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PREFACE 

The final report for the study of Solar Thermal Electric Power 

Systems (STEPS), conducted by Colorado State Univers:i ty and Westinghouse 

Electric Corporation and financially supported by The National Science 

r:oundtaion, Resca1.·ch Applied to Nat j onal Needs, under (;rant CJ -37815, 

is in three m3.in volumes and one supplementary voJ tm1c. Volume l i s 

an Executive Sum,~ which contains brief summar ics of the procedures , 

results, conclusions and recommendations developed from the study. 

Volume 2, titled 翌stem Studies and Economic Evaluations, contains 

descriptions of methodology, parametric performance and cost models, 

descriptions of solar power plants which have the potential to produce 

low-cost electric energy, and detailed conclusions and recommendations. 

Volume 3, ~ contains the details of the study which nrc summarized 

in Volumes 1 and 2. The 竺扭E凸壅~' is a compilation of 

reprints of the computer printout from the optimization runs. Although 

each is self contained, reference to other volumes is sometimes made to 

guide the reader. 

The final report was prepared by the staff of the Solar Energy 

Applications Laboratory at Colorado State University, Fort Collins, 

Colorado, in collaboration with the Westinghouse Electric Corporation. 

Westinghouse part:icipants included the Georesearch Laboratory in Boulder, 

Colorado, the Research and Development Center, the Power Generation 

System Uivision and the Manufacturing Development Laboratory in 

Pittsburgh, ?ennsylvania. 

The International System of Units (SI) has been used throughout 

the report. Some English units are used in a few instances where it 

is considered to be in such common usage in the United States that 

results in unf呻iliar metric units would handicap the reader unnecessarily. 
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1. o INTRODUCTION 

Preliminary system designs and analyses were made of specific 

configurations to establish limitations on the ranges of design para

meters for practical solar thermal power plant systems. These limits 

were used as constraints for the optimization and dynamic simulation 

programs. From the preliminary system designs, subsystems which sig

nificantly affected capital costs of solar power plants were identified. 

Also, the effect of cost and performance factors on energy costs were 

examined. 

The cost of electrical energy produced was estimated for 

solar plants located at Albuquerque, New Mexico using statistical 

hourly distributions of insolation for the year 1959. Materials and 

equipment costs were based on 1972-1973 prices, a rate of capital 

amortization of 16 cents per year per dollar was used, and all electric 

energy produced was assumed to be utilized in an electric network. 

Collector costs were not investigated in detail for the pre

liminary designs. Therefore, a range of anticipated costs per unit 

area of collector was used to determine energy costs. The results 

indicated the range of collector costs which must be achieved for 

the solar plant to be competitive in bus-bar energy costs with con

ventional plants. 
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2.0 METHOD EMPLOYED 

The method used to develop preliminary design concepts and t 

evaluate the performance of each system involved: 

(1) Reviewing and selecting environmental and operating 

conditions for Albuquerque, New Mexico. 

(2) Conceptually assembling a number of feasible solar power 

plants from compatible subsystems. 

(3) Evaluating performance and cost trade-offs for the sub 

systems for a range of operating conditions. 

(4) Determining the performance and system costs per unit of 

output power, and identifying major cost factors which 

affected energy production costs. 

(5) Examining the effects of varying plant size and operatin 

temperatures on energy costs. 

2,1 Basic Plant Types Considered 

Three types of solar thermal electric power systems were 

considered. They were: 

。(1) A low temperature (lSO~C) flat-plate collector system 

in which the heat was transported by pressurized water . 

To achieve this temperature, collectors consisting of 

clear honeycomb between the absorber surface and cover 

glass with back insulation were designed. Orientation 

was assumed to be fixed at an azimuthal tilt equal to 

the latitude. 
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(2) A medium temperature (2SS°C) concentrating collector 

system (with a concentration ratio of 20) in which the 

heat was transported by steam. The collector consisted of 

a parabolic trough tilted to the latitude with single 

axis tracking. 

。(3) A higher temperature (350-C) system employing two axis 

tracking reflectors concentrating solar radiation on a 

central absorber mounted on a tower. Multiple tower 

plants were included in the analysis to achieve reductions 

of energy costs. 

2.1.1 Preliminary Design Conditions 

The design conditions used are tabulated below. 

Location: 

Insolation: 

Ambient Temperature: 

Sky Temperature: 

Wind Velocity: 

Storage Time: 

Rated Capacity: 

Collector Cost: 

Albuquerque, New Mexico 

Statistical distribution derived from 

1959 measurements of total solar flux 

density on a horizontal plane. 

。10 C 

。-5 C 

5 m/s 

Adjusted to obtain minimum energy costs. 

Varied to obtain minimum energy costs. 

A parametric variable to establish re

lation to energy costs. 

2-1.2 Performance and Cost Trade-Off Relationships 

Preliminary performance and cost trade-offs were made for sub

systems using the design parameters for the three preliminary systems 
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that were selected. Estimated performance and costs are expressed 

graphically in terms of the most significant _system parameters. The 

performance curves were derived from theoretical and experimental data 

available in the literature. Subsystem costs per unit of power out

put were developed from discussions with material suppliers, component 

manufacturers and consultants in areas of interest. When the necessary 

data were not available, subsystem costs were derived using escalators 

on the basic materials costs and multipliers on cost estimates for the 

specific designs. Collector performance curves were used to determine 

collector efficiencies and to estimate available heat from solar rad

iation for a particular operating period. An important component in 

system cost is the cost of collectors. Rather than to provide detailed 

costs for collectors at this stage in the analysis, the cost for elec 

tric energy was expressed parametrically with unit collector costs. 

A range of 40 to 80 dollars per square meter was estimated to bracket 

the range of realistic collector costs. 

The performance of a flat-plate honeycomb collector and a 

parabolic trough collector is shown in Figure 2-1. Thermal power 

output per unit area from the collector is shown as a function of incid 

solar flux density for the specific heat transport fluid temperatures 

chosen for these preliminary designs. The flat-plate collector was 

assumed to have a 5 cm. deep transparent honeycomb between the absorber 

surface and the glass cover. The absorbing surface was assumed to 

have an absorptivity of 0.95 and emissivity of 0.9. The back side was 

insulated with 10 cm. of glass wool. The parabolic trough collector had 

a concentration ratio of 20, intercept factor of 0.85 (the fraction of 

incident light intercepted by the absorber), surface reflectance of 

0.75, absorptivity of 0.9. The transmissivity for the glass envelope 
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around the absorber tube was 0.95, with a selective coating having an 

emissivity of 0.2. 。The ambient temperature was assumed to be 10 ~c 

。and sky temperature, -5 ~c. 

To determine heat transport costs and land costs, it was necessary 

to determine collector spacing in the field layout. Assuming that col

lectors are distributed in rows (east-west) and columns (north-south), 

the spacing between rows will be a function of latitude for polar 

mounted collectors, for no shading interference between rows. Spacing 

between columns is a function of the time of day, or hour angle. The 

spacing factors between rows, F1, and between columns, F2, are expressed 

in Figure 2-2 as functions of latitude and hour angle respectively. 

Performance and cost estimates for the heat transport system 

were developed for different thermal power levels for both steam and 

pressurized hot water systems using a computer program as described in 

Appendix F. At each power level, the pipe size, flow rate, insulation 

thickness and costs associated with piping, pumping power, insulation 

and heat loss were calculated for the total transport system including 

the feedwater return. The results which are tabulated in Appendix F 

were used to determine heat transport costs as a function of field 

geometry. 

The flat-plate collector system was designed for pressurized 

water transport with a_ heat exchanger boiler to generate steam to 

operate the turbine. Estimates for heat exchanger costs per unit of 

thermal power, as a function of inlet temperature and parametric in 

M, the difference between input and output steam temperatures, are 

shown in Figure 2-3. 

A steam accumulator storage subsystem was assumed for each system. 
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Estimated unit costs of steam accumulators an<l pressurized water storage 

units as a function of inlet temperature and parametric in tit are shown 

in Figure 2-4. The efficiency of the storage subsystem was assumed to 

be 0.99 for each case. Different storage times were considered to 

evaluate its impact on electrical energy costs. 

A Rankine-cycle turbine was selected as the prime mover. Cycle 

efficiency as a function of inlet steam temperature for a condensate 

。return temperature of SO ~c is shown in Figure 2-5. The efficiency of 

the turbine-generator for multi-stage axial units as a function of 

percent operating load is given in Figure 2-6. Turbine-generator costs 

per unit of power output as a function of rated electrical generating 

capacity are shown in Figure 2-7. A tabulation of design parameters used 

to calculate the performance of the three basic system configurations is 

given in Table 2-1. 

2.3 Solar Plant Ca.eital Costs 

The total area of collectors in square meters, A~, required for 
C 

a given installation was obtained from the relation 

P R = 
A = 「

c I'n n n n n c ··tr··s ·,R.'tg 

R 

。

n 辶_I P 
(2-1) 

where 

「
P... is the rated electrical generating capacity for the plant in kW 

R is the ratio (with I=I') of collector output to rated turbine 
input 

2 I'is the reference solar flux density (1 kW/m~) for a typical 
clear day 

C 
Tl,- is collector efficiency with input I'(Figure 2-1) 

tr Tl+... is transport efficiency (Table 2-1) 

s 
Tl~ is storage efficiency (Table 2-1) 

Tl O is Rankine cycle efficiency (Table 2-1) 
R 
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n~- is turbine generator efficiency (Table 2-1) 
tg 

n_ is overall efficiency 
。

2 
The reference solar flux density I'was assumed to be 1 kW/m 

for the flat plate configuration which accepts both direct and diffuse 

2 
radiation and 0.9 kW/m- for parabolic trough and the tower/heliostat 

systems. Numerical values for the parameters are listed in Table 2-1 

with nc shown in Figure 2-1. Collector costs were obtained by multi

plying the collector area Ac by the cost per unit area. Values of 40 

and 80 dollars per square meter were assumed. 

The area of the collector field, A.c:, is equal to the collector 
f 

area divided by the spacing factors. Land costs were assumed to be 

0.05 dollars per square meter which corresponds to 200 dollars per acre. 

To calculate the piping required for the distributed collector 

systems, a square piping grid was established for the field. Assuming 

2 each collector to have the dimension of 2m by 4m, or 8m-, there are 

Aj8 collectors connected to the grid. Power levels for major sections 
C 

of the grid were selected and unit costs of piping, which include 

insulation and return line costs were multiplied by the length of 

line neces3ary for each power level. The total piping costs were 

multiplied by a factor of 1.5 to account for materials transport and 

construction costs at a remote site. 

For the system using flat-plate collectors the heat exchanger 

costs in terms of rated capacity were determined by dividing the unit 

costs given in Figure 2-3, for the specified operating temperature, by 

nSnRntg 

Heat storage costs per hour of storage time were determined by 

dividing the unit costs obtained from Figure 2-4 by n訒tg. Total 
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storage costs depend on storage time selected. Turbine generator cos 

were obtained by multiplying the costs shown in Figure 2-7 by the 

rated generating capacity of the plant and adding 50 percent for cost 

of installation. 

For the preliminary system evaluation, a cost of $28.00/kW_ w 
e 

assumed for the cooling subsystem. This corresponds to costs of $6 .0 

of thermal capacity. 

Estimates for the cost of site preparation, buildings, anci ll 

equipment, pumps and controls were assumed to increase with storage t 

A summary of the preliminary plant costs obtained for the three basic 

system configurations is given in Table 2-2. 

2.4 Electrical Ener盼： Costs

The total cost of energy, R, produced at an electric power 

generating plant is given by 

R = R + R_ + R + R 
c f o m (2 -2 

where R is the cost of electrical energy in cents per kWh~, R~ is t he 
e c 

capital investment component, Rf is the fuel component, R0 is the oper 
。

ating component, and R_ is th 
m e maintenance component. The capital 

investment component was calculated by 

R = 
C r 

C 一卫 a 
P 8760 C r f 

(¢/kWh_) 
e 

where C_ is the plant capital cost which includes direct costs of 
p 

materials, installation, and indirect costs such as interest during 

construction, A&E fees, contingencies and spare parts. The fuel, 

operation, and maintenance costs are usually considered separately . 
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The rated plant capacity, P.,,., in kW,, and r,, is a fixed annual 
「 e a 

charge in cents/year per dollar, and includes cost of money, depreciat 

insurance and taxes. This amortization rate varies from year to year, 

but for 1973-1974 is between 16 and 18¢/year per dollar. The number 

8760 is the total hours in a year. The capacity factor Cf is the rati 

of actual power generated to the amount it is possible to generate, co 

sidered on an annual basis. 

The relationship between plant cost, capacity factor, and cap-

ital component of energy cost is shown in Figure 2-8. For a conventi 

coal powered plant C.i: may be as large as O. 9, if the down time for ma' 
f 

tenance and repair is small. Capacity factors of 0.8 are more typical 

for nuclear plants and 0.25 is typical for gas turbines which suppl y 

peaking power. The cost of power generation at typical conventional 

power plants, including fuel costs, is shown in Figure 2-9 using the 

Franklin Institute (1972) data. 

The capacity factor for a solar plant may be exprc:ssed by 

Q C e-r 
C = f- p X 8760 

「

(2 -4) 

where Q,. is the potential electrical energy produced in kWh/year. B 
e 

Qe = A 
C fr n dt 

1 year 

(2- 5) 

and C_ is a system reliability factor; 
「

then 
得ad ne Ac 

_- f c 
P 8760 
「

(2- 6) 

2 where I is the effective incident solar flux density in kW/m- which 
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is a function of location and collector orientation. When integrated 

over the year, this yields the yearly average input energy density 

得 in kWh/m2-year. The effective average overall plant efficiency 
ad 

over the same period is ne· The total area of the collector field 

is expressed by Ac in square meters. The installed cost for the col

lectors of a solar plant is CcAc, where Cc is the unit collector 

2 
cost in $/m... 

Substituting C,..A,.. for C.,.... in Equation (2-3) and the capacity 
C C p 

factor determined by Equation (2-6) yields the ~onent 

contribution (R~~) to the capital energy cost. cc 

R = cc 

凡（｀

Q'n rad''e 

(2- 7) 

Preliminary insolation data from Albuquerque, New Mexico, 

(1959), indicated 得
2 2 

ad 
"'7 kWh/m--day or approximately 2580 kWh/m--

year. Using this value and assuming rn = 16¢/year per dollar, 
a 

Rec 

C 
= 0.0062— C 

n e 
(2-8) 

The solution to Equation (2-8) is shown in Figure 2-10. Cost 

corrections are required for different locations where Q..'..",-1 differs 
rad 

2 from the yearly average of 7 kWh/m"'-day and for different collector 

capture potentials which depend upon collector orientation. 

2.4.1 Plant Capacity Factor 

The capacity factor is the ratio of the total annual energy 

ouput to the rated annual production from the plant. The total annual 

energy output for each of the three systems was obtained using the 

relative probability distribution shown in Figure 2-11. The frequency 
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distributions are for a flat-plate collector fixed at a tilt angle 

equal to the latitude and for a polar mounted parabolic trough at 

fixed tilt angle with single axis tracking. They were calculated 

from the 1959 Albuquerque total insolation measured on a horizontal 

surface and corrected for collector orientation and diffuse radiation 

For the flat-plate collector, 2920 hours of the total insolation 

(direct and diffuse) for the year were found useful. For the parabol 

trough, when spacing between collectors was assumed to cause shadowing 

。for hour angles greater than 60-, only 2702 hours had significant 

direct insolation. 

The method used to calculate the total energy output is demon 

strated in Table 2-3. The midpoint values of the solar flux density 

in each interval were used to establish the values shown in Row A. 

probability that the solar flux density occurs in that interval dur in 

the year is tabulated in Row B. The average flux density in each 

interval is obtained by multiplying values in Row A by the probabilit 

in Row Band is shown in Row C. 

The thermal power out of the collector, in Row D, is determin 

from Figure 2-1 for each interval value. The average thermal power f璝

the collector is calculated by multiplying values in Row D by the 

probability density in Row B, as shown in Row E. The annual thermal 

energy output per year in Row Fis obtained by multiplying Row E times 

2702, the number of useful hours in a year for the parabolic collecto「

The turbine operating point, in terms of percent of full load, 

is given in Row G and the efficiency from Figure 2-6 is tabulated in 

。Row H. For a steam temperature of 250 vc the Rankine cycle efficienc'f 

is 0.30 from Figure 2-5. Overall turbine-generator efficiency for eac 
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interval is given in Row I. The annual electrical energy produced i 

each interval is given in Row J. 

The annual insolation per unit area is obtained by summing t 

values in Row C and multiplying by the number of hours of useful 

insolation which occurs during the year. 

2 
E Row C x 2702 = 2380 kWh/m--year 

The average thermal output is given by 

2 
E Row F = 1283 kWhjm--year t 

Therefore, the effective collector efficiency for the year is 

1283 
n =—= 0.54 

C 2380 

The total annual electrical energy produced is the sum of the values 

Row J. 

2 
>:: Row J = 268 kWhjm~-year 

e 

The average turbine-generator efficiency is then 

268 
Ave. n n = = 0.209 R''tg 1283 

This assumes a minimum storage capacity of one hour. 

The overall system efficiency for the year is 

n ＝旦＝o 2380 ' .10 

The yearly electrical energy ou_tput, Qe, can be determined by 

multiplying the electrical output per square meter by the collector 

area. As storage time increase~ the turbine generator can be operat 

at a higher average efficiency by storing thermal energy and operat in 

the turbine nearer maximum efficiency. This increased storage, howev 

'̂ requires an increased collector area by an amount proportional to R ~ 

(1 + ts/8) where ts is the useful discharge time from storage accwn-

A-24 



ulated during 8 hours of operation during the day. 

The capacity factor Cf can now be determined from 

. Q x C e o 
cf=~ (2-9) 

p X 8760 
「

where Q~ is the electrical energy produced per year, P- is the rated e r 

electrical generating capacity of the plant, 8760 is the total hours 

in a year and C~ is a reliability factor to account for down-time 
。

necessary for maintenance and repair. 

The results obtained for the three basic system configurations 

are summarized in Table 2-4. It was assumed that 竺our hours of storage 

capacity was achievable for each system. 

2.4.2 Energy Cost Comparisons 

Using the capital cost estimates for each system, along with 

the corresponding capacity factors, the electrical energy cost for the 

capital component can be computed, neglecting for ：：hem。ment the 

Architectural and Engineering (A & E) costs, interest during construction 

(IDC), and Operation and Maintenance (O & M) fees. Results are summarized 

in Table 2-s 2 -5 assuming collector costs of $40/m 2 
and $80/m"" and for 

1-, 4- and 8-hour storage capacities and using an investment change 

rate of $0.16/year per dollar. 

It was estimated that the addition of A&E, !DC and O&M costs 

could add 20 to SO percent to the total energy costs. Figures 2-12, 

2-13, and 2-14 were prepared to show the impact of these added costs 

antl the effect of collector costs on the total energy costs for the 

flat-plate (150°) and for the parabolic trough (250°) systems. 

Preliminary comparisons of the electrical energy costs for the 
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three sy stems are shown in Figure 2-15 using a 30 percent adder 

for A&E and IDC fees and assuming an amortization rate of $0.16/year 

per dollar for a 1973 base year. On this figure the storage time varies 

2 2 
from 1- to 8-hours and collector costs from $40/m~ to $80/m~ for 

each system. 

A comparison of solar plants for other plant sizes is shown in 

2 
Figure 2-16. A collector cost of $40/m~ was assumed for each plant. 

The tower/heliostat configuration was for 21 towers 100 meters high for 

the 73 MW plant and 21 towers 200 meters high for the 300 MW plant. 

These results can be compared with fossil-fuel plants, both 

peaking and baseload, and a nuclear plant which are shown in Figure 

2-17. The total cost of energy includes both the amortized capital 

investment and the fuel costs in terms of dollars/barrel of oil or 

dollar/lb. of uranium. 

from Figure 2-18. 

The fuel costs, in ¢/kWh_, were determined 
e 

The comparative energy costs for an oil-fired peaking plant 

and baseload plant are shown in Figure 2-19. 

2.5 Size and TemEerature Effects 

An estimate of solar power plant costs, in $/kWh~, as a function 
e 

of plant size is shown in Figure 2-20. The system consists of parabolic 

troughs with steam transport at approximately 250 °c and 4 hour storage capa-

2 
city. Collector costs of $40/mL. were assumed. The minimum total costs 

(top line on Figure 2-20) has a fairly broad range and occurs between 100 

an<l 300 MWe. The estimated performance in terms of efficiencies and costs 

for various operating temperatures for a parabolic trough system with 
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10 MW= capacity is shown in Figure 2-21. The minimum plant cost 
e 

。occurs for a 250 ~c system, for the conditions assumed. For less 

storage capacity the optimum operating temperature occurs at a 

slightly higher value. 
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1. o INTRODUCTION 

面e conversion of solar energy to electric power involves a 

complex interaction between a number of subsystems including solar 

concentrators, absorbers, heat transport, heat storage, prime movers 

and generators. The arrangements of subsystems for two general 

system types are depicted in Figures 1-1 and 1-2. The objectives of system 

optimization is to identify the design parameters of subsystems and 

the proper interconnection of these subsystems to produce electric 

output at minimum cost per kWh,,. 
e 

The problem of selection of the proper subsystems designs is 

more complex than simply assembling the minimum cost alternative for 

each subsystem. For example, the minimum cost collector design for 

a given set of performance parameters may force the adoption of an 

expensive heat transport system. Thus, system optimization is concerned 

with minimizing the total cost of the STEP System for a given output 

condition, not just identifying the minimum cost for each of the 

subsystems individually. 

The multistage system optimization methodology described here 

is the first application of systematic optimization techniques to a 

total solar-thermal-electric power system. The principal advantage of 

the multistage optimization approach taken in this study over point 

design analysis is that a much wider variety of subsystems are given 

detailed consideration. The modern high-speed computer with its ability 

to make rapid computations and comparisons allows the multistage 

optimization process to identify the minimum total cost design, whereas 

point designs often overlook many of the possible combinations and 
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may make poor choices for some subsystems which force expensive 

alternatives for other subsystems. 

Optimization by the methoJ described involves system performa 

characterization for a single fixed set value of insolation or distri 

tion or of values for insolation. Wind speed and ambient temperature 

are also fixed. Thus, while relative comparisons can be made, the 

analysis used in the optimization process may not accurately predic~ 

the absolute system performance under dynamic conditions. A system 

simulation is used to predict the dynamic behavior. 

The major trade-off evaluated by simulation is sizing the 

thermal storage subsystem to minimize the cost of electrical energy . 

Thermal storage is useful to the system if it improves the average 

turbine-generator conversion efficiency or if it lowers the overall 

system cost by permitting a smaller capacity turbine to be used. 

By simulating the system chosen in the optimization process 

with variations in the thermal storage capacity, the total annual 

electrical energy output is estimated. Then, using the estimated 

annual capital and operating expense, the cost of electrical energy is 

found. 
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2. o OPTIMIZATION METHODOLOGY 

Mathematical models were developed to describe the performance 

of each of the alternative types of each of the STEP subsystems. 

Separate mathematical models were developed to describe the cost of 

each of the STEP subsystems as a function of its design variables. 

These performance and cost models are described separately in 

Appendices D through I of this report. 

This appendix presents a methodology for finding minimum cost 

designs for solar thermal energy systems. This is a synthesis rather 

than an analysis approach and it is an alternative to traditional 

engineering approaches used in the determination of optimum system 

designs. In this synthesis approach a system is built up in stages and 

at each stage a minimum cost design is determined for a large number of 

different specified performances. At each subsequent stage the system 

comes closer to being completed and when the procedure is finished, the 

minimum cost system has been determined. This app:;.·oach has been 

successfully used to analyze many other kinds of complex interrelated 

systems and it is believed that this is the first time it has been 

applied to solar thermal energy systems. 

One traditional approach is to model the entire system in a 

simplified manner. This enables the experimenter to optimize the system 

by direct search or by graphical means since there are then only a few 

design parameters. Since most design parameters are fixed, only a few 

of the multitude of possibilities can be examined. In fixing most of 

the design variables, only an extremely small fraction of the possible 

designs are examined and the system's optimum is likely to be missed. 
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Alternatively more design variables could be included. However, this 

reduces or negates the usefulness of direct search. 

Two problems arise when direct searc h i s us ed to find ;i11 

optimum in a system with many design variables . First, direc t 、 earch

becomes extremely ineffective if there are more than two or three dcsig 

variables, Wilde (1964). This is characterized by Bellman (1957) as 

the curse of dimensionality. Second, direct search may not find an 

optimum when there are two or more design variables even if the 

response surface is unimodal, Wilde (1964). Palmquist and Beckman (1 97 

have demonstrated that there are multiple optima in radiative 

conductive systems. This makes the situation even worse for direct 

search since "such systems have not been studied with any success," 

Wilde (1964). Optimization using simulation is necessarily limited 

by these considerations. 

Selcuk and Ward (1970) in a recent article employed simplified 

mathematical models of cost and performance to analyze the collection 

of solar energy and its conversion to electricity. The optimization was 

by direct search. This approach recognized the need to view the cos t 

per unit of output as the primary criterion for optimization. This 

more complex problem, however, required that the cost and performance 

models be simplified and only a limited number of systems design 

variations could be examined. 

Another approach that has been widely used in optimizing solar 

power generation systems is to fix several point designs and then 

perturb design variables until a systems optimum is converged upon. 

The nonlinear programming based techniques that are used permit more 

design variables to be considered than in direct search, but these 

techniques are sti 11 drawn to local optim~ (see Palmquist and Beckman 
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(l972) for examples of this happening in radiative-conductive systems.) 

Since multiple optima undoubtably exist in solar thermal energy systems, 

there is no assurance that a global optimum has been reached. 

The dynamic programming, Bellman (1957), based methodology 

described in this appendix synthesizes or builds up the solar thermal 

energy system in stages. At each stage only a few of the many design 

variables need be considered. Thus, at each stage optimum systems are 

easily found. 

A set of optimum concentrators indexed by properties of con

centrated radiation they produce is found in the first stage. In the 

second stage, the absorber-heat exchanger is added to the concentrator, 

now characterized concisely by properties of concentrated radiation. 

A set of optimum collectors indexed by the properties of thermal power 

that they generate are then found. These minimum cost collectors 

are then used to find field designs that provide thermal power with 

specified properties at minimum cost. This minimum cost thermal power 

is then used in conjunction with turbine-generators and heat rejection 

systems to find minimum cost electric energy generating systems. 

Storage tradeoffs are then assessed by a dynamic simulation. 

The prime requisite for using this approach is being able to find 

a concise parametric representation that conveys all of the performance in

formation about the subsystems thus far put together. This permits a mini 

mum cost to be associated with different values of the parameters so that 

optimization may be performed when the next subsystem is added. If this 

cannot bed one an optimum system cannot be guaranteed. This parametric 

representation is developed in Section 2.1 and 2.2 of this appendix for 

Collectors , in Sections 2.3.1 to 2.3.8 of this appendix for collector 

field 
5 and in Section 2.4 for turbine-generator-cooling towers. The 
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<lctai led performance mode ls that cons ti tutc these p,1 ram ctr i c rcprcsc n

tations are given in Appendix E, F, l-1 and I respectively. 

There are two major advantages to this approach. First, a 

vastly greater number of designs can be considered. This will be 

demonstrate<l below. Seconcl, simplified p erformance and cost models 

are not required as is the case in some of the traditional approaches. 

Non l inearities, discontinuities and equations that must be solved 

implicitly can be included and will fit in with the methodology quite 

easily. The primary consideration involved in performance and cost 

modeling is that of keeping computation times short. 

2.1 Minimum Cost of Concentrated Radiation 

Th e first subsystem to be examined is the concentrator: The 

concentrator i s optimized parametrically by specifying the target s hap 

the type of focusing and two parameters, E and g. These chara cter

istics are sufficient to describe the properties of concentrated ra<lia 

tion supplied to the next subsystem. Minimum costs are then computed 

for fixed values of the parameters, then the parameter values are chan 

and the process is repeated . Expressions (1) below indicate the fu nc

tional dependence of these two performance parameters on the c oncentra 

design variables. 

E = (p, A) * 
ave · p 

g = g (0 
max'¢' 

er,.., er,, er 1:, A_, target shape, concentrator type 入 ' 6 , AP, target shape, concentrator type) 

*f = p ___ _ A~ for two axis tracking concentrators. 
ave p 

** 

** This list also includes the heliostat size in the power tower conce 
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specific mathematical equations for these functional relations may be 

found in Appendix E. These functional relations constitute the con

straints in the optimization. That is, the values of E and g are 

fixed and designs are varied to find a minimum cost design. 

Mathematically this may be expressed as 

f (E, g, target shape) = MIN R (0, p, A, 6, o o 
c c max ave p ¢ A'6' 

concentrator type) (2) 

where the minimization is over designs yielding E and g for the 

specified target shape. Here f 
C 

is the minimum concentrator cost 

as a function of E, g and target shape and R_ is the cost for 
C 

specific va1ues of 0 p A 
max ave p ，％，吣 a0 for a given concentrator 

type. 

2.1.1 Tower-Heliostat Example 

The optimization procedure for the tower-heliostat system was 

implemented on a computer as shown in Figure 2-1. The design variables 

are the field rim angle, e~ ___ ; the average reflectivity of the helio-
max' 

stats, P,,,; the width of the square heliostats, WP; the number of heliom' 

stats in a field, NW; the field aperture area, AP; and the contour 

and pointing accuracy of the heliostats, a 
¢, A, 6 

. A total of 12 values 

of 。° ° ° max' from 20~ to 75~ in steps of 5~, were evaluated. One value of 

Pm, 0.90 was used. The field had one of 7 different heliostats sizes 

with a WP ranging from one to seven metres. With E and g fixed, dif

ferent va1ues of 0, p and WP are tested. With E, g, 0 p and 
max m max'm 

WP f ixed, NW, A~ and a.1., -£ can be found directly (see Appendix E). 
p ¢, A, 6 

Thus , a total 12 x 7 = 84 different field and heliostat combination sizes 

and designs were evaluated for each value of the E and g combinations. f-or 
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No.of Values 

204 

9 

12 

7 

Determine 
NW, Ap, er心．6

Re< fc(E, g)? 

Yes 

f
C 

R 
C 

Figure 2-1. Minimum Cost of Concentrated Radiation from 
the Tower-Heliostat System. 
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other concentrator types, up to 720 different designs are evaluated for 

each E and g combination. 

Each tower-heliostat system design may be fabricated in a range 

of sizes defined by g, E, Pm, e max, and WP. A total of 204 values max , 

of E were used in the evaluation of tower-heliostat systems. Each in

crement of E was 1.02 times the previous E value until 34 values 

in a target plant size range were evaluated. Then another 34 values of 

E were generated for a different target plant size range, and so on 。

Ranges of the target plant sizes have midpoints of 1, 3, 10, 30, 100 

and 300 megawatts electric. 

The parameter g is a measure of the spread of concentrated 

radiation and is a function of rim angle, contour errors, pointing 

errors, concentrator aperture, and concentrator type 。 A total of 9 

values of g were examined for each E in the tower heliostat system, 

so a total of 204 x 9 or 1836 different E, g pairs were evaluated. 

For the example concentrator type, each of these 1836 pairs have 84 

possible designs, or a total of 154,244 combinations. 

With E and g fixed, the computer starts with the first 

va1ue of 0 WP, A 
max'p m''° p ¢'入， 6

and NW that yields E and g. It 

computes the cost to produce E and g and stores that cost value. 

(The cost models for concentrators are described in Appendix E). The 

mirror size, WP, is indexed by one while the other two design variables 

p 
ave and e ____ are held constant; NW, A-, a,i- 1,r;. are computed and 

P'¢ ，入， 6max 

then the corresponding cost is computed. The cost of E and g is 

compared to the previously calculated value and if less, the minimum 

cost is stored along with the values for e --··, p _, A_, a,i- 1,r;., NW and max',., m'""p'- 4>, A, 6 

WP. After all 84 combinations of 8 
max 

, p, A ave p'¢, A,6 
0 and WP 

have been evaluated and the minimum cost for that E and g stored, 
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the value of g is incremented and the procedure repeated for the iww 

combination of [ and g. rventually each or the 1836 p:1 i t·s ol" L , l Il' 

g will be matched with one of the 154,244 designs. 

An example computer printout for the results of this procedure 

is depicted in Figure 2-2 for the tower heliostat system. Shown is th 

minimum cost to produce a particular value of E and g along with t 

associated optimum design for that concentrator. 

2.1.2 Quasi-Paraboloid Example 

The optimization procedure for multiple mounted quasi-parabola 

concentrators was implemented on a computer as shown in Figure 2-3. 

this procedure is carried out, a minimum cost of achieving performance 

of a concentrator characterized by various E an<l g combinations is 

determined. To find a minimum cost design for each concentrator t)'Pe, 

15 x 3 x 16 or 720 different designs were considered for each E and 

g pair. Thus, 272 diff erent minimum cost concentrators, parametric 

in E and g, were determined. 

given E 

In the figure it is shown that f _ , the minimum cost for a 
C 

g pair, is updated each time a new design is found that i 

superior to the previous designs examined. Though not shown in the 

diagram or in Figure 2-4, the minimum cost design that yielded the E 

combination is also saved for future reference. Thus, when an E, 

pair is determined to be optimum for a particular application, such as 

10 MW solar-thermal electric power plant, the concentrator design that 

resulted in this minimum cost E, g pair can be retrieved. 
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一·一＂＇－
PER M0DULE C0ST F0R P0INTING 泅D SURl'Al.E Ac.;c.;URAl.Y I• 。
PER SQUATTE METER \;IOST t1<1R PioX.~TlNu A.1\1D SURFACE ACCURACY I. 。

--PAR的ETERS-- --------0PTH-!UM UESIGNS--------- --------l.:3ST1IOOO------
E, 100 IOOG WP "M Tn 即0 AP/ 100 T\/R SIGMA • MIN TWR n`i HT 

500 500 I 68539 60.90 1299 I 17 .063 469356 ~ * 317 421. 2 48 
500 700 2 17134 60,90 1299 117 .063 435867 317 3955 48 
500 930 I 68539 60.90 1299 117 • I 53 4641 317 4212 48 
500 1372 2 16954 5:;.90 ` I 248 J4O • 143 4325 340 3913 56 
500 1921 3 7535 55.90 1~48 140 • 148 4088 340 3686 56 
500 2689 4 4236 55.90 1248 140 • l S!l 3864 340 3465 56 
500 3765 6 1960 70.90 1556 81 • 148 3475 281 3154 38 
500 5::'!71 7 1398 60.90 1299 117 .163 3211 317 2844 48 
500 7379 7 139~ 60.90 1299 117 .285 ;,,~1 I 317 2844 48 
510 510 I 69909 60.90 1325 119 .034 478183 * 319 4296 49 
510 714 2 17477 60.90 1325 119 • 065 44,,oos * 319 4034 49 
510 l000 I 69909 60.90 1325 119 • 154 412` 319 4296 49 
SlO 1399 2 17293 55.90 1273 Iii I .!44 4406 341 3991 57 
510 1959 J 7686 55.9U 1273 141 .149 4165 341 3760 57 
510 2743 4 4323 55.90 1273 141 .160 3936 341 3534 57 
510 3340 6 1967 65.90 1414 99 .143 3510 299 3165 43 
510 5376 7 14 11 55.-.o 1~73 Ill 」 • I 51 3270 J41 2M71 57 
510 7527 7 1411 55.')Q 1273 141 .匕 OS 327O 341 2!:171 57 
S乙O 5~0 I 71:!0o 60.90 I 352 I 2O • UU4 4U7 197 * 3~0 4382 51 
520 728 2 17827 bU,90 1352 120 .066 452315 * :.120 4114 51 
520 1020 I 71308 6u.90 l:J52 l~u • 154 4810 320 43U2 !:>I 
520 1427 2 17639 55.90 1~9? 142 • 14:> 44U, 342 '1071 58 
S2O 19Yu J 7839 55.yo 1299 142 • 151 ^243 342 3834 58 
S2O 2798 4 4409 55.90 1299 142 • 162 4010 342 3005 ss · 
520 3917 6 2006 65.90 1442 JOO • 148 3574 300 322(l 45 
520 5484 7 143Y 55.90 1299 142 • 156 ::1330 342 2928 53 
520 7677 7 1439 55.90 1299 142 • 26U 3329 342 2928 58 
531 531 I 72734 60.9u 1379 I~ I .uti S 4963'35 * :.121 4470 52 
531 743 2 18183 60.90 l:J79 I~ I • 06S 460772 * 321 4197 52 
531 10.IIU I 7273.11 6U.<JO 1:J79 121 • I 54 4909 321 4470 5, 
531 1456 2 17992 55,90 1325 144 • 146 4574 344 4153 OO 
531 2U:.Jd 3 7996 55.9u 1325 144 • I 52 4322 344 3911 oO 
531 2<:154 4 4498 :,5.90 I..,25 Jl&II .164 4085 344 3676 O0 
531 399!, (> 2U46 05.90 1471 lul • 153 3641 301 3292 t:.6 
531 559.J 7 146~ 55.90 1325 144 • 161 3392 344 2987 60 
531 7831 7 1468 55.yo 1325 144 • 272 3391 344 2987 oo 
541 541 I 74lt>9 oO.;;o 1,,00 1«2 .。u5 505761 *.322 LJ559 53 
541 758 2 lo547 60.90 1406 1~2 .uc,9 4t>9ll23 * :J22 42S I 53 
541 1061 I 74189 6u., 。 1,106 122 • I 55 ::iU02 :.122 4559 53 
S41 11135 ~ lti352 55.9U l:JSI 1,,5 • l 4b 466C 345 4236 o2 
541 2U79 3 U1!>6 55.90 I..,SI 1'15 • 15:J IUlO4 345 3990. b2 
!>41 ~911 4 ~588 55.-,u IJ!>l 145 • I 07 A Io2 JllS .J'/51 O 乙

541 4075 b.<U60 6v.90 I doo I 42 • 144 3693 UZ乙 33 I S 53 
:,41 5705 7 149:; 55.90 1J5I 14S • 1 Oo :!456 J45 3Uil8 oa 
::>41 '/9b I 7 1'191:S 55.'-JU I U5 I I4- .275 3455 345 3043 62 
552 552 I 75672 60.90 111311 123 .。S6 515316 * 323 4650 55 
552 773 2 13119 ;;s.9o 1373 147 • O53 477532 * 347 4320 63 
552 1062 I 75672 60.90 1/134 123 • 155 5097 323 4650 55 
552 1515 2 13719 55.90 1 373 I^7 • 147 4748 347 4320 63 
552 21:'!1 3 8319 ss.~o 1378 147 • I 55 ,1/187 31~7 4069 63 
55 ::: 2960 5 3116 70.?Q 171'l C5 • 1 Ii4 4062 ;"35 3731 ,I': 
55::! 4157 6 2102 60.90 1434 123 .14 ::: 3763 3~3 3383 , 5 
552 5819 7 1528 55,90 1378 147 • 170 3520 3^1 3109 63 

Figure 2-2. Sample Computer Printout from the Heliostat-Tower 
Computer Optimization. 

* A very large cost flags a,k 1 infeasibility. 
¢，入
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2. 2 Minimum Cost of Thermal Power from a Collector 

A property of the STEP system is that it is arranged as a series 

of subsystems, and the output of the first sybsystem must be the input 

to the second and so forth. Thus each of the E, g output pairs from 

the concentrator may be inputs to an absorber-heat exchanger. Each ab

sorber-heat exchanger design for a given E, g input will have differ ... 

ent heat outputs described by 面， the mass flow rate of the heat transport 

fluid; T~_, the inlet temperature of the heat transport fluid; T 
1n out' 

the outlet temperature and the state of the fluid, whether it is pressur-

ized water or steam. 

The minimum cost designs to yield various values of the concen

trator performance parameters E and g are matched with compatible 

absorber designs. The result of this combination together with a specified 

insolation level, I 
D' is a set of outputs 偉 T T) from the combined in -out 

concentrator and absorber subsystems. Many of these outputs will be 

identical, indicating that there are different combinations of concentrator 

designs and absorber designs which will yield the same output. However, 

only one combination will yield the output at minimum cost, and this com

bination can be identified by adding together the cost of the absorber 

and the minimum cost of the concentrator. In subsequent analyses, only 

this minimum cost combination for each value of m, T0_ and T , 1S 
in out 

retained for incorporation in a compatible field layout with an appropriate 

heat transport subsystem. 

The sequential optimization progresses by finding minimum cost 

concentrator-absorber-heat exchanger combinations. In this optimization, 

E , g and target shape are considered to be design variables. Thus, 

With the inclusion of the minimum cost of concentrated radiation having 
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properties E, g with a specified target shape, we can find many 

different collec_tor designs all having a fixed output m, T ~ _ and T 
皿 out·

These designs are then costed and the minimum cost collector with th is 

output is then selected. Specific mathematical expressions that permit 

designs to be converted to values of 肌 T;n and Tn,,t- under specified in 1n out 

solation levels and other ambient conditions are given in Appendix E. 

Mathematically, the optimization may be expressed as 

f (1h, T. , T) = M lN [R (d 1 a c 
a 1n out A (d,l,a, E,a,T,m,absorber type, etc . ) 

+ f~(E,g,target shape)] 
C 

(2-3) 

where the minimum is over designs,E, g, a, d, etc., yielding 血 T.
J n 

and T ___.... Here f_ is the minimum collector cost for the given values, out. a 

f_ is the minimum concentrator cost for the given values and R, is the 
c A 

absorber-heat exchanger cost for a specified design. 

2 . 2.1 Computer ImpJ.ementation of the Absorber-Heat Exchanger Optimizat 

Movable point focus collectors using pressurized water will be 

used to illustrate the computer implementation of the optimization . Th 

absorber-heat exchangers associated with these collectors have the least 

number of design variables. In all cases designs were enumerated fo r 

fixed values of m, T. __ and T . The enumerative search for designs tha 1n · out 

yielded a fixed value of m, T ~ _ and T-..... for these collectors w::;.s i m-in --- -out 

lemented by selecting E, g and a as shown in the flow chart of 

Figure 2-4. As can be seen, a small and a large absorber can both pro

duce the same T. for fixed T. and 血 The selection of a is accom-
out in 

plishe<l by an interval search starting from a = O to find the appropri 

small absorber and then from a= 7g to find the appropriate 

The number of a's considered in each interval search averages about ten• 

B-16 



. For each m, T. and T the maximum number of designs 
1n out 

* 

considered is 272 x 2 = 544. For each of the 544 designs the cost of 

the absorber-heat exchanger is computed and added to the minimum cost 

for concentrated radiation, f_(E,g), corresponding to that design's 
C 

E and g. This total cost is the cost of the concentrator combined 

with the absorber-heat exchanger, that is, the cost of the collector. 

Out of these 544 designs the minimum cost design is selected as the 

collector producing thermal power with the characteristics m, T 
out 

and 

` 
at minimum cost. This process is then repeated for a total 

of 6 x 8 x (5 + 6 + 7 + 8) or 1248 values of 而， T and T. 
out in. 

Considerable savings in computation time has been achieved by 

synthesizing minimum cost collectors in two steps rather than all at 

once. The maximum number of designs examined can be seen from Figures 

2-3 and 2-4. The maximum number of designs that are examined in the 

minimum cost of concentrated radiation analysis is 720 x 272 or 195,840 

and 1248 x 544 or 678,912 for the minimum cost of thermal power from the 

collector analysis. This is a total of 874,752 designs. If this were 

done in one step and the same number of designs were examined as were 

effectively examined in this case, 1248 x 2 x 195,840 or 488,816,640 

designs would be examined. Another way of putting this is that by 

condensing the 195,840 concentrator designs into 272, a savings of 

* 

Many times this number are actually considered since about ten candidate 
a's are examined in the search procedure. In addition, other design 
variables such as absorber type, T,a,£, presence of a fin, etc. may be 
examined by rerunning the program with different settings. For movable 
collectors, the design parameter d was set to achieve turbulent flow 
at as large a diameter as was feasible. It could also have been iterated 
over a set of values, as was done in the tower-heliostat system. In the 
line focus case an additional design variable, absorber length L, must 
also be considered. Seven values of L are used in this case. 
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No.of Values 

1000 W /m2 

Nominally 150, 200, 250 and 
300° C, plus an increment of 

+ 3, +5, +8, + 10, 12 and 15°C. 

Nominal, Tout incremented by 
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-250, down to 40°C. 
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TOUT |--^ 
。

8 
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Opt im i ::;1t ion for ~lov;1hl C'l'o int 「ocus Co llectors 
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about 560 to 1 in computational effort is achieved. This is possible 

since all of the ch d aracteristics of concentrated ra中ation necessary 

for the absorber-heat exchanger analyses can be expressed by E and 

g without losing any potential minimum cost collector designs. 

This economy is actually greater than indicated, as the flow 

chart only indicates the analysis of a particular type concentrator or 

absorber-heat exchanger. In reality all concentrator designs ~ !2卫竺－

that did not result in minimum cost of concentrated radiation having 

properties E and g for a particular target shape would be eliminated. 

So if ten different types of concentrators are considered then the infor

mation would be condensed from 1,958,400 total designs into 272 designs. 

The point here is that only the minimum cost designs need be retained. 

Thus, instead of 560 - 1 advantage there is now 5600 - 1 advantage. 

2. 2. 2 Collector Optimization Example 

An example of part of the output from the minimum cost of con

centrated radiation analysis for Fresriel reflectors with pancake targets 

using the cost and performance models of Appendix Eis shown in Figure 2-5. 

The output under the minimum cost column is the set of values off~. This 
C 

analysis was repeated and similar tables generated for other point focusing 

concentrators delivering radiation to a pancake target. Another set of 

analyses was also performed on the same set of point focusing concentrators 

and tower-heliostat systems. The other computer outputs are given in 

Appendix K. After these analyses were completed the minimum costs for 

particular E and g combinations for each target shape were compared. 

That is, all spherical target analyses were compared to determine the mini

mum cost tyPes and designs of concentrators delivering radiation to that 

tyPe of target. 
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Figure 2-6 is a graph of~ costs for several types of point 

focusing concentrators illustrating the comparisons that were made. Shown 

in the figure are a single mount paraboloid with a spherical target - ClGl 

(a pancake target - ClG3), a multiple array of long focus quasi-paraboloids 

with a common spherical target - C3G2 (a pancake target - C3G4), a Fresnel 

lense with a spherical target - C7G2 (a pancake ta:-get - C7G4) and a Fresnel 

reflector with a spherical target - CSG2 (a pancake target - CSG4). As 

can be seen the Fresnel reflectors dominate all other types for the range 

of E's shown. This also holds true for other values of g. The costs 

for the two different target shapes differed only slightly and thus appear 

as single lines in the figure for each concentrator type. Thus the f's 
C 

for Fresnel reflectors were carried into the absorber-heat exchanger optimi

zation with other concentrator types being eliminated. 

The example next moves to the generation of minimum cost thermal 

power from a collector. The minimum cost of thermal power designs for 

boiling collectors with pancake absorber-heat exchangers for different 

2 
values of m and TBOIL with 10 = 1000 w/m" is shown in Figure 2-.7. An 

optimum design in Figure 2-7 has had appended to it a reference or trace 

back to the concentrator that delivered minimum cost radiation for the 

E and g that was chosen as part of the minimum cost collector design. 

Thus the design of a minimum cost concentrator can now be specified. 

A graphic illustration of this analysis for several point focus collector 

types is shown in Figure 2-8. 

This example illustrates the synthesis approach to finding 

minimum cost collectors that has been described up to this point. To 

illustrate this procedure in more detail, a specific design will be 

selected from Figure 2-7, the collector in line 1. This is a partial 
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.................................................................... oooo,'ooo,'IOII,'o','oooo'I00OI'̀ `o'IIIIOII,'0000,'oo`̀ ,'oo'lI'o,'II 00C0OOOOOOOOOOOOC000000000eooooooooooooooooooo0OOOOOOOUOOOOO0 ·̂0OOOOO •••••••.••••••••••••••••••••••••••••••••••• 

` ••••••••• 

♦
•
•
•
•
•
•
•
•
•
•
•
•
•
•
 

E
.

]
E
E
E
E
E
U
E
E
E
Z
E
E
E

工

L
r
Z
E
E
E
Z
·
E
E
C
C
E
E
U
·
C
E
E
E
E
E
L
E
,
`
u
'
£
E
E
[
`
E
E
E
E
E
C
E
E
u
`
｀
｀
4
了
．
一
「
·
·
·

I
·
i
b
7
7
,
.
6

3
·
,
I
6
S
·
1
3
,
.
3
S
,
＇
,
＇
3
m
1
I
I
,
'
3
l
'
.
c
o
'
3
'
0
7
,
3
'
n
I
·
l
矗
，

6
9
·

0
C
,

＇

，
.
7
c
'
,
7
I
O

．
嶋
4
·
a
o
`
7
·
,
'
O
7
1
5
9
6
7
S
2
O
C
O
4
O
3
1
a
.
o
'
.
'
6
S
.
°
4
7
S
S
·
·
'
.
S
·
1
·
7
2
S
·
1
O
S
l
'
4
4
2
S
I
'
，
.
2
·
S
·

.......................

.

............................................ 

7979I'119,',1IIl2,'23'.79I','.,'2l'III2l7I2·37,'7,',,̀ `2379II23,,'.l ,SS$3SS,,'SS.4SSSSSSSSSSSS,'5SS5SSSSSS,'sss -̀SSSSSSS·2,'SSSSS,ssssss -̀,' .,̀ 9·9·9····9·̀  

•• 

` 
.. 

9·99···' 

.. 

9····O·̀ .'.O·O·9O·0O··oo','·̀ ,'9O0oO99 

.................................................................... ,
S
,
'
s
s
s
s
s
s
s
`
~
，
，
'
，
'
｀
－
'
S
S
S
S
5
'
S
S
S
.
」
S
S
5
s
`
.
S
S
S
S
S
S
,
s
s
s
s
`
-
s
s
s
3
$
`
-
s
s
`

-
S
S
S
S

S
S
S
S
S
S
5
5
S

2
2
·
e
.
2
·
2
2
"
』
2
2
2
2
『
-
｀
·
2
2
·
2
2
2
『
.
2
2
2
2
2
2
`
·
2
2
C
·
2
2
2
·
U
2
2
I
『
.
2
2
2
e
^
·
2
2
·
2
e
.
a
2
2
2
2
2
e
·
2
2
2
2
·
』
2
,
2
2
·
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Figure 2-7. Minimum Cost of Thermal Power from Boiling Collectors with 
Pancake Absorber Heat Exchangers. 
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boiling Fresnel reflector collector that produces a fluid temperature 

of 150 °c. The mass flow rate of this collector is. 040 kg/ sec and the 

fraction of latent heat added is. 075. The absorber for this collector 

is a pancake shape with a helical arrangement of tubes around the surface 

having a.020 m diameter and length of 1.25 m. The parameters L and N 

are not used for this case. AL, the surface area of one side of the 

pancake absorber, is.02525 m 
2 

E and 2 2 g are 7.040 m~ and.008246 m 

respectively. The minimum cost for delivering heat with characteristics 

TBOIL of 150 °c, QF of. 075 and m of. 040 kg/ sec is $635. The power 

•* 
out, which can be calculated from TBOIL, QF and m, is 6350 watts. The 

concentrator design which was available on a disk file is appended under 

the "trace back" heading. Thus, the concentrator providing concentrated 

radiation with characteristics E = 7.040 and g =.008246 at minimum 

2 o cost is 7.41 m- in aperture area with a rim angle of 25~ and has a surface 

coating having a reflectivity of.95. The combined tracking and surface 

contour accuracy is about.284° . The collector efficiency of 85 . 4%, the 

cost of thermal power of $100/kW and the concentration ratio A_/a of 293 
p 

are quantities that can now be found from the combined information in 

the table. They are displayed f or convenience. 

As a second example, the second part of a tower-heliostat optimi

zation output is shown in Figure 2-9. This system is analyzed in the op

tirnization proced rocedure in a similar manner to collectors. 

At this point in the analysis a set of minimum cost collectors 

has been bui 1 t up by fj irst examining the concentrator subsystem and then 

adding the absorber-heat exchanger subsystem. This set of minimum cost 

collectors is indexed by the different values of the parameters 氥

and T 
out 

z 
. For movable collectors the set and its associated minimum 

Tin 

TBOIL , QF and m take the place of T ___.._, T0_ and m for the boiling analysis. out'· in 
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costs can now be used to further build the system into a collector field 

delivering heat to a central point. The objective will he to determine

the collectors, insulation thicknesses, pipe diameters, collector coupling 

and layouts that make up the minimum cost collector fields. 

2.3 ~timization 

A methodology is presented in this section for finding the 

1. collectors, 

2. heat transport fluids, 

3. piping arrangements, 

4. field geometries, 

5. pipe diameters and, 

6. insulation thicknesses 

that make up a collector field delivering thermal power with a specified 

mass flow rate, inlet temperature and outlet temperature at minimum cost. 

2. 3. 1 General Approach 

Two slightly different optimization models are required for 

field optimization. The first synthesizes feeder line subsystems 

consisting of a collector and its associated heat transport segment 

into minimum cost feeder lines. The second, which requires inputs 

from the first, synthesizes trunk line subsystems consisting of a feeder 

line junction and its associated heat transport segment into minimum 

cost fields. The various subsystems and their interrelationships are 

shown in Figure 2-10. 

To initiate the optimizations a collector (or collectors), heat 

transport fluid, piping arrangement, field mass flow rate, field outlet 
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temperature and field inlet temperature are specified. The feeder 

lines are synthesized and then the trunk lines are synthesized to 

find a minimum cost thermal power field for the specified field con

ditions. Other collectors, heat transport fluids and piping arrange

ments are selected and tested under the same conditions until the 

minimum cost collector field layout for the specified conditions is 

found. Another field mass flow rate outlet temperature and inlet 

temperature is then specified and the_ process repeated. 

The method is quite general in that it will indicate the location 

in the field where the collector type should be switched when more than 

one collector type is specified. It can handle series, parallel, double 

parallel and more complex piping arrangements. It automatically determines 

optimum field geometries and it handles different heat transport fluids by 

minor changes in the performance models. Detailed development of performance 

and cost models that were used in this optimization procedure are given in 

Appendix F. 

2.3.2 Interaction Between the High and Low Temperature Sides 

Figure 2-11 is an illustration of the interaction between the 

high and low temperature sides for a parallel arrangement of collectors. 

It is intended to show the need to simultaneously consider both low 

and high temperature heat transport sides in the optimization. The 

vertical lines in the figure represent constant magnitude temperature 

rises across adjacent collectors in the feeder liues. Because the low 

temperature return line loses temperature, the output temperature of 

the collectors toward the outside of the field is lower than at the inside 

of the field. Just how much lower depends on the pipe sizes and insulation 

thicknesses of each heat transport segment. 
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~ 

The fluid in the high temperature line mixes with the fluid 

coming out of the collectors. The resultant temperature depends on 

the local temperature in the high temperature line, Tu; the outlet 
H' 

temperature of the collector, T,.. (which in turn depends on the local 
C 

temperature in the low temperature line, Tr); the mass flow rate 
L 

through the collector m; and the local mass flow rate in the high 

temperature line, r:t. This relationship is shown in Equation 2-4, 

. T ＝卣（TT + ~T,...) + M T 
M L C H 

.. m + M 
(2-4) 

where T., is the temperature after mixing. What the local temperature 
M 

was before mixing is determined not only by the pipe size and insulation 

thickness on the previous heat transport segment, but also by all pipe 

sizes, insulation thicknesses, and mass flow rates on heat transport 

segments farther out in the feeder lines. 

Thus, in the case of parallel piping arrangements, it is 

necessary to simulatneously consider both high and low temperature side 

heat transport segment designs--especially when return temperatures 

are high. This is also true on the trunk lines since mixing takes 

place there as wel 1. Mixing does not take place in series systems 

and temperature drops do not occur with saturated or two phase flow 

systems. The optimization can be simplified in these cases as will 

be shown in Sections 2.3.7 and 2.3.8. 

2. 3. 3 Changes in Available Thennal Power 

Three variables, mass flow rate m, high side temperature T 
H' 

and low side temperature TL measure the available thermal power from 

B-31 



a field or any intermediate collection subsystems in the minimum cost 

field synthesis •k. A change in one, two or all three of these varjables 

indicates a change in the availability of the thermal power. That is, 

there is a change in its potential for accomplishing an end use, such as 

generating electric power. Thus, in the synthesis procedure, changes 

in these quantities will be of interest. 

The points in a parallel field subsystem where changes in availa 

thermal power are about to occur or have just occurred are shown in 

Figure 2-12. The temperature and mass flow rate of the heat transport 

th flui.d into then~" subsystem are T 
n-1 

and 
•.n-1 M respective1y. ** 

The temperature and mass flow rate out of a collector or collectors 

(or out of feeder lines if trunk lines are being synthesized) are T 
n 

C 

and 
·n m.. respectively. The temperature and mass flow rate after mixing 

n..•.n 
are T.," and M.. respectively. The temperature out of the subsystem 

M 
n 

is r·. The following relationships are obvious from the di agram 

M ·.n •n-1 ·n 
= M + m (2 -Sa) 

· n n • n- 1 T _n - 1 
Ill T + M 

T M n C = 
M •.n 

(2-5b) 

AT n = T n T 
n-1 (2~5c) 

AT M n = T n T M n ( 2-Sd) 

T n 
M 

can be eliminated from ~-Sd by 2-Sb. 

* For boiling systems the analogous quantities would be the hoi.ling 
temperature, the enthalpy and the mass flow rate. 

**Superscripts will be used in the rest of this section to indicate the 
subsystem index. 
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Equation 2-Sa indicates a change in available thermal power due 

to a change in mass flow rate. l:quation 2-Sd indicates a change 111 

:1v:1il :1bl c thermal power Jue to losses through tht'insuL1tion anJ dtH· 10 

friction in the heat transport segment. SJ'Mll is negative i I" the 1· low 

is in the direction indicated. Equation 2-Sc expresses the change in 

available thermal power due to all factors in the subsystem. AT 
n 

can 

.n 
be either positive or negative. If m·· has direction opposite to that 

shown in the figure, as in return lines, l'!.T n n 
'M 

= AT. In a series sys tem 

n n-1 Tm = l'!.T -- + T 
C 

(2-Se) 

replaces equation (2-Sb). 

2.3.4 Costing of Changes in Available Thermal Power 

The heat transport costs in the part of the field subsystem 

shown in Figure 2-12 are the cost of pipe, the cost of insulation and 

the cost of pumping power in dollars per metre of length. Details of 

the cost models for these costs are given in Appendix F.* These costs 

n mn... n 
are a function of t:,T 

M' 
T.., r;i·· and pipe diameter for subsystem n. ** 

Pipe diameter may be eliminated as a dependent variable by performi ng 

a minimization operation over pipe diameter on the sum of the costs for 

n n.n 
fixed values of t:.T,;·, r· and 1-1··. Thus a cost that is functionally 

M' 
n n.n dependent on t:.Tu··, r· and 1v1·· was found. This function of dependence 

M' 

is shown below 

C = C 
n.n n.n 

I-IT HT 
(AT, m, T, M) (2-6) 

* A cost of heat lost was use<l as an approximation in Appen<lix F. Su~~ 
an approximation is unnecessary sine~· the methodology';f this appendiX 
111:1k.es up for losses with ad<li tional fee<ler line sL:bsystems. 

**They are also dependent on other variables, such as ambient tempera tU「

that were held constant in this analysis. 
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n n Equation 2-6 is expressed in terms of t...T.. and m" rather than t...T 
M 

for purposes of the optimization. Examination of Equations 2-5 shows 

that this substitution can be made. Since field subsystems have two 

heat transport lines, a high temperature side and a low temperature 

side, Equation 2-6 must be generated for both lines . 

n 

A most useful characterization of the costs of heat transport 

for a field subsystem now exists. Equation 2-6 along with the collector 

cost directly yields the change in the cost of available thermal power 

n.•.n 
M 

.n n 
for fixed T.., M.. and m.. for different t...T..'s. 

2.3.5 Feeder Line Optimization 

The feeder line optimization procedure begins with the outermost 

subsystem and builds up the minimum cost feeder line, subsystem by 

subsystem, until the innermost subsystem has been reached. At each 

n 
stage, n, in the feeder line synthesis, a range of T""'s and T,"'s 

n 
H L 

are considered and costs as a function of T n 
and T 

n 
H L 

are determined. 

These costs are then used in stage n+l to determine costs as a function 

of T n+l 
H 

and T 
n+l 
L. 

At the beginning of the feeder line optimization a temperature 

grid is chosen for both the high and low temperature sides. The grid 

consists of a temperature increment oTu or 
H 

oTr and a temperature 
L 

range [Tu, Tu] 
H'H or [T1, 団. The range and the increment determine 

the number of temperature points on the grid. Appropriate values for 

oT and the range will depend on the temperatures, mass flow rates, 

collector temperature rises and feeder line lengths and will be 

different for different values of these variables. Collector costs, 

dimensions, mass flow rates, temperature rises, field North/South and 
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East/West fill factors and the piping arrangement are also 

specified . 

The optimization begins with the outermost subsystem shown in 

Figure 2-13. The high and low temperature side mass flow rates are 

•.l 
equal and are designated by ~r. The minimum cost f, (T11~, T, ~) 1 1 

1 H'L 
1. _ 1 

is computed for the various values of Tu~ and T, ~ in the low and 
H L 

high side grids by 

1 1 MIN 1 1 · l 
冇因，互）＝ 1 1 [CHT (!:>.TH'TH'M) 

(AT H'ATL ) 

1 1 · l 
+ C HT (AT L' T L' M) + NCA l (2- 7) 

where C. is the collector cost and N is the number of collectors in 
A 

a subsystem . * Not evident in Equation 2- 7 is the interdependence of the 

h igh and low temperature side heat transport functions, C11'T'. This HT. 

interdependence is shown in Equations 2-4 and 2-5 and these equations 

constitute constraints in the minimization operation of Equation ~-7 . 

• l. The argument rn~ is not shown in the function C HT. In 

fields made up of only one collector design it is a constant. To 

maintain simplicity of the notation, this will be assumed to be t he 

•n 
case and m.. will be suppressed in the subsequent development . In 

. 1 
field optimizations where two or more collectors are considered, m 

would appear in Cu'T'· It would also be an additional design variable HT. 

1 l 
so that the minimization would then be over tiT 

I I' 
AT and 

L 

The state variables T 1 1 and T L 1 

. 
1 .rn 

•.l 
would also then include M-. 

* This is dictated by the piping arrangement. There is one collector 
in a subsystem for series or single parallel piping arrangement, tivo 
for double parallel and so forth. 
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The next step in the optimization is to add the second suhsyste111 

to the first in such a way as to find the minimum costs of the two 

2 2 subsystem combination as a function of Tn~ and T H L. This minimum 

cost, f,., (T 
2 2 Tr-), is computed for the various values of T 2 

2 H'L H and 

2 
L 

Tr - in the low and high side grids by 

2 2 
f2 (TII-, TL-)= 、

丿

2 .M 
, 

2 

HA 
TC 

N 

, 
2+ 

L 
T) A2 (·M 

T, H2 
CL [T 

丶
丿
，

22 
LL 
TT 

NAA I( 

, 

`F 

2T 
HH 
TC A 

r
l
、

+

+ f1 (TlI2 - ATH2, TL2 - ATL2) ] (2-8) 

·.2 Equation 2-Sa is used to find M~ and, since the assumption has hecn 

made that there is only one collector design in the field, 
2 M- does 

not appear in f,.,. Notice that there is a tradeoff between proportions 
2 

of available power contributed by subsystem 1 and subsystem 2 and the 

2 2 
minimum cost tradeoff is found by ranging over 6T"- and 6T, -. 

Il L 

This j 2 2 is evident because 6T 
H 

and 6T, - appear as arguments in 
L 

in both 

C 
HT 

and f_. 
1 

Continuing in this manner, the minimum costs of the combination 

of the first n subsystems are found by 

f_ (T 
n n 

T) = MIN n n.n 
n (TII··, TL..)=, __ n··~·_·_ n, [CIIT (6TII··, TH··, M..) 

(AT 
n 

[C 
AT 

n HT Il'H' 
l I'L ) 

n 
+ C (AT 

n.n 
HT L' 

T M) + NC 
L'A 

+ fn-1(TI1n - AT亡了－ t:.T L n)] (2-9) 

Thus, mjnimum cost feeder lines consisting of n subsystems can he 

built up, or synthesized, in this way. The theoretical justification 
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for this procedure is given in most introductory texts covering dynamic 

programming. For instance, see Bellman (1957). 

Thus far only the minimum costs have been discussed and not the 

optimum designs that produced the minimum cost feeder lines. In dynamic 

programming the designs that produced the minimum costs are recorded as 

they are determined in the same parametric manner as the minimum costs 

themselves. Thus the optimum designs can be retrieved at any place in 

the analysis of the feeder lines by a trace back procedure. This trace 

back yields the optimum pipe diameters and insulati.on thicknesses on 

each of the heat transport segments of the minimum cost feeder lines. 

This retention of the optimum designs proceeds as follows: As 

n n 
Equations 2-7 and 2-9 are calculated, an optimum design (!':i.T8··, !':i.TL..)* 

is retained in an array u 
n 

(i,j) by 

n n n n 
u (T T) = (AT AT * 

n H' ) L N'L 
(2-10) 

n n for each value of T,,.. and T,.. in the grid. The optimum high and low 
H L 

temperature side insulation thicknesses for the heat transport 

segment can be calculated from , T T (tiTun, tiTrn)*, Tun, Trn 
H'L H'. L 

·n and M... 

Optimum pipe diameters can also be calculated from these quantities 

via equations developed in the minimization operation discussed in 

Section 2.3.4. 

The trace back of the optimum designs proceeds as follows: 

Suppose a minimum cost feeder line consisting of N subsystems has 

been synthesized. The optimum pipe diameters and insulation thicknesses 

for the innermost feeder line subsystem are found from 
n _ n 

(AT AT) = 
H'L 

un(a,b), where a and b are the desired high and low temperature side 

temperatures at the innermost feeder line subsystem. The optimum pipe 
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diameters and insulation thicknesses for the next closest feeder li ne 

(A'I' 
n - ln- l 

subsystem are found fTom AT = u (a' , b' ), whcrc 
II L ) 

n-1 
n n 

a ' = a - 6T11·· and b'= b - 6T1··. For the next subsystem, these 
H L 

n-2 n-2 
quantities are found as (t:.T 

N' 
AT 

L 
) = u n-2 (a'''b'')'where 

a''= a'- t:.T 
n-2 n-2. 

and b''= b'- 6T.. -. This iterative retrieval 
H 

1 1 procedure using the array u_(i,j) continues until (6Tu~, 6Tr ~) 
n H'L 

is calculated. 

A flow chart development of the optimization procedure for hot 

water feeder lines is shown in Figure 2-14. This procedure can be 

simplified for series boiling as will be shown in Section 2. :L 7. 

Now that the optimization has synthesized minimum cost feeder 

lines consisting of any number of subsystems, trunk line optimization 

can be ini tiatcd. Notice that we have the minimum costs for n = 1, ... 

n n subsystems for all values of T.... and TT.. in the high and low side 
lI L 

grids and that we know Mn from Equation 2-Sa. 

2.3.6 Trunk Line Optimization 

As was the case with feeder line optimization, trunk line 

optimization starts with the outermost subsystem and builds up the 

minimum cost trunk line, subsystem by subsystem, until the innermost 

suhsystem has been reached. It can be seen in f<igurc 2-10 that a trunk 

line subsystem is identical to a feeder line subsystem if the feede r 

lines entering the subsystem are considered to be the analogue of 

collectors. Thus the situations depicted in Figures 2-11 and 2-12 

and Equations 2-4, hold where the term "collector" is placed hy 

"feeder line". Equation 2-6 is also identical, except in the case of 

•n 
parallel feeder lines, where m.. identifies the length of and mass 

flow rate out of the feeder line and thus is not suppressed. 
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Figure 2-14 

Field Optimization Flow Chart
Hot Water Feeder Lines 

鬥． INPUT COLLECTOR COUPLING 」 NUMBER
OF SUBSYSTEMS 」 GRID SI ZES 」 MASS

FLOW RATE, COLLECTOR DIMENSIONS 」

COST 」 FILL FACTORS 」 MAXIMUM

TEMPERATURE AND t,.T C ,̀  
2. CALCULATE MASS FLm~ ADDED AT EACH 

STAGE BASED ON COLLECTOR COUPLING 

TYPE 」 THE PIPE LENGTH BETWEEN 

COLLECTORS 」 TYE DISTANCE BETWEEN 

PIPES AND THE PRESSURE 

3 . 

.t 
L L A R 

。
F 

-
o 

-
R E 

_
z 辶,o 

oL 
HT 

T ,\D 
oN 
fA To EH ST 

SET UP HIGH AND LOW TEMPERATURE 

SIDE GRIDS 

5. WRITE STAGES 」 GRID SIZES COLLECTOR 

COUPLING 」 MASS FLOW RATE 」 COST 」

FILL FACTORS 」 PIPE DISTANCES1 

MAXIMUM TEMPERATURE1 TEMPERATURE 

RISE AND GRIDS ON A PERMANENT FILE 

FOR LATER USE BY THE TRACE BACI< 

ROUTINE ] 
6. ITERATE O~! 

BER OF SUBSYSTEMS, 
n:: 1,..., N 

B-41 



Figure 2-14 (Continued) 
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Figure 2-14 (Continued) 
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Figure 2-14 (Continued) 
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「
The analogous equations to 2-7, 2-8, and 2-9 are 

Fl(THl' 元， 2k1) = 

F2 (元， TL2'2k2) = 

and 

F (T 
n n n 

n H' 
T L, 2k..) = 

、
,
'，

1 

丶
丿
］

1

·m)-1b2 
k,

( 

a 

,( 
1k 
Hf 
T2 
,+ 

.m 1) k.m 

1 

,k 
1 

H, 
T1 AL (T 

T H, 
c.m [1 

k 

、
丿

1, 
L1 
TL 

NAT IA M,

( 

1T 
HH 
TC A (+ 

、
'
J

.m 2 
k. 2]

) 

丶
丿

2

，
、
丿

2
1

2bj
H,22 
Ta( 

(

,·J 
.mf2 22k j2 2+ 

, 

，
、
丿

2

2.mL 
H2T 
TkA A (,- T2 HL2 

CTL [T 

, 

).

m, 

222 jjH 

2T 

,A 

2, 
NL2-ITL MAT2 

AH 

,(

T 

2T( 
HH1 
TCF A (+ 

+ 

MIN n.n • n n· 
n ·- n.n 

[C 
(AT AT 」)

HT 
(AT 

H' 
2 」 m, T 

H' 
2k m) 

H'L' 

+ CHT(t:iTLn'2」哈， TLn'kn盂) +2fj (a,b) 

+ Fn-1 (T『- AT亡寸－ t:iTLn'2kn - 2鬥）

(2-13) 

where a and b are fixed temperatures such that !::,Tr in 
C 

Equation 2-4 is replaced by a - b and 扁 is the mass flow rate that 

is put through one feeder line subsystem's collectors. Alternatively 

a and b could be considered as design choices and would appear under 

the minimization. The mass flow from a feeder line into then 
th 

trunk lj .n•..n 
ine subsystem is given by 」 m where 」 is the number of 

subsystems in the feeder lines--that is, 評 determines the number of 

collectors or analogously the length of the feeder lines. The quantity 
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th 2k喘 expresses the mass flow rate through the n 1:n trunk 1 inc's hC';1t 

transport segment where 2kn is the total number of feeder line 

subsystems that have been added to the system as of trunk line 

subsystem n. The use of 2kn and 2評 rather than kn and , 
n ·J 

expresses the situation shown in Figure 2-10 where there are two feeder 

lines for each trunk line subsystem. 

A simplification of Equations 2-11, 2-12 and 2-13 is possibl e 

for boiling systems. This is discussed in Section 2.3.8. 

Notice that the tradeoff between proportions of available 

power contributed by subsystem 1 and subsystem 2, as depicted in 

Equation 2-12, now involves the length of the feeder lines in 

.2 
subsystem 2 and the length of the feeder lines in subsystem 1, 」 and

2.2 
k -」 respectively. Thus, the optimum field geometry is being 

found for trunk lines consisting of two trunk line subsystems and 

2 2k~ feeder line subsystems. Again, by the principles of dynamic 

programming, Equation 2-13 is the situation where the optimum fi.eld 

geometry is being found for trunk lines consisting of n trunk line 

subsystems and 2kn feeder line subsystems. For example, if a 

parallel piping arrangement was being examined and an output temperature 

of A, an input temperature of B and a mass flow rate of C was 

required of the trunk line, the minimum cost system could be found by 

iteratively calculating Equations 2-11 and 2-13 and then finding 

F* = MIN {F.,(A, B, C)} 
N 

N 
(2-14) 

The trace back procedure for the trunk lines not only yields the 

optimum pipe diameters and insulation thicknesses on each of the heat 

B-46 



transport segments of the minimum cost system, as was the case with 

feeder lives, it also yields the optimum field geometries. 

When Equations 2-11 and 2-13 are calculated, an optimum design 

(AT 
n AT 
H'L 

n.n * ,」 )is retained in array U_(i,j,k) by 
n 

Un(T亡寸， 2kn) = (b.THn'b.TL凡評）＊ (2-15) 

n n n for each value of T._,", TT·· and k.. in the grid. The additional H'. L 

optimum design variable jn is the optimum length of the feeder lines 
n 

n 
for trunk line subsystem n when the high side temperature is T 

H' 
n n 

the low side temperature is TT·· and there are 2k.. feeder line 
L 

subsystems in the system. 

Suppose N* was the optimum value of N in Equation 2-14. 

The trace back would proceed as follows: The optimum pipe diameters and 

insulation thicknesses for the innermost trunk line subsystem are found 

from (6T 
N* __ N*.N* 
H' 

AT 
L 
,」) = U 

N* 
(A, B, C). The optimum feeder lines 

.N* 
into this subsystem would have length given by n =」． The

optimum pipe diameters and insulation thicknesses of each of the heat 

transport segments of these feeder lines are found as discussed in 

Section 2.3.5. 

The optimum pipe diameters and insulation thicknesses for the 

next closest trunk line subsystem are found from (AT N*-1 ·- N*-1 
H, AT L, 

. N*- 1 
J . - ) = U~,...,(A', B', C'), where A'= A - tiT 

N*N* 
, B'= B = tiT 

N*-1 H L 
.N* and C'= C _」． The rest of the optimum trunk line subsystem designs 

N* - 2. _ N*-2. N* -2 _,. _ 1. _ 1.1 
(ATN, ATL'J) ，－－－-，（雪，汽， J ） and their associated 

optimum feeder line designs are then iteratively generated this way until 

the optimum field geometry pipe diameters and insulation thicknesses 

have been traced back. 
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2.3.7 Series Boiling Fec<lcr Linc Simplifications 

In order to get high boiling collector efficiencies it was found 

that a relatively high mass flow rate through the collectors was 

required. This meant that a number of collectors in series were ncede<l 

to add the required latent heat to produce saturated steam. Thus, serie 

feeder lines were analyzed for boiling collector fields. 

In boiling /'iT11n = 0 and therefore T"n n-1 
II H 

is equal to T 
1-1 

•.n. _ . .•.n-1 In series systems M.. is equal to M . Examination of the heat 

transport cost (See Appendix F) shows that /'iT" affects the expressi on 
H 

for C.,,,,(T.., /'iT11, M) through the average fluid temperature for the heat 
HT H H' 

transport segment, Tu - l'iTu/2, and the heat lost through the insulation 
H H' 

MC_/'iT.,. For boiling, only the second effect is relevant and it is p I1. 

expressed as Mtih, where h is enthalpy. Thus, for series boiling, 

C11'T'can be re-expressed as Cu'T'CT11, tih, M) or, more simply, as HT HT lI' 

C (Ah) , HT 
since M is constant for collectors in series and T 

constant for boiling. 

H 
.LS 

It has been found that C.. - is convex* for al 1 reasonable 
HT 

values of t,.h, T" and M. This is not apparent from the expression 
H 

for C".,.,** but has been verified experimentally. 
HT 

The convexity of 

c..'T'permits a significant compuational simplification of the feeder 
HT 

line cost minimization. This simplification proceeds as follows: 

* A function, f(x) is convex on Q if for all x and y in Q and 
for O ~入三 1, f(A x + (1 - A)y) ~A f(x) + (1 - A)f(y). 

**C 
HT 

is a complicated expression of t:.h since t:.h appears both 

directly and indirectly via the pipe diameter optimization. 
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1. Fixing the value of N, the number of subsystems in a 

feeder line, fixes the total thermal power loss through 

the insulation. This thermal power loss !).h 
TOT 

1S 

2. 

!).hTOT = NQA - M(hg - ht) (2-16) 

where Q.. is the thermal power added per collector, 
A 

h_ is the enthalpy of saturated steam at T" and h 
g H £ 

is the enthalpy of water at T H. 

Thus the problem becomes one of apporti.oning 

Ah 
TOT 

or 

! Ah = Ah 
n=l 

n TOT 

Ahn over 

(2-17) 

3. Equation 2-9 now becomes 

n f (H) = MIN [C (Ah) + f n 
n (H - h) ] 

Ah 
HT n n-1 n 

(2-18) 

n 

subject to 2-17, where Hn is the enthalpy los$ a.$ of 

subsystem n. 

4. For C,,.,.. convex, the solution to 2-10 for n = N and 
HT 

N 
H = Ah 

TOT 
is well known and is /J.h, = /J.h.,..,.,.,../N, i = 1 i -··TOT 

----, N. 

This suggests the following, considerably shorter, computational 

procedure for series boiling feeder lines. 

1. Consider that the return line pipe diameter and insulation 

thickness is constant. This is reasonable since T. is 
L 

1 N 
close to T and hence T. - would be close to T. ··. 

a L L 
1 N 

Thus AT wou1d be c1ose to AT. 
L L 

Also, .n. n` 1S Constant 

for all n. 
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2. Assume that the solution !:ih./N holds when the series 
1 

subsystems that raise the temperature of the return w:1ter 

to boi I ing is ;1dded to the series hoi I i111•. 「c cd c r I i n c. 

Equation 2-16 is appropriately 1110Jified to include the 

sensible heat addition. The justification for this 

approximation is that the latent heat addition is much 

greater than the sensible heat addition. Alternatively, 

the two parts of the series feeder line could be 

handled individually. 

3. Start with the smallest N such that t:,hTOT is positive 

in 2-16. 

4. For a range of t::.T L's compute 

ZN = N CHT(t).hTOT/N) + CHT(TL'!).TL)' (2-19) 

where Cu.,.. (T 1 t:. T 1) is computed for the length of the 
HT L, L 

entire feeder line. Select as Z.. * 
N' 

the l'lT, range. 
L 

5. Set N to N + 1 and repeat step 4. 

the mj e minimum Z 

6. When Z* > Z* 
N+1 N' 

stop. An N stage feeder line is 

N 

optimal. As N increases, the values of Z 
N 

wi 11 at 

first decrease and then increase. For feeder lines 

1 n 

having only a few subsystems, the first N will 

occasionally be the minimum cost system. Examples of 

this optimization procedure are shown in Section 2.3.9. 
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2. 3. 8 Trunk Line Simplifications for Boiling 

For boiling system trunk lines, the mass flow will increase 

as more and more feeder lines feed into the trunk line. Now 

c.,m depends on 护 and the solution to 2-16 is not known apriori 
HT 

even though Cu'T'(t:.h HT n' 
•.n 
M) .. is convex in 6h. n Thus, the dynamic 

programming iterative equations will be required. 

A simplification in these equations does arise, however, since 

the series boiling feeder lines are of a fixed length when a constant 

feeder line mass flow rate is used. This is because saturated steam 

n.n 
must be produced. Thus 2k.. and 2 」 need not appear explicitly 

and considerable computation time is saved. 

Even further savings in computation time can be realized by 

taking advantage of the low temperature of the return line. However, 

n 
an approach different from the last section is required. A 6T1 ·· = f:..T L --L 

n 
and a TT·· = TT are fixed for all subsystems n and the dynamic 

L L 

programming analysis implied by 

f (H) = n MIN 
[C (Ah 

•.n 
Ah HT n , M) + C 

n 
(T T, 

•.n 
HT L 

AT 
L' 

M) 
n 

+ fn-1 (Hn - /1hn)] (2-20) 

is run. Then the analysis of 2-20 is repeated for other values of 

6TT and the minimum cost value chosen. This results in different L 

pipe diameters and insulation thicknesses for each high and low side 

heat transport segment. 

N 
Different values of H'', where N is the number of trunk line 

subsystems, will result in steam of different qualities. The cost of a 

separator C n 
(H) 

N 
, to yield saturated steam is added to f,., (ff') and 

N s 
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N 
these costs arc compared for vnrious values of 11... The lowest v;1l t1 c 

of N N • N • N I f" (I I") + c_ (11") l /M", where M NV -'--s is the m;1ss f'low r;1tc af'tcr t lw 

separator, is a measure of the minimum cost of thermal power out of the 

trunk line. Examples of this optimization procedure are shown in 

Section 2.3.9. 

2.3.9 Sample Results 

A feeder line optimization run for pressurized water is shown 

in Figure 2-15. The piping arrangement is single parallel with minimum 

2 cost point focusing collectors having an aperture area of 30.S m~, a 

mass flow rate of. OS kg/sec., a collector 6T of 112°C and a cost of 

$1554. The field fill factor js.Sm in each coordinate direction. 

The fill factor and aperture diameter yield a heat transport segment 

length of 21i\下／． 5 = 12.5 m. The high temperature side grid was 

[210, 209, 208, ----, 200] and the low temperature side grid was 

[100.00, 99.75, 99.50, ----, 85.00]. 

The first trace back in part (a) of the figure is for a feede r 

line consisting of 20 subsystems. For the innermost subsystem the 

AT 
20 optimum values, t,Tll~v = 0°C and 

2O 2O 
AT 

L 
=. 25°C, for r.. "-V = 200°c 

II 
、 20and T, """ = 100°C are given in the first line of columns two and five 
L 

respectively. 19 For the next subsystem the optimum values, 6T11-'-:1 = 0°C 
II 

,0 
C2 。

L

5T 2A . = 

。

92 1L 
LT 

T A= 

9 

dl nL aT for T 19 = T 2O 2O 
II. I I - AT 

II 
= 200°C and 

= 99. 75 °C are given in the second line and so forth 

1 until the outermost subsystem with optimum values, t:iT11... = -5°C and 
H 

1 
L 

t:.T, ~ = 2°C, has been traced back. As mentioned previously, the 

optimum pipe diameters and insulation thicknesses for subsystem n can 

be found from T n n n n n 
H, AT T AT 

H'L'L 
and M... These have been comput ed 

B-52 



,IL- ` 1̀E 
, T2--o:' 
"mJE-FC71MZ「T

7 I 
~1T量，｀｀L＾｀`` FTYPE. ，11·T,｀矗 7Rl"E矗 Tl,,TttL

, l l 鼻 6 I 鼻 20鼻 e鼻· 05. ? 1 ? .11~.1.. 2s 
yt)矗 YD.,.N5, FCl,cc 

＇｀矗 ．，o ． s釒．，．． 5 ． I,5O
oui:;,' 
u0A Ii; E.. 1:.1,flTl:l:1. 
ACCUM. C"" SEC"lNDS • 939e472 

TI\CE n(\CIC STI\CE 的D DE~IG!f T AND TL 
'20鼻 200星 1 UO 

. 

TACE BAU(FROH STAOE 2O `uST 42331 DESIG:-1 T AJ.~D,L :!oo·.oo 100.00 

STAUE---HICK SIDE DT, D矗 TI---LD\/ SIUI:. UT, IJ, Tl 
20 o. .0238 • O3 I9 ` 25. 0232. O3`° 
19 o. .023;,.03~2 .25. °'23. 0I.or 
IS O. • O2'5. 03?5 • :25. O'? 13 .。 l.'3
17 o. .。 ?17 • n3^7 .'.ls.0203. 。A5 O
16 o. .0210.0330 .~s.0192. 。,: ~..,

15 o. .020~ .0333 • ?S • OI'I .05~0 
14 o. • 0 I95. OJ3S .25.Ol7C 00565 
13 o. .0157.0337 .25.0157.uo~2 

__ (a) 12 o. .0179 .033" .,5. 0 I45. u6'4 
II o. • 0 I 1o.O34O .2s.otJt .。 7,;9 ·t 
10 o. .015?. .0340 .25.0117.0?19 

9 o. .0153.03110 .:!5.0102.1106 
,。． ,0143,0338 .25.oo`。. 12~0 
7 o. ,0132.0353 .so.0128 .。405
6 o. .o I 19 .0366 .SO.OIJO.0497 
5 o. .0 IO7.O3d3 .so.0090.06~5 
4 o. • 0OO 3.039U .so,00<>0, 1174 
3 1.00.oo,jo •. 11111 .75.ooso.0110 
2 l. 。 rJ. 0030. 07136 1.00.0060.1095 
I -5.00.0080.0757 2.00 oOOtiO.1021 

T?ACZ :lAC!C STACZ EJD DESIkM T ^NU T ... 
? 15, 200矗 100

而ACE tlA1,,.< FR,oM STAGE 15 1,,<1ST 3O,25 DESLG` T Alu!JTw 200,00 IU0,00 

STAGE·--HIG"'1 UE I)T, o, T1 ·-- J..." '.; ~!Ul:. UT, D, TI 
IS o. .u:e IC. 。？,' .?.5.Ot o ').0533 
14 o. • 020'.?. 02" I • 25. 0 I oR .ost: 1 
13 o. .0195.02,Jl • ?5. 0I 56. 06^° 
12 o. .orno.o:'!11 ."!S.011,3.0715 
11 o. • 0 I 7,' .。'`° .2s.0130.os 14 
10 0, .0170.u27!l .25.01 lb.09!.>l 

9 o. • 01 ~9 .。'57 • 50. 0159 .0307 
8 o. .OJ.'1 3 • 0:>9 6 .50.Olll4.035Cl 
7 o. .0137.ll3U S • ~0 • 01?.ll .0411 
6 o. .01:.,.OJIJ .~o.0109 .OS06 
5 o. • 0 I I ? • C32 I • 50.0080 .。 b69
.Q 1.co.OQJO.1413 • 7S • OO93. (1415 
3 I. 。o.uoco.o6n 1.00.uo>JJ.03c,o 
2 I. oo. oouu. uSOg 1.so.ooeo.oJ:!2 
1 -S.00.Ou30.0746 2 .75.()030 .O'.l :JS 

nvu;I:. 已 'I., 、 5i'I`J::. ， JU Ur.5 L un T Al, u TL. 
'/ lu,:!l'O, IOU 

(b) 

""UAL Sl1^ r Hu`` ,, ,HUI:. IU 、<>ST 19 乙 lu u巳SAU,a T ^' u -.. `uu. uu I uu. ou 

5uu";- - - ,U un >L UL UT，匕』 I J. 一－一 LU,; >1 Ue u1' 』 u鼻 J J. 

I u O. .u 11/1.u己 I` ｀ • :,o • ul 12 • uZUO 
9 u. • U IO4 • 02'1 I • !>0.v I :,3 • u` I 3 
8 v, • UI ;,l;;. u.. ~2 . :,U • vl'IJ .u357 
7 u. • Ul--, •。 ?56 • 50.o I ;,7 .1)421 
6 o. .o 131 .0 ?.60 .~O.IJ!Oo • O5 I'.J 
s o , • 0 I 17. 。?.75 .75.ops.0~1s ^ I.0:1. 00" 「＇ • 0?O6 • 7 5. oc,, • O4,? 
3 1. 。,． OC3O • O46O I. 00. 00 '53 . ()31\{, 
2 1.00.()0 '0 • O 3 SA 1.~c.oo··;o .o~'!Cl 
1.c,.oo .r;o:io . 。＾ 35 ? . 50. COSO • O 5 I 6 

Tl1ACF nr,r'r•;f\G~ 1.."ID Dtrl Ctl T A:JD TL 
? 5 皇 'on, l ^0 

(c) 

示(\CE,(\r: ~·pJ,I ST(\<;E 5 \;OST 9306 DESIGN T NJll TL ?.OD.Oil IOIJ.Q') 

STP.GE- - - MI C:l 5I DI: nT, [), TI --- L,'" SI IJC uT, ，矗 TI
5 0 •• C l ^6. O I 39 i, oo. 0 I 26 . n,r, 5 
4 I. on. ,°`'· "3 7 I I. qo. n 1 O6., ,, r.1 
3 I.()n. 。（,go . ()'69 I. 2, . :1C9 2. 0?'"'I 
2 I.l.lC. 。CE0 • 0^' I l • 7 :. ,n, ; o. (), It7 
1 - 7. OF. 06 ; n . n:r7, o. oo.,6C e. O33, 

(d) 

Figure 2-15. ~ampl~ Re~ults for a Pressurized Water Feeder Line 
Optimization. 
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and are also shown in the figure. For the innermost subsystem, 

20, the high temperature side optimum pipe diameter and insulation 

thickness are. 0238 m and. 0319 m respectively. For the low temperature 

side the corresponding values are.0232 m and.0380 m respectively. 

Optimum design trace backs for various length feeder lines 

from this run are shown in parts (a), (b), (c), and (d) of the figure. 

The five stage, or subsystems, trace back of part (d) of the figure is 

displayed graphically in Figure 2-16 . This figure illustrates the 

high and low temperature side interactions discussed in Section 2.3.2. 

Two feeder line optimization runs for series boiling are shown 

in Figure 2-17. The point focusing collectors used have an aperture 

area of 37.1 m2, cost $1781 and add 2.5 and 5 percent of the required 

latent heat. The corresponding mass flow rates through the collectors 

are.64 kg/sec and .32 kg/sec. and boiling takes place at 250°C . The 

fill factors are again. 5 and the length of the heat transport segment 

is 13.7 m. The thermal power added per collector is 27.3 kw. The 

optimum number of subsystems for minimum cost feeder lines arc 

indicated in the figure and are 68 and 33 respectively. 

A trunk line optimization run for boiling collectors is shown 

in Figure 2-18. Each minimum cost feeder line provides saturated steam 

to the trunk lines at a mass flow rate of.32 kg/sec, a temperature of 

200°C and a cost of $61,601. The trunk line subsystem heat transport 

length of 12.71 mis determined from the point focusing collector 

size and the fill factors. C_t..T at 200°C is used to approx這ate
p 

Ah for computational convenience. Thus t..T is shown in the figure 

rather than t..h. The DESIGN T specification in the trace back 

indjcatcs the amount of latent heat lost in the trunk line for that 
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Figure 2-18. Sample Results for a Boiling Trunk Line 
Optimization. 
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run and OTL i.s t:,T,. The amount of latent heat lost can be L 

calcu l atc<l by subtracting this number from 200°C, the hoi ling 

temperature, and multiplying by C~ at 200°C. p 

The minimum costs in the figure are for the two trunk lines, 

one on each side of the turbine generator, that make up the field. 

Trace backs were made for various amounts of latent heat lost in the 

trunk lines by changing the DESIGN T input. The interpretation of 

the columns and rows of the figure is the same as for the feeder 

line case of Figure 2-16. 

The trunk line optimization for pressurized water was not 

implemented since it was evident from these three types of optimization 

runs that boiling fields would have lower costs. (See Volume I I.) 

2.4 0£t~y for Steam Generator and H_eat §!1_g_i nc 

The optimization process for the steam generator and heat engine 

uses as inputs the outputs from the energy collection and transport 

subsystems. To limit the iterative search for the minimum cost design, 

the inlet steam temperature of the steam generator was restricted t o 

four values (150, 200, 250 and 300°C), and its outlet (condenser) 

temperature was restricted to three values (30,40 and 50°C). The 

optimization of the steam generator is performed separately from t hat of 

the heat engine but both share the same restricted set of engine 

operating temperatures. These are mass flow rate 氘 temperature T0 , 

phase state, steam or water, and initial temperature of the fluid 

returned to the collector field. 

The steam generator optimization program is outlined in 

Figure 2-19. Pirst a set of turbine-generator operating parameters 
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Figure 2-19. Steam Generator Optimization. 
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arc selected (inlet temperature, outlet temperature an<l mass flow 

rate). These parameters determine the size of the turbine and the hl'; it 

flow through it. Next the water deli very temperature and heat exchanger 

pinch point are selected. This selection determines the mass flow rate 

of water through the heat exchanger and the temperature of the water 

returned to the field. The selection of thermodynamically impossib le 

combinations is prohibited by simple comparisons. The cost of the 

heat exchanger is determined as shown in Appendix I. The co s t of the 

collectors and heat transport system is interpolated among the many 

minimum cost point designs considered in the optimizations of those 

subsystems. If the total of these two costs is less than any cost 

previously calculated for this heat engine, the design description is 

retained and the minimum cost updated. At this point, another heat 

exch anger design is selected and the cost calculation is repeated . 

After all possibilities of pinch point and delivery temperature have 

been considered, a description of the least cost design is printed out. 

Then, another heat engine design is selected by chang.ing the inlet or 

outlet temperature, or the mass flow rate, and the search for a minimum 

cost heat exchanger is reini tiated. In this way, all possible comb ina

tions of designs are considered in the search. 

The pointout from the steam generator optimization is shown in 

Figure 2-20. For each engine operating condition defined by the 

first four columns (flow rate in kg/sec, condenser and inlet 

temperature in degrees C and the resultant heat rate in MW thermal) the 

minimum cost combination of field and heat exchanger condit.ions aTe 

printed. These conditions cons.ist of the flow rate of water in the 

field in kg/sec and the low and high side temperatures in degrees 
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Figura 2-20. Printout of the Steam Generator Optimization. 
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centigrade . The capital costs of the field and heat exchanger 

(steam generator) in $/kW thermal and the total cost in 1972 millions 

of dollars are shown in the last three columns. 

The procedure for optimizing the turbine-generator-cooling 

system is outlined in Figure 2-21. A design is selected from the fie ld 

optimization of boiling collector fields or collector fields using. 

hot water and a steam generator. This design consists of the inlet 

temperature, the steam mass flow rate, the condensing temperature and 

the total cost of the collector field, heat transport system and 

heat exchanger. From the inlet temperature, mass flow rate and the 

condenser temperature, the basic turbine generator cost and electric 

output are calculated using the relationships described in Appendix l l. 

At this point, the cooling system operating temperatures arc chosnn 

(i.e., the range and the terminal temperature difference) an<l the 

resulting cooling tower approach to the wet bulb temperature is 

calculated. The turbine generator efficiency is chosen (between 0.7 

and 0.9) and the associated turbine-generator cost multiplier is 

selected from the curve shown in Appendix ll. The final turbine 

generator cost, electric output and heat rejected is now calculated 

using multipliers obtained from Appendix H. Using the heat rejected 

and the chosen cooling system operating temperature, the cost of t he 

condenser cooling-tower system including the cost of pumping, is 

calculated using data in Appendix I. 

The generator output and an annual frequency distribution of 

hour by hour insolation data is used to calculate the approximate 

annual energy output. No correction is made for lower turbine

generator efficiencies at lower insolation levels so that the 

apparent capacity factor is 0.37. This has no significant effect 
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FREGIENCY DI m I郎I~

CALCULATE COST OF ELECTRIC ENERGY 

IF CXlST LESS n邲注 RUNNING MINIM..M, 

RETAIN A 1:.:SCRIPTIOO OF THIS 圧SIGN

咖INLE SELECTING TURBI 「E a泅ERATOR EFFICIENCIES 

#ID CXXlLING SYSTEM OPERATING TE刃庄RATIJRES

PRINT A DE頲IPTIOO ()= T_1-EMINI心 COST SYSTE/1 

SELECT THE NEXT POINT DESIGN 

Figure 2-21. Turbine-Generator-Cooling System Optimization. 
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on the cost of energy comparisons between systems, but it does result 

in an understatement of the absolute energy costs. This deficiency 

is corrected in the simulation analysis which effectively lowers the 

capacity factor. The total annualized cost of the system (field+ 

turbine - generator+ cooling system) is divided by this total energy 

output to give an estimate of the cost of electric energy. If this 

cost is less than the previously stored minimum cost then a descrip

tion of this design is retained and the minimum cost updated. After 

all combinations of the design variables have been cons i dered (condenser 

temperature, cooling range, terminal temperature difference and engine 

efficiency) a description of the minimum cost system for this point 

design is printed out. Subsequently, the next optimum field design 

is selected and the optimization procedure reinitiated to find the 

minimum cost combination of heat engine with that design. 

An example printout from the turbine generator optimization 

program is shown in Figure 2-22. For each inlet temperature and steam 

flow rate from the field (2nd and 3rd columns), aad the cost of that 

field from the field optimization (5th column), the heat engine design 

giving the lowest electric energy cost (8th column) is described in the 

printout. This description consists of the generated electric power in 

megawatts (col. 1), engine efficiency (col. 4), condenser steam, inlet 

and outlet temperatures and the cooling tower approach and range tempera 

ture differences in degrees C (cols. 9-13). The itemized capital cost 

of the field, engine and cooling system are shown (cols. 5-7) in dollars 

per kilowatt electric rated. 
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* * * 

2 3 4 5 6 7 8 9 10 11 12 13 __ 

ELECT STEAfl !NL ENG FI ELD TUP.-GEl'l C00LNG ELF.:CT C 0 N D E N S E n PPPR 

「3?ER FL'" Tt1P EFF C3STS C35T5 C'.!JSTS C~ ST TD1P I NL ~UT r.NG TMP 
iW-E JCG/SEC D-C $/X'·1E $/KWE '̀Kt1 E S /Rt.'H DEG7EE5 CEF1TI G,ADE 
31.s /J3oll 250 • ~,, 2P, ~. 19 02. 43 27. 9 .3 • 02/~ I.JO 2B 38 10 
31.s 43.,, 250 • r;A 2,2. l 勺 92.46 27.97 • O24 .10 2g 、?· ''̀, 10 
31.6 43. 5 25O • 31! 211. 72 92.1111 27.9 7 • 0211 40 ?r. 3g 10 
3 I. 7 43 • 6 ?5O ．月 11 ?.~ l. 7 1 92./J() 27.Q6 .。 24 40 C., '。.) 38 10 

·1 IO. 1 lL:G.1 250 .86 297.00 83.31 24. 15 .024 40 23 33 10 
l 10. 2 14'.'3.2 250 .86 296.76 G3.30 ?. 1,. 1 5 • 0?4 ,i0 2r3 36 10 
I I o. 4 1,,s. 5 2 50 ．召 6 29 6. 16 83.27 24. 1 LI • 024 40 2~ 3g 10 
110. 7 148.3 250 .86 296. 39 83.23 211. 14 • 0 2·'i 40 28 3, 10 
95.3 147.8 200 .136 313.61 90. 12 29.46 .026 40 28 38 10 
95.4 1'17. 9 200 .s6 313.3n o O. 11 29.46 .026 40 2g 38 !O 
95.6 ll13.2 200 .s6 312.131 90.03 29.,,6 .026 40 23 3g 10 
96.4 1'19.S 200 .36 310.11 n9. 94 29 • LJ 5 .。 26 4O ^'』 n, 3g 10 
75.7 147.6 150 .86 356.59 1 O4 • A5 /JO. 0 1 .030 LJO 23 3g 10 
7 5 • 8 147.7 150 .06 356.35 1011. 44 4 0. O 1 • O3O 1.:0 2 8 38 10 
75.9 J/18. 0 150 .86 355.75 104.41 /JO. 0 1 .030 40 ? g 3g 10 
76. 。 148.3 150 • g6 355. 。g 10,~.3'3 110. 0 l .030 .,-l O 2g 38 10 
27.3 43. 4 2OO • g4 2 '?A. ̀? II 93.95 33. 9 5 • (),6 LIO 2g 38 10 
2 7. 4 /13.,~ 200 • e I! 2 9 I! • 5 7 9g.93 33.95 .026 4O 28 33 10 
27.4 43.s 200 .!31-1 294.10 93.90 33.94 • O26 40 28 38 10 
2 7. 5 113. 6 ~00 • g.,I ?9 4 • og 98.86 33.93 .026 40 2g 3g 10 
21. 7 113. /1 150 • 5 11 31, 5. 9 6 112.37 A 5 • 3O • o .1n 110 2g 3g 10 
2 l., 43. /~ 150 • (\ I! 3 4 6. l O 1 1 2 • J 5 A 5 . 79 .030 L1O ^ c:.r. , , 3 乃 10 
2 I. l] 43. 51 5 O .r-5.11 345.55 112.32 /J 5. 79 .030 IlO ,L· '6 .) 3g 10 
2 I. 3 43. 6 150 • ·3 43I1 5 • 2 1 1 1 g. 2 3 45.77 .030 ,'.!0 28 33 10 

Columes 2 , 3, and 5 are input data from collector field optimization. 
* Th o 

he 3 C is a smaller approach than normally ancountered in practice. This 
a鬪翳sulted in part from the coarse grid (10) for condenser temperature 

grid for range used in the initial run of this program. 

Figure 2-22. Printout of the Turbine Generator/Coo!ing 
System Optimization, T wet bulb= 25 °c. 
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l. O INTRODUCTION 

Weather records obtained for the project were in the form of 

magnetic tape recording of hourly values for 15-year periods at El Paso, 

Texas, Phoenix, Arizona, and Albuquerque, New Mexico. During the project, 

a tape for Inyokern, California, was obtained from the Aerospace Cor

poration. It was felt by the project team and consultants that the di£

ferences between these locations in the southwest would have marginal 

effect on system performance. It was decided to first compare the 

systems against one another using typical conditions for the region and 

then simulate the best systems using the weather data from one location. 

For initial designs, data for 1959 from Albuquerque, New Mexico, was 

chosen because a tape for that year was obtained that had been checked 

for consistency and completeness. 

Albuquerque data was used in three forms: 

1) Point data was used to represent typical hourly conditions 

of insolation, ambient temperature and wind velocities. 

2) Three typical clear days were selected to represent mid

summer, mid-winter and equinox conditions. 

3) Statistics were derived from the complete year for insolation 

on collectors of various orientation as well as temperature, 

wind velocity and relative humidity. 

These 1959 Albuquerque data were applied to preliminary system 

~nd subsystem performance analysis. Albuquerque is located at a latitude 

of 35.0S 0N and longitude of 106.62 °w. Subsequently, the same analyses 

of i insolation statistics were made for Albuquerque 1962, El Paso, 1959, 

and the Inyokern data. 
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Where point designs were made for subsystem comparisons, the 

following conditions were assumed; 

.... 1234 
Direct normal insolation 1000, 700 or 400 W/m 2 

Diffuse insolation, 100 W/m 2 

。Ambient temperature 20 ~C, and 40 ~c 。

。Sky temperatures 20 -c below ambient temperature 

5. Wind speed Sm/sec (10 mph) 
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2.0 TYPICAL CLEAR DAYS 

To compare collector subsystem performance without using the 

entire year of data, three days were chosen from the ~ecords to represent 

a clear summer day, a clear winter day and a clear spring (or fall) day. 

Hourly values of total insolation on a horizontal surface are shown in 

Figure 2-1 for each of the days. 

To compute the insolation on tilted collectors, it is necessary 

first to subtract the diffuse component of the measured total, horizontal 

insolation. The diffuse component has to be estimated because neither the 

diffuse nor direct radiation is measured separately. The method described 

by Liu and Jordan (1960) was used to estimate the diffuse component of the 

total radiation when the measured value was less than 0.8 of the extra

terrestrial value. For measured radiation greater than 0.8 of extra

terrestrial, the diffuse was assumed to be a constant five percent of the 

extraterrestrial value. The hourly variations of the estimated direct 

and diffuse solar radiation on a horizontal surface are shown in Figure 

2-2 for the three typical days. 

The use of the approximations above is supported by the data of 

Liu and Jordan only when the total insolation is between 0.4 and 0.8 of 

extraterrestrial insolation. When total insolation is greater than 0.8 

of the extraterrestrial value, the diffuse radiation does not continue 

to decrease as would be indicated by an extension of the correlation 

proposed by Liu and Jordan. In fact, during partly cloudy days, the 

direct sun may be as stong as for a clear day while forward scatter from 

clouds may contribute a significant portion to the total radiation and 

cause the total radiation to approach the extraterrestrial value. When 

the total insolation drops below 0.3 of the extraterrestrial value, the 
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energy available for electric power generation is very likely below t he 

threshold of usefulness in most collector designs. In that case, i t is 

not important to separate the direct and diffuse insolation for purposes 

of this analysis. Accordingly, the total insolation is treated as diffuse 

radiation, for low insolation levels. 

After separating diffuse radiation from the total horizontal, the 

remaining direct component was converted to normal :ncidence by div iding 

it by the cosine of the angle to the sun, eh. Then, 

cos e, = cos L cos o cos H + sin L sin o 
h 

(2- 1) 

where 

Lis the latitude angle (35° for Albuquerque), 

o is the declination angle, and 

。His the hour angle; zero at solar noon and 15~ for each hour 

away from noon. 

Hourly variations of the estimated direct normal radiation for the 

three typical clear days are shown on Figure 2-3. 

Normal-incidence direct insolation is converted to the direct 

insolation received on a tilted collector by multiplying by cos 8t' 

where 

cos et = cos (L-13) cos o cos H + sin (L-13) sin o. (2- 2) 

In Equation (2-2) 8 is the angle of collector tilt above horizonta 

Dry bulb temperature variation over the three typical clear days 

was represented by the monthly average for each hour. These averages 

shown in Figure 2-4. Relative humidity values were also averaged for 

each hour to represent typical conditions for each of the days chos en-
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尸

These are shown in Figure 2-5. A steady wind speed of Sm/sec (::elO mph) 

was chosen for performance calculations during the typical days. This 

is somewhat higher than the median value for the year as shown in the 

next section. 

Sky temperatures were computed to represent the three typical 

days. A computer code developed at the National Oceanic and Atmospheric 

Administration (NOAA) in Boulder, Colorado, was used by NOAA personnel 

to estimate the sky radiation temperature from radiosonde data obtained 

from the National Weather Service. At NOAA recommendations, 1972-1973 

radiosonde data was used instead of 1959 data, because of greater accuracy 

in more recent instruments. Clear days selected for sky temperature 

calculations were June 19, 1973, March 12, 1973 and December 13, 1972. 

° ° The calculated values, Table 2-1, are 25~ to 30 ~C below the dry 

。bulb temperature at the time the radiosonde data was taken, and 35~ to 

。40 ~C below the average daytime temperatures shown by Figure 2-4. This 

。suggests that the use of sky temperatures 20 ~c below ambient temperatures 

may not be low enough for very clear days. 

TABLE 2-1 

CALCULATED SKY TEMPERATURE 

Month Skz: Tem12erature 

June -13. o 。c 

March -23.7 °c 

December -33.1 °c 

Dry B!J_l_l> __ (6PM_) 

12.9 

2.8 

-4.2 

Sky temperature was assumed to be very nearly constant during the 

day b ecause it depends strongly on absolute humidity numbers which vary 

slowly. Furthermore, radiosonde data is only available every 12 hours, 

so houri Y sky temperatures would have to be interpolated. 
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ANNUAL STATISTICS 

More useful collector subsystem performance, and in some cases 

total system performance, can be obtained from the statistics of the 

whole year rather than o·nly three days. 

For seven different flat-plate collector orientation conditions 

and five focusing collector tracking conditions, the 1959 Albuquerque in

solation data were corrected for collector angles and sorted according to 

the frequency of occurence of different values. 

On the focusing collectors the insolation is 

I = I cos 0 2 
fo on t W/m, (3-1) 

and the total insolation on flat-plate collectors is estimated to be 

where 

I_ = I cos 6. + 0. 5 I 2 
fe on t d W/m 

2 I __ = Direct normal insolation, W/m 
on 

(3-2) 

e. = Angle between the normal to the collector and the sun 
t 

d 
I., = Diffuse insolation, W/m 2 

Except for the horizontal collector, only one-half the diffuse radiation 

was included because the tilted collector does not see the whole hemisphere 

of sky. 

The diffuse insolation was estimated from the total insolation 

using the relationship given by the curve in Figure 3-1. The solid 

part of the curve was adapted from the data of Liu and Jordan (1960), 

and the remainder was estimated. Where the total insolation is less 

than 0.5 of the extraterrestrial insolation , it is not useful for power 

generation, so the estimated diffuse is not important. Where it exceeds 

0.8 of the extraterrestrial value the diffuse rad:i iation is made constant 

because it does not realistically continue to decrease as extrapolation of 
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the solid line would indicate. 

Extraterrestrial insolation on a horizontal surface is estimated 

from 

I. = I. 353 r cos e oh c h 
（生3)

where re is a multiplier to account for variation in distance to the 

sun, see Table 3~1, and cos eh is defined by Equation (2-1), above. 

In the expression for the cosine of the angle to the sun from 

the vertical, Equation (2-1), the declination angle, 8, varies throughout 

the year as shown in Table 3-1. The hour angle, H, is based on mean solar 

time which also varies seasonally. These seasonal differences between 

solar time and clock time are caused by orbital and rotational variation. 

The difference is called the equation of time, and is also tabulated in 

Table 3-1. Then, the hour angle is found, for Albuquerque, by 

where 

H = lS(T-12.5 + ET) + 105 - LON* 

Tis clock time in hours, Mountain Standard Time 

ET is the equation of time adjustment, Tabb 3-1, and 

。LON is the longitude, 106.6r. 

(3-4) 

The collector orientations and tracking conditions for which 

the frequency distribution of insolation values were made are listed in 

Table 3-2. Also given in the table are the expressions for cos et in 

Equations (3-1) and (3-2) as they apply to each collector type and 

orientation. 

The computed frequency distributions (histograms) are given in 

~ . 

Th~ insolation data recorded on tape for 12:00 is the average for the 
~;eceding hour and therefore better represents the value for 11:30. For 
the reco;ded data solar .noon falls bet~een . the 12:00 and 13:00 records. 
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TABLE 3-1 

Solar Declination, Distance Multiplier 
For Solar Constant, and Equation of Time 

Date 6 「 ET (hrs.) 
C 

Jan. 22 -19.85 。 1.0300 -0.191 

Feb. 22 -10.47 。 1.0207 -0.228 

Mar. 22 0.33 。 1.0057 -0.120 

Apr. 22 11. 93 。 0.9875 0.022 

May 22 20.23 。 0.9727 0.058 

Jun. 22 23.45 。 0.9670 -0.028 

Jul. 22 20.43 。 0.9692 -0.105 

Aug. 22 12.05 。 0.9785 -0.051 

Sep. 22 0.62 。 0.9945 0.116 

Oct. 22 -10.78 。 1.0133 0.256 

Nov. 22 -19.97 。 1. 026 7 0.234 

Dec. 22 -23.45 。 1.0327 0.030 
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Figures 3-2 through 3-13 for the various collector deployment schemes . 

for the tracking collectors, only hour angles less than 60° were considere, 

useful because shadowing is expected to become excessive for greater 

angles. These data are suitable for estimating annual collector output, 

and unless storage is involved, the complete system operation can be 

estimated. When storage is used, so the thermal output is not necessaril 

used in the hour of its output, system performance is difficult to estimat 

from these statistics. 

For the ambient air temperature and wind speed, frequency dis

tributions of the hourly values were made for the 1959 Albuquerque data. 

These are shown in Figures 3-14 and 3-15. 

From Figure 3-14 the average temperature appears to be about 

。14 -c. However, the average temperature for the hours of collector 

operation would be higher than the average for all hours. Figure 2-4 

indicates a difference between daytime mean and daily mean of slightly 

° ° more than 1 -c, which suggests 15 -c as a reasonable average ambient 

temperature for systems operating in Albuquerque. 

Maximum wind velocity for structural requirements has been pl aced 

at 60 m/s (:el20). This is a condition for survival of components and 

not an operating condition. As observation of the data in Figure 3-15 

suggests that, lf 1959 is a typical year, winds exceeding 15 m/s (30 mph) 

are rare and this velocity might be an acceptable upper limit on des ign 

for operation. 
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Figure 3-2. Hourly Insolation Statistics, Horizontal 
Collector. Albuquerque Data, 1959. 
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1000 

800 
J00A 

0.2 0.6 

JOd 600 

S0UU8JJnuu0 

400 

200 

。。

N 一云也主 s

0.2 0.4 

0.8 
kW/m 

2 

0.6 0.8 
lnso 丨 ation, kW/m2 

1.0 1.2 1. 4 

1.0 l. 2 1. 4 

Figure 3-5. Hourly Insolation Statistics, Focusing Collector, North 
-S0tJth 

Horizontal Axis, East-West Tracking. Estimated from 
Albuquerque Data, 1959. 

C-18 



「

1000 

800 
J00A 

J8d 

sa:>uaJ5g0 

600 

400 

200 

乙ns 

0.2 0.4 0.6 0.8 
lnsolation, kW /m2 

1.0 l. 2 1.4 

Figure 3-6. Hourly Insolation 
Axis, Tilt to Sun 
Albuquerque Data, 

Statistics, Focusing Collector, East-West 
Elevation Angle. Estimated from 
1959. 

1000~ 

8O0F 
J00A 

Jad 

600t-
sa::>uaJJnuu0 

4001-

立＼

200t- 「

,. 

。。
. + 

0.2 0.6 0.8 
lnsolation. kW /m 

2 

Hourly Insolation Statistics, Flat-Plate Collector, Tilt 
Continuously Adjusted to Sun Elevation Angle. Estimated 
from Albuquerque Data, 1959. 

..,., 
, ·. ·'.. .`.''·,· 

0.4 1.0 1. 2 l.4 

Figure 3-7. 

C-19 



1000 

800 J00A 

XOd 

600 

S0UU8JJnuu0 

400 

200 

。。 0.2 0.4 0.6 0.8 
lnsolotion, kW/ m 2 

Figure 3-8. Hourly Insolation Statistics, Focusing Collector, Tilted 
on North-South Axis, Tracking East to West. Estimated 
from Albuquerque Data, 1959. 
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Figure 3-12. Hourly Insolation Statistics, Focusing Collector, 
Tracking. Estimated from Albuquerque Data, 1959. 
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4.0 MARKOV INSOLATION MODEL 

It was noted above that the statistics taken from the insolation 

data are reliably used for system performance estimates only if heat 

storage is not employed. A statistical description of insolation whi ch 

could be usable even with storage is the Markov model. 

In this model the insolation is described by the probabilities 

that it will have a certain value during a given hour. The probabilities 

of occupying a given level may be different for each hour of daylight, in 

which case the model is non-stationary. Furthermore, in a first-order 

Markov model, the probabilities depend on the insolation value of the 

previous hour. In a second-order model the dependence would go back 

to the two previous hours. 

If a practical Markov model were developed it could represent as 

many years of data as were available for a site and the model could be 

used to compute the output of a complex system in lieu of an hour-by-hour 

simulation. 

The data for 1959 was analyzed to see whether, as a Markov 

process the model was first or second order and whether it was stationary. 

Conditional transition probabilities were calculated which indicated that 

the process was first-order but non-stationary. In addition, the 

transition probabilities depended upon the season as indicated by the 

declination angle. 

Therefore to describe the process, a probability matrix must be 

determined for each combination of four to six declination angles ranges and 

eight to twelve hour~ 。f the day. In this application, the Markov model 

apparently has no advantage over direct simulation with one year of data. 
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5. 0 CONCLUSIONS AND RECOMMENDATIONS 

The site which received the most detailed data analysis was 

Albuquerque, New Mexico. Data for other sites is available for simulati, 

of the most suitable candidate systems and preliminary analyses have 

been made for El Paso and Inyokern data. 

In the analysis of any of the insolation data, the greatest 

shortcoming is the necessity for estimating diffuse insolation in order 

to compute direct insolation and adjust it to various collector angles. 

Where accurate systems analyses are required either direct or diffuse 

insolation must be known as well as the total, so that realistic estimat 

of direct normal insolation are available. 
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1. O INTRODUCTION 

Flat-plate (non-concentrating) collect.ors are suitable for pro-

。。ducing heat at temperatures to 100 ~c or in some cases 150 ~C. In solar 

thermal electric power generation, flat-plate collectors could be used to 

heat water or another working fluid from the condenser fluid outlet temperature 

to the 100 - 150 。C range. If this is the maximum temperature required 

by the plant design, the whole collector field might consist of flat

plate collectors. If higher temperatures are needed the output of the 

flat-plate collectors could be delivered to concentrating collectors. 

A great number of articles have been published regarding the 

collection of heat by flat-plate collectors (see for example, Hottel and 

Woertz (1942) and Whillier (1967)), so this appendix only outlines 

the methods used during this project to analyze the performance of flat

plate collectors. 

Optimization depends upon cost estimates as well as performance 

estimates and, of the two, cost estimates are the harder to verify. In 

the later sections of this appendix some example cost estimates are shown 

and related to the performance to indicate the general range of the lowest 

cost heat from flat-plate collectors. 
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2.0 COLLECTOR DESIGN CONCEPTS 

The goal of flat-plate collector design is to reduce energy losses 

to the limit that is practical with low cost, long-lasting materials 

and simple construction. Losses considered are described in the 

succeeding section in three categories: optical losses, conduction

convection losses and radiation losses. 

The basic flat-plate collector consists of a heat absorbing 

surface with arrangements to reduce thermal losses. The absorbing 

surface contains channels or tubes for the flow of fluid to remove 

the collector heat. Figure 2-1 illustrates the concept using two 

pieces of glass to reduce losses through the front and insulation to 

reduce losses through the back. Some variations on this basic concept 

are described below. 

2.1 Loss Reduction Techni.9.ues 

Losses which reduce collector efficiency were listed above in three 

categories; optical loss, conduction-convection loss and radiation loss. 

2.1.1 Optical Losses 

The optical loss factor accounts for the fraction of incident radi 

energy that is never absorbed by the collector. This factor depends upon 

1) Transmittance of the glazing surfaces 瘧 affected by surface 

reflectivity and internal absorption. Transmittance depend5' 

in part, on angle of incidence. 

2) Absorptivity to solar radiation, a, of the absorbing surface , 

3) Losses attributable to dirt on the glazing and the shading 

of the absorber by side walls and cover supports. 
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Optical losses are of special concern because the represent hj lgh 

quality energy that is available, but rejected by the collector. Red UCtioii 

of these losses is possible by: 

1) Increasing transmittance of glazings. This means reducing 

surface reflectivity by special chemical processes, reducing 

absorptivity of the glass by reducing iron content and reducing 

the number of glazing surfaces involved. 

2) Increasing the absorptivity of the absorbing surface. 

3) Minimizing spacing between glazing surfaces and absorbing 

surfaces to reduce shading. 

2.1.2 Conduction-Convection Losses 

Conduction-convection losses are caused by the transfer of heat 

the inside to the outside of the collector by way of the 

and the air spaces between materials. 

The control of conduction and convection 

using materials with lower themal conductivity, using thicker insulation 皿

more layers of glazing. Convection may be reduced by cellular structures 

as honeycomb in air spaces to eliminate convection cells. 

spaces may reduce conduction and convection losses to negligible levels. 

2.1.3 Radiation Losses 

Radiation loss represents the transfer of energy electromagneticall 

at infrared wavelengths from hotter surfaces to cooler surfaces on to the 

surrounding atmosphere. The energy radiated depends on the fourth power of 

absolute temperature, the surface area, and the emissivity of the surface, 

Radiation losses are reduced by surface treatments that decrease 
th 

emissivity and by shielding the absorber with more layers of glazing. 
泗I

surface geometric arrangements are helpful to reducing radiation by keep 
逼

hotter surfaces radiating toward only slightly cooler ones. 

tures, for example, provide some reduction of radiation loss 

reduction in convection loss. 
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From the brief description of losses, above, it is apparent that there 

is a trade-off necessary between the optical losses and the thermal losses 

(radiation, conduction and convection). For example using more layers of 

glazing reduces thermal losses but increases the optical losses. Similarly 

a honeycomb structure between the absorber and the glazing lowers thermal 

losses, but it adds to optical losses by blocking some of the incident 

energy before it reaches the absorber. Even the reduction of heat radiation 

losses by lower surface emissivity to infrared wavelengths cannot be 

accomplished without some penalty in the absorptivity of the surface to the 

solar ·spectrum. 

2. 2 Collector Orientation 

The intensity of radiation on flat-plate collectors is reduced 

by the cosine of the angle from the collector to the sun. There may be 

an advantage to having the collector tilt fixed, however, because the 

expense of installing and maintaining a large number of flexible pipe 

joints may not be justifiable. These effects are analyzed quantitatively 

in subsequent sections. An additional effect of collector orientation is the 

reduced transmittance of glass and reduced absorptivity of surfaces at angles 

of incidence greater than about 45 。 . These effects are evaluated below. 

2 • 3 Desig_n Classification 

One approach to classification of suitable flat-plate collector 

tyPes is shown in Table 2-1. The table includes variations in the absorber 

design, the loss control techniques and the orientation or deployment 

condi tj ions. Because this project is a study of electric power generation, 

Only collectors designed for heating liquids were considered. 

Also for purposes of this study, plastic glazings were excluded. 

Clear plastics are deteriorated by ultra-violet light and have not been 
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TABLE 2-1 

CLASSIFICATION OF SOLAR FLAT-PLATE COLLECTORS 
(Non-Focusing) 

1. Types of Absorbers 
a. Metal surfaces with internal tubes 
b. Metal surfaces with attached tubes 
c. Individual metal tubes 

2. Types of Glazings 
a. Single layer of glass 
b. Multi-layers of glass 

3. Types of Surfaces 
a. Flat black paints, oxides, enamels 
b. Selective black, low emittance coatings 
c. Transparent honeycomb 
d. Scratched, finned, or roughened surface 

4. Types of Deployment 
a. Horizontal 
b. Stationary, tilted 
c. Periodic tilt angle adjustment 
d. Continuous tilt angle adjustment 
e. Continuous, single-axis, east-west adjustment, constant 

tilt angle 
f. Continuous double-axis adjustment 

5. Radiation Augmentation 
a. Adjacent non-specular reflective areas 
b. Adjacent specular reflective areas 

6. Special Collector Combinations 
a. Evacuated glass tube with internal flat absorber

liquid or gas heater, Speyer (1964) 
b. Evacuated plate, Blum et al (1973) 
c. Liquid heater using semi-transparent surfaces, 

Lumsdaine (1969) 
d. Collector irradiated from both faces, Souka and Safwat (1969) 

D-6 



shown to offer life-cycle cost advantages over glass. Used behind glass, 

plastics may perform acceptably, but since the use of plastic does not 

greatly reduce overall collector costs, this analysis has been made with 

glass for glazings, and the sensitivity to the cost of the glazing is 

shown in the final section on estimated costs. 
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3.0 ANALYTICAL MODELS 

Mathematical analysis of flat-plate collector performance i s Very 

well summarized by Whillier (1967). His methods were used with a f ew 

variations described below to write computer programs that predict heat 

losses and collector efficiency under the full range of ambient conditions 

and for the design variables described in Table 2-1, above. 

3.1 Collector Heat Balance 

Under static operating conditions the useful heat removed per 

unit area of collector is the difference between the absorbed energy and 

the thermal losses. 

where 

q = IF cos O - u (T -T) u e C L c a 

I is the incident solar radiation, watt/rn 2 

F~ is the effective net absorptivity of the collector 
e 

e is the angle between the sun and the collector normal 

(3-1) 

2 0 U1 is the total collector loss rate at temperature T~, W/rn- Ve 
L c 

。T~ is average collector surface temperature vC, and 
C 

。T n is ambient temperature, Ve. 
a 

The useful heat can be expressed as an enthalpy change in the 

collector fluid, but for liquid flow it is approximately correct to write 

where 

q ＝而 c (T -T . ) 
U P ' 0 l 

面 is fluid flow rate, kg/hr 

p C,,_ is specific heat of the fluid at the average temperature 

。W-hr/kg ~c 

。T_ is fluid outlet temperature, ~C, and 
。

。T. is fluid inlet temperature, Ve. 
1 
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The remainder of this section is a description of the computation 

of thermal loss coefficient, u1. and the elimination of the collector 

temperature dependence in Equation 3-1. 

3.2 2_Etical Losses 

The fraction of the incident energy that is absorbed by the 

collector depends on the transmissivity of glazing, the absorptivity of 

the absorber surface, and the angle of incidence of the insolation on 

the collector. 

Figures 3-1 through 3-4 show the calculated absorbed energy as 

a fraction of incident energy for one through four glass covers, and 

plate absorptivities of 0.9 and 0.95. Normal and low reflectivity glass 

are compared, both with attenuation in the glass of 0.2 per inch. Glass 

1/8 inch thick is assumed. The absorbed energy begins to decrease 

markedly for angles of incidence greater than 45 degrees. Computed 

energy capture is based on the methods described by Whillier (1967) and 

account for multiple reflections between glazing-air interfaces. 

The angular dependence of the optical losses in the curves of 

Figures 3-1 through 3-4 is for F~ only and is in addition to the cos e e • - - - - - - -- - - --- - - - ~ - C 

dependence shown in Equation (3-1). 

3.3 Conduction-Convection Losses 

Conduction and convection losses depend on: 

1) Average temperature of the absorbing plate 

2) Ambient air temperature and wind speed 

3) Number of glass covers and, to a minor extent, their spacing 

4) Rear and edge insulation 
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The convection loss coefficient from the outer glass surface to 

the air is given by Whillier (1967) as 

2 o 
h = 1 + O.3V BTU/hr ft F 

w 

where Vis wind velocity in miles per hour. In metric units, 

2 0 
h = 5. 7 + 3. 8V W/m C 

w m 

(3-3) 

(3- 4) 

where Vm is in meters/sec. For the 5 m/s wind velocity (about 10 mph) 
m 

used in all calculations, 

2 0 
h = 24. 7 W/m C 

w (3-5) 

3. 3.1 Air-Filled Spaces 

Convection coefficients for heat transfer between parallel plates 

depend strongly on the temperature of the enclosed air, which may be 

assumed to be the average temperature of the two plates. Also important 

is the tilt angle of the parallel plates with respect to horizont a l. 

The relationship used for estimating the convection heat transfer 

coefficient between parallel plates is not the expression given by Whillier 

(1967), but was developed from data by Robinson and Powlitch (1957), and 

empirical expressions given by Holman (1972). At temperatures approaching 

100 °F, the values computed for this study are close to the values cal

culated from Whillierts expression. 

s e c1 a11 p1. s.0 

O) 

alDIL c/s isr̀  tf̀ 3 r53 e2. v·O 

0r 

rrG oG f

、
J

、
丿

S

,s/ s/k ek( vr̀  i5 g1806 n·· aOO m
.2-'

, 

1= 0C Hh 

and for horizontal plates, 

0.195 Gr 
0.25 

hc= lo. o68 Gr0. 33 

3 4 
for 2 (10)" < Gr < 2 (10) 

(3-6) 

for 2 (10) 4 < Gr < (10/ 

4 5 for (10) ·.; Gr < 4 (10) 

5 for 4(10)- < Gr 

(3 -7) 
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where Gr is the dimensionless Grashof number given by 

3 
Gr = 9. 8 s (Tl 五）

泛 T av (3-8) 

and 

s = plate spacing, meters 

k = thermal conductivity of air at T -··, in W/m ~K 。
av 

L = length of vertical rise in plates, meters 

2 \) =kinematic viscosity of air at T ___, in m"'/sec 
av 

T1,r2 = plate temperatures, °K, and 

T = (T + T) / 2. 1 - 2 in °K 
av 

Within the range of temperatures of interest for flat-plate 

collector operation, Gr varies from 5000 to 40,000 and the useful tilt 

angles vary from horizontal to vertical. The data of Robinson and 

。Powlitch (1957) for parallel plate at 45- tilt show variations in heat 

transfer with (T, - T,,) to leave an exponent 0.3, intermediate between 1. 2 

the 0.25 and 0.33 exponents in the equations above. To simplify com-

0.3 putation, Grv•~ was used for all temperatures and tilt angles in the 

flat-plate collector analysis. 

Both k and v vary with average temperature so their temperature 

variation was included in the expression for h_. Over the range of 
C 

250 。 K < T_.. < 450 °K, 
av 

k = 1.83(10) ~ T -4 _ 0.87 
av 

and 

v = 7. 2 (10) T 
- 1O 1. 75 

av 

W/m °K (3-9) 

2 
m /sec. (3-10) 

Then using a heat transfer coefficient of the form 

h =Ck _ 0.3 
c Gr _s (3-11) 
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and substituting Equations 

h _ = C (T, - T,.,) 
0.3 

c 1 2 

(3-8), (3-9) and (3-10), the expression beconies 

2 o 
WmK 

T 
0.48 

(3 -12) 

Calculating the value of C1 from the data of Robinson and Powlitch (1957) 

gives 

12, Vertical plates 

c' ={17,450Ti1t top1ates 

20, Horizontal plates 

(3 - 13) 

The constants in Equation (3-12) apply to spacings greater t han 2 

and change very little with increased spacing except for horizonta l coll 

For horizontal collectors, the heat transfer coefficient decreases by the 

0.1 (0.02/s)"·~ with spacing greater than 2 cm. Reducing the plate spacings 

2 cm. begins to suppress the convection, and the conduction eventually b 

the limiting effect. Then the heat transfer rate depends on 1/s. 

3.3.2 Evacuated Spaces 

As the air pressure is reduced between the absorber and the glass 

covering, first the convection heat transfer is eliminated and fina lly 

the conduction is reduced. With flat glass and flat absorber plates the 

pressure can be reduced only if the glass is supported. Some experimenters 

have done this (Blum et al, (1973)) to the extent of suppressing convectio 

losses. However, using a cylindrical configuration, Speyer (1964) built 

experimental collectors with sufficient vacuum to make the conduction

convection losses negligible. 

Figure 3-5 shows the decrease in heat transfer as the air pressure 

reduced. The heat transfer coefficient approaches that of conduction onlY 

the air pressure is reduced to 0.01 atmosphere. Conduction effects , ho'i/8' 

·J11e叫unchanged until the molecular mean free paths are comparable to the di 

the air space. 
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(see Teagan (1967)). At 10 
-7 -6 

to 10 
-4 -3 atmospheres (10 · to 10 ~ Torr) 

the conduction loss is only about one percent of the conduction loss 

at atmospheric pressure. 

一 1 -7 
Whether the pressure is reduced to 10 ~ atmosphere or 10 

atmosphere does not materially affect the structural support required 

to prevent implosion. However, a higher vacuum does require a higher 

quality seal, and implies a higher degree of difficulty in maintaining 

the vacuum. 

3.4 Radiation 

Heat exchange by thennal radiation between two surfaces depends 

on their temperatures, areas and the long wave emissivities of both 

surfaces. For extensive parallel plates the heat exchange rate is 

A a (T 
4 

1 
- T 

4 
2 

) 

%= 
2 

1-c 
十

1 

1lc watts 
- 1 

(3-14) 

where 

A is the surface area of each plate, square meters 

-8..'2 0 cr is the Stefan-Boltzmann constant, 5.67(10) V W/m- VK 

。T1, T,, are plate temperatures, VK, and 
1 2 

£1, £2 are surface emissivities at the respective plate temperatures. 

For long concentric cylinders, Speyer (1964) for example, the 

equivalent expression is 

Qc =Ala (Tl4 - T24) 

r 

12 
A-A 

十

1 

1c 

4
、 1-1 

2 

1lc 
十

1 

1
_
E 

A_ diffuse 
2 

A2 specular 

(3-15) 
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where Al is the surface area of the inner cylinder and A2 is the surface 
2 

area of the outer cylinder. The expressions are unchanged when A1 is 
1 

specular or diffuse, but the heat transfer is reduced when A2 is 
2 

specularly reflecting. 

In the evacuated tubes designed by Speyer, part of the glass tube 

was silvered to reduce radiation losses. However, when only a part of A 
2 

is reflective, there may be an insignificant reduction in radiated heat loss. 

Much of the reflected radiation escapes around the sides of the inner surface 

and is absorbed in the diffuse, upper portion of the glass envelope. 

Radiation from a heated body to the surrounding atmosphere 

depends on the effective sky radiation temperature, T~, and the heat 
s 

loss expression is, 

Qs = Al(J C1 己－ Ts4) watts (3-16) 

Sky temperature determination is discussed in Appendix B. An 

accurate determination is tedious and was not attempted on a day-to-day 

basis. For most of the collector modeling, sky temperature was assumed 

。to be 20 Ve below the ambient temperature. The total collector heat 

loss is relatively insensitive to sky temperature. For example, in a 

collector with two glass covers, the heat loss is increased by about 

7 percent by a 40 °c reduction in sky temperature. For 3 glass covers, 

the corresponding increase in losses is only about 4 percent. 

3.5 Total Thermal Loss Coefficient, U 
L 

To compute the total collector heat loss rate, the convection 

and radiation loss coefficients are combined in parallel and series to 

represent the total heat conductance between the absorber to the 

surrounding air. See Whillier (1967), for example. However, the heat 

transfer coefficients depend on the temperatures of the surfaces involve4 
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and the estimated temperatures, in turn, are determined by the values of 

the heat transfer coefficient. 

The solution, both for surface temperatures and inter-surface 

heat transfer coefficients, was determined by iteration - computing first 

the heat transfer coefficients from estimated temperatures, then the temp~ 

eratures from the heat transfer coefficients. This was repeated unt il 

。the estimated surface temperatures had changed less than O. 5 ~C from the 

prior iteration. 

After the heat loss rate through the front of the collector was 

determined by the iterative calculation described above, the loss 

coefficient was increased by ten percent to account for heat conducted 

through the back and sides of the collector. This represents a d ifferent 

insulation thickness for different collector designs, but varies be tween 

about 5 cm. and 20 cm.. 

3. 6 Collectors Modeled 

The types of flat-plate collectors specifically modeled for 

estimates of annual thermal energy output under conditions of fixed 

tilt, equal to the 35 degree latitude of Albuquerque, New Mexico, were: 

1. Absorber with imbedded tubes, surface emissiti vities of 

O. 9, 0. 2 and O.1, protected by 1, 2, 3 or 4 glass cover plates . 

2. Honeycomb (transparent) between absorber and glass cover, cunn1 

ton and Streed (1973). Optical properties of mylar were use d a 

though its temperature limits are inadequate for this app 1icat1 

3. Evacuation between absorber and supported glass plate, a hypo· 

thetical and possibly impractical case. 

4. Evacuated glass tubes with absorbers inside. Speyer (1964) 
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3,6. 1 Multi-Layered Glass Covered Model 

Heat loss coefficients were calculated for flat-plate collectors 

with varying number of glass covers and varying surface emissivities. 

The back and side losses were assumed to be ten percent of the loss 

through the glass covers. These loss rates are shown in Figures 3-6 

。through 3-8 for collector temperatures from 50 Ve to 150 Ve. 。

3.6.2 Honeycomb Designs 

The placement of a honeycomb structure between the absorber plate 

and the cover glass controls heat losses in two ways: 

1. Small honeycomb cells prevent the formation of air convection 

cells and reduce the conduction - convection loss to the 

conduction loss of the air in parallel with the conduction 

loss through the honeycomb material. This means the honey

comb material should be very thin-walled and have low thennal 

conductivity. The cells should be made small, but this in

creases the honeycomb material used and blocks more of the 

incoming light. 

2. The honeycomb intercepts most of the re-radiated energy from 

the absorber before it can reach the cover glass. This pro

duces an effective emissivity lower than that of the absorber 

plate alone. The honeycomb material should be opaque to infra

red energy and have low reflectivity. 

Several types of honeycomb materials have been tested by 

Cunnington and Streed (1973) to intercompare their performance. Even 

transparent honeycombs have a more limited allowable angle of incidence 
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than flat-plate collectors with multiple glass covers. This problem 

could be overcome by having a movable collector, but movable collectors, 

in turn, produce other problems..Based on the results of Cunnington and 

Streed, the reduction in equivalent absorptivity for a honeycomb behind 

one piece of glass is shown in Figure 3-9. The result for low reflectivity 

glass was estimated from the measured data for normal glass 

Mylar appears to be the most suitable honeycomb material tested, 

but it is certainly not ideal. One quality not evaluated was its per

formance at elevated temperatures and in this category mylar may be in

adequate for use in solar thermal power generating applications. 

The heat loss coefficient for honeycomb was estimated by calculating 

conduction and radiation loss, but no convection loss between the absorber 

and the glass cover. The radiation loss was estimated as though the 

absorber had a reduced equivalent emissivity. Loss coefficients are 

shown in Figure 3-10 for an equivalent emissivity of 0.5 over the 

o o temperature range 50 Ve to 150 Ve. Based on the experimental results 

of Cunnington and Streed (1973), an emissivity of 0.5 corresponds 

approximately to a cell depth-to-width ratio of 1.5 to 2. This range 

includes the ratio 1.7 for which the angle of incidence measurments 

of Figure 3-9 were made. 

3.6.3 Evacuated Collectors 

Evacuating the space between the absorber and the glass covering 

reduces the conduction-convection loss from the front of the collector 

to a negligibly small value. Dominant losses are then caused by 

radiation heat transfer and conduction through any materials separating 

the absorber and the glass or the collector housing. 
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A flat absorber and a flat glass plate can be assembled so that 

the space between them may be evacuated. Experiments were conduct ed 

by Blum and others (1973) on such an arrangement where the evacuation 

was sufficient only to suppress convection heat transfer, and heat 

transfer by conduction through the air remained. 

Experiments with higher vacuum were conducted by Speyer (1964) 

on absorbers inside glass tubes. This arrangement forms a practical 

collector where the glass-to-absorber contact is made primarily at only 

one end of the tube. 

The tubular collector was modeled with heat transfer coefficients 

calculated for radiation only, and for absorber surface emissivi ties of 

O.1, O. 2 and O. 4. The results are shown in Figure 3-11, and a comparison 

of these values with the heat loss rates in Figure 3-6 shows that when 

the emissivity is 0.4, the heat loss in the evacuated collector i s 

approximately the same as that for the flat-plate collector with two 

glass covers. Only when the absorber emissivity is 0.2 or lower does 

the evacuated tubular col.lector offer improvement over the non-evacuated 

flat-plate collector with two glass covers. 

For evacuated tubes, the effective transmissivity is not angle 

dependent, but it is reduced below that of flat glass plates because of 

the curvature of the tube. The angle of incidence for incoming radiation i 

。greater than 45v over 30 percent of the tube diameter. The effective absO「

area is also reduced, because the absorber must be narrower than the diaJllet 

of the glass tube. Net absorptivity, F~, of 0.76 was used in the model道
e' 

面｀to account for these optical losses, even though low-reflectivi t y glass 

assumed for the tubes. 

A heat loss coefficient for the flat-plate collector with par tial 

vacuum was not computed although the computer program would easi l y 

D-28 



8 

7 

6 

梠 5 

霏> . 
釒
` 

- 
二 4 
` £ 
足
u、

8 

- 3 

2 

。 50 100 

Absorber Temperature °C 

150 

Figure 3-11. Loss Rates, Collectors with Evacuated Glass Tubes 
(Speyer, 1964), Wind= 5m/s. 

D-29 



accomodate that design. Instead, an untried design was modeled i n which 

the flat absorber and glass plate were used with a high vacuum presumed 

between them. This may be an impractical design to build, but i n terms 

of performance, it could be better than the evacuated tubes. In fact 

it is an approach to an ideal collector configuration. 

configuration. 

The net effective absorptivity is the same as for the air- filled 

collector with one piece of glass. However the heat loss coefficient, 

shown in Figure 3-12 is very much lower. Again, the absorber emissivity 

must be low or the evacuation serves no purpose. 

In this flat evacuated model the optical losses are lower than 

those of the evacuated tubular collector, but the thermal losses are 

about comparable. While the tubular collector has a greater exposure 

of glass surface per unit of collector area, the flat collector must be 

in contact with insulating materials in back of the absorber. Insulation 

to reduce the back loss to one-tenth of the front loss would be 40 to 

60 cm. (15 to 24 in.) thick. If it is impractical to make collectors 

this thick, back losses must be allowed to increase. 

3.7 Fluid Flow and Tem:eerature Distribution 

It is often convenient in flat-plate collector analysis to 

compute performance on the basis of fluid inlet temperature rather than 

absorber temperature. For this one can use the generalized performance 

equation for the useful heat output per unit of area, Whillier (1 967), 

qu = F" F'{1Fe cos e - UL(Ti-Ta)] (3-17) 

where the quantities inside the brackets have been identified above . 

The difference from the form of Equation (3-1) is in using T~ , the fluid 
l. 
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inlet temperature, rather than collector temperature. In front of the 

bracketed variables are F', the collector efficiency factor, and F", 

the flow factor; the factors F'and F" are discussed below. 

Collector efficiency factor, F', is the ratio between an overall 

heat transfer coefficient, U_, from the fluid to the ambient air, and 
。

the loss factor U, between the absorber plate and the air. 
L 

F'= U_/U o L (3-18) 

The factor U_, described in detail by Bliss (1959), accounts for 
。

heat transfer from the fluid to the tube walls, through the tube walls 

through the bonds between the tubes and the plate and along the plate 

in the space between the tubes. The formulations for efficiency factor 

vary with plate configuration, but the factor is quite easily made 0.9 

or better by reasonable design choices. 

The flow factor, common to heat exchanger calculations, is 

F" = 1-exp(-UjG C_) 

u /G 笠 P
0 p 

(3- 19) 

where U_ is the overall heat transfer coefficient above, C_ is the o p 

specific heat of the fluid and G is the fluid flow rate per unit of 

2 collector area. For reasonable flow rates (50-60 kg/hr•m""), F" will 

generally exceed O. 96. 
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4.0 COLLECTOR HEAT OUTPUT 

Collector design variables described in the preceding sections 

were the number of glass cover plates, the transmissivity of the glass, 

the absorptivity and emissivity of the absorber plate and the orien

tation or deployment of the collector. Some special configurations 

for loss control were considered such as honeycombs and evacuation. 

To compare flat plate collectors quantitatively, estimates were 

made of the annual ou_tput of the heat at 100°C for a range of collector 

designs from one with a single glass cover to an (idealized) evacuated 

collector. Comparisons were made for five different deployment conditions 

to show the relative gains in total output possible by varying the 

collector angle either seasonally or continuously and on one or two axes. 

In Table 4-1 are listed, for different collector deployment 

schemes, the hours per year when the estimated insolation flux den

sity (this includes cose ~ dependence) fell into each intensity range. 
C 

These numbers are the raw data from which histograms in Appendix C, 

Figures 3-2, 3-3, 3-4, 3-7, 3-9, 3-11 and 3-13 were plotted. The 

given data is the first column and applies to a horizontal collector. 

The other four columns were estimated from the horizontal data. 

Albuquerque 1959 data were used. 

Since the data in the fourth column closely resembles that 

in the third column and the data in the sixth is very similar to that 

in the seventh, the collector output were estimated only for the data 

in columns 1, 2, 3, 5, and 6. 

To estimate the annual output at 100°C from the data of Table 4-1, 

the Weighted output were summed according to the equation 
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where 

h h 
Qo = -ra 占＼叭－ UL(lOO - Ta) i~/ri kWht 

Q_ is the output thermal energy in kilowatt hours per year 
。

(4-1) 

Tet is the effective transmissivity-absorptivity product of the 

collector for normal incidence (see Table 4-2 below). 

I~ is the insolation level, midpoint in each range, for the left 
l: 

hand column of Table 4-1, 

u. is the collector heat loss rate (see Table 4-2 below). 
L 

Ta is the ambient temperature, chosen for these cal如lations

to be 15°C, allQ 

Hr; is the hours (Table 4-1) in the 1 year est皿ated to have an 

average insolation, I,. 
1 

The summation proceeds from the highest insolation values, the 

bottom of Table 4-1, to the limiting insolation level I1. where the 
h 

heat loss rate 85 UT is equal to the absorbed energy, I 百．
L h 

For lower insolation levels the collecter does not, on the average, 

collect any heat and would not be operated. Then the limiting insola

tion level is 

I 一 2
h = 8SU./ L 

Tcx. kW/m (4-2) 

Table 4-2 lists, for 14 types of flat plate collectors, the 

estimated output for the following five deployment conditions: 

1. Horizontal 

2. South facing,tilted 35° from the horizontal 

3. South facing, tilt adjusted seasonally to the difference 

between the latitude and the declination (normal to the 

sun at solar noon) 

4. Single-axis tracking about a north-south axis tilted at 35° 

from horizontal 
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5. Single-axis tracking about a tilted north-south axis, 

adjusted seasonally to the difference between the latitude 

and the declination. 

After normalizing the outputs for all other deployment con

。ditions to that for fixed tilt at 35~, the average increase or decrease 

in annual output was computed and is listed in Table 4-3. 

The averages in Table 4-3 indicate the approximate limit on the 

increase in collector cost that could be allowed and still not have a 

higher cost of heat than the cost of heat from the collector with a 

fixed tilt. 
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TABLE 4-3 

C001parison of Annual Output for Different Collector Deployment 
Conditions 

Deployment Average, Compared 
to Fixed Tilt 

Variation for 
Different Collector T 

Horizontal 

Seasonal (S = L-o) 

Single 沁is Tracking 

Single Axis, Adj. Tilt 

0.91 

1.10 

1.27 

1.51 

4225 OO11 .... 00OO + 
I 

+ 
I+I 

+ 
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「
s.o FLAT-PLATE COLLECTOR COST ESTIMATE 

Several detailed cost estimates have been made for flat-plate 

collectors with different design and complements of materials. It was 

found that for the present manufacturing techniques, the collector cost 

is materials intensive, with the cost of installation and assembly 

costs ranking second and third. 

A major problem encountered concerned estimates for the cost of 

a new process for large quantity production. For example, the application 

of low reflectivity coatings to glass has been done for some time by 

the Optical Coating Laboratory, Inc. for relatively small orders on small 

glass samples using a batch process. They have recently been applying 

low reflectivity coatings with a continuous process on glass up to 30 in. 

2 
x 40 in. (0. 76m x 1. Om). This could be done for about $0. 50 per ft 

2 6 ($5. 38 per m"") for quantities on the order of 10v square feet for 

coatings on one side. To process larger glass sheets would require a 

new machine; however, the large quantity price was estimated to be the 

same. Some manufacturers are now able to produce low reflectivity with 

surface etching, but none is offering this in quantity. The cost has been 

2 estimated to be as low as $0.10/ft'" for treatment of both sides, but 

it is difficult to establish an accurate 1973 cost. 

Other pricing problems included the absorber, selective absorbing 

surfaces, and manufacturing costs; however, various independent esti

mates made for similar collector designs were reasonably close, and it 

is felt that, for the assumptions made, the present cost estimate should 

be within 20 percent of what would actually have been obtained if the 

Collectors were built and installed in 1973 with large quantity manu-

fact uring processes. 
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The following assumptions were used to limit the number of 

design variables. Additional assumptions are stated in subsequent 

sections. 

1. The solar plant would be located in the southwest near 

Albuquerque, New Mexico. 

2. The flat-plate collectors and support frame would be 

assembled at an on-site fabrication facility. This would 

eliminate post-fabrication transportation costs and 

facilitate service during installation. 

3. Shipping charges for major materials (glass, absorber 

subassembly, sheet metal, construction stell, etc.) were 

estimated for Chicago or Pittsburgh to Albuquerque. 

4. The design variables carried through for illustration here 

are: 

(a) Three or four glass plates 

(b) Low reflectivity treatment on all glas s 

plates, or all plates untreated 

(c) Absorber coated with nonselective black 

or with a selective surface, t = 0.1 

to 0.2. 

(d) The general configuration is show in 

Figure 5-la, b 

5. All materials are to be purchased in large enough quantities 

to obtain lowest base prices. 

6. Entire cost estimate is based on 1973 dollar values. 

The following section delineate the designs and costs for t he 

absorber, glass, insulation, collector housing, fabrication, and fi eld 

installation. 
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5.1 Collector Materials Costs 

5.1.1 Absorber Cost Estimate 

Type: 

Size: 

Material: 

Tube Size: 

Tube Pattern: 

Manufactured Cost: 

Tube in panel made from embossed 

and welded carbon steel sheets. 

36" x 96" (0.91 m x 2.44 m) 

2 2 Area: 24 ft~ (2.23 m-) 

22/22 蹠彧e carbon steel 

2 2.5 lb/ft"", should suffice for 

pressures up to 160 psia at 

saturation temperature 364 VF 。

(184 °c) 

18/14 ~ 

2 
5.13 lb/fC, should suffice for 

saturation pressure up to 350 psia 

。at saturation temperature 427 ~p 

(225 °c) 

About 1. 3" wide x O. 3" deep with 

adjacent tubes spaced about O. 3" for 

resistance welding. 

Not specified. 

(without absorbing surface) 

2 2 
22/22 ~．三

Based on budget estimate for car 1oad 

quantities from Tranter Manufac turing, 

Inc., Lansing, Michigan, August 1973· 
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「
2 

18/14 gauge, $2. 03/ft ($ 21. 85/m) 
2 

Based on the additional material 

cost and same manufacturing complexity 

factor as for 22/22 gauge. 

Absorbing Surface: (Applied) 

2 
Black paint (a= E"'0.95), $0.01/ft 

2 ($0. 107 /m,..) 

Selective surface (a= 0.9 e: = 0.2) 

$0.15/ft 
2 2 ($1. 62/mM) , based on estimate 

from Alcoa for treating aluminum panels. 

Freight: Rail freight for steel is about $0.035/ 

T-mi (Oct. 1973). For 1300 mi from 

Chicago to Albuquerque, freight rate 

is $0.022/lb. 

三

22/22 

18/14 

Frei~e 

$/ft 
2 

$/m 
2 

0.055 

0.113 

0.59 

1.22 

Summary and Recommendation for Absorber: 

The use of 18/14 gauge will allow higher temperature operation 

and longer life; however, the added costs are probably not justified for 

th ° e established 150 ~C operating limit for flat-plate collectors. The 

following table gives the total cost of an absorber panel made from 18/14 

steel and 22/22 gauge steel and shipped to a fabrication facility in 

Alb uquerque. 

D-43 



Item 

Panel 

Absorbing surface: 

Nonselective 

Selective 

Freight 

Total, nonselective 

Total, selective 

TABLE 5-1 

Cost per Absorber Panel 

18/14 gauge 

$/m 
2 

D-44 

21.85 

0.11 

1.62 

1. 22 

23.18 

24.69 

22/22 gauge 

$Im 2 

10.76 

0.11 

1.62 

0.59 

11.46 

12.97 



s.1.2 Glass Cost Estimate 

Type: 

Size: 

Cost: 

Outer layer - tempered 1/8" water 

clear, similar to PPG Herculite K 

Inner layers - double strength B quality 

(DS-B), 1/8" thick (0.0032 m) water clear 

Low reflectivity coatings estimated at about 

2 
$0.20/ft:-, applied at the glass factory. 

Herculite K is available in sheets up 

to 68" x 96". Use 36" x 96" (0.91 m 

x 2.44 m) to be compatible with 

absorber. 

DS-B is available in sheets up to 

60" x 80". Use two 36" x 48" (0.91 m 

x 1.22 m) per layer. Join sheets with 

impermeable, resilient bond. 

The following table gives the cost 

for carload quantities and shipping 

to Albuquerque. Glass costs were 

obtained from PPG Industries Inc., 

June 1973. 
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TABLE 5-2 

Cost of Carload Quantities of Glass 

孚
w2ight 2 

lbs/ft kg/m $/ft 2 $/m 2 $/lb 互
Herculite K 1.65 8.06 0.40 4.31 0.242 0,53S 

DS-B 1.65 8.06 0.221 2.38 0.134 0. 295 

Low p Coating + 0.20 + 2.15 
(add) 

For shipping from Pittsburgh to Albuquerque, add $0.022/lb. ($0.0485/kg.) 

Summary of Glass Cost: 

TABLE 5-3 

Cost of Glass for Collectors 
(Includes Shipping) 

Item kg/m 
2 

Noncoated 

1 Sheet (Herculi te K) 8.06 4-. 70 

1 Sheet (DS-B) 8.06 2. 77 

2 Sheets (1 Herculite K, 
1 DS-B) 16.12 7.47 

3 Sheets (1 Herculi te K, 
2 DS-B) 24.18 10.24 

4 Sheets (1 Herculi te K, 
3 DS-B) 32.24 13.01 

D-46 

$/m 2 
All coated 

6.85 

4.92 

11. 77 

16.69 

21.61 



s.1.3 Insulation Cost Estimate 

Type: 

Thickness: 

Cost: 

Fiberglass flat sheets with no foil 

backing. 

The most economical thickness has recently 

been studied, using 1972-73 economic 

data, by the Thermal Insulation Manu

facturers'Association (TIMA) (1973). 

Their recommendations were tabulated 

for two classes of insulation (mineral 

wool and fiberglass, calcium silicate 

and cellular glass) and three appli

cations (commercial, process, and 

utility). 

For utilities, with an operating 

temperature of SO 。C 。, (305 ~F), TIMA 

recommends S" (0.13 m) thick fiber

glass, or mineral wool, as optimum. 

The Building Cost File (1974) 

3 gives about $9/m" for S" thick insu-

lation. This is for less than car

load quantities in 1974 including 

shipping. For carload quantities 

in 1973, use a material cost of 80% 

of the above and de-escalate at 8%. 

Thus, cost= $9.00 x 0.8/1.08 = $6.70/ 

3 
m-. For a thickness of 0.13 m, the unit 

2 cost is $6.70 x 0.13 = $0.87/m.... 

0-47 



5.1.4 Collector Housing Cost Estimate 

Type: 

Size: 

Box break formed from cold rolled 

carbon steel sheet. The sheet should 

be galvanized or otherwise coated 

to prevent rusting. 

Large enough to accept 36" x 96" 

abosrber, the various layers of 

glass, and various insulation 

thicknesses. Assume 2 cm. spacing 

between glass layers and allow for 

0.13 m insulation. The following 

chart gives total housing depths 

。in metres for 150 Ve operation. 

TABLE 5-4 

Depth of Housing for 3 and 4 Sheets of Glass 

No. of 
G1ass La岂主

3 

4 

Material: 

Depth 
Metres 

Steel Sheet Area 
m , ．一

0.19 

0.21 

3.8 

4.0 

Sheetmetal - Use about 18 gauge 

carbon steel (galvanized). This 

is 0.0478 inches (0.0012 m) thick 

2 2 
and weighs 2. O lb/ftL: (9. 76 kg/m-) · 
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Bracing: 

Spacers: 

Cost: 

Use l" x l" x ·1/811 steel angle which 

weighs 0.8 lb/ft. Each box will 

require about 11 ft. or 8.8 lbs. 

Use redwood spacers glued to sides 

of box (2 cm. x 1 cm.). 

TABLE 5-5 

Cost of Materials for Housing 

Total$ 
Material 

Galvanized Steel 

Unit Cost 

$ 0.15/lb 

0.17/lb 

3 Glass Sheets 4 Glass Sheets 

12.27 12.91 

Bracing 1.50 1.50 

Spacers Negligible 

Total: $ 13. 77 14.42 

2 2 
$/m surface area (2.23 m) 6.17 6.47 

$/m2 M shipping (@ $0.03/lb.) 1.04 1.08 

Total $/m 
2 

7.21 7.55 
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5.1.5 Summary of Materials Costs 

TABLE 5-6 

Summary of Materials Costs 

$/m 
2 

Item 3 Glass Sheets 4 Glass 

Absorber (22/22) Nonselective 11.46 11.46 

Absorber (22/22) Selective 12.97 12.97 

Glass-Noncoated 10.24 13.01 

Glass-Coated 16.69 21.61 

Insulation 0.87 0.87 

Housing 7.21 7.55 

Lowest combination Total 29.78 32.89 

Highest combination Total 37.74 43.00 

5.2 Cost of Collector Fabrication and Installation 

5.2.1 Fabrication Cost 

Assume that materials are shipped to an on-site fabrication 

facility. The following estimate is for the time required to construct 

the first unit (with no major problems) and the labor estimate will be 

based on the time for the 1000th unit (0.365 of the first) using a 90% 

learning curve. Union scale wages will be assumed only for specialized 

trades where construction may be controlled by codes. 

The time estimate in Table 5-7 is based upon the manufacturing 

flow chart shown in Figure 5-2. The labor rates at Albuquerque are 

about 96% of those in the Denver area (Building Cost File, 1974). From 

Table 5-7, the labor cost for factory fabrication is calculated below 

using 13-1/2% fringe benefits, 80% overhead, and a labor efficiency of 

D-50 



% uroductive time (e:stimated by Westinghouse Manufacturing Development 
75 。 P

Laboratory, 1973). 

Item 

Labor 

Fringe Benefits@ 13-1/2% 

Overhead, 80% 

Efficiency, 75% 

Total Labor 

Cost $/m 

1.97 

0.27 

2.24 

1. 79 

4.03 

X 4/3 

2 

2 $ 5.37 per metre 

The total cost for the fabricated collector including materials 

is shown in Table 5-9 for the eight configurations considered. The 

burdens include 10% G&A added to labor plus materials, and 10% profit. 

This is a total factor of 1.21 times the direct labor, overhead, and 

materials. 

S. 2. 2 Installation Cost 

The installation costs are based on field labor for site prepara

tion and collector installation, plus the cost of materials such as 

concrete footings, steel supports, and plumbing connections to the main 

heat transport lines and are itemized in Table 5-9. Fabrication cost 

of the support frame is estimated in Table 5-8. 

5.3 Total Installed Cost 

The total installation cost of $20.59 is combined with fabrication 

costs in Table 5-10 to give total estimated installed cost. For the 

three and four plate collectors, there is less than 20 percent variation 
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TABLE 5-7 

Labor Estimate for Fabrication of 36" x 9611 Flat-Plate Collector 

Estimated Hours Labor Rate 
Item/9.Eeration Unit 1 Unit 1000 $/Hr. 

Receive, In~ect and Store 

Sheet steel 0.1 0.04 

Glass 0.2 0.08 

Angle Iron 0.05 0.02 

Absorbers 0.1 0.1 

Test and Inspect 0.2 0.08 

0.65 0.32 5.00 1. 60 

Fabrication 

Cut and drill steel 0.2 0.08 

Form steel 0.1 0.04 

Weld corners 0.1 0.04 

Weld braces 0.2 0.1 

Install Insulation 0.02 0.006 

Install Absorber 0.1 0.04 

0. 72 0.306 5.00 1.53 

Glass Installation 

Glue Spacer 0.03 0.01 

Glass Sheet 0.03 0.01 

0.06 0.02 

3 Sheets 0.18 0.06 

4 Sheets 0.24 0.08 

Install Top Seal 0.03 0.01 
Subtotal 

3 Sheets 0.21 0.07 4.00 o. 2 8 

4 Sheets 0.27 0.09 O. 36 
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尸~ection

Test 

Inspection 

Totals: 

3 Sheets 

4 Sheets 

0.2 

0.2 . 

0.4 

2 2 
$/m2@ 4.40/2.23 mL = $1.97/m 

TABLE 5-7 
(Continued) 

0.1 

0.05 

0.15 

0.846 

0.866 
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in cost between the collector with the non-selective surface, and non

treated glass compared to the one with selective surface and treatc<l glass. 

In Table 5-11 the three and four plate collectors costs are 

broken down by percentages to show the sensitivity of collector cost 

to components. 

TABLE 5-8 

Cost Estimate for Support Frame Assembled 
at On-Site Facility 

Item Wei_ght, lbs. 

Angle, l" x l" x 14' 

Angle, 2" x 2" x 1/8" x 19' 

Pipe, l" x 0.133" x 8' 

Footing Plates, 1/4" x 2" x 3" 
5 each 

244 ... 113 131 

3.6 . 

59.6 lbs. 

Total Steel Price@ $0.10 per lb. 

Shipping@ $0.022/lb. 

Cost, $ 

Total Materials 

Labor 

Overhead (100%) 

Total Direct Costs 

5.96 

1.31 

7.27 

5.07 

5.07 

17.41 
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TABLE 5-9 

Cost Estimate for Field Installation 

Site Preparation (0.33 m-hr~) 

Assemble Frame (0.4 m-hr.) 

Install Collectors (O. 2 m-hr.) 

Make Plumbing Connection (0.2 m-hr.) 

Labor Subtotal 

Overhead, 80% 

Efficiency, 75% 

Total Direct Labor 

Concrete Footings 

Prefabricated Frame Materials (Table 5-8) 

Burden (10% G&A, 10% Profit) 

Total 

Total Each 

1.32 

1.60 

0.80 

0.80 

4.52 

3.62 

8.14 

X 4/3 

10.85 

0.44 

17.41 

* Man-hours at $4.00 per hour for the 1000th unit. 
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4.87 

0.20 

7.81 
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TABLE 5-10 

Summary of Cost Estimate 

Total Cost of Fabricated and Installed Flat-Plate Collector 

2 
(Dollars/Metre'" of Collector Area) 

3 Plates 4 Plates 

Non-sel Sel Non-sel Sel 

NC C NC C NC C NC 

Labor & Overhead 5.37 5.37 5.37 5.37 5.36 5.37 5.37 

Direct Materials 21.78 36.23 31.29 37.74 32.89 41.19 34.40 

Sub Total 35.15 41.60 36.66 43.11 38.26 46.56 39. 77 

Total Fabrication 
Cost 42.53 50.34 44.36 52.16 46.29 56.34 48.12 

(Includes burden 
factor of 1.21) 

Installation 15.58 15.58 15.58 15.58 15.58 15.58 15.58 

Total Installed 
Cost ($/m2) 58.11 65.92 59.94 67.74 61.87 71.92 63.70 

3, 4 Plates - Glass Plates including 1 sheet of Herculite K. 

Non-sel - Absorber painted black (22/22). 

Sel - Absorber etched with a selective surface (22/22). 

NC - Non-treated Glass Sheets 

C - All Glass Sheets treated to reduce reflectivity. 
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TABLE 5-11 

Sensitivity of Flat-Plate Collector 
Cost to each of Component 

Cost CornEonents 

Collector Fabrication 

Materials 

Percenta眨＿ of Total 

Absorber Plate (non-selective) 

Glass (3 plates untreated) 

Housing and Insulation 

084 211 

51* 

Labor and Overhead 

Burden and Profit 

93 

1 

Total Fabrication 73 

Installation 

Support Frame Materials 

Support Frame Assembly 

Installation Labor 

Burden and Profit 

Total Installation 

6885 

27 - 

TOTAL 100 

* Totals may not be sum of parts because of round-off. 
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s.4 Flat-Plate Collector Cost Reduction 

To reduce the collector costs given in Table 5-10 a greater 

volume of production must be assumed as well as a cost reduction for 

manufacturing experience. 

In Table 5-12 collector costs are broken into increments. In 

the first column are the increments that went into the cost estimate 

for the fabrication and installation of collectors for one power plant. 

In the second column are the increments as limited by estimated material 

costs. Substitution of materials might take possible the further 

reduction of some of these numbers. The third column contains an 

estimate of incremental costs based on a higher volumn of production 

and increased experience. Combining these incremental costs results 

in installed collector costs which are 50 to 70 percent of the costs 

estimated for a single plant. 
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6.0 COST OF HEAT 

Using the approximate cost relationships of T;ihle S-12 for 

continuous production of flat plate collectors, an estimate of 

installed collector cost can be made for each of the collector types 

of Table 4-2 above. Then from the estimated annual output, Table 4-2 

and the annualized cost, 16 percent of the investment, the approximate 

cost of heat can be compared for flat plate collector types. The 

results are shown in Table 6-1, with the cost of heat at the collector 

given by 

CL = CT(0.16)/Q h I o $/kWh t 
(6-1) 

where CT is the installed collector cost per square metre and Q~ is 
I s 

the total annual thennal output. The collector efficiency was estimated 

2 
for normal incidence insolation at 1 kW/m-, so it is not an average for all 

operating conditions. Using an average ambient temperature of 15 ~C 。

the efficiency may be computed from 

n = [lOOO(ro) - UL (85)]/10 percent (6-2) 

and the cost per kW (thermal) in the last column of Table 6-1 is 

computed from 

$/kW= 100 x Installed cost/Efficiency (6-3) 

After acknowledging the possible errors in estimating both the 

annual heat output and the installed collector cost, it is difficult 

to draw an absolute conclusion as the the best flat-plate collector type. 

Making relative comparisons, within the lirr,i ts of the cost 

and perf ormance assumptions, one could conclude that: 

1. A low cost treatement to reduce the reflectivity of the 

glass should be sought. 
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2. Honeycombs are probably not cost effective unless a better 

material than mylar is found. 

3. Where several layers of glass are used, the emissivity 

of the absorber surface is not important to performance or cost. 

4. If reliable, 1 ow-cost evacuation is possible it promises 

the lowest cost of heat from flat plate collectors. 

An over all consideration of the average cost of heat from 

flat plate collectors and the low efficiency of energy conversion at thes 

temperatures makes it difficult for STEPS system using flat-plate 

collectors to compete with systems using concentrating collectors. 

However, Clark, et.al., (1974), have proposed some low cost flat-plate 

collectors which they estimate to be competitive with concentrating 

systems. 
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1. O INTRODUCTION 

The relationships that are required to translate a solar 

concentrating collector design into performance and cost are developed in 

this appendix. The approach developed here is quite general and can be 

used to analyze such diverse collector types as a paraboloid and a 

tower-heliostat system. This approach makes it possible for the first 

time to express concentrating collector performance and cost in concise 

soluable mathematical form strictly in terms of the collector design 

variables. This achievement is crucial in being able to effectively 

find minimum cost solar thermal electric power systems. 

The collector performance analysis is divided into the analysis 

of two subsystems, the concentrator and the absorber-heat exchanger. 

This is done to make the number of design variables in the optimization 

manageable. This can be seen in Appendix B. The decoupling of the 

concentrator and absorber-heat exchanger is accomplished by a Hottle

Whillier-Bliss analysis and the specification of two parameters, one 

that indicates the amount of radiation that a concentrator can deliver 

and the other that specifies the distribution of the concentrated 

radiation in the target area. These two parameters along with target 

shape convey all of the information about the concentrator subsystem 

that is needed in the absorber-heat exchanger subsystem analysis. These 

performance relationships are developed in Sections 2 and 3 of this 

Appendix. 

In order for the optimization approach of Appendix B to be 

efficient, the computation in costing of a specific design must be 

accanplished rapidly. This is achieved by generating parametric 
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cost models from the manufacturing cost estimation analysis. Mathemati 
lta 

expressions and tables that relate concentrator and absorber-heat 

exchanger costs to design parameters .are given in Section 4 of this 

Appendix. 
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2.0 CONCENTRATOR PERFORMANCE 

Concentrated solar radiation has three fundamental features 

which distinguish it from nonconcentrated radiation: (1) greater 

intensity, (2) intensity variation as a function of position, and 

(3) directional variation of delivered concentrated radiation. The 

intensity of concentrated radiation varies from a maxinrum at the 

theoretical focus of the concentrator, to a much smaller value a short 

distance away from the focus. Actual intensity variation is, of course, 

functionally related to the size, configuration and accuracy of a 

particular concentrator. 

The performance of other subsystems in a system using solar concen

trators depends on the values of the three properties of concentrated 

radiation, irrespective of the concentrator design features. This 

latter point can not be overemphasized as it is the key to the general 

applicability of the method presented for concentrator performance 

comparison. Thus, the determination of these three measures of con

centrated radiation provides the basis for concentrator performance 

comparison. 

Consider first the equation for useful thermal power from a 

collector: 

~ = F'[ ID Ao Pave -r a.y九－ ULAL(Tp ave L L ave - T) ] 
a 

The original fo:rmof this equation was used to characterize flat-plate 

collectors- and i~ due to Hottel and Whillier (1958) and Bliss (1959). 

It is also valid in this form for concentrating collectors as may be 

seen in the development by Duff (1974). 
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Equation (2-1) may be rewritten as: 

~ == F'[IDE Ta. G (g,a).It - ULAL (Tave - Ta)] D L L ave a (2- .. 

where E is the effective aperture and is equal to A_ times the 
p 

average fraction over the concentrator aperture of direct radiation 

reflected or transmitted. G is a statistical distribution in a 

with a parameter g, a measure of spread of the concentrated radiation. 

It will be shown below that, in contrast to the intercept factor y, 

G is an expression whose form depends only on the type of concentrator 

and not on the properties of the absorber-heat exchanger. It will also 

be shown that g depends on the design and type of concentrator and 

on only the "shape" of the target. In is independent of both the 
D 

concentrator and absorber-heat exchanger properties and 九 depends on 

the type of collector tracking. The rest of the quantities in equation 

(2- 2) depend only on the properties of the absorber-heat exchanger. Thus 

by specifying E,g and target shape, the concentrator may be decoupled 

from the absorber-heat exchanger and any subsequent subsystems. Table 

2-1 is a breakdown of specific types of collectors into catagories that 

are implied by the decoupling operation. 

师en delivered concentrated radiation is fully specified by 

assigning values to the parameters E and g and when target shape 

and concentrator focus types are both given, it is possible to find de

signs that will provide the given delivered radiation for various 

concentrator types. For example, for given E, g, target shape and 

concentrator focus type, many different designs for Fresnel lenses, Fresn 

reflectors and paraboloids can be determined that result in the deS1 ired 
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radiation. Each design can then be costed and the minimum cost desj 1gn 

selected to provide the desired radiation output. 

The relationship of various rays from the sun are shown i n Fj 1gu" 

2-1. The angle between the reflected random ray, o-d, from the randODI 

plane, and the reflected ray, o-a, from a perfect optical surface is 

2cp +屮 .The angles 屮 and cp are shown in the figure. The surface 

irregularity over a finite area of the reflector can be expected to be 

random, and the solar rays within the confines of the sun diameter may 

also be considered random. Thus, if 屮 and cp are assumed to be normally 

distributed with mean zero, then the standard deviation of the angle of 

a reflected random ray from a reflected perfect optics ray from t he sun 

center is/4。~ where a, is the standard deviation of the 
¢屮屮

distribution of radiation across the diameter of the sun and a, is 
¢ 

the standard deviation of the concentrator surface irregularities 

expressed in terms of angular deviation from a perfect surface. 

The reflected radiation intercepted by spherical target s can 

be closely approximated by those intercepted by a plane, A, norma l 

to the perfect optics ray from the sun center and having the dimensions 

of the projected cross-section o·f the target. The distribution of 

reflected radiation on the plane is expressible as analytic function, 

G(g,a), where g is the measure of spread of the reflected radiation . 

The function G(g,a) is a probability distribution of concen

trated radiation which includes the absorber dimension, a, as well as 

g. This distribution takes on two different forms, normal or exponen 
tial 

The 
depending on whether point or line focusing concentrators are used. 

expression for g changes for different types of targets and op tical 

arrangements. 
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Incident Rays 

Plane A 

丶

Reflecting 
Surfaces I Reflected Rays a 

Tangent plane for perfect optics 

Random tangent plane for 

Line: 
o-s Ray from sun center 
o-r 11Random11 ray from sun 
o-a Ref!ec~ed'.~Y fr?m sun center for 

perfect optics plane 
o-b Reflected random ray 
o-c Reflected ray from sun center for 

random plane 
o-d Reflected random ray for random 

plane 

Figure 2-1. Geometric Representation of the Angular 
Deviation of a Solar Ray. 
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2.1 Movable Concentrators 

Table 2-2 lists some of the distributions G and expressions g 

for movable concentrators. The derivation of G (g,a) and of g for 

movable concentrators will be illustrated by considering a line 

focusing concentrator with a round target and flat optics. Figure 

2-2 (a) depicts an incoming solar ray falling on such a round t ar get 

and part (C) of the figure illustrates the flat optics case. It i s 

evident that: 

y = r tan (2cj> +屮) (2· 

where r is the determined geometrically to be: 

r = 

Recognizing that 

` y = 

A cot0 
E max 

2 cos O 

2¢ +屮 is a small angle, we find that: 

(2-

A cot0 (2¢ 硨）p max 

2 cose 

Using Equation (2-5), the variance of the sum of independent normallY 

distributed random variables . is found to be: 

= 
2y 

。

2 2 2 2 
A cot O (4o +o 

p max ¢屮
) 

8 O 
max 

。max 
」 d0

- o 2 
max cos 0 

(2· 
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Notes for Table 2-2: 

(1) This expression is due to Aparisi (See Umarov, 1967), and 

(2) 

has been verified by different derivations (see Teplyakov, 1971 

and Grilikhes, 1966) and experiments (see Zakhidov and Teplyakov 

1966). The exponential form of the distribution, obtained by 

Aparisi, is identical to that derived here, although a different 

was used. The approximation expression for this case is: 

2An (4cr％己）
P ¢屮

_5 tan1.5 
max max 

+. 2 
S1n O 

max 

2 

- tn tan (f + 

三
cos e 

max 
3 sinJ 。

max 

cos 
2 

。十 3sin3。
max max 

2cos e 4sin e 
max max 

十

sine 3cos e 
max max 

孚）十 tn tan 仁－曰］

A 2 (4o％在）4三［三辶。s0max + 

2 
3sin节

max 

2 
cos 0 2cos6 4sin0 

max max max 十

S1n 3sin e sine 
十

3cos 8 
max max max max 

<n tan (;r 十 五）十 tn tan (: 
字0 )\ ] l h 

(3) Approxj 「ox1mate expressions. 
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(a) 

Round and Flat Targets 

6 max 

(b) (C) 

Parabolic Optics Flat Optics 

Figure 2-2. Optics of Parabolic and Flat-Concentrators and Incidence 
of a Solar Ray on a Round or Flat Target. 
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The above integration is required in order to effectively sum over a11 

incident points of incoming radiation on the concentrator surface. 

Figure 2-2 showed that the derived distribution for y is a function 

of 8, while the radiation output required in the analysis is the 

sum over the entire concentrator surface. The result of the above 

integration is the expression for g in Table 2-2. Here g is the 

standard deviation of the normal distribution that describes the variati 

in the radiation intensity over the target. 

A similar analysis may be performed for the parabolic optics 

case in part (b) of the figure. It should be noted that the method is 

the same. Only the expression for r needs to be altered to account 

for the geometrical differences. The new expression for r is: 

A_ (1 + cose 
r = £ max 

) (2·. 

2 sin0 (1 + cos0) 
max 

Since the statistical nature of incoming solar radiation 

does not change when it is incident upon a point focusing concentra-

tor as opposed to a line focusing concentrator (see Dudko and Dudko, 1968 

it is obvious that the expressions for g in the point focusing case 

will be functionally related to the line focusing case just derived. 

2 The form of the transformation is 1rr"'and this transformation results 

in an exponential distribution with the parameters given in Table 2-2· 

As can be seen in Figure 2 一 2, an approximation of the form: 

` z = 
y 

cos e 

is possible for the case of a line focusing concentrator with 

E-12 
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a flat target. Thus, an approximation expression for the variance 

of the radiation intensity of a line focus concentrator with flat 

optics and a flat target is 

2 2 2 A cot O (4o 
2 J rnax ¢ o = 
z 

、
,
'
，

2U 
。十

8 O 
max 

。max 

_{max 
d8 

4 cos 0 

(2-9) 

Performing the indicated integration yields: 

A 2(,4. o ¢ 2 2 
[ 2 + cos 2 amax ] 2 + o¢ ) (2-10) 

。 = p 
z 2 O 3 sin 2 e 

max max 

An expression for parabolic optics if found in a similar manner. It 

should be emphasized that the goodness of the apprximation hinges on the 

angle in Figure 2-2 being close to 90°. Figure 2-3 compares the point focusing 

concentrator expressions for g from Table 2-2 using a normalized 

form of the expressions. Notice that, as might be expected, all 

expressions are the same for small rim angles. Notice also that the 

approximation agrees closely with Aparisi's expression (see Umarov, 1967) 

。up to a rim angle of about 45~. Since this expression has been verified 

experimentally, (see zakhidov and Teplyakov, 1966) it serves as a 

verification of the results developed here. 

To illustrate the method, assume that an average radiation intensity 

2 of 60 kW/m~ from a concentrator with an effective aperture, E, of 

2 metres squared and a radiation dispersion, g, equal to. 02 metres 

squared is required. Using the expression derived, it is possible to 

find an infinite number of point designs which will result in the 

required radiation output. For example, consider a spherical target 

With area=.022 m 2 . A paraboloidal concentrator with e max = 90 。
E-13 
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=.85, A 
2 = 2.35 m-. and a.= 。

pave p'¢ 1~ would yield the desired radiation. 

Similarly, a circular Fresnel reflector with e 
max 

。= so- and all other 

design parameters the same will also result in the same radiation 

output. The concentrator optimization procedure of Appendix 

B developes a large number of concentrator designs that achieve a 

desired E and g, costs each design and selects the design with 

minimum cost. 

2.2 Tower/Heliostat Sr.stem 

Because the sun is not constantly normal to the plane of the 

heliostat field, the analytical model lacks the symmetry of the models 

for the Fresnel reflector or the paraboloid. A considerable effort has 

been made by other research teams to optimize field shape, tower 

placement, and heliostat spacing. See for example Sheldahl-Foster 

Wheeler (1974) and University of Houston-McDonnel Douglas (1973). 

In the modeling done for this project an optimization of the 

above factors was not attempted. Instead a round field with a tower 

at the center was assumed. Average reflecting area and mirror spacing 

factors were estimated and expressed as functions of the rim angle. From 

these expressions the effective aperture, E, and spread factor g 

were calculated for use in the search for the tower height, fi'eld 

size and heliostat size producing the lowest cost electrical output. 

As a starting point, the heliostat array analysis by Sheldahl

Foster Wheeler (1974) was used for basic geometric relationships and 

for its expressions for ideal performance of close-packed mirrors. The 

field geometry is expressed in terms of the unit vectors n, t, and 

s, indicating respectively the directions normal to the mirror, toward 

the tower top from the mirror and toward the sun from the mirror. Figure 

E-15 



2-4 shows the relationships and the angles of azimuth, S, and 

zenith, e, for each vector. While 孓 is the same for each mir r or 

at a particular time, t uniquely expresses the position of the mirror 

in the field. 

In a field of closely packed mirrors, that is, when mirror 

area equals ground area, varying amounts of the mirror surface are 

in use at different times of day and for different locations in the 

field. There are losses when (1) a mirror shadows a neighboring 

mirror from the sun or (2) light striking a mirror is screened fr om 

the tower because it hits the back of a neighboring mirror. 

The analysis by the Sheldahl team of closely packed mirrors 

produced expressions for losses owing to shading and screening and 

an average utilization factor, ,which is plotted in Figure 2-5 . This 

efficiency n · is converted to reflected solar power by 

where 

Q = 
「

nP m A I watts 
f D 

Pm is the average specular reflectivity of the mirrors, 
m 

A f is mirror field area, 
2 m-, and 

2 
D 

I~ is direct insolation, W/m 

The curve for e_ = 0 applies to a Fresnel reflector. 
s 

The efficiency curves of Figure 2-5 are parametric in sun' 5 

zenith angle. The sun will never be normal to a horizontal fiel d. 

。In fact, the most probable angles for the sun are between 40v and 70 。

depending on the latitude. Se~ Threlkeld (1970) for example. The 

relative frequency of the sun's zenith angle falling in a given angu 
1ar 

range for all daylight hours of the year is plotted in Figure 2-6 f or 
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Figure 2-4. Tower-Heliostat Field Geometry. 
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° ° latitudes of 30- and 35-. From this figure the relative frequencies 

were used to weight the efficiency curves of Figure 2-5, giving an 

annual average efficiency for a closely packed (ideal) mirror field. 

This average is the dashed line in Figure 2-5. 

A closely packed mirror field is not economical because there 

are portions of many mirrors which are shaded or screened continuously. 

A better placement of mirrors would reduce the mirror area lost to 

shading and screening. In so doing, there is a cost saving, but some 

additional loss of solar power reflected to the target. · 

To provide a reasonable mirror spacing the spacing required to 

prevent shading or screening was computed for various sun angles and 

various points in the field. The geometry used to determine mirror 

spacing is shown in Figure 2- 7. The distance x_+ is the separation 
mt 

of the mirrors if no shading or screening is permitted. When 8 ~ < 0 s t' 

tower screening dominates and x_... > x 
mt ms · 

Then let x_ equal the spacing required to prevent shading or 
m 

screening: 

where 

xm = [ +cos OS cos0丁二 S1nOt cos(6s-Bt]5 

O = 

0 if 0 > 0 
5 - 5 t 

O if 
t 

0 > 0 
t s 

The other angles are defined by Figure 2-4. 
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The following procedure was used to establish a mirror spacj lng a` 

evaluate the effectiveness of the mirror field: 

• 
1. The average value of xm was computed using the distributio 

of sun angles, Figure 2. This average x_ was used as 
m 

the mirror spacing. This is plotted in Figure 2- 7 a, against 

B = B - B and O. 
s t t 

The angle 。B = o~ at noon for 

mirrors North of the tower. 

2. A new useful mirror area was computed for mirrors spaced 

3. 

by X 
m 

This is 

A = 
u 

1 

xm 

X 
rn 

if X < X 
m - m 

if X m > X - m 

The useful mirror area multiplied by n S = X COS 0 
ms s 

= x_... cos 8... (the cosine of the angle to the sun) mt --- t 

is the effective area of the unit mirror or its apparent 

area as it is viewed from the tower is the effective mirror 

area. The effective mirror area was averaged for all 

sun angles by the distribution of Figure 2-5. This 

average effective area is designated A_, and includes 
m 

the shading and screening as well as the foreshortening effe' 

because of its tilt. Average effective area is plotted in 

Figure 2-8, against f3 = f3~ - f3 
s t 

and e. 
t 

4. Mirror spacing and apparent mirror area were average d 0ver 

in 
the circular field by averaging first in f3 and finallY 

e., weighting the values by the increase in area as vt 。t 
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increases. The weighting factor for the ring of mirrors between 

。1 
and 8 

2 
is proportional to 2 2 

(tan O - tan O) . 
2 1 

Averages, over the year and over the mirror field, of mirror 

spacing and apparent area are plotted against rim angle, e. in 
max , 

Figure 2-9. These factors are used in computing the field effective 

aperture, E, as f o 11 ows : 

The number of mirrors in a field is 

N = Af / (1. 2 Am面

where 

A is actual mirror area 
m 

s is average mirror spacing to reduce shadowing (Figure 2-9) 

The factor 1.2 accounts for an arbitrary mirror spacing side to side. 

The solar flux reflected to the target area is 

~ = NID Pm 

or 

% = Af IDp m 

A A 
m e 

lS 2 . 1 / 
e 

lA 

where A is the average effective mirror area 
e 

(Figure 2-9) and the 

other factors have been discussed above. 

The effective aperture for the tower heliostat field is 

E = A p 
f m 

_s 2 · 1 / 
e 

_A 
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As a comparison to the efficiency of the ideal, close 

packed, field represented by Figure 2-5, the average efficiency of the 

spaced mirrors is (neglecting the 1.2 for side spacing) 

_s / 
e 

lA = s n 

This efficiency is plotted in Figure 2-6 and compares to 

the average efficiency plotted in Figure 2-5. 

The spread factor, g, for the radiation at the top of the 

tower is 

g = TO 2 
m 

where a_2 is the mean-squared spread of the radiation from all the 
m 

mirrors in the plane of the target. 

First the spread from a single mirror will be derived; then 

the average effect for the whole field will be found. In Figure 2-10, 

the side view of a plane mirror reflecting the sunlight to the target area 

is shown. Each side of the mirror is W meters in length and the ray 

distance from the center of the target to the ray intercept point is 

shown in one dimension only. The actual distance in the plane of the 

target from the center to the striking point of the ray is 

2 2 与r = [ (x+2L¢) + (y+2L¢) ] t x y 

where y is. the distance normal to x in the plane of the target 

and <I>.. is the surface error of the rnj y e mirror measured in the plane 

nonna1 to the planes of cf>.. and the mirror. 
X 

The errors ¢ and ¢ 
X ·y 

are assumed to be independent with Gaussian distributions. 
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equal intensity at the target, the mean squared value of 「 t is 

-7 e [(x + 2L 寸 (y+2L,py) 2] 「 = 十

t 

where E is the expected value operator. For the mirror represented 

in Figure 2-10 with angle between the sun and the target in the plane 

of the diagram, 

where A_ is the effective height of the mirror as viewed by the 
m 

tower. Then 

Effective mirror height A- is a function of position in the mirror 
m 

field an~ L is a function of et, the angle to the tower. To 

find 
－方

「 t 

Since it may be assumed that each ray from the mirror has an 

。 2m, 

g (x兮 = (WA_) 
2 

f 

2 
`2 = e 户 (l+Am召

F

_ 

2 
¢ 。

2 
L 4 

十

the average spread of the radiation from all mirrors, 

is averaged over the field, weighting the contribution from each 

element of the field by the average radiation density reflected from 

that element. This means each contribution is divided by the mirror 

spacing at that point in the field. Then 

g = 2n Avg 『鬥）
-l 

t 。

22 
es 00 

2c 
H 

s 
十

E-29 



where L has been replaced by H/cos et and 

6 2 =4 (o 2 + o 召
e ¢屮

to represent both surface and pointing errors in the mirror. 

Avg [ ] is the average effect over the entire heliostat field 

a value of g which is independent of azimuth because it has been avera 

over all azimuths, as it was averaged over all sun angles. 

After averaging, g may be expressed by 

2 2 g = A A + A H 6 
1 m 2 e 

where A1 1and A,., are tabulated below for different rim angles. 
1 2 

。 A 1 A 2 m 

15 0.906 6.53 

30 0.987 7.35 

45 0.879 9.49 

60 0.832 15.65 

75 0. 724 45.68 

Using curve fitting techniques the coefficient A1 and 
1 

represented by 

。
2 - 0.338 cos- 8 

A,., may be 
2 

A_ = 0.573 + 0.671 cos 
1 max max 

E-30 



and 

A,.,= 2.02 + 1.82/cos ~ 
2 max 

十
2 2.45/cos-e 

max 

Thus, the expressiong for E and g for the tower-heliostat concen

trating system as expressed above were used with the cost equations in 

the optimization procedure to determine the optimum tower height and field 

size to provide lowest cost electrical output. 

A logical refinement of the technique would be the inclusion 

of the tower position in the field as another variable. 
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3.0 ABSORBER-HEAT EXCHANGER PERFORMANCE 

The other solar collector subsystem is the absorber-heat 

exchanger. The performance parameters, E and g, of the concentrator 

subsystem can be considered to be design parameters of the absorber-heat 

exchanger subsystem since they convey all the information about the concen. 

trated radiation that is needed in the absorber analysis. Because of this 

a Hottel -r Whillier - Bliss analysis can be used as a basis for a generali 

treatment of absorber-heat exchanger performance. 

The Hottel-Whillier-Bliss approach has been used extensively to 

analyze the performance of flat-plate collectors. It can be extended to 

concentrating collectors as was suggested in Lof and Duffie (1963). 

Section 3.1 below verifies this by deriving the detailed H-W-B relationsh1 

for concentrating collectors that were developed as part of this study. 

The types of absorber-heat exchangers that were considered in 

this study are given in Table 3-1. 

Section 3. 2 details the heat transfer and other models that 

were required as part of the H-W-B analysis. Also included in this 

section are other heat transfer models that were required to complete 

the absorber-heat exchanger analysis, such as tube wall burn-out checks , 

3.1 Hottel-Whillier-Bliss Analy__sis 

The flat-plate H-W-B relations extend in a fairly straight 

forward manner to most concentrating collector absorber-heat exchangers 

now that expressions for E, g and G have been developed. The 

situation where the heat exchanger tube is non-uniformly radiated and 

the heat transfer fluid is water, is somewhat more complicated. Since 

the development for this case is representative of the developmen t for 
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the uniform intensity case and the changes for the uniform intensity 

case are fairly obvious, this case will be used to illustrate the 

general development of the H-W-B relations for concentrating 

collectors. A schematic representation of this case is given in Figure 

3-1. 

The tube that transports the fluid in flat-plate collectors 

and the absorber-heat exchangers of line focusing solar collectors are 

exposed to a uniform lengthwise radiation. Even in the case of spherical 

absorber-heat exchangers in point focusing collectors the assumption of 

a uniform lengthwise radiation may be a reasonable approximation. Here 

there is often a cyclical variation of radiation intensity over many 

cycles and the integrated effect may be approximated by assuming a con

stant radiation level along the tube length. This is not the case of 

a pancake absorber with a helical heat exchanger tube. 

Figure 3-2 is a schematic representation of the distribution 

of radiation from a point focusing concentrator on a pancake absorber. 

As can be seen the intensity of the radiation is highest at the center of 

the pancake absorber and drops off toward the outer edges. Thus, the 

radiation intensity varies from one end of the heat exchanger tube to 

the other and increases rapidly near the tube outlet as was indicated in 

Figure 3-1. The flow direction of the fluid is taken to be from the 

outside of the pancake absorber to the inside as in counterflow heat 

exchangers. This maximizes the amount of energy exchanged and provides 

an added advantage that will be discussed below. 

Let x be the distance along the tube from the fluid inlet at 

the outside of the absorber toward the outlet at the center of the abso 「伊

For a constant radial spacing of the helix, the expression for the 
1ocal 

useful rate of energy gain per unit area is 
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Figure 3-1. Pancake Absorber with a Helical Heat 
Exchanger Tube 
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Figure 3-2. Non-Uniform Radiation Intensity on a Pancake 
Target. 
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疝Cp dTb (x) 

% = T 
L 

dx 

= F',[ID 氐 exp(-(•-xJA1几g)/g - U1(Tb(x) - Ta)] (3-1) 

The original form of this equation was used to characterize flat-plate 

c祖ectQI"S and is due to H9ttel and Whillier (1958) and Bliss (1959). 

The expression r0Ea, represents the total radiation delivered to the 

focal zone. The expression exp(-(t-x)A, /tg)/g is the radiation inten-
L 

sity at x nonnalized by r0Ea,. This expression arises from the fact 

that the nonnalized radiation intensity for point focusing collectors 

follows an exponential distribution with parameter g. This was shown 

by Duff and Lamerio (1974) and in section 2 of this appendix. 

F" in equation 3-1 is given as 

F" = 
F (AL - id) 

T 
L 

d

了
o~A 

十

in equation 3-2, F is the fin efficiency factor. 

tanh ［例／kfintfin (AL - id)/21] 
F = 

例／~(AL - id) /21 

Equation 3-1 may be written in terms of the local fluid temperature 

rather than the local fin base temperature. 

(3-2) 

(3-3) 

% = t
m
e
元

dT (x) 
f 
dx 

= F'[Io 氐 exp(-(R--x)AL几g)/g - UL(Tf(x) - Ta)] (3-4) 
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Here F'is 

F'= F" 
I+ F" U_A 

L L 
h dd 
。

(3 

The above factors F, F'and F" have been generalized from the factors 

flat-plate collectors that are available in the literature -- for instanc 

see Kline, Duffie and Beckman (1974). The factors are those where the 

heat exchanger tube is integral with the fin. These generalized forms of 

the factors are applicable to most types of absorber-heat exchangers inc 

pancake or spherical absorbers for point focusing collectors, flat or 

round absorbers for line focusing collectors and for flat-plates. 

Solving Equation 3-4 for the local fluid temperature we have 

Tf(x) = 
F'IEmexp( - A /g) D L 

F 甩 g + mC 
exp(A,x/tg) - exp(-F'U,Arx/R.而C

L p L L L p 

+ (T. - T) exp( - FU A x/imc) + T 1n a L L p a 
(3-

The average temperature of the fluid in the tube, T,nrP may then be ave 

detennined by integrating along the tube length and dividing by the 

tube length. 

T 
ave 

F'ID氐 exp(-AL/g)
= 

F 甩 g + mC 
L p 

+ [ exp (AL/g) - 1] A 
L 

me 
p 

F'U A 
+ ~ [ exp (-F 甩 A/mc) - 1] 

L.. L L L p 

(T - T) mc 
in a p 

F'U A 
[exp(-F'U,A,/mC_) - 1] + T 

L.. L L L p a 

E-38 
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The total useful rate of energy gain of the absorber may now be 

expressed as 

% =F'[ID氏［1-exp(-A/gJ] - ULAL (Tave - Ta)] (3-8) 

Again the expression 1 - exp(-AL/g) arises from the fact that the 

radiation is exponentially distributed with parameter g. This expression 

is the fraction of available radiation that is intercepted by the 

absorber. T 
ave is found by succussively approximating the average 

temperature on the right hand side of Equation 3-7. Tn.. ~ is then used to ave 

find ~ in Equation 3-8. The average fluid temperature is used for 

evaluating U1 in Equations 3-7 and 3-8 since it usually differs very 
L 

little from the average fin base temperature. 

These equations are useful for conducting performance comparisons, 

as will be shown below, as well as for the optimization. The performance 

of pancake absorbers with helical heat exchangers and water as the heat 

transfer fluid is illustrated in Table 3-2 for 10 design variations. The 

first design in the table is for the A 
L 

that yields maximum performance 

in terms of useful heat output with the other design parameters held 

constant. The design parameters were then varied one at a time using this 

design as a base. The effect on performance of each design variation is 

also given in the table. 

A further comparison is made with the performance predicted by 

Equations 3-7 and 3-8 and the performance using analogous equations derived 

under the assumption of uniform radiation. These comparisons are also 

shown in the table. These differences are expressed in percentage change 

from the nonunifonn radiation performances. As can be seen, the average 
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temperature of the absorber-heat exchanger predicted by each of the 

assumptions varies quite significantly. Also, the performance differences 

between the two assumptions is accentuated when the inlet temperature is 

elevated or when the mass flow rate is lowered. 

A !;ignificant result of the comparison between the uniform and 

nonuniform radiation assumptions is illustrated in Figure 3-3. In 

this figure it can be seen that the optimum size of the pancake 

absorber when the other design parameters are fixed at their values 

in the base design is quite different depending upon which assumption 

is made. The optimum size pancake absorber under the more realistic 

assumption of nonuniform radiation turns out to be 30% larger than the 

optimum absorber under the assumption of uniform radiation. Also, there 

is a difference between the maximum performance predicted in each case of 

1. 5%. The most significant aspect of this comparison, however, is the 

fact that the nonuniform radiation assumption predicts a very gradual 

fall off in performance as the absorber increases in size beyond the optimum, 

whereas the uniform radiation• -assumption predicts a steep fall off. This 

is rather important in terms of actually manufacturing an absorber-heat 

exchanger for a solar collector. In manufacturing solar collectors, 

variations in the amount of spread of the radiation distribution from 

one collector to another will occur. It is very useful to know that 

the absorber can be made oversize to compensate for this variation 

Without penalizing the optimal performance of an individual collector to 

a significant degree. 

The reason for this difference is illustrated in Figure 3-4. 

Shown in this figure is the £act that the absorber temperature is always 

lower for nonuniform radj nonuniform radiation and thus radiative and convective losses will 
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be lower. When the absorber is made larger these differences are 

accentuated. 

Extrapolating these observations to the absorber-heat exch anger 

of other types of point focusing collectors has implications for their 

design as well. For instance, in the case of a spherica l or conical 

absorber and water as the heat transfer fluid, it may be desirable to 

arrange the heat absorber tube so that the radiation intensity increases 

from the inlet to the outlet. This could also be accomplished by 

perturbing the design of the concentrator so that a hot spot on the abs 

is created or intensified. This would then allow a larger size absorber 

to be used without significantly penalizing performance. 

The performance models of absorber-heat exchangers using water 

as the heat transfer fluid are listed in Table 3-3. These equations 

are all developed in the same manner as the equations for the pancake 

absorber with a helical heat exchanger tube. 

For absorber-heat exchangers where only latent hea t is added, 

the difference between the fluid temperature, T~, and the average 
s 

tube wall temperature, 

~ in Table 3- 3 becomes 

T.., can be significant. 
w' 

Thus the equation for 

Q u = F"[In ELaT G(g,a) - U,A, (T __ - T_)] 
D L L w a 

(3-

For boiling absorber-heat exchangers, ~ can also be expressed as 

% ＝頑£ h B (Tw - Ts) 
(3· 
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Notes for Table 3- 3 

(1) 

F = 
rn C 

R -U A L.. L 
l 1 = e 

- F'U A L.. L 
l

cp .rn 

(2) For the unifonn radiation case only, ~ can be written as 

~ = FR [IDE缸,G(g,a) - ULAL(Tin - Ta) ] 
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combining Equations 3-9 and 3-10, gives 

T 
1Tdi1Th T 

= B B 
w 

+ F" In EL aTG (g,a) + F"U,A, T 
D L L a 

冠th_ + 
B 

F''U A 
L L 

r_ is then found by successively approximating the average temperature 
w 

on the right hand side of Equation 3-11. T,., is then used to find w 

~ in equation 3-9 or 3-10. 

3. 2 Ph~ Models 

The major physical property models required to use the per

formance models are given below. These models are drawn from many 

different sources. As is often the case in the thermal sciences, a 

number of alternative choices were available for most models. The 

choice of a particular model was based on two considerations: (1) its 

adequacy 1.n reflecting relative differences between designs and (2) 

the speed of computation. As mentioned previously, computational· speed 

enhances the efficiency of the optimization procedures. 

Minimum tube internal diameter to insure turbulent water flow: 

. 007 !h T -··· (m) out 

Minimum tube diameter to avoid clogging by internal impurity 
build up: 

.002 (m) 

Where tube diameters were still too large compared to the size of the 

absorber, the diameter was decreased to provide sufficient wrap around 

length: 
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Minimum tube wall thickness to withstand pressure p in bars: 

d_/2040 (m) 
p 

Minimum tube wall thickness for structural ridgity: 

. 0001 (m) 

Radiative component of Ur: 
L 

4 4 2 o co[ (T +273. 15) - (T +268. 15) ] / (T -T) (W/m - C) 
ave a ave a 

L 
U, for nonevacuated covered absorber.:..heat exchanger tubes when 

the wind velocity is 5 m/sec (regression curve fit to curves 

on pages 53 and 54 of the October 1973 STEPS report): 

2 0 
7.0867 + (.0547 (T_.. ~ + 273.15) 溈． 4987 ]E (W/m""-uc) ave 

L 
U, for evacuated covered absorber-heat exchanger tubes when the 

wind velocity is 5 m/sec (regression curve fit to curves on 

pages 53 and 54 of the October 1973 STEPS report): 

2 o .6492 + [.0547 (T ____ +273.lS) - 15.4987 ]£ (W/m~-~C) 
ave 

Heat transfer coefficient between circulating water and the tube 

wall for laminar flow in the entrance region * (Whillier, ASHRAE 

f-d 
k 

l6

_ 

6 . -- 
、
丿

o~o~ // 
珌

R
e

RPr 

d 

d( 84 6O 6. 0+ 
.1 

-- 

十
6 3 

_
4- 2 o 

(W/m - C) 

Heat transfer coefficient between circulating water and the tube 

wall for laminar flow * (McAdams, Heat Transmission) : 

* The values of the various quantities in these expressions are 

function of temperature. 
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3.66 k f 
d 

2 o (W/m--~c) 

Heat transfer coefficient between circulating water and the 

tube wall for turbulent flow* (McAdams, Heat Transmission): 

O. 23 k Pf 4 8 
f 

Re. 

d 

2 o 
(W/m - C) 

Heat transfer coefficient for the convection component of U 
L 

for a flat absorber-heat exchanger* (Rohsenow and Choi): 

.916 Pr 1/3 L 
Re 2 

.937 C pV 

－三3Re· - Pr 

, k-d 5 Re < 5 X 10 

(W/m克 OC)

5 Re > 5 x 10 

Heat transfer coefficient for the convection component of 

L 
Ur for a spherical absorber-heat exchanger* (Eckert and 

Drake, Analr_s_i_s -~f H_eat andMass_ Transfer): 

6 .37 Re·~ k 
d 

2 o 
(W/m - C) 

Heat transfer coefficient for the convection component of U 
L 

for a cylindrical absorber-heat exchanger* (Holman): 

.56 -.33 
• 3 Re Pr k 

d 
2 o 

(W/m - C) 

* The values of the various quantities in these expressions are a 
function of temperture. 
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Heat transfer coefficient between circulating unsaturated 
* 

steam and the tube wall (Strack, NASA-TN 0-5813) : 

4 8 .0828 k.c Pr·. Re·- (Re d-) 2. 05 
f 一
一 2

d d 
m 

2 0 (W/m- - ~C) 

Value of radiation intensity where tube burnout occurs (Lowdem1 

et. al., NASA TN-4382) : 

2,365,000 
2 

(W/m 1) 

The maximum radiation intensity on the absorber-heat exchanger 

LE 
D 

2 (W/m-) 
g 

for point focus concentrators and 

I
o
忥 2 (W/m~) 

for line focus concentrators as can be easily derived from 

G(g,a). 

* The values of the various quantities in these expressions are a 
function of temperature. 
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4.0 COST MODELS 

The objective in costing the concentrating collectors is to 

provide the optimizing model with costs on a wide range of alternative 

collector designs with different performance characteristics in such a 

way that biases are not introduced favoring one type of collector over 

another. 

Concentrator designs were selected to cover the range of econ

omically attractive possibilities in terms of performance, configura

tion, materials, and manufacturing techniques. Types considered for 

analysis included paraboloids, partial spheres, catenaries of revolu

tion, heliostats for power towers, troughs, Fresnel lenses and reflec

tors, and inflated plastic cylinders. Estimates were obtained for par

aboloids set both collectively on supporting racks and individually on 

their own mounts. Focusing possibilities included parallel and series 

absorbers for each reflector, as well as more than one reflector focus

ing on a common absorber. Linear absorbers for troughs included exposed 

pipe, shielded pipe, and pipe inside an evacuated glass tube. 

This selection of reflectors and absorbers covers the range of 

the more relevant possibilities as of this date. As life tests on 

thin reflective films under tension become available, these too could 

warrant consideration. Partial spheres and catenaries of revolution 

were dropped from the list early in the study because they possess lit

tle, if any, cost advantage over the paraboloids in compensation for 

their poorer performance; and inflated plastic cylinders were dropped 

because of their short anticipated life and consequently high replace

ment and maintenance costs. 

Alternative parameters considered for the reflective shells 
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were those of aperture width, rim angle*, reflectivity, contour accur

acy and tracking accuracy. Aperature widths ranged from ten cent i 

meters to 7.5 meters. Rim angles were from 45 to US degrees. Re 

flectivities in the neighborhood of 85 to 90 percent resulted from the 

choice of reflective materials. Contour accuracy of 0.1 degree is ob

tainable from standard manufacturing processes for paraboloidal shells; 

but lesser accuracies result when fabricating sections and when mounting 

more than one shell on a common frame. Reliable estimates of eff-

fecti ve contour accuracies require experimental te.sting, which was not 

part of this research effort. Similarly, tracking accuracy of O. 1 de

gree can be obtained from proper selection of motor drives and gears; 

but actual tests of perfonnance are required to estimate overall 

accuracy. 

The principal parameters influencing the costs of absorbers 

were those of temperature and pressure. Temperatures that were con-

° ° sidered extended from a low of 100 -c to a high of 315 -c, while pres-

sures ranged from 14.7 psia to 2,365 psia. Parameters less important 

to overall costs were absoptivity and emissivity, which were on t he or

der of 95 percent and 10 percent respectively. 

Wind loads of 45 meters per second were .used in estimating the 

structural and foundation requirements of the installations. For load

ings above this level, low-cost shear-pin assemblies were assumed to 

protect the installations by allowing a collector to position itself 

more favorably to the wind. Wind loads for performance were not para

meterized in comparing the costs of alternative designs. Structural 

*The rim angle is then formed by the ray extending vertically t hr ough 
the focus and the ray from the focus to the rim of the reflector when 
the reflector is in the horizontal position. 
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design coupled with 面．nd-tunnel testing would probably be required to 

arrive at reliable estimates of cost-performance relationships. 

The relevant costs for comparison of the various alternatives 

include those of investment, maintenance, operation, and replacement. 

Given the significance of investment to overall costs coupled with the 

lack of information on component lives and maintenance procedures, most 

of the costing effort centered on initial investment. Investment costs 

cover manufacturing, field facilities and structures, and installation. 

Comparative costs.substantially favor manufacture and pre-assembly over 

field construction. Accordingly, collectors were assumed to be built 

in modular units ready for quick assembly in the field. Transportation 

cleanmces of 4.3 meters limited the maximum size of modular units to 

approximately 3.65 meters on one side. Two 3.65 x 7.3 meter sections 

could be shipped and installed in the field to give a frame with multi

ple reflectors that is 7.3 meters square or a circular section 7.3 me

ters in diameter. To the extent practicable, the absorbers would be 

part of this pre-assembled package. Field structures and facilities 

would include the supports and foundations for the modules and tracking 

and electrical installations. 

Normal maintenance and operating costs were assumed to be sim

ilar to other outdoor facilities, such as those encountered in the elec

tric utility industry. Similarly, estimates of the 1i ves of structures, 

gears, motors, electrical connections, and the like were obtained from 

industry sources. Overall life of the installations was assumed to be 30 

Years. Estimating the maintenance and replacement costs of the reflective 

surfaces, however, presented a more difficult problem because of the lack 

of experience and data on such items. A sensitivity analysis (Section 4.7.3) 
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indicates that frequent cleaning of the surfaces is not as economical u 
allowing the surfaces to become dirty and building additional surface 

area to make up for the loss in reflectivity. Non-routine cleaning 

of the surfaces following particularly unfavorable conditions, such as 

heavy dirt deposits from combined rain and dust storms, would be done. 

The effective lives and the costs of replacing the reflective surfaces 

are even more difficult to estimate with confidence. As a first approx

imation, . these costs have been assumed to be similar for all types of 

installations and have been omitted from the analysis until more reliabl 

information is obtained. 

4.1 Methods of Estimation 

The large collection of reference material on solar energy 

(technical journals, conference proceedings, etc.) located at C.S.U. 

was screened for relevant data on concentrating collectors. Categories 

of data collected included: types of concentrators and absorbers, ma

terials, dimensions, performance, tracking methods and devices, methods 

of manufacture, manufacturers of concentrators, reflective materials, 

absorber components, operation and maintenance procedures, and costs. 

Cost data obtained from this search served as points of refer

ence, but could not be used directly in the modelling because of the 

general lack of detail and its specificity to particular designs. Ac· 

cordingly, reliance for costing information was shifted to three a 1ter· 

native and complementary sources: the Manufacturing Developmen t Labor-

atory(MDL) of the Westinghouse Electric Corporation, data currently 

being developed by investigators of point designs such as Black and 

Veatch (Consulting Engineers), and project staff at C.S.U. MDL pro-
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vided cost estimates for the large-scale manufacture of collectors 

driving and control mechanisms, and for maintenance and operation of 

the system. Black and Veatch, among other things, made available their 

detailed estimates of piping connections to the collectors and costs 

on power towers. C.S.U. staff provided estimates of absorber, field, 

and installation costs, as well as developed the cost functions for the 

range of parameters required for the optimizing mod~l. 

Cost data derived from the foregoing sources were used as 

building blocks for the various collector designs. For instance, costs 

for modular frames, drives, and tracking were first developed for sets 

of small parabaloids mounted on racks. These costs were essentially 

the same as for heliostats used to focus on the power towers. Such 

costing procedures wherein only the differences in conditions require 

additonal cost estimates reduced the amount of costing effort and 

yielded consistency among the alternatives. 

All cost values were adjusted to estimates in dollars. In 

making these estimates, large-scale production was assumed. That is, 

if economically or otherwise feasible, solar energy plants were assumed 

to comprise a significant amount of new generating capacity. This led 

to an admittedly crude estimate of annual installations of 17.5 million 

square meters of projected surface area.* This level of installation 

is sufficiently large to confirm that installation of solar facilities 

~ 

*Five percent of the projected average annual additions to utility gen
er~ting capacity for the 1970 to 1980 period in the United States was 
arbitrarily selected, Federal Power Commission, (1971). This amounts 
to 1,750 megawatts of solar generating capacity being installed on the 
~v:~age each yearj using a conversion ratio. of 10 percent from solar 
radiation to electrical-energy and peak solar radiation of one kilo
Watt per square meter. 
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at this rate indeed involves large-scale production on the part of po

tential manufacturers of concentrating collectors. 

Westinghouse staff specialized in the fields of materials, 

production equipment, and manufacturing processes combined their know

ledge to select what in their opinions were the most suitable materials 

and processes for concentrating collectors over the aforementioned 

ranges of parameters. Conceptual designs were set and from these 

flowed estimates of quantities of materials, labor, and equipment. 

Methods of production, such as in-house forming of structural frames 

and cutting of gears, large quantity costs for materials, labor rates, 

and production equipment costs were obtained through suitable contacts 

within Westinghouse and from other organizations. Estimates of over

head rates, profit levels, and other costs of the manufactured collec

tors and absorbers came from a variety of sources. Throughout, emph

asis was on breadth of coverage and consistency of estimates rather than 

on detailed estimates for a limited number of designs. 

4.2 Paraboloids 

The paraboloid was the first type of concentrating collector 

studied by the CSU/Westinghouse team. As a result, it serves as a basis 

for developing portions of the cost data for other types of concentrat

ing collectors--particularly the heliostat and circular Fresnel lenses 

and reflectors. Moreover, the analytical approach to design and cost

ing for paraboloids is more thoroughly studied and described than for 

other types of collectors. This does not mean, however, that the re

sults for the other types are less reliable, since the paraboloid was 

used as a learning process in developing the design and costing methO-
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「odologies. The sections that follow reflect these circumstances and 

include discussions of manufacturing materials and processes for con

centrators and absorbers, field structures and installations, cost 

breakdowns for two of the lower-cost alternatives, and parametric re

lationships for aperture width, reflectivity and rim angle. 

4.2.l Manufacturing Materials and Processes for Concentrators 

Alternative materials and processes were systematically listed 

and described, followed by a review of the most suitable combinations 

for the ranges of parameters being considered. Eight characteristics 

(e.g., reflectivity, costs per square meter of applied surface, and 

useful life) for 19 surface materials (e.g., silver, al_uminum, chromi

um and rhodium) were tabulated. Similarly, 22 characteristics (e.g., 

costs per kilogram, ease of forming, coefficients of thermal expansion, 

and tensile strength) for 32 shell materials (e.g., aluminum, steel, 

cast iron, glass, epoxies, and lightweight concrete were also tabu

lated. For both categories of materials an initial weighting system was 

applied to the various characteristics to identify those materials 

apparently most favorable for the requisite conditions. The weighting 

served to highlight various possibilities rather than to serve as the 

basis for the final selection. For example, thermally evaporated silver 

and chromium plating ranked high as potential surface materials, while 

pressed glass and fiber glass reinforced cement ranked high as shell 

materials. 

Descriptions of alternative manufacturing processes were ob

tained from published sources to identify the relevant possibilities. 

Of primary concern were accuracy of forming, rates of output per ma-

Chine, and costs per machine. Assuming that production of collectors 
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is to come from five plants strategically located across the United 

States, annual output for 250 working days per year would be 14,000 

square meters of projected area per day.* By knowing the nominal pro

duction rate and the limits of a machine's capabiliti~s to produce 

different aperture widths, the number of machines required for differ

ent aperture widths can be determined. Thirteen alternative processes 

are plotted in Figure 4-1. By way of illustration, injection molding 

of collectors with one meter aperture would call for about 10 machines 

each producing at the rate of 2 per minute; whereas, the same process 

producing collectors with apertures of 10 centimeters would call for 

about 100 machines each producing at the rate of 20 per minute. The 

foregoing machines operating on a two-shift basis would in both cases 

turn out 14,000 square meters of projected surface area each day. 

The foregoing information was augmented by discussions with pro

cess technologists to arrive at production techniques and materials 

most suitable for the various sets of collector parameters. The coice 

for the smallest aperture range (10 to 30 centimeters) was pressed 

glass with vapor deposited aluminum for reflectivity of 85 percent and 

silver for reflectivity of 90 percent. 

Aluminum sheets were selected for the shell material for the 

paraboloids of medium (0.5 to 3 meters) and large (3.5 and 7.5 meters) 

apertures. Diaphragm hydro-drawing would be used in shaping the mediUJII 

sizes and spin forming would be used for the larger sizes. Initially, 

explosion forming had been favored for the latter, but was dropped 

* 1,750 megawatts per year at 10 percent conversion would require about 

17.S million square meters. Five plants operating 250 days per Y ear 

would each have a daily output of 14,000 square meters. 
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because of excessive costs. Aluminum alloy #3002-0 is reflector grade 

and when highly buffed and anodized will give reflectivities of 85 
pe` 

cent for several years. A less expensive grade of aluminum, alloy 

#1100, gives reflectivities from 75 to 85 percent when buffed and not 

anodized. Duration of such reflectivities are short, being on the order 

of only a few weeks. Anodizing the # 1100 grade will give reflective 

lives comparable to the #3002-0 grade, but then reflectivity drops 

to about 60 percent. 

Building paraboloids in excess of 7.5 meters aperture diameter 

was found to be impracticable due to limitations, but in the size of al 

minum sheets and to transportation restrictions. Welding sheets togeth 

and shipping the paraboloids in sections would overcome these limitatio 

then field erection costs would increase substantially. 

None of the processes are limited by variances in the rim angle. 

Altering the reflectivity by depositing different materials on glass doe 

not seem to pose a problem. On the other hand, ease and accuracy of sha 

materials other than aluminum needs further study. Electroplating 

surface materials on steel does not appear to be an attractive possibill 

due to the length of time it takes to carry out this process and to the 

difficulties of controlling quality. The use of more expensive material 

such as chromium and titanium, appear impracticable. 

Conceptual, rather than detailed, designs were developed for th 

three processes: pressed glass, diaphragm hydro-drawing, and spin fofllll 

Paraboloids produced by the first two processes have been designe d for 

installation on racks of from 4.5 to 6.1 meters square depending on the 

size of the paraboloids. These racks are made of structural stee 1 in 

the supports for the individual collectors are small box beams, which l 

turn are supported by a cross frame made of larger box beams. Co11eC tO「

are positioned in the openings between the small box beams and attaC hA 
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by means of simple fasteners. Each rack is mounted on balanced gimbled 

joints that are driven by either high-torque stepping motors or synchronous 

gear motors, depending on the particular tracking control system adopted. 

4.2.2 Types and Characteristics of Absorbers 

The characteristics of "point" focusing absorbers for paraboloids 

depend upon the types of collectors and the means for circulating the 

absorbing fluid. If the paraboloid is singly mounted and the absorber 

remains in a fixed position, flexible hoses and couplings can be omitted; 

but if the absorber moves as the paraboloid tracks the sun, flexible hoses 

and couplings are needed. Where multiple paraboloids with individual 

absorbers are set in a frame and the frame tracks the sun, then flexible 

couplings are also needed. On the other hand, where multiple paraboloids 

focus on a single absorber, the possibilities are similar to those for 

singly mounted paraboloids. 

The multiple paraboloids could be connected in series or in 

parallel, and the amount of material would vary accordingly. If the rim 

angle is less than 90 degrees, the absorber could be in the form of a con

tinuous pipe with suitable openings and surface coating. But if the rim 

angle is more than 90 degrees, the absorber spurs would have to branch 

into the reflector or else portions of the reflector would have to be 

notched out. 

Components of the absorber unit are the absorber pipe or tubing, 

the coating, connecting pipe or tubing, insulation, and connections. 

Valves between the main pipeline network and collector modules are in

eluded as part of the piping network. For singly mounted paraboloids, 

the absorber would be a single unit located at the focal point. The size 
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of the absorber depends on the concentration ratio. 

three types of paraboloidal absorbers were considered: the sphere , he11 

pancake and cavity. Whatever the shape, manufacturing techniques are 

available to meet practical requirements. Paints for low temperatures 

and rnetalizing processes for higher ones are under study elsewhere. 

Overall costs are not sensitive to the types of coatings on "point" 

focusing absorbers because of the small amount of material and processin: 

involved. 

The absorber and connecting pipe would be of stainless steel 

to prevent corrosion and to guard against fouling of the lines. Calciia 

silicate with protective aluminum jackets was selected for the insulatin 

material. If the absorbers are stationary, standard tees and elbows woul 

be used for connections; but if the absorber moves, flexible couplings 

of braided metal and either synthetic rubber or thermoplastics would be 

used. Costs escalate rapidly as the temperatures and diameters of flexib 

hose and couplings increase. In fact, those manufacturers of flexible 

connections that were contacted during the study do not off er warranties 

。for their products when operating temperatures exceed 230 ~C for more 

than brief periods. 

4. 2. 3 Field Structures and Installations 

The assembly of paraboloidal shell (or shells) and absorber 

(or absorbers) would be mounted on heavy-walled pipe machined at the top 

to accept the assembly inserts. The pipe would first have been set in 

the ground and backfilled with a chemical foaming material known as 

"Poleset". This material is reported to have long life, is easy to use, 

that iS 
and develops strength greater than the surrounding soil at a cost 
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competitive with conventional backfilling material, Forward Enterprises, 

Inc. (1974). The possibility of setting the pipe supports in heavy con

crete slabs was eliminated because of the excessive amounts of concrete 

required to resist overturning during high winds if the slabs are at the 

surface. Buried slabs could be smaller, but this would require consider

able excavation. Also, the use of precast piles driven into the ground 

would generally be more expensive than augering and backfilling. Piles 

would therefore not be used except where soil conditions do not permit the 

cheaper method. 

Setting the pipe, installing the modules, and connecting the motors, 

tracking devices, and other components would be done by contractors. 

Close supervision would be required to insure that the absorbers and 

reflectors were in proper alignment. If properly planned, the installa

tion of pipe and the setting of the collector modules is expected to be 

accomplished at a fairly rapid pace. Three-man crews operating with a 

truck and crane are expected to be able to install and align four of the 

larger-sized modules per day. Ten such crews installing models with 7.3 

meter aperture widths would be able to complete the collector field for a 

50 megawatt plant in approximately one year. This ought to be well within 

the construction schedule for power plants of this capacity. 

Tracking can be accomplished in a number of ways. One way would 

be to install optical sensors and power amplifiers on each model. Another 

way would be to use a mini-computer to program and actuate the modules 

according to a pre-programmed schedule based on the known position of the 

sun relative to each module location. This latter arrangement is estimated 

to b e more economical for paraboloidal collectors. To improve upon the 

reliability of the tracking system, five telescopes were assumed to be 
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located in the collector field to act as feed-back mechanisms. 

additional study will be justified to review the practicality and 

of alternative tracking methods. 

4.2.4 Breakdown of Lowest-Cost Alternatives 

costs 

Least costs for the various methods of manufacturing and install 

reflective shells tend to approach a value of $50.00 per square meter of 

projected area, as shown in Figure 4-2. This result applies to the smal 

pressed-glass reflectors, the somewhat larger hydro-drawn reflectors, the 

groups of four spin-formed reflectors, and the large singly-mounted re

flectors. Savings in unit costs occur as the size of the reflectors and 

modules increase. Breaks in the curve are caused by limitations in the 

manufacturing processes and by transportation restrictions. Thus, the 

pressed-glass process is applicable only up to 30 centimeters; the hydro

forming process can only be used for sizes up to 2. O meters; and modular 

units are limited by bridge and other clearances of 3.65 meters. 

A more critical factor in total costs is the variance in absorber 

costs according to the type of module. Providing absorbers for the array 

of small paraboloids is expensive, approaching the cost of the modules 

themselves, which was the basis for eliminating this type of module. AlS 

unit absorber costs decrease as do the number of reflectors per module, 
to 

the point where the cheapest absorber cost per square meter of reflective 

ber 
area is for the largest, singly-mounted reflector. Representative absor 

costs are $8.70 per square meter of reflective area for the modules 
off邲

and $4.30 per square meter of reflective area for the singly-mounte d 7.3 

meter paraboloid. 

3 me ter5 
The singly-mounted paraboloid with an aperture width of 7. 
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and fixed absorber is the lowest cost alternative of this group, with 
a 

total cost of $58.10 per square meter of projected area. The next 1 owes 

type is the module of four paraboloids each with aperture widths of 3_0 

meters. Total costs for this installation are $61.10 per square meter 

of projected area. Al though, the level of uncertainty in the estimates 

is such that these differences in costs are not significant. Both 

estimates are based on rim angles of 80 degrees and reflectivities of 

85 percent for reflective grade aluminum. Breakdowns of these costs are 

given in Table 4-1. 

Materials, labor and overhead constitute the costs of the manufac 

tured modules, which would be partially assembled and crated for shipmen 

to the solar plant site. As is apparent, materials dominate manufacturin 

costs. Labor and overhead costs are a small percentage because of the 

highly automated process and the large volume of through-put. According 

to MDL staff, it is not uncommon for the most highly automated processes 

to have direct labor costs of less than five percent of total manufacturi 

costs, as is the case in this estimate. Overhead costs include general 

and administration, plant maintenance and services, building rental, and 

return on investment in equipment and working capital. Return-on-inve5t囯

costs were calculated assuming equipment lives of eight years for light 

equipment and 16 years for heavy equipment and an after-tax opportunitY 

cost of capital of ten percent. Annual output per factory would be 3-5 

million square meters of projected surface area. 

Transportation costs for the modules and other materials were 

based on the assumption that the solar site would be approximately 350 

miles from the factory producing the modules and that the average rate fo 

this distance is $20.00 per ton. These are admittedly approximate fig而
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TABLE 4-1 

Itemized Costs for Minimum-Cost Paraboloids 
with Ref1ect1v1ty of 85% and R1m Ang1e of 8o° 

Item Sin~nted 
(7. Sm) 

Installed Cost, Without Absorbers 

Materials 

Aluminum shell 

Framing for shell 

Gears and motors 

Other 

Labor and overhead to manufacture 

Pipe support 

Foundation 

Tracking mechanisms and controls 

Transportation 

Installation of modules 

Subtotal 

Contingency (5 percent) 

TOTAL 

Absorbers 

Materials 

Labor and overhead to manufacture 
and install 

Subtotal 

Contingency (5 percent) 

TOTAL 

GRANO TOTAL 

18.50 

1. 20 

4.70 

1.10 

4.90 

6.40 

6.40 

2.90 

0.90 

4.00 

51.00 

2.60 

53.60 

2.90 

1.40 

4.30 

0.20 

4.50 

58.10 

E-67 

i_Lm 2 

4 Units of 
3. 0 m Each 

11.90 

1. 20 

6.90 

1.50 

3.80 

7.20 

7.20 

3.70 

1.10 

5.00 

49. 20 

2.50 

52.00 

6. 20 

2.50 

8. 70 

0.40 

9.10 

61.10 



but the relative magnitude of transportation costs is not critical to th 

overall estimate. 

In contrast, field construction and installation costs proved 
to 

much higher than originally anticipated. While it is possible that these 

costs can be reduced through more careful analysis and consideration of 

other alternatives, their overall significance to the total estimate is 

expected to remain. 

As noted earlier, absorber costs will vary according to the pres. 

sures and temperatures of the working fluid, the diameters of the connec 

tubing or pipe, and whether or not flexible couplings are required. 

The values shown in Table 4-1 were for pressures of about 500 psia and 

。temperatures below 250 ~c. The diameter of absorber pipe assumed for 

the 7.3 meter paraboloid was 6 centimeters, while those for the 4-unit 

modules were 2.5 centimeters. Absorber costs for pipe, insulation, 

connections, and the absorber are fairly evenly divided for the 7. 3 meter 

paraboloid; but for the 4-unit module, the costs for flexible couplings 

and for insulation are relatively more important than the other two cost 

items. 

The contingency factor of five percent is included to cover over· 

sights and unexpected difficulties in production and installation. It 

is an estimate reflecting expectations that costs will actually be higher 

than those tabulated; it is not an allowance for inflation or to cover 

whatever financial difficulties might arise should costs exceed the 

estimates. 

4.2.S Cost-Parameter Relationships 

idth 磁Sensitivity of collector costs to changes in aperture wi 

module size were shown in Figure 4-2, based on rim angle of 80 degrees 

E-68 



and reflectivity of 85 percent. Figure 4-3 shows that as rim angles 

increase or decrease from 80 degrees the costs vary accordingly. Changes 

in the amount of material required for shells with different rim angles are 

primarily responsible for these cost changes. Equipment selected for 

each process are, for the most part, capable of producing the different 

rim angles without difficulty and at essentially the same speed. 

Figure 4-4 shows the effect on costs of changing the reflectivity 

from 85 percent to 60 percent. These changes also are the result of 

different material costs. Reduced costs result from using aluminum alloy 

#llOO that yields reflectivities on the order of 60 percent. Cost 

reductions are greater as the rim angles increase and as the aperture width 

of the spin-formed paraboloids increase. A single curve is shown for 

hydro-drawn paraboloids because the thickness of the shell material is 

approximately the same over the relevant range of 0.5 to 1.5 meters 

aperture width; but for the spin-formed paraboloids shell thickness 

increases with larger diameters. Reflectivities for aluminum that are 

of sufficiently long duration lying between 60 and 85 percent may exist, 

but were not uncovered during the study. 

Figures 4-2, 4-3, and 4-4 can be used to obtain costs for various 

aperture widths, reflectivities, and rim angles. For example, the 

cost of a spin-formed paraboloid of 7.3 meters width, reflectivity of 

60 percent, and rim angle of 115 degrees would cost $57.00 per square 

meter of projected area. This involves adding $58.10 from Table 4-1 and 

$5.30 from Figure 4-3, and subtracting $6.40 from Figure 4-4. Or, if 

reflectivity of 85 percent is desired, the cost would be the sum of the 

first two values; namely, $63,40 per square meter. 
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4,3 Heliostats 

4.3.l Description and Method of Estimation 

The estimates of costs for heliostats flowed directly from the 

earlier estimates of the costs for small - sized paraboloids mounted on 

frames that track the sun. In the preceeding section, it may be re這圖－

bered that modules of pressed glass reflectors could be manufactured 

and installed at a cost of about $50. 00 per square meter of proj ected 

area; but this possibilitiy was eliminated because of the high cost of 

absorbers. The heliostat is essentially the foregoing type of module , 

but without the absorbers. As a result, cost estimates for the modules 

of small-sized pressed glass reflectors served as the basis for esti

mating the costs of heliostats. The only significant difference , be

sides the absence of absorbers, is the use of 6.4 millimeter plate 

glass for the heliostats instead of somewhat thinner pressed glass for 

the paraboloids. The recommended thicker glass for the helios t ats re• 

sults from the larger spans and the lesser structural stength of flat 

surfaces compared with curved ones. 

4.3.2 Breakdown of Costs 

Figure 4-2 shows that modules of glass reflectors can be pro

duced at slightly less cost than can the other types of modules. Al

ternations in estimates to allow for the particular characteristics of 

the heliostat bring overall costs back into the range of $50.00 per sq叫＂

meter of projected area. One of the adjustments is the slightly thick· 

er plate glass. Another is the use of back-silvered glass to obtain a 

reflectivity of 90 percent in place of 85 percent reflectivity obta 
迢d

by back-coating with aluminum. Overall material costs are somewhat 
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lower than for the paraboloids, but the cost of installation and field 

adjustments to individual reflectors is higher. The cost breakdown 

shown in Tab le 4-2 is for an overall module size of 6.1 meters square 

with individual reflectors that are 1.5 meters square. 

4.3.3 Cost Parameter Relationships 

Cost~design relationships were tested for variances in reflec

tivity and in module and reflector sizes. Thermal-evaporated aluminum 

on glass can be substituted for back-silver glass to give reflectivities 

of about 85 percent at a savings on the order of $0.90 per square meter. 

Variances in costs due to changes in module and reflector sizes are 

expressed by the following formula: 

2 
Cost - 68.4 - 3.3W + 1.26 (W + d)/Wd + (0.59 + 0.23)/d 

Where, costs are in 1972 dollars per square meter of projected area; 

Wis the length of the square module in meters, and dis the length of 

the square reflector in meters. 

4.4 Circular Fresnel Lenses and Reflectors 

Alternative to curved surface reflectors, such as paraboloids, 

are Fresnel lenses and reflectors. Plastic disks molded under condi

tions similar to the production of phonograph records could be placed 

on modular racks as were the small-sized paraboloids. Current manu

facturing techniques limit the size of Fresnel disks to approximately 

2.3 ·-'meters diameter. Thus, the alternatives for multiply mounted Fresnel 

lenses with individual absorbers would be either to mount four of these 

2.3 ,.) meter disks on a frame of 4,7 x 7.4 meters, or to mount nine, six-
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TABLE 4-2 

Itemized Costs for Heliostats 
Module Size, 6.1 metres; Reflector Size, l.5metres and 

Reflectivity, 90 percent 

Item 

Materials 

Back-silvered glass 

Fasteners and supports 

Main structure 

Gears and motors 

Other 

Labor and overhead to manufacture 

Pipe supports 

Foundation 

Tracking mechanisms and controls 

Transportation 

Installation and adjustments 

Subtotal 

Contingency (5 percent) 

TOTAL 

E-74 

$/m 2 

4.20 

1.10 

1. 20 

7.40 

2.40 

4.00 

7.00 

7.00 

3.70 

1. 60 

7.70 

47.30 

2.40 

49. 70 



teen, or more smaller disks on larger frames. In either case, costs 

per square meter of projected are not competitive with other types of 

concentrating collectors because of high unit absorber costs. Overall 

unit costs increa~e as the size of the frame decreases and as the num

ber of absorbers per module increase. 

4.4.1 Description of a Viable Fresnel Lens Arrangement 

An alternative that does not suffer from the foregoing draw

backs involves the assembly of individual Fresnel lenses in facet form 

that focus on a common absorber located at the center of the module. 

Each lens would have grooves that, when combined, fonn concentric cir

cles. A laminate of glass and polycarbonate was found to be more econ

omical ttan a single sheet of plastic with sufficient thickness to 

maintain sufficient rigidity. The glass has higher structural strength 

and is lower in cost. Six-millimeter plate glass backed by three-mil

limeter polycarbonate should be reasonably resistant to breakage. The 

plastic material would be placed so that the grooves are nearest the 

absorber. This positioning is favored on three counts: 1) the glass 

will shield the plastic from ultraviolet rays, 2) dirt and other par

ticles are less apt to accumulate in the gz,ooves, and 3) the grooves 

do not interfere with the path of the sun's rays, as shown in Figure 

4-5. However, when positioned in this manner, the foca,l length must be 

greater than roughly 0.4 times the diameter of the widest groove. This 

limitation is set by the index of refraction for the polycarbonate 

material. 

As with small paraboloidal reflectors, the laminate would be 

supported by small steel cross-beams. Other portions of the module are 
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assumed to be the same as for the racks of paraboloids, except that a 

more elaborate supporting structure is required to permit the central 

absorber to be positioned below the lens instead of above the assembly. 

4.4.2 Breakdown of Costs for Fresnel Lens Module 

Large singly focusing modules of Fresnel lenses appear to have 

a slight cost advantage over large singly- mounted aluminum paraboloids 

(Compare Table 4-3 with Table 4-1). Total costs for the lenses are 

$54.30 per square meter of surface area compared with $58.10 per square 

meter of projected area for the paraboloids. However, the structural 

design for this type of Fresnel lens arrangement may be more complex 

than for the large paraboloids, which could reduce this apparent cost 

advantage. Firmer conclusions must await more detailed structural de

sign. 

Various comments on Table 4-3 follow: Costs of glass and plastic 

making up the Fresnel lens are based on large-volume purchases and 

through-put. Structural framing costs reflect the more complex nature 

of the supports relative to that for the 7.3 meter paraboloid. Gears 

and motors are slightly more costly because of the greater torque. MDL 

staff indicate that a Fresnel lens of a size comparable to that of a 

spin-formed paraboloid would take about three times as long to produce. 

This, and the extra labor required, account for the higher cost figure 

for labor and overhead to manufacture. Pipe supports are shorter for 

the Fresnel lens, thus the lower cost. Transportation costs are some

what higher because of the heavier weight and more fragile material. 

Other costs are not substantially- different. 
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TABLE 4-3 

Itemized Costs for Circular Fresnel Lens 
7.3-metre Module with Single Focus 

Item 

Installed Cost, Without Absorber 

Materials 

Fresnel lens and metal supports 

Structural frame 

Gears and motors 

Other 

Labor and overhead to manufacrure 

Pipe supports 

Foundation 

Tracking mechanisms and controls 

Transportation 

Installation of modules 

Subtotal 

Contingency (5 percent) 

TOTAL 

Absorber 

Materials 

Labor and overhead to manufacture and install 

Subtotal 

Contingency (5 percent) 

TOTAL 

GRAND TOTAL 
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11. 70 

4.10 

5.40 

1. 10 

6.50 

4.00 

6.40 

2.90 

1.80 

4.00 

47.90 

2.40 

50.30 

2.60 

1. 20 

3.80 

0.20 

-

~一

4.00 

54.30 
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4.4.3 Cost-Parameter Relationships for Lenses 

Of the various parameters under consideration, two were costed 

out for singly mounted, single focusing Fresnel lenses. Some provi

sional values for various module widths and focal lengths are shown 

below. Focal lengths are in terms of module widths. Costs, in 1972 

dollars per square meter of surface area, are for the installed module 

including ab;orber. Absorber and Fresnel laminate costs are roughly 

constant over the indicated ranges of values. Structural, installation, 

and other such costs account for the variances in costs. 

In addition to the above, different thicknesses of plastic and 

glass and different spacings of steel supports were tested for their cost 

effects on contour accuracies. In this case, contour accuracy was taken 

as being the weighted average amount bf sag in the lens surface. Results 

were not particularly cost sensitive so that the foregoing values apply 

to conditions of 0.1 degree contour error. No evaluations were made 

for variances in tracking error, for the reasons given earlier. 

4.4.4 Description of Fresnel Reflectors 

From a construction standpoint, the Fresnel reflector has a 

number of advantages over the lens and paraboloids that in some in

stances more than offset its disadvantages. Favorable factors include: 

1) the plastic material can be lower-cost since it does not have to be 

transparent, 2) because transparency is not a factor, effective life of 

the plastic should be longer, 3) lack of transparency requirements also 

mean that supportive materials less expensive than glass can be used, 

and 4) structures supporting the Fresnel material are less complex for 

reflectors than for lenses. Countering these advantages are: 1) un-
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certainties about whether or not high quality, durable reflectors can 

be made, 2) effective area is reduced by interference of the grooves, 

and 3) higher absorber costs. 

The literature search on concentrating collectors carried out 

by CSU/Westinghouse staff turned up little on the practicality of con

structing such reflectors; al though, the possibilities seem encouraging. 

In view of the favorable outcome of certain cost estimates, further 

study is surely warranted. The overall effects of groove interference 

in the paths of portions of the reflected rays can be quantified. The 

cause of the interference is illustrated in Figure 4-6. The functional 

relationship between the percentage reduction of reflective area due to 

groove interference and the ratio of focal length to reflector radius 

is given in Figure 4-7. The higher the ratio, the lower the reduction. 

But, as the ratio increases the cost of the absorber unit increases: 

the length of the connecting tubing and the amount of insulation increase 

and the structural support to keep the absorber in place becomes larger. 

The cost effects of these increases are not great, however, and optimal 

designs will probably indicate rather long focal lengths. Results are no 

particularly sensitive to the number of grooves per inch. 

4.4.5 Cost Breakdown for Fresnel Reflector Module 

Various configurations of Fresnel reflector assemblies were 

considered. The more interesting possibilities are those employing 

small diameter, medium and low pressure tubing for a single absorber 

mounted on a large circular reflector of fron silvered plastic. Ro

tating the reflector about a fixed absorber does not appear to be prac

ticable, which means that flexible hose and couplings are needed for 

absorber connections. These costs are modest for combinations of pres-
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sures below 500 psia and diameters less than 2.5 centimeters. Accord

ingly, the cost breakdown in Table 4-4 is for an absorber that utilizes 

1. 3 centimeter tubing operating under pressures less than 500 psia. 

Total costs of $48.50 per square meter of surface area shown in 

Table 4-4, are almost $10.00 below those for the large paraboloid whose 

costs are shown in Table 4-1. For comparison purposes, however, three 

factors should be noted: first, the paraboloid does not require flex

ible couplings and therefore can accommodate larger absorber tubing and 

pressures without significant increases in unit costs, whereas the 

Fresnel reflector cannot; second, interference of the Fresnel grooves 

reduces the effective area of the reflector; and third, reflectivities 

of front-silvered plastic and reflective grade aluminum are probably 

not comparable over extended periods. The first factor eliminates the 

Fresnel reflector for high pressure, large diameter combinations. The 

second factor can be taken into account by using the information con

tained in Figure 4-7. For example, if a focal length to Fresnel radius 

were 1. 5, the costs of $48. 50 should be divided by 91 percent to obtain 

an equivalent cost of $53.30 per square meter of reflective area. Fi

nally, experimentation is required for long-term comparisons of different 

reflective surfaces. Most of the individual costs are similar in one 

way or another to those for other types of concentrating collectors. 

Only a few comments will be added. The Fresnel reflector is 

assumed to be made of PVC, placed on low-cost material, and supported 

by small tubular steel cross-members. Large volume purchase of PVC is 

about 45 percent of the cost of polycarbonate. Costs for the reflector 

and supports are reasonably firm. Labor and overhead to manufacture 

are less certain and might well be reduced by further investigation. 

The absorber support could be an insulated steel pipe through which 
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TABLE 4-4 

Itemized Costs for Circular Fresnel Reflectors 
Single Focus, 7.3-metre Width; l.3-Centimeter Absorber 

Tubing Under Pressures Less than 500 psia, Reflectivity Over 90 percent 

Item 

Installed Cost, Without Absorber 

Materials 

Fresnel reflector and supports 

Structural frame 

Gears and motors 

Other 

Labor and overhead to manufacture 

Pipe supports 

Foundation 

Tracking mechanisms and controls 

Transportation 

Installation of modules 

Absorber support 

Subtotal 

Contingency (5 percent) 

TOTAL 

Absorber 

Materials 

Labor and overhead to manufacture and install 

Subtotal 

Contingency (5 percent) 

TOTAL 

GRAND TOTAL 
E-84 
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0.60 
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1.10 

6 . 50 
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2.90 

1. 20 

4.00 

0.90 
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1. 60 
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the absorber tubing passes. Its principal function is to keep the 

absorber from moving when subjected to dead weight and wind loadings. 

4.4.6 Cost-Parameter Relationships for Reflectors 

Cost-parameter relationships parallel those for Fresnel lenses 

regarding module sizes. Minor adjustments are required to account for 

differences in the costs of absorbers and supporting absorber pipe. 

Unit costs for varying focal lengths are primarily affected by the 

percentages shown in Figure 4-7. Front-silvered plastic was assumed to 

have a reflectivity of over 90 percent, which is some 5 to 10 percent 

above that anticipated for an aluminized surface. The applied cost 

of deposited silver is about $ 1. 00 per square meter higher than that for 

deposited aluminum. Warping of the material supporting the plastic 

refelctor could be a problem in obtaining high contour accuracies. This 

factor, together with tracking errors, has not been quantified. 

4.5 Parabolic Trou~hs 

A number of alternatives were considered under the general 

heading of single curvature reflectors. Circular and catenary shapes 

were discarded after MDL staff considered them to have no cost advantage 

over the more efficient parabolic trough. Relying on knowledge gained 

from double curvature reflectors, the smaller range of troughs was not 

investigated. Instead, attention was directed to parabolic troughs 

With aperture widths of one meter and larger. Cost estimates for 

Fresnel strip lenses and reflectors showed no cost savings. In fact, 

strip lenses proved slightly more expensive than some of the troughs 

due primarily to the compactness of the trough and the consequent 

savings in structural materials. As a result, the remaining portions 
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of this section are devoted to the parabolic trough in its various 

forms. 

4.5.1 Description of Two Types of Troughs 

Conceptual designs were obtained for two basic types of paraboh 

troughs. One of these involves an assembly line of roll-form equipment 

to produce troughs that have aperture widths of two meters and are 18.3 

meters long. The trough would be formed by top and bottom sheets of 

aluminum and a honeycomb core material of "Hexcell" aluminum. The top 

would be highly reflective aluminum roll sheets of the same quality as 

that used for obtaining the 85 percent reflectivity for the paraboloids. 

The trough would be mounted on oil-less journal bearings, driven by 

worm gears and l/8th horsepower stepping motors, and supported by ten 

centimeter aluminum channels. This assembly in turn would be set on 

individual concrete beams designed to resist overturning due to high 

winds. 

The foregoing process is applicable for widths not exceeding 

two meters. For greater widths, a less automated process is required. 

Cost estimates were prepared for an assembly 7.5 meters wide by 29.2 

meters long. Eight half-sections, designed to meet railway and highway 

clearance requirements, would be fabricated in the shop and delivered 

for assembly in the field. These sections would be made of structural 

steel ribs and stringers that support highly reflective aluminum sheets-

They would be set on du-type oil-less slider bearings and driven by 

drive gears and gear motors with 50:1 reduction. Five such sets would 

be required per installation. Six-inch channels set on individual 

concrete beams would support the structure at each of five points-
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Four different linear absorbers were considered for these 

reflectors. One would simply be an unprotected stainless steel pipe 

with a suitable absorptive coating. An insulated pipe shield with a 

bottom opening could encase the absorber to reduce convective losses. 

A third type would involve enclosing the absorber in an evacuated glass 

tube. This type would require suction pumps installed in the field to 

maintain the required vacuum. The fourth type of absorber is the com

bination of stainless steel absorber pipe, evacuated glass tubing, and 

a pipe shield around them. All would require flexible couplings, since 

the absorber moves with the reflector. Rotating the reflector about 

a fixed absorber would require relatively more expensive structures and 

hence higher overall costs, except for installations with large diameter 

absorbers operating in high pressure ranges. 

Field structures and installations would be somewhat different 

from those described for paraboloids and circular Fresnels. Concrete 

beams as mounts for the troughs and to resist overturning would be set 

in the ground similar to railroad ties. Wind forces acting on the 

larger troughs would be considerably greater than for the largest 

paraboloids. Pairs of piles sitting under each support were found 

to be more costly an alternative than these concrete beams. Instal

lation would be accomplished by contractors who, because of the greater 

number of field connections and more awkward nature of the sections, 

would require comparatively more time, on a square meter basis, than 

would be needed to install the paraboloids. One-axis tracking for 

the smaller-sized troughs would make use of the type of mini-:computer 

noted ea ... ̂ lier. However, for the larger-sized troughs a lower-cost 

alternative is the installation of individual sensory devices on each 
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trough. Finally, troughs can be positioned horizontally or be incli 
1nec1 

if the latter, the inclination can be fixed, or varied with the seasona 

position of the sun. Varying the inclination was assumed to be acc磾1-

plished automatically rather than manually. 

4.5.2 Cost Breakdown 

Unit costs for varying aperture widths are shown in Figure 4-8. 

These costs are for troughs with reflectivities of 85 percent and rim 

angles of 80 degrees. The automated process by which parabolic cross 

sections are turned out was found to be the least cost approach; and 

increasing the width of the trough produces the lowest costs. Unfor

tunately, this process can be employed for widths only up to two meters. 

Unit costs for the structural steel method decline as the widths approac 

the 7.5 meter limit. But at $53.00 per square meter of projected area, 

this method is still $6.00 above the unit costs of $47.00 for the 

smaller alternative. It may have been observed that these costs are 

not significantly below those for the paraboloids. 

Low pressure absorbers made of stainless steel pipe with pipe 

shields would cost $12.80 per square meter of projected area for the 

larger trough, compared with $7.80 per square meter for the smaller 

trough. This difference increases the overall advantage for the 

smaller trough to $11.00. Higher pressures and smaller concentration 

ratios would further increase the spread in absorber costs for these 

two types of troughs. 

The nature of the various cost components is not unlike that 

described earlier for the paraboloids. Some additional comments 

pertinent to the troughs are in order, however. Material costs for 

the two types of troughs are roughly the same (see Table 4-5). The 
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TABLE 4-5 

Itemized Costs for Parabolic Troughs 
Horizontally Mounted 

Reflectivity, 85 percent and Rim Angle, 80 degrees 

Item 
7.5-m Width 

Installed Cost, Without Absorbers 

Materials 

Spine and ribs 11.80 

Bottom sheet and honeycomb core 

Surface sheet 6. 80 

Framing 1.00 

Gears and motors 3. 60 

Other 1. 00 

Labor and overhead to manufacture 5.30 

Foundation and base hardware 11.90 

Tracking mechanisms and controls 0.90 

Transportation 1. 70 

Installation of troughs 6. 70 

Subtotal 50. 7 0 

Contingency (5 percent) 2. 50 

TOTAL 53. 20 

Absorbers (9. 4 cm) 

Materials 9.50 

Labor and overhead to manufacture and install 2.70 

Subtotal 12. 20 

Contingency (5 percent) 0.60 

TOTAL 12.80 

GRAND TOTAL 66.00 
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greater volume of structural material for the 7.5 meter trough is 

offset by its lower cost per pound, compared with the aluminum sections. 

Being heavier, the troughs require larger gears and motors. Major 

savings in labor and overhead to manufacture accrue to the automated 

process. Foundation costs are surprisingly high for both types. This 

result occurs b~cause of the need to protect the installations against 

overturning, or lateral displacement, from high winds. Further examination 

of foundation designs is needed before fianlly accepting these estimates. 

Unit costs of tracking mechanisms are considerably less for the larger 

troughs because fewer of them are needed. Individual sensor units 

costing $200.00 each are part of the 7.5 meter design; for the 2.0 meter 

design the mini-computer is the lower-cost alternative. Transportation 

and installation costs are also less for the 2.0 meter trough because 

of its lighter weight and greater ease of handling. 

Absorber costs shown in Table 4-5 are only illustrative, since 

many alternatives are possible. Higher costs for large diameter pipe 

and flexible couplings more than offset the savings in unit costs 

arising from individual absorber lengths that serve wider sections. 

4.5.3 Cost-Parameter Relationships 

Variances in costs arising from different rim angles, reflectiv

ities, types of absorbers, and positioning of the trough were examined, in 

addition to the changes relating to different aperture widths previously 

shown~- in Figure 4-8. Below are the alternations in unit costs that should 

be made when considering different rim angles and reflectivities. These 

apply to both types of parabolic troughs and should be added (or subtracted) 

to the grand totals in Table 4-5. 
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Rim Angle 

Reflectivi!l 45 。 60 。 75 。 80 。 90 。 一一 1- 15° 

85% -1.15 -1. 10 -0.50 。 +0.80 +2.80 

60% -3.75 -3.70 -3.20 -2.10 -2.10 -o.so 

Considering the magnitude of total costs for troughs, the alternations 

not great. Cost savings from using standard grade aluminum (# llOO) ins 

of the reflective grade (# 3002-0) do not justify the loss in reflectivi 

Future examination of other reflective surfaces would probably turn up 

in which the drop in reflectivity is not so great. 

Unit absorber costs for the parabolic trough are a function of 

number of variables: namely, width and length of trough, operating pre 

and temperature, diameter of stainless steel pipe or tubing, length of 

ports, diameter and length of flexible hose and couplings, type of abso 

tive coating, and sizes of insulated pipe shield and evacuated glass tub 

if they are used. Cost functions were developed 

that made use of cost tables for the above factors. 

to express all of these various combinations in graphical form. Rather 

doing so here, some examples of costs for different components will beg 

so as to reveal their relative importance. To illustrate, unit absorber 

from Table 4-5 are made up of the following components: 

Parameters 

Absorber diameter 
Pressure 
Module length 
Module area 

Cost Item 

Flexible hose and couplings 
Absorber pipe 
Pipe shield 
Insulation around shield 
Absorptive coating 
Pipe supports 

Total 
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9.4 cm. 2.5 cm. 
100 psia. 100 psia. 
29.3 m. 18.3 m. 
219.5 sq.m.36.6 sq.m. 

4.65 
2.45 
1. 80 
0.45 
0.10 
0.05 

9.50 

$/m2 

0.80 
2.00 
1.40 
1.05 
0.10 
0.05 
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If pressure is increased to 566 psia., flexible hose and couplings must 

be of higher strength. Such a change would add $2.50 and $0.50 per 

square meter of projected area to the larger and smaller aperture 

troughs, respectively. Placing the absorber in an evacuated glass 

tube and providing the necessary vacuum pumps would add $2.00 per 

square meter of projected area to the larger trough compared with 

$10.50 fer the smaller trough. The greater number of pumps per unit 

area account for this significant increase. 

Finally, the costs of additional structures to place the trough 

on a fixed tilt (according to latitude) were estimated. Adding to these 

estimates were the costs of power units to mechanically adjust the tile 

according to the season of the year. Comparisons of unit costs for 

differen'I.: aperture widths and for the three types of installations are 

shown below: 

AEerture Width 
(meters) 

1.0 

2.0 

5.0 

7.5 

$/m 
2 

T抨eofMounting

Horizontal Fixed Tilt 

52.60 53.10 

47.00 48.30 

56.80 60.30 

52.90 59.30 

Adjustable Tilt 

83.00 

64.10 

69.30 

66.30 

The large increase in unit costs for the smallest trough with adjustable 

tilt results from the greater number of power units per solar field. 

Structures for the largest trough with fixed tilt must be stronger, as 

Well as being higher, which accounts for their higher unit costs. 

As with most of the earlier cases, the effects on costs of 

variances in contour and tracking accuracies were not estimated in 

Oth er than cursory fashion. 
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4.6 Annualized Costs of 0£eration 

As mentioned elsewhere in this report, an objective of this 

research effort is to compare the costs of alternative solar thermal 

electric power systems. Costs are to be in dollars (cents or mils) 

per kilowatt-hour. To obtain the necessary cost data associated with 

the foregoing investments in concentrating collectors, two other tYPes 

of data are needed. These are the economic lives of the installations 

and the annual costs of their operation, maintenance, and replacement.* 

4.6.1 Economic Lives of Concentrating Collectors 

The economic life of an asset is the length of time it "pays" 

to keep the asset in service. Even though the asset may be able to 

continue its physical performance, its economic life for the intended 

purpose has ended once it becomes more economical to replace it with 

either an improved unit or a new unit of the same type. 

In conformance with industry standards, the assumed life of the 

solar installation is assumed to be 30 years. This may well be an 

optimistically long life, inasmuch as the initial versions of new 

technologies are often quickly replaced by improved versions. Counterin 

this argument, however, is the nature of this type of installation in 

which the predominant costs are associated with initial investments 

rather than annual operating costs. If this is indeed the case, once 

eve 
the system has been installed it could economically remain in servjce 

* Additional these requirements are estimates of 1) the capitaliza tion 
;nd types factor for the relevant types of electric utilities, 2) rates 

of utilization of the solar powered systems, and 3) other inves tment 

lives and costs and the costs of their maintenance, operation, and 

replacement. 
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though less expensive versions subsequently become available. 

In estimating the economic lives of system components, the 

reasonabie assumption has been made that the solar field will be 

properly maintained. Furthermore, maintenance procedures and economic 

lives of many of the components are expected to be similar to field 

installation already owned and operated by existing public utilities 

and the U.S. Bureau of Reclaimation. The following estimates of lives 

were obtained primarily from such sources: 

Item Economic Life 
(years) 

Moto蕊 > 10 

Gears > 20 

Bearings > 10 

Exposed cables > 30 

Underground cables > 30 

Steel structures > 30 

Aluminum structures > 30 

More difficult to estimate, and crucial to the selection of 

STEPS alternatives, are the lives of different types of reflective 

surfaces. Experimental data of sufficiently long duration are only 

now becoming available. Several years of testing probably are still 

required before reasonably accurate data can be fed into optimizing 

models. Until such information is available, reliable designs for 

reflective materials and means for their efficient replacement cannot 

be made. For want of such data, and in the light of current judgement 

about surface lives exposed to the elements, the assumption has been 

made that all surface types will have to be replaced or refinished 
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every 10 years. That is, no allowances are made for what w i 11 

be economic advantages for some surface types. 

4.6.2 Annual Costs 

su rC I y 

Annual operating costs associated with concentrating coll ector 

comprise their operation, routine and special maintenance, and replace-

ments. Operating costs would not be great since the collectors are 

assumed to operate automatically. A minimum staff of sixteen workers 

are assumed to be needed for a 50 megawatt plant to operate the mini

computer and related equipment, to adjust the modules when they fail 

to function properly, and for other tasks. Little basis currently 

exists for distinguishing between alternative concentrator types . 

Thus, an annual cost of $150,000.00 per year is uniformly assumed for 

this activity. 

Maintenance of reflective surfaces and other components of the 

concentrating collectors is also considered to require only minimal 

effort. As noted in Section 4. 7, the sensitivity analysis suggests that 

the apparently most economic alternative is to allow the reflective 

surfaces to remain dirty rather than attempt to keep them cleaned. 

Maintenance of other components will cover such tasks as 

periodic painting of steel structures, greasing and adjustments of 

certain types of equipment, and so on. However, it should be noted 

that the climate in a number of the assumed locations is arid and thus 

problems of corrosion, requiring careful attention to protective 

coatings, would not be serious. Moreover, wherever possible, sealed 

and maintenance-free types of components suitable for outdoor con 
di tions 

have been part of the conceptual design and costed accordingly. 
Fouling 
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of moving parts from dust and sand particles is a consideration that 

eventually deserves study. As with operating costs, no attempt has 

been made to distinguish among different types of concentrator designs 

in estimating annual costs of maintenance. Special and routine main

tenance of components other than surfaces is assumed to be $50,000.00 

annually. 

Replacement of components at the end of their useful lives 

involves the costs of the components themselves,· as estimated for the 

original investment, to which delivery and installation costs should 

be added. For want of more precise information, delivery and instal

lation costs are assumed to be ten percent of the original equipment 

cost. 

When considering costs that occur over time, the question of 

how to allow for inflation arises. Two approaches are possible. If 

the assumption is made that inflation uniformly affects all costs, 

including the capital market, then present-day costs and a deflated 

cost of capital can be employed. If this assumption is unrealistic, 

then differential rates of inflation must be applied to all future 

expenditures and the cost of capital should incorporate anticipated 

inflationary effects on the capital market. The optimizing model 

employed for this project is capable of handling either approach. 

Considering the uncertainty of much of the annual and replacement 

information, the similarities in components, and the difficulties 

of predicting future inflation rates, the constant cost approach 

has been applied. 
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4.7 Breakeven Ana1yses on Whether or Not to C1ean the R竺1竺旦送
Surfaces 

When reasonably accurate estimates of costs are difficult to 

make, a breakeven analysis will sometimes yield sufficient information 

for choosing among alternatives. This proved to be the case in the 

choice between cleaning the reflective surfaces of the collectors and 

allowing them to remain dirty. The question of cleaning the surfaces 

arises as a result of the degradation of reflectivity due to the 

accumulation of dirt and other foreign matter. 

The approach, described below, consists of setting the equival 

uniform annual cost of investing in additional collectors equal to the 

annual cost of cleaning them. The results show that neither manual nor 

automatic washing is as cheap as allowing the surfaces to remain dirty 

and providing additional surface area to obtain comparable levels of 

radiation.. 

4.7.1 Additional Surface Versus Manual Washing 

Assume installed collector and absorber costs of $60. 00 per 

square meter broken down as follows: surface and shells with a cost of 

$15.00 per square meter and lives of five years; motors, gears, and sim• 

ilar items with a cost of $15.00 per square meter and lives of ten year 

and basic structure and other components with a cost of $30.00 per 
5quar 

meter and lives of 30 years. Let the required before-tax return on 
in· 

vestment for the typical electric utility by 15 percent. Then, the cqu1 

．會

alent uniform annual cost per square meter of projected area wou 1d bC • 

* in The following notation is more or less standard for calculati~n~ 
engineering economy. For example, see the text by Grant and Ireson 

(1970). 
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$30(A/P, 15%, 30 years) = 30 x 0.1523 = $ 4.57 

$1S(A/P, 15%, 10 years) = 15 x 0.1993 = 2.99 

$15(A/P, 15%, 5 years) = 15 x 0.2983 = 4.48 

Total= $12.04/Square Meter 

where, for example, the term (A/P, 15%, 30 years) is the 

capital recover factor that converts an initial amount, 

P, into an equivalent uniform annual amount, A, using an 

interest rate of 15 percent and a life of 30 years. The 

formula for obtaining the value of 0.1523 is 

15% (1 = 15%)30. (Cl + 15%)30 -lf1 • In this case 

P = $30 and A= $4.57. 

Additional to investment are the costs of maintaining the extra 

surface area and the labor to replace the worn out shells, motors, and 

other items having lives of 5 and 10 years. Equivalent uniform annual 

costs per square meter of projected area are as follows: 

Labor to replace reflectors every 5 years: 

$2.00(A/F, 15% 5 years) = 2 x 0.148 = $0.30 

Labor to replace motors, etc. every 10 years: 

$1.00(A/F, 15%, 10 years) = 1 x 0.049 =$0.05 

Marginal maintenance cost for extra surface area: 

5% x $60.00 (original investment) ＝＄色血

Total= $3.35/Square Meter 

where the term (A/F, 15%, 5) is the sinking fund factor 

that converts a future amount, F, into an equivalent 

uniform annual amount, A, using an interest rate of 15 

percent and a life of 5 years. The formula for obtaining 

the value of 0.148 is 15%((1 + 15%)5 -1)一｀． In this case 

F = $2.00 and A= $0.30. 
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Combining the annualized investment costs of $12.04 with maintenance 

and replacement costs of $3.35 gives a total of $15.39 per square meter 

of projected area. 

With an average reflectivity of 85 percent when 

and a reduction of 8 percent to a level of 78. 2 percent in 9 weeks tha 

stabilizes at this level, then the average reflectivity of the surface 

that is cleaned every 9 weeks would be 81. 6 percent, provided the rate 

of degradation is uniform over this 9-week period. This last assumptio 

actually favors cleaning, since it is more likely that the degradation 

is more rapid at the outset so that the average reflectivity of the 

washed surface would be less than 81.6 percent. 

Comparable radiation would result from the two maintenance proc 

(i.e., washing and no washing) if the projected surface area for the ca 

of no washing were increased by 4. 3 percent (i.e., 81. 6%..; 78. 2% -1). 

The equivalent uniform annual cost of this increased area is $0. 66 per 

square meter (i.e., 4.3% x $15.39). For a module of 16 collectors of 

1.5 meters aperture width, the projected surface area is 28.2 square 

meters and the equivalent uniform annual cost would be $18. 61 per module 

(i.e., $0.66 X 28.2). 

The foregoing value can now be compared with the cost of manuall 

washing the surfaces. Assume a comprehensive field labor cost of $8.00 

per hour in which the hours of actual cleaning are 80 percent of total 

hours on the job. With the modules being cleaned every nine week5, the 

total number of cleanings per year would be 5.8. One can now find the 

breakeven point in terms of the length of time to clean such a module: 

($8.00/hour x 5.8 times per year x H hours/module) + 80i> 
:: $1s.6 

H = 0.32 hour or about 19 minutes of washing time per module, 
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Nineteen minutes per module is quite a short time and certainly does 

not allow for the type of hand cleaning assumed for the Honeywell experi

ments. Thus, it seems safe to conclude that hand cleaning of the reflector 

surfaces is not justified. 

4.7.2 Additional Surface Versus Automated Washing 

Assume that a simple system of one-inch diameter piping is placed 

adjacent to the reflectors in four rows of approximately 6.0 meters length 

each for a total of 24 meters of piping for each module and that about 16 

meters of connecting pipe are required, giving a total of 40 meters per 

reflector. With an installed cost for such a piping system of $6.50 per 

meter and a cost of $40.00 for valves and solenoids, the total cost per 

module would be $300.00. The equivalent uniform annual cost of this 

installation, assuming an interest rate of 15 percent and a life of 15 

years, would be: 

$300 x (A/P, 15%, 15 years) = 300 x 0.17102 = $51.30 . 

This annual amount, which excludes costs of water and other services, is 

greater than the annual cost of $18.61 per square meter for increasing 

the area of collector surface. In conclusion, automated washing would 

also appear to be an inferior alternative, even if the washing were to 

be so frequent as to raise the reflectivity to approximately its original 

value. 

4.8 A Note on the Construction and Costs of Tall Towers 

There are many factors involved in the design and construction 

of tall towers. One of the primary factors which largely influences 

the cost, is the type of loading which the tower will encounter. These 

include top vertical loads, horizontal pull-off loads, wind loading, and 
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seismic stresses. 

Another important influence upon the structure and costs i 
1S t 

risk factor involved. For antenna towers in remote locations where t 

are no structures or people living near the tower, the safety factor 

employed is usually less than that used for towers in cities. The 

remoteness of the location can have a significant impact upon costs. 

For remote areas the logistics involved raise both the material and 1 

costs. 

A summary of the amounts of material and the approximate costs 

on a number of steel towers is given by Watt (1967) and based on tall 

towers. No attempt is made here to describe the detailed procedures 

of tower design, but rather to show how certain factors determine the 

amount of materials which may be involved in their construction. Thre 

types of towers are considered: (a) guyed steel towers; (b) self

supporting steel towers; and (c) steel reinforced concrete towers. The 

guyed steel towers usually require the least amount of material over t 

height and loading range generally considered for antennas. They have 

good performance record when properly designed and installed; however, 

there have been a number of cases where marginally designed guye d steel 

towers have collapsed. In Figure 4-9, the weight of structural materia 

involved as a function of tower height is shown for several conditions

The lower dashed curve indicates the amount of structural steel involV 

over a range of heights for a number of actually designed 

the re 
guyed steel towers, with a top horizontal pull-off capability in 

; al f, 
of 40 tons. The amount of material appears to vary in an exponen t1a 

where for this particular condition the amount of steel required for 

the guyed steel towers is W+ = 18 x 10 
. h/2oo (18 

t 
. The initial constant 
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in this case) describes the amount of vertical top loading which may 

involved and the exponent is the slope with which the tower weight in 

as a function of height. It is instructive to note that on the semi·l 

plot shown, that a straight line intersects the h = 0 line at the 

initial constant, and that the slope is determined by simply dividing 

by the height change required to cover one decade in weight. 

In a similar manner, the amount of structural steel required f1 

a number of self-supporting steel tower designs is plotted as the upper 

dashed curve, which is seen to have a significantly higher h = o 

intercept (83 in this case) but essentially the same slope. 

The amount of structural material required for reinforced concr 

towers is even greater than that in self-supporting steel towers. Ther 

are two actual tower data points shown for 180 meters and 450 meters 

as the upper solid curve in this figure. It is imporatnat to note that· 

slope of this line is appreciably lower than that for the steel towers. 

If an idealized reinforced concrete tower is designed by considering on 

vertical loading with no horizontal forces, and the reinforced concrete 

with a density of 3.5 is uniformally stressed at a conservative 350 metr 

2 tons/m'value, the solid curve labelled "calculated uniform stress in 

concrete, no wind," is obtained with a 100 ton vertical top load is appl 

to the tower. Such a tower, of course, would not meet other requ1 iremen 

of stresses and is only included here as a manner of arriving at the sl 

involved and to determine the rate at which the tower weight must build 

up with height for uniforn1 compressional stress with height. 

The curved solid line shown near the top of this 

the tower weight required to safely withstand wind loading for a trap-

ve1oc1 .,..,,. 1 nci t 
izoidal tower with a 10 percent taper. This curve is for a wind 

E-104 



of 70 metres per second. Typical design winds range from 50 to 100 

m/sec. For the case where the concrete does not go into tension, the 

tower weights required are calculated as follows: 

The upsetting moment due to the wind is calculated on the basis 

2..... 2 
of a wind pressure p = 0.06 v-; where pis in kg/m- and Vis the 

wind velocity in /second. The force exerted on a cylindrical 

segment of the tower is calculated using an effective area 1.5 times 

the actual area, i.e., 1. SD t.h, where D is the tower diameter at the 

height being considered, and t.h is the differential height of the 

segment. 

For a conical shaped tower with a 10 percent taper, the dif

ferential upsetting moment is 

2 
t.M.. = 1. 5 x O. 06 v- x O.1 (h... - h) h t.h u t 

the resulting total moment is 
h -3.. 2 t 3 2 3. M = 9 x 10 V[ (h - h)h Ah = 1. 5 x 1O- V h 

u ° t t 

The righting moment due to tower weight W+ and the base diameter t 

which equals 0.1 h+ is M_ = W+ x 0.1 hj2. For a safe tower, this t r t t 

moment is chosen as twice the upsetting moment. As a result 

W,._ X 0.1 h.._/2 = 2 X 1.6 X 10 3.. 2. 3 
t t 

V h 
t' 

and W. = 6 x 2 2 
t 10 V h 

2 
t. 

2 
If V = 50 rn/sec, W... = 150 h... -, and the tower weight in 

t t 
2 metric tons is 0.15 h-, for a wind velocity of 70 rn/sec (=168 mph), 

2 W~'.).-0. 3 h.... 
t` 

It is important to note that the square law relationship derived 

on the basis of wind loading only will not provide for sufficient increase 
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in concrete with height for heights above 400 meters to meet the Unifi 

safe compressional stress criteria. This means that the calculatj ions 

of required structural mass on a basis of wind alone 

There are many other factors, of course, which enter into the amount 

materials required, including dynamic stresses , tors ion, wind vibrati 

and wind and inertial loading of structures on the top of the tower, 

which must be considered carefully in arriving at the eventual design 

Since the tower structural weight cannot continue to rise at only a 

square law relation for large tower heights, but must have a rate of 

increase with height that is at least equal to the exponential of the 

uniform compressional loaded tower the weight is expected to follow th 

shape of the upper curve on Figure 4-9. 

The cost of towers is shown in Figure 4-10. The costing is 

obtain eel by employing a value of $1,000. 00 per ton of structural steel 

3 for the total installed cost and $66. 00 per ton (;'$180/yd-') for concre 

` 
The solid curve, marked, "steel, self-supporting" shows the constructed 

costs in 1972 dollars for a heavy duty self-supporting steel tower. By 

way of reference, the cost in height for the steel self-supporting 

Tokyo TV tower is shown to fall quite close to this curve. The curve 

labelled, "concrete", is that for steel reinforced concrete towers. Th 

upper circle is for the Toronto tower, and the lower circle represents 

It 
detailed reinforced concrete tower design cost at the height shown. 

is important to note that the transition point where the cost of the 

2 tower increases more rapidly than h~ which is a crucial point in tall 

tower solar plant design, occurs in the 200 meter region for the steel 

towers. On the other hand, it appears that the transition for cone「
ete 

towers is somewhat higher perhaps in the 250 meter height range. 
The 
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TABLE 7-2 

Heat Transport Optimization Printout for a 

Thermal Power Level of 1.0 MW 
THE FOLLO'.!ING l)ATA /\RE CC3MPUTED AT I\ TRANSF"EHREI) PC31·JER C3F I. 。吡

STM . RET FLIHJ ENG INS PIPE OPT PIPE PUMP INS HEAT RET 
TMP TMP R/\ ·1 E EFF THGK DIA VEL cr,sr COST COST C~S T c0sr ~ 
DEG DEG KG/ % CM CM M/ $/YR 1/YR S/YR $/YR SIYR Si 

C C SEC 0UT HET C,UT RET SEC /M /M /M / M /M 

' 100 0.1112 12 s.,, 2.7 2s.2 2.614.2 s.465 o.6J 0.02s l.t6 1,0659 
90 94 43.,161 10 5.3 5-1 21-418-6 1.3 40694 0.45 0-705 1.03 6-07412' 
so 84 14.110 a 4.9 4.5 12.a11.2 1.2 2.930 0.21 0.437 0.12 3.1998: 
70 74 9.QJ8 5 4.7 4.t 10.t 9.2 1.2 2.3商 0.21 0°352 0•63 3•080 6, 
6O 64 6· 5吟 2 4•6 3•8 8•7 B.J I.J 2.J03 0-18 0-308 0°57 2•684 s, 

FLO\i EFF INSUL DIAMETER VEL PIPE PUMP INS HEAT RET 
150 Q./1oo 21 6.o 2.1 14.s 2.s s.9 3.333 0,35 0.620 1.os 1. 。 4

I /l0 144 39.413 20 6•3 6.Q 20.Jl7.J t.4/j . 425 o. 42 0 • 828 l • 28 6 · 1 5 
130 132 13.397 1s 5.7 5.3 12.010.6 1.J 2.161 0.25 o.s12 0.92 3 .90 
120 l?l 8.193 16 5.5 5.0 9.5 R•7 1•3 2.257 0.20 0•414 0•80 3.J9 
110 110 ~-963 14 5.3 4.1 s.2 7-6 1.2 1.9s1 o.i1 o.J6J 0.14 2 .19 
100 100 ✓1.126 12 s.2 4.4 1.3 6.9 1.2 1.s16 0.1s 0.330 0.10 2.53 

90 90 3.940 10 5.t 4.2 6•7 6.5 1.2 1-695 0-14 0-307 0-67 2 .33 
80 81 3-398 8 Sol 3.9 6•3 6.J 1•2 1•605 0-13 o.290 Q.65 2.J8 

FLC1\! EFF INSUI. DIAMETEt< VEL PIPE PUMP INS HEAT 
200 0 • 392 27 6•2 2•7 9.9 2•~ 6e4 2-351 0•23 0•507 J.()2 
190 193 3L1,7013 26 7•0 6,7 18,915,9 1,4 4,176 0,39 0,909 1•49 
rno 1so 11.f3fl6 2s 6-4 r,.o 11.310.0 1.1.1 2.62s 0.23 o.s6R 1.09 
170 168 7.31?. 2 ✓1 6.J 5•6 9.Q 8•2 1•3 2.J-4R Q.19 Q.462 0•96 3 •277,, 
160 157 5.346 22 ~,.9 S.J 7.7 1.2 1.3 1•896 O.J6 Q.t;Q6 o.r,9 2 •889 6, 
1so 145,.. 2so 21 s.s s.i 6•9 6.G 1.3 1.134 0.14 0.311 o.s4 2 .628'>• 
140 135 3-'.:>'.:>I ~o 5.7 4.f3 6.11 6.J 1.3 1.620 0-13 0.345 0.81 2 .4335, 
130 124 3,0(, 6 11:l 5.6 4,6 6,0 5,8 1.3 1,535 0,12 Q.326 0,78 2 ,279 5, 
120 tt4 2.110 16 ~-s 4.4 s.6 s.s 1.J t-468 0-12 0.311 
110 105 2.43g 14 ~.5 4.2 5.4 5.3 1•2 J.415 O.JI Q.299 
100 95 2.223 12 5.4 11.J 5.J 5.J 1•2 J.J71 O.Jl 0•289 

F"L0W EFF INSUL L>IAMETEH VEL PIPE PUMP ms HE/\T 
2 5O 0 • 39 I 3 I 6· 4 2 • 67 • 3 2 • I 4 • 8 1. 80 4 0 • 1 6 0 • 439 1. 。 2 I. 02~ 4• 
?40 242 28.2'.J5 31 7•6 1.2 11.314.3 1.5 3•850 0•36 0•9"11 1 • 61\ 6 .30013• 
22O 2 I 5 6 • 1 29 29 6 • 6 5· 9 8 • 3 6· 8 l • 4 2 • OI 5 0 • 1 7 0 • Ii92 l • O9 3 • 364 7· 
200 190 J.643 27 6•2 5.4 6,5 5,4 1,4 1•64'1 0,13 0.399 0,96 2 ,699 
180 167 2•671 25 6•0 5.0 ~-6 4.7 1.4 1•465 O.J2 0.354 Q.90 2 .349 5• 
I 6 0 I 4 5 2. I 4 6 ? 2 5. 9 4. 6 5. I 4. 3 I. 3 I, 3 5 5 0. I O O. J 2 7 0 • 8 6 2 • I I 4 4' 
1.t10 126 1.s11 ~o 5·.s 4.3 4.1 4-1 1.3 1.2so o.io o.JoB o.s J 1,940 4' 

rL01·J Err INSUL lJlAMETEH VEL PIPE PUMP INS HEAT RET TO 
300 o.400 34 6•~ 2,S 5,4 1,9 3,6 1.1,26 0.12 o.38S 1,02 1,00'1 3' 
290 291 2Q.(,;~8 34 7•5 7•4 10•910•H 3.t 3,703 1.61 Q.691 1 , 44 7,299IA• 
2 10 2S9 4 • 6 1 ^ 32 6 • 9 6 • g 7 • 5 5 ·'1 • Sl ·85O 0· 1 6 0 • 5O I 1 • 1 8 3 • 260 6· 
?~O ?31 ~.f\73 31 6.6 s.r, 5.9 4.7 1.5 1.~33 0.,2 Q.ld4 J . 06 2-64~ 5· 
230 206 2.1 吣 30 6 • 4 5. 2 5. 2 4. I I. 4 I. 38 I O.J I O. 3 72 I. 00 ?. • 323 5' 
~10 I R4 1,779 洄 6 • 3 4 • 9 4 • 1 3 • 7 1 • 41 • 289 O • I O 0 • ·1 ^ 6 0 • 9 6 2 • 1 O4 ^· 
190 lf,J 1-~:l?. 26 6•2 4.6 4.4 3.5 1-4 1,225 0,09 Q.J~9 0,93 J ,940 ~• 
170 143 1.3泗？ 4 6 • 1 4 • 3 4 • 23 • 3 l· 4 l • 1 78 O • O9 n. 3 I 5 0 • 9 I l. nogA • 
1 ~0 12s 1.229 21 6.o 4-1 4.0 3.t 1.4 1-1,n o.oa o.30~ o.R9 1.7oo • 

F"I.Ot1 F.FF INSUI. OIAMEl"b:1< VF..L PIPE PUMP INS Hf':(\T R E 「 Tn ' 
n 7b' 350 o.1,J2 :36 6.s ?..s 4,2 1.9 2.1 1,17g 0.09 o.J~7 1.0.1 ,. qt 'i • 

340 3 38 I a. ? 31 3 5 7 • 6 7 • 4 8 • 5 8 • 4 3 • 7 4 • 2OO1. ·I 3 0 • 6 I 21. 4? 7 • 66 1. 3 2 311,, 
32O 3OO 3 • I A 5 35 6 • 7 6 • 2 4 • 8 4 • 5 3 • Ol • 5 硒 (J • 62 0 • 38 /1 1 . 09 . A s· 
3OO ? 69 2 • O 5 6 3 4 6 • 85 • 8 5· 4 3 • 9,. 6 1 • 4 1 6 0 • 1 I 0 • A I 9 1 • ! A 2 · 伊 g ` 
邳0 吟 I l•<>IO 33 6.7 5,,1 4•R 3•'.:> 1•6 !,?.96 0,10 O, :W3 1.09 2 • 3 \ A• 
~~ (, 0 ~, I 7 I • 3 6 2 3 2 6 • S ~i. 0 4 • 4 3. 2 I • 6 I •硐 0 • 09 0 • 3 (,0 I.Q5 2 • 1~ ,3 A• 
::"! ~ 0 I 9 S I. r'll I J I 6 • 5 l'f. !3,,. 2 :1. n J. ~. J. I 7 I() ·吶 ().3115 J . 02 l•q ~ A• 
邸） 1 ·,'.:> 1. o H 1 2 9 6. 4 4. ~, 4. o 2. 9 1. 5 1. 1 :1 4 n. （內 0 • 3 J3 1 • O I l • 85 n ^· 
,'00 I~(、 1 • O0O 2 7 6 • 3,.l • 3 3 • " ? ·'I l • S l· I O5 0 • () H 0 • 3? 4 (). 99 I • 7 ;? ^· 
l !lO 139 Q.9Jl 2~ 紀 3 4,1 3.·1 ?.•7 I•~ 1•081 O,OK (). 、JI 7 O. 9R I • (, 
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Figure 4-10. Estimated Costs of Steel and Steel Reinforced 
Concrete Towers. 
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TABLE 7-3 

Heat Transport Optimization Printout for a 

Thermal Power Level of 10.0 MW 
THE F'0LL01-IJNG DAT/\ AkE C~MPU '「 EIJ AT A TRI\NSFERRF.D PO'·(ER OF 10-00MW 

STM ItET FLO\J ENG INS PIPE C"lPT PIPE PUMP INS HEAT RET T0TAL 
lMP TMP RA1 £ EFF THCK DIA VEL ci,sr C9ST C0ST COST CC'lST CC:lST 
DEG DEG KG/ z CM CM M/ $/YR $/YR !i/YR S/YR $/YR $/YR 

C C SEC 0UT RET .lUT RET SEC ,M ,M /M /M /M /M 
100 4· 1I 8 I 2 5 • 83· 357 • 6 6· 62 -,. ? 1 7 ·O69 7 • 47 1 • 8 58 2 • 24 2 • 1 5830 • 80 

90 94434°611'10 5.7 506 11s.9413.9 2•412-370 5.3g 1.579 t.9521ol5142•43 
60 84147. _700 s s.6 s.i 38.833.8 1.3 8•238 0.131 1.2s1 1.6210.34622.21 
70 74 90-376 5 s.s 4.7 30-726-8 1.3 6.594 0-64 1.001 1.35 8-19917-79 
60 64 65.850 2 5..- 4.4 26.523-2 1.2 5.728 o.ss 0•866 1.21 7.03715.39 

FLOW EFF INSUL DIAMETER VEL PIPE PUMP INS HEAT RET T<JTAL 
150 3 • 999 2I 6· 1 3 • 3 36· 0 6 • 4I 5 • O 6· 8 4O 3 • I O 1.,l36 t.96 2.tl2tS.44 
140 144394-l?R ?.O 6•9 6•8 46.J46.J 2•611-131 4,83 1,839 2•38 20.07440.25 
130 132133°968 18 6.7 6°2 36.431.t 1.4 7.745 Q.76 1•452 t.97JQ.J6322.JO 
120 121 81•929 16 6•5 SeH 28.824•8 1•4 6-196 Q.6Q 1-157 1•66 8•24017•85 
110 110 59.634 14 6•4 5,5 24.821,?- 1,3 5.378 0,52 1.001 1.49 7,086l5, ✓i7 

1 OO I OO A7. 2 6? I 2 6· 3 5 • 2 ?? • 2 I9 • 2l • 3 4 • 8 57 0 • 46 0 • 9 1 I 1 • 37 6· 333 I 3 • 9 4 
90 90 39./.104 10 6•3 5•0 20•417•7 I.J 4.49) 0. ✓1J 0•841 1•29 5.7RRJ2.Rl1 
BO 81 33.979 8 6•2 ~.7 19-116•6 t.J 4•219 o.AO 0-789 1.24 S.J68J2.QI 

FL0\4 EFF I NSUL DIAMETER VEL PIPE PUMP INS HEAT RET T0TAL 
200 3.924 27 1..- 3.3 30•2 6.3 6•9 6.481 0.11 lo405 2•06 2•08012•7'1 
190 193347. 。 75 26 7•8 7,7 43.543,5 2.7 9.860 4,53 2-004 2,70lf;,97138.07 

I 8O I 8O I I 8 • 8 65 2S 7 • 67 • 1 34 • 328 • 9 1 • S 7 • 3I 4 0 • 72 1. 588 ? • 26 I 0 • 3OO22 • 1 8 
1 7 0 1 6 8 7 3, I 2 3 2 4 7 • 4 6, 7 2 ·1, 2 2 3, I I, 5 5, 8 6 6 0 • 5 7 I • 2 7 6 I, 9 I 8 • 2 2 5 I 7 • 8 4 
160 157 53.461 22 7.2 6•4 23.419.7 1.4 5-101 0.49 1.113 1.72 7.09315.51 
I 5 0 1 4 S 42 • 5 0 3 2 I 7.t 6.t 2 I • 0 I 7 • 6 I • 4 4 • 6 I I O •/1'1 1.0Q6 1.60 6-35214-01 
,,.o tJ5 3s.s10 20 1.0 s.s 19.316.4 1•4 4•266 0.40 0.930 1.s1 s.s1s12.92 
130 124 30.659 tB 6•9 5.5 1s.11s.3 1.4 4.006 0.3g o.s12 1.45 5-39912.io 
I 2 0 I I 4 2 7. 0 9 8 I 6 6 • 9 5 • 3 I 7 • I I 4 • 5 I • 11 3 • 8 0 4 0 • 3 6 0 • 8 2 7 I • 40 5 • 0 6 6 I I •'◄ 5 
110 105 24.377 14 6•8 5.t 16.313.9 1.4 3-641 0.34 Q.792 1•36 4.79110.92 
100 95 22.2J11 12 608 ""•9 l5o6l3•J l•J J•SOB O.J2 0•762 1.32 4.55710.47 

FL0U EFF INSUL DIAMETER VF.I_ PI PE PUMP INS HEAT RET T0TAL 
250 3.912 31 7.5 3.2 16-9 5-6 8-9 3.913 t-82 Q.924 t-62 2-13810./i I 
240 211?.282.5'.:>2 31 80'1 8.3 35.635.5 3•616.277 7-1?. J.fl49 2•6G27.71155. (, 4 
220 215 61,291 29 7,7 7,2 18,818,6 2.·, 4,795 2,13 1,022 1-73 9,24618,92 

2OO I 9O 36 • 429 27 7 • 7 6 • 7 l 9 • 7I 6 • 1 1 • S 4· 337 0 • 4 I 1 • O6 4 1 • 78 6 • 59 I I 4 • I 8 
I 8 0 I 6 7 2 6. 7 0 5 2 5 7 • 5 6, 2 I 7 • 0 I 3 • 9 I, 5 3, 7 9 2 0 • 3 5 0, 9 3 0 I • 6 ~I 5 • 6 2 9 I ?. • :l :l 
160 111') ?t.116 f~ 22 7.4 5.7 15.412•6 1•4 J.460 0-32 0•843 1.~3 5•01911•18 
l 40 I ,, r, IK.J67 20 1.3 5.3 14.311.1 1.4 3.232 0.30 0.192 J.46 4.sso10.:.ir, 

FLOl~ EFF INSUL OIAME 「ER VEL PIPE PUMP INS HEAT RET T0T/\L 
300 4 • 0O3 3 ^ 7 • 63 • ? I 1. 7 5 • 67 • 8 4 • ?'01. R 5 0 • 7 3 61 • 49 2 • 1 6 I I 0 • ^^ 
290 291206.279 34 809 8•7 28•728•5 L1.S23.6S37 9.P,1 1,672 2,:,837,080711.~2 

210? 5946 • 1 Ii4 :52 8· O 1 • SI 5 • 5 I 5 • 1 3 ·') 1 • 1 O 3 3 • O3 0 • 9 4 I 1 • 1 5 I ? • O 3924 • R 6 
2'.:> 0 2 3 I ~ K ·• 7 :1 4 3 I 7 • 7 6 • 9 I 2 • 7 I 2 • ~ :'l. 2 /1 • RR 3 ?., 0 4 0 • 7 ~「l 1-~6 ~.37917.r,5 
23O 2O6 2 l • 648 JO 7 • 5 6 • 4 1 1. 2I O • 8 3 • I 3 • 88 6 1 • 69 0 • 7O7 ! • A6 6 • 7 1 I I 4· 5 I 
2 IO I 8A I 7 • 76 1 ?87 • 4 6 • OI 0 • 4 I 0 • 0 3 • O 3 • 37 I 1. A5 0 • 6 6 I 1. 4() S • 82 6 l 2 • 7 O 
190 163 15,JIR 26 7,3 ~.7 9 • 8 9 • 4 2 • 93 ·O3 5 1. 29 0 • 623l • 3 6 5 • I 8 6 I l.,1 9 
170 1 ✓13 13.5133 24 7.2 5.3 9 • 3 n. 9 2 • 8 2 • 79Rl • 1 g o. 69 4l • 3? 4 • 7 I 7 I O • 6? 
ISO 125 1~-292 21 7.2 5.0 n. 9 R • 6 2· 8 2 • 5 79 1. I /iQ.581 1,29 4,356 9,95 

FL0l·I EFF INSUL DlAMElER Vl-'L 1-'fPE PIW 」' INS HI~(\l RET TOT^L. 
350 40316 36 7•6 3.J 8•7 ~.o 6./l 4.JOJ 1.7,{ Q.618 1.1~3 ?.-62510°'/'.:> 
J 4 0 :J 3 R I 2 2. 3 I, fl J ~ 9 el 8, 9 2 2 • 3 2 I • 8 ~ • ~?. 6 • 6 3 7 I I •「\4 1. /l?8 ? • A? 39 • 9 I n8 l • A S 
3?O 39O 3 l • ^5O 3 5 8 • 27 • 6 I ? • 7 I 2 • O A • 3 8 • 93 7 3 • r,g o. H,3? l ·,l 5 I 3 • 4 632 8 • 6 3 
3O0 269 20 • 5 6 ·4 3 4 7 ·97 • () l 0 • 6 9 • 8 A • 1 6 • 30 l ? • r, ·I 0 • Ì J5 1. St1 9 • 5 7 ()? 0 • H 6 
28O ?/4 1 16-103 3J 7.7 6·6 9. (, R. 8 :1. 9'.). 2 ~~ 7 2. I'-J O • 6 1 5 _ I • •, I 7 • H 11 9 I 7 • 4 丶
~ (, 0,'I 7 I :J • f. I 9 :12 7 • (, 6 • ?. 9 • O 8 • 1 3 • -I^ • 6I ? 1 • 92 0· (, 1 :` l • A 6 6· n 3g 1 5 • ^ ^ 
?. 110 I'J 5 I ;', (J I :! J I 7 • 6 5, 9 n.6 7.-, 3•6 11,?o 勺 I• 7 4(」． 6I ? l • A? （、 .I'., >I I II• I 1 
?.2U 1·1s 10,,nn: 、, 7 • F, ` · f, R • 27 • ^ 3 • 6 A • " ? 01. （丶 l (l • 5 9 3 1. 3 9'5 • 6 6 I l .3 • I I 
P U U I h 6 1 0 ·'l I) ''', ., ·,. A 5 • 3 H • OI • I 3 • 5 J • 1 O ? I • h l(J. 5 I R l • 3 1 s. ? 1 t; I ； 丶． /1 /1
I 6\) 1.19 9 • 3 I ? ;, ̀  7 • ^ s. 。 7 • 7 (, • 9 3 •'.> :1 • 4 1 :1 I • ~ (1 (1 •'.l 6 I I • :1 ·, /t • 9 7 J 1 I.t,'.-, 
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differing slope would appear to indicate that for towers above 300 

meters that reinforced concrete may be less expensive than self -suppo 

steel. When safety factors and top loading permit guyed steel towers 

to be employed it is likely that particularly for the lower heights 

low values of top loading that such towers may be cheaper. 

Based on these results and over the range of heights 

500 meters, the cost in 1972 U.S. dollars can be approximated for self. 

supporting structures as: 

4 h/21O $/steel tower= 8.3 x 10~ x 10 

5 h/35O $/concrete tower= 2.6 x 10" x 10 

The cost-parameter relationships used by the optimization 

model are based on earlier cost estimates. As such, they tend to 

understate tower costs. These models are: 

$/towers up to 150 meters= 1000 (200 + h) 

3 
$/steel towers 150-500 meters= 1000 x.OOOlh 

5 h/35O 
$/concrete towers 150-500 meters= 2.6 x lOU x 10 

4.9 Parametric Cost Models 

Many of the parametric cost models for use in the concentrator 

optimizations have been given in sufficient detail in the previous secti 

of this appendix. Those that were not, are given below. Most o f these 

expressions were derived by multiple regressions or hand curve fitting 

results given in this and other appendices and in previous STEPS report 

In all cases they correspond closely with the original data. 

Heat transport costs for tower-heliostat system: 

7.73h （立）． 79 A_ < 6,000 p 
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region of Figure 7-4. In this small pipe regime, steam is superior 

only above 175 °c. In the large pipe regime (10 MW), on the other 

。hand, steam is superior above 150 ~c and the differential is much 

larger at higher temperatures. 

The above results were necessary for the consideration of pre

liminary systems designs. They are also important data for the veri

fication of results of the more complex total system optimization. 

Many of the formulations developed for this heat transport subsystem 

optimization have been included in the overall system optimization. 
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（辶）． 308
21. 76h, A_ p -> 6, 000 

Fresnel Strip reflector costs: 

Ap 
1.0 3.0 5.0 7.5 

.5 53.00 47.20 57.30 53.10 

. 75 49.60 44.20 53.60 49.70 
f/A 

p 1.00 48.30 43.00 52.20 48.40 

1.25 47.60 42.40 51.40 47.70 

1. 75 46.40 41.30 50.10 46.50 

Add-on costs for inclining and making the collectors mobile are the 

same as for parabolic troughs. 

Concentrator related absorber-heat exchanger costs for 

point focus concentrators (except for Fresnel reflectors): 

66 + 3. 08 (x +. 6096) 

where 

X = A /2 
p , e > 90° 

max 

A/2 sine 
p max' 

。0 <9O max -

Concentrator related absorber-heat exchanger costs for 

Fresnel circular reflectors: 

70,5 + 3.08 (f +.6096) 

Surface contour error add-on cost for movable concentrators: 

(a + bA_) 
p 

。

.00247 

。¢, A , %, A > .00247 

，％，入＜ .00247 

where a is the cost per concentrator and b is the cost per 

2 
m- of concentrator aperture for accuracy tolerances of 

。o =. 1 and o =.1. 。cp. ~ ~··~ -A 
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Surface contour error add-on cost for heliostat fie lds· 

2 
. 0O247, o >. 0O247 

(a + bW-)N ¢, A -
w 

。, ° ¢, A 
<.00247 

where a is the cost per heliostat and ·b is the cost per m2 of he 

o o area for accuracy tolerances of o 11, =.1 ~ and o A =.1 ¢ 

Point focus concentrator absorber-heat exchanger costs le 

.. oncentrator related costs: 

48331.tdt 
w 

Pumping costs for absorber-heat exchangers: 

.0357d" 8.. 2.8 
Vf--~. (DA + 1.2192 + l)/.16 

p 

Non-evacuated covered cylinder absorber-heat exchanger co 

3 2 . 006 (1. 27 d)., L + (1. 27d)- + 1. 27d 

Evacuated covered cylinder absorber-heat exchanger cost: 

3 2 . 006 (1. 27d)- L + 285 (1. 27d) - + 1. 27d 

Meinel-type absorber-heat exchanger cost: 

. 0357d· v 8.. 2. 8 
f 

(D 
Ap 

+ 1.2192 + L) /.16 

1. 3 + (lOOd)~·~ L + 7680d - 139 
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1. o INTRODUCTION 

The natural resource being harvested by solar energy systems 

has a low average power density with appreciably greater peak power 

2 
values. With insolation values in the U.S. ranging from 2 to 4 kWh/m--

day in January to 6 to 7 in July, the average power flux over 24 hours 

2 
ranges from 80 to 300 W/m- of horizontal surface. Clear day average 

2 
values may range as high as 400 W/m-. Instantaneous values of up to 

2 1400 W/m.. have been recorded for short periods of time, but a more 

2 normal clear sky summer noon value b 1100 W/m"'for direct plus diffuse 

radiation. 

The area of the collector field Ar over which the heat must be 
f 

transported can be arrived at in several different ways. A preliminary 

estimate of field size, Af in square meters, can be made from the relation 

P C 
A = 

rated ~f 
f Ph 170 (1 - Sf) 

m2 

where: P...,,+,,,:i is the rated electrical output in watts, C.: is the ca-rated f 

pacity factor; i.e., the effective fraction of time that the plant operates 

at a rated output, P~ is the average solar power density on a horizontal 
h 

2 surface, in W/m"", n_ is the average overall conversion efficiency, and S o f 

is a spill factor which is equal to the average fraction of insolation 

Within the field area which misses the collectors. 

For example, if P rated = 100 MW, C.r: = 0. 5, n f = 0.17, p~ = o h 

300 W/m 2 
, and S.r: = 0.5, 6 2 

f the required area is 2 x 10 m~. If a rectangular 

field and piping system is employed, the field is 1.4 km on a side and this 

is also the distance over which heat must be transported from the farthest 
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collector (if a rectangular pipe layout is used and the heat engine is 

l ocated in the center of the field). 

The magnitude of the transport piping involved can be obtained 

by considering a square layout as in Figure 1-1. The number of coll ector 

N~, is equal to the field area divided by the area of each collector 
C 

unit, Ac'divided by a fill factor Ff. The length of piping one way is 

equal to the number of collectors times the distance between collector 

centers. Since in a square grid this distance is approximately (A,,)F ~)I / c'· f 

the one way length of pipe on a rectangular grid is 

L = N (A/F)1/2 = A (F /A /12 
C f f f C 

m 

P rated C ~f F ·f 
= 

1/2 
m 

Ph n0 (1 - Sf) Ac 

2 
Using the values given for the 100 MW example and: A~= 25 m-, and 

C 

5 
f 

F~ = 0.25, yields 20,000 collectors and 2 x 10~ metres of pipe for the 

going and also for the return paths. 

The thermal power levels involved range from the individual 

2 collector output which, with a solar flux density of 1000 W/m..., a col-

2 lector area of 25 m..:::, and a collector efficiency n,,. of 0.5, is 12.5 kWt. 
e t 

The maximum thermal power into the turbine and storage is 

P_ = P'A N tm -max · c c n C 
Watts 

If P' 
2 = 1200 W/m,£., A_ = 25, N_ = 40,000 and the collector effi ciency 1 

max c c 

n_, is 0.5, the maximum thermal power from the 启eld, P tm' C 
is 600 M凡·

The range of temperatures involved is limited by either co 11ecto「

performance, heat transport material characteristics or the heat engine 

and its working fluid. Since collector output temperatures may range 

from a hundred to more than a thousand degrees C, the temperature limitS 
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will be largely imposed by the materials in the heat absorber , heat 

port, or heat engine. 

There are many factors which enter into the choice of heat 

transport materials. For a 100 MW plant, 2,000 to 20,000 tons of 

transport fluid must be circulated at high temperatures, velocit ies, 

trans 

and in some cases, high pressure. The possibility of pipe failure and 

the resulting loss of fluid makes it important to choose a fluid which 

is no~-toxic and non-flammable. Other important factors are t he collecto 

efficiency versus temperature, input to output temperature range and the 

nature of t he heat load, i.e., power versus the temperature at which heat 

is delivered. 

In addition to transporting heat over a large distance (an 

average length for a square field of about 1/2 the field width or 700 

metres in the 100 MW example) the transport system may also contribute 

a great deal of the large concentration of power which may start with a 

2 9 2 radiation flux density of 1,000 W/m· and end with 2 x 10., w;m· at the 

6 turbine inlet for an overall effective concentration of 2 x 10~ . 
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z. O TRANSPORT METHODS AND FUNDAMENTALS 

There are three well known methods of heat transport: conduc

tion, convection, and radiation. The transfer of energy from the sun to 

earth is by radiation which in systems involving optical concentration 

is redirected by reflection or refraction to an absorbing surface. In 

systems such as the tower mounted absorber, much of the transfer of energy 

is by radiation. 

The three methods have differing performance characteristics 

and cost relationships which should be considered in a well balanced 

heat transport design. The normal sequence involved is first, radia

tion to the absorber, next, conduction in the absorbing material, and 

then transfer via a film coefficient to some convective fluid which may 

also be the heat engine working fluid. If another working fluid is used, 

further transfer via film coefficients and conduction is involved in heat 

exchangers or steam generators. 

The temperature drop for conduction in a uniform cross-section 

is 

AT = (P /A) £/o ~ P'n £/k. 。
t ` C 1 c 

where 6T is in degrees C, (PjA) or P'n~ is the heat power flux density t c 
2 

in W/m..,.tis the transfer length, k~ is the thermal conductivity in 
1 

2 watts per metre degree C, P'is the solar flux in watts/m~, and n~ is 
C 

the collector efficiency. 

result, 

AT/£ 念 0.02 (P iA). 

For steel, k~ is in order of 50, and as a 
1 

。C /m 

For conduction through a thin sheet in a flat-plate collector 

2 Where the heat flux density may be 500 W/m", the temperature drop is 
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。only 10 -c/m, or a fraction of a degree for a normal wall thickness. 

If a tube on sheet arrangement is employed, the temperature rise with 

distance, l, from the tube center on a sheet of thickness Sis 

AT = P'n £/2k. s. C. 1 
。c 

2 o For P'n_ = 500 W/m~, l = 0.1 metre, k, = SO W/rn vc, and S = 5 x 1 0 一4 
c l. 

。metres, f).T is 100 ~C. Using a copper sheet would change the temperature 

。difference to about 10~ and an aluminum sheet would result in a f).T of 

。20 ~C. It is apparent from this discussion that the transfer or concen-

tration of heat by conduction is fine for distances in the order of a 

centimeter or so, but that it is impractical for long distances. 

Transfer of heat by forced connection, as we shall see, is 

usually not desirable for short distances and low power levels. In 

Section 7.1, it is shown that for a pumped fluid 

AT = 

P 
t 

2 
C p (1T/4) d V 

p 

。c 

。where C- is the specific heat of the fluid in watt - sec/kg. vc. P is its 
p 3 

density in kg/m", dis the pipe dj iameter in metres and Vis the effec-

tive fluid velocity in metres/sec. 

For water, C_ p is relatively constant at 4 x 106 in the tempera tu「
p 

range of 100 to 300 °c and a good velocity is 1 m/sec. The resulting 

temperature difference is 

l!.T'v 3 x 10 
7 

P /d 
2 

` t 

or solving for transfer power yields 

6 2 P. = 7. 5 x 10~ !:1T d-. 
t 

。c 

W" 
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。Note that if 6.T = 20 ~C, and the pipe diameter d = 1 cm that P t 
= 15 

kW, which is the order of magnitude for a single collector output, and 

if d = 1 metre, P+-= 150 MW. These values are not optimum but are shown t 

to indicate the order of magnitude of diameters and power levels in-

volved. Because of the fact that the cost of small pipes (less than 1 

cm dia.) is insensitive to diameter, and in the range 1 to 30 cm,varies 

only as the first power of diameter, the cost of transporting heat by 

forced convection in $/kW decreases almost directly with power level in 

the range from 1 kW to 1 MW. This makes it very important in heat trans

port field layout design to combine the outputs of collectors quickly and 

have a minimum length of low power level piping. 

If there is a need for moderate distance heat transport (0.5 to 

5 metres) with a low temperature drop, natural convection in a heat 

pipe may be a good choice. In this distance region, conduction will be 

very expensive, and for a single path the initial cost of a pump for 

forced convection will make such a solution very expensive on a unit 

length basis. When multiple moderate length paths are involved and 

pumping power is needed for associated long distance transport, a system 

of capillaries may be most effective provided the capillaries are not too 

small. 

Insulation of heat transport lines is an important factor in 

solar system design. The thermal conductance per metre length of pipe 

d · iameter d, with an insulating jacket diameter d,.., and thermal conduc-
1 2 

tance k. is 
1 

G/.e_ = 21r ki £n (dzld1) W/m 0c 

as an example, when d/ d1 = 2, and ki = O. 04 W/m 0c (typical for glass 
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wool), G/ 。
£ = 0.17 W/m -c. If the temperature drop across the i nsulati 

lOJI 

is 200 °c, the power loss per metre length of pipe is 35 W/m. Such a 1 

is negligible for a large pipe carrying 100 MW where nt (efficiency of 

transport) for a km long pipe would be 0.9996. 

10 kW, a length of 10 metres has a transfer efficiency of O. 96. Thicker 

insulation can be used to reduce the heat loss; however, increasing the 

diameter ratio by 10 (i.e., to 20) only reduces the loss by a fac tor of 

4. From this it can be seen that insulation with a low value of k, is 
1 

important for small pipes. The large percentage heat losses from small 

pipe is another reason why it is desirable to combine heat fl ow into 

larger pipes as soon as feasible. 

From these considerations, it is apparent that forced convection 

of some heat transport fluid through insulated pipes must serve as the 

major thermal transport mechanism. In "tall tower" type systems, much 

of the transport, as well as concentration, is carried out wi t h the elect 

magnetic energy. 
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3.0 MATERIALS - PROPERTIES AND PRICES 

A wide variety of materials are available to transport heat. 

Conductive transport is of primary interest in collectors and heat 

exchangers, and only a few materials and their thermal conductivity 

are listed in Table 3-1. 

TABLE 3-1 

。Thermal Conductivity in the 2001., vc Region k. 
1 

Material W/m 0c 

water 0.65 

glass 1. 2 

stainless steel 18 

1ron 65 

zinc 100 

aluminum 260 

copper 400 

Some materials used in forced convection are listed in Table 3-2. 

The second set of values, Hp, gives a relative comparison of the volu

metric merit of the materials for heat transport, where 

l H= f。~pdT
is the heat content of the material at temperature Tin Watt-.sec/kg, rela

tive to that at T;::: o0c. Water stands out above all tlle others in this 

comparison. When pressure is added to the figure of merit in the last set, 

it is seen that for this figure of merit water drops off a great deal at 

the high temperatures. Steam, which increased markedly in the previous 

comparison, remains rather uniform in the region of 0,42. The liquid 

metals and vegetable oils rate better as temperature increases due to 

their low vapor pressures. It is essential that oils be kept as free of 

fatty acid as possible if they are to be used near their upper temperature 
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。limits of 200 to 250 -c. This can be done by a special refining process 

during use. 

Using still another figure of merit derived in Section 7.8, 

which includes viscosity and pumping loss, a number of fluids are com

pared over the temperature range of interest in Figure 7-2. This 

figure of merit, which is valid for pipe diameters of 0.1 metre or 

greater, represents relative pipe and pumping costs, and also includes 

the transport material costs. The factor which increases the cost of 

the sodium transport is the requirements for stainless steel pipe. For 

example, stainless may cost 15 times as much as carbon steel. This 

fact raises the cost of sodium transport above the steam and water 

curves as shown. 

The approximate cost of a number of heat transport fluids is 

given in Table 3-3. To compare transport material cost with pipe, pump

ing and heat loss costs given in Section 7, the cost per metre length 

of pipe is given in Table 3-4. 

TABLE 3-3 
Approximate Cost of Materials in 1973 U.S. Dollars 

Material $/kg $/m 3 

Water & steam 0.001* 1 

Na 0.6 54Q 

Therminol (77) 0.3 to 1.2 (5,0) 200 to 1200, (5000) 

Dowtherm 0.7 to 1.0 900 to 1200 

Soybean oil 0.45 390 

co 2 0.07 0,001 

H 2 5 0.8 

He 12 2.00 

* for treatment and ion control 
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TABLE 3-4 
Cost of Metre Length of Pipe 

Pipe diameter Vol/m $/m 
益／mmetres Na Dowtherm 

10 -2 7.8 X 10 
-5 4 X 10 -2 9.4 X 10 -2 

10 1 7.8 X 10 
-3 

4.2 9.4 

1.0 0.78 420 940 

The above costs can be annualized by multiplying by 0.16 for a direct 

comparison with the other piping costs in $/m-yr. When this is done, 

the cost of transport materials is seen to be small for pipes less than 

1 10-.... metres in diameter. For the larger pipe, 1 metre diameter, the 

transport material cost becomes dominant for Dowtherm. 

The effective cost of pipe materials in $/kg varies with pipe 

diameter, being higher at the smaller diameters in some cases by about 

1.5 to 1. The average 1973 cost of seamless pressure piping using A 106 

steel is about 0.4 to 0.5 $/kg. Stainless steel (304) is estimated to 

cost about $8/kg in the same time interval. for hot rolled steel, the 

6 2 ultimate tensile strength is about 35 x 10v kg/m~, with a working strength, 

t 6 2 
w, of 6 x 10~ kg/m-. The material density is 7.8 x 

3 3 
10 kg/m. 

The thermal conductivity of insulating materials over their useful 

。temperature range are shown in Figure 3-1. For temperatures below 100 ~c 

the urethane and styrofoams are good. Molded fiberglass is useful into 

the 200 °c region. Spun glass can be used up to about 400 °c and calcium 

。silicate can be used at temperatures as high as 1,000 vc. 

The cost of insulating materials has about doubled in the past 
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few years, and it is difficult to get an accurate costing which yi elds 

a precise comparison of the various materials. Another factor is the 

large range of quoted costs for a given material. The values quoted in 

Table 3-5 for the large volume case were arrived at after lengthy dis

cussions and analysis of several price estimates by potential suppliers. 

Because of the large amount of material, a special factory is envisioned 

along with an automated installation procedure which has a far different 

costing rate than that involved in one-of-a-kind petrochemical plants 

with complex piping. 

Material 

Urethane foam 

Styrofoam 

Molded fiberglass 

Spun glass 

Calcium silicate 

TABLE 3-5 

Costs of Insulating Materials 

1974 U. S. Dollars 

Normal quote 
Bulk Molded automated ins t a llation 

$/m 3 $/m 3 $/m 3 

100 180 150 

60 llO 90 

60 llO 90 

80 160 120 

100 200 150 

The insulation of piping is required to control the heat l oss 

which occurs via several different mechanisms and paths. First , there 

is the transfer of heat from the fluid itself through a convective 

film to the inside wall of the pipe. Next, via conduction, the heat 

is transferred through the pipe wall to the inside surface of t he in

sul ating jacket. At this point, the primary control mechanism occurs, 
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which is the resistance to the flow of heat through the insulating 

jacket from its inside to the outside surfaces. At the outside sur

face, heat is lost by two mechanisms to the surroundings. First, 

there are convective losses to the air itself, and in parallel with 

this loss, a transfer of energy via radiation from the outer surface 

of the insulation to the surroundings. 

The first two mechanisms involved can usually be neglected and 

we can write the power loss per length of pipe for the remaining three 

mechanisms as 

P/.R. = t:,.T, k~ 2,r / ln (1 + 2t/d) 1 "'i 
conduction 

W/m (3-1) 

where k~ is the thermal conductivity of the insulation. The other symbols 
l. 

are defined in Figure 3-2. The power loss from the outer surface of the 

insulation to the air can be approximated as 

O. 5 O. 67 P/£:; AT 101T d (1 + O. 1/d) V, W/m 
2 o o w 

convection 

(3-2) 

In parallel with this convective flow is a radiative loss which is 

、
丿

4 
3 

T - 
4* 
2. 
T3 (2 cT 

83 -T 0A 1 

c 

x7 7O 61 . 5x 

n 
0 

03 

di. Tt2 

a 

__.
1O dd 

O~aT ／
「

P~

~ 

W/m 

(3-3) 

where AT = (T -T) 
3 2 3 

::: b.T- and e: is the surf 
2 

surface emissivity. The latter 

two power loses must add up to equal the conduction loss, which is equal to 

the total power loss from the pipe. The conduction loss is seen to be 

directly proportional to the temperature difference between the inner and 

。* Note T- must be in uK. 
2 
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ATl = Tl -T2 

l!1 T2= T2- TA 

d 。

T F = Fluid Temperature 

TA= Ambient Air Temperature 

Vw=Wind Velocity, m/sec 

d = Pipe Diameter 

d。 =Insulated Pipe Diameter 

t = Thickness of Insulation 

Figure 3-2. Definition Sketch for Symbols. 

F-16 



outer surfaces of the insulation, t:.T1, as well as to the conductivity of 

the insulation. The geometric factor which controls heat loss is the 

logarithm of the ratio of inner to outer diameters, or (1 + 2t/d), where 

tis the thickness of insulation. The amount of insulation contained in 

a jacket with these dimensions is important in determining the cost of re

ducing the heat loss. Both of these factors, the heat loss factor F, and 
1 

the volume factor F.. are shown in Figure 3-3. Also shown in this figure 
V 

is the insulation effectiveness factor, which starts at 1 for very thin 

layers of insulation, and progressively becomes less effective as the 

thickness to diameter ratio increases. For example, it can be seen that by 

the time that the thickness equals the diameter, the insulation as a whole 

has becorae about 3/10 as effective as it was for the first initial layer. 

In determining the t:.T, to use, it is necessary to first check 
1 

the temperature differentials t:.T,., and t:.T7 which are involved in the convec-
2 3 

tion and radiation transfers of heat from the outer surface of the pipe 

to the environment surrounding it. For normal wind velocities V. the 
w , 

convective heat loss is seen to be directly proportional to the dia

meter for large diameter pipe and insulation, and increases with wind 

velocity. For pipe of a 1 metre outside diameter, the power loss per 

meter length of pipe with a 5 metre per second w:ind 誌 e.qual to 95D.T2, 

If the outer diameter, on the other hand, is reduced to 1 cm, th_e Power 

lost by convection becomes 3,lD.T 2· 

The amount of heat lost via radiation is directly proportional to 

the outside diameter and to D.T3, which is usually about equal to D.T2, as well 

as to the outside surface temperature cubed. For a 1 metre diameter pipe with 

° ° a surrounding temperature of O ~C, the power loss for D.T-z=lO ~c is 150 watts 
3 

per metre length of pipe. The power loss as a function of temperture differential 
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can be obtained with the aid of Figure 3-4 for all three mechanisms. 

The insert correction factor is to be used for the radiation values when 

the surrounding temperature T3 is not equal to zero. The amount of loss 

occuring for a 0.1 metre diameter 。pipe at 200 "C and T 
3 

= 0 is solved by 

a few iterations. Choosing a t.T,, = 6T 。
2 3 = 20" yields a P/l = 60 watts 

per metre for P radiation plus P convection. The remaining t.T, yields a 

P/R- = 80. If t.T2 = 25, P/R- conv + rad ：：：乃 watts per metre, the re-

maining t.T1 = 75 yields a P几：：： 76 watts per metre which is well within 

the limits of the expressions used. 

The preliminary optimization of insulation thickness can be visualized 

by looking at Figure 3-3. If the loss factor F1 is assigned a given value 

in terms of dollars per kWh of energy lost, and the volume factor is 

3 
assigned a cost related to the amount of insulation in $/m~, we have two 

cost factors which can be annualized by proper methods to arrive at the 

cost of heat loss on a $/metre-yr basis, as well as the cost of insulation 

on a $/metre-yr basis. The minimum of the sum of these two will, for 

example, on the figure shown occur near the cross-over point. As the 

thickness to diameter ratio changes and the cost of heat or the cost 

insulation shift, the slopes at the cross-over point may not be equal, 

in which case there will be a displacement of the cost minimum from 

the cross-over. In such a case, the total cost per year will not be 

precisely equal to twice the value at the cross-over point. It 

is important to note that in the optimization procedure, that it is 

the minimization of the cost of heat output of the transport section which 

is important. This follows from the relation 

$/kWhin + R-1 RT/Pt Cf8760 
$/kWh:::, in 

out 
% 

F-19 
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where R-, is the length of transport piping, R'T'is the annualized 1 T C0st 。』

heat transport defined in Section 7.7 (equation 7-21), p 
t is the th e`a 

power transfer rate in kW, and Cf is the capacity factor of t he trans瓦

line. The transfer efficiency of this length of piping is given by: 

n = t 

P. - (P/£) £ in,•,~J~1 

P in 

(3-5) 

It is useful to examine how the cost of thermal energy varies 

along a transmission line. In Equation (3-4) we assume the cost of inp 

thermal power is $0.006/kWh, the length is 100 metres, the cost of trans

fer piping is $3/m-yr for a 100 kW level of transfer (see Tab le 7-1), 

the capacity factor is 0 . 25. If nt is equal to O. 96, the resulting 

cost of thermal energy out of this 100 metre length of pipe is seen 

to have increased appreciably to $0.0077/kWht. It can be seen t hat by 

proper iteration, the minimum cost of thermal energy out of this segment 

of pipe can be readily obtained. 

呾 results of the preliminary optimizing of pipe costs, pumping c 

insulation, etc. wi 11 be described in detai 1 in Section 7. It is ins true 

to note, however, that, from Figure 3-4, if the cost of insulation and/or 

heat are increased by a given ratio that the total cost of transport due 

to these two components will increase by approximately the square root 

of the ratio by which the increases occurred, provided that the thickness· 

to-diameter ratio is in the vicinity of O. 5. As the actual rat io departs 

from this value, the cost becomes more sensitive to the cost of insulation 

at higher thickness-to-diameter ratios and more sensitive to energy cost 

a t the lower thickness-to-diameter ratios. 
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4. 0 CONDUCTION METHODS 

The transfer of energy by conduction methods has been described 

in Section 2. Since it was shown to be very ineffective for transmittin 

heat for long ranges, we will not consider it in much detail her e. The 

cost of heat by conduction can be determined by considering a rectangular 

bar of cross section A and length L through which thermal energy is flow1 

The bar has a thermal conductivity ki, a cross section area A and a lengt 

£. The temperature drop for a given power flow is 

P. 9., 
t 

AT =— 。c (4-1) 
kiA 

The cost of the bar can be obtained from the relation 

Cost=.Q, A p_ R m m 
(4-2) 

3 where p~ is the density of pipe material in kg/m.., and R~ is its cost in 
m m 

$/kg. Combining these two equations yields a cost of heat transport as 

a function of the power level, the temperature drop, the length of trans

fer, the thermal conductivity, the density of the material, and the 

cost of the material. 

Cost = (P /AT) £ k. 
2 - 1 

t 
p R (4-3) 

1 ·m m 

Aluminum has one of the best heat conductivities per price of 

2 o 5 
material. For aluminum, k~ = 2.5 x 102 W/m 0c, p_ = 2.7 x 103 kg/m-', 

1 · ··m 
3 O 

and R_ = 0.5 $/kg. If (P,y,/flT) = 10-'w/vC and fl = l metre, the cost is 
m T 

$5,400.00. At an amortization rate of 0.16 this becomes $864.00 per 
year 

for a 1 metre distance. 。For a 10 vC drop the amount to a power trans 
fer& 

would be only 10 kW, and it can be readily seen that the cos t of heat 

transport by conduction is very high. 
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5.0 FILM COEFFICIENTS 

The exact relations for the transfer of heat via film coeffic

ients from a fluid to a solid surface are very complex and will not be 

treated in detail here since considerable literature is available on 

the subject. Several simplified relations will be given which can be 

used in determining either order-of-magnitude solutions or trends 

required in overall optimization. These results can be applied either 

at the initial pickup of heat by the transfer fluid on the collector 

absorber, or in the transfer from one fluid to another in a heat ex

changer. 

For forced convection, the film coefficient can be rather well 

approximated by the relation. 

P/t = k d (1 + O,l/d)l/Zv0·67 W/m 

where dis the pipe diameter in metres, Vis the velocity of the fluid 

in metres per second, and k is a constant which is' 3,000 fo.i:、 water and 

30 for air. For flat surfaces the relation can be employed by using 

0.67 a film coefficient which is h = 1,000 v~·~· for water, and h = 10 V 0.67 

2 o 
for air, where both film coefficients are in watts/m- ~C. 
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6.0 CONVECTION METHODS 

The transport of heat via forced convection is covered in con

siderable detail in Section 7 and we will only summarize here some of 

the results on the basic properties. In Section 7 it is shown that the 

basic transfer of heat is cheaper via pressurized water as compared to 

steam. This result is valid provided that the heat load extracts heat 

energy over a temperature range in a uniform manner, rather than extracti 

a large amount of heat at a constant temperature as is the case for the 

production of steam. Under such conditions where a steam generator is 

required, either a large differential temperature is required between 

the going and return paths, or else large volumes of pressurized water 

must be circulated with concomn1itant pumping losses and effective increas 

in the cost of transporting heat energy for the production of steam. 

2 
The basic cost versus length, which was seen to vary with 9.,- in the 

conduction case, is now linearly related to length so that convection 

methods are more cost effective for long distances. 

The sensitivity of the costing rate to various factors can be 

obtained from relations derived in Section 7. 7. For large pipes, where 

the wall thickness is determined by pressure, the costing rate in $/m

yr is 

RT皿n 二。72:0 O6(＼p%＼王）O. 7 (~)°·\/m-yr (6-1) 

l 
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2 
in kg/m- and C,... is the average specific heat of the fluid in joules/ p 

。kg uC. Pt-/1).T is the power transfer rate per degree C. It can be noted 
t 

that the cost of transferring energy increases with the power level to 

the 0.8 power and with the increase in pressure to the 0.7 power. If the 

load factor or cost of electrical energy varies, the costing rate varies 

as the.3 power of these factors. This solution is an analytic one 

derived for the case where the cost of transfer fluid or the cost of 

thermal insulation are negligibly small compared to the cost of pipe and 

pumping pewer. A similar relation for small pipe, where the wall thick

ness is determined by manufacturing techniques, as opposed to pressure, is 

O. 34 O. 17 O. 83 O. 48 
C R 

RTmin, 34.4 戸（曰 0•Rpf oa(c~) v.,o $/m-yr (6-2) 

It can be seen that under these conditions the cost minimum is independent 

of pressure, is less sensitive to the costs of electricity, and is also 

less sensitive to the cost of money. The sensitivity to power level is 

also lower for small pipe than it is for large pipe. 

The costing derived by the iterative program described in Section 

7 is summarized in Figure 6-1, where the cost of steam pipe only, as well 

the steam plus return pipe, insulation, and pumping costs, are shown as 

a function of power transfer level ranging from 1 kW to 100 MW. The 

costing rate in $/m-yr- kW is also shown on this curve, using the right

hand ordinate. It is instructive to note the rather rapid decrease in 

the costing rate as a function of power level, Th i s decrease is one of 

the reasons, as we shall see in the field layout section, that it is 

important to combine the flow of thermal power whenever feasible. 
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7. O HEAT TRANSPORT PRELIMINARY OPTIMIZATION 

Early in this research program the relationships among the 

phy;:;ical and economic heat transport variables were formulated ana

lytically. The resulting equations were incorporated into a computer 

program for the purpose of selecting the minimum cost combination of 

pipe size and insulation thickness for the transport of heat using forced 

convection of steam or water. The derivation of some of these equations 

was presented in Appendix C of the original CSU/Westinghouse proposal 

to the National Science Foundation. 

7.1 Trans~uation 

The heat rate transport equation for water or steam is: 

頑
2 

V 
P =(AHp) 

T 4 
watts (7-1) 

where P,., is the power transferred from collector to the heat engine 
T 

or heat exchanger in watts; t>.H is the enthalpy drop through the engine 

and exchanger in joules/kg; pis the density of the fluid in kg/m3; 

dis the diameter of the transfer pipe in metres; and Vis the mean 

velocity of the transfer fluid in the pipe in metres per second. Solving 

for the velocity in terms of diameter yields 

2 
d 

Tn 
Pp 4H 

A 
= v 

m/s (7-2) 

7.2 Pum尹 Cost

Pumping power is added at the heat engine condenser or at the 

steam generator exit. This power is furnished by electricity obtained 
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from the heat engine. Conversion efficiency for thermal to electrical 

power is assumed here to be 0.8 n-, the Rankine cycle efficiency. If 
「

all of the pumping power is conserved as the heat of friction in the 

transfer, then the cost of pumping is (1 - 0.8 n_)/n_ times the cost 
r p 

of electricity (nn is the efficiency of the pwnp). The relationship betwe 
p 

pumping cost and piping cost suggests a minimum cost exists because smalle 

less expensive pipes necessitate more pumping power to transport a given 

amount of heat. 

The pumping power required with a cylindrical pipe or duct 

c~n be obtained by first noting that the friction head can be obtained fr 

where 

f£ V 
2 

h = 
f 2 g d metres (7-3) 

f is a friction factor shown in Figure 7-1 as a function of 

the Reynolds number, NRe'and parametric in relative pipe 

roughness, i:::/d, 

t is the length of pipe, 

V is the velocity of the heat transfer fluid, 

g is the acceleration due to 2 gravity = 9, s- m/ sec~, and 

d is the pipe diameter. 

The friction head on a per unit length basis is given by 

hf几＝ s.1 x 10-2 £ v2 d -1 (7-4) 

For smooth pipes, an approximation for the friction factor is 

O. 2 
f ` -N三

.. Re 
(7-5} 
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4 which is valid for Reynolds numbers greater than 10'"? and less t han l07 

Since N Re = p V d/µ, the friction factor becomes 

f :::0 . 2 （二）i ， (7-6) 

whereµ is the v iscosity of the fluid in kg/m-sec. Frictional h ead as 

a dimensionless ratio can now be obtained by combinine Equations (7-4) 

and (7-6) . The result is 

h / £ ::: l。µ
-2 0.2.. 1.8 -0.2. -1.2 

f 
V p d metres (7- 7) 

T11e frictional power loss per unit length of pipe for incom

pressible fluids is the force applied times the distance through which 

this force is exerted per unit of time. The force is equal to the 

frictional head multiplied by the density of the fluid, the acce l eration 

of gravity, and the area. Then the frictional loss in watts per metre 

of pipe length is 

1T d 2 

閂：：： pg AV hf几＝ p g 一一－ V h f /£ W/m (7-8) 
4 

Combining Equations (7-7) and (7-8) gives a general expression for the 

frictional power loss in the pipe per metre length of pipe. 

P'- 7. 7 x 10 p µ 
-2 0.8 0.2. 0.8.. 2.8 

f 
d V W/m (7-9) 

This is the pumping power required to move the fluid along a metr e of pipe 

with inside diameter data velocity V. The cost of pumping is then 

R 
pump 

($/yr m) 
(1 - o. 8 n_) 

= 8. 76 P'C R 「
f f e 

n P 

F-30 
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where Re is the cost of electricity in $/kWh, Cf is the diurnal capacity 

factor, and n.... is the mechanical efficiency of the pump. The factor p 

8.76 is used to convert $/kWh to $/W-yr. 

7. 3 PiPe Cost 

The cost of pipe for transferring thermal energy from a collector 

field depends on the amount required, and the type of material used. For 

the case where the pipe thickness sis small compared to the diameter d, 

the force per unit length tending to push the pipe apart is simply p 

times d where pis the pressure and dis the diameter. The restraining 

tension of the material can be considered as divided equally between 

the two halves of a pipe and as a result the wall thickness required is 

旦
s = 

2 tw 
metres (7-11) 

where the pressure is in kg/m2, the diameter and thickness are in metres, 

2 
and t.. is the working tensile strength of the pipe material in kg/m-. 

w 
6 

For steel, the ultimate tension, t.., is approximately equal to 30 x 10 
u 

2 kg/m.., and if t.. = 0.2 t __, it equals 6 x 6 2 
10~ kg/m... For these conditions, 

w u 

-8 s = 8.3 x 10 ~pd metre (7-12) 

The cost of pipe can now be obtained from the relation 

Pipe Cost= 1rd s p_ R 
p p 

2 1. 57 d- P p R 
戸= 

tw 

F-31 
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where p~ is the density of the material in kilograms per cubic 
p metre 

and R,.., is the cost of the materials in dollars per kilogram . As an p 
3.. 3 example, for steel pipe, p_ = 7. 8 x 10~ kg/m~ and t. . = 6 x 10 6 

p w 

the annualized pipe cost in dollars per metre per year becomes 

-3.2 

kg/m 2 
' so 

R 
pipe 

($/m yr) = 1. 75 x 10 p d R r, 
p a (7-14) 

where r is the rate of return on investment. 
a 

7. 4 . Insulation Cost 

Using an insulating material whose costing rate is C0 
1ns 

3 $/ m, 

the cost of insulating a one metre length of pipe of diameter d with 

insulation f thickness tis 

R. = C. Tf (d + t) t. 
1 1ns 

and annualized with a rate of return on investment of r, 
a 

R = r C Tf (d + t) t. 
I a ins 

7.5 Heat Loss Cost 

(7-15) 

(7-16) 

The thermal power loss from a one metre section of cylindrical 

pipe is given by 

P' = loss 

2T k. AT 2n k. AT 
1 1 

ln (r . ..,/r,) ln (1 + 
2t 
一）

2 1 d 

(7-17) 

where k0 is the thermal conductivity of the insulating materia l in 
l 

。W /m Ve, liT is the cliff erence in temperature between the pipe and the 

. 0 surrounding a訌 in °c. The radii, r, and r,.., are respectively, the 1 ---- -2 p 

inside and outside diameter of the insulation, and tis the thickness 

of insulation. 
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L 
In order to compute the cost of heat lost, a reasonable value 

for the cost of thermal energy, R·~'of $0.006/kWhL was assumed. Accurate te't 

field layout optimization requires R... ~ to be determined at each point 
te 

in the field, which cannot be done in a non-parametric optimization. The 

asswned value was arrived at from two directions: first, using reasonable 

2 
costs for collector components ($50/m~, 16 percent rate of return on invest-

ment and 5.5 kWh/day); second, assigning a competitive busbar electric energy 

cost of $0.03/kWh~ and a conversion efficiency of 20 percent (so thermal 
e 

energy costs 20 percent of electric energy). The cost of heat loss per metre 

length of pipe is: 
21r k. 6T R 8.76 C 

R = 
1 te f 

H ln (1 + 
2t 
d ) 

$/m-yr. (7-18) 

if the plant is in use a fraction of the year equal to Cf. 

7.6 Heat TransEort Materials Cost 

The volume of transport material per unit pipe length is 

2 
V/t = (1r/4) d~. If its density is p, the cost per metre of transport 

material is 

R~_ ($/m yr) = r _ (1r/ 4) p R~_ d 
2 
, tm a tm 

where R... - is the cost of transport material in dollars per kilogran1. 
trn 

7.7 Total Trans:e.ort Cost 

(7-19) 

An analytical solution for the cost of transporting heat energy 

in dollars per metre of pipe per year can be obtained by combining 

Equations (7-10), (7-14), (7-16), (7 一18) and (7- 19). The annualized 

total cost of heat transport is then given by: 
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Rr = Rnpnummn p+ R pipe +RI I+ RH+ Rt 

(P 1 - o.8 ` 瓦 ki t,T Rte ) 
= 8 . 76 C f I R 十

2t 
pf e ln (1 + d ) 

n p 

+'a [cins,(d + t) t + d2 (~· 1.75 x 10-3 p R~ 

(7-20) 

For the purpose of solving for the lowest cost with respect t o pipe 

material and pumping power (i.e., no insulation, no heat loss and 

negligible fluid costs) we obtain the following cost: 

R ( $ - 5 2 
pp - yr-m 

) = 1.75 x 10 ~ pd- R- r 
p a 

+ (7.7 X 10-Z) (8.76) 巳. ~) 2.8 

µO. 2 C,.R 
f e 

(1 - 0 . 8n) 
「

2 4. 8 n p d p (7-21) 

To obtain the minimum cost solution, we take the derivative of the cost 

with respect to pipe diameter and solve when the derivative is equal to 

zero. 

-3 
0 = 2 x 1.75 x 10 ~ pd R_ r 

p a 

- (8 . 76) (7. 7 X 

4 p 2.8 

10-2)4.8 (~) 

Solving ford~_.. we obtain: 
opt 

µ0·2 cf Re (1 - 0.8 nr) 

2 5. 8 n_ p- d 
p 

dopt = 3.02 亡）0,41(\＼二鬥 0.15 （辶）
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substituting back into Equation (7-2), we obtain the expression for 

optimum transport velocity 

vopt a~王（辶） (7-24) 

The fluid flow rate in kg/sec is given by 

F =,r p V 2 
d /4. opt -opt (7-2 SJ 

The cost of heat transfer can be obtained by substituting the optimum 

diameter obtained from (7 一23) into Equation (7-21). After simplification 

this cost minimum is 

. ($/m · yr) = 
1.1 X 10 ~ µ -6 0.06 

p 0.56 

+ 2. 4 x 10 一6(\Re)° · 3 

($/m. yr)., 
4.9 X 10 ~ µ -5 0.06 

0.6 p 

（了）0.28 O. 8 O. 72 
(P /AH) 

T 
(p R 

P . P 
p r 

a 
) 

(P /AH) 
0.8 0.06 µ 

(p R p r) 
0. 7 VT 

p p a p 0.6 

（言

(7-26) 

Since the exponents of both halves of the summation of pipe and pumping 

costs have approximately the same value, an approximate solution can 

be written as 

(R p r p) 0.7 
p p a 

(P /AH) 
0.8 

T 
(7-27) 

7.8 Preliminarr Results 

Before the completion of the above formulation and its implemen

tation in a computer program, approximations were made to obtain pre

liminary data and to verify computer generated data. A working fluid was 
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selected using a relative costing figure derived from Equation (7 一 27 」,

R ($/myr) 
pp 

0.7 0,06 ~0,7 P µ C 
. ` p O. 6 AH0. 8 

(7 一 28)

where p is the pressure, µ the Viscosity, p the density, 1::i.H the enthalpy 

。change from the high temperature to SO -c (all in consistent units), and 

C the relative pipe material cost (carbon steel= 1.0). This costing 

rate includes the cost of plumbing and pumping, and in the case of Dowt 

the cost of the fluid itself. Cost comparisons of transport using vari 

are presented in Figure 7-2. Only relative costs are shown. The Dowthe 

curve (plotted for a 1 metre diameter pipe) reflects the higher fluid 

costs for this material. Because of the abundance of technical data for 

water and steam and since no fluid is clearly less expensive, water and 

steam were selected for detailed study. 

7.9 Preliminar~e Size and Insulation Thickness 

Before the complete heat transport preliminary optimization had 

been implemented on the computer, it was necessary to create graphical 

estimates of minimum cost heat transport designs. The cost of i nstalled 

i.tially insulated pipe was initially estimated using Figures 7-3 and 7-4. Assu 

a pipe diameter, d, in order to find the minimum cost design, the point 

must be found where the sum of the cost of heat lost, R 1ation 
H' 

and insu 

cost, R1, have a zero slope: 

d 
石 [RH+ R1] = 0, 

(7- 29) 

(7-16) fo「
where tis the insulation thickness in metres. Using Equations 

I 
RT and (7-18) for Ru and differentiating yields the relation 

H 
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2 ``
J 

zt-d 
十

1 ( 丨ln(l 十吋2 ;:. 
4 (8.76) C?teki6T 

C. r ins ~a 

(7 一3O)

The basis for selecting insulation thickness, t, is shown in 

Figure 7-3. Values oft were obtained from Equation (7-30) using thin 

insulation approximations to eliminate the logarithm in the heat loss 

expression. This gives 

2 
8. 76 C R k. AT 

t- (1 + 2t f te 1 

d ) 
C. r 1ns a 

and solving fort yields 

tmin 

2 / 1 1i-

---=--

T A i 
k Rte  ̀

c
f
·平

6C 7 . 8 
----- 

~~ 

The following parameter values were used 

Capacity Factor, C 
f 

Cost of Thermal Energy, R,._~ :::i te 

= 

Insulation Conductivity, k~ = 
1 

Insulation Cost7 Cins = 

Rate of A'nortization, r_ = 
a 

0.25 

$0.006/kWhL . t 
-2... 2 o 

5 x 10 W/m C 

3 $100/m_, installed 

0.16 

(7-31) 

(7-32) 

The cost of installed insulation pipe is shown in Figure 7-4. 

The cost of pipe was determined by using Equation (7-13). An insulat這

cost modifier (insert) is included in this figure to correct fo r in

creased insulation thickness at higher temperatures. The discontin-

。uity in the modifier curve at 500 vC results from a transition from 

glass wool to calcium silicate, a higher temperature material . The 

price modifier and basic insulation cost product yield insulation costs 

。for temperatures other than 200 -c. The knee in the insulation i nn curve 
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which occurs at a p'ipe diameter of 6 cm, corresponds to the point at 

which the insulation thickness approaches the pipe diameter. The dif

ferent temperature lines for pipe costs include the costs of additional 

wall thickness at the elevated pressures of saturated steam and water at 

those temperatures. Pipes with less than 105 kg/m2 stressing are not 

。manufactured, and the 175 -c pipe is the thinnest walled obtainable. 

Smaller pipes are not manufactured with a wall thickness less than 

0.39 cm (0.154") and therefore the lower portion of the solid curve 

indicates that the cost varies directly as pipe diameter. 

7.10 Final Costin~ort 

The heat transport preliminary opt這ization program determines the 

flow rate, pipe diameter, and fluid velocity required to deliver a given 

amount of energy at a given temperature with a given fluid using Equa-

tions (7-24), (7-25) and （千26). This pipe diameter, along with the given 

temperature, is then used to calculate the optimum insulation thickness. 

An initial insulation thickness is estimated using Equation (7-33). The 

result of an iterative search is an optimum choice of insulation for 

this pipe diameter. Another outer iteration is employed to find the 

minimum total cost. Other pipe diameters are used to compute new costs 

of pipe, pump, heat, and insulation until a minimum overall cost is 

attained: 

Ri, = min [RH + RI + Rpipe + Rpump] (7-33) 

Final costs of a. preliminary optimized heat transport subsystem were 

generated by the computer program for different thermal power leve l s from 

10 kW to 20 MW. At each power level, the pipe size, flow rate, ins u-
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lation thickness, and the costs associated with piping, pumping power, 

insulation, and heat loss were computed. The 0.1, 1.0 and 10. 0 MW resu 

are shown in Table 7-1, 7-2 , and 7-3 for steam and water transport for 

various temperatures. The transport fluid temperature is shown in the f 

line of each section of the print-out (i.e., 100, 150, etc.). The first 

line of each section represents the case of steam generation in the 

collector and direct transport to the turbine. In the case of hot water 

transport in the field (lower lines in each print-out section), the flov 

rate necessary to create turbine steam via a steam generator is calculat, 

using the thermodynamic model shown in Figure 7-5. The different flow 

rates (3rd column) imply different steam temperatures (1st column), dif

ferent field return temperatures (2nd column), different heat engine 

efficiencies (4th column), different return system costs (next t o last 

column), and different total transport costs (last column). 

The results of transport cost computations for 0.1, 1.0 , and 

10 MW power levels and for various transport temperatures are shown in 

Figures 7-6, 7-7 and 7-8. These results differ from those presented 

in the semiannual report because of the inclusion of a $2/m ins t a lla

tion charge in the pipe cost and the addition of return pipe cos t s . 

The solid curves represent direct steam transport and the dashed curves 

show the cost of hot water transport for different steam generator 

temperature drops. The abcissa shows the temperature of steam pro

duced, not the transport fluid temperature; they are the same only in 

the case of steam. The lower temperature drops in the steam generator 

are associated with higher transport costs because of the higher re

quired flow rate. The O.1 and 1. 0 MW curves are essentially simi lar 

since these power levels require pipe diameters mostly in the lower 
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TABLE 7-1 

Heat Transport Optimtzatton Printout for a 

Therma 1 Power Leve 1 of O. 1 MW 
THE FOt.LOWIN6 DATA ARE COMPUTED AT A TR^NSFERRFD,.I) \·IE R 0 F' 0. I OMW 

STM RET FLOU F.,! G INS P lPE `"2T P 1 t'E PUMF INS HFAl ~ET T0TAL 
TMP TMP RAT!:: EFF THCK DIA VtL COST COST COS1 CU S 「 C0ST COST 
UE6 UEG KG/ z CM CM H, S/YR $/YR $/YR $/YH S/YR S/YR 

C C SEC 0UT RET 0UT ~ET SEC ,"' /M /M /M /M /M 
100 o. 。~, 12 4.5 2.2 s.J 1.013.a 2.016 0.20 0.294 o.s6 o.661 3,13 

90 94 '4-346 10 4•"'4.3 7.J 607 1.2 1•762 OolS 0.255 a.st 2•438 Soll 
80 84 1.477 R 4•0 3.7 4 • 2 4· 3,.,, . I 8O 0 • 09 0 • I 63 0 • 39 1 • 6R I 3 • 5O 
70 1 4 0.9()4 5 3.5 3.4 3 • 3 3 • 6,., 1.002 0.07 0-135 0.35 J.422 2.98 
60 64 0· 659 2 3. 7 3-1 2•9 3.J l.J 0•908 0.06 O.J20 Q.JJ 1•271 2-68 

FL0\~ EFF INSUL D lf\METER VEL PI PE PUMP INS HEAT RET TDTAL 
I 50 0.0 ✓10 ?.I 4•R 2•2 4.9 1.0 R•2 1,313 0.t~ 0,~33 0,57 Q.655 2.88 
140 144 3.91,1 20 5.J 5. 。 6.6 6.4 1.2 1.r,73 0.t4 0.303 0•66 2.559 5.33 
130 132 1•340 IR 4•6 4.4 4•0 4.J 1.2 I.J27 0,08 0-197 0.52 1.797 3.72 
120 121 0•819 16..... 4-l 3.i 3.,4 1.2 o.958 0.06 o.t64 0.41 1.534 3.19 
110 I I 0 o.596 t4 4.2 J.a 2.7 3•0 l.t 0•870 Q.06 0-146 Q.44 1•380 2°89 
100 I 00 0.473 12 4•1 3·6 2. 4 2. 7 I • I O. 8 I 3 0. 0 5 0. I J 5 0 • 112 I • 2 7 I 2 • 6 9 
90 90 0· 394l (」 .--.o 3. 4 2.2 2.5 lei Q.773 0.05 0-127 Q.40 1.18·1 2°54 
80 61 0.340 8.... o 3.2 2-1 2.4.., 0-744 0.04 0-121 0.39 1-119 2°42 

FLOW EFF INSUL D1I\METER . VEL PI PE PUMP INS HE/\T RET T0TAL 
200 0-039 27 4.9 2,2 3.3 1,0 5,9 Q.989 0,08 0.203 o.60 0,651 2.51 
190 I 93 3· 47 I 26 S • 1 5 • 6 6-2 6-0 1.3 1.591 0-13 0.339 o.so 2-653 5.51 
180 1!30 J • I 89 25 5 •」 4.9 3.7 3.9 1.3 I• 。 Ro o.oR 0.224 o.6J J.895 3.90 
170 168 0.131 24 408 41.6 J.O 3•2 1•2 0•92J 0•06 0-188 Q.57 t.630 3.37 
I 60 I 57 0.535 22 406 4.3 2.5 2-8 1.2 0- 8 39 0.05 Q.)68 ().54 1.474 3.01 
150 145 0-42521-111•54•1 2.3 2.s 1.2 o.1a6 o.os 0-155 o.s1 1-363 2.81 
1 40 135 0-355 20 4.4 3.9 2.t 2.4 1.2 0.749 o. 。 4 0 • 1 46 0 • 5O 1. 278 ? • 7 l 
130 124 Q.307 I~ 4o-4 3•8 2.0 2.2 1.2 0,720 0. 。 4 0 -I 40 0 • 4? I• 208 2, 59 
120 l 14 O,?.?l 16 4.3 3°6 1.9 2.1 1.2 o- 6 99 0.04 o-tJ4 0.43 t.t4CJ 2.so 
110 l 05 0.244 」^ .̂3 3.5 1•8 2.0 l.t 0•681 0•04 0-130 Q.47 1•097 2.41 
100 95 0.222 I~ 4•2 3.3 1.1 2.0 1.i o.666 o.oJ 0-126 o.46 1.os1 2.34 

FLOW U F IN SUL DIAMETER VEL PIPE PUMP INS HEAT RET T0TAL 
250 0.039 31 s.o 2-1 2.4 0•8 4.4 Oo80? o.os Q.186 Q.63 u.638 2.32 
240 242 2.826 31 6-1 S.R 5.7 4.9 1•4 J.4~3 O.J2 0.3~9 0.90 2-683 s.ss 
220 215 0•613 29 5.2 4•8 2.7 2.6 1·3 00879 o. 。(, 0-204 0- 6 6 1-661 3°46 
200 190 0-364 27 4.9 4.4 2 • 1 2·,,. 3 0 • l5 6 o. 。＾ 0. I 7 I O • 60 I • 40 I 2 • 9 7 
180 167 0.261 2~ 4.7 4. 。 1.a 1.s 1.2 o.697 o. 。 4 o.1ss o.s1 1.251 2.11 
I 60 11,5 0 • 2 I 5,! 2 4 • 6 3 • 7 1.7 1.7 1.2 Q.661 0.03 0-1115 0.5 5 1-143 2.53 
140 126 0•182 20 4.5 3.5 1-6 1.6 1.2 o.6J6 o.oJ 0-138 o.~4 1.os1 2.-t10 

FLOW EFF INSUL DIAMETER VEL PIPE PU1'1P INS HEAT RE T T01AL 
300 o. 。 40 34 s.o 2.0 1.13 0.1 3.3 0°685 o. 。 ,i 0 • 1 7 I 0 • 66 0 • 62 I ? • I 7 
290 291 2 • O6334 6· 3 {,．。 s. 。＾ .o 1.5 J.:) ✓49 o.tO 0.363 0.9R 2 -60'1 S.llJ 
210 2 丶＇） o. ̂ 673'5 • ^ ^· 9 2.5 2d 1.11 o.p,211 0.05 l).?.14 0•74 1-629 3.45 
250 231 o. 2g 7 3 I 5 • 1 4 • 5 2.0 lo7 1•3 0•720 0•0/4 0-182 0° （沼 1 • 38 6 3 • O I 
230 ~06 0 •:~I 6 30 5 • 0 /I• 2 1.1 1.s 1.3 0.610 0.04 0.161 o.6 ':> 1°?.46 2.1r, 
210 I Ht1 0, 178 2 H 4.9 3.9 1.6 1.4 1.3 o.639 0.03 o.is1 n.r,3 1.1116 2.61) 
190 163 0 • 1 5 3 ?(、 ^.8 3.7 ,. 5 1 • 31 • 3 0 • 6I R O • 03 0 • I 、 0 0, 6 1 J.067 2.11 -1 

I 7O I A..̀  0-136 ;..:11 4.7 3.'.:, 1.4 1.2 1.3 0,603 0,03 ci.1~s o.c,o 1.001 ?, :rn 
150 125 O.J23 ?.I 4.7 3.3 1•3 1•2 lo3 0•591 0•03 0-llll 0•59 0•91t3 2•30 

FLO\~ EFF I NSUL I) I(\METEH VEL PIPE PUMP INS HF:(\ T Rl:.T TOTAL 
3!>0 o.oa.1 3r, 5.0 ?.o 1.11 0-7 2.5 0,603 o.()3 0 • 1 6 I 0 • 69 O • 636 2 • 1 I 
3 ✓10 338 ,.,? ̂  :l5 6· 5 6 ·「) 4 • 23 • 2 l • 61 • 1 70 n. n? 0 • 34S,. 02 ,! • 509 S • 1 3 
3?.0 300 o. 3 I b35 5 • 6 ^ ·' ?.. 2 I • 6 I •'.> 0, 7 62 0 •。 A O • ? I 6 0 • :1 () l • 6 I 7 3 • 44 
300 269 0.206 J/j ~.3 4.~ 1.g t.tl 1.5 u•68I o. 。 A t). I f; ? O • 7 ̂  l • 392 3 • O II 
280 2ill Q. 161 J 'I 5.2 4.2 1•6 I•?. loLl 0•64~ 0•03 Q.)7~ 0o71 I. 2 (, l ? • n; ) 

?.f,O ?17 0 • 1 3 6 3? 5 • I II. 。 1 • 5l • 1 1. 4 o. (, 1 7 n. n3 0 • 1 6A 0 • 7Ol • 1 67 p.,J1 
,A() 1 O5 o., ?0 ? I'3 • O 3 • " 1,4 1.1 1.4 o.r,01 0.0:1 o,1r,n n. 「, 8 I. 。 9 3 2 • 5 7 
?20 I 75 0. I O 9 ~, 9 S • 0 3. 6 1 • 3l • 0 1 • ^ o. b8 R 0· O 3 O • 1 S 6 0·6 7 l • J3? 2 • AR 
200 l'.d, 0 • l () Cl ?'l 4 • 9 3 • ^ 1. 3, .() l • A 0 • 5 1 9 O • () 3 n.1 5 J 0 • 67 0 • 9 1 9 ? • ^ o 
180 139 o. 09 3 ?＇」 4· 9 3· ? 1.2 1.0 1.4 u.~11 0.01 o.iso o.66 0.932 2.34 
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TABLE 7-2 

Heat Transport Optimization Printout for a 

Thermal Power Level of 1.0 MW 
THE FOLLO '.!I NG 0/\TA /\HE COMPUTED /\T /\ TR/\NSFEHREO 

STM . RET FUHJ ENG INS PIPE 0PT PIPE PUMP 
TMP TMP H/\"I E EFF THCK DIA VEL cr,sr C(lST 
DEG DEG KG/'% CM CM M/ $/YR 1/YR 

C C SEC 0UT HET 0UT RET SEC /M /M 
1 OO 0 • ^ I 2 I 2 5 • 4 2· 7 25 • 2 2 • 6I 4· 2 5 • 4650· 63 
90 94 43ell61 10 5.3 5-1 21•418•6 leJ 4e694 Q.45 
BO 84 14 , 770 8 4.9 4.5 12•811•2 1•2 2-930 0,27 
70 74 9.QJ8 5 4.7 4-1 10.t 9.2 1.2 2-3>i8 0.21 
60 64 6.sr,5 2 4•6 3•8 8•7 B-1 1-1 2.t03 0-18 

I 

••••• 

I9286S 

曲
T
C
S
5
4
1
9
O
4

OTRM67988 ·TSYI0O7O6 IE0I 

••••• 

RCSI6332 TTRM63237 ^SYIIO765 
E

內

I

••••• 

FHCSIIOOO 
。

TRM55728 

RSSYI2O35O EN0I87433 z"1CS 

••••• 

0OOOOO p 

FLOl~ EFF INSUL DIAMETER VEL PIPE PUMP INS HEAT RET T 
150 o. ✓;()0 21 6,0 2.1 14-8 2.5 8·9 3.333 0,35 0-620 1.05 1,048 6, 
I /Io 144 39.,113 20 6·3 6-o 20,111.1 1.4 ✓1.425 0,42 0.828 1.2K 6,15013, 
130 132 13.397 1s s-1 5,3 12.010.6 1.3 2.161 0,25 o.s12 0.92 3.902R, 
120 l?I 8,193 16 5.5 5,0 9.5 R.7 l•J 2,257 0,20 Q.414 0•80 3•190 6, 
110 110 ~-963 14 s.3 4,7 s.2 7•6 1.2 1.9s1 0-11 o.363 0.14 2.191 £, 
100 100 ✓i.726 12 s.2 4.4 1.3 6.9 1.2 1.s16 o.is 0.330 0.10 2.534~. 

90 90 3,940 10 5-1 4.2 6,7 6-5,.2 1-695 0-14 0.307 0,67 2.339 ~-
80 81 3.395 8 5-1 3,9 6-3 6.J 1.2 1•605 0,13 0,290 0,65 2ol85 4, 

3OR1554455 986b432IO9 IIIIIIIII 
0OO0OOOOOOO 098165^32IO rcIIIIIIII

II 

250 
?40 242 
220 215 
200 190 
180 167 
160 145 
140 126 
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TABLE 7-3 

Heat Transport Optimization Printout for a 

Thermal Power Level of 10.0 MW 
THE FOLL0UING L.)ATI\ AHE COMPU「 ElJ AT A TRANSFERRFJ) P0NER OF I 0· OOMU 

STM ItET FL0\~ ENG INS PIPE 。，， T PIPE PUMP INS HEAT RET TOTAL 
l Mf' TMP RAl l:: EFF THCK UI A VEL C0ST CrJST C0ST COST C0ST C0ST 
DEG DEG KG/ z CM CM M/ $/YR $/YR $/YR $/YR $/YR $/YR 

C C SEC 0UT RET 0UT t<ET SEC /M /M /M ,M ,M /M 
JOO 4· 1I 8 I 2 S • 8 3· 3 5 7 • 6 6· 62 1 • ? I 7 • O69 7 • 47 1 • 8 58 2 • 24 2 • 1 5830 • 8O 
90 944'34-611 ·10 s.1 s.6 11s.9413.9. 2.412.310 s.JB 1.s19 1.9s21.1s142.43 
80 84147. _700 8 5•6 5.J 38.833.8 1•3 8•23R Q.!3J 1-257 1-6210-34622-27 
10 74 90-376 s 5.5 4.7 30.126.s 1.3 6.594 o.64 1.001 1.35 s-19911.19 
60 64 65.850 2 5..- 4.4 26.523-2 1.2 5.728 0.55 00866 1.21 7.03115.39 

FLO U EH INSUL OIAMETER VEL PIPE PUMP INS HEAT RET T0TI\L 
ISO 3.999 21 6.7 3.3 36.Q 6e4l5•0 6•840 3-10 1.1136 J.96 2.J121S.44 
140 144394.t:?R 9.0 6•9 6•8 46.J46•J 2•611.tJl 4.83 J.8J9 2.3820.07440.25 
130 132133•968 tB 6.1 6.2 36.431.J 1.4 1.1.11s 0.16 1.452 1.9110.36322.30 
120 121 81.929 16 6•S S.H 28.824.8 J.4 6.J96 0•60 I.J57 1.66 8.24017•85 
110 110 59.634 14 6-4 5,5 24.821-~ 1.3 5.371:{ 0,52 1,001 1.49 7-08615.47 
100 100 ✓l?-262 12 6,3 5,2 22.219.2 1.3 11,857 0-46 0-911 I.J7 6-33313-94 

90 90 39.40-4 10 6•3 5o0 200417•7 1•3 40491 00/13 0•841 J.29 5.7RF!J2.Rl1 
80 81 33.979 8 6· e 矗 -1 19-116.6 1.3 4.219 o.Ao o.1a9 1.24 s.J6s12.01 

FLOU ~:FF INSUL D 1/\METER VEL PI PE PUMP INS HEAT RET T0TAL 
200 3 • 9?4 e7 7· 43 • 3 3O • 26· 3 6· 9 6· 48 I 0 • 7 I 1 • 4O5 2 • O6 2 • O8O I 2 • 7 J, 
190 193347-075 26 7.5 7.7 43.543.5 2.1 9-860 4.53 2-004 2.101r,.9713g.07 
180 180118-865 25 7-6 7.J 34-328-9 1.s 1.314 0.12 1-588 2o2610-30022.J8 
I 7 0 I 6 8 7 3, I 2 3 2 4 7 • 4 6, 7 2'/, 2 2 3, I I, 5 5 • 8 6 6 0 • 5 7 I • 2 7 6 I, 9 I 8 • 2 2 5 I 7 • 8 4 
160 157 SJ,461 22 7,2 6,4 23,419,7 1,4 5.JOI 0,49 1,113 1-7?. 7,09315,51 
1s·o 145 42.soJ 21 1-1 6.t 21.011.s 1.4 4.611 o./14 I. 00 6 I • 60 6. 3 52 l 4 • 0 l 
,.,.o 13s 3s.s10 20 1.0 s.a 19.316.4 1.4 4•266 0.40 0.930 1.s1 s.s1512.9~ 
130 124 J0.659 18 6•9 5.5 18.tlS.J 1.14 4•006 Q.Jg Q.872 1.45 5-39912.tO 
120 114 27-098 16 609 5.3 17.t)4.5 1.11 30804 0•36 0-827 lo40 5o066IJ.li5 
110 105 24.377 14 6.8 5.t 16-313.9 1.4 3-641 0.34 Q.792 1-36,~.79110-9?. 
100 95 22.23/l12 6•8..-.9 1s.61J.J 1.J J.sos o.J2 0.162 1.32 4.ss110.,41 

FL0\I EFF'INSUL DIAMETER VF.I_ PIPE PUMP INS HEAT RET T0TAL 
250 3•912 31 7.5 3•2 16,9 5•6 8,9 3,913 1,82 0,924 1•62 2.J3810,ld 
21\0 2 ✓1?.2132.5~2 31 B•~ B•3 35.635.5 3•616-277 7.J?. J.849 2.6U27.7l155°f,4 
220 215 61-291 29 7.7 7.2 18-818.6 2.·, 4.795 2-13 1.022 1.73 9-24618-92 
200 190 36- ✓i?.9 27 7.7 6-7 19-716.t 1.5,q.337 0.41 1,064 1,76 6,5911,1 . 18 
180 167 26-705 25 7.5 6•2 17-013•9 1•5 3.792 0°35 0°930 I• {, : \ 5. 62 91 2 • 3 J 
160 11,'> 2 1.1,6 f~ 22 7.4 5.7 15.412•6 1•4 J.460 0-32 o.843 1.53 5•01911°l8 
l 40 I ;.> 6 I K • I(,7 20 7.3 5.3 14•311•7 1.4 3•232 0.30 Q.792 1-46 4.SBOJQ.36 

FLf, l~ EFF INSUL l)lAME 「ER VEL PIPE PUMP INS HEAT RET T0TflL 
300 4•003 311 7•6 J.2 11•7 5-6 7.8 4•?.20 J.RS 0.736 t.L:9 2.t6110°M, 
290 291206-279 3~ 8•9 8-7 :?8.728•5 11,S23,6~7 9,f; t 1 • 6 72 2 • 58 3 7 • O8O7 ̂ . 82 
270?.59 46 • 7 A4 :'2 8 • O7 • 5 I S • 5 I 5 • 1 3 ·', 7 • 1 O 3 3 • O3 0 • 9 4 I 1 • 7 5 I ? • O 3924 • B 6 
2 ~ 0 2 3 I P-H ·• 7 :14 3 I 7 • 7 6 • 9 I 2 • 7 I 2 • ?. 3 • 2/1 . RR3 ? • O4 0 · .I 六「l 1.~6'1•37917,65 
230 206 21•648 JO 7.5 6•4 11.210.8 3-1 3.886 1.69 Q.707 1°116 6°77114°51 
2 IO I 8 Il I 7 • 76 1 287 • 4 6 • 0I 0 • 4 I 0 • 0 3 • O 3 • 37 I 1 • A5 0 • 6 6 I l • 4( ) 5 • 82 6 l 2 • 7() 
190 163 15.JIR 21-, 7.3 s.7 9 • 89 • 4 2 ·,) 3 • O3 5 1 • 29 0 • 6231. 3 6 5 • I 8 6 I l • A 9 
170 1 ✓13 13.5133 24 7.2 5.3 9 • 3 n. 9 2 • 8 2 • 79Rl • 1 g o. 6O4 1. 3? 4 • 7 I 7 I O • 6? 
ISO 125 12-292 21 7.2 s. 。 n. 9 R • 6 2· 8 2 • 5 79 1. I A 0 • 58 I 1. 29 4 • 356 9 • 95 

FLi_,l·I EFF INSUL DlAMElER Vl-' L 1-'IPE P I I F l' INS I( 「. (\ l RET TOTAI . 
350 4•316 36 7•6 Joi a.1 ~.o 6./l 4.30:1 1.1~ 0.618 1./~J ?..62s10.·1'.:> 
34O 3 3R I 2? • 368 3 5 9 • 1 8· 9 22 • 32 t. 8 5 • 526 • 63 7 I 1. 「` A t. /,;?8, . 4?39. 9 I R6 t • A S 
3?O JOO 3 l • /,50 :35 8•2 7.6 1?..112.0 /1. :3'3.937 ].{,,!（」． K l,? J.7513•1~632 8 • 6 3 
300 2 69 20 • 5 6 ·4 3 4 7 ·97 • () l 0 • 6 9 • 8 ^ · I 6 • 30 l ? ·', ·I 0 • -I J5 1 • SR 9 • 5 7 () ?0 • H 6 
28O ?IJ I I 6 • I O3 33 7 • 7 6 • 6 9 • 6 R • R3 • 9 b • 22 7 ? • 1 9 O • 6 1 5 -1. 5 1 7 • 8 49 1 7 • A` 
~ (, 0,'I 7 I :i • f. I 9 J 2 7 • (, 6 • ?. 9. 0 8 • I 3, '/ II • (, I ;.-> I. 9 ~ 0, (, 1 'I I • /1 6 6, f1 3 g I ~ • I\ I, 
?. ✓10 I'J'.> I :! • () I ;! :1 I 7 • 6 5 • CJ r.. 6 7 • 7 3 • 6 11, ? 0 ' ; I • 7 4 0. f, I ~'I • 11,'f, • I'.> II I ll, l) 

22(.1, ., 丶 I O ·,` 1 () ； 丶 '7 • ` ` · f, R. 2 7. ~ J, (, J. • 1 ;.> O I. (,l Cl.'.,'J J I. ~I 9 '.,. 6 6 I l..I. I I 
:,oo J'.,A l(J,r1, 」 . ,, ., ·,. ^ 5 • 3 H • OI • 1 3 ·'; J. -I O, ) 1 ·'丶 I O. 丶 /H I. :n <,.2 ·11, I ; 丶． 11,.,

1 60 I .̀ 9 9 • 3 I ? ; ̀  7 • ^ 5. 。 .,. 7 6 • 9 3 • b;,. 4(3 l • h (l (\. 5 6 I 1. :I b A • O 7 I I I • " 5 
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region of Figure 7-4. In this small pipe regime, steam is superior 

。only above 175 ~c. In the large pipe regime (10 MW), on the other 

。hand, steam is superior above 150 ~c and the differential is much 

larger at higher temperatures. 

The above results were necessary for the consideration of pre

liminary systems designs. They are also important data for the veri

fication of results of the more complex total system optimization. 

Many of the formulations developed for this heat transport subsystem 

optimization have been included in the overall system optimization. 
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r 
8.0 HEAT TRANSPORT JUNCTIONS 

One of the important factors involved in the layout of a 

solar collector field is to know how to optimally join several heat 

sources into a single pipe. In Section 6.0 it was shown that the cost 

of heat transport by pressurized water or steam varies as the transfer 

power level raised to the exponent 0.48 or 0.8, depending upon whether 

the pipe costs are vaying directly as the diameter of the pipe or as the 

square of the pipe diameter. The ranges of pipe sizes and saturated 

steam temperatures where these two conditions occur were shown in Figure 

7-4. 

When pipe diameters are small and the pressures are not too 

high, the cost per unit length tends to increase directly with dia

meter. When either pipe diameter increases or the pressure increases, 

a region is reached, as shown in Figure 7-4, where the cost per unit 

length varies as the square of the pipe diameter. 

Starting with the basic relationships: 

0.48 / \ $/m = kPv · -,.u tind 1$/m = kP 0.82 

we will examine pipe costs for combining heat from various sources 

by manifolding arrangements for transfer to a central location. 

Figure 8-1 shows the general configuration in which heat is 

flowing from right to left at a power transfer level of rP up to 

the point where two additional pipes, each carrying power at a 

level P, join the main trunk. To the left of the junction the 

trunkline is carrying power at a rate (r + 2)P. It is possible 

to solve for a minimum cost, by noting the differential pipe config

urations shown in Figure ·8-2, where the differential trunk length is 
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dx and the differential spur pipe lengths are dy. The junction angle, 

as shown, is defined as 13, and from the configuration it can be seen that 

dy/dx = cos 13. 

If the junction is located at x1, the cost of transporting 

heat from point x1 to point x2 is equal to 

丨(r + 2)P丨 k dx (8-1) 

If, on the other hand, the junction were at point x..,, the variable 
2' 

cost portion would be a reduced cost for dx and the additional cost 

of two dy sections which is given as 

k k (rP)" dx + 2P" dy (8-2) 

It can be seen that the minimum cost solution occurs when the cost of 

transporting heat from a junction at x, and then to x,, is equal to 
1 2 

transporting to point x,, as dx becomes differentially small. Equating 
2 

Equation (8-1) and (8-2) we obtain 

(er + 2l - rk) dx = 2 dy. (8-3) 

Solving for the cosine S yields 

__ 並
d
x

cos e (r + 2) 
k k 

- r 
2 (8-4) 

It is instructive to examine a range of numerical examples 

where the power ratio varies from r = 0 to 1,000, as shown in Table 8-1. 

When r == O there is no trunkline and we are merely dealing with the 

combining of two spur power sources into a single powerline. Under 

these conditions, if the large pipe relations are obtaining where the 

cost of pipe is varying as the square of the diameter, the optimum 
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TABLE a.. 1 

O~les 

Power ratio Optimum Junction angle, S, degrees 
「 (l~rge pipe) k = 0.82 (small pipe) k == 0,48 

。 28 45.8 

1 43 69.6 

2 47,5 74.0 

4 52 77.9 

10 57.8 83.6 

100 69.1 88 

1000 76.3 89.6 
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junction angle is 28°. If the small pipe relations are holding such 

that the power constant is equal to 0,48, the optimum angle is seen 

。to be 45.8-. When the junction is to a large trunkline, the optimum 

junction angle increases considerably as shown, and in particular for 

the small pipe, it approaches very close to a 90° junction angle. 

In applying these optimum junction angles to the field layout 

optimization, it will be necessary to apply feasibility restrictions. 

The actual fabrication of pipe junctions on a large scale will require 

the selection of several standard junction angles (e.g., 30, 45, 60, 75, 

90°). The selection of a given angle can be made on the basis of the 

relative power levels involved. 
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APPENDIX G 

HEAT STORAGE 

BY 

T, B, JONES 



1. 0 INTRODUCTION 

The purpose of this aspect of the STEPS study has been to con

sider heat storage systems for solar-thermal electric power applications. 

The significant results reviewed below include a review of thermal stor

age concepts, and detailed performance and cost calculations for the two 

prime candidate systems, steam accumulators and hot water displacement 

storage tanks. 

As in solar home heating, there is good reason to consider 

energy storage for solar-thermal electric power plants. Numerous energy 

storage concepts might be realistically considered, including thermal, 

mechanical (kinetic or potential), chemical, and electrical methods. 

However, of these, only thermal energy storage can be reasonably thought 

of as an integral part of a solar-thermal electric power plant. Other 

systems, for example pumped storage, might be compatible with a solar

thermal plant, but consideration of these hybrid systems is not within 

the scope of the STEPS project. Thus this study is limited to thermal 

energy storage systems. 

1.1 Rationale for Considerin~e 

Numerous attractive features about thermal storage can be cited 

as evidence that storage should be an important system component. For 

example, the nature of insolation suggests storage as a means of gaining 

generation system flexibility. Storage can be used to extend the 

generation of electricity from the sun beyond sunset, and it can also 

be used to smooth out the unpredictability of insolation. Such arguments 

are attractive to the layman but not necessarily to the power company 
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engineer, who wants to know if storage can cut the costs of solar-th e` 
power. If the conservative assumption is made that solar-thermal power 

plants are never going to produce a significant portion of the nation's 

total electrical energy needs, then it may be argued that the small amoun 

of energy generated by solar plants will always be "useful", obviating 

storage. Hence, another more easily verified rationale for the consider

at ion of storage is presented here. Figure 1-1 shows a representative 

solar-thermal power generation curve. With no storage, a plant designed 

to use all the thermal energy supplied by a collector field must have a 

turbine which has a capacity equal to the maximum occurring at solar no 

This capacity is utilized for only a short time each day, and the turbin 

is operated off-design at lower efficiency during the remainder of the 

day. With storage, it is possible to use a smaller turbine which runs 

at ca~ for a much more extended period, as the Figure 1-1 shows. 

Initial calculations reviewed in an earlier report [CSU/Westinghouse, 

(1973)] show that such a turbine/ storage capacity trade-off may be cost 

effective. 

1.2 Preliminary Decisions on Design and Optimization Stra_t~ 
Storage 

The investigative procedure for this part of the STEPS project 

was based in part on the three decisions reviewed below: 

(i) Electrical power generated from a solar-thermal power 
plant is as;umed to be useful whenever it is generate~; 
thus, thermal storage is to be considered as a possibly 
cost-effective trade-off for turbine capacity. 

(ii) The costs per kWh~ stored per day for thermal 
e 

storage systems are calculated for various system 
parameters such as temperature, etc. 
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(iii) The optimized storage system is ultimately to be 
determined by the results of system simulation, 
which properly accounts for insolation, charging, 
and discharging by consideration of various decision
making strategies for energy handling. 
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2 。 O PRELIMINARY THERMAL STORAGE SYSTEM SELECTION 

2.1 Review of Systems Considered 

Thermal storage systems may be divided conveniently into two 

fundamentally different categories, sensible and phase change schemes. 

2.1.1 Sensible Heat Storage 

Sensible heat storage is the easiest to implement, partly 

because of the existence of conventional heat exchanger technology. 

The temperature variability required in sensible heat storage is 

a disadvantage, but not necessarily a severe one if condensing turbines 

are used. Practical sensible heat storage schemes are naturally divided 

into (i) fluid and (ii) solid schemes. Often the fluid is also the 

working fluid of the system (e.g., water), which makes the heat exchange 

problem less significant. Principal among working fluid heat storage 

schemes are the steam accumulator, where the working fluid is steam and 

the storage medium is water (steam, condensed under pressure and then 

re-boiled), and the stratified hot water displacement tank, where pres

surized water serves as both working fluid and storage medium. One 

sensible heat storage scheme using a solid material (iron) is the super

heat accumulator [Marguerre, F., (1933) and Dolezal, R., (1962)], but 

the relatively low temperature of solar-thermal systems precludes serious 

consideration of superheated steam. Iron can be placed directly in hot 

water sensible heat storage tanks, but it is not attractive on a tank 

volume (cost) basis. No other practical solid heat storage medium has 

been located. 

2.1.2 Change of Phase Heat Storage 

Because material phase transitions occur isothermally, usually 

With the release or absorption of significant latent heats, change of 
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phase heat storage is a concept with great potential. Many different 

phase change concepts have been considered. 

Solid-Li~--The heat of fusion of some solids 

such as salt-hydrates, alloys, and eutectics [Locklin, D. W., Droege, J . 

Ward, J. J. and Eibling, J. A., (1958); Goldstein, M., (1961); University 

of Pennsylvania, (1971); Aerospace Corp., (1972)] make them attractive as 

potential heat storage media. There is some experience with salt hydrate 

in solar home heating storage systems [Telkes, M., (1964); Telkes , M., an 

Raymond, E., (1949)], but problems of phase separation and cumulative 

material degradation are significant [Hodgins, J. W., and Hoffman , T. W., 

(1955)]. Also, their temperature range is generally below the range of 

solar-thermal plants. 

Work with eutectics has produced a number of new potentia l 

。storage media, such as LiOH-LiF which melts at 420 ~C [Aerospace Corp . , 

(1972)], but their temperatures are generally above the realistic range 

of solar-thermal plants. Further, problems in the design of heat ex 

changers and sub-cooling effects exist. 

Solid-Solid Phase Changes--Certain phase transitions from one 

solid state to another have been considered for heat storage [Goldstein , 

M., (1961)], but the latent heats of these transitions are smaller than 

those of fusion. They are not actively being considered at this t i me. 

Heat of VaEorization--The utilization of the heat of vapori i zat ion 

in storing thermal energy is not in itself attractive because o f t he re· 

quirement of a huge costly vapor containment vessel. However, Gold stein 

(1961) has proposed a vaporization-distillation scheme which uses t wo 

liquid tanks, one of which absorbs water vapor into solution , (e.g .' 

sulphuric acid absorbs water into solution without too large a heat 。 f 

solution) boiled away from the other tank. With the vapor volume pro blelll 
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thus solved, this scheme looks attractive. Unfortunately no effort has 

been devoted to development of this potentially attractive heat storage 

scheme past the conceptual stage, and there is no basis for engineering 

feasibility studies. 

Others--Heats of solution. have been proposed [Goldstein, M., 

(1961)] but problems of material segregation are likely to be encountered. 

2.1.3 Hybrid Systems 

The Minnesota-Honeywell research team has discussed the possibil

ity of placing a matrix of capsules of a eutectic material into a steam 

accumulator [University of Minnesota/Honeywell, (1972)]. Presumably 

the water is displaced by a eutectic or salt-hydrate with an increased 

thermal energy storage density. Further, the small capsules insure good 

heat transfer. 疝ether incongruent melting and sub-cooling problems 

can be avoided by encapsulation is completely unknown. 

2.2 Discussion of Heat Stora眨翠stems

2.2.1 Materials 

~--Liquids considered for working fluid/storage media include 

water, organic liquids, such as the insulating dielectrics, alcohol, etc., 

and ino-rganics, such as fluorocarbons, and ammonia. By any measure 

(storage and heat transfer properties, cost, availability of engineering 

data, etc.) water is the best possible fluid in the expected operating 

range of a solar-thermal electric power plant. Thus, water is the only 

sensible heat storage material seriously considered here. 

Solids--On a per volume basis, iron is not as attractive as 

Water. Other metals with good heat transfer properties are either too 
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scarce, too expensive, or, in the case of sodium, too dangerous. Sensib} 

heat in solids has been eliminated from consideration. 

2.2.2 Systems 

Reference has been made above to numerous heat storage systems, 

some of which have been extensively developed (e.g., the steam accumu

lator [Goldstern, W., (1970); Lamb, W., (1962-3)], some of which have 

been tested experimentally (e.g., the salt-hydrate fusion systems 

[Telkes, M., (1964); Telkes, M., and Raymond, E., (1949); Hodgins, J. W. 

and Hoffman, T. W., (1955)]), and some of which are strictly conceptual 

(e.g., the vaporization-distillation scheme [Goldstein, M., (1961)]). 

In this study, data covering the physical properties of a large number 

of possible heat storage materials have been collected, but, aside from 

the steam accumulator and the salt-hydrate heat storage system used in 

the Dover house [Telkes, M., and Raymond, E., (1949)], no useful 

engineering data on systems have been obtained. 

For many of the systems or concepts discussed above, it is 

only possible at this point to state problems already encountered or 

anticipated by engineers. For heat of fusion systems, these problems 

include degradation of materials, incongruent melting, heat exchanger 

problems, toxicity and/or fire hazards of certain materials. To this 

list should be added the pragmatic matter of unknown materials cost and 

availability. The vaporization-distillation concept is untested 

experimentally, as is the encapsulation of eutectics in hot heat trans-

fer fluids. Major uncertainties in the design and cost of all these 

systems cannot be denied. 
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2.3 Result of Initial Screenin&_____Qf_Th_e_11T1al Stora眨立stems

The predictable result of the initial screening and data col

lection process is the choice of two sensible heat storage systems, 

both of which use water: the steam accumulator (see Section 3.0) and 

the stratified hot water displacement system (see Section 4.0). In 

the following two sections, these two storage schemes are considered 

in detail. Performance and cost data are presented. The good re

liability of these figures should provide useful benchmarks for com

parison to new heat storage systems as more useful engineering and 

cost data on these new systems become available. One might reasonably 

。expect a breakthrough in intermediate temperature eutectics (100 ~C -

300 °c) to make an immediate impact on heat storage technology for 

solar-thermal electric power system applications. 
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3.0 STEAM ACCUMULATOR HEAT STORAGE: DESIGN, PERFORMANCE, COSTING 

3.1 圀eration of Stearn Accumulators 

Refer to Figure 3-1 which shows a cut-away view of a steam 

accumulator. The steam accumulator is essentially a pressure vessel 

filled to about 90 percent with water at elevated temperature and 

pressure. It accepts and delivers steam, while storing the thermal 

energy as sensible heat in the water. To store heat, live steam is 

bubbled into the vessel through a special nozzle shown in the figure. 

The nozzle is located axially (with vertical steam accumulators) 

inside a circulation pipe. When steam is introduced through the nozzle, 

it rises in the circulation pipe, drawing water with it. The circula

tion thereby set up mixes the water and helps to maintain near

equilibrium conditions in the water mass. As the steam flows in, the 

water temperature rises, while the water mass increases slightly. 

The accumulator is discharged by valving off the steam volume 

above the water to drop the pressure slightly. Boiling results, and, 

if the accumulator is not discharged too quickly, dry saturated steam 

is delivered to the turbine. An internal network of tapered discharge 

structures is usually used to maximize mixing and minimize local super

heating of the water, to avoid explosive boiling. See Figure 3-1. 

Typically, the water volume of a steam accumulator varies from 

'v60-70 percent uncharged to 呣0 percent fully charged. Larger accumu

lators exhibit considerable expansion and contraction during the charge

discharge cycle and so must be specially designed to account for thi5 · 

The maximum rate of discharge for dry steam generation in a steam 

accumulator is proportional to the steam volume, and is also depen 
dent 
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Charging 
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Water 
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Figure 3-1. Cut-Away View of Vertically Mounted Steam Accumulator 
Thermal Storage Tank. 

G-11 



upon pressure and water purity. Further details of steam accumulator 

design and operation are found in Goldstern (1970). Multiple tanks 

are connected in parallel, as shown in Figure 3-2. 

3.2 Previous A正lications of Steam Accumulators 

Steam accumulators find widespread application in Europe 

[Golds tern, W., (1970)], where they are used primarily in process plants 

which have fluctuating steam demands. Their advantage in such applica

tions is a savings of energy which results from being able to operate 

boilers at a constant firing rate, where the boiler fuel utilization 

efficiency is maximized, Two electrical power plants, in Malmo 

(Sweden) and Berlin (Germany), are equipped with steam accumulators. 

These facilities are designed to compensate for electric power demand 

fluctuations. The Berlin-Charlottenburg facility is interesting, 

because it consists of 16 vertically mounted tanks, each with a volume 

3 2 of 312.5 m~. The pressure varies from 14 kgf/cm- (200 psia) down to 

2 1. 5 kgf/cm- (21 psi a). When the accumulators are discharged, two 

special 20 MW steam storage turbines are used to produce electrical 

energy from the steam. It is interesting to note that under optimal 

(unthrottled) discharge conditions, a steam accumulator facility of this 

size has the potential to deliver in excess of 88,000 kWhe. 

3.3 Standardized Desi釖

All performance and cost calculations have been based on a 

steam accumulator vessel of standardized size and configuration. The 

economic advantages of this approach are obvious, and the results of 

the calculations are easily converted to a per unit volume basis. The 
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tank size chosen is the largest shop fabricated vessel consistent with 

readily available rail transport equipment. 

The configuration is a vertically mounted vessel with an inside 

diameter of 12 feet (3.66 meters) and an inside length of 48 feet 

(14.63 meters). Refer to Figure 3-1 again, and also to Table 3-1. 

Note that the vessel thickness is a parameter dependent on the maximum 

operating pressure and temperature. Also note that the vessel is support 

by three claws which rest on rollers to permit expansion and contraction 

TABLE 3-1 

Standard-sized Steam Accumulator 
Specifications and Data 

* CONFIGURATION: Cylindrical Shell with Hemispherical Heads 
(Shop Welded, 100 percent X-rayed A-515 (A) Steel) 

* INSIDE LENGTH: 14.6 meters (48 feet) 

* INSIDE DIAMETER:3.66 meters (12 feet) 

* VOLUME: 

* WATER FILL 
VOLUME AT 
FULL CHARGE: 

* FEATURES: 

3 141 m~ (4977 cu. ft.) 

3 126.9 m~ (4480 cu. ft.) 

24 in. Manway 

Charging Nozzle and Circulation Pipe 

Tapered Discharge Structure 

Vertical Mounting 

3.4 Performance Model 

3.4.1 Thermodynamics 

Under typical operating conditions, the water and steam in 迎

accumulator are essentially in equilibrium, that is, they are satu 
rated· 
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Thus, the thermodynamic state of the accumulator is completely 

determined by a specification of either temperature or pressure. 

If certain conditions are maintained on the rate of discharge (not 

too rapid, with good mixing), the evolved steam is dry and saturated, 

and the discharge is a reversible process. Typically, the accumulator 

and all inter-connecting piping are well-insulated, so the adiabatic 

condition may be assumed. Thermodynamic irreversibility is introduced 

if the accumulator is charged with steam at a higher temperature than 

that of the accumulator. The attendant lose in energy availability is 

measured by means of the efficiency of storage, n storage' 

E 
electric 

n = storage E , 
electric,o 

where E... = n... _ E electric,o ··cycle ~thermal is the electric energy provided 

directly from the thermal energy E.i. ____,, at constant temperature T'}, 
therma1'2 

and E_, __... _~_ is the electric energy produced from the di s charge of 
e]ectric 

a storage system which has been charged with the same thermal energy 

E 
thermal at the same temperature T'}. It is easy to show that 

2 

n (T T T) = storage~· 2'· 1'· c 

) 
c 

T , T ( 
e

、
J

1c cT y, c2 
nT 

( 
e 1 c 

T
2
」y c 

f

力

l[2n 

(3-1) 

dT 

(3-2) 

where T,., = maximum temperature of storage (same as design operating 
2 

temperature), 

T 
1 

= minimum temperature of storage, and 

T~ = heat sink (condenser) temperature. 
C 
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If the cycle efficiency is a constant fraction of Carnot efficiency, 

then the constant fraction cancels out of Equation (3-2) and 

n (T T T) = storage 2'1'c 

T d 
、
,
＇
-

c 
T , T) r\C 

T 

t, o2 nT r( a ct no 

n 

2r 
T1a 

f

力
叱

l[2 

(3-3) 

But 
T - T 

C 

n carnot,-, -c (T, T _) = T 
(3-4) 

and so the storage efficiency may be shown to be (Hottel, H. C., 

(1974)]: 

(T 
lm 

- T_)/T 
c 1m 

n storage 
(T,,, T,, T 2'1' ) = 

C 
(3-5) 

丐－ Tc)/T2

where T,_ = (T,.,-T,)/ln(T,.,/T,) is the log -mean temperature difference. 
1m 2 1 2 1 

Equation (3-5) clearly shows the loss in energy availability suffered 

by the cyclic process of storing thermal energy supplied at constant 

temperature in an accumulator and then withdrawing and delivering it 

under conditions of decreasing temperature to a turbine/generator . 

The relevance of the result, Equation (3-5), to the real 

accumulator-turbine/generator subsystem considered here hinges on the 

validity of the assumption that cycle efficiency is a constant fraction 

of Carnot efficiency. This assumption may be checked by reference to 

the calculated off-design condensing turbine performance data prov ided 

The frac tiOO 
by Westinghouse (Section 11. 0 [CSU/Westinghouse, (1973)]). 

G-16 



of Carnot efficiency is constant within'v5% for a given turbine with a 

given design operating temperature and capacity, but this fraction varies 

significantly with respect to these parameters. Thus, the simplified 

efficiency of storage expression, Equation (3-5), is of limited use in 

parametric studies, such as the one undertaken here. 

3.4 .4.2 Dynamics 

The dynamics of charging and discharging a steam accumulator 

are more relevant to simulation studies than to the performance cal

culations, but the constant steam volumetric flow rate condition, which 

is maintained over a wide range of saturated steam inlet temperature 

conditions in condensing turbines [CSU/Westinghouse, (1973)], makes the 

discharge dynamics trivial. The only problem is to check that the 

maximum discharge rate condition of the accumulator itself is not 

exceeded. This condition is empirically described by the equation 

below [Goldstern, W., (1970)]: 

d = (2.35 +.014 p) D 
-.715 

w 

where d = metric tons steam/hour, 
3 m~ steam volume 

p = pressure (atmospheres), and 

w D"'= density of water (degree of purity), 

(3-6) 

。Baume. 

For typical conditions, and 90% maximum water fill, this maximum flow 

rate is not exceeded except when a very small storage installation is 

coupled with a very large turbine. 

The dynamics of charging can only be dealt with in simulation 

studies, where various power generation strategies can be tested. 

Therefore, this aspect of the dynamics problem is not considered here. 
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3.4.3 Discharge Equations 

The choice of turbine capacity and maximum operating temperature 

determines the total amount of electrical energy available in the discharg 

of an accumulator between two temperatures T,, and T 1. Because of the 
2 1 

nature of the turbine data, a numerical approach using tabular efficj 1ency 

and flow data is used. The condition of constant volumetric steam flow 

rate is assumed to hold over the entire discharge temperature range 

(from T,., down to T,). The differential equations are: 
2 1 

dE thermal 

dE 
dm = -

"'-m(T) d hf - hf(T) dm 

thermal, 

h (T) fg 

(3- 7) 

(3-8) 

where the heat content of the steam in the accumulator has been neglected 

in Equation (3-7). Combining Equation (3-7) and (3-8), 

dh 
dE f 

thermal = - [hf g (T) m (T) 冇 /(hfg - hf)] dT (3-9) 

The dynamics of the accumulator discharge are constrained by the condensi 

turbine to a constant volumetric flow of steam. Thus, 

dE = { [h (T) - h (T) ] V/v (T) } dt (3-10) 
therma1 g f c g 

and, from the cycle efficiency, we can calculate the electric energy. 

dE. 
electric = n (T,T,T) dE 

cyc1e 2 c therma1 
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The time interval associated with a temperature drop dT is then 

dh 
h (T) 

f 
fg 冇＿ V (T) v g (T) 

dt=-~dT 
; v[h(T) - h (T) ] [h (T) - h (T) ] f fg f g f c 

(3-12) 

The Equations (3-10), (3-11), and (3-12) can be numerically integrated 

quite conveniently using small temperature increments to calculate 

important performance quantities such as the available electric energy, 

the thermal charging energy, the discharge time, and the water mass and 

volume remaining in the tank. 

Note that the thermal energy E.1.. ____, refers to the heat 
thermal 

content of steam, not water. The results of these calculations may 

be used directly if it is assumed that the heat transport medium is 

steam, produced directly in the absorber. However, if hot water is 

the working fluid in the collector system and if the water is used 

to produce steam in a heat exchanger-boiler, then additional energy 

availability is lost and the cycle and storage efficiency functions 

cannot be used as a complete description of the conversion efficiency 

from heated water to electric power. 

All the data are presented for a condenser temperature (T~) 
C 

。of 40 ~C. The results can be altered to any different condenser 

temperature T_ by accounting for the cycle efficiency transformation 
C 

provided below. 

' 
' n cycle 

(T,T) 
C 

1-TjT 
= C ·n (T,T) 

1-T /T 
cyc1e c 

C 

(3 - 1 3) 
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3.4.4 Summary of Performance Calculation Results 

All the performance results are obtained on a per tank basis 

for turbines of various design temperatures and capacities. The computer 

program used to make the numerical calculations provides data on various 

discharge parameters at temperature intervals during the discharge. In 

so doing, we gain knowledge of the dynamics of the discharge cycle under 

the assumed constant steam volume flow rate conditions. A typical nor

malized plot of the thermal and electrical energies and powers is shown 

in Figure 3-3. Note the times of 90% and 95% electrical energy dischar 

are marked on the curves. These times give a measure of the time depend

ence of the electric power, which starts at the full power level and 

decreases rapidly with time as the accumulator temperature drops. 

Other more useful performance data are plotted in Figures 3-4 

and 3-5. Figure 3-4 shows the thermal charging energy and the available 

electrical energy per standard tank (as specified in Table 3-1) as a 

function of the design maximum storage temperature (turbine design 

temperature). The turbine data used for these calculations is a 10 

MW 
electric 

capacity unit, the important speci丘cations of which are 

reviewed in Table 3-2. The table shows the lower limit T. on the 
1 

discharge of the accumulator, which is somewhat arbitrarily limited to 

the lowest temperature at which valid turbine data has been supplied 

[CSU/Westinghouse,(1973)] . Figure 3-5 shows the times required for 

90%, 95% and 100% discharge of the electrical energy available in the 

accumulator. 

The data supplied in Figures 3-4 and 3-5 is actually of gene 
ral 

validity and can be used with other size accumulators and condensing 
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TABLE 3-2 

Summary of 10 MW- Condensing 
Turb1 ne Off-DesigneEff1c1ency and 

Mass Flow Rate Data 

T2,. 150 °C (302 °F), Tc= 40 °c (111 OF) 

off-desi匹 temEeratures crcle efficiencies mass flow rate (kg/hrl* 

7.486•10 4 150 °C (302 °F) .1877 

140 °c (284 °F) .1791 5.778•10 4 

130 °c (266 °F) .1667 4.397•10 4 

120 °C (248 °F) .1506 3.295•10 4 

110 °c (230 °F) .1304 2.428•10 4 

100 °c (212 °F) .1060 1.756•10 4 

T 2 • 2OO ° C (392 ° F), T c = 4O ° C (111 ° F) 

200 °c (392 °F) .2379 5.836•10 4 

180 °C (356 °F) .2231 3.830•10 4 

160 °C (320 °F) .1989 2.420•10 4 

140 °c (284 °F) .1648 1.460•10 4 

120 °c (248 °F) .1142 0.833•10 4 

T 2 • 25O ° C (482 ° F) , T c = 4O ° C (111 ° F) 

250 °c (482 °F) .2761 5 . 051•10 4 

230 °C (446 °F) .2653 3.540 • 10 4 

210 °C (410 °F) .2483 2.427•10 4 

190 °c (374 °F) .2242 1.618•10 4 

170 °C (338 °F) .1909 1.043•10 4 

150 °C (302 °F) .14al 0.645•10 4 

T2 = 300 °c (572 °F), Tc= 40 °c (111 °F) 

300 °c (572 °F) .3040 4.738•10 4 

260 °c (500 °F) .2847 2.441•10 4 

220 °c (428 °F) .2448 1.197•10 4 

180 °C (356 °F) 
4 

.1744 0.532•10 

` mass flow rate assuming constant volumetric flow condition . 

G-24 



turbines, if the appropriate multipliers are employed. To calculate 

the thermal energy or electrical energy in a vessel of a different 

volume V', use the multiplier V'/141 on data from Figure 3-4, where 

V'is in cubic meters. The data in Figure 3-4 is roughly independent 

of turbine capacity for turbines in the size range 3 MW to 300 MW. 

To calculate the discharge time for 90路， 95路 or 100路 withdrawal of 

3 an accumulator of volume V'(m~) through a turbine of capacity P'(MW), 

use the multiplier (V'/141)/(P'/10) on data from Figure 3-5. 

3.5 Cost Model 

A. very detailed approach to the costing of installed steam 

accumulators is possible. The results of this calculation are reviewed 

in this section. 

3.5.1 Breakdown of Costs and Assumptions 

The breakdown of cost items in steam accumulators is shown in 

the Table 3-3. Two obvious omissions from this table are off-loading 

and hauling to the plant site. These costs are actually expected to be 

quite small, and have been neglected. Another cost item not considered 

is maintenance. Steam accumulators of this size would presumably be 

subject to yearly internal inspection [Garver, W. L. (1974)]. (For 

this reason, a manway is included in the vessel design.) 
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TABLE 3-3 

Steam Accumulator Costing Breakdown 

I VESSEL FABRICATION & TESTING 

A. Shell and Heat Costs 
B. Shop Preparation, Stress Relief 
C. Manways 

II CONTROLS & PERIPHERALS 

A. Valves and Actuators (Inlet, Outlet, Safety, etc.) 
B. Liquid Level Gauge 
C. Nozzle and Charging Pipe 
D. Painting 
E. Discharge Structure 
F. Insulation 

III SUPPORT STRUCTURE 

A. Reinforcing Ring 
B. Support Claws 
C. Concrete Columns and Foundation 

IV TRANSPORT & SITE WORK 

A. Rail Transportation 
B. Erection of Vessel 
C. Installation of Valves and Fittings 

V CONTINGENCY (5%) 

The cost of such maintenance/inspection would be largely accrued in 

the down-time essential to such inspection. This type of cost is mo5t 

easily accounted for by considering the value of steam accumulators 

when temporarily shut down. This matter is not considered here, because 

of the far greater uncertainties in the costs of collector system main-

tenance. 

It is assumed that pressure shop fabricated vessel costing procedures 

are applicable to steam accumulators. The inclusion of 1/1611 (.16 cm) 
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corrosion safety factor in wall thickness calculations is intended to 

account for corrosion due to the presence of pressurized water in the 

vessel [Brinkman, W. H. (1973)]. Several sources on pressure vessel 

costing have been located [Clark, F. C., and Terni, S. P., (1972); 

Reilly, A. J. (1960)], but the easiest to use and the most complete 

are the Richardson Engineering Services documents [Richardson Engineering 

Services, Inc. (1973)]. These documents contain not only pressure vessel 

cost data, but also infonnation on much of the peripheral equipment needed 

for the steam accumulators, plus installation and erection costs. 

Note that all costs are in mid-1972 dollars. A standard: 10% 

cost accuracy [Richardson Engineering Services, Inc. (1973)] must be 

assumed to apply to all results given here. 

3.5.2 Cost Calculation Results 

The costs are per standard vessel unless otherwise specified. 

Cost per volume can be obtained by dividing the tank cost by 141 m 3 

to get the cost per unit volume. 

The maximum charging temperature of a steam accumulator, T 
2' 

is equal or almost equal to the design operating temperature of the 

steam turbine. Thus, this maximum accumulator temperature is a very 

important system parameter. The cost of a standard vessel is a strong 

function of T,., because the vessel thickness is proportional to the 
2 

maximum pressure associated with the maximum temperature. Figure 3-6 

shows a plot of vessel weight and total installed cost versus T,.,. 
2 

Another very useful cost function is the cost per unit of electrical 

energy available from a full accumulator charge. Since an accumulator 

Will undoubtedly be designed on the basis of a daily charge/discharge 
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r 

cycle, the available electric energy is considered as kilowatt-hours 

per day. This cost function is not too easily used in comparing 

accumulator and turbine costs, because information on insolation is 

needed, but it is a very useful function for (i) comparisons amongst 

storage schemes, and (ii), sub-optimal choices of system parameters 

such as operating temperatures. This cost function is plotted in 

Figure 生 7. Also plotted in Figure 3-7 is the cost per unit thermal 

charging energy. This plot shows that the cost per unit useful energy 

。is minimized at around 210 ~c. This minimum is not too sharp, indicating 

that steam accumulator storage may be cost effective over a rather broad 

range of operating temperatures. 

The thickness of a standard vessel is over 15 cm. at 300 Ve 。

operating temperature. Such vessels are not easily fabricated in shops, 

and, because Richardson (1973) does not consider thick-walled vessels, 

an approximate vessel cost multi plier, [F. D. Clark and S. P. Terni (1972)], 

has been used to account for this factor. Thus, an additional 辶 10%

uncertainty exists for the 300 。C cost data in Figures 3-6 and 3-7. 
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4.0 STRATIFIED HOT WATER DISPLACEMENT HEAT STORAGE: DESIGN, 
PERFOR昫CE, COSTING 

4.1 0peration of Hot Water Storage 

Refer to Figure 4-1, which shows the essential features of a 

stratified hot water displacement heat storage tank. The vessel used 

must be mounted vertically with a large enough aspect ratio to allow 

a stable stratification layer to prevent mixing of hot and cold water 

during withdrawal. The heat from the collector field is stored by 

pumping hot water into the tank from the top, displacing cold water 

which drains out the bottom and flows into the collector. When the 

stored hot water is to be used, it is drawn off the top and fed into 

a heat exchanger-boiler. The water returning from the heat exchanger 

is pumped into the storage tank at the bottom. The energy is stored 

as sensible heat in the tank, and usually it is advantageous to discharge 

the tank by a series of cyclic passes through the heat exchanger, each 

cycle producing steam at a lower (off-design) temperature than the 

previous cycle. As a result, the hot water displacement storage system 

requires a more complex energy control system than the steam accumulator. 

Figure 4-2 shows the arrangement of several hot water storage tanks 

connected in series. 

4. 2 OtherAPPlications of Hot Water Storage 

Hot water storage has been proposed for use in central heating 

plants for large apartment complexes [Schtlnholzer, E. (1969)]. Common 

hot water heater systems rely on thermal stratification to maintain 

constant hot water temperatures until all the heated water has been 
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used up. No serious consideration of hot water displacement storage 

utilization in conventional electric power plants has been found in 

the literature. 

4.3 Standardized Design 

As in the case of the steam accumulator, a standardized design 

for stratified hot water displacement storage systems has been employed 

in all performance and cost calculations. The important design features 

are reviewed in the Table 4-1. The individual tanks are one meter in 

diameter and ten meters in length. Each tank is vertically mounted 

on three support legs. The tanks are mounted in seven tank clusters 

and they are series connected to avoid balancing problems in charging 

and discharging. Two valves are included per cluster; one is a safety 

blow~down and the other is the charge-discharge valve. Each cluster 

of seven vertical tanks is fitted with a skirt and steel support hoops 

to give the tanks added integral support. 

TABLE 4-1 

Standard Sized Stratified Hot Water 
Displacement Storage Tank 

• CONFIGURATION: 

• INSIDE LENGTH: 

• INSIDE DIAMETER: 

• VOLUME: 

• FEATURES: 

Cylindrical Shell with Hemispherical 
Heads (shop welded, 100% x-rayed 
A-515 (A) steel) 

10 meters (32.81 ft.) 

1.0 meter (3.28 ft.) 

3 53.15 m~ (1877 cu. ft.) 

Clusters of seven tanks 
Vertical Mounting 
One skirt per cluster 
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Performance Model 

4.4.1 Thermodynamics 

The heat extracted from a displacement hot water tank operated 

between temperatures T. and 
hw Tew is 

Ethermal = V [悶：｝ - ［亡］］ (4-1) 

The tank does not have to be completely discharged all at once, but 

can be discharged through several intermediate temperatures until 

eventually the lower operatipg temperature limit of the turbine is 

reached. During each step of the discharge cycle, the hot water is 

delivered at a constant temperature which is lower than the previous 

step. Thus, the turbine operates in a step-wise fashion, with steam 

at successively lower operating temperatures, much like the turbine 

run from an accumulator. The total electrical energy available from 

storage is 

E electric 

N- 1 h (T. h (T. 

= r: "cycle (Ti,steam) V[五:：二］一~],
(4-2) 

where T 
1, steam 

is the design operating steam temperature of the 

turbine/collector system, and T 
N-1, steam is the minimum operating 

steam temperature of the turbine as defined in Section 3.4.4. Because 

turbines cannot be operated safely under rapidly varying steam temperature 

conditi:>ns, the water temperature drops, T - T, 
i,water "i+l,water must be 

kept small so that the steam temperature drop, 

is not too large. 

T. . - T i,steam ·i+l,steam' 
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It should be noted that the discharge process, and not t he 

charging process, is irreversible in hot water displacement storage. 

This is just opposite to the situation in steam accumulator storage. 

Further, the energy storage density is somewhat lower for hot wat er 

displacement storage th~n for accumulators. This is because of t he 

significantly greater net mass change in an accumulator from a fu lly 

charged to fully discharged state. These differences show up in the 

performance and cost figures for the two systems. 

4.4.2 Dynamics and lleat Transfer 

To consider the dynamics, the operating characteristics of the 

turbine and the heat exchanger-boiler must be taken into account . The 

constant volumetric flow condition for the condensing turbine is employed 

to calculate the steam mass flow rate. Then the heat exchanger-boiler 

relations are used to calculate the temperatures. 

For a given hot water temperature Ti...., condenser temperature \• 
hw' 

the steam temperature T 
steam hw' 

T1...., and the pinch point T < T steam' !pinch 

T,___ are chosen. If it is assumed that the heat exchanger boiler produces 
hw 

dry saturated steam and that the process is adiabatic, then the following 

relations hold amongst the operating parameters. 

f steam f c 
Tew 

[h (T) - h (T) ] 
= T 

pinch • (T - T) hw -steam 

扁hw "' 

h (T) fg steam 

h (T 
g'steam ) - h (T) f c 

v (T) 
h (T) 

f hw 
f hw v (T) 

h (T) 
f 

f cw 
cw 
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Using Equations 4-3 and 4-4, with the appropriate turbine data and 

Equation 4-2, the stored thermal and available electric energies can 

be calculated, as well as the discharge times, etc. 

4. 4. 3 Summary of Performance Calculation Results 

Using the formalism reviewed above, Equations 4-1 through 4-4, 

plus the same turbine data, Table 3-2, the performance of the stratified 

hot water displacement storage system has been studied parametrically. 

The data presented here are for the standardized seven tank cluster 

described in Table 4-1. 。A pinch point of T_.._-~~ + 5 ~c was considered steam 

to be an adequate choice regarding the operating characteristic of the 

heat exchanger-boiler. The range of temperature drops T - T = hw · steam 

10, 20, 30, 40, 50 。C was chosen for parametric study initially, though 

it was decided that the larger values (30, 40, 50 °c) might be unacceptable 

for safe turbine operating practice. Table 4-2 shows a typical step-wise 

discharge of a tank cluster into a 10 MW turbine with a design operating 

。temperature of 200 ~c. Note that the initial hot water temperature is 

210 °c, and that it drops in 13 temperature steps of~ 7 °c each down 

to a final value of 123 °c, delivering steam at a final temperature of 

119 °c. The initial few steps occur in very short time intervals, sug

gesting the possibility of combining the first few into a somewhat 

bigger temperature step, which would take longer and require less 

sophisticated controls. Actually, one cluster represents very little 

storage capacity(~ 19 minutes) for a 200 °c steam, 10 MW plant, and 

so one would reasonably expect several of these clusters per 10 MW to 

provide a more realistic amount of storage capacity. Operated in 
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parallel, they would increase the time per step linearly with the number 

of tanks. Thus, this issue is not a real problem for real hot water 

storage systems. 

The performance data is plotted in a more useable form in 

Figure 4-3 and 4-4. Figure 4-3 plots the thermal charging energy and 

available electric energy (per standard cluster) for Tl.,., - T ~.. ~.,.... = hw · steam 

。10, 20 vC against the design operating temperature of the steam turbine. 

Note that this temperature, T, ~+-M,...., is !!Q!_ equal to the 
l.steam — maximum hot 

water temperature, T,,.,.,+-~-· Figure 4-4 1,water· Figure 4-4 plots the storage time for 

the same parameters versus the same temperature, T l,steam 
The data 

in Figures 4-3 and 4-4 can be generalized by the same multi pliers 

described in Section 3.4.4. 

4.5 Cost Model 

The similarity of the components in hot water displacement tanks 

and steam accumulators means that essentially the same detailed methods 

as those reviewed in Section 3.5 can be applied here. The tank costs 

are computed using pressure vessel cost data [Richardson Engineering 

Services, Inc. (1973)]. A breakdown of the important cost items is 

outlined in Table 4-3. Comparison of Table 4-3 to Table 3-3 shows that 

the necessary costing information for hot water storage tanks is quite 

similar to that for steam accumulators. One important difference 

exists, however, in relation to valve costs, and, as a result, stratified 

hot water displacement storage costing presents a much more complex 

problem. 
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TABLE 4-3 

Stratified Hot Water Displacement 
Storage Tank Costing Breakdown 

I VESSEL FABRICATION AND TESTING 

A. Shell and Head Costs 
8. Shop Preparation, Stress Relief 
C. Manways 

II CONTROLS AND PERIPHERALS 

A. Valves and Actuators (Inlet, Blowdown) 
B. Nozzles (Inlet and Outlet) 
C. Painting 
D. Insulation 

III SUPPORT STRUCTURE 

A. Support Hoops 
B. Support Legs 
C. Concrete Foundation 

IV TRANSPORT AND SITE WORK 

A. Rail Transportation 
8. Erection of Vessels 
C. Installation of Valves and Fittings 

V CONTINGENCY (5 %) 

4.5.1 Hot Water Storage Costs Exclusive of Control Valve 

The cost components not dependent on the rate of discharge can 

be summed separately and plotted versus the maximum hot water storage 

temperature. Figure 4-5 plots this cost data and the vessel weight 

together. In Figure 4-6, the cost per available kWh_ and per 
e 

kWht, are plotted versus the design operating turbine temperature 

to show the dependence of cost on this parameter. For Thw - Tsteam 
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。10 and 20 ~C, optima occur near T 。= 200 ~c, but the case of 
i,steam 

。T - T= 20 c · hw -steam is somewhat cheaper per kWh_. 
e 

4.5.2 Valve Costing for Hot Water Storage 

As opposed to steam accumulators, the cost of valves for 

stratified hot water displacement storage tanks is a significant 

fraction of the total system cost. This is because the energy flow 

per unit mass during discharge is from one to two orders of magnitude 

lower for hot water storage than for steam accumulators. Further, the 

energy availability is lower due to the irreversibility of the heat 

exchanger stage. The valve cost for a storage system will depend on 

the required rate of withdrawal (the turbine capacity). For purposes 

of this parametric cost study, the storage time is chosen as the ad

ditional parameter. (Note that for steam accumulators, the storage 

time is not a significant storage parameter except for impractically 

short storage times.) 

If annualized valve costs are traded off against pumpi ng head 

costs (i.e., cost of the power required to overcome the frictional 

losses of the valve), a reasonably well optimized choice of valve sizes 

may be made for a given maximum mass flow rate [Watt, A. D. and Wilcox, 

G. L. (1974)]. The simple relation 

C. =.001244 ; valve=.uu1L44 "llw (4-5) 

where C is in do11ars (1972) and 面 is the hot water mass flow rate 
valve 

in kg/hr, may be used to calculate the cost of the optimum valve for 

this application. In Figure 4-7, C valve 
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operating steam turbine temperature for a standard tank cluster used 

。with a 10 MW turbine operated with T_ = 40 ~c. The multiplier P/lOn 
C 

may be used to adjust the valve cost per cluster to an n cluster 

system used with a turbine capacity of P (in MW). 

4.5.3 Results 

Typical results of hot water storage costs are plotted in 

Figures 4-8a and b. The plots are of cost per kWh_ versus design 
e 

steam temperature, with the total storage time as a parameter. The 

parametric studies show that as the storage time is increased, the 

cost per kWh~ approaches the cost function of Figure 4-6. This is 
e 

because, as the amount of storage increases, the valve cost per tank 

decreases until it becomes a negligible fraction of the total. 

The general observations can be made that for realistic storage 

times (>.5 hours), the valve cost becomes insignificant rather rapidly. 

Further, the cost per available electrical energy unit is minimized for 

。design steam temperatures around 200 ~c. Also, somewhat cheaper storage 

is obtained for larger temperature drop discharge steps (i.e., T1-... -hw 

T 
steam 

。= 20 -C). Finally, it appears that hot water storage is roughly 

twice as expensive as steam accumulator storage over the realistic 

operating temperature range of solar-thermal electric power systems. 
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5.0 CONCLUSION 

5.1 Summarr of Results 

A large number of thermal storage systems have been considered 

for application to solar-thermal electric power plants. Of these, all 

but two systems have been eliminated from further consideration. Most 

of the rejected systems have been eliminated because of the lack of any 

engineering data and performance figures for them. The remaining two 

concepts are both sensible heat storage systems using water as both 

working fluid and storage medium: steam accumulators and stratified 

hot water displacement tanks. The choice of these two systems, with 

the rather well-known engineering data base and the detailed, 辶 10%

accurate cost figures, provides a set of reliable benchmarks for 

performance and costs of thermal storage systems (for both solar-thermal 

and conventional thermal electric power plant applications). It should 

be possible to assess new heat storage technology in terms of these 

benchmarks. 

Steam accumulators have been analyzed in terms of a standard 

accumulator design unit, the specifications of which are detailed in 

. Table 3-1. •These units are capable of storing in excess of 35 kWhe of 

available electrical energy per cubic meter of vessel volume depending 

on temperature. The accumulator delivers dry saturated steam at a 

temperature and pressure which decrease with time. The condensing 

turbine used is designed to handle such variable steam inlet conditions , 

The costs of storage depend on the maximum storage temperature, which 

is the same as the turbine design temperature. At around 210 0c this 
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cost is m:i.nimized at "'$16/kWh 
e 

* 

a cost of storing delivered steam. 

which coincides with "v $3/kWh~ as 
t 

Stratified hot water displacement storage tanks have been 

analyzed in terms of a ·standard tank cluster of seven individual units 

connected in series (see Table 4-1). These units are capable of storing 

in excess of 19 kWh,,. of available electrical energy per cubic meter of 
e 

vessel volume depending on temperature. Hot water is pumped from the 

displacement storage tanks through a heat exchanger-boiler which produces 

dry saturated steam to run the condensing turbine. The cold water 

coming out of the heat exchanger is run into the bottom of the storage 

tank to replace the hot water removed at the top. Again, storage costs 

depend on temperature parameters, but they further depend somewhat on 

the storage time. For reasonable storage times, costs of'v$38/kWh 
e' 

or 吣P/kWh. for storing delivered hot water, are achieved. t 

These cost figures are high enough to raise the question of 

whether or not hot water storage can really be used to trade off against 

turbine capacity. Still, the figures are presented here because of 

their possible value in assessing and optimizing total solar-thermal 

electric power systems. 

Earlier calculations (CSU/Westinghouse, 1973) indicated that the 

steam accumulator presented a possible cost effective trade-off with 

peak heat engine capacity. The definitive answer to the question of 

whether and under what conditions such a trade-off would decrease the 

cost of solar thermal electric power must await a considerable extension 

of the simulation studies. Still, some simple calculations reported 

here reflect continued optimism about steam accumulator storage at 

lower operating temperatures in smaller sized plants. To compare heat 

* 1972 dollars used throughout this report 
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engine costs, which are commonly given per unit of generating or heat 

rejection capacity, and steam accumulator costs, which are given per 

unit of deliverable electric energy, a common basis must be established, 

This common basis is conveniently provided by converting the heat engine/ 

generator costs to dollars per kWh_, generated per day. Using the tur-
e 

bine generator cost figures from Appendix H (Figure 4-2) and the conden-

ser and cooling tower cost data from Appendix I (Figures 2-2, 2-3, 3-4), 

approxim~te total capital costs per unit electrical power can be calcu

lated. These figures are tabulated in the third column of Table 5-1. 

These cost figures may be converted to capital costs per unit electric 

energy per day by division by the average time per day which a plant 

operates effectively at capacity. The limited simulation results in 

Appendix J, Table 4-1, provide us with simulated performance of a 12 MW 

distributed collector plant at Albuquerque, New Mexico, El Paso, Texas, 

and Inyokern, California. The effective times at capacity for the four 

runs are tabulated below: 

Albuquerque, N.M. 1962 

Albuquerque, N.W. 1959 

El Paso, Texas 1962 

Inyokern, California 1962 

6.1 hours; 

6.0 hours; 

6.4 hours; 

6.9 hours 

The fourth column in Table 5-1 is obtained by dividing the figures in 

column three by 6.0 hours, which is appropriate to the 1959 Albuquerque 

data. A direct comparison of these cost figures to the steam accumu 1ato「

cost figures of Figure 3-7 is misleading, because Figure 3-7 does not 

account for storage efficiency (see Figure 5-1). The cost data from 

Figure 3刁 are divided by the storage efficiency figures, and tabu lated 

in column five of· Table 5-1. 

Comparisons of the heat engine/generator and steam accumulato「

costs shows that, at least in certain operating conditions, storage 
can 
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「

TABLE 5-1 

Comparison of Steam Accumulator and Heat Engine Costs 
for Various Plant Sizes and Design Operating Temperatures 

Installed Heat Engine Cost, Installed 
including Turbine G~nerator, Steam Accum. 

Condenser, Cooling Tower Cost 

Per Unit 
Design Per Unit Per Unit Energy 

Turbine Size Operating Capacity Energy Per Day 
MW Temp. (0C) ($/kW) Per Day* ($/kWh) e e 

10 150 160. 27. 29. 

10 200 140. 23. 21. 

10 250 138. 22. 21. 

10 300 128. 21. 23. 

30 200 112. 19. 21. 

10 200 88. 15. 21. 

* Based on 6 hours of "effective capacity" operation per day 
(Albuquerque, New Mexico, 1959). 
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be used cost effectively to trade off against turbine peak capacity. 

The small amount of data in Table 5-1 show that the trade-off will be 

° ° more cost effective for temperatures from -200 -c to -250 -c and for 

plant capacities of 泅0 MW or smaller. Parallel calculations with 

El Paso or Inyoker data show storage to be less feasible economically 

at such sites than at Albuquerque or other less favorable locations. 

The figures in Table 5-1 must be qualified by several factors, princi

pally the choice of the effective hours at capacity. The most important 

thin to be learned from these calculations is that steam accumulator 

storage, besides being an attractive means to gain power generation 

flexibility, improved performance, and reliability, still promises to 

provide a cost effective trade-off for turbine generator capacity in 

small plants operated at low temperatures. A more precise statement 

of these limits on temperature, capacity, and other factors, including 

storage time, will await more extensive simulation results with a 

variety of solar plant types. 

5.2 Co~stems 

The steam accumulator system indeed appears as the cheapest 

thermal storage system, if Figures 3-7 and 4-8a,b are compared. Accumu

lator storage is essentially half as expensive per kWhe as hot water 

displacement storage. On this basis, hot water storage might be elimi

nated from further consideration. However, such subsystem optimization 

is neither really justifiable nor in the spirit of this study. The main 

reason for the cheaper cost of steam accumulator storage is the greater 

effective storage density of accumulators. Even though both accumulators 

and displacement tanks are sensible heat systems, the accumulator turns 

G-55 



out to be more attractive because of the fact that an accumulator 

actually loses mass as it is discharged, whereas the hot water storage 

tanks gain mass. The loss of mass in an accumulator contributes to 

a more complete exhaustion of useable thermal energy per unit volume 

during discharge. The performance figures of Figures 3-4 and 4-3, when 

converted to a per unit volume basis, confirm this point. 

There is a further advantage to the steam accumulator, which 

is shown in the plots of storage efficiency in Figure 5-1. The plots 

clearly show the improved availability of energy stored in a steam 

accumulator, versus the availability of the same energy stored in a 

stratified hot water displacement tank. Note further that, overall, 

the larger temperature drop heat exchanger system (20°c) reflects 

。lower efficiency than the 10-c system. The storage efficiency 

calculation of Figure 5-1 for steam accumulators is based on the delivery 

of thermal energy to the accumulator as steam. It therefore does not 

take into account any loss in availability due to a heat exchanger

boiler somewhere between the collector and the accumulator. Still 

the curve does relate directly to the efficiency of the storage cycle 

itself, because the same loss of energy availability occurs for the 

steam used to run the turbine as that used to charge the accumulator. 

The curve for the steam accumulator in Figure 5-1 represents 

the worst case thermodynamically (that of charging steam at the turbine 

design temperature). It might be possible to charge an accumulator 

with lower temperature steam at the beginning of the day as the col

lector system is heating up. In this way, further improvements in the 

ible to storage efficiency might be effected. It would not appear poss1 

achieve a similar effect in hot water storage, due to the presence of 

the heat exchanger/boiler. 
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s.3 Recommended Future Work 

Further refinements in the design of steam accumulators and 

stratified hot water displacement storage could be of some use, but 

experimental work with turbine/thermal storage systems would be of 

greater benefit. The study of potential heat storage materials, such 

as eutectics, and systems, such as fusion heat exchangers, will be 

very important to solar energy exploitation in particular, and energy 

resource conservation in general. 
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1. O INTRODUCTION 

The choice of an engine for converting heat into work depends on 

the temperature and the rate at which heat is supplied. In internal 

combustion engines the source of the heat is important, but in engines 

for which the working fluid is heated outside of the engine, the source 

of the heat is immaterial as long as the characteristics of the heat 

supplied are identical. 

M1en solar energy is used as a heat source in place of a fuel, 

the principal difference in the character of the supplied heat is its 

time variability. 1bus in solar energy use the temperature may be chosen, 

but the rate of heat is dependent on collector and storage subsystem 

design, and the variable nature of ti1e sunshine that reaches the earth. 

Many technical areas can be imraediately defined wi1ich require 

intensive investigation in order to develop a solar operated heat engine 

having the characteristics and capability to operate reliably, and in 

many instances, in parallel with existing large generating systems. Only 

three technical areas will be identified and reviewed in this appendix. 

The first area is the problem of choice of thermodynamic heat 

cycle. This includes the choice of working fluids and consideration of 

the cycle limitations. The second is the power conversion system, 

particul::i.rly the principles and problems of heat engines. The third 

and final area of consideration is the heat rejection system of the 

heat cycle and its characteristics. 

In addition, it could be noted that an operating fluid in any 

heat cycle is subjected to the same four sequences of evcnts--namely, 
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(1) compression, (2) heating, (3) expansion, and (4) cooling. What man 

has been able to invent are merely ingenious ways of utilizing t hose 

fundamental principles to ultimately produce machines t區t extract more 

useful work. 
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2. O PRACTICAL HEAT CYCLES 

Few areas of modern technology have benefited from more consistent 

and fruitful development than the design of cycles and equipment for the 

conversion of heat into work. Clearly, there is no unique choice of 

cycle or e::iuipment which provides the best source of power for all 

applications. Rather, several very different classes of prime movers 

have enjoyed parallel development because of their marked advantages in 

dissimilar applications. 

2. 1 Commonly__~~-d _9rcles 

The reciprocating Otto and Diesel Cycles use air as a working 

fluid and find wide application as inexpensive, small scale power sources, 

but by no means do they approach Carnot efficiency. 冗ey are inherently 

limited in power out put by large size requirements for a given fluid 

mass flow rate. 

The gas turbine is finding greater and greater use as a power 

sources for moderate to high output and moderate efficiency. The design 

is well adapted to handling very high working fluid mass flow rates, 

and in fact its use at low output levels requires small, highly toleranced, 

and expensive engine components. Attainment of reasonable efficiency has 

been historically tied to attainment of very high turbine inlet tempera

tures, which are generally available only with direct internal combustion. 

Many enhancements to the simple gas turbine cycle are possible which can 

significantly improve efficiency. Their application, however, requires 

extensive heat transfer apparatus which is capable of transferring heat 

with low losses to very large volumes of working fluid per unit of power 

output. 
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For large central station power generation, a modified Rankine 

cycle has dominated the market due to its unexcelled efficiency, reli~ 

ability, and adaptability to large output designs. Because practical 

embodiments of the Rankine cycle have most closely approached the idea} 

Carnot efficiency, this cycle must be very attractive for solar power 

applications, where collection of input heat, especially at high 

temperatures, is very difficult. The discussions which follow are most 

specifically directed toward Rankine cycle engines; not to the exclusion 

of other alternatives, but to provide a logical background to the state 

of the art in central station cycle development. 

An interesting candidate for solar power applications is the 

Stirling cycle, which promises theoretical efficiencies approaching the 

ideal. For this reason alone, it merits considerable attention. But 

since practical embodiments of the cycle involve reciprocating machinery 

similar to that of the Otto and Diesel Cycles, application seems best 

suited to small power outputs. The fact that heat input requires con

vecti ve hli)at transfer to large volumes of low density gas reinforces the 

same conclusion. 

2.2 The Rankine Cr_cle 

Although the Carnot cycle provides a theoretical means of 

obtaining maximum conversion efficiency, its practical application leaves 

much to be desired. For instance, application of the Carnot cycle to 

steam could involve compression and expansion of excessively moist 

fluids, which lead to erosion problems in engines, as well as high 

aerodynamic losses. In addition, the work required to compress a vapo「

or gas is a rather high fraction of that which is extracted through 
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expansion. This not only involves large compressors, but reduces the 

net work output from the cycle. 

A more practical cycle is achieved by modifying the Carnot cycle 

to accomplish the compression process in the liquid phase. In this way 

the work of compression is minimized by the low fluid volume. Such a 

cycle is shown in Figure 2-1 and is known as an ideal Rankine cycle. 

The isentropic compression of the Carnot cycle is replaced by three 

processes which include condensation of the vapor at constant pressure 

along the path AA', isentropic compression of the fluid along the path 

A'B', and isobaric heating of the fluid to the point B. State B'is 

drawn off scale simply to illustrate the compression process which would 

not otherwise be visible. 

The efficiency of this cycle is lower than that of the Carnot 

cycle operating with the same upper and lower temperature limits. This 

can be recognized by dividing the overall cycle into a large number of 

arbitrarily narrow Carnot cycles as shown in Figure 2-2. The cycle is 

now approximated by many smaller cycles, some of which operate with the 

original Carnot efficiency, but many of which convert a portion of the 

input heat to useful work with efficiency somewhat below that of the 

parent cycle. 

Theoretically, this net degradation of efficiency can be com

plet~ly eliminated through the use of regenerative feedwater heating. 

The T-S diagram of a regenerative Rankine cycle is shown in Figure 2-3. 

Almost all of the heat is added to the fluid at the maximum cycle tem

perature along the path AB, before passing into the engine. At some 

point C during the expansion process, a small fraction of the fluid is 
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extracted from the turbine and condensed at nearly constant pressure. 

Its latent heat is used to supply the heat requirements of the isobaric 

feedwater heating process IJ, and the condensate is itself mixed with 

the feedwater. Only a small quantity of heat is required below 

the maximum cycle temperature to raise the feedwater temperature from 

state I to state A. Several similar stages of steam extraction and 

feedwater heating are encountered during the expansion, and perhaps 

only 65 percent of the engine inlet mass flow reaches the condenser. 

If a cycle could be constructed with an infinite number of 

feedwater heaters with infinitesimal resistance to heat transfer, then 

the cycle could be made entirely reversible and thus equal the ideal 

Carnot efficiency. Practically speaking, modern steam cycles use five 

to seven heaters to minimize irreversibilities in the regenerative 

feedheating process. 

Two important benefits accrue from the use of regenerative 

feedwater heating in the conventional steam Rankine cycles. First, 

a larger portion of the cycle work is obtained from steam at the 

highest cycle pressures. This allows the use of more compact machinery. 

The engine condensing end, which is large due to the very low exhaust 

steam density, must be made only large enough to handle the inlet steam 

flow minus the steam extracted for feedheating. 

~. there is potential for moisture removal during extrac

tion. Engines can be designed so that the extracted steam contains a 

higher than average fraction of moisture, leaving higher quality steam 

to continue expansion. Such designs, especially applicable to today's 

nuclear plant low pressure turbines, can significantly reduce blade 

erosion damage due to moisture. 
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Modern steam power cycles embody two additional features 

which surprisingly decrease the theoretical efficiency of the cycle 

relative to the Carnot cycle. These are superheat and resuperheat

ing. This anomally requires some explanation. 

The critical point for steam occurs at 705.4 °F and a pressure 

of 3206.2 psia. The Rankine cycles which have been illustrated thus 

far involve evaporative heat 江put w缸ch is both isothermal and isobaric, 

so that most heat input occurs at the maximum cycle temperature. This 

is a sound theoretical objective only insofar as it does not place a 

limit on the maximum cycle temperature. This indeed is the case with 

water in conventional steam plants. Metallurgically, heat engines and 

steam generators can be designed to operate continuously at temperatures 

exceeding 1100 °F, so that more efficient cycles are indeed possible . 

It is not, however, practical to add all of the heat at such a temperature 

because this would require a complex process of heating with a well 

contro11ed decrease in pressure. But several means are available for 

approaching a goal of maximum heat input at the highest cycle temperatures 

First, the fluid is superheated to raise the maximum temperature 

to perhaps 1100 °F. Introducing the concept of replacing a cycle by an 

arbitrarily large number of hypothetical Carnot cycles, it is evident 

that the addition of superheat, as i11ustrated by the cycle ABCDE in 

Figure 2-4, will increase the overall cycle efficiency. However, a 

majority of the heat is still added at lower temperatures during the 

evaporative process. 

A greater proportion of heat may be added above the satur ation 

temperature by introducing one stage of resuperheating by the cycle 

ABCDEFG as shown in Figure 2-5. By expanding the superheated steam 
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to lower pr-essures, then resuperheating it to the maximum cycle temperature, 

and repeating this process for an arbitrarily large number of cycles, one 

can approach the controlled pressure decrease which is necessary for iso

thermal heat input from states D to F. Actually the practical limit to 

such an ideal strategy is in the cost of moving fluids to and from the 

engine from the heat source, but an ultimate limit results from irrever

sible pressure losses which degrade the cycle performance. Aside from the 

benefits of superheat and resuperheating to theoretical cycle efficiency, 

they are necessary to limit moisture formation in the low pressure end of 

the engine, thus greatly reducing erosion of critical engine components. 

An alternative method of increasing ti1e average temperature of 

heat input to the engine is to add heat at supercritical pressures. This 

results in a modest improvement in efficiency but is primaril~ justified 

by providing higher heat transfer rates in the heat input portion of the 

cycle, and thus more economical equipment. 

2.3 The Ideal Working_ Fluid 

From the preceding discussion of conventional Rankine cycle 

adaptation to steam power plants, various problems become evident. 

First, it is seen that regenerative feedwater heating is necessary to 

minimize the amount of heat acldi tion to the fluid at low temperature. 

Second, both superheat and one or more resuperheating stages serve to 

increase the average temperature of heat input, while reducing the 

fraction of moisture which will develop in the expansion process. It 

is recognized that all of these additional processes are invented to 

avoid certain undesirable properties of water; namely, the specific 

heat at constant pressure of the liquid phase, the critical temperature 
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and pressure of the fluid, and the slope of the saturation line in the 

vicinity of the engine expansion line. Knowing the motivations for the 

various enhancements to the ideal Rankine cycle, it becomes possible to 

characterize properties of some hypothetical fluid which might allow a 

return to a more basic Rankine vapor cycle. The incentives for doing 

this include a reduction in the cost and complexity of the cycle equip

ment, and an increase in the efficiency of the cycle. 

From strictly thermodynamic considerations, it is recognized 

that an ideal fluid should have the following properties: 

1) The critical temperature should be well in excess of the 
maximum cycle temperature, so that isothermal heat input 
may be accomplished at the maximum temperature while at 
constant pressure. 

2) The specific heat at constant pressure of the liquid phase 
should be low in order to minimize the requirement for 
costly, and somewhat irreversible regenerative feedwater 
heating, or alternatively to minimize direct heat input at 
temperatures below the maximum. 

3) The saturation line in the vicinity of the turbine expansion 
line should be nearly isentropic. A negative slope, such as 
that of water, results in excessive moisture. A positive 
slope, on the other hand, results in superheat of the turbine 
exhaust. Desuperheating, obviously required prior to con
densation, makes heat available at a temperature somewhat 
higher than that of condensation. If this heat is rejected 
in the condenser, it represents a loss to the cycle effi
ciency. Alternatively it may be applied to feedwater 
heating, but only at considerable expense. 

In addition to these strictly thermodynamic considerations, 

several practical design considerations present themselves as follows: 

4) The fluid must be chemically stable at the maximum cycle 
temperature. 

5) The isentropic enthalpy drop which is available during 
expansio~ sh~uld.be h~gh, res~lting in lower mass require
ments and reduced equipment size. 

6) The vapor pressure of the fluid at the maximum cycle te~per
ature should be low enough so that material stress levels 
can be decreased. 

H-14 



7) The vapor pressure of the fluid at the condensing temperature 
should be high enough to minimize equipment size and problems 
of ejection of non-condensible gases. 

8) 111c heat transfer properties of the fluid should be good, to 
minimize the cost of steam generators, condensers, and 
feedwater heaters. 

9) The freezing point of the fluid should be low to eliminate 
handling difficulties as well as freeze damage to equipment. 

10) The cost of the fluid should be low. 

邛e challenge of obtaining useful work from solar energy pre

sents a framework for heat cycle optimization which is quite different 

from that in which today's steam power cycles have evolved. The maxi

mum temperature limits which are common to conventional steam plants 

due to metallurgical limitations are undercut by economic considerations 

which recognize a high cost for solar heat collection at high temperatures. 

The well known increase in heat cycle efficiency with temperature must be 

optimally reconciled with the reverse characteristic for solar collector 

efficiency. The inevitable decrease in cycle temperature levels, combined 

with a high cost of heat collection, provide great incentive for the 

closest possible approach to ideal heat engine efficiency levels. 

2. 4 Heat En~n Vari ab 1 es 

In reviewing the previous discussion it js apparent that present 

day power cycles are designed to manage the complex task of converting 

various energy forms by processes that are both economical and socially 

acceptable. So that conventional power cycles can perform their function 

they first require a source of heat energy that must be transferred to 

some motive fluid. Next, and most importantly, the power cycles must be 
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designed to produce useful mechanical work that can be transformed 

(electrically), transmitted, distributed, and utilized by the end users. 

Finally, power cycles must reject energy in a controlled manner to cooler 

environments such as the earth Is waters, the earth's atmosphere, or in 

rarer instances, to outer space. Each of the three elements of a power 

cycle (heat supply, work output, and heat rejection) possess singular 

and unique problems in addition to those important problems they share 

because of their interdependence or relationship within a given power cycle 

From the point of view of one subsystem within the heat cycle 

such as an engine that produces useful work... and in part.icular prime 

movers and electric generators.... The concept of useful work i s 

important because it can reveal what design freedoms will exist for the 

machine builders of the future to harness solar energy systems. 

The most direct manner of conceptualizing the problem areas 

that the future designers of these systems will face is to combine the 

simple physical definitions of useful work, of mechanical shaft torque, 

and of electrical torque. These elementary manipulations are deve loped 

in such a manner that from these physical concepts the basic engineering 

design parameters for prime movers or heat engines can be delineat ed. 

These parameters are expressed in terms of the major prime mover 

and generator terminal characteristics and appear in Table 2-1. 
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「
TABLE 2-1 

Prime Mover and Generator System Design Parameters 

Prime Mover Generator 

1. Flow Rate (Fluid) 1. Current Flow 

2. Inlet State Point (Fluid) 2. Voltage 

3. Pressure Ratio (Fluid) 3. * 

4. Speed of Shaft 4. Speed of Shaft 

5. Efficiency of Conversion s. Efficiency of Conversion 

* The analogy here might be viewed as "ground potential." 

The most obvious conclusion drawn from Table 2-1 is that all 

prime movers can be completely described in a most elementary manner 

by means of only five system design parameters. The same conclusion 

holds for electrical machines. However, in this instance the technology 

of electrical machines is well developed and may undergo only minor 

impact. The primary emphasis in this analysis will naturally be 

directed to the problems of the prime mover, where the state of the 

art may require the development of corrolary technologies in the 

application of solar energies. 

Since the prime mover will remain the focal point of this 

study, it is appropriate to define more fully the five system design 

parameters relating to the prime mover and demonstrate their importance 

to the engineering design functions. 
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l. Mass Flow Rato ~－一 ri1. The production of prime movers with 

large power capabilities is critically dependent on large fl ui d mass 

flow rates (water, steam, air, ammonia, etc.). Consequently, the 

primary heat source (input) to the fluid mass must be 

capable of extrapolation to the large sizes which are necessary for 

economic power generation. 

2. 丑吐竺沉~ - - P, T. Traditionally, the thermodynamic 

conditions or state of a particular fluid (enthalpy, H) de t ermined 

the energy level (above some reference level) of the fluid . Within 

the context of this study, the concept has been enlarged t o include 

the totality of physical fluid properties to which a prime mover 

designer must relate. Pressure (P) and temperature (T), a lthough 

embodied in the notation (P,T), are intended to include among other 

properties - the purity of fluid, the chemistry of the flu id and 

other such factors as fluid radioactivity within which a r eference 

frame can be defined for the fluid entering the prime mover. 

3. Pressure Ratio ~ -- p. The notion of a pressure ratio 

relates to the total energy available (H) to the prime mover 

for conversion to useful work. In an analogous manner, the notion 

could relate to the condition of the heat sink (i.e.; condenser 

pressure) to which level the prime mover must reject the unus ed 

energy of its motive fluid. It clearly follows that the idea l state 

is to strive to develop engines with reasonably large pressure r atios 

(p) although this is by no means a limiting consideration to any 

prime mover design. It is nevertheless an important impediment to 

most engines if not obtainable. 
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4. S£eed of Shaft - - o. 
s 

For commercial power productions in the 

United States, alternating electricity must be generated at some 

established frequency, consequently the shaft speeds of both prime 

movers and the electric generators must be carefully controlled. 

The discrete acceptable speeds of the electrical machines can be 

developed according to the following formula. 

Shaft Rpm= 
12O x system frequency 

Number of generator poles (2-1) 

For the 60 Hz generation systems of the United States this works 

out to be as shown in Table 2 ~ 2 below for up to ten generator poles. 

TABLE 2-2 

Acceptable Speeds for Prime Mover 
and Generator Shafts 

No. of Poles 

2468O 

1 

罕

3600 

1800 

1200 

900 

720 

For 50 Hz generation systems, the shaft speeds would be 5/6 of 

those shown. 

5. Efficienc~ -- n. The usefulness of any machine, 

particularly those for power generation, is in large measure deter

mined by the degree that energy inputs can be converted to satis

factory levels of useful work. Consequently, the efficiency of 
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conversion (n) embodies not only the basic efficiency of the 

heat cycle but the efficiency of the engine (and generator) com

ponents through a wide spectrum of loads or operating modes. 

In summary, a prime mover viewed as a subsystem of a power 

network incorporates each of the five system design parameters des 

cribed above. It must be understood that all prime movers are designed 

only after making a descrete choice for each of the design parameters 

(iii, P, T, p, cr, n). This does not imply that prime movers cannot be 

"operated" within different ranges of 研 s, p's, o's, etc. -- it i mplies 

that only 竿 discrete choice from each parameter is permitted in the 

"design" process. 

Since the "design" process may be viewed as a process that 

translates the design parameters to physical dimensions (drawings, 

hardware, etc.) the following relationship must hold: 

Physical Dimensions 
of Prime Mover = f （卣， P, T, p, cr, n) (2` 

A somewhat clearer understanding could be developed if the 

prime mover were restricted to a turbine possessing n stages. Each 

turbine stage would be designed to its unique set of design parameters 

so that the equation would be restructured as follows: 

Stage n 

Physical Dimensions of Turbine= 
a 

f （丫， PT , p, o , n) (' 

i = Stage 1 

The above equation should leave no doubt that turbine stage 

No . 1 and the last turbine stage, No. n, must be designed for two wi delY 
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differing environments. But the sum, comprising stage No. 1 ton, will 

actually control the basic dimensional requirements of the turbine. 

The usefulness of the above concept is not restricted to heat 

engines and holds even if applied to pumps, compressors, or other rotat

ing machine employing fluids. This factor will be true as long as the 

equations shown allow for both positive and negative values of the design 

parameters. For example, a turbo-compressor could be viewed as having 

a "negative" pressure ratio (-p), flow rates(－卣）， and perhaps efficiency 

(-n). Similar analogies could be developed for pumps and hydro-electric 

turbines with little difficulty. 

The major usefulness of the concept embodied in the notation 

f(m, PT, p, o, n) is that product life and product costs also fall within 

this conceptual framework and are clearly related to the choices required 

by the system. 

Since the prime mover will be subjected to a wide range of 

forces and stresses during its operation, i.e.; centrifugal, thermal, 

pressure, vibratory, etc., the physical dimension of the equipment will 

be physically strained to accommodate the new equilibrium state of the 

forces acting. This change in physical dimensions could be expressed as: 

Af （血 PT, p, a, n) = equivalent strain (2-4) 

Since these strains must occur or must exist over some finite 

time periods (M), it is more proper to introduce time (8) into the 

above equation so that it can be expressed as: 

战
l硨

(m, PT, p, a, n) = strain/ a, n) = strain/time interval (2-5) 
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The concept of equipment lifetimes can be viewed as the fre quency 

(number of cycles) with which a particular component has been sub j ected 

to certain levels of strain. This process is usually referred to as 

the "duty cycle" of the equipment but poses the most severe problem 

to the designer. 孚， he must make an estimate (at best) on how the 

equipment will be operated and 罕孚， after estimating the "duty cycle", 

make a decision on the economic life-cycle of the particular equipment 

(should it last 120 seconds as a space rocket or 30 years as a nuclear, 

turbine). 

The last decision enumerated is crucial to the entire design 

process as it will have a most profound effect on~~竺芒丑逕

Ultimately, the product cost and the economic viability of the power 

generation system (energy cost) must be affected. 

It: for the sake of simplicity, (N) is assumed to be the number 

of starts and stops the prime mover (neglecting load changes) wi ll be 

subjected to during its lifetime, then we can view the equipment duty 

cycle as follows: 

奇 b.f(m, PT, p, a, n) = duty cycle (2-6) 

Finally, and most important, the relative economic costs can 

be related to any prime mover (for a given duty cycle) by returning to 

the original equation for the physical dimension of the prime mover , 

but assuming the cost function of the engine related to some exponen tial 

function of the engineering constraints as follows: 

.a b c d e 
Cost = K. f(m, PT, p, o, n) (2-7) 
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where K is an arbitrary constant. 

A clear understanding of the above short discussion is crucial 

to a review of solar energy applications for electrical generation. 

Al though the theoretical principles of mechanics and thermodynamics 

must be rigorously observed, the above practical philosophical and 

conceptual framework within which all heat engines or prime movers 

must ultimately be measured must be fully appreciated. 

Unfortunately it is not enough to describe ideal cycles, ideal 

fluids, perfect engines, etc.--real cycles, real fluids and practical 

engines will eventually be required to perform the work. 
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3. 0 HEAT ENGINE DESIGN 

A comprehensive review of heat cycle and working fluid appli

cations has led to the view that a conventional axial flow turbine 

operating in a Rankine cycle with water as the working fluid repre

sents the best choice for initial investigations of the collector 

types and temperature levels which are most economic. The experience 

of many investigators over the past years has shown that water is the 

most practical working fluid for application in all but the smallest 

or largest scale turbines which might be designed. It seems clear 

that detai.led consideration of other fluids should not precede i nitial 

design choices of collector type, collector field configuration, and 

operating temperature levels based on use of water. 

A small-scale computer program was written to provide design 

and performance data for steam turbine-generators as a functi on of 

initial steam conditions (temperature and pressure) turbine capacity, 

and exhaust pressure. This program provided the necessary performance 

data as well as physical dimensions needed for turbine cost estimating 

r outines. 

In the design phase, the computer program accepts input of 

inlet steam conditions (temperature and pressure), condenser t emperature, 

and the desired electrical output at the generator terminals. An 

iterative procedure is then used to determine the required steam flow 

rate. Rather than assuming a constant level of engine efficiency which 

seems representative of modern steam turbines, separate fact or s are used 

to account for the effects of inlet throttle valve losses, inlet 

volume flow rate, moisture production during expansion, exhaust losses, 

mechanical losses, and generator electrical losses. 
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3.1 Cy_cle Performance Calculations 

The basic cycle evaluated by this program is a straight condensing 

or non... regenerative cycle. Dry saturated conditions are regarded by 

the power generation task group as the most promising class of steam 

conditions because of the simplicity of the individual collectors and 

the overall collector field, the rather inconsequential effect of small 

amounts of superheat, the expense of obtaining significant amounts of 

superheat, and the high density of input steam which yields economies 

in heat transport equipment. 

Similarly, regenerative feedwater heating has been neglected 

because although it increases cycle efficiency the effect is not great 

at the modest operating temperatures anticipated. The low temperature 

heat required for feedwater heating will be the least expensive to 

collect in the field, and by pumping cool condensate from the condenser 

to the collector field, the need for insulating this line is reduced 

or eliminated. Furthermore, the size of heat transport equipment is 

reduced because the inlet steam mass flow required to generate a given 

power output is higher with regenerative heating than without it. 

3.1.1 Control Strategy 

An assumption of constant inlet volume flow is made for design 

calculations, apprG>ximating the actual steam swallowing capacity of the 

turbine at valves wide open conditions. 
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This assumption is significant, as it reflects the current 

thinking of the power generation group, regarding control of the turbine. 

generator equipment. It is hoped that the turbine can be designed 

without a control stage and with a very simple control system which will 

allow its load to "float" with the supply of heat from the collector 

field, relying on stiff electrical ties with a much larger power system 

to maintain synchronism. In this way, slight inefficiencies inherent 

with control stages are eliminated, the turbine-generator equipment 

becomes simpler and less expensive, and hopefully a near-optimum 

operating characteristic will be achieved more or less automatica lly. 

An optimum control scheme requires that at each instant collector 

temperatures are maintained at a level such that the product of collector 

efficiency and power cycle efficiency is maximized. This is the poi nt 

at which electrical power output will be the highest. As insolat i on 

declines below the value for which the system is designed, it is 

reasonable to believe that the optimum operating temperature wi ll fall, 

along with the total electrical output. Such a characteristic i s 

inherent with the constant volume flow assumption, at least qualitatively, 

3.1.2 Cycle Without Moisture Removal 

Performance calculations were made for turbine-generator s of 

3000 to 100,000 kilowatts output with inlet steam temperature from 

。。。。302 -r, (150 ~c) to 482 -F (250 ~C) dry and saturated. It is evident 

from the design calculations that high levels of moisture will be 

ti0n 
produced in the turbine in the absence of some form of moisture separ a 
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current practice in nuclear steam turbines limits condenser moisture 

to approximately 12 percent, as higher levels cause excessive blade 

erosion. However, several factors indicate that the limit might be 

a little higher for a turbine associated with a solar plant. 

First, the erosive behavior of moisture droplets depends on 

the impact velocity of droplets on the rotating turbine blades. Small 

turbines with relatively short low pressure blading will have rela

tively low tip speeds, and less erosion. 

Second, the maximum moisture occurs only at the indicated 

design condition. Solar turbines might run at maximum output only 

for short durations annually, while the bulk of operation will be at 

lower than design inlet temperatures and pressures, with a consequent 

reduction in moisture. 

Lastly, techniques have been developed in nuclear turbine 

design which allow moisture extraction within the turbine by means 

of centrifugal force with only modest levels of steam extraction. 

The prudent limit for moisture in solar plant turbines is 

arguable, but it would be unwise to assume that values over 18 percent 

would be tolerable in any case. 

Figure 3-1 summarizes the design calculations by means of a 

graph of cycle efficiency as a function of inlet steam temperature 

for turbine-generator ratings of 3 MW, 10 MW, 30 MW and 100 MW. The 

most startling feature of these curves is the poor performance of the 

smaller turbines at the higher temperatures. This is directly related 

to the low volume flow rate of inlet steam, which leads to high leakage 

flows in proportion to the main steam flow through the inlet stages 

of the turbine. 
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3.1.3 Off Design Performance - No Moisture Separation 

The computer progr睏 was used to calculate turbine-generator 

performance for conditions of partial load on the 10 MW machine; that is, 

at reduced steam temperatures but constant volumetric flow. The 

computation was made for design condenser temperature, and an array of 

dry and saturated inlet steam conditions at design temperature and below. 

This information is summarized in Figure 3-2, which shows turbine

generator output in kilowatts as a function of the inlet conditions. 

3.2 Turbine With Moisture Se:earation 

To overcome the disadvantage of high moisture in low-pressure 

stages, the steam may be removed at an intermediate point in the ex

pansion and the moisture removed before reintroducing the steam into 

the lower-pressure stages of the turbine. A design advantage ensues 

from this separation, because the high-pressure and low-pressure sections 

of the turbine are uncoupled aerodynamically. The two parts can then 

be optimized individually. 

The turbine design program was used to compute the cycle 

efficiency and off-design performance for the turbine with constant 

volumetric.flow but with moisture separation between stages. In 

Figure 3-3 is shown the cycle efficiency, and in Figure 3-4 is shown 

the off-design performance. Specific steam mass flow rate is shown 

in Figure 3-5 as a function of inlet steam temperature for the same 

turbine design. 
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4.0 TURBINE-GENERATOR PRICING 

For the steam conditions and power ratings considered by this 

project, the selling price for a turbine generator is approximated by: 

where 

C 
0.75 

TG 
= 710 p~··- + 140,000 E 

A 

P is the generator rated output in kilowatts, and 

EA is the exhaust end annulus area of the turbine in square 
A 

meters. Figure 4-1 shows exhaust annulus for the turbine 

designs considered. 

(4-1) 

The price equation above does not include installation cost w11ich is 

estimated to be 30 percent of the turbine-generator selling price. :~o 

distinction in cost is made between the two types of turbines evaluated 

above. 

Prices for the turbine-generator were developed from actual 

prices of <lelivercd equipment and the two principal factors affecting 

cost. Figure 4-2 shows the turbine-generator installed cost, from 

Equation (4-1), in dollars per kilowatt of capacity over the temperature 

° ° range 150 ~C to 300 ~C. The selection of a condensing temperature other 

。than 40 ~C changes the required E,. and thereby affects the turbine cost. 
A 

The cost multiplier shown in Figure 4-3 may be used to adjust the turoine-

。generator cost for condenser temperatures other than 40 ~C. 

It was also desired to have the option of varying the turbine 

generator efficiency. No dependable cost data existed for extension of 

turbine efficiency above nonnal design levels. The maximum conceivable 

engine efficiency was assumed to be 90 percent and the cost of achieving 
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this was estimated to be obtainable at ten times the base cost. The 

curve describing this relationship is shown in Pigure 4-4. The validity 

of this cost multiplier is open to que5tion, but it can be modified if 

more satisfactory cost data becomes available. 
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1.0 INTRODUCTION 

There is such a high degree of interaction between the pcrrorrnancc 

of the turbine, the condenser and the cooling system that separate design 

of these components is impossible if the optimum system is desired. To 

correctly design the turbine and heat rejection subsystems requires con

sideration of the annual heat rejection load profile as well as the 

profile of relevant ambient weather conditions. 

Design conditions for turbines are described in Appendix H, but 

a comparison of the performance of two different turbines with variation 

in exhaust pressure illustrates the interdependence of design choice for 

turbine and heat rejection systems. 

A reduction in condensing temperature (and pressure) will increase 

the power output of a turbine, provided that it is designed to utilize 

the increased available energy. This point is brought out clearly in 

Figure 1-1 which shows the maximum capability of t1vo different turbines 

as a function of exhaust pressure. Both turbines are operating at the 

same constant throttle flow but have different size low-pressure ends. 

As the exhaust pressure decreases, both units produce more power because 

of more complete expansion of steam through the turbine. However, at 

about 2.5 In. Hg. exhaust pressure, the power output of one turbine 

levels off and even experiences a slight decline. The same holds true 

for the other turbine, which has a larger annulus area, when the exhaust 

pressure is reduced to 2 In. Hg. This leveling off is characteristic of 

a "choked" condition in the turbine exhaust hood when steam approaches 

accoustic velocity. Further reductions in the condenser pressure do 
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not allow greater pressure drops through the last row of low pressure 

blades, and no further work is obtained. The turbine with the larger 

annulus area is able to generate more power at low exhaust pressures 

because its choke point is at a lower pressure. 

Ase:xhaust pressures increase, however, the situation is reversed. 

Exhaust steam volume and velocity decrease with a parallel decline of low 

pressure blade efficiencies. The larger low pressure end meets this effect 

more rapidly and has lower capability at high exhaust pressures than the 

end with the smaller annulus area. This lower capability is likely to 

occur at times of maximum system demand during the hottest summer days, 

when heat rejection is the most difficult. 

A trade-off appears between higher output during hot summer days 

with the smaller size low :r,ressure ends, and higher output and efficiency 

during the winter months if the larger size low pressure ends are chosen. 

The selection of turbine low pressure end sizes is an integral part of 

the cooling system optimization. 
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2.0 CONDENSER PERFORMANCE AND COST 

The simplified diagram of Figure 2-1 shows the temperature 

relationships involved in the heat rejection system design when a 

wet cooling tower is used. With regard to the condenser design the 

two important temperature differences are the range, and the tl"rminal 

temperature difference (TTD). The range is the temperature rise in 

the cooling water as it passes through the condenser and depends upon 

the heat rejection requirements and the flow rate of the water. That 

is, the range in degrees Celsius is 

T。 -T1 = 14.3 QR/F 。c 

where QR is the heat rejection rate in kilowatts (thermal) and F is 

the water flow rate in kg/min (1 gallon/min = 3. 785 kg/min). The range 

is also the temperature drop required in the cooling water as it goes 

through the cooling tower. 

Since a practical heat exchanger cannot transfer heat without 

a temperature difference, the condensing temperature is higher than the 

exit temperature of the cooling water. This difference is the terminal 

temperature difference, expressed by 

TTD = TC - T。 =6.TR/[exp (3.4 SA6.TR/QR) - 1) 0c (2-2) 

where T0 is the range, Tf"\ - TT above, and S" is the effective 
R O I A 

condenser surface area in square meters. The effective surface area 

of the condenser to be used is chosen from the desired TTD and range 

by solving Equation (2-2) for SA. This gives 

(2-1) 

R 

-CIT Q亡
= A 

s 
ln [ ? l m2 

I-4 

(2-3) 
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Required heat rejection per kilowatt of electrical output is 

shown for the different steam inlet temperatures by figure 2-2. 

A selling price for the steam condenser based upon Westinghouse 

catalog information is approximately 

5 C_ = 10~ + 20.4 s. dollars (1974). 
c A 

(2-4) 

Installation adds 30 percent to this cost. Then, substituting Equation 

(2-3) in (2-4) and normalizing on QR, the installed cost/kW (thermal) is 

C IQ = 
10 5 6 

In (ITO HTR) 1. 3 $/kW t c R 
Q R 

十

AT R TTD 

(2-5) 

This cost function is plotted in Figure 2-3 as the two separate terms 

in brackets above. To include installation add 30 percent to the cost 

determined from Figure 2-3. 
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3. 0 COOLING SYSTEM 

There are five basic types of cooling systems typically useful 

for large steam electric power plants. These include once-thru cooling, 

cooling lakes, spray ponds, wet (evaporative) cooling towers, and dry 

cooling towers. In addition to these basic systems, combinations are 

often proposed such as the use of "helper" cooling towers or tempering 

canals with spray systems on basically once-thru systems. A variation 

of the dry cooling tower, the air cooled condenser, has received much 

attention for small plant applications, but its use on large units has 

met with little enthusiasm thus far. It shares many operating character

istics with the dry cooling tower. 

Cooling systems designs which have the ability to reject waste 

heat at low condensing temperatures and consequent low turbine exhaust 

pressures allow the maximum utilization of available energy by the steam 

turbine. The result is increased turbine output and efficiency if 

the turbine is designed to make use of this energy. 

3.1 Cooling__IlEes 

The basic environmental factors which influence cooling system 

performance are shown in Figure 3-1, with dots representing major variables 

and circles representing variables of secondary importance. With once

thru cooling systems, performance is dictated by the water temperature 

at the cooling water intake. This temperature, however, is a complex 

function of the ambient wet bulb temperature, dry bulb temperature, wind 

speed, cloud cover, day of the year, and various stream flow effects. 

The steam condensing temperature with this system is the sum of the 

intake cooling water temperature, the temperature rise or range through 
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the condenser, and the terminal temperature difference. The latter 

is the difference between the steam saturation temperature and the 

temperature of the warm water leaving the condenser, and is indicative 

of the temperature differential required for heat transfer. 

Cooling lakes are influenced by the environment in the same 

ways as once-thru systems. However, cooling lakes usually operate at 

higher intake temperatures, because the water is continuously recirculated 

and does not cool to the natural equilibrium temperature of once-thru 

systems. 

Spray ponds are like miniature cooling lakes, except that 

evaporative heat transfer is promoted by spraying the water into the 

air. The enhancement of evaporative heat transfer, controlled, primarily 

by the wet bulb temperature and wind speed, makes cloud cover and day of 

the year of secondary importance. Thus, the performance of a spray pond 

should correspond more closely to an evaporative cooling tower than a 

cooling lake. 

Performance of natural draft wet cooling towers is affected by 

both dry bulb and wet bulb temperatures. The wet bulb temperature controls 

the heat transfer process in the tower, but the dry bulb temperature or 

relative humidity becomes important in determining the air flow rate. 

Induced draft wet cooling towers rely on fans to produce air flow and 

thus, are sensitive only to the ambient wet bulb temperature. The steam 

saturation temperature with evaporative cooling towers and spray systems 

is the sum of the wet bulb temperature, the approach, the condenser or 

tower range, and the terminal temperature difference in the condenser. 

The approach measures how closely the cold water temperature "approaches" 
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the ambient wet bulb temperature, and would be zero degrees for a 

tower of infinite size. 

Dry cooling towers rely totally on convective heat transfer 

which is controlled by the ambient dry bulb temperature, and the" approac 

of dry cooling systems is measured with reference to this temperature. 

Figure 3-2 shows the general relationships between cooling 

system temperatures and turbine exhaust pressure for once-thru cooling 

and wet and dry cooling towers. During typical summer operation, once

thru cooling systems generally operate with turbine exhaust pressures 

of 1. S to 2. 25 In. Hg. Wet cooling tower systems will yield exhaust 

pressures of 2.5 to 4.5 In. Hg. while dry cooling towers will result in 

turbine exhaust pressures in excess of 6 In. Hg. Exhaust pressures with 

cooling lakes and spray ponds are in the same general range as wet 

cooling towers. 

For the purposes of this study, where moderate steam temperatures 

may be the most desirable operating conditions, it was felt that a 

wet cooling tower is the best candidate cooling subsystem. Many 

suitable sites are available with adequate water and sunshine for 

pilot or even larger scale demonstration solar thermal electric power 

plants. Design and siting considerations may ultimately suggest the 

use of dry cooling towers, but only wet cooling towers are included in 

analysis and optimization of STEPS systems for this study. 

3.2 Wet Cooling_ Tower Performance and Cost 

Cooling tower inlet temperature depends on the approach and 

temperature differences and the water flow rate and ambient wet bulb 

temperature. The design point wet bulb temperature was chosen as 

range 

。2s ~c (77 。F). The temperature of the cooling water from the 
condenser 
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is plotted for different flow rates and heat rejection rates against 

the wet bulb temperature in Figure 3-3. 

Costing for cooling towers was done on the basis of individual 

cells, with each cell rejecting 40 to 90 MW. depending on the wet 
t 

bulb temperature, the range and approach temperature differences 

and the water flow rate. The estimated installed cost of each cell 

is $175,000. 

The cost per kilowatt (thermal) is estimated by dividing the 

cost of a cell by its rejected power for a given set of operating 

temperatures. The cost, parametric in operating temperatures, is presen 

in Figure 3-4. 

However, the operating power input for the cooling tower is a 

significant element in the trade-off between cost and performance . 

The annual cost of energy required to pump the water and drive the 

fans may be nearly equal to the annualized investment cost. Therefore, 

the equation for cooling tower cost, as it was applied to the optimization 

procedure is: 

R CT 
5. 2 x 103 A·T - A -0.4 T .233 -2 

= T 「w 。 a 

+ 97 x 10 3(,0A.T 048 + O. 0O2) 
R 

(3-1 

where: 

R CT is the annualized cooling tower cost in $/kW t - yr 

。
AT A is the cooling tower approach to wet bulb temperature, C 

AT R is the condenser range, 。~C 

T is the design wet bulb temperature, 。~c 
w 

T is the condenser outlet temperature, 。~c 
。

「 is the rate of amortization. 
a 
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In Equation (3-1) the first term is the annualized investment 

cost, expressing the cost relationship shown in Figure 3-4. The 

second term in the cost equation expresses the annual cost of pumping 

and fan power. 

For the design conditions, a total pressure drop of 20 metres 

was assumed in the condenser and cooling tower water lines, and a 200-hp 

fan was used. The cost of circulating pumps and piping are not included 

in cooling subsystem cost. They are included, instead, in other plant 

。costs. The 3 ~C approach which was indicated in Figure 2-22 of Appendix 

B may have used the cost equation (3-1) beyond its normal limits. In 

future developments an increase in cost of fan power with decreasing 

approach may be required. 
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1. 0 INTRODUCTION 

The satisfactory development of solar thermal electric power 

systems requires a thorough understanding of the interaction of the 

system components. There are, at present, many different types of 

collectors being proposed along with many different absorbers (heat 

exchangers), storage system, turbine systems, etc. Each of these sub

systems has different characteristics that affect the overall system 

performance and the cost of the complete system. For example, it is 

not sufficient to do simple heat balances because the operation of 

some components are not only heat sensitive but also temperature sen

sitive. The computer can play an extremely important role in aiding 

the design because of the inordinate amount of bookkeeping required 

even for the simplest system. This section of the report deals with 

the development of a computer program written for determining the per

formance of viable solar thermal electric power systems. 

If solar power systems are to be effectively designed, it would 

appear that a general simulation model can be effectively utilized. 

Such a model should be capable of simulating general system configura

tions with arbitrary control policies. The interest in solar thermal 

electric power systems has taken a marked upturn and the state-of-the

art is changing rapidly; therefore, as new and more sophisticated sub

system models become available they should be easily incorporated into 

the model. For these reasons coupled with the need to provide detailed 

system performance as a back-up to the overall performance and cost 

optimization, the development of a generalized computer simulation mo

del for the dynamic performance analysis of solar thermal electric 

power systems was undertaken during this investigation. 

J-1 



2.0 PROGRAM STRUCTURE 

A dynamic simulation model for use in the performance analysis 

of specific designs of solar thermal electric power systems has been 

developed. The program is called SIMSTEPS, an acronym for 包；!Ilulation

~odel for §_olar !_hermal ~lectric ~ower 翌stems. The objectives for the 

development of SIMSTEPS were to: 

1. Develop a general model, that is, one that can be used for 

any specified system configuration for solar thermal 

electric power plants. 

2. Modularize the program so that subsystems can be introduced 

or replaced as more sophisticated subsystems become avail

able. 

3. Develop a model that is simple in terms of the knowledge 

required by the system designer, and hence easy to use. 

4. Develop a dynamic model because the primary problem being 

modeled is a dynamics problem and therefore the dependence 

on time is required, 

5. Develop a dynamic point design performance analysis model 

with a~ specifiable level of simulation complexity such 

that a very simple module can be used for sensitivity anal

yses, and more complex simulation subsystems can be used 

for detailed time-step-.by-time-step analysis of the over

all system. 

6. Develop a control driven model so that the total system 

responds to the decisions and actions of the contro 1 sub-

system. 
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The program is executor and library file oriented. The library 

file contains all of the subsystem modules. To use the program the 

user specifies the components included in the system and the manner in 

which they are connected. The executor program in SIMSTEPS will then 

write the computer program for the specific system to be analyzed. 

In short, program SIMSTEPS is a program to write a program. It 

is open-ended in terms of the number of subsystems allowable in a given 

system. Each specific system as defined by the user will be analyzed 

by the executor overlay. Systems are considered like electrical net

works and any configuration can be treated. This does not mean the 

electrical analogy approach is followed, rather the program treats the 

system like an electrical circuit with flow variables (temperature, 

pressure and mass flow rate) used as the system state variables. 

One of the interesting features of the program is that it is 

"control driven." These controllers can take advantage of as much in

formation as the system designer deems necessary for successful operation 

of the system. These include, but are not limited to, absorber fluid 

temperature, incident insolation, storage tank temperature, and turbine 

inlet and outlet conditions. 

The overall schematic for the program structure is shown in 

Figure 2-1. There are four overlay levels. The first level is the in

put overlay, the second is the executor overlay, the third is the out

put overlay and the fourth is for reading weather data from magnetic 

tape. The primary function of the input overlay is to read in the sys

tem description and input-output connections as well as state variable 

initial conditions. The role of the output overlay is to produce step

by-step outputs for the system variables as well as plots (either flat-
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bed or microfilm) of any of the system variables as a function of time. 

Information contained on the weather data tapes includes hour-by-hour 

data for a specified geographic location. These data are: 

Wet and dry bulb temperatures 

Wind Speed 

Diffuse and direct components of insolation 

Atmospheric pressure 

Relative humidity 

Sun position (azimuth and eleration angles) 

The executor overlay is the heart of the program and it is 

where the description of the program is turned into an executable pro

gram. The specific solar thermal electric power system to be analyzed 

can consist of any given collection of components. For example, Figure 

2-2 is a schematic representation of a hot water system using parabaloid 

collectors, cavity absorber and a hot water storage system. The in

puts and outputs of each subsystem are labeled (arbitrarily) as shown 

in Figure 2-2 and it is this labeling that enables the executor program 

to construct the system mode. 

The number of modules or subsystems allowable in the subsystem 

library is virtually unlimited. At the present time the following 

subsystems have been modeled and are included in the library: collector 

subsystems (both flat-plate and focusing), absorbers, plumbing, valves, 

pumps, heat storage subsystems, turbine, cooling tower, heat exchangers, 

and the control units. Where necessary, subsystems are described by a 

set of time dependent differential equations. System state variables are 
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temperature, pressure and mass flow rate. Additional or new subsystem 

modules will be included in the system design program as they become 

available. The library contains: presently a flat-plate collector module 

based on the work of Hottel and Whillier, (1958) and Duffie and Beckman, 

(1974), paraboloidal and parabolic cylinder concentrator models; a 

cylindrical receiver-coil steam generator absorber model, a pancake-helix 

steam generator and a straight line pipe steam generator model; two heat 

storage models, a dynamic steam accumulator model and a stratified (or 

well mixed) hot water storage model; a model for mixer valves; a model 

for splitter valves; a model for pumps; a model for the pipes; a model for 

a counter flow heat exchanger; a generalized solar tracking model for full 

equatorial, elevation-azimuth, roll about a single axis, etc.; and a 

turbin~-generator model based upon a Westinghouse Electric Corporation 

model used extensively for turbine design. These models are described 

in more detail in the following section. 

The program has been developed so that any type of incident 

solar radiation data or model can be used. These include: 1) deter

ministic (an algebraic equation) sun model; 2) random simulation model 

based upon cloud cover statistics; and 3) actual tabulated input in

formation based upon collected data. The integrator model is a second

order predictor-corrector routine. 

The program is written in EXTENDED FORTRAN for a Control Data 

Corporation 6400 computer. Run time for the simulation of a 24 hour 

day in 6 minute time increments is in the 4-30 second range, depending 

on the system configuration and the complexity of the control strategy. 
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3.0 SUBSYSTEM MODEL DESCRIPTIONS 

A dynamic model was developed for each subsystem in the STEP 

system selected for simulation. Each of the subsystems is described 

in detail in the following section. 

3.1 Concentrator Models 

Two types of concentrators were modeled: (1) Paraboloidal mirror 

and (2) Fresnel reflector. Both are double curvature concentrators . 

The paraboloid is considered as a reference since it has the best 

performance. The solar radiation incident on the concentrator is 

considered normal to the reflector plane. 

3. 1.1 The Paraboloidal Mirror 

The model used is based on the formula 

E = E 
max 

2 
E =（粵） h2 si計。max

and 

where (see Figure 3-1); 

。max 
f 

「

-Cr 2 
e 

C =（百（主）2

R E 
sun 

(1 + cos e 2 
max 

) 

is the concentrator rim angle 

is the concentrator focal length 

is the radius of the circle whose center is the focal P oint 

and is completely in the focal plane 
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R is the reflectivity of the reflecting surface (dimensionless) 

h is a dimensionelss parameter characterizing the accurach of 

the reflecting surface and is related to the reflected 

beam deviation angle 

E is the dj irect normal solar radiation falling on the reflector 
sun 

2 
plane, in kWh.../m--hr. 

t 

Figure 3-2 shows the distribution of E over the focal plane 

which has its maximum value E at r=o (focal point). If E is 
max 

constant, then the distribution curve of E will drop-off more rapidly 

with increasing C, i.e., if the value of C is small, then the 

distribution will be spread over a larger area. 

Integrating E over a circle of radius r inthe focal plane 

results in the amount of energy per unit time falling on the circle: 

「
~ = I E 2 7TT dr =瓦 E
「

」
max 

r 2 」 -Cr2 dr = ~ (1-e-Cr2 re dr = 
C 

(1-e) 

。 。

which can be rewritten in the following form: 

O = O(1-e 
-Cr2 

r max ) 

where <P____ is the total amount of solar energy per unit time falling 
max 

on the focal plane, i.e., when r = 00 . 

If the cavity absorber is placed with its opening circle in the 

focal plane and its axis coincident with the concentrator axis, where 

the opening radius is r~, then the amount of energy per unit time o' 

entering the cavity opening is: 
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。「。
1T E 2 

rnax -Cr 2 
C 

= (1-e o) = 1T (2f) 

The ratio of the energy entering the cavity opening to the energy faJJin 

on the concentrator plane is 

「。
t 

0C 
re 
01 

f e 

2r 
D T 

4 
E 

sun 

-Cr 2 
= R(1-e o) 

3.1. 2 Fresnel Reflectors (see Figure 3-3) 

2 8 
sin max 2 

2 
RE (1-e-Cr 

(1+cos0) 
sun 0 

max 

(3-: 

The model considers the Fresnel reflector to be a number of 

coaxial paraboloidal rings. Each paraboloid has a different focal 

length but they all have the same focal plane. The model is also based 

on the paraboloidal mirror formula, Equation (3-1). This equation is 

· th applied to each ring, for example, the i ~·· ring has rim angle 

i i e_:___ and focal length f.1., and is shaded by the i + 1 st ring which 
max 

。
i+l 

has rim angle e_:_::, then: 
max 

。「。 2 
、
丿ax 

xim aO 

ims 
O0 
2c 
n+ i1 

ls(

_ 

2 
、
丿

i f 2 ( 
n u s 

E R T = 
.1 . 一

一

2 
、
丿

1x +a 

1xim +aO ims 
Oo 
2c 
n+ .11 s( 

i 2 
-C r 

(1-e o) 

or 

1 1 
O =1TRE K 

r sun 
。
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where sin O l 
max = ／正+(D1.) 2 

。

iir 
DO 

D i 
i · 

f ＝垠（l+cos 0 1 

max ), 

.th is the outer diameter of the i -·· ring 

and 

is the amount of energy entering the absorber opening and 

. th 
reflected by the i ~.. ring. Summing up for all rings we 

get the total amount of solar energy entering the absorber 

opening and reflected by all rings, i.e., the whole 

reflector. 

O = 
% 1 

nrL= 

.1 

i 
O = 1TRE 

r sun 
。

The ratio of the energy entering the absorber opening to the energy 

incident on the concentrator is: 

。
T 

% 
2 

1T/4 D E r sun 

= 

1 

nrL= 

.1 

i K~ = TTRE K 
sun 

TTRE K 
sun 
2 

'TT / 4 D E 
r sun 

_2r 
KD R 4 = 

As shmm in Figure 3-4, the absorber makes a shadow of diameter D 
nbs 

on the reflector. This can be considered to be a negative reflector 

with rim angle 8 sh· 

(a) for the paraboloidal mirror: 

ho sr 
。

2 
= TT (2f) 

. 2 sin- 8 
sh 

(1+cos0) 
2 

sh 

sh 2 
RE (1-e 

-C r 
0) 

sun 
and 

Csh =芒）＼五）2 (1+cos O) 
2 

sh 
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Therefore, 

t eo nr 
。

.th-
(b) for the Fresnel reflector the sun皿ation over the i ~·· ring 

stops if 

where n 

D 
abs 

= 
。

Tr 
。

= q> 
% 

> D ., 一 1

1 

I= 
.1 

- 0 
sh 

% 

then: 

。

.1r 
。

is the number of rings with 
i 

D > D abs. 

3.2 Absorber Model 

The mathematical model was developed for a cylindrical cavity

type absorber with a coil forming the wall of the absorber. The 

model consists of two parts: (1) the cavity absorber and (2) 

the heat transfer process through the pipe for one or two phase flow. 

The cavity absorber model (see Figure 3-5) is based on the work 

of Rubanovich (1965). The cavity absorber approximates a black body. We 

will first condiser an expression for the heat flux absorbed by the 

cavity wall. The first simple model assumes that the internal cavity surface 

temperature is uniform and the interior surface is gray and emits and 

reflects diffusely. Consider the cavity interior surface and the cavity 

opening as two surfaces radiating at each other, where A1 is the area 

of the opening and A2 is the surface area of the cavity interior as 

shown in Figure 3-6. The shape factor relationship is: 

F + F = 1 
1 1 1 2 
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The reradiation shape factor of the cavity wall is: 

F 
1 1 

= 1 - F 
12 

where F1,, is the shape factor from the interior to the opening. 
12 

The absorption factor 81...,, which is the fraction of the 
12' 

radiation emitted by surface 1 and absorbed by surface 2 can be expressed 

as: 

B12 = F12 e2 + Fll (l-el) B12 

where e is emissivity of the surface. Therefore, 

B = 
12 

F e 
1 2 2 

1- (1-F) (1-e) 
1 2 1 

In this case, B1,, is the fraction of radiation emitted by the cavity 
12 

interior surface that is lost through the cavity opening. The radiation 

emitted from the cavity wall per unit time is 

lost through the cavity opening is 

4 
F e 

1 2 1 

e A GT. 
4 

1 1 1 

Q 
loss 

= e A (JT B = 
1 1 1 1 2 1 一 (1-F) ( 1-e) 

1 2 1 

where a is the Stephen- Boltzman constant. 

The radiation 

A oT 
4 

1 1 

Similarly, the fraction of the entering solar radiation absorbed 

by the cavity interior wall can be calculated as follows: 
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811 = F11 el + Fl2 (1-el) 811 

B21 = F21 el+ F21 (l-el) Bll 

Therefore, 

B21= 

e 
1 

1- (1-F) (1-e) 
1 2 1 

The radiation absorbed by the cavity wall per unit time is 

Q 
T 

= A O 
abs 2 r 

。
B21 = 

e 
1 

1- (1-F) ( 1-e) 
1 2 1 

and the efficiency of the absorber is 

T 
A O 

2 r 
。

n T 
abs 

= (Q - Q) /(A O 
abs 1oss 2 r ) 

。

Q 
= B 

loss 
21 T 

A O 2 ·r 

The following formulas are used for calculation of the shape 

factor F1'). They pertain to the interchange between an infinitesimal 12· 

element and a finite surface. The interior surface of the cavity is 

divided into small elements, and the interchange between these elements 

and the cavity opening (as a finite surface) is considered. 

is then integrated over the entire cavity interior surface 

consists of the cylindrical wall and the back disk wall. 

The result 

Al, which 

F A = 12.. 1 
1 

JA 
F 

d A -A 
1 2 

dA 
1 
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where F 
dA -A is the shape factor between the infinitesimal element dA 

1 2 1 
and A?. Changing the integration sign to 2. l.nanging t:ne 1nt:egrat1on sign to a summation by taking sma ll 

finite elements instead of infinitesimal elements, y ields 

1 
N 

F 12 = I F AA 1 
A 1 n=l A-A ··1-A .. 2 

1 [ Nl 
N 2 

AA1 ] = 
n I 1 =1 

F AA 十 I F 
A 1 AA 1 -A 2 1 n =1 AA 1 -A 2 

2 

where N1 and N,., are the total number of elements on the cylindrical wall 
1 2 

and the back disk wall, respectively. F.1A A, the shape factor between 
dA -A 1.. 2 

the infinitesimal element on a cylindrical surface and a disk is given 

by 

F 
dA -A 1 "2 

x5 

［三二2 _ 4 y2 

_

l 

1 

where X "'a/c and Y "'b/c as shown in Figure 3- 7. 

dA -A F.-1" ", the shape factor between an infinitesimal element on the disk 
1 2 

and another disk is given by 

FdA1-A2 =拉（;_/丑Z:2二
、
`
`
l

2 2 where X = c/a, Y = b/c and Z = 1 + (l+Y~)X~ as shown in Figure 3-8. 
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It is clear that the ratio A,/A1 changes the shape factor F 
2 1 1 2' 

the heat flux absorbed q~i..~ and the absorber efficiency n abs abs · A1so 

the dimensions of the cavity, i.e., l_Ljd abs'-coil affect F 12· This 

indicates that the performance of the cavity absorber can be optimized 

by finding the best combination of d , d and 1 
opemng coi1 abs · 

The above model was a simplified model which used the assumption 

that the internal cavity surface temperature is uniform. This model 

is accurate enough since the temperatures are not very high -- in 

O. 
the range of 250 "C in the case of boiling in the absorber, and up 

。to 350 "C in the case of pressurized water heating. A more rigourous 

model has been developed by Grilikhes, et. al., (1972 a) in which they 

obtained the interesting results shown in Figure 3-9. 

If the reflectivity p of the interior surface is low, then 

the radiation flux distribution along the length of the cylindrical 

wall has a high peak, which means a hot spot. By increasing p the 

distribution becomes more and more uniform. In the simplified model, the 

radiation flux density is constant along the cylindrical wall of the 

cavity where the coil is located. 

The heat transfer model used for the pipe analysis is based upon 

a simple one-dimensional heat transfer model. The helical pipe is 

divided into small segments (normally, the pipe was made up of more 

than 100 segments). The heat balance equation was written for each 

segment as shown in Figure 3-10 and it was assumed that the heat flux 

q 
abs 

was uniform around the pipe. Although this assumption does not 

appear to be satisfactory, according to the experimental results by 

I. A. Gri likhes, et. al., (1969 and 1972 b), this assumption can be used 

if we consider that the assumed uniform heat flux density q abs 
equals, 
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q 
abs 

= Cq 
w 

where ~ is the calculated heat flux density incident on the inside 

wall of the cylinder and C=2/3. The amount of heat absorbed by the 

pipe in a time period tit is given by 

Q = qabs AP t>.t = m (h2-h1) t>.t = mCp (T2-T1)M 

or 

h = h + 2 ··1 .rn 

where 

巨

A_ is the area of the outer surface of the segment 
p 

m is the mass flow rate 

C_ is the specific heat at constant pressure; 
p 

1'. 2 T1,T..., are the initial and final temperatures of the fluid in 

the segment 

1'2 
h1,h..., are the initial and final enthalpies of the fluid in the 

segment. 

From the expression for h 
2 

we can determine T 
2 

for a given pressure. 

The amount of heat transferred through the boundary layer is: 

Q = h A (T- T) At = 
p. W. ave 

q 
1I1 1n abs 

A At 
p 

or 

Tw. 
1n 

I\, T + 
`」 ave

q 
abs 

h 
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(if we consider that A 
p 

equals %. 1n 
approximately) 

where 

h is the heat transfer coefficient 

ne iv wa 
TT 

is 

is 

the inside wall temperature and 

the average fluid temperature in each segment 
T +T 

1 2 
= 2 

The amount of heat transferred through the pipe wall is 

Q = 
21T Tw 

out 
- Tw. 

1n 
£At 

= q 
abs 

A At 
p 

£n (d /d) / k 
out in p 

or 

T = T 
Jl,n (d out /din ) d out 

w 
out 

w. + q abs 
1n k 

p 

where 

k is the thermal conductivity of the pipe wall 
p 

T is the outer surface all temperature and 
w 

out 
1 is the length of the pipe segment. 

The relationship for the flow-stream pressure drop in the absence 

of an abrupt enterance and exit an<l for an incompressible flow is 

p =与p V2 
L
_d (4f) 

where 

f is the pressure drop coefficient. 

The formulas for evaluating the pressure drop coefficient "f" arc as 

follows: 
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Straight pipe 

(a) Laminar Flow 

f = 16/R e 

(b) Turbulent Flow 

-0.25 f = 0.079 Re~--~ for 5,000 <Re< 30,000 

-0.2 
f = 0. 046 Re ~ · - for 30,000 < Re < 1,000,000 

Coils 

(a) Laminar Flow 

凡 21. 5 K 
::: 

f5 (1. 56+log10 K) 
5.73 

10 

for 13.5 < K < 2000 

(b) Turbulent Flow 

r 与
f_ = l/4(i,--)" {0.029 + 0.034 [Re （一）

r 2 -0. 2 5 
R 

] } 
c R 

where the subscripts c and s refer to coil and straight pipe, 

respectively. The heat transfer coefficient ht, for liquid flow and 

the heat flux at the wall of the pipe can be calculated from 

qw = ht (Tw-Tb) 

where 

T__ is the temperature at the wall, and 
w 
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T b 
is the bulk or mixed mean temperiature. 

The heat transfer coefficient is: 

k h = Nu (-) 
1 d 

where 

Nu is the Nusselt Number, 

k is the thermal conductivity of the fluid and 

d is the tube inner diameter. 

In order to calculate the heat transfer coefficient correlations the Nu 

for inner flow in circular tubes are required. For Reynolds numbers 

below 2,200, the flow is considered laminar. For Reynolds numbers 

betwee'n2,200 and 10,000, the flow is considered transient, and it is 

difficult to predict the Nusselt number in this region because of 

insufficient information in literature except for some very specific 

situations. 

For the simulation purposes, a Reynolds number of 5,000 was 

selected as the separation between the laminar and turbulent regimes 

and a transient flow region was not considered. This approximation 

appeared acceptable for preliminary design studies. The correlations 

for straight pipes and for coils are usually presented in terms of 

the Reynolds Number: 

Re= 
Vdp 

µ 
2 d 

.
r
n一
四
4

= 
d-µ 
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where 

m is the fluid mass flow rate 

µ is the fluid dynamic viscosity 

p is the fluid density 

V is the mean flow velocity. 

3.3 Inner Flow in Straig_l!_t Pi卫es

The flow either laminar or turbulent, is considered to be fully 

developed in both the velocity and temperature profiles since the 

thermal entry length is very small compared to the length of the 

pipe. Expressions for the Nusselt number are as follows: 

(a) Laminar Flow (Re< 5,000) 

For a constant heat rate, the Nu is constant 

Nu= 4.364 

(b) Turbulent Flow (Re> 5,000) 

For a constant heat rate, Nu= 0.022 Re~· ~ Pr 
0.8 _ 0.6 

for 0. 7 <Pr< 120, Re < 120,000, and L/d > 60 

where 

Pr is the Prandtl number 立
k

L is the length of the pipe. 

The flow in the coil is also considered to have fully developed 

velocity 1and temperature profiles. The difference between straight 

pipes and coils is that the transition Reynolds number is not consi idered 

5,000, but rather 
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Re 
r O. 32 4 

crit 
= 2( 

R 
) ( 1O) 

where 

r is the inner radius of the pipe, and 

R is the radius of curvatureof the coil. 

For R/r > 860, the Re __ ~+ for a curved pipe is equal to that of 
crit 

a straight pipe 

(a) Laminar Flow 

The Nu for curved pipes is related to that of straight pipes through 

the following two approximations from Sparrow, (1973). 

First Approximation: 

where 

and 

2-ll 
= C.I' 

(et) IO 0.1979 『

(1 + 二）
P「

E, = ¼ (2+匡二）
P「

for p > 1 
r -

for P < 1 r -

where 

K is the Dean number= Re 戶
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Second Approximation: 

（二）II 位）1
for P > 1 

r -

37.05 
E 

1 
1 17 1 13 了
國－百6C+ （冇尸詞）百 ］ K-

「

（二） II= （二）I
1 

7 
37. 05C + 1 1 4 1 

1 - ~［百立声－（戸－兗十訂

••• 1 今
20P 

] K 

「

(b) Turbulent Flow 

for P < 1 r -

The following correlations are given (6) 

Nu = 0. 021 P - · · Re O. 4 O. 85 r O. 1 

「
() 
R 

For both flows, laminar and turbulent, the Nussel t number is the average 

of the peripheral values. 

3.4 Two-Phase Heat Transfer Coefficient, h 
TP 

The two-phase flow considered here is a flow of a liquid an<l 

its vapor. We are considering forced convection heat transfer processes' 

inside the tubes. Unfortunately, boiling heat transfer is not well 

known, especially for the case under consideration. There is very 

little information about forced convection boiling heat transfer as 

compared to pool boiling heat transfer, for example. And, there is 
even 
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less information about inner flow boiling for flows inside coils with 

small curvatures. The correlations available are for coils of large 

curvature with high temperature flows such as used in atomic reactors. 

One study was found that used smaller coils for steam-powered cars, 

but still the diameter of the coil was larger than those considered 

for solar cavity absorbers. There is certainly need for additional 

data for forced convection boiling in small coils. 

Isbin, et.al., (1961), developed the following correlation for the 

ratio of the two-phase heat transfer coefficient to that of liquid 

only flow 

= 孚
｀

hh 
0.8 

a [ 
(1-x) 
(1-a) ] 

where 

x is the weight fraction of steam in the steam-water flow mixture 

a is the void fraction 

a equals 1.5 to fit their experimental results. 

By using the thermodynamic relations for boiling, which give the 

properties of the boiling substance in terms of the saturated (liquid 

and vapor) properties 

V = (1-X) V.c + X V 
f g 

p = (1-a) p-" + a_ p 
f g 

where v and p are the specific volwne and density of the boiling 

substance, respectively, and subscripts f and g refer to saturated 

liquid and saturated vapor, respectively. 
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Noting that p = 1/v, the following expression results: 

ct-x 

芸
11 p v f. g - 1 

= 1 - p V 
g f 

v /v g f - 1 
= 1 - V /v 

f g 

which after some algebraic manipulation becomes 

1-x 
1-a = 1 + X 

vjv 
( 

g'. f - 1 
1-v·.r:/V f'. g 

- 1) 

Subs ti tu ting this value into the heat transfer coefficient ratio yields 

TP-g 
hh 

= a [1 + X 
(vg/vf -1 

1 - vf/vg 

0.8 
1)] 

which is a function only of x since v 
f 

given boiling pressure. 

and v g 
are constants at the 

The authors . (Isbin, et.al., (1961) claim that the h eat transfer 

coefficient "h __ " 
TP 

increases with the steam quality x, to high values of x. 

model used here utilized the above correlation up to values of x = 1 .0. 

Above that single phase flow correlations were used with the pure steam 

properties. 

3.5 Heat Exchan_ger Model 

Heat exchangers were modeled for systems using pressurized 

hot water. The modeling of the steam generation in the heat exchangers 

was divided into the following two processes, where a heat exchanger 

was designed for each: (1) heating the water from the condenser 

temperature up to the boiling temperature; (2) evaporation at 

constant temperature. Figure 3-11 shows the changes in temperature 
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that occurs in each heat exchanger. Considering that the specific 

heats of the fluids do not vary with temperature, the amount of heat 

exchanged between the hot and cold fluids is: 

q =(mc) 
p c (Tc 

out Tcin 
) =(mc) 

p'h 
(T 

h 
- T) 

out -hin 

where 

m is the mass flow rate of the fluid 

C_ is the specific heat of the fluid, 
p 

c and h are subscripts which refer to the cold and hot fluids respect ivel 

The e(:tuation for the performance of the heat exchangers is 

疝（＼＼曰［互out - Tcout) （＼＼）]『

where 

A is the total heat transfer area 

U is the over-all conductance which is considered constant. 

For the evaporation process, the performance equation becomes 

in (~) " [Thout - Thij 

uA_q 

F ree oFhr tte ch aerw fro 

ef, 

nhZ 0WS ie t,vd csrn esua rac rp omP ceo 

1r 

Apfs 

ie td1 

·1nb wuua omoi 1fr faa 

ev 

snb sio anw pwat 
I 

0C 

e1f 1fo gF nrn ieo st.ri 

neot 

runtc ooocn fcau 

off 

eet rhna at1o 

ais 

sruta neqc odees iirn tsrrg anooi uocs qcne eaed .

ohh 

ettTt vn odse besr asee 

1f 

f 

u 

e hssi Tiid 
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T T 
p = C. - C. out 1n and Z = 

T. T 
h. - h 1n out 

T. T h. - -c. 
1n 1n 

T T 
c - c. 
out 1n 

The performance equation becomes 

in(~)= ~Thaut - Tcout)- (Thin - Tcin~ 
UAF 

q 

For the evaporation process, F = 1. In solar energy applications, the 

heat exchangers do not work under the design point conditions because 

the hot water temperatures depend. on tne insolation. This means that 

in order to evaluate the off-design performance and generate steam 

which matches the turbine performance, an iterative procedure is required. 

A different approach to heat exchanger modeling uses an exchanger 

effectiveness 

c = 

or 

c = 

T 圍） ( h 
T 

p h in-hout) 
C. IT 
min rh 

T 
in - Tcin) 

(mc) 
T T 

p c (cout-c1-n) 

Cmin (Thin - T cin) 

where C. is the smaller of the 
min 

(mC_)L and 
p h 

(rilC_) _ values. The 
p c 

rate of heat transfer between the hot and cold fluids is 

C 
T T 

q = £ Cmin (Thin - Tcin) 
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3.6 Ileat Stor哆e - Steam Accumulator Model 

The modeling of the steam accumulators is based on the first 

law of thermodynamics. Considering the storage tanks as a control 

volume, with charging steam flowing in, discharging steam flowing 

out, and Q the rate of heat loss through the wall of the tank, then 

where 

E 

h 

m 

dQ 

is 

is 

is 

is 

dE = (mhL_ dt - (mhL.. ~ dt + dQ - dW in ', out 

the internal energy of the water in the tank 

the specific enthalpy of the steam 

the steam mass flow rate 

the amount of heat exchanged between the tank and the 

environment in time dt 

dW is the amount of work exchanged between the tank and the 

environment in time dt. 

Now, dW = 0 and dQ - Qdt, then 

AE ｛值h) ．－俑h) + Q } At in'--, out 

The dynamics of the charging or discharging processes are considered 

as if the change of the property of water in the tank is along the 

saturated liquid line. This is a very good approximation since the 

steam in the tank is negligible compared to the mass of liquid. This 

means that all of the charging steam will condense after it enters 

the tank and the temperature and the pressure of the tank will rise. 

In discharging, the steam discharged will be saturated steam :1t the 
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temperature and the pressure of the tank. In actual use of steam 

accumulators there is a limit on the rate of discharge as discussed by 

Goldstern (1970). 

(m 
out 

) 
max 

= (2.35 + 0.014 p) D 
-0. 715 

w 
3 

ton/hour-m 

where 

w 

PD 
is 

is 

the tank pressure in bars and 

the density of the storage water in (0B), a measure of 

water purity. 

3 
Notice that the maximum rate of steam discharge is perm~ of the 

steam space, which is the volume occupied by steam. This puts limits 

on the minimum steam space for a given maximum pressure and for a 

specif:i ic water density D w· 

3.7 Steam Turbine Model 

The steam turbine modeled here is based on a Westinghouse 

constant volume turbine design. The performance curves of the turbine 

were constructed using a Westinghouse turbine design computer program 

(TURDES). The information used consisted of the output in Megawatts 

as a function of the steam temperature, and the steam mass flow rate 

required as a function of the steam temperature. Then, knowing the 

steam temperature, the required steam mass flow rate and the turbine 

output in Megawatts can be calculated. 

3.8 S~tion and Control Model 

In the present study two distributed systems were simulated. The 

first system utilized steam generation in the absorber. The second 
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system was a pressurized hot water system, where no boiling takes place 

in the absorber and heat exchangers are used to generate steam, one for 

direct supply to the turbine and the other for storage. 

In the distributed system, the concentrator-absorber pairs are 

arranged in rows, each row is connected with a pair of transport 

pipes, one to deliver the feed water and the other to collect the hot 

water or steam. Three concepts were considered in the design of 

distributed systems: (1) considering that all the absorbers in the 

field work under the same conditions, i-e., all have the same mass flow 

rate, inlet temperature and consequently outlet temperature. In this 

case, the mass flow rate is very small. The controls for this system 

are the simplest and the simulation computations are the shortest. 

(2) considering that the absorbers are divided into two gropus, one 

for heating the water to the boiling temperature, and a second group for 

boiling the water. For this case, the controls and computations are 

more complex, expecially for the off-design cases. Since solar systems 

do not work at the design point most of the time because the solar 

insolation varies continuously, the complexity of the computation is 

always there. The primary reason for this complexity in the off-

design case is that the number of absorbers in the field has to be 

divided so that the amount of water brought to the boiling temperature 

in the first group can become saturated steam in the second. Otherwise 

some of the reflector-absorbers will be idle. Practically, this division 

might not be feasible. Notice that concepts (1) and (2) are the 5血e

for pressurized hot water systems. (3) the water is heated up succes 
si\l l 

in each group to the boiling temperature, then boiling takes place, also 

successively until saturation. The mass flow rate in this case is 

much larger than it is in the first two concepts, but the controls 11nd 
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computations for this case are also much more complex. It is impractical 

to run the simulation model over a whole year to evaluate a full year's 

performance for this concept because of the large number of calculations 

involved in treating hundreds of individual collectors and their 

interconnecting pipes. To save computation time, the collectors in each 

row were modeled as a single large collector having the total losses 

and the net gain of all the collectors and piping in the row. The 

concentrators were considered to be sun tracking, i.e., solar radiation 

was always perpendicular to the concentrator plane. The absorber 

shadow was always in the center of the concentrator. The turbine was 

constant volume type, in which the power output as well as the steam mass 

flow rate required decrease with a decrease in the steam temperature. 

Steam accumulators were used as thennal storage units. 

3.8.1 System 1: Steam Generation in the Absorber (see Figure 3-12) 

(1) If the solar insolation is more than the design level, the 

mass flow rate m.. to the absorber will be more than the design 
w 

d 
value m.. to produce saturated steam. The extra steam generated will 

w 
d 

be proportional to the difference between the insolation and the 

insolation design level. 

(2) If the solar insolation is less than the design level, then 

卣 will be reduced to match the turbine performance requirement 
w 

because the temperature will be lower than the design temperature. 

3.8.2 System 2: Pressurized Hot Water Figure (see Figure 3-13) 

In this system pressurized hot water is fed to the absorber where 

it is heated to the boiling temperature at constant pressure. Similarly, 
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the following conditions are considered: 

(1) If the solar insolation is greater than the design level, 

m,., increases such that the absorber outlet temperature is equal to w 

the design temperature. An amount of water equal to the design value 

will go to the main heat exchanger to generate the designed amount of 

steam for the turbine. The extra hot water will go to the second 

heat exchanger to generate steam for storage. 

(2) If the solar insolation is less than the design level, m 
w 

will be equal to m., and the outlet temperature will decrease. All 
w 

d 
of the water will go to the main heat exchanger and the steam generated 

has a lower temperature than the design temperature. 

The control strategy consists of the following three controls: 

(1) Start, Stop and System Control: 

(a) 

(b) 

If T < T 
ace t 

min 
and Insolation < 0.1 the system will stop 

if not, then the following controls will be used. 

If the temperature of the water in the system is less than 

the required absorber feed temperature, then absorber 

heating will be used to heat up the system. 

(c) After _condition (b) is satisfied, but the insolation is still 

not enough to generate ste皿 in the ::ibsorber, no w::itcr wil 1 

be fed to the absorber. Ins. is determined from the 
min 

performance of the absorber. 

(2) Absorber Control 

After Step 1 is satisfied, the absorber outlet temperature T2 

is calculated considering that the mass flow rate of the feed water 吣

is equal to the design mass rate of flow in m_. (which is based on the 
w 

insolation design level). If the calculated T 
2 

is larger than the 

design T 卣 will increase to keep T,.., at the design value. 
2'w 2 

Howevc「,

J-38 



「

if T_ is less than 
2 

will be greater than 

(3) Storage Control 

,. 
dd ss bb aa 

TT 
卣 will remain equal to 

w 
m.., and T 

w 
d 

2 

(a) After satisfying step 2, if the steam delivered is the 

required amount for the turbine according to the turbine 

performance characteristics it will go directly to the 

turbine. 

(b) If there is steam in excess of the turbine requirement, 

a check on the temperature of the exces s steam.is made 

to determine if the storage tank can be charged. If the 

storage unit can be charged, it is, otherwise the excess 

steam is vented. 

(c) If the T > T and Insolation < Insolation. 
ace t. min 

min 
the accwnulator will be discharged. 

The program control algorithm described above is shown in flow 

diagram form, Figure 3..:.14 with the symbols defined as follows: 

cn ci am 
TT 

Tw 

d 

tsa ubS 0aE 
TTT 

Ins 

Ins 
d 

Ins 
min 

is the steam acct.nnulator (storage) temperature 

is the minimum operating temperature 

is the temperature of the water in the entire system 

is the absorber outlet temperature 

is the design value of T 
out 

is the temperature of the excess steam for charging 

the accumulators 

is the solar insolation 

is the design level insolation 

is the minimum level insolation for the absorber to 

generate steam 
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Figure 3-14. Simulation Program Structure and 
Control Algorithm. 
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% is the mass flow rate of feed water to the absorber 

吣d 
is the design mass flow rate of feedwater 

Am is a function of the difference (ins-Insd __,) which 

is determined from the absorber performance 
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4.0 SIMULATION RESULTS 

The simulation model was used to simulate a distributed system in 

three geographic locations. The distributed system that was selected 

was a 12 megawatt plant using Fresnel reflectors and cavity absorbers. 

Thermal storage was also used in the system. The power plant was designe 

。for 250 -c operation and used a constant volumetric flow rate turbine. 

The field configuration consisted of 33 reflectors in each row. Each 

quadrant was made up of 13 rows. The reflectors are 6.9 meters in 

diameter with a 25 degree rim angle. The nominal flow rate was 16.5 

kilograms/second of steam and was based upon an insolation value of one 

kilowatt per square meter. The flow in each line was controlled s o that 

with design insolation conditions, the water entering the outer end of 

。each line, at the condensing temperature (40 -c), would be 100 percent 

。saturated steam at 250 -c when it reached the other end of the row of 

33 collectors. This permitted the main steam return lines to deliver 

high quality steam to the accumulator and turbine. 

System operation for the simulation runs was based upon de livering 

steam either from the collectors or from storage but not a mixture of the 

two. This meant that the turbo-generator operated when the sun provided 

enough heat to the collectors to produce a flow of steam sufficient to 

drive the turbine, which was approximately 15 to 20 percent of rated 

thermal input. As mid-day approached, the collectors produced more ste抑

than the required capacity of the turbine, and some of the steam was di-

verted to storage. During four to eight hours, the turbo-gnerator opera 
t ed 

at peak capacity and the storage was charged. 

At low sun angles, less than 30 degrees from horizontal, there 

was some shading of the collectors by neighboring collectors and the 
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output of steam was quickly reduced. When the steam flow rate reduced 

below the minimum required for operating the turbine, the fluid flow to 

the collector was stopped and the heat stored in the steam accumulator 

was used to operate the turbine until all the useful stored heat was re

leased. 

The diurnal cycle is illustrated by Figures 4-1 through 4-3, 

which show the time-history of typical clear-day insolation along with the 

thermal power delivered to the turbine and the cycle efficiency for a 

swruner day, a winter day, and a spring day. 

Because the system design was based on steam returned from the 

collectors, the thermal storage was provided by a steam accumulator, 

composed of as many modules as required to provide the design storage 

capacity. The 12-MW~ generating station was simulated with nominal 
e 

storage (about one hour on a clear spring or fall day), and then with 

about four times as much storage as shown in Figure 4-4. 

As the storage discharged the steam temperature and pressure 

in the accumulator were reduced, and as a result, the turbine-generator 

output fell off by approximately and exponential decay. The time constant 

of the decay, on the discharge time, was governed by the total thermal 

energy stored and the rate of use by the turbine. The storage vessels 

were oper~ted in parallel during discharge. 

Many days of the year will not be as clear as these particular 

examples. Cloudiness can turn the direct insolation on and off abruptly. 

During such days the heat supplied to the turbines must come alternately 

from the collectors and from storage. Whether the storage can supply 

enough heat when a cloud passes to keep the system running depends on the 

stored solar energy available at the time of cloud cover, the duration 
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of the cloud cover and the capacity of the storage and the turbine . The 

simulation program was considered to be the more reliable way t o evaluate 

the performance of the system under these varying conditions. 

System simulations made for this project assumed a constant value 

of insolation over the entire field. In reality, a passing cloud wi ll 

take a sufficient period of time to cover the field so that its effect 

on the system should be determined for different patterns of shading in 

the field and different durations. Some clouds would not cover the entire 

field. However, such detailed evaluations of distributed collector f ields 

depend on more detailed microclimate data than are now available. 

The three locations selected were Albuquerque, New Mexico; El Paso, 

Texas; and Inyokern, California. Actual insolation and other climato logic 

data from weather tapes were used in the simulation. The diffuse componen 

was assumed to be 20 percent of the horizontal plate measurement. The 

Fresnel reflectors were two axis tracking receivers. The data used for 

Albuquerque were from 1959 because this data have been studied extensively. 

In addition, 1962 data were also used for all three sites. 

The results of the dynamic simulation analysis are summarized 

in Table 4-1. As can be seen, the yearly total plant output varies between 

26.76 and 30 . 14 million kilowatt-hours production depending on the spec

ific site. Based upon the annualized costs obtained for a 12 megawatt 

plant of $820,000.00 per year, the cost of the electricity varies between 

2.7 to 3.1 cents per kilowatt-hour produced. 

These costs are slightly higher than the results of the sequen tial 

optimization analysis. The primary differences are a higher percentage 

of diffuse radiation used in the dynamic simulation and the fact that thiS 

analysis is dynamic rather than a static analysis as is the sequent i a l 
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optimization procedure. 

Figures 4-5 through 4-10 present more detailed information about 

each of the simulated plants. Figures 4-5 through 4-7 show the monthly 

total kilowatt-hour production for each of the three sites. In addition , 

Figures 4-8 through 4-10 present histograms of the daily electrical 

production for each of the sites. 
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5.0 CONCLUSIONS 

Systems analysis involves repetitious searches for practical 

engineering compromises. The final result of a design is usually based 

not so much on achieving a sharp-peaked optimum with respect to any one 

particular subsystem as it is on reaching a plateau of compromise on 

which all of the system elements behave acceptably within prescribed 

constraints. In attempting to reach these engineering compromises, the 

analyst must continually trade off different combinations of parameters 

that influence the system response. By far the greatest part of the 

analyst's time is devoted to performing the many routine and tedious 

operations involved in such repetitious trade off calculations and then 

presenting the results in a compact and meaningful form. The use of a 

computer aided design program can be an immense aid in reducing the 

tedium associated with this most important aspect of systems analysis. 

The present program has been used to analyze the performance of 

different system concepts as well as the distributed configuration that 

emerged from the sequential optimization procedure. The results compare 

favorably with the sequential optimization results and indicate that 

a dynamic simulation model can be used effectively in the design of 

solar thermal electric power plants. 

Two recommendations for further work did emerge during this 

investigation. First, control schemes for operating solar power plants to 

provide reliable generation of electric energy need to be developed and 

included in the design analysis. The strategy of controls in the field, 

for unequal heating of the collectors, and for efficient and effective 

heat storage discharge are deserving of detailed investigation. Second, 
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in order to perform detailed control an<l performance simulations or solai· 

thermal electric power plants with thermal storage, solar radiation data 

that approximates instantaneous values is required. The integrated 

data (which is normally available) is insufficient for a study of t hi s 

type because of the lack of the short term details which are the neces sary 

inputs for the control decisions in the storage discharging mode. 
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APPENDIX K 

OPTIMIZATION RESULTS 

BY 

W, S, DUFF 



1. 0 INTRODUCTION 

This appendix consists of detailed examples of outputs from the 

sequential optimization computer runs. These runs contain much 

information of which only a small fraction has been condensed in the 

tables and figures in this report. The purpose of this appendix is to 

describe the details of these outputs and to indicate how the information 

can be retrieved. 

With the exception of the series boiling feeder 1 ines, each 

data line on a computer output is for a minimum-cost system. The 

screening of hundreds or thousands of designs delivering the same 

performance has been done by the computer and is not shown. 

There is an in-house report, which is A.n expanded version of this 

appendix, containing a much larger set of computer outputs from the 

optimization runs. For details of optimized designs and costs of all 

concentrating collectors and other subsystems that were investigated, 

readers should refer to the in-house report "Solar Thermal Electric 

Power Systems Final Report, Supplementary Volume, Optimization Computer 

Output, November 1974. The report may be obtained by writing to 

Solar Energy Applications Laboratory, Colorado State University, Fort 

Collins, Colorado,. 80521. 
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2. O CONCENTRATOR OPTIMIZATION RUNS 

Examples of concentrator optimization runs are given in this 

section. ln order of their appearance they are: 

ClGl - Paraboloid with spherical target individually mounted 

ClG3 - Paraboloid with pancake target individually mounted 

CSG2 - Fresnel circular reflector with spherical target 

CSG4 - Fresnel circular reflector with pancake target 

C7G2 - Fresnel lens with spherical target 

C7G4 . - Fresnel lens with pancake target 

Cl2Gl5 - Fresnel strip reflector with flat t a rget 

Cl2Gl5 - Fresnel strip reflector with flat target a1d p~"~ degraded ave 

D1G3M 

CllGll 

C9G2A 

to.85 

- Paraboloid with pancake target individually mounted with 

p 
ave degraded by- 8% 

- Parabolic trough with cylindrical target 

- Tower-heliostat system with spherical target, 5000 - 9600 m 

effective aperture 

2 

C9G2D - Tower-heliostat system with spherical target, 150,000 - 288,3 

2 m~ effective aperture 

EAP 

G 

N 

WP 

scos 

NW 

TH 

The column headings on the printouts are: 

2 2 - Effective aperture, E (m~ or m~/m) 

2 2 - g (m~ or mM/m) 

- Number of concentrators on a module 

- Dimension of square heliostat (rn) 

- Not used 

Number of heliostats in a field 

- Rim angle, e(_degrees) 
max 
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RHO 

AP 

SIGMA 

TWR 

- Average reflectivity or transmissivity, p 
ave 

2 2 - Aperture, A~ (m- or m-/m) p 

() - Contour and pointing accuracy, 。°
¢, A, 6 

- Tower height (m) 

COST, TWR 

COST, HELI 

COST, HT 

- Tower cost ($) 

- Ilcliostat cost ($) 

- Heat transport cost ($) 

As shown in Appendix E, the parameter g is the parameter of a 

normal distribution for line-focus concentrators and of an exponential 

distribution for point-focus concentrators. Both these distributions can 

be normalized so that the fraction of radiation intercepted for a given 

target dimension a and a given g can be read from a single curve. 

These curves are given in Pigure 2-1. Performance analyses of concentrators 

can be carried out directly from this figure and the detailed outputs in 

this section. The procedure is as follows: 

1. Select a concentrator type and values of E and g. 

2. Determine f~ from the computer outputs. 
C 

3. Use appropriate curve in Figure 2-1 to determine <I, the 

fraction of radiation intercepted by a target of the appro

priate type and required size, a. 

4. Compute the cost per unit of power intercepted by fjinttE ~ 
c D 

5. Compute the average intensity of the concentrated radiation 

intercepted by I 吐E <!>/a. 
D 

ror example, consider a paraboloid \vith a pancake target having 

2 
average reflectivity of.78, an effective aperture of 8.15 m~ and a g of 

2 .00348 m~. Looking at the D1G3M computer output, the optimum design is 

。= 60-, A 2 o 
found to be e = 60-. A = 10.4 m- anJ a 

max p ¢, A, 6 
=.311". This <lesign 

has a cost of $785 which is a minimum cost for the specified performance 
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an<l target shape. Suppose a target that intercepted 90% of the radiation 

is required. From Figure 2-1, using the dotted line, this corresponds to an 

a/g ratio of 2.3. Since g =.00348, the area of one side of the pancake 

2 
target, a= 2.3 (.00348) =.00800 m-. At an insolation level of 1 kW 

t 
2 perm~ the cost per unit of power intercepted is $785/(1 x 8.15 x.9) = 

$107 per kW+-. The average intensity of the radiation intercepted is 
t 

1 x 8.15 x.9/.00800 = 917 kW. perm 
2 

t 

The results of all the concentrat.or runs were stored on disk for 

use in the next step in the sequential optimization. 
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3. 0 COLLECTOR OPTIMIZATION 

In this section examples of the absorber-heat exchanger optimization 

runs are presented. As explained in Appendix B, E and g are now design 

variables and their as sod ated minimum costs arc.included as costs in 

the absorber-heat exchanger optimi:?:ation. Thus the computed outputs 

in this section show optimum collector designs providing thermal power 

at specific ri1, T ~ ~ and T conditions at minimum cost. The trace-back 1n · ··· out 

information on the minimum cost concentrator designs associated with the 

E and g selected as part of an optimum collector design has been accessed 

from the disk file and is shown on the computer outputs. This was simply 

a matter of convenience, since the minimum cost concentrator designs 

could be looked up in the outputs generated from the concentrator optirnizati01 

The Fresnel strip reflector and the Fresnel circular reflector 

were the minimum cost, line- and point-focus concentrators, respectively, 

regardless of the values of E and g or the target shape. Thus the 

runs to determjne minimum-cost movable collectors used these concentrator 

type disk files. Therefore, most of the movable collector runs in this 

section show Cl2Gl2, Cl2Gl5, CSG2 or CSC4 disk file inputs. I 這wevcr, for 

purposes of sensitivity analysis, other concentrator type disk file 

inputs were used. 

The terminal queries and user responses (underlined) for these 

computer runs arc shown below: 

NIX5 

Af-lXBL 

- Pressurized water runs 

- Boiling runs 

CXGX rILE NAME - Name of the disk file where the desired concentrator 

optimization run information input is located. Typical 

response is CSG4 meaning rresnel circular reflectors wi th 

pancake targets. 
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,..... 

TYPE 

COS'l` MOl)E l, 

DELTA T 

- Q for pancake,_!_ for spherical,?: for cylindrical and 

l for flat rectangular zibsorbcr-hcat exchangers. 

一！ except ~~ for the towc,· he l i o叩 t system,~- for Meinel 

type absorber-heat exchangers,~ for evacuated covered 

cylinders,! for non-evacuated covered cylinders and 

3 for bare cylinders. 

- The extent to which a collector must be designed to 

produce a higher output temperature above a base temper

ature in pressurjzed wc1ter systems. Typical response 

is 10. 

CAVITY - _Q pancake absorber-heat exchanger and.!_ cavity absorber 

heat exchanger. Available only when a TYPE Q response 

is rna<le. 

L 

丶

T1I UNORAO 0IDALWRTCB TTMDLLAPCEF1 

The column headings on the printouts are: 

- The collector outlet temperature, T 
out 

汽）

- The collector inlet temperature, T0 __ (°C) 
1ll 

- The collector n_iass flow rate 卣 (kg/sec)

- lleat exchanger tube internal diameter, d (m) 

- Heat exchanger tube length,.Q, (111) 

- Absorber length, L (111) 

2 2 - Absorber area for losses, A, (m~ or m"'/m) 
L 

- Power output of collector (W) 

- Concentration ratio based on a//\ 
p 

- Col lcctor cffi ciency, PIVR/ (Inl\.J 
D p 

- Concentrator minimum cost 

。- Boiling temperature CC) 
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QF 

TW 

C. TYPE 

CONC. Fl LE 

$/kW 

kW 

- Fraction of latent heat added per collector 

- lleat exchanger tube wall temperature, T 。w (C) 

- Concentrator disk file name 

- S..imc as C. TYPI : 

- ~1inimum cost of thermal po1ver from the collector ($/kl\J 

- Power output of collector (kW..) 
t 

As an example of how to use these computer outputs, suppose the 

optimum design an<l minimum cost of a collector lwving a spherical absorber

heat exchanger and pro<lucing pressurized water with an inlet temperature 

° ° of 200 ~C, an out let temperature of 260 ~C and a mass f101v rate of. OS 

kg/sec was nee<leJ. The required computer output is one with the following 

information: 

AIIXS 

CXGX FI LI.: NAfll.: - CSG2 

TYPE, COST MODEL, DELTA T - 1, 1, 10 

The optimum design is found on the line with TOUT of 260, TIN of 200 and 

2 
MOOT of.050 and is d =.027 m, i = 2.01 m, A, =.05622 rn', g =.003514 

L 

, 
2 

1 ·· 7 
E = 16.14 m~, 。O = 35 

max , p =. 95, 
ave 

2 
I\ = 1 7. 0 m- and o.,, = 

p ¢, A, 6 

。. l 74v. It is a circular Fresnel reflector type. It produces 13. 672 kW t 

/ 
2. 

at 1000 w/m'" insolation level at a cost of $1032 or $75.5 per kW... and has t 

a concentration ratio (A_/a) of 1208 to 1 (or, in terms of A_/ A,, 302 to 1) 
p p L' 

and an efficiency (P,..,,jP1n) of 80.5 percent. out'- in 
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4. 0 FIELD OPTIMIZATION RUNS 

Section 2.3.9 of Appendix B contains sample results along with 

a discussion of how to interpret the runs. Two different basic kinds 

of optimization runs were conducted, feeder line and trunk line opti

mization. The difference between the two kinds is shown in Figure 4-1. 

4.1 Series Bai ling_ Feeder Lines 

These computer runs are for a feeder line where a fraction of 

latent heat is added in each collector and the collectors are in series. 

The return line parallels the line with the collectors and is the input 

to the outermost collector in the feeder line. In these runs the minimum 

cost numbers of feeder line subsystems (see Figure 4-1) is indicatc<l by 

an X. The associated optim哪 high and low temperature side insulation 

thicknesses and pipe diameters are the entries on the indicated line. 

As can be seen from the computer runs, it was evident after a 

n四巾er of runs that the largest collectors were going to produce minimum 

cost feeder lines for a given steam mass flow output requirement. 

Because of the discrete nature of the optimization, many combinations 

of QF and m that would result in the largest collectors were not 

examined. Figures 4-2 to 4-4 illustrate the manner in which existing 

collector optimization results were extrapolated to yield the performance 

characteristics, QF and 血 of the largest collector. Examples of 

these computer runs appear at the end of this section. 
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4.2 Boiling Trunk Lines 

Computer runs were made for trunk line optimization where saturated 

steam is being delivered to the trunk line by feeder lines. Example 

printouts are included. Refer to Figure 4-1 for an explanation of the 

terms used, in these runs, The minimum cost and its associated optimum 

pipe diameters and insulation thicknesses for the high or low-temperature 

sides are given for each trunk line subsystem and for a fixed number of 

subsystems in a trunk line. Various numbers of subsystems in a trunk 

line were traced back. 

The headings on these runs are for the purpose of identifying 

unique disk files that are required for the dyn睏1ic programming trace 

backs. All the information contained in the headings, either directly 

or indirectly, are in subsequent query-response lines. One item of infor

mation that is not direction available is the fraction of latent heat 

added per collector in the feeder lines. This can be found from the 

first two or three alpha-numerics in the header line as follows: 

First alpha-numeric 

Q - Target 10 MW plant 
e 

R - Target 30 MW plant e 

S - Target 100 MW plant 
e 

Second entry 

Smallest integer not greater than (fraction of latent heat 

adde<l x 100). 

Thirc.l entry (if required) 

F - Add.0025 to the fraction of latent heat as indicated 

by the second entry 

H - J\dd.0050 to the fraction of latent heat as inJicated 

by the second entry 
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T - Add.0075 to the fraction of latent heat as indicated 

by the second entry 

The first query-response line is: 

KMX - The number of points in the high temperature side grid 

NMX - The maximum number of feeder line intersections on a trunk line. 

That is, 2 KMX is the number of feeder lines to a trunk line. 

There are 4 泅X trunk lines to a plant since a plant has a trunk 

line on each side of the trubine-generator. 

SM - The collector mass flow rate, 卣（kg/sec)

。TO - The boiling temperature CC) 

III - The collector side temperature grid increment (see Appendix B, 

Section 2.3.9 for an explanation) (°C) 

DTL - The return side temperature loss per subsystem (°C) 

The second query-response line is: 

sw 
pNE 

LAFF 
- Collector length (_!_ indicates point focus collectors are used) (m) 

2 2 - Collector aperture (m~ or m~ /m) 

- North to South fi 11 factor 

- East to West fill factor 

CSIDE - One feeder line's minimum cost. . This is from the runs in 

Section 4.1. 
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JO -」． 00 1.,,J1J • O ?'; o • JO. I 7'11 . ,() I 3 
9 一 1.00 t.J50J .勺? 53 • IO. I 6111 .0013 
B 一 1. I)O I., 6 1, • n^r,1 .1() . I !;l1J • on I I, 
7 -1.00 1.1111 • n.̂ ... 6 • I 0. 」 '&31 • 00 I 5 
6 -1.00 1.(l7 ̂ 0 • 0 ^()' • IO. I J 13 . 0016 
S - I. 00 . , 6·I' • C3~ 7 • I O • I I ̀  ` .,0 I 7 
＾一 1. I C • 30I; ̀  • OJ'15 • IO. In,,~ • on I? 
J -1.10 • 7 ? ?O • C 3, 7 • 10. n'1,' .0022 
2 一 I. 10 • 57"7 • n·'I'6 .10.010,;. 。 n :16

＇一 I. 20 • 3, 0'I • 0('I'.j • 10. o,, 7,, .')036 

rnACTI3N 3F L(\T[l/T :1cr,T LOST.0061& 

M{\55 FLOI n{\T£ ntIT OF zcr(\,AT,?S ^3 • ?39, 

-tAC E E.`c·(CTAO E ? I 7 

UE5I 5tl T I\..lD DTL 7 ?.J :, , • l 

COST 97^9 394 

---HIG!I SIDE--·· ----LIii/ 510E----
5TAGE O7 C[(\ . -1 OT [lI A. Tl 

l 7 - • `O l • 736O .。 '15 .10.2J~2.0010 
I 6. .00 l • n n 70. C, 32 • I o. 2274 • OO I O 
I S - • 8O,. 1 32 .7 . °'3'` • 10. 219J . 0010 
14 -.so 1.6755 ．。，，＾｀ .10.21 iO.CCI I 
IJ -.90 l.6J57 • 07,1 .10.:>ors.l'Cll 
12.. QO 1.5633.0~4~ • IO. 1?36 . OCI~ 
II •• OO l • ^`n2 .。,｀' • 10. I q 」`o. 0O I ? 
10 -.QO 1.4100.o~~" • 10. 1711'.l. r.o I J 
9.. 9()1. 3'113 • 0? 7` • 1 0 . I 63n • on 1., 
8 -.90 1.~42,. 。 ^'5 • IO. I 5^ 」 . 001~ 
1 -.9o 1.1s1n • O3 I ` • 1n. I.'』 3 I .0015 
6 -.QQ 1.055'."? • O3,' • l O . I 3 l 3. 。「 16
5 -.?O.9510 • 0 3 ; I .10.11 ,IS .0017 
4 • ·OO • flJ',9 .o,, I J • I o. I 0II, . n o I 9 
J -.90.10~1 • 0II 7 7 .」 /l ．。｀｀｀ • no'? 
2 -.'IQ • ~ 59 7 • °'{ 5 • I o . 07 nh. no'6 
I -1.00 • 376 5 .07 70 • 10. 。 q 7^ .OOJ6 

n1ACTIOtI OF LATDIT,1E(\T LOST.00119 

:•t/\SS FL0vl n/\TE 0UT OF SEP/\!11\Tans'13.3067 
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fflACI:: DACK STAGF: 7 l:J 

FILZ ```E 7,^ .. _ -1 
' 

"ZJ 亡'C,E1M口 T ? I 

mx, NM` SH, T叭 Tll,DTl. 7 201, 13,.16, 1$0 矗 •I,, I 

LAP』 mi`'Ell, CSI DE ? b l t L • s, .` 6,95 I 

LCIGTn DET... :::Cl OnKIJCIIE5 9.30 

TRACE BACK STAGE 7 l J 

0ESlCU T 泅 D OTL, 7 130,.1 DES[ G:-.1 T 民JD DTL 7 132,5,.l 

CIIST 3639711 C0ST 363?367 

---HIGH SICJE---- -··-LO!, 5IDE- --- -·-HICH SI OE- --- ----LO\/~IDE----
STAGE DT DIA. Tl DT O1^· Tl STAGE OT DI,\. TI !)T OtA. Tl 

13 -J.40 .5n, 4. 0t' , • IO. 096() .0011 IJ -1.?.0.u'.' 丶 5 .01 37 ., o. °'69 .0011 
12 一 1.40.0LI4 • o l'.?3 .10,09:?G.0017 I:? -1., 。 . , C33 • O l ·`' .10.09 2G .0017 
11 -1.110. ; o,、, • O 1 35 • IO • 0~ 11 • no I 5 11 -1.30.71?5.1111. .:, • 1 O • °', 1 • CO l'l 
10 一 1.so.16~2.01311 • I 0.on35. 00 I9 10 一 I. 30 .1 1112.OIS/l .10.O!lJS.001" 
,．」． 50.1200.01,,2 .10.071l7.0020 ，一 1. 30. 7C32 • C I r,11 • JO.C7 57 .0020 
8 -I.SO,6723 .0152 • I 0. O736. 00? I B -1.:;o • 657C ., I 7i` .10.0736.0021 
7 -1.so .6229 .0163 .10.06:32 .00~2 7 -I.JO.6' 」^ . I~ 7 .10.063::?.0022 
6 • 1. 50 ,5700 • O I 73 .10.0625.0024 6 一 I• JCJ .SS67. c,~04 • 10. 。 (, 25 .0024

S - I. SO .SIJ2.01?6 • I O • 0 563 • OC26 S 一 1 ` 3O • 5'I I .c : ::` .10.os6J.1Jo26 
4 -1.60.4'.;59 .0203 .10.0496.0')20 4 一 1. 40..1453 • o.? 3O .10.011,6.002? 
3. 」． 60. 3359 .「 241 • I 0. 042O • 0O33 3 一 1.4(). 377;~ . 。 7 7I, • IO. 。 1,20 .CQJJ

2 -1.70.J0'/7 • 0?3 3 • I 0 • O33 I .CCIIO 2 一 1. 5O • 3CCC . c:1~ • 10. O:J3 l .co,,o 

I - I. ，。． 2075 •。 :.171 .10.0217.0059 I •l.70.202 9 .。A I II .10.0211.0059 

F"llACTION.ir I.ATE.I:"CAT 1.0$T.OOG3 FTIACTIC~ 01'LATCIT :{E/,T LIJS7.0075 

心SS FL0` r.,̀ TE OUT 0F SEP^?AT(J~s 3.2470 t!ASS 「L0u nATE OUT 3F 5EP(\nAT3?S 13.2575 

TRACE !!(\C'(ST(\CE ? I3 
T汕CC BACK STAGE 7 l:J 

DESI r.rJ T NJD DTL 7 135, • I 
o::SIG 「I T AND OT!. ~ 140 鼻· I 

COST 361&0072 
C05T 36110769 

--一 111r.11 SIDE---- - - - - L,..5l DE- - - - 一一曰HIG ! I 5IDE-:`- ----LOV SIDE----
STAGE DT DI;\. Tl OT DIii. Tl 

STAGE Di" D I ^· Tl OT DIA. Tl 
IJ - I. I 0 .O I 66 .01 !. I • IO. O'.>S'> .。 '17 13 -.10.n，。 ． 。 23^ • 10. 。'>69. 0017 
12 - I. I 0 · ''073 . ',It", 'I • 1 n . 07 ?6. no I 7 

12 -.70.;404. 。's.1 • IO. O? ~ 6. C1:J I 7 
11 - I, 10 . 7u7~ • 0 l 7::' • 1 Q . Q'; .J 1 • 0O I 1 

II -.70.71 28 • r ·?6 5 • 10. Ofl'3 I .0018 
10 - 1. 10 .i ,61 . 01--:~ • I O • 0? 3 5 . O0 1) 10 -.70.6747 • O27 5 .10 • 。 ?J S.0019

9 - I. I 0 • ^ 1 IIn • n 1'' • IO. 07'l 7 • (JO ::: n 
9 -. 70. 63119 • 0?0I』 , 10,07,17 .0020 

3 一 t. IO • 6:'? I . 「.., .^ ,.' • I C • 073; . c,2 I 8 -.70.5930.OJIJ .10. 0736 0C? : 7 -1. 」, • 5' I' • C ?,' 0 • I ? . C C7 ? . 「 ')~2 7 -. 70. 51,3g • 0 3 J 5 • I o. O65 2 .0022 
6 一 1. 10 • 54 I 4 • 0 ,,̀ ` ... ' .. 4 • I O • C6, 5 . CO2I` 6 -.70. 50 17.03,:,,, .10.0625 .0024 
5 一 I. I 0 ·'I 'i 73 . 。「 C,2 • 10.()5C 3 • OC26 5 - • 30. 46 l I,. n35II .io.0563 .oo~; 
4 一 1.20 . ,,3 ,, J .。 '7 ? • l n . 0II'c. ()O2? 

4 - ·80. 4047 • 03?9 • 10 •。＾96.00?9
3 -t. :io • 3r,11 • r,:i I 7 • 1 O · ']IK?O • nn33 

3 - • 8O .JJJ 11 .。 A 6 5 • 10.0420 • 00:J:J 
2 一 1 • 3O .「 ＇？ 30. O 3 65 • I O . O:J:J I • 00110 

2 -.90.2729 .0 5:?2 • IO, 0331 • 00~0 
I 一 I.,,o.J? l16 • O 3nI` .10 • ')2 17.0059 

I 一 I. IC. I(l41 • 0640 • IO.02 I 7 .0059 

rnACTI3'' 「 LA; 口IT II 「 (\·r LO ~T. OOC..11 
面ACTION OF L[\T □lT IIC/\T L(l!;T.0037 

`f\,, 「＇ 'v nr`T Z 「'＂T n r ?I.rf\r.t,T.' ":; 3 ·'672 !·!ASS FL0W P.(\TE OUT AF SET'(\RATanS 8· 289O 

T吣CE DACIC STAGE 7 I I• 1•J 

DESIGN T 泅D DTL 7 145,.1 

C0ST 364291'1 

---HIG:I SIDE---- ----LOl" SIDE一一一一
STAGE OT DIA. Tl OT DI(\ . TI 

IJ -.JO.6576.0517 • l 0. OO 6O .。「 17
12 -.30.6498丶...0559 • I 0 • C, ,6. nn 1 7 
II -.30 • 6 I 7lI .05r;5 • IO. 0 引II • CO 1 5 
10 -.JO.5336.O~I S .Ill.0,3:; .nQ l9 

9 -.JO.S4f!J • 0 65 I • 10.07:J7.o:;~n 
3 -.,;c,.53 ,2 . 053 1 .10.07 36 . no ：：： 」

7 -.40.4973.0571 • 10. 06「? • C0? ? 
6 -.40.453 <, .O u:? I .1 0 .0625 . 00211 
s -.40.,,o ,,3 .o6~7 • IQ.05(,3. no?6 
11 -.110.35113.07 3 1 • I O • °'I,6 • O0?, 
J -.4o.z9 :;:1. 。' ；」 • I 0. 04?C • 0O33 
2 -.so.2392 • 0?57 • IO. 033 I • OO·'I0 
I -.60.1sso. t:!97 • IO. 。217 • 0059 

mv\CTIOtJ OF L/1TDJT Hr.J'IT L:J5T.QOI? 

I·IAS5 FLou n(\TE 0UT 0F SEP(\n(\T0n5 o.3o<)O 
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4.3 Parallel Pressurized Water Feeder Lines 

Computer runs were made for feeder line optimization where pres

surized water is being heated in a single parallel collector piping 

arrangement. Examples are included t6 illustrate the general feeder

line optimization case whereas the runs in Section 4.1 are a special 

case because of simplifications that were possible. Refer to Figure 

4-1 for an explanation of the terms used in these runs. 1ne minimum 

cost and its associated high and low temperature side optimum 6T's, 

pipe diameters and insulation thicknesses are given for feeder lines 

comprised of different numbers of subsystems. 

The runs are made for different collectors that are designed 

° ° to provide collector 6T's that range from 5~ to 15 ~C above a desired 

high side output temperature at the end of the feeder line. The op

timum collector 6T can be obtained from a set of these runs. Since 

the minimum costs for high pressure water systems were obviously going 

to be significantly higher than steam systems, the analysis of hot 

water systems did not proceed much beyond these computer runs. I low ever, 

these computer runs do constitute a representative optimization analysis 

of presst.ri zed water feeder lines. 

The headings on these runs are also for the purpose of having 

a unique disk file identifier. All of the information 」 n the header 

lines is contained in the query-response lines. The first query response 

line is: 

KMX - The number of points in the high temperature grid 

KMXL - The number of points in the low temperature grid 

NMX - The maximun1 number of subsystems i.n a feeder line 

FTYPE - _!_ series piping arrangement, ~ si.ngle parallel piping arrangement, 

l double parallel piping arrangement and so forth. 
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SM - The collector mass flow rate, 卣（kg/sec.)

。esign temperature CC) TO - The feeder line output desj 

。TRISE - The collector l>.T CC) 

。TII - The high temperature side grid increment (VC) 

TIIL - The low temperature side grid 

The second query response line is: 

increment 。(VC) 

YD - The collector length. The response l is used for point focus 

XD 

FNS 

FEW 

cc 

Collectors (m) 

2 2 
- The collector aperture (m- or m- /m) 

- The North to South fill factor 

- The East to West fi 11 factor 

- The collector cost ($) 
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5. 0 TURBINE GENERATOR-COOLING TOWER OPTIMIZATION RUNS 

The computer outputs of this section.1r·c cx;1111plcs of Jistrili11t.cd 

systems and tower-heliostat systems. The headings on the outputs arc 

self-explanatory. The inputs to these runs came from selected computer 

outputs described in Sections 3.0 and 4.2. These input runs may be 

identified by the steam flow rate and inlet temperatures. 

5.1 Distributed Systems 

The inputs from the field optimization runs of Section 4.2 are 

not all minimum-cost system runs. This is because a turbine-generator

cooling tower optimization run was made immediately after a group of 

field optimization runs had been made. This was done since the mass 

flow out of different shaped fields varied somewhat even though the same 

power plant si ze was being designed. Thus, without the turbine optimiza

tion, it was difficult to distinguish which field had a lower cost of 

power. The mass flow rate variation was caused by sizing the fields in 

multiples of 4 feeder lines to achieve symmetry. 

. , 
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L

EM6 FI ELD TUR-GEN CqO LMG ELECT C, M D E H S E n APPR 
EFF C3ST .C C3 5T5 C,STS C 勺 ．CT TEM, I FJL 9UT r.NG TMP 

`／Xt「 E $/X\! E `1Kt·「 E 5/R' 'H DEG 尸EE5 CE「IT I G~f\DE 
• ~ 11 2 q ~. 1 9 。 2. 4'.J 2 7. 9 1. 0 2 t~ I~ 0 2 f3 313 I O 3 ** 
• r;A 2 勺 2. I 勺 9 2 • Li () 2 7. 9 7. 8 2 !1 -'. () 2 ~ 3 3 1 0 3 
• 311 ？勺 1. 7 2 9 2. ti 11 2 7. 9 7. 0 2 11 4 0 2 r. 3 ~ I O 3 
．巧 11 ? r, 1. 7 I 9 2.'」 n 2 7. q 6. n :: 4 1, o 2 G 3 s 1 o 3 
.'.1 6 2 9 7. 0 0 3 3. 3 1 2,,. 1 5..024 4') 20 33 10 3 
• g 6 ?O 6. 7 6 L勺 3. 3 0 2 11. 1 5. 0 2 It ti O 2 ~ 3 5 l O 3 
.:-36 296. 16 83.27 24. 14. 021-1 40 28 3!1 10 3 
.[56 296.39 83.23 211.14.02-'1 40 28 3'3 10 3 
.,'36 313.61 90.12 29.,,6.()26 40 28 38 10 3 
.sc, 313.311 00.11 29.46.026 40 ~'3 313 !O 3 
• S 6 3 1 ~. rn 9 0. 0 3 2 9. /j 6. 0 2 6 4 0 2'.3 3g 1 O 3 
• (! 6 3 1 0. l 1 P, <). 9 It 2 9. Li 5. 。？ 6 40 ~0 33 l O 3 
• f3 6 3 5 6. 5 9 1 011. /1 5 11 0. 0 1. 0 3 0 11 0 2 3 3 8 l O 3 
• ~ 6 3 5 6. 3 5 1 0 11. 4''11 0. 0 1. 0 3 0 11 0 2 f3 3 i3 l O 3 
.'3 6 3 s 5. 7 5 1 o 4. 4 l 11 o. o 1. o :1 n 4 o ?. r, 3 ~ l o 3 
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* Columes 2, 3, and 5 are input data from collector field optimization. 

。** The 3 C is a sma1 1 er approach than norma1 1y 8ncountered i n practi ce. Thi s 
has r8su 1 ted in part from thecoarse grid (1O) for condenser temperature 
and 5v grid for range used in the initial run of this program. 
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5.2 Tower-Heliostat Sr_stems 

The inputs from the concentrator optimization runs of Section 

3.0 were used for the optimization runs of this section. Example 

outputs from the computer optimization are included. 
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