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1.0 INTRODUCTION
1.1 OBJECTIVES

The overall, long-term objective of the Solar Central Receiver
Hybrid Power System program is to identify, characterize, and ultimately
demonstrate the viability and cost effectiveness of a solar/fossil,
steam Rankine cycle, hybrid power system that (1) consists of a combined
solar central receiver energy source and a nonsolar energy source at a
single, common site, (2) operates in the intermediate capacity mode,

(3) produces the rated output independent of variations in solar insola-
tion, (4) provides a significant savings (50% or more) in fuel consump-
tion, and (5) produces power at the minimum possible cost in mills/kWh.
It is essential that this hybrid concept be technically feasible and
economically competitive with other systems in the near to mid-term time
period (1985-1990) on a commercial scale.

The program objective for Phase I is to jdentify and conceptually
characterize a solar/fossil steam Rankine cycle, commercial-scale, power

" plant system that is economically viable and technically feasible.. The =~

basic process constituting the hybrid solar concept as developed to date
is shown in Figure 1.1-1. The principal advantages of this system, when
compared with a solar standalone plant, for example, is that the solar
hybrid plant can operate day and night and during poor insolation con-
ditions. Consequently, full capacity credit can be taken for the plant,
and there is no requirement to start up and shut down the plant .daily.

" The amount of energy storage that may be requ1red 1n a hybr1d plant can
'zvary from that which will prov1de on]y a few m1nutes of operat1on (pro-ﬂ
vides a smooth trans1t1on from so]ar to foss11 and back) to. that which o
will allow operation for several hours. The amount of storage depends
heavily upon the assumptions made for the future cost of coal and oil.
Large amounts of storage can readily be accomplished if it is economi-
cally viable to do so. In addition, such a plant would exhibit addi-
tional operational flexibility. Consequently, our second objective was
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to develop a conceptual design of a sodium-cooled Hybfid Central Solar
Receiver plant which can supply 3 full power hours of electrical energy
from a thermal storage system. The third objective was to select a
-scaled-up version of a hybrid plant with at least 3 full power hours of
thermal storage. The plant size to be set by minimizing the busbar
energy costs.

A typical flow diagram for a hybrid system without.étorage is
shown in Figure 1.1-2. A hybrid system incorporating siorage is shown
in Figure 1.1-3. The two concepts are essentially the same except for
the larger sodium tanks, the addition of a pressure-reducing station,
and a second pump. Referring to Figure 1.1-2, 500°F sodium is pumped to
the top of the tower, where it enters the receiver, and absorbs the
solar energy collected on the surface of a series of panels. The sodium
~exits the receiver at a temperature of'1100°F, descends the tower, flows
into a hot thermal buffer tank, and then enters a sodium-to-steam ‘steam
generator. The steam produced by the steam generator is fed to a con-
ventional turbine that drives a generator, producing electrical power.
From the steam generator, the sodium flows into a cold (550°F) thermal
buffef»tank,-and then islpdmped"back to the top of the tower. "

In Parallel with the receiver is a fossil-fuel-fired heater that
_can heat the sodium from 550 to 1100°F. When solar energy is not ade-
quate to supply the required power, the fossil-fuel-fired heater is
turned up. Thus, the electrical output of the plant is constant at all
times, 'and the system has an availability typical of a convent1ona1
foss11 fue1 f1red ut111ty power p]ant

';‘A«summary of the‘charactefﬁstﬁcs of thé>hyb?jd7p]ants<s£ud{éd'is"'*- -

given in Table 1.1-1.
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_ TABLE 1.1-1
HYBRID PLANTS SUMMARY

INITIAL PLANT

100
43.1

12.5 (1815)

538 (1000)

538 (1000)

2.43 (536)

288/593 (550/1100)

(102) 26
0IL

0.9
1.0

(90%) 234

135 (443) .

12.3 x 12.3°(40.4 x 40.4)

0

0.41 (4.5 x 10%)
8,400

CURRENT PLANTS

BUFFERED DESIGN

100
43.5

12.5 (1815)

538 (1000)

538 (1000)

2.43 (536)

288/593 (550/1100)

(202) 52
COAL

0.8
1.1

(80%) 208

124 (407) .

13.5 x 10.4 (44.3 x 34.1)

4.2

0.417 (4.6 x 10%)
8,496

PREFERRED
CONFIGURATION
100
43.5
12.5 (1815)
538 (1000)
538 (1000)
2.43 (536)
288/593 (550/1100)

(0.0%) 0
COAL

1.4

1.0

(140%) 364

154 (505)

15.3 x 13 (50 x 43)

300

(0.66(7.1 x 10°)
13,521

COMMERCIAL PLANT

8D
>43,5 HOLD

12.5 (1815)

538 (1000)

538 (1000)

TBD

288/593 (550/1100)

20% HOLD
COAL

~1.3
1.0
TBD
T8D
TBD

HOLD

T8D

T8D
TBD



1.2 TECHNICAL APPROACH

The technical approach that was used on this program was to review
and transfer all of the pertinent technical data available from the
Advanced Centra]tReceiver Program to the Hybrid Central Receiver Pro-
gram, add the fossil-fired heater, and .establish a reference baseline
configuration. , System, subsystem, and component level trade studies
and parametric analysis were then conducted to modify the baseline into
an optimized cost-effective system. This optimized configuration was
then scaled up to define the commercial plant.

1.3 TECHNICAL TEAM

The following organizations and their areas of responsibility
are given below:

1-7
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Rockwell International (Energy Systems Group)

Overall System

Sodium Subsystems

Steam Generators

Storage Subsystem

Stack Gas Cleanup System

A

McDonnell Douglas Corporation (Astrdnaufics Company)

Collector Subsystem (with the University of Houston
as subcontractor)
Master Control Subsystem

Stearns Roger

Electric Power Generation Subsystem
Plant Layout

Tower and Stack (chimney)
Fuel Handling (in.part)-. . °:

‘Ash Handling * |

Balance of Plant

Fossil Fuel Sodium Heater

Salt River Project

Utility Consultants for Operations, Design, and Cost -
. f;-Uti]ity,Viewpoint.Guidance._¢ ‘ '

" Stanford Research International (Nuclear and Utility Systems)

Market Penetration Analysis

714-G.61/hgw



2 Market Analysis

2.1 Introduction

The commercialization of new systems is expedited if the market’require-
ments for these systems are understood early in their design and development.
In the case of hybrid coal-solar central power units, it is helpful to under-
stand the potential size, or size range, of useful systems and the insolation
conditions under which they might prove competitive with other electric power
producers. This information can guide the designer and enable him to select
unit designs with greater commercial potential. Furthermore, it is necessary
to estimate the total market potential for all competitive systems and the
likely share of that total the hybrid could obtain in order to estimate re-
alistically the manufacturing requirements and costs. Realistic cost esti-
mates then lead to realistic estimates of market share. Finally, it is de-
sirable to estimate the rate of market penetration to be expetted. This
latter parameter will dictate the speed at which new manufacturing facilities
will be needed.

Tﬂére are additional reasons for conducting market analyses that indi-
cate market size and share. Predictions of the potential use of solar elec-

tric generating systems and of the fossil fuel savings they make possible

‘are useful to economists and government planners who are attempting to fore- _

cast the need for fossil fuels and the productive structure needed to supply
them, . .

The market analysis reported here consists of estimates of overall mar-
ket size derived from projections of electric power growth, examination of

utility plans, and projections of potential governmental (regulatory) action

(see Section 2.5). Market share is projected by comparisons of the levelized-

costs of busbar power produced by hybrid coal solar units with costs of other

" electric power prbducefé-suqh as coal‘dnly,'nuclea: and sélér only units (see -

-Sections‘Z;Bﬂahd:Z;é)fA In these'éomﬁé;isons;,standérd;eéonomic'and pétforé’
mance assumptions were applied to all plants (see Sectiom 2.2).

Projections of market penetration are dependent upon evaluation of
utility attitudes toward new technologies and of potential environmental and
other constraints to acceptance of hybrid coal solar systéms. These evalua-

tions will be reported as part of Section 6, which will be issued later.

N



2.2 Solar/Fossil/Nuclear Plant Financial, Economic and
Performance Assumptions

Comparisons between units with differing ratios of capital to opbrating
and fuel costs are frequently highly sensitive to the economic, financial,
and performance assumptions made. Comparisons between fuel types have simi-
lar sensitivity. The influence of these assumptions is particularly strong
in this instance, since the comparison is based on plants intended to go
into operation in 1990 and to operate 30 years thereafter; The high rates
of inflation that the prudent planner.ﬁow uses intensifies the differences.
Therefore, the financial parameters set forth in Table 2.1 were chosen only
after careful consideration and discussion among the project team members.
They are viewed as conservative estimates.

The values set forth in Table 2.2 were derived by SRI from a variety of
sources. Primary reliance was placed on data found in the Technical Assess-
ment Cuide* prepared by the Electric Power Research Institute. Construction
periods include'a long planning period for nuclear power.units, This cur-
rently realistic time_penalizes the nuclear plant more than the basic DOE
assumption. Nevertheless, the nuclear plant (as we she}l see latet) produces

electricity at a lewer levelized busbar cost. The slightly longer time for

'eonstruction of coal-fired plants 1mbose5»a similar,.but slight, penalty on

coal units. The penalty is not sufficient to influence base load market

shares. ‘ )
Capital costs assumed for the plants against which the hybrid coal-

solar unit was tested fall within the DOE range with one exception. The

intermediate load residual-fired steam generating plant falls approximately

- 10 percent above the DOE range. This plant is far from competitive, so the

difference is not significant. - A .

' The heat rates used are also generally in agreement with -DOE assump-“' 
tions. Intermediate coal- and residual-fired steam turbine units have heat R
rates approximately 10 and 5 percent above the upper figure selected by DOE.
The differences do not significantly affect the competitive status of the
best (SM = 0.8) hybrid units.

* Report EPRI PS-866-SR (June 1978).



Table 2.1

FINANCIAL ASSUMPTION FOR MARKET ASSESSMENT OF

HYBRID COAL-SOLAR UNIT

Debt fraction

Return on debt

Stock fraction

Return on stock

Cost of capital after tax*

Income tax rate, fraction

Annual insurance and o;ﬁer taxes, fraction
Depreciation method

Depreciation life, years

Fixed charge rate, fraction

* Computed from other stated values.
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0.5
0.10
0.5
0.15
0.10
0.5
0.0225
SOYD
22
0.179



Table 2.2

ECONOMIC AND PERFORMANCE ASSUMPTIONS FOR MARKET ASSESSMENT
OF HYBRID COAL-SOLAR UNIT
A(Including Assumptions Regarding New Competitive Plants)

Value
Prior’
Item Used (if different)
Cost base year 1979 -
Year of commercial operation 11990
Plant life, years 30
Construction period
Hybrid, coal-fired 5
Coal, intermediate load (QOO)f 5 4.2
Coal, base load (1,000) 6 4.2
Coal, combined cycle, base (1,000) 7 4.2
Coal, Rockwell, base & intermediate load (100) 4 4.2
Nuclear (1,000) 11 6.8
041, ;esidrstgam; intermediate 4 2.0: ‘
0il, resid, combined cycle, intermediate 4 2.0
Capital cost, $/kWe (size, MW) .
Hybrid, SM 0.8, lst (100) 1,410
Hybrid, SM 0.8, Nth (100) 1,165
Hybrid, SM 1.4, lst (100) 2,050
Hybrid, SM 1.4, Nth (100) 1,610
Coal, intermediate (400) ( . 825 _ 550-1,065
~ Coal, base (1,000) 720 o ':550-1,0§5 '
 'gogi;}£ase; cc kl;06d)' “7§01 - | ‘1550—i;0652ki2
‘Nuclear (1,000) . = 870 . .825-1,100
0il, resid, steam (400) 485 330-440
011, resid, cc (250) 330 330-440
Coal, Rockwell (100) 1,067
Heat rate, Btu/kWh-
Hybrid (100) 10,200
Coal, intermediaie (400 11,500

* Unit size.

2-4
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Table 2.2 (Concluded)

Item

Fuel

Fuel

Coal, base (1,000)
Coal, cc, base (1,000) -
Coal, Rockwell (100)
Nuclear (1,000)

0il, resid steam (400)
0il, resid, cc (250)
costs, $/MM Btu

Coal

0il, resid

Nuclear

escalation , percent/year
Coal

0il

Nuclear

O&M cost, mills/kWh'(first year)

Hybrid, SM 0.8
Hybrid, SM 1.5

Coal, intermediate (400)

Coal, base (1,000)
Coal, bgse, cc (1,000)
Coal, Réckwell (100 -

Nuclear

_.Oil;mresid, stgam"(QOO)"
. 0il, resid, cc.(250) -

2-5

Value

Prior
Used (if different)
10,500 9,000-10,500
9,500 9,000~10,500
10,200 ©9,000-10,500
10,500 10,400-10,800
9,500 8,700~8,900
8,500 8,700-8,900
$1.08/1.51
2.92 C . $2.20-2.75
0.57 0.27
6,8°,10,12
6,8,10°,15
6

1% capital + 30% first-~year

fuel
3.5
2.3
4.6

-

~ 0.75% capital + 30% first-

year fuel
2.6

: . 33 l}C'i :J:iu .



O&M costs are similar to those suggested by DOE. The differences have
no bearing on further conclusions asAO&M costs range from only 2 to 18 per-
cent of the total levelized costs (depending on plant type), and the dif-
ferences are generally on the order of 2 mills per kWwh or less.

A number of different methods of cost calculation are available for
use in this type of analysis. First year costs, average cost of service,
and levelized costs, which are discounted costs averaged over time, are
frequently used. The choice made ﬁete can also influence the competitive
status of the alternate systems under evaluation. Levelized costs computed
as set forth by Doane* were used in the calculations and comparisons of
Sections 2.3 and 2.4. The capital charges were treated using the BUCKS
methodology,* which divides capital expenditures into many (100) equal -
expenditures equally spaced in time over the entire comstruction period.

All plants are assumed to start up in 1990, and all results are ex-

pressed in 1979 dollars.

* J. W. Doane, The Cost of Energy from Utility-Owned Solar-Electric Sys-
tems, Jet Propulsion Laboratory (June 1976).

# J. M. Brune, BUCKS—Economic Analysis Model of Solar Electric Power
Plants, Sandia Laboratories (January 1978).
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2.3 Comparison with Fossil/Nuclear Plants

Many characteristics of solar-coal hybrid power systems, such as high
capital cost, low fuel cost,.and ability to operate at high capacity.fac-
tors, indicate that these plants can be considered as being most suited to
base and intermediate load service. Vying for a share of these markets
could prove difficult, however, because of the competition that any emerg-
ing alternative technology faces. This competition comes not only in the
form of conventional nuclear and fossil-fired power plants, but also fromi
more advanced fossil-fired system such as combined-cycle facilities.

Within the intermediate load power market, the stiffest competition is'
likely to be from steem-cycle coal plants ranging up to 400 MW in capacity
and somewhat smaller (about 250 MW) combined-cycle, oil-fired plants. 1In
order to be consistent within this analysis, these plants are assumed to
operate at a "typical" intermediate load capacity of 40 percent.

In the base load market, nuclear, steam-cycle coal, and combined-cycle
coal plants, all in the 800 to 1,000 MW size range, are likely competitors. 
A 70 percent capacity factor has been chosen as representative of base load
facilities:

The important economic, financial, and performance assumptions qsed

: to-char§Cterize~the solar-coal hybrid and competing power plants ﬁereGPre-

eented in Section 2.2. As can be seen in Table 2.2, a number of varying
assumptions are made about the design and costs of the hybrid. Two plant
designs are considered, one with a solar multiple of 0.8 and the other

with a value of 1.5. 1In addition; for each of these plant t&pes, two capi-
tal cost estimates are used; these represent the lst and the Nth commercial
plants. Assumptions about the costs and performance of the competing plant

types are also listed in Table 2.2.

Using these assumptlons within the framework of -the ccstiﬁg methoﬂoloéy .

’_that was noted in Section-2.2, levelized busbar electricity cost estimates'

were computed for the various plant types con51dered

Since the cost of power from a solar-thermal electric facility is
highly dependent upon the availability of direct normal solar insolation,
regional variations in this parameter were considered in performing the

busbar cost calculations. Characteristic insolation levels were developed

2-7



for the various regions used in this study. As shown in Figure 2.1, direct
normal insolation ranged from a high of 7.5 kWh per m2 day in limited por-
tions of the southwestern U.S. to a low of 4.5 kWh per m2 day in :some north-
western, mid-western, and southern portions of the country. Variations in
the cost of coal were also considered in this analysis; delivered coal costs
of $1.08 and $1.51 per million Btu (1979 dollars) were both used in deter-
mining the costs. )

The results of the analysis are presented in Table 2.3. These are
levelized busbar costs, expressed in 1979 dollars, for plants that start up
in 1990. Annual average escalation rates of 8, 9.5, and 10 percent have
been chosen for the prices of coal, nuclear fuel, and oil, respectively.

In the intermediate load markets and at a $1.08 per million- Btu coal price,
the Nth solar-coal hybrid (solar multiple = 0.8) can be seen to be economi-
cally competitive with each competitor except the 400-MW coal-fired plant.
Within the highest insolation region, however, the advantage of the larger
coal plant is very small (only 2 mills per kWh). .

At higher coal prices, the economic attractiveness of the hybrid plants
is increased in relation to the conventional coal-fired plants. This is
que to the hybrid's smaller coal input'requirementé that enable them to be
" less influenced by coal price fluctuations. At a coal pfiée:of»$l,51»perﬂ_'
million Btu, for example, the Nth hybrid with a solar multiple of 0.8 is
economically competitive with the 400-MW coal-fired plant in both tﬁe 7.5
and 6.5 kWh per m2 day insolation regions.

In the base load market, the availability of nuclear power and larger
coal-fired plants substantially reduces the ability of a hybrid plaht to
obtain a significant market share. Both of these competitors are estlmated
to be able to generate base load electticity at lower cost than any of the
hybrid ‘options considered. ‘ R

At should be noted: that the hybrid coal-solar Nth unit with a. solar
multiple of 0.8 produces electrlcity at a lower busbar cost than that pro- -
duced by a small cos) unit at all insolation levels considered. Larger
hybrid units will undoubtedly be more competitive with the larger nuclear
and coal units than small ones. .

The full impact of electricity and cost differentials on markets is
discussed in Section 2.5. L

- 2-8



o/

6-2

F16URE 2.1

U.S. SOLAR INSOLATION REGIONS
(Direct NorMAL INSOLATION IN KWH/MZ-Dav)




Table 2.3
COMPARISON OF HYBRID/FOSSIL/NUCLEAR LEVELIZED
BUSBAR ELECTRICITY COST ESTIMATES

Levelized Busbar Electricity Costs
(mills/kWh, 1979 dollar basis)
$1.08/MMBTU Coal Price $1.51/MMBTU Coal Price

" Intermediate Load (40% Caiii?ty Solar Insolation (kWh/mﬁﬁsi Solar Insolation (kWh/mizzg
Capacity Factor) (MWe) 45 5.5 6.5 7.5 4.5 5.5 6.5 7.5

Hybrid (SM = 0.8, 1lst plant) - 100 120 117 114 . 110 128 124 119 115
Hybrid (SM = 0.8, Nth plant) 100 102 99 96* 93* 111 . 107 102* 98
Hybrid (SM = 1.5, 1lst plant) 100 152 147 144 144 156 148 144 144*
Hybrid (SM = 1.5, Nth pliant) 100 122 116°  113*  113* 125 117 113*  113*
Coal (small plant)4 - 100 107 121
Coal 400 - 91 - 103
0il 400 141 141

ro 0il combined-cycle 250 122 122

] . X

S Base Load (70% Capacity Factor)
Hybrid (SM = 0.8, lst plant) 100 83 82 80 78 94 92 89 87
Hybrdid (SM = 0.8, Nth plant) 100 73 72 70 68 84 82 79 77
Hybrid (SM = 1.5, 1st plant) 100 102. 99 - 95 92 110 105 101 96
Hybrid (SM = 1.5, Nth plant) 100 84 - 81 78 75 92 88 83 79
Coal (small plant)4 T 100 76 : 920
Coal 1,000 60 71
-Coal combined-cycle 1,000 . 66 75
Nuclear (LWR) 1,000 © 60 60

Bases: 1990 start-up for all plants; oil (resid) cost is $2.92/MM Btu in 1979; fuel price escalation rates
are 8% for coal, 9 57 for nuclear, 107 for oil.

* At this capacity factor aﬁd solar insolation level, the plant fuel cost is calculated as zero, indicafing
that some of the collected solar energy 1is not being used. This is an unrealistic situation, since a
plant with a lower solar nultiple would be less expensive and more suitable under these conditions.

'y

+ Eccnomic and operational” data developed by Rockwell International.



?.4 Comparison with Solar-Only Plants

Although the major competition that solar-coal hybrids will face in
the 1990s will be from fossil and nuclear power, other alternative erergy
systems that are based upon renewable resources can be expected to vie for
a share of the power market. One of the most important of these alterna-
tive concepts is likely to be the stand-alone solar plant. The competition
from this type of plant has the potential to significantly affect the mar-
ket penetration of hybrid power systems (especially in areas of high solar
insolation). As a result, it is important to consider the expected eco-
nomic viability of stand-alone solar plants in comparison with solar-coal
hybrids.

The stand-alone solar thermal electric power plant considered in this
analysis is based upon a conceptual design developed by Rockwell Interna-
tional. Similarly to the solar portion of the hybrid design, it incorpo-
rates a sodium coolant loop, with a secondary loop of water that acts as
the plant’'s working fluid. The amount of thermal energy storage capacity
that the plant contains can range from 0 to 13.2 hours, and for storage
capacity of more thas.one hour, the plant's annual capacity factor varies
nearly linearly with the storage capacity.

The number of hours of storage and the plant capital investments re-
quired to achieve the.representative 40 and 70 percent intermediate and
baselload plant capacity factors are shown in Table 2.4. {These data are

2 day that is char-

based upon a direct normal insolation of 6.3 kWh per m
acteristic of Barstow, California.) As with the solar-coal hybrid, capi-

tal costs for lst and Nth commercial facilities are considered. Operation
and maintenance costs are assumed to be 1 percent of the plant capital
investment. ‘ '

_ The resuits“of'the-hybrid/stand—alone solar cost‘comparison are-pre- -
:sented 1n Table 2 5 . The levellzed busbar costs are. expressed in 1979 -
‘dollars, but are for plants that begin operation in 1990

Under certain conditions, the stand-alone solar plant appears likely
to be an economically viable alternative to the hybrid coal-solar system.
For example, in comparing Nth plant capital costs of intermediate load

facilities, the stand-alone plant is estimated to produce electricity

less expensively in the two highest‘insolation regions if the higher

2-11
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($1.51/MM Btu) coal price applies. At the lower coal price of $1.08/MM Btu,

the stand-alone plant is competitive only #&n the highest insolation region.

Table 2.4

STAND-ALONE SOLAR PLANT CAPITAL COSTS
(Based Upon Barstow Solar Insolation Data)

Plant- Capital Cost
Load Category Capacity Factor Storage Capability (1979 dollars/kWe)

Percent Hours 1st Plant Nth Plant
Intermediate 40% ' *3 $2,010° $1,450
Base 70 11 . 3,190 2,380

In the base load market, the stand-alone solar plant does not fare well
against the hybrid concept. The basic rgaéon is that the additional high
temperature thermal storage capability required to reach higher capacity fac-
tors in the stand-alone solar facility adds a substantial capital cost penalty.
This penalty is enough-to negate any economic advantage from fuel saving by
the stand-alone plant, even under the conditions of high direct normal insola-

tion and high coal prices.

2-12
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COMPARISON OF HYBRID/STAND-ALONE SOLAR PLANT

Table 2.5

LEVELIZED BUSBAR ELECTRICITY COST ESTIMATES

Levelized Busbar Electricity Costs
(mills/kWh, 1979 dollar basis)

$1.08/MMBTU Coal Price

$1.51/MMBTU Coal Price

Basest 1990 starting for»ali plants; coal price escalation rate is 8%Z.

Intermediate Load (40% ;i:_-. C:;:Z;ty ‘Solar Insolation (kWh(m4§s} Solar Insolation (kWh/m%yen Gfaﬁf
Capacity Factor) o "~ (MWe) 4.5 5.5 6.5 7.5 4.5 5.5 6.5 7.5
Hybrid (SM = 0.8, 1st plant) 100 120 117 114 110 128 124 119 115
Hybrid (SM = 0.8, Nth plant) 100 102 99 96 93 111 107 102 98
Hybrid (SM = 1.5, 1lst plant) 100 152 147 146*%  144* 156 148 144*  144*
Hybrid (SM = 1.5, Nth plant) 100 122 116 113% - 113* 125 117 113%  113*
Stand-alone solar (lst - - .
plant) . 100 198 162 137 119 198 162 137 119
Stand-alone solar (Nth : :
™o plant) h 100 143 117 99 86 143 117 99 86
— Lo
“Base Load (70% Capacity Factor)
Hybrid (SM = 0.8, 1lst plant) 100 83 82 80 78 94 92 89 87
Hybrid (SM = 0.8, Nth plant) 100 73 72 70 68 84 82 79 77
Hybrid (SM = 1.5, 1st plant) 100 102 99 95 92 110 105 101 96
Hybrid (SM = 1.5, Nth plant) 100 84 81 78 75 92 88 83 79
Stand-alone solar (1st :
plant) R 100 179 147 124 108 179 147 124 108
Stand-alone solar (Nth' o
plant) ’ 100 134 109 93 80 134 109 93 80

* At this capacity facfot;énd solar insolation level, the plant fuel cost is calculated as zero, .
A This is an unrealistic
situation, since a plant with a lower solar multiple would be less expensive and more suitable

indicating that some of the collected solar energy is not being used.

‘under these conditions..




2.5 Market Assessment

Markets for hybrid coal-solar electric generating units are defined
by three primary considerations. First, they are limited by the expected
growth in demand for new electric generating units of all kinds. The
definition of this expected market was an important part of the market
assessment. The second important factor in the assessment of hybrid solar
markets is the economic competitiveness of this system with all systems
that couid be used to produce electric power in the market period. AThis
comparison, shown in Sections 2.3 and 2.4, is used to compute an ultimate
or equilibrium share of the total demand for capacity that should be cap-
tured by the hybrid coal-solar units. Finally, markets (sales) in the
near term are limited by the rate at which customers (electric utilities)
accept a new technology (product). The approach to equilibrium can be
rapid, as in the case of hula hoops, or slow as in the case of new steel
production facilities.

In the following paragraphs, the definition of overall market and
market share under varying competitive situations will be described.

Estimated overall markets are determined by examining projected de-
mand (sales) of electricity and computing the electric generating capacity
needed to meet this demand. 'The calculations required:

. Regional projections of electric power demand

Allocation of this demand to the individual states
. Allocation of state demand emong the major utilities (primary
power producers)
. Calculation of capacity requirements to meet demand for these
~utilities (representing approximately 80 percent of total area

capacity)

. 'Estlmates of- markets represented by all utilltles 4in the region A‘  f‘

.- Estimation of the ultimate market share., '
The regional demand pro;ections were based on previous le projections
*
of regional markets for electricity. These projections were derived from

a detailed and regionalized computer analysis of energy supply and demand in

% Electric Power Research Institutée, Fuel and Energy Price Forecasts,
EPRI-433, Palo Alto, CA (1977). -
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the United States and the price competition that determines the choice
between fuels (or between fuels and electricity).

The analysis emphasized those fuels used in electricity productfon
and those other fuels in competition with electricity. The nationwide
electricity growth was projected at 5.3 percent for the period 1975-1985,
and 3.8 percent for the period 1985-2000. This latter period is of
greatest interest for this study, although the lower growth rate of 2.5
percent predicted by SRI for electrici}y<grqwth over the period 2000-2022
will also have an impact on the long-term solar hybrid markets.

The effect of differences in growth rates is important to the market
projections. If instead of 5.3 and 3.8 percent annual growth rates for
the periods 1975-85 and 1986-2000 the rates were 4.8 and 3.3 percent, the
gross market would drop by 17 percent. If the rates were to drop to 4.3
and 2.8 percent, the markets would be reduced by 30 percent. Thus, while
the projected markets are based on what we believe to be reasonable esti-
mates of growth in electric power demand, the actual markets could vary
substantially from those projected on the basis of 5.3 and 4.8 percent
annual growth.

The forecast demand (sales) in the West North Central, West South
Central, Hountain, and Pacific regions was allocated to the individual
states. Reported sales for 1976 were used as a base. Trends were deduced
by examination of the years 1970 and 1973.* Line losses (7 percent) were
added to the state sales to obtain generation load requirements. Average
capacity factors were estimated for each state. These factors include the
reserve margins actually maintained by the utility. These factors as for
the state-by-state distribution of regional sales were based on 1976 data
and projected forward using recent trends as guidance.* It was assumed in
- the projection that capacity factors would be imﬁroved with the installation~;'
" of modern equipment selected wiﬁh‘the‘idea of obtaining improved on-line -

évailability and performance as this is now a major utility industr& concern.

* Edison Electric Institute Statistical Yearbooks of the Electric Utility
Industry, Edison Electric Institute, New York, NY (1970, 1973, 1976).

# Data obtained from Moody's Public Utilities Manual, Congressional
hearings and individual utility reports. ‘
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The overall generation allocation for each state was divided into
requirements for base, intermediate, and peak load service. By dividing
the hours of use for each load type into the proportion of generatiné
capacity, the total capacity required to satisfy the load was derived. The
average allocation of capacity was base 50 percent, intermediate 31 percent,
and peak 19 percent. These allocations are hypothetical and can only be
used as rough guides. A utility will operate its units as Base, intermedi-
ate, or peak load depéhding on need, the unit capability, and the direct
cost of power. The low cost generation unit (or mix of units) will be pre-
ferred by the dispatchet.

The study was extended to the major utilities in each state examined.
Again, 1976 was used as base year, and trends from 1970 were considered in
the projection of the allocations of the state totals.* Adjustments to
sales were necessary for those utilities with sales in more than one state.

Also, the individual utility sales were adjusted for interchange. The

adjusted sales figures used were for sales within the service areas. Sales

to municipally owned organizations were included in the sales base, since
these are generally sales within the territory, are expected to continue,
and are not to organizations with large generating capability. Entitle-
ments, i,e., sales by governmental orgéﬁiZatioﬁé to preferred customers, -
were included in available peak capacity. Correction for average line
loss experienced by each utility was appliéd to sales to calculate capacity
requirements.

Capacity requirements for the individual utilities were projected using
the projected sales corrected for System line 1655, observed trends in sys=
tem capacity, and the allocation of capacity as before (i.e., 50 percent

base, 31 percent intermediate, and 19 percent peak).

* Tbid.
+ 1Ibid.
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*
Existing capacity by state and utility was obtained from DOE, EEI,*

and individual utility data.** This was corrected for each category--base
intermediate, peak for: '
. Announced additions (+)
Expected retirements (after 30 years) (-)
. Expected transfers from base (-,+) to intermediate (units
2400 MW and <€ 15 years old)

. Entitlements (+).

Announced additions include those through January 1979. They were obtained
from DOE, trade journals,** and various other utility reports. Jointly
owned capacity was allocated to the individual owners and to the state of
owvnership to be matched against electric power demand in that state.

As indicated, SRI assumes that base load units would be transferred to
intermediate service after 15 years. However, units with capacities above
400 MW are expected to remain in base load service. All plants are ex-
pected to be retired- after 30 years of :service. Whlle these assumptions
are in general accord with electric utility practice, it must be recog-

nized that retirements and shifts in service function can occur earlier or

later than predicted by these arbitrarily selected criteria;- If individual "
utility operations indicated a surplus of base load and a deficit of inter--

mediate load capacity, a frequent occurrence, the few suitable base load
fossil units would be switched to intermediate power service. Such factors
as siting or other regulatory delays or difficulty in attracting capital
funds at acceptable rates of interest could cause the utility to retain
plants in service beyond 15 or 30 years. Borrowing or pooling of elec-
tr1c1ty or even reduction of reserve margln may be used to defer orderlng
" of new or replacement equipment. o _' ' ' s
The general thrust of ‘such pfactlce is a delay in ordetlng of new B

plants. With a glven growth over time, the need of new generating

* Department of Energy, Office of Utility Project Operations,Inventory of
Power Plants in the United States, DOE/RA-0061 (December 1977).

+ Edison Electric Institute, Statistical Yearbook of the Electricity
Utiligy_lndust;y.

** Uniform Statistical Reports of the Individual Utilities, Utility Annual
Reports.

## "New Generating Plants," Power Engineering. Technical Publishing Co.,
Energy Daily, Wall Street Journal, etc. (1978).
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equipment between 1980 and 2000 will remain constant. By delaying orders
until 1990, for example, the utility concentrates the market in the period
1990-2000. This delay is advantageous to systems such as the hybrid.coal-
solar generating system that will not be demonstrated until the mid to late
1980s. That effect is indicated in Table 2.6.

For each utility and group of utilities (state and power pool), the
forecast of capaeity requirement was compared with capacity calculated to
be available in theiyears 1986, 1989, ahd‘ZOOl. If calculated available
capacity exceeded forecast capacity requirement, no additional generating
units were required and there was no market. If projected capacity vas
not sufficient to meet the forecast capacity demand, then new capacity was
assumed to be ordered before the end of the period, i.e., before 1986, 1989,
and 2001. As a final approximation, capacity ordered in 1986 and 1989 was
added to the capacity calculated to be available in the succeeding period
to arrive at a total available capacity. The calculation is illustrated
in Table 2.6. Also shown in Table 2.6 are the adjustments made for announced
additions, retirementé, and transfers.

The requirements stated are for installed capacity; orders would be
placed four to five years‘earller. Thus, the markets indicated for the
'period-l987—1989 are'not'likelyjio be aﬁa;lable to a hybrid-Solat’sjstem.
The information was included to indicate the incentive (potential increase
in sales of solar units) that could result from an accelerated hybrid
development program. -

It was not feasible within the constraints of this project to analyze
the hundreds of utilities in the western states separately. Major utili-
ties for each state considered were analyzed In the analysis, major.
utility totals weré accumulated by state and power pool or coordinating
.council. (Pooling of - electric generation withln states ‘and w1thin power
pools is a normal mode of utillty operation ) _ o

The utilities examlned in detail are set forth in Table 2 7 These -A
utilities owned from 72 to 91 percent of the total capaciry in the regionms
considered. '

The analysis to date has concentrated on base and intermediate power
plant requirements. These are the most likely markets for hybrid systems

that have base load capacity. The projected demand for electric generating
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Table 2.6

SAMPLE CALCULATION
BASE LOAD MARKETS

5 ‘ * Buy
, Actions, 1978-1986 : Projected Available
: Announced Normal Transfer to Capacity Need Units Hybrid
Actual Gapacity, 1977 = Additions Retirement Intermediate 1986 1986 (if deferred) Market
o . : ok
- 16.7 ‘ - 6.3 1 2 : 20.0 26.1 6.1 0 to 6.1
Expected Capacity, 1986. , Actions, 1987-1989
26.1 3.7 0.7 -0 29.1 29.5 0.4 / 0 to 6.5
' (6.5)
Expectéd Capacity, 1989f|.x Actions, 1990-2001
29.5 | 2.6 1.2 0 30.9 44,2 13.3 13.3 to 19.8
' (19.8)

% Annual growth rate of overall demand to 1985 at 5.3 percent, from 1986~2001 at 3.8 percent.

# Quantity to buy if‘bte§ious requirements were not filled..

%% Example quantities.
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" Table 2.7

UTILITIES EXAMINED FOR_CAPACITY REQUIREMENT,; 1977
(1977 Capacity in Thousands of Megawatts)

Total Capacity Percentagef-of
Total State Reported by State Capacity

L S Capacity Utilities in Utilities
Western States Coordirating Council (estimated) Listed Examined

Washington Seattle Dept. Lighting
Washington Water Power
‘Washington Public Power Supply System
iHPA* to Washington public power agencies

Total ‘ : 18.4 10.6

Oregon Facific Power and Light (excludes Wyoming)
' Fortland General Electric
Fuget Sound Power and Light
EPA™ to ‘Oregon public power agenciles

Total o 7.9 10.5

California ‘Los Angeles Dept. Water & Power
Pacific Gas and. Electric Co..
- San Diego Gas and Electric Co.
‘Southern California Edison Co.
‘Sacramento Municipal District

Total . - . 35.7 32.0

*%
Nevada Vevada Power Co. Kk

Sierra Pacific Power Co.

Total . - - 3.6t

2.0

‘%  Includes municipals, public power districts, rural electric cooperatives, and wholesale
deliveries to large industrial companies.

# Utility capacity is ‘frequently located among several states.

** Service territory’ extends to other states.




Tablei.? (Continued)

Total State

Total Capacity Percentage* of

Reported by  State Capacity

o ' Capacity Utilities in Utilities
Western Stétgs;Coordinating Council (estimated) Listed Examined
Utah Jtah Power and Light Co. 1.6 2.32
.. ’ * &
Arizona - Arizona Public Service Co.
Yucson Gas and Electric Co.
" Salt River Project
Total ' 8.7 6.8
Colorado Public Service Co. of Colorado 4.73 2.6
New Mexico Public Service Co. of New Mexico &.54 0.9
Montana Montana Powet Co. 3.1 1.1
4 S kK
Idaho ' Idahc Power. Co. 1.8 1.86
' : . *%
Wyoming Pacific Power and Light Co., Wyoming 5
' portion. only 3.3 1.8
Total. of above states and utilities 93.3 72.4 77.67

Electric Feliability Council of Texas

Texas Centtal'Powgr & Light Co.
{Central & Southwest Corp.)
Community Public Service Co.

Dallas Power and Ligzht Co. (Texas Utilities)

El Paso Eléctric Co.**

4 Ibid.
% Ibid.
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Tablé 2:7 (Continued)

Total State

Capacity

(estimated)

Reported by
Utilities
Listed

Total Capacity Percentage* of
State Capacity
in Utilities

Examined

ReliabilifyZCouncil of Texas (contd)

Gulf States Utilities**

Houston .Lighting & Fower Co.

San Antonio Public Service Boar
Southwestern Public Service Co.
Texas Electric Service Co. (Texas
Utilities).

Texas Power and Light Co. (Texas
Utilities)

West Texas Utilities (Central and
Southwest)

Totai,férAabove states and utilities

Hid—Aflanfié.Area Council

Dakota

Dakota

Minnesota

S . *#
Montana-Dakota Utility Co.

Otter Tail Power Co.**

Total:l

L e
Black Hills Power & Light Co.
Northwestern Public Service Co.

Totai

S %k
Minnesota: Power & Light Co.
NortherQ,States Power Co.**

Total ‘."

4

%

Ibid.
Ibid.

46.0

2.1

2.2

8.2

42.0

0.9
0.4

7.1

91.3%
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-

Mid-Atlantic Areé‘Cbuhcil (concluded)

T§51e2L7 (Continued)

Total State
Capacity
(estimated)

Total Capacity Percentage# of

Reported by
Utilities
Listed

State Capacity
in Utilities

Examined

Nebraska

Towa

Nebraské;Public Power District
Omaha Public Power District

Total

T k%
Interstate Power Co.

lowa Electric Light & Pover
Iowa-Illinois Gas & Electric
Iowa Power & Light Co.-
Iowa Public Service Co.
Iowa Southern Utilities

Total:

Total of above state and utilities 22.6

Southwest Power Pool

3.9

Kansas

Oklahoma

Kansas,Gaéf& Electric Co.
Kansas. Power & Light Co.

Total - :

‘ OklahOmé Cas & Electric Co.

Publié Service Co. of Oklahoma
(Ceatral-and Southwest Corp.)

Total .-

4

**

Ibid.
Ibid.

6.8

9.2

2.9

16.3

3.5

6.9

72.17%
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Table 217 (Concluded)

Total Capacity Percentage* of
Total State Reported by State Capacity
Capacity Utilities in Utilities
(estimated) Listed . Examined

Missouri

Arkansas

Lodisiana

Southwest Power Pool (ccncluded)

Empire District Electric Co.
Kansas City Power & Light Co.
Missouri Public Service Co.
Union Electric Co.

Total

Arkansas Power & Light Co.
(Middle South Utilities)

Central Louisiana Electric Co., Inc.
(Middle South Utilities)

Louisiana Power & Light Co.
(Middle South Utilities)

Rew Orleéans Public 3Service Co.
(Middle South Utilities) ax

Southwestern Electric Power Co.
(Central and Southwest Corp.)

Total

Total of above states and utilities -

+ Ibid.
*% Tbid.

13.4 11.7

4.8 3.3

12.9 9.6
47.1 35.0 74.3%



NOTES TO TABLE 2.7

Large amounts of power are owned by the federal government and out-of-
state utilities.

Utility also supplies Wyoming and Idaho.

Capacity includes a large number of federal, municipal, and cooperative
installations.

The majority of capacity is owned by utilities that have been listed -
within the WSCC coordinating council. ' '

State capacity includes equipment owned by utilities in adJacent states.
Those utilities have been included in this study.

-Utility also supplies Nevada and Oregon.

The state capacity includes various small municipal and cooperative

installations.
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capacity in these markets is set out in Tables 2.8 and 2.9., In these tables,
the capacity needed has been calculated on two bases: '
Generated power is shared by all utilities within a state .
(state needs summed)
. ‘Generated power is shared by all utilities within a power pool
or reliability council (pool needs summed).
The latter of these is indicated by the word pooled.
If perfect pooling is assumed, the total demand for new installatioms
. of base load generating uaits is estimated at 1.7 GW of base and 14.6 of
intermediate load units in the 1987-89 period. 1In this period, a marked
surplus of base load units can be found in three of the four power pools con~-
sidered. However, it is unlikely that the intermediate power demand will be
filled by derating additiomal units.

The single exception is in the Western States Coordinating Council.(WSCC).
This power pool will have surplus base load unit capacity in 1986 and 1989
(21.5 and 23.7 GW, respectively). The Bonneville Power Administration (BPA)
manages power produced by several government agencies. If BPA could change
its supply contracts; some of the 13.2 GW of BPA managed hydroelectric
capacity could be shifted to cover intermediate power demands. This would
relieve at least some of the estimated deficits of 9.7 and 16.5 GwW capacity
in 1986 and 1989, respectively. This would have the effect of deferring
purchase of units until sometime after 1990 and of increasing the intermedi-
ate power unit market in the WSCC region from 26.6 to perhaps as much as
35 GW for the period 1990-2001.

Perfect pooling is unlikely. An approximation of the effect of imper-
fect pooling was obtained by considering state pooling rather than regional
pooling. The effect is marked but not enorﬁous. The potential market in-

‘crease is 11.8 GW for base -and 2 8. GW for intermediate load. capacity.

- Like deferred retirement of generating units or purchase of power frOm others, -
" pooling has the effect of deferring purchases by the individual utilities.

The more the pooling, the later the demand for new capacity arises. There

are substantial surpluses in several regions at present, especielly with base
load units, because large base load units.must be planned or ordered well before
need (to 15 yearslfor a large nuclear unit), and utilities until 1973-74 were

operating
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Table 2.8

PROJECTED ADDITIONAL BASE LOAD CAPACITY REQUIREMENTS AND
POTENTIAL MARKETS FOR GENERATING EQUIPMENT, WESTERN UNITED STATES

1987-1989 and 1990-2001, GW .
Additional
‘ Needed Capacity Markets
1986 1989 2001 1987-1989 1990-2001
Western States Coordinating Council
Arizona S S .S 0 0
California 6.1 6.5 19.8 0.4 13.3
Colorado S S 0.6 0 0.6
Idaho S S S 0 0 ,
Montana 0 0.1 0.9 0.1 0.8
Nevada S S S 0 0]
New Mexico S S S 0 0
Oregon S S S 0 0
Utah S S S 0 0
Washington S S S 0 -0
Wyoming S S S . 0 0
Pooled S S 5.0 0 5.0
Sum of States 6.1 6.6 21.3 0.5 14.7
Electric Reliability Council of Texas
Texas ' [ 1.7 27.7 1.7 . 26.0
Pooled : .S 1.7 27.7 . 1.7 26,0
- Mid-Atlantic Area Council .
Iowa . 4 0.1 S 0.5 0 0.5
Minnesota S S S 0] 0
Nebraska S S S 0 0
North Dakota 0.3 0.3 0.9 0 0.6
South Dakota 0.1 0.2 0.4 0.1 0.2
‘Pooled S S S 0, 0
Sum of States 0.5 0.5 .18 0.1 1.3

-:Southwest Power Pool : ) , o '

- Arkansas = S 5 '2}7“* Lo 2.7
Kansas S s .. .5 D0 .0
Louisiana S - S 6.8 - 0 6.8
Missouri S S 0.2 0 0.2
Oklahoma S S 1.3 0 1.3

Pooled S [ 10.8 0 10.8
Sum of States S S 21.8 0 11.0
Total Western United States (Pooled) 1.7 41.8
Topal Western United States (Individual States) 2.3 . 53.0

I

s = Surplus, no additional units needed.
"% Difference caused by change from deficit to surplus in Iowa between 1986-1989.
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Table 2.9

PROJECTED ADDITIONAL INTERMEDIATE LEVEL CAPACITY REQUIREMENTS
AND POTENTIAL MARKETS, WESTERN UNITED STATES
1987-1989 and 1990-2001, GW

Additional
Needed Capacity Markets
1986 1989 2001 1987-1989 1990-2001
Western States Coordinating Council

Arizona . - . .8 0o . 2.5 0 2.5
California - 3.2 6.6 21.9 3.4 15.3
Colorado S S 1.1 0 : 1.1
Idaho S S S 0 0
Montana S S S 0 0
Nevada S S 0.7 0 0.7
New Mexico 0.3 0.4 0.5 0.1 0.1
Oregon 3.3 4.8 7.6 1.5 2.8
Utah 0.2 0.4 1.3 0.2 0.9
Washington 5.0 5.5 8.1 0.5 2.6
Wyoming S s S 0

Pooled A 9.7 16.5 43.1 7.8 26.6

Sum of States 12.0 17.7 43.7 5.7 26.0

Electric Reliability Council of Texas

Total Western United States (Individual States) 12,

4

Texas 12.7 16.6  34.2 3.9 17.6
Pooled - 12.7 16.6 34.2 9 17.6
:  ‘Mid-Atlanti¢ Area Council » '
Towa 1.6 1.6 2.6 >0.1) 1.0,
Minnesota 1.8 2.2 3.5 0.5 1.2*
Nebraska 0.6 0.7 1.9 0.1 1.1*
North Dakota 0.2 0.3 0.8 0.1 0.4
South Dakota 0.2 0.2 0.4 >0.1* 0.2
Pooled 4.3* s5.a* 9.1* 0.8*% 4.0
Sum of States 4.4* 5,0 9.2* 0.7% 4.0
Southﬁééf P¢wer Pool :
‘Arkansas - - 1.5 0., 2.0 . 3.9 . S 0.5 © 1.9
Kansas 0.3 0.3 . 1.0 -0 0.7
Louisiana . - 2.2 3.5 8.5 1.3 5.0
Missouri 3.0 3.4 5.5 0.4 2.1
Oklahoma 1.7 2.6 6.1 0.9 . 3.5
Pooled 8.8% 11.8 25.0 3.1 13.2
Sum of States 8.7* 11.8 25.0 3.1 13.2
Total Western United States (Pooled) 14.6 61.4
g 60,8

* Differences due to rounding.

S = Surplus, no additional units needed.
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on historical growth rates of 6 to 8 percent. As noted earlier, SRI de-
mand forecasts assume 5.3 percent annual growth to 1985 and 3.8 percent
until 2000. * ‘

The difference in 1990 capacity requirements under the 8 percent growth
assumption and SRI lower growths is approximately 50 percent.

Given the assumptions above and with no deferral of equipment purchase,
the projected need for installed additienal electric generatlng capac1ty in
1986-89 and 1990-2001 is shown in Table 2.10.

Additional generating capacity will be needed if all oil and gas
(except) peaking units were retired. Such a retirement could call for re-

~powering with hybrid coal-solar heating units replacing the oil and gas
firing equipmeﬁt and steam boilers but using the existing turbogenerators.

In other, perhaps most, cases, a complete generating unit would be required.:

The effect of such early retirement is shown in Tables 2.11-2.15. Tables 2.11-2.14

consider base and intermediate load requirements separately and for two
time periods for retirement before 1986 and after 1990. The overall effect
is summarized in Table 2.15. Early retirement of existing plant will require
replacement units be placed on-line before hybrid coal-solar units are
available. These plants will be relatively new and will not be retired in
the time period (1987-2001) of first interest to this'assessment.-LOn'thet
other hand, later retirement will create a market for new gemerating egquip-
ment in the time frame of concern. Retirements of existing oil- and gas-
fired units (excepting those used for peaking service) after 1990 will
create additional markets of approximately 20 GW for base load and 14 GW
for intermediate load applications. Thus, the expected base load market
will increase by 38 to 48 percent, and the intermediate load market will
increase by 48 to 58 percent if all non-peaklng oil and gas units were A
removed .from serv1ce after: 1990 ST . ,
ﬂhe markets thus far analyzed represent only about 40 percent of U.s. .
1nstalled capacity but a larger proportlon of the market likely to be avail-
able to hybrid coal-solar units. Unfavorable insolation regionms are more
prevalent in the eastern United States, and the higher hybrid unit costs
(sh;wn in Sections 2.3 and 2.4) will result in smaller market share: Also,
lower growth is expected in easternlregions. We expect to take some sample
data and make preliminary extrapolations of likely markets later in the

study.
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Table 2.10

SUMMARY OF MARKETS FOR NEW GENERATING CAPACITY
WESTERN UNITED STATES, GW

(Normal Retirement)

Western States 1987-1989 1990-2001
Coordinating Council Base Intermediate Base Intermediate
By state 0.5 5.7 14.7 26.0
By pool 0 7.8 5.0 ©26.6
Electric Reliability
Council of Texas
1.7 3.9 26.0 17.6
Mid-Atlantic
Area Council .
' - * %
By state 0.1 0.7 1.3 4.0
By pool 0* 0.8*% 0 4.0
Southwest Power .Pool
By state 0 W 11.0 13.2
By pool 0 3.1 10.8 13.2
Total by states 2.3 13.4 53.0 60.8
Total by pool 1.7 15. 41.8 61.4

" * Differences because of rounding.
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Table 2.11

" COMPARISON OF NORMAL AND EXPANDED MARKETS DUE TO RETIREMENT OF
ALL OIL AND GAS BEFORE 1986 FOR BASE LOAD GENERATING EQUIPMENT, WESTERN UNITED STATES

Western States
Coordinating Council

Pooled
Sum of states

Electric Reliability '
Council of Texas

Pooled

Mid-Atlantic Area Council

1987-1989 AND 1990-2001, GW

Pooled
Sum of states

Southwest Power Pooi

Pooled
Sum of states

Total western U.S.A(pddled)
Total western U.S. (individual

states)

Markets
. Normal .. U Expanded Difference
1987-1989 1990-2001 1987-1989 1990-2001 1987-1989 1990-2001

0 5:0 0 10.9 0 5.9
0.5 14,7 0.1 13.8 - 0.4 -0.9
1.7 26.0 2.3 19.4 0.6 -6.6
0 0 0 0 0 0
0.1 - 1.3 0.2 1.5 0.1 0.2
0 10.8 0.7 14.9 0.7 4.1
0 11.0 1.8 10.8 1.8 -0.2
1.7 41.8 3.0 45.2 1,§' 3.4

2.3 53.0 4.4 45.5 2.1 -7.5
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Table 2.12

COMPARiSON OF NORMAL AND EXPANDED MARKETS DUE TO RETIREMENT OF
REMAINING OIL AND GAS AFTER 1990 FOR BASE LOAD GENERATING EQUIPMENT, WESTERN UNITED STATES

Western States  'f“1
Coordinating Council

Pooled
Sum of states

Electric Reliability .
Councll of Texas

Pooled

Mid-Atlantic Area Pouncil

Pooled
Sum of states

Southwest Power Pool’ ..~

Pooled
Sum of states

Total western U.S. (pooled)
Total western U.S. (individual
states)

1987-~1989- AND 1990-2001, GW

Markets

Normal Expanded Difference
1987-1989 1990-2001 1987-1989 1990-2001 1987-1989 1990-2001
0 5.0 0 10.9 0 5.9
0.5 14.7 0.5 20.9 0 6.2
1.7 26.0 1.7 34.8 0 8.8
0 -0 0 0 0 0
0.1 1.3 0.2 1.5 0.1 0.2
0 10;8 0 15.7 0 4.9
0 11.0 0 15.9 0 4.9
1.7 41;8 1.7 61.4 0 19.6
2.3 - 53.0 2.4 73.1 0.1 20.1
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Table 2.13

' COMPARISON 0= NORMAL AND EXPANDED MARKETS DUE TO RETIREMENT OF
ALL OIL AND GAS BEFORE 1986 FOR INTERMEDIATE LOAD GENERATING EQUIPMENT, WESTERN UNITED STATES
1987-1989:. AND 1990-2001, GW

Western States

Coordinating Council .-

Pooled
Sum of states

Electric Reliability
Council of Texas

Pooled

Mid-Atlantic ‘Area Council

Pooled
Sum of states

Southwest Power Pool

Pooled ‘
Sum of states

Total western U.S. (podléd)
Total western U.S. (1ndiv1dual
states)

, Markets
Normal Expanded Difference
1987-1989 1990-2001 1987-1989 1990-2001 1987-1989 1990-2001
7.8 26.6 © 5.0 19.5 -2.8 -7.1
5.7 26.0 4.5 20.3 -1.2 -5.7
\
3.9 17.6 3.7 12.0 -0.2 -5.6
0.8 4.0 0.8 3.8 0 -0.2
0.7 4.0 0.8 3.8 0.1 -0.2
3.1 13.2 2.3 9.8 -0.8 -3.4
3.1 13.2 2.3 9.8 -0.8 ~-3.4
14.6 61.4 11.8 45.1 -2.8 -16.3
12.9 60}8 11.3 45.9 -1.6 ~14.9
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- Table 2.14

. COMPARISON OF NORMAL AND EXPANDED MARKETS DUE TO RETIREMENT OF
REMAINING OIL AND GAS AFTER 1990 FOR INTERMEDIATE LOAD GENERATING EQUIPMENT, WESTERN UNITED STATES
1987-1989 AND 1990~ 2001 GW

. ] Markets
Western States Lo Normal . " Expanded Difference

Coordinating Council . . - 1987-1989 1990-2001 1987-1989 1990-2001 1987-1989 1990-2001

Pooled : 7.8 26.6 " 6.8 32.9 -1.0 . 6.3

Sum of states o 5.7 26.0 5.7 32.3 0 6
Electric Reliability
Council of Texas

Pooled R 3.9 17.6 3.9 23.1 0 5.5
Mid-Atlantic Area Council -

Pooled 0.8 4.0 0.8 4.1 0 0.1

Sum of states 0.7 4.0 0.8 4.1 0.1 0.1
Scuthwest Power Pool -

Pooled 3.1 -13.2 3.2 15.1 0.1 1.9

Sum of states 3.1 13.2 3.2 15.1 0.1 1.9
Total western U.S. (pooled) 14.6 61:4 14.7 75.2 ‘0.1 . 13.8

Total western U.S. (individual :
states) ST 12.9 60.8 13.6 74.6 0.7 13.8
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Table 2.15

EFFECT OF TIME OF CHANGEOVER FROM OIL AND GAS TO

COAL/SOLAR SYSTEMS ON MARKET SIZE A *
Change
"Before 1986 After 1990
Intermediate Intermediate

Western States Base Load . Load Base Load - Yoad

Pooled ' +5.9 Y 5.9 6.3

States -0.9 -5.7 6.2 6.3
Electric Reliability
Council of Texas

Pooled -6.6 -5.6 8.8 5.5

States -6.6 -5.6 8.8 5.5
Mid-Atlantic
Area Council

Pooled . ‘ 0 0.2 0 0.1

States ‘ - +0.2 -0.2 0.2 0.1
Southwest Power Pool

Pooled - - Y -3.4 4.9 -1.9

States -0.2 = =3.4 4.9 1.9
TotalVWestern U.S.

Pooled 3.4 -16.3 19.6 13.8

Individual states -7.5 -=14.9 20.1 13.8
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As indicated, SRI has not examined every utility in detail. In gen—
eral, the ones not examined were small and publicly owned. These utilities
are more likely to purchase electricity, and their demand has been cévered
partly in the reported sales of major utilities. Also, they will have
preferential access to federal and state produced electricity. TFinally,
they are usually too small to require units as larée as 100 MW or to venture -
in;o new_technology.v For these reasons, we project that, although the ex-
cluded utilities represent about 75vpercent of the total capacity in the
western United Staﬁes, the additional market they represent is no more'ﬁhan
10 percent of the western U.S. markets. The markets without and with these

small utilities are shown in Tables 2.16 and 2.17, respectively.

Table 2.16

SUMMARY OF DEMAND FOR NEW ELECTRIC
GENERATING CAPACITY, WESTERN UNITED STATES
1990-2001, BASED ON SPECIFIC UTILITIES ONLY (GW)

Base Load Intermediate Load

Normal ‘retirement only - 42-53 . 61-61
“Normal retirement, with 1987-89 ST & o

needs added A ' 44-55 74-77
Forced retirement with 1990-2001 .

needs only - 61-73 75

% Data rounded to nearest GW.
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Table 2,17
SUMMARY OF DEMAND FOR NEW ELECTRIC GENERATING

CAPACITY FOR ENTIRE WESTERN UNITED STATES
1990-2001 (GW)

Base Load Intermediate Load Total

Normal retirement . 46-58 67-69 . 113-127
Normal retirement with 1986-98 ‘

needs added 48-61 ' 82-85 130-146
Forced retirement with 1990-2001 -

needs only 67-80 - 82-83 149-163

The projected western U.S. markets are thus sufficient to support a
hybrid coal-solar unit manufacturer. The total market ranging from 113-163 GW
represents a potential for 1,130 to 1,630 of the 100-MWe prototype units or
at 1979 dollar prices a capital investment of $120 to $175 billion.

A potentially important factor that could influence the economics of
hybrid coal-solar units and therefore the market share of the concept is

the unit size. Larger units should be more economic and gain a larger

share of the total available market set out above.

An analysis was made of the 61 ‘electric utility systems used to estab-
lish the total available market to see if there were limitations -on plant'
size. As shown in Table 2.18, only five utility systems with 3-M{ capacity
(8 percent of total number and about 1.5 percent of expected capacity in 1989)
would not be able to use units as large as 100 MW. Twelve additional utili-
ties (20 percent) with 9 percent of the total capacity could use units up Lu
199 MW. Another 12 with 12 percent of the total capacity could use units up
to 299 Md. Nine of the 61 utllltles considered (13 percent of the capac1ty)'

E could use units as’ 1arge as 399 "MW . The remalnlng 23 systems representing 66;7"

4percent of the expected capacity could use even larger units. A 300—MWe un1t

design would be suitable for approx1mately 80 percent of all utility systems.

It is recommended that the slaudard design plant be 300 to 400 MW.
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Table 2,18

UTILITY SYSTEMS WITH LIMITED CAPACITY TO
ACCEPT HYBRID COAL-SOLAR UNITS OF SPECIFIED SIZES

Size of Acceptable

Total Systems'
Capacity (Rounded)

Unit (MW) Number of Systems {(GW)
- 100 5 3
100-199 12 18
200-299 12 25
300-399 9 29

Unit should be no more than 20 percent of total capacity or one-third of

intermediate load capacity.

2-38



The total available market, market share, and market penetration is re-
lated as indicated in Figure 2.2. The market available in the western
United States for new electric generating units has been outlined above and
summarized in Table 2.17. The economics of the hybrid coal-solar, stand-
alone solar, and alternate nonsolar tecﬁnologies (expréssed as levelized costs
of busbar electricity) are described in Sections 2.3 and 2.4 (Tables 2_.3 and
2.5). Below we will define the equilibrium market share and describe how it
is calculated. k

As an idealization, the share of a particular market that a single new
technology or product can attain in competition with one other technology at
any particular time under steady-state conditions can be represented by the

curve shown in Figure 2.3 and given by:

Steady-state market share to solar technology = S S
\ 1+<P_s)r

. Pé-
where PS and Pa are the marginal prices of the so;ar energy product (such
. as solar—derived electricity) and the alternative (competing) energy product
(such as coal-derived electricity), respectively. vThis static representa-
-_;ion indicates that when Ps and Pa are egual.an§,unde;_steady-state condi~ 5

tions, the market will be shared: équally. The markét.éhére pérametét (j‘)"'
is a measure of market imperfections, price variations, and consumer prefer-
ences.

When two or more competing products are competihg for a share of the
same market as is the solar-derived product, a more general market share
formula is used. For example, if N different competing technologies all}
produce the same product, then the solar market share is represented by the
following equation: .

Steady-state solar~ﬁérkét.share-="t_”“ — . ,1 — ;T;'-'.
Fs

1+ E_g T+ gs_ + )s ( +...+ Ei
Pa Paz Pa3 PaN

through PaN represents the prices of the first through the Nth

where Pal
alternative (competing).products. If all of the prices Pal through PaN

and P_ were equal, each product would receive 1/(N+l) of the market.
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In the static ecoénomic analysis, a single representative price is used

for each solar energy technology and for each alternative energy source.

Ac;qally,isignifigant individual variations,frdm theseVrgpresengative.pricesﬁ

.do exist. The market share parameter is used to model such price variations;

it compensates for the fact that this analysis uses representative prices

<instead of price ranges.
The noneconomic behavior of marketplace decision-makers is another
factor considered by the market share parameter. Even if a new technology

is somewhat more expensive than the alternative, some fraction of purchasers

will choose it, perhaps bedause of novelty, enviroimental reasons, or 'energy’

independence” considerations. Alternatively, some fraction of purchasers

- tions dictate a change to a new one. Imperfect price information is an .-

additional factor that may cause a decision-maker to act in a noneconomic
fashion.

In a perfect market with a high level of price sensitivity and none of
these real world effects,ﬁf would be infinite, and the energy product with

even a very slight economic advantage would obtain a 100 percent steady-state
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market share. Such conditions do not describe real energy markets; instead,
more realistic response patterns of various markets can be modeled by a
suitable choice of Y . For example, large utility markets, such as tlose
that might purchase a hybrid power plant, would generally be modeled with
high T’values. These values reflect the strong response to price variatioms
characteristically displayed by utility cénsumers who deal with large quanti-
ties of energy and are acutely aware of economic considerations. Much lower
gamma values would be used to mbdel'smailer scale energy consumers who typi~
‘ cally are influenced as much by personal values as by economics. Factors
such as esﬁhetics, convenience, aﬁd novelty may weigh more heavily with a
residential ﬁhan an industrial consumer. V

Observations of utility purchase behavior indicate that within a single
utility many choices such as a coal purchase are highly respomsive to price,
i.e., the low bidder almost alw&&s wins and his marginal advantage can be
very small. In tﬁiéwhase,7( approaches infinity. Choices between different
electric generating methods, other factors such as familiarity with equip~
ment suppliers, desire to have alternate fuels, and perceived attitudes of
regulatory bodies may-influence choices. The response parameter, ¥ , will
decline from infinity to a high value of, say, 35. Finally, individual
utility systems haveAdiffepentlload demand patterns, mixes of existing gen-
erating capaciﬁy,’and different régulatory bodies to.which théy must re- -
spond. Under these circumstances, the response is still broader. Since all
utilities are strongly influenced by requireﬁents to provide service at low
cost, the demand parameter must still reflect this fact. As a practical
matter, we have used a § of 25 for this and other studies. With a ¥ of
25, and a single competitive product, the hybrid coal-solar unit would ob=~
tain a 90 percent-equilibriumAmarket Share if the ratio of levelized busbar
"césts“;zi equalled .0.9158. ' Similarly, the hybrid coal sqlar'plant qoul@ ;:
. 'gain only 10 percent of .the equilibrium market‘if,the'ratiO'_E_-equal;ed .

0.1092. | | Fa

Equilibrium market shares based on hybrid”coal-solar unit Nth--plant,
1990--introduction costs are presented below. The several markets, in-
fluenced differently by insolation-related generating costs, .are presented
separately and as a total equilibrium market for the western United States

under several assumptions in Tables 2.19 to 2.22.
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The market share as calculated and presented may distort the results
in favor of the new hybrid techmology. 1In 1990, the real competition will
be between a 1lst unit of the hybrid coal-solar type and several more gon-
ventional electric generating types. Unless the manufacturer or the govern-
ment provides a discount or subsidy, the lst hybrid will produce electricity
at higher cost than assumed here (Nth plant assumption used). Therefore,
it is likely to be less competitive, in a pure economic sense, than assumed.
As hybrid units are installed, the price of electricity produced from them
will fall, in constant dollar terms, until Nth plant conditions are reached,
and the equilibrium market share will increase until that time.

At the introduction of the hybrid system, and perhaps for some time
thereafter, customer unfamiliarity and other market restraints will inhibit
purchase of the 'nmew" hybrid system. These factors influence the rate at
which actual sales approach the equilibrium market condition (market pene-
tration). Full delineation of markets as a function of time will be based
on successive steps from the lst to the Nth plant costs and on other market
factors estimates. This delineation is defined in the next report.

Tables 2.19 and 2.20 present the expected markets for the hybrid coal-
solar system dver the 1990-2001 period if that system were to compete
separately with a Rockwell design coal-only system or a Rockwell design
stand-aloné solar system. Normal>retireﬁent of plant and total markets
shown in Table 2.10are assumed. The markets are'divided into geographic
.areas corresponding to the electricity reliability councils. Single insola-
tion values representative of the regions were assumed. These values are
" close to mean value obtained by‘aritﬁmetically weighted insolation values
charactéristic of individual utilities by their expected total market potential

2 .
in the period. The roun?ed values used in kWh per m~ day were:

wssc

5.5 (6.5). -
ERCOT . 4.4 .0
MARCA ' 4.5
SSP 5.5

.All regions have a diversity of insolation conditions; however, the
diversity in the WSSC region is largest. It does encompass the highest inso-

2

lation regions found in the United States (.>-7.5 kWh per m“ day). There~

fore, the computation of electric generating cost and resultant equilibrium
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WSSC
ERCOT
MARCA -

Ssp

Total .

Table 2.19

EQUILIBRIUM MARKET SHARE, 1990-2001, GW
COMPARISON WITH 100-M{e COAL-ONLY UNIT
NCRMAL RETIREMENT OF GENERATING CAPACITY

(Based on Rockwell Designed Coal Unit and Hybrid with SM = 0.8
: Nth Plant 1990 Start, Levelized Busbar Costs)

|

Mode of Operation

. Base load (70% CF)
Coal, §/MM Btu

Intermediate Load (404 CF)
Coal, $/MM Btu

45.2 (46.3)"

51.4 (52.1)"

- $1.08 §1.51 $1.08 §1.51
13.4 (14, 5y 14.9 (15. 6) 25.6 (27.5)% 28.2 (28.9)*
20.8 4.2 14.9 17.6
1.0 1.2 3.4 4.0
. 10.0 1.1 12.7 7 14.0

56.6 (58.5)"  63.8 (64.5)"

* Markét -share based on 6.5 kWh pér m2 day insolation to represent region
instead of 5.5 kWh per m? day.
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_Table 2.20

S EQUILIBRIUM MARKET SHARE, 1990-2001, GW
A COMPARISON WITH STAND-ALONE SOLAR
NOFMAL RETIREMENT ‘OF GENERATING CAPACLTY

(Based on Rockwell Designed Starid-Alone and Hybrid Unit with SM = 0.8,
Nth Plant, 1990 Start-Up)

Mode of Operation

Base Load (70% CF) Intermediate Load (40% CF)

Coal Price; $/MM Btu . Coal Price, $/MM Btu
Reliabili;y Council/Area $1.08 $1.51 $1.08 $1.51
'1ijssc - | 16:2 (16.2)%  16.2 (15.8)* 28.8 (19.3)*  26.7 (14.5)
| ERCOT. 28.6 28.6 19.4 19.4
" MARCA 1.4 1.4 4.4 ' 4.4
SSP 12,1 12.1 14.2 13.2
" Total 58.3 58.3 (57.9)" 66.8 (57.3)"  63.7 (51.5)"

* Market share based on 6.5 kwh per m2 day insolation to represent region instead
of 5.5 kWh per m? day.
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Table 2.21

. EQUILIBRIUM MARKET SHARES, 1990-2001, GW

COMPARISON WITH FULL COMPETITION

] NCORMAL RETIREMENT OF GENERATING CAPACITY
(Based on SM = 0.8, Nth Plani,'l990 Start, Levelized Busbar Costs)

Mode of Operation

'

Base Load (70% CF)
Coal Price, $/MM Btu- .

Intermediate Load (40% CF)

Coal Price, $/MM Btu

Reliability Council/Area §1.08 §1.51 §1.08 §1.51
" WSSC <0.1 (0.2)* VS (VS)* 3.3 (6.5)" 9.0 (16.3)
~ “ERCOT <o0.1 vs 1.0 2.7
. MARCA 'E i 0.2 0.6
ssp <01 vs 1.3 4.5
"~ Total ~0.2 0.9 Vs 5.8 (9.0)°  16.8 (24.1)"

* Mafkét=§hare based on higher insolation value of 6.5 kWh per n® day.

VS = very émall.
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Table 2,22

'EQUILIBRIUM MARKET SHARES, 1990-2001, GW

N ;L COMPARISON WITH FULL COMPETITION .
FORCED RETIREMENT OF OIL AND GAS GENERATING CAPACITY AFTER 1990

(Béséd on SM'= OEQ,’NEh Plant, 1990 Start, Levelized Busbar Cost)-

WssC

ERCOT

"MARCA
§SP

Total

Mode of Operation

Base Load (70% CF)
Coal Price, $/MM Btu

Intermediate Load (40% CF)
Coal Price, $/MM Btu

ok
0.3 (0.4) VS

#}:Mﬁrket share based on higher insolation value of 6.5 kWh per m
.Vs-ifveryrsmall. '

§1.08 §1.51 §1.08 §1.51
0.1 (0.2) VS (VS) 3.8 (7.3)% 11.1 (20.1)
0.1 vs 1.3 3.6
Vs ) Vs 0.2 0.6
0.1 VS 1.7 5.1

% ) *
7.0 (10.5) 20.4 (29.4)

2 day.
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market was performed for insolations of 5.5 and,as an alternate,6.5 kWh per
m2 day. N '
The equilibrium market data of Tables 2.19 and 2.20 reflect the favor-
able power costs reported in Tables 2.3 and 2.5 for the hybrid coal-solar
system compared with the small coal-only or solar stand-alone systems. High
market shares (up to 100 percent of the new markets) could be obtained by
the hybrid system in this restricted competition. In Table 2.20, the smaller
base and intermediate load market shown for the hybrid system in an imsola~
tion region of 6.5 kWh per m2 day reflects the more competitive position of

the solar stand-alone system in high insolation regionms.

Tables 2.21 and 2.22 reflect a different competition. If the small (100

MiWe) hybrid system must compete against large units with more conventional
technology, the equilibrium market share will decrease substantially. It
can be seen that if these conditions hold, there is no real chance for the
hybrid coal~-solar system in the base load market and limited use in intermedi-
ate load applications. The maximum market would range from 17-21 GWut of a
total of 127 (see Table 2.17). o

However, if, as Suggested earlier in this section, a 300-400 MW hybrid
coal-solar unit were designed, the market share could increase markedly.
As pointed out above, a 300-MWe unit could address about 80 percent or about
100 GW of the projééted market. >At present, a Nth plant SM = 0.8 unit‘COuld
capture no more than 0.2 GW of base load or 24 GW of intermediate load in
the western United States (equilibrium conditions}. With the larger plant,
perhaps 3 GW base and 50 GW of intermediate load units would be sold. '

* Or 24-29 GW if higher average insolation is assumed for WSSC region.
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3.0 PARAMETRIC ANALYSIS

The parametric analysis for the solar hybrid plant was performed
under Task 3 of the work plan.

3.1 INTRODUCTION

Parametric analyses of.the major subsystems, consisting of the
Collector, Receiver, Storage, Non-solar, Electric Power Generation, and
Master Control Subsystems were conducted over a wide range of independent
parameters in order to define subsystem operation and interfaces for use
in the pfeferred system selection studies. - A reference baseline system
cOnfiguratioh was established, based on the ACR study described in
Reference 3-1,and subsystems trade studies and parametric analyses were
developed in the context of this bangine system.

Following is a detailed discussion of the parametric analyses
conducted for each of the major subsystems. '



3.2 COLLECTOR SUBSYSTEM (SOLAR SYSTEM OPTIMIZATION).

An analysis was mde to define the most cost effective collector field
and receiver combinations over a wide range of peak powers to allow the
selection of solar subsystem sizes and identify their associated costs and
performance of any of several design points. These data were then used
along with the balance of plant data to select d1screte operat1ng points
for the solar hybrid power p1ant

By way of introduction, Table 3.2-1 Tists the parameters that influence
field optimization. '

Tower, receiver, and field size are each influenced by numerous factors.
For example, restricted or expensive land favors a taller tower so blocking
will be reduced and heliostats can be packed more densely. Simu]taneoué1y,
it favors a smaller field (compared to a baseline system) because the
peripheral heliostats use ground inefficiently. In contrast, cheap land
favors a larger fie]d,llimited brimari]y by beam spillage and atmospheric
attenuation; the heliostats can be distributed sparsely, as required
by the necess1ty to eliminate b]ock1ng A larger field may a]low the L
requ1red power level to be reached with a shorter tower.

The chart should be used with some wisdom to distinguish between factors
favoring smaller systems versus those favoring a smaller tower, or receiver

or field irrespective of system size.

3.2.1 Field Design (Optimization Model) Input Data

The 1nput data required to perform the f1e1d opt1m1zat1on fa]ls 1nto
'¢wo categor1es cost and performance C N '

The assumed cost factors or pertinent algorithms are listed in
Table 3.2.1. The bases for these costs in 1978 dollars were the final
optimization costs 4



. TABLE 3.2-1
< 'PARAMETERS.INFLUENCING FIELD OPTIMIZATIONS

g-¢t

FAVORS LARGER TOWERS S FAVORS SMALLER TOWERS
o  LARGE FIXED COST S o  ZERO FIXED COST
o  TOWER COST SUB QUADRATIC - | | o " TOWER COST SUPER QUADRATIC
o  RESTRICTED OR EXPENSIVE LAND - . 0 LARGE BEAM SPREAD
FAVORS LARGER RECEIVERS o : " FAVORS SMALLER RECEIVERS .
o  LOW.RECEIVER COST/M? o HIGH RECEIVER COST/M?
o LOW RECEIVER LOSSES/M o HIGH RECEIVER LOSSES/M
0  LARGE FLAT HELIOSTAT o  HIGH PERFORMANCE HELIOSTAT
o - SEVERE ABERRATIONS ©  SMALLER HELIOSTAT
0

LARGE- BEAM SPREAD

FAVORS. LARGER' FIELD |
EXPENSIVE RECEIVER SS

- CHEAP HELIOSTATS
CHEAP- LAND AND WIRE 4
LOW. ATMOSPHERIC ATTENUATION

o © O o

© O 0 o o ©

SMALLER FIELDS

EXPENSIVE HELIOSTATS
CHEAP RECEIVER SS
EXPENSIVE LAND OR WIRE

HIGH ATMOSPHERIC ATTENUATION

RESTRICTED AREA
HIGH COST COMPETITION
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TABLE 3.2.1-1

COMPONENTVDEPENQENT COST MODELS

(NOTE)
FIXED* L s CONSTANT BASED ON WATER/STEAM STUDY
HELIOSTAT* . = $71.96/m , EXCLUDING LAND AND WIRING INCLUDING
o NONHELIOSTAT LOCATION DEPENDANT Q&M
LAND* o $1.45/m> $5,871/ACRE - INCLUDING ROUGH SITE PREP.
(HELIOSTAT FIELD), - S |
LAND* §28.67/H° H = RECEIVER CENTERLINE ELEVATION ABOVE
. (CENTRAL AREA) - - - GRADE (M)
| o r . |
WIRING » 0412 R ) ~ COST PER HELIOSTAT
TRENCHING » X.08237 8RR = DISTANCE FROM TOMER TO COMPUTATIONAL CELL
ELECT. DIST.s = 472 baz © AR = RADIAL SPACING IN CELL
Loc: DEP* - 8.525 paz Daz = AZIMUTHAL SPACING IN CELL
0&M T - (DISTANCES IN M)
SODIUM PUMP - £0.7 P (H + 66 m) © COST OF APPROXIMATELY $1000/HP

P = ABSORBED POWER (M)

*CHANGED OR ADDED SINCE ADVANCED CENTRAL.RECEIVER (ACR) STUDY
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RECEIVER*

TOWER

PIPING NETWORK =~

PIPING

VALVES

EXPANSION - .

. _AND BENDS . .

VERTICAL FACTOR ©

© TABLE 3.2.1-1

COMPONENT DEPENDENT COST MODELS (CONTINUED)

REC E
ABOVE

55
30

$2,000
$3,000

"ff 5 6/ 2
o () (o)

. cosT = $109 (FL"- 22m)?"
A=

QUATOR ELEV .
GRADE - 4m -

* D (IN.)
‘D (IN;)
"D (IN.)
* D (IN.)

X (1.5)

- -
n "

RECEIVER LENGTH (m)
RECEIVER DIAMETER (m)

BASED ON WATER/STEAM STUDY

$/FT (STAINLESS STEEL)
$/FT (CARBON STEEL) .

6" - 17" VALVES

- 17" - 24" VALVES

ADJUSTMENT TO PIPE LENGTH

5% INCREASE PER 60 FEET
M= 100

*CHANGED OR ADDED SINCE ADVANCED CENTRAL RECEIVER (ACR) STUDY



used in the Advanced Central Receiver (ACR) Study Phase I. The costs were
reviewed in light of recent work on other studies, and those costs marked with
‘an asterisk were changed, or added, such as the cost of location-dependent
heliostat operations and maintenance (0&M). Recent analyses showed that the
previous value used for heliostat cost in the ACR study ($65.67/m2) could be
reduced to $60.12/m2. This value excludes the cost of wiring, trenching, and
electrical distribution which is accounted for elsewhere. The previous cost
also did not include heliostat 0&M present values, amounting to $11.84/m2,
The derivation of the 0&M costs is given in Section 3.2.3. This‘valué does
not include heliostat location-dependent 0&M costs accounted for elsewhere.
This cost is primarily associated with the labor involved in cleaning the
heljostat, a cost that is directly related to the time to wash the heliostats
and to move from heliostat to heliostat. The total distance travelled is related
to the distance between heliostats, which is represented by the following:

Total distance = ¢ azimythal spacing + the distance from the tower
to the farthest heliostat.

The first term is much larger than the second and, therefore, the cost per
heliostat was defined as . ‘

Location-Dependent (lLoc. Dep.) O&M Cost/Heliostat = 8.525 ARz

Where AAz is the azimuthal spacing between heliostats. The constant was derived -
by dividing the Loc. Dep. 0&V cost/heliostat ($131) by the average azimuthal
spacing. The average spacing was determined by averaging the azimuthal spacing
in the 100 MWe ACR field.  This value was found to be 15.37 meters.

" Tab1ef3.2.1-2_shows'a‘COMbariSbn“bf thefé1ements bfithe‘fixéd-cgéts,(inaépéndéntw_,
of system size) used in the hybrid study with those uséd»dﬁring the ACR study = -
along with summary comments pertaining to the source of the .change, which are
discussed in more detail below.

Calibration equipment was originally (during ACR Study) an educated guess, later
updated using a bottoms-up estimate of a newly defined Beam Characterization -

Subsystem.’ 3-6
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© CALIBRATION"EQUIPMENT

. DESIGN AND SUPPORT

ENGINEERING

MASTER CONTROL.

INDIRECT ASE -

CONTINGENCY

TOTAL

*PDR - "PrelihihafyiDeSigﬁ_
MDC - G6776, Oct. 77

TABLE 3.2.1-2
FIXED COST CHANGES

" cost 10% §
g0 BERY,
178 . 1.84.
1.78 .75
135 - 1.83
.20
4.39

Report" SAN-1108-76-8

NOTE

BCS RE-EVALUATED

INFLATION FACTOR
(BASED ON PDR)*

- DOES NOT INCLUDE

INTERFACE CONTROLLERS
FOR VALUES AND MOTORS
T0 BE SUBCONTRACTOR
DEFINED AND COSTED

INFLATION FACTOR
(BASED ON PDR)-

TO COVER UNCERTAINTY
IN DIFFERENCES TO POR



Design and Support Engineering costs were originally based on the allocation
of engineering costs from the PDR"and were inflated six percent to bring them
up to date. '

Master Control costs decreased considerably from the PDR (commercial) due to
the fact that interface controllers for valves, motors, etc., are to be costed
by the subsystem and not included in master control costs. Software costs were
estimated by sizing against the PDR. Some learning was assumed.

. ~
Indirect A&E Services were originally estimated at 10 percent over the PDR Pilot
Plant and inflated six percent to bring them up to date.

Other changes to the cost model are defined in Table 3.2.1-3. Land costs are

. estimated by realtors in the area at $500-5,000/acre for desert land. The low
side is for land that is inaccessible with no power lines, sewer drainage, etc.
The higher priced land is imprdved, more easily accessible (roads already in),
has utilities in close proximity, and is usually located fairly close to a
populous area (i.e., Barstow). ‘ F
The receiver .cost algorithms were der1ved for this study using scaling factors. .
for the receiver defined during the ACR study o

Performance models were based on optical losses associated with the heliostat
including cosine, reflectivity, shadowing and blocking, atmospheric attenuation,
and interception, and thermal Toss models for the various receiver sizes and
configurations. The thermal loss model assumed for the external receivers
included consideration of surface absorpt1on rad1at1on, and convection 1osses
: comb1ned to ‘equal 22 1 Mt for a 16. 15-m rece1ver (1dent1ca1 d1ameter and

T he1ght) -1t was: assumed that the 1oss is constant over all: per1ods of . energy
c011ect1on and sca1es with surface area for sma11er receivers.

3.2.2 Field Analysis (Optimization)

Initial Optimizations

Optimizations were done over a wide range of receiver focal heights, where
focal height equals receiver centerline elevation -4 m (the height of the

*See footnote on Table 3.2.1-2
3-8
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ZTABLE 3.2.1-3
OTHER CHANGES TO COST MODEL

LAND_COSTS:

.RAw“LANn, $5000/ACRE = 1.24/M2 LAND
; . RANGES FROM $500 = $5000/ACRE DEPENDING ON PROXIMITY TO
. URBAN DEVELOPMENT AND PRESENCE OF ROADS, RAIL, UTILITIES

_YARDWORK:  CENTRAL AREA = $46,600/ACRE = $11.52/M° LAND
.~ HELIOSTAT FIELD = $871/ACRE = $0.21/M* LAND

HELIOSTAT LAND = §1.24 + §.21 = $1.45/M° LAND

ceNTRAL LAND = {46,600+ 5,000) B ACRES™ - 55 67/4% W = TOWER WEIGHT

ce '\ -6 2 '
RECEIVER COST: = $6 X 10° (1601) (16L]) BASED ON SCALING ACR RECEIVER

RADIUS OF EXCLUSION CIRCLE _ CONSTANT

© *BASED-ON 8 ACRES FOR 120M TOMER AND TONER- FETGHT
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center of a heliostat above ground). This was done to obtain data over a
corresponding range of peak power loads. For each focal height (hereafter
referred to as "tower height"), a range of external cylindrical receiver sizes
were investigated. Figure 3.2.2-1 shows the resu1t§ of this analysis for a
240 m tower height. Each "parabolic" curve represents the output figure of
merit versus design point power for a range of field size (i.e., trim lines)
for a specific input figure of merit (FOM - system cost/annual thermal output
in Mh, $/annual MWht). A completely optimized system would have an input
figure of merit equal to the output figure of merit achieved at the low power
on the curve, e.g., on Figure 1 at 80.1 and 1040, the input figure of merit
was 80.2, very close to convergence. By investigating a range of input condi-
tions (receiver dimensions and input figure of merit), an envelope of achiev-
able output figure of merits versus equinox noon power is obtained for each
focal height (vertical distance from receiver centerline to the plane of the
heliostat center points). '

In Figure 3.2.2-1, we see that a 240'm focal height with a 16 acre central
exclusion area leads to an equinox noon power output of 1000 MWt and a minimum
. figure of merit of 80.1 $/annual Mdht for a receiver about 25 m tall and 20

to 21 m in diameter. ' :

In Figure 3.2.2-2, if the performance envelopes are plotted for each focal

height considered, an envelope of envelopes is defined which is indicative of

the performance which could be achieved if the optimum focal height were chosen -
for a desired equinox noon power and then the correct receiver size were selected.
Note that at lower powers (< 500 MWt) this'base1ine design curve begins to rise
and at 200 MWt it is very steep Reasons for this rise wil] be discussed later.
Because of this r1s1ng des1gn curve, the smaller systems. cannot be opt1m1zed 1n

"'~the usua] way; the ‘minimum. of the "parabo]1c" des1gn envelope does not represent, ‘

“the contact with the baseline des1gn curve. Rather this .contact occurs -on the’
Tow power side of the envelope where it defines the baseline design envelope.

The consequence of this rising baseline design curve is that the critical
portion of the envelope for the smaller systems is not the bottom of the
"parabola," but the left side, i.e., the area of contact. Consequently, the

3-10
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design data for the smaller systems concentrates on defining the left side of
the "parabolas." This is accomplished most effectively by using an input figure
of merit substantially less than the output, or converged, value. Thus, for
the 150 m focal height case, shown in Figure 3.2.2-3, the definitive curves have
an input figure of merit of 65 rather than 80. At 150 m, the exclusion area in
the center of the field has been scaled to 12.5 acres and the optimum receiver
would be about 15 m tall by 12.5 m in diameter. The contact point with the
baseline design curve occurs at a figure of merit of 81.2 and an equinox noon
power of 360 MWt. In contrast, the 1owest figure of merit for this focal height
is 80.9 at 420 MWt.

For a 120 m focal height, shown in Figure 3.2.2-4, the baseline design curve is
rising so fast that the ordinate has been compressed 10 fold relative to the
previous curves. With an eight-acre exclusion area, this system provides the
required 208 MWt (solar multiple = 0.8) essentially at the boint of contact with
the baseline design curve. An input figure of merit of 65 has been used to
reduce the system size below the 260 MWt achieved for an optimized system at
this focal height. -

.Table 3.2.2-1 is an example of a performance summary page from the opt1m1zat1on .
| runs representing the best constrained system providing the des1red 208 MWt at
the equinox noon design point with an insolation of 950 w/m . - On the upper
right is given the number of heliostats required, the total glass area and the
total land area (the ratio gives an average glass density of 21.7 percent).

The- three matrices show the east half-field of the cellwise design. Each cell
has an area of 5 H2/4 = 18,000 m2 The tower is centered in the ce]] ‘marked
with a zero in the middle of the leftmost column.

vf!The "tr1m control" matr1x (of 4" s) shows the ce11 occupat1on number in quarters,_‘,}i

three’ correspond1ng to a cell ‘which Ties 75 percent inside of ‘the useful helio-
stat field. In the "limits" matrix, the 3's 1nd1cate cells in which mechanical
limits have been active in defining the heljostat spacing (three refers to the
diagonal neighbor).

3-13
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3 TOTAL LAND

0.
0.

0. -

0.
0.
0.
0.
0.
0.
0.

0.

0.
OI
0.

HELIOS

AHELI=

# # NUMBER OF HELIOSTATS PER CELL# # # #

Q.
Q.
0.
0.
0.
0.
Q.
R
© 0.
0.
00
0.
0.
0.

MAX. NUMBER QF HELIOS. /CELL= 367.0

3#*

i HGLASS/DMIR##2 = 0,963

ASEG=

54.7263 S54.7263

0.35967E 06
0. 16540E 07

# % # ¥ # # # 3 HT = 120.0 METERS

FERFORMANCE SUMMARYvANU COST BREAKDOWN FOR OPTIMIZED COLLECTOR FIELD - TRIM LINE AT 0.960

ERNOON
ANNLIAL
FIXED C
TOWER C
LAND CO
WIRING
HELIOST
TOTAL C
FIGURE

POWER 2
ENERGY ="
0sTS :
05T

ST

COST

AT COST
0ST 4
OF MERIT=

mannonou

18.903

. 506,465
" 4.8030 -
. 9.1788
- 2.4012

1.1786

20,7064
. 38.2680 .
. 75.559
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IN

IN
IN

GWH
M

$M -
%M

43,4437
e5.778

2.4388

25,8321

207.068 IN MW - (SCALED TO

4,2293

0.242¢

1 31.0572 IN $M

48. 46194 IN $M

]95.998 IN $/MWH ,» FOR AN INPUT OF
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1.5474 IN $M FOR ©50. EQUINOON f
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The "number of heliostats per cell” matrix represents a sum over
the right and left half-fields, thus, although only the right half-field
is depicted, the heliostat number is 7,332. Variations in heljostat
packing across the field are obvious, although the heliostats in those
cells with trim control numbers<4 (i.e., at the perimeter of the field)
are packed into a fraction of a'ce1].

~ The performance summary shows f1rst the equinox noon power
delivered to sodium using the University of Houston's 1nso1at1on mode1
(about 1002 W/mz) and then the Sandia dictated 950 W/m . The annual
energy is all collected when the sun is above 10° elevation. Monthly,
the Tong term average values appropriate to the southwestern desert of
cloud cover, turbidity and precipitable water are used in developing
this estimate. The fixed costs include the cost of preparing the
central exclusion area for construction. The tower cost gives first the
total, then the costs of the tower, the receiver, the_vertica1 plumbing
and the riser pump. The land cost inc1udes'on1y the heliostat field.
The wiring cost includes the present value of the 0&M components asso- .
ciated with azimuthal spacing (Category 3). The heliostat cost is given

- _for a baseline case and .+ 20 percent. Thus, we are interested in. the s

center column, where the "heliostat cost” is based on an area cost of
71.96 $/m2. This includes a capital cost of 60.12 $/rn2 and 0&M of
11.84 $/m2. The Figure of Merit is the output value, computed as the
ratio of the Total Cost divided by the Annual Energy. The input figure
of merit is 1isted to the right. '

The extent of the heliostat field is defined by the'trim control

- matrix wh1ch 1s ‘set by the trim. contro] to 1nc1ude those cells with a E
'trlm ratio greater than that defined by the "tr1m 11ne," given as 0. 960

in this case. The trim line should be close to unity at the des1gn .
power for an optimal constrained system.

By taking outputs at several trim lines, a range of system sizes 1s
defined, allowing interpolation to an exact desired point. In F1gure 3 2 2-'5,
we see a set of such interpolation curves for our design case. The

3-17
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leftmost curve shows the origin of the trim line of 0.960, as this is the number
required to deliver 208 MWt. Comparison with the previous figure shows that

the three-point interpolation curves drawn here were not perfect, missing the
actual design values by 1/2 to 1 percent.

The performance summary page for the optimal converged design at a 120 m focal
height is shown in Table 3.2.2-2. The power level is 276 MWt and the output
figure of merit is 83.87 $/annual MWh.

~
Figure 3.2.2-6 again shows figure of merit over a range of peak power and
corresponding tower heights.

The steep rise of the baseline design curve for systems smaller than 400 MWt

is of interest. A first order study of the effect of the fixed cost is shown

in the Tower curve. The actual fixed cost was subtracted from the total cost

and the figure of merit recomputed for appropriate cases. The resulting curve

is substantially Tower, and shows a minimum in the range of 300 to 600 MWt com-
pared to a minimum in the range of 500 to 1000 MWt for the baseline design.

The curve below 300 MWt is not very well defined because the design studies for
the 120 m case concentrated on defining the point of contact with the baseline
design curve, i.e., the Teft side of the design envelope, rather than the bottom.
Thus, these two envelopes may still come down somewhat more. However, before
further optimizations were done to better establish the minimum, an additional
review of the costs included in the fixed cost model was made. The subsequent
analysis of these costs revealed that two of the components of the fixed cost,
namely, the costs associated with Design and Support Engineering and Indirect
A&E, were based on first plant costs. For the sake of consistency, these costs
were updated (reduced) to reflect estimates for Nth plant (the basis for other -
costs used in the optimization). The following summarizes these changes:

1st Plant Nth Plant
Item (105 $)- (10° $)
: Design and Support Engineering 1.84 1.0
Indirect A&E . 1.43 .70
Total Fixed Cost : 4.19 2.62
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The application of those revised fixed costs was made during further optimization
runs and a revised fixed cost baseline curve is shown as the dotted line on
Figure 3.2.2-6.

Also shown on this figure is the effect of reducing the assumed visual range
(50 km) used in the base]ine'optimization to 15 km.. As can be seen, this
reduction on visual range and its associated rop in field performance due to
ihcreased atmospheric absorption between the heliostat and receiver has a
detrimental effect on figure of merit. ‘ '

To determine if a visual range.of 15 km (10 ﬁi]es) makes any sense in a desert
environment, the 1962 Albuquerque data tapes "sanitized" by Eldon Boes were ‘
analyzed. Table 3.2.2-3 was generated giving the number of hours in which a
given visual range and fraction of sky cover coexisted. The leftmost column

in the table corresponds to perfectly cloudless hours, and we see that of the ‘
2,051 such hours, 220 had visual ranges of 50 miles (80 km) and 1,723 had
visual ranges of 60 miles or greater (100 km). In contrast, most of the days
with short visual range were associated with high cloud cover.

Alongside and below the. table we have ca]cuTéted the severai
reasonable sums, percentages, and cumulative percentages. "Beam hours"
is taken as the product of (1 - sky cover) and the total number of
occurrences. We can see from this computation that 95 percent of the
annual daylight hours had a visual range of 30 miles (50 km) or greater,
and 96 percent of the hours.with over 50 percent clear sky had a visual
range of 40 miles (64 km) or greater. It is also useful to note that ‘
94 percent of the. "beam hours“ sat1sfy this condition. Thus, it appears 31‘,
‘that -our standard visual range of 50 km-may cons1derab1y over: est1mate -
?'the atmospheric attenuation of reflected light, and that 75 km might be
a more realistic estimate.. Surely 15 km is not of program interest: we

chose it only to be certain of showing an effect in the parametric’
study.
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Final Optimizations

In order to(defjne:betteq\the optimum (minimum figure of merit as a function

of peak power) point, to enable the selection of the preferred commercial system
operating point, further optimization runs were made. These runs incorporate
the aforementioned revisions to the cost model and were expanded over a larger
range of peak powers and corresponding tower heights (1600 MWt and 330 m high).
The results of these'updated, expanded computations are shown in the following

figures}

Figure 3.2.2-7 shows figure of merit over the entire range of peak power.
Figure 3.2.2-8 identifies the tangent point for each tower height/field size
_variation parabola used in defining the envelope of optimum solar systems.
Figures 3.2.2-9 and -10 show the Tower portion of the curve in varying degrees
of scale'éxpansion to allow even finer definition of the optimum point. As.A
can be seen, the optimum occurs in the neighborhood of 500 to 600 MWt. Figure
3.2.2-11 shows the re]ationship of annual output, in GWt, to figure of merit.
This shows that the optimum system produces slightly less than 1500 GWt at a
peak power (from the prev1ous figures) of approximately 500 MWt.

“Aim_Strategdy Trade Study -

Further optimizations were made for the solar system with the 120 m tower.

These involved analyzing larger elongated receivers. The sizes included 12.0 m
length by 10.4 m diameter, 13.5 m length by 10.4 m diameter, and 15.0 m length by
10.4 m diameter receivers. Two different aim strategies were investigated
(single point equatorial aim and a high-low two-point aim). This was done to
'determ1ne the effect on the peak flux 1nc1dent on the rece1ver ‘Single point

. aim resulted 1n peak -fluxes on the - order of 1 9 MW/m s which exceeded the
'rece1ver.a11owab1e flux of = 1.5 Mw/m s w1th the h1gh -Tow two-point a1m show1ng '
ta‘marked~reduction’in peak’ flux to less than 1.4 Mw/m2 The ‘two- po1nt aim was
only practical on the 13.5 and 15.0 m long receivers due to excess spillage on
smaller receivers. .

The results of the optimizations can be compared on Figures 3.2.2-12 and 13.

Also shown for reference on Figure'3;2.21T2_is the previously analyzed 10.4 m x
10.4 m receiver, The input figure of merit (FMI) was increased from 65 to 72,

3-24



G2-¢

i et

FIGURE OF MERIT

—

}

82.00

: 8%.00 '8§.00 8?.00 | 99.00

82.00

80.00

3
» % el .

Figur‘eb.«’3‘..2'__.'.'2-7- - Figure of Merit vs Power .

A

COLLECTGR FIELD STUDY

ESG NA COOLED RECEIVER
MDAC U9SGM HELIGSTAT

L D!‘Ol‘rﬂl".

8.00

7

0.

L P I 1
0 200.0 400.0 _ 600.0 800.0
07T 777 EQUINGX-NOON' PORER

|
1000,
(MAT

)

T T ]
0 1200.0 1400.0 1600.0



ol

00
L

Bil.

0

™l

M-

83.

MERTT
60 82.u0

8!

S B

FIGURE OF

.80

20

89.00

79.20

OIO

~. Tioorm

’MDQC 4gsaM HELIOSTAT

DRI ¥ 2

> :.,t‘j. .
L
~

_LECTOR FIELD STUDY
gsr NA COGLED RECEIVER

fro™

20"

330

92-¢

T

C

/

T B ) T T = .
200.0 400.0 - FOO 800.0 1000.0 1200.0 1400.0 1600.0
o+ EQUINOX NOOGN PGNER( N) -;

Figure 3.2.2-8 Figure of Merit vs Power 0pt1mums |



c .
o ..zl..
i
A
&)
o
O
Op)

O
(@]
o0 |
O
(@]
—©
O—C(D_
(074
Lle
=
59 | ¢
Sl
Sj:r-i
D(D
O
e |
L.
O
(o’
oy
- O

80.00

78.00

L

COLLECTOR FIELD STUDY

ESG NA COOLED RECEIVER
MDAC Y9SGM HELIGSTAT

¢ o pgs!

+

| - -
100.0  200.0  300.0
Figure 3.2.2-9 -

l l |
400.0  500.0 600.0
EQUINGX NOON POWER (MW

“Figuré of Merit vs Power Expanded Scale

. - .

| : { |
700.0  800.0  900.0



iqur 2.2 e
F1gg e32 2:19°, ... Figure of Merit vs Power Expanded Scale

S ™ M .‘. r
%-ﬂ '..‘\;?. In I T T
. O
= | |
oL \ - COLLECTOR FIELD STUDY.
g _ .
| ! |
| \\ 'ESG NA COOLED RECEIVER
8 \ 'MDRC 49SQM HELIGSTAT
 @- \
. @
| = \ -/
=0 \
0™ -
dz_' w
S \
o
2
b
O
—
(\}.—J
o8]
o
()
o
c]
o
o
P QT - T l' T , r I —
{ N20.0  160.0. 200.0 200.0 280.0 _320.0 360.0 u400.0 U440.0 uB0.0  520.
. | ~ EQUINGX NOGON POWER (MWT) |



83.20
U B

FIGURE OF MFRIT

F

)

ol
—_

.q,%.i

MOAC U9SQM HEL 10STAT

84.00
L

© ESG NA COOLED RECEIVER

ag.uo

81.60
ci.D
62-¢

80. 80
L

80.00
L

9.20

'CELLECTOR FIELD STUDY |

v e ppn’

7

— I ——
0.0 ~ 500.0 - 1000.0 - 1500.0° 2000.0
Figure 3.2.2-11- - ‘.Figure of Merit vs Annual Energy (GWT)

I ‘ | 1 ] '
2500.0 3000.0 .3500.0. 4000.0



and this variation can be compared directly for the 12.0 m long by 10.4 m
diameter receiver. The FMI affects field density in an inverse fashion. In-
creasing the FMI tends to increase ;he optimum power level for a given receiver
size due to a change in the allowable field density. The receiver/tower combi-
nation with the lowest figure of merit at the required solar multiple = C 8,

a field power level of 228.9 MWt, a field receiver power ratio of 1.1, a
receiver power level of 208 MWt, ~that operates at an acceptab]e reduced peak
f]ux, is the 13.5 m x 10.4 m receiver shown on Curve Z of ngure 3.2.2-13.

.- S e e e s e eee s S e e, e = —_—

. Receiver Flux Distribution Trade Study

The normal optimization procedure produces a field trimmed such that the field.
js strongly biased to the north side of the tower. The mechanism controlling
the trim is primarily a function of limits set on allowable cosine losses. The
standard north field biasing creates a relatively large variation in total panel
flux distribution around the receiver when comparing the total flux on north
facing panels with that on south facing panels. Trades related to sodium flow
control per panel established the desirability of reducing this flux induced
flow imbalance in the north/south panel locations. An obvious method of
reducing the north/south per panel flux ratio.was to move some of the heliostats
from the north side of the tower to the south, conversely moving the relative
location of the fower/receiver further north in the field. This can be accom-
-plished analytically by modifying the cosine related field trim constraints.
Additional runs were made for the selected tower/receiver combination asso-
ciated with the 0.8 solar multiple baseline system. The results of this ‘
modification can be seen in Figure 3.2.2-14. This figure shows the normalized
incident flux on north panel = 1.00) flux distribution on the receiver at the
design point (equinox noon). The solid line is the result of a "standard"
field layout, while the dotted line. presents the modified cosine trim case.

| As can be seen, two: changes are occurring.” First, the 1nc1dent f]ux on the
north, or maximum flux panel, is reduced from 15.47 MW/pane] to 14.51 MWt/pane]
(a 6.2 percent reduction) and secondly, the ratio of north/south pane] flux is
reduced from 2.78 to 2.0 (a 28.1 percent reduction). A comparison of system
figure of merit shows that these beneficial reductions are achieved with Tess
than a twp ‘percent increase in system figure of merit at the design tota]

3-30



db. UY

9[¥;

Yy

9. Gy

=

- o - TOWER = 120.0 METERS

65 'REC 10.4X13.4
65 REC 12.0X10.4
72 REC 12.0X10.u
72 REC 12.0X9.u40

1 PT AIM FMI
1 PT RIM FMI
PT QIM FMI
! PT RIM FMI

o onn

N %
[RN

\ \
X .
‘xyﬁ |
_ gzz
\Y\Yvr—wf
| ©3-31
Figure 3.2.2-12  Figure of Merit vs Equinox Noon Power
| I | [ | 1
120.0 160.0  2080.0 28,0 - 280.0 320.0 360.0

EQUINOX NOCN FPOWER (MW)



o FIGURE OF MERIT ¥S. EQUINOX NOON PGWER
0 :
TOWER = 120.0 METERS
O
~N
sl X 1 PT AIM FMI = 72 REC 12.0X10.4
w Y "1 PT RIM FMI = 72 REC:13.5X10.4 ~
Z 2 PT AIM FMI = 72 REC 13.5X10.U4
= x 2 PT ARIM FMI = 72 REC 15.0X10.4
o
A
2e)
- \
@ \
\\.\
= L |
— \ :
o \ \
(D ‘. \\‘ 1 '\-\\\4\\
N\ \\\ é\*\
~ NN TN
NeONe
2 RN
~N— * XX _Y
0 .
- oo 5y |
j. Figure 3.2.2-13 J, LeveL Figure of Merit vs Equinox Noon Power
3 1 [ - T - [ 1
’180. 0 200.3 220.0 2u3.0 260.0 280.0 300.0
EQUINOX NOON POWER (MW)



NORMALIZED INCIOENT FLUX ON RECEIVER

TE2ARTMENT OF k
HEMATICS . ; ELU/NOX A/OOA/ FORM M 3.
. e TN O R TN E VN U T o VR O et 0 R BT LS5 0 S o A L0 ) 0 0 S 2 2 B 0 1 0 T ) S 0 ) g oy i
"““'!Hllil"l“l.l'"J!HIJJ'l"""'}"I'['M',O. Il‘lllllllILLI!]ll,l'l!llHlLlHl_HlH'!HllI|”
E| "L < X( \ : 3 e oV R — 7 ',\/,- 7 S 7 % ; B
\ 'l - ! &=
¢ v 4 o —
= ¢ T : Oo/ TR, =
N, 3 < (R4 P i
\ - A \ 3t i1 7 :
A v ' 1 N
I B P \ P | NN 37 - / :
5 X : i T (T £ i
> \ X T ] 11 "’ 5 / e
& \ { i 1 ] TSR -
4 ¢ T \‘ . 7 gyl 7 »S{ —
~ vt i ,“"‘ L) 1] i :
= 9 %S’ ¥ ) C' Himw s ey Wy 20y, o
; 2 7 ¢ AT i ETies " 7 - =
o LIS K \ 1 i + 3 =
% :<\ ¢ e | C.é .'"" |”‘ v ; ‘/I :
o L 7 A > T H 77 -
N S S it 1 T 4 X o3
~ A il 0 x 4 "/‘/ 7 =
N T _,fl iy 244 / L
~ P \ \ }\ - BC - 7 =
S X : 3 = : -
7 % k =
i Y C‘,q / b
N " > =
~ O hY '
5 R 2 ~ a5
: S K03 e
3 % =
4 E)l . Jis
2 V QOIZ 4_', 5
1 bt HL ' K
E ', : X 0,/ 4’711,‘,}: & == ! L
T ; /,’\ ? : = :[31 e 2
—] 1 : —— 1
5 H . | = /\\ — I i
-t remat : T 7 i
; ma= = : N =
i KT v T
; ‘ = ¢ ':,‘:_:.\
: \ :
] SO , =
5, \ -
T ; ¥ FETTTeD Ayt 3 : A S :
» > - 3 P VRS Tt St \ "\, =
2 AL ’, i T I -,\~\“ . o,
S - ] ”v"L[ ll‘l': “l" :—_
% %, ; 7 ')I’ . " i ‘I\ : T\ 5
2 S < S (LIT T (EAN] aeh g —
% S ! 111 s iR’ s
2 T T X
i :"' [N | o
/ T i) | =
INEE T B
A - IREQ] =
, S~ ," I 2 : 2 ) 2 2 aV XA |
: N THTT S7TAVLARD LAVOUT AMokTH PRNEC = 18,47 11ud /B
. [ / { - -
\ : oa ' MODIFIED LAYOUT MoRTi AUNEL = 4.5/ '1+5/ Rivel |
’ I ) —

" &, 7 s ’ L AR =,
IllllllLllIlilH.llH

l.iu"lluu.ai]a.'.aa||4'1llllllllinT_l]ll_ililnln|llllx

=

il e e 1A

VAT

Figure 3.2.2-14

Polar Co-ordinate, Graduated in Dégrees.

Normalized Incident Flux on Receiver
‘Page 3-33

R /
l/- 'lllllllllllllll‘Jll
////////////////////ll/u.-unli:.;n.uul‘ln\\'\\\\\\\\\\\\\\\\\\\-\'\ U TR e

UNIVERSITY CO-CPERATIVE CO,
MADISON, wis.

s 7



receiver absorbed power. As a result of this trade study, the final field
optimizations and the associated performance for both the 0.8 and 1.4 solar
multiple 100 MWe reference systems were based on the modified cosine trim
constraints.

3.2.3 Helijostat Parametric Analysis

An analysis was made to estimate the optimum size of a heliostat,
considering only the minimum capital cost for the heljostat. Semi-empirical
cost algorithms are posed based on prototype heliostat cap1ta1 costs.

While these algorithms are oversimplified, it is felt that the results of
the analysis are still representative.

The following general conclusions are drawn: (based on capital costs)
~
1) The heljostat area and drive unit size for which the design
margins in both strength and stiffness are both at the
minimum acceptable value should be the lowest cost.
2) The prototype heliostat, at 49 m2, is about optimum for
the above.condition.

23] Des1gn1ng to strength considerations (surv1va1 wind loads),
on]y, neg]ectlng stiffness (operat1ng W1nd loads) indicates
a 56 m2 area to be optimum.
4) NegTecting'survivaT wind loads and designing to stiffness

considerations leads to an optimum size of about 36 mz.

A subsequent analysis was done to include the effect of the present
value of operating and maintenance (0&M) costs in this optimization. The
addition of these costs resulted in a heliostat which was sized by stiffness
criteria (operational wind loads) and slightly overdesigned based on
strength considerations being optimum. This minimum cost occurs at a
heliostat size of approximately 63 . However, the optimum is very flat
about this point and is only about $.60/m2 less than the cost of the 49 m2
baseline design heliostat including 0&M costs. :
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The results of these analyses are shown in Figure 3.2.3-1. The lower set
of curves is based on variations in heliostat capital costs only, with
the solid line being the cost of a heliostat which meets or exceeds both
the strength and stiffness criteria, i.e., to the left of 49 mz, the design
is strength-critical and to the right of 49 m2. the design is stiffness-
critical. 1In the case of the lower (capital cost only) curves, the minimum
"cost for a heliostat which meets both criteria is achieved with a 49 m2
~ heliostat. The upper set of curves shows the results of adding to the
capital cost the present value of 0&M costs. Again, the solid Tine is
defined as above; however, in this case, the minimum cost on the solid
(valid design 1ine) occurs at a heliostat size of approximately 63 mz. \
Because the 49 m2 size is only slightly higher in cost than the apparent
minimum and detailed cost and performance data is available at this size,
the 49 2 heliostat will be used (including 0&M cost) in the initial field
optimization analyses. The impacts of reducing heliostat size on the
field optimization will be analyzed at a later date using the cost varia-
tions (including 0&M) presented in this figure.
The following explanation is given to further define the terms "strength
critical" and "stiffness critical." A component is considered strength
critical when its design is dictated by criteria that it shall not fail
based on material yie1d strength when subjected to the design survival
wind loads. A component is considefed stiffness critical when its design
is dictated by criteria that it shall not deflect beyond 1imits defined:
by meeting tracking accuracy requirements when subjected to operational :
wind Toads. ' '

As will be seen in the derivation of the cost algorithms, the drive
system and its associated components were considered as either strength-
of-stiffness critical, with the other heliostat components being designed
by strength, or some other criteria not related to stiffness, as defined

“above. The following table summarizes the major components of the drive
system and how strengih.and stiffness affect the design.
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DRIVE SYSTEM DESIGN SUMMARY

Design Criteria

Component Strength ~ Stiffness
Jacks & attach points Size of components : N/A
Harmonic drive unit Size of gears Clearances between flex

and circular splines.

Azimuth Drive Housing Sized based on yield Low yield strength/cost
& drag link (material strength ' - material (ductile iron)
dependent) ' _ _ " selected. This provided

large-enough components
to meet deflection criteria.

Turret bearing Primarily strength
. rélated to minimizing
Brine]]ing.A

- The. fo110w1ng descr1bes the der1vat1ons of the cap1ta1 and O&M cost

2-

a1gor1thms based on the current 49 m- prototype he11ostat°

¢

Each of the algorithms is of the form
Cost = C(a)"
C 15 thé cosflof fhé-combonént pér‘éfoégtypé.hé11ostaf ug1t
(49 m ) in d011ars,

a is the area normalized to 49jm2, and

" is an empirically estimated exponent,
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Capital Cost Algorithms

The pedestal/foundation loads vary as.(area)3/2. With the foundation

costs dominant, a relationship

3/2

Cost = 725 a is adopted. .

Reflector costs vary approximately as the area, or
: ' . T o |

Cost = 470 at*0,

fhe support structure loads vary as (area)3/2. Stress is a function ,'
of MC/I, with the momentAvarying.as a 3/2."For constant section deoth,
structure mass will vary as the moment. Optimized sections will vary at
a slightly Tower power... Hence, adopt

Cost = 363 a1 4 ~ -

Wiring and contro] costs are nearly constant with area, WIth wiring
ccosts varying about as (area)l/z and control constant Hence,-adopt-

Cost = 245 a+0 2

Assembly, 1nsta1]at1on and checkout costs are substant1a]1y independent
of area; hence, use

. Cost = 279.

| Drive unit costs depend on. whether the dr1ve un1t is des1gned by
strength or stiffness. Drive unit loads vary as (area)3/2 and strength
varies as D3, where D is a characteristic dimension, such as pitch diameter.
" The drive unit mass tends to vary as Dz. The cost of the drire'Unit per
pound varies as (weight)™* 11. From the above relations, D varies as
(area)l/ , mass varies as area, and cost varies as (area)0 89. Hence,

for strength 11m1ted drive units,
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0.89

Cost = 407 a for the azimuth drive, and
- 0.89 v . . _
Cost = 730 a for the elevation drive, or
- 0.89 .
Cost = 1137 a for the total drive unit.

- For stiffness 1imited drives, the moment of inertia for the reflector
varies as (area)z. The drive unit stiffness also varies as D3. Hence,
D varies as (area)2/3, mass varies as (area)4/3, cost as (aréa)1‘1?7, and

Cost = 1137 al-187

for the stiffness l%mited drive.

The total heliostat cost is then given by.

C=725a>2%+ 470 a + 363 a%"% + 245 4°2 + 279

1137 a‘89 (strength 1imited) -

1.187 .

1137 a (stiffness 1imited)

The cost per unit area. is

$-7252° + 470 + 363 a°* + 245 ;;'8 + 279 a7}
o (uw ;‘31}.(syr¢ngth)

o 1137 aﬂisj (Stif%neésf
Analyses

The slope of the chtJCurve with area is found by differentiating by'
area - ' a
3-39



d_(C\ . -5, - -.6 1.8 oog -2
=) - 362.5 a™°° + W5.2a7°° - 196 a™ "0 - 279 a
2125 7111
' +
212.6 a~-823

For a heliostat area of 49 mé

~

, Or a reduced area, a, of unity, the

equation becomes

c -125 (strength)
(E) = 3.2 %02 (stiffness)

Q.o
-1}

Inspection of the above equation shows that the selection of stiffnesé
or strength 11m1tat1ons on the dr1ve unit governs the slope of the cost
curve. '

For a reduced area of unity: (area = 49 mzl, %E'ATET'.< 0 for a 4
strength 1imited drive unit, indicating that the area should be increased.
For.a st1ffness limited drive unit and a reduced area of unity (area =
49 m2) a 157-‘> 0 the area should be reduced. ‘The ca]cu1ated opt1mum .
reflector area for a strength limited dr1ve un1t is 56 m (605 ft ) and

.for a stiffness limited drive 1s 36 m (383 ft ) The correct conclusion
is fhat the -area should be approx1mate1y that wh1ch makes the drive unit

equally critical in strength and st1ffness

. For current he11ostat 1oads, the dr1ve unit 1s about equa11y cr1t1ca1

'”O_for strength and stiffness.  Hence, the he]mostat s1ze is about opt1mum

Reduced loads wh1ch may result from wind 1oads cons1derJng.effects of
interference and wind fences, should lead to a smaller heliostat as the
optimum size. Under the stiffness Timited conditions noted above, the
size is about 36 m2 which, to the level of accuracy of the above algorithms,
should be considered to be indistinguishable from the pilot plant collector

size of 38 m2;
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Operations and Maintenance Cost Algorithms

A previous study of 08M costs associated with the prototype heliostat
identified 0&M costs of $55/year in the first year and $30/year in subse-
quent years (1978 dd]]ars) An analysis of these costs was made wh1ch
divided the costs into three categories as follows:

Part A: Those costs which were independent of heTiostat»sizé
(primarily, reliability-related items associated with
unscheduled maintenance).

Part B: Costs associated with maintenance materials, i.e., cleaning
fluids.

Part C: Costs which were associated with heljostat scheduled main-
tenance Jabor.

Part A costs were assumed to vary as |
Cost = (Present value of Part :A) x éo‘(i.e.. constant per he1ﬁ§§fat) ‘:
Part B costs were assumed to vary as-

1

Cost = (Present value of Part B) x a' (i.e., proportional to

__mirror area)
- ‘Part Clcpsté'wereAaSSumed to vary as-
.5

‘Cost = (Present value of Part C) X a

This asshmption came from the fact that the labor for scheduled main-
tenance was pr1mar1ly associated with washing the heliostat, and the time
to wash each he1iostat was a functlon of heliostat width (i.e., the time
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to drive a washing device past the heliostat with the washing being accom-
plished by a vertical boom which swept across the heljostat). Since the
design is almost square, the width becomes a function of the square root
of the area. ’ ‘

The;efore, the 0&M .cost per heliostat is given by the following
equation: '
~, _ 0 1 v 5
Cost = APva + BPva + CPVa‘
where a is as defiqed in the capital cost analysis and APv and CPv are the
present values of 0&M Parts A, B, and C as defined above.

The cost per unit normalized area is therefore

a PV +C

PV PV

A breakdown of these costs.on'a per year basis is as follows:

1st Year -  2nd — 30th Year

(1978°8)  __(1978'%)
A 40.70 17.10
B 7.0 7.20
c | 660 . .5.70

Total - 55.00 ~  30.00

" The present value of these costs.was then calculated using the = .
prescribed EPRI/DOE methods using the following assumptions:

~ QOperational Date ‘1990
08M B 8%
Discount Rate o 10%

System Life - 30 Years
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This leads to the following present values:

Present value of Part A: CApy = $415

Present value of Part B: BPv = $165
Present value of Part C: CPv = $131

Therefore, the,cost<algori£hm for O&M present ;hlues.is as-fo]jows:

Cost -] -.5

2 + 165 + 131 a

(O&M)Pv = 415 a

The present va1ue cost (1n 1978 dollars) for the 49 mZ he11ostat
is $711 or $14. 52/m

- .
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SOLAR CENTRAL RECEIVER HYBRID POWER SYSTEM
3.3 RECEIVER SUBSYSTEM

Parametric analyses of the receiver subsystem and its components -
are discussed in the following section. The Receiver Subsystem contains
the receiver, the receiver pump, the steam generator units, and the main
sodium piping, including the riser and downcomer.

Since several alternatives exist for piping the solar receiver and
fossil-fired sodium heater into the sodium process system for the
hybrid plant, a trade study-Was made to compare these alternatives.
Options considered were one parallel and two series arrangements: one
of the series arrangements consiéted of a receiver piped ahead of the
heater, and the other with the heater piped ahead of the receiver.

In the-vpa§a11e1 arrangement, the temperature rise across the
components is maintained constant while the sodium flow is proportioned

in the series arrangement, the sodium flow is fixed and. the temperature

rise across the components is varied with respecf to 1oad'change .
Refer to Section 4.3 for more specific details concerning this system
trade study.

Results showed that the paraliel configuration is the preferred
choice. It is.easier to control such a configuration because the
sodium inlet and outlet temperatures are fixed and the power level is

contro]led by varymng the sod1um flow;. carbon stee1 can-be . ut111zed fora

" sodium r1ser and 1n1et p1p1ng ‘to receiver; therma] cyc]1ng is. m1n1m1zed
and it is the fost cost-effective arrangement ' '
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Therefore, the parallel configuration was selected for the hybrid
plant conceptual design.

The complete study is'given in Appendix

3.3.1 Receiver Concepts

, The receiver is a critical -component . in the .solar hybrid p]anflas
it is the interface between the cellector and the heat transport sub-

systems. The receiver is exposed to a heat flux in excess of,iOOO suns.

At any given instant, the heat flux on the receiver varies by at least
a factor of 30 at different locations. During the course of a day, a
typical point on the receiver will have an incident flux that varies by
at least a factor of four.  The temperature difference across the tube

~wall receiving the greatest flux may be up to 100°C (180°F) while on

the rear half of the same tube there will be little or no thermal
gradient. '
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“ the receiver is made large to intercept more radiation then the thermal

‘radiation.

'_‘a rece1ver -at night but is a cumberSOme .and. cost1y component ~If the
_sod1um c1rcu1at1on is stopped at n1ght and- no therma] shroud s used

The heat flux on the receiver is such that a loss of coolant can
cause severe overheating in a matter of seconds. The heat flux pattern
on a panel varies in space and time such that the thermal stresses in a
rigid panel can lead to deformation and failure. About 13% of the incident
radiation will be lost to the surroundings, while about 5% of the arriving
energy misses the receiver altogether. If the receiver is made smaller to
reduce the heat losses then the interceptioh loss will increase. Or if

losses will increase.

If a gap between the receiver tubes occurs then the incident heat
flux can seriously overheat any structures behind the tubes. Any uncooled
strip of metal exposed to the heat flux has a chance of being overheated.
Structures such'as.the tower top and receiver roof are vulnerable to stray

The receiver is exposed to all the elements such as rain, snow, hail, o
wind, lightning, and earthquake. It is in a-relatively inaccessible
location so that maintenance will be limited. While the receiver spends
half the time exposed to a variable and intense heat flux, the rest of
the time it is in darkness and is inactive. If hot sodium is circulated

" through the receiver at night, many operational problems are eased but

the thermal losses become high A thermal shroud can be used on the

the sod1um will freeze in the receiver. While this is a feas1b1e
approéch, it does make for a complex startup procedure each morning.
For the reference design the receiver is drained at night.

While a sodium-cooled receiver has many problems, it also has many
favorable features. The sodium has a high heat transfer capability and
can accept very high heat f]uxeé Without causing excessive tgmperatures.
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The sodium is well below its normal boiling point (882°C or 1620°F) so
remains as a dense 1iquid. Since the pressure and corrosion probiems
are minimal, the receiver walls can be relatively thin which reduces
thermal stresses, thermal losses, and material costs.

3.3.1.1 Cavity vs. External Receiver

Trade studies of cavity and -external receivers were made for the
ACR study at both the system and component levels. The system comparison
involved such factors as the receiver view factor, the size, shape, and
orientation of the collector, spillage, atmospheric attenuation and
tower height. The component comparison considered receiver size, weight,
complexity, and cost.

The external receiver has several overall plant advantages. One is
that for a given power the tower is shorter and less expensive. Another
is that the average distance of the heliostats is less. This leads to
less atmospheric absorption, less shading and bTocking, and less spillage
of collected ehergy. The external receiver was selected as the baseline

"~ for both the ACR and hybrid plants chiefly because of. these overall

plant advantageé,‘but also because it is a smaller, simpler, and lower-
cost receiver. ' '

The receiver is considered to consist of many small-diameter,
vertical tubes cooled by upward flowing sodium. Manifolding at the top
and bottom of the receiver connects the receiver to the cold and hot
buffer tanks which are connected to manifolding which connects the two
 main~pipes thatu]eadf;o ground ]eve1.'x;"' ' : :

3.3.1.2 ACR 2nd 1.4 SM Receiver Design Description

Figure 3.3-1shows a conceptual sketch of the ACR receiver mounted
on the tower. A crane mounted at the top is shown 1ifting a panel and
its support structure into position. Vertical I-beams and associated
trusses provide the main receiver structure.
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Figure 3.3-2shows some of the structural details of the receiver.
The panel and panel structure are supported by the main structure.
Sodium piping with bends to allow for thermal expansion connect the
panels to the riser and downcomer. The riser is higher than the upper
edge of the panels and acts as a standpipe to provide sodium to the
panels in case of pump and/or check valve failure. The sodium expansion
tank is toroidal in shape and is located near the top of the receiver.

The ACR receiver is of the external type and it is 16.1 m (52.8 ft)
in diameter and 16.1 m in height. It consists of 24 separate vertical
panels - each panel being constructed of 110 stainless steel tubes.

Each tube has a diameter of 1.91 cm (0.75 in.) and a wall thickness of
0.124 cm (0.049 in.). See Figure-3.3-3.

The panel tubes are placed tangent to one ‘another forming a flat
panel 209.3 cm (82 5 in.) wide. The tubes are held mechanically in this
~ position, bewng-neﬁther welded nor brazed. The tubes are anchored to
the support structure at the panel base and are permitted to grow vertically -
“the maximum growth being in the neighborhood of 15 cm. (7 in.). The
tubes are supported every 1.2 m (4.0 ft) by a pin and bracket arrangement
which firmly mounts the tubes to the support structure while permitting
thermal expansion.

The tubes enter manifolds at the top and bottom of the panels. The
manifolds are constructed of 20-cm (8-in.) pipe with a 0.277-cm (0.109-in.)
wall, and are the width of: ahe pane] The manifold at the bottomAis
Nﬂ~connected to the main sod1um riser p1pe by means of a c1rcu1tous 20- -cm. l' o

~‘(8 -in.) pipe. . The analogous pipe at the upper man1fo]d doub]es back R
'para11e1 to the panel and for about 2/3 of the panel length.  Thus, the
growth of the panel is compensated by the reverse growth of this pipe,
minimizing the pipe stress.

Each panel is supported by a full-length strong-back that is con-
structed of 15-cm (6-in.) box beams having a steel thickness of 0.953 cm
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(0.375 in.). Each strong-back is bolted to the vertical I-beam structure
that is attached to the top of the tower. Behind each panel is a thin
stainless steel thermal shield that serves to intercept any stray light
beams that may enter between tubes. There is also thermal insulation
between the panels and internal structure to prevent oVerheating of
structures and reduce heat losses.

The riser pipe is connected to an antisiphon pipe which extends
from a point below the panel base to well above the panels - a distance
of 33 m (72 ft). It consists of an inner 51-cm (20-in.) pipe and an
outer concentric 76-cm (30-in.) pipe. Sodium from the riser travels up
the inner pipe, then returns down the outer annulus delivering sodium to
the toroidal distribution ring at the base of the receiver.

An expansion tank is located near the top of the antisiphon pipe
and above the panels and manifolds. It is a hexagonal torus measuring
8 m (26 ft) across the flat diameter and is constructed of six mitered
pipes, each having a diameter of 1.8 m (6 ft). The expansion tank
accommodates the effect of temperature changes in the sodium and the
piping of the receiver loop. A crane hoist will be placed on top of the
receiver to 1ift the panel and strong-back assemblies into position and
remove them during maintenance periods. A circular shed roof is installed
around the top of the receiver to protect against rain, snow, etc.

3.3.1.3 Recejver for 0.8 SM Plant

~ For the 0.8 SM plant, several receiver concepts were evaluated.
-AFig.'3;3;§~§hows'a_conCept with the cold and hot buffer tanks mounted on. -

top of the tower.above the external receiver. The cold tank is toroidal -
in shape, whereas the hot tanks are vertical horizontal components. The
fossil-fired sodium heater stack is shown inside the tower and passes up
through the receiver. A revised concept of this arrangement is shown in
Fig. 3.3-5. In this revised design, the toroidal cold tank is replaced
with six cold buffer vertical.tanks which are more cost effective than

the single tank.
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The receiver panel supports have'been revised from the ACR receiver
panel design to accommodate the stack which passes up through the
receiver. The outlet header of the receiver is fixed in this concept,
and thermal expansion of the receiver tubing is downward, just the
reverse of the ACR concept. '

3.3.1.4 Receiver Heat Flux Study

A trade study was made to determine if it is cost effective to
increase the receiver height to capture some of the incident heat flux
and, at the same time, insulate sections of the receiver to reduce the
thermal heat ]osseé. The details of this study are presented in Appendix B.
Results indicated that the small savings in cost did not make this
concept worthy of any further study for the 100 MWe hybrid pTant.
 However, as-the receiver size is increased to the'siie-required‘fOr'the .
eommercial‘so1ar plants, there may be more of a cost incentive to pursue
this concept.

3.3.1,5 Receiver Panel Tube Orificing and Control Valve Reduction
Study and Selection of Number of Panels

~ During the Phase I conceptua] des1gn study, 1t was proposed that-
“the. pane] tube of the central rece1ver be or1f1ced 1n order to: f]atten
the temperature prof11e at the pane1 outlet Th1s wou]d reduce pane1
thermal stresses and allow many more tubes per pane] Also, panel
outlet temperature flattening would allow several panels to use the same
flow control valve which would increase the system reliability.

The technical feasibility of panel tube orificing requires rela-
tively constant horizontal flux gradients across the panel. The outlet
temperature of each tube depénds upon the ratio of mass flow to heat
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absorbed by each tube. When a flux gradient exists across a panel and
the flow in each tube is equal, the tube outlet temperature will be
proportional to the local flux. Consequently, the outlet temperature
profile of 2 panel will be flat if the ratio of mass flow to heat
absorbed in each tube is constant. This can be accomplished by orificing
individual tubes to achieve a panel flow distribution similar to the panel
flux distribution. However, if the flux gradient .of a panel which has
orificed tubes changes slope, i.e., reverses, the flow distributioh will
oppose the flux distribution and result in temperature gradients and
thermal stresses with higher magnitudes than if the tubes were non-
orificed. Consequently, any panel in which a flux gradient reversal is
expected to occur must be eliminated as a candidate for tube orificing.

. " e
A study of the expected range of flux gradient variations as a
function of diurnal variations and coliector field assymetry was also
made. - The results are shown in Figure 3.3-6. As-the sun moves across
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the sky, the optical interaction of the collector field and receiver
results in flux gradient reversals in all panels except a few in the
southeast to northeast quadrant and perhaps one or two panels in the
northwest quadrant. On this basis, there are a few candidate panels
for tube orificing.

Transient f]ux distributions must also be considered in fhe selection
of candidate panels. If an opaque straight-edge cloud approaches from
the north side of the collector field, the resulting flux distributions,
as a function of cloud position, are shown in Figure 3.3-7. For a cloud
whose shadow position is 73% of the way from the north field edge to
south, the flux gradients of every panel have reversed compared to
steady-state operation. Consequently, all panels have to be eliminated
as orificing candidates'if receiver operation continues beyond the time
when the field and cloud shadow interact. Panels identified as candi-
dates during steady-state considerations are still valid, however, if
the field has been disengaged prior to the arrival of the cloud shadow.

Similar observations.can be made with regard .to the proposal of -
using a single control valve for several panels. Flux gradient reversals
due to diurnal or transient meteorological phenomena would cause flow
maldistribution and result in excessive panel temperature gradients,
except in the case where the mirrors are steered off the receiver prior
to cloud cover transients. '

The selectioh of the humber of panels results from a trade sfudy

A 1arge number of - panels resu]ts in sma]] temperature grad1ents across -

- the pane] out]ets but increased: fixed panel fabr1cat1on costs and
4decreased system re]1ab111ty due to increased valve requ1rements
Decreasing the number of panels decreases panel unit cost and increases
system reliability at the expense of increasing panel outlet temperature
gradients. ‘
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An engineering judgment of tube/header stress limitations has
established 100-120°F as the allowable nominal temperature gradient
across a panel. A study of the nominal temperature gradients across
panels for the 0.8 SM, 208 MWt receiver based on the flux information
supplied by MDAC in Figure 3,3-6;Mms completed. The results of this
study are shown in Table 3.3-1.

TABLE 3.3-1
NUMBEL O0F PANELS VS TEMPEPATURE GRADIESIT

Number of Panels Nominal Panel Gradient (°F)

300 16°¢ (28°F)
24 ~27% (49°F)
18 64°C (115°F)

Consequently, a 96-tube panel has been selected as the reference design
for the hybrid plant receiver. This results in 18 panels.

Summarizing the results of these studies: (1) panel tube orificing
and combination of panels to reduce numbers of control valves are not
fecommended_if‘reCeivér Operat{on'is contemplated during cloud transients;
(2) if 'the receiver can be shut down in a controlled manner, prior to
cloud cover passage, such that flux gradient slopes are maintained, then
five panels in the southeast quadrant and two panels in the northwest
quadrant are good candidates for orificing and combination; and (3) the
18-panel configuration is the recommended starting point for any of
these proposed changes.
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3.3.2 Receiver Size

Solar Multiple = 0.8 Receiver

The selected receiver size for the 0.8 solar multiple system is 13.5 m in
length by 10.4 m in diameter. The selection of this receiver size was a direct
result of the aim strategy trade study (see Section 3.2.2) done during the
collector field optimization. The lowest figure of merit: ($/MWt h annual)
system resulted from a solar system with a smaller (10.4 m x 10.4 m ) receiver.
However, an analysis of the peak flux associated with this size receiver,
utilizing single point (receiver equatorial) aim identified a peak flux in
excess of the allowable flux from a receiver thermal stress'standpoiht. This
~necessitated looking at alternate aim strategies to reduce the peek flux.
‘Because of excess spillage, there was little that could be accomplished in
reducing the peak flux on the 10.4 x 10.4 m receiver without a relatively

large loss of performance becuase of the spillage. Therefore, it was necessary
to increase the receiver size to minimize the performance loss and still reduce
the peak flux to an acceptable level. ‘The system with the Towest figure of
merit with an acceptable peak flux utilized a 13.5 m length by 10.4 m diameter
receiver operated with two point aim and became the recommended receiver con-
f1gurat1on for the solar mu1t1p1e 0.8 reference system. These data are shown in
Figure .3. 3 2-1. .

Solar Mu]tip1e = 1.4 Receiver

The results of the collector field optimization showed that the system with

the Towest figure of merit at the required peak power of 364 MWt (solar multiple
= 1. 4) was the system with a 15.3 m length by 13 0 m diameter. This can be

seen in Figure 3.3.2- 2 show1ng the family of systems us1ng a ]50 m tower.

L Th1s 1n1t1a1 opt1m1zat1on was shown us1ng one . po1nt a1m and as was “the case :
with the solar mu1t1p1e 0.8 system, resulted in a peak f]ux wh1ch exceeded the o

a]]owable value. However, in this case, the receiver was large enough because

_ of the higher peak power requ1rements associated with the solar mu1t1p1e 1.4,

.to allow two po1nt aim without creating excess spillage, which would necessitate
'ana]yz1ng a larger rece1ver This is due to the relative constant image size
reflected on the receiver, which is enough smaller than the receiver to allow
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the necessary spreading of the aim points to achieve acceptable peak flux
levels. Therefore, the initial selection of the 15.3 x 13.0 m receiver was
upheld. Subsequent analysis and performance estimates for the solar mu1tip1e
1.4 system were made assuming the two-point aim resulting in s]1ght1y h1gher
figure of mer1t than 1n1t1a11y calculated.

3.3.3 Receiver Materials Selection

The reference material selected for the solar receiver is Type 304
stainless steel with a minimum carbon content of 0.04%. This is the
“most readily available, lowest cost, 300-series stainless steel considered
suitable for high-temperature service. It offers the best weldability
of this family of steels and has been the subject ef intensive compati-
bility and mechanical properties studies over the past 30 years as a
»- result of its application in liquid metal cooled reactor service.’

Type 316 stainless steel with 0.04% minimum carbon'may be used in
the receiver if slightly higher allowable stresses are found necessary,
either locally or throughouf the component. The 316 alloy is very close
to 304 in all respects: cost, availability, compatibility, and welda-
bility. No unusual alloys or welding procedures are needed for transitions
between types of 304 and 316 stain]ess.stee];

, If deta11ed stress ana]ys1s should show the need for an even L
h1gher-strength alloy in certain 1ocat1ons, either 1ns1de or outs1de the -
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sodium circuit, the alloy Inconel 718 is available. This alloy is also
the subject of a comprehensive study sponsored by the DOE.

The remainder of the high-temperature portion of the system, except
for the pumps, will be of Type 304. The pump cases will be of Type 316,
and the imprellers will be of CF8M, which is the cost equivalent of
Type 316. This selection is based on the availability of sodium pumps
made of these alloys. Contacting surfaces such as valve seats and pump
bearing will be hardfaced with stellite. '

3.3.4 Receiver Thermal Performance Analysis

The highest heat flux, as shown by the typical ACR data of
Figure 3.3-8, is on the .north facing panel. Tube wall temperatures are
calculated using'the flux data for the specific collector field. Peak
wall temperatures occur at about three-quarters the distance to. the top
of the panel. From analysis of this type, the thermal stresses within
the tube wall ére determined. The purpose of these calculations is to
determine panel life and supply design information such that the panel
and receiver as a whole may be designed to minimize the effects of
‘thermal expansion, Changing"ahd uneven heating-and ¢ooling, and- to
provide the temperature data for the thermal loss calculations.

Calculation of the thermal heat losses from the sodium receiver
have been carried out as follows: The reflected insolation loss is
calculated from the solar.absorptance of Pyromark (€= 0.95). The
infrared loss-is calculated from an integrated surface temperature for
the receiver. Convective losses are estimated using a high Reynelds
A number average heétftraﬁsfer toefficient_fdr a Ebughened cylinder in
. cross-flow. ' ‘ R S o
A preliminary thermal analysis of the baseline receiver sodium-

cooled panels for the ACR was performed. A discussion of this analysis
follows and is directly applicable to the hybrid plant.
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The incident heat flux was obtained from the University of Houston
for the case of equinox noon. These ACR.data plotted in normalized form
are shown in Figure 3.3-& for the north, east-west, and south panels.

The ACR baseline power at the time of the analysis was 429 MWt.
The sodium inlet and outlet temperatures were 288°¢C (550°F) and 594°¢C
(1100°F), respectively. The receiver flow rate at this maximum power

condition was 3,975,000 kg/hr (8,744,500 1b/hr).

The receiver had 24 panels, each consisting of 110 tubes, there
being 2640 tubes in all. Each tube had an 0D of 1.91 cm (0.75 in.)
and a wall thickness of 0.124 qmj(0;049 in.). These tubes were made of
Type 304 stainless steel.

The receiver was divided into four quadrants - north, east, west,
and south. At equinox noon, the characteristics of the east and west -

quadrants were identical. Each of the four quadrants was analyzed on the

basis of its average properties. Table 3.3-% shows the flow fraction,
flow rate, and heat input for each quadrant.-

The heat transfér:COrkelation'for sodem;f]owinQ in ‘tubes was:

Nu = 7.0 + 0.025 (PrRe)?-8

2
TABLE 3.3-8
RECEIVER QUADRANT FLOW AND HCAT INPUT

. | Flow =  Flow Rate . Heat Input
~ Quadrant.  Fraction . (kg/hr) . o (mwt)
CNorth . 0.425 . 169100 182
East 0.235 0.93 x 10° 101
West 0.235 0.93 x 10° 101
6 45

South 0.105 0.42 x 10
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Where (in consistent units)

Nu = hD/Kw

Pr = CpU/Kg;fthe Prandtl Number

Re = DEV/u, the Reynolds Number

h = Sodium heat transfer coefficient

D = Tube diameter
Cp = Specific heat of sodium

u = Viscosity of sodium

K#; Thermal conductivity of wedd Soo/car

p = Sodium density

V = Sodium velocity

Kw= 74ermal ‘-‘dtz&cf{tﬂfy or 5&"/3" s sZeel

Each panel will have the flow metered by the panel contro]vva1ve§
so that the outlet temperature is very nearly a constant. Thus, the
flow velocity will vary among the panels from 0.933 m/s (3.06 f/s) in the
south quadrant to 4.05 m/s (13.3 f/s) in the north quadrant. Because of
the temperature and velocity variations, the sodium heat transfer coeffi-
cient will range from 30260 W/mz-K-(5337 Btu/hr—ft2 oF) at the hot end of
‘the south quadrant to 52170 W/m°-K (9201 Btu/hr-ftz-oF) at the cool end of

the north quadrant.

K, varies from about 18.2 W/m-K (10.5 Btu/hr-ft-°F) to 22.3 W/m-K
(12.9 Btu/hr-ft- F) from the cool inlet of the receiver to the hot exit.
The conductance -across the wall thickness is K /x, where K is the thermal
conductivity of the wall and x is the wall thickness.

,,Thenoyenal];heat‘tran;férccqeffiCient;‘U,-i;:_

Us =1
K, h

1
+

This coefficient is controlied more by the wall conductance than by the
sodium conductance. Values of U range from 9871 w/m K (1741 Btu/hr- ftz-
F) at the cold end of the south quadrant to 12179 W/m -K (2148 Btu/hr-

£2-F). |
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The AT between the outer tube surface and the bulk sodium was
calculated assuming that one-half of each tube surface is available for
heat transfer and using the values of U at each point on the receiver.
The maximum AT's ranged from 35.3°%¢C (63.6°F) at the midpoint of the -/0
south quadrant to 96.3°C (173.4°F) in the north quadrant. Figure 3.3-K
shows the AT's at various poﬁnts on the baseline receiver. When these
AT's are added to the local sodium temperatures then the peak metal -t/
temperatures at all points on the receiver are obtained. Figure 3.3<8"
shows these temperatures. '

After this analysis was performed, the maximum receiver power for
the ACR was reduced from 429 to 390 MWt. On the other hand, since the
temperatures of the north quadrant represent an average case, the peak
temperature in that quadrant will be somewhat greater. The current peak
AT is estimated to be 119°C (214°F), and the peak metal temperature will
be 618°C (1144°F) instead of the 608°C (1125°F) shown in Figure 3.3-6.

A study was made of the thermal losses that occur in the ACR
external receiver. _Table 3. 3;§'11sts the assumptions used in this
study. Figure 3.314”shows the equinox noon receiver incident power
‘distribution which was adapted to the ACR baseline 16 m x 16 m (53 ft x
53 ft) receiver. The receiver model was divided into eighty small sections,
each of which was losing heat to the surroundings by reflection, radiation,
and convection. ‘

3
TABLE 3.3-%
ASSUMPTIONS FOR THERMAL LOSS STUDY

;Equ1nox, Noon Inc1dent Power. Dwstr1but1on :
288°C ‘sodium . In, 593°C Sodium out -

' Four Azimuthal Quadrants T
Twenty Vertical Sections
Solar Absorptance in Pyromark = 0.95
Emittance = 0.90 Effective
Roughness of Cylinder = 60 x 10
Achenbach Heat Transfer Correlation Plus Natural Convection
Winds from 0 to 16 m/s (36 mph)

-5
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The radiation emittance chosen was 0.90, which is somewhat con-
servative. For the convection heat transfer, the correlation of
Achenbach was used. The Achenbach experiments were performed at a
high Reynolds number, but not quite as high as the value of 107 that
could be reached by an external receiver in a high wind. The effects
of natural convection were added to the forced convection value. The
results of this study are given in Section 5.3.3. The detailed study
is given in Appendix F of Reference 3~1. |

In the matter of the analysis of the convective heat losses from the
solar receiver, the question has been raised from time to time as to how
to determine the net effect of both forced convection (due to wind)
and natural convection {due to thermal buoyancy).

The method currently being employed generally for this type of analysis
is to first calculate the heat transfer coefficients for forced and
natural convection as if each were acting alone. Then, an effective
heat transfer coefficient is determined according to one of several
suggested methods: a simple addition of the two coefficients, choosing
the larger of the two coeff1c1ents, or comb1n1ng by a formu]a that 1s
intermediate to these two methods. ‘

References3,?—ﬁndjif are informal papers presented at the Sandia
Laboratories/Department of Energy Workshop on Convective Losses from
Solar Receivers, held at Dublin, California, April 17-18, 1979.

3.3

In Reference3'S P. Oosthizen and R. Leung propose N 2 on the basis
of exper1menta1 data. In Reference3 ;l B. Pomeroy and v. Kadamb1 use

: N =2, 3, and. 4 JUSt as: a mathemat1ca] variable.
There would seem to be something intuitively satisfying about the

root-mean-square (N = 2) proposal. It gives the idea of a vectorial
resolution of two gas velocities flowing at right angles to one another.
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In F1gure3 o3 a p]ot is shown of h(effective) as a function of h{larger),
h(smaller), and the assumed value of N. Note that either h(forced) or
h(natural) can be h(larger) or h(smaller), merely depending upon their
calculated magnitudes. It is obvious that if one of the heat coefficents
is much larger than the other, it controls the value of the effective
heat transfer coefficient. 0n1y in those cases where the two heat transfer
coefficients are of the same order of magnitude is the determination of
a combined heat transfer coefficient of interest.

B3.3-43 - 3.3-/

Figuresi «is a plot taken from Referencev21-

It is proposed to represent some experimental data by the root-mean-
square rule (N = 2). Curves are presented in F1gur3b% '%or N=1, 3,

and 4 to give a better idea of how well the curve of N = 2 fits. Notes
are added to Figum?;:j?%,indicate vari@b]es according to the nomenclature
used previously. '

3.3—/2
Ca]cu]atlon sheets are included from which F1gure‘£L_has been plotted.

Suppose we assume:
) 1

: N |V
b . S
eff [;orced nat :} [;grger sma]]e:1 ' 1

with 1£€N £ o0

This can be rewritten:

_ 1 o _ _
”hlarger.A‘:A Marger:) |- Lo L
N = 1 straight addition:
hoo o ho, b Perr | Meman ’1
eff large small ‘ﬁ1arg ﬁ1arge
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N = 2 root mean square:

larg

1 :
Y A SR
eff \large smal/’ h

N =3, 4, other:

1
A - g NN
heff = 11+ Nema
Marg t \Marg/

N =00, choose larger h on]y

hegs = larg h]arg[% —> 1.0
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_3.3.5 Absorber Panel Life Analysis

3.3.5.1 Structural Analyses

Structural analyses of the receiver subsystem were confined to
those subcomponents most influenced by solar flux changes during
service, i.e., the solar panel tubing, manifolds, and outlet piping.

A piping flexibility/stress analysis was performed using an in-house,
finite-element computer code, DRIPS* to predict deadweight. and thermal
expansion stresses in the solar panel tubing and outlet piping. The
thermal inputs to this analysis were based on tubing cross-section
temperature distributions for the conceptual receiver design at the
north side - equinox noon. Thermal gradient stress analyses were
performed based on closed-form cylinder equations with the same

thermal inputs as used in the piping flexibility/stress analysis.
Evaluations of predicted resu]ts were performed utilizing ASME B&PV

. Code criteria and material data generated to support development of
ASME rules for construction of nuclear pressure vessel components in
elevated temperature service. Conclusions were reached as to the
feasibility of the receiver conceptual-design and areas of future:
design activities were identified which can improve the design's struc-
tural adéquacy. The following paragraphs provide a more detailed summary
of these conceptual design activities and results.

3.3.5.2 Thermal Inputs

Both the piping flexibility/stress analysis and thermal gradient
stress analysis required a detailed definition of thermal profiles in.
the soTar panel tubes at all 1ocationsla1ong_the']ength offtheftubes, f
. The north side tube panel was selected as the reference case since the
highest solar flux exists at this location, and therefore, the highest
thermal stresses will also occur here. Conceptual thermal analyses were
performed which resulted in predicted tube (hot-side) outside. tempera-
tures and sodium‘temperatures at this location as a function of axial
location in the receiver. FigUre'3.3:§?bresents these results. Detailed

*Dynamic Response in Piping Systems (Rockwell proprietary computer code).
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thermal flux analyses have been performed which predicted tube cross-
section thermal profiles for various flux levels. Figurez-3-/£ is a
typical predicted thermal profile. An equivalent tube (hot-side) out-
side temperature was developed for these various profiles and equations
established which could relate key temperature values and gradients in
the tube cross-section to the difference between outside tube tempera-
ture and sodium temperature. Thus, utilizing these equations, the key
temperature values and gradients for the conceptual design could be
determined. Figure§Lizgjpresents these equations and temperature
definitions while Tables.3-4 summarizes the results of this effort.

3.3.5.3 Piping Flexibility/Stress Analysis

Figure 2.2-/Z1s the model of ‘the solar panel tubes and outlet
piping employed in the DRIPS flexibility/stress analysis. Hand
calculations were utilized to determine an_optimum location of anchor
points to minimize the stresses at the outlet piping bends. Basically,
the axial thermal expansion of the solar panel tubes away from the
lTower axial support was matched to the axial thermal expansion of the
outlet piping away from its axial support location. By inputting the

]inearized.across-the-tube temperature gradients_QﬁTl) and bulk meta]'f'

temperatures (T) for the solar panel tubing, the program could compute

thermal induced moments at all nodal locations along the computer model.

ASME Code B31.1 stress intensification factors were then used to calcu-
Tate stresses at all piping locations.

Stresses due to weight and pressure loadings were calculated using

DRIPS computed moments and conventional ASME Code B31.1 design procedures.

":‘,Tﬁg’ré5u1fs bflthese_éhé1y£1Ca1 effbrts'éhe’summariZed'ih'Tab]é:53-j6f

Figyre 3.3-/71s a computer plot of exaggerated piping displacement due
to the thermal loadings. Note that the utilization of solar panel tube
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TABLE . 3«3 - ¢ .
DERIVED TEMPERATURE VALUES IN SOLAR PANEL
X/L* Tra . TS T ATl AT2 AT
°r) | (°F) (°F) (°F) °F) | (°F)

0 550 562 554.1 12.4 1.7 13.2
0.0323 550 571 557.2 21.7 .| 2.5 23.1
0.066 554 580 562.9 27.0 3.6 | 28.5
0.106 | 561 595 572.6 3.3 | 47 | 33
0.146 572 617 587.3 | 46.6 | 6.3 | 49.4
0.187 583 647 604.8 66.3 8.9 70.3
0.227 601 683 | 629.0 85.0 | 11.4 | 90.0
0.268 622 725 '657.1 | 106.7 | 14.3 | 113.1
0.308 648 770 689.6 | 126.3 | 17.0 134.0
0.348 678 B19 726.1 | 146.1 | 19.6 | 154.8

1 0.389 713 870 766.5 | 162.6 | 21.8 | 172.4
0.329 | 751 920 808.6 175.0 | 23.5 | 185.6--
0.470 733 | 970 853.4 | 183.4 | 24.6 | 194.3
0.510 834 | 1010 | '894.0 |_182.4 | 24.5 | 193.2 -
0.550 877 | 1040 932.6 168.8 | 22.7 | 179.0
0.591 918 | 1065. | '968.1 | 152.3 | 20.4 | 161.4
0.631 952 1088 | 998.4 140.9 | 18.9 | 148.3
0.672 985 1106 | 1026.3 | 125.3 16.8 | 132.9
0.712 1015 | 1116 | 1049.4 | 104.6 | 14.0 | 110.9
0.752 | 1041 1122 | 1068.6 83.9 11.3 88.9
0.793 1061 1124 | 1082.5 .| 65.2 8.8 69.2
0.833 | 1073 | 1123 1080.1 } 51.8 6.9 54.9
0.873 1084 1120 1096.3 | 37.3 |. 5.0 39.5
0.934 | 1001 | 1118 | 1100.2 | .28.0 | .3.B. [ .29.6 -
0.954. | 1086 | 1114 | 1102.1 | .18.6 |- 2.5 | 19.8
'0.977 | 1098 | 1111 - | 1102:4 “13.4 |7 1.8 | 14.3
1.000 | 1100 1108 1102.7 8.3 1.1 8.8

*X/L denotes the vertical location along the receiver solar panel s

a fraction of the panel he1ght.
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“TABLE- 3.3-5
DRIPS PREDICTED .STRESSES (psi)

o2 Sz A4 Oz C2
Element Node Pressure Weight Weight Thermal Thermal
Membrane Membrane Bending Membrane Bending
5 5 125.0 -0.9 ~277.2 -118.2 -10720
15 =20 122.1 5.1 | -112.1 | ~136.4 6231
30 30 116.7 | -218.4 - 37.2 61.5 ~8379°
80 80 82.9 -122.9 0.1 61.5 -22353
90 .90 76.3 -103.8 -0.7 61.5 | -20470
100 100 69.6 -84.7 2.6 61.5 -16947
120 120 56.3 -46.5 '36.2 61.5 7931
150 150 39.2 =27 -120.0 59.2 -2662
165 170 138.3 -102.9 ~3421.6 ~192.9 -15096
180 180 147.4 -81.4 -2442.3 -77.6 -4373
195 195 225.5 ' -291.4 - 451.6 -275.3 12
220 484.7 -590.6 0

225

0.5

-272.7
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supports essentially provides full restraint of the across-the-tube
thermal moments as evidenced by minimal bowing of the tubes between
support locations. This is important with respect to gapping consider-
ations that exist when an individual tube concept is employed versus
alternate integral tube wall concepts.

3.3.5.4 Thermal Gradient Analyses

Stresses dué to linearized across-the-tube thermal gradients and
overall thermal expahsion were considered in the piping flexibility/
stress analysis. This 1eaves‘on1y consideratiqn of peak across-the-tube
thermal gradients QQTZ) and through-the-wall thermal gradients oﬁIw), to
complete the thermal loading evaluation. This was done by assuming the
maximum values of these gradients, located at the crown of the hot side
of'the tube, acted uniformly around the circumference of a cylinder,
This assuhption allowed utilization of classical cylinder thermal stress
equations and resulted in thé'predicted stresses summarized in Table 3.2+ G

3.3.5.5 Evaluation of Stress Results

FTWO'épproaches were taken tervaluaté the preditted stresses;
(1) utilization of the damage definitions, critéria, and material allow-
ables contained in ASME Code B31.1, and,(2).ut1]ization of the creep-
fatigue damage theories and material test data which forms a basis for
the design criteria, '

3.3.5.6 ASME Code B31.1 Evaluation

:,fﬂAh‘ASME_Codé.B31;1,dgéign evaiuA;ion»estabTﬁshesfabééptab]e,Stress -
" levels dependent on the nature of loading, the material strength at -
temperature, and the type of stress field resulting from the loading.
Cyclic loadings are addressed by a reduction factor, based on the number
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TABLE 3.3 -G

COMPUTED THERMAL GRADIENT STRESSES.

o.* ot
Element Node . .mz,z - , A%-w
Bending | Bending
- 5 0 0
15 20 . 0 - 0
30 30 -817 -4661
.80 80 ~-5584 -31777
90 . 90 ~5153 -29274
100 100 -4290 =24417
120 120 | -1998 -11317
150 | 150 - -248 -1439
165 | 170 0 0
180 180 0 0
105 195 0 0
. 220 - | 225 0 0
oy = BTy
:‘&mTw :
TUZ = m
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of service cycles, which is used to lower the allowable stresses. Many
years of service experience in the power industry has demonstrated this
design approach can result in reliable piping designs.

Table 3-3-7 which summarizes the results of the B31.1 evaluation,
indicates the conceptual receiver design will satisfy the criteria at
all locations except in the solar panel tubes local to the maximum flux
location. Here, the cyclic thermal expansion stresses exceed the allow-
ables, however, only by‘fivelpercent. This indicates that any of several
design modifications are available which should result 1nbeasy satisfac-
tion of the B31.1 criteria. ‘

TABLE. B.3— 7
SUMMARY OF B31.1 STRESS EVALUATION

. Pressuregzufhgﬁggrt Stress Thermal Stress Evaluation
Element | Node e mted | B31.3 Deci ame | COMPUted | B31.3 n
: Stress A110w§b1e 'éﬁiﬁ?% Stress | Allowable 2;3;%;
. , (psi) (psi) (psi) (psi)
5 | 5| 33 | 1500 | wigh | 10720 | 21880 1.04
15 20 | 206 15900 High 6231 | 21880 | 2.51
30. | 30 | 245 | 15900 | High 8379 | 21880 | 1.61
80 go | &3 14060 | High | 22253 | 21512 | -0.p5
. %0 S0 77 12420 High | 20470 21184 0.03
100 [100 | 72 10280 High | 16947 | . 20756 0.22
120 ] 120. 83 8740 High 7931 | 20488 | 1.58
150 | 150 129 9380 High '2662. | 20576 6.73
165 | 170 | 2704 | 5700 2.59 | 15096 20640 0.37 .
180 {180 | 1979 | 9700 | 3.90 4372 20640 366
195 | 195 ( 564 | 9700 | High . 12 | 20840 | High
220 {225| 485 | 9700 | HWigh | o |- 20680 | migh .

“~ Allowable stress 1.0

*Design margin = Computed Stress -

3.3.5.7 Solar Panel Relaxation-Fatique Damage Evaluation-

.Over the past 6 to 8 years, considerable attention has been given

to .the cyclic behavior of metals subjected to temperatures where creep

can be significant. This was the result of an observation that Fhe
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introduction of slow cyclic rates or periods of sustained loading
between cycles can reduce fatigue life below that of conventional
continuous cycling test data. Although cyclic behavior at elevated
temperature is complex and not completely understood, interim failure
theories have been developed by the Nuclear Code committees which, with
appropriate safety factors, provide an adequate design basis for nuclear
power plant components. '

In order to be applicable to a wide range of 1oading situations
and geometries, the Nuclear Code design criteria contains various
assumptions which increase the design conservatism as the sophistication
of the design analyses decreases. Unfortunately, it was not possible to
justify performing rigorous (inelastic) analyses for the receiver con-
ceptual design effort whereby the less conservative design criteria
could be employed. However, the material data base and failure
theories forming the basis for the nuclear design:criterﬁa can be used
to establish a Yscreening criteria" particular to the stress behavior
and design confidence needs of the solar receiver.

A key observétionAsuppbrtihg'thiétéffort was that the regions of =
max imum thermé] gradient stresses (hot side of the tubes) would be
subjected to compressive stresses at the hot end of the load cycle.

Also the tension stress field existing on the cold side of the tubes
decreased in value going up the receiver from the maximum flux location
so that at those locations where this region was hot enough to exhibit
creep effects, the stresses were not extremely large. Finally, equilib-
rium (primqry) stresses were sma]] at the maximum gradient 1ocations'and

- the piping system was such elastic followup should be minimal. This led

to the conclusion the critical regions would be governed largely by -
relaxation-fatigue with compressive hold periods. For Type 304 stain-
less steel, hold-time fafigue test data indicates this type of fatigue
behavior is the least detrimental of the four basic cyclic stress

. mechanisms (tension vs. compressive hold periods-relaxation vs. creep-

fatigue interaction. In fact, only a minimal reduction in fatigue life
is observed in the test data with respect to the continuous cycling-
fatigue curve.
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For these reasons, it was felt a conceptual design level "screening
criteria" could be used which employed the continuous cycling fatigue
curves contained in the high temperature Nuclear Code (Code Case 1592
or N-47). Additionally, in light of the design confidence needs of a
solar power plant, it was decided to. adjust the curves to provide a
safety factor of 1.5 on strain range and 10 on cycles rather than the
implicit factors of 2 on strain range and 20 on cycles contained in the

.code case. This would bring the safety factors more in line with desigh

practices conventionally employed by high-reliability nonnuclear technol-
ogies such as that found in the aerospace industry. )

The results of this evaluation are presented in Tab]gétjijg-which
indicates the design is adequate. However, at the maximum flux locations,
calculated strain ranges approach limiting values. Several design modi-
fications are available to increase design margins in these areas.

3.3.5.8 Conclusions

~ Based on the conceptua] design calculations, the des1gn of a

'structurally adequate receiver subsystem appears feasible.

3.3.5.9 Recommended Future Structural Design Activities

Due to the marginal nature of the conceptual design evaluations,
the lack of rigorous detailed analyses, and in the interest of develop-
ing an optimum design, it is recommended three design options be further

~-evaluated, each of Wh1Ch can S1gn1f1cant1y 1ncrease the receivers struc-,_"
“tural adequacy . L , :

1)  Reduction of solar panel tube thickness
2) Multipoint aiming techniques ‘
3) Alternate materials (such as Alloy 800H)

3-90



—_

TABLE 2= 32- &~
RELAXATION-FATIGUE EVALUATION -

Computed .
Element Node Strain Range A'lr:lowab‘le Design*
(%) ycles : Margin
30 - 30 0.036" ST >100
8 80 0.263 10,000 0.00
90 90 0.248 12,800 0.28
100 100 0.211. ° 26,000 1.63
120 120 0.099° >106 >100
150 150 0.020 106 >100
*Design margin = 1.0 - 1.0

10,000/A71lowable cycles

-v

\

) 0bkus1y, more soph1st1cated ther'ma‘l and structural evaluations |
need to be performed with particular emphasis placed on deve'lopment of
an appropnate design criteria. However, tms is a natural occurrence
in any design activity progressmg out of the conceptual stage into
preliminary design.
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3.3.5.10 Analysis of Tube Ends

Analysis is current]y being performed to optimize the length of the
1.9 cm (3/4 in.) OD - 0.127 (0.05 in.) wall receiver tubes in the regions
before and after the flux absorption area. This analysis is required
-because of the change in design from what was previously analyzed.
There exists a definite trade-off between thermal expansion flexibility
and deadweight/seismic stiffness that must be considered. Also, it is
believed that deadweight hangers may be required in the horizontal runs
of the expansion loop. Expansion joints would shorten expansion loops,
but would add complexity to the system. The possibility is under consider-
ation.

The receiver tubes are being analyzed to ANSI B31.1, with guidance
or fatigue damage (due to through-the-wall thermal gradients) from ASME
Section III Class I, Code Case N-47 (previously known as Code Case 1592).

_ A thermal histogram is expected to be compiled to provide the .
ana]yst w1th a too1 to remove some of the conservatism of previous
analyses. '

Since previous work on the receiver tubes has shown acceptable
stresses and design life, it is anticipated that no basic conceptual
design problems will be encountered during this detailed analysis effort.
As before, a finite element piping model will be developed and Toaded
with the previous therma] d1str1but1ons--both along the 1ength of: the

a _tubes. and across the tube therma] d1str1butlons : The, number ‘of gu1des

to prevent gross bow1ng of the receiver tubes will be determined as -
optimizing the number of these supports has a significant cost savings.
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3.3.6 Receiver Structuré] Support Analysis

The receiver structural suppofts are being analyzed to Section III
Subsection NF (Component Supports) of the ASME Code. The stress criteria
in this code are similar to the American Institute of Steel Construction
(AISC) criterion, except temperature considerations are taken into
account.

The receiver structural supports must withstand the thermal effects
due to flux, any interaction between the supports and the receiver-

tubes, wind and earthquake effects, as well as deadweight loads.

A brief look at the seismic loadings indicated that the receiver

" structural supporting system has sufficient bracing to prevent failure

during the projected earthquake and that cost optimization is possible.
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3.3.7 Tower Analysis

The tower must be designed to support the receiver and auxiliary

. components, provide access for maintenance and inspection of the receiver,

instruments and controls, piping and other -equipment that'may be located
on the tower, and adequate provisions must be made to insure crew safety
at all times for required operations, inspection, maintenance and repair.
With respect to earthquake environmeht,'the ACR tower was designed to
survive an earthquake that would produce an acceleration of 0.20 g to
0.25 g horizontal and vertical ground accelerations and shaking intensity

~ of about VII to VIII on the Modified Mercalli Scale. The spectral data

used is presented in U.S. Atomic Energy Commission (Revision 1 dated
December 1973) Regulatory Guide 1.60. In addition, the plant was designed

AA to satisfy the requirements spec1f1ed for Seismic Zone 3 in the Uniform

Building Code.

A conceptual design study of the tower for the ACR plant was

~completed along with a sensitivity analysis to determine the effects of
_ various. tower _height and receiver weight combinations on tower cost

This 1nformat1on is presented in Reference Bl .

3.3.7.1 Tower Design Criteria for 0.8 SM Plant

Siesmic Loads

Ground Response Spectra from NRC Regulatory Guide 1.60
. Damp1ng values from NRC Regu]atory Guide 1.61 = - 0.07 .. .
| Peak ground acce]erat1ons (UBC Zone 3 Mod1f1ed Merca]]1 Intens1ty _
VIII) . . . D . . : L
Horizontal 0.35 ¢
Vertical 0.35 g
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Wind Loads

Wind velocity, including gusts, = 40 m/s (90 mph) at 10 m (30 ft).
Wind loads based on ANSI A58.1-1972.

3.3.7.2 Tower Analysis Method for 0.8 Plant

The receiver toWer was modeled as a fixed-base, multi-mass cantilever
beam structure. The tower was divided into fifteen segments of equal
length, with the mass of each segment located at the segment centroid.

The tower masses consisted of the tributary mass from the tower structure
itself plus the tributary mass from the FRP liner and riser and downcomer
piping. The masses were connected by prismatic beam elements, with
section properties based on the gross uncracked concrete section using
the average radius and thickness along the length of the element.

The receiver was modeled by beam elements having an assumed stiffness
of 0.2 times the stiffness of the topmost.tower element. The receiver
_model and assumed mass d1str1but1on may be found in. Appendlx 1) of th1s .

'report ’ ' '

Tower response to both horizontal (one component) and vertical
earthquake loading was computed using the response spectrum method.
Drag wind effects were considered using the provisions of ANSI A58.1-1972.
The calculated wind velocity to produce vortex shedding is 72 mph. At
.this wind velocity, it was assumed that there is sufficient turbulence
~to prec]ude the format1on of vortices-and, hence dynam1c w1nd effects
due to vortex shedd1ng were presumed nonex1stent ‘ '

Minimum shell wall thickness and minimum circumferential rein-
forcement were determined in accord with Sections 4.1.3 and 4.7.3,
respectively, of the "Specification for the Design and Construction of
Reinforced Concrete Chimneys (ACI 307-69)." Vertical reinforcement was
calculated using the strength design provisions found in Chapters 9 and

10 of the "Ruilding Code Requirements for Reinforced Concrete (ACI 318-71)."

3-95



The design of the foundation mat.was controlled by stability to
resist seismic overturning moments. It was required that positive
pressure be maintained over at least 80% of the mat contact area. The
calculated net bearing pressure for this condition (2.65 ksf) was much
less than the allowable net bearing pressure (10 ksf). '

3.3.7.3 Tower Analysis Results for 0.8 SM Plant

Figure 3-3-7shows the concrete tower column and mat dimensibns for
the 100-MWe, 0.8 solar multiple baseline plant.

Table 3.2- 9 shows the tower/receiver displacements and accelerations
for the 0.35 g earthquake design condition.

Appendix_;EL contains the computer program input and output data
for the 113.3 m (365 ft) concrete tower analysis.
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RA-¢

(0.35 g LATERAL AND VERTICAL EARTHQUAKE)

TABLE 3_3- 9

TOWER DISPLACEMENTS AND ACCELERATIONS

Relative Disp]aceﬁents

Absolute Accelerations

141.7 m (465 ft) -

b;OOS

59.705

N “ Horizontal Vertical Horizontal Vertical
Lccation o m ft m ft m/s‘2 ft/s2 m/s2 ft/s2
Base of Tower 0.900 0.000 0.000 0.000 3.435 _ 11.270 3.435 11.270
Om (0 ft)
- Top of Tower 1f;f" - 0.276 0.905 . ~0;006 0.019 6.336 20.786 10.317  33.847
111.3m (365 ft) . - : .
Midpoint of Receiver ‘ -0.332 1.089  0.007 0.024 6.874 22.551 12,983 42.596
124.0 m (406.5 ft) - '
Receiver Crane B 0.419 1.376 . 0.026 18.198 *14.794 48.328
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3.3.8 Riser/Downcomer Analysis

3.3.8.1 Piping Configuration and Materijals Selection

For the ACR study, four downcomer piping configurations:were
developed and studied to determine the simplest routing for a 51-cm
(20-in.) sodium downcomer line from the receiver. This study titled
“Pipe Routing Study of Sodium Downcomer" is presented in Refz-t , and
is directly applicable to the hybrid plant design which also uses a
51 cm (20 in.) sodium downcomer 1ine. The reference design is desig-
nated as Type I in that appendix. '

Piping materials selected are carbon steel for the sodium riser
piping and stainless steel for the sodium downcomer piping. Refer to
Section 3.3.3 for a discussion on the use of austen1t1c stainless
steels for sod1um service. '

3.3,8.2 Tower Riser and Downcomer Pipe Selection

3.3.8.2.1 0.8 SM Plant Concept

In addition to surveying the r1ser/downcomer trade studies performed
ddr1ng the Advanced Central Receiver Pr'ogram(1 2)
examined the total cost of the riser and downcomer of an 0.8 solar
multiple hybrid system as a function of pipe size was completed. This
trade study was part of the single vs. multiple free-surface sodium loop
trade study documented in Section 3.4.1. Riser and downcomer friction
- head. ]osses ca]cu]ated in this. study were used to size- the rece1ver pumpe:

, and the ba]ance of sod1um 1oop p1p1ng ' ‘ o ‘

» & trade study which

In this study, the total cost consisted of the following components:
Pipe capital cost, pump capital cost to overcome pressure drop in each
leg, present value of electricity required to overcome the pressure drop
discounted to account for dynamic heating recovery and plant capital
cost required to support the additional pumping power Generally, as
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pipe diameters increased, pipe pressure drop decreased, pipe capital
costs increased, pump capital costs decreased, pump electricity costs
decreased and plant capital costs decreased.
/9
R1ser and downcomer total and component costs are shown in Figures 3.3-3%
and 3.3=T?, respectively. Riser pipe sizes in the range of 31 to 61 cm '
(12 to 24 in.) ID were considered. Downcomer pipe ID sizes in the range
of 38 to 61 cm (15 to .24 in.) were also considered. Downcomer minimum
pipe ID was set at 38 cm (15 in.)-as a result of excessive préssure drop
in smaller pipes. )

The total costs minimize at a pipe ID of 51 cm (20 in.) for both
riser and downcomer. The nearest commercially available pipe size to a
51 cm (20 in.) ID is a 51 cm (20 in.) OD. ID's on a 51 cm (20 in.) pipe
vary from 48 cm (18.8 in.) to 49.5 c¢m (19.5 in.), depending on pipe
schedule. Since there is very little total cost penalty in using these
" slightly reduced ID's, 51 cm (20 in.) pipe was selected és the baseline
_riser and downcomer pipe. The actual schedule selected will depend upon
the actual vs. allowable stress in each leg.

For purposes of other trade studies, Schedule 30 pfpe was ten-
tatively selected. This resulted in an effective pressure drop of
.005 psi/straight foot of riser or downcomer.

3.3.8.2:2 L4 SM PLANT CONCEPT
In the case of the 1.4 solar multiple plant configuration, the

riser and downcomer piping flow and pressure drop requirements are
similar enough to the-ﬁdvaﬁeed_CentnaLJhnxzuRnkﬁACRT’system that the
. ACR r1ser -and downcomer des1gn was adopted d1rect1y Th1s resulted.in -a-
~ir1ser pipe nom1na1 0D of 24 ing The downcomer pipe. OD was se]ected 1n45_{u
accordance with the recommendations of the tower head recover trade
study(l) completed during the ACR program. The selected downcomer
nominal pipe OD is 12 in. |
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3.3.9 Pump, Piping, and Valve -Analysis

3.3.9.1 Sodium Pumps

A vast amount of experience has been accumulated over the past
25 years of ESG's involvement in the design and development of sodium
system components. Pump development was initiated in 1955 21t Fee™
ol - for the Sodium Reactor Experiment (SRE), and continued

development lead to design of the free-surface fype Hallam pump, He - -
ADSA Ll Tesr FAC! /ity porrp | e clrch Bwer Lescro Plon 7 (czg.ep_)
LU sIP S FHE FhgovcEr Pomp.

Recent main heat transfer system sodium pumps are primarily single-
suction centrifugal impelier pumps, operating in the 850- to 1150-rpm '
range.  Currently, several double-suction centrifugal impeller types are
being designed or fabricated, most notably for the CRBRP and
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the BN-600 reactors. While free-surface (cover gas) pumps are the most
common, several freeze-sea]c}ypes have been operated, such as the BNR-350
and SRE pumps. Table 3.3~#2"summarizes the key characteristics of several
types of large pumps. From the table, we see that substantial operating
experience exists for liquid sodium pumps. The main problem associated
with pumps has been the seizure of bearings, a phenomenon related to
designing for optimum clearances for the upper bearing. If the clearance
is too large, there are difficu]tﬁes with radiation streaming; but, if
the clearance is too small, there is danger of seizure of the bearings,
especially if the drive shaft becomes slightly distorted because of
temperature gradients. This problem is associated with nuclear reactor
operations, where the large pumps have been used to date. The clearances
may be increased for nonnuclear applications, and alleviate this problem.
The shaft length may also be shortened to minimize distortion of the
shaft, since radiation shielding is not required inside the pump.

Larger pumps_are currently being designéd in the United States for
the CRBRP, in Russia for the BN-600, and in France for the Super Phenix.
The CRBR and BN-600 pumps are also schedu]ed for testing by 1980.

Byron Jackson Pumps, Inc., considers that sodium pump designs can
be extended to sizes required for the large nuclear reactors of the
future, without a major research and development program; they are
currently under contract to design and build the pump for the CRBRP,
which would be in the range required for the 100-MWe solar plant.
Interatom, of Germany, believes that pump design probiems are now
adequate]y understood; information from successful operation of the '
'APB test Toop pump has.prbVidéd:mUChlofftheir'c0nfidence,'aldng“with , "'
the SNR-Stork pumptests. A prototype pump for the Super'Phenix.was -
scheduled to be tested during 1977; with a capécifyiof 81,000 gpm. It
can, therefore, be concluded that a pump of the size required for the
100-MWe solar system will be tested prior to 1980.
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TABLE 3.3%-/90

CONVENTIONAL FREE-SURFACE PUMP CHARACTERISTICS

¥01-€

Time (h) -

100,000+

it Reactor .
. ENPF EBR-1i EFFBR PFR | - FFTF | SNR-Stork | SNR-KSB
' o Pump Type -
Hallam Fermi ~ Ferml Fermi. Fermi Hallam Hallam
Capacity (gpm) 7,200 5,500 " 11,800 18,500 14,500 22,000 22,000
Head (ft) ‘ 160 200 310 333 502 276 279
Design Temperature (*F) | 1,000 800 1,000 752 1,050 1,076 1,076
‘Motor Speed irpim) 900 1,075 - 900 960 1,110 1,000 1,020
Motor Powe_r'('hp)v' 350° 350 1,060 2,000 2,100 2,000 2,000
Gas Sealing ' Mechanical Hermetic ‘Mechanical Mechanical { Mechanical | visco-Seal Mechanical
Arrangement- -Shaft Seal . Motor Seal Shaft Seal Shaft Seal Shaft Seal Shaft Seal
Vessel Seal Type . - . Labyrinth - - - - Piston Ring | Plston Ring
(leakag=2) C (3%) (2%) (<1%)
Speed Control.. Eddy Current | Variable Liquid Rheo- Hyt:frau[lc 'l'..lqulil Rheo- Thyristor | Thyristor
B " Counling Frequency stat Wound Coupling stat Wound
, and Voltage | Rotor Rotor
Total Fump Ovp‘erati‘ng ' 125,000 129,000 ) 17,000+ - >5,000 >1,000

“Hallam types only -

- ’l& Rockwell Intesnational

Energy Systems Grb}u’bA




_and it is more fully developed than the Hallam type. (The Fast Flux Test

estud1ed dur1ng the Phase 1 ACR conceptua] des1gn for accommodat1ng the

of the piping is presented in Ref. Z~i .. The study indicated that the

The viable alternative sodium pumps for large-scale sodium systems
appear to be ac electromagnetic induction pumps or centrifugal pumps.
Electromagnetic induction pumps require no moving parts and no pressure
boundary penetration for their operation. These excellent operational
characteristics are offset by the difficulty in maintaining the pump in
a shutdown condition. In addition, the pumping efficiency of these pumps
is Tess than 50% which leads to an unacceptable economic pena]ty A

igm ar1son/of electromagnetic pumps vs. mechanical pumps is given in
PR

As previously stated, free-surface pumps for large-scale sodium
seryice have already been developed for the Liquid Metal Fast Breeder :
Reactor Program. Two basic designs are available: the Ha]]am type and
the Fermi-type. The key differences are shown in Figure 3. 3;13\ For our
purpose, the Fermi-type appears to be the better choice since it does not
require the seal bypass overflow line; it has a higher efficiency; it is
more tolerant of pipe reactions; it has lower pressure boundary stresses; : '

Facility and the Clinch River Breeder Reactor Plant utilize a version of
this concept.) ..

3.3.9.2 Piping Analysis

The tower downcomer stainless steel piping expands approximately
50 in. during heatup from ambient to the receiver outlet temperature of
1100°F. The carbon steel riser piping expands about one-half this amount
in heating up to 550°F. Several piping configurations wei’¢ developed and

thermal expansion of the downcomer p1p1ng This ACR p1pe rout1ng study

simplest pipe arrangement is to fix the downcomer at the receiver and
pump ends and take the thermal expansion in a single plane with one 5D
bend and a horizontal run of pipe. Although this arrangement is geo-
metrically simple, it complicates the pipe hanger requirements because
of the large motions. An alternate arrangement utilizes expansion loops
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and anchor points on the tower. Each loop contains four 5D bends
and 20 ft of straight pipe. The pipe hangers would be conventional
rigid supports. The reference design for the hybrid plant is desig-
nated as Type I : '

3.3.9.3 Piping Materials

As previously noted in Section 3.3.3, the austenitic stainless
steels have been used as the principal material of construction in
nearly all sodium-cooled test Toops and nuclear reactors. Their wide
acceptance has been associated with their ability to satisfy the material
requirements, which include (1) elevated-temperature strength, (2) com-
patibility with sodium, (3) fabricability, and (4) availability. Their
satisfactory performancgwgaﬁggst Toops and large liquid metal cooled
reactors at temperatures to<1300°F)has proven their acceptability. Tests
have proven that austenitic stainless steels are suitable for long-term
use in sodium at temperatures tq&%i?OoF) providing the oxygen concentra-
tion is maintained below 10 ppm. :

.. . 104°c
si0C

_ The low-alloy steels (2-1/4\Cr - 1 Mo) have been used for sodium
containment at temperatures up t)}?50°ﬁ) ‘The attractiveness of this
material is derived from reasonable strength at temperatures ub toAQSOOF,
and low cost. The thermal behavior of this material is particularly ;
attractive, because its high thermal conductivity, in combination with
its Tow thermal expansion coefficient, leads to a significant reduction
in thermal stress and fatigue. The 2-1/4 Cr - 1 Mo steel is subject to
decarburization in sodium (Figure 3.3-44), which results in a reduction
. of both long- and short-term.mechanjca1 properties. A11owab1e‘design.
 ‘stre$sés For‘2;1/4 Cr.-'1>Mo must be reduced accordingly. . The reddctibn v
of Str0ctura1'properties with'inchgsing téhberathre limits the use of -
this material to temperatures b§?§§£i000°5) The 2-1/4 Cr - 1 Mo is
generally harder to weld than the austenitic stainless steels, because :
it requires preheat and post-weld heat treatment. This occasionally
causes problems, if weld repair in service is required.

gio’c
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Transition welds between dissimilar materials, such as austenitic-
stainless steel to ferritic steel (2-1/4 Cr - 1 Mo), are considered
detrimental to plant reliability. High thermal stresses result from
differing thermal properties at these welds, and the migration of
carbon from ferritic to stainless steel may take place. Another consi-
deration includes the sensitization of the austenitic stainless steel
during post-weld heat treat of the ferritic steel.

Transition welds are normally made using'nicke1-base electrodes
or "sleeves" of Inconel between the two materials, provided the welded
section is not subject to overly severe thermal transients. The Inconel
sleeve has intermediate thermal properties, relative to austenitic and
ferritic material, that somewhat mitigates the thermal transients. The
Inconel can be welded to the ferritic steel and heat treated before

welding to the austenitic steel, thus avoiding the sensitization problem.

Thermal stress problems that might be anticipated in such welds can be
minimized by adjusting the length of the Inconel sleeve for added flexi-
bility, and by judiciously locating the weld.

3.3.9.4 Vvalves -

A considerable amount of operating experience has been accumulated

on valves for high-temperature liquid metal systems. Valves up to 18 in.

are in operation at the ETEC, and have proven extremely reliable. The

French plan to test a prototype steam generator isolation valve, almost
3 ft in diameter, in water and static sodium. The Germans successfully
tested a 24-in. valve for over 4000 hours, with pressure différehces up

. to 60 psi at;1075°F and 1500 manipu]ations.-~Freezé-sealszar¢ used as. -
"' the‘primary seal, wfthla*seCQndafy'backup packéd-typeASEal in;the-ldrgekf.-
valves. Small valves are usually sealed with bellows, with a secondary

backup packed-type seal. The valves are ordered with standard weld
Preparation ends, for welding into the system. Valves up to 12 in. in
diameter are considered state of the art and are available from several
valve manufacturers.
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3.3.10 Steam Generator Analysis (Heet Exchangey)

Table 3.3-{1 lists the more recent
steam generator operating experience. The following steam generator
test loops are currently in operation in foreign countries.

Hengelo, Holland SNR 300 52.75 MW

Les Renardier, France Super Phenix " 45 MW
BOR 60, Russia “BN-600 30 MW
0'arai, Japan Monju 40 MU
0'arai, Japan Monju - 10 MW

An extensive Rockwell International funded program was conducted,
covering the design, analysis, and fabrication of a 30-MWt AI-MSG Test
Unit. Test monitoring and evaluation, plus post-test examination, was
also performed oﬁ this program. The testing was funded by DOE (then
ERDA), and was accomplished at the ETEC-SCTI Facility, where various
- tests, including over 9000 hours of 'sodium operation, were run... This
company-funded effort, sbanning more than 8 years, has formed the basis
for the design and fabrication of the Al steam generator module for the
CRBRP Program. ‘

The salient features of the AI-MSG component are summarized in
Figure 3.3-23. This is the design type recommended for early solar
applications. " At temperatures at or below 510°C-(950°F),.no change

in material of construction is necessary However; at- temperatures;'=_is T

.’above 510°¢C (950 F) the recommended mater1a1 of construct1on s

Type 304 sta1n1ess stee]. The status of the MSG for so]ar app11cat1on

is given in Tahle 3.3-12
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TABLE 3,311
y " "
SUMMARY OF "COMPACT TUBE" STEAM GENERATOR EXPERIENCE
) Liquid Metal Inlet Exit Steam | Operating
Facflfty g:;’,:)' Configuration Materlals O:Z‘r,:t(l,:n Temperature Conditions Time Problems
(*F) (psi/°F) {h)
Small-Scale Teats .
W-HTMI 1 Single-wall Altoy 800 Once-, 960 2400/950 800 Inatablitty
serpontine through
- tube with .
A Ecover gas .
Grané Quevllley ) Serpentine tuba 2-1/4 Cr - 1 Mo Once- 1020 2470/958 8000 Minor (low
and shell, hell. evaporator, through maldistribution
- .cal tube, and Type 321 SS
. Z-tube superheater
Interatom KNK Model s Serpantine tube Stabilized + Once- 190 11607790 5600 None
. and shell 2-1/4 Cr - 1 Mo through
Monja 2-Tube Model 1 Single-wall 2-114 Cr s 1 Mo . Once- 1000 25457958 3600 Two amall leaks
8
- hellcal tube through in HAZ of welde
which had not
. received PWHT
Large-Scals Toets - A
Pherix . 43 Serpentine tube 2-1/4 Cr .1 Mo Once- to2o 2543/95% 7000 None
and shell evaporstor, through
Typeo 321 S5
superheater-
. reheater
Super-Phenix Flves- 11 Hellcsl tube Incoloy B0O Once- 975 2705/915 1000 None
Babcock . tubes, Type through
304 S5 sholl .
Super-Phenix Stein 45 Z -tube 2-1/4 Cr - 1 Mo Once- 978 2705/918 ~ 1000 None
* Industries . Evaporator, through :
Type 316 S5
superheater
SNE Hellcal Tube 50 Helical tube Stabilized
2-1/4 Cr - 1 Mo Once- 970 2470/932 ~ 1000 None
through
Monju 50 Hellcal tube ~ 2-1/4Cr - 1 Mo (?‘nce-h 940 1940/910 ~ 4000 ‘l;'llow |;;:'.blllluyld
throu elow 30%, Itqu
. s level c0nlr'ol
(sodium side)
Al-MSG - 1.8 Hockey stick 2-1/4 Cr s 1 Mo Once- 950 2430/930 4000 None
through
Reactor Plant Operation ) - .
EFAPP o ‘143 Serpentine tube 2-1/4 Cr-1 Mo Once- , 820 ° 910/780 2000 .
through .
DFR s Serpentine Type 321 SS Once- 570 147/518 Chloride sftess
shape — separate . through corrosion .
H,0 and Na tubes ..
tn Cu {aminationse ) .
KNK 28 Serpentine single| 2:1/4 Cr - 1 Mo Once- 190 1160/7%90 52004 Leak in HAZ ot
tube tn.ehell through :pbnur tab on
. tube
FPhenix 13 7-tube serpentine 2-1/4 Cr - 1 Mo Once- 1020 2400/958% 6000+ None
unite svaporstor, through
Type 321 S8 . .
auperhoater )
BOR-60 30 Serpentine tube Low-alloy steel Once- . 900 430 20,0004 None
. . through -

eGaustic atrese corroéions tube vibration) wesr; tubs-tubsshest weld leaks) {low lnetability, corrected by ortificing
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e— — — STEAM | | . A K |
SuTLET HIGHLIGHTS OF -
DETAILA L | . S '
LMEC/SCTI TEST OF Al MSG
SODIUM o ) . )
INCET T 168 TUBES — 6/8 in. 0D [} k
. %0109 in. WALL .. BUTT WELD ‘.
A ' BOSS ON |

. TUBE SHEET i
DETAILA ‘ ‘ _ - ’ . B

TUBE-TUBE SHEET JOINT

é FIRST STEAM PRODUCED ' 7972 - - ¢ . ) | '
¢ PERFORMANCE o v : ‘ :

21TeE

6211 0in.

', ' sopium
{ v Y outter

—=f ¢ " }e—26in.

“DETAIL A

O Atoaice International DM-lon
ﬂocxwvﬂlnlomanmal )

I | |- WATERIAL -
\ 2.4/4Cr - 1 Mo

» DESIGN POWER
s MAXIMUM POWER AT 100% FLOW

# MAXIMUM STEAM CONDITlONS

¢ TEST RESULTS

# TOTAL IMAIN LINE) STEAMING TIME
‘s TOTAL SODIUM OPERATING TIME:
VIBRATION '
STARTUP/SHUTDOWN

HEAT TRANSFER PERFORMANCE

& ENDURANCE ~
A COMDINED EVAPORATOR/
SUPERHEATER MODE
A EVAPORATOR MODE
e LOW FLOW STABILITY
& LEAK DETECTION

@ THANSIENTS

28.4 Mwi

32.1 Mwt {FOR 2400 psig STEAM)
33.8 Mwi (FOR 1450 psig STEAM)
2430 psig/930°F

" 4015 hr

9305 hi
LEVELS LOW, SAFE
37 CYCLES, §TABLE'

PARAMETRIC DATA OBTAINED
FROM 1450 TO 2450 psig '

. BOOhr
.. 600hr

STABLE, ALL CONDITIONS OF INTEREST

DETECTABILITY OF 106 Ib/sac H20
DEMONSTRATION

INTEGRITY MAINTAINED ‘

FIGURE 3,3-23




TABLE 3.3-12
~ STEAM GENERATOR MATERIAL SUMMARY

Evaporator (with temperatures under Superheater & Reheater (with tempera-
9508F5

: 2-1/4 Cr - 1 Mo tures over 950YF): Type 316H SS
1) Material is esseqtia]ly 1mmune 1) Analytical techniques verified
to stress corrosion cracking 2) Welding procedures qualified -
2) Good thermal conductivity 2-37 tube bundles made but not --*
tested

3) Low coefficient.of expansion o o
4) Analytical techniques verified 3) g???t-hggirgiézgngzrl2ggo§eg1;o‘

5) Experience and economics weather ~1300°F

4) Feedwater dissolved solids
should be less than 50 ppb

A summary of the test results for the AI-MSG is given in Figure 3.3- ...
It is to'be noted that the boss shown in Detail A in this figure is
milled out of the solid tubesheet forging, thus the autogeneous butt
weld provides a tube-to-tubesheet weld that can be 100% x-rayed. The
performance characteristics of these units correlate well with the 2at
engineering predictions. - The correlations are shown in Figure 3.3-16:

In summary, the steamigenératdrs‘eva]uated as pakt of. this hybrid
conceptual design effort are based on the ESG modular steam generator (MSG)
and the Clinch River steam generator designs. This steam generator design
features a hockey stick shape and can be designed for a range of sizes
to be used as evaporators, superheaters, and reheaters. At temperatures
at or below 510°C (950°F), ferritic tubes of 2-1/4 Cr - 1 Mo would be
used. However, at temperatures above 510°¢C (950°F), the recommended
. material of construction is Type 316H stainless steelf _

7 The mddu]ak approach may be attractive for early plants, but for

a large nuhber of standardized plants, the evaporator, superheaters,

and reheater units designed for the specific purpose greatly simplify

the system flow configuration and resq]t in a cost reduction. This
simpler arrangement for the power requirements of the revised config-
uration consists of an evaporator of approximately 145 MWt, a superheater
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7% 40

of Z& MWt, and a reheat unit of 38 MWt. The larger evaporator unit is a
scale-up, based on the CRBRP design (~120 MWt). The superheater would
be yvery similar to the current CRBRP design, since with the poorer heat
transfer characteristics of steam, the unit is estimated to operate at
about <% MWt as a superheater. As indicated above, Type H stainless
steel would be selected for both the superheater and the reheater. The
reheat unit would be similar to the current ESG-MSG though scaled up
slightly. While the ESG.MSG is rated at about 32 MWt as a combined
evaporator and superheat unit, as a superheater only, the power would be
reduced to about 25 MWt, hence necessitating a modest scale-up. The steam
genera:tor-‘ units are similar to those selected for the ACR study.

o
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3.4.1 Storage Concepts

3.4.1.1 0.8 Solar Multiple

For the 0.8 solar multiple, three storage concepts were examined as
candidates for the thermal buffering sys;e;a;équired by the system. The
baseline design system included ground Tevel, pressurized, hot and cold
sodium storage tanks. As an alternative to the baseline system, ground
level atmospheric pressure tanks in conjunction with an additioha]
sodium pump for steam generator sodium supply, The third a]térnative is
to locate low pressure tanks in the receiver tower separated by an
elevation head. The relative advantages and disadvantages of each
concept are summarized in Table 3.4.1. Conceptual schematic represen-
tations of the three candidate concepts are shown in Figure 3.4.1. a, 67 c

Based on passive thermal protection cababi]ities and low cost, the
tower level, low pressure hot and coid tank thermal bdffer system was
adopted as the reéference storage subsystem for the 0.8 Solar Multiple
System configuration. '

' 3.4.1.2 1.4 Solar Multiple

The all sodium storage system concept déve]oped during the sodium
cooled advanced central receiver (ACR) program was adopted as the base-
Tine storage system for the 1.4 solar multiple. This concept is shown

schematically in Figure 3.4.1la. 5ﬁ-i9-4mpa==tut-bo-neie-tbat’Tﬂe large

sodium inventory required for 3 hr of storage precludes high pressures

.~op»e]evated,tanks. .
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TABLE 3.4.1

COMPARISON OF CANDIDATE THERMAL STORAGE CONCEPTS,

Concept

Ground Tevel,
high pressure,
hot and cold tanks

Ground level,
atmospheric pressure,
hot and cold tanks

Tower level, _
low pressure, hot
and cold tank

714-6.61/feh

[¢]

Lowest cost

0.8 SOLAR MULTIPLE

Advantages

Good operational
flexibility

Good steam/sodium
system decoupling

Good reljability
Yo Stecm cenerstrt
po s 2

Best operational
flexibility

Best steam/sodium
system decoupling .

Low pressure tank

. construction

Cprre

_ Solid soqium system

Best reliability

Passive receiver
protection '

UO Cfeom GocrTer

Fumpa -
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‘Disadyantqges

High cost

. - Large volume,

700 psia tanks
required for
transient
management

Highest cost

Lost tower
static head

Least re]iébi]ity '
l2e?70| res Stesm Generstor
Powmp

Tank Tocation
Adequate éteam/

sodium system
decoupling

“Adequate system

flexibility
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3.4.2 Storage Size

3420 0.5 Salan M&g“/
For the case o solar multiple plant there is no solar energy thermal

storage subsystem provided in the sense of being able to sustain full power

operation for any significant time without solar insolation. However, there is
buffering provided by means of a system of cold and hot tanks provided in the receiver
plumbing system.

These hot and cold buffer tanks (6 each) are approximately 2.4 m (8ft) diameter
by 6.1 m (20ft) in height and are sized to provide sufficient flow through the
receiver in the evesd of a loss of P-1 pump'fuﬁiuréﬁrto prevent. excessive overtemp
in the receiver outlet temperature. The performance of.this buffer system in
response to loss of pump and the action of the hot buffer tanks in the case of
cloud cover transient  are discussed in section 3.4.4 below.

5422 LufSoban Aaalliple

For the 1.4 solar multiple - plant design the thermal storage subsystem consists
of a two-tank system (single hot, single cold ) sized to provide sufficient
thermal energy to operate the plant at net electrical power rating for 3 hours
when operating solely from thermal storage. The hot storage tank is approximately
30.5 m (100ft) diameter by 13.7 m (45 ft) high. This translates to about 1x10% m3
(2.6 x 100 gallons) capacity. The hot tank contains approximately 17 x 106 pounds
of sodium. This quantity allows adequate ullage volume. Both the hot and cold
tanks are approximately the same volume despite the minor variation in sodium density
between the hot and cold temperatures.

The storage tanks are sized on the basis of the thermal energy requirements,
specific heat of sodium, & plant temperature difference between the hot and cold ‘
torage tanks. The obvious advantage of a thermal storage system 1is that the flow
to the steam generators is always from thermal storage, and the system isolates
the steam generators from the effects of variations 1n so]ar 1nso]at1on and trans1ents
caused by pump prob]ems or cloud passage. - . - .
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3.4.3 Storage Media, Containment and Steam System Materials Selection

Sodium is planned to be the medium employed for thermal storage.

The high-temperature regions of the system will be of Type 304
stainless steel (see Section 3.3.3); this includes the storage tanks.

" The low-temperature, less than 700°F regions of the system will be
of carbon steel. Carbon steel is perfectly adequate for sodium conta1n-
ment and, at low. temperature, offers no prob]ems of decarburization.

Transition joints will be of Inco.82 which has been successfully
employed in. commercial practice for many years. ‘

The steam system materials will consist of Type 304 stainless steel
in the superheater and reheater which will be kept dry in order to avoid
stress-corrosion cracking. This is comparable to conventional, fossil-
fired boiler practice.

The evaporator will be of .the bdwer'ihdustry‘workfhorse»a]1oy; 2-
1/4 Cr - 1 Mo. This alloy has a long, successful track record in '
fossil-fired and liquid-metal heated steam -generators. It is used at
temperature low enough that the modest decarburization which will occur
in sodium is easily accommodated.

It should be mentioned that the purity of the water used in the
_ steam cycle, the sodium in the heat transfer and storage system, ‘and the
argon used as- a cover gas will be strictly ma1nta1ned to Tevels wh1ch

' are safe- 1nsofar as "corros1on effects” are concerned yet th1s causes

.essent1a]1y no pena]ty in e1ther cap1ta1 or operating expenses because
efficient purification systems for each of these fluids are readily
available at reasonable cost..
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3.4.4 Storage Thermal Performance Analysis

The hot and cold buffer tanks of the plant with the 0.8 solar multiple
provide passive protection against a loss of P-1 pump accident. The relative motion
of the sun will drift the image off the receiver and reduce the input thermal power
with time. . Concurrently, with the receiver control valves unchanged, the net head
difference between the hot and .cold buffer tanks continues the flow through the
receiver. The ullage in the cold and hot tanks in conjunction with the initial
argon gas pressures in these ‘tanks is designed to provide an approximate match between
the flow decrease through the receiver and the absorbed power drop-off in the
receiver so that the receiver outlet temperature remains approximately constant.

The details of the: performance analysis of the hot and cold buffer tank system
with respect to loss of P-1 pump is covered in Appendix A to this report. -a—the

The maximum ramp rate of the sodium heater cannot meet the sharp-edged cloud

passage transient requirements. Sodium flow from the hot buffer tanks (T-2)
through the steam generator system and into the cold buffer tanks (T-1) supplements
the sodium heater delivery to maintain constant thermal power to the steam generator
during this transient.

For the case of the 1.4 solar multiple plant, the operation of the plant
is always from the hot storage tank whether the thermal ,energy is being provided
by the fossil-fired sodium heater, from the solar plant receiver, or from a
combination of both. That is, the solar receiver and the fossil heater are in
paraliel. This arrangement provides isolation of the steam generators from the
effects of ' transients and is.an inherent advantage of a thermal storage system '
with respect to plant operation.
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3.4.5 Containment Vessel Structural Analysis

The sodium containment vessels are to be designed to the API
Standard 620 supplemented with selected paragraphs from the ASME Code,
Section III. '

The major loading of these vessels and support structures is
expected to be due to seismic activity. The support method must '
allow for thermal growth of the vessels, yet must provide a suitable
load path for'deadwejght and seismic loads. After hand calculations
to verify basic feasibility, a finite element "stick" model will be
developed to verify the design of the support structure. ANo major
conceptual problems are- expected due to the conventional braced frame
design of the current concept.

3.4.6 Ullage Maintenance Analysis
It is planned to recycle the argon ullage gas during drain- and
£i11.operations. Thus, extremely small amounts of gas would be used, -

Consequently, there would be very little make-up and therefore a high-
quality -gas could be employed cost effectively.
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3.4.7 Fluid Maintenance Analysis

The principal contaminate of concern in sodium systems is oxygen.
The concern stems from: (a) the possibility of plugging small lines
3.81 cm (1.5 in.) in diameter which have sections operating below the
oxygen solubility temperature 1imit of the sodium and operates for long
times (> 1.0 h) in this condition, and (b) increasing the receiver tube
corrosion rate by operating above 2 or 3 .ppm oxygen (at 3 ppm, the
initial corrosion rate is appfoximate]y 0.013 mm per yr (0.5 mi]s/yr)._
The average va1ue:wou]d be less than 1/2 this amount over the 30-year
1ife of the panel. See Figure 3.4-%.Z '

For the 0.8 SM system, the surface area is approximately 60,000 ftz.
The initial surface contamination would amount to approximately 12 1b of
0, (using the generally accepted value of 2 x 10'4 1b of Oz/ftz) of
surface for clean argon purged system.

The sodium used to fill the system will be filtered at a temperature
of 3009F and will add about 2 1b of oxygen to the inventory for a total
of 14 1b. This is about 14 ppm. The 1n1t1a1 cleanup would take about
150 hr (3 dya§3 us1ng conservat1ve c]eanup techn1ques and a 30 gpm co]di
trap.

For the 1.4 solar multiple case, the surface area is about twice
the 0.8 plant. The total oxygen would be approximately %gylbs of O2
from surface cqntamination and 32 1b from tge— si_m"cia] } This would
amount to a concentration of approximately 355 ppm. The initial cleanup
. would requ1re about 25 days us1ng ‘a 60 .gal/min.cold trap Actua]ly,
- plant operations would start 1mmed1ate1y gn e1ther case and c]eanup

pcroceed .
would preeess during normal operat1on

The equipment to be used for these operations is described in
Paragraph 3.4.5 "Fluid Maintenance Design."
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3.4.8 Pumps, Piping, and Valve Analysis

The discussion presented in Section 3.3.9 on sodium pumps, piping,
and valve analysis is applicable to this section for the storage subsystem.
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3.5 NONSOLAR SUBSYSTEM

3.5.1 Nonso]ar;Concepts (0.8 and 1.4 Solar Multiple)

The only nonsolar concept given detailed consideration in the program
is that of a fossil-fired sodium heater. Other concepts are available for
supplying auxiliary heat to the Electric Power Genefation Subsystem. These
include a molten salt primary loop and heater, a water-steam primary loop

-and boiler, or a conventional fossil boiler in parallel with the steam

generators. The first two alternatives have been and are being considéred
by other investigators*, and for this reason, are considered only as bench-
marks in this program. The last alternative would require a detailed asses-
sment of parallel source two-phase flow interfaces. For this reason, the
selected sodium primary loop and heater system was chosen over this alter-
native to avoid a dilution of the detail. In theory, a single-phase sodium
heater should be simpler to design, construct, operate, and maintain and,.
therefore, more reliable and cost effective than a boiler.

Within the selected nonsolar concept, several system and component
level trade studies were completed. The component level trade studies

- and analyses including nonsolar size; thermal performance, life analysis, -

pumps, piping, and va1ves, and waste handiing system se1ection are sum-
marized in this section. System level nonsolar subsystem trade studies
are described in Section 4 and include fuel selection, parallel versus
series configuration, and heater response requirements.

3.5.2 _NonsolarASubsystem Size (0.8 and 1.4 Solar Multiple)

The s1ze requ1rement for ‘the nonsolar subsystem is. 'set by the

'”requ1rement of full- capac1ty cred1t for the p]ant “The- nonso]ar sub-r' o
" System must be capable of supplying 100% of the steam genérator power

requirements, 260 MWt, whenever the receiver is not able to do so. In
the case of the 0.8 solar multiple, this means that a minimum nonsolar
subsystem power requirement of 20% of steam generator power or 52 MWt

*Martin Marietta and McDonell Douglas
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is also required. The 1.4 solar multiple sodium heater and nonsolar
subsystem would only be used when the receiver and storage subsystem
outputs are zero. Consequently, the nonsolar subsystem will be of a
significant fraction of the time. In this case, the simultaneous
requirements for full-capacity credit and filling storage from solar
alone have overly constained the plant and added to the amortized cost
of the nonsolar subsystem. ‘

It is suggested that an investigation of the consequences of
relaxing the full-capacity credit requirement be made. The possible
"benefits of such a relaxation include decreased capital cost and the
ability of the plant to operate in a utility load following mode with-
out suffering from excess nonsolar subsystem capacity capital costs.

3.5.3 Nonsolar Materials Selection

An -investigation of the materials for the heater was completed.
The primary decisions involve materials that will come in contact with
sodium (i.e., tdbing, piping, headers, and downcomers). Other materials
~are those typical for fossil units. It appears that tube metal thick-
nesses-wi1].bé»determined by fabrication requirements rather than by
pressure requirements. Thus, theAseTection of tubing materia]s is
1imited by corrosion considerations.

There are two major limitations imposed by corrosion which are both
temperature dependent. One is the oxidation of the material while the
other is decarburization of ferritic materials in contact with sodium.
‘A third corrosion problem that is addressed in ‘the désign of the unit
- {i.e., gas gemperatures in contact with peak metal”temperatures) is .-

" coal ‘ash corrosion. -

Tubing in the low-temperature convection section of the heater can
be fabritated from carbon steel. As sodium flows to the furnace, tube
metal temperatures rise, oxidation limits of carbon steel are exceeded,"
and another material for the furnce tubes is required. Here, the choice
is 2-1/4 Cr - 1 Mo steel. The.mémbrane panels can be fabricated from
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this material and tube metal temperatures may go as high as 1000°F.
Another alloy is required for the high-temperature convection section
due to the rate of decarburization of 2-1/4 Cr - 1 Mo above 1000°F.
(The practical oxidation 1limit has not been reached. The decarburiza-
tion of this alloy results in a reduction in mechanical properties.)
-Two choices are possible, Type 304 stainless steel and 9 Cr - 1 Mo
steel. Type 304 is preferred since total costs appear to be the same
due to additional fabrication costs associated with using 9 Cr - 1 Mo.

The major material problem related to the design and operationAof
the heater is limiting the tube metal temperature in the furnace. It |
may be difficult and will be coétly to make furnace walls from higher
alloys than 2-1/4 Cr - 1 Mo. At full load, using an intermediate furnace
mix, tube metal temperatures should be acceptable. At low loads, more
of the total absorption takes place in the furnace resulting in higher
sodium and tube metai temperatures. This can be controlled by gas recir-
culation, higher excess air, and firing with only the top row of burners
in service. The first two reduce the gas temperature in the burner zone,
while the third effectively reduces the size of the furnace. With these
controls, it is believed that tube metal temperatures'can be held to
. acceptable values. .. o '

3.5.4 Nonsolar Fuels Se]ectionA1948 and 1.4 Solar Multiple)

The nonsolar subsystem fuel selection trade study was considered
~a system level stddy and such is documented in the systems analysis
section. It is located in Section 4.3.6.

'j'3}5;5' Nonsoﬂar_Thermél PefformancegAnglysis.(0,8-anda1f4j501a+=Mu1tipTel"__; .

A detailed description of the thermal performance of the heaters
for the 0.8 and 1.4 solar multiple systems is located in the design data
sheets (Appendices E and f;).' A brief summary of heater performance
is also located in Section 5.3.6. A brief discussion of the heater ramp
rate trade studies is summarized below.
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Two possibilities exist for the heater operating at minimum turn-
down waiting to go up in load. The first is that the unit is operating
with one burner row in service. To ramp to full load would require
firing of additional burners and would take an estimated 3-5 minutes
to complete the ramp. The use of a "bin system" for storage of pul-
verized coal or pulverizer type (B&W-type EL vs tube mill) whould have
1ittle impact on this time.

The other %ituation is ‘that the unit is operating with all burners
in service by operation of o0il ignitors to achieve the minimum turndown.
In this case, the fuel being consumed is No. 2 0il or gas. This is an
expensive mode of operation; however, with a "bin system" or a tube mill
as a stored supply for pulverized coal, the unit can ramp to full load
in about 1-1/2 minutes. The "bin system" adds an estimated 1 million
dollars to the capital costs, whereas, tube mills offer the advantage
of usable coal storage at the expense of higher operating costs at low "
Toads (i.e,, power requirements are essentially independent of 1oad) and
the inability to handle "wet" coals. Another point is that there is a-
hazard invo]ved'With.operatihg over a period of time with oil ignitors
in service. 0il and 0ily soot can accumulate on low-temperature con- :
.vection and air heater surfaces and can easily be ignited resu]ting_in_
a fire that is difficult to extinguish. Finally, operating with all
burners in service at low loads makes it more difficult to control fur-
nace absorption and tube metal temperatures.

Based upon these considerations was recommended that a conventional
burner-pu]vekizer arrangement be used. This would require startup of
burner-pulverizer sets to ramp to full load. However this arrangement
‘would result in the lowest cap1ta1 and. operatlng expense and would
Afm1n1m1ze hazards of operat1on.v Co o ' IR

3.5.6 Absorber (Furnace Life Analysis)

The sodium heater was designed in accordance with the standards
for fossil-fired boilers-developed from the considerable experience
acquired by Babcock & Wilcox (B&W) in this field and the operating and
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maintenance experience with sodium heaters of Energy Systems Group (ESG).
While no specific 1ife analysis has been performed, the review of the
design, conducted by B&W, ESG, Stearns-Roger, and Salt River Project,

on April 19 and 20, 1979, has led to a general engiheering judgment

that the design is similar enough to successful boiler and heater
designs that there is no obvious reason that the heater Tife would be
Tess than the required 30 years. '

3.5.7 Pumps, Piping, and Valve Analysis

3.5.7.1 0.8 Solar Multiple

In this configuration, .the sodium piping is arranged such that it
represents a quasi closed-loop system. The only truly free surfaces are
located in the receiver, high above the nonsolar subsystem. Consequently,
the 0.8 solar mu]tip]é heater does not require an upstream drag valve
for pressure reduction. A simple control valve suffices to properly
allocate flow to the heater. This type of valve is discussed in Sec-
tion 3.3.9. o

. 3.5.7.2 1.4 Solar Multiple: ..

This system requires a drag valve upstream of the heater to reduce
the heater inlet sodium pressure such that the pressure at the mixing
tee joining the receiver and nonsolar subsystems insures a proper flow
distribution to these subsystems. In both the 0.8 and 1.4 solar multi-
ple configurations, the receiver pump supplies the motive force for the
" required flow. - - o o

. 3.5.8 Maste Handling Selection (0.8 and 1.4 Solar Multiple) - .- ="

3.5.8.1 Ash Handiing

Two ash conveying schemes were studied. The first scheme, shown
in Figure 3.5-1, utilizes a negative pressure pneumatic conveying system
powered by a mechanical vacuum producer. The second scheme, shown in
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Figure 3.5-2, utilizes a cbmbined negatfve and positive pneumatic con-
veying systém;with'a vacuum/pressure transfer tank. The type of con-
veying system selected depends on the size of the unit, plant elevation,
and cohveying distances. For the baseline 100-MW solar hybrid plant, a
negative pressure pneumatic conveyor system was selected, with the ash
storage bin located within the central core area. If the ash storage
bin were Tocated outside of the collector field, requiring a conveying
run of approximately 7067 m (3,500 ft), the combination vacuum/pressure
- conveyor system would be required. A comparison between the two methods
of ash removal is shown in Table 3.5-1. The negative pressure pneumatic
conveying system was selected for the 0.8 and 1.4 solar multiple system
based on cost effectivity. '

3.5.8.2 Chimney Sizing

It is desirable in chimney design to have a chimney which is self-
drafting (requiring no additional fan power) and operating at a slightly
- negative pressure relative to the atmospheric pressure.: As shown in '
Figure 3.5-3, the stack diameter required for natural draft at the
_ sodium heater rating (265 MWt) is approximately 3.5 m (11.5 ft) 1D,
with a correspbnding-exit gas velpcity of approximately 16.7 m/s (55 fps).
However, in the solar hybrid plant design,:the stack diameter is con-
strained due to available space limitations at the receiver structure.
For the baseline 100-MW plant design, a stack ID of 2.4 m (8.0 ft)
passing through the receiver structure was selected by ESG. The smaller
stack diameter results in a pressurized stack (approximately 81 mm (3.2 in.)
water column) with an exit gas velocity of approximately 34.5 m/s (113 fps)
at rated load and requiring about 150 MW additional fan power over the
natural draft case.. . - ' | IS
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ASH SYSTEM COMPARISON

\

TABLE 3.5-1

(SELECTED)

©VACUUM SYSTEM

- VACUUM /
PRESSURE SYSTEM

TYPE OF ASH CONVEYING

ASH STORAGE BIN LOCATION

ASH PIPING LENGTH
MECHANICAL BLOWER |

MECHANICAL EXHAUSTER

CAPITAL COST (1979)
(INSTALLED)
OPERATING COST

O&MCOST -

CLOSE-IN

(WITHIN CENTER AREA).

500 FT

NONE REQUIRED
1 @ 100 HP

$1,100,000

LOWER

'LOWER

REMOTE

(OUTSIDE COLLECTOR FIELD)
3500 FT
1@ 400 HP
1 @ 100 HP

$1,585, 000

HIGHER

HIGHER




46 0780

A% 10 X 10 'TO THIE INCHe 7 X 10 INCHES
WAL INUSRA, ¢

P42 KEUFFEL & ESSCH CO.

”
Y

k

AT R, . ._.||\\“.\‘ MN\.\.\\ ,_W\Nl\.mr.l!l- -

.Ml:l..wl....v. e s B e e B S T I_ ettier 2 -v. .... .'.“.._
* ;.u...Wn ‘ @mﬁ\x\\ -\ﬁ\&mvmx .tkwigl-. s S

D M.....o..n..-o..w--O-l...._ e i s BRI Rt

Ta NG i, ST | S | S i T S ) 0 .Uu S s
I.I,ufu/wr =y Nr# ; 0 S AT s o ,....-...l.Wl.u!-_Ju..lﬂ... ..-.W

N
N e jr— e } e mee | - e—— —

Joim i =i ] .l"wllx..|_.-.lu B (e L e e T TR [ B 4 B i

i il ! 1 I..\/. e

il o | B o e | s -%h.,luii.-l, H.#m Boun il

T

|

; |

lon
/Wi
FT
FT!

(NN
ol EL

|

!
|l

I

i
Lid7
=
\.
—

l

i

I

stﬁ
o

l
ES
29
2.4
204
|
alleadaniil
Ll
I
|
A
| i
B
b
1
e

e Ty

MET
T2
o
/

5
;
|
|
|

WER' S

A10
1]
|
!
!
YA

T
|

{OO
Gl

f:'l
|
i5dS 7‘4
VL4
oN
I
|
Y
T
|
|
T
I
<L
i |
3
i
T

CINT AR

£

T

! |
A
\\"T‘
i

|

I

|
"

7)

e

EXIT_VELO
2 !V__.c s7ACcK 'b//l

HEIGF
a

A
i

IS
K
R/

ql{A Y
i
{L-
T\L
g
T i

A3 WA T

2.7

S
BOILLE

&

s
BICIT
ANT ot

L
b
1
)

S7TA
EN
A1E
LA
M
|
\TL
I
l
i
g
4
2,

)
AND

ECEVER 'HYSRID |
|

"o .1»-'- .
—tafeof o

AR R TR R

e b e Bl

|

|
D
IL.

TRl ‘R
FAN A POWE

LD

} )

Flowtoss

l
I

f SOLAR CEN

HiSrAlk
AND

Heche o dawam foois A).\mxcg N\M .a,q.w Mo7 v\,u \M : .-...,“...,...-M....*.u...,uﬂ' =
Iperse ciarma, L S el i S oM e e e o
“iEes HEs g B R . ----Tr--_ll--r S St
L g e ..l..‘.m.ill.& 3 0 P TR ..0........!._,|!-~...l-.- Sein e
e LS b R A B M Al sk o, sl S e
o : -..2! S e S O ey R R I T B ) i
S e e S B Rt e S e R B
b e DR e e e

Figure 3.5-3



3.6 ELECTRICAL POWER GENERATION SUBSYSTEM (EPGS)

3.6.1 EPGS Concepts -

.~ The EPGS concept considered in the parametric analysis task was
Timited to the steam Rankine cycle utilizing a reheat steam turbine for
the following, impbrtant reasons: ’

Proven, reliable technology

Utility acceptance

Complements sodium-cooled receiver technology (permits
high-temperature, reheat steam cycles)

Meets or exceeds program requirements

‘One of the attractive features of sodium as a heat transport fluid
in a central receiver concept is that it can permit the use of efficient,
high-temperature, high-pressure steam turbines; turbines that represent '
current state-of-the-art technology. It also allows the use of reheat.
Because of these feafures, the technical approach on the EPGS was to
select the most efficient and cost-effective turbine generator systém
" and then to design the sodium heat transport systems to meet the EPGS =~
requirements. . h ’

3.6.2 EPGS Size

The baseline solar hybrid EPGS size selected was 10U Mde net as
specified.
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3.6.3 Cycle Selection

A trade study was conducted to select a turbine’steam cycle that
would give the most cost-effective arrangement for the hybrid system
conceptual design. The details of this study are presented in
Appendixjgz_ Seventeen steam cycles were analyzed, and annualized
capital and fuel costs for plants designed for. each of these cycles were
calculated and compared for minimum costs. Turbine steam conditions
considered were 1815 psia, 2415, and 3515 psia, with single and double
reheats at 1000°F and 1050°F.' HARP (Heater Above Reheat Point) cycles at
1815 and 2415 psia were also compared.

On the basis of the steam cycle design work comp]eted for the ACR
study(l), sodium reheat was considered necessary, along with high steam
inlet temperatures to produce high efficiencies and minimize the capital

.cost of the plant. The sodium outlet temperature from the receiver was
selected at 593°C (1100°F) for both the ACR and hybrid plants. In the
case of the ACR study, one of the major factors influencing the selection
of this temperature was the cost of the heat storage system“which tended
to increase the outlet temperature. For the 0.8 SM hybrid plant with '
no storage, this storage system cost was not a factor§ however, the
requirement for the high steam inlet temperatures to the turbine
generator led to the selection of 593°¢C (1100°F) for the sodium outlet
temperature.

Results of the cycle selection trade'study showed that the most cost-

_'effect1ve steam cyc1e is the 1815 psia, . 1000 F/1000 F, s1ngle reheat cyc]e» §

. with HARP. Therefore, this cyc]e was: se]ected for the conceptua1 des1gn L
~study for both the 0.8 SM and 1.4 SM hybr1d p1ants ' ‘

714-G.61/phr/bes



3.7 MASTER CONTROL

The master control system developed for the Advanced Central Receiver Power
Plant study was selected as a baseline for the Solar Hybrid Central Receiver
system. Because of the close similarity in operating philosophy and regime,
the design concept from the previously mentioned study was used unchanged and
the analysis of this system was limited to assessing the impact of integrating
the nonsolar system (sodium heater) control function into the already defined
system. Section 3.7.1 presents a synopsis of the concept and Section 3.7.2 .
discusses the integration of the heater controls. '

3.7.1 Master Control Concepts

The design of the Master Control Subsystem for the Solar Hybrid Central Receiver
system‘must address the same objectives of the Advanced Central Receiver Solar
Power Plant of high reliability, cost effectiveness and simplicity. To achieve |
these objectives, the design must incorporate proven hardware components; low
cost hardware, software and idterfaces; and a simple operational approach.
Looking ahead in the mid-1980 time-frame when an advanced system would be con-
sumated into a working plant, several opportun1t1es will be available to the
power plant control system des1gners that have a distinct’ advantage over presént
power plant control hardware techn1ques. These advantages include: 1) lower
cost electronic products of all kinds, 2) high speed, very reliable information
transmission techniques, 3) low power consuming electronic devices, and 4) high
density electronic packaging. These oaportunities are becoming prominent in all
industries today and will see significant improvements and development in ‘the

- years ahead.

4 D1glta1 mlcroprocessors today are pro11ferat1ng 1n the contro] market The
‘computat1ona1 power of these devices .is approach1ng the m1n1computer class at
fractions of the cost and considerably smaller in size. Evidence on the present
and projected,improVements that dramatize the future for these devices is shown
in Figures 3.7-1 through 3.7-3. A single microprocessor chip in 1980 will con-
~ tain over two times as'many logic gates with an increase of only 37 percent in
size (see Figure 3,7;])4 Secondary information storage costs are expected to
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decline significantly (Figure 3.7-2) and the speed and power consumption for
these solid state devices is expected to improve dramatically (Figure 3.7-3).

The serial digital data transmission bus has been growing in bopu]arity in the
process industry because of: 1) the reduced wiring costs (see Figure 3.7-4),
2) high immunity to external noise sources, and 3) the increased use of digital
computers for process monitor and control applications. Fiber optic techniques f
are gradually replacing the coaxial and twisted pair serial data transmission
busses. This technique retains the attributes of the conventional serial
digital information transmission bus, but has the capacity to handle trans- :
mission speeds approaching the speed of 1light. With the extremely wide frequency
bandwidth of fiber optics (over 200 megaHertz) many individual signal paths can
be accommodated on a single strand. |

A1l of these devices and techniques mentioned herefofor utilize solid state
jntegrated circuit technologies almost exclusively. This technology continues
to show MTBF for components greater than fifty thousand hours (approximately
5.5 years). Furthermore, the low power requirements to operate these devices,
coupled with the materials and packaging techniques used, have extended the
environmental 1imits of temperature, humidity and shock within which -these
compoﬁents'wil1'operate;’ CohseqUént]y;~sequEncespfogrammers, micfoprocessors,"
and digital converters do not have to be placed‘in stringently controlled
environments. These devices will operate in many field environments.

A1l of these advantages are being implemented into the master control design
for the So}ar Hybrid Central Receiver system design. This design incorporates
“the following general features:

o D1str1buted d1g1ta1 contro1 of the power p]ant processes

b Remote]y 1ocated contro]]ers ' '

o Serial redundant digital control and data communications
‘between the control center and the subsystems

o Single operator for plant and subsystem control and monitoring

] Coﬁtro] processor terminals used for plant and subsystem control
and monitoring. o
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0 Microprocessor based controller hardware used thrdughout
o Maximum use of CRT display devices for monitoring plant status

o Three modes of operation: 1) automatic, 2)~semi-automatic, and
3) manual.

3.7.2 ‘Master Coritrol System Analysis

Early in the study a decision was made to utilize the master control system
design formulated during the Advanced Central Receiver (ACR) Solar Power Plant
Study for the Solar Hybrid Central Receiver system. This eliminated the neces-
sfty to perform any lengthly or major perturbation type analysis on this sub-
system. However, there is a major single difference between this system and
the ACR system arising from the utilization of a fossil fired sodium heater

in parallel with the solar heated receiver.

Because of this, it was. necessary to assess the impact of integrating the heater
control function into the existing design. An analysis of the defined hardware
led to the conclusien that there was ample capability to integrate the coordi-
nated control functions of the fossil fired heater into any of the four pro-
cessors defined in the ACR MCS. Because of the close operational and funct1ona1 '
| coupling of the heater with the receiver and thermal storage/buffer systems,

the logical choice was the receiver and thermal storage/buffer control processor.
The coordinated control of the heater can be accomplished via software by pro-
viding receiver/heater ramp control, thermal storage make-up (if required) and
steady statc flow/temperature control from combined receiver/heater, heater

only, on receiver only output. The Just1f1cat1on for the above conclusions is
based on the assumption that the fossil fired heater utilizes hardware control
and mon1tors elements convent1ona1 to other subsystems of the d1str1buted p]ant f g

contro] archltecture . Other . operat1ng assumpt1ons and: assumed features 1nc1ude S

heater contro]/mon1tor ‘elements are Tocated rear the heater and will commun1-
cate with the MCS via the data hiway utilized by other subsystem control elements
and that CRT monitor and keyboard manual command entry will be provided as for

other subsystems.
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The significant impact of integrating the heater controls was therefore found
to be in the area of additional software, with only second order effects to
the hardware associated with providing data links with the data hiway. The
amount of additional software is estimated to be 300 words, with an
associated incrementa]..deve'lopmént cost of approximately $20,000.
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4. SELECTION OF PREFERRED SYSTEM
4.1 SELECTION PROCESS (0.8 and 1.4 SOLAR MULTIPLE)

The selection process of the system, subsystems, and components of
the 0.8 and 1.4 solar multiple sodium* --cooled hybrid central receiver
configurations all employed the same fundamental methodo]ogieé. For any
given system»or;coﬁbonent Tevel selection technically feasible alterna-
tives were compared on an economic basis using the economic parameters
delineated in the program requ1rements définition document. (4. 1) The
economic model used to determine the present value, annualized cost, or
levelized busbar energy cost of each alternative is outlined in Refer-
ence 4.2.

On the component level, an éccountihg of the indirect costs of each
alternative due to impacts of the component on system efficiency, capital,
operations, maintenance, and fuel costs was considered, as well as
direct cost accounting. In many cases, significant savings 1nAprogram '
time were realized by interpolating or extrapolating the results of
component cost algorythms developed during the Advanced Central Receiver
- (ACR) program: ~In other cases, the ACR cost algorythms were modified to
take into account component changes recommended as improvements over the
base design. Finally, component selections involving commonly used
components such as valves, piping, and auxiliary equipment was made on
the basis of previous engineering experience. The details of the compo-
nent selections are documented in Section 3.

System 1eve1 ana]yses, trade stud1es and se]ect1on stud1es all
used the methodo]ogy of Reference 4,2. A computer program was wrxtten '
A"wh1ch 1ncorporated ‘this methodo]ogy and allowed rap1d var1at1on of 1nputi<i
variables and plant operating parameters. For each system alternative, -
a capital cost, fuel cost, solar multiple, fuel type, location meteorol-
ogical data, and fuel escalation data were generated. Using this input,
the program calculated and plotted the levelized busbar energy costs as
a function of attained plant capacity. The program is designed for use
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with an HP-9845 desk-top computer but is written in BASIC and is easily
translated for use on other machines. The program and its methodology
is documented in Appendix A. Individual system trade studies and
analyses are documented in Section 4.3.

4.2 SELECTION CRITERIA

4.2.1 0.8 Solar Multiple

“The 0.8 Solar Multiple System configuration trade studies were con-

strained only in terms of the required plant oUtput; 100 MWe. <Consequently,

the primary criterion for selection was cost effectivity, i.e., the
system with lowest -levelized busbar energy cost was selected. In the
case of the fuel selection trade study, additional criteria included:
fuel abundance, availability, convertability, handling, environmental -
impact, waste handling, waste optics 1mpact, and usage restrictions.

Selection conflicts that required technical trade-offs were resolved
by estimating or calculating operat1ng, maintenance, or fuel cost 1mpacts
“and factor1ng them into the calculation of system Tevelized busbar energy
costs. In cases where significant cost advantages between alternatives
were not found, alternatives were selected on the basis of technical
merits, such as, reliability, operability, utility preference, or previous
experience. - '

4.2.2 1.4 Solar Multiple

W1th1n ‘the constra1nt of the 3 hr storage requ1rement of this- con-
: f?gurat1on the pr1mary selection cr1ter1on was again cost effect1v1ty

Alternatives not showing significant cost differences were compared on

the technical criterfa listed in Section 4.2.1.
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4.3 SYSTEM ANALYSES

4.3.1 Plant Size and Configuration

4.3.1.1 0.8 Solar Multiple

The overall plant size requirements are defined in the Requirements
Definition'Document.(4'1) The plant output is 100 MWe, net, regardless

of solar insolation levels.

Using the required overall plant size and the resulting steam
generator power requiremeﬁts, derived in the parametric trade study
documented in Section 3.6.3, the design sodium loop power requirement

 for a solar multiple of 1.0 and a field receiver power ratio of 1.0

was established as 260 MWt. The actual sodium loop power handling
capability aha]yses were carried out in a series of trade studies
documented in Sections 4.3.2, 4.3.3, and 4.3.4. In the case of the

0.8 Solar Multiple, the désigniéodium loop capacity was set at the
design power of the steam generator, 260 MWt based on the solar multiple
~ trade study describe&;in Section 4.3.2.1. ‘

4.3.1.2 1.4 Solar Multiple

In the case of the 1.4 Solar Multiple configuration, the steam
generator réquikements remain unchanged from those of the 0.8 Solar
Muitiple confﬁguratioh, However, the system was further constrained

‘ to include 3 hours of full power storage, capable of being fi]]ed'oh

.. the best solar day, w1th a so]ar mu1t1p1e of approx1mate1y 1.5, -
"’i;The trade study: which f1na11y set the solar mu1t1p1e of this. confwgura-l"'
' +1on at 1.4 is descrlbed in Sect1on 4.3.2.2 ‘ ‘
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4.3.1.3 Solar - Nonsolar Configuration (0.8 and 1.4 Solar Multiple)

Several alternatives exist for piping the solar receiver and
fossil-fired sodium heatér into the sodium process system for the solar
central receiver'hybrid power system conceptual design study. These
two components can be connected. either in parallel or series. Two options
also exist for the series connection. The solar receiver can be connected
inseries either upstream or downstream.of the heater. A study was made
to compare the relative merits of these alternatives in order to make a
~ selection to be used.as the baseTine design.

The two options that exist for designing the plant with a series‘
configuration for the heater and receiver are shown in Figures'4.3:1w1
and 4.3:2.- In Figure 4.3.1, the receiver is piped upstream of the
heater, whereas in Figure 4.3:2, the receiver is connected downstream.
In either case, for full-load operation, the sodium flow rate through
the two‘components is maintained constant at 5.4 x 106 1b/h and the
temperature rlse across each component ic var1ed in direct proport1on
to its ]oad

Figure.4.3.3 shows a'simplified diagram of the hybrid pTant with
the solar receiver and fossil-fired heater connected for parallel
operation. In this configuratibn, either component may be operated by
itself up to its rated load, or else the total plant load may be split
between the two heat sources. The heater has a rated load of 100%;
however, the receiver rated load is 80% due to the requ1rement of 20%
or greater heater lcad for guaranteed standby power.

An assessment of the econom1c factors wh]ch 1nf1uence the cho1ce '
. between the series and para11e1 configurations’ was made. The economics
favor the parallel arrangement for the fo]]ow1ng reasons:
L&:au14l
1) Sta1n1ess steel piping wild be required for the piping
connecting the receiver to the heater when connected in
series. ,Rep]ating the carbon steel piping and valve,
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which can be used for parallel operation, with stainiess
steel piping'and valves is estimated to éost an additional
$160,000 in 1978 dollars. , '

2) Stainless steel piping and valves are also required for
the bypass piping for the series arrangement. It is
estimated that this extra piping and valving will cost '
an additional $700,000 in 1978 dollars.

3) Average heat losses for the series configuration are
greater than for the parallel configuration when the
receiver is installed downstream of the heater. The
higher average receiver-oberating temperature results in
the larger heat losses which are made up by increasing
the power output of the heater.

It is estimated that heat losses equal to about
2 MW of thermal energy must be provided>by the heater.
Assuming a coal-fired heater, additional. annual fuel
. costs of $47,000 per year are estimated based on a fuel
“escalation rate of 10%. This is equivalent to a present
worth of $450,000 in 1978 dollars.

4) Rapid lcad changes between the receiver ‘and heater when .
connected in series will require excessive thermal storage.
This is because the receiver can change load at- 1% per
second, whereas the heater is limited to a temperature

-change of 10°FAper minute, which is equivaTent to a

load change of 1.8% per minute. Storage of about 1.4 hr

will be required fn this case to provide the necessary

thermal power to maintain constant output during the

transfer of the load from the receiver to the heater. =~ -
1t is estimated. that 1/4 hr of the}maT~stqrageuis ':"~"

equivalent to approxiﬁately $1.6M in 1978 dollars. '

5) Larger number of thermal cycles will require more expensive
design analyses and design requirements to mitigate
thermal stresses for the series connected components.
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It is estimated that the engineering design and.._..
analysis costs for the series connected components could
result in increased costs of up to 30%. The life and
reliability of these components will be severely impaired
by the continuous thermal cycling with load changes; This
is a one-time nonrecurring cost for the hybrid plant.

Table 4.3.1 presents a summary of the estimated additional capital
price required for the series configuration and indicafes that an
additional price of 2.9 million dollars would be required for the series
configuration when compared to the parallel configuration. ‘In addition,

- $900,000 of nonrecurring capital price would be. required for the design
and analyses associated with the thermal cycling problem. | )

concluded that the parallel config-
uration for the solar receiver and the fossil-fired_sodium.heater is
the preferred‘arrangement for the baseline hybrid plant. This configura-

tion offers the following major technical advantages over the series
arrangements: i

Based on the forégoing, it was

- 1) ; Thermal cycling of components is minimized, -because load
change are effected by variation in flow rate éhd not tem-
perature rise, since outlet temperature from heater and
receiver is maintained constant at all loads

2)  Sodium system is easier to control by varying flow rate

3) Carbon steel can be utilized for sodium riser and inlet
piping to receiver , _ .. A

4) Thermal storage méy not be a requirement fdrAthis mbdeA

. of operation. - B R -

e e

A detailed documentatidn of thé systeﬁ ievel tfade sfudy briefly
described here is located in Appendix B.
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TABLE 4.3.1
cos7
ESTIMATED ADDITIONAL CAPITAL -PReECE—
REQUIRED FOR SERIES CONFIGURATION *

Capital Price

Item $1000 (1978)
1. Replace carbon steel piping and 160
valves With stainless steel
2. Install stainless steel p1D1ng and 700
valves for bypass
3. Make up for heat lesses using coa]- 450
f1red sodium heater -
4, Prov1de 1/4. hr of thermal storage 1,600
for rapid lcad changes
Subtotal o 2,910
éf Additional design and analyses for 900
thermal cycling*
TOTAL 3,810

*Nonrecurring price
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4.3.2 Solar Multiple/Field Receiver Power Ratio

FIELD RECEIVER POWER RATIO

The effect of Field Recéiver Power Ratio (FRPR) on solar system optimization

was investigated for the solar multiple 0.8 baseline system. Solar System
optimization and performance data for a 120 m tower with a 10.4 m x 10.4 m
receiver was used in the analyses. It is not felt that thé subsequent selection
.of a slightly longer receiver (see Section 3.3.2) wou]d change the results on
conclusions of this analysis. ~ :

Figure 4.3.2-1 presents a detailed look at the 120 m tower, 10.4 x 10.4 m receiver
optimization data. In addition to figure of merit, the annual output is also
shown as a function of peak power for this system. The product of these two
curves at any given peak bower yields the solar system cost. This cost includes
all of the solar-related costs including tower, receiver, sodium plumbing, and
pump associated with the tower, as well as heliostats, land (including central
exclusion area), and field control.

A study was conducted to determine the effect on a modified figure of merit (cost
of energy to the recelver at a fixed power level) of operating systems des1gned
at f1e]d/rece1ver power ratio of greater than one. The optimization data was’ |
based on operating at a field/receiver power ratio of 1.0. Figure 4.3.2-2 shows
the nondimensional diurnal variation in clear day output from a system of this
type based on a compatible isolation model for each solar month. A nondimen-
sional arca inside each monthly curve was determined. Each monthly value was
reduced based on the monthly clear day percentages shown in Table 4.3.2-1.

| .These reduced month]y va]ues -were averaged to obta1n a yearly average This'
. year]y average- was mu1t1p11ed by 365 days to obta1n a nond1mens1ona1 re]at1ve

. field output for a field sized at a f1e1d/rece1ver power ratio of 1.0. . This: .‘
output was based on a sun acqu1s1t1on elevation angle of 10°. -This process
was. then repeated for three field/receiver power ratios of greater than 1.0 shown
by the horizontal lines on Figure 4.3.2-2. The relative output of the fields
operating with these field/receiver power ratio cutoffs were calculated as a
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TABLE 4.3.2-1
UNIVERSITY OF HOUSTON ISOLATION MODEL MONTHLY CLEAR DAY PERCENTAGES

Month +  Percent Clear Days
January Vi
February 75
March 80
April 85
May 5 90
June 90
July 90
August ; 92
September 92
October £ 92
November 85
December , 85

percent of the unconstrained output of these fields. This data is summaryzed
in Table 4.3.2-2 where field/receiver power ratio is defined as the ratio of
unconstrained peak power to constrained peak power, with the constrained peak
power equal to 208 MWt (solar multiple of 0.8 for the baseline 100 MWe system).

TABLE 4.3.2-2 .
Unconstrained Peak Power Output (Annual)
F/R Power Ratio (MWt) % Unconstrained MWt-h
1.0 208 100 508,000
1.05 ; 218.4 A 98.3 526,000
110 228.8 96.5 : 541,100
1.20 249.6 91.7 565,100

The system cost was determined at each F/R power ratio by calculating the produce
of figure of merit and unconstrained annual output at each F/R power ratio. This
cost was reduced by difference in tower and receiver cost when compared to the
cost at 208 Mdt for each F/R power ratio. This difference in cost is associated
with the increase in sodium pump and plumbing costs in going to higher peak
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power levels, which is not required since the systems are constrained to 208 MWt.
These delta costs were determined from Figure 4.3.2-3. A summary of the derived
system costs for the system constrained to operate at 208 MWt peak but sized

at the higher F/R power ratio are shown in Table 4.3.2-3. Also shown is the
figure of merit of these systems obtained by dividing the system cost by the
constrained output given in Table 4.3.2-2.

TABLE 4.3.2-3

Modified
FOM
F/R Power Ratios System Cost (106$L ($/Mut-h)
3d 43.46 85.56
0> 45.36 86.24
1.10 47.27 87.36
1.20 51.41 90.98

This data (FOM and constrained output) is shown in Figure 4.3.2-4 superimposed
with the data given in Figure 4.3.2-1. The dotted 1ine shows the reduced (con-
strained output), while the dashed 1ine shows the modified figure of merit at
each F/R power ratio. The vertical F/R power ratio lines are shown at the
appropriate unconstrained peak power levels. As can be seen, the output in-
creases above that for the F/R power ratio of 1.0 (208 MWt) with the difference
between the unconstrained and dotted constrained lines being the amount of
intentionally spilled energy in a year. From a figure of merit or solar effec-
tiveness standpoint, it can be seen that operating at a field/receiver power
ratio of 1.0 provides the most effective solar system (in terms of minimum
modified FOM). Studies were then made to.determine the effect of operating at
higher F/R power ratios on annualized busbar energy costs.

The field receiver power ratio (FRPR) as defined here is the ratio of the power
that could be accepted by an idealized receiver compared to the power the actual
receiver of the same geometry can accommodate at the design point. In effect,
this determines how many additional heliostats can be profitably added to the
collector field and which are used only during off-peak insolation periods.
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The curves of the differential busbar ehergy cost versus the RFPR for the 0.8
solar multiple 100 MWe plant are shown on Figure 4.3.2-5. The top curve is
based on standard economic assumptions for the project. The bottom curve is

" based on the assumption that the additional heliostats can be purchased at the
bulk rate but that their. procurement would be at the end of the construction
period and would be treated as a post-construction option. Utilizing the bottom
curve, the optimum occurs at an FRPR of 1.1 which is the value selected for the
hybrid design. ' '
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4.3.2.1 0.8 Solar Multiple

The paral]e]‘receiver!heater configuration was selected as baseline
for the hybrid system. In this configuraticn, the heater is required
to be at temperature during sunlight hours in order to be capable of
rapidly supplementing meteorological induced shortfalls in receiver
power. This requirement means that either the receiver power must be
large enough such that the heater can be kept warm by solar-heated sodium
or that fuel be burned to keep the heeter at temperature. Only the latter

case was considered in this studv. Depending on the fuel selected, the
minimum heater power required to maintain combustion stability and
sodium temperatures concurrently.ranges:from 10 to 20% of full power.
Full heater power is set by the steam generator power level of 260 MWt.

Variations in the solar receiver thermal energy output, because of
the diurnal variation in absorbed thermal power, are supplemented by the
fossil-fired sodium heater to provide a constant net electrical plant
output of 100 MW. As the receiver output drops, the heater output
increases. Load changes are made by varying the sodium flow through the
components. ‘Changes in the seasons, time of day, and weather patterns
all affect the solar heat input which requires adjustmenté in the fossil-
fired sodium heater thermal input to maintain a fixed plant output. At
some specified minimum solar load, the receiver will be shut down and
all the power generated by the sodium heater.

If oil or either of the candidate gases (natural gas or syngas) are
used as fossil fuels in the hybrid plant, the minimum heater power is
10%<0f full poWer The minimum power of 'a coa]-firéd sodium furnace is

o _‘20% This" ‘means that as a ‘point of departure, the nom1na1 power required

of the rece1ver at peak design cond1t1ons would be 90% for an oil or gas
system, and 80% for a coal system.
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There is no technical restriction on the amount of total energy the
" receiver can contribute to the system. Consequently, the receiver-can
contribute more or less than the foregoing percentages of total required
instantaneous steam generator power. As a minimum, however, a fossil
fuel displacement of at least 50% at design operating conditions should
be utilized for the plant to be considered a true hybrid. This sets the
© minimum receiver poWer rating at 50% of the steam generator rating. As
a maximum, the design receiver power has been Timited to 266% of the
required steam generator power. ‘This would effectively supply the steam
generator 100% power all day and night if storage.facilities were .. . _

available. Thus, it can be seen that for receiver powers equal to or

" Tess than the point of departure, no storage is required. For higher
powers, storage is required. A convenient single factor which describes
the receiver power capability relative to the turbine requirements at
name plate rating and simultaneously indicates the relative storage

. is the Solar Multiple. Selecting a Solar Multiple defines the peak
design.solar/fossil power split of the plant and indicates the magnitude
.of storage i '

The econom1c assumpt1ons used in th1s trade study are summar1zed
-in Table 4.3.2. '

TABLE 4.3.2
ECONOMIC ASSUMPTIONS*

Discount Rate = 10%

- Economic Life = 30 years
F1xed Charge Rate = 18% :
Annua] Cap1ta1 Escalat1on Rate =~ 10%

‘ ”utartup ‘Year = 1990 o :
Annual Fuel Escalation Rates = 6, 8, 10, and 15%
011 Cost = $2.00/MMBTU (1978 $)

Coal Cost = $1.00/MMBTU (1973 $)

Natural Gas Cost = $2. 10/MMBTU (1978 $)
(See Reference 4.5)

Syngas Cost = $3.75/MMBTU (1978 $)
(See Reference 4.5)

*A11 assumptions as per Reference 4.1 except as noted;
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The economic compariscns of solar multinles between 0.5 and 2.66
for various fuel escalatjon rates in the range of 6 to 15% were made
in terms of busbar energy costs vs capacity factor using the J.P.L.
Methodo]ogy.(4'2)

code described in Section 4.1 and Appendix A.

The methodology was programmed intc the computer

Using the computer program, the busbar energy costs of coal- and
oil-fired hybrid plants as functions of capacity factor, and fuel escala-
tion rates were generated for solar multiples in the range of 0.5 to
2.15. The results are shown for coal with solar multiples of 0.5, 0.8,
and 1.5 in Figure 4.3.4 for a fuel escalation rate of 10%. Also shown
are the capité] costs of each plant in millions (1978 dollars). A1l
plant capital costs were generated by estimates of heater costs brovided
by Babcock and Wilcox and balance of plant component costs determined by
scaling the costs from previous solar studies.

. For coal with low fuel escalation rates, Figure 4.3.4 shows that
the Towest solar multiple is marginally cost effective due to the
ke1at$Ve]y Tow cost of fuel. It can be shown that the difference in
increﬁenta] fuel costs would cause a plant with a solar multiple of
0.8 to be used at a higher capacity than a plant with a ‘solar multiple
of 0.5. Consequently, the total busbar energy costs of the 0.8 solar
multiple plant would be less than those,of the 0.5 solar multiple plant.
At a 10% fuel escalation rate, the 1.5 solar multiple is still not
competitive,

. On the basis of the foregoing trade study, the optimum solar multiple
- appears to be 0.8 for coal. ‘ : L

‘A similar trade study for oil showed that ‘the optimum solar multiple
at a fuel escalation rate of 10% was greater than 1.5 due to the high
cost of fuel. In this case, the margin of superiority of the 1.5 solar
multiple was not large. However, the incremental fuel cost drives the
solar multiple up.
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A detailed description of this study is located in Appendix &.

4.3.2.2 1.4 Solar Multiple

Using the results of the 0.8 Solar Multiple trade study in con-
junction with the Customer's admonition to fill the required 3 hours cf
storage on the best possible day dictates that the lowest solar multiple
which will fi11 storage on summer solstice be selected for the storage
system configuration. Since the storage thermal losses for the sodium
storage éystem are essentially negligible, the storage energy requirement
is 780 MWt-hr thermal. Integration of the energy at the base of the
tower less steam generator requirements for several solar multiples
showed that a 1.4 solar multiple supplied the recuired energy with a
margin of approximately 18 MWt-hr. Consequently, a solar multiple of
1.4 was selected for the 3-hr storage system configuration.

4.3.3 Storage-Capacity

4.3.311 0.8 Solar Mu]tip1e

The eépnomic analysis for the unconstrained system, as described
in Section 4.3.2.1, indicated that from an economic standpoint a no
storage configuration was the most cost effective for a 0.8 Solar
Multiple system. However, from a technical standpoint, this configuration
is unattractive. During the design receiver cloud cover transient,
the receiver will ramp down from 80% to 0% of steam generator power'in .
90 5e¢onds The se]ected coa] -fired heater is capab]e of ramp1ng up
'~»1n 5 m1nutes “from 70 to 100% power The d1fference between these ramp
>rates ‘when 1ntegrated over: the trans1ent represents an’ energy shortfa]]»"
This shortfall is made up by the thermal buffer system. The sizing of
the thermal buffer system is described in Section 3.4.2.
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4.3.3.2 1.4 Solar Multiple

The 3-hr storage size constraint of the 1.4 solar multipie system
is set by input from the Customer. It is sized so that a direct compari-
son may be made between the hybrid system and previously studied central
receiver systems with 3 hours of storage.

4.3.4 Solar Fraction

4.3.4.1 0.8 Solar Multiple

For the 0.8 Solar Multiple configuration, the solar fraction of
energy and poWér is determined by an annual integration.of solar energy
at the base of the tower. The baseline configuration, 0.8 Solar Multiple,
1.1 field/receiver power ratio system is expected to deliver 540,289 MWt-hr
annually. The solar fraction of energy delivered is given by Equation 4.1.

23.72%
attained capacity fraction

~So1ar energy fraction = (4.1)

For the target capacity factor (70%), this results in a solar energy.
fraction of 33.9%. The solar power fraction is set by the solar multiple

at 80% at design conditions.

4.3.4.2 1.4 Solar Multiple

The expected annual energy from the 1.4 Solar Multiple configuration
is 898,328 MWt-hr. The solar enérgy fraction for'thjs configuration is
'given;by:Equatioh 4.2. oL ' AT o

39.44% . .(4.'2).

Solar energy fraction = attained capacity fraction

This results in a solar energy fraction of 56.3% at the target capacity
factor of 70%.
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The solar power fraction of the 1.4 Solar Multiple is 140% at
design conditions.

4.3.5 Ncnsolar System Size (0.8 and 1.4 Solar Multiple)

For both storage and nonstorage configurations, the size of the

- nonsolar system is determined by the steam generator powér reqqireménts

and the requirement for. 100% capacity credit. This results in a require-

ment for a 260-MWt sodium heater. The heater is sized at 265 MWt to
PQI“ Sr?/C

provide a small design margin in plant gross power for unforeseen -héted—

loads.

4.3.6 Fuel Selection (0.8 and 1.4 Solar Multiple)

The alternate candidate fuels considered for the nonsolar subsystem
included: coal, oil, natura1 gas, and syngas. If oil or either of the
candidate gases are used as nonsolar energy sources in the hybrid system,
the minimum power of the sodium heater is 10% of required poWer. If coal
‘is used, the minimum heater power is 20%.

The noneconomic advantages and disadvantages of each fuel alternative
are shown in Table 4.3.3. The most abundant of the alternatives is coal.
This fact is reflected in its low fuel cost. Coal is also the most avail-
.able fuel. While it is recognized that its avai]abi]ity is subject to
labor negotiations, last winter's coal strike: die not seem to seriously
impact the operation of western coal-fired plants in the major solar

_market areas. 0i1 availability is subject to the-mahipu]atiqns of foreign
A - suppliers. -Natural gas is expected to. be unayéjTab}epto neWﬁpower,p]éntSf'-Jl
as a result of fuel management regulations. "Syngas" is and will:continue

to be unavailable so long as natural gas prices remain regulated at low
Tevels. ‘
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TABLE 4.3.3
FUEL SELECTION NONECONOMIC CONSIDERATIONS

Coal 0i1 . Natural Gas Syngas

Abundance

Availability

Convertability

Freedom from Usage Restrictions

4+ o+ o+ o+
]
]
1

Ease of Handling - +
Lack of Flue Gas Cleanup ‘ - -
Mirror Fly Ash Precipitation
Plant Location Flexibility

]
+ + + +
O ©o o o +

+ Advantage
- Disadvantage
0 No significant effect

Ultimately, coal and syngas aré the only fuel alternatives expected.
- to remain or become available with reasonable certainty. A number of
utilities expect that 011'wou1d not be used in néw'pdwef plants. The

use of natural gas in new power plants is currently prohibited in many
western states. -

0i1 and natural gas are the easiest fuels to handle of the two

alternatives. Coal is the most difficult. The handling problems of
syngas depend upquNthh:g:%he'gas is manufactured.onsifaa If it is
»manufactured.onsite-from coal, then. the hand]jng difficuTtigs wou1d.be L

'thewsamelaé-those;fdfjcoéi;‘fIf;'however;‘syngaéjis-burchased fr6m'ah.-f %" -

outside supplier, the hand]ing'difficulfies would be similar to ‘those
of natural gas.

Both coal and oil are expected to require flue gas scrubbers and

electrostatic precipitators or equivalent SO2 removal and particulate
control equipment. This problem is critical in that it impacts heliostat
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fly ash depos1t1on rates. Stearns-Roger has 1nd1cated that with properly
KBt 7L/ c u/e"‘e *‘Cmaia/ E D Ay T

operating- . the deposition rate

should be manageable. It is not known whether fly ash'deposition will

be a serious problem with o0il firing at this time. Firing natural gas

eliminates the scrubber and precipitator reouirements as well as the

flv ash problem. The precipitator and scrubber requirements as well as

fly ash deposition resulting from syngas firing depend upon syngas p]ant

design and location.

Another noneconomic fuel selection criteria is plant site flexibility.
Coal is the least flexible alternative as reflected in increasing trans-
portation costs as a function of distance from mine mouth. O0il and
natural gas have the most flexibility with regard to site location. The
site location flexibility of syngas will depend upon the syngas plant
location.

It is probable that gas may be unavailable at any price as a result
of fuel management decisions. Syngas is, at this time, high enough in
cost to be ruled out from an economic consideration Since 0il is more
‘abundant than natura] gas, the final .economic choice is between 0il and
coal.

Finally, one of the most important noneconomie considerations is the
capability of fuel conversion. A coal heater is the only heater that,
once selected, can be converted to all the other fuel alternatives.

Us1ng the economic assumpt1ons summarized in Table 4.3.2 and the
computer mode]l descr1bed in Sect1on 4, 1 and Append1x A an econom1c '
ftrade study betweenvcoa1 and oil was.performed - The busbar energy cost
of electricity as a function of attained capacity fract1on, fuel type,
and fuel escalation rates were plotted. The results for a fuel escalation
rate of 10% are shown in. Figure 4.3.5.
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As shown in the figure, coal is a more cost effective fuel above a
capacity factor of 42%. As a result of the lower fuel costs of coal,
the incremental fuel cost of electricity from a coal plant will also be
less than that of an 0il plant. Consequently, a dispatcher would be
reasonably expected to select a coal hybrid over an 0il hybrid if two
otherwise equivalent plants existed. This would result in the coal
hybrid attaining a relatively higher capacity factor. It was concluded,
therefore, that from an economic and noneconomic standpoint, coal should
be the baseline fuel for the hybrid system. | |

714-G.61/bes
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5.0 CONCEPTUAL DESIGN.AND COST/PERFORMANCE ESTIMATES

- 5.1 INTRODUCTION

Detailed conceptual designs of the selected Solar Central Receiver
Hybrid Power system concepts for the 0.8 solar multiple (SM) and
1.4 SM plants are presented in this section. Cost estimates are also
presented for both plants based on the conceptual designs. ‘ |

5.1.1 System Requirements

System requirements for the hybrid.plant‘are based on the "Require-
ments Definition" document, as stated in Reference % ( The key require-
ments are listed in Table 5.1-1.

5.1.2 System Performance

The system performance for the hybrid p]antAis‘summarized in

- Table 1.1-1 in Section 1 of this report.



TABLE 5el-/
HYBRID SYSTEM REQUIREMENTS

Solar Multiplier (SM) 0.8 1.4

Storage Capacity 90 min. . 3 hr
Design Point Power Levels: - R
‘During Receiver Operation 100 MWe Net 100 MWe Net
Operation exclusively from Thermal Storage  N/A 100 Mue
Design Insulation ' 950 W/m2
Heat Rejection Wet Cooling
Wet Bulb Temperature 23%¢ (74°F)
Dry Bulb Temperature 28°c (82.6°F)
Nominal Design Wind* 3.5 m/s (8 mph)
Maximum Operating Wind (Including Gusts)* - ' 16 m/s (36 mph)
Maximum Survival Wind (Including Gusts)* 40 m/s (90 mph)
Seismic Environment: Zone 3
Survival Earthquake Horizontal and Vertical . 0.25 g
‘Availability (Exclusive of Sunshine) ' 0.9
Lifetime Co S T30 years

*At reference height of 10 m (30 ft).
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TABLE 5.1-1.

HYRBeiD> ‘SYSTEM REQUIREMENTS CCOU'T\
1 Electrical Power Output (independent 100 MWe
of insolation level)
2 Field/Receiver Power Ratio (FRPR) At least 1
(also study alternate FRPR's)
3 Heat Rejection Wet cooling may be
employed
4 Operating Lifetime 30 years
5 Plant Availability 90%
6 Initial Year of Operation 1990
7 Reference Baseline Fuel Costs
a. Fuel 0ils
Residual fuel oil
1% sulfur $2/MBTU
0.3-0.5% Sulfur $2.2/MBTU
, ‘Distillate fuel oil (#2) $2.35/MBTU
b. Coal =~ SuMBTY
c Synthetic oil $3/MBTU
8 Fuel Escalation Range 6% to 15% per year
9 Reference Site Barstaw, Calif.
10 Inso]ation - Direct Norma] at 950 watts/m2
11 Wind Speed at reference he1ght 3.5 m/s (8 mph),
- ”,of 10 m (ft): o o , SR
:1'12 H‘Temperatures - Wet Bu]b | 232 74 Fz
' Dry Bulb 28°C (82 6 F)
13 Operating Amb1ent Air Temperature -30° to +50 C
Range (- 20° to +120 F)
14 Earthquake UBC Zone 3




TABLE 5.1-1 (Continued)

15 Survival
a. Winds - Maximum speed
b. Static snow load
c. Rain - Average anhuai..
- Maximum 24-hr rate
16 Air Quality Control Standards

Emission Limits:

40 m/s (90 mph)
240 Pa (5 1b/ft?)
750 mm (30 in.)
75 mm (3 in.)

Pounds/million BTU
SOx NOx Partic.

a. Coal fired
b. 0il fired

¢. Gas fired

0.8 0.7 0.1
0.8 0.3 -
-0.2 -

714-G.61



5.2 COLLECTOR SUBSYSTEM

The collector subsystem includes the individual heliostats and all of the power
distribution and control equipment necessary for their operation. Since the
principal subsystem design requirements for the co]]ectot subsystem are set by
the total power and peak heat flux delivered to the receiver, the analysis and
def1n1t1on of the collector subsystem is close1y coupled to the receiver design
parameters. In addition, because of the desire to minimize the cost of energy
delivered to the system, the def1n1t1on of the collector subsystem is also
closely tied to the costs assoc1ated with the balance of the energy co]]ect1on
equipment (rece1ver, tower, sodium piping, and pump). These factors were treated
in the subsystem analysis dlscussed in Section 3.2

The information pré§énted in this section will revieu the mejor reduirements,
present characteristics of the baseline collector subsystem design, and discuss
the performance of the collector subsystems for the 0.8 and 1.4 solar multiple
system. ‘

" The collector selected as a baseline for this study is the McDonnell Douglas .
Prototype Heliostat. This heliostat and some of its peftinent design features
are shown in Figure 5.2-1. -This he11ostat is designed to meet or. exceed ‘the ;5__ .
requlrements listed in the Solar Centra1 Receiver Hybrid Power System Requlre- '
ments Definition, Enclosure III, Exh1b1t 1, Attachment 1 (as revised) Solar
Central Receiver Hybrid Power System RFP No. ET-78-R-03-2051, June 19, 1978.

5.2.1 Coi1eetor‘5ubsystem'Requirements

. A Croble
The principal subsystem design requirements.are summarized in TAbte 5.2-1.

They are divided into subsystem and 1nd1v1dual he11ostat requ1rements From
a subsystem standp01nt “two’ c011ector fields were des1gned to y1e1d 208: and ~

- 364 MW of net absorbed power into the sod1um at equ1nox noon with. an. 1nso]at1on _1'

-of 950 W/m From a rece1ver des1gn standpo1nt the collector subsystem shal]
be designed and operated so that the peak receiver heat flux is < 1.50 MW/m .
In addition, because of cost considerations, it is necessary to design a
subsystem with a long Tife and high availability.
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TABLE 5.2-1
COLLECTOR SUBSYSTEM DESIGN REQUIREMENTS

Solar Multiple

Subsystem 0.8 1.4
Peak Abéorbed Power (MWt) at
950 w/m ) - 208 364
Peak Incident Receiver Flux (MW/mZ) ' : ' <1.5
Field Design and Layout Criteria j Minimize Cost of Annual Energy
Time to Initiate Emergency Slew or > -
Other Protective Action (Sec) o N/A <0.5
Availability o : ‘ . >0.97
Lifetime (years) : : ' ' 30
Heliostat
Reflector Configuration Canted
Slew Rate (deg/min) 15
Reflector Pointing Error (mr) | v 1.5
Beam Quality Error (mr) ’ 2.2
Aim Strategy : 2 point (above + below equator)
{Operation within Specification) ' T
Temperature [°C (°F)] o = =30 to 50 (-20 to 120)
Wind Speed ‘ '
Sustained [m/s (mph)] ' 12.0 (26.8)
. Gusting [m/s (mph)] _ 16 (36)
(Survive)’ . .. ,
Temperature [°C (°F)] S ' -30 to 50 (-20 to 120)
Dust Devil Wind Speed [m/s (mph)] | ‘ 18 (40)
- .. MWind Speed - Gusting [m/s (mph)] . . R
.o At Angle-of Attack =.+10° . ... . . 40.(90) "
© At any Angle of attack - = - R . 22 {50) .- _
Seismic Acceleration (g) l Zone 3, Uniform Building Code
Precipitation
- Rain
(Average Annual [mm (in)] . . _ 750 (30)
(Maximum 24 hr Rate) [mm (in)] ' 75 (3)
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TABLE 5.2-1
COLLECTOR SUBSYSTEM DESIGN REQUIREMENTS (Continued)

Sb]ar Mu1tip1e

Heliostat ” | 0.8 1.4
Snow Load:[Pa (psf)] . 240 (5)
Snow Deposition Rate m (ft)/24 hrs | .3 (1)
Sleet Buildup (mm (in)] | 50 (2)
Hail, (Special,Gravity) | 0.9
(Any Orientation) [mm (in)] ' |
Diameter at a ve]gfity M/S (ft/sec) 20 (.75) at 20 m/s (65 fps)
(Vertica1 StoWed‘Posftion) [mm (in)] 25 (1) at 23 m/s (75 fps) -
Sand/Dust Survive tests per MIL-STD-810B,
Method 510.
Lfghtning ‘
Direct Hit o E - Destruction Allowed
- Adjacent Strike f__ L : S L }Sufyive‘
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For an individual heliostat, it is important to minimize reflected image size
to maximize the high concentration ratio botential of the sodium system. As

a result, it is desirable to have heliostats which. can employ canted reflector
panels and a tight constraint on reflector pointing and beam quality errors.
These values must also be a result of cost effective heliostat design in order
to ensure that the complete energy collection portion of the system, including
the receiver, tower, etc.; are cost effective. The heliostat requirements
shown in Table 5.2-1 reflect extensive design and performance optimization
analyses which have been carried out as part of the.MDAC Prototype Heliostat
contract. h

The ba]ance of the information represents env1ronmenta1 conditions to be used
in the des1gn of the subsystem equipment. The first portion of the data
represents 11m1ts in which the heliostat equipment will gperafe within its
design specification. The second portion represents environmental factors
which the heliostat equipment must survive. Since the plant is not operating
during these extreme conditions, no limit on reflected beam accuracy is imposed
in conJunct1on with these survival cond1t1ons '

:5.2.2 'Collector Design

The heliostat assembly is shown in Figures 5.2-2 and ‘5.2-3. It consists .

of the reflective unit, the drive unit which orients the reflective unit, the
foundation which supports the heliostat, and the heliostat electronics which

controls the drive unit.

Reflective Unit - In order to facilitate hand1ing and shipping from the manu-

facturing facility to the installation site, the reflective unit is made up of

~ two ref]ector sub-assemblies. Each reflector sub-assembly is compr1sed of s1x N
e1dent1ca1 1am1nated mirror modu]es and a support. frame. The’ m1rror modules '
are 1.22 m (48") by 3.35 (132") and made of a 1.5 mm (0. 060") pane of fus1on

glass mirrored on its inner face and laminated to a 4.8 mm (0.1875") float g]ass

back lite. The clean reflectivity is estimated to be 0.92 at 0.05% iron and

0.945 at 0.01% iron,
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The mirror modules are bonded to stringers which are, in turn, riveted to the
cross beams. The outer cross beam is supported by two diagonal beams, All beams
. and stringers are made by continuous roll forming from coiled sheet stock.

Each of the completed reflector sub-assemblies measures 3.35 m (132 inehes) by
7.38 (290.5 inches).

The reflector sub-assemblies are assembled to the main beam at the top of the
drive unit to produce a surface of 7.38 x 7.42 meters (290.5 x 292 inches) with
a slot of 0.71 meter (28 inches) width down the middle. This gives a reflecting
area of 49.0 square meters (528 square feet).
In order to achieve high performance at low cost, glass with a high degree of
| flatness and with high transmission properties over the solar spectrum is
required. Because of its high absorption characteristics, iron oxide edntent
in the glass must be kept to a minimum. For these reasons, Corning Fusion sheet
glass ( 0.05 wt.%Fe), low iron float glass ( 0.05 wt.%Fe) and clear float
glass ( 0.08 wt.%Fe), were investigated. Corning Fusion glass was selected
because of its high reflectance properties, its adequate flatness and
reasonable costs. Although low iron float is flatter, and the extrapolated
value of reflectance efficiency after silvering at a glass thickness of 1.5 mm
(0.060 inches) approaches Fusion g]ass, it cannot be made in that th1ckness

CurrentIy, the th1nnest float glass available. is 2.1 mm (0.083 1nches) th1ck
which would lower the extrapo]ated ref]ectance efficiency to 92% A value of
0.912 was used for performance calculations.

Drive Unit v . .
The funct1on of the dr1ve unit assemb]y 1s to rotate the he11ostat ref]ect1ve

“unit about the azimuth ‘and elevation axes. _ The drlve un1t is operated ‘for solar f-,'"

"track1ng, emergency s]ew1ng, ‘'stowage and for maintenance act1v1t1es. The. dr1ve A
unit consists of an azimuth rotary drive assembly, two linear actuator assemblies
for,e1evétion drive,Aa drag link, a main beam, and the pedestal. The azimuth -
travel capacity of + 270 degrees avoids the need for configurating the drive

unit as a function of position in the field. The 180 degrees of travel about

the e]evaiion axis is required to permit inverted mirror storage. Excessive
operating Joads are avoided by being able to stow the mirror in less than 15

minutes in rising wind conditions.
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The calendar operating life of the drive unif is 30 years. The daily activity
of the drive unit will consist of moving the mirror from a stowed position to
acquire the sun, tracking the sun during the day and then returning the mirror.
to its stowed position at the end of the day. This 1ife will be achieved with-
out any scheduled maintenance activity.

Azimuth Drive Assembly

Movement of the heliostat assembly in azimuth is achieved with a harmonic drive
train powered~by a 480 volt, 3 phase, 249 watt (1/3 HP) bi-directional 1nduct10n
motor.

The major elements of the harmonic drive are the wave generator, the circular
spline and the flexspline. The harmonic drive input is accomplished by rota-
tion of the wave generator by the motor. The wave generator distorts the flex-
spline locally, so that some of the flexspline teeth engage circular spline
teeth. Rotation of the points of engagement of the spline teeth cause relative
motion of the flexspline to the circular spline. By attaching the circular

"spline to the pedestal and the flexspline to the azimuth housing, the output

becomes rotation of the azimuth housing about the azimuth axis.

"Elevation Actuators - Two linear actuators acting in’conjunction with the drag

link cause the main beam assembly to rotate about the elevation axis. Each
actuator must have the capacity to rotate the torque tube 90 degrees, to

satisfy the requirement for a maximum travel of 180 degrees. While the two
actuators are identicaly one is used daily as a tracking actuator, and the other,
the stowing actuator, is used occasionally, possibly 30 times a year, when

. inverted storage may be requ1red . The stow1ng actuator is pre1oaded 1nto a’
‘ilstructural stop, when the sun 1s be1ng tracked to e11m1nate 1ts back1ash ‘from

~ the system.

The elevation jacks each have identical 1/4 HP 480 volt, 3 phase, 60 Hz bi-
directional motors driving a helicon gear affixed to the nut of a ball screw.
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Main Beam

The central torque tube type main beam connects the two reflector sub-assemblies
together and ties the reflector unit to the elevation hinge and the elevating
jacks at the top. of the drive unit assembly. The main beam carries all the air-
loads and dead weight loads from the refiector unit to the pedestal as bending, |
torsion and shear. The main beam is 2.08 meters (82.0 inches) long, of circular
cross-section, 0.406 meter (16 inches) in outside diameter (outside) formed of

12 gage steel sheet, and hot-dip gdlvanized after fabrication. End plates are
fusion welded to each end and machined flat and parallel to provide accurate ~

" Yocation for the reflector subassemblies. Tapered holes in the reflector sub-
assemblies and conical bolts provide accurate angular location of the sub-
assemblies relative to each other. ‘

In the slbt between the two six-panel reflector subassemblies, the main beam has
lugs of steel plate welded to it. Four of these lugs, in line, serve as the
support and the elevation hinge line. They are attached to the drive housing at
the top of the pedestal with two.pins. The other two lugs are the hount for the
elevating jack (actually, the stowing jack) through which the elevation rotational
forces are applied to the reflector. |

Pedeéta]

The support for the helifostat is provided by a pedestal 3.18 meters (125 inches)
high to provide clearance with the ground when the reflector is elevated at an
angle. It is fabricated of 0.61 meter (24 inches) diameter spiral welded steel
pipe with a wal) thickness of 2.66 mm (0.1046 inch). The lower 1.12 meter

" (44 inches) of the length is expanded to-produce a slight taper to obtain a

- wedged, slip-joint attachment wjth,thé'fOundation‘pn_insta]lation. A recessed
 junction box is located in the pedestal 1.37 meters (4.5 feet) above its lower
-end. Underground electrical lines are rdUted—externd]1y‘fbomzthe'grbund-tb:the
box. then through the box and up the inside of the pedestal. The drive unit
housing is welded to the top of the pedestal. '

A draw pressed dome is fusion welded to the top of the pedestal. A bolt circle
~ in the dome providgs<a bolted interface to the circular spline in the azimuth
drive unit. '

5-12



The foundation is a concrete pier, 24" in diameter;: The pier extends about 4'
above grade and 20' ‘below. A tapered steel shell establishes the mounting. surface
to the pedestal and serves as a form for the protruding end of the pier,

Heliostat Electronics
‘The heliostat electronics subassembly includes: '

o Pedestal Junction/Circuit Breaker Box - located on the pedestal and
interfaces with the field power and data network.

o Cabling - A~single cable takes power to and data to/from the helio-
stat contro]Ier box on the drive unit to/from the junction box. A second set
of cables go from the controller box to the motors/sensors. .

o Heliostat Controller - A microprocessor in the heliostat controller does
all command calculations. The microprocessor 1nterfaces directly with motor -
switching network, sensor, and communication link.

o Motors/Sensors - Incremental encoders and switching networks are mounted

on the motor shaft.

The he]iostat electronics receives signals from the data network and relays
messages to the next heliostat in the chain. Open-loop tracking algorithms are
-'Aused to determlne the requ1red hel1ostat position. The difference between the
calculated pos1t1on and actua] pos1t1on is used as an error s1gna1 for turning |

the motors on/off The signal from the 1ncrementa1 encoder is used to determine
the actual position by counting motor turns. The accumulated turns are stored in
non-volatile electrically erasable memory (EAROM); therefore, if power should be
lost, the position reference of the heliostat will not be lost,

The electronic cdmponenfs are located at five different locations on the helio-
. stat as shown in Figureis;zrﬂr,- ‘The Heliostat Controller is located in an-

.. electrical J=box on the'driVe'un1t This locat10n was-selected over a ground

" Jocation in order to give added protect1on from the env1ronment and ground
activity, and to minimize the heliostat wire required. A junction box is
located on the pedestal which contains a circuit breaker, plug connectors, -and
terminators for the incoming power and communication fibers., Power to a helio--
stat:can be controlled by activating the circuit breaker switch. A manual-
control box can be plugged into the pedestal junction box for local control of
the heliostat. Local manual control isolates this heliostat without affecting
the control of any other heliostat in the field. '
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Pedestal Junction/Circwit Breaker Box

The secondary feeder czble enters the heliostat pedestal and terminates in a
junction box located orm the side of the pedésta]. The junction box is illus-
trated in Figure 5.2-4. . The recessed box contains a circuit breaker which
joins the incoming and outgoing cables and noninterchangeable fiber optic
connectors. On the inside of the pedestal, the circuit breaker is wired directly
into the cable leading to the heliestat controller.

. An internal protective cover will be required t0'proVide personnel protection
.from the 480 volt terminations after the wire installations are made.. »

The cutout will also contain a-cover for environmental protection. The cover
will be designed to-prevent water from flowing into it and will be sufficiently
tight to exclude dust and prevent the formation of significant quantities of ice.
The box will have a drain hole inside the pedestal to prevent the accumu]at1on
of significant quantwtles of water.

It is important that proper phasing be maintained in the power distribution net-
work. Therefore, cab]es will be terminated 1n the factory with crimp or r1ng
terminals which will only connect 'in one manner. Also, the f1ber optic '
connectors will be male and female, with the male used for the incoming signal
and the female for outgoing to prevent any possibility of reversing.

Cabling
The heliostat pedestal w1r1ng consists of 3 conductor, #16 AWG, 480 volt, copper
wire with aluminum sheath for power distribution and twin lead optical fiber

.cable for data transmission. The cable runs from ‘the Junct1on box in the pedesta]'__'_

. to the - he11ostat contro1ler mounted on the. dr1ve un1t 1n order to route the .
cable past the gimbal’ axis, a hollow shaft has been des1gned into the center of
the azimuth axis. The cable will be routed through the shaft, thus allowing for
rotation and elevation of the heliostat without putting stress on the power cable.
To allow for 270° rotation of the azimuth gimbal, a section of cable is left slack
inside the pedestal. The cable and other components are completely wired in the
factory; hence, the only field wiring required is to connect the secondary feeder
to the junction boux.
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Heliostat Controller
The Heliostat Controller is a microprocessor based unit which interfaces with the

Heliostat Array Controller and the motor/sensor system.

The main functions of the Heliostat Controller are.to'respond-to the commands
from the Heliostat Array Controller, send information to the Hg]iostat Array
Controller, calculate commands for moving the heliostat from one position to
another position, and to keep track of heliostat orientation. Heliostat orien-
tation is.determined by counting the number of turns the motor makes. The™
processor contains a non-volatile memory (EAROM) where the motor counts are kept.
Even if the power should fail, the heliostat will not lose the number of motor
turns or its reference position. o

It is estimated that in the 1985 time period, the required capabilities of the
Heliostat Controller will easily be available in a single chip micro-processor.

The current trend and demand also indicates that microproéessors will be
available with électrically erasable ROM's (EAROM) within the next year or two.

The communication interface consists of a differential line transceiver which
receives serial data and transfers parallel data to the processor (the process
is reversed for transmitting data). The address bits are decoded in the
processor and, if they agree with the address of this heliostat, the messége _.
is decoded and executed.

Ca]cu]afion of équations for control of the héliostats are done in the Helio-

stat Contro]]er with 1nputs from the Heliostat Array Contro]]er.‘ Uswng a . v
ﬁ transm1tted t1me s1gna1 the He11ostat Contro]]er updates 1ts c1ock ca]cu1ates..

“the sun ang]es, the gimbal ang1e requ1red for reflecting the beam onto- the

target, the error signal between the actual gimbal angles and the commanded
gimbal angles, and the motor command for reducing the error éigna].

If—the'operatinéfmode should be changed from tracking on the receiver to
emergency slew-off-the receiver, a single command is transmitted to each Data
Distribution Interface which transmits the message to each heliostat assigned
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to it. The Heliostat Controller then commands the reflected beam to move from
the receiver to an aim point near the receiver. The Heliostat Controller main-
taips the beam at this aim point until the operating mode is changed by the
Heliostat Array Controller. The Heliostat Controller will continue tracking
even if the communication link with the heliostat array controller is lost.

Motors/Sensors
Besides the armature and f1e1d the motor housing contains the motor contro]
sw1tch1ng network and in incremental encoder.

The control (direction and on/off) of the 3P motors is accomplished by the helio-
stat controller switching the motors on and off to produce the réequired motion.

Incremental encoders are mounted at the base of each of the three drive motors to
provide control feedback data. The encoder is designed to provide the controller
with information concerning the direction and the number of revolutions of each

motor.

The incremental encoder is des1gned with two Hall - effect transducers. A
ferrous metal vane mounted on the motor shaft produces an 1nterrupt in each of
the transducer's magnetic fields at intervals slightly out of phase depending on

the direction of rotation.

The encoder sensors are environmentally sealed in durable plastic casing. Dust
and dirty atmospheric conditions produce no damage or inaccuracy due to the

, magnetic operation of the units.
- The encoder has an accuracy to- w1th1n one. motor revo]utzon.u:This is'eqdivalént
to a deflection.of 0.144 milliradian in heliostat a21muth and approx1mate]y :

0.144 wmillradians in elevation.
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Field Electronics

The field e]ectronicS'for the collector deliver power and control data to the
heliostats and return i{nformation on the heliostat status to the master
control.

_ Data Distribution Network

There are four basic electronic components that are used in controlling the
heliostats in the collector field (Reference Figure 5.2-5). ~ They consist of

a Heliostat Array Controller (HAC) located in the master contro] building

which commands operating modes, transmits and coordinates reference time,

and requests and receives data on heliostat performance. Information from

the HAC is communicated via serial data transmission to. the Heliostat Controllers
(HC) which in turn provide the necessary calculations and tracking command sig-
nals to the drive motors. A Data Distribution Interface (DDI) between the HAC
and the HC is used to distribute the commands down the appropriate line.

The data distribution-interface receives data from the heliostat array control-
ler via either of two redundant lines and logic networks. The redundancy

provided should prevent loss of control of more than a few heliostats at a

time. The logic network decodes the data and addresses it to the correct -
secondary data feeder and the intended heliostat.

The secondary data feeders from a DDI connect each he11ostat on the line in a
serics hookup. Data received by a heliostat contro]ler are decoded and, if
addressed to the heliostat, the data are retained and a message relayed onto
the next heljostat, and hence to a data distribution intefface at the end of -

. the line. If the data were not addressed to the he11ostat the message 1s
-'.VreTayed to the next he11ostat ' a '

Y

If the opcrating mode should beichanged from tracking on the receiver to
emergency slew off the receiver, a single command is transmitted to each DDI
which transmits the message to each heliostat assigned to it. The heljostat
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“controller then commands the reflected beam to move from the receiver to an '
aim point near the receiver. The HC maintains the beam at this aim point

until the operating mode is changed by HAC.

A11 data 1inks use fiberoptics. The_communication 1ink consists of an

optical transmitter unit compatible in bandwidth to the heliostat array con-
troller, a fiber optic communication line and a photodetectof receiver for
converting optical signa]s to their digital equivalents.

o -

The unique advantages of optical transmission over electrical transmission make
jts use attractive in both performance and cost. Optical fiber transmission
offers wider bandwidth and smaller cable cross-section than previously possible.
In addition, since fiber optic cables neither pick up nor emit electron magnetic
radiation and offer total electrical iso1ation, the problems of RFI, EMI, EMP,
ground loops and sparking associated with electrical cables can be eliminated.
These qualities of fiber cable allow the data transmission 1ines to be incor-
porated with existing power 1ines in a single cable, thus allowing for simpli-
fied routing and installation. The primary data 1ink has, therefore, been
designed coincident with the primary field wiring (Reference Figure 5.2-6).

A11 cables are designed for direct burial to provide adequate protection at = . -

minimum cost.

Power Distribution Network

The power distribution network provides 480 V.60 Hz AC power to the heliostat
drive motors. The wiring configuration is designed to incorporate the lower
cost of a radial configuration and the re]iability of a network system. The
_f1e1d (F1gure 5.2- 6] .. consists of a pr1maty distribution system orig1nat1ng
from a central distribution point, each feeder of -which prov1des power- for two
or three transformers co11ocated with the data distribution 1nterfaces (DDI)
The transformers are 225 KVA with a primary of 4160 volts and secondary of

480 V. Each transformer will supply power to 12 to 16 groups by a number of
branch circuits, each of which feeds approximately 24 heliostats.

The continuous run from transformer to transformer permits the small gauge, low
voltage branch circuit to operate as a secondary main in the case of a
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transformer failure. This hybrid radial system is not totally redundant since
the heliostats normally supplied by a transformer which has failed are not .
supplied sufficiently for normal operation, but are able to drive into a
stowage position or carry out emergency maneuvers which increase the operating
safety of the field,

Collector subsystems have been defined for two reference 100 MWe systems. One
operates at a solar multiple of 0.8 and the other at 1.4. The Collector Subsystem
is composed of a field array of heliostats; the heliostat field electronics con-
sisting of primary and secondary power and data wiring, field transformers, distri-
bution panels and data distribution interfaces; and the heliostat array controller
which is Tocated in the Plant Control Room and interfaces with the Master Control
Subsystem. The heliostat field surrounds the receiver tower and reflects solar
radiation onto the elevated receiver in a manner which satisfies system power
requirements. Normalized diurnal solar system performance is shown on Figure

5.2-7 and is representative of both reference systems. ' |

“solar Maltiple 0:8 Field

The baseline collector field (including the tower and receiver geometric char-
acteristics) for the solar muitiple 0.8 field was arrived at as a result of a
. well established optimization procedure subject to constraints on the total
receiver power (208 MWt net on equinox noon at 950 W/mz) and the peak incident
heat flux (<.1.5 Mw/m ). The system was further constrained to operate at a
field/receiver power ratlo of 1.1. ~

The collector field is defined on the basis of a ce11-by-ce11 analys1s w1th

each computat1ona1 cell be1ng a square 134.2° X 134 2 m. The initial cell’ matr1x
is composed of 15 such cells in the. east-west direction by 14 cells ‘in the north-
south direction. As a result of the opt1m1zat1on procedure, complete cells ar
fractions thereof are trimmed from the field since the placement of heliostats

in these lTocations is not cost effective. The resulting field shape relative

to the cell matrix is shown in F1gure 5.2- 8 along with the major characterlst1cs
of the system. ‘ ‘
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SOLAR MULTIPLE

Cosine modified to reduce receiver north/south flux ratio
Field sized for field/receiver power ratio = 1.1

|
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Annual energy (FRPR = 1.1) = 540,289 Mit-h

Towef'height =120 m !
Receiver size - 13.5 m (L) x 10.4 m (D)

Figure 5.2-8

0w 87 FLE LD LAY OUT

e
ClE
LA
=

=
) T ;
i/ P

I o
1 T AACE e
[} NEE i \ 3 ‘| i &
T 1 S
8L Eam e B) (N I

.__.27 AL i {

H AT 19! &

- HHA ?,i_. HEH
T we~ dl i T

it ~

1 1 S s A S

m} [k M
N . i
; i) if At
i o i AHHE H
o AT il (mu |

T i




The actual number of heliostats contained in each of the cells is shown in
Figure 5.2-9. The location of the tower is in the crosshatched cell. Cells
to the top of the table represent cells located to the north of the tower.

The heliostat spacing information for each cell is contained in a nondimensional
form in Figures 5.2-10 and 5.2-11. Figure 5.2-10 shows the radial spacing data
along a line which is normal to the ray extending from the tower. For clarity,
Figure 5.3-2 shows how this data is applied to cells immediately northeast and
southeast of the tower. Each ef these figures represents the eastern half of
the field with the tower located along the left edge of the table. Because of
east-west symmetry, the mirror image of this data holds for the west side of
the collector field. "A constant (7.39773 m) should be multiplied times each of
the tabular values to arrive at the appropriate dimensional spacing. This value i
corresponds to a characteristic heliostat dimension. |

The fraction of ground covered or heliostat packing density is shown in Figure

5 2-13 on a per cell basis. The mirror weighted field average (defined as

z H P /Tota1 number of heliostats, where H is the number of heliostats in a

ce]l and P is the packing density of the cell for each of n ce11s) is as

noted 0.208. _ . ' ' A ;

The interception factor throughout the field is shown in Figure 5.2-14. The
field average is 0.954. ‘

Diurnal values are shown for each month starting with summer solstice over the

PM half of the day for cosine, shadowing and blocking and overall solar system
efficiency including receiver thermal Tlosses in Figures 5.2-15 through 5.2-18.

The values are shown at six equal time 1ncrements start1ng Wwith noon and- end1ng o g

"v}.at the solar time at which’ ‘the 10° écqu1s1t1on cutoff is. reached T1me we1ghted

" averages are shown on each f1gure and are used in determ1n1ng annual average )
performance.. The system efficiency is calculated at the reference insolation
of 950 W/m’ at all times. Figure 5.2-17 shows the efficiency constrained by
the 1.1 field receiver power ratio. Since the insolation is assumed constant
and the field is controlled to a constant thermal output of 208 MWt or below,
the efficiency is constant over a portion of each day shown. Figure 5.2-18
shows the unconstrained efficiencies.
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INTERCEPTIOV FACTORS BY CELL
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ANNUAL SUMMARY OF COSINES
SOLAR MULTIPLE = 0.8 FIELD
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| Figure 5.2-19 is a waterfall or stairsteb representation of the solar system
efficiency at summer and winter noon and for the annual average. These efficien-
cies are based on clear day performance.

A receiver flux contour map for the solar multiple 0.8 field at equinox noon

is shown in Figure 5.2-20. The receiver is shown unfolded with the north panel
in the middle and the south panel at the right and lefthand sides. The contours
are in ten percent increments ranging from 10 percent (1) .to 90 percent (9) of
the difference between minimum and maximum flux. The effect of the two point
aim strategy is apparent when comparing the top to bottom spread of the 90
percent (9) contour line to the dotted line representing a typical 90 percent
contour for a single point aim system. '

Solar Multiple ‘1.4 Field

Corresponding field characteristics and performance data similar in format to
the 0.8 solar multiple field has been geherated for the solar multiple 1.4

100 Mie reference system. This system is optimized to produce 304 MWt on
equinox noon at 950~W/m2 insolationand is also constrained to a peak incident
heat flux of less than 1.5 MW/m2 Since this system utilizes three hours of
‘thermal storage . and therefore operates at a solar multiple of greater than 1.0,
the concept of’ f1e1d/rece1ver power ratio is not app]1cab1e and is in fact
constrained to 1.0. ‘

As was the case w1th the S.M. 0.8 field, this f1e1d was defined on a ce11 by
cell ana1ys1s. However, 1h this case the cells are 167.7 m x 167.7 m. The
cell size is defined by the re]ationship:

Ce]] area (m2) =5/4. the tower he1ght (m) squared
(where tower he1ght is- the opt1ca1 he1ght)

Figure'S 2-21 shows the field 1ayout for the so]ar multiple 1.4 field a1bng
w1th pert1nent size nad performance data. As with the SM 0.8 field, the cosine
. trim factor was mod1f1ed to reduce the receiver north/south flux rat1o, as
d1scussed 1n Section 3.2.2.
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The number of heliostats and their spacing within each cell is shown in Figures
5.2-22 through 5.2-24. Figures 5.2-25 and 5.2-26 give the peaking density and
interception data by cell. Diurnal variation , in the same format as that for
the 0.8 solar multiple field, is given for cosine, shadow1ng and blocking, and
field efficiency factors in Figures 5.2-27 through 5.2-29.

Figure 5.2-30 shows a system efficiency waterfall chart for the 1.4 solar
multiple field for the same operating periods as shown for the solar multiple
0.8 system. The overall efficiency is slightly highé} at each operating period

of this larger system.

The equ1nox noon receiver flux contour map for th1s system is shown in Figure
5.2-31. The calculated peak flux s]1ght1y exceeds the design constraint of
1.5 MW/m » however, it is felt that w1th slightly w1der spreading of the aim
points, th1s value could be reduced to below 1.5 MW/m without any appreciable
loss in performance due to increased spillage.
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5.3 RECEIVER SUBSYSTEM

The receiver subsystem contains the receiver, the receiver pump,
the steam generator units,; and the main sodium piping, including the
riser and downcomer in the tower. The steam generator units are included
with the receiver subsystem on the basis that the receiver loop could be
connected directly with the steam generator without the nonsolar subsystem
if operation were only during hours of sunshine.

The thermal buffering subsystem for the 0.8 SM design concept
includes only the added components needed to provide the necessary
buffegtgggzation at full power. -Power generation can continue as long
as hot sodium ¥s produced by the sodium heater without regard for the
transient conditions at the receiver due, for example, to passing cloud
fronts.

For the.1.4 SM COncebt, the thermal storage subsystem includes the
hot and cold sodium storage tanks, the steam generator sodium pump, and

the associated sodium piping and drag valve.

5.3.1 Receiver SubéystemlReguirements

The receiver subsystem functional requirements are given in
Table 5.3-1. These requirements are derived from the optimized per-
formance characteristics of the EPG, collector, and master control
subsystem, which in turn satisfy the requirements of the hybrid speci-
fication of Reference 1. There are additional operational and sodium
system requirements .as fo]lows:-' ' ’

1)°  Transport up to ZdELMWt to the steam generator for the
0.8 SM concept. Transport up to 364 MWt to storage or
104 MWt to storége and 260 MWt to the steam generator
simultaneously, or 260 MWt from storage to the steam
generator for the 1.4 SM concept.

2) Provide for the control of the receiver outlet sodium
temperature and the evaporator temperature.

5-51



TABLE 5.3-1
RECEIVER SUBSYSTEM FUNCTIONAL REQUIREMENTS

Solar Multiple 0.8 SM 1.4 SM
Parameter Requirement Requirement
Nominal Thermal Power (MWt) 286 208 364 .
Maximum Thermal Power (MiWt) BT 260 364
Receiver Mid-Point Elevation m (ft) 124 (407)
Water/Steam Side o '
Feedwater Temperature, In |°C (°F)] 234 (483.5) 234 (483.5)
Evaporator Temperature, Out [OC (°F)] 341 (636) 341 (636)
Steam Temvperature, Out [OC (OF)] 538 (1000) 538 (1000)
Reheat Temperature
In [°c (°F)] - | 342 (586) 342 (586)
Out [°c (°F)] . 538 (1000) 538 (1000)
Reduced Power Operation, % , 20 - 100 0 - 100
Transient Operation, Power ' ‘
20% to 100% or 100% to 20%, sec 80
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3) Provide for anti-siphoning of the receiver sodium.

4) Provide protection against reverse flow through the
receiver. '

5) Provide for purging and filling and draining the
system sodium for maintenance.

6) Provide for draining the receiver system on a daily
basis. .

7) '~ Provide for maintaining the purity of the sodium below

Z.0 ¥ ppm 02 and 1 ppm H2'

The reference designs of the sodium heat transport system for the
0.8 SM and 1.4 SM are schematically shown in Figures 5.3-1 and 5.3-2,
respectively. The quantitative values of the process variables are
given in the data 1ists in Appendix F.

5.3.1.1 Receiver Subsystem for 0.8 SM

The 0.8 SM receiver subsystem operates as a closed loop system.
Sodium circulation in the loop is provided by means of the receiver
* pump, P-1. Sodium 1s circulated at 288°¢C (550°F) from the pump up -to

INLET LINE 1o +h —1)

the,cold buffer taﬁis at the top of the receiver tower; then, through
the receiver, where the(sgg;um temperature -is ra1seq&§o 593°C 1100°F)
to the hot buffer tanksy, from the hot buffer tanks the sodium flow is
split and is circulated through the superheaté¥ and reheatér wh1ch are
piped in para11e1, and then the stream is combined and passes through
.the evaporator ané back to the receiver pumgisuct1on, thus closing the

Toop.

~ The cold buffer- tanks are pressurized with argdn‘g§5'tofabptoki- |
mately 0.24 Pg (35 psig), and the hot buffer tanks are maintained at
approximately atmospheric pressure under a blanket of argon gas. The
plant is designed to operate with a solar multiple of 0.8. When the
solar receiver is furnishing 206”MWt (80%) of heat s%‘the steam genera-
tor, the nonsolar subsystem provides the remaining 5¥ MWt (20%) of the
heat required by the steam generator to develop a net electrical plant

output of 100 MWe.
' : 5-53
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Sodium flow through the receiver is modulated by the control
valves on each panel to maintain the panel outlet temperature constant.

The check valve and the cold tanks operate to prevent the draining
of the sodium from the receiver on loss of pump power.

5.3.1.2 Receiver Subsystem for 1.4 SM

The 1.4 SM receiver subsystem can be considered to operate as two
independent loops. The first loop transfers sodium from the cold
storage tank, T-1, at abeu$9288°c (550°F) through the receiver, which
heats it to approximasety 593°C (1100°F). The sodium then flows by
gravity through the drag valve to the hot storage tank, T-2.  Nominal
maximum flow rates are about 1.1 M3/sec (17,000) gpm. The second loop
transports sodium from the hot storage tank through the sodium-heated
superheater and reheater, through the evaporator, and then to the cold

storage tank, T-1. The maximum nominal flow is about 0.8 m /sec (12,000) gpm -

range.

Provided there is some reserve in Tank T-1, the f1rst loop operates
“to trzgsfer a]] of the energy received by the receiver to storage
indepthdent of the steam generator power requirements. As the insolation
varies, the flow is modulated to maintain a constant receiver outlet
temperature. The second system, after some storage accumulation in

Tank T-2, operates independently of the insolation. The storage tank
being in series in loop functions as thermal inertia and thermal
capacitance, thus protecting the pumps and the steam generating equipment
from therma]=shocks_from:the sodium. . The jndépendence qfithe.second :
Toop pekmits'1eve1'ioadihgithé'power output Which<minimizesltherma1
cycling of the steam generators. ‘The stored energy accumulates or is
drawn upon automatically since it is simply the difference between the
inflow and outflow of Tank T-1.
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Sodium circulation is provided by means of the P-1 and P-2 pumps.
These are free surface "Fermi" type pump centrifugal pumps. The P-1
pump is a high-head (approximately 220 m (722 ft) TDH) two-speed (full
speed and 25% speed), single-stage centrifugal pump. The lower speed is
only used at plant startup. The bearing fiow at'startdp is provided by
opening the block valve in the supply line to the pump bearing. Imme-
diately after the pump starts, the pump discharge pressure supplies the
hydrostatic bearing. The large suction stop valve is required for
maintenance. The free surface level is maintained by pressurizing the
pump ullage with argon.ll The P-2 pump is a variable speed, single-stage
pump of the same type as the P-1 pump. The speed control is a modified
Kramer system which operates as a straight induction motor at full
speed. Sodium is supplied to the pump hydrostatic bearing at startup by
means of a 1ine connected to the downcomer. The in-the-pump level is
controlled by argon pressurization. The pumps are described in more
detail in Section 3.3.9.7 Sodium flow through the receiver is modulated
by the control_valves on each panel to maintain the panel outlet tempera-
ture constant. The surge tank permits these fast-acting valves to
operate independently of the drag valve. The drag valve reduces the
sodium presshre'to~hear atmospheric pressure to match the pressure
requirements of the storage tank. The fiow in the downcomer line is |
modulated to maintain the sodium level in ‘the surge tank fixed. The
storage tanks and the drag valve are discussed in Section 5.4.

The sodium flow in the steam génerator loop is set by the power
requirements. It is planned to operate this system in a load-forcing
_mode at various fixed power levels as required for the maximum utili-

- zation of the plant. The variable Spééd:drﬁvefoh the P-2 pump has a 5;1',Q;';*" *”3

“turndown ratio: which provides base flow settings. Trim contro1‘ii;f L
: ' c3m
provided by control valves in the supply and return lines of the stem

generating modules.

5-57



The anti-siphon system and the surge tank operate to prevent the _
draining of the sodium from the receiver on loss of pump power. The
anti-siphon device also prevents backflow in this event which would draw
"hot sodium into the cold header and riser.

Operations

Tentative operating sequence outliﬁes, baéed on test experience
with sodium systems, are presented in Tables 5.3-2 through 5.3-6. Out-
lines are as follows: (1) Table 5.3-2, Prestartup, gives the basic
steps required for preparing the systeh to receive sodium; (2) Table 5.3-3,
Initial Startup, gives the steps required for bringing the sodium systems
up to cold leg temperature for the first time; (3) Table 5.3-4 gives the
steps needed to bring the sodium and steam system to part load. The
system is leveled at 1/2 full power to permits its characteristics to be
examined before proceeding to full power. Subsequent cold startups
should be possible in 4 32urs or less, depending on ‘the starting tem-
perature (never less thagxsoo F) (4) Table 5.3-5, Shutdown, gives the
steps needed to secure the p]ant for an exped1t1ous startup the following
day; and (5) Table 5.3 -6, provides the hot startup sequence for full
power operation by 0815 midwinter. The steam generator cooldown charac-
teristics are given in Figure 5.3-2. '

5.3.2 Receiver Design

‘The receiver type selected for the hybrid‘p1ant is an external
;conf1gurat1on Previous studies made for the ACR plant, compar1ng .
.cav1ty w1th externa] receivers, showed that the 1atter 1ead to 1ower a
cap1ta1 costs-and cost of power.: The maximum absorbed thermal power is .
?qéngt for the 0.8 SM and 364 MWt for the 1.4 SM plant.

For the 0.8 SM conceptual design, the receiver is cylindrical in

'shepe, 10.4 m (34 ft) in diameter and 13.5 m (44.4 ft) in height with an
external energy-absorbing surface consisting of 18 panels. Each panel
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TABLE 5.3-2
OPERATIONS PRE-STARTUP

Check Out Instrumentation

Preheat Sodium Systems to 150°C (300°F)
Purge with Argon

Heat Tank Car

Fi1l Drain Tank 12 Cars--12 Days*

*An alternate procedure is to fill 25% in 25 days, start limited
operations and complete filling as required.

—

TABLE 5.3-3
OPERATIONS INITIAL STARTUP - FIRST DAY

, Clock Time
Sunrise 0730
Preheat Recejver - Solar .- 200°C (400 F) 0800
Start P-1 Pump ‘ I i
Fi11 Riser and Downcomer to Receiver Bypass Line 0830
Open Control Valve Part Way '
C1r8u1ate odium - Bypass Steam Generator -
174°C (350°°F)
Fill Dry Steam Generator with Na and Circulate - 0900
Close Receiver Bypass and Fill Receiver -
and Cold Tanks A , 0930
.  'Ra1se Sodium Temperature to 270° C (525°F).ﬂ A . R
S ~with Solar Heat1ng o . ol °1030 .
* Circulate Sodium and Check Out the System IR
Shitt. Nown System - NDrain Receiver tn Standhy 1A00
Sundown . 1645
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-4
TABLE 5.3%
OPERATIONS STARTUP - SECOND DAY

, : Clock Time
Heat Feedwater on Bypass Flow 0500
Pressurize Evaporator to ~6.89 MN/m2 (1000 psi)
Admit Water to Evaporator 260°C (500°F) - 0600
Start Na Flow - | 0600 -
Flash Steam to S.H. and R.H. - Condenser 0615
Balance Water,'Steam, and Na Temperature 0630
Stepwise Raiée and Spread at Log Mean AT
Ro11 Turbine (Min. - 40% Press. - 100°F.S.H.) 0715
Sunrise - Power to Grid 0730
Stepwise Increase Steam Temperatufe and Flow
‘Level at 1/2 Power . 0815
TABLE 5. 3 -5 v
OPERATIONS SHUTDOWN - SECOND DAY
Clock Time
Reduce Load to 20% 1630
Collapse the Log Mean AT
Trip Turbine - Dump to Condenser . 1730
Bypass Evaporator - Na and H20 - Evaporator Dry
~Isolate - Full Na 5 NO HZO f:.A' 7:a'.': - 1800
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TABLE 5.3-6
OPERATIONS STARTUP - THIRD DAY

Heat Feedwater on Bypass Flow ‘ .
Pressurize Evaporator to-~6.89.MN/m2 (1000 psi)
Admit Water to Evaporator 260°C (500°F)

Start Na Flow from Bypass Line

Flash Steam through S.H. and R.H. to Condenser
Balance Water Steam and Na Temperatures

4 Stepwisé_ﬁaise and Spread Log Mean AT
Close Bypass Line

Roll Turbine

Sunrise Power to Grid

Fill Receiver and Circulate to Storage

Stepwise Increase Steam Temperature and Flow
and Power ,

.Level at Full Power

Clock Time

0500
0600
0600
0615
0630
0710

0730
0730

0800
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has 96 stainless steel 1.9 cm (0.75-in.) OD tubes connected to a common
manifold. With a single-point aim strategy, peak receiver heat flux is
limited to 1.5 Mw/m2 to achieve a tube life of not less than 10,000 cycles.
The receiver is shown in Figure 5.315i

For the 1.4 SM, the receiver is 16.0 m (53 ft) in diameter and
16.0 m (53 ft) in height consisting of 24 panels. i

The design lifetime of the receiver is 30 years although it is
anticipated that panels may be replaced from time to time. The average
maximum temperature reached by the receiver panels is estimated to be
608°C (1125°F)..

The plant will be in Seismic Zone 3. Horizontal and vertical
accelerations will both be about 0.25 g. The nominal design wind at the
receiver is 5.4 m/s (12.0 mph) while the maximum operating wind is
22 m/s (50 mph). | |

The receiver will be exposed to ambient temperatures in the range
of -30°C (-22 F) to +50°C (1220 F). “The p]an is to dra1n the receiver
each night to prevent sod1um freeze-up which occurs at SGBb 208°F) v

5.3.2.1 Receiver for 0.8 SM Plant

The conceptual receiver design for the 0.8 SM plant, shown in
Figure 5.378f'consists of the following items: '

“Structural steel: 1nterface structure

1)
2) ‘Coolant riser and d1str1but1on man1fo]d

“3) Cold buffer tanks
4) Solar panel inlet piping and coolant flow control valves
5) Solar panels with inlet and outlet manifold and panel -

backup structure
6) Solar panel outlet piping and downcomer
7)  Hul Luffer tanks
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8) Cover gas and vent lines

9) Heaters, insulation, and instrumentation (temperature and
pressure)

10) Miscellaneous equipment and facilities (lights, power,
hoists, catwalks, passive shields, 1ightning protection,
water, first aid, etc.)

The sodium riser is 51-cm (20-in.) pipe. The riser connects to a
36-cm (14-in.) pipe tee which connects two 36-cm (14-in.) pipe branch
connections to a 20-cm (8-in.) ring header. The 20-cm (8-in.) ring
header is connected to the inlet nozzles of the six cold buffering
tanks. A similar piping arrangement is used to connect the cold buffering
tanks to the féteiver, the receiver to the hot buffering tanks, and the
hot buffering tanks to the 51-cm (20-in.) downcomer pipe.

The inlet piping for each panel, as well as for the control valve,
is nominally 15.2 cm (6 in.). Sodium-cooled panels are the same basic
design as those used in the Advanced Central Receiver System. Each
panel has 96 tubes 1.9-cm (3/4-in.) 0D, 0.127-cm (0.05-in.) wall.

The cold buffering tanks are the high point in the receiver system;
they retain the cover gas during receiver operation and fill the void
when the sodium level is lowered for standby. Trace heaters heat all
hardware with the exception of the panels. The panels will be heated by
solar radiation prior to addition of coolant. The back of the panels,
as well as all plumbing and valves, will be covered with insulation.
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5.3.2.2 Receiver for 1.4 SM Plant - 59
FE R s lay VG OleScgey Ay AP € bS€//ne

DD S f ) AHESEG A NS S
The conceptual receiver design for the 1.4 SM p]anta&shown in

b=
Figure 5.3-4, consists of the following items:

1)  Structural steel interface structure
2) Coolant riser and distribution manifold
3) Riser to downcomer crossover piping and control valve
4) Solar panel inlet piping and coolant flow control valves
5) Solar panels with inlet and outlet manifold and panel
backup structure
6) - —~Solar panel outlet piping and downcomer
7) Cover gas accumulator and vent Tlines
8) Heaters, insulation, and instrumentation (temperature
. and pressure)
9) Miscellaneous equipment and facilities (1ights, power,
“hoists, catwalks, passive shields, lightning protection,
water, first aid, etc.).

The coolant riser and distribution manifold is 61-cm (24-in.) pipe
with 24 outlets, one for cach panel. The riser to downcomer crossover
is a 15.2-cm (6-in.) pipe which includes the shutoff valve; this is to
be used during filling the system and recirculating hot sodium during
standby. The inlet piping for each panel, as well as for the control
valve, is nominally 15.2 cm (6 in.). Both pipe and valve are free-
draining back to the riser. Sodium-cooled panels are the same basic
design as those used in the Advanced Central Receiver System. Each
panel has 85 tubes 1.9-cm (3/4-in.) 0D, 0.127-cm (0.05-in.) wall.

S S e The headers are
nominally 20.3 cm (8 in.) in diameter, with staggered tubes welded
and rolled. The backup structure includes a 15.2 x 15.2 x 1.0 cm
(6 x 6 x 38 in.) square tube frame. The tubes slide on clips welded
to the frame. Tube bundles and inlet headers are free-draining through
the inlet plumbing. The outlet piping is 15.2-cm (6-in.) OD pipe,
and the downcomer is a 31-cm (12-in.) OD pipe.
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A cover gas accumulator is the high point in the receiver system;
it retains the cover gas during receiver operation and fills the void
when the sodium Tevel is lowered for standby. Trace heaters heat all
hardware with the exception of the panels. The panels will be heated by
solar radiation prior to addition of coolant. The back of the panels,
as well as all plumbing and valves, will be covered with insulation.

5.3.3 Receiver Losses

Based on the results of the ACR thermal loss analysis as previously
discussed in Section 3.3.4, heat losses for the hybrid plant were esti-
mated. Figure”S.B;é’shows the thermal Tosses as a percent of the incident
power for the design wind condition of 3.5 m/s (11.5 fps) at 10 m (32.8 ft)
or 5.7 m/s (18.7 fps) at the receiver elevation. At the yearly average
incident thermal power of about 208 MWt for the 0.8 SM plant, the total
loss is about 12.5%. The part contributed by the convection process is
about 2%. Figure 5.3-5 shows the thermal losses at a wind velocity of
7 m/s (23 fps) at 10 m (32.8 ft) or 11 m/s (36 fps) at the receiver.

The total loss at 208 MWt with this wind velocity is estimated to be
13.4% of which convection is about 3%.. For the 1.4 SM design concept,
the total loss at 364 MWt with the 11 m/s'(36 fps) wind velocity is
estimated to be 10.2%, of which convection is about 1.8%.

Figure 5.3s# shows the effect of receiver wind velocity on thermal
losses for various receiver absorbed thermal power levels. Finally, in
Figure 5.3-}7’,8 thermal losses are shown as a function of the wind frequency
probability as taken from the ACR program specifications. As can be
seen, high wind losses occur only a small fraction of the time. At low
wind velocities, ( 4 m/sec) which occur almost 50% of the time, the
convective heat transfer is very nearly controlled by natural convection
processes.
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5.3.4 Tower and Riser/Downcomer Design

5.3.4.1 Tower Design

The tower is of reinforced, slip- formed ngcrete‘ges1gn For the
0.8 SM plant, the concrete tower ‘height 15‘4&4—m Ggas-ft) with a base
diameter of’iews—m (60-ft), top diameter of-6—9'm Qéfft) The-base
wa44-th4ekness;H+{¥43—m—é%—4—4%41-top-waﬁt—tthkﬂeés—9—2§-m—4vsa—ft%
The_ towerg! supports a total receiver subsystem we1ght of-398-000 kg
5000 1b) and rests on a r21£forced copcrete mat-@—?-m LQ'ft) thick
with an outside diameter of 33+~5meters 6}%e'ft) A discussion of the

tower design analysis is presented in Section 3.3.7.

5.3.4.2 Riser/Downcomer Design

The trade study for sizing the sodium riser and downcomer piping
was previously discussed in Section 3.3.8.2. The optimum pipe size
selected for the 0.8 SM hybrid conceptual design study is 51-cm (20-in.)
Schedule 30 pipe for both the riser and downcomer. Pipe sizes selected
for the 1.4 SM'concept are 61 cm (24 in.) for the riser piping and
31 cm (12 in.) piping for the downcomer. The riser p1p1ng
material is carbon steel, since it conta1ns sodium at 288°C (550°F);
whereas, the downcomer piping material is stainless steel, since it
contains sodium at 593°C (1100°F):

-+"Based on the thermal expansion study discussed in Sections 3.3. 8
. ,and 3.3.9.2, the reference pipe rout1ng design for the hybrid plant .is
‘ the Type I conf1 guratwn presented in. Append1x/2/ o-,[ /’67‘ 3~__L_

This configuration utilizes expansion loops and anchor points on

the tower. Each loop contains four 5D pipe bends and 6 m (20 ft) of
straight pipe. The pipe hangers are the conventional rigid supports.
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5.3.5 Pumps, Piping and Valves

5.3.5.1 Sodium Pump

5.3.5.1.1 Receiver Pump for 0.8 SM Plant

The sodium pump selected for the 0.8 SM hybrid plant receiver subsystem
is a free surface, centrifugal, fixed speed mixed flow design that
handles about 0.76 m3/s (12,000 gpm), a flow rate that is well within
the capability of sodium pumps. Refer to Section 3.3.9.1. Since this
pump is operating in a closed Toop system, the total pump head is lower
than the head required for an open loop system where the pumps must
circulate the sodium from the base of the tower to the tank at the top
of the tower. The total developed head is 130 m (425 ft). -

With the pump installed in the closed loop at the base of the
tower, the high suction pressure will allow the pump to operate at the
speed for a 2-pole motor (i.e., 3540 rpm). A 1306 kW (1750 Hp) motor
will be required to drive the pump. The hydraulic characteristics of
this pump are given in the “Data Lists" in Appendix E. -

5.3.5.1.2 Receiver Pump for 1.4 SM Plant’

The .receiver sodium pump, P-1, for the 1.4 SM plant is a free-
surface, centrifugal, variable speed, single-suction design that handles
about 1.07 m3/s (17,000 gpm) with a pump total head of 220 m (722 ft).
The total head requirement is higher than the 0.8 SM pump, since this
pump operates in an Qpen-]oop ¢onfiguration:'fThiS~pgmp;;ﬁrcuf%és"the '
sodium from the cold storage tank up through the receiver to the expan-
sion tank at the top of the receiver.. The hydraulic characteristics of
this pump are alsoc given in the "Data Lists" in Appendix F.

5.3.5.2 Sodium Piping

~Carbon steel hés been specified for all the sodium piping that
operates at 288°C (550°F), and stainless steel has been specified for
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the piping that operates at 593°¢C (}IOOOF). Estimates of the piping
lengths and weights are given in the Data Lists in Appendix F.

5.3.5.3 Sodium Valves

The sodium valves will be similar to those developed for the Fast
Flux Test Facility (FFTF) and the Clinch River Breeder Reactor Plant
(CRBRP) project. The small valves will be bellow seal valves, the
larger valves may be freeze stem valves. '

5.3.6 Steam Generator Design

The reference design utilizes three steam generator units: an
evaporator, a superheater, and a reheater. The evaporator is made of
unstabilized 2-1/4 Cr - 1 Mo ferritic steel. This material was chosen
because of its excellent resistance to chloride stress corrosion cracking
in an aqueous environment, and the excellent and eé}ensive field experience
with it. The superheater and reheater units are - austenitic stainless
steel. This material is used because its higher strength at the design
temperature makes it cost effective compared to the 2-1/4 Cr - 1 Mo -
material. Chloride stress corrosion is only initiated in aqueous
solution, thus if the bulk 1iquid is kept-out of the stain]ess'stee1
units, chloride stress corrosion does not become a problem. To accom-
plish this, a comhined steam drum and steam separator and a recirculation
pump are installed between the evaporator and the superheater and
- reheater to assure that no bulk 1iquid is carried over to the stainless
steel units. The units are shown mounted vertically to avoid problems
- whi§h~¢ou1d‘ari§é'ﬂue,to:tempekaturé stratification on the sodium sidé:ff<'_“

The physical featurés of the eVaporatof unif ére shown in Figure'5.34
The water and steam flow through the tubes because this is the high
pressure side of the unit, and the sodium flows in the shell. The
"hockey stick" configuration allows individual tubes to deflect during
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Steam Generator Modules

OUTLETY
| 'MODULE v - -
‘Duty MWt ' 4 74 40
Length m (£r) 29 (95) | 27.7 (91) 20.1 (66)
Shell Dimn. m (in.)| |,277 (50) .76 (30) .81 (32)

. No. Tubes. 1250 269 - 166
‘Tube OD em (in.) 1.59 (5/8) | 1.9 (3/4) 3.81 (1.5)
'Tube Wall cm (in.) | .19 (.075) | .335 (.132)) .272 (.107)
‘Material 2% Cr-1 Mo| 316 316 :
Dry We. Eg (csom) | 5,000(72) | 20,000 ¢22)| 22,000 ¢24)




thermal transients, thus virtually eliminating axial tube stresses
during thermal transient events. The sodium flow bypasses the bend
section because the tubes are supported in the horizontal plane only in
this region, elsewhere the tube support plates suppress any potential
tube vibration due to flow. The physical characteristics of the steam
generator units for the hybrid plant are given in Figure 5.3-7.and the
data 1ists in Appendix F. ‘ '

5.3.7 Auxiliary Systems

The auxiliary systems that support the main flow system are: (1)
fi11 and drain,. (2) purification, (3) preheat, (4) instrumentation and
control, (5) inert gas, and (6) sodium-water reaction relief. In the
following discussion, the general characteristics presented are based on
common practice with sodium systems.

5.3.7.1 Fill and Drain

The fill and drain system provides for the inital fill of the drain

~ tank with sodium, the fill of'the‘pﬁping system from the drain tank |
prior to operation, sodium bu]k storage, and drain provisions to the
drain tank.

Initial fill would be accomplished at a temperature of 204°C
(400°F) from railroad-type tank cars each containing 36,400 kg (80,000 1b)
of sodium. A melt station is required to melt the sodium in the tank
. cars; a pressure source of inert gas, such as n1trogen, 1s requ1red to
iAi move the sodlum from the tank car’ to the dra1n tank o

The riser and downcomer 1ines are filled from the drain tank using
a small pressurized tank. Both 1ines are filled simultaneously. up to
the receiver. The receiver is also filled if adequate preheat of the
receiver tubes has been attained using the collector field. A filled
system is detected by a sodium Tevel in the cold buffer tanks at the top
of the receiver,
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E.L STOR AGE. S UBSYSTEM
5.4.1 Storage Subsystem Requirements

5.4.1.1 0.8 Solar Multiple

The storage subsystem selection analysis and trade study described
in Section 4.3 and 3.4, respectively, established that the requ1re@gnts
for thermal storage or perhaps more accurate]y thermal buffering, were
due only to transient system operat1on. In the0.8 solar multiple |
configuration, the receiver is capable of ramping down much faster than
the heater is capable of ramping up. This principle is illustrated in
Figure 5.4.1 for the design cloud cover transient. In this case the
cross hatched area represents the integral of the difference between
the sum of receiver and heater flow and the required steam generator
flow. This 1ntégra1 sets the minimum inventory of hot sodium required
to transition from the receiver at full power (80% of steam generator
power) to the heater at full power (100% of steam generator power).

The second transient having an impact on the storage subsystem
requirements, the plant loss of pump or hotel power accident, sets
the requirements for the cO1d‘sodium'inventory. In this case, thé
design goal is to provide a passive source of cold sodium for cooling
the receiver from the time the receiver pump fails until the time the
combined heliostat solar image drifts off the receiver due to the
earth's retrograde motion. Previous simulation studies(s) have indicated
that the duration of the transient is 90 seconds and that the required
3 e ,pis approximately linear.

- flow decay, -preperts
. This transient also sets the co]d and hot sod1um 1nventory head requ1re-
-ments Table 5. bl summar1zes the therma1 buffer1ng requ1rements for. thei'
0.8 so1ar multiple system configuration. - ' '
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TABLE 5.4.1
0.8 SOLAR MULTIPLE THERMAL BUFFER REQUIREMENTS

Hot Sodium Inventory - 150 seconds full flow equivalent*
Cold Sodium Inventory - 77 seconds full flow equivalent*
Cold-Hot Inventory : 130 ft of sodium

Steady-State Head '

Difference

*Includes design margin assured transient capability
. r ‘

5.4.1.2 1.4 Solar Multiple

The 1.4 Solar Multiple system configuration storage subsystem
requirements are determined by the desire for a system design which is
directly comparable to previously conceptualized central receiver power
systems. These systems all had the capability for operating the equiva-
lent of 3 hours- from storage at full rated plant output. As in the case
of the sodium-cooled advanced central receiver program, the gross cycle
~efficiency of the hybrid system is same when operating from storage as
it ﬁs:when oberating directly from the sun. ‘Consequenfly; the sodium-
inventory requirements of the 3-hour storage subsystem for the hybrid
system simply consists of 3 hours of ful]-flow sodium for the steam
generators.
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5.4.2 Vessel Design

5.4,2.1 Sodium Buffering Tanks for 0.8 SM Hybrid Plant

For the 08 SM plant design. concept, the cold and hot buffer tanks
are vertical cylindrical tanks approximately 2.4 m'(8 ft) in diameter
by 6.4 m (21 ft) Tong. There are six cold buffer tanks and six hot
buffer tanks, and these tanks are mounted on top of-the -receiver tower
as shown in Figure3:f_'.4 The tanks are designed in accordance with
Section VIII Division 1 of the ASME Boiler and Pressure Vessel Code.

The hot tanks are made of stainless steel since they operate
at 593°C (1000%F); the cold tanks are made of carbon steel and operate
at 288°C (550°F). :

5.4.2.2 Spdium Storage Tanks for 1.4 SM Hybrid Plant

The storage subsystem for the 1.4 SM design concept is sized for
a -minimum net capacity of 3 MWe-hr/MWe. This concept with.sing1e hot
and cold sodium storage tanks is shown in Figure £.4-ZThe functional
requirements and system deéign details for the system aré'given in the
baseline design data sheets of Appendix E,_a]ong-with a P&I diagram.

The storage tahks are low-pressure tanks with a height of about
one~-half the diameter. The baseline design storage tanks are 30.5m
(100 ft) in diameter with a height of 13.6 m (45 ft) for the hot storage
tank and 12.3 m (41 ft) for the cold. The hot tank operating at
1593°C (1100°F) is made of stainless steel; the cold tank at 288°C (550°F)

is made of carbon steel. The ténks opefate'ét'stéfit~head;pr355urés- | ‘
only in order to minimize cost. This requires a-pressure-reducing device
to dissipate the tower static head. The pressure-reducing device for the
baseline configuration consists of a nominal 12-in. drag valve. Details

of this drag valve are discussed in Section 5.4.6.
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Although ho sodium tanks of this size have been built, no
particular difficu]ty is expected in their fabrication, installation,
and operation.” They will be designed in general compliance with
API STandard 620, Recommended Rules for Design and Construction of
‘Large Welded, Low-Pressure Storage Tanks. It should be noted that
a major advantage of the all-sodium thermal storage is that the EPGS
can operate independently of ‘transient which may occur in the receiver
system.
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5.4.3 Storage Losses

The hot tank of the thermal storage subsystem stores enough hot
sodium - 598°C (1100°F) during the day at equinox to provide approximately
3 hours of .-operation at 100% rated power. Both the hot tank and cold
tank can store the entire sodium inventory, and for that reason, both
tanks are the same capacity'énd have dimensions - 30m (100 ft) diameter
by approximately 15 m (50 ft) high. The hot tank is insulated with
30 cm (12 in.) of calcium silicate; the cold tank operating at 288°¢C
(550°F) has only 15 cm (6 in.) calcium silicate. These insulation
thicknesses reduce the outside surface temperature of the insulated
tanks to approximately 54°C (130°F), which is an acceptable value with
respect to persennel safety. The heat loss from thermal storage corresponds
to about .33 MWt from each tank.

Figure 5&3shows the consequences of the thermal losses from storage
as related to the resulting sodium temperature decay vs time for the hot
tank for various levels of fluid content, i.e., full tank, 1/2 full,
and about 1/2 hr sodium remaining. The curves indicate that a 10°c
(18°F) fluid temperature drop can be expected over a 24-hr period for
a full hot tank. This is only about 1-1/2% of the initial temperature
value. Figure 553’3150 expresses the thermal loss as a percentage of
initial energy content for a full tank, 1/2 full, and 1/2 hr sodium
remaining condition. For a full hot tank, this percentage loss is only
about 4% after a 100-hr standby period. This analysis indicates a very
high effectiveness for the storage system selected.

-L0.4.4 UJ]age'Maintenénce Design - -

' See paragfaph 3.4.6.
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5.4.5 Fluid Maintenance Design

The requirements for fluid maintenance are given in Paragraphﬁ3.4.7.
= o
The equipment for maintaining the fluid is described in this fﬁﬁiﬁﬁéﬂﬁz.

'The cleanup and measufement techniques for sodium involve mainly
the measurement and removal of oxygen. These techniques are based on
the fact that oxygen has a positive temperature coefficient of solubility.
The saturation solubility curve of oxygen in sodium as a function of
temperature is given in Figure 5;4-%a As can be seen in the curve, as
the temperature is reduced, the oxygen precipitates out (as Na20). For
purposes of measurement, the precipitate plugs a calibrated orifice at a
measured temperature. The temperature at which this plugging occurs is
referred to as the plugging temperature. Referring to Figure 5.4-Z, to
make a "plugging" determination, the plugging orifice is lowered into
position by deenergizing the electromagnet. As the sodium flows through
the unit, its temperature is slowly Towered until oxides precipitate out
and plug the orifice. This begins to decrease the flow which is detected
by the flowmeter. At a predetermined flow decrement, the e]ectromégnet
is energized opening the orifice, thus flushing it out. - As full flow is
established, the cycle repeats. The temberature-signa] from the thermo-
couple and the signal from the flow meter are recorded on a strip chart.
The temperature at wHich the flow just begins to decrease is referred to
as the plugging temperature.

The maintenance of the fluid utilizes the same principle of precipi-
tating the contaminants as the temperature is lowered. This is efcomp1ished

~ by means of a device called a cold-trap, depicted in Figure 5.4-37 ' In
‘this system, the~sod1um.enters_thg economizer'se;tion of!the(;o]d trap .

vessel and is reduced in temperature to just above the plugging temperature.
It then enters the wire mesh section of the cold trap where it is cooled

to below the precipitation temperature by the cooling air flowing over

the outside of the trap. As the sodium cools, Na20 precipitates out and

is collected in the knitted wire mesh. - The sodium ultimately reaches a
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temperature of about 250°F which corresponds to an oxygen concentration
of about 0.75 ppm. The clean sodium then flows up through the center
tube, and is heated in the economizer before being returned to the
system. Experience has shown that in a system in equilibrium, the
plugging temperature and the minimum cold trap temperature are identical.

During the initial filling operation, the sodium passes through a.
sintered filter at a temperature of about 300°F. The filter takes out
the oxide and delivers sodium with an oxide concentration of about

2 ppm.

Y

714-G.61
5-86



L8-9

OXYGEN {ppm)

-

70-52.048-384

TEMPERATURE (°F)

Figure 5.4-¥. Saturation Concentration for Oxygen in ‘ Sodium

260 [ [ T T T T T T | Y
240 [~ : 7
s20 |- , | .
200 |- .
180 |- ) .
160 |~ . -
140 |— -
120 |- -]
100 |~ ~
80 f— —
60 |~ -
40 = ]
30 y n
20 = -—
B ! ! Y : ! L
012 00 . 200 300 400 500 600 . 700 800




Al

| . | [m Ul £ e TROMAGNET
, | ||||||ll|||||||| ||||||||
UM TN MAGNETIC
SOD'UM - MATERIAL
CENTRAL TUBE L =
CENTER ROD -~ .
CAIR —— ‘ 1nE
hLuéGING ~ 11 | |
ORIFICE =~ | | ==X

‘ AlIR . BLOWER

o ORIFICE DETAIL  *

THERMOCOUPLE —— :}nl B J\ ,
' ‘ ' 1/8-in. .
| ‘ | DIAMETER

o | HOLE !

&

Figure 5.4-Z. Plugging Meter Schematic
" 70-MA1-48-289

5-88



P

)\

COOLING AIR
OUILEY

" SODIUM
INLET

SODIUM
OUTLEY

“SCe
CONNECTION

— THERMOCOUPLE TUBE

ECONOMIZER COIL

= SUPPORY

=7
P 1
NI PERFORATED
§ b"/‘”j;: . UPPER PLATE
N > ':s [H] |
N " —— LONGITUDINAL FIN
1
s 1" ?
N i | TI>> 81st & oo-wur
s =] =','/ BAFFLES
N :m P TIE ROD
N ) W\
N D
N
ll =1

vvvr
7
Y/

alalal

é-in. RETURN TUBE .

A KNITTED WIRE MESH

Ny

A— SODIUM BUFFER ZONE

=0

COOLING AR INLEY
PLENUM

~ LABYRINTH AIR SEAL .

e COOLING AIR INLET -

Figure 5.4-3.© Schematic Hallam Cold Trap . -

5-89

FORM 735A-7 REV. 6-70




5.4.6 Pumps, Piping and Vdlves

5.4.6.1 Sodium Pump P-2

For the 1.4 SM concept, a sodium steam generator pump (P-2) is
required to circu]até sodium from the hot storage tank through the
steam generator components and back to the cold storage tank. The
discussion in Section 3.3.9.1 relating to the receiver pump, P-1,
is applicable to this steam generator pump which is included in the

~ sodium thermal storage system. The hydraulic characteristics of
pump P-2 is given in Appendix f, "Design Data Sheets."

5.4.6.2 Sodium Piping

Carbon steel has been specified for all the sodium piping that
operates at 288°¢C (550°F), and stainless steel has been specified for
the piping that -operates at 593°C (1100°F). Estiamtes of the piping
lengths and weights are given in the Data Lists in Appendix _.

5.4.6.3 'Sodium.Va1ves .

The sodium valves will be similar to those developed for the Fast
Flux Test Facility (FFTF) and the Clinch R{ver Breeder Reactor Plant
(CRBRP) project. The small valves will be bellow seal valves, the
Targer valves may be freeze stem valves.

Drag Valve

In the 1.4 SM sodidm-therma] storage sysﬁéh,:a‘préssure-reducing, B
device is fequired‘tb dissipate the tower (receiver)‘static head.” This
allows the all-sodium storage tanks to be designed for operation at
atmospheric pressure. The argon cover gas pressure is very low (5 psi).
Pressurized storage tanks of the large size required would be prohibi-
tively expensive.
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A drag valve has been tentatively selected for application as
the pressure-reducing device. The drag valve must pass approximately
20,000 gpm and dissipate the ‘tower static head of 720 feet (maximum
receiver-elevatioh). At a sodium density of 50.69 1b/ft3, this cor-
responds to a pressure of 253.4 psi.

The valve is sized with 12-in. nominal end connections for a
Tine velocity of §6_ft/sec. The drag vaive utilizes velocity control
elements to provide system bressure‘and flow control. The valve
also incorporates shutoff capability. The valve will be all stain]éss
steel with inconel control elements and can be provided with pneumatic
or electro-hydraulic control/operator. '

5.4-7

The disk stack (Figure 5~ ) consists of many disks, integrated
together, and fitted with a plug for modulating flow. Each disk has
a finite flow capacity which is dependent on the area and number of
flow passages between the inside and outside of this disk. The required
disk impedance is developed by a series of turns in the flow passages
with the number of turns choseh to Timit the fluid velocity to an
acceptable Tevel regardless of the pressure drop. -Since~eachHQisk
has a épecifﬁc flow capacit&, an appropriate number of them are used
to meet the total flow requirement. Typical drag valve construction
is shown in Figures 5¢7 and 5.%.— 7
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Figure m}; Disk Stack with Single Disk
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5.447 Leak Detection and Fire Protection

Leak detection techniques will vary, depending on the location

of the expected leak.
The receiver and other unenclosed areas w111 be -

monitored by closed- 1oop television with a fixed 1mage reference, At the
initiation of a plume, which will change the 1magq, .é&n alarm signal- in
the control room will alert the operator and shutdown procedures will be
implemented thus 1imiting the amount of sodium release. An alternate
Plan is to use acoustic emission techniques to detect Jeaks.

P > t . o . N .
Sodium~sensitive aerosol detectors will be located in
enclosed spaces,axvd /A TH= Chimhey with the erierq meter.

Sodium catch pans will be provided under major components
to confine the consequences of sodium Jeaks to a local
controlled area until the component can be drained. The
steam generator catch pans will be provided with a sump
and pump to assure the catch pan remains dry |

" Nitrogen gas will be suppiied for ‘the purpose of f1ood1ng

the catch pans if Na combustion is initiated.

Approved fire suppressant ext1ngu1shers (Nax) wilil be
placed throughout the fac1l1ty
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55 Non-SecaR  Sugsystem

5.5.1 Nonsolar Subsystem Requirements

For both the 0.8 and 1.4 solar multiple system configurations, the
fundamental nonsolar subsystem requirements are dictated by: (1) the
desire for full plant capacity credit, and (2) the results of the fuel
selection trade study (see Section 4.3.6). The desire for full capacity.
credit means that the heater must be capable of supplying the full
requirements of the steam generator, 260 MWt. The recommendations of
the fuel trade study indicated that the most cost-effective fuel is

- coal. This then becomes the primary nonsolar energy source. However,
it is important to remember that the coal-fired furnace is also capable
of firing 0il 6;wgas as a backup. The requirements of the fuel handling
system are set up to accommodate coal. But provisions were made for
economical transition to the other fuels in the future. A detailed
summary of requirements of the coal-fired heater is shown in Table 5.5-1.

5.5.1.1 0.8 Solar Multiple

In additibn to the nonsolar subsystem requirements common to the
0.8 and 1.4 solar multiple system configuration, the 0.8 solar multiple
has additional requirements relating to the.heater ramp rate and minimum
power. Since the heater supplements the receiver power, the heater must
always be capable of assuming the total plant load on minimum notice.
Due to the nature of expected recejver transients and the capacity of
the thermal buffer, the requirement for maximum time for the heater to
ramp from 20 to 100% power in this configuration is 5 minutes.

" Due to the nature .of coal combustion, the minimum heater power was
set at 20% for the 0.8 solar multiple. This will insure reliable, safe,
stable operation at lTow power and maintain the heater in the optimum
condition of readiness for ramping to full power. '
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TABLE 5.5-1

NONSOLAR SUBSYSTEM REQUIREMENTS

0.8 Solar

1.4 Solar
Multiple Multiple
Full Power Output to Sodium 260 MWt 260 MWt
Minimum Power Output to Sodium 52 MWt 0
(Standby)
Primary fuel Pulverized Pulverized
Coal Coal
Backup Fuels 0il, Gas 0i1, Gas
Coal Handling Capacity 52 Ton/hr 52 Ton/hr.

Air Handling Capability
Maximum Sodium Flow
Inlet Sodium Temperature
Outlet Sodijum Temperature

Maximum Time to Ramp to Full Power

.Flue Gas Emissions
NOX
502

Particulates

1 x 10% 1b/hr
5.4 x 10%1b/hr
550°F

1100°F

5 minutes

0.5 1b/MMBtu
0.6 1b/MMBtu
0.03 1b/MMBtu

1 x 10% 1b/hr
5.4 x 10° 1b/hr
550°F

1100°F

2 hours

0.5 1b/MMBtu

0.6 1b/MMBtu
0.03 1b/MMBtu

5-97



5.5.1.2 1.4 Solar Multiple

In the 1.4 solar multiple configuration, the ramp rate réquirement
is relaxed due to the size of the thermal storage system, 3 hours.tp’g ‘
Consequently, the ramp time requirements of this heater is set at 2 hours
to allow the heater to come up to full power in a manner which limits
the thermal stress magnitudes of the heater components. Also, the
3-hour storage system configuration design contains no allowance for
storage of heater power. Consequently, heater power .is 0 during times
of significant solar insolation.
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5.5.2 Fuel Storage Design

5.5.2.1 Coal Storage and Handling

The Coal Handling Facility shall supply coal to-thé 100 MW Solar Cen-~
‘tral Receiver Hybrid Power Station. The plant will burn approximately 47.2
tonne/hr (52 tph) of coal at 100 percent load. The estimated use factor
for the coal handling system is 0.58. The proposed coal handling system

schematic is shown in Figure 5.5-1/

Coal Source and Characteristics

The coal will be receivea from 2 mining operation by train. For
purposes of design, the coal will have a nomiﬂal size of 5 cm x O cm
(2 in. x .0 in.) at the track.hopper facility.and shéll.be considéred,to

weigh 800 kg/m3 (50 1b/ft3),

£.5.2.2 Casl Reccwfr}j Fau‘);“}‘

The coal receiving facility shall consist of all components and
operations as required for the coal handling from the track hopper to
'.deiiygry to the c;usherAbuilding.

' 1;::Coa1 Déii&éry:" o |
‘Céél deiivery'wiilibe by ﬁraiu in'bétcﬁéé of‘Sb bbgtom dUmpA

90.9 tonne (100 ton) cars.
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2. Coal Unloading
a) A four throﬁt track hopper will be providgd to receive the
icoal from the bottom dump cars. The track hoppér will be
enclosed and dust collection system will be provided fo con-

trol the fugiﬁive dust geherated by the unloading opefation.

b) The rail cdal cars éhall be unloaded on fﬁe track hopper
at a rate of 5 cars per hour. Unloading of the track hopper
shall be aézbﬁplished by four vibrating feeders rated at
114 tonne/hr (125 thp) each. A 0.9 (36 in.) collecting Con-
veyor A will be provided to g#ther the coal from the vibrat-
ing feeders_and deliver the coal to 0.%9m (36 in.) unloading

Con§eyor B.

c) Iﬁe uﬁioading Conveyor B rated at 455 tonne/hr (SOO-thp)zshall
deliver the coal to the crusher building.

3 S.Si 2.y Coal Sfore‘le;

~i. Live Storage
.a) A 4545 tonne (5,000 ton) live storage silo designed to accépt
: one'batch qf'SO rail ‘cars shall bg»provided for thezco#l
'haﬁdlihg syétéﬁ’toisﬁﬁﬁl&}tbe.plant:siiés_6n déﬁ;hd;*iA}dﬁé€
collection system shall be provided forth silo to collect the

dust generated by the silo filling operation.

b) A 0.%9m (36 in.) stack-out conveyor rated at 455 tonne/hr (500 thp)
shall be provided to deliver the coal from the discharge end of

=]

the unloading Conveyor B to the live storage silc.
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¢) A vibrating bin bottom and a vibrating feeder rated at

182 tonne/hr (200 thp) shall be provided at the bottom of

. the live storage silo to reclaim the coal. The vibrating

feeder shall ioad the coal onto a 0.6m (24 in.) reclaim
Conveyor D. The reclaim Conveyor D shall then deliver the

coal to the crusher building.

2. Dead Storage

a)

b)

c)

d)

A dead storage pile shall be provided for the coal handling
system to provide coal to the plant in cases of mine strikes
and the like. The pile will have a capacity of 60,000 tomnnes

(66,000 tons) which is equivalent to‘90 déys burn at 58% capacity

factor.

The dead storage pile sha}l-be built by directing the coal flow
at the discharge end of the stack-out Conveyof C by a prévided
flop gate to a lowering well. The coal shall then be spreaded

and compacted to a 7.6m (25 ft.) high pile.

Reclaiming the coal from the dead storage pile shall be accom-

plished by earth moving equipment. A reclaim hopper, a vibrat-

'fing feed»ahd.a'd.6m‘(24 in.) déad sﬁofﬁge'ieciaim>Conﬁeyor,H_

shall be provided to receive the céalifrom'the mobile equibment “

and deliver the coal to the reclaim Conveyor D.

A wet dust suppression system shall be provided for the dead
storage lowering well and reclaim hopper to control dust

generated by handling the coal.
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1. Coal from the track hopper facilty and the live storage silo shall
be received at the crusher building by a surge hopper. A vibrat-
ing feeder located at the bottom of the hopper shall ﬁhen teed the

coal to a -crusher at the rate of 182 tonne/hr (200 tph);

2. A coal crusher designed to accept 5 cm x b cm (2 in. x O iﬁ. in.)
coal shall be provided to crush the coal to 1.9 cmx 0 cm -
(3/4 in. x 0 if.) for coal firing. The crusher shall be ring
‘granulator type. The crusher shall then discharge the coal into

a 0.6m (24 in.) underground transfer conveyor.

3. The crusher building will be provided with a dust collection system

to control the dust generated by the crushing operation.

S§:2.5. (onveying Sysiem to Plant

A 0.6m (24 in;) underground transfer Conveyor E shall be provided to
transfer the coal from the crusher discharge to thé Transfer Building.
A.n;6m {24 in.) pland Conveyof F shall then accept the coal from Conveyor'E
‘and elevate the coal to thé silo tripper Conveyor G. The conveying system
chall be rated at 182 tonme/hr (200 tph). | -
ss2.¢ Silo Filling L

1. Three coal silos shall be provided to store 12 hours of coal burn
or 182 tonnes (200 tons) of coal per silo. The coal silos shall be
provided with a dust collection system to control the dust generated

by the filling operation.
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2. A 0.6m (24 in.) silo t;ipper Conveyor G.shall be provided to
accept the discharge of Conveyor F and load the coal into the
- silos., A traveling tripper complete with a dust seal system

shall be incorporated in Conveyor F to fill the silos.

Fire Protection System
The coal handling system will be protected throughout by fire

suppression equipment.

o

5.5.2F Fuel 0il Storage and Handling

The purpose of the fuel o0il storage and handling éystem is to pro-
vide a reliable storage and supply of No. 2 fuel oil for the bil ig-
nitors on the sodium heater. The 100 MWe sodium heater rated ignitor

0il heat input is 26;4'th (90 x 10® Btu/hr).

The ignitor oil system‘diagram for the 100 MWe plant is shown in

Figure S- 52

The fuel oil storage and unloading facility will Be designed to

_handle bdth:rail'ténk ééfiandftéhk:;}uckffuei 0il deliVéfieE,;;Thé;v‘

‘ignitor oil will be No. 2 fuel oil meeting the requirements of ASTM D396.

The primary fuel oil storage facility will be located at the rail

vline outside of the collector field and will consist of a fuel oil un-

loading pump and an above ground 946 m3 (250,000 gal.) fuel oil storage
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tank. A berm will be provided to contain the entire contents of the
tank. A fuel oil transfer pump will be used to transfer oil from the
primary fuel oil storage tank to the 321 m (84,800 gal.) secondary

above ground fuel oil storage tank located within the plant core area.

The ignitor oil pumps (2 full capacity puﬁps) will be of tﬁe hori-
zontal, positive displaéement rotary type with electric motor drives.
The pumps will be ‘designed to supply 0.045 m3/min. ( 12 gpm) of
No. 2 fuel oil at IBD _ kPa ( TBD psig) to the sodium heater ignitors.

The pumps will be controlled remotely from the control room.

Fire protection for the fuel o0il storage tanks will be provided by
fixed foam extinguishing system. Each tank will be enclosed by'a<berm
designed to contain the entire tank contents. In addition, fire hydrahts‘

will be provided as required for area protection.
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5.5.3 Fuel Feed Design (0.8 and 1.4 Solar Multiple)

The fuel feed system is required to convey and deliver up to 47,300 kg'
(52 tph) of design basis coal to the fuel preparation system and the
heater. The components in the fuel feed system include: the coal
unloading facility, the raw coal conveying system, raw coal storage
silos, coal feeders, and pulverized coal,tonveying system. Dust suppression
and coal weighing and sampling ehuipment are also included in this
system as peripheral components.

A simplified schematic of the final components of this system is
shown in Figure 5.5-3 . This system is virtually identical to the
standard coal feed and handling equipment being specified and installed
in modern conventional coal-fired power plants. A detalled descr phion
of the fvel Feed Acign s [ncorperated in sechon S.5.2

5.5.4 Fuel Preparation Design (0.8 and 1.4 Solar Multipie)

The fuel preparation system is required to process 47,300 kg/hr
(52 tph) of the design basis coal (see Appendix _E., Electric Power .
Generation Subsystem). The input coal will be in a raw state and may
have more moisture than shown in the design data sheets due to surface
moisture. - The output coal must be pulverized and dried for use in the
dual register burners of the heater.

There are two components in the fuel preparation system: the
crusher and the pu]verizer The crusher is located 1n the fuel feed
v _system between the raw coa] storage pile. and the convey1ng system. ".The. -.
- design mean outputldiameter of the crusher is-|.9. cm.'TkC Crushing
Tacnhi’y 15 d;scrubw{ in Seehow 55,2, &

The pulverizers are located, in parallel, between the coal feeders
and the pulverized coal conveying system. The specified coal pulverizers
for the 100 MWe systems .are B&W Model EL76 or equivalent. Three are
required, one for each burner row.
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A schematic of the EL-type pulverizer is shown in Figure 5.5-_:&,
Raw coal is fed from the integral coal feeder into a ball and race
crusher, pulverizer mechanism. Primary air, from the primary air fan,
entrains the pulverized coal and carries it to the classifier. Coal not
meeting the required size criteria drops out of the coal/air stream and
is returned to the pulverizer. The coal/air stream splits at the top of
the pulverizer and from there travels to the heater burners direct]y.
Pulverizers are switched on or off depending on the heater demand. Each
pulverizer is capable of handling 50% of the heater demand at full
power. Consequently, emergency cross-feeding the pulverizers would
allow full heater power output in the event of one pulverizer being
‘unavailabie.

5.5.5 Waste Handling

5.5.5.1 Ash Hand1ingﬁ$ysteh (0.8 and 1.4 Solar Multiple)

The ash handling system desién is based on .a coal firing rate of
47,300 kg/hr (52 tph) with 12-1/2% total ash and a fly ash to -bottom ash "
ratio of 80%/20%. A pneumatic'ash conveying system will handle both
bottom ash from the sodium heater ash hopper and fly ash from the baghouse
ash hoppers. The fly ash system will also remove calcium sulfate along
with the fly ash collected in the ESG dry 502 removal system. The
conveying scheme, shown in Figure 3.5- 5~ , consists of a negative pressure
pneumatic conveying system powered by a mechanical vacuum producer. The
ash storage bin is located in the central core area of the plant.

"_.The;bottom'ash_System'wﬁll'ihc]udé'a thhée-compéﬁfmént;Idry;VreffaCtory4j"
1ined ash hopper, suspended from the sodium heater, clinker grinders,
and automatic feeding regulation (see Figure 5-5- 5 ). The bottom ash
hopper is sized to provide a minimum of 12 hr storage at full lead.
Bottom ash leaving the crushers will be conveyed by a negative pressure
pneumatic conveying system to the ash storage bin where ash is stored
prior to removal by truck. |
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A11 ash collected in the sodium heater ash hopper and baghouse will
be stored in an ash storage bin prior to removal by ash trucks. The ash
storage bin is sized to provide a minimum 3-1/2 days storage at rated
conditions. Ash is stored in the bin in a dry state. During ash unloading,
the dry ash passes through an ash conditioner where it is mixed with the
proper proportion of water to prevent dusting and facilitate unloading
into ash trucks for disposal. The ash trucks will be provided with
covers to minimize dust problems during ash hauling.

5.5.5.2 Flue Gas Exhaust (0.8 Solar Multiple)

The chimney arrangement for the 0.8 solar multiple, 100 MWe, coal-
fired sodium heater is shown schematically in Figure 5.5- 6 . The
chimney is located within the reinforced concrete receiver tower structure
which supports the weight of the chimney in addition to the receiver
assembly. A detail of the chimney at the tower/receiver interface is
shown in Figure 5.5-7 .

The chimney materials were selected to provide the nécessary corrosion
protection when exposed to the potentially corrosive gases leaving the
"dry" SO2 removal system, in addition to erosion and ambient temperature
considerations. The chimney construction below the top of the tower is
fiberglass reinforced plastic (FRP), a material which is being used more
recently on many conventional fossil-fired plants following wet stack
gas scrubbers. Above the'ipterface at the top of the tower, 316 stainless
steel is used for the chimney material. The transition from FRP to

316 stainless steel.was due to internal erosion and external températhe.‘<.- T

_considerations in the receiver area. -316 stainless steel also provides . -
a high degree of corrosion protection.

The stack plumeeffects are an important consideration because of

the stack's proximity to the receiver surface and heliostat. field.
Also, insolation can be effected by the stack plume. The estimated
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plume rise for the 100-MW plant at rated nonsolar load and at 20% load
for a 142 m (465 ft) stack is shown in Figure 5.5- ¥ . In the baseline
design, the top of the stack was arbitratily established at 4-1/2 stack
diameters or 11 m (36 ft) above the receiver surface in order to minimize
any aerodynamic downwash problems due to the proximity of the relatively
large receiver surface, particularly at low loads.
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5.6 ELECTRIC POWER GENERATION SUBSYSTEM (EPGS)

5.6.1 Subsystem Requirements

gvé‘- I
Table 5=T gives the requirements for the EPG subsystem, based on

the Requirements Definition Document, Reference 1, and the preferred
system requirementseof 5.1.1. The gross turbine-generator output was
estimated on the basis of preliminary auxiliary power requirements. The
EPGS configukation and layout shall be'desiéned to facilitate efficient
and safe operation and maintenance. Thermal shocks applied to the
turbine Toop shall be minimized by appropriate designgf'the receiver,
nonsolar, and energy storage subsystems. The output from the EPGS shall
be integrated into existing electric power system networks. IEEE codes

- will be utilized in the design of the electrical system.

Turbine inlet steam temperature was selected on the basis of the
capability of current turbine equipment. While higher steam temperatures
have been used in the past, and the sodium system has the capability to
prov1de increased temperatures, the performance record and ava11ab1]1ty
for such units has not been good. The steam throttle pressure was
selected by the cycle trade studies of Section 3.6. Wet cooling was
specified in Reference 1.

5-1317

-714-G.61/emh



5.6~
TABLE 5T

ELECTRICAL POWER GENERATION SUBSYSTEM REQUIREMENTS

Gross Turbine-Generator Output (MWe) 112
Net Turbine-Generator Output (Mwe) 100

Turbine Inlet Steam Conditions

High Pressure (Throttle) Steam [°C (°F)] 538 (1000)
[MPa (psia)]  12.51 (1815)
Low Pressure (Reheat) Steam [OC'OFﬂ 538 (1000)

. [MPa (psia)) 2.72 (394)

Heat Rejection

Method ~ Wet Tower

Wet Bulb Temperature [°C (°F)] B 23 (74) 6
Daytime MWt [(Bfu/hr)] 158 (540 x 106)
Nighttime [MWt/(Btu/hr)) - 150 (511 x 10°)

Turbine Exhaust Pressure kPa (in. Hg) 6.77 (2.0)
Generator Output :

Generator Rating (kVA) 135,000

Power Factor 0.90
Voltage (V) ‘ 13,800
~ Frequency (Cycles) 60

Main Transformer

Rating (kVA) 130,000
Voltage (kV) : . - 13.8/115

. Feedwater Conditioning .

" Dissolved Solids (ppb) . . 20-50 -
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5.6.2 Turbine Equipment Design

The 100 MWe Commercial Plant EPGS conceptual design is based on the
use of a standard tandum compound, double flow, reheat, condensing
turbine rated at 112,000 kW gross. A typical cross-section of a large
reheat turbine of this type is shown in Figure 5¢ (&.—|

The selected 100 MW Commercial Plant turbine cycle is shown in
Figure 5o§:?and~ut11izes single reheat and six stages of feedwater
heating with the top heater above the reheat point (HARP cycle). The
initial pressure is 12.5 MPa (1815 psia), initial temperature is 538°¢C
(1000°F), and reheat temperature is 538°C (1000°F). Gross turbine cycle

efficiency is 43.5 percent.

The generator is of the synchronous type rated at 135,000 KVA, 0.90
power factor, 0.58 SCR, 3-phase, 60 hertz, 13,800 volts, 3600 rpm, and

is hydrogen cooled. A static generator excitation system is proVided.'

The baseline 100 MW turbine data is summarized in Table Sinfl

The design, operation; and performance of the EPGS is independent
of the solar/non-solar plant operating modes, except for variations in
solar/non-solar plant auxiliary power requirements, since rated steam

~ conditions are provided during either mode of operation. .
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TABLE 5¢ & ~4&
BASELINE 100 MW TURBINE DATA

Turbine Type Tandum-compound, double flow,
reheat (TCDF)

Last Stage Blade 58.4 cm (23 in.)

Turbine Rating 112,000 ki

Feedwater Heater Extractions 6

Turbine Steam Conditions

- Inlet (Throttle) Steam 12.4 MPa'(1§15 psia)
B 538°C (1000°F |
- Reheat Steam 2.0 MPa 293 psia)

. 538°C (1000°F)
Turbine Exhaust Pressure 6.8 mPa (2 in. Hg A)
-Final-Feedwater Temperature 250.8°C (483.5°F)

Gross Cycle Efficiency 43.5%
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5.6.3 Energy Generator Equipment Design’ (Sod1um Heater)
0.8 and 1.4 Solar Muitiple)

The nonsolar subsystem supplies energy to the electric power genera-
tion subsystem in the form of pulverized coal. The component which
converts this coal to heat energy is the sodium heater. The heater
delivers the heat to the primary working fluid, sodium. Finally, sensible
heat in the sodium is used to generate steam in the steam generators
during times of low or zero insolation. In the case of the 0.8 SM
system configuration, the heater is designed to provide at least 20% of
the steam generator requirements at all times the plant operates as well
as being capable of ramping from 20% to 100% power in less than 5 min.
For the 1.4_5015; mu1t1p1e configuration, these requirements are relaxed
due to the size of the storage subsystem. Otherwise, the heater designs
are identical. The designs are summarized below.

The sodium heater is rated at 265 th for the required design
sodium flow of 5.4 x 106 1b/hr. The heater design sodium inlet temperature
is 550°F with the sodium outlet temperature set at 1100°F. The heater
is designed to operate in parallel with the receiver. Load apportionment
between the heater and receiver is achieved by proportion sodium flow
division. The primary heater fuel is pulverized coal supplied by the
nonsolar subsystem described in Sections 5.5.2, 3,-and 4. Gas and oil
can be used in the heater by changing out the burners and installing the
required fuel handling equipment in the nonsolar subsystem. Heater
bottom ash is discharged to a pneumatic conveying system described in
Section 5.5.5. F1y ash collection and SO2 removal are handled by the
. a1r qua11ty control equipment described in Section-5.6.7, .Clean flue
: gas -from. the a1r qua11ty contro] system is d1scharged into’ the atmosphere '
via a receiver tower mounted chimney described in Section 5.5.5.

The general heater design resembles a once through boiler. An
arrangement diagram showing the sodium heater and its peripheral equipment
is shown in Figure 5.6-3. A more detailed schematic of the heater
proper is shown in Figure 5.6-f. ~The overall height of the heater is
158 #t. A plan view of the heate%hmg‘ﬁam 5.6-5.
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The heater combustion equipment includes three rows of three dual
register burners each, arranged for opposed wall firing. Two rows are
located on the front wall, one on the back. The fuel feed supply is
such that one purverizer feeds one row of burners. Since the normal
turndown for each pulverizer is 40% of full load, feeding only one
burner row implies a minimum heater turndown of 1/3 x 40% or 13.3%, well
below the 20% requirement. However, operating each burner in one row at
60% of its rated capacity enhances burner stability and heat uniformity
while meeting the requirement of 20% overall mi nimum power. The maximum
heat input/burner is 116 x 106 Btu/hr.

Compliance with emissions standards for NOx is achieved by operating
the dual register burners at 115% of theoretical air.

As shown in Figure 5.6-4, the heat transfer surface of the heater
is divided into three sections: a radiant section, a high temperature
convection section, and a low temperature convection section.

- The radiant section consists of membrane walls which prov1de the
heater cas1ng and support structure as well as ‘the radiant heat transfer
surface. A schematic of a typical membrane wall is shown in Figure
5.6-L. The wall is made of 2-1/2 Cr - 1 Mo alloy and is designed for
maximum tube wall temperatures up to 1050°F. These membranes line the
four walls of the radiant section and continue up along the walls of the
convection section emerging from the top of the heater and joining in a
manifold. Sodium flow is up through the tubes entering from manifolds
. at the bottom and ex1t1ng the. man1fo1ds at the top Sodium flow ve]oc1ty
is less than 7 ft/sec in th1s sect1on Furnace gas f]ow is general]y '
- parallel to sodium flow in this section. The total heat transfer area:
in the radiant section is approximately 10,200 ftz.
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A detailed schematic of the convection sections is shown in Figure 5.6-7.
In these sections the tubes are spaced within banks to minimize gas side
fouling and slagging and to allow room for soot blower penetration. A1l
convective tubes are sloped for sodium draining. Net sodium flow through
the convection sections is up to insure flow stability at Tow loads.

Flue gas velocities are limited to 50 ft/sec in both .convection sections
to limit the effects of corrosion.

The high temperature convection section consists of 27,800 ft2 of
heat transfer surface area arranged in'banks of 2-1/2 1in., 304 SS tubes.
The Sodium velocity is limited to 10 ft/sec in this section. Sodium
enters at the bottom of this section through manifolds and exits the
same way at the top. Overall this section resembles a cross-paraliel
flow heat exchanger.

2 of

heat transfer surface area arranged in banks of 2-1/2 in., carbon steel
tubes. Sodium enters this section through the bottom from manifolds and
exits the same way at the top. The section resembles a cross-counter .
flow. heat exchanger. Maximum sodium Ve]oeity in this section is 6 ft/sec.
The arrangement of this section is shown schematically in Figure 5.6-7.

The low temperature convection section consists of 60,800 ft

The sodium and flue gas temperatures in the furnace as a function
of absorbed power is shown for each section in Figures 5.6-% and 5.6-]
for 100% and 20% total power, respectively. As shown in these figures,
the sodium flows into the heater in the low temperature convect1on
A section, goes through the rad1ant section, and exits the heater via the

Ey h1gh temperature convect1on sect10n Sod1um f]ow is- a]ways from the A:ia

" bottom to the top of a section to enhance flow stab111ty Fu]] Toad.
sodium pressure drop is estimated to be 70 psi; 20% load pressure drop
is estimated to be about 3 psi.
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A stationary core, rotating duct regenerative air heater is included
in the design to enhance sodium heater efficiency and to supply a source
of coal-drying air to the pulverizers. A schematic of the air heater
and a tabulation of the design operating conditions is shown in Figure 5.6-10.

A detailed description of the sodium heater design and operating

characteristics is located in the Design Data Sheets Appendix _F, under
the electric power generat1on subsystem. .
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5.6.4 Feedheating and Condensing Equipment Design

Condensing Equipment - The turbine exhaust steam is condensed in a -

steam surface condenser designed in accordance with the Heat Exchange
Institute's "Standards for Steam Surface Condensers." The condenser
design characteristics are shown in Table 5e (=3 Condenser air removal
is accomplished by the use of mechanical, electric motor-driven, vacuum
pumps. Two full-capacity pumps are provided.

Feed Heating - Six stages of feedwater heating'are provided in the
baseline 100 MW turbine cycle. The heaters are comprised of two horizontal
shell-and-tube low-pressure heaters (the lowest pressure heater located
within the condenser neck), a direct-contact deaerating heater, and
three horizontal shell-and-tube high-pressure heaters.

A1l heaters are fed turbine extraction steam from various turbine
stages in a regenerative turbine cycle. The highest pressure heater is
supplied steam from the high-pressure turbine connection preceding the
high-pressure turbine exhaust (HARP cycle) in order to improve turb1ne
cycle efficiency as d1scussed in Section 3.6.3. ’

| TABLE 5+ 6~ 3
CONDENSER DESIGN CHARACTERISTICS

Type Steam Surface Condenser, 2-pass,
’ divided water box
Surface 8175 m’ (88,000 Ft?)
Shell Material | - Carbon Steel
 Tube Material o 1 _.» j90 10 Cu=Ni (ASTM 8111 A110y 706) .

Tube D1ameter and Wa11 - 2.58-cm (1 4n.) OD x 20 BWG
(0.035 in.)

Tube Length (Effective) 8.54 m (28 ft)

Duty 154 MWt (525 x 10° BIY)

Condensing Pressure . 6.7 kPa (2.0 in. Hg A)

TTD , 3.1% (5.54°F)

Cooling Water Flow 5.7 m3/s (90,500 gpm)
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The high-pressure heater drains are cascaded to the deaerator {or
alternated to the condenser), and the 10w-pressure heater drains are
cascaded to the condenser to accomplish maximum water cleanup via the
inline condensate polishers (demineralizers) and deaeration (oxygen
removal).

The materials of construction used in-the feedwater heaters are
shown in Table 5+6-4 A1l heater tube materials are ferrous in order to
eliminate copper pickup in the condensate or feedwater system, which
would result in copper deposition on the turbine blades. All feedwater
heaters are designed in accordance with ASME Boiler and Pressure Vessel
Code Section VIII.

5.6.5 Cob]ing Tower Design

Heat rejection is accomplished by utilizing an evaporative (wet),
mechanical draft cooling tower.  Figure 5+«o-llshows a typical transverse
cross section of a Marley double flow cooling tower which indicates the
principal elements of construction. The primary construction material
isAtreated fir or redwood, -although other materials can be employed.

- The design characteristics for the 100-MW cooling fower is shown in
Table 506 +5 |

Makeup Water Requirements - The makeup water requirements for the
100-MW baseline plant have been estimated as follows: .

1)  Evaporation . S 2454m3/h - (1080. gpm) -
2) Drift (.01% of water flow) = - 2. m/h U (9-gpm)
3) Blowdowns (assume 6 conc.) 47 m3/h' '(207‘me)'”
4) Total make-up 294 m>/h (1296 gpm)

Wet vs Wet-Dry Tower - A combination wet-dry cooling tower, shown

. c s 7y~ 1% .
schematically-in F1gureé;9_,'can be provided for plume abatement and
water conservation. In the wet-dry tower, cooling is accomplished by
both sensible cooling (in the dry section) and evaporative cooling (in
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TABLE 5@~ ¢
FEEDWATER HEATER MATERIALS

Low-Pressure Heaters

Shell Carbon Steel
Tubes Stainless Steel

High-Pressure Heaters

Shell : ~ Carbon Steel

Tubes Carbon Steel
Deaerator
Shell --- - Carbon Steel

Trays Stainless Steel
Vent Condenser Stainless Steel
Storage Section Carbon Steel

TABLE 5¢ 6 - 5

COOLING TOWER DESIGN CHARACTERISTICS
100-MW BASELINE PLANT

Type . » " Wet, Mechanical Draft, Crossflow

Number of Cells

Fan Size per Cell

Duty

Design Wet Bulk Temp

“Approach to Wet Bu}b

:Coo1ing Range |

Cooling Water Flow

"Overall Dimensions
Width

Length
Height

5
150 mW (200 hp)
158 MWt (540 x 10° Bt¥.

. hr
23.0%C (73.4°F)

5.5% (10.6%F) i .o

5.9 m3/s (93,100 gpm)

22 m (72 ft)
61 m (201 ft)
18 m (59 ft)
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the wet selection) to give the desired results. For solar central
receiver power systems, it is very desirable to minimize the cooling
tower plume (or fogging) because of optical interference and solids
deposition on heliostats or receiver surfaces.

A preliminary evaluation of wet vs wet-dry cooling towers was made
for the Barstow reference site, designing'the'wet—dry tower for plume
abatement. A design wet bulb temperature of 23°C (73.4°F) and dry bulb
temperature of 42°C (102°F)'maximum,and -1°C‘(30°F) minimum for plume
abatement were used. Wet and wet-dry cooling tower performance data and
costs were provided by the Marley Company. A comparison of the two |
systems, shown in Tab]eﬁE{:?’indicates that the wet-dry tower requires
40 percent more fan power at approximately double the cost of a wet
tower. Since ééalfng tower drift and fogging problems cannot be completely
eliminated, it would appear undesirable to locate the wet-dry cooling
tower within the core area (thus eliminating very long circulating water
lines required to located the coo]ing'tower outside of the collector
field). On the_basis of this study, it was decided to baseline a wet
cooling tower located outside of the collector field. The actual location
of the tower would be determined by the.predominate wind conditions at

_the site. It may also be desirable to provide-some degree of wet-dry.
coo]ing for plume abatement and water conservation reasons.

5676 Water Treatment and CONGENSTTE MIkeupe—e—

~-I585 ~
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5.6.6 MWater Treatment and Condensate Makeup

5.6.6.1 Pretreatment

With surface waters, pretreatment is required upstream of the
treatment process utilized for the production of electric utility system
steam generator makeup water. The principal purposes of such treatment
is to remove suspended material and reduce turbidity. Without pretreat-
ment, physical fouling of the ion exchange resins, membranes or cartridge
filters preceeding the membrane processes could result. In addition, some
colloidal material will not be removed by ion exchange processes. If
not removed, it would pass through an ion exchange demineralizer and result
in deposit formation in the steam generator and turbine. Colloidal silica,
in particular, has been a source of such difficulties. Pretréatment is
usually accomplished by clarification equipment, usually followed by
filtration.

Pretreatment if occasionally required to reduce the concentra-
tions of suspended solids, ion, manganese, phosphate, calcium, magnesium,
alkalinity, silica and/or other constituents of the cooling tower makeup
water. . Evaporation from the cooling tbwer-sySfem will result in concen-
tration of the various materials introduced into the system with the
makeup water. The degree of concentration must be limited to prevent
precipitation of the various materials such as calcium carbonate, calcium
sulfate, silica (as quartz or amorphous silica),. magnesium silicate, which
would interfere with heat transfer at the condenser and other heat exchangers
utilizing cooling tower water for heat rejection.

'5.6.6.2 Final Treatment =

Demineralization is required for produétion-of boiler makeup water.
The most widely used demineralization process for this purpose is ion
exchange. In certain situations, high dissolved solids concentrations,
high chemical costs, and/or relatively low water requirements have resulted
in reverse osmosis demineralization proving to be the more economical
approach. Reverse osmosis does not produce a water sufficiently low in
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dissoived solids for high pressure boiler makeup purposes. Its effluent
must further be treated by ion exchange. Demineralized water would also
be the most suitable water in the facility for mirror washing.

The ion exchange demineralizer configuration is subject to many
variations. The quantity of the water to be treated will determine the
appropriate one.

The final watef tkeatment equipment proposed for the 100-MW solar
hybrid plant is as follows:

Two - Makeup water demineralizers, full-size, three-bed
.-- . trains.
Rating 0.38 m3/min. (100 gpm) per train.
Effluent quantity:
Total dissolved solids 50 ppb maximum

Silica 10 ppb maximum
Two --  Makeup demineralizer sand filters, each full size,
0.38 m>/min. (100 gpm) each, 1.98 m (6.5 ft)
o . diameter. . S o
"One - " Demineralizer acid tank, 22.7 m° (6,000 gal).
Two -  Demineralizer acid pump (1 spare), 0.56 m3/hr
(200-gph), .75 kW (1 hp), 460 V, ac motor.
. One - Demineralizer caustic tank, 22.7 m (6,000 gal).
Two - Demineralizer caustic pump (1 spare), 0.45 m3/hr

(120 gph), 1/2 kW (3/4 hp), 460 V, ac motor.
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5.6.7 Air Quality Control Equipment Design (0.8 and 1.4 Solar Multiple)

The design requirements of the sodium heater.emissions air quality
control equipment are set by the latest promulgated EPA standards for
new sources. Those standards are summarized in Table §5.¢.7

TABLEF 5-G6 -7

CURRENT EPA EMISSIONS STANDARDS FOR
NEW FOSSIL EMISSIONS SOURCES

NOx 0.5 Th/MMBtu
SO2 ' 90% Removal, 0.6~1.2 1b/MMBtu

70% Removal, . 0.6 1b/MMBtu .
Particulates 0.3 1b/MMBtu

The design selected to meet these standards includes the following
equipment: dual register burners operating in conjunction with 115%
theoretical air‘innthe furnace for N0x formation suppression, the ESG
dry flue gas desulfurization (FGD) system for SO2 removal, and a
Wheelabrator-Frye fabric filter for particulate removal.

Dual register burners in conjunction with relatively fuel-rich.
combustion environments are a recognized. method of limiting furnace gas
temperatures and thereby suppressing NOX-formation. The design NOx
emission for the sodium furnace is estimated to be 0.5 1b/MMBtu. It has
been suggested by Babcock & Wilcox that this estimate is conservative
~and that slight modifications could further reduce these emissions
~ should the EPArnequirements become more stringent.

The ESG/Whee]abrator Frye FGD ‘particulate remova1 system is shown
schemat1ca11y in F1gure,ya’ It consists of a two- -stage dry. scrubb1ng
system followed by a fabric filter (baghouse). The dry scrubbing system
consists of an absorbent solution generation subsystem and a spray dryer.
Flue gas from the furnace, after passing through the air heater, is passed
through the spray dryer where it react$ with a dilute sodium carbonate
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solution or calcium hydroxide slurry. Chemical reaction of the

absorbent and flue gas removes the 502 from the flue gas and the sensible
heat of the flue gas evaporates the water and dries the solution to form
a powder. A modest spray dryer bypass guarantees that the flue gas never
becomes saturated. The flue gas leaving the spray dryer, containing the
dry powder and furnace fly ash, enters the fabric filter. As the fly

ash and powder are removed from the flue gas in the filter, additional
reactions eccur and further SO2 removal occurs.

A schematic diagram of the conceptual design ofg;he spray dryer .
showing overall dimensions is illustrated in F1gure,2’ A s1m11ar
schematic of the baghouse is shown in F1gur§?3’ The design 502 emission
rate estimate of this unit is less than 0.1 1b/MMBtu. The removal
associated with this emission is greater than 85%. The margin in removal
efficiency of the design is due to the belief that removal efficiencies
of 85% might be required at some time in the future.

The particulate removal efficiency emission estimate is 0.03 1b/MMBtu.

High absorbent utilization is facilitated in this unit by recycling
a fraction of the fly ash and powder collected by the fabric filter.
Specific air quality control equipment design and performance details
are tabulated in the design data sheets for the electric power generation
subsystem.
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5.6.8 ELECTRIC PLANT EQUIPMENT

5.6.8.1 Main Electrical System

The generator will be connected by isolated phase bus to the unit
auxiliary transformer, surge protection, and voltage transformer cubicle,
and the main power transformer, as shown in Figuréffi;thich is the
electrical one-1ine diagram for the baseline 100-MW solar hybrid plant.

The main power transformer will step up generator voltage to the
voltage required by the power transmission system. For the purpose of
this report, the transmission system was assumed to be 115 kW. The main
power transformer will be reduced based on ambient temperature if ambient
temperature exceed 40°C. The 115 kW winding will be wye-grounded; the
13.2 kV winding will be delta. '

The main power transformérWi11 be connected to the transmission system
by an overhead 1ine or underground cable, o0il circuit breaker, and
disconnecting switches will be 115 kV, 1,200 apmeres. The disconnecting
switches will be mounted on a steel structure. The 115-kV switching
equipment will be as required by the utility.

The startup transformer will be connected to the transmission system
by either an overhead 1ine or underground cable and a circuit switcher. The
Circuit switcher will be rated 115 kV, 1,200 amperes. The startup trans-
former supply and switching equipment will be as required by the utility.

5.6.8.2 Auxiliary Systems

Auxiliary power will normally be supplied by the unit auxiliary transformer
which will be rated 13,200-4, 160 V, 12.0/16.0/20.0 MVA, OA/FA/FA. Trans-
former temperature rise will be reduced based on ambient temperature if
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exceeds 40°C. The primary will be connected delta. The secondary will

be wye resistance grounded. The unit auxiliary transformer will be
connected to the generator isolated phase bus. The secondary of the trans-
former will feed two bus sections of metal-clad switchgear operating at
4,160 V. The connection to the 4,160 V bus will be nonsegregated phase
bus.

Startup power will be supplied from the transmission system by the

startup transformer. The transformer will normally supply all auxiliary
| power when the generator is not operating. In addition, the transformer
will be available, for emergency service, and to supply auxiliary power
if the unit auxiliary transformer is not available (due to failure). The
startup transformer will be rated 115 kV, 12.0/16.0/20.0 MA, OA/FA/FA.
The primary wif] be grounded wye, the secondary resistance-grounded wye.
The transformer will have a tertiary. The final primary voltage will be
determined by available transmission voltages. The transformér.wi11 be
550 kV BIL, and will be provided with surge arresters. Transformers
temperature rise will be reduced based on ambient temperature if ambient
exceeds 40°C.

Two bus” sections of 4,160-V switchgear were selected to.obtain greater
reliability and substantially the same cost as a single bus sectfon. The
larger breaker required for a single bus section cost about twice as much as
the smaller breakers for two bus sections.

AT1 motors larger than 200 hp will be served directly from the 4,160-V
buses. Motors larger than 100 hp up to 200 hp will be served from load
center circuit breakers. Where reversing motors are required, these will be
served by a motor control center. Motors of 100 hp and less will be served
"by‘motof cohtro1’ténter$.7-" F e T |

The plant load center (1A and 1B) will be double ended with two
4,160-480-V, three-phase, 1,250 kVA silicone oil-filled or dry-type trans-
formers. The secondary main breakers will be 600-V, 1,600-ampere drawout
power circuit breakers. A 600-V, 800-ampere drawout circuit breaker will
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ke provided for the bus tie. Feeder circuit breakers will be 600-V,
800-ampere drawout power circuit breakers. The plant load center will
be Tocated indoors.

The coal and ash handling and scrubber 1oad centers will each be
double ended with two 4,160-480-V, three-phase, 1,250 kVA oii-filled
transformers. The secondary main breakers will be 600-V, 1,600-ampere
drawout power circuit breaker will be provided for the bus tiﬁ? Feeder
circuit breakers will be 600-V,’800-ampere drawout power circuit breakers.
‘The coal and ash handling and scrubber load centens will be located out-
doors. ’

The cooling tower load center will be double ended with two 4,160-
480-V, three-phase, 1,000 kVA oil-filled transformers. The secondary
main breakers will be 600-V, 1,600-ampere drawout power circuit breakers.
A 600-V, 800-ampere drawout power circuit breaker will be provided for
the bus tie. The feeder assembly will be a motor control center. The
starters for the cooling tower fans will be circuit breaker combination,
reversing (if reversing is required). Molded case breakers will supply
lighting transformers and miscellaneous services. TheAcoo1ing tower load

~center transformers will be located outdoors. The switchgear and motor
control center will be located indoors. o

Two motor control centers will bé served by the plant load centers,
one from each bus section. Circuit breaker combination starters will be
provided for motors. Molded case breakers will be provided for lighting
transformers, battery chargers, and miscellaneous.service.

o 5.6.8.3 Emergency Generator - -

One 150-kW emergency bower diesel engine generator will provide'acA
power for safe shutdown and emergency service. The generator will be rated
189.5 kVA, 80% power factor, 480 V. The generator will be connected to
one of the motor control centers by an automatic transfer switch. If
power fails on the motor control center the diesel will automatically start
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and the motor control center load will transfer to the emergency generator.
With the 0.8 solar multiple plant emergency power for heliostat slewing is
not required since cold sodium buffer storage will supply sufficient
cooling for safe receiver shutdown on loss of power..

5.6.8.4 Heliostat Field Feeders

Thé heliostat field will be served by four 4,160-V feeders, pad-
mount transformers rated 4,160/240 V will supply the heliostat field. The
feeders will be direct burial power cable with concrete cover. The number,
size, and location of transformers will be defined under the collector sub-
system.

5.6.8.5 DC System

The dc system for the plant will consist of a battery, two battery
chargers, distribution panels, and two inverters. The battery will be a
60-cell lead acid, 400 ampere-hour, calcium pasted plate. type. The
battery chargers will be automatically regulated, 125 V dc equalizing
charge, 460 V ac supply. A main distribution panel will supply all
loads over 100 amperes. ' o

There will be two small distribution pénels. The small distribution
panels will supply all loads of less than 100 amperes. All distribution
panels will use switches and fuses. Two 15-kVA inverters will provide
supply critical control requiring 120 or 208 V ac.
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5.7 MASTER CONTROL SUBSYSTEM

5.7.1 Master Control Subsystem Requirements

Modes of Operation The Master Control Subsystem, such as that currently
utilized by the utilities, will be configured to sense, detect, monitor and
control all system and subsystem parameters necessary to ensure safe and proper
operation of the Solar Central Receiver Hybrid Power System. Data recording
shall be provided for those parameters considered'pertinent in the evaluation
of plant performance, safety and operation.

Master Control Design The Master Control Subsystem shall be designed based
on the following consideratipns.

Design simplicity, resembling standard power plant control systems:
- Standard control practices

- Simple, well defined interfaces between the Master Control Subsystem
and the other plant subsystem controls

Operational Simplicity, requiring brimary operation to be automatic with
operator override capability:

- Single console control during'bdth autonatic and manual operations

- Easily read dispiays

Design reliability, requiring:
- Use of proven designs

- Elimination of single point failures through redundant e]ements whenever
it is cost-effect1ve to doso '

"'Operat1ona1 re11ab111ty, requ1r1ng | |
- Separation of plant operational contro]s from data acqu1s1t1on and |
evaluation peripheral controls within the Master Control Subsystem
(thus permitting each control to function independently).

- Manual operation of the plant in the event of fai]ure'of the Master
Control Subsystem (thus requiring independent controls for the other
plant subsystems) -
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Cost-effective design, requiring:

- Selection of off-the-shelf equipment

- Modularity among the major subsystems of the Master Control Subsystem
- Generically similar equipment in each major Master Control Subsystem

- Mu1t1p1e ana]og data channe1s connected to single high-speed
d1g1ta1 channels

Cost-effective operation requiring:
- Flexibility via a comprehensive set of operational modes

- Software driven operational control which is easily changed or expanded

5.7.2 Master Control Subsystem Description

The master control design for the Solar Hybrid Central Receiver System
incorporates a centralized plant control center that links via a serial digital
data bus to remote subsystem controllers. " An overview of this design .concept
js shown in Figure -5.7-1. This design employs a distributed control system
concept whereby the individual controller functions are accomplished close to
the process while the integrated plant control is performed in the control
center. ‘ '

A vital part of the control system concept is the man-machine interface with
control displays located in the control center. At this station the operator
monitors and commands the operations of the plant. Programmed command sequences
are initiated from the control consoles and plant status and data are monitored,
displayed and recorded here. |

'The contro] center is 11nked to the remote subsystem contro]lers us1ng a common
“and redundant serial communications scheme. - Th1s scheme w111 ut1]1ze optical

jsolated fiber optic transmission.

Contro]/Mon1tor1ng §ystem Des1gn )

: The design of contro]/mon1tor1ng system for the Solar Hybr1d Centra] |
_‘Recejygt_§xspcm 1Qc9rporacgsqumjntegrated plant contro]mcenter This center -
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connects master control and independent subsystem controls to the subsystem
controllers, located remotely in the field, by a redundant serial fiber optic
transmission scheme.

Features of the plant control center include:
e Distributed control/monitoring functions with redundant fail over capability.
e Single communication bus architecture interfacing all plant control facilities.

e Independent data acquisition and reduction system to accommodate pilot
plant experimental instrumentation.

e Automatic and manual safing and protection systems.

e Recording, logging and hard copy capabilities that preserve significant
plant operation events.

e Collector and beam characterization subsystems integrated into the plant
control concept.

e Time of day, local weather and grid demand coordination connected to the
communications bus.

A block diagram of the plant control hardware is shown in Figure 5,7-2.

The control/monitoring system design employs a .combination of hardware and
software to achieve plant monitoring and control functions. Specific control/
monitoring functions are distributed within six microprocessing systems that
provide: 1) independent subsystem control and monitoring that supports
automatic, semi-automatic and manual (cascade) modés of plant operation, and
2) a redundant fail over capability for plant control functions to minimize
single point failures of computational control hardware and peripherals.

This design approach distributes a common set of interfaces, hardware components
and software design disciplines across the subsystems, at the master control
level, maintaining system integrity thrnughout. Significant cost, operational

. and benefits implementation are obtained through: 1) development of simpler
stand-alone software packages for each-subsystem processor in difference to

" development of software packages for a single processor that are complicated
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by limited single CPU and peripheral resources that each subsystem task must
compete for, 2) use of multiprocessors to provide tailored subsystem throughput
capacity for control, d1sp1ay and operator interaction without the need for

high performance and costly mini or maxi computer systems, and 3) the adoption
of the multiprocessor configuration to minimize system monitor/control failures
at the control center interface by providing failover to a redundant "look-alike"
system'rather-than a wire-by-wire 1arge control board with a unioue combination

of manual control and monitoring appliances.
_ ~ ‘ )
The control center philosophy assigns an independent processing capability

to the subsystems with a reserve,capacity to absorb the monitoring and control

operations of a companion processor that has failed. Four processors, each

configured with memory, arithmetic and mass storage peripherals, will provide
the total capacity to monitor and control the plant operating functions exclu-
sive of experimental data acquisition unique to test and development purposes.

Each of the four processor control termina1s.can communicate with any of the
processors. Thus the operator can command and monitor the plant from one CRT/

2yboard or command and monitor each subsystem through an independent CRT key-
board. o )

Each processor contains the control and monitoring sequences for the entire
plant. These programmed sequences are stored in separate -secondary storage
media and used by the processor as required. A prograﬁ sequence exists for
each subsystem. In addition, a master control program'sequehce provides overall
Plant control and arbitrates the use of per1phera1s shared by all processor

" units.

- The. dup11cat1on of processor un1ts, contro1 units and shared per1pherals Tn ?1f: S
the central control console prOV1des a h1gh degree of redundancy that minimizes

single point failures.

Data Communicatioos Design

The common communications 1ink between the central control console and the
subsystem controllers consists of a redundant fiber optics cable, or hardwire.
A hardwire cable at present provides the most cost effective approach to the
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" communications requiremerits. However, the high speed parallel transmission
characteristics and suberior electrical noise immunity available using fiber
optics techniques are attractive. These techniques should be cost competitive
with the hardwired approach in the 1980 and later time period.

The serial hardwired data 1ink will transmit data between the central control
-console and subsystem controllers in a digital form. This technique is highly
immune to external e'lectr'uca'l noise perturbatwns and forms a totally compat1b‘le
information interface with the central contr01 console processors and the ~
subsystem controllers.

Addressing schemes will be used to direct the data to the appropriate device
and word bit patterns will accompany each transmission for the purpose of
d_1gg1c§m_g } single and multiple bit transmission errors. A11 information
transfers will be sent over both. the primary cab'lé and the backup cable. Am—
~ transmission line monitor continually tests the 1ines for loss of signal and
alarms the central control console if this happens. Each device reads both lines
and accepts the priinary‘ 1ine if found to be error free. Should an error occur

or loss of signal occur on the primary line, the device uses the data from the

.- backup Tine prov1d1ng it is error free. Error flags are used to mform the

" central control that .a transmission error has occurred and retransmsswn of

the message is required.

Subsystem Contro‘l'ler Design

Subsystem contro’l]ers used by the Solar Hybnd Centra] Recewer System w1'|'l
. consxst of the fo]'lomng types of devices: ‘ . oo

e Proportwna'l Integra] Demvatwe (PID) Contro'l'lers,-.'r_ R

e Interposmg Logwc Controllers . -

Discrete Contrqﬂers (digital odtput)

Discrete Monitors (digital input) ' o y

Analog Monitors ‘(analog inputs)

Analog Controﬂ.érﬁsi (analog outputs) .
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An example showing the use of maﬁy of these devices is shown in Figure 5.7-3.
A1l of these devices connect to the serial data bus for communications with the
central control console. In turn, they also 1ink to the process monitor or

control functions.

‘The conceptual design of the control system provides for the distribution of
computational and logic functions within each controller device. This is
implemented through the integration of microprocessors into the hardware.
Consequently, the central control processor funct1ons are not complicated with
requirements for complex software and the need for veny h1gh performance equip-

ment. -

In addition to the computation and logic functions of the subsystem controllers,
the microprocessor provides capabilities to diagnose the hardware on a time
available basis, store data for use by the central control processors, and -

communicate with the backup controller to provide automatic fail-over

‘indeﬁendent of central control. A e

If a plant upset should occur, this hardware will automatically initiate an

emergency monitor mode. At this time monitor and control data w111 be stored
for a selected period of time.or until the storage memory is fq]1. Following
the upset, central control can immediately interrogate these memories and log

the data on a printer for analysis.

5.7.3 Collector Subsystem Control

One of the four processors will be configured with the software modules to

~control and monitor the operation of the heliostat array. Both 100 MW plants
- S. M. 0.8 and S.M. 1.4 will requ1re this processor,'ca11ed the He11ostat Array
Controller (HAC) to perform the fo]]ow1ng co]1ector f1e1d tasks

° He]1ostat Status -~ This major module will perwod1ca11y request 1nformat1on _.
‘about every heliostat in the field and maintain a status data base on.
a mass storage device (disk). This module can also be called as a sub-
routine to either store a status change in the data base or retrieve data
about heliostat(s) from the disk for the requesting moduie. The operating -
mode will be reptesented as well as the last known azimutlli and elevation
angle positions.
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Emergency Slew (if required) - A single command from either the MCS or
the operator at the HAC can trigger emergency slew. Emergency slew is
a rapid movement of all solar beams focused on the solar receiver'away
from the solar receiver to a standby position.

Mode Transition - This module will conduct all. mode transitions, except
for an emergency slew request, and ensure that they are .executed without
violating beam safety requirements.

Aim Point - This module shall calculate a trajectory of aim points across
the heliostat field hemisphere to move these heliostats selected for special
moves. The beam safety subroutine will be called to advise‘this module

on avoiding areas where beams are not permitted. '

Beam Safety.- This module maintains a description of the topography of
the heliostat field and surrounding air space where reflected solar beams
are permitted and where they are not permitted. It will be necessary

for this module to know the heliostat position (x, y, 2) and the proposed
beam path vector trajectory in order for the module to determine if the
reflected beam will pass through a restricted zone.

Calibrate Heliostats - This module interfaces with the beam ca11brat1on/
s]1gnment This module will calculate gimbal angles which will result .

in the selected heliostat'hitting an active calibration target.. After »
the calibration target has obtained several measurements of iﬁage centroid
from several mirror positions, the correction algorithms can be executed
and new alignment constraints determined.

Heliostat Reference Locate - If a heljostat or group of heliostats lose
their reference points, this module will direct the he11ostat(s) to move
the shortest distance in order to get a reference update from ‘the abso1ute

_encoders on the heliostat. This modu1e will refer to the “status“ infor- -

'.‘matlon for the last known position and- the beam- safety modu]e for author1-3;f
zation to command the movement.

Data Collection - This module will collect data from heliostats in accordance

with several predetermined data collection formats. The collection module

will collect data either from the HAC's global data base or request the
requ1red information from the he11ostats.
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o Start-Up - This module will calculate the heliostat field to be used for
cold and hot receiver start-ups. The determination of the requirements
for start-up will be obtained from data supplied by the receiver programmed
monitor/controller. ' : -

5.7.4 Receiver Subsystem Control

A second programmed monitor/controller will be assigned to.the receiver
subsystem. This monitor/controller will perform the following tasks:

e Startup Management - This module will determine the status of each receiver
panel prior to a startup and solve the algorithms for the optimization
of cold and hot receiver startups. Optimization data will be presented
to the operator-and used by the collector monitor/controller for the
selection of the heliostats to be used for startup. |

e Receiver Shutdown - A module wi]i be required'for optimizing shutdown of
the receiver to minimize thermal stresses and prevent the solidification
of liquid sodium. This module will also provide: 1) SET point command
changes to the individual panel controllers initiated by the operator -

should they be. requ1red 2) monitor tracking of panel status, and 3)
. formatting status change displays for alarm and operator interpretation.

e Receiver Steady State Operation - The decoup]1ng of the receiver subsystem
from the steam/water and power generat1on subsystems removes 1nteract1ng
subsystem coordination requirements. Consequently, the steady state module
provides for the moniioring of receiver operating status and provides
alaris and data to the operator. This module provides the capability for

commanding controller setting changes if required

.. REC81VET Data Collection - This modu1e acqu1res mon1tor1ng/contro1 measure- o

" ment and status data: and formats these data for use by other mon1tor/
- control modu1es of the master contro1 system. R :

¢ Receiver Diagnostics - The available time remaining within the programmed
. controller will continually be filled running diagnostics on programmed.
;ontroller'hardware and interpreting the availability of monitor and
control hardware in the field.
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5.7.5 Storage/Steam Generators Subsystem Control

A third programmed controller monitors and controls the thermal storage (solar
multiple = 1.4) and steam generation subsystems. This element of the power
plant is, for the most part, typical of a conventional power plant. The thermal
storage and steam generators will use local controllers to maintain steady state

operation. The tasks performed by this unit are:

o Energy Management - This module calcu1ates the status for'operating the
plant based on the available stored energy, the energy requ1rements to
maintain grid demand and operating plan for the day and the available
energy storage replenishment. The data from these .computations is formatted

and displayed to the operator.

e Data. Acqu1s1t1on - Operational data in the form of digitized analog measure-
ments and binary status are collected and formatted for record1ng, operator
display and use by other modules in master control.

o Storage/Steam Control - This module provides the capability for the operator
to command changes to control settings for the thermal storage and steam
generators if reqhired. _Alarm and 1imit tests and display are performed

by this module using data obtained from the data acquisition module.

5.7.6 Norisolar Subsystem (Fossil Heater)

The control of the fossil heater will be maintained for the second programmed

monitor/controller which is also assigned to control of the receiver subsystem.
This is because of the close coupling of these two subsystems. In addition to
the receiver control tasks, this monitor/controller will perform the following

tasks.

o Flow M1x1ng Between Rece1ver and’ Heater - Th1s modu]e will ma1nta1n a- proper
balance.between: receiver and heater output to assure the proper f]ow to the L

steam generation subsystem.

"0 Heater Ramp Up and Down - This module will control the ramp up and down
the heater during major excursion in rece1ver output. It must also maintain
coordination with the thermal buffering- (SM 0.8) or thermal storage (S.M. 1.4)
to account for lag times in heater and receiyer ramp rates. :
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Heater Steady State Operation - Provides control of heater during heater
only operation, allowing plant operations during extended periods of non-
solar collection. Provides capability for thermal storage makeup if deemed
necessary and allows checkout of plant prior.to turn-on of solar system.

Heater Data Collection - This module acquires monitoring/control measure-
ments and status data and formats these data for use by the modules of the
master control system. C

N

Heater Diagnostics - Provides hardware status and malfunction report.

.7.7 Master Control and Ba]ance of Plant

The fourth program controller contains the modules that will coordinate the

activities of all the program controllers as well as monitor and control,

. if required, specified functions of the balance of plant and turbine generator.

Support systems (i.e., N2 Argon, compressed air, etc.) will be monitored
by this unit. Monitor and control modules executed by the master, turbine

and BOP controller are:

Master Control Coordination - This module will manage the input and output

“traffic.of the other programmed controllers when using the reduhdant »

serial data bus or the shared peripherals (i.e., event recorders and
hard copy loggers). The plant operations sequencing for automatic operation
will be provided in this module.

Master Data Base Manager - A master data base will be stored and updated
in the master controller. This data base.will be a composite of the
other data bases managed in the other three program controllers. The
contents of the master data base will be used for the generafion of plant

7~reports and the d1sp1ay of graph1c and tabu]ar plant data to the operator

Plant Report Generator - The generat1on of pTant reports w1]1 be accom-

plished by this module, stored and output on the hardcopy. 1oggers and

visual operator display terminals. The report generator will obtain the
information for reports from the master data base. Reports will be generated
on a time basis or upon demand when requested by the operator.
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o Redundant Bus Diagnostics - A diagnostic module will be used to test the
redundant data bus integrity with the other programmed controllers, shared
peripherals and remote subsystem interfaces. This module will automatically
assign the programmed controllers to the functionihg serial data bus.

The failure of a serial data bus will post an alarm to the operation and
the programmed controllers.

o Plant Startup - The operator wi]l be required to initiate the master
“control system startup fo]]ow1ng a power down incident or when required.
A module will be required to initiate the program load1ng of the other
programmed controllers and a functional test of master control ‘when a
system- startup is required. This module will also report the startup
status of master controliupon request from the operator.

An independent fifth programmed controller provides the capability of calibrating
the heliostats in the collector field. This controller interfaces to the redun-
dant digital data bus of master control to communiéate and transfer information
to and from the collector subsystem programmed controller. This controller also
interfaces to image digital radiometers remotely located in the field that

-measure the radiance patterns of the heliostat. A block diagram of this system

is shown in Figure 5.7-4.

The programmed controller in the beam characterization system performs the
following tasks: '

o. Data Collection - This module will collect digitized video scanned irradia-
tion data from a target reflection of a heliostat beam along with heliostat
4 pos1t1on -and ava11ab1e 11ght data These data will be stored in raw form, -

~e Data Reduct1on and Analyses - Beam ref]ect1v1ty, 1rrad1ance, f1ux dens1ty; .

bompar1sons, flux density distribution and beam centroid data reduction

and analysis are performed by this module. Results of these analyses are
used to determine the condition and alignment characteristics of each
heliostat. These alignment and reflective characteristics are in turn
transmitted to the collector subsystem programmed controller where heljostat
alignment corrections and maintenance actions are programmed,
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o Data Display - The display of calibration data for a heliostat will be
provided by this module. Tabular and graphical presentations can be
commanded from the display terminal. An illustration of the type of
display information is shown in Figure 5.7-5. '

¢ Diagnostics - This module will provide diagnostics that evaluate the
programmed controller and irradiance system hardware. Hardware status
and malfunction reports will be generated in this module.
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5.8 BALANCE OF PLANT
5.8.1 Plot Plan

The plot plan is shown in Figure 5.8-1. The plant area is offset southward
due to the optimization of the heliostat field. The coal unloading station, coal
and oil storage tanks and cooling tower are located outside of plant area because
of space limitations (See also Figure 5.8-2). The perimeter location will also
lessen the mirror field exposure to moisture and coal dust compared to a control
plant area location.

5.8.2 Plant Layout

The plant layout is shown in Figure 5.8-2. The south half of the exclusion
area (plant area), is enlarged compared to the north half to provide lay down
space for turbin maintenance and to eliminate a heliostat beam interference
problem with the sodium heater.

5.8-3 Piping, Instrumentation, Flows, Control Logic Diagram

The piping, instrumentation, flows, control logic diagrams is given in
Appendix Haodd T,

5.9  COST ESTIMATES |(TBD) : R .
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6.1
6.2
6.3

6.0 ASSESSMENT OF COMMERCIAL SCALE SOLAR CENTRAL RECEIVER HYBRID
~ POWER SYSTEM

POTENTIAL IMPROVEMENTS (TBD)
POTENTIAL LIMITATIONS (TBD)
MARKET ANALYSIS (TBD)
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7.0 DEVELOPMENT PLAN

7.1 CRITICAL SCALING RELATIONSHIPS (TBD) .
7.2 SUBSYSTEM/COMPONENT LEVEL ANALYSES AND EXPERIMENTS (TBD)
7.3 DEVELOPMENT PLAN (TBD)
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4.1
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