMENT 90% EFF.
; l N32804 +
Ash to Disposal: 187 Ib/hr (c) Na,50,
: (SO, Equivalent: Regenerated NA;SO4
62.356 Ib/hr)
-
Off-Gas 15%
85%
PURGE REGENERATION
TREATEMENT Na,COy: 5.783 ib/hr
G StEAM: 365'66( 10° Blu/hr
Water: 2 x 10 gai/hr
Naz 804 to Disposal ’
SQq
600 tb/hr
Oft-Gas s0 Natural G s(CH4)
CONVEKSION o= 156.6 x |0g Sci

(a) Based on 80 % Ity ash, 20% bottom ash proportions

{b) Included in Regeneration feed specification
{c) Disposed of as sludge: 20% water, 80% solids Walter Heéating

(d) Disposed of as dry solid

SOURCE: adapted rom Rel. 4

Waste Heal to Feed

19.5 x 10" Btu/hr

(156.6 x 108 Biushr equivalent)

!

Elemental Sulfur
31,168 I1b/hr (d)

Figure 2-3, Wellman-Lord Process



After pretreatment, the flue gas then flows to an absorber where it is
contacted with a sodium sulfite solution. The SO2 in the flue gas reacts with
the sodium sulfite to produce sodium bisulfite. In a side reaction, some

sodium sulfate is formed by direct oxidation of sodium sulfite.

At least 907 of the SO2 in the flue gas stream is removed in the absorp-
tion stage; the remaining 107 is emitted to the atmosphere. Combustion of
1,082,233 1b/hr of coal with a sulfur content of 3.2% and 907 removal results

in the emission of 6,926 1lb/hr of SO,, or an equivalent of 0.58 lb/lO6 Btu of

2
302. This desulfurized flue gas leaves the absorber at a temperature of 125°F
and is reheated with an instack, steam heat exchanger to 175°F before it is

exhausted to the atmosphere.

The effluent from the absorption tower, rich in sodium bisulfate and
sodium sulfate, is split into two streams. Approximately 157 of the effluenﬁ
is routed to a purge treatment for sulfate removal; the remaining 857% goes to

a regeneration process.

The purge stream is cooled in a chiller and a mixture of sodium sulfate
and sodium sulfite is crystallized out of the solution. This crystalline
mixture is removed from the process and dryed for sale or disposal. For the
reference 1250 MWe coal facility burning 3.27% sulfur coal, the combined sodium

sulfate and sodium sulfite waste would be generated at a rate of 6000 1lb/hr.

Although this sodium sulfate/sodium sulfite byproduct has a somewhat
limited economic value, a potential market may exist in the paper industry
where it may be used to replenish sulfur in the pulping liquor. This charac~
terization, however, assumes that the dryed byproduct ié disposed of along

with the ash sludge, elemental sulfur, and other waste or byproducts,

Regeneration is accomplished in an evaporator for 857 of the absorption
tower outlet stream that goes to the regeneration step. The effluent in the
evaporator 1s heated to convert sodium bisulfate to sodium sulfite and to.
drive off sulfur dioxide. For the reference coal system, 365.6 x 106 Btu/hr
of steam is extracted from the steam cycle to provide the necessary heating
requirements. The regeneréted sodium sulfite is dissolved and recycled to
the absorber. Sodium lost during the purge operation is replenished by adding

5783 lb/h: of sodium carbonate and water to the feed dissolving tank.
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The fifth step, 302 processing, uses the sulfur dioxide byproduct from

the Wellman-Lord process. The outlet stream from the regeneration evaporator
is about 857 SO2 and 15% water vapor. This concentrated 802 stream may be
dried and marketed without further processing. Then the concentrated 802
stream is either reduced to elemental sulfur or oxidized aﬁd reacted with
water to form sulfuric acid. Here, an‘Allied Chemical Corporation process for

conversion of SO, to elemental sulfur has been integrated with the Wellman-

2
Lord flue gas desulfurization system. The Allied process would use 156.6

thousand cubic feet of natural gas per hour (156.6 x 106 Btu/hr) as a reductant.

A proprietary catalyst converts the S0, gas stream to elemental sulfur, thereby

2
liberating carbon dioxide and.water. By this process, 31.168 1b/hr of ele-

mental sulfur would be produced at 100% capacity. As mentioned previously,
this byproduct is assumed to be disposed of in clay-lined disposal basins

rather than marketed.

i

The conversion of 802 to elemental sulfur is an exothermic reaction and

would liberate approximately l9.5.x 106 Btu/hr. In the reference coal désign,
this energy is assumed to be used for feedwater heating. Overall, a 90%
removal of SO2 in-the.flue gas stream results in the ultimate emission of
6.926 1b/hr of 50,
0.58 lb/lO6 Btu of coal burned.

to the atmosphere. This emission rate corresponds to

Tablé 2-4 summarizes the air residuals resulting from power generation
of this system. Solid and sludge residuals and the environmental impacfs

associated with the coal fuel cycle are discussed in the following sections.

Table 2-4. Air Residuals - 1250 MWe Reference
' High-Sulfur Coal Generation

100% Capacity Fac;or 707% Capacity Factor
Pollutant 1b/hr ' tons/yr 1b/hr tons/yr 1b/106Btu
SO2 6,926 30,336 4,848 21,234 0.58
Particulates 80 350 56 245 0.007
NOx - 7,160 31,360 5,012 21,953 0.6
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4.3 SOLID WASTES AND SLUDGES

_ Solid wastes and sludges result from power generation by the reference,
high-sulfur coal facility. This in turn results from the disposal of wastes"
and byproducts recovered from the flue gas desulfurization and ash recovery

systems.

. At full capacity, 1,082,233 1b/hr of coal composed of 10.29% ash and
3.2% sulfur is fired in the combustion furnace boiler. A total of 907 of the
input sulfur is recovered and disposed of in clay-lined disposal basins near
the primary plént site. Thus, at 100% load, 31,168 1lb/hr of elemental sulfur

is processéd for disposal.

Flyash constitutes about‘SOZ of the total ash in tﬁe.feed coal. Of this
amount, 99.7% is recovered in the electrostatic precipitators. Seventy per-
cent of the ash in the precipitator exit stream is then recovered by the
Wellman-Lord prescrubber. With a total ash feed of 111,362 lb/hr, only 80
1b/hr is emitted to the atmosphere; the remainder is recovered as bottom ash
or by the flyash recovery systems. The recovered ash is quenched with water.
Later, it is disposed of as 207 water and 80% ash sludge, which has a final
settléd density of 90,1b/ft3.

The only other significant solid waste stream results from the Wellman-~
Lord sodium sulfite purge system, This system produces a dry crystalline
mixture of sodium. sulfate and sodium sulfite at a rate of 6,000 1lb/hr. All
solid and sludge wastes from the plant site are assumed to be disposed of
near the site. Accumulation rates and land area requirements for disposal

are summarized in Table 2-5 for the assumed plant capacity factor of 70%.

Table 2—5; Solid and Sludge Wastes - 1250 MWe Reference
High-Sulfur Coal Generation - 70% Capacity Factor

30-year (
Accumulation Rates at 70% Capacity Factor Land Area )
Residual 1b/hr tons/yr Acre-ft/year (Acres)
Elemental Sulfur(b) 21,818 95,565 36 47
Ash Sludge(c) 97,372 426,490 218 283
Sodium Sulfite/. ,
Sodium Sulfate 4,200 18,400 7 _10

TOTAL 340

(a) Assumes 23 ft disposal typical of current practices.

(b) Disposal demsity = 122 1b/ft3

(c) 80% ash, 20% water, density = 90 1b/ft3, Solids content is 88,822 1b/hr
from bottom ash, and 187 lb/hr from Wellman-Lord pretreatment.
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4.4 LAND AND WATER USE

In addition to the waste disposal areas required to support the refefence A
high-sulfur coal facility, an additional 500 acres is assumed for the primary
plant site.(l’ 2) This area includes an exclusion area of roughly 200 acres
which is comparable to the requirements of a nuclear power plant. As shown
previously in the plot arrangement (Figure B-~1), the site also has sufficient
provision for optional doubling of capacity through the construction of a

second unit.

Consumptive water use occurs as a result of: (1) the cooling tower
evaporative losses and blowdown, (2) general plant uses, and (3) process water
from the Wellman-Lord 802 removal sygtem.\ This system is the largest consumer
of water. It requires 2 million gallons per hour for use in the venturi pre-

scrubber and the absorber stage. Table 2-6 identifies various plant water uses.

Table 2-6. Water Use - 1250 Mwe High-Sulfur Coal .Generation

i
USE 106 GALLONS /DAY
Cooling Tower Evaporation 17
Cooling Tower Blowdown 5
Wellman~Lord SO2 System g 48
General Plant Use { <1
: 70

Sources: Adapted from References'l, 2, 4.

The primary sources of liquid effluents from a conventional coal combus-
tion facility include: (1) the boiler and cooling tower blowdown streams and
(2) leachate from the ash handling and waste disposal areas. Actual levels
of residuals that reach surface water systems vary considerably from site to
site. These levels of residuals are highly dependent on drainage character-
istics and waste disposal practices. Groundwater systems can also be affected
either from percolation of raimwater through disposed wastes or from the move-
ment of groundwater through the disposal area. Typical values of liquid
effluents produced by the referendé, high-sulfur coal facility operating at

a 70% capacity are itemized in Table 2-7.
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Table 2-7. Typical Wastewater Effluents-~--1250 MWe Coal
Combustion Facility at 70% Capacity Factor

POLLUTANTS TONS /DAY
BOD | . 0.101
COoD 9.832
total suspended solids 0.024
total dissolved solids 62.607

giuminum A ‘ . . .022
chronium : Joo1
uouferrous merals 7.940
zinc S ' .004
sulfates 2.946
nickel | .259
nitrates, .130
ammonia .004
phosphorous _ .012

Yource: Reference 15
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5.0 CONSTRUCTION AND OPERATION CHARACTERISTICS

5.1 PERSONNEL REQUIREMENTS

Barring unusual regulatory delays, the normal construction period for a
large, coal-fired electric generation facility (of the type characterized here)
v would take a total of 7 years. This inclﬁdes a low level of effort period of
2 years for: (1) site selection, (2) design, and (3) preparation. In addi-
tion, a 5-year period is needed for actual on site construction. During the
onsite construction period, an estimated 9.3 million man-~hours of direct craft
labor wou;& be requiréd. Table 2-8 details the 8 different labor types related

to the above.:

Table 2-8. Direct Labor Summary for.Construction Craft Labor
for 1250 MWe Coal Facility

. o SITE PERCENT
CRAFT DESCRIPTION LABOR HOURS "~ OF HOURS
Boiler Maker ' 232,700 ’ 2.5
Carpenter 409,500 4.4
Electrician 1,544,900 | 16.6
Iron Worker B 967,900 . 10.4
.'Laborers 642,200 6.9
Millwrights ' 176,800 1.9
Operéting Engineers 632,900 6.8
Pipefitters : 2,475,500 26.6
Other Crafts X 2,224,300 23.9
TOTAL Direct Construction 9,306,700 100.0

Sources: References 16, 17

The direct craft labor employment figures presented here do not include
various inhouse utility and consultant man-hours. Both are considered in-
direct labor requirements by the utiliﬁy for capital costing purposes. The
magnitude of thesé indirect labor requirements, however, is somewhat less than

the direct craft requirements.
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Normal operation of the facility would require a plant staff of 259

persons and over 518,000 man-hours/year, which is shown in Table 2—9.(18)

Table 2-9. Direct Labor Summary for Construction and
" Operation of Reference 1250 MWe Coal Facility

THOUSANDS
NUMBER OF MAN~-HOURS
OPERATIONAL PERSONNEL PERSONNEL PER YEAR
Plant Managers Office
Manager e 1 2
Assistant 1 2
Environmental Control 1 2
Publlic Relatlons 1 2
Training 1. . 2
Safety 1 2
Administrative Services 13 26
Health Services 1 2
Security A 14
SUBTOTAL 27 54
Operations
Supervision 3 ' 6
Shifts : : : 45 90
Fuel and Materials Handling 12 24
Waste Systems 15 30
SUBRTOTAL : 75 150
Maintenance
Supervision 8 16
Crafts * 95 190
Peak Maintenance Annualized 35 70
BUBLOTAL 134 - 276
Technical and Engineering
Waste : 1 2
Radiochemical 2 4
Instrumentation and Control z 4
Performance, Reports and ‘ ‘
Technicians 14 28
SUBTOTAL 19 ‘ 38
TOTAL 259 518

* 300 persons for 6 weeks = 1,800 person weeks * 52 weeks/yr = 35 persons
annualized '

Source: Reference 18
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Occasionally, additional maintenance staff would be required to complete
major scheduled or unscheduled emergency repairs on the turbine system, boiler,

flue gas desulfurization system, or other major plant components.
5.2 OPERATING STATISTICS AND ANNUAL GENERATION

Historical statistics on large, coal-fired electric generation facilities
of this type indicate that the overall plant capacity factor would be approxi-
mately 70%. (That is, the plant would produce 70% of the maximum possible
kilowatt-hours it could generate if it were operated continuously at full

capacity.) .

Numerous parameters combine to produce this factor. Namely, these in-
clude: (1) plant down-time for scheduled maintenance, (2) plant forced outage
rate due to unexpected component failure, and (3) the éustomgr load profile
(including inter-utility saleé of electricity). The first two factors combine
to determine plant availability, while the inclusion of'customer demand results

in the plant capacity factor.

Typically, a large coal-fired station (such as the type characterized
here), would be plaéed early in the utility's loading order. Thus, it would
hardly be affected by.the customer's demand, since it would serve to satisfy
part of the minimum customer load. However, a factor of .97 has been applied
to the calculated plant availability to simulate a small reduction in plant

operation because there is inadequate customer demand.

Scheduled maintenance for large coal facilities with flue gas desulfuri-
zation systems vary from 4 to 8 weeks per year, and forced outage rates .range
from 10 to 15%.(19’20) Here, the larger or more conservative values have been
selected for the reference facility. Thus, plant availability is determined by:

52-8
52

Adjusting for customer demand raduction results in:

Plant Availability = x (1-.15) x 100% = 72%

Capacity Factor = (72%) (.97) = 70%

At this capacity factor, reference 1250 MWe high-sulfur coal facility
would generate 7.665 x 106 kilowatt-hours/year.
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6.0 COST CHARACTERIZATION

The Energy Ecoﬁomic Data Base (EEDB) report prepared for DOE by United
Engineers and Constructors details the base capital costs estimated for the
1250 MWe reference, high-sulfur coal generation facility. Direct and indirect
capital costs presented in the EEDB are on a consistent January 1, 1978 dollar
basis. They are the identical 1232 MWe United Engineers' plant design which
provided the basis or starting point for the reference system characterization

(1, 2)

developed in the previous sections.
6.1 DIRECT CAPITAL COSTS

The EEDB costs have been appropriately adjusted to reflect major design
changes and increased power levels incorpopated into the 1250 MWe reference,
high-sulfur coal system design; Specifically, the major deéign modifications.
that affect the reference system's capital cosﬁ (aé compared to the 1232 MW
United Engineers’ design) include:

e A 5.97 increase in the boiler steam supply, steam generator, forced

air and pulverizer air drafts, ash and dust, and fuel handling
system capacities

° Replacement of the conventional lime SO, removal system processing
only 887% of the flue gases with an advanced Wellman-Lord scrubber
system to process 100% of the flue gas at a collection efficiency
of 907 and elemental sulfur production from the process byproduct
stream

o  Installation of an in-stack steam~to~-flue heat exchanger for reheat- -
ing stack gas from 125°F to 175°F

@ A 4.3% increase in the turbine generator gross output to compensate
for additional auxiliary electrical loads not considered in the UEC
design, and to provide for the increased net capacity

o A 1.87 reduction in the condenser and cooling tower heat rejection
© system
Base direct capital cost includes the costs of all materials, components,
structures, and associated direct craft labor necessary to construct the
reference facility at the plant site. Delivered costs for components, struc-
tures and materials are used. Base indirect costs include site temporary
construction facilities, payroll insurance and taxes, and other construction

services, such as home and field office expenses, field job supervision and
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engineering services. Specifically excluded from the base construction cost
estimate are several items that are sensitive to the pafticular policies and
preferences of the individual utility and to the specific plant site. Pre-

: vailing economic factors are being considered as follows:
° Owner's Costs - Consultants, Site Selection, etc.
e TFederal, State and Local Fees, Permits, and Taxes
] 'Interesﬁ on Capital Construction Funds
° Price Escalapién during Construction
° Contingency Funds
® Owner's Discretionary Items

.—‘ Switchyard and Tr;nsmiééion Costs

- Waste bisposal Costs

- Spare Parts

~ Initial Fuel Supplies

We determined the 1250 MWe reference, high~-sulfur coal system costs by review-
ing the detailed cost estimates made in the EEDB for the 1232 MWe United
Engineers' design at the '"3-digit" subaccount level and then adjusting the

costs.

The capacity-ratio exponent estimating technique was used to make incre-
mental cost estimate modifications. The technique uses the following equation

to adjust component costs for small to moderate change component capacity:

o]
- Capacity of B
Qost of Component B Cost'of Component A x (;apacity'of A)

where component A and Component B are of similar design and performance,

differing only in size or capacity, and where o is given by the following:

Account Description Cost Estimating Exponent (a)
20 Land and Land Rights Not Applicable
21 Structures and Improvements .20
22 Boiler Plant Equipment .85
23 Turbine Plant Equipment .70
24 Electric Plant Equipment .20
25 Miscellaneous Plant Equipment’ .40
26 Condenser Heat Rejection System .50
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The costs of two major compomnents not originally included in the United
Engineers' design were estimated by other means or by usihg other sources of
data. The in-stack heat exchanger to reheat the flue gases exiting from the
Wellman-Lord scrubber at 125°F to 175°F was estimated based on cost estimates

of similar equipment using TVS's SHAWNEE computer code.(27)

Equipment and
materials costs for an in-stack heater capable of heating 5.6 x 106 1b/hr of
flue gas from 125°F to 175°F have been estimated to be $1,035,600 in 1978 A
dollars. This cost was adjusted to the reference system design having a flue
gas flow rate of 13.0 x 106 1b/hr by applying a 0.70% cost estimating expuu~
ent. Thus, equipment and materials costs for the reference system in-stack
heater are estimated at $1,867,400. Craft labor requirements estimated from
the TVA program were increased in proportion to the equipment and materials
costs. This was an estimate of the labor requirements for the reference sys-

tem in-stack heater. Craft labor requirements were thus estimated to be 5,640

man~hours.

The Wellman~Lord flue gas desulfurization system also differs substantial-
ly from the wet lime scrubber assumed in the United Engineers' design. For
this system, costs were estimated from a recent Envirommental Protection Agency
(EPA) publicatiOn(4) which estimates the total capital investment (equipment,
materials, labor, and working capital) for a 500 MW and a 1000 MW power plant
burning 3.57% sulfur coal at $42,39 and $64.20 million, fespectively. Costs of
the Wellman-Lord system for the reference 1250 MWe facility (burning 3.2%
sulfur coal) were estimated by removing 20% of the stated capital investment
as working capital déta to determine the equipment, matefials, and labor costsA

for a 1250 MW installation. That is:
Capital Cost for EPA 500 MW Installation: $42.39M x 0.80 = $33.91M

Capital Cost for EPA 1000 MW Installation: $64.20M x 0.80 = $51.36M

: ln<51.36
Implied Power Exponent & = 33.91/ = 0.60
. 1n(1000
500
1250 0.60
Cost for 1250 MWe Installation = $51'36M(I666> = $58.72M

*The cost estimating exponent was assumed to be similar to that applicable to
turbine plant equipment account which includes numerous heat exchangers.
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This figure compares with an estimated cost of $55.68 million for the wet lime
502 removal equipment associated with the United Engineersf 1232 MWe design.
Direct equipment and materials costs are estimated by assuming a direct labor

requirement equal to that of the United Enginegrs' design for SO, equipment -

2
installation, or $19.80 million. Thus, the equipment and materials cost for

the Wellman-Lord SO, removal system is estimated at $38.82 million.

2
Table 2-10 shows the original EEDB (Unitéd Engineers) cost estimate by
"2-digit" accounts. Also shown are thé applicable cost estimating factors and
the resulting 1250 MWe reference system cost estimates for plant equipment and
materials. Costs for land and land rights (Account 20) would not vary measur-
-ably over the capacity ranges considéred here. Thus, the land costs shown
assume a 500-acre site valued at $4,480'p§r acre. Land requirements for waste

disposal are charged to operation and maintenance costs.

Direct craft labor costs for.the 1232 MWe United Engineers facility are
estimated from approximately 8,920,400 man-hours at a craft-averaged cost of
$13.25 per man~hour. Labor costs for the reference system were estimated'by
first adding the labor requirements for installation of the in-stack heater
to that of the United Engineers' facility. Man-hours and corresponding labor
costs were then assumed to be proportional to the equipment and materials

an

costs. Resultant direct craft man-hours and costs are thus estimated to

total 9,306,700 million man~hours and slightly more than $123.3 million.
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Table 2-10. Estimated Direct Capital Costs for 1250 MWe Coal Combustion

Reference System (January 1, 1978 Dollars)

1250 MWe

1232 MWe EEDB(a) (b) Reference System
Account Description Cost ($1000) CEM Cost ($1000)
20 Land & Land Rights 'S 2,240  ° 1.000 2,240
21 Structures & Improve- 35,389 1.0430'20 : 35,688
ments
22 Boiler Plant Equipment
Total Except S0y . .85
-Removal ~ 99,690 1.059° " 104,668
SO, Removal/Wellman-
Lord 35,780 (d) 38,820
In-Stack Heater - (e) (e) - 1,867
23 Turbine Plant: Equip- 0.70
ment 102,929 1.0437° 106,008
24 Electric Plant 0.20
Equipment © 20,202 1.0437° 20,373
25 Miscellaneous Plant 0.40
Equipment . 7,126 1.0437° 7,247
26 Cuudensate Heat 0.50
Rejection System 11,961 0.982°° ' 11,853
Total Direct
Equipment &
Materials Cost 315,317 328,764
Site Labor Costs 118,157 (£) 123,314
Total Direct Base
Construction Costs 433,474 452,078
(2) EEDB, Energy Economic Data Base Source: Adapted from Reference 21
. ® CEM = Cost Estimating Multiplier, see text far discuesion
() Land and Land Rights for 500 acre main plant site at $4480/acre; waste
disposal land allocated to operation and maintenance costs
(@ See text for discussion of cost estimating relativuships for Reference
System Wellman-Lord SO2 Removal System
(e) Item not included in original EEDB design, see text for discussion
£)

Labor requirement for In-stack heater is added to EEDB estimate, then the

total is escalated in proportion to Direct Equipment and Materials Costs
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6.2 INDIRECT CAPITAL COSTS

Indirect capital costs associated with the construction of large coal
combustion power plants are relatively insensitive to the plant capacities
used in the EEDB and as the reference system described here. Thus, except
for payroll related expenses, indireét capital costs for the 1250 MWe refer-
ence system have been taken to be the same as those for the EEDB 1232 MWe
plant. Construction payroll related expenses include payroll insurance and
taxes as well as field job supervision costs, which were assumed to be pro-
portional to the reference system direct field labor costs. This assumption
adds‘$839,000 to the Construction Services' account (#9i) and $607,000 to the
Field Office Engineering and Services' account (#93) over those costs estimated

in the EEDB.’

Indirect capital costs summarized in Table 2-11 at the "2-digit" accounf
level, total $90,706,000, or about 20%.of the direct capital cost estimated
for the reference system.

~

Table 2-11. Eétima;ed Indirect Capital Costs for 1250 MWe Coal
Combustion Reference System (January 1, 1978 Dollars)

1250 MWe Reference

Account ‘Description ' System Cost ($1000)
91 . Construction Services » . 55,469
92 - llome Office Engineering ; 18,790

and Services

93 Field Office Engineering 16,447
and Services

i
%
i
Source: Adapted from Reference 21

TOTAL INDIRECT 90,706
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6.3 OPERATION AND MAINTENANCE COSTS

Annual operation and maintenance (0&M) costs for the 1250 MWe reference
high-sulfur coal facility have been estimated. Based on cost estimating re-
lationships in a recent Oak Ridge National Laboratory (ORNL) document entitled
"A Procedure for Estimating Nonfuel Operation and Maintenance Costs i;z)Large

" These

cost estimating relationships were adjusted for characteristics unique to the

Steam Electric Power Plants,"(l8) the data is available in the EEDB.

reference design considered here and were supplemented with EPA data on Wellman—

Lord flue gas desulfurization O&M costs.(23)

Generélly, O&M costs may be considered to be composed of six cost cate-
gories., Théy.ﬁay be either fixed costs (not dependent 6n.annual generation)
or variaBle.costs which are proportional to generation level. The six cost
categories considered here include: Plant Staffing,‘Maintenance Materials,
Plant Supplies and Expenses, Environmental Controls, Interim Replacements, and

Administrative and General Expenses.

Plant staffing cbsts are based on the 259-person plant staff described
earlier and assumes a cost of $22,000 per person per year. Maintenance
materials have been found to average 82% of the maintenance staff costs (138
petsons) for large coal generation plants with flue gas desulfurization; 627
for fixed expenses and 20% representing a maximum level variable expense at‘a
plant capacity factor of 80%. Fixed supplies and expenses have been estimated
in the ORNL report to Be $1.4 million/year with a variable component of
Q.OS mills/kWh. Administrative, overhead, and utility home office general
expenses associated with the reference facility are estimated by ORNL to be
10% of: (1) the staff costs, (2) the fixed components of the materials, and

(3) the supplies costs.(ls)

Operation and maintenance costs for envirommental controls are based pri-
marily on the ash, elemental sulfur, and dry sodium sulfite/sulfate disposal
rates costed at $10/ton for ash sludge and $4/ton for the others, assuming
remote site disposal. A disposal site land area of 11.3 acres/year at
$4,480/acre has also been included in the estimated envirommental controls
O&M costs. Based on EPA data, feed materials, such as lime, sodium carbonate,
catalyst, antioxidant and natural gas, are required for operation of the Wellman-

Lord flue gas desulfurization system and the processing of its byproduct stream ..l
into elemental sulfur.
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Annual costs for interim replacéments of major capital items have been
added to the O&M costs estimated byJORNL and in the EEDB. These were esti-
mated to be 30% of the direct and indirect plant capital cosfs over its 30-year
lifetime: A sinking fund annuity at 47 real interest was assumed to accrue
30% of the direct and indirect capital costs for interim replacements over the
plant's lifetime. At this rate, 1.78% of 307 of the total plant capital costs
(0.53% of total plant cost) is changed to O&M each year.

Table 2-12 details the annual O&M costs estimated for the reference high-~
sulfur coal system. At the 70% capacity factor assumed for the reference coal
system, annual O&M costs total $23.5 million or 3.06 mills/kWh; 1.66 mills/kWh

are fixed costs while 1.40 mills/kWh are variable with plant load factor.

These 0&M costs compare to an estimated 3.4 mills/kWh for an identicai
system using wet limestone scrubbers. The difference, 0.34 million per year,
is a result of reduced disposal costs and disposal site land requirements
achievable with the advanced Wellman~Lord sulfur removal system and SO, to

2
elemental sulfur production.

Several of the foregoing cost estimating relationships are considered
high. For example, interim replacements totaling 30Z of the plant's direct
and indirect costs is about two to three times that which would be expected

(24, 25) Also, if it were assumed that the ele-

for a facility of this type.
mental sulfur were marketed at its long term equilibrium market price of
$50/ton,(26)

land costs of $7500/yvear would be avoided. A credlt of $4,778,250/year would

sulfur disposal handling costs of $382,000/year, and associated
be received. These modifications would reduce the reference plant's annual

O&M cost to $18,297,250/year of 3.29 mills/kWh, a 227 reduction from the O&M

cost used here.
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Table 2-12. Annual Operation and Maintenance Costs for 1250 MWe Reference
High-Sulfur Coal Facility at 70% Capacity Factor

0&M Cost Account Cost Estimating Relationship $1000/yr
Plant Staff 259 persons @ $22,000/yr (Fixed Cost) 5,700
Maintenance Materials Fixed: 138 persons x 22,000 $/yr x .62 1,882
Variable: 138 persons x 22,000 $/yr
x .20 x (.70/.80) 531
Supplies & Expenses Fixed: 1,400
Variable: -

(.05 mills/kWh) (1,250,000 kW) (8760 hr/yr)(.7) 385
1,000 mills/$

Environmental Control  Fixed: Included in Maintenance Materials,
Supplies and Expenses -

Variable:
Ash disposal: 426,490 T/yr @ 10 $/T 4,265
Sulfur disposal: 95,565 T/yr @ 4 $/T 382
Sodium Sulfite/
Sulfate disposal: 18,396 T/yr @ 4 $/T 74
Disposal Site: 11.3 acres/yr @ 4480
$/acre 51
 Wellman-Lord Feed Materials®
Lime: 257 T/yr @ 42 $/T 11
Sodium Carbonate: 17,920 T/yr @ 78 $/T 1,398
Catalyst (proprietary) ! 23
Antioxidant: 304 T/yr @ 5500 $/T 1,672
Natural Gas: 967 x 1006 ft3 @ $2/103cf 1,934
Interim Replacements Sinking fund accrual of 30% of direct &
indirect plant capital costs @ 30 years
and 474 interest (Fixed Cost) 2,859
Administrative & 107 of Staff, Fixed Materials & Fixed
General Supplies & Expenses (Fixed Cost) 398
TOTAL ANNUAL O&M COSTS 23,465

At 70%Z Capacity Factor:

Fixed O&M Costs: (12,739,000 $/yr) (1000 mills/$)
(1,250,000 kW) (8760 hr/yr)(.7)

1.66 mills/kWh

'Variable 08M Costs: (10,726,000 $/yr) (1000 mills/$) 1.40 mills/kWh

(1,250,000 kW) (8760 hr/yr)(.7)

it

TOTAL O&M COSTS b 3.06 mills/kWh

*Based on EPA data, Reference 4 Sources: Refs. 4, 18, 22, 23
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3. LIGHT WATER REACTOR WITH IMPROVED FUEL UTILIZATION
1.0 INTRODUCTION

The 1250 MWe light water reactor (IWR) facility characterization provided
in this section was written and based primarily on "Satellite Power System and
Alternate Technology Characterization" prepared by United Engineers and
Constructors, Inc., August 1979, UEC-ANL-790831. The cost data also provided
in this characterization is based on NUREG-0241, "Capital Cost: Pressurized
Water Reactor Plant," prepared by United Engineers and Constructors, Inc.

In both éasés; the reactor plant itself is based on the Westinghouse 3425
MWe reactor described in RESAR-35, and an inland nuclear site (Middletown),

and a UEC balance of plant design with mechanical draft cooling towers.

The description in this report is structured with the purpose of com-
paring one technology with another, both projected to the year 2000. In -
this réspect, the technologies had to be made comparable with regard to
electrical energy generation: 1250 MWe was chosen as being representative of
large bulk power generation facilities in the year 2000. The basic Westing¥
house 3450 MWt reactor plant was scaled up to 3800 MWt. The cost estimate is
based on this plant as well as major equipment. While scaiing does provide a
valid general representation of the 1250 MWe plant, a more representative or
meaningful characterization would have been obtained if the Westinghouse 3800
MWt unit (described in Resar-4l) were used. '

Fuel utilization in a nuclear plant is the subject of current RD&D pro-
grams., The basic goal of these programs is to increase the burnup of the
fuel and decrease the U-235 requirement on a per-unit-of-power generation
basis. At the present time, nuclear fuel is being discharged from reactors
after achieving an average burnup of 25,000 to 33,000 megawatt days per
metric tonne of fuel (MWD/MT). Necw fuel deslgns are being tested at commercial
nuclear facilities in the hopes of ultimately aéhieving-a 50,000 MWD/MT
‘burnup. For the purpose of this characterization, a maximum 50;000 MWD/MT(S)
~burnup is assumed for the LWR in the year 2000.

A 1250 MWe nuclear reactor is loaded with approximately 98 metric tonnes
(MT) of fuel at beginning of life and will consume about 20 MT each refueling.



Over the past 10 years, the basic designs of the nuclear facilities
have changed dramatically. Size of the units has increased to about 1250
MWe (3800 MWt) and extensive safety systems have been incorporated. Between
now andAthe year 2000, size is assumed not to increase beyond present standards
because of safety concerns by the NRC. However, safety will continue to be a
major driving force in the design modifications of nuclear facilities. In-
vestigations of the Three Mile Island accident will produce design changes
for safety reasons in the near-term. Through the year 2000, the continued
striving for a "perfectly safe" form of nuclear energy will result in numerous

design chénges required by the regulatory agencies to enhance safety.

Pollution control equipment will continue to be réqﬁired for power
generation fac¢ilities. Fur a nuclear plant, batter radinLogicai control
equipment will be developed and installed to minimize or eliminate entirely
hazardous radionuclide emissions, In addition, pollutant abatement regulations
are assumed to require no process stream discharges containing any pol}ﬁ;ants.
The only assumed exception to this basic assumption is the cooling tower blow-
down. However, degradable biocides and corrosion inhibitors are assumed to
be used in the cooling towers. Ice prevention is accomplished through tem-

perature control.

The fuel cycle assumed for the LWR characterization is the once through,
throw away fuel cycle. Spent fuel disposal i3 accomplished by the Federal
Government in Federally owned disposal facilities (a geologic repository is
assumed). Costs for spent fuel disposal are recovered by the Government
through a charge levied on the user of the waste disposal facilities. Repro-

cessing 1is not allowed.
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2.0 GENERAL PLANT CONFIGURATION

Thé reference LWR described in this section is a single-unit pressurized
water reactor of Westinghouse Electric Company design with a net plant capac-
ity of 1250 MWe. The basic nuclear plant is modeled after the Westinghouse
3425 MWt unit as described in RESAR-35 and coupled to a balance-of-plant con-
cept designed by United Engineers and Constructors (UEC) as described in their

' and "Satellite Power System

reports "Commercial Electric Power Cost Studies,'
and Alternative Technology Characterization." The primary features of the
UEC desigﬁ are the Nuclear Steam Supply System (NSSS), the six flow tandem
compound‘tﬁrbine generator with supporting power conversion cycle equip-
ment and systems, and the station cooling system using three mechanical draft

wet-cooling towers.

The overall design of the unit was based on the liceﬁsing, design, con~
struction, and operatién criteria, standards, codes, and guidelines in effect
about January 1 1976. The characterization represents the current state of
technology in the late 1970's but projected to the year 2000. It must be
realized that between the time the reference piant was designed and the year
2000, numerous changes will be made in the design requireménts of the LWR
1e§ied by the various regulatory agencies. These design requirement changes
will be derived from the lessons learned at Three Mile Island, some of which
are known and can be qﬁantified. However, many more design changes will be
required through the year 2000 which cannot be quantified nor anticipated at
this time. Caution must be exercised then in the use of this design projected
to the year 2000.

Figure 3-1 shows the basic plot plant for a single 1250 MWe LWR facility.
The predominant features include the containment structure, switchyard, three
mechanical draft cooling towefs, and the turbine building. The layout also
includes provision for the addition of a second unit at some future date.
Space requirements for these‘additional facilities are shown by the broken
lines on Figure 3-1. '
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Figure 3-1. Plot Plan 1250 MWe LWR Facility




One of the more striking features of the nuclear reactor power station
is the reactor containment building, a leak-tight reinforced concrete cylin-
drical structure with a hemispherical‘dome based on a flat reinforced concrete
foundation mat. The cylindrical portion-of the building is approximately
140 ft in diameter and the dome has an inside spherical radius of 70 ft. The
inside height, from the foundation mat to the top of the dome, is 219 ft and
the minimum thicknesé of the dome structure is 2.5 ft. The turbine and
generating equipment are housed in a separate building immediately adjacent to
the reactor containment building. A primary auxiliary building having struc-
tural requirements similar to the reactor containment adjoins the reactor
containmént'building. The building contains (in addition to the primary
component cooling systems) most of the enginéered safety features designed to
protect the reactor core. This includes the low-pressure injection-system,-the
containment core spray and emergency core cdoling Systems. A waste processing
building houses liquid and gas waste-processing (as well as other systems
which may have any radiocactivity associated with them). The control systems
for the entire station are located in a separate control building. The build-
ing has structural requirements similar to that of the main containment. The
electrical generating portion of the plant is similar to that associated with
fossil fuels systems. It consists of the turbine and the generator connected

with it, the main condenser, and the associated feedwater equipment.

The balance of the reactor plant systems includes the boron recycle sys-
tem, radwaste system, service waste systems, containment spray, combustible gas
controls, fuel handling, fuel storage, reactor makeup water system, the
primary compofent cooling water system, and the air cleanup system. The balance
of the conventional portion of the plant includes the usual transformer, switch-
gear and switchyard components, and the connection to the distribution lines.
The main condenser heat rejection system includes makeup water intake and
discharge structures, circulating water pumphouse, makeup water pretreatment

facilities, and three mechanical draft wet-cooling towers.



3.0 THERMODYNAMIC CYCLE CHARACTERISTICS(l)

The NSSS consists of a light—water;moderated nuclear reactor having a
reactor core containing low enriched uranium oxide fuel, approximately 4.0%
U-235, in approximately 193 fuel assemblies. The core 1s refueled by replac-
ing approximately one-third of the total set of fuel elements at roughly one
year intervals. The spent fuel is stored onsite in a special fuel handling
building. This building is also a repository for fresh fuel prior to its in-
sertion in the core.

The NSSS produces approximately 3760 MWt at nominal full power. The
power generation system consists of fhe'reactor core anﬁ veseel, its associated
pressurizer, and ftour primary reactor cuuvlait loopa and fogr eteam generators.
Primary coolant (water) is heated by the nuclear reaction taking place in the
core. This hot water is then passed through the steam generators (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 reheated. 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 MWe. The condensate
from the tﬁrbine is returned by the steam generator feedwater pumps. The
reactor is equipped with residual heat removal systems and a number of engineered
safeguards to permit shutdown and heat removal under all credible accident
conditions.

3.1 REACTOR CORE AND VESSEL

The reactor core is composed of the fuel assemblies containing the
fissionable uranium dioxide material contained in Zircaloy-4 tubes. The tubes
are bundled together forming fuel assemblies which are in turn placed together
inside the reactor vessel (cylindtical in shape) to form the core. Pressur-
ized primary coolant (water with boric acid added for reactor control) is

circulated up through the core and heated by the nuclear reaction.

Control rods and acid in the primary coolant provide control of the
nuclear reaction. The control rods and boric acid absorbs neutrons produced
by the reaction and necessary for its maintenance. The control rods are used

primarily for rapid reactor control (power changes, reactor rapid shutdownms,
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etc.) while the boric acid is used primarily to control slow changes in the
reactor (fuel depletion and Xenor transients). Table 3-1 shows the various

charactefistics of the reactor core and fuel.

Table 3-1. Key Parameters, Nuclear Steam Supply System
1250 MWe Pressurized Water Reactor Plant

Parameters Operating Descripﬁion
NSSS Warranted Power, MWt ‘ 3,750
Steam Flow, 106 1b/hr i 16.62
Steam Pressure, psia : 1,100
Power Density - Avg., kW/liter . - 104
Linear Power - Avg., kW/ft o 5.4
Linear Power - Max., kW/ft B : 12.6
Heat Flux - Avg.; Btu/hr/ft2 . 189,800
Heat Flux - Max., Btu/hr/ft2 474,500
Min. Crit. Heat Flux Ratio A ' 1.3
Number of Fuel Assemblies 193
Number of Control Assemblies 65
Reactor Vessel ID, in 173
Number of Coolant/Recirculation Loops 4
Pump Capacity, gpm 103,635
Coolant Flow, 106 1b/hr ' , 165.2
Coolant Inlet Temp} p . 563.8
Avg. Delta T through Vessel . 61.1
Coolant Pressure - Qutlet, psia 2,250
Steam Genérator Size - Height,, ft-in 67-8

- Dia., ft-in 14-8
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3.2 REACTOR PLANT EQUIPMENT

The reactor plant design incorporates four parallel primary loops cir-
culating reactor coolant through the reactor core and the four steam genera-
tors. Four primary coolant pumps each circulate the coolant through the reactor
and steam generators at an average flow rate of 165.4 x lO6 1b/hr, with a
reactor inlet temperature of 563.8°F and an average temperature rise of 61.1°F,
The nominal coolant pressure is 2250 psia. The high pressure is maintained

in the primary system by a pressurizer to prevent boiling in the core.

Tthsteam genefation system c¢onsists of [our water=to-water/steam once-
through steamfgénerators (one for each of the primary cbélant loops). The
steam generators are the vertiecal shell and U-tube evaporator type with inte-
gral moisture separation equipment. The reactor coolant is on the tube side.
Steam is produced at 1100 psia and 556.3°F. The feedwater temperature is
440°F. The total steam design flow. rate is 16.62 x 106 i1b/hr.

In addition to the primary heat transfer tystems, the reactor operation
is supported by a wide variety of supporting systems including the safety
systems used to mitigate the consequences of reactor accidents, radioactive
waste processing and handling systems, and various chemical makeup and sampling

systems.
3.3 TURBINE GENERATOR CONFIGURATION

The turbine configuration is a tandem compound, six flow machine with
43 inch last stage blades, designed and operated at 1800 rpm. Inlet steam
conditions at the HP throttle valves are 975 psia and 544°F. No superheat is
provided by this reactor plant design so the inlet steam is at saturation.

The generator is rated at 1482 MVA at a 0.9 PF. The generator output is
25,000 V, 3 phase, 60 Hz and delivers 1309 MWe gross.

The steam flow configurafion through the turbines begins with high pres-
sure steam entering the high pressure turbine. As the steam passes through
the HP and LP turbines and expands, the steam imparts about 1.37 x 1010 Btu/
‘hr (1,329,985 kW) to the turbine shaft. Table 3~2 shows key plant parameters.
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. Table 3-2. Key_Plant Parameter‘s, Steam and Power Conversion
System 1250 MWe Pressurized Water Reactor Plant

Parameter Operating Description
Turbine Output, MWe ' ’ ' . 1,309
Auxiliary Power, MWe ' 59
Net Power to Transformer, MWe 1,250
Generator Rating, MVA 1,482
Net Station Steam Rate, 1b/kWh _ ' 13.3
Net Station Heat Rate, Btu/kWh 10,224
Plant Efficiency 7%- ‘ 33.4
Main Steam Flow at HP Turbine Inlet, 1b/hr 16,621,439
‘Main Steam Pressure at HP Turbine Inlet, psia - 975
‘Main Steam Temperature at HP Turbing Inlet, °r . 544

3.4 CONDENSER-HEAT REJECTION SYSTEM

Three équalized,single stage, two péss-surface condensers, with divided
fabricated steel water boxes and shell, are provided. The gbndensers are
designed to condense.the low press turbine outlet steam and feedwater puﬁp
auxiliary turbine dfive exhaust steam.at 3.75 in Hga Qgidissipating the heat
to three mechanical draft wet-cooling towers. Each condenser contains about
328,000 sq. ft. of condensing surface made up of 19,910 1-1/8 inch diameter,
20 BWG 90-10 CuNi tubes,

- The three main mechanical draft wet-cooling towers are each sized for
one~third of the requirements. Each tower is designed to cool 215,000 gpm of
water from 118°F to 92°F when operating at a wet bulb temperature.of 70°F.
Each tower employs a reinforced concrete-filled structure combined with com-
ponents for water distribution, £1ll splash service, support system, drift
eliminators, louvers, and fan deck. The fan deck provides a stable base for
the 12 fan cylinders and mechanical equipment. Each fan is 33 ft in diameter
and operates in an 18 ft high glass reinforced polyester velocity recovery
fan stack. The hot water distribution system includes a circular flume dis-
tribution basin and metering orifice which uniformly distributes the hot water
over the fill.



3.5 FEEDWATER HEATERS

‘

Feedwater flow from the condenser enters a series of six series reverse
cascade feedwater heaters designed to achieve a final feedwater temperature
of 440° F at 16.62 x 10°

The final stage is designed for full steam generator pressure. Steam for the

1b/hr. The first five stage heaters are low pressure.

feedwater heaters is provided from the moisture separator and various extrac-
tion points throughout the steam cycle, and from other residual steam flows.
A total of 6.07 x lO9 Btu/hr. is added to the feedwater before entering the
boiler as shown in Figure 3-2. Small amounts of energy are contributed by

the condensate and feed pumps primarily from pump thermal losses.
3.6 GENERATOR LOSSES‘AND AUXILIARY ELECTRIC ENERGY USE

The total power delivered to the turbine shaft is about 1,329,985 kW.
Various generator inefficiencies result in the loss of 21,147 kW or 1.60 7
of the shaft power as fixed and generation losses. Approximately 58,785 kW
is required to support the plant operation (as shown in Table 3-3). This
results in a net output of 1,240,053 kW.

Table 3-3. Auxiliary Power Requirements

Component " Load in Kilowatts (kW) _

Mnin Coolant Puuwps 22,920
Condensate Pumps 2,045
Heater Drain Pumps 2,045
Condensate Booster Pumps 4,095
Service Watar Pumpec 820
Cooling Tower Fans 4,425
_Make-up Water Pumps 210
- Circulating Water Pumps 16,350

TOTAL : 52,910

. Miscellaneous Small Pumps, Fans,

" Heaters , 3,295
" "Hotel" Load . 2,580

TOTAL : 58,785
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Figure 3-2. Light Water Reactor Facility Heat Balance



3.7 FUEL USE AND LOGISTICS

The reference LWR facility uses 4.15% enriched uraniume)The Department
of Energy provides enrichment services to the utility industry producing
uranium hexafloride containing 4.15%7 U-235. The UF6 is then converted to UO2
and fabricated into fuel assemblies for use in the reactor. For the reference

1250 MWe net LWR, approximately 98,000 kg of fuel are léaded into the reactor.

The fuel is discharged from the reactor after it has achieved an average
burnup of 50,000 MWD/MT.(8) "After discharge, it is placed in the spent fuel
pool for -temporary storage. During this temporary storage, the residual decay
heat produced by fission product decay is removed by the fuel pool cooling
system. Storage in this spent fuel pool could last for from one to five years
at which time the spent fuel is shipped offsite to government owned and operated
disposal fécilities. The storage time on site will depend on waste acceptance

criteria at the AFR or the repository.

The reactor does not discharge all of its fuel during refueling. Only
about 1/5 of the assemﬁlies are replaced during each refueling, while the
other 4/5 are moved to different positions in the core. Refueling would take
place about every 12 months at a 70% capacity factor. New fuel is shipped
to the site and stored dry.
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4.0 ENVIRONMENTAL CHARACTERISTICS

Numerous reactor plant systems, even under normal conditions, become
contaminated with radiocactive elements. These elements can come from the
fuel itself or from: (1) impurities in the fuel cladding, (2) activated wear
products, or (3) other sources. Because several systems are contaminated,
normal maintenance, operations, and leaks will lead to release of some of
these elements. ‘

The transport mechanisms for release of these radioactive elements are
primariiy through the building ventilation systems and processed liquid
effluents. Areas which have the potential for contamination are ventilated
through higﬁ effigiency particulate filters. These filters remove greater than
V99.9.percent of the particles in the air which are larger than 0.3 microms.
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.
Tables 3-4 and 3-5 list the expected annual average radionuclide releases
from the reference LWR. Additional releases resulting from other parts of
the fuel cycle are discussed in the following section on the nuclear fuel

cycle.
4.1 SOLID WASTE

Normal maintemance and operation of an LWR results in the generation of
on-site solid and liquid wastes. Clothing, rags, laboratory equipment,
monitoring equipment, tools, filters, etc., all can become contaminated and,
if decontamination is not possible, should be discarded. Table 3-6 shows
the average annual shipments of on-site generated waste. These wastes are
categorized as low-level wastes and are suitable for disposal in licensed

commercial low-level waste burial grounds.

Uncontaminated solid waste and refuse is also gemerated at the plant
site and disposed of by conventional landfill offsite.
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Table 3-4. Expected Annual Average Release of Airbcrne Radionuclides

PRIMARY SECONDARY . GASEQUS RELEASE RATE (Ci/yr)

COOLANT COOLANT GAS STRIPPING BUTLDING VENTILATION SLOWDOWH — ATR EJECTOR:
1S0TOPE (u€i/q) (uCi/q) SHUTDOWN  CONTINUOUS ~ REACTOR _ AUXILIARY  TURBIHE  VENT OFFGAS  EXHAUST TOTAL
Kr-83n 2.16310°%  5.97300°% 0.0% 0.0 9.0 0.0 0.0 0.0 0.0 . 0.0
Kr-85m e zaemoe® g0 0.0 0.0 waa0® 0.0 © 0.0 2.x10°  5.3x10°
Kr-85 1.000x10°!  2.811m10°8  5.7x10" 6. 1x10% 7.8x10! 2. 1x10° 0.0 0.0 1.1x10° 7.5x102
Kr-87 8.092:40°%  1.64810°% 0.0 0.0 0.0 1.1x10° 0.0 0.0 0.0 1.1x10°
Kr-88 2.061107"  5.661410°8 0.0 0.0 C.0 5. %100 0.0 .0 3.2x00 8.5x100
Kr-89 51561070 1,4444107° 0.0 0.0 . 0.0 0.0 0.0 0.0 0.0 0.0
Xe-131m 9.88 1072 z.786x10°% 4 3x100 1.5x10! 1.8x10 2.1x10° 0.0 0.0 1.0 4.2x10!
Xe-133m 2.190007" 6170008 0.0 0.2 7.4x10°  © 5.3x10Y 0.0 0.0 3.2x10°  1.6x0
Xe-133 172300 4.7810°%  2.5x10! 5.0x10" 1.3x108 4.0x10% 0.0 0.0 2.6x10° 2.1x103
Xe-~135m 1.ax072 anx0? o.d 0.9 0.0 0.0 0.0 0.0 0.0 0.0
Xe-135 3.686x107  0.994x1077 0.0 0.0 2.1x100 8.5x10° 0.0 0.0 5.3x10° 1.6x10]
Xe-137 9.281x1073  2.57810°% 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Xe-138 4.5310°%  1.23800°% 0.0 0.0 0.0 1.1x10° 0. . - 0.0 0.0 1.ax100
TOTAL NOBLE GASES | ‘ ‘ 3.0x10°
1-131 2.669x1071  6.83%107° 0.0 0.0 1.8x10°  4gx10? 403 0.0 3.0x0°3  5.5x1072
1-133 3.806x107"  5.066407° 0.0 0.¢ g.2x107?  6x10 3073 0.0 4.3x10°3  7.6x107°
TRITIUM GASEQUS RELEASE - 1114 Cifyr

AThe figure 0.0 appearing in the table indicates that the release is less than 1.0 Ci/yr for rodle gas, 0.0001 Ci/yr for I.
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Table 3-4. Expected Annual Average Release of Airborne Radionuclides (Cont'd)

ATRBORNE PARTICULATE RELEASE RATE (Ci/yr
WASTE GAS BUILDING VENTILATION

NUCLIDE SYSTEM REACTOR " AUXILIARY . TOTAL
Mn—54 4 . -3 A= -4 -3

.8 x 10 6.5 x 10 1.9 x 10 5.0 x 10
Fe-59 1.6 x 1072 2.3 x 1078 6.4 x 107> 1.7 x 107
Co-58 1.6x10% | 2.3x107 | 6.4 x 107 1.7 x 1072
Co-60 7.5x1072 | 2.3x107° | 6.4 x 207 7.7 x 1073
Sr-89 3.5x20% | sox107 | 1.3x10° 3.6 x 1074
Sr-90 6.4 x 107° 9.0x10°8 | 2.6« 1676 6.7 x 10
Cs-134 4.8 x 1073 6.5x10° | 1.9 x 107 5.0 x 1073
Cs-137 8.0 x 1073 1.1x10” | 3.2x10% | 8.3 x 1073

Note: 1In addition to these releases, 28 Ci/yr of argon-41 are released from the containment
and 9 Ci/yr of carbon-14 are released from the waste gas processing system,
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Table 3-5, Expected Annual Average Releases of Radionuclides in Liquid Effluents

ANHUAL RELEASES TO DISCHARGE CANAL

CORROSION COOLANT BORON MISCEL- T0TAL
AND NUCLIDE CONCENVRATIONS RECOVERY "LANEOUS TURBINE LIQuUID ADJUSTED DETERGENT

ACTIVATION  HALF-LIFE PRIMARY SECONDARY SYSTEM WASTES SECONDARY BUILDING WASTE TOTAL WASTES TOTAL

PRODUCTS (days) (uCi/m1) (pCi/ml (curies)  _(curies) {curies) (curies) {curies) ~ _ (ci/yr) (Ci/yr) _(Cizyr)
Cr-51 2.78x10)  1.90x100;  4.40x1077 5.71x10j§ 1.57x10f£ 0.0 4.6310%  10.50x107  6.96x10% 0.0 . 6.9x10:g
Mn-54 3.03x105  3.10x1073  1.08x107;  9.82x107¢  2.64x10_; 0.0 1141077 2.15x10°¢  1.42x1077  1.06x10 1.1x107¢
Fe-55 9.50x]0-I ].60x]0_3 3.77x]0_7 5.09x10_6 'I.37x'|0_8 0.0 3.99x10_6 9.22x10_6 6.10x]0_5 0.0 6.1x10_5
Fe-59 4.50x10; 1.00x1075  2.73x107¢  3.07x10_; 8.36x10.. 0.0 2.87x107;  6.04x107¢  4.00x107; 0.0 . 4.0x107
Co-58 7.13x104 1.60x10_3 3.80x10_, 4.98x10_g  1.35x10_, 0.0 4.0]x10_6 9.13x]0_5 6.05x10_5 4.26x10_3 4.9x’|0.3
Co-60 1.92x105 2.00x]0_3 4.84x10_4 <6.36x10_6 1.70x10_g 0.0 5.13x10 6 ].18x]0_6 7.73x10.5 9.25x10 9.4x]0_5
Np-239 2.35x10 1.20x10 ~ 1.94x10 1.95x10 7.04x10° 6.0 1.90x107 3.92x10 2.60x10 0.0 2.6x10
FISSION
PRODUCTS

-1 -3 -7 , -9 -8 -6 -6 -5 -5

Br-83 ].00x]0] 4.80x]0_5 ].37x]0_8 8.87X]0_6 9.04x10 7 0.0 2.59x10 7 2.69x'|0_6 1.78x10 5 0.0 l.8x]0_5
Rb-86 l.87x]0] 8.50x]0_4 2.43x10_7 6.24x]0_6 3.45x]0-8 0.0 2.55x]0-6 6.83x10_6 4.54x'|0—5 0.0 4.6x10 5
Sr-89 5.20x]00 3.50x10_, ].09x10_5 l.09x]0_4 '2‘92X]0_6 0.0 1.15x]0:4 2.25x10_4 1.50x10:3 0.0 1.5x10:3
Mo-90 2.79x107,  8.40x107,  1.90x1073  1.51x10], 5.21x1072 0.0 1.80x1073  3.46x107,  2.29x1073 0.0 2.4x1073
Tc-99m 2.50x107;  4.80x107,  2.58x107;  1.45x107, 4.72x107; 0.0 2.21x107  3.71x107¢  2.45x107; 0.0 2.5x107;
Te-127 3.92x]0] 8.50x10_3 l.65x10_7 9.02x10_ 3.24x]0_7 0.0 1.30x10_6 2.23x10_6 1.48x10_5 0.0 1.5x]0_5
Te-129m 3.40100,  1.40x1073  3.20x107;  4.26x107; 1.16x1075 0.0 3.47x1070  7.83x1077  5.19x102 0.0 5.3x10 7
Te-129 4.79x10_ 1.60x]0_3 5 63x10_, 2.72x10_6 7.49x10_7 0.0 2.32x'|0_5 5.12x]0_5 3.39x]0_4 0.0 3.4x10_g
1-130 5.17x100"  2.10x1073  1.99x107;  3.17x107;  4.46x107; 0.0 151107 1.87x1072  1.15x107; 0.0 1.2x107,
Te-131Im l.25x100 2.50x10_] 3.52x10_5 ?.23x]0_3 1.10x10.4 - 0.0 3.25x10_3 5.60x10_5 3.71x10_3 a.a -5 3.7x10_3
1-131 8.05x10 2.70x10 6.34x10 6 -06x10_5 2.05x10_6 0.0 6.57x10_5 1.3Ex10_5 9.17x10_4 6.60x10 9.2x10_4
Te-132 3.25x10%,  2.70x1075  4.98107f  5.26x107; 1.76x107¢ 0.0 5.00x10_; 10.95x107,  6.92x1073 0.0 6.9x10
1-132 9.58x]0_] l.OOxlO_] 1 01x]0_5 5.50x10_3 9.04x10_4 0.0 2.18x10_3 2.82x]0_3 A1.87x]0_2 0.0 1.9x]0_2
1-133 8.75x10;  3.80x101,  4.82x107;  1.98x1073 1.31x107, 0.0 4181077 . 6.30x107;  4.17x1015 0.0, 4.1x1075
Cs-134 7.49x107, 3.50x10_} 7.11x10_¢ 1.99x10 o 1.06x10 ¢ 0.0 7.52x10_, 2.17x10_, 1.43x10 5 1.38x10 2.9x10_5
I-135 2.79x10, 1.90x10°, 1.19x10 ¢ 2.37x10_,  1.92x10 0.0 6.80x10_¢ 7.22x10_, 4.78x10_ 3 0.0 4.8x10_3
Cs-136 l.30x104 ].30x10_2 3 08x10_6 9.18x10_ 5.15x10_5 0.0 3,21x]0_5 10202x]0_3 6.64x10_3 0.0 -2 6.6x10_2
Cs-137 1.10x100;  1.80x1077  4.73x10-¢  1.43x1073  7.67x1077 0.0 5.01x1077  1.57x1073  10.36x1073  2.55x10 3.6x10
Ba-137m 1.77x10 1.60x10°7  7.68x1000  1.37x107;  7.17x1073 0.0 4.69x107¢  1.46x107¢  9.69x107; 0.0 9.6x10_;
A1l Others 2.53x10 2.19x10 3.21x10 1.95x10 0.0 4.77x10 9.18x10 6.09x10 0.0 6.1x10
TOTAL 0 -4 -2 -4 -2 -2 -1 -2 ]
(except tritium) 1.46x10 2.16x10 §.53x10 6.78x10 0.0 1.24x10 2.84x10 1.88x10 6.63x10 2.6x10
Tritium Release 404 Ci/yr
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Table 3-6. Annual Weight, Volume, and Activity of Radwaste Shipped

‘ ~ CONTAINERS.
WEIGHT SOLIDIFIED VOLUME  CATEGORY SHIPPING SHIPPED ACTIVITY
TYPE OF WASTE _ (Tons/day) (ft3/day) (s.c)@ CONTAINER PER YEAR (Ci/yr)b
Bead Resins® 0.452 9.329 S DOT 17C 464 10,000
55 gal. drum.
Disposable Filter 0.185 4,132 S DOT 17H 201 315
Elements : ‘
Evaporator 5.101 94.14 S DOT 17C 4,680 516
(oncentrates to to 55 gal. drum to
5.888 107.01 5,253
Compressed Waste 0.131 11.78 c DOT 17H 593 very low
(including pre- to to 55 gal. drum to activity
and HEPA filters)  0.146 13.35 669

Key to radwaste category:

S - Solidified prior to shipment

C - Compacted, rags, paper, compressible waste

Activity at time of drumming except as noted

The spent resin activity (bead resins) 1is calculated at the time the resin is transferred to the

spent resin tank. This activity will be less i1f the resin is stored for a significant period of

time.




4,2 LAND AND WATER USE

Approximately 500 acres would be required for the primary plant site.
This area includes an exclusion area of roughly 200 acres necessary for the
positive control of all activities at the site. As shown previously in Figure
3-1, the site also has sufficient room for the construction of a second nuclear

unit next to the original unit.

Consumptive water use results primarily from cooling tower evaporative
losses, cooling tower blowdown, and general plant uses. By far, the largest
consumers of water are the mechanical draft cooling towers. These towers use
approximately 1 million gallons/hr. Table 3-7 identifies this and other

plant water uses.

Table 3-7. Water Use in a 1250 MWe Light Water Reactor

Million Gallons/Day .
WATER USE . 100% Power 70% Power
Cooling Tower Evaporation T 24,5 17.2
Cooling Tower Blowdown 7.1 5
General Plant Use < 1 < 1
TOTAL 32.6 23.2

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. Rather, these waste streams,
which are processed to remove radionuclides, are then discharged under con-
trolled conditions. Cooling tower blowdown does not contain any radionuclide
contamination but does contain chemicals added for corrosion and biological
growth control. Typical liquid effluent discharges must meet discharge
limitations. The discharges are listed in the following table.
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Table 3-8. Waste Water Effluents - 1250 MWe LWR Facility
at 70% Capacity Factor (9)

Pollutants | Tons/Day
Total Suspen@ed Solids * ‘ 1.043
Total Dissolved Solids* | 2.608
Organics : 0.21
vChlorine ) ' 0.1
Coppér<- ~ . .- 2.8
Chromium : ‘ 0.01
Phosphate ° o o 0.13

Assuming a concentration factor of 4.5 tons/day in the cooling tower
with 10 ppm TSS and 25 ppm IDS concentrations in the makeup water.
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5.0 CONSTRUCTION AND OPERATION CHARACTERISTICS

The construction of an LWR facility is subject to delays. Some delays_

have been experienced because of:

o Litigation

? Financial problems

a T.arge changes in the need for power

©  Licensing requirements for facility changes and back fits
e ‘Licensing holds .

There are also other reasons for extended construction periods that have
been experienced. Without any of ﬁhesé delays, a 1240 MWe LWR facility

could be constructed in 6 years. If the delays expected to occur are in-
cluded in this estimate, and licensing is also included (a two-step process
with a construction permit and operating license included), the LWR facility
could be completed in 12 years. (Recent experience is showing a trend toward
12-year comstruction times). During the on-site construction period, an
estimated 11.54 million man-hours of direct craft labor would be required
primarily from 16 different labor types as detailed in Table 3-9. Indirect

labor hours are also included in the table.

Normal operation of the facility would require a plant staff averaging
215 persoms and over 430,000 man-hours per year as showh in Table 3-10. The'
number of personnel on-site would vary considerably from time to time depend-
ing on the operation of the unit. When the unit is down for refueling/repair,
the total number of personnel on-site would peak at a number considerably
. higher than 215.
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Table 3-9. Direct Craft Labor Summary - 1250 LMFBR

Cost Basis - July, 1976

Plant

SITE Z
CRAFT DESCRIPTION LABOR HOURS HOURS
Asbestos Worker 121,776 1.1
Boiler Maker 678,055 5.9
Bricklayer 129,520 1.1
Carpenter 1,379,305 12.0
Dock Builder 3,255 0.0
Electrician 1,858,431 16.1
Iron Worker 1,316,709 11.4
Laborers 1,299,695 11.3
Millwrights 172,227 1.5
Operating Engineers 864,766 7.5
Painters 203,580 1.8
Pipefitters 3,193,846 27.6
Plumbers 682 0.0
Roofers 12,775 1
Sheet Metal Workers 125,700 1.1
Teamsters - 175,892 1.5
TOTAL DIRECT LABOR 11,536,214
INDIRECT LABOR 1,993,921
CONSTRUCTION SERVICES 1,993,921
TOTAL 15,524,056 100.0
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' : *
Table 3-10. Staff Requirements for LWR Plant

AREA PERSONNEL
Plant Manager's Office 1
Manager 1
Assistant 1
Quality Assurance 3
Euvlronmental Control 1
Public Relations 1
" Training 1
Safety 1
. Administrative Services 13
Health Services
Security 56
SUBTOTAL 79
Operations
Supervision (excluding shift) 2
Shifts 33
SUBTOTAL 35
Maintenance
Supervision 8
Crafts 15
Peak Maintenance Anmialized 55
SUBTOTAL 79
Technical and Engineering
Reactor 1
Radioc¢hemical
Instrumentation and Controls
Performance, Reports and Technicians 17
SUBTOTAL 22
TOTAL 215

Single unit 701-1300 MWe
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5.1 OPERATING STATISTICS AND ANNUAL GENERATION

Historical statistics on nuclear power generation facilities of this
type indicate that the overall plant capacity factor would be 70%. That is,
the plant would produce 707 of the maximum possible kilowatt hours it could

generate if it were operated continuously at full capacity.

Numerous parameters combine to produce this factor. These include
plant downtime for scheduled maintenance plant forced outage rate due to
unexpected component failure, and the customer load profile (including
inter-utility sales of electricity). The first two factors combine to deter-
mine plént'availability, while the inclusion of customér‘demand results in

the plant capacity factor.

Typically, a large nucleaf station, such as the type characterized here,
would be placed first (or at least close to first) in the utility's loading
order. Thus, it would not be affected by customer demand, since it could
serve to satisfy part of the minimum customer load. If operated‘properly,

all of the unit's output would be used to meet customer demand.

Scheduled maintenance and affecting outages for large nuclear facilities
vary between 4 to 6 weeks per year. Recent forced outage rates range from 5
to 20.4 percent. In this case, 6 weeks of maintenance and refueling and a
20.4 percent forced outage rate is used to conservatively determine unit
availability. Thus, plant availability is determined by:

Plant Availability = 52-6 ¢ ¢1-0.204) x 100% = 70%

52

At this availability and capacity factor, the reference 1250 MWe LWR

facility would generate 7.665 x 109 kilowatt-hours per year.
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6.0 COST CHARACTERIZATION

The basic capital costs estimated for the 1250 MWe reference light water
‘reactor plant have been derived from detailed cost data presented in the
"Energy Ecomomic Data Base (EEDB) Program Phase I" report prepared for DOE by
United Engineers and Constructors. Direct and indirect capital costs presented
in the EEDB are on a consistent January 1, 1978 dollar baéis. These costs are
for the 1139 MWe (3425 MWt) Westinghouse reactor plant which provided the
basis for the physical system characterization presented in the previous sec-

tions.
6.1 DIRECT CAPITAL COSTS

The EEDB costs have been appropriately adjusted to reflect increased
power levels and flow rates incorporated into the 1250 MWe reference light
water reactor system, Specifically, the major modifications that affect the
reference system's capital costs (as compared to the 1139 MWe EEDB design)
include a 9,87% increase in the following system component capacities and de-

sign characteristics:
1. Main ecnalant’ flow through reactor vecool
2, Steam flow through steam generators and turbines

3. Turbine shaft power, generator output, net plant capacity,
and heat rejection system

Base direct capital costs includes the costs of all materials, components,
structures, and associated direct craft labor necessary to construct the
reference facility at the plant site. Delivered costs for components, struc~
tures, and materials are used. Base indirect costs include site temporary
construction facilities, payroll insurance and taies, and other construction
services, such as, home and field office expenses, field job supervision, and
engineering services. Specifically excluded from the base construction cost
estimate are several items that are sensitive to the particular policies and
‘preferences of the individual utility and to the specific plant site and pre-
vailing economic factors being considered. These exclusions include the

following list of items:
1, Ownmer's Costs - Consultants, Site Selection, etc,
2. TFederal, State and Local Fees, Permits and Taxes
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3., Interest on Capital Construction Funds
4, Price Escalation during Construction
5. Contingency Funds

6. Owner's Discretionary Items - Switchyard and Transmission Costs,
Waste Disposal Costs, Spare Parts, and Initial Fuel Supplies

By revieﬁing the detailed cost estimates made in the EEDB for the 1139 MWe
reactor design at the "3-digit" subaccount level, we were able to estimate the
1250 MWe reference light water reactor system costs. Where appropriate, we
adjusted the costs using the capacity ratio-ekpqnent estimating technique,
This technique, which is generally aqcepted by the electric power generation
industry for making cost estimate modifications, uses the following equation

to adjust component costs for small to moderate changes in component capacity,

/Capacity of ﬁ\a
Cost of Component B = Cost of Component A x iCapacity of AfA
: J /

This equation applies where Component A and Component B are of similar
design and performance, differing only in size of capacity, and where

o is given by the following:

Account Description Cost Estimating Exponent ‘(a)
20° Land and Land Rights Not Applicable
21 Structures and Improvements .20

22 Reactor Plant Equipment

Nuclear Steam Supply System (NSSS) : .40
Balance of Reactor Plant .30
23 Turbine Plaut Eyulpment W85
24 Electric Plant Equipment | - .37
25 Miscelianeous Plant Equipment ' .20
26 Condenser Heat Rejection System .50

Table 3+11 shows the original EEDB cost estimate by "2-digit" accounts,
Alsd shown are the applicable cost estimafing factors and the resulting 1250
MWe reference system cost estimates. Costs for land would not vary measurably
for the small incremental plant capacity considered here, so this account
has been assigned a cost estimafing factor of unity, The land costs shown

assume the use of a 500 acre site valued at $4,480 per acre,
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Table 3-11. Estimated Direct Capital Costs for 1250 MWe Light Water
Reactor Reference System (January 1, 1978 Dollars)

(a) 1250 MWe
{ 1139 MWe EEDB" (b) Reference System
Account] Description Cost $1000 CEM Cost $1000
20 | Land and Land Rights 2,240(¢) 1.00 2,240
21 Structures and 0.20
Improvements 51,377 1.098"" 52,347
22 Reactor Plant Equip,
Nuclear Stream 0.40
"Supply System 73,255 1,098 76,046
Balance of Reactor 0.30
Plant 45,190 1,098 46,475
23 | Turbine Plant Equip. 98,656 1,098%:83| 106,816
24 | Electric Plant Equip. | 24,301 1,008%+37 25,156
25 Misc, Plant Equipment 9,755 1.0980'20 9,939
26 Condensate Heat 0.50
Rejection System 16,161 1,098 - 16,934
TOTAL DIRECT EQUIPMENT
AND MATERIALS 320,935 335,956
Site Labor Costs 145,132 1,008°°3%1 149,960
TOTAL DIRECT BASE
CQNSTRUCTION COSTS 466,067 ' 485,916

(a) EEDB, Energy Economic Data Base
(b) CEM, Cost Estimating Multiplier, see text for discussion.
(c) Assumes 500 acres at $4480/acre.

Average site labor costs for the 1139 MWe EEDB facility are estimated
from approximately 11.13 million man-hours at a craft-averaged cost of $13.04
per man-hour. A cost estimating exponent of 0,35 has been used to estimate
the direct field labor requirements and costs. Resultant direct craft man-
hours for the reference facility are thus estimated to total 11,50 million

man-hours, or nearly $150 million,
6.2 INDIRECT CAPITAL COSTS

Indirect capital costs associated with the construction of large light
water reactor power plants are relatively insensitive to the plant capacities
used in the EEDB. Thus, except for payroll related expenses, indirect capi-

tal costs for the 1250 MWe reference light water reactor plant have been taken
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to be the same as those for the EEDB 1139 MWe plant, Construction payroll
related expenses include payroll insurance and taxes as well as field job
supervision costs. The latter was to be proportional to the reference system
direct field labor costs. This assumption adds $802,000 to the Construction
Services account (#91) and $687,000 to the Field Office Engineering and Ser-

vices account (#93) over those costs estimated in the EEDB,

Indirect capital costs, summarized in Table 3-12 at the '"2-digit' account
level, total $197,109,000, or about 417 of the direct capital costs estimated
for the reference light water reactor system, These costs are more than twice
the indirect costs asgociated with coal burning facilities of similar capac-
ities. Saféty“and inspection requirements are a major contributor to this

factor,

_Table 3-12, Estimated Indirect Capital Costs for 1250 MWe Light
Water Reactor Reference System (January 1, 1978 Dollars)

. 1250 MWe Reference
Account ) Description System Cost ($1000)
91 Construction Services 74,982
92 Home Office Enginéeriﬁg
: and Services o 91,325
93 Field Office Engineering
and Services 30,802
TOTAL INDIRECT 197,109

6.3 OPERATION AND MAINTENANCE COSTS

Annual operation and maintenance (0&M) costs for the 1250 MWe reference
light water reactor facility have been estimated, These costs are based on
cost estimating relationships presented in a recent Oak Ridge National Labora-
tory (ORNL) document entitled, "A Procedure for Estimating Nonfuel Operation
and Maintenance Costs for Large Steam Electric Power Plants,"” and on data avail-

able in the EEDB.

Generally, O&M costs for a nuclear power plant may be considered to be
composed of six cost.categories. The costs may be either fixed (not dependent

on annual generation) or variable. The six categories considered here
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include: Plant Staffing, Maintenance Materials, Plant Supplies and Expenses
(including radiocactive waste disposal), Nuclear Liability Insurance and In-

spection Fees, Interim Replacements and Administrative, and General Expenses,

Plant staffing costs are based on the 215 person plant staff described
eérlier and assumes a cost of $22,000 per person per year, Maintenance ma-’
terialé have been found to average 100% of the maintenance staff costs (79
persons) for large nuclear generation plants and also have been found to be
insensitive to plant capacity factors, thus, considered all ﬁiﬁgg expenses,
Fixed supplies and expenses, which include makeup chemicals, lubricants, and
auxiliary fuels, as well as offsite contract services, radioactive waste manage-
ment (exclusive of fuel), and non-radioactive waste management, have been esti-
mated in the ORNL report to be $4,3 million per year with a variable component
of .06 mills/kWh, Nuclear liability insurance and inspection fees are esti-
mated at $409,000 per year with roughly 75% of this amount for private and
government nuclear liability insurance. Administrative, overhead, and utility
home office general expenses associated with the reference facility are esti-
mated by ORNL to be 15% of the combined staff costs and fixed components of
the materials and supplies costs. This compares to 107 of the same cost com- -
ponents for a conventional coal burning facility, with the increase primarily
resulting from the larger amount of record keeping and safety rélated admin-
istrative costs necessary for the nuclear facility. Table 3-13 summarizes the

O&M costs for the reference nuclear light water reactor facility,

~
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Table 3-13, Annual Operation and Maintenance Costs--1250 MWe Reference
Nuclear Light Water Reactor Facility @ 70% Capacity Factor

O&M Cost Account Cost Estimating Relationship ($1000)
Plant Staff 215 persons @ $22,000/yr (Fixed Cost) 4,730
Maintenance Materials Fixed: 79 persons x 22,000 $/yr x 1,0 1,738

: Variable: ©None
Supplies & Expenses Fixed: Chemicals, gases, lubricants,
auxiliary, fuels, etc, . 2,400
Offsite Contract Services o 900
Radioactive Waste Management(é) 900
Non-radiocactive Waste Management ' 100
Variable:
(.06 mills/kWh) (1,250,000 kW) (6,132 hr/yr)
‘ 1000 mills/$ 460
Insurance and Nuclear Liability Insurance Premiums
Ingpection Fees (Fixed Cost) 308
Inspection Fees (Fixed Cost) : 100
Interim Replacements Sinking Fund accrual of 307 of direct
and indirect plant capital costs at
30 years and 47 interest (Fixed Cost) .| 3,647
Administrative and : 15% of Staff, Maintenance Materials and
General Fixed Supplies & Expenses (Fixed Costs) -| 1,615
TOTAL O&M COSTS 16,898

At 707 Capacity Factor:

(16,438,000 $/yr) (1000 mills/$)
(1,250,000 kW) (8760 hr/ys) (.7)

(490,000 $/yr) (1000 mills/$)
(1,250,000 kW) (8760 hr/yr)(,7)

TOTAL O&M COSTS 2.20 mills/kWh

Fixed O&M Costs:

2,14 mills/kWh

Variable 0&M Costs:

,06 mills/kWh

(a) Inﬁludes materials, packing, 1000 miles transportation, and final
disposal costs. '
(b) Annual hours of operation at 70% capacity factor.
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7.0 NUCLEAR FUEL CYCLE

This section of the report will characterize the ‘nuclear fuel cycle for
the LWR operating on a once-through fuel cycle, Figure 3-3 shows this fuel
cycle. Figure 3-3 includes permanent disposal of the spent fuel in a geologic
repository after a cool down period in the onsite fuel pool or at away—f;om—

reactor (AFR) storage.

During each of the phases of the fuel cycle, liquid, solid, and gaseous
effluents are produced to reject heat, The following subsections quantify
these emissions relative to providing fuel for a 1250 MWe nuclear puwer reac—
tor. The-pfimAry sources of information are listed as references 3 and 7, and
were representative of a 1000 MWe facility. Since the reference facility is
a 1250 MWe unit, linear scaling was used in the following characterization,

7.1 AIR EMISSIONS(3’ N

7.1.1 Mining

" @ Chemical (tons/day)

SO2 + 0,013

‘NO : 0,003
X

Hydrocarbons: 0,000

co : 0,000

The primary chemical gaseous effluents derive from the burning
of fossil fuels. Mining is accomplished by conventional deep
mining techniques and open pit mining techniques. Standard
diesel-fueled mining equipment is assumed.

° Radiological

Uranium and its daughters are released to the atmosphere when
the ore body is exposed and broken up during underground or
open pit mining operations., The airborne radionuclides dis-
¢harged from underground wines are rapidiy diluted By foreed -
air circulation and atmospheric dispersion to normal background
levels at the site boundaries, Attempts by the Bureau of Mines
to measure radon concentrations in existing open pit mines re-
vealed no significant alpha concentrations. Therefore, the
concentrations of airborne radionuclides in unreéstricted areas
are expected to be undetectable, Mine tailings piles which
have caused so much recent concern about radon emissions are
scheduled to be cleaned up prior to year 2000,

1
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120,000 STore/GWe . 165 ST/GWe
3,700,000 STqy.e/GWe 5196 ST/GWe

CONVERSION

MINING MILLING
TYPICAL ORE CONTAINS YELLOW CAKE (U30g) IS _ GASEOUS URANIUM
ABOUT 0.14% U304 PRODUCED FROM THE ORE 3 HEXAFLUORIDE (UFg)
IS PRODUCED FROM
' 'YELLOW CAKE AND

FLUORINE

m boco
DEPLETED STORAGE ENRICHMENT
URANIUM HEXAFLUORIDE
WITH 0.711% U-235 IS ENRICHED
TO 4.15% U-235
ELECTRICITY
{

"y&%g&“:m~ } s ) i o e e i ik aa
POWER REACTOR ~
ﬁ ABOUT 1/5 OF FUEL IN FUEL FABRICATION
REACTOR REPLACED POWER PLANT FUEL
EACH YEAR PRODUCED _
< SPENT FUEL

‘1 INTERIM STORAGE OF
SPENT FUEL PENDING
POSSIBLE REPROCESSING

Figure 3-3, LWR Fuel Cycle
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7.1.,2 Milling

@ Chemical (tons/day)

802 : ] : 0,140
NOx (40% from natural gas use): 0,060
Hydrocarbons :+ 0,005
co ' :+ 0,001

® Radiological (curies/year)

Rn-222 : 93,1
Ra-226 ;0,02
Th-230 : 0,02

U (natural): 0.03

In addition to the gaseous effluent release associated with the generation of

electric power required by the mill, small quantities of sulfuric acid fumes,

kerosene, and dust are released to the atmosphere from the uranium mill pro-
cesses, In all cases, the airborne concentrations of these contaminants are
maintained well below EPA standards. Deleterious effects on biota are highly

unlikely.

Low level radiolégical airborne effluents consist of uranium and uranium
daughter products. Conservative estimates of dispersion in the atmosphere
predict site boundary concentrations in the range o[ less than 1% to 14% of
Lhe 1imits of 10 CFR 20, |

7.1.3 Uranium Hexafluoride Production

@ Chemical (tons/day)

SO7 + 0,109

NO : 0,038
X

Hydrocarbons: 0,002

CO : 0,000
N :  0.000

The emissions of SO0, and CO are effluent gases from combustion of
equivalent coal fnr power generation, The effluents NOy and Hydro-
carbons come from the combustion of coal and natural gas.,

A number of process off-gases are generated in the preparation of UFg

from yellowcake, Most of these are combustion products but some are volatized

solids and gases evolved during calcining and fluorination. Several off-gas
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treatments are applied to minimize the concentrations of airborne effluents
released to the enviromment. Fluorides and oxides of nitrogen are the more
significant sources 8f potentiél adverse environmental impact. Historically,
analyses of airborne concentrations of fluoride as HF in air and conéentrationé
in forage in the vicinity of a wet solvent extractioﬁ plant indicate fluoride
levels below those expected to cause deleterious effects on human health or
grazing animals., Long-term observation of an area within a 7-mile radius of

a hydrofluoride plant has not revealed any adverse effects attributable to

fluoride releases from the plant,
® Radiological (curies/year)
Uranium: 0,017

7.1.4 Uranium Enrichment

e Chemical (tons/day)

- Gaseous Diffusion Centrifuge
*SOZ : 16,200 A 4648
_ *NOX : 4,256 170
*Hydrocarbons: 0.041 .002
*CO "3 0.106 , 004
F : 0,002 . ,002
*Particulates: 4,256 .170

Starred estimated effluent gases are based upon combustion of equivalent coal

" for power generation assuming 1007 load factor,

The primary source of environmental impact associated with the enrichment
of uranium is related to the gaseous effluents from the coal-fired stations

used to generate the required electric power.

" Small quantities of airborme fluoride are generated at the diffusion
plants, Measurements in unrestricted areas indicate concentrations which are
below the range for which deleterious effects have been obéerved, and span
‘the most restrictive State standard., In addition, oxides of nitrogen and
sulfur are released at the diffusion plants. Conservative estimates of the
off~site concentrations of these contaminants yield levels which are slightly
below or are at EPA standards. Furthermore, the total quantity of these
effluents is insignificant in comparison with the combustion products generated

by the supporting electric power plants,
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The centrifuge enrichment process is scheduled to start operation in 1987,
This process was only 4% of the power requirement of the diffusion process.
Both processes will be operating in year 2000, and since SWH's will be pro-
duced at both facilities, origin cannot be firmly assumed., Hence, both

processes are listed above,
@ Radiological (curies/year; based on 4,15% isotopic enrichment)
Uranium: 0,003

7.1.5 Fuel Fabrication

e Chemical (ton/day)

#50, : 0,086
*NOX : 0.022
"*Hydrocarbons: 0,000
*CO : 0.001
F : 0,000

Starred compounds in effluent gases are from combustion of coal for power

generation.,

The most significant effluents from the standpoint of potential environ-
mental impact are chemical in nature. Nearly all of the airborme chemical
effluents result from the combustion of fossil fuels to produce electricity
to operate the fabrication plant, The only significant airborne chemical
effluent from the process operations of the fabrication plant is fluorine.

The fluorines which was introduced into the fuel cycle during the UF, produc-

6

tion phase, becomes a waste product during the production of UO, powder. The

. 2
gaseous fluorine wastes generated are effectlvely removed from the air efflu-

ent streams by water scrubber systems, These wastes result in a site boundary
concentration of roughly 67 of the most restrictive of a reference state's

gtandard, 0,5 pg/m3.
o Radiological (curies/year)
Uranium: 0,000
7.1.6 Power Plant

The expected annual average release of airborne radionuclides is discussed

in the previous section,
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7.1.7 Waste Management (AFR Storage and Final Disposal) ,

No gaseous emissions are expected apart from those due to coal combustion

which would provide the electricity for site operation,

7.1.8 Transportation

The primary source of gaseous emissions would be the combustion of approx-
imately 13,400 gallons of diesel fuel resulting primarily in.approximately
0.004 tons/day of NOX.

3, 7

7.2 LIQUID EFFLUENTS
7.2.1 Mining

The drainage water carries some suspended solids. The water quality can
be nearly restored by settling pond treatment and natural seepage. Mine drain-
age water results from production necessary to supply the annual fuel require-
ment of the model LWR, The water can contain as much as several curies of’
radiocactivity. This radiological liquid effluent results from dissolved and
suspended uranium and its daughter nuclei, The activity is removed from the
water and returned to the ground by ion exchange during seepage through the
soil., When it is economically feasible, the uranium values are recovered
from the mine water before it is discharged.

7.2.2 Milling ' \

@ Chemical (tons/day)

Tailings Solutions: 904

Liquid and solid chemical and radioclogical wasteés are discharged to the tail-
ings retention pond. Operating experience has indicated that no significant
adverse effect on the off-site environment is involved, After the model plant
is decommissioned, the pond area is graded, covered with earth, and restored

for limited use,
@ Radiological (curies/yeér) .

Uranium and daughter nuclei: 1500.
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7.2.3‘ Uranium Hexaflouride Production

© Radiological (curies/year)
Ra-226: 0.034
Th-230: 0.034

Uranium: 0.034

There are two major aqueous effluent streams associated with UF, production,

Many of the contaminants in this liquid effluent are in the rafginate stream
from the solvent extraction process. The contaminants are not released to the
environment.but held indefinitely in sealed ponds. The second stream is made
up mostly'of cooling water and dilute scrubber solutions which represent the
bulk of the water use. These aquéous effluents are treated with calcium to
precipitate calcium flouride and diluted with all remaining cleaf water efflu-
ents from the plant before they are released. The solid calcium fluoride is

recovered from settling ponds. Then they are packaged and, ultimately, buried,

7.2,4 Uranium Enrichment

o Chemical (tons/day)

cat: o0.020
Cl: 0.031
+ .
Na' ¢ 0.031 )
soz: 0.020
Fe : 0,001
N03: 0.010

A humber of chemical species are present in the liquid effluent stream from
the plant. Calcium, chloride, sodium, and sulfate ions are major constituents
of this stream, The concentrations of chemicals, however, undergo consider-
able dilution before reaching the receiving river, Additional dilution within
the receiving river reduces all concentrations well below recomimended per-

missible water quality standards,
e Radiological (curies/year based on 4.15% isotope separation)
Uranium: 0,02

Small fractions of a curie of uranium in gaseous liquid effluents are
introduced into the enviromment. The result is concentrations in offsite air

and water media which are less than 0,1% of the limits of 10 CFR 20,
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J 7.2.5 Fuel Fabrication
e Chemical (tons/day)

N as NH3: 0.032

N as‘N03: 0.020

F : 0.001
The most significant chemical species in liquid effluents are nitrogen
compounds that are generated from the use of ammonium hydroxide in the pro-

duction of UO, powder and from the use of nitric acid in scrap recovery opera-

tions. The nitrogen.concentrations in liquids released from the waste holding
pond are about 420 mg/liter in the form of ammonia and 280 mg/iiter in the
form of nitrates. The limiting concentration is for ammonia and requires
dilution in the recéiving stream by approximately three orders of magnitude.
Depending on the nature of the receiving stream and its downstream uses, the

nitrogen releases could constitute a significant impact on the enviromment,

Water from the scrubber systems is combined with process liquid wastes
and ;reatedAwith lime to form a calcium fluoride (CaFZ) precipitaté;.which is - -

removed by filtrationm, ‘The 32.50 metric tons of CaF, filtered from the liquid

2
per 1250 MWe LWR annual fuel requirement has a volume of about 13,75 cubic

yards and is buried onsite with minimal disturbance of land.

The smali percentage of fluoride which is not removed by the lime treat-
ment is released from the liquid waste holding ponds at a concentration of
about 16 mg/liter, Dilution in the receiving stream by approximately one
order of magnitude is required to reduce this concentration to acceptable

levels,
@ Radiological (curies/year)

Uranium: 0,021
Th-234 : 0,010

7.2.6 Radioactive Waste Management

No effluents to the off-site environment are expected,

7.2,7 Transportation

Non~significant level of effluents
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7.3 SOLID WASTE(3’ 7

7.3.1 Mining
The primary solid waste material is the barren rock and earth overburden,

the bulk of which is ultimately returned to the open pit as backfill.
7.3.2 Milling

e Chemical : Tailings, 0,342 tons/day

° Rédiological: Uranium and daughter nuclei, 1500 curies/year

7.3.3 Uranium Hexafluoride Production

o Chemical : 0,150 toms/day
® Radiological: 0,363 curles/vear

The source of the radioactivity is from Thorium and occurs in the solid ash

residue from hexafluoridation.

7.3.4 Uranium Enrichment

No significant effluents

7.3,5 Fuel Fabrication

e Chemical + Calcium flouride, 0.098 tomns/day
© Radiological: Uranium, 0.076 curies/ycar

7.3.6 Radioactlve Waste Management

No effluents to the off-site environment are expected

7.3.7 Transportation

No significant level of effluents

7.4 WASTE HEAT(3’ 7

7,4.1 Mining
Approximately 313 MWh of electricity are consumed to meet annual fuel
requirements for 1250 MWe reactor, No significant environmental effects of

heat release are anticipated.

7.4,2 Milling
0.236 x 109 Btu/day will be discharged to the atmosphere, The effect on

the environment will be undetectable except for some local fogging under cer-

tain meteorological conditioms.
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7.4.3 Uranium Hexafluoride Production

0.103 x lO9 Btu/day will be discharged. No significant envirommental

effects are anticipated.

7.4.4 Uranium Enrichment

10,96 x 109-Btu/day will be discharged.‘ Approximately 67% of this heat
is discharged by the electric generating plants servicing the enrichment plant
(assuming 100% load factor for generating plant), Since the pdwer is drawn
from the grids of lafge utility complexes, the environmental impact is diffi-
cult to evaluate, The heat rejection at the enrichment plant site is largely
to the atmosphere. Although occasional misting and fogging results within

the site from operation of cooling towers, the thermal impact is insignificant,

7.4,5 Fuel Fabrication

0.031 x 109 Btu/day will be discharged. The thermal load carried by the
cooling water is dissipated to the air when the water passes through the liquid

waste holding pond and treatment ponds before it is released offsite.

7.4.6 Radioactive Waste Management

No effluents to the off-site environment are expected,

7.4,7 Transportation

Only the shipment of solid high level waste material will involve the
release of a measurable but insignificant quantity of heat to the atmosphere,

7.5 DISRUPTION OF LAND AREAS(3’ 7

7.5.1 Mining

Temporarily committed undisturbed area: 47,6 acres
Temporarily committed disturbed area : 21,0 acres/year
Permanently committed : 2,6 acres/year

Overburden moved : 10,159 tons/day
7.5.2 Milling

Temporarily committed, undisturbed area: 0.26 acres (major portion
included in mine land use)
Temporarily committed, disturbed area : 0,37 acres

Permanently committed (limited use) : 2,96 acres
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Of the approximately 3.6 acres of total land usage attributable to the model
LWR annual fuel requirement, approximately 2.94 acres are devoted to a pond
for the permanent disposal of mill tailings., In effect, nearly the entire
mass of ore processed by the mill will be discharged to the tailings pond,
Although the model plant tailings pond area will be restored to resemble the
surrounding terrain after the 20 years of plant life, the land will most

likely be removed from further restricted use, except (possibly) grazing,

7.5.3 Uranium Hexafluoride Production

Temporarily committed undisturbed area: 2,87 acres
Temporarily committed disturbed area : 0,31 acres

Permanently committed area :+ 0,02 acres

7.5.4 Uranium Enrichment

Temporarily committed undisturbed area: 0.74 acres
Temporarily committed disturbed area : 0.26 acres

Permanently committed area ¢ Nomne

7.5.5 Fuel Fabrication

Temporarily committed undisturbed area: 0,20 acres
Temporarily committed disturbed area : 0.04 acres

Perianently committed area None

)

7.5.6 Power Plant

The total cultivated agricultural land to be affected by the construction-

and operation is 500 acres., This includes an area for geographic isolationm,

7.5,7 Radioactive Waste Management

Less than .21 acres for storage of both high-~level and other-than-~high-

level wastes.

- 7.5,8 Transportation

None
7.6 MANPOWER REQUIREMENTS

The exploration, mining, and milling of uranium ore is labor intensive,

Mining and milling usually occur at or near the mine, Consequently, employment
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is usually expressed for all three functions (exploration, mining, milling),

Recent data indicates the following:

Annual Production ore: 9,198,000T

U308 Content : 14,000T
Employment : 12,612
Productivity (ore) : 729T /man~year
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SECTION 4, COMBINED CYCLE WITH INTEGRAL
LOW-Btu GASIFICATION



4. COMBINED CYCLE WITH INTEGRAL LOW-Btu GASIFICATION
1.0 INTRODUCTION

This plant design is an integrated system, primarily consisting of a
gasifier, an open cycle gas turbine, and a Rankine bottoming cycle. The
basic cycle is modeled after a 579 MWe plant described in the Energy
Conversion Alternatives Study (ECAS) (Reference 1). Reference was also
made to other sources, such as the EPRI Preliminary Design Study for an
Integrated Coal Gasification Combined Cycle Plant (Refereqce 2). The

plant design wés scaled to 1250 MWe.

The ECAS design utilizes the Alkazid desulfurization process system
for gas cleaning and a mechanical draft cooling tower for condeﬁsate
heat removal. At the time of its design (1977), this system just met the
Environmental Protection Agency (EPA) new source.performance standard

(NSPD) for SO, emissions of 1.2 1b/106 Btu by scrubbing about 887% of the

gasifier outpit at a 907 removal efficiency. More recent EPA regulations
now require a 907% removal of all stack gas SO2 for a facility of this type,
and total SO2 are not to exceed an upper limit of 1.2 lb/lO6 Btu. Since 802
and NOx emissions are likely to be more severely restricted in the future,
ECAS also produced an alternative design to comply with the gaseous fuel
standards of 0.2 lbs/lO6 Btu for SO, (and 0.7 lbs/lO6 Btu for NOX). The
plant designed for these more stringent standards had 997 of the output of
the baseline plant. Its capital costs were 1l1% higher and its electricity
costs 8% higher than the plant designed to less stringent emission stan-
dards. This design has been modified by ANL to comply with 40 CFR Part 60,
Standards of Performance for New Stationary Sources, Gas Turbines. Prom-
ulgated on September 10, 1979, these standards apply to the gas turbine
portion of a cowmbined cycle éteam/electric generating system. They limit

the concentrations of exhaust gases as follows:
° NOx limited to 75 ppm

] 802 limited to 150 ppm



At 15 percent oxygen and on a dry basis, this is equivalent to:

0.34 lbs/106 Btu of Fuel Gas

® . Nd
X

) SO

2 1.47 lbs/lO6 Btu of Fuel Gas

The characterization provided here is of a year-2000, 1250 MWe high
sulfur coal combustion facility with a suitable sulfur removal process.
The plant capacity factor is assumed to be 70 percent. It is also
assumed that the plant's fuel gas is processed to remove sufficient sul-
fur compouﬁds to comply with the applicable standards. Although it is
possible’to'adhieve this removal éfficiency with the Alkazid process,
advances in sulfur removal systems anticipated between now and the year
2000 were taken into account. Other proprietary processes, such as Selexol .
(AlliedlChemical Corporation) and Stretford, could also be used to achieve

adequate sulfur removal.

In this evaluation, such factors that are included are: (1) meeting

other emission standards and (2) using alternative sulfur removal processes.



2.0 GENERAL PLANT CONFIGURATION

+ The plant arrangement drawings, showing the power plant equipment
arrangement and the provision for onsite fuel and waste storage, are pre-
pared for a typical plant site. The plant consists of two identical sub-
plants, each producing one half of the full generating capacity.

Figure 4-1 shows the plant area which is surrounded by a perimeter road
and has a 60-day dead storage coal pile and a 3-day live storage capacity.
Storage facilities are provided for 1l5-day storage of ash discharged from the
gasification module and sulfur generated from the Claus plant. The LBtu
fuel plant and the power generation“area are located édjacent to each other.
Other plant support facilities, the switchya;a and cooling towers, are also

situated in the plant area. Important plant. areas are described below:
2.1 COAL BANDLING AND STORAGE

The compacted dead storage pile is 50 ft high with a base covering about
8.2 acres. This pile stores 480,720 tons of Eastern high sulfur coal for
recovery with dozer tractors. Two conical live storage piles are provided
covering an area of'about 0.87 acres. These piles contain a total of 25,301
tons of coal available by gravity fed through underpile vibrating feeders to
~ a conveyor belt that lifts the coal to feed hoppers. The hoppers sapply coal
to the coal dryer and then to the crusher; the crushed overscreened coal
(1/4 to 2 in) and the unscreened fines (0 to 1/4 in) are supplied to four
gasification modules by parallel conveyors at an average combined feed rate
of 502 tons/hr.

2.2 LBtu FUEL PLANT

The fuel plant consists of two gasification modules and gas cleanup
systems. Each gasification module has two rows of 8 gasifier vessels each.
The total plant requirement is for 32 gasifier units. Normal operation will

require 26 gasifiers on line, with 6 gasifiers:in reserve or repair.

If more advanced entrained gasifiers are eventually used in this plant,
then the number of gasifier modules would be smaller, (about 5 to 10). The
entrained gasifiers are larger, with capacities up to 100 tons/hr. The

cleanup system includes: (1) a series of heat exdhangers to cool the raw
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gas, (2) a Claus plant to convert HZS to elemental sulfur, and (3) an

incinerator.
2.3 POWER GENERATION AREA

This area includes two sets of four gas turbines. Each turbine is
connected to a heat recovery steam generator (HRSG). The steam turbine
building includes a reheat steam turbine, steam condenser and associated
feedwater heaters, and pumps. The arrangement provides eight separate
and parallel turbine gas flow paths, permitting independent operation of

each gas turbine.
2.4 SOLID WASTES HANDLING

Ash from the gasification modules and dry sulfur from the Claus plants
of the'gas cleénup process are the solid waste products for this plant.
Ash 1s produced at a nominal rate of 51.2 tons/hr which is conveyed to
loading silos at the rail spur. A sténdby ash storage capacity of 18,425
tons is provided by two storage silos. Sulfur is produced at a nominal
rate of 15.7 tons/hr. This is also conveyed to a loading silo at the rail
spur. Two storage'silos provide standby dry sulfur capacity of 5,672 toms.

2.5 COOLING TOWERS

For this plant, with a heat rejection load of 1.59 x 109 Btu/hr, six-
teen cooling tower cells and a water circulating capacity of 104, 153 gpm

were used.
2.6 PONDS

The surge pond and the waste-water pond have been sized for 3-day and

12-hour capacities, respectively. The pond area is 32 acres.
2.7 LOGISTICS AND OPERATION

Coal is delivered by unit trains to the fuel haﬁdling area adjacent to
the coal storage piles. The fuel handling system has all of the necessary
equipment to handle the coal gondolas in which the coal 1is supplied. There
are facilities for thawing the cars in winter and a rotary car dumper. From
the storage pilles, the coal is moved by front-end loaders to a conveyor
system: The coal is dryed, crushed, and remoisturized before being fed to
lock hoppers on the gasifier. The coal is reduced to ash in the gasifier.
About 99.9% of the ash is removed through the ash hopper lock at the bottom
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of the gasifier. The ash is consolidated and then permanently disposed of
at an adjacent site. About 987 of the sulfur is removed from the Claus

sulfur recovery unit either for sale or disposal.

The gasifier output (fuel gas) goes to the gas turbine. The gas
turbine exhaust drives the Rankine heat recovery (bottoming) cycle. The

exhaust of the heat recovery boilers goes to the plant stack.

The main heat rejection system includes a makeup water intake and
discharge, circulating water pump, and several mechaaical draft wet cooling
towers. ‘Waste heat from the thermodynamic c¢ycle is rejected to the steam
cycle condensers in the form of heated water. Cooler water from the cooling
towers circulates through the condensers to remove this heat and rejects

it to the atmosphere in the form of convective and evaporative losses.



3.0 THERMODYNAMIC CYCLE CHARACTERISTICS

The reference high sulfur coal generation facility is fired with Eastern
High Sulfur Bituminous coal. The coal as received has a higher heating value
(HHV) of 11,026 Btu/1lb and other constituents as shown in Table 4-1. The
overall net plant efficiency, which accounts for in-plant auxiliary steam and
electrical consumption, is 38.57%. ' This facility thus requires 8,865 Btus of
coal feed to produce one kilowatt hour of electricity. Figure 4-2 displays
the major pieces of plant equipment in a simplified cycle schematic and
energy flow diagram of the reference design.

Table 4-1. Typical Eastern Bituminous High-
Sulfur Coal Characteristics

- Property or Component “As Received Dry
Higher Heating Value 11,026 Btu/lb 12,432 Btu/lb
Ultimate Analysis (%7 by Weight)
Carbon | 61.49 69.33
Hydrogen 3.81 4.30
Sulfur 3.20 3.61
Nitrogen .76 .86
Oxygen 8.55 9.64
- Other .59 .66
Ash 10.29 11.60
Moisture 11.31 -
100.00 100.00
Ash Analysis (% by Ash Weight)
P2 05 .05
s$i 0 45.73
Fe203 18.38
A1203 19.40
Ti 02 1.30
Ca0 5.50
Mg0 .95
303 6.63
KZO 1.53
Na20 51
Undetermined .02
100.00
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The fixed bed gasifiers generate LBtu gas which is chemically treated
in the gas cleanup system. This ensures that the clean fuel supplied to
the gas turbine combustors can meet the applicable SOx emission standards. -
The coal is fed to the gasifiers and then the process air required for the
gasification process is extracted from the main gas turbine compressors.
The process water supplied to the gasifier is preheated in the cleanup

system.

The prime cycle consists of eight air-cooled gas turbine generator units,
with a 12:1 compréssor pressure ratio and 2400°F firing temperature (that is,
the temperature at the inlet of the first-stage rotor). The prime cycle
generates tw;—thirds of the total plant electrical powér‘output. The gas

turbine exhaust temperature is 1183°F.

The bottoming cycle includes eight heat recovery steam generators (HRSGs)
and two steam turbines. The HRSGs extract thermal energy from the gas turbine
exhaust stream. The steam is supplied to steam turbine-generators contri-

buting about one-third of the total plant power output.

The steam turbines provide process steam and steam for the booster-

compressor—-drive turbines.

The process steam is required for the gas cleanup system. Since the
plant was designed for baseload service, no provision was made for gas

turbine exhaust bypass around the HRSG. .

/

Heat rejection to the cooling tower occurs from the bottoming cycle
steam turbine, from the booster-compressor-drive turbine, and from the gas

cleanup system. This plant requires 16 mechanical draft wet cooling towers.
The net power output from this plant is 1250 MWe.
3.1 ADVANCED TECHNOLOGIES

The enfrained bed gasifier involves a somewhat different thermodymamic
cycle than the fixed bed system used as the basis of this analysis. The
gasifier operates at lower pressures and higher temperatures than the fixed
bed system. More heat is recovered from the gasifier output stream and
utilized in the plant's steam cycle. Relatively higher 9verall cycle effi-
ciency up to 41.5% is possible, though some of this may be lost if tighter

environmental standards are imposed.
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The simplified schematic of the reference plant with the thermodynamic
conditions at the major process steps was shown pfeviously in Figure 4-2.
Each of the major components are described in the following paragraphs. Key
parameters are summarized in Tables 4-2 and 4-3. For the purposes of discus-

sion, the cycle is divided into the following seven categories:

o LBtu Fuel Plant

-] Gas Cleanup System

) Gas Turbiue System

® _A HRSG-Stéam Iurbine System
e Feedwater System .
@  Steam Extractions

o Generation

These categories are discussed in the next section.
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System Parameters Open Cycle Gas

Turbine Combined—Air Cooled

FUEL

LBtu Gas (wet basis)
Composition By Weight
S (as HZS + CO0S)

GASIFIER
Type
Operating Pressure (psia)
Cleanup System

PRIME CYCLE
Gas Turbine
Turbine inlet temp (OF)
Compressor pressure ratio
Working fluid
Turbomachinery configuration
Turbine exhaust (oF)

HEAT EXCHANGER

Heat Recovery Steam Generator
Vapor generator pinch point
AT (°F)
Exit AT (°F)
Gas side Ap/p
Drum to throttle Ap/p
Reheater Ap/p
Economizer A p/p

BOTTOMING CYCLE
Steam Bottoming Cycle
Throttle temp ( F)
Throttle presgure (psi)
Reheat temp ( F)
Condensing pressure (in. Hga)
Feedwater temp ( F)

HEAT REJECTION
Wet Cooling towers
Stack temperature ( F)

HHV = 2959 Btu/1b, LHV = 2745 Btu/lb*

0.05%

Fixed Bed
263 .
Alkazid + Claus for H2S Removal

COS Hydrolyzer and.NH3 Removal

Air Cooled
2400

12:1
‘Combustion gas
Axial-flow
Axial, 1183

18

84
.05
.11
.10
.01

950
1800
950
2.3
259

16 cells
312

Data on "dry equivalent'" not supplied for standard conditions.

4-11




Table 4-3. Summary of Design Parameters -~ Open Cycle Gas
Turbine Combined Cycle with Low Btu Gasifier
* (Full Load Conditions)

ECAS 1250 MWe
ENVIRONMENTAI, IMPACT 579 MW Plant _
Coal Feed (1lb/hr) ECAS/Example 480,240 1,004,968
S in Feed (1b/hr) 3.9/3.2 18.729 32,159
N in Feed (1b/hr) 1.0/.79 4,802 7,939
C in.Fegdw(lb/hr) 59.6/61.49 286,223 617,955
Ash in Feed (1b/hr) 9.6/10.29 46,103 103,411
HHV (Btu/1b) 10,788 11,026
1b. dry gas at saturator exit 4.5095 4,.5093
1b. carbon in Feed
1b. dry gas at saturator exit 2.6877 2.7728
1b. Coal Feed
*
Clean gas at saturator exit 1,527,840 3,279,793
(wet) (1b/hr) :
Fuel gas consumed in.gas cleanup 8,640 18,653
(wet) (1b/hr)
Fuel gas combusted in turbines 1,519,200 3,279,793
(wet) (1b/hr) .
Gas turbine exhaust (1b/hr) 8,640 18,653
COS Hydrolysis Eff. (%) 100 100
NH3'Remova1 Eff. (%) 96.46 97
NH3 By-Product Production Total (1b/hr) 3,920 9,068
Alkazid Removal Eff. (%) 97.84 95
Claus Removal Eff. (%) 95.00 95
Sulfur By-Product Production 17,830 29,917
(Elemental) (1b/hr)
Wellman-Lord Eff. (%) 98.50 90
Wet Scrubber Eff. (Process Gases) (%) 97.64 85
Heating Value of Tuel Gas
(wet) (Btu/1lb) 2,959 2,959

15.52% HZO

4-12




Table 4-3. Summary of Design Parameters - Open Cycle Gas
Turbine Combined Cycle with Low Btu Gasifier

(Continued) .
ENVIRONMENTAL IMPACT ECAS 1250 MWe
579 MW Plant
Lime Requirement (ib/hr) ' 1,500 2,434
%%
Sludge Disposal (1b/hr) 1,550 . 6,076
%k
802 Emissions (1b/hr)
Turbine Gases - . 782 3,146
Wellman-Lord 78 _ 316
Wet Scrubber _ - 39 ‘ 154
TOTAL 899 3,616
, ook
NO2 Emissions (1b/hr)
Turbine Gases - 819 : 743
Wet Scrubbers 17 13
TOTAL | 836 756
SO2 Emissions (1b/MBtu Gas)
' Turbine Gases .17 ‘ .32
Wellman-Lord ‘ .02 .03
Wet Scrubber .01 .02
TOTAL .20 .37
NO2 Emissions (1b/MBtu Gas) _
Turbine Gases .182 .077
Wet Scrubbers .004 . 003
TOTAL . .186 .080
# Gasifier Vessels (Operating/Standby) 12/14 2 x 13/16
Plant Heat Rate (Btu Coal/kWh) 8,948 8,865
Plant Efficiency (%) 38.14 38.50

E L]
ECAS value likely in error or may be dry weight, this example uses

relationship specified in ORNL 0&M cost document of 10 tons sludge
per 4 tons lime feed. (Sludge = 50% water).

| kkk

ECAS components do not derive from data specified in report-—ECAS
report seems to have many inconsistencies here. Total emissions
based on 0.2 1b/MBtu gas with proportions roughly comparable to
to those shown on Figure 4.6-17. (NOx = ,186 1b/MBtu)
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3.2 LBTU FUEL PLANT

The advanced fixed bed gasifier, producing a LBtu fuel gas, has two
major characteristics:

1. It handles more coal fines than state-~of-the-art fixed bed
gasifiers.

2. It allows maximum tar to recycle.

The ability to use more fines permits the use of conventional, low-cost
coal crushing equipment. T6é ease the separation of coal fines, the incoming
coal feg& is first fired and then crushed to obtain 25 percent of the coal
as fines. After fines separation, the crushed coal pgésés through a spray
atation where the ¢oal moisture is restorcd to the origlinal level and then
fed to the coal hoppers. The separated fines are mixed with the recycled
tar in a mixer; the mixture is extruded and fed to screw conveyor feeding

to the gasifier vessel.

The gasifier walls in the oxidation zone are cooled by water in the
circulating jacket. Water at 330°F is supplied to the jacket from the gas
cleanup system; the circulating water is flashed in a drum. The vapor
generated 1s introduced into the gasifier vessel as part of the steam required
for gasification process. The gasifier process air is extracted from the
main comﬁressor; this air is saturated with water which serves as the remainder
of the gasification process water requirement. A steam-driven booster com-

pressor raises the pressure and delivers this air to the gasifier vessel.

The raw LBtu gas leaves the gasifier vessel at 865°F. This gas passes
through a series of saturator/washer-cooler vessels (two vessels per gasi-
ficr vessel): the first vessel separates heavy tar from the raw gas, and
the second vessel separates light tar oil, naphtha, and phenols. A major
fraction of the heavy tar is recycled back tuv the gasifier vessel. It 1is
either mixed with coal fines or directly injected into the vessel. Saturated

raw gas leaving the second vessel at 307°F enters the gas cleanup system.
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3.3 GAS CLEANUP SYSTEM

In order to meet the solid fuel emission standards, the hydrogen sulfide
(HZS) content of the raw gas must be reduced significantly. The Alkazid pro-
cess selected here for this purpose requires that the gas be cooled to 100°F.
'I'he‘H2
plant.

S removed from the gas 1s converted to elemental sulfur in the Claus

The cleanup system includes an incinerator which oxidizes the heavy tar
blowdown, ﬁhe lock-hopper vent gas, and the tail gas from the Claus plant.
The thermal energy released through incineration is used to generate process
steam and to..heat process water. This internally generated process steam
supplements the steam (at 65 psi) imported from the steam bottoming cycle,

and meets the steam requirements of the Alkazid H,S recovery unit.

2
The cleanup system requires'a process water flow input; some of this

water is heated to 330°F and is supplied as gasifier jacket cooling water.

The cleanup system also has substantial heat rejection to the cooling tower,

for which 21 x 106 1bs. of cooling water per hour is required.

The clean gas finally leaving the cleanup system is satﬁrated at 275°F.
The light tar oil, phenols, and naphtha removed from the raw gas stream
earlier are added to the clean fuel gas. In order to avoid condensation in
the fuel line, the gas is superheated to 300°F in a fuel~gas preheater before
it is supplied to the combustor. ‘

The composition of the low Btu gas is given in Table 4-4.
3.4 GAS TURBINE SYSTEM

This cycle employs eight air-cooled gas turbines, with a 12:1 compressor
pressure ratio and a 2400°F firing temperature (that is, the temperature at
the inlet of the first-stage rotor). Some of the compressor discharge air
ié used for turbine cooling. Part of this air is nonchargeable, that is, it
enters the gas path before the first-stage rotor. The rest of the cooling
air from the compressor discharge is chargeable. This chargeable air is
cooled before injection into the turbine. Cooling air is also extracted from
two Intermediate extraction points in the compressor. The cooling air from
the higher pressure extraction point is also cooled prior to injection in
the turbine.
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Table 4-4. Low Btu Fuel Gas Composition

Constituent : Weight
N, 43.17
H,0 : 15.52
co, 7.95
Co 27.24
H2 1.13
CH4 T : 2.29

“C,H, . 0.22
C,He N 0.35
0il, Tar, & Phenol . . 2.07%
H, ' 0.01
H,S 0.05%
Cos Neg.

May be recycled in gas cleanup
+ Post cleanup ‘

Since the fuel gas contains adequate moisture, additional steam injection
in the combustor (for the purpose of NOx suppression) is not required. Each
of the gés turbine units produces a net electric power of 108.8 MWe and has

an exhaust gas temperature of 1183°F.
3.5 HRSG~STEAM TURBINE SYSTEM

The heat recovery steam generator unit extracts thermal energy from the
gas turbine exhaust flow stream and produces steam for use in a steam turbine

system. One HRSG unit is provided for each gas turbine.

The HRSG unit consists of a horizontal reheater/superheater section
followed by a vertical section comprising an evaporator, an economizer, and
a drum. The combustion gas entering the HRSG unit at 1183°F is cooled down
to 413°F at the exit of the economizer. This gas is further cooled to 334°F
by using a low-pressure economizer that transfers the thermal energy from
the gas steam to the feedwater heater train. This low-pressure economizer
section is located above the high-pressure economizer section. The combustion

gases pass through a silencer before entering a stack. A fraction of the -
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stack gas (= 10 percent) is used to dry the coal in a cecal dryer and is re~
turned to the stack. The temperature of the gas discharging through the stack
is 312°F.

The steam cycle conditions are selected to be 1800 psig and 950°F. The
feedwater temperature is 259°F, and the condensing pressure is 2.3 in. Hga.
One steam turbine serves each four HRSG units, with a net power output of

428 MWe from the two units.
3.6 TFEEDWATER SYSTEM

Steam condensates from the main steam turbine and the booster turbine,
along with the treated makeup water, are pumped to the deaerator tank by a
condensate pump. Water from the deaerator tank is circulated through the
low-pressure economizer loop. The economizer discharge is supplied to a
flash tank at 30 psia; saturated vapor from the flash tank is condensed in 
the deaerator heater; and the liquid is fed back fo the deaerator tank. The
deaerator removes noncondensible gases from the feedwater. The energy input
from the low-pressure economizer loop is sufficient to maintain thg desired
deaerator conditions, and no steam extraction from the steam turbine i%
required. The deaerator tank at 30 psia supplies the feedwater to the

feedpunmp.
3.7 STEAM EXTRACTIONS
The cycle has three steam extractions from the steam turbine:

1. For the Booster Steam Turbine Drive: Steam fromthe cold reheat
point (that is, after expansion through the high-pressure turbine)
is supplied to the two steam turbines driving the booster compres-—
sors. The condensing conditions are taken at 2.3 in. Hga. Part
of the condensate is sprayed into the air saturator, and the remain-
ing is pumped back to the feedwater train.

2. For the Fuel-Gas Preheater: Steam at 82 psi is supplied to the heater
to super heat the LBtu fuel gas. ’

3. For the Gas Cleanup System: The external process steam demand for
the gas cleanup system is satisfied by extracting steam at 68 psi
from the steam turbine and mixing it with the hot water discharged
from the fuel-gas preheater,
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3.8 GENERATION

The plant's thermodynamic cycles accomplish generation within two of its
parts. Generation is done by the net output of the gas turbines and Rankine
heat recovery (bottoming cycles). All generators operate synchronously at
60 Hz. They feed a common switchyard at the plant site. Generation capacity

and internal (auxiliary) use are summarized as follows:

Total prime cycle (gas turbine) (8 units) 884.1
output (MWe at 60 Hz)

Total bottoming cycle (steam turbine) (2 units) 417.1
output (MWe at 60 Hz) '

Total gross output (MWe at 60 Hz) - 1301.2

Total auxiliary losses (MWe at 60 Hz) 51.2

Net power plant output (MWe at 60 Hz 500 kV) 1250.

3.9 FUELS USE AND LOGISTICS

This plant uses high sulfur coal (typically eastern high sulfur bitumi-
nous coal) to generate a net capacity of 1250 MWe with an assumed capacity
.factor of 70%. A detailed heat balance shows that 8865 Btu of pulverized
coal is required to generate one kilowatt-hour of net outputi this corres-
ponds to a net plant efficiency of 38.5%. The coal characteristics chosen
assume a higher heating value of 11,026 Btu/lb of coal on an as received
basis. At full capacity, coal feed is required at a rate of 502 toms/hr.
or 3.08 x 106 tons/year at 70% capacity factor. At this rate, an average
of 8,434 tons of coal would be delivered to the site each day; as coal
storage requirements are estimated at full capacity factor, a 3-day live
sforage stock pile would conﬁain 25,301 tons of coal, and a 57 day reserve

storage would contain 480,720 tons of coal.

The average storage density of utility coal in live storage is 960 tons/
acre-ft and reserve storage density averages 1176 tons/acre-ft. Assuming
30 ft high active storage and 50 ft high reserve storage results in a site

area of about 9 acres devoted to coal storage and handling.
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4.0 ENVIRONMENTAL CHARACTERISTICS

4.1 OVERALL ENVIRONMENTAL IMPACT

Figure 4-3 depicts the major environmental impact of fossil fuel plants
which 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 incom-
bustible 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. However,
it represents a sizable solid waste disposal problem. Similarly, about 93%
of the sulfuz is removed from the process stream by the combined Alkazid-Claus
process. This sulfur may be sold as an industrial by—fréduct or disposed of
in a landfill. Another 1.3% is disposed of in the scrubber sludge from the
wet limestone scrubber. The remaining'sulfur appears as-SO2 in the stack

gas from the various plant flues and exhausts. NO, control is effected by

2

removing most of the NH, from the fuel gas ‘streams before combustion.

3
Water used for plant cooling also is a source of environmental pollutiom.

As the water 1s evaporated, concentrations of dissolved solids increase. This

brackish "blowdown" water must be specially handled, to avoid pollution of

local water systems.

Plant siting must take all of these factors into account to select a
location in compliance with all applicable emiésions and land use criteria.
Primary factors affecting the siting of a combined cycle plant are water
availability and Federal, State and local emission regulations. The plant
design used in this characterization satisfied the gas turbine and combined
cycle plant emission standards for new sources. (EPA New Source Performance
Standards-40 CFR Part 60.) Other considerations affect siting of the plant
such as local impacts on achieving ambient quality standards or criteria for

prevention of significant deterioration.

4.2 TFUEL GAS CLEANUP SYSTEM - SULFUR

The cleanup system must remove enough sulfur as elemental sulfur so that
the sum of the SO2 emitted with incinerator fluyes and the SO2 emitted with the
power plant flues will be no greater than allowed by the EPA Standards. The
COS formed in the gasifier and entering with the raw gas will be hydrolyzed

to HZS before entering the Alkazid plant. Virtually all the COS is hydrolyzed
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to HZS for removal. The Alkazid plant removes H2

level which allows the limit to be met. Of the HZS removed by the Alkazid

- plant, 5% will not be converted to elemental sulfur in the Claus plant. This

572 of the HZS will be converted to 802

The tail gas is treated in the Wellman-Lord plant, which allows 907 of the

S from the product gas to a

when the tail gas is incinerated.

sulfur to be recycled back to the Claus process. The Alkazid plant removes
95% of the H,
The cleaned gas contains 238 ppm by volume (dry) of HZS' A separate cleanup

S entering the raw gas, thereby satisfying emissions standards.

system reduces the sulfur emissions from the lock-hopper gas. Only 5.6% of the

total sulfur is emitted to the atmosphere as SOZ'

Alkazid is the trade name for a gas sweetening process using concentrated
watef solutions of salts 6f amino acids. The process which was developed in
the 1930s in Germany, is now in the public'domain. The sorbent is a solution .
of the potassium salt 6f diethyl glycine or dimethyl glycine. The amine group
in the salt 1s basic and has a natural affinity for any gas that dissolves
an& forms an acid in water solution. st'fofms acidic complexes in water so
it 1s called acid gas, and forms a weak tomplex with the amine group in

Alkazid.

About 95 7% of the incoming K,S must be removed in the cleanup system.

Towers operating in parallel are ieeded to accommodate the large volume of
gas flow; Gas enters the bottom of each tower and leaves through the top.
Fresh clean sorbent is added at the top of each tower, and loaded sorbent is
withdrawn from the bottom of each tower. The liquid and gas flow cdunter-
current. During the absorption, both HZS and CO, are absorbed. However, the

2

affinity of the sorbent for H,S is about 28 times as great as for COZ'

2
The loaded sorbent from the absorption tower is regenerated by stripping
out the HZS and CO2 with an ascending current of water vapor. The stripper
operates at a high temperature and a low pressure so that the vapor pressure
of the acid gases leaving the solution is higher than the partial pressure
of the acid gases in the vapor phases. This ensures that the acid gases
leave the liquid phase and enter the gas phase. The best performance condi-
tions for an absorber are at low temperature and high pressure whereby the
acid gases tend to leave the gas phase and enter the liquid phase. The

conditions for operating a stripper are the opposite of those for an absorber..
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The Claus plant converts HZS in an acid gas into elemental sulfur. Claus
plants are standard packaged systems. Usually, they operate at 907 efficiency.

That is, 5% of the entering sulfur remains. unconverted and leaves as HZS

and SO2 in the tail gas. The tail gas is incinerated and scrubbed to remove

.most of this SO2 before it is emitted to the atmosphere. Part of the SO

from the Wellman-Lord scrubber 1s recycled to the Claus plant. A third

2
of the entering acid gas is incinerated with stoichiometric air to form

SOZ.
they are mixed with the acid gas that was bypassed, the temperature will be

The hot gases are cooled in a waste heat recovery boiler so that when

around 450°F (505 K). The mixed gases react with the reaction:
2 H,S + S0, >3 S + 2 H,0.

However, only part of the HZS reacts in this way in the mixing environment
without catalyst. The gas is cooled to condense the sulfur vapor thus
formed; then it 1s passed through three succeséive cycles of reheating, -

reaction over catalyst, and cooling to condense liquid sulfur.
4.3 CONTROL OF NOx

Nitrous oxides are formed by combustion of ammonia, and to a limited

extent by oxidation of N, gas diluent. To meet the emission standards, 0.34

2
1b of NOzbmay be emitted to the atmosphere per MBtu of gaseous fuel., In

other wofds, 3% of NO, can be emitted and will indicate that NH, removal

equipment is needed. 2The product and lock-hopper gas is washedsto reduce
its NH3 content. The ammonia is removed for sale as a potential by-product.
Attention must be paid to the design of the gas turbine combustion system to
minimize the formation of NOx by oxidation of atmospheric NZ'
4.4 CLEANUP OF PROCESS WATER SYSTEMS

In the cleanup system, foul water condenses from the gas during dewater-
ing. A foul process water enters with oil and phenol from the gasifier washer-
coolers. These foul waters contain dissolved HZS’ NH3, COZ’ 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. In both cleanup sys-
tems, some heat must be added to the makeup water before it is sent to the

washer coolers.
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4.5 LIQUID WASTE

Ammonia (NH3) produced at the plant site would be stored in suitable

tanks for regular removal by tank-car or by pipeline to potential users.
4.6 SOLID WASTE

Solid waste, mainly ash and other noncombustible products from the
gasifier, is a major disposal problem. This is complicated by the potential
presence of hazardous materials in the ash. Thus, special care must be taken
in disposing of the ash in a suitable fashion, to minimize the environmental
impact. Separate facilities would be required to dispose of scrubber sludge -
by ponding! “Suitable means would have to be found to prevent the sludge
from diffusing into the ground, probably by lining the disposal area with an

impermeable layer.

The sulfur recovered from the Claus plant may also be treated as solid

- waste, 1f it cannot be marketed.
4.7 SPECIFIC DATA ON RESIDUALS

4.7.1 Air Emissions

These are the total emissions which determine the plants' compliénce
with the New Source Performance Standards for gas turbines..  These may also
limit plant siting under the criteria for the prevention of significant de-

terioration. Emissions are:

802 43.4 tons/day
No, i1 9.1 tous/day
Particulates : 3.0 tons/day

Gaseous emissions come both from the incinerator stack of the LBtu gas clean-

up system and from the gas turbine combustion products discharged through the

heat recovery steam gcnerators. The values for emissions given above are for
7

nominal (1250 MWe) plant operatiom.

4.7.2 Liquid Effluents

Primary cooling water and blowdown = 2.50 x lO6 gal/day.
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4.7.3 Solid Wastes

Materials recovered from the process stream are:

Ash : 1240 tomns/day

Sulfur : 359 tons/day

Ammonia : 108 tons/day

Sludge : 51 tons/day (tail gas cleanup)

The total waste heat dissipated by the palnt to the atmosphere’ is as

follows:

Cooling Towers: 3.44 x lO9 Btu/hr
Stack : 2.58 x 10° Bru/hr

TOTAL 6.02 x 10° Btu/hr
4.7.4 Land Use

The plant requires a considerable amount of land for plant facilities
and for waste disposal. The basic land requirements for this plant are as

follows:

Plant Area : : 132 acres

Waste Disposal over
a 30-Year Lifetime: 214 acres

TOTAL : 346 acres

The actual plant site would be about 500 acres to provide room for expansion

or changing needs over the plant's lifetime.

4.,7.3 Water Consmmption

Estimated value for water consuwption is given in the table bhelow:

Water, total (106 gal/day) 12.48
Consumption:
Cooling tower evaporation 7.62
Steam system makeup 0.06
Gasifier process 0.81
Gas cleanup system 1.26
NOx suppression 0.00
"Hotel" usage 0.30
Blowdown treated waste:
Cooling tower blowdown 2.40
Boiler drum blowdown 0.03
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The total water demand of 0.416 gal/kWh is based on the following

assumptions.

9

Q

Cooling water evaporation and drift losses amount to 102 gal/MBtu
of heat rejected, and the blowdown losses are estimated to be

32 gal/MBtu. The combined water loss from these two sources
alone is 807 of total plant demand.

Gasifier process water demand 1s in the form of water spray in the
course coal train and water injection in the air blast; the latter
is derived from the booster compressor drive turbine exhaust steam
condensate and thus extracted from the steam cycle.

Gas cleanup system water demand consists of process steam extracted

..from the steam cycle and process water flows.. A small fraction of

the consumed water leaves the cleanup system in the form of process
blowdown.

"Hotel" usage; taken at 3% of total water consumption, represents
general plant use.

Key residuals are summarized in Table 4-5.

Table 4-5. Summary of Flow of Major Residual Materials
for Environmental Control System '

MATERIALS TONS/YEAR
INPUTS
Limestone 7463
Sodium Carbonate 811
Anti Oxidant 14
Wellman-Lord Catalyst ~ 0.51
OUTPUTS
Ash (from gasifier) : 317,060
Elemental Sulfur 91,725
Sulfur Sludge ' 18,629
Ammonia (By-Product) . 27,594
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5.0 CONSTRUCTION AND OPERATION CHARACTERISTICS

5.1 PERSONNEL REQUIREMENTS

The normal construction period for a large coal-fired electric genera-
tion facility of the type characterized here would take a total of seven -
years. This includes a fairly low-level-of-effort period of two years for
site selection, design, and preparation, and a five year period of actual
on-site construction. During the on-site construction period, an estimated

8.1 million man-hours of direct craft labor would be required.

The direct craft labor employment figures'do not include vérious inhouse
utility ana ;onsultant man-hours which are considered in&irect labor require-
ments by the utility for capital costing purposes. The magnitude of these
indirect labor requifements, however, is somewhat less than the direct craft

requirements.

Since this technology 1s new, and until regular routines are developed,
additional time may be required for construction, testing, and start-up.

v Detailed labor breakdowns are not available for this technology.

Operating personnel requirements for this plant can only be roughly
estimated from similar requirements for conventional plants. An estimated
personnel requirement is shown in Table 4-6, Detailed breakdowns of their
activities would be similar to other coal-fired systems. From time to time,
additional maintenance staff would be required to complete major scheduled
or unscheduled emergency repairs on the turbine system, boiler, environmental.

control system, or other major plant components.
5.2 OPERATING STATISTICS AND ANNUAL GENERATION

Historical statistics on large coal-fired electric generation facilities
of this type indicate that. the overall plant capacity factor would be in the
neighborhood of 70%, which has been used throughout this characterization.

In other words, the plant would produce 70% of the maximum possible kilowatt-

hours it could generate if it were operated continuously at full capacity.
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Table 4-6, Direct Labor Summary for Operation of Reference 1250
MW Coal Gasification Facility/Combined Cycle (2 Units)*

. THOUSAND
NUMBER OF MAN-HOURS/
OPERATING PERSONNEL PERSONNEL YEAR
Plant Managers Office
Manager 1 2
Assistant 2 4
Environmental Control 1 2
Public Relations 1l 2
Training 1 2
Safety 1 2
Administrative Services 14 28
Health Services 1 2
Security 7 14
SUBTOTAL 29 58
Operations
Supervision 3 ' 6
Shifts 50 100
.Fuels and Materials Handling 12 24
Waste Systems 30 60
- SUBTOTAL 95 190
Maintenance
Supervision 8 16
Crafts 115 230
Peak Maintenance Annualized® 66 ' 132
, SUBTOTAL 189 378
Technical and Engineering
Waste 2 4
Radiochemical 2 4
Instrumentation & Control 2 4
Performance, Reports and
Technicians 17 34
SUBTOTAL 23 ) 46
TOTAL 336 . 672

* Adapted from Operating Staff requ1remcnte for 2 unit coal facilities,
400 MWe - 700 MWe with FGD

T 572 persons for 6 weeks = 3,432 perscon weeks - 52 weeks/yr = 66 persons
annualized
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Numerous parameters combine to produce this factor. Namely, these include
plant down-time for scheduled maintenance, plant forced outage rate due to
unexpected component failure, and the customer load profile (including inter-
utility sales of electricity). The first two factors combine to determine
plant availability, while the inclusion of customer démand results in the

plant capacity factor.

Typically, a large coal-fired station, such as the type characterized
here, would be placed early in the utility's loading order. Thus, it would
hardly be affected by the customer's demand since it would serve to satisfy
part of the minimum customer load. However, a factor of 0.97 has been applied
to the calculated plant availability to simulate a small reduction in plant

operation.

Scheduled maintenance for large coal facilities with flue gas desulfur-
ization systems vary between 4 to 8 wecka/year, and forced outage rates
range from 10 to 15%. Here, the larger or more conservative values have been
selected for the reference facility; Thus, plant availability is determined

by:

Plant Availability =(?g:§) x (1-0.15) x 100%Z = 72%
52 )

Adjusting for customer demand reducgtion results in:
Capacity Factor = (72%) (.97) = 70%

At this capacity factor, the reference 1250 MWe high-sulfur coal facility .
would generate 7.665 x 109 kilowatt-hours/year. However, actual operaltilng
experience is lacking with combined cycle systems. For new planiu, capacity
factors are likely to be lower, until plant reliability is ilmproved and

operating practices consclidated.
5.3 GASIFIER REQUIREMENTS

The plant has to be designed with a sufficient number of gasifiers so
low Btu-gas and electrical energy production can be maintained, even during
individual or multiple outages of gasifier modules. This aystem is designed
with additional gasifiers that serve as backups. This raises the overall
system availability. The methodology and design calculations are summarized
in Table 4-7.
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Table 4-7. Summary of Gasifier Availability Analysis

x
Gasifier Availability =
- X

m

1 ™M

x
. P(x) o

where P (x) .= probability x gasifiers are.operating
m = toétal gasifiers needed for plant operation
P o= Mt At
where n = the tot;l number of units
) P = probability ény one unit is working = l-q
q = outage rate |

Design Example -

Operating units (m) = 13
Total unité (n) = 16
Qutage rate (@9 = 0.20
Availability = 94.4%
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6.0 COST CHARACTERIZATION (CG/CC)

Capital cost estimates for the 1250 MWe reference coal gasification
combined cycle generation facility have been derived primarily from cost data
presented in the ECAS report, which also served as the basis for the tech-
nological characterization developed in the previous sections. The ECAS
report estimates direct capital costs (in 1975 dollars) and labor require-
ments for a 579 MWe single unit facility which is similar in design to the
referencc aystem. The ECAS study, howe?er, assumed the use of c¢oal feed with
gomewhat different préporties thau 1s assumed here. 1In addition, the study
assumeﬁ moré'éﬁringent environmental controls that are feqﬁired on a facility
of this type. The procedures which are used to adapt the ECAS direct cost
estimates reflect the reference coal gasification combined cycle facility

design parameters and are discussed in the following section.

To ensure consistency with the cost estimates for the other technologies,
indirect costs were derived from data on a 630 MWe coal gasification. This
data was‘presented in the Energy Economic Data Base (EEDB). Before selecting
these costs, the data .costs and the labor requirements for an alternative
ECAS coal gasificétion combined cycle facility were compared to those costs
of the similar EEDB plant. .Both plants were designed to meet the solid
fuels emission standards. After correcting the differences in the déllar
value of the estimates and plant capacities, these costs and labor requirements
were found to be very similar.* This similarity thus supports the use of the

EEDB indirect costs for the reference system.
6.1 DIRECT CAPITAL COSTS

The ECAS direct capital costs are estimated in 1975 dollars for a single
unit (579 MWe coal gasification combined cycle facility). The costs have heen
appropriately adjusted to rellect major design and pérformance characteristics
assumed for the reference facility which is composed of two 625 MWe units on

one plant site. In particular, the design and performance modifications

Actually, substantial differences in costs were displayed for some indivi-
dual accounts due primarily to different gasifier vessel designs and other
factors. The "bottom line" costs, however, differed by only a few percent
and labor requirements were nearly identical.
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assumed for the reference system, that measurably affect the facility's

direct capital cnsts, are csummarized below:

Feed coal characteristics used in the ECAS study (10788 Btu/1b,
3.9%2 sulfur, 9.6%Z ash and 59.67% carbon) have been modified to

be consistent with the coal characteristics assumed in the con-
ventional coal combustion reference system (11026 Btu/1lb, 3.2%
sulfur, 10.297 ash and 61.497% carbon). This modification results
in a 3% decrease in coal feed throughput and a 5% increase in
ash throughput to produce the same quantity of low Btu gas.

Air emission standards used in the ECAS study assume SO, and NOy

limits of 0.2 1b/106 Btu of gas fired. Recent regulations
promulgated by the EPA specify that gas turbine emission standards

- apply to a facility of this type. These emission limits are 150

ppm of SO2 and 75 ppm of NOx by volume in the turbine exhaust gas
stream at 157 oxygen. These standards are approximately equiva-
lent to .47 1b/10° Btu of gas fired for SO2 and .34 1b/106 of gas
for NOx. The current standards are easily met by the gas cleanup
equipment installed on the reference facility. Thus, the only
modification made to the ECAS design was to reduce the cleanup
equipment installed on the reference facility. Thus, the only
modification made to the ECAS design was to reduce the cleanup
equipment collection efficiencies ranging from 95 to 98.5% to

more achievable values ranging from 90 to 95%. These efficiencies
are consistent with the assumptions related to the conventional
coal facility. The result is emission levels below the applicable
standard. The combined effect of this modification, coupled with
the difference in coal characteristics, is to reduce the residual's
loading on the gas cleanup equipment by approximately 20Z for the
same quantity of low Btu gas.

Overall unit capacity was increased from 579 MWe assumed in the
ECAS study to 625 MWe, a 7.9% increase in major plant flows and
generation output. This modification resulted im the requirement
of an additional operating gasifier (13 rather than 12) to achieve
full capacity output while maintaining the unit gasifier vessel
ash throughput within the design range specified in the ECAS
study. A parametric analysis of the gasifier module reliability
indicated that an additional standby gasifier would substantially
decrease the module forced outage rate. Thus, three rather than
two standby vessels have been assumed. In total, 16 vessels are
assumed for each unit in the reference system (32 vessels in the
two-unit plant) as compared to 14 vessels per unit in the ECAS
design.

The reference system capacity of 1250 MWe is assumed to be achieved
by a two unit plant, each unit generating 625 MWe at full capacity.
Although design limitations would require major equipment pieces

to be independent, such systems as site structures and improvements,
some fuel and residuals handling equipment can be shared by the

two units. As a result, a detailed cost estimate indicates a 9%
cost savings on the second unit.
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Base direct capital costs include the cost of all materials, components,
equipment, structures, and associated craft labor necessary to comnstruct the
reference facility at the plant site. Delivered costs for materials and
equipment are used. Base indirect costs include site temporary construction
facilities, payroll insurance and taxes, and other home and field office
expenses. Specifically excluded from the base construction cost estimate
are several items that are sensitive to the particular pelicies and preferences
of the individual utility and to the specific plant site and prevailing
economic factors being considered. Thesc exclusions are identified in‘the

following list of items:

o koﬁner's Costs - Consultants, Site Selectiod, étc.

® Federal, State and Local fees, Permits and Taxes

e Interest on capital Construction Funds

] Price Escalation During Construction

® Contingency Funds

® Owner's Discretionary Items - Switchyard and Transmission Costs,

Waste Disposal Costs, Spare Parts, and Initial Fuel Supplies

The methodology and proceduré applied to estimate the direct capital
costs for the 1250 MWe reference coal gasiflcation ecombined cycle system was
to review the detalled cost cotimates made in the ECAS report for the 5379
MWe design and, where appropriate, adjust the costs using a capacity or
loading ratio estimating relationship. This technique, which is generally
accepted by the electric power gemeration industry for méking cost estimale
modifications of similar systems or subsystems, uses the following equation
to adjust component capital costs to different levels of ¢apacity or loading:

a
Cost or Component B = Cost of Component A x(iapaCitY of B'>
“Capacity of A,

where components A and B are of similar design, differing only in size, capa-

city, or loading, and where the exponent (o) depends on the type of system

or component being considered. The expoﬁent values used in estimating

the costs of the coal gasification combined cycle reference system components

are similar to those used in estimating the costs for the reference coal

combustion facility. Due to the unique nature of the ECAS code of accounts, .J
- however, it was necessary to apply the cost estimating exponents to individual
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equipment items to ensure consistency with other technology cost estimates
derived from the Energy Economic Data Base code of accounts. Thus, it was

. first necessary to idéntify the applicable EEDB coal system account for each
ECAS equipment item and then assign the appropriate cost estimating exponent.
Where no direct parallel of equipment type existed, basic design similarities
were taken into consideration (e.g., tank, vessel, pump, turbine) before
assigning an appropriate cost estimating exponent. Details of this and re-
sults of the following procedural steps are shown in the Appendix. Table

4-8 summarizes the original ECAS 579 MWe facility costs corrected to January
1, 1978 dollars and also shows the final direct capital cost estimates for

the two unit reference 1250 MWe coal gasification combined cycle facility.

As explained further in the Appendix, the reference system direct capital

- costs were derived by application of the following procedural steps:

) A detailed equipment and cost list for the original ECAS 579 MWe
plant using Illinois No. 6 coal (10788 Btu/lb, 3.9% sulfur, 9.6%
ash, and 59.6% carbon) was compiled and appropriate cost estimat-
ing exponents consistent with the EEDB conventional coal system
were assigned as indicated above. '

) Using these cost estimating exponents, costs were modified to
reflect: (1) the use of the Eastern Interior coal used in the
conventional coal characterization (11,026 Btu/lb, 3.2% sulfur,
10.297% ash, 61.49% carbon) and (2) the decrease in loadings
and collection efficiencies on pollution control equipment. The
latter results from the different coal and applicable emission
standards not enacted prior to the ECAS design. No modification
was made to the system's gas production rate or generation
capacity at this step.

-] After correcting for coal characteristics and environmental re-
gulations, the system was sized to a net output of 625 MWe. Two
additional gasifier. vessels were required at this step (+ 1 operat-
ing, + 1 standby, for a total of 16) to meet the ash throughput
design limitation for each vessel and to ensure reliable operation.
Since no modification was made to the vessel itself, these addi-
tional vessels were not costed using an exponent technique, but
rather were added at their given unit costs. A separate account
lists additional piping.
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Table 4-8. Estimated Direct Capital Costs for Two Unit 1250 MWe Reference
Coal Gasification Combined Cycle Facility (January 1, 1978 Dollars)

T YE-R

579 MWe 1250 MWe Reference Design Costs ($1000)
(a) (a) : ECAS DESIGN COST -
Account Description (51000) Unit I Unit 2 Total
‘ . ; Y
20 Land and Land Rights (b) 1,120¢®) 1,120¢9) | 2,240
21 Structures and Improvements - 13,138 13,344 : 12,011 25,355
22 Coal Hardling, Gasification,
Cleanup 88,960 89,789 74,343 164,132
23 Frime (Gas Turbine) Cycle :
' Equipment 37,016 37,016 37,016 74,032
24 Bottom {Stzam Turbine) :
Cycle Eq:ipment : 29,180 30,867 30,867 61,734
25 Electric Plant Equipment 15,234 15,469 15,469 . 30,938
TOTAL DIRECT EQUIPMENT 183,528 187,505 v 170,826 358,431
SITE LABOR COSTS 93,660 93,669 85,283 178,943
TOTAL DIRECT BASE
CONSTRUCTION COSTS 277,188 281,265 . 256,109 537,374
(2) Miscellaneous equipment zad condenser h=at réjection svstem costs included in accounts 21, 22, and 23.
(b) Land costs not specified, ECAS assumed approximately 65 acre site.
(c)

Assumes 500 acres at 4480 $/acre assigned equmally to each unit.



<) Estimates were then made on a component by component basis of the

: incremental cost of adding a second 625 MWe unit on the same site,
sharing appropriate facilities. 1In some cases, (e.g., coal
handling equipment) that portion of the equipment cost assignable
directly to the individual unit's gasification or power production
module was not considered as shared equipment, while the coal yard
equipment or other plant structures were considered shared. The
applicable relationship- for the incremental,K second unit cost for
independent and shared facilities are given by the following when
identical capacities or loadings are required for each unit:

Independent Equipment: U, =1U

2 1
Shared Equipment: U2 = (Za - 1) Ul
"'where, Ul = Unit 1 cost .
U2 = Unit 2 incremental Cost
¢ = applicable cost estimating exponent

Land costs were divided equally among the two units.

o Each of the resultant costs was then escalated to January 1, 1978
dollars from their original estimate in mid-1975 dollars by
applying the corresponding GNP price deflator index ratio of
lol365o .

o Craft labor requirements for Unit 1 were taken to be identical to
those associated with the original 579 MWe ECAS design which were
also the same as those for the 630 MWe EEDB design, 7 x 106 man-
hours. Craft labor costs for Unit 2 were taken to be proportional
to the equipment and materials costs which result from the use of
shared facilities and site labor learning associated with construc-
tion of the previous identical unit. Labor costs were taken to
be consistent with the average labor cost estimated in the EEDB,
or $13.38/hour. The indirect labur cost account indicates indirect
labor costs.

6.2 INDIRECT CAPITAL COSTS

To ensure consistency across technologies, the indirect capital construc-
tion costs associated with reference coal gasification combined cycle facility
were derived from the indirect costs associated with the combined cycle
facility used in the Energy Economic Data Base. Indirect capital costs
associated with the construction of large electric generation facilities are
relatively insensitive to the range of unit capacities considered here.
Therefore, the indirect capital costs for the first unit of the reference
system coal gasification combined eycle facllity are taken to be identical

to the corresponding EEDB indirect costs. As various cost reductions are
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achievable when constructing identically designed units in a continuous
operation at the same plant site, the indirect costs associated with the
second unit are estimated to be proportional to the ratio of direct con-
struction costs. Thus, indirect capital costs (summarized in Table 4-9)
total $132,717,000.

AY

Table 4~9. Estimated Indirect Capital Costs for 1250 MWe Coal Gasification
Combined Cycle Reference System (January 1, 1978 Dollars)

Reference Design Costs ($1000)
ACCOUNT ~ [ DESCRIPTION - - Unit 1 Unit 2 TOTAL
91 Construction Services 42,205 38,430 80,635

92 Home Office Engineering
and Services 15,355 13,982 29,337

93 Field Office Engineering
and Services 11,905 10,840 22,745
TOTAL INDIRECT COSTS 69,465 63,252 132,717

6.3 OPERATION AND MAINTENANCE COSTS

Annual operation and maintenance (OSM) costs for the 1250 MWe reference
coal gasification combined cycle facility have been estimated, based on cost
estimating relationships in a recent Oak Ridge National Laboratory (ORNL)
document entitled, "A Procedure for Estimating Non-Fuel Operation and Main-

tenance Costs for Large Steam ElecLric Fower Plants,"

and on data available
in the Energy Economic Data Base. In general, the O&M cost components used
here have been adapted from cost estimates of large, conventional coal com-
buetion facilities. As was previously the case with the conventional coal
reference system, the O&M costs have beensupplemented with EPA data on

Wellman~Lord flue gas desulfurization O&M costs.

Generally, O&M costs consist of six cost categories and may be either
fixed costs, not dependent on annual generation, or variable costs which are
proportional to generation level. The six cost categories considered here
include: plant staffing, maintenance materials, plant supplies and expenses,
environmental controls, interim replacements, and administrative and general
expenses.
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Plant staffing costs are based on an estimated 336 person plant staff
described earlier and assumes an averagé cost of $22,000 per person per
year, or about $11/man-hour. Maintenance materials costs are assumed to
follow the same relationship as coal plant costs averaging 827 of the main-
tenance staff costs (189 persons) for facilities with flue gas desulfuriza- .
tion; 627 being fixed expenses and 20%Z representing a maximum level variable
expense at a plant capacity factor of 80%. Fixed and variable supplies and
contract expenses are difficult to estimate because there is. little data
available on coal gasification combined cycle facilities. Expenses can be
anticipated to be somewhat higher than a conventional coal plant due to the
added systém"complexity. For this reason, fixed and variable supply and
expense costs for the reference coal gasification combined cycle facility
are estimated to be 60% higher than the corresponding costs of a conventional
coal generation system. Thus, the fixed supplies and expemses are estimated
.08 mills/kWh. Administrative, overhead, and utility home office general
expenses associated with. the reference facility are estimated to-be 107% of
the staff costs and fixed components of the materia1§, supplies, and ex-

penses costs.

Operations and maintenance costs for environmental controls are based
primarily on the ash, elemental sulfur, dry sodium sulfite/sulfate disposal
costs of $4/ton for remote site disposal. Dispoéal costs for the wet lime
scrubber sludge is estimated at $10/ton. A land area of 7.1 acres per year
" at $4,480 per acre has also been included in the environmental controls O&M
cost estimate. -Feed materials, such as lime, sodium carbonate, catalyst and
an antioxidant required to operate the environmental control systems are also

included as part of this cost estimate.

Annual costs for interim replacements of major capital items have beeﬁ
added to the O&M cost estimates. These were conservatively estimated to be
30% of the direct and indirect capital costs for interim replacements over
the total plént capital costs (0.53% of total plant cost), and are charged
to 0&M each year.

Table 4-10 details the annual O&M costs estimated for the reference coal
gasification combined cycle system. At the 70% capacity factor assumed for
this system, annual O&M costs total $20.66 million or 2.70 mills/kWh; 2.22
mills/kWh are fixed costs, while 0.48 mills/kWh are variable with plant

generation.
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Table 4-10. Annual Operation and Maintenance Costs--1250 MWe Reference Coal
Gasification Combined Cycle Facility at 70% Capacity Factor

0&M Account ' COST ESTIMATING RELATIONSHIP ) $1000/Xr
Plant Staff 336 persons @ $22,000/yr (Fixed Cost) 7,392
Maintenance : ’
Materials Fixed: 189 persons x $22,000/yr x .62 70 2,578
Variable: 189 persons x $22,000/yr x .20 X(FEE 728
-Supplies
& Expenses Fixed: $1,400,000/yr (1.60) . 2,240
Variable: (08 mills/kWh) (1,250,000 kW) (8760 hr/yr)(,070) 613
' 1000 mills/$
Environmental .
Control ' Fixzed: Included in Maintenance Materials,
Supplies and Expenses -
Variable:
Lime Supply: 7,463 T/yr @ $42/T 313
Sodium Carbonate Supply: 811 T/yr @ $78/T 63
Antioxidant Supply: 811 T/yr @ 5,500 $/T 77
Catalyst Supply: 1
Ash Disposal (Dry): 317,060 T/yr @ $4/T 1,268
Sulfur Disposal. (Dry): 91,725 T/yr @ $4/T - 367
Sodium Sulfate/Sulfate
Disposal (Dry): 835 T/yr @ $4/T 3
Sludge Disposal (wet): 18,629 T/yr @ $10/T 186
Disposal Site: 7.1 acres/yr @ $4,480 $/acre 32
Interim
Replacements Sinking fund acerual of 30% of indirect and indirect
capital costs @ 30 yrs and 4% real interest 0.0178
(.30) (670,091,000) 3,578
Administrative
& General 10% of staff, Fixed Materials, and Fixed Supply
and Expenses 1,221
TOTAL ANNUAL O&M COST3 20,660

At 707 Capacity Factor

Fixed 08M Costs: (17,009,000 $/yr) (1000 mills/$)

(1,250,000 kW) (8760) (.7) = 2.22 mills/kih

Variable 0&M
Costs: (3,651,000 $/yr) (1000 mills/$)
(1,250,000 kW) (8760) (.7)

_ _-48 mills/kWh
-2.70 mills/kWh
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These costs compare with 2.69 mills/kWh for the conventional coal
generation facility which is 1.66 mills/kWh fixed 0&M costs and 1.03
mills/kWh variable costs at the 70% capacity factor.
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7.0 THE COAL FUEL CYCLE DESCRIPTION

This section summarizes the mining and supply of coal to various types
of coal burning plants. The actual amount of coal delivered will depend on

the plant's heat rate.

The base case considered is a mine in the Eastern coal region. The
coal cycle flow diagram is presented in Figure 4-4 based on a requirement

for 1000 tons of coal delivered.

UNDERGROUND - | 570.3.T7.
—
MINING
1 f\\\
1055.8 T CLEANING & 1003 T TRAIN 1000 T .
BENEFICATION AT TRANSPORT .
MINE MOUTH 100 MILES.”
l SURFACE 35% Loss
r—“—-
| MINING 485.8 T 37
5 % LOSS
(52.8)

Figure 4-4. Coal Mining Cycle Summary

Each of the four stages involves processing and handling of the coal in
different ways. The result is a series of diverse environmental impacts

discussed in the following sections.

4-40



‘ 7.1 AIR EMISSIONS

7.1.1 Mining
Surface mining produces the following air pollution effects:

o Particulate emissions occur as a result of blasting, digging, and
road usage. The emissions from blasting and digging are not
controllable. Water spraying and other dust control techniques
at transfer points on roadways can reduce particulate .emissions
by about 80 percent. '

o Other emissions occur on an intermittent basis (NO from blasting)
and continually (SO , NO , and CO) from the operatfon of diesel
equipment. In large min%ng operations, the major excavating

“equipment is normally electrically driven so there are no direct
equipment-related emissions.

Underground mining produces the following air pollution effects:

® Particulate emissions occur as a result of conventional mining
(drill, load, and blast on an intermittent basis), and on an
uninterrupted basis from the use of the continuous miner (the
rotating drum cutters). Since mine health and safety laws
require the air in the work areas to have particulate c¢oncen-
trations below 2_mg/m3, most particulates are dumped into the
ventilation system where the majority drop out in the circuitous
path that the exhausted air follows. There is evidence (i.e., snow
at the ventilation exhaust exits of mines) that some particulates
escape to the atmosphere.

‘e Other emissions occur on an intermittent basis i1f conventional
mining is utilized, e.g., NO from blasting. Otherwise, no
direct emissions occur sincexunderground coal mining equipment
is normally electrically driven.
Air emission factors for surface wining are given in Table 4-11. Air emissions

for underground mining are negligible.

7.1.2 Preparation

Improved dust control in mines has resulted in wetter run-of-mine (ROM)
coals; subsequently less fugitive particulatée emissions during handling
operations prior to and during coal cleaning. However, there is no Federal
regulation to control the emission source of fugitive dust from coal storage
pilesf In addition, refuse disposal piles may contribute fugitive dust as

well as smoke, SOx, NOx, H,S, and CO during burning that follows spontaneous

2
combustion.
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Thermal drying processes are used to dry the cleaned coal and make it
suitaﬁle for transportation and combustion. The EPA's New Source Perfor-
mance Standards (NSPS) for coal preparation plants regulates the discharge
of particulate materials from thermal dryers to 0.031 grains per dry standard
cubic foot. This further limits the amount of particulate emissions contri-
buted by the preparation stage of the coal fuel cycle. Nevertheless, thermal
dryers still contribute sox, NOX, HC, and CO.

Table 4-11, Coal Mining Air Emissions Factors
for Surface Mining(a)

POLLUTANT , Tons/pay P
Particulates
Uncontrolled and 0.01
Controlled . 0.01

Sulfur Oxides

Uncontrolled and 0.02
Controlled

Nitgosen Oxides .

Uncontrolled and : 0.28
Controlled

Carbon Monoxide

Uncontrolled and- 0.18
Controlled
Hydrocarbons
Uncontrolled and 0.028
Controlled
Aldehydes
Uncontrolled and 0.00
Controlled '
(2) All surface coal is assumed to be moved by truck within the mine itself,
Mo control techniquas are assumed tn be used ton control fugitive dust.
(b)

At nominal (1250 MWe) power plant operation.

NOTE: Air emissions from underground mining are negligible.
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A summary of emissions from the coal preparation process is given in

Table 4-12.

Table 4-12. Coal Preparation Air Emission Factors

Utility Coal Cleaning
TYPE OF. (a) RemovaI(b)
POLLUTANTS Gross Net (c) Efficiency
Tons/day Tons/day Percent
Particulates.. ) L
Base (1971) 25.63 8.04 68.6
Intermediate (1975) 25.63 3.00 88.3
Controlled 25.13 0.25 . 99.0
S0
= .
Base (1971) 0.75 ~ 0.75 0
Intermediate (1975) 0.75 0.75 0
Controlled A 0.02 0.0 90.0
NO
—=x
Base (1971) . 0.41 0.41 0
Intermediate (1975) 0.41 0.41 0
Controlled 0.17 0.17 0
HC
Base (1971) 0.31 0.31 0
Intermediate (1975) 0.31 0.31 0
Contronlled 0.06 0.06 0
co
' Base (1971) 1.53 1.53 0
Intermediate (1975) 1.53 1.53 0
Controlled 0.05 .05 0
(é) Net refers to emissions subject to environmental controls.
(®) Composite over the entire cleaning process. Note that gross coefficients
decline over time because of reclamation of refuse banks.
(c)

For nominal (1250 MWe) power plant operation.
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7.1.3 Transportation

Each transportation mode has its own characteristic significant contri-
bution to air quality degradation. Trucks produce the greatest air pollution/
ton mile within a given distance, whereas closed pipeline systems produce only
a small amount of direct emissions. Trucks however, account for only a small
portion (10.7%) of the total ton-mile. In the example case, coal is assumed

to be transported by train.

The air emissions for coal transportation for 100 miles are summarized

in Table 4-13.

Table 4-13. Coal Transportation Air Emission Factors

(Tons/Day)* s
TRANSPORTATION TYPE
POLLUTANT : ——

Unit Train | Mixed Train | River Barge |  Truck
Pareiculateo ' 2.07 3,95 1.95 56.
Sulfur Dioxide 0.38 0.30 0.08 0.31
Nitrogen Oxides 0. 42 | 0.35 0.08 4,
Carbon Monoxide 0.41 0.32 0.06 2.55
Hydrocarbons 0.29 0.23 ‘0.05 0.41
Aldehydes U.06 0.05 0.00 0.07

%
For nominal 1250 MWe plant operation.
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7.2 LIQUID EFFLUENTS

7.2.1 Mining -

The primary contribution to liquid effluent is acid mine drainage.

description of waste water effluent for Federal Region 5 is given in

Table 4-14.
Table 4-14, Coal Mining Wastewater Effluents
(Tons/day) *
SURFACE UNDERGROUND

POLLUTANT - MINING MINING
Total Iron 0.43 0.42
Suspended Iron 0.02 0.10
Dissolved Iron 0.42 0.31
Manganese 0.37 0.01
Aluminum 0.58 0.05
Zinc 0.01 0.00
Nickel 0.00 0.00
Total Diésolved Solids 32.93 5.65
Total Suspended Solids 4,45 0.27
Hardness 15.77 1.45
Sulfate 14.94 2.82
Ammonia 0.05 0.01
Strontium - 0.0
Chloride - 0.12
Fluoride - 0.0
*

For nominal (1250 MWe) power plant operation
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7.2.2

Preparation

Currently, many coal preparation plants are operating with a closed

water circuit and, as a result, normally discharge little or no process

water.

Further, drainage from coal storage piles and refuse areas can be

collected and treated, thereby reducing the aquatic loadings from coal

preparation plants.

The characteristics of liquid effluents from coal

preparation are described in Table 4-15 for refuse pile runoff. In each
case, the net discharge is essentially zero.
Table 4~15. Coal Cleaning Wastewater Effluents Refuse Pile
Run-Off*(Tons/day) (1)
~ D)
Gross-Untreated Process Net (%) Removal

WASTEWATER . EFFLUENTS Water Refuse Pile Run-off | Discharge | Efficiency

Total Iron 2.99 0.00 99.9

Suspended. Iron 2.97 0.00 99.9

Dissolved Iron 0.02 0 98.3

Manganese 0n.a7 0.00 95.4

Aluminum 0.28 0 100

Zinc 0.01 0 100

Nickel 0.0 0 100

Total Dissolved Solids 37.65 0 100

Total Suspended Solids 1648.05 0.02 99.9

Hardness 40.46 0 100

Sulfates 26.38 0 100

Ammonia 0.05 0 100

*

*) These residuals pertain only to the refuse pile run-off, since the cleaning
plant itself is assumed to employ closed water circuits to meet zero
discharge.

) For nominal (1250 MWe) power plant operation

(tt) On Refuse Pile Run-O0ff, using Best Available Technology

“).
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7.2.3 Transportation

The primary liquid effluents in transportation of coal will come from
coal slurry through pipelines. However, in the baseline case (1250 MWe
plant) the coal is assumed to be transported by train from an Eastern coal
region mine to a power ﬁlant located 100 miles away. Under these assumptions,

negligible effluents result.

7.3 SOLID WASTE

7.3.1 Mining

Table 4-16 lists the estimates of solid waste from mining operationms.
For surface (strip) mining, this waste is primarily an oﬁerburden from initial
excavation. For underground mining, the primary contributor to solid waste

is the residual from treating mine water.

Table 4-16. Mining Solid Waste Effluents

TOTAL SOLID WASTES TONS/DAY OUTPUT*

Underground Mining

1971 &.1975 ™ ' 256
1985 (projected) ! . 356

Surface Mining

1971 & 1975 294
1985 (projected) 460

Supporting a 1250 MWe power plant

7.3.2 Transportation

No significant solid waste.

7.3.3 Pregigation

Solid waste disposal is expensive and complex because the wastes can be
hazardous and/or toxic. Additional treatment is likely to be a requirement
of the pending regulations, since coal preparation solid wastes may be con-

sidered hazardous. A summary of solid wastes is presented in Table 4-17.
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Table 4-17. Coal Preparation Solid Waste Effluents

TYPE OF OPERATION TONS/DAY INPUT

Breaking and Sizing

Controlled 0.87
UnControlled 0.87

Clcaning, Includiunyg Washing

Controlled : ' 39.96
Uncontrolled i " 1285-2767

7.4 DISRUPTION OF LAND AREAS

7.4.1 Mining (Surface) and Preparation

Land for surface mining is required for the active mining site, the
spoil site, reclamation activities, the physical plant facility, access roads,
and the water containment/treatment facility. The permanent land disruption
is 2.56 acres/lO12 Btu. Over a 30 year lifetime at 657% capacity a 1250 MWe
plant will produce 729 x 1012 Btu resulting in permanent disruption of 905
acres. Temporary disruption, assuming a 5 year reclamation cycle, results

in about 37 acres/lO12 Btu or 437 acres of land each year.

7.4.2 Mining (Underground) and Preparation

Subsistence inevitably follows extensive underground cxtraction of
coal. The elapsed time between the mining operatiora and the surface sub-
sistence may be from several days to f£ifty or more years depending on: (1)
the structural behavior of the overburden, (2) the depth of the excavation
beneath the surface, (3) the percentage of coal mined, and (4) the method
of mining used. The resulting damage to surface structures and land, and
the destruction or contamination of water resources, constltutes a most

pervasive kind of polliution.
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The following indicates the difficulty of generalizing about the pre-
diction of subsidence:
o Normally, where extraction has exceeded 70 percent, subsidence
has occurred within a few years. However, there are instances on

record (e.g., Macoupin County, Illinois), where only 50 percent
extraction resulted in significant subsidence within 4 years.

9 In the Macoupin County case cited above, the coal seams were about
7 feet in thickness under overburdens in excess of 200 feet. 1In
Natroma Heights, Pennsylvania, with 60 percent extraction of a
42-inch seam under 150 feet of overburden, subsidence recently
occurred.some 65 years after the extraction was performed.

While it appears that the degrge of subsidence will be less with in-
creased depths of mining, there is no guarantee that the problem will be
eliminated. In Great Britain, the mining of a seam 2100 feet below the
surface has caused surface subsidence equal‘to 757 of the seam thickness.
Lesser amounts of surface subsidence have been noted above seams in excess
of 2400 feet.

For underground mining, the permanent land requirement is 1.83 acres/
1012 Btu or about 760 acres over the plant lifetime. Incremental disruption
is 17.11 acres/lOlZ'Btu yielding approximately 23 acres/year. The actual
disruption at any time will depend on the rate of subsidence and on the

reclamation rate.

7.4.3 Transportation

The estimated land use requirements for coal transportation are: slurry
, , 2 i
pipeline, 19.9Y acres/lUl“ Btu; rail, 33.9 acres/lO12 Btu; and truck,
1.58 acres/lO12 Btu.

7.5 MANPOWER REQUIREMENTS

Mining of coal, especially in underground mines, is labor intensive.
The most recent data on mine productivity (for 1977) indicates production

rates as follows:

Surface : 26 tons/man-day
Underground: 9 tons/man-day
Average : 14 tons/man-day
To supply the‘plant's.ave:age daily requirements would take a working force

of 640 men for a 1250 MWe plant. -
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SECTION 5A.' LIQUID METAL FAST BREEDER REACTOR



5. LIQUID METAL FAST BREEDER REACTOR (LMFEBR)

1.0 INTRODUCTION

The LMFBR plant reference design is a 3400 MWt loop-type, sodium-cooled
fast-breeder reactor plant with a nominal electrical réting of 1250 MWe. The
physical LMFBR plant area will be about 70 acres, including the reactor build-
ing, switchyard, pérking lot, access roads, and wet cooling towers. As a mini-
mum, a buffering area of 400 acres is needed. This requires a total area of
500 acres.- The plant design was developed by United Engineers for the Depart-
ment of Energy. (DOE) on the Energy Economic Data Base (EEDB) program as
described in "Satellite Power System and Alternate Technology Characteriza-~
tion." Additional input was derived from the Proposed Final Environmental

Statement 'Liquid Metal Fast Breeder Reactor Proéram," WASH-1535.

The LMFBR is a nuclear fission reactor which, in addition to producing
energy, converts U238 in its core to plutonium at a rate which prdduces more
fissile material (Pu239 and Pu24l) than it consumes. Liquid sodium is used.’
to remove heat from the reaction and to power the steam cycle to generate
electrical power. Excess plutonium produced by the LMFBR will provide fuel

for other breeders as well as conventional LWR's.

The description in this report is structured with the purposé of com-
paring one technology with another, both projected to the year 2000. First,
it was necessary to make the technologies comparable in terms of electrical
energy generation. 1250 MWe was chosen as being representative of large

bulk power generation facilities in the year 2000.

The 1000 MWe LMFBR (About 2500 MWt) was scaled up to 1250 MWe because the
cost estimate is also based on this plant and major equipment. Although scal-
ing does provide a valid general representation of the 1250 MWe plant, a more
representative or meaningful characterization would have been obtained if the

LMFBR Program had proceeded further beyond the 1974 conceptual design phase.

During the past 10 years, the basic designs of the nuclear facilities
have changed dramatically. Size of the units has increased to about 1250 MWe
(3800 MWt) and extensive safety systems have been incorporated. Between now
and the year 2000, size is assumed not to increase beyond present standards

because of NRC safety concerns. However, safety will continue to be a major
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driving force in the design modifications of nuclear facilities. Investiga-

tions of the Three Mile Island accident will produce design changes for safety

reasons in the near term. In the far term, through the year 2000, the con-
tinued striving for a "perfectly safe' form of nuclear energy will result in

numerous design changes required by the regulatory agencies to enhance safety,

Although the LMFBR does not presently exist as a commercial bulk power
generation source, it is assumed to be available in the year 2000. In'the
past few years, LMFBR technology has advanced beyond basic feasibility to the
extent that prototype pumps, valves, heat exchangers, and other components
have been built, tested, and placed in service in large demonstration plants
throughout the world. Although a major engineering effort is necessary to
demonstrate and deploy .an energy concept, no technblogical breakthroughs are
required for LMFBR. Remaining uncertainties mainly concern putting the exist-
ing technology into commercial practice by designing, constructing, operating,
and maintaining commercial~scale units that can compete with other-power plant

concepts for the 21st century and beyond.

Pollution control equipment will continue to be required for power
‘generation facilities. For a nuclear plant, ‘better radiological control
equipment will be developed and installed to minimize or eliminate entirely
hazardous radionuclide emissions. In addition, pollutant abatement regula-
tions are assumed to require no brocess stream discharges containing any
pollutants. The only assumed exception to this basic assumpcioh is the
cooling tower blowdown. However, degradeable biocides and corrosion inhibi-
tors are assumed to be used in thé cooling towers. Ice prevehtion is accom~

plished through temperature control.

The reference liquid metal fast breeder feactor (LMFBR) described in
this section is a single unit plant. It represents an envelope of the cur-
rently available désign thinking for commercial plants of fhe fivé principle
U.S. manufacturers of nuclear LWR plants, Atomics International (AI), Bab-
cock & Wilcox (B&W), General Electric (GE), Westinghouse, and Combustion
Engineering (CE). The basic nuclear plant is coupled to a balance-of-plant
concept designed by United Engineers and Constructors (UEC) as described in
their reports "Commercial Electric Power Cost Studies", and "Satellite

Power System and Alternative Technology Characterization". The primary
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features of the UEC design are the Nuclear Stream Supply System (NSSS), four
flow tandem compound turbine genetator with supporting power conversion cycle
equipment and systems, and the station cooling system using three mechanical

draft wet cooling towers.

The overall design of the unit was based on the licensing, design, con~-
struction and operation criteria, étandards, codes, and guidelines in effect
circa January 1, 1978. The characterization represents the current state of
technology -in the late 1970's but projected to the year 2000. It must be
realized that between- the time the reference plant was designed and the year
2000, numerous.changes will be made in the design requirements of the LMFBR
‘levied by the various regulatory agencies. These design requirement changes
will impact the basic design of the unit and its cost. Many of the changes
will be derived from the lessons learned from LWR licensing éxperience.

However, many more'design changes will probabiy be required through the year

2000 as LMFBR operating experience, which cannot be quantified nor anticipated

at this time, 'is gained. Caution must thus be exercised in the use of this

design prdjected to the year 2000.



2.0 GENERAL PLANT CONFIGURATION

A plot plan for the LMFBR facility is shown in Figure 5-1. It consists
of a 184~foot diameter cylindrical, domed, feinforced concrete containment, a
reactor service building, two auxiliary buildings, two reactor decay cooling
buildings, and the control building. These buildings are arranged in a
cluster with the reactor containment building in the center. All are sup-
ported on a common base mat founded on rock. Two of the four steam gemerator
buildings are located on either side and adjacent to the nuclear island
buildings.  The turbine building is located adjacent to the nuclear island

buildings on the end opposite to the reactor service building.

Heat geneérated in the reactor is vransferred by forced clreulatlon uf
liquid sodium primary coolant to the intermediate heat exchangers. Then, the
heat continues through a nonradioactive secondary .sodium coolant system to
steam generators in which superheated steam is produced. This steam drives
a set of tandem-compound turbines. Waste heat released by condensation of
exhaust steam from the turbine is rejected to the atmosphere through three

mechanical draft, wet cooling towers.

The balance of the reactor plant systems includes reactivity control
system, radwaste system, service waste systems, combustible gas controls,
fuel handling,‘fuel storage, reactor makeup water system, the primary com-
ponent cooling water system, and the air cleanup system. The balance of the
conventional portion of the plant includes the usual transformer, switchgear
and switchyard components, and the connection to the distriburion lines. The
main condenser heat rejection system includes makeup water intake and dis-
charge structures, a circulating water pumphouse, makeup water pretreatment

facilities, and three mechanical draft, wet cocoling towers.
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3.0 THERMODYNAMIC CYCLE CHARACTERISTICS

The LMFBR primary system consists of a'liquid, sodium-filled nuclear
reactor having a reactor core containing low enriched uranium and plutonium
oxides in approximately 670 fuel and 1,100 blanket assemblies. The core is
refueled by replacing approximately one-third of the assemblies after
achieving a 67,000 MWD/T average burnup. Both the new and spent reactor
fuels are radiologically hot and must be stored in heavily shielded

areas.

The reactor produces approximately 3417 MWt at nominal full power. The
LMFBR Heat Treansport System removeés 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 radiocactive
primary coolant sysﬁem, a nonradioactive secondary coolant system, a steam
generatioh system, and a steam plant system, the latter including the turbine
that delivers the required mechanical energy to the electrical generator. A

simplified systems diagram is given in Figure 5-2.

SUPER-

REACTOR HEATER

GENERATOR

o TURBINES
é INTER-
MEDIATE ]

HEAT :
EXCHANGER
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é GENERATOR
PRIMARY
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FEEDWATER

Cooling Water

Cooling Water

sconoany  LE7eRs
LOOP POWER GENERATION
- SYSTEM

Figure 5-2. Simplified Diagram of Heat Transfer System
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The primary coolant system consists of several redundant circulating
loops that conduct sodium from the core exit plenum of the reactor vessel
and circulate it through internediate heat exchangers. Here, the heat is
transferred to the sodium of the secondary coolant system. The primary
sodium then returns to the reactor vessel. In the secondary system, second-
ary sodium is heated in the intermediate heat exchangers and is circulated
to the steam generation system. There are four parallel primary loops end

four secondary loops, one serving each primary loop.

Two basic arrangeﬁents, the pool- and loop-type configurations, for
the primary coolant system have been .proposed. These are depicted
schematically in Figure 5-3. In the pool-type configuration, the reactor,
intermediate heat exchangers, primary pumps, and interconnecting piping are
all immersed in a large primary tank filled with sodium. -In operation,
sodium is drawn from 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 to the bulk sodium in the
primary tank. The driving force for intermediate heat exchanger flow is the
difference between the levels of sodium over the reactor and in the remainder
of the primary tanks. With this configuration, the primary tank with its
cover and the tubes and tube sheets of the intermediate heat exchangers con-

stitute the primary coolant system boundary.

The primary coolant arrangement is the loop-type configuration where the
primary pumps and the intermediate heat exchangers are located external to
the reactor vessel. Either hot or cold leg pumps could be used in the pri-
mary system. The primary loop piping is elevated and guard vessels are
provided around the pump, intermediate heat exchanger, and reactor vessel so
that leaks in the primary piping or these components cannot cause the sodium
level in the reactor to drop below the minimum safe level. Thus, the loop
nozzles would be covered, and c?ntinuous heat removal by sodium circulation

through the loops could be permitted. The LMFBR characterized in this sec-—

tion is a loop-type plant.
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Figure 5-3. Pool and Loop-type Primary Coolant System Configurations

The primary sodium system is designed to operate at a lower pressure
than the secondary system. Thus, should a leak develop in an intermediate
heat exchanger between these two systems, any leakage should progress from
the nonradiocactive secondary system into the radioactive primary systen.
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 to be similar to that of modetrn
fossil-fired steam—electric power plants. The turbine designed assumed in

this study is a set of tandem compound fossil turbines.
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3.1 REACTOR HEAT-GENERATION SYSTEM .

The reactor heat-generatién system consists of the reactor core, control
rod drives, and reactor vessel. The core is an array of fuel assemblies,
which are vertically disposed and surrounded by one or two rows of radial
blanket assemblies and one row of reflector assemblies. Control assemblies

are interspersed with the fuel assemblies in a regular pattern.

The fuel material is mixed plutonium-uranium oxide. Fuel elements are
helium filled to enhance heat transfer across the gap between fuel and clad-
ding. Blanket material, both axial and radial, is depleted uranium oxide.
The control absorber material is assuﬁed to be boron carbide (BAC)’ although

other materials are also under consideration.

The core component handiing system has the function of handling fuel and
other core assemblies from their receipt at the reactor plant through accept-
ance testing, storage, conditioning, and insertion into the reactor core; and
during removal of the core assemblies from the reactor, the handling system
provides for the storage for decay of post-irradiation heat generatiop (com~
monly called "decay heat storage"), ahd the inspection, cleaning, and packag-

ing of this material .for shipment to reprocessing facilities.

A number of different basic design approaches have been proposed for
commercial-size LMFBR power plants for the removal of spent core assemblies
from the reactor and for their decay heat storage prior to shipment from the
plant site. The principal differences between the approaches are in the lo-
cation of the decay storage facilities and in the method of transferring‘
assemblies between the core and storage positions. Reduction of the reactor
down-time necessary for refueling operations to the minimum length of time
consistent with plant safety is aimed at improving plant availability and con-

sequently plant economics, the prime goal of all approaches.
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3.2 AUXILIARY SYSTEMS
The .plant contains a number of auxiliary systems to perform specific
support functions:

-] Liquid metal receiving and processing

® Inert gas receiving and processing

® Auxiliary heating and cooling
] Radioactive waste processing

® Servicing and utility functions

Of these systems, radiocactive waste processing systems are perhaps the
most important in terms of environmental considerations and are described

briefly in Section 4.2.

The LMFBR primary system is a completely closed system in which the
sodium and cover gas® are continually pruified to maintain radiocactivity at

low levels. Four radiocactive waste processing systems are provided:

(1) Gaseous waste system, subdivided into reactor cover gas and cell
atmosphere purification systems

(2) 1liquid waste system
(3) o0o0lid waotc gyatem
(4) sodium waste system

Table 5-1 presents key plant parameters.

* Argon gas is used to keep the sodium atmosphere inert.
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‘Table 5-1.

Key Plant Parameters for LMFBR Primary System

Parameter

Operating Description

Thermal Power, MWt
Eiectric Power, MWe (gross)
Electric Poﬁer, MWe (net)'
Plant Efficiency, Percent

Steam Conditions, Turbine Inlet,
Full Power

Pressure, psig
o
Temperature, F

o
~Feedwater Temperature, F

Feedwater Flow, 106 1b/hr

Turbine Steam Flow, 106 1b/hr

Heat Transport System

Number of Coolant Loops
Primary
Intermediate

Sodium Flow Rate, lO6 ib/hr
Primary (total/louvp)
Intermediate (total/loop)

Pumps

Primary Pump
Intermediate
Intermediate Heat

Exchangers

Steam Generators

3417
1313
1250

36.6

2200
850
470

12.81

12.81

128.8/32.2

120.1/30.0

Single-State Centrifugal,
77,520 gpm at 375 ft

Single-State Centrifugal
68,980 gpm at 300 ft

Straight tube counter-flow,
one/loop

One-through, straight tube,
two/loop, 427 MWt each
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3.3 INSTRUMENTATION AND CONTROL

The plant instrumentation and control system consists of three basic
parts: the protection system, data system, and control system. The protec—
tion system provides for the measurement of neutron flux density from startup
to.full power, coolant and component temperatures, system pressures, sodium
flows and levels, gamma radiation, radiocactive gases and particulates, and

other parameters of interest or necessity.

3.4 REACTOR CONTAINMENT

An impdrﬁént safety feature of the LMFBR commercial plant concept is the
multiple containment of fission products generated in the fuel elements
during reactor operation. The barriers to figsion produce release are the
fuel element cladding, the boundary of the primary coolant system, and the

outer reactor containment.

The outer containment consists of a leak-tight cylindrical steel or
steel-lined concrete building having a flat bottom and hemispherical or el-
lipsoidal dome. The-containment building houses the reactor and entire pri-
mary coolant system, spent fuel han&ling and storage facilities, and .sodium

service systems related to the primary system.

3.5 TURBINE GENERATOR CONFIGURATION

The turbine configuration consists of two one-half capacity tandem com-
pound, four flow machines with 33°1/2-inch last stage plants designed and
operated at 3600 rpm. Inlet steam conditions at the HP throttle valves are
2200 psia and 850 °F. This reactor plant designed provides the superheat so
the inlet steam 1s not at saturation and resembles steam conditions in a

tossil-tired power plant.

Turbine shaft powef and generator output is about equally distributed
to the two shafts. Each of the two generators is rated at 722 MVA with 0.90
PF, 26,000 V, 3 phase and 60 Hz output. Fixed and generation losses re-
spectively account for 1,509 kW and 9,934 kW per generator, thus resulting in
a gross generator output capacity of 1,313,000 kW, before accounting for

auxiliary electrical loads.
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3.6 CONDENSER-HEAT REJECTION SYSTEM

wa multi—preésure, single-pass surface condensers with divided fabri-
cated steel water boxes and shell are provided. The condensers are designed
to condense the low-pressure turbine outlet steam and feedwater pump auxiliary
turbine drive exhaust steam by dissipating the heat to three mechanical draft,
wet cooling towers. Each condenser contains about 325,000 ft2 of con-

densing surface made up of 1-1/8 inch diameter, 20 BWG 90-10 CuNi tubes.

The three main mechanical draft water cooling towers are each sized for
one-third of the requirements. Each tower is designed to cool 195,000 gpm
of water from llsé to 92°F when operating at a wet bulb temperature of 74°F.
Each tower employs a reinforced concrete-filled structure combined with com-
ponents fér water distribution, fill spash service, suppért system, drift
eliminators, louvers, and fan deck. The fan deck provides a stable base for

the 12 fan cylinders and mechanical equipment. Each fan is 33 ft in diameter

"and operates in an 18 ft high glass reinforced-polyester velocity recovery
fan stack. The hot water distribution system includes a circular flume
distribution basin and metering orifice which uniformly distributes the hot

water over the fill.

3.7 TFEEDWATER HEATERS

Feedwater flow from the condenser enters a six-series reverse-cascade
feedwater heaters designed to achieve a final feedwater temperature of 440°F
at 12,81 x 106 1b/hr. The first five stage heaters are low pressure and the
final stage only designed for full steam generator pressure. Steam for the
feedwater heaters is provided from the moisture separator, various extraction
boints throughout the steam cycle, and other residual stream flows. A total
of 5901.4 x lO6 Btu/hr is added to the feedwater before entering the boiler
as shown in Figure 5-4. The condensate and feed pumps contribute small

amounts of energy.
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3.8 GENERATOR LOSSES AND ANXILIARY ELECTRIC ENERGY USE

The total power delivered. to the turbiné shaft is about 1,334,214 kWh.
Various generator inefficiencies result in the loss of 21,214 kW or 1.59 per-
cent of the shaft power as fixed and generation losses. Approximately 63,000
kWh is required to support the plant operation, resulting in a net output of
1,250,000 kWh. |

3.9 FUEL USE AND LOGISTICS

A suﬁmarY'of typical annual fuel reguirements for a 1250 MWe LMFBR plant
is presented in Table 5-2. The nuclgar fuel is ufénium—-plutonium oxide;
quantities stated are for the heavy metal (uranium or plutonium) content
only. The axial and radial blankets are listed separately. The following

estimates are the nominal plant operations.

The refueling of the 1250 MWe LMFBR power plant operating at nominal
capacity requires about 23 Metric Tonnes Heavy Metal (MTHM) as the nuclear
fuel. The blanket material contains about 64 MTHM which breeds fissile Pu.
The Pu is recovered via reprocessing, which results in the generation of
high-level wastes. These waste products are made up of fission products and
fuel element hullymaterial, stainless steel. Austenitic stainless steel is
used as part of the replaceable fuel elements; the steel is not chemically
consumed but is rendered radicactive in the reactors. The steel cannot be
decontaminated and thus is considered consumed, rather than recoverable, and

disposed of as waste.
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Table 5-2. 1MFBR Fuel Design Parameters

Parameters

LMFBR-Pu/U/Th/Th

e o e

" R T T e TR mat 8 T — T

Reactor Thermal Output
Number of Elements

Core Fuel
Axial Blanket
Radial RBlanket

Fuel Type
Breeding Ratio
Initial Core (Average)

Discharge Burnup

Core Loading

Fissile Plutonium Loaded
Fissile Plutonium Discharged
Initial Uranium Enrichment
TFinal Uranium Enrichment

Replacement Core- Loadings

Discharge Burnup

Core Loading

Fisglle Plutonium Charged
Fissile Plutonium Discharged
Initial Uranium Enrichment
Final Uranium Enrichment

Axial Blanket

Loading

Fissile Plutonium Discharges
Initial Uranium Enrichment
Final Uranium Enrichment

Radial Blanket

Loading

Fisyile Plutonium Discharged
Initial Uranium Enrichment
Final Uranium Enrichment

3,417 MWt

678
678
420

Oxide Fuel

11,1417

45,983 MWD/MTHM
22.668 MTHM
154.314 kg/MTH,
136.713 kg/MTH*

0.20 w/o U-235
0.13 w/o U-235

67,590 MWD/MTHM
23.316 MTHM
154,315 kg/MTH,
134.243 kg/MTHy

0.20 w/o u-235
0.13 w/o U-235

19.038 MTHM

22.691 kg/MTH,
0.2 w/o U-235
0.18 w/o U-235

44.796 MTHM

20.895 kg/MTHj
0.2 w/o U-235
0.18 w/o U-235
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The LMFBR power plants and fuel cycle facilities consume chemicals and.

certain replaceable components in addition to water, fuels, and the materials

of construction. These additional requirements are:

(1

(2)

(3)

(4)

(5)

(6)

(7)

Chemicals for treating natural water for cooling water systems.
The use depends on the water quality; the chemicals most commonly

used are chlorine and sulfuric acid.

Ion-exchange resins for removal of radioactivity from aqueous waste
streams. The quantity depends on source terms and methods for

treatment.

‘Ion-exchange resins for purification of water for internal plant

uses. The quantity used depends on the water quality and the type

of resin.

Chemicals for regeneration of ion-exchange resins. These chemicals
are usually sulfuric acid and sodium hydroxide; the quantity used

depends on water quality.

Containers for packaging radioactive effluent from the radioaétive
waste systems. The number of containers depends on the amount of

radioactive materials to be disposed of and the particular process
used in the various systems. These containers are steel, concrete,

or other common structural materials.

Sodium coolant for the primary and secondary coolant loops of the

power plant.

Miscellaneous chemicals, principally nitric acid and solvents for
the reprocessing plant. These are not critical materials from a
resource standpoint, and amounts not recycled are handled as

wastes.

All of the above chemicals are of common types and are used in moderate

amounts relative to U. S. industrial practice. Sodium is a low-cost indus-

trial material obtained from virtually inexhaustible salt resources. Sodium

is not chemically transformed in its use as a coolant and is retained except

for small removals during the plant lifetime. The sodium in the primary loop

is rendered radioactive, which may make it unacceptable for uses other than

as primary coolant in LMFBR power plants.
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4.0 ENVIRONMENTAL CHARACTERISTICS

Numerous reactor plant systems, even under normal conditions, become
contaminated with radiocactive elements. These elements can 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 which
have the potential for contamination are ventilated through high-efficiency
particulate. filters which remove > 99.9 percent of the particles in the air
greater than 0.3 microns. Potentially contaminated liquid effluents are
monitored or processed to remove radioactive elements primarily by filtration
and ion exchange. In each case, not all of the radioactive elements can be
prevented from entering the biosphere. Consequently, radiocactive elements

are emitted to the biosphere by the LWR.

4.1 AIR EMISSIONS

Radioactive noble gas emilssions are the important gaseous emissions from
an LMFBR plant. Table 5-3 shows the estimated airborne radilonuclide releaoccs

from Lhe reference 1250 MWe LMFBR facility.

Table 5-3. Postulated Radionuclide Releases--1250 MWe
LMFBR Power Plant .at 707% Capacity Factor

Nuclide ‘ Atmospheric Release
Ci/year
H-3 65.A3
Ar-39 87.50
Kr-85m .33
Kr-85 A
Kr-87 ' .44
Kr-88 .54
Xe-133 .03
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Both the dose from airborne releases and radiation from the LMFBR power
plant are well within the guidelines proposed in Appendix I of 10 CFR 50,

currently a guide for LWR's.

LMFBR facility chemical discharges are assumed to be the same as the
LWR. These discharges are from the cooling towers and are comprised of
chlorine, chromates, and zinc. As with the LWR facility, chemical discharges

present no hazard to the environment.

4,2 LIQUID EFFLUENTS.

The aqueous chemical wastes from a nuclear power plant generally enter
the environment via the blowdown stream from a closed-cycle cooling system
or the circulating cooling water stream f;om an open-cycle system. In actual
practice, the chemical composition of these waste streams is as varied as the
number of ‘existing discharges. Nevertheless, the naturé of some of these
wastes can be categorized according to their origin and somewhat by their
chemical makeup. The major sources of the waste streams from a nuclear power
plant are those originating from the condenser cooling system and the process
water system. All other waste. streams are minor compared to them. Negligi-
ble radioactive effluents will be emitted from an LMFBR plant. A summary of

effluents is provided in Table 5-4.
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Table 5-4. IMFBR Wastewater Effluents at
Nominal (1250 MWe) Operation

Chemical : . Amount (Tons/hr)
BOD 0.000
Chromates 0.000
Phosphates © 0.008
Boron 0.056
Acids 0.014
Organics 0.012
Chlorine 0.005
Radiological Amount (Curies/vyr)
Uranium neg
Ra~226 ' } 0.000
Th-230 ' 0,000
Th=-234 0.000
Co=60 0.774
Sr-90 : 0.257
I-131 15.24
Cs-134 9.38
Cs-137 7.97
Ce=144 : 0.030
Pu | ~0.000
Tritium 586
Ru~-106 0.014

Other activation and
fission products . 70.32
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4.3 SOLID WASTES

Solid wastes generated at the reactor will consist typically of filters
from the heating and ventilation system, deactivated primary coolant sodium
cold traps, analytical laboratory and liquid waste treatment residues, con-
taminated tools and parts, and waste such as plastic bags, footcovers, paper
towels, and protective clothing. These wastes will be compacted and packaged
in 55-gallon sealed drums. Then, the wastes are shipped to a low-level waste
burial ground. About 9.4 ft3 of tritium waste per year in the form of

Ca(O3H)2,.will be included in these solid wastes.

About 3,117 curies of beta-gamma waste and about 30,000 curies of

tritium waste will be generated each year.

4.4 REJECT WASTE HEAT

The 1250 MWe LMFBR would reject about 7.1 x lO9 Btu/hr through the cool-
ing towers. In addition, there will be miscellaneocus thermal losses to air
(called general plant losses) amounting to less than 1%, a value typical of

present~day nuclear facilities.
The primary environmental controls for radiocactivity are:

] Control of radioactive noble gases

- Reactor cover gas purification
- Cell atmosphere purification system

e Liquid waste system

o Solid waste .system

8 Sodium waste system

@ Gaseous waste system
The gaseous waste system processes all gases that can become con-
taminated with gaseous or volatile radioactive species. These

species include:

(1) Fission products escaping from failed fuel, notably the noble
gases, halides, and alkali metals

(2) Ar-39 generated from potassium impurities in the coolant

(3) Activated sudium aerosol and vapor
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Two separate systems will be utilized to control radioactive noble gases.
These two systems are: (1) the reactor cover gas purification system, and

(2) the cell atmosphere purification system.
@ Liquid Waste System

The liquid waste system processes all potentially contaminated
liquids before the liquids leave the plant. The sources of the
liquid waste streams are the fuel handling area, the sodium waste
system, laboratory areas, laundry, maintenance, and other support
systems. The quantity of liquid waste entering the system is
expected to be between 20,000 and 40,000 gal/year, which is pri-
marily low-level radiation or contamination. (The liquid waste
system will not handle tritium-containing effluents from the steam
system; this waste stream has bean discussed previously.)

~

© Solid Waste System

Solid waste will be generated by waste systems, fuel handling
operations, and laboratory and maintenance operations. The waste
will be in such forms as spent resins, sludges, filters, clothing,
and tools.

o Sodium Waste sttem

The purpose of the sodium waste system is to convert small amounts
of metallic sodium waste, both radiocactive and nonradioactive, into
a less reactive form.* The principal sources of sodium waste at the
reactor are spent cold traps. Other possible sourees are sodium-
contaminated hardware (equipment and spent fuel assemblies).

4.5 LAND AND WATER USE

Approximately 70 acres of land will be required for facilities associ-
ated with the LMFBR power plant; namely, the reactor buildings, turbine build-
ing, switchyard, parking lot, access roads, and cooling towers. As a minimum,
an exclusion area of at least 400 acres is needed, and presently most LWR

stations are on even larger sites.

Decisionc relating to the siting of LMFBR power plants are expected to
be guided by practices, guidelines, and criteria. These will have been de-
veloped and established through experience gained in the construction and
operation of nearly ome full generation of large, LWR nuclear power plants
and siting of LMFBR demonstration power plants. Major changes are not

anticipated in the guidelines currently in use.

* Sodium waste may not be processed onsite for LMFBR power plants.
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A number of economic, safety, and engineering factors will determine the
choice of a site for a specific LMFBR power plant. The acceptability of
environmental impacts caused by the construction and operation of the plant is
also under consideration. LMFBR siting must be responsive to public concern

for the quality of the environment.

Consumptive water use results primarily from cooling tower evaporative
losses, cooling tower blowdown, and general plant use. By far, the largest
consumers of water are the mechanical draft, cooling towers which use approx-

imately 844,000 gal/hr. Table 5-5 identifies this and other plant water uses.

Table 5-5. Water Use - 1250 MWe LMFBR

. Million Gallons/Day
USE
100% Power 70% Power
3

Cooling Tower Evaporation ; 21.9 15.33
Cooling Tower Blowdown . 6.35 4.45
General Plant Use <1 <1

TOTAL ‘ 29.25 20.78




5.0 CONSTRUCTION AND OPERATION CHARACTERISTICS

Studies undertaken by United Engineers and Constructors for the AEC
indicate that comstruction labor requirements\for LWR power stations range
from about 6 man-hours/kW for a multiple-unit station with 2,000,000 kW units
to 8 man-hours/kW for a single 1,300,000 kW unit station. It is assumed that
the construction labor requifements for LMFBR Power Stations will be approxi-

mately the same as those for LWR's.

Thie coustruction of an LMFBR facility is subject to delays similar to an

LWR which  include:
o Litigation
] Financial probleﬁs
] Large changes in the need for power
° Licensing requirements for facility changes and back fits
o Licensing holds

There are other reasons for extended construction periods that may be exper-
ienced. Without any of these delays, a 1250 MWe LMFBR facility could be con-
structed in 72 months. If the delays expected to occur are inrlunded in this
éstimate and licensing is also included (two step process with a ronstruction
permit and operating license included) the IMFBR facility could be completed
in 12 years. (Recent experience with LWR comnstruction and the novel design
of the LMFBR indicates that a 12 year completion is almost a certainty.) Tmr-—
ing the onsite construction period, an estimated 11.5 million man-hours of
direct craft labor would be required primarily from 16 different labor types

as described in Table 5-6. Indirect labor hours are also included.

Nermal operation of the facility would require a plant staff averaging
225 persons and over 450,000 man-hours per year as shown in Table 5-7. The
number of personnel on site would vary éonsiderably from to time depend-
ing on the operation of the unit. When the unit is down for refueling/repair,
the total number of personnel on site would peak at a number considerably

higher than 225.
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Table 5-6.

Direct Craft Labor Summary--1250
Cost Basis - January 1978

ILMFBR Plant

Site %
Craft Description Labor Hours Hours
Asbestos Worker 133,850 .1
Boiler Maker 745,282 .9
Bricklayer 142,362 .1
Carpenter 1,516,060 12.0
Dock Builder - ; 3,578 0.0

; Electrician % 2,042,690 16.1
i Iron Worker i 1,447,257 11.4
| Laborers | . 1,428,556 11.3
| Millwrights 189,303 1.5
Operating Engineers 950,505 .5

{ Painters 223,764 1.8
; Pipefitters 3,510,508 27.6
Plumbers 750 0.0
Roofers 14,042 0.1
Sheet Metal Workers - 138,163 1.1
Teamsters 193,330 1.5
TOTAL FOR PLANT 12,680,000 100.0

5-25




Table 5-7. Staff Requirements for LWR Plant#®

AREA . STAFF
Plant Manager's Office
Manager ' 1
Assistant 1
Quality Assurance 3
Environmental Control 3
Public Relations 1
Training 2
Safety 3
Administrative Services 16
Health Services 3
Security ' : - ‘ 56
SUBTOTAL 89
Operations
Supervision - (excluding shift) ' 2
Shifts 33
SUBETOTAL 35
Maintenance
Supervision 8
Crafts 16
Peak Maintenance Annualized 55
SUBTOTAL 79
Technical and Engincering
Reactor
Radiochemical
Instrumentation and Controls
Performance, Reports and Technicians 17
SUBTOTAL 22
TOTAL STAFF 225

* Single unit 701-1300 MWe
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5.1 OPERATING STATISTICS AND ANNUAL GENERATION

Past experience indicates that a 70% availability is reasonable for large
nuclear and fossil-fueled power plants. The actual data studies were from
nuclear and coal-fired baseload units 400 MW and larger in nameplate capacity.
For analytic purposes, the individual units were categorized by their size,.

vintage;“and.priﬁary.fuel burning capabilities.

The four primary utility industry measures of powerplant performance are
capacity factor, availability factor, equivalent availability, and forced
outage rate. The capécity factor measures the power generated by the unit
versus its maximum dependable capability to produce power. The availability
factor establishes only the peréentage of time the unit was capable of produc-
ing power. The equivalent availability adjusts the availability factor for
partial outages or deratings of the unit. The forced outage rate defines
that percentage of time the unit was forced out of service due to equipment
or operational malfunction. Collective review of these four indices is often

taken as the measure of a unit's performance.

No single index tells the overall performance story for a unit. The
annual Availability Factor establishes only the percentage of time during the
year the unit was capable of producing power. This includes time when the
unit was capable of producing power but was not in service because more eco-
nomical units were being utilized. Thus,.the~Availability Factor does not
measure the ability of a unit to operate at a specific power level when called .
upon by the utility. Rather, it measures only the unit's capability to pro-
duce at a power level ranging from O to 100%Z. The Equivalent Availability
provides an adjustment to the Availability Factor by factoring in the effect
of partial deratings (losses in MW output capability) due to partial forced
and scheduled outages. The Equivalent Availability is essentially "equiva-
lent to" the percentage of the year during which the unit was available'for
operation at full capacity. The Equivalent Availability, however, provides
no measure of the effect of full forced outages or actual megawatts generated
by a unit. These unit performaﬁce parameters are measured by the Forced

Outage Rate and Capacity Factor.
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Typically, a large nuclear station, such as the type characterized here,
would be placed first or at least close to first in the utility's loading
order. Thus, it would be little affected by the customer's demand, since it
would serve to satisfy part of the minimum customer load. However, a factor
of .97 has been applied to the calculated plant availability to simulate a

small reduction in plant operation due to inadequate customer demand.

Scheduled maintenance and affecting outages for large nuclear facilities
vary from 4 to 8 weeks per year, and recent forced outage rates range from
5 to 20 percent. Here, 8 weeks of maintenance and refueling and a 15 percent
forced outage rate is used for conservation to determine unit availability.

Thus, plant availability is determined:

Plant Availability = T X (1-.15) x 100% = 72%

Adjusting for customer demand reduétion results in:
Capacity Factor = (72%) (.97) = 70%

At this capacity fartnr, the reference 1250 MWe LMFBR facility would
generate 7.665 x 109 kWh/yr.
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6.0 COST CHARACTERIZATION (LMFBR)

The Energy Economic Data Base (EEDB) report prepared for DOE by United
Engineers and Constructors details the base capital costs estimated for the
1250 MWe reference liquid metal fast breeder reactor power plant. Direct and
indirect capital costs presented in the EEDB are on a consistent January 1,
1978 dollar basis. They are for the 1390 MWe (3800 MWt) plant which provided
much of the basis for the physical system characterization presented in the

previous section.

6.1 DIRECT CAPITAL COSTS

The EEDB costs have been. appropriately adjusted .to reflect reduced powerf
levels and flow rates incorporated into the 1250 MWe reference liquic metal
fast breeder reactor 'system,” Specifically, the major modifications that
affect the reference system's capital costs (as compared to the 1390 MWe EEDB
design) include a 10.17% reduction in the following system component capacities

and design characteristics:
1. Sodium coolant flow through reactor vessel
2. Steam flow through steam generators and turbines

3. Turbine shaft power, generator output, net plant capacity, and
heat rejection system

Base direct capital cost includes the costs of all materials, components,
structurce and associated direct craft labor necessary to construct the ref-
erence facility at the plant site. Delivered costs for compdnents, struc-
tures and materials are used. Base indirect costs include site temporary
construction facilities, payroll, insurance, and taxes, and other comnstruction
services, such as home and field office expenses, field job supervision, and
engineering services. Specifically cxcluded from the base construction cost
estimate are several items that are sensitive to the particular policies and
preferences of the individual utility, and the specific plant site and prevail-
ing economic factors being considered. These exclusions include the following

list of items.
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1. Owner's Costs - Consultants, Site Selection, etc.
2. Federal, State and Local Fees, Permits and Taxes
3. Interest on Capital Construction Funds

4. Price Escalation during Construction

5. Contingency Funds

6. Owner's Discretionary Items -~ Switchyard and Transmission Costs,
.Waste Disposal Costs, Spare Parts, and Initial Fuel Supplies
We reviewed the cost estimates made in the EEDB for the 1139 MWe reactor
design and where appropriate adjusted the costs using the capacity ratio/
- exponent estimating technique. Thie techniyue, which is gencrally dcecepted
by the electric pdwer generation industry for making cost estimate modifica-
tions, uses the following equation to adjust component costs for small to

moderate change component capacity:
Capacity of B
Capacity of A

Cost of Component B = Cost of Component A x

where component A and Component B are of similar design and performance,

differing only in the size or capacity, and where u 15 given by the following:

Account Description Cost Estimating Exponent (u)*
20 Land and Land Rights' Not Applicable
21 Structures and Improvements .20
22 Reactor Plant Equipment .40
23 Turbine Plant Equipment .85
24 Electric Plant Equipmenﬁ .37
25 Miscellaneous FPlant Equipment .20
26 Condenser Heat Rejection System .50

Table 5-8 shows the original EEDB cost estimate by '2-digit" accounts.

The applicable cost estimating factors and the resulting 1250 MWe reference

* Argonne National Laboratory estimate based on light water reactor cost

estimating exponents.
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system cost estimates are also shown.

Costs for land would not vary mea-

surably for the small incremental plant capacity considered here. Thus, this

account has been assigned a cost estimating factor of unity; the land costs

shown assume the use of a 500-acre site valued at $4,480 per acre.

Table 5-8. Estimated Direct Capital Costs for 1250 MWe Liquid Metal Fast
Breeder Reactor Reference System (January 1, 1978 Dollars)
(a) 1250 MWe
1139 MWe EEDB (b) Reference System Cost
Account .. Description Cost ($1000) CEM "~ ($1000)
20 Land and Land Rights 2,240() .00 2,240
21 Structures and 0.20
Improvements 64,890 .899°° 63,523
22 Reactor Plant Equip. 338,376 .8990'40 324,268
23 Turbine Plant Equip. 98,239 '.8990'85 89,739
24 Electric Plant Equip. 32,009 .8990-37 30,773
25 Misc. Plant Equip 11,564 .8990'20 11,320
26 Condensate Heat 0.50
Rejection System 16,480 .899°° 15,626
TOTAL DIRECT EQUIP-
MENT AND MATERIALS 561,558 537,489
Site Labor Costs 172,782 165,376
TOTAL DIRECT BASE
CONSTRUCTION COSTS 734,340 702,865
(a) EEDB, Energy Economic Data Base.
(b) CEM, Cost Estimating Multiplier, see text for discussion.
(¢) Assumes 500 acres at $4,480/acre.




Average site labor costs for the 1390 MWe EEDB fécility are estimated
from approximately 13.25 million man-hours at a craft averaged cost of $13.04
éer man-hour. Direct field labor requirements and costs have been assumed to
be directly proportional to the equipment and materials costs. Resultant
direct craft man-hours for the reference facility are thus estimated to total

12.68 million man-hours, or over $165 million.

6.2 INDIRFCT CAPITAL COSTS

Indirect capital-costs which are assoeclated witli Lhie construction of
large liquid metal fast breeder reactor power plant, would be relatively in-
sensitive to the plant capacities used iu the EEDB and as the refarence
system deséribed here. Thus, except for payroll related expenses, indirect
capital costs for the 1250 MWe reference liquid metal fast breeder feactor
plant have been taken to be the same as those for the EEDB 1390 MWe plant.
Construction payroll, insurance, and taxes (as well as field job supervision
costs) were assumed to be proportional to the reference system direct field
labor costs. This assumption reduced the Constructibn Services Account (#91)
by $1310 thousand and reduces the Field Office Engineering and Services

Account (#94) by $1055 thousand over those costs estimated in the EEDB.

Indircct capital costs summarized in Table 5-9 at the '"2-digit' account
level, total $262,590,000. These costs are about 37% ol LlLe direct capital
cost estimated for the reference liquid metal fast breeder reactor system.
These costs are more than twice the indirect costs associated with coal burn-
ing facilities for similar capacities. Safety and inspection requirements

are a major contributor to this factor.

Table 5-9. Estimated Indirect Capital Costs for 1250 MWe Liquid Metal
last Breeder Reactour Raeference Syatem (Jan. 1, 1978 Dollars)

1250 MWe Reference

Account Description ~ System Cost ($1000)
91 Construction Services 89,690
92 Home Office Engineering and Services 136,300
93 Field Office Engineering and Services 36,600
TOTAL INDIRECT CAPITAL COSTS 262,590
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6.3 OPERATION AND MAINTENANCE COSTS

Annual operation and maintenance (O0&M) costs for the 1250 MWe reference
liquid metal fast breeder reactor facility have been estimated. This data is
based on cost estimating relationships in a recent Oak Ridge National Labora-

tory (ORNL) document entitled, "A Procedure for Estimating Nonfuel Operation

and Maintenance Costs for Large Steam Electric Power Plants." Data is avail-

able in the EEDB.

Generally, O&M costs for a nuclear power plant may be considered to be
composed of six cost categories. O&M costs may be either fixed costs, not
dependent'on”annual generation, or variable.costs which are proportional to
generation level. The six cost categories considered here includé: Plant
Staffing, Maintenance Materials, Plant Supplies and Expenses, including '
radioactive waste disposal, Nuclear Liability Insurance and Inspection Fees,

Interim Replacements, and Administrative and General Expenses.

Plant sfaffing costs are based on the 225—peréon‘plant staff described
earlier and assumes a cost of $22,000 per person per year. Maintenance
materials are estimatgd to be 2307 of the maintenance staff costs (79 persons)
for large LMFBR generation plants and also assumed to be insensitive to plant
capacity factors. Thus, they are considered all fixed expenses. Fixed
supplies and expenses, which include makeup chemicals lubricants and auxiliary
fuels, as well as offsite contract services, radiocactive waste management
(exclusive of fuel) and nonradicactive waste management has been estimated in
the EEDB report to be 5.0 million per year with a variable component of
0.05 mills/kWh. Nuclear liability insurance and inspection fees are estimated
at $408,000 per year. Approximately 75% of this amount is for private and
Government nuclear liability insurance. Administrative, overhead, and utility
home office general expenses, which are associated with the reference facility,
are estimated by.ORNL to be 15% of the combined staff costs and fixed compo-
nents of the materials and supplies costs. This compares to 10% of the same
costs components for a conventiomal coal burning facility. The increase pri-
marily results from the larger amount of recordkeeping and safety related
administrative cost necessary for the nuclear fécility. Table 5-10 summarizes

the O&M costs for the reference liquid metal fast breeder reactor facility.
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Table 5-10. Annual Operation and Maintenance Costs~-1250 MWe Reference Liquid
Metal Fast Breeder Reactor Facility @ 70% Capacity Factor

0&M Cost Account Cost Estimating Relationship $1000/yr
Plant Staff 225 persons @ $22,000/yr (Fixed Cost) 4,950
Maintenance Materials Fixed : 79 persons x 22,000 $/yr x 2.3 3,997

Variable: ©None -

Supplies & Expenses Fixed: Chemicals, gases, lubricants,
auxiliary, fuels; etec. 3,100
"Offsite Contract Services 900
Radioactive Waste Management® 900
Non-radioactive Waste Management » 100

Variable:
(.05 mills/kWh) (1,250,000 kW) (8,760 hr/yr) (.70)

1,000 mills/$ . 383

Insurance and Nuclear Liability Insurance Premiums
Inspection Fees (Fixed Cost) 308
Inspection Fees (Fixed Cost) : ’ 100

Interim Replacements  Sinking Fund accrual of 30%Z of direct and
indirect plant capital costs at 30 years

and 4% interest (Fixed Cost) 5,155

Administrative 157 of Staff, Maintenance Materials and
and General Fixed Supplies and Expenses (Fixed Costs) 2,092
TOTAL O&M COSTS 21,985

At 70% Capacity Factor:

(21,602,000 $/yr) (1000 mills/$)

Fixed 0&1 Costs: -~ 3-555640 kW) (8,760 Lr/yrc) (.7)

2,82 mills/kWh

(383,000 $/yr) (1000 mills/$)

Variable O&M Costs: (1,250,000 kW) (8,760 hr/yr) (.7)

.05 mills/kWh

.TOTAL O&M COSTS 2.87 mills/kWh

*Includes materials, packing, 1000 miles tramsportation and final disposal
costs.
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Total annual costs for nonfuel O&M are estimated at $21,985,000 or 2.87
mills/kWh for a plant operating at a 70% capacity factor. Almost all of
the O&M costs are fixed expenses, 2.82 mills/kWh, with only a small fraction

considered variable costs, 1.05 mills/kWh.
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7.0 IMFBR FUEL CYCLE

- The nuclear-fuel cycle for LMFBRs is shown below. The initial feed
materials consist of plutoniﬁm (obtained from the reprocessing of fuel from
light water reactors) and depleted uranium (which results from the enrich-
ment of the U~235 content of natural uranium). The plutonium would be con-
verted to an oxide (PuOZ) at the reprocessing plant. The uranium, as
uranium hexafluoride (UF6), would be converted to an oxide (UOZ) at the
fuel-fabrication plant. PluLuwium dioxide and uranium dioxide would be

combined at' the fuel=fabrication plant and falricated into mixed oxides for

FUEL
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MIKED BLANKET
OXIDES URANIUM

FUEL ‘ ~
PREPARATION REPROCESSING

\URANIUM AND

¥
PLUTONIUM / PLUTONIUM
FISSION FOR
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PLUTONIUM \ DUER”A-NEILEAD ll EACTO
CHARGE ' /
/
)
WASTE
STORAGE

Figure 5-5. Nuclear-fuel Cycle for LMFBR
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the core fuel.
the axial and radial blankets of the reactor.

the irradiated fuels would be stored at the reactor for up to 1 year.

Uranium dioxide would also be fabricated into pellets for
After exposure in the reactor,

After

storage at the reactor, the irradiated fuel 1s shipped in shielded casks

to the reprocessing plant, where the plutonium, uranium, and fission products

would be chemically separated.

The separated fission products would be

shipped to a Federal waste—stoiage facility, and the plutonium would be

recycled

into the mixed oxide or blanket UO

as fuel.

2

The recovered uranium could be either stored or recycled

Depleted uranium would be used for

makeup for the uranium that is either converted to plutonium in the reactor,

lost as scrap in the processes, or stored.

fuel cycle is given below.
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The effluents and emissions from the LMFBR fuel cycle would be the same

as for the LWR cycle-—until the cycle had matured with the reprocessing of

the spent fuel. With the mature fuel cycle, the following sections present

the only differences (additions) between the LMFBR and LWR cycle.

7.1 AIR EMISSIONS (4, 5)
Chemical

SO
X

NO
S 3
HC

Co

Particulates

F

Cl

Radiolegical

Uranium

Tritium

Kr-85

I-129

I-131

Other Fission Products

Transuranics

C-14

Tons/Yr

5.76
23.28
.52
.52
.63
.05

6.28 x 10°°

Curies/Yr

3.66 x 10°°

1.75 = lO4

3.92 x 10

2.88 x 10

.78

.17

The Purex process is the fuel reprocessing process assumed. In this

process, the fuel is dissolved and chemically separated.

Airborne effluents

normally released from the facility pass through the off-gas treatment and

filter systems.



7.2 LIQUID EFFLUENTS (4, 5)

Chemical Tons/Yr
S0, .02
c1 : .09
Na+ ' .02

-

7.3 SOLID WASTES (4,-5)

‘Other than HLW . .47 curies/yr
Solid residuals to be disposed of include undissolved fuel element parts.

7.4 WASTE HEAT

The reprocessing of LMFBR fuel results in the generation of 7.32 x 1010

Rtu/yr of waste heat for a 1250 MWe facility. .

7.5 TRESOURCE REQUIREMENTS

Temporarily committed undisturbed area: 26.2 acres

Temporarily committed disturbed area : 3.4 acres
Permanently committed : .1 acre

Overburden moved : 104,640 tons
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6. CENTRAL STATION PHOTOVOLTAIC

1.0 INTRODUCTION

The reference photovoltaic power plant is a nominal 200 MW size. There

is no economy of scale beyond the 200 MW size as there is in conventional

~

thermodynamic power plants. The plant characterization provided here assumes
that progress in solar cell technology has resulted in high efficiency (19,37%)
cells which are fabricated directly to rectangular shape. The cell cost has
been projected for the year 2000 to be $35/m2, which is much less than current

costs of about $1000/m2.

The solar photovoltaic power plant is the earth bound counterpart of the
SPS. It uses the same advanced solar cell technology. It does not store
energy. Due.to_the'fact that the solar photovoltaiq power plant is earthbound,
there are differences. The solar photovoltaic power plant on earth has
a variable output due to the diurnal sunlight cycle and an erratic pétterﬁ'df
sunlight loss due to bad weather (clouds, fog, haze, etc,), The connection to
the power grid on earth is straightforward, involving direct electrical connec-

tion.

The solar photovoltaic power plant supplies power to the grid omn an "as
available" basis. The grid may have storage in the form of batteries, fly-
wheels, superconducting magnets, pumped hydroelectric, or compressed air stor-
age; or it may have virtual storage in thé form of hydroelectrical plants which
are used for peaking, - The grid treats the availability of electric power from
the solar photovoltaic plant as a variation in the amount of power which must

be supplied from the other sources,

The solar photovoltaic plant uses a large array of solar cells mounted on
tilted frames pointed at the sun to generate high voltage d,c, The high volt-
age d.c, is then converted to high voltage a.c. and fed through transmission

lines to the grid, just as any other power plant, operates.

Although large land areas esecem to be covered by the solar photovoltaic
power plant, the areas normally required for the mining, processing, and trans-
porting of coal for a coal fired plant can be much larger over the lifetime of

the plant.

It should be noted that operation of a solar photovoltaic power plant

involves negligible environmental impact other than the plant land area,
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2,0 GENERAL PLANT DESCRIPTION

The nominal 200 MW Photovoltaic Power Plant requires approximately 4,022
km2 of land (3042 m E-W by 1322 m N-S), The site includes a fenced-in peri-
meter setback of 65 m and 8 identical 25 MW modules, These modules are in two
N-S rows of 4 modules, each of which is separated by.a 20 m access road. Each
module consists of two rectangular sectors (693 m E-W by 283 m N-S), A 60 m
N-S access and maintenance road separates the two sections and accommodates a
27 m x 55 m converter station, The converter station is comprised of a con-
verter/cbntrol building, a switchyard for incoming d,c,-array voltage, and an
a.c.~transformer and switchyard to transmit the intermediate voltage a.c, to
the Plant Transformer/Control Station., Product electriecity from each module

is gathered at this central,s;étion and transformed teo high-vnltrage power that
A is compétible with utility line voltages. Plant controls and maintenance
activities are housed in a 26 m x 20 m building which is located midway on the
northern border of the site. The collected d.c. power and transmitted a.c,
power are both underground and routed along the access and maintenance roads,

The plot plan is shown in Figure 6-1.
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Figure 6-1. Solar Facility Plot Plan




3.0 CONVERSION CYCLE DESCRIPTION

3.1 25 MW MODULE

Solar insolation received by the array (100 MW/cm2 or 0.0929 kW/ftz,

AM1, 28°C) for peak design is reflected (8%), internally comnsumed (1-1/2%) and
absorbed (90.5%). The spectrum absorbed is converted to d.c. electricity with
nominal efficiency (19.0%). However, the cells are heated by the solar absorp-
tion so that the temperature of the érrays averages 45°C over the year. This
reduces the efficiency by 8.4%. Direct current interconnections for cells,
panels, and rows have electrical resistance as does the d.c. bus which delivers
the energy to the d.c./a.c. converter. At the converter, additional losses are
incurred and auxiliary power must be supplied. We have assumed a 2% loss at

- this site, based upon Figure E-19 and Table E-6 (p. E-38) of the EPRI-ER-685
report (Reference 2), resulting in a net 14.21% efficiency at the converter

fence. Table 6-1 illustrates the cycle described above.
3.2 CENTRAL PLANT

The intermediate voltage a.c. from the modules is transported via under-
ground bus to the central station for conversion to high voltage a.c. IZR
losses are incurred in the transmission and step-up transformer. We have
assumed a 1.3% loss in efficiency because the referenced EPRI report indicates
approximately U.37% ot ftull load for transmission and a range under 17 for step-
up transformer losses. Power at the Central Plant Transformer/Control Station
will be, at design conditions, about 197.3 MW at an overall efficiency of
14.02%. Within each module, there are 122 256 panels (61 x 244 cm), each con-
taining 400 silicon photovoltaic cells (6 x 6 cm), for a total .of .48.9 x lO
cells per module or approximately 391 x 10 cells per plant. The panels in
each sector are adjoined in three rows of 283 E-W with 72 parallel rows N-S,
tilted south nominally 30° from the horizontal on the 244 cm edge. The para-
11lel rows are separated by approximately 2.32 m to minimize shadowing. The

panel and row arrangement is shown in Figure 6-2.

Each vertical set of three panels are connected in parallel and 283 files
0f 3 panels are in series to form a row which is in series with the adjacent
row to form + 4809 V. Thirty-six pairs of rows are in parallel to form a

sector. Two sectors are parallel to form a module.

Cells on the panels and panels on the array are connected in series across

the array from east to west, and parallel-connected up the array from north to
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Table 6-1. 25 MW Solar Photovoltaic Central Plant Array Parameters¥*

Parameter

Silicon Cell

Solar Panel

Series Row

Sector

Module

Size (Area)

Cells

Panels

Rows

Sectors

‘Modules

 Output at 100 Mi/cm’,

(45°C)
Current (Amperes)

Voltage

Power (Watts)

Efficiency
 Item Efficiency

‘Inefficiency Source

Cumulative Efficiency

6 x 6 cm

1.24
.458
.5679z2

15.775497%%*

“Basic Cell-
Cover Glass

15.78% °

61 x 244 cm

400

12.4

17.349
215.128

94.7%

Panel Wiring &
Blocking Diodes

14.91%

693m x 1,845m

339,600
(3 x 283) = 849
1

37.2

4.81K
178.8K

987%

Interpanel
Connectors &
End Wiring

14,647

(693m x 283m) =
.196 km2

24,451,200
61,128

72

1

1,339.2
+4.761K:
12.75M

99%

Inter-row buses

14. 497

(1447m x 283m) =
. 4095 km2
48,902,400
122,256
144
2
1

2,598.4
+5,25K (a.c.)
24.988 MW

98%

d.c./a.c.
Converter

14.21%

% (Modeled Somewhat after Table K-2 Pk-15 EPRI-ER-685)
** Solar Cell Efficiency

. Total Module Cell Area
Panel Area

176 km2
.182 km2

19.03% Bare at AM1 (28°C)
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south., This arrangement minimizes interrow shadow effects. The upper shadowed
series cells and panels always develop full voltage. Shadowed parallel strings

on the lower edges of the array reduce the available current,

A nominal 30° tilt facing south has been assumed for the array., The
actual tilt chosen for a specific location would be equal to the latitude
value in degrees, approximately 10 degress less to maximize annual energy col-
lection. With the 30° tilt and a shadow spacing factor of 2.12 to minimize

"interrow shadowing, a row-to-row pitch distance of 3.92 meters is established,

The electrical and physical parameters selected and calculated above pro-

vide the central framework for a conceptual design.

Panel and cell insulation materials and values have been assumed to be
adequate at the end points of the series string with voltages of ¥ 4809. It
has been assumed that the lightning protection system (an array of lightning
rods) will not shadow the solar cells from the sun. Diodes in panel and array
circuitry provide protection against possible open and short circuit condi-
tions. Panel/array short circuit and grounding provisions are included for
personnel safety during servicing and imnstallation, Sizing, spacing, inter-
connection requirements, wire length, and size have been analyzed to ensure

maximum performance/cost effectiveness,
3.3 ELECTRICAL SYSTEM DESCRIPTION

The 200 MW plant consists of 8 identical modules coﬁtaining an a.c. output
which is collected at a common switching station and transformed from medium
to high voltage to match the utility transmission voltage. Each module is
divided into three major levels or subsystems: (1) the array and its connect-
ing cables and main d.c, bus, (2) the converter station, and (3) the medium
voltage cable. The switching/transformer station is comﬁon to allA8 modules,

each rated at 25 MwWe,

A d,c. circuit breaker is provided at the d,c. input terminals of the con-
verter station, This is the only electrical equipment (excluding the array
and cells) that requires development effort, The d.c. breaker is used for
start-up and shut-down sequencing, and for protection from faults in the
converter, array, bus, or cable, 'High impedance ground detectors detect a
ground fault in the array subsystem and initiate protective circuit interrup~

tion and annunciation of the fault. Reactors are used to smooth the d.c. current
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and reduce the ripple caused by converter commutation. Thus, harmonics on the
d,c. side are confined to the converter station or reduced to a low value in
the array bus and interconnections. The converter valve assembly, together
with the converter transformers, is a 12-pulse bridge connected line-commutated
inverter arrangement. The load tap changer on the converter transformer is
used to keep the inverter within reasonable firing angle margins for the range
‘of operating voltage expected from the array during the wide variations in the
load and in array temperature. The converter transformer rating is less than
the peak output of the converter since the insulation follows a predictable
cycle which permits "underrating" the transformer by taking its thermal inertia

into account.

High-pass filters provide higher order (60 Hz) harmonic suppression and

- puwer Lactor correction., At full lnad, the plant operates at ,9 power factor,
The total filter requirement is deployed in two (or three) groups to give
stepped var (reactive volt-amperes) control, and reasonable power factors at
light loads. An auxiliary transformer at each converter station taps converter
station and afray auxiliary power, The transformer is tapped to the medium
voltage station bus ahead of the load break disconnect to provide auxiliary
power independent of the converter operation, .The most economiéal voltage
rating for the 25 MW module size wedlium voltage eable wac datermined tn he
34.5 kV, The cable is installed in underground ducts and consists of three

shielded, jacketed, singie—phase conductors, plus a groind wire,

For economic reasons, a simplified 34,5 kV single bus, radial switching
arrangement is chosen at the transformer switching station, Similarly, the
single step-up transformer is a triple-rated 100/132/168 MVA OA/FA/FOA trans-
former that takes advantage of the transformer's thermal inertia and.the pre-

dictable maximum plant load curve,

The plant electrical boundary was assumed to be the high voltage termi~
nals of the step-up transformer., Rather than rely solely upon the single
ciréuit high voltage (HV) transmission circuit for plant auxiliary power, a
34,5 kV feeder reserve source is shown, Because a utility reserve source may
not be practical, considering the plant’s remote location, some kind of local

standby source will be required.



4,0 ENVIRONMENTAL IMPACTS OR RESIDUALS

4,1 AIR

Under‘normal operating conditions, no emissions are expected, A fire in
the electrical transmission could release toxic materials, but such components
are no different from those used in other power stations, The large land area
of the solar.station provides a separation between these components and thus
would limit the extent of a fire, The toxic material (combustion products)
which is released would thus be in smaller quantities than if the fire were

in-a conventional power station,
4.2 WATER

The requisite periodic cleaning of the array surfaces creates minor water
runoff problems, However, containment of the cleaning agent prevents surface
or sub-surface water contamination, and proper site preparation and choice of

contours and cleaning material should minimize this concern,

4.3 SOLID WASTES

Beyond minor solid wastes created by panel breakage replaccments, no
solid wastes dre expected to be generated. These waste materials consist of
glass, silicon cells, aluminum backing, and minor amounts of sealant and

substrate.

4.4 THERMAL EMISSIONS

The massive arrays designed to absorb as much insolation as possible may
have some minor effect on daily cycles of heating/cooling from absorbed insola-
tion relative to bare or cultivated ground, but they should not have' any

noticeable favorable or unfavorable impact.
4.5 REFLECTED INSOLATION

The reflected insolation has been estimated at some 8% (less than ex-
pected without theAplant). However, the concentration of reflection by the
array, as opposed to diffuse reradiation from unimproved land, could poten-
tially be a hazard or nuisance in the early morning or late afternoon during
the summer. This reflectance has‘been'compared to reflection from 'a still
lake or from glass in a vertical building, a minimal hazard generally accept-

able to the public,
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4.6 LAND USE

The most significant impact of a 200 MW Central Power Plant will be the
removal of land from other use, As indicated earlier, some 4,022 km2 of land
must be converted from other uses to serve as a platform for solar arrays, or
a rounded 20 kmz/GW. A coal-fired controlled emission power plant is estimated
to require 3,885 kmz/GW but this excludes any extraneous land use such as min-
ing processing and transporting which could require as much as 66,3 km2 (EPRI,
P. N-27), A gas turbine single cycle generating facility can reﬁuire only

1.3 km2 for 1 GW of capacity.
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5.0 CONSTRUCTION AND OPERATING CHARACTERISTICS

The 200 MW, nominal, Central Plant Solar Photovoltaic Electrical
Production System (CPS) is hypothesized as a flat-plate collector, noustorage,

contributor to the utility system grid,
5.1 CONSTRUCTION

This mammoth-size installation is projected to require 5 years for con-
struction before going on stream (Reference 2), It is believed that any utility
(and regulatory commission) would phase in partial capacity as it was completed,
particularly with 8 identical modules that could stand independently, Given
that a utility must add capacity, a 5-year wait would require other expansions
that would reduce capital availability for this project, Therefore, a gradual
' construction program will consist of land purchase, site clearaﬁce, and road
and other site construction for the central station in the first year (1995),.
The next four years will involve installation of 25% of the final capital equip-
ment each year. Thus, 25% of plant capacity will be available at the end of
year two, 50% at the end of year three, and so on. The.complete output of the

plant would thus become available at the end of the fifth year, January 1, 2000.

There do not appear to be any problems, However, we are not familiar
with lead times, specifically the necessary converters and transformers re-
quired for production of sufficient cells. Earlyloperation would generate
cash flow, minimize AFDC, and minimize escalation, The first 257 capacity
increment will function as a process demonstration unit, which will alleviate
subsequent problems, It will also function as a training center for personnel,
There will be a center for construction, and operating and maintenance prac-
tices as well. The levelled construction would, moreover, minimize the impact
of high-cost, high-density progress normally found in a large project, The
installation of panelized solar-arrays, at ground level, on shop-fabricated
tilt-angle supports, and with simplified efficient interconnection plugging
would be a simple project. The underground wiring and converter/transformer
installations are also a standard "non~novel" activity and should pose no

problems.
5.2 OPERATIONS AND MAINTENANCE

Designed without dedicated storage, the function of this plant is to

maximize electric power generation, i,e,, achieve the highest possible lead
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factor. EPRI (Reference 2), via GE, believes that é 3-man crew/shift plus a
2—shift technician, and 3-man daytime staff will be .used for a 200 MW plant,
They also indicate that 180 additional man-weeks would be required for mainte—
nance of the "balance of plant.'" The shift crews are responsible for array

maintenance requirements,

For our purposes, we would suggest the following staffing (to include

both O&M).

Staff - 200 MW CPS Solar PV

Shift

ist 2nd 3rd Total
Manager 1 1
Shift Superintendent - Operations 1 1 - 2

- Maintenance 1 1 1 3
Operators ' 1 1 - 2
Maintenance Men 2 2 3 7
Technician 1 1 1 3
Engineer 1/2 - - 1/2
Clerk/Typist, etc, 1 - - 1
Swing-men* 2 2 -2 5
10-1/2 8 7 25-1/2

*To ensure 7-day operations and maintenance

5.2,1 Maintenance of Arrays

PV power plant maintenance is unique with respect to the photovoltaic
arrays: maintenance of reflectors, refractors, and solar panels is an uncer-
tain area, For flat-plate panels, the encapsulation itself provides protection
to the cells, but the encapsulation surface will require cleaning, The re-
quired frequency of cleaning can only be'determined through.expérience with
actual arrays in different climates, but it will probably bBe necessary to
accept some loss of transmittance or reflectance of the collectors to achieve
a feasible maintenance schedule, For large arrays, it will undoubtedly be
necessary to develop vehicles which can pass betweeﬁ the collector rows to
perform the cleaning with water sprays or mechanical brushing techniques,
Array support structures will require periodic painting and cleaning for cor--

rosion prevention.

We have somewhat expanded the postulated staff because we believe that

) 2
8 modules, each with ,176 km~ of array, to be cleaned and maintained (requiring
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208 km'of traveling to go thfough the rows in each module), will call for more
sizeable housekeeping. If anything, the maintenance‘force could be expanded

to include structure, converter, and switching upkeep. Each quarterly clean-
ing/rinsing of the arrays (as suggested by Westinghouse) would require a 7-day/
week, 365 day/year average of 18 km/day or almost 11,000 panels on a daily

continuous basis.

5.2.2 Balance-of-~Plant Maintenance ,

For the portion of a PV plant excluding array and array support subsys-
tems, the maintenance effort will be relatively standard by utility criteria.
The main difference compared with conventional plants will be that maintenance
activities of this plant relate more closely to those of transmission and
distribution facilities. The plant has a transmission/distribution character
because it is deployed over a large area and has similar majo; elements. In
addition, since array maintenance and.repair is possibly a nighttime activity,
array and roadway lighting with attendant lighting system maintenance require-

ments. is very likely.

Routine testing and preventative maintenance will be performed on a
scheduled basis; fault correction and component and equipment repair and re~
placement will be performed as fequired. These plants employ passive cooling
of the arrays because of the nature of the plant electrical equipment (solid
state converters, conventional cabies, transformers, switchgear, and auxiliary

equipment), and therefore require a relatively low level of maintenance.
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6,0 COST CHARACTERIZATION (TERRESTRIAL PHOTOVOLTAIC)

Capital cost estimates for the 200 MWe reference Central Power Station -
Solar Photovoltaic Facility represent composites of cost data found in several
authoritative sources and from information regarding silicon cells of SPS Con-
cept Development documents, The designated silicon photovoltaic cells are
patterned after Comsat nonreflecting cells and are valugd at $35/m2. The
balance of costs for the array and connecting conduits was developed based
upon detailed cost data for a larger but similar system contained in the GE
report, Reference 1, Power conditioning and electric plant equipment costs are
estimated based on data for a similar flat-plate system in the EPRI/GE report,
Indirect costs were also derived from relationships exhibited in the EPRI/GE

report,

As described in the cost characterization for other facilities, certain
costs have been specifically excluded from the base cost estimates, These
costs, which are sensitive to (1) the specific utility policies and preferences,
(2) the particular location, and (3) the prevailing economic attitudes and

environment, include:

9 Owner's Costs - Consultants, site selection, construction
inspectivu aud munupgemant, &toe,

o Federal, State and local permits, fees and taxes
o Allowance for funds used during construyction
) Price escalation during construction
e Allowances for contingenéies
o Owner's working capital, inventory items
6.1 DIRECT CAPITAL COSTS

The capital costs for a 200 MWe Central Power Station/Snlar Phatovoltaic
Facility found in Reference 2 have been appropriately adjusted to reflect the
improved performance and cost characteristics of the silicon photovoltaic
cells assumed in this report. The square silicon cell used herein (6 cm each
side) is projected to generate 0.568 Watts at a voltage of 0.458 d.c. and cur-
rent of 1.24 Amps, at an overall efficiency of 15.76% from a celi efficiency
(at 28°C) of 19.0% and cover~-glass attentuation of 9.57 and high temperature

voltage loss of 8.4%. After allowing for wiring and conversion losses, the net
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efficiency into the utility transmission system.is projected to be 14.02%.

The previously cited EPRI report used a nominal 12% silicon cell efficiency,
which represented a conservative state-of-the-art at that time. - Additionally,
the projected cost parameter for silicon cell technology has been modified to
cost $35/m2 of silicon cells, which is consistent with assumptions made for

the SPS system.

The costs of solar array panels and supporting structures were derived
from the detailed structural estimates found in Reference 1, On the basis of
silicon cell area relationships, these costs were adjusted to more accurately

indicate the required investment for the reference system,

Power conditioning equipment and other electric plant equipment costs are
essentially derived from updating the EPRI report, with a comparison of costs

included in the GE Reference 1 for corroboration.

The base direct capital costs, Table 6-2, include the costs of all mater-
ials, equipment, components, and installation labor necessary to construct the"
200 MWe Solar Photovoltaic Facility on the purchased 994 acre site, The direct
capital costs were assembled from the various data and updated to depict costs
as of January 1, 1978, through use of 1,1365 escalétion from mid-1975 and
1.0823 for mid-1976 calculated as the ratio of fourth quarter 1977 to yearly

average numbers for the GNP Implicit Price Deflator index,

Direct craft labor costs were not explicitly detailed in any of the refer-
ences. Howéver, these may be estimated based on the relative fraction of labor
for similar types of construction activities for other technologies. For
example, labor costs make up roughly 40% of the total cost of buildings and
facilities, and electrical plant costs in a coal facility,:  If 40% of the
buildings and facilities costs, power conditioning costs, and electrical plant
costs are assumed to be for labor, and if the array installation cost noted
under account 22 is taken as labor, the total labor cost would be estimated at

$22,276,000 or about 1.7 million man-hours.
f,2 INDIRECT CAPITAL COSTS

Indirect capital costs associated with any construction project will in-~
clude construction management and services, field engineering and supervision,

and home office design engineering, equipment logistics, and services,
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Table 6-2. Estimated Direct Base Construction Costs
200 MWe Solar Photovoltaic Central Power
Station (in January 1, 1978 dollars)

Account Construction Needs 200 MWe Costs
Number ($1000)
20 Land and Land Rights 994 A @ $4,480/A 4,453
21 Buildings and Site Facilities (a)
1. Site Development (a) , 2,584
2, Structures : , 160
3, Towers 240
4, Underground Conduit 1,250
5, Underground Conduit 1,150
. Total Buildings and Site Facilities 5,384
22 Solar Array Equipment
1. Silicon Solar Photovoltaic Cells @ $35/m2 48,294
2, Photovoltaic Array Structures 25,250
3, Array Imnstallation 11,600
Total Solar Array Equipment 86,144
23 Power Conditioning Equipmeht (b) 10,823
24 Electric Plant Equipment (b) 10,390 )
TOTAL DIRECT CONSTRUCTION COSTS (e) 117,134
NOTES

(a) GE (in Reference 1), from ratio devel,/site, derived at $2600/A-Other
materials per GE details Tables K-11, K-14, K-12

(b) EPRI, ER-685 (Reference 2), Table G-5, p. G-7, escalated x 1,0823
(1976 average to 1-1-78 GNP Deflator) ' o

(¢) Miscellaneous Plant Equipment (Acct. No, 25) included in Account
Nos, 21, 22, 23, 24, Labor costs are contained in account torals
and e;timated to be 1.7 million man-hours or $22,276,000,
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Tyﬁically, these represent an estimated value of services performed and are
derived from consideration of the total direct capital costs and labor costs

involved in the project,

Costs for construction services (Account 91) were estimated based on
témporary construction facilities valued at 8% of the total plant costs, and
payroll insurance and taxes valued at 15% of the direct labor costs. These

factors result in a total comstruction services cost of $§12,737,000,

Home office engineering and services has been estimated to be 4.3% of
the direct plant costs--similar to the fractional cost displayed in fossil
fuel plant conmstruction. Likewise, field office engineering and services was
estimated at 3.6% of the direct plant costs, Table'6—3 itemizes the indirect
cost estimates which total nearly $20 million or about 17% of the plant's

 direct capital costs,

Table 6=3. Estimated Indirect Capital Costs for
200 MWe Solar Photovoltaic Central
Power Station (in January 1, 1978 Dollars)

Reference
Account Design Costs
Number Construction Needs - (%1,000)
91 - Construction Services 10,716
92 Home Office Engineering and Services 5,050
93 Field Office Engineering and Services 4,228
TOTAL INDIRECT CAPITAL COST 19,994

6.3 OPERATING AND MAINTENANCE EXPENSES

The basic 200 MWe plant configuration used as a model for this character-

ization cited an operating staff of 14 people and a maintenance requirement of

180 man-weeke of cffort, To ensure full, uninterrupted operations and requisite

24 hr/day maintenance, we plan to use additional maintenance personnel and
swing shift operators. The staffing costs are estimated at an average of
$22,000/man-year,
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Operating supplies necessary to .sustain day-to-day operations were esti-~
mated to cost 15% of the direct operating payroll, This is a common cost
estimation practice. It represents office supplies, telephone and other
customary expenses of operations. Maintenance supplies are established at
607 of the maintenance payroll and will include cleaning supplies, tools and
equipment replacements, and parts and materials used in performing the neces-

sary routine maintenance.

During the 30-year life of this project, equipment will break down and
array structures will be damaged, An allowance must be considered for these
intervening replacements, As used in the coal gasification/combined cycle
characterization, a sinking fund will accumulate to 30% of total investment
over the 30-year life to cover these expenses., The annual payment to the

sinking fund is $783,000/year,

As part of an existing utility, the reference facilities will have admin-~
istrative and service function costs allocated to operations. These amount to
10% of payroll and supplies and account for administrative, personnel, legal,

accounting, and other services incident to operations.

Phoenix, Arizona‘and Cleveland, Ohio are two examples of sites used in
this review. (Boston, Massachusetts is the third example.) The sum ot O0&M
costs above has been assumed identical for each location, Ho&ever, the cost
per kilowatt hour of electricity produced will be substantially different
because the two locations will vary in their net output of power, The widely
differing insolation and climatological characteristics inevitably force dif-
fering plant operating factors for each location. Phoenix was carefully
studied in the EPRI report and calculatiéns resulted in a planf operating
factor of 25,.8%, i,e., over tﬁe 8760 hr/yr. Phoenix's solar photovoltaic
output represented some 25,8% of that time or equivalently 2260 hours at
design capacity. Unit costs of 3.8 mills/kWh ($0.0034) for O&M costs were

derived on that basis.

Boston, which was also included in the report, had a calculated plant
operating factor of 17.7%, Insolation at the three cities is known and
expressed normally in Langleys which is defined as gram-calories per square

centimeter or 3,687 Btu/ftz. Cleveland, the other site considered, was not
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included in the EPRI report. To derive the estimated plant factor for

Cleveland, the following interpretation was used:
Given: P.O,F.® is a function of insolatiom
P.0,F. - Phoenix 28.87%
P,0,F, - Boston 17.7%
Langleys, Mean daily, - Phoenix 518
Boston 301
Cleveland 335

To Find: P.0.F, - Cleveland

1 Phoenix - 25,87 - 518 Lanelevs S
* Boston 17.7% 301 “2PeLeY
335 \0.695
2, Cleveland P.O.F, = <§6I Langleys) . x 17,7% Boston P,0,F,
Cleveland P,.O0,F, = 19,1%

*P,0,F, ~ plant oéerating factor

The annual O&M cost for solar photovoltaic power generation in Cleveland
is estimated, on this basis, at 5.1 mills or $0.0051/kWh. Table 6~4 illustrates

the estimated annual operational expenses.
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Table 6-4. Estimated Annual Operating and Maintenance Costs
200 MWe Reference Solar Photovoltaic Central Power
Station (in January 1, 1978 dollars)

O&M .
Account Operating Cost Components $1,000/Yr
Plant Staff 25-1/2 persons @ $22,000/yr (Fixed Cost) 561
Supplies & Operating @ 15% Oper. Payroll 28
Expenses Maintenance @ 60% Maint, Payroll 224
Interim Sinking Fund Accrual of 307 (Direct & 783
Replacements Indirect Capital Costs over 30 year life

at 4% "real” interest rate

Admin; & 10% of payroll plus supplies 02
General

Unit O&M costs in mills/kWh

TOTAL ESTIMATED O&M COSTS 1,678

Phoenix (445,914 MW hr/yr) (a) o 3.8
Cleveland (330,114 MW hr/vr) () : 5.1
NOTES

(a) Phoenix plant capacity factor = 25,8% per Table H-1, p. H-2, EPRI ER 685,

(b)

Reference 2,

Cleveland plant capacity factor = 19,1% from interpolation, Table H~1
for Boston/Phoenix, Reference 2,

Phoenix _ 25.8% _ <518:§'695

Buston 17.7% 301
0,695
Cleveland _[/335\"" _ )
< Boston Lancley/day> - <§BI> x 17,7 = 19,1%
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7. MAGNETIC CONFINEMENT FUSION

1.0 INTRODUCTION

The characterization of a fusion power plant presented here is based on
the NUWMAK power plant design developed by the University of Wisconsin Fusion
Engineering Program of the Nﬁclear Engineering Department and published in
March, 1979. The NUWMAK power plant produces electricity through a boiling
water reactor (BWR) power cycle with heat supplied by a Tokamak fusion reactor.
One plant produces 660 MWe net. The power facility characterized here con-
sists of téo NUWMAK reactors and produces a net power of 1320 MWe operating

at an overall thermal efficiency of 31.5%.

The NUWMAK is a newer and more realistic design than the UWMAK series
developed by the University of Wisconsin. The design philosophy in NUWMAX has
been to make mechanical design and maintainability easier. The power density
in NUWMAK is increased to about 10 W/cm3 as compéred to 0.5 to 2 W/cm3 in
earlier designs. The NUWMAK design does not use a divertor to control im-
purities, thereby considerably simplifying the reactor design and allowing
easier access and maiptenance. Instead, impurity control in NUWMAK is
achieved through a system using gas puffing (which also serves to partially
fuel the reactor). Heating of the plasma is achieved via radio-frequency (RF)
heating rather than by neutral-beam injection, simplifying the engineering.
The reactor blanket employes phase change energy storage, reducing the need
for and simplifying external energy storage systems. Titanium alloys replace
stainless steel as structural materials for the first wall and blanket of the
reactor, in order to increase material 1life under heutron bombardment and

reduce the impact on mineral resocurces.

Figure 7-1 shows schematically the simplification in the power cycle of
NUWMAK as compared to a 'conventional" Tokamak power plant. Although many
technical questions remain concerning the NUWMAX design, the NUWMAK design

is an improvement over earlier fusion reactor designs, .
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2.0 GENERAL PLANT CONFIGURATION

An overall plant layout for two 660 MWe NUWMAK reactors is shown in
Figure 7-2 with one reactor building layout shown in Figure 7-3., The func-—
tions of each building are briefly described below:

o A Reactor Building houses the reactor and other components of the
nuclear island, providing primary containment.

@ Two auxiliary buildings contain equipment to handle radioactive .
material, the tritium handling system, and other auxiliary
equipment needed near the Reactor Building.

® A Hot Cell receives and processes irradiated blanket and other
reactor components, providing temporary storage for these
materials.

8 A Radwaste Building processes all of the radicactive waste from
the tritium handling and coolant purification systems.

& A Turbine Building contains the turbines and associated equipment
(steam drums, condensers, etc.).

? A Maintenance Building contains the equipment needed to maintain
the radioactive components of the reactor.

o An Administration and Control Building is located separate from
the Reactor Building complex. '

-] Energy Storage, Inverfor, and Miscellaneous Buildings house the

remaining equipment and facilities.

The fusion plant generates electricity using deuterium obtained from
heavy water and tritium, which (after initial fueling) is generated from
lithium conversion in the reactor blanket. The blanket design is unique,
using a breeding material which will operate at its melting point, thereby
storing energy. The reactor is a Tokamak operating cyclically at a duty fact-
or of 0.91 with energy stored in the blanket. Boiling water is used to trans-
fer the energy from the reactor blanket to the turbines, eliminating the need
for two coolant loops (as in the UWMAK designs). Existing Boiling Water Re-

actor (BWR) technology can be used for the power cycle.
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Figure 7-3. NUWMAK Reactor Building Layout

Apart from the normal cooling tower -discharges, there are two environ-
mental residuals that need to be controlled. The first is tritium. Tritium
is a primary fuel and is radioactive (beta emitter). The Reactor Building is
hermetically sealed so that at ambient air temperatures the tritium diffusion
rate is relatively slow enabling tritium scavenging systems to keep radiocactive
fluid emission to less than 1 curie/day. The other source of radioactivity
is from replacement of blanket modules which have become radioactive through
neutron activation. The use of titanium-alloys for structural material sig-
nificantly reduces the problem since these materials should have longer lives
under neutron bombardment than stainless steel and have less residual radio-

activity (except after very long times). First wall life is estimated as

10 years.
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3.0 THERMODYNAMIC CYCLE CHARACTERISTICS

The reference fusion plant uses deuterium-tritium fuel. During the
reactor burn cycle the deuterium (D) and tritium (T) exist in the torroidal
reactor chambers in a plasma state. When a D-T fusion reaction occurs, a
helium 4 nucleus (alpha particle) is formed and a neutron is given off. This

reaction and energy balance is shown in Figure 7-4.

Y Neutron (Usafu!

Trivium 14,1 MeV Energy

:}m Hslium (“Ash™)
3.5 MsV

FUEL REACTION CONDITIONS Q
’ {DENSITY, TEMPERATURE, TIME)

PRODUCTS

Flgure 7-4, Deuteriim-Tritium (D-T) Fucion Rcactien -

The high-energy neutrons produced are absorbed by a blanket which sur-
rounds the fusion reaction Ehamber. The neutrons heat the blanket and then
this heat is removed from the blanket and used to produce electfiﬁity. NUWMAK
uses boiling water as a coolant and a conventional boiliﬁg water reactor (BWR)

power cycle to produce electricity.

The power flow for oue NUWMAK reactor is shown in Figure 7-5. The gross
thefmal_efficiency is 34.5%. After accounting for auxiliary power require-
ments of 65 MW and cooling of the magnets of 60 MW, the net power output is
660 MWe with a net thermal efficiency of 31.5%. Two reactors would have a

net output of 1320 MWe.
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Figure 7-5. Power Flow Diagram for NUWMAK

3.1 FUSION REACTOR

The controlled nuclear fusion reactions which supply the heat to the
blanket coolant system are not simple to produce. 1In fact, scientific break-
even (energy output from the reactions equal to energy input to produce the
rcactions) has nul yet been achieved. Sustained fusion reactions require a
plasma with very high temperature and high density, confined sufficiently
long. In a NUWMAK reactor, the plasma will be initially heated by ohmic
(resistance) heating and with radio frequency (RF) waves and contained by
strong magnetic fields. The reactor is a Tokamak type, in which the plasma is
contained in a toroid. A cross section of one reactor as cut through a
toroidal field (TF) coil is showiu in Figure 7-6. The plasma is contained in

4

"D" shape at a density of about 3.1 x lOl ions/cm3.
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Figure 7-6. Cross-Sectional View of NUWMAK

The NUWMAK reactors differ from those of previous studiés (such as UWMAK)
in that no divertor is used. Impurity control (which is needed in order to
keep the plasma from cooling) is accomplished instead by gas puffing. The
gas puffing, along with partial pellet fueling, permit operation fotr approxi-
mately 225 seconds with adequate plasma cleanliness. During a burn, neutral
deuterium gas is puffed into the plasma periodically with a time between puffs
of about 0.5 seconds. Tritium is introduced in solid pellets, which penetrate
only the outer plasma mantel. A sharp temperature profile develops at the
plasma edge which is maintained cold by both the gas puffing and by impurity
introduction. 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 tesla at a major radius of
5.13 meters, which means a maximum field of 12 tesia at the magnet. To pro-
vide the needed access for~maiptenance and repair, NUWMAK 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
TF coil uses NbTi superconductor with subcooled superfluid liquid helium at
1.8°K and atmospheric pressure. There are four cryogenic vertical field coils
inside of the TF coils and four superconducting coils at the outside of the
TF coils to maintain the elongated plasma. The ohmic heating coils are lo-
lcated inside the central core of the reactor system., Since the magnets require
a pulsed power supply, each reactor is supplied with a two MWh superconductive

energy storage unit.

Since ohmic heating is effective only at relatively low'blasma tempera~-
tures, auxiliary héating is necessary to raise plasma temperatures to ignition
conditions (when fusion reactions will sustain themselves without further heat
input). The NUWMAK design employs radio—frequencj (RF) supplementary heating
in the ion cyclotron range of frequencies in order to startup the plasma. It
is proposed to launch-a fast magnetosonic wave into a 50-50 DT plasma and heat
the ions at the second harmonic cyclotron frequency of deuterium., Most of the
present-day magnetic fusion %eactor designs advocate the use of neutral beams
for heating and fueling purposes. However, the potentiai advantages of RF
heating (such as lower technological demands) led to its choice for NUWMAK.
For a power absorption of 80 MW by the plasma in one reactor, a prime power of
136 MW is required from the line or 272 MW total. This number may.be opti=

mistic.
3.2 THE REACTOR BLANKET SYSTEM

The NUWMAK blanket system is designed to alleviate or avoid problems
which were uncovered in the UWMAK designs. Table 7-1 lists the major problems

and solutions.
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Table 7-1.: Problems, Causes, and Possible
Solutions for a Tokamak Blanket

Problems

Caused By

NUWMAK Solution

Thermal Fatigue

Thermal Storage
Intermediate Loop
T-Diffusion

High 1st Wall Thermal
Load

Coolant Tube Maintenance

Waste Disposal,

Reprocessing

Blanket Life

Cyclic Plasma

Cyclic Plasma

HoO-Li Compound Reaction
Possibility

Toward Cooling Water

High Wall Loading, No
Divertor

Tube Leak

Radiocactivity

Radiation Damage

Ti Structure, Boiling Water

Cooling

Phase Change (of Breeding
Material) Thermal Storage

Tiga2 Phqg Breeding, Redund-

ant Structure

Multiple Layer Coolant Tube

Design

Ti Structure, Boiling Water

Cooling

Double Wall Tubes
(Redundancy)

Ti Structure

Low Operating Temperature

A cross-sectional view of the NUWMAK blanket is shown in Figure 7-7.

The blanket structure is a titanium alloy, Ti-6A1-4V, designed with a maximum
temperature of 400°C at the coolant tube wall for phase stability. The maxi-~
mum design temperature in the blanket is 500°C.

at 300°C with a pfessure of 8.6 MPa (1250 psi).

The coolant is boiling water
The design life for. the

blanket module is two years.

The blanket resembles a large phase change energy storages tank. The
first wall is formed by a continuous bank of tubes, with the space between
the tubes filled with Li-62 Pb-38, the breeding and energy storage material.
This breeding material is solid around the coolant tube and liquid in between
the tubes, with energy storage provided by the movement of the solid-liquid

interface (melting temperature is .464°C).
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3.3 THERMODYNAMIC PARAMETERS

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 [rom 70% to 30% of the maximum energy to the turbines.

As a 30% variation is still unacceptable, a steam drum is used and the feed

water temperature is adjusted. Figure 7-8 is a schematic of this load-
leveling system. Constant electrical output can be achieved with this system.
Simultaneous operation of the two reactors is not necessary for constant
electrical output.
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Figure 7-8. Schematic Showing Components in
NUWMAK Load-Leveling System

The thermodynamic parameters for one NUWMAK reactor are given in Table

7-2. Two reactors would produce 4566 MW of gross powef during burn with a ”
net electrical output of 1320 MWe. Since the burn time is 927 of the cycle
time, the net thermal efficiency is 31.5%.
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Table 7-2. Summary of Thermodynamic Parameters
for One NUWMAK Reactor
Parameter Value
Power Output (During Burn) 2283 MW
Blanket Energy (Continuous) 1900 MW
Neutron Wall Loading 4.34 MW/m2
First Wall Area 360 m2
Total Thermal Wall Loading 6.34 MW/m2
First Wall Thermal Loading 1.08 MW/m2

Plasma Burn Time
Plasma Down Time
Structure

Breeding Materizl

Energy Storage Material

Coclant

Coolant Temperature

Coolant Pressure

Maximum Coolant Wall Temperature

Maximum Coolant Wall Stress

Maximum Blanket Temperature

Average Coolant Tube Thermal Load

Total Coolant Tube Surface Area

NMet Power Output (Continucdus)

Net Thermal Efficiency

-
R VARET

225 Secomnd

20 Second

Ti Alloy

Eutectic
Li623b38 Eutectic
Boiling HZO‘
300°C

8.6 MPa

400°C

100 MPa

500°C

44 W/cm2
4350 m°
660 Mile

31.5%
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3.4 FUEL USE

In a "worst case" fueling scheme with deuterium-tritium (DT) gas puffing
and "shallow" DT pellet injection, 13.82 x 1020 tritium atoms/sec. are burned
in the two reactors to produce 4566 MWt. Tritium is injected as a DT gas
blanket at a rate of 4.06 x 1022 T atoms/sec and as DT pellets at a rate of
18.06 x lO22 T atoms/sec. This results in a burn fraction of only 0.627%.
Tritium in storage for one day's supply at a burn cycle duty factor of 91.8%

is 88 kg. The tritium inventory under this scheme is given in Table 7-3.

Table 7-3. Tritium Inventory Under a DT Pellet Fueling Scheme

Components Amvunt ol
Tritium

Fueling System
Cryopumps (4 hr. cycle time) 84.0 kg
Storage (1 day's supply, 91.8% duty factor) 1 88.0 kg

Purification System

Distillation Columns 1.6 kg
Blanket (no change over original case) 0.18 ke
TOTAL 173.8 kg

The detailed calculations for 'deep pellet" fueling have not yet'been
worked out. However, it has been found that injection of tritiﬁm‘deép into
the center of a plasma surrounded by a cold gas blanket 6f DQ should increase
. the particle confinement time at the plasma's center by a factor of ten com-
pared to the "shallow pellet" fueling technique., Thus, the anticipated burn
fraction would be about 67%. This represents a best case fueling scheme and
would have associated with it inventories and handling capacities reduced by

a factor of about ten.

The tritium, after initial fueling, is recovered from the blanket breed-
ing material. A breeding ratio of 1.54 is planned to ensure a continuing
supply of tritium. Residual tritium and deuterium are also recovered from the

plasma and recycled.
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4.0 ENVIRONMENTAL CHARACTERISTICS

There are four direct enviromnmental effects caused by ﬁusion power plants:
@ Water/air emissions of radioactive tritium
© Radioactive solid waste (blanket and structural components)
] Use of water resources
® Use of land resource
4.1 TRITIUM

- . . 10 .
The total tritium inventory in NUWMAK may amount to more than 10 Ci.
In order 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. Such a monumental task must rely on the most conservative containment
measures possible. ZEssentially perfect containment of tritium depends on
clearly identifying possible routes of tritium release. During normal opera-
tion, plasma fueling and fuel purification components, storage (both normal
and emergency), breeding and tritium extraction system components, and the
first wall and blanket coolant are all sources of potential tfitium losses.
Tritium containment associated with each of these systems is examined in the

analysis of ‘a multi-layer containment system.

The three~level containment system (Figure 7-9) is designed to deal with
tritium release under both normal and off-normal conditions. Each level pre-
vents the dilution of released tritium so that it can be recovered before
permeating to the next barrvier.

The primary containment system consists of those pipes and other struc-
tural elements which contain tritium or tritium-bearing materials. These
components must demonstrate high structural integrity for the containment of
tritium. Connections must be welded and leak tested extensively with helium
prior to the introduction of tritium. Division of the fueling and fuel
storage system into eight identical units reduces the size of the maximum

tritium release possible.

The secondary containment system consists mainly of a second physical
barrier around primary system components. Thus, primary system piping outside

the plasma chamber is contained within larger diameter piping. A slowly
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Figure 7-9., Tritium Effluent System Design

flowing inert gas is passed through the annulus and monitored for tritium

leakage. Large pieces of equipment requiring maintenance or adjustment are

enclosed in glove boxes. Estimates currently hold that .approximately 1% of

the building volume will contain high enough levels of radiocactivity to re-

quire enclosure within glove boxes. These glove boxes will contain a circu-

lating inert gas which is monitored for tritium.

If the level of tritium goes above 2ppm, the glove box atmosphere can

be diverted to a tritium removal system (TERS) or an emergency detritiation

system (ETCS) as needed. Especially leaky components of the primary system

can be enclosed in special glove boxes equipped with cryogenic absorption or

hydrogen getters to control tritium losses when needed.
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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 containment
system (ETCS). The TERS is designed to operate on routine tritium losses

wnile the ETCS is only used under off-normal conditions.

As with the primary and secondary systems, the reactor building is sub-
divided 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 lO4 m3 and may
be divided radially to provide the least impediment to maintenance operations.
The reactor building is maintained at 70 torr during operation, with the capa-

bility of attaining 10 torr under emergency conditionms.

About 207 of the building volume atmosphere per.day should be circulated
through the building from areas of smallest to largest radiqactive hazard
before leaving through a stack of sufficient height to guranatee proper dis-
persal of the effluent. Under normal 6peration, this stack effluent wduld'
contain about 1 Ci per day. The main reactor hall should not be ventilated
routinely due to the existence of the short-lived, but hazardous isotopes
lBN, l6N, and 4lAr created by neutron leakage from the reactor.

Routine processing of exhaust gases from vacuum pumps and purge gases
is performed by the TERS. The TERS conmverts gaseous waste (HT, tritiated
hydrocarbons, etc.) to tritiated water which is collected. This water and

other liquid and solid tritiated waste is then fixed for burial in a solid

matrix such as concrete.

The emergeucy ‘LriLium conlalnment system (ETCS) consists of a heated
catalyst to oxidize HT and T2 to HTO and TZO’ alumina beqs presaturgfed with
water at 1007 humidity, and the required air handling equipment. The ETCS is
used in the event of a simultaneous breakdown of both the primary and second-
ary systems to rapidly detritiate 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
has been calculated that the leak rate of tritium into the cooling water will

be limlted to a few curies per day. In the event that the leak rate increases,
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it is possible, at comparable costs, to remove tritium (in the range of 0.001
to 10 uCi/mf), either by combined electrolysis-catalysis or by molecular

photo-excitation.
4.2 BLANKET (SOLID RADIOACTIVE) WASTE

The 14 MeV neutrons from the.fusion reaction induce radiocactivity in the
structure surrounding the plasma. Figure 7-10 shows the radioactivity of the
reactor in curies per watt thermal. For comparison purposes, the activity of
UWMAK-I is also shown. Most of the activity originates in the inner region
of the blanket. In comparing the activity of the titanium alloy in NUWMAK
with the stainless steel UWMAK-I design, it is seen that some improvement has
been made especially in the one year to 1000 year time spamn. Initially the
activity per watt is only lower by a factox of about two. The afterheat re-
sults (Figure 7-11) and Biological Hazard Potential (BHP) results (Figure 7-12)
show qualitatively similar behavior with the brimary difference being the very
long term behavior of the BHP for NUWMAK.

The radioactivity, afterheat, and BHP after one year of continuous opera-
tion are 0.8 curie/Wt, 0.5% of operating power, and 2 x 102 km3 air/kwt,
respectively. Howevef, they drop by between 4 to 5 orders of magnitude 10

.years after shutdown.

The blanket is expected to be replaced every two years with the material

processed and stored on the plant site.
4.3 LAND AND WATER USE

The twb-unit reference fusion plant is expected to require a 500 acre
site including the mainplants, switchyard, cooling towers, access roads and
buffer zones. Temporary on-gite storage of structural radinacrtive waste
requires a negligible area. The radioactive material storage requirement in

. . 3 .
volumetric terms is about 8.5 m™/yr for each of the two units.

The primary water use is for cooling and cooling tower blowdown and is

expected to be comparable to that of an equivalent capacity BWR.
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5.0 CONSTRUCTION AND OPERATING CHARACTERISTICS
'

5.1 CONSTRUCTION TIME

The NUWMAK study assumed an eight-year construction period for a single
660 MWe plant. This estimate is two years less than that for earlier UWMAK
designs on the grounds that NUWMAK is a smaller and less complicated reactor
which utilizes current BWR technology in the power cycle. For the two-unit
reference plant characterized herein, a ten year total construction time is
assumed with the firét unit being completed after eight years and the second

unit two yéars later.
5.2 CONSTRUCTION PERSONNEI, RE(OUIREMENTS

A total direct craft labor requirement of 2.13 x 107 man-hours is esti-
mated for construction of the reference two-unit plant. About 10 percent of
this labor requirement is for construction of the reactor plants themselves,
which is about the same as that required for construction of the reactor por-
tion of a 1190 MWe BWR. A construction personnel requirements breakdown by

craft type is not available.
5.3 RESOURCE REQUIREMENTS

The total materials requirements for a 300 CWe installed capacity of
NUWMAK-tyPe reactors are shown in Table 7-4., While fhis level nf fusien
development would not place a severe burden on resources available from the
domestic market at projected or possible future prices, three materials, Nb,
W, and Co, would be required from foreign sources. The supply and demand for

thiese materials would require careful monitoring as fusion power develops.

7-22



Table 7-4. Materials Requirements and Availability in
a 300 GWe Economy of NUWMAK Type Reactors

Total Requirement
Group & Metal (in metric tonnes x 107)

Group A - Materials available from
domestic mines at market prices

Boron 670
Carbon ' 328
Copper - 355

~ Iron ‘ 16,909
Lead ' 849
Lithium 19
Magnesium 2
Zirconium 0.5
Molybdenum 20

Group B - Materials available from
fdomestic mines at 3X market prices

Aluminum 672
Chromium ) 104
Titanium 386
Manganese : 16
Vanadium 35
Nickel 13

Group C - Materials available in
adequate amounts only from foreign

sources
Niobium 23
Tungsten ‘ 312
Cobalt 20
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5.4 OPERATING PERSONNEL REQUIREMENTS

Total ‘staffing requirements for the reference fusion plant are estimated
to be 300 persons including security and peak maintenance personnel. This
estimate is based on staffing requirements for LWR plants having two 400~700

MWe units per site. A breakdown of the operating staff is shown below.

Estimated Staff Requirements for Reference Fusion Plant¥®

Plant manager's office

Manager 1
" Assistant- 2
Quality assurance 4
Environmental control 1
Public reclationo 1
Training 1
Safety 1
Administrative services 15
Health services 1
Security 56
Subtotal 83
Operations
Supervision (excluding shift) 2
Shifts ' 48
Subtotal 50
Maintenauce
' Supervision 8
Crafts ' 22
Peak maintenance annualized ‘110
Subtotal 140
Technical and engineering
Reactor 2
Radiochemical 2
Instrumentation and controls 2
Performance, reports, and
technicians 21
Subtotal 27
TOTAL STAFF 300
Less security ‘ . 244
Less security and peak maintenance 134
*Source: "A Procedure for Estimating Nonfuel Operation and Maintenance Costs

for Large Steam-Electric Power Plants," ORNL/TM-6467, January 1979.
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- 5.5 PLANT AVAILABILITY

Unip availability in the NUWMAK study is estimated to be 80.8 percent.
This estimate is based on-four weeks (672 hours) of unscheduled downtime per
year and six weeks (1008 hours) of scheduled downtime per year. It was
assumed that all the first wall/blanket material and the limiters will be
replaced every two years, with one-half of the first wall/blanket/limiter
material replaced each year on a regular schedule. The six week scheduled-
downtime period must thus be adequate for replacement of eight of the sixteen

first wall/blanket modules.

For the reference plant characterization it was assumed the two-unit

plant would operate at an overall capacity factor of 70 percent.
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6.0 COST CHARACTERIZATION (FUSION)

The base capital costs estimated for the 1320 MWe reference fusion plant
have been derived from cost data presented in the "NUWMAK" report and from the
"Energy Economic Data Base (EEDB) Program Phase I" report. The NUWMAK report
was used as the primary source of ﬁata while the EEDB was used to derive the
direct labor ccmponents for each of the major accounts (except for those of
the reactor plant for which the NUWMAK presents data). Direct and indirect

costs are presented on a consistent January 1, 1978 basis.
6.1 DIRECT CAPITAL COSTS

The NUWMAK design report develoés a grass roots estimatre for the plant's
reactor plant equipment and derives the balance of plant costs from the EEDB
boiling water reactor design costs. A direct craft labor requirement of
2,13 x 106 man-hours is estimated for construction of the reactor plant,*
while all other accounts are specified by total dollar cost with no specific
breakout of the labor component. Thus,&for consistency with each of the other
technologies characterized in this report, the labor component for each direct
cost account was estimated, based on the ratio of direct labor cost to total
cost for the balance of plant accounts of the EEDB boiling water reactor design.
As this design served as the basis for estimating the original NUWMAK costs,

consistency is preserved,

The NUWMAK design report assumed an average labor cost of $12.50/man-hour.
This cost has been adjusted slightly to $13.04/man-hour for consistency with

the average labor costs used in the reference LWR and LMFBR characterizations.

For each of the accounts, the NUWMAK study defines four components of
cost: identified equipment costs, design allowances, contingency, and spare
parts. Contingency and spare parts costs have not been included in the base
direet costs for consistency with the cost estimates of the other technologies.
Design allowances, as defined in the NUWMAK report, are costs estimated to
account for items overlooked in the engineering design. These costs are

estimated in the NUWMAK report at 10% of each equipment account total, except

*This labor requirement is about the same as that required for the construc-
tion of the reactor portion of a 1190 MWe boiling water reactor.
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for the reactor plant equipment where 207 is used. 1In light of the status of
development and conceptual nature of the fusion system, it was judged appro-

priate to include these costs in the base cost estimate.

Thus, direct capital cost includes the costs of all materials, components,
structures, and associated direct craft labor necessary to construct the ref-
erence facility at the plant site. Delivered costs for components, structures,
and materials are used. Base indirect costs include site temporary comnstruc-
tion facilities, payroll insurance and taxes, and other construction services,
such as home and field office expenses, field job supervision and engineering
services. Specifically excluded from the base construction cost estimate are
the items specified above, and items that are sensitive to the particular
policies and preferences of the individual utility and to the specific plant
site and prevailing economic factors being considered. These exclusions in-

clude the following list of items:
1. Owner's Costs - Consultants, Site Selection, etc.
2. Federal, State -and Local Fees, Permits aﬁd Taxeé
3. Interest on Capital Construction Funds ' -
4, Price Escalation during Constructien
5. Contingency Funds

6. Owner's Discretionary Items - switchyard and transmission costs,
waste disposal costs, spare parts, and initial fuel supplies

With only a few exceptions, cost estimates provided in the NUWMAK report
were taken directly as those for the reference design. The exceptions include
a modification of average labor costs as previously discussed aﬁdhthé inclu-
sion of a second 660 MWe unit on the same plant site. With regard to the
second unit, only land costs (Account 20) and structures and improvements
costs (Account 21) were assumed to be shared by the two units. Land costs
are based on a 500 acre site valued at $4,480/acre with half the total price
assigned equally to each unit. Unit 2, Structures and Improvements costs,
were estimated at 90% of the Unit 1 labor costs with savings attributable to
reduced labor requirements for structures and improvements, and to learning
as a result of construction of unit 1. Table 7-5 summarizes the direct equip-
ment, materials, and labor costs estimated for the 1320 MWe, two-unit refer-

ence fusion plant.
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Table 7-5. Estimated Direct Capital Costs for 1320 MWe®*
Fusion Reference System (January 1, 1978 Dollars)

Dollars in Thousands
Account Description Unit 1 Unit 2 Total
20 Land and Land Rights 1,120 1,120 2,240
21 Structures and Improvements 52,279 47,051 99,330
22 Reactor Plant and Special
Materials 457,277 | 457,277 914,554
23 Turbine llant kquipment /4,433 14,433 148,866
24 Electric Plant Equipment 24,676 24,676 49,352
25 Misc. Plant Equipment 8,234 8,234 16,468
26 Main Condenszta Heat Rejection
System : 12,633 12,633 25,266
Total Equipment & Materials Costs 630,652 625,424 1,256,076
Site Labor @ $13.04/man-hour 142,136 |1 135,029 277,165
TOTAL DIRECT CAPITAL COSTS 772,788 760,453 1,533,241

#Two—-unit plant, each unit at 660 Mie

6.2 INDIRECT COSTS

Indirect costs for construction, home office, and field office engineer-
ing and services are estimated, based on the ratio of these cost accounts to
the total direct costs for the EEDB boiling water reactof plant. 1In general,
this results in a higher indirect cost estimate for the fusion plant than is
estimated in the NUWMAK report. For a boiling water reactor, construction
services (Account 91) are 16% of total direct costs, home office engineering
and services (Account 92) are 19% of total direct costs,-and field office
engineering and services (Account 93) an additional 6%Z. (The NUWMAK study
assumes 157, 15% and 5% respectively.) Table 7-6 summarizes the estimated

indirect costs which totai $628,628,UUU0 or 41% of the plant's direct costs.
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Table 7-6. Estimated Indirect Capital Costs for 1320 MWe Fusion
Reactor Reference System (January 1, 1978 Dollars)

Dollars in Thousands
Account Description Unit 1 Unit 2 Total
91 Construction Services 123,646 121,672 245,318
92 Home Office Engineering & Services) 146,830 144,486 291,316
93 Field Office Engineering and
Services 46,367 45,627 91,994
TOTAL INDIRECT COSTS 316,843 311,785 628,628

6.3 OPERATIONS AND MAINTENANCE COSTS

The NUWMAK study estimates annual operation and maintenance costs, exclu-
sive of scheduled and unplanned replacements and fuel costs, to be 27 of the
plant's total direct and indirect capital costs. Annual scheduled replacement
of the first wall/blanket material was estimated at $4 million/year for each
unit. Additionally, the O&M cost estimate includes an estimate of unscheduled
interim replacements taken to be accrued in a sinking fund at 4% real interest
per vear. Total accrual after 30 years is assumed to be 307% of the plant's
total direct and indirect costé exclusive of the reactor plant costs for which
scheduled replacements are accounted in the above cost. Table 7-7 summarizes

the nonfuel O&M costs assuming a plant capacity factor of 70%.

Fuel costs include the cost for replenishment of burned lithium and for
the purchase of deuterium which is estimated to cost $1200/kg. 'The NUWMAK
study estimates these costs to be $449,000/year per reactor at 81% capacity
factor. This adjusts to $776,000/year for two units operating at 70% capacity

factor.
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Table 7-7. Annual Operation and Maintenance Costs--1320 MWe
Reference Fusion Reactor System @ 70% Capacity Factor

0&M Account Cost Estimating Relationship $1000/yr
General O&M 22 of total direct and indirect costs 43,241
(.02) (1,533,421 + 628,628)

First Wall/Blanket $4 million/year/unit x 2 units 8,000
Replacement
Unscheduled Interim Sinking Fund accrual of 307 of direct
Replacements and indirect plant capital costs
(excluding direct reactor plant costs)
at 30 years and 47 interest 6,662
Total Nonfuel O&M 57,903
At 70% Capacity Factor:
Non-Fuel Og: ~272903,000 $/yr) (1000 mills/$) 7.15 mills/kWh

Fuel Costs:

(1,320,000 kW) (8760 hr/yr)(.7)

(776,000 $/yr) (1000 mills/$)

(1,320,000 kW) (8760 hr/vr) (.7)

TOTAL - 7.25

.10 mills/kWh

mills/kWh
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. Appendix

COST ESTIMATING RELATIONSHIPS FOR REFERENCE COAL GASIFICATION
COMBINED CYCLE SYSTEM

This appendix details the cost estimating relationships for direct equip-
ment costs and material costs for the reference 1250 MWe coal gasification
facility. The series of tabies (listed below) show the intermediate and
final results of the procedure used to estimate the reference system costs (two
625 MWe units using Eastern Bituminous Coal) from costs presented in the Energy
Conversion Alternatives Study (ECAS) for a single—unit 579 MWe facility using
Illinois ‘Nov.46”coal° The facility complies to more restrictive environmental
emission staﬁdards than is applicable to the reference design. All costs in
this appendix are in 1975 dollars. The final cost estimate used in the body
of the report is presented in January 1, 1978, dollars which have been converted
from 1975 dollars by application of the corresponding GNP price deflator index
ratio of 1.1365.

The cost estimating procedure was as follows:

1. A detailed equipment and materials cost list for the original ECAS
579 MWe plant using Illinois No. 6 coal (10,788 Btu/lb., 3.9 percent
sulfur, 9.6 percent ash, and 59.6 percent carbon) was compiled under
a code of accounts similar to that used in the Energy Economic Data
Base. For the most part, except for the heat rejection system, this
code of accounts is used in the ECAS study. (Another code of ac-
counts used in the ECAS study for preparation of their equipment list
is shown under the equipment descriptions in the following tahles ta
provide traceability to the original ECAS document.) Column A in
the following tables shows these original costs separately for the
plant's gasification module (GM) and balance of plant (BOP). The
total cost is also shown.

2., Cost estimating exponents (o) were assigned to each of the major
pieces of equipment based on an analysis of equipment lists and cost
estimating exponents for conventional coal burning powerplants. Where
no direct parallel of equipment type existed, basic design similarities
were taken into cousideration (e.g., tank, vessel, pump, turbine),
before selecting an appropriate exponent. These exponents, shown in
Column B of each table, were subsequently used in the following equa-
tion to make adjustments in cost based on equipment sizing, capacity,
or loading: N

. / Capacity of B
Cost of Component R = Cost of Component A x (Capacity of A/

where & ig-the-cost estimating exponent,



Plant equipment loading or capacity ratios were then determined for:
(a) a 579 MWe facility using the Eastern Bituminous coal rather than
the Illinois No. 6 coal (11,026 Btu/lb., 3.2 percent sulfur, 10.29 per-
cent ash, 61.49 percent carbon), and (b) conforming to less stringent
environmental standards applicable to the reference system. Applicable
ratios for the modified 579 MWe plant are shown in Column C of the
following tables. Column D shows the costs for each piece of equip-
ment, separately for the plant's gasification module and balance of
plant. The costs are derived by application of loading ratios (C),
cost estimating exponents (B) to the original ECAS cost estimates (&).

After correcting for coal characteristics and environmental standards,
the system was sized to a net output of 625 MWe. In order to meet the
ash throughput design limitation for each vessel and to ensure reliable
operation, two additional gasification vessels were required. These
additional vessels were not costed using the exponent technique. Rather,
they were added at their given unic costs since no modlficatiou was
assumed for the vessel itself. A 7.9 percent increase in component
capabilities and loadings resulted in scaling up from 579 to 625 MWe.
Costs for a single unit 625 MWe facility using the reference Eastern
Bituminous coal are given in Column E in the following tables. These
values are derived from the Column D values and the above cost esti-
mating equation, a capacity ratio of 1.079 and cost estimating expo-
nents shown in Column B.

Estimates were then made on a component-by-component basis of the in-
cremental cost of adding a second 625 MWe unit on the same site. In
some cases (e.g., coal handling equipment), that portion ot the equip-
ment cost assignable directly to the individual unit's gasification
module was not considered as shared equipment, while that equipment
assignahle ta the halance nf the plant was assumed to be twice the
gingla unit capaaity and shared by both units. The relationship indi-
cated for estimating the incremental second unit cost for independent
and shared facilities when identical capacities or loadings are re-
quired for each unit is as follows:

]

Independent (not shared) Equipment: U2 U1

Shared Equipment: U, = Ug (2% - 1)
where Ul = Unit 1 cost

U, = Unit 2 incremental cost

0 = cost estimating exponent

Column F indicates the shared or not shared assumption for each of
the pieces of equipment, and Column G shows the second unit incre-
mental cost.



All costs have been derived in 1975 dollars. The final table sum-
marizes the direct capital costs for Unit 1 and Unit 2 of the refer-
ence facility for each major account. These values were derived by
adding the component costs under each account for Unit 1 (Column E)
and Unit 2 (Column G) and then escalating each of the account costs
to January 1, 1978 dollars by multiplying by 1.1365 determined from
the ratio of GNP price deflators. Consistent with the other technol-
ogies, land costs were estimated from a 500 acre site valued at

$4,480 per acre. Total site land cost was assigned equally to -each
unit.



Table A-1.

Equlpment and Materials List-Structures and

Improvements - Account 21 (ECAS Aczt 1.0)
1975 Dollars

COLUMN A B C D B F G
559 MWe ECAS C3ST (1000%) cost CAPACITY MODIFIEL REFERENCE FIRST SHARED(S) REFERENCE SECOND
ESTIMATING oR 579 Mue UNIT CGOST - OR NOT UNIT INCREMENTAL
ECAS EQUIPMENT NUMBER GESIFICATION EX3ONENT LOADING UNIT COSTS 625 Mue SHARED (N) COST - 625 Mue
AND DESCRIPTION *ODULE B TOTAL (=) RATIO (1000%) {1000%} BY 2nd (1000%)
UNIT
GAS. MOD. BOP| GAS M0D. BOP GAS. MOD. BoP
3.0 Process Mechanical (Note 1) {Note 1)
Equipment
3.7 Turbine Hall
Cranes 389 380 .20 1.00 380 386 - S 347
5.0 C & Structural
5.1 Substructures 104 2,200 2,304 .20 1.00 104 2,200 106 2,234 S 95 2,0M
5.2 Superstructures 979 4,69) 5,669 .2 1.00 979 4,690 994 4,762 S 895 4,286
5.3 Earthwork 303 300 .20 1.00 300 305 S 275
5.4 Cooling Tower
Basins, Circ.
Hater 919) 910 .20 1.00 930 924 S 832
7.0 Yardwork and Misc.
7.1 Site Preparation 10 10 20 1.00 0 10 S 9
7.2 Site Utilities £0 50 .20 1.00 50 51 S 46
7.3 Roads and Railroads 1,040 1,040 20 1.00 1,240 1,036 S 950
7.4 Yard Fire Protec-
tion 60C 600 .20 1.00 500 609 S 548
7.5 Mater Treatment
Ponds 2C 20 .20 1.00 20 20 18
7.6 Lab, 0ffice, Shop 28C 280 20 1.00 260 284 256
TOTALS 14,560 11,741 10,568
NOTE 1. A cost estimating exponent («) of 0.G2 usad for all shared strectures and improvements cost of Unit 2 component = (20'92-1) x cost of unit 1

component.




Table A-2. Equipment and Materials List - Coal Handling
Gasification and Gas Cleanup - Account 22
(ECAS  Acct. 2.0) - 1975 Dollars
COLUMN A B ( D £ F G
579 MiWe ECAS COST (1000%) CoST CAPACITY MODIFIED REFERENCE FIRST SHARED(S) REFERENCE SECOND
ESTIMATING OR 579 Mue UNIT COST - OR NOT UNIT - INCREMENTAL
EXPONENT LOADING UNIT COSTS 625 Mie SHARED(N) COST - 625 Mie
(=) RATIO (1000%) (10008} BY gnd (1000%)
{Note 1) UThlte 2)
ECAS Equipment Number Gasification i
and Pescription Module BOF  TOTAL - GAS.MOD BOP | GAS.MOD BOP. GAS.MOD. Bop
3.0 Process Mechanical *
Equipment
3.5 HX, Tanks, . :
Vessels A 14260 1,260 .85 1.00 1,260 1,344 N - 128 1,344
3.7 Cranes 120 120 .85 1.60 120 128 N 1,365
3.8 Booster Air
Compressor 1,280 1,280 .85 1.00 1,280 1,722 1,365 N 1,365
3.9 _Coal Handling 1,656 4,720 6,376 .85 .97 1,614 4,599 1,722 4,906 N/S 1,722 3,937
3.10_Ash Handling 68 1,380 1,448 .85 1.05 71 1,438 76 1,534 N/S 347
3.11 Sulfur Handling 490 430 .85 LE0 405 432 S 347
3.1z Cooling Towers 555 555 .50 1.00 555 Y77 N 577
6.0 Process Piping &
Instrumentation
6.2 Fuel Gas Large 171
Piping 160 160 .85 1.60 160 mnm N
6.3 Other Large Piping 568 1,960 1,960 .85 1.00 568 1,960 606 2,00 N 606 2,091
6.4 Small Piping 48 48 .85 1.00 48 51 N 51
6.5 Hangers & Misc. 99 250 349 . .85 1.00 99 250 106 267 N 106 267
6.6 Piping Insula-
tion 25 25 .85 1.00 25 27 N 27




Table 4-2.

Equipment and Materials List - Coel Handling
Gasification and Gas Cleanup - Acccunt 22
(ECAS Acct. 2.0) = 1975 Dollars (Continued)

COLUMN A B C D E F G
579 MWe ECAS COST (1000%) CosT CAPACITY MODIFIED 'REFERENCE FIRST SHARED(S) REFERENCE SECOND
ESTIMATING OR 579 MWe UNIT CO5T - OR NOT UNIT INCREMENTAL
EXPOHENT LOADING UNIT C0S™S 625 Mie SHARED (N} COST - 625 MWe
(=} FATIO (1000%) (1000%) BY 2nd {1000$)
ECAS EQUIPMENT NUMBER BASTFICATION (Note 1) . UNIT
AND DESCRIPTION MODULE BCP  TOTAL GAS.MOD. BCP | GAS.MOD.  BOP (Note 2) GAS.MOD. BOP.
8.0 Gas Cieanup
Systemn .
8.1 Pumps & Drives 600 7 600 .85 .80 3¢6 529 S 425
8.2 Heaters and
Exchangars 17.920 17,920 .85 .80 14,324 15,814 S 12,691
8.3 Tanks ani Vessels 2.210 2,210 .40 .80 2,31 2,083 S 666
8.4 Ammonia Plant
Compressor 420 420 .85 .80 347 370 297
8.5 Claus Plant 8,400 8,400 .60 .80 7,387 7,690 3,966
8.6 Wellman-Lord ;
Plant €,555 8,555 .60 .80 7,483 7,832 S 4,039
9.0 Gasification Module
9.1 Gasifiers 25,029 25,029 1.00 16/14 25,029 28,605 N 28,605
9.2 MWash Coolers 357 357 1.00 16/14 357 408 N 408
9.3 Coal Hoppers 150 150 1.00 16/14 150 171 N 7
TOTALS 78,275 . 79,005 65,414
Note 1: Ratio of 16/14 for gasifiers, ccolers and hoppers agplied in.columns E and G only
Note 2:

N/S indicates gasifier module nct shared, balance of plant shared.




Equipment and Materials List-Prime

Table A-3. (Gas
Turbine) Cycle Ecuipment - Account 23
(ECAS Acct. 3.0) - 1975 Dollars
COLUMN ) ' B C ) E F G
579 MWe ECAS COST (1000%) COST CAPACITY MODIFIED REFERENCE FIRST SHARED(S) REFERENCE SECOND
ESTIMATING OR 579 Mue UNIT COST - OR NOT UNIT INCREMENTAL
ECAS EQUIPHMENT NUMBER GASIFICATION EXPONENT LOADING UNIT COSTS 625 MWe SHARED(N) CGST - 625 Mue
AND DESCRIPTION MODULE Bop TOTAL RAT1O (1000%) (1000%) BY 2nd (1000$)
UNIT
GAS. MOD. BOP| GAS. MOD. BOP GAS. MOD. = BOP
2.0 Turbine Generators
2.2 Bas Turbine Genera-
tors (Install) 170 170 .70 1.00 - 170 170 N 170
Major Equipment Procurement .
Gas Turbine Generators (4} 32,400 32,400 .70 1.00 32,400 32,400 N 32,400
TOTALS 32,570 32,570 32,570 32,570






