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PREFACE 

This is. the final rep.ort of the Institute of Gas Technology (IGT) on 

"Application Analysis cif Solar Total Energy Systems to the Residential Sector," 

sponsored by the Department of Energy under Contract No. EG-77-C-04-3787. 

The period! of performance was from 1 February 1977 through 30 April 1978. 

The work is reported in four volumes, as follows: 

• Volume I. Executive Summary 

• Volume II. Energy Requirements 

• I Volume III. Conceptual Design 

• Volume IV . Market Penetration. 

The study was conducted by the following IGT personnel and subcontractors/ 

consultants: 

IGT Personnel 

N.P. Biederman 
R.B. Foster 
T.M. Goff 
J.E. Lamson 
M. Novil 
T.P. Whaley 
J. Wurm 
B.D. Yudow 

Subcontractors/Consultants 

Gamze-Korobkin-Caloger,Inc. (Design) M. Gamze, L. Korobkin, and 
N. Malik 

Southern California Gas Co. (Design Performance): D. Deyoe 

Honeywell (Solar Components) G. Smith 

Sundstrand (Solar Components) W. Adam 

Ormat Turbines, Ltd. (Solar Components) L. Bronicki 

The ERDA-DOE Program Managers were Mr. J. Rannels and Mr. M. Resner. 

The Technical Monitor was Dr. R. W. Harrigan of Sandia Laboratories, Albuquer­

que, New Mexico. 
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HIGHLIGHTS 

e 300° AND 600°F WORKING RANGE SELECTED 
FOR RESIDENTIAL SOLAR TOTAL ENERGY 
SYSTEMS (STES) 

e ORGANIC RANKINE CYCLE (ORC) AND FLAT­
PLATE WATER-COOLED PHOTOVOLTAIC ARRAYS 
SELECTED AS TECHNICALLY APPROPRIATE 
ENERGY CONVERTERS FOR RESIDENTIAL STES. 

• PARABOLIC TROUGH COLLECTOR, ROOF-MOUNTED 
ON FLAT ROOFS, SUITABLE FOR 300° TO 600°F 
RESIDENTIAL STES: N-S HORIZQNTAL BEST 
FOR SUMMER-PEAKING REGIONS AND POLAR 
MOUNT FOR OTHER REGIONS. 

e HOURLY SIMULATION MODEL EVALUATED STE 
DESIGN BY BUILDING TYPE, REGION, COLLEC­
TOR AREA, AND CONSERVATION MEASURE. 

• 600°F THERMAL TRACKING DESIGN, USING 
PURCHASED ELECTRICAL POWER BACKUP, MORE 
ATTRACTIVE ORC-BASED RESIDENTIAL STES THAN 
300°F DESIGN OR 600°F STAND-ALONE DESIGN . 

. e AT MAXIMUM COLLECTOR APERTURE AREA, 600°F 
DESIGN PROVIDES 50% OF RESIDENTIAL ELEC­
TRICAL LOAD AND MOST OF THERMAL LOAD. 
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SUMMARY 

A solar total energy system (STES) is defined as an energy system designed 

to maximize the efficient use of collected' solar energy by supplying both the 

low-grade (low-temperature thermal) and high-grade (electrical and/or mechani­

cal) energy needs of selected applications. DOE's Solar Total Energy Program 

is concerned primarily with those solar total energy systems that use heat en­

gine or photovoltaic devices to produce electricity (and/or mechanical work) 

and apply the residual thermal energy from the conversion process to some use­

ful purpose. The solar total energy is backed up and supplemented to the ex­

tent required by conventional fossil-fuel-derived energy for periods when solar­

derived energy is inadequate. 

This project analyzed the application of solar total energy to appropriate 

segments of the residential sector and determined the market penetration poten­

tial for STE systems. 

This volume (Volume III) describes the work done to evaluate components 

that are suitable for residential solar total energy systems, the prepa!'.at.ion 

and evaluation of conceptual designs for residential applications, and the 

factors that may affect the acceptance of such systems. 

Screening of solar collectors for use in STES designs for the residential 

sector has been based upon the following: 

1. The high value of residential property strongly indicates that solar 
collectors for residential systems should be sited only on the roofs of 
buildings. 

2. PArabolic dish collectors are not appropriate for the residential sec­
tor, based upon projected costs versus performance. 

3. Central receivers could be used for residential applications, but offer 
insufficient performance incentive at 600°F to justify use over para­
bolic troughs, in addition to presenting greater architectural diffi­
culties. 

4. Projected costs for parabolic troughs are approximately $20/sq ft for 
N-S horizontal mounting and approximately $22/sq ft for polar mounts. 
Lower costs are considered in sensitivity studies. 

5. · Unless otherwise noted, all projected costs are in terms of 1975 dollars. 

Results of the collector screening study indicate the use of North-South hori­

zontal parabolic troughs for Miami, Dallas, Charleston, and Phoenix and polar 

mount parabolic troughs in the other regions .. Aperture areas permitted for 

ix 
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each residential building (excluding high-rise apartments, which were elimi­

nated as a viable building type for STES) are: 460 sq ft for N-S horizontal 

mounted troughs on each single-family house and 284 to 341 sq ft for polar 

mounted troughs; 13,596 sq ft for N-S horizontal mounted troughs on each 36-

uni~ townhouse complex and 8,400 to 10,058 sq ft for polar mounted troughs; 

16,378 sq ft for N-S horizontal mounted troughs on each 48-unit low-rise apart­

ment complex and 10,118 to 11,146 sq ft for polar mounted troughs. These 

values are based upon flat roofs, rather than pitched roofs. 

Maximum collector areas for photovoltaic arrays are: 429 to 578 sq ft 

for each single-family house, 12,674 to 17,061 sq ft for each 36-unit townhouse 

complex;, and 15,264 to 19,458 sq ft for each 48-unit low..,..rise apartment complex. 

All photovolta:i,c arrays are monnt.Pn nn fl :=~t rooh, tilt<ad to the oitc lat!itude; 

consequently, the largest array areas a·re for locations at the lowest latitudes, 

* with locations· in higher latitudes having the smallest array areas. 

Organic Rankine cycle (ORC) heat engines and flat-plate photo~oltaic ar- -

rays are the preferred energy conversion devices for use in residential STE 

systems. Brayton cycle engines require higher temp.eratures and are more suit­

able for non-residential systems. Steam Rankine systems are less efficient 

than ORC systems and offer no advantages except possibly an environmental and 

safety advantage. Stirling systems are theoretically feasible for residential 

applications but are either not sufficiently developed in the 50 to 100 kW 

range or require temperatures much higher than the 600°F collector limitation 

of the parabolic trough. 

Conceptual designs for the total energy systems in the residential sector 

are based on parabolic trough collectors in conjunction with a 100 kWe organic 

Rankine cycle heat engine or a flat-plate, water-cooled photovoltaic array. 

The ORC-based systems are designed to operate as either independent ("stand 

alone") systems that burn fossil fuel for backup electricity or as systems that 

purchase electricity from a utility grid for electrical backup. The ORC designs 

are classified as 1) a high temperature system designed to operate at 600°F 

and 2) a low temperature system designed to operate at 300°F. The 600°F ORC 

system that purchases grid electricity as backup utilizes the thermal tracking 

* Spacing of flat plate photovoltaic arrays and parabolic trough collectors 
did permit small amounts of shadowing during early morning and late after­
noon hours. 

X 
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~ principle and the 300°F ORC system tracks the combined thermal and electrical 

loads. Reject heat from the condenser supplies thermal energy for heating 

and. cooling. All of the ORC systems utilize fossil fuel boilers to supply 

backup thermal energy to both the primary (electrical generating) cycle and 

the secondary (thermal) cycle. Space heating is supplied by a central hot 

water (hydronic) system and a central absorption chiller supplies the space 

cooling loads. A central hot water system supplies domestic hot water. The 

photovoltaic system uses a central electrical vapor compression air conditioning 

system for space. cooling, with space heating and domestic hot water provided 

by reject heat from the water-cooled array. All of the systems incorporate 

·low temperature thermal storage (based on water as the storage medium) and 

lead-acid battery storage for electricity; in addition, the 600°F ORC system 

uses a therminol-rock high temperature storage for the primary cycle. 

The design performance was evaluated by means of a computer program 

(Section 4) that utilized load tapes from the energy requirements task (Vol­

ume II) and city-specific weather tapes as inputs to calculate a simulated 

hourly performance for the conceptual designs in different regions of the 

·~ country. Design performance was determined for: an aggregated community of 

36 single-family homes; a 36-unit townhouse complex; and a 48-unit low-rise 

apartment complex; high-rise apartments had been eliminated earlier because 

of low solar contributions to the building's total energy requirements. The 

effect of ASHRAE 90-75 conservation measures on the design performance was 

also determined. The simulation program determines the quantity of solar energy 

collected for each hour of the day (for 365 days), the amount of electricity 

and fossil fuel that must be purchased to meet the electrical and thermal 

demands for the building, and the thermal energy in both primary and secon­

dary storage for each building type in each region. Monthly summaries were 

determined on a regional basis and used as part of the market analysis program. 

Simulations based on 5 different collector sizes were made, together with cal­

culations on collector 11t:ili?.ation at different collector areas, so the cost 

effectiveness of decreasing/increasing collector size could be determined. 

The effect of health, safety, and environmental factors on residential 

market potential of solar total energy systems was addressed. Although STE 

systems are generally regarded as environmentally benign and safe, the possi­

bility of a rupture causing toluene or freon release from an ORC unit gives 

xi 
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rise to a potential toxicity hazard and, in units utilizing toluene, a paten- 4 
tial·fire hazard. This may be particularly important in residential areas. 

The major effort in subsequent development efforts should be directed 

toward ·reducing capital costs of collectors, energy conversion devices, and 

conventional thermal. distribution systems (fan coil units, particularly). 

Specific recommendations includ·e the development .of low cost central receiver 

type collectors that are specifically designed for roof-mounting on residen­

tial buildings and building designs that could permit lower cost central 

thermal distribution systems. 

xii 
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Section 1. 

INTRODUCTION 

The objective of the work described in this volume was to conceptualize 

suitable designs for solar total energy systems for the following residential 

market segments: single-family detached homes, single-family attached units 

(townhouses), low-rise apartments, and high-rise apartments. 

Specific constraints to the design task required that -

• The designs were to be based on well-developed components, thus ex­
cluding components that were only in the experimental stage. 

• All designs were to be based on 50 kWe or greater, electrical generating 
capacity; this required that single-family houses be considered as 
aggregates connected to a central STES. 

• Flat plate solar thermal arrays need not be considered. 

The approach involved an evaluation of components, including cost and 

performance, to be used in the designs, followed by the construction of the 

conceptual designs based on the· selected components and an evaluation of the 

designs by means of a computer simulation program. This approach is shown 

diagrammatically in Figure 1, which shows how the conceptual design task was 

integrated with the energy requirements and market penetration efforts. 

An important point to be considered prior to selecting the design com­

ponents was the siting of solar collectors for residential STES applications. 

Efficient 2-axis collectors, such as paraboli~ dishes and central receivers, 

can produce high temperatures for generating electricity by means of heat 

engines; however, these are most often considered for applications where they 

are ground-mounted, and it was necessary to establish whether ground-mounting 

would be appropriate for residential collector siting. Although it would be 

possible to mount solar collectors on land adjacent to residential buildings, 

the conclusion was reached that only roof-mounting of collectors would be 

appropriate in most residential applications for the following reasons: 

• The high cost of residential property is forcing builders to maximize 
the number of dwelling units that can be built on a piece of property; 
this is particularly true in.areas zoned for multi-family dwellings. 
Using part of this high priced land for siting solar collectors, rather 
than for constructing additional dwelling units, would not be economi­
cally attractive for a developer if conventional energy options were 
available. 

1 
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• The installed cost of ground-mounted collectors would have to reflect 
the cost of the land, an add1tional expense that could add 1 to 3 
dollars per square foot or more of collector area in many urban areas. 

• Shadowing by buildings and trees would be a lesser problem for roof­
mounted collectors than for ground-mounted collectors, particularly in 
residential areas of modest-sized lots. 

• Siting on roofs placed over parking lots would also add appreciably to 
the cost of the collectors; since this additional cost must be assigned 
to the installed collector costs. 
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COMPONENTS 

8987 

The initial efforts in the conceptual design effort were directed toward 

an assessment of the various possible components required for the design of 

operable solar total energy systems for the residential sector. By determining 

those components that are compatible with the guidelines of the program and 

that are considered feasible for the residential applications under study, the 

basic building blocks for inclusion in the conceptual designs were delineated .. 

Thermal systems consist of collectors, heat exchangers, pumps, high- and 

low-temperature sensible heat storage, heat engines, batteries and power con­

ditioning equipment, cooling machinery such as absorption or vapor compression 

chillers, pipe and distribution networks to collect thermal energy and distri­

bute hot and cold fluids for space conditioning, and controls. 

In the following section we discuss components of solar total energy sys­

tems, characterizing these components both as to suitability for residential 

applications and for system modeling. 

2.1 Solar Collectors 

Two temperature levels were selected.as representing the lower and upper 

limits of the range for residential total energy systems: 300°F and 600°F. 

These temperatures were considered achievable, at reasonable efficiencies, by 

intermediate priced collectors that are either currently commercially avail­

able or expected to be available in the near term. To achieve these tempera­

tures thermal collectors may be characterized as concentrating or nonconcen­

trating; as fixed, seasonally tilted, or tracking; and also by output tempera­

ture. (See Appendix A.) 

For temperatures of 300°F, reflector-augmented evacuated-tube collectors; 

compound parabolic concentrator (CPC) collectors of low concentration ratio 

(1.5 to 1.8X), or single-axis tracking parabolic troughs are appropriate. 

Evacuated tube and CPC collectors may be set at a fixed tilt angle and do not 

track (follow the sun). Evacuated-tube collectors are available from several 

manufacturers such as General Electric and Owens-Illinois. 
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CPC's will soon be available from at least one manufacturer (Steelcraft, 

Inc.) and designs with improved optical and thermal characteristics are under 

development at Argonne National Laboratory. 

To achieve temperatures of 600°F, seasonally adjusted, non-tracking CPC's 

of moderate concentration ratios (5 to 6.5X), single-axis parabolic troughs in 

* an East-West (E-W) horizontal orientation or in a polar mount, SLATS or 

Russell-type collectors in E-W horizontal orientation, and two-axis parabolic 

troughs are.appropriate. Moderate concentration ratio CPC collectors are cur­

rently under aevelopment; however, they should be available in the near term. 

Stngle-axis parabolic trough collectors are currently available from several 

manufacturers (Acurex Corporation, Hexcel Corporation, Solartec Corporation); 

Ongoing development efforts promise increases in optical efficiency and de­

creases in heat losses anci costs. Polar-mounted troughs offe'.L auvciaLcige.! over 

E-W troughs on an·energy collected per unit collector aperture area basis. 

However, polar-mounted collectors may have problems with wind loads, shadowing 

of adjacent collectors reducing total effective aperture area for a given roof 

area, and applicability to single-family detached dwellings. Of course, E-W 

troughs have similar problems, and although they collect less energy per unit 

aperture than polar-mounted troughs, they may permit greater total unshadowed 

aperture area in a given roof area. The particular problems of applicability 

of trough-type collectors to single-family detached dwellings may indicat~ 

CPC's as the most appropriate collector for this application. The SLATS and 

Russell collectors may only be oriented in an E-W configuration. These collec­

tors are commercially available (Shedahl manufactures the SLATS collector, the 

Russell collector is under continuing development at G~neral Atomic Co. and 

is also available from Scientific Atlanta) but suffer drawbacks similar to 

those of the parabolic trough collectors when attempts are made to apply these 

collectors to single-family detached dwellings. Two-axis tracking parabolic 

troughs offer the advantage of collecting the maximum amount of insolation 

compared with single-axis trackers. However,'these collectors are expected to 

have similar problems to polar-mounted troughs. Although they should be com­

mercially available in the near term, these collectors appear to be inherently 

more complex than single-axis tracking collectors for an application where 

simplicity is a very important criterion in component selection. 

* Solar Linear Array Thermal System. (See Page A-14.) 
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Two-axis parabolic dish.collectors, such as that under development at. JPL, 

are appropriate and desirable for high temperatures to over 1500°F. They are 

suitable as heat sources for high-efficiency Brayton or Stirling heat engines. 

Problems of complexity, windloading, apparent difficulties in locating these 

collectors even on flat roofs, and probable low values of aperture area for a 

given roof area lead to the exclusion of this collector for residential total 

energy applications. (See section on parabolic dish collectors.) 

Central receivers are capable of high-temperature collection and may be 

designed with thermal outputs comparable to the energy needs for a residential 

total energy system .. However, because of the high cost of land on which to 

site a heliostat field and tower in a residential area (and, in general, to 

site any type of collector field), only roof areas are being considered for 

locating collectors or heliostats for residential STE application. This ten­

tatively rules out central receivers from our residential STE designs. (See 

next section.) 

A number of areas were pursued to validate our tentative collector choices 

and determine collector performance and cost. In the procedure for selecting 

appropriate generic collectors for the various temperature levels required, we 

identified generic characteristics (present and future) of the various collec­

tors consistent with the collector performance models (including dirt effects 

on optical efficiency and cosine effects); we also identified allowable aper­

ture areas of collectors on the various dwellings; and we determined current 

and projected installed and operating costs of the generic collector types. 

The amortized installed costs of the collector arrays were added to the esti­

mated annual operation and maintenance costs, and annual energy collected in 

the various sites developed to establish an indicator (energy collected per year 

.per dollar of annualized collector cost) for each collector type. Inputs from 

manufacturers were also solicited to assist in the determination of appropriate 

collectors. The Sheldahl people were contacted for a performance model of 

their collector. 

Selection of collector field heat-transfer fluids is also important. The 

expense and complexity of piping a pressurized water heat collection system 

indicates ·the tentative choice of a heat-transfer oil as the collector heat­

tran5lfer fluid. (ThP. r.hoice of hot oil as a heat-transfer medium will be re­

viewed critically when the'subjects of system safety and environmental. 
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considerations are addressed.) The fluid selected will probably be the same 

as the fluid used for sensible heat thermal storage, to avoid the requirement 

of a heat exchanger between collector arid storage. 

2.1.1 Small Central Receivers for STES Applications 

The central receiver concept was considered for residential solar total 

energy applications. The central receiver concept, primarily considered for 

large-scale central electric power generation, may be scaled down to sizes 

corresponding to requirements for a residential solar total energy system. The 

primary effect of a reduction in system size is a reduction in receiver. output 

temperature. This results from the fact that as the numb~r of heliostats in 

the collector field is reduced, the flux of ene<gy on the receiver is signifi­

cantly decreased. If the system is run at high temperatures the heat losses 

from the receiver relative to the input flux increases in comparison to larger 

systems. To balance this effect, and thus maintain acceptable collector effi­

ciencies, the temperat.ure of the receiver must be reduced. In the size range 

of small central receivers for residential solar total energy applications, a 

collector outlet temperature of 600°F gives collector efficiencies comparable 

to much larger central receivers operating at significantly higher temperatures. 

Thus, central receivers have an operating temperature comparable to parabolic 

trough collectors. 

The central receiver concept is probably not generally applicable to single­

family detached dwellings, particularly in light of our roof-mounted criterion, 

unless the arrangement of housing is especially directed to be consistent with 

the requirements of a central receiver installation. This wpuld correspond to 

an arrangement of houses spread in a northerly direction about a short receiver 

column located at the south end of the housing complex. The central receiver 

concept is adaptable to groupings of townhouses or th a receiver/heliostatsys­

tem located on the roof of low~rise apartment dwellings. 

The cost and performance characteristics were compared to the best per­

forming parabolic trough collectors evaluated in the collector screening study. 

The parabolic trough collectors were used exclusively in the system performance 

analysis in order to produce results on a consistent basis for all sites evalu­

ated. The results and assumptions from the evaluation of central receivers as 

.alternative collectors to parabolic troughs are summarized in Table 1. 
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Table 1. ECONOMIC AND PERFO~~CE COMPARISON OF CENTRAL RECEIVERS AND 
PARABOLIC TROUGHS FOR RESIDENTIAL SOLAR TOTAL ENERGY APPLICATIONS 

Unit Annual Output I Co11 ector 
Total Annua15 (Total Annual Output), Area Total Ann~.:al5 Total AnnualS 

Dwelling Collector (Btu/sq ft-yr)/ 24 DU Bash, Collector Cost I, Collector Cost 11, Collector Cost III, 
Citv ~ ~ (Btu/vr X to7) ~9 " ~/~r $/ r ~fr.r 

Boston Low-Rise "PT1 - N-S 211,337/173.06 8,189 28,416 18,343 16,951 
PTl - E-W 192,900/141.42 7. 331 25,439 16,421 15,175 
PTl - P-M 262,615/132.86 5,059 :i:~~~7 13,103 12,243 
CR1 /180.646 5,292 8,203 6,403 

Albuquerque Low-Rise PT1 - N-S 332,6>0/272.44 8,189 28,416 18,343 16,951 
PT1 - E-ll 284. 0~6/242. 29 8,530 29. )99 29,599 17,657 
PTl - P-H 382,))3/208.28 ),448 20,811 14,110 13,184 
CR /233.64 5,292 17.781 8,203 6,403 

'Chicago Low-Rise PT1 - N-S 216,010/176.89 8,189 28,416 18.343 16,951 
PTl - E-H 186,375/139.67 7,494 26,004 16,787 15.513 
PT1 - P-M 258,150/133.00 5,1)2 19,681 13,344 12,468 
CR /178.57 5,292 "17. 781 8,203 6,403 

Dallas Low-Rise PT1 - N-S 255,018/208.83 R,lR9 28,416 ·18,343 16.951 
PTl- E-1..' 
PTl - P-M 
CR 

Colle:tor 
____!ll£..._ 

PTl - N-S 
PTl - E-l-1 
PTl - P-N 
CR 

211,482/189.70 R,970 
289.603/165. 22 5, 705 

/192.43 5,292 

Common Data for All 

Unit Collector Cost tS/ 
(Annual Collector Cost t) 

$/sg ft/{$/sg ft-vr) 

20.13 2/(1.47)3 
20.13 /{3.47) 
22.13 /(3.82) 
19.504 /(3. 36) 

31,126 20,093 18,568 
21,793 14.776 13,806 
17,781 8,203 6,403 

Cities 

Unit Collector C::tst 11/ Unit Collector Cost Ill/ 
(Annua} Collector Cost II) (!\nnual Collector Cost Ill) 

13.005/(2.24) 12.005/(2.07) 
13.00 /(2.24) 12.00 /(2.07) 
15.00 /(7.59) 14.00 /(2.42) 
19.00 /(1.55) 7.00 /(1.21)· 

Notes: 

1. CR .. central receiver. 

2. Capital cost estimate for trough collectQ.r fron ICT-STES .study. 

3. 

4. 

5. 

6. 

Annual collector cost is 15% of capital cost. Annual O&H cost is 157. of annual capital cost. OE.M cost estimate from Harrigan paper. 

Corresponds to estimate from Harrigan paper of installed :::ost at $210/m2 . ValidatPd by personal communication from A.F. Hildebrandt 
estimate of $200/m2. 

Cost I corresponds to expected collector costs in 1985 time frame. Cost II corresponds to collector costs in 199C when large-scale production 
of collectorfl begins to imoact significantly on collector production economics. Cost III corresponds to collector costs ir. the year 2000 when 
significant reductions in collector costs are expected to be realized due to larJte-scale deployment of collectors for many applications.· 

According to personal communicc.tion with A. F. :11ldebrandt of Univ. of Houston Solar Energy Laboratory, performance of central receiver may be 
estimated as product of (600°F performance for small centTal receivers): 
a. Ground cover factor .. 0. 35 
b. Flat roof area • sq ft 
c. Annual average cosine loss factor "' 0.8 
d. Clean heliostat reflectivity .. 0.9 
e. Receiver absorbtivity • 0.9 
f. 600°F operatinp, temperature heat loss = 0.9 
g. Correction for dirty optics "" 0.9 
h. Annual direct normal beam radiation "" Btu/sq ft-yr. 

Flat roof area, low-rise .,. 15. L20 sq ft 
Annual output = (0.184) (beam radiation Btu/sq ft-yr) (flat roof area. sq ft) 

City 

Boston 
Albuquerque 
Chicago 
Dallas 

Seam Radiation 

650.337 
841,151 
642,870 
692,761 

Roof Area 
(24 DU basis) Collector Area 

15,120 sq ft 5,292 

7. Total collector cost • (r•:>of area)(ground cover factor, sq ft collector/sq ft roof)(unit :ollector cost). 

B78030850 

~ -...... 00 

00 
\0 
00 ...... 
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In the cities for which collector performance was evaluated, the central 

receiver generally shows a performance edge over the trough collectors, al­

though on the basis of performance alone, the ce~tral receiver is not a clear 

winner. The central receiver produces about36%more annual energy output than 

a polar mount trough in Boston; 12% more than a polar mount trough in Albuquer-. 

que; 34% more output than a polar mount trough in Chicago; but 8% less than 

the output of a N-S horizontal trough in Dallas, although the central receiver 

produces a more uniform output over the year than the N-S horizontal trough 

collector. 

At the projected 1985 costs of central receivers versus performance, there 

is no advantage in the use of central receivers. Anexception may be at lower 

latitudes, where the alternative is a relatively mQre expensive N-S hori7.nntA1 

collector installation. If the rather speculative costs of central receivers, 

which are strongly dependent upon the development of large-scale solar electric 

power plants, are realized in the 1990 to 2000 time frame, the central receiver 

shows a clear advantage over the trough collectors. The projected cost reduc­

tions of central receivers to $9/sq ft in 1990 and $7/sq ft in 2000 will cer­

tainly benefit STES economics. Because the performance of central receivers 

in comparable to the trough collectors, the results of the system economic 

evaluation in terms of required collector costs for breakeven economics may be 

viwed in terms of the anticipated future costs of central receivers. 

2.1.2 Parabolic Dish Collectors for Residential STE Appli£a~ons 

Two-axis tracking parabolic dish collectors were considered for STES. A 

primary advantage of these collectors is their ability to operate at tempera­

tures ( < 1000°F) sufficient to drive steam Rankine cycle engines at good effi­

ciencies. The essential disadvantage to parabolicdishcollectors is that they 

are projected to have costs significantly higher than central receivers and 

parabolic troughs, and require large amounts of piping. 

Our project team has projected installed cost of 73% efficient two-axis 

dishes at $35.50/sq ft ($22 collector plus $13.50 installation). With a similar 

ground cover factor to central receivers (0.35) to prevent shading of adjacent 

collectors, dish collectors do not offer any advantage in potential aperture 

area over alternative collectors. The benefits of increased collector efficiency 

and enhanced heat engine efficiency tend to be balanced by the high cost of the 

collector. A simple calculation which bears this out is given below in Table 2. 
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Table 2. CALCULATION OF PARABOLIC DISH COLLECTOR ECONOMICS 

Parabolic Dish Annual Output= (ground cover factor)(roof area) 

Collector Annual Cost 

Ground Cover Factor 

Roof Area 

Collector Efficiency 

Correction Factor for 
Efficient Heat Engine 
Performance 

Annual Capital Charge 

Annual O&M 

Annual Cost 

X (total annual direct normal radiation) 
X (collector efficiency)(correction factor 
for more efficient heat engine performance) 

= (ground cover factor) (roof area) 
X [(annual capital charge factor) 
X (Collector cost) + (annual O&M)] 

0.35 

15,120 sq ft (low-rise) 

73% 

ratio of heat engine efficiency at 1000°F/ 
heat engine efficiency at 600°F 

26% (1000°F)/22% (600°F) 

15% 

= $1/sq ft-yr 

$33,472.00/yr 

Parabolic Dish Ratio of 
Annual Output, Annual Output Ratio of Cost (1985) 

City 107 Btu/yr Dish:Central Receiver Dish:CentralReceiver 

Boston 297.0 1.6/1 1. 9/1 
Albuquerque 384.0 1. 6/1 1. 9/1 
Chicago 294.0 1. 6/1 1. 9/1 
Dallas 316.0 1. 6/1 1. 9/1 

Although the increased annual output of the dish collector is desirable, 

the increased annual output is paid for in terms of a significant cost differ­

ential relative to the central receiver. A similar analysis would show sub­

stantially the same conclusion relative to trough collectors. 

RPA* has projected2 an installed cost of dish collectors of $13/sq ft. 

In comparison to projected central receiver costs of $7/sq ft, the cost of dish 

collectors becomes 2.4 times that of a central receiver for only a 60% increase 

in performance. However, if the cost reductions for dish collectors are rea­

lized they do offer a significant performance edge over the trough collectors, 

while providing the additional energy at the same capital cost as the troughs. 

* Resource Planning Associates, Inc • 
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As a result of this evaluation, the dish collector is not considered a candi­

date for residential solar total energy applications, although if the projected 

cost reductions are achieved, it is worth another look, especially for single-

family detached dwellings where central receivers are not applicable. Figure 2 

shows a parabolic dish solar concentrator. (See Figure A-9.) 

-~ 

I I ., 
r-UIIIIIIT. a. 

.Figure 2. PARABOLIC DISH SOLAR CONCENTRATOR 

2.1.3 Collector Areas 

This section presents estimates of the maximum collector aperture areas, 

which could be used for several different residential structures under consider­

ation. Seven types of housing were identified: 

A. 1. Single-Family Detached, 4 bedroom, 2 story 
2. Single-Family Detached, 3 bedroom, 1 story 

B. 3. Single-Family Attached, 3 bedroom, 2 story 
4. Multi-Family, 2 story concrete block 

c. 5. Multi-Family, 2 story wood frame 
6. Multi-Family, 3 story wood frame 

D. 7. Multi-Family, 15 story. 
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Only the 4 dwelling types labeled A, B, C, and D were selected for evaluation. 

The single-family attached dwelling (townhouse) was assumed to have 36 units. 

For each of the structures, the collectors were assumed to be roof mounted. 

No adjacent land area was assumed to be available for the collectors. 

In the following discussion, roof areas are computed on the basis of sloped 

roofs for single-family detached, single-family attached, and low-rise struc­

tures. It is possible, however, that constraining the mounting of collectors 

to sloped roofs does not provide sufficient collector area. In order to in­

crease potential collector area, collector areas were recalculated on the basis 

of flat roofs. Although in many regions of the United States flat roofs are 

not common construction, it is felt that this concession to conventional con­

struction is vitally important to maximize the potential contribution of solar 

energy to satisfy the structure's energy requirements. 

The first step in estimating the collector areas was to determine avail­

able roof area for eac~ structure. Each of the first six types of housing has 

a sloped roof. The 15-story multi"-family dwelling has a flat roof. The geome­

try of each structure was used to determine the roof area available. For ex­

ample, the single-family.detached, 4-bedroom, 2-story house plan view is shown 

in Figure 3 and the plan view for the townhouse is shown in Figure 4. The low­

rise and high-rise plan views, with their dimensions, are shown in Figures 5 

and 6. The house was assumed to have a south facing roof slope. For a 2-story 

home, a 1-story garage roof was assumed to be unusable since it would be shaded 

a large portion of the time .. The roof area is simply found by the exterior 

house dimensions and an assumed roof slope. Normal construction techniques use 

a roof slope of approximately 20 degrees so that the normal roof area available 

for the single-family detached,· 4-bedroom, 2-story home shown in Figure 3 is-

Roof Area = 
25.0' 

2 
X 34.0'/cos 20° = 452 sq ft 

The collector area available can be estimated using the above values for 

the total available roof area. The collector area is impacted by the following 

considerations: 
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• Collector tilt angle 

• Maintenance access 

• Aperture area versus installation area 

• Collector spacing to minimize shading 

f BATH BATH BEDR00/1 
4 

I BEORCC/1 
I 

' L_ __ , 25 ft 
&t:CDIID rLOIIII 

I 
OEOilDDH 

j BEOP.OOII 3 
2 

34 ft ~ 

~=-r F!RS1 fLOOii 

DilliNG KITCHEN FAII!LY 
ROCii 111)()/1 

GAR ACE 

llVJIIG 
BATH RQU/1 

Figure 3. FLOOR PLAN FOR THE CHARACTERISTIC 
SINGLE-FAMILY, 4-BEDROOM, 2-STORY HOUSE 

DIMENSIONS 

Ceiling: We = 25 feet 
L = 34 feet 

Roof Slope = 20 degrees 

8987 

f 
N 

Roof Dimensions for Collectors: (1/2 because only 50% of roof is south facing) 
W 25 feet/(COS 20°)(22) = 13.30 
L = 34 feet 

Sloped Roof Area for Collectors 

Flat Roof Area for Collectors 

INSTITUTE 0 F 

452 sq ft 

850 sq ft. 
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T~ .Jot. D 'j. .; :. :: 

I KITCHEN 

,,.,..,,;·"r []J_J• ! 

} 
31.7 

ft DININO ROOM 
ft'r. 11"r ....... ..,.. 

~ 
. !:· -· 

i. 
LIVING ROOM 

~lASTER DEDROOM 
12'••n• 

u..- • :rr 

FIRST FLOOR. SECOND FLOOR 

Figure 4. FLOOR PLAN FOR A 3-BEDROOM, 2-STORY TOWNHOUSE 

DIMENSIONS 

Ceiling: We = 31.7 feet 
L = 22.0 feet 

Roof Slope = 20 degrees 

Roof Dimensions for Collectors/Roof Slope = 20° 
W = 31.7/cos(20) · 2 = 16.87 feet 
L = 22.0 feet/townhouse 

Number of Townhouse Units = 36 

L =·(22.0·:X 36)- .792 feet .. · 

Sloped Roof Area for Collectors 

Flat Roof Area for Collectors 

INSTITUTE 0 F 

13,359 sq ft 

25,107 sq ft. 
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l 2 2 2 
CcmOC;'i 8EO.~OCM 8ED?.OOo'1 I UNIT Ui:IT UNIT 

I 

2 2 2 
BEDROOM EED~OOM BEO.qOOM 

UNIT UNIT UNIT 

56 ft 

I 
2 2 2 

emqoo~ B~D~OCM BEDROOM 

J . U~HT urur UNIT 

2 2 2 
BEDROOM BEDROOM BED~OOM 

UNIT UNIT UIHT 

,.._ 40 ft ..J ·--- _______ _, 
Figure 5. FLOOR PLAN FOR 2-STORY LOW-RISE 

Two-Story Low-lHse 

* Number of Units 24 (12 units/floor) 

DIMENSIONS 

Ceiling: We 56 feet 
L' = 40 feet/apartment 
L" 10 feet/stairway 

6 Apartments in long dimension 

3 Stairways in long dimension 

L (6 L') + (3 L") 
= (6 X 40) + (3 X 10) 
= 270 feet 

I 

Roof Dimensions for Collectors/Roof Slope = 20 degrees 
W = 56/(cos 20)(2) = 29.8 feet 
L = 270 feet 

Sloped Roof Area for Collectors 

Flat Roof Area for Collectors 

8046 sq ft 

15120 sq ft. 

8987 

Two 24-unit apartment buildings were combined for the final design, thus 
producing a low-rise apartment assembly of 48 units. Roof area for the 
48-unit assembly is double the areas indicated above for the 24-unit 
building. 
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j 
60 ft 

.. , 
i 
I 
l 

2 
BcDROC.'1 
u~:rr 

I 
BEDR00:-1 

UNIT 

I 
SE9?.00M 

uMl 
1 

BED.~OOH 
U~HT UTILITY 

I 
BEDROO~I . 

UNIT 

I 
BEDROOM 
Ui~IT 

2 
BEDROOM 

UNIT 

1 
BEDROOM 

Ur-tiT 

ft-'---------- 207.25 ft ------ .. 

Figure 6. FLOOR PLAN FOR 15-STORY HIGH-RISE 

15-Story High-Rise 

Flat Roof Area Available for Collectors 

4 Corner Apartments @ 884 sq ft/apartment = 3536 sq ft 

2 2-Bedroom Apartments @ 899 sq ft/apartment 1798 sq ft 

6 !-Bedroom Apartments @ 754 sq ft/apartment 4524 sq ft 

Hallways 1017 sq ft 

Stairways/Elevator 

Utility 

' 
Total Roof Area for Collectors 

1200 sq ft 

= 360 sq ft 

= 12435 sq ft 

Roof Dimensions for Collectors/Roof Slope - 0 degrees 

W = 60 feet 
L = 207. 25 feet. 

2 
BEDROOM 

UNIT 

2 
BED~OOM 
. UNIT 

8987 

.... ---·· --I 

This procedure was ~allowed for each housing type and the resulting roof areas 

are: 

A. Single-family detached, 2-story = 452 sq ft 

B. Single-family attached, 2-story = 8906 sq ft 

c. Multi-fami 1 y, 2-story = 8046 sq ft 

D. Multi-family, 15-story* = 12435 sq ft. 

* Note that the 15-story dwelling has a flat roof. 
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• Available collector sizes . 

Each of these elements was addressed for a number of different classes of col­

lectors. 

Flat plate collectors, evacuated tubes, and compound parabolic concentra­

tors (CPC), are all generally non-tracking and were evaluated as a class of 

collectors for estimating aperture area. There are basically three options 

for mounting these non-tracking collectors. These are-

1. Flat on normal roof 

2. Tilted by new or pseudo roof 

3. Tilted by individually rack mounting. 

For·Option-1, Figure 7 shows how the collectors would appear on a·normally 

sloped roof structure. The available collector aperture area is less than the 

roof area because of required maintenance access area and because most non­

tracking collectors have a smaller aperture area than the required installation 

area. Installation areas are greater than aperture areas because of the support 

structure surrounding the working surfaces of the collector. The ratio of ac­

tual aperture working area to total collector area varies from 0.85 to 0.93 de­

pending upon the manufacturer's design. For example, a Lennox flat plate and 

a KTA evacuated tube both have approximately an effective aperture area of 0.86 

times the required installa~ion area. The required space for maintenance ac­

cess was assumed to be 10% of the roof area. · The effective available aperture 

area is then found by simply multiplying the roof area by 0.86 and 0.9; for a 

single-family detached, 2-story, we would get -

Collector Area = 452 X 0.9 X 0.86 = 350 sq ft (Mounting Option 1) 

Mounting Options 2 and 3 would improve collector performance by tilting 

the collector to gather a greater portion of the available solar energy. Com­

mon practice is to use a tilt equal to the latitude of the site or the latitude 

plus or minus 10 to 15 degrees depending upon the distribution of the load. 

For a peak summer load, it may be desirable to tilt the collector to an angle 

equal to the latitude minus 10 degrees while a tilt of latitude plus 10 degrees 

would be better suited to a peak winter load. For a first approximation, we 

used a tilt angle equal to the latitude angle in estimating collector areas. 
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Figure 7. NON-TRACKING COLLECTORS MOUNTED ON A NORMALLY SLOPED ROOF 
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Opti.on .1 is attractive as it allows a large aperture area because inter­

row shading is minimized as compared with other mounting methods. However, a 

drawback exists for this mounting method because it results in very poor col­

lector performance during the winter. Compensating for this drawback is very 

good performance in the summer, when the sun is nearly overhead. This col­

lector is thus most suitable in areas with large loads during the summer, where 

its sunnner peaking performance may be effectively utilized. Option 3 gives 

good year-round collector performance and is the most appropriate manner of 

installation when roofs are not sloped at the desired angle. Collector areas 

have been established only for Options 1 and 3. Option 1 is only applied to 

tracking collectors, however. 

Figure 8 shows how mounting Option 2 would be used. This is applicable to 

smaller dwellings and could be most practical for new housing where the roof 

slope could be originally constructed for the solar application. The avail­

able collector area is computed·in essentially the same manner as for tuounting 

Option 1 but modified by the factor [cos 20°/cos 0 lat] or in the single-family 

detached, 2-story example: 

Collector Area= 350 x.cos 20°/cos 0 lat (Mounting Option 2) 

The third mounting option is to rack mount each collector to the desired 

tilt angle. Due to the flexibility of application of this approach and bene­

fits of tilted collectors, collector areas were exclusively evaluated using 

this option. Fig~re 9 shows how this may be accomplished. For this option, 

the possible row-to-row collector shading can'be avoided by properly spacing 

the collectors on the roof. For a south facing roof, the shading can be mini-

* mized by using the rule that there are no shadows at winter solstice noon. 

For winter solstice noon, the sun's elevation angle (S) is given by-

sin a cos (e lat) cos (-23.45°) + sin (6 lat) sin (-23.45°) 

The required spacing on a sloped roof is derived using Figure 10 for the geo­

metry. Note that the required spacing also allows for maintenance access along 

rows. The ratio of collector length (CL) to roof length (CG) is: 

* ·of course, during the winter there will be some shadowing because of the low 
altitude of the sun during morning and afternoon. These shadow losses are 
ignored in the estimates of collector performance. 
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A) Applicable to EVAC TUBE, low CR CPC, polar mount trough, SLATS -

l.A. Collectors tilted at latitude (=e) on flat roof: 
CL/CG* = [sin e/tan 8 + cos e]-1 

2.A. Collectors tilted at latitude on sloped roof (20° slope): 

CL/CG = [~!~ ~: ~ ~g~ +cos (e - 20)]-l 

B) Applicable to high CR CPC and E-W trough: 

8987 

l.B. Collector tilted at solar zenith angle on December 21, noon, on 
flat roofs: 

CL/CG = [cos(s) + sin(s)/tan 8]-l 

where: 

2.B. 

S = nP.rl inAti nn + 1 Ati t11nP 

90 - 8 B = solar altitude 

Collectors tilted 
sloped roof (20°) 

~sin (s 
CL/CG = Ltan ( 8 + 

at solar zenith angle on December 21, noon, on 

20) +cos (s - 20)]-l 
20) 

Using the relations developed for collector spacing, the optimum collector 

length (CL) was developed that gave the maximum possible collector area. The 

collectors are assumed to be displayed such that the front row of the collector 

is at the roof edge and the last row is spaced a collector length away from the 

peak of the roof. The optimum collector length is thus: 

roof width (measured in plane of roof slope edge to peak) CL = --------~~----------~-~~--~----~~-~--~~-~~~---~ 
[l + N - 1 ] 

(CL/CG) 

where N = number of rows. 

The collector length is constrained to a reasonable value of between 5 and 

20 feet. In the case of E-W trough collectors, the collector aperture is con­

strained to be between 5 and 10 feet. The optimum collector length is obtained 

with the minimum number of rows. 

Polar mounted, tracking collectors will require more roof area per unit 

collector area to allow for shading within a collector row. The same 3 mount­

ing alternatives exist but the roof mounting for a one-axis tracking collector 

may appear as shown in Figure 11. The east-west spacing of these collectors 

can reduce roof coverage allowable by anywhere from 30% to 70%. We recommend 

that a spacing of 0.57 be used as typical for polar mount trough collectors. 

* CL = collector length, CG = spacing between collector rows. 
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Figure 11. EXAHPLE OF ONE-AXIS TRACKER ROOF MOUNTING (TROUGH) 

The collector area is found as the product of the optimum collector length, 

the optimum number of collector rows, the length of the roof in the east-west 

direction, the maintenance access factor, the aperture area reduction factor, 

and (where applicable) the polar mount reduction factor. These factors are 

summarized in Table 3, and the collector mounting options are summarized in 

Figure 12. 
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Table 3. COLLECTOR AREA ROOF COVERAGE FACTORS 

~intenance Areas Multiplying Factor (all orientation) 0.95 

Aperture Area Reduction 

Aperture Area Reduction 

Aperture Area Reduction 

Evacuated Tube and CPC 

SLATS 

East-West and Polar Mount Trough 

Spacing Area Reduction - Polar Mount Trough 

0.86 

0.80 

1.0 

0.57 

~A= (N)(CL)(L)(Maintenance)(Aperture Reduction)(Polar Mount Reduction) 

Note: Row spacing is sufficient to provide maintenance access along rows. 

'~ 
B) 

·~ --.o) s CJ\..91at 

·~ 1:.o" I 

'~ A) ' I . 
oR. Tttllllll 

~ 
c) ~ 0\ e,.T ,_ ~ 

t1/l~ 

Figure 12. COLLECTOR MOUNTING OPTIONS 

Collector areas are presented only for flat roof dwellings. Table 4 sum­

marizes collector areas for north-south horizontal trough collectors. Tables 

5 through 22 summarize collector areas for other collector types. (Collector 

areas for townhouses and low-rise apartments must be multiplied by 1.5 and 2.0 

respectively, to coincide with final design criteria of 36 townhouses and 48 

low-rise apartments.) 
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Table 4 .. COLLECTOR AREAS FOR NORTH-SOUTH HORIZONTAL TROUGHS 

Application 

Single-Family Detached 
(all cities) 

Townhouse (24 Units) 

Low-Rise (24 Units) 

Assumptions: 

Aperture Area Reduction Factor 
Intrarow Spacing Factor 
Maintenance Access Factor 

Roof 

= 1.0 
= 0.57 

0.95 

Area 2 sg ft Collector Area 2 

850 460 

16,738 9,064 

15,120 8,189 

Collector Area= (Roof Area)(Aperture Area Reduction)(Intrarow Spacing) 
(Maintenance Access) 

Table 5. 'COLLECTOR AREAS FOR EVACUATED TUBE, LOW CR-CPC COLLECTOR 

Collector T~];~e: Evacuated Tupe, low CR-CPC 

~plication: Single-family detached 

Flat Roof Option Roof Area 
Collector Available 

sg 

Geographic Slope Area For Collector Ground Cover 
Location Angle (sg ft) (sq ft) Factor 

Miami 25.78 578 850 0.68 

Dallas/ 
Fort Worth 32.83 524 850 0.62 

Charleston/ 
Raleigh 32.9 523 850 0.62 

Phoenix 33.43 519 850 0.61 

Los Angeles . 34.0 514 850 0.61 

Albuquerque 35.05 504 850 0.59 

Nashville 36.12 494 850 0.58 

Chicago 41.67 437 850 0.51 

Boston 42.37 429 850 0.51 

2 '; . 
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Table 6. COLLECTOR AREAS FOR POLAR MOUNT, TROUGH COLLECTOR 

Collector ~: Polar Mount, Trough 

Application: Single-family detached 

Flat Roof Option --- Roof Area 
Collector Available 

Geographic Slope Area For Collector Ground Cover 
Location Angle (sg ft) (sq ft) Factor 

Miami 25.78 383 850 0.45 
Dallas/ 

Fort Worth 32.83 347 850 0.41 
Charleston/ 

Raleigh 33.9 3117 850 O.l1l 

Phoenix 33.43 344 850 0.40 
Los Angeles 34.0 341 850 0.40 
Albuquerque 35.05 334 850 0.39 
Nashville 36.12 327 850 0.38 
Chicago 41.67 290 850 0.34 

Boston 42.37 284 850 0.33 

Table 7. COLLECTOR AREAS FOR EAST-WEST TROUGH COLLECTOR 

Colle_ctor Type: East-West Trough 

_Ap_e_lication: Single-family ·detached 

----Flat Roof Option 
Roof Area 

Collector Available 
Geographic Slope Area For Collector Ground Cover 

Location _Angle (sg ft) (sq ft) Factor -------

Miami 49.23 638 850 0.75 

Dallas/ 
Fort Worth 56.28 576 850 0.68 

Charleston/ 
Raleigh 56.35 576 850 0.68 

Phoenix 56.88 570 850 0.67 

Los Angeles 57.45 565 850 0.66 

Albuquerque 58.5 555 850 0.65 

Nashville 59.57 543 850 0.64 

Chicago 65.12 479 850 0.56 

Boston 65.82 470 850 0.55 
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Table 8. COLLECTOR AREAS FOR NORTH-SOUTH HORIZONTAL TROUGH COLLECTOR 

Collector Type: North-South Horizontal Trough 

Application: Single-family detached · 

----Flat Roof Option.-----

Geographic 
Location 

Miami 

Dallas/ 
Fort Worth 

Charleston/ 
Raleigh 

Phoenix 

Los Angeles 

Albuquerque 

Nashville 

Chicago· 

Boston 

Slope 
Angle 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

· Collector 
Area 

(sg ft) 

460 

460 

460 

460 

460 

460 

460 

460 

460 

Roof Area 
Available 

For Collector 
(sq ft) 

S50 

850 

850 

850 

850 

850 

850 

850 

850 

Ground Cover 
Factor· 

0.54 

0.54 

0.54 

0.54 

0.54 

0.54 

0.54 

0.54 

0.54 

II 
Table 9. COLLECTOR AREAS FOR HIGH CR-CPC COLLECTOR 

fc:>_ll~ctor Type: High CR-CPC 

~~ication: Single-family detached 

--- Flat Roof Option -

Geographic 
Location 

Miami 

Dallas/ 
Fort Worth 

Charleston/ 
Rrt 1 t=.i.gh 

Phoenix 

Los Angeles 

Albuquerque 

Nashville 

Chicago 

Boston 

Slope 
~ngle 

49.23 

56.28 

56.35 

56.88 

57.45 

58.5 

59.57 

65.12 

65.82 

INSTITUTE 

Collector 
Area 

___(_sg ft) 

0 F 

549 

496 

495 

491 

486 

477 

467 

4l:L 

404 

G A S 

Roof Area 
Available 

For Collector 
(sq ft) 

850 

850 

850 

850 

850 

850 

850 

850 

850 

Ground Cover 
Factor 

0.65 

0.58 

0.58 

0.58 

0.57 

0.56 

0.55 

U.4H 

0.48 
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Table 10. COLLECTOR AREAS FOR SLATS COLLECTOR 

.Collector Type: SLATS 

_Application: Single-family detached 

Flat Roof Option Roof Area 
Collector Available 

Geographic Slope Area For Collector Ground Cover 
Location Angle (sg ft) (sq ft) Factor 

Miami 25.78 537 850 0.63 
Dallas/ 

Fort Worth 32.83 487 850 0.57 
Charleston/ 

Raleigh 32.9 ,487 850 0.57 
Phoenix 33.43 483 850 0.57 
Los Angeles 34.0 478 850 0.56 
Albuquerque 35 . .05 469 850 0.57 
Nashville 36.12 460 850 0.54 
Chicago 41.67 407 850 0.48 
Boston 42.37 399 850 0.47 

Table 11. COLLECTOR AREAS FOR EVACUATED TUBE, LOW CR-CPC COLLECTOR 

Collector~: Evacuated Tube, low CR-CPC 

~lication: Single-family detached 

----Flat Roof Option --- Roof Area 
Collector Available 

Geographic Slope Area For Collector G:round Cover 
Location Angle (sg ft) (sq ft) Factor 

Miami 25.78 11,374 16,738 0.68 

Dallas/ 
Fort Worth 32.83 10,309 16,738 0.62 

Charleston/ 
Raleigh 32.9 10,299 16,738 0.62 

Phoenix 33.43 10,213 16,738 0.61 
Los Angeles 34.0 10,116 16,738 0.60 
Albuquerque 35.05 9,929 16,738 0.59 
Nashville 36.12 9, 727 16,738 0.58 
Chicago 41.67 8,604 16,738 0.51 
Boston · 42.37 8,449 16,738 n.so 
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. Tabl.~ 12. COLLEGTOR AREAS FOR EAS.T-WEST TROUGH COLLECTOR 

Collector Type: East-West Trough 

_Application: Single-family attached (townliouse) 

------- Flat Roof Option ----------

Geographic 
Location 

Miami 

Dallas/ 
Fort Worth 

Charleston/ 
Raleigh 

Phoenix 

Los Angeles 

Albuquerque 

Nashville 

Chicago 

Boston 

Slope 
Angle 

49.23 

56.28 

56.35 

56.88 

57~45 

58.5 

59.57 

65.12 

65.82 

Collector 
Area 

(sg ft) 

11,741 

10,362 

10,347 

·10' 230 

10,112 

9,888 

9,647 

9,422 

9,247 

Roof. Area 
Available 

For Collector 
(sq ft) 

. 16 '738 

16.738 

16,738 

16,738 

16,738 

16,738 

16,738 

16,738 

16,738 

Ground Cover 
Factor 

0.70 

0.62 

0.62 

0.61· 

0.60 

0.59 

0.58 

0.56 

0.55 

Table 13. COLLECTOR AREAS FOR POLAR MOUNT, TROUGH COLLECTOR 

Collector Type: Polar Haunt, trough 

_Application: Single-family attached (townhouse) 

----Flat Roof Option------

Ceo graphic 
Location 

Miami 

Dallas/ 
Fort Worth 

Charleston/ 
Raleigh 

Phoenix 

Los Angeles 

Albuquerque 

Nashville 

Chic.a~o 

Boston 

Slnpe 
Angle 

25.78 

32.83 

32.9 

33.43 

34.0 

35.05 

36.12 

41.67 

42.37 

NSTITUTE 

Collector 
Area 

__ _{_sg ft) 

7,579 

6,833 

. 6' 826 

6,769 

6,705 

6,581 

. 6, 44 7 

.'J,70J 

. 5 '600 
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Roof Area 
Available 

For Collector 
(sq ft) 

16,738 

16,738 

16,738 

16,738 

16,738 

16,738 

16,738 

16,738 

16,738 

Ground Cover 
.Factor ::....c:_::___ 

0.45 

0.41 

0.41 

0.40 

0.40 

0.39 

0.39 

0.34 

0.33 
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Table 14. COLLECTOR AREAS FOR NORTH-SOUTH HORIZONTAL, TROUGH COLLECTOR 

Collector T}':Ee: North-South Horizontal, trough 

AEElication: Single-family attached (townhouse) 

Flat Roof Option Roof Area 
Collector Available 

Geographic Slope Area For Collector Ground Cover 
Location Angle "_.(sq ft) (sq ft) Factor 

Miami 0.0 9,064 16,738 0.54 

Dallas/ 
Fort Worth 0.0 9,064 16,738 0.54 

Charleston/ 
Raleigh 0.0 9,064 16,738 0.54 

Phoenix 0.0 9,064 16,738 0.'1ll. 

Los Angeles 0.0 9,064 16,7S8 0.54 

Albuquerque 0.0 9,064 16,738 0.54 

Nashville .o. 0 9,064 16,738 0.54 

Chicago 0.0 9,064 16,738 0. Sll 

Boston 0.0 9,064 16,738 0.54 

Table 15. COLLECTOR AREAS FOR HIGH CR-CPC COLLECTOR 

Collector TyEe: High CR-CPC 

AEElication: Single-family attached (townho~se) 

Flat Roof Option ·Roof Area 
Collector Available 

Geographic Slope Area For Collector Ground Cover 
Location Angle (sg ft) (sq ft) Factor 

Miami 49.23 10,804 16,738 0.65 

Dallas/ 
Fort Worth 56.28 9,761 16,738 0.58 

Charleston/ 
Raleigh 56.35 9,750 16,738 0.58 

Phoenix 56,.88 9,659 16,738 0.58 

Los Angeles 57.45 9,567 16,738 0.57 

Albuquerque 58.5 9,392 16,738 0.56 

Nashville 59.57 9,201 16,738 0.55 

Chicago 65.12 8,103 16,738 0.48 

Boston 65.82 7,953 16,738 0.48 
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T!ible: 16 .... ·coLLECTOR AREAS FOR SLATS COLLECTOR 

Collector Type: SLATS 

_Application: Single-family attached. (townhouse) 

Flat Roof Option Roof Area 
Collector Available 

Geographic Slope Area For Collector Ground Cover 
Location Angle (sg ft) (sq ft) Factor 

Miami 25.78 10,581 16,738 0.63 

Dallas/ 
Fort Worth 32.83 9,590 16,738 0.57 

Charleston/ 
Raleigh 32.9 9,580 16,7 38 0.57 

Phoenix 33.43 9,501 16,738 0.57 
Los Angeles 34.0 9,410 16,738 0.56 
Albuquerque· 35.05 9,237 16,738 0.55 

Nashville 36.12 9,049 16,738 0.54 

Chicago 41.67 8,004 16,738 0.48 

Boston 42.37 7,859 16,738 0.47 

Table 17. COLLECTOR AREAs· FOR EVACUATED TUBE, LOW CR-CPC COLLECTOR 

Collector.~: Evacuated Tube, low CR-CPC 

~lic_:_ation: Low-Rise Arartment. 

----Flat Roof Option·-· Roof Area 
Collector Available 

Geographic Slope Area For Collector Ground Cover 
Location Angle ----- - (sg ft) (sq ft) Factor 

Miami 25.78 9, 729 15,120 0.64 

Dallas/ 
Fort Worth 32.83 8,607 15,120 0.57 

·charleston/ 
Raleigh 32.9 8,596 15,120 0.57 

Phoenix 33.43 8,508 15,120 0.56 

Los Angeles 34.0 a,4o9 15,120 0.56 

Albuquerque 35.05 8,219 15,120 0.54 

Nashville· 36.12 . 8, 787 15,120 0.58 

Chicago 41.67 7, 773 15,120 0.51 

Boston 42.37 7,632 15,120 0.50 
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Table l8., COLLECTOR AREAS FOR POLAR MOUNT, TROUGH COLLECTOR 

C~l_lector Type: Polar Mount, trough 

Application: Low~Rise apartment 

Flat Roof Option Roof Area 
Collector Available 

Geographic Slope Area For Collector Ground Cover 
Location Angle (sq ft) (sq ft) Factor 

Miami 25.78 6,449 15,120 0.43 

Dallas/ 
Fort Worth 32.83 5,705 15,120 0.38 

Charleston/ 
Rdlt=lgll :32.9 5,697 15,120 0.38 

.Phoenix 33.43 5,6.39 15,120 0.37 

Los Angeles 34.0 5,573 15,120 0.37 

Albuquerque 35.05 5,41.18 15.120 0.36 

Nashville 36.12 5,824 15,120 0.39 

Chicago 41.67 5,152 15,120 0.34 

Boston 42.37 5,059 15,120 0.33 

Table 19. COLLECTOR AREAS FOR HIGH CR-CPC COLLECTOR 

Collector Type: High CR-CPC 

Application: Low-Rise apartment 

Flat Roof Option Roof Area 
Collector Available 

Geographic Slope Area For Collector Ground Cover 
Location Angle (sq ft) (sq ft) Factor 

Miami 49.23 9,122 15,120 0.60 

Dallas/ 
Fort Worth 56.28 8,818 15,120 0.58 

Charleston/ 
Raleigh 56.35 8,808 15,120 0.58 

Phoenix 56.88 8,725 15,120 0.58 

Los Angeles 57.45 8,642 15,120 0.57 

Albuquerque 58.5 8 ,48.4 15,120 0.56 

Nashville 59.57 8,312 15,120 0.55 

Chicago· 65.12 7,320 15,120 0.48 

Boston 65.82 7,184 15,120 0.48 
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Table 20. COLLECTOR AREAS FOR SLATS COLLECTOR 

Collector Type: SLATS 

Application: Low-Rise apartment 

Flat Roof Option ·Roof Area 
Collector Available 

Geographic Slope Area For Collector Ground Cover 
Location ----- Angle (sg ft) (sq ft) Factor 

Miami 25.78 9,051 15,120 0.60 

Dallas/ 
Fort Worth 32.83 8,006 15,120 0.53 

Charleston/ 
Raleigh 32.9 7,996 15,120 0.53 

Phoenix 33.43 7,915 15,120 0.52 

Los Angeles 34.0 7,822 15,120 0.52 

Albuquerque 35.05 7,646 15,120 0.51 

Nashville 36.12 8,174 15,120 0.54 

Chicago 41.67 7,230 15,120 0.48 

Boston 42.37 7,100 15,120 0.47 

Table 21. COLLECTOR AREAS FOR EAST-l.ffiST TROUGH COLLECTOR 

Collec~_E_r_~: East-West Trough 

~pplication: Low-Rise apartment 

Flat Roof Option - Roof Area 
Collector Available 

Geographic Slope Area For Collector Ground Cover 
Location Angle (sg ft) (sq ft) Factor 

Miami 49.23 10,079 15,120 0.67 

Dallas/ 56.28 8,970 15,120 0.59 
Fort Worth 

Charleston/ 56.35 8,756 15,120 0.58 
Raleigh 

Phoenix 56.88 8,R47 15,120 0.58 

Los Ang-eles 57.45 8,737 15,120 0.58 

Albuquerque 58.50 8,530_ 15,120 0.56 

Nashville 59.57 8,306 15,120 0.55 

Chicago 65.12 7,494 15,120 0.50 

Boston 65.82 7,331 1S,l20 0.46 
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Table 22. COLLECTOR AREAS FOR NORTH-SOUTH HORIZONTAL COLLECTOR 

Collector_~: North-South Horizontal 

A:e:elication: Low-Rise apartment 

Flat Roof Option ----- Ruuf Area 
r.nllP('tor Available 

Geographic Slope Area For Collector Ground Cover 
Location Angle (sg ft) (sq ft) Factor 

Miami 0.0 8,189 15,120 0.54 

Dallas/ 0.0 8,189 15,120 0.54 
Fort Worth 

Charleston/ 0.0 8,189 15,120 0.54 
Raleigh 

Phoenix 0.0 8,189 15,120 0.54 

Los Angeles 0.0 8,189 15,120 0.54 

Albuquerque 0.0 8,189 15,120 0.54 

Nashville 0.0 8,189 15,120 0.54 . 

Chicago 0.0 8,189 15,120 0.54 

Boston 0.0 8,189 15,120 0.54 
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2 .1.4 Solar Collector Screening Methodology 

To establish appropriate generic collector types for specific residential 

applications, a number of collectors were screened to determine which collec­

tors offer most cost-effective performance after optical and thermal character­

istics, and capital, installation, and maintenance costs are accounted for. 

Selection procedure applies only to future collector technology. 

Procedures 

• Establish performance of a 1 sq ft aperture for Albuquerque, Boston, 
Chicago, and Fort Worth, using one year's actual insolation data to 
produce a value for .Btu collected/sq ft-yr at 300°. and 6000.F average 
collector temperatures. (Collector performance characteristics are 
summarized in Table 23. Cosine losses are not included.) 

Table 23. GENERIC CHARACTERISTICS OF CANDIDATE COLLECTORS 

•• • _ A'Tc•- Ta) + B(Tc
4 

·• Ta
4

) Collector Efficiency "opt ~ - -
0opt 

Collector (clean) 8 !t_ Be ~ Comm~ 

Evacuated 
Tube 

ET 1 0. 700 0.157 

ET2 0.670 0.35 

CPC 
CPC 1 (1. SX) 0.60 0.13 

CPC 2 (SX) 0.48 0.12 

CPC lA (1. SX) o. 74 0.12 

CPC 2A (SX) 0.67 0.084 

SLATS 0.68 0.071 

One-Axis 
Tracking 

PT1 o. 750 0.0663 

PT2 0.620 0.080 

PT 3 o. 700 o. 55 

o.o Total 

o.o Total 

o.o Total 

o.o Total 

o.o Total 

o.o Total 

o.o Direct 

.445 X 10-4 
Direct 

.50 X 10-10 Direct 

o.o 

Tilted at local latitude 

Tilted at latitude/ 
Current Tech. (C.T.) 

Tilted angle adjusted 
monthly/C. T. 

Tilted at latitude/ 
Advanced Tech. 

Tflt angle adjusted 
monthly/Aci. Tech. 

Performance from pro­
prietary Sheldahl 
program 

NS, Polar & E-W Mount/ 
TC • 300°F + 600°F 

NS, Polar & E-W Mount/ 
TC • 300°F + 600° F 

NS, Polar & E-W Hnunt:/ 
TC • 300"F 

Performance of collectors determined with an optical efficiency of 90% 
nf r.lean optical afficionoy (nopt). 

Btu/sq ft of hr. 

c Btu/so ft 0 R4 hr. 

Btu/sq ft hr. 

NS • North-South Horizontal. 

E-W • East-West. 

PM • Polar Mount. 

Yields conservative performance results because T • 
c 

300°F or 600°P, whereas T is always loss than T 
C . ,ur 

Tin (300°F) il 105°F, Tin (600'P) oo 4)QOp, 

Cosine losses are figured in evaluation of insolation. 

Tin + Tout, 
2 

Typical values are: 

• Evaluate total Btu's collected per year for different collector types 
on different dwellings to account for effects of collector geometry on 
appropriate row spacing to minimize shadowing and hence on available 
('nllet::tor ArPA. 
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• For future technology collectors, establish -

1. Annualized capital cost at 15%/yr 
2. Annualized installation cost of rack mounted collectors at 15%/yr 
3. Annual cost of collector maintenance and operation. 

• For advanced technology collectors, improvements are modeled primarily 
as reductions in capital, installation, operation, and maintenance costs. 
A specific exception is the CPC collector for which Argonne National 
Laboratory has projected improvements in performance consistent with 
application of current- or near-term technology. Costs were taken from 
the section on collector costs. Cost data for current and future 
technology collectors are summarized in Tables 24 and 25. 

• For advanced technology collectors, evaluate total Btu collected/yr and 
total annual cost for each collector, dwelling type, and geographical 
location. 

• The advanced collectors showing greatest performance and cost effec­
tiveness are carried over to system performance evaluation. 

• Results are presented graphically-as Btu/yr versus annual dollars. The 
best collector is the one showing the greatest annual output at lowest 
cost; since these characteristics are somewhat. mutually exclusive, 
judgment is exercised to pick the most appropriate collector. 

2.1.5 Collector Screening Study Results* 

Results are presented in Tables 26 through 33 and Figures 13 through 20. 

The tables also summarize unit collector output (Btu/sq ft-yr), arid collector 

areas on the various dwelling types. Although data have been developed for 

single-family detached and low-rise structures with flat roofs for Dallas and 

Chicago in addition to Albuquerque and Boston, results are considered reason­

ably representative of expected performance of collectors in other regions. 

It is to be emphasized that only a moderate level of detail is required in 

system performance estimation, and these results are considered of sufficient 

detail to allow a reasonable recommendation of appropriate collector types. 

Low-Temperature (300°F) Tracking Collectors 

• Performance results closely follow the changes in collector optical and 
heat loss characteristics. (Referring to Table 23, PT-1 is the best, 
with the highest optical efficiency and lowest heat loss coefficient, 
followed by PT-2 and PT-3.) 

* This discussion is inferred primarily from results of collector performance 
and predicted future collector costs for Boston and Albuquerque. At 600°F, 
the performance differences between PT-1 and PT-2 are more significant be­
cause the improved heat loss characteristic of PT-;1.. becomes a more important· 
factor in collector performance as operating tempe~ature increases. 
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Table 24. ANNUAL INSTALLED COLLECTOR COSTS - CURRENT 

Collector Type 

ET 1 

ET 2 

CPC 1 - 1.5X 

CPC 2A - 5X 
(Tilt angle 
adjusted monthly) 

CPC ·1A- 1.5X 

CPC 2A - 5X 
(Tilt angle 
ad.iusted monthly) 

Tl - SLATS 

PT 1 

PT 2 

PT 3 

Current Collector 
Cost, $/ft2 

20.00 GC 

12.00 GC 

25 GC 

25 GC 

32.5 GC @ JQ% above 
state-of-the-art 

32.5 @ 30% above 
state-of-the-art 

20.00 GC 

2500 GC 

14.00 GC 

8.00 GC 

Note: GC- Generic current: 

Range, $/ft 2 

20.00 

11 -18 

25 (estimate,not on 
production) 

25 (estimate not on 
\)roduction) 

Estimate 

Estimate 

16 - 28 

20 - 30 

13.70 - 14 . so 

7.80 

Current Shipping 
Cost, $/ft2 

0. 25 GC 

0.25 GC 

0.35 GC 

0.35 GC 

0. 35 GC 

0.35 GC 

0.45 

0.25 

0.25 

0.25 

Cur~ent Inst~llation 
Cost, $/ft 

10.90 - All 
collectors are rack 
mounted on roofs. 

10.9.0 

10.90 

14.00 with tilt 
adjustment 

10.90 

14.00 with tilt 
adjustment 

11.00 

PM- 16.00 
EWi<NS- 12.00 

PM - 16.00 
EW&NS-12. 00 

PM - 16.00 
EW&NS-12. 00 

Current Total 
Cost, $/ft2 

31.15 GC 

23.15 GC 

36.25 GC 

39.35 GC 

43.75 GC 

46.85 GC 

31.45 GC 

PM- 41.25 
EW&NS- 37.25 

PM- 30.25 
EW&NS - 26.25 

PM - 24 
EW&NS - 20 

Current Operation 
and Maintenance 
Cost, $/ft2 

1.00 

1.00 

1.25 

1.50 @ 25% 
O&M for fixed 
tilt 

1.25 

1.50 

0.75 

PM - 1.00 
EW&NS - 0.80 

PM is more complex 

PM - 1.00 
EW&NS - U.!!O 

PM - 1.00 
EW&NS- 0.80 

00 
\0 
00 ......... 



Table 25. ANNUAL I~ STALLED COLLECTOR COSTS - FUTURE 
~ -z Future Operating ....... 
00 

Future Collector Future Shi~ping Future Installation Future Total and Mainten~nce 
(I> ., 

Cost,· S;ft 2 $/ft2 Collector Type Ccst, $/ft2 Range, $/ft- Cost, $/ft Cost, Cost, $/ft /y_r 
-l 

ET 1 15.00 GF 5.80-14.00 0.10 @ 50% of All =ol]ec:ors are 20.58 GF 0.10 
current rock moLnt,~d on roof 

-l 5 .4.5 @ 50~ of 

c current 

-l ET 2 9.00 GF 4.50-11.00 0.13 5.!.5 14.58 GF 0.10 

m 

CPC 1 - l.SX 14.00 GF 10.00-20.15 0.18 @ 50% of 5.45 ~ 507. of 19.63 GF 0.16 
current curr~:nt 

0 

"TT CPC 2 - SX :?.4.00 GF Hl.00-20.15 0.18 7.00 wit:t tilt 21.18 GF 0.20 @ 25% 
(Tilt angle Adjustme:tte @ above O&M for 
adjusted 50% c f c Jrrer.t fixed tilt. 
monthly) . 

w CPC lA - l.SX 15.40 GF@ C'l 00 estimate 0.18 5.45 21.02 GF 0.16 
10% above 

)>o state-of-the-art 

(I> 

CPC 2A - SX 15.40 GF @ estimate 0.18 7.00 witl tilt 22.58 Gi' 0.20 
(Tilt angle 10% above adjustment; 
adjusted state-of-the-art 
monthly) 

-1 Tl - SLATS 14.00 GF 9.80-14.00 0.23 @ 50% of 5.50 ~ SC% .,f 19.7.3 GF 0.15 

m current curre:tt 

() 

:I: PT 1 14.00 GF 12.00-lL.SO 0.13 @ 50% of PM = ·LOC PM= 22,13 PM = 0 .. 20 
current EW & ::IS = 6.00 EW & NS = 20.13 EW & NS = 0.16 z All a : SCI% c f 

0 curr~:tt 

r PT 2 12.00 GF 8.00-13.00 0.18 PM= !:.0() PM= 20.13 PM = 0.20 
EW. & IS = 6.00 EW & NS = 18.13 EW & NS = 0.16 

0 
00 

C'l \0 
00 

PT 3 7.00 GF 0-1.3 PM= E.OO PM = 15.13 PM = 0.20 ...... 
-< EW&~·s= 6.00 EW & NS = 13.13 EW & NS = 0.16 
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-1 Table 26. COLLECTOR COSTS FOR 600°F SYSTEM (Boston) - LOW-RISE APARTMENT 
c 

-1 Annual 
Collector 

m 
Col lee to!:' Cost, Annual Output Coilector Total Annual 

~/Year $/ft2-yr (Btu/ft2/yr) Area, ft2 Output, Btu/yr Clty Type 

Boston CPC2 3.38 36,092 7632 27.5454 X 107 25796 0 

'"T1 
Flat Roof 
Option CPC2A 3.59 96,868 7632 73.9297 27399 

FUTURE COSTS Tl(SLAT5) 3.11 106,590 7100 75.6789 22081 
w 

C') \0 PTl-EW 3.18 192,900 7331 141.4150 23313 
)> 

Cl> PT2-EW 2.88 36,367 7331 26.6606 21113 

PTl-PM 3.52 262,615 5059 132.8569 17808 

-1 PT2-PM 3.22 53,808 5059 27.2215 16290 
m PTl-NS 3.18 211,337 8189 173.0639 26041 (") 

:::t: PT2-NS 2.88 31,525 8189 25.8158 23584 
z 

0 

r 

0 

C') 

00 
\.0 -<" 00 
-...,J 
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m Table 27. COLLECTOR COS'LS FOR 60C·°F SYSTID1 (Bo3ton) - SINGL3-FAMILY DETACHED 

Annual 
Collec::or 

0 Collector Cost. Annual Output Collector Total Annual $/Year ., City Type $/ftL,..r (Btu/ft2/yr) · Area, ft2 C•utput, Btu/yr 

Boston CPC2 3.38 36,092 429 1. 5483 X 107 1450.0 
~ Flat Roof C') 0 CPC2A 3.59 96,868 429 4.1556 1540.1 Option 

)lo 

Cl> FUTURE COSTS T1 (SLATS) 3.11 106,590 399 4.2529 1240.9 

PTl-EW 3.18 192,900 470 9.0663 1494.6 

-i PT2-EW 2.88 36,367 470 1. 7092 1353.6 
m 

PTl-PM 3.52 262,615 284 7.4583 999.7 n 

:r PT2-PM 3.22 53,808 284 1. 5281 914.5 
z 
0 PTl-NS 3.18 :!.11,337 460 9. 7215 1462.8 
r PT2-NS 2.88 31,525 460 1. 4502 1324.8 
0 

C') 00 
\.0 
00 -<" -...J 

I 
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(II Table 28. COLLECTOR COSTS FOR 300°F SYSTEM (Boston) - SINGLE-FAMILY DETACHED 
-1 

Annual 
~ Collector 
c Collector Cost, Annual Output Collector Total Annual $/Year 

City Type $/ft2-vr (Btu/ ft2 /yr) Area, ft2 Output, Btu/yr 
-1 

m· 
Bostcn ETl 3.19 111,168 429 4.7691 X 107 1368.5 

Flat Roof CPCl 3.11 154,958 429 6. 6477 1334.2 
0 Option 
, FUTURE COSTS 

ET2 2.29 52,391 429 2.2476 982.4 

PT3-PM 2.47 32,903 284 0.9344' 701.48 

.t::-- PT2-PM 3.22 220,994 284 6.2762 914.5 (') t-' 

> PTl-PM 3.52 351,862 284 9. 9929 999.7 
(II 

PT3-EW 2.13 22,367 470 1. 0512 1001.1 

PT2-EW 
-1 

2.88 162,744 470 7.6489 1353.6 

m PTl-EW 3.18 269,561 470 12.6694 1494.6 
n 
:I: 

PT3-NS 2.13 19,416 460 0.8931 979.8 

z PT2-NS 2.88 178,619 460 8. 2165 1324.8 
0 

r PTl-NS 3.18 297,375 460 13.6793 1462.8 
0 

SLATS 3.11 163,552 399 6.5257 1240.9 
(') 00 

\0 
-(' CPClA 3.32 220,026 429 9.4391 1424.3 00 ........ 
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-1 Table 29. COLLE:::TOR COSTS FOR 300°F SYSTEM (Boston ) - L")W-RISE APARTMENT 

-1 Annual 
c Collector 

Collector Cost, · Annual Output Collec·tor Total Annual $/Year -1 
$/ft2-yr (Btu/ft2[yr) Area 1 ft2 Ouq~ut 1 Btu/yr City Type 

m 

Boston ETl 3.19 111,168 7632 84.8434 X 107 24346 

Flat Roof CPC1 3.11 154,958 7632 118.2639 23735 
0 Option 

·"TJ 
FUTURE COSTS ET2 2.29 52,391 7632 39.9848 17477 

PT3-PM 2.47 32,903 5059 16.64.56 12496 
~ 

C) N 

PT2-PN 3.22 220,994 5059 111.8009 16290 
)I> 

Cl> PTl-PM 3.52 351,862 5059 17EL0070 17808 

PT3-EW 2.13 22,367 7331 16.3972 15615 

-1 PT2-EW 2.88 162,744 7331 119.3076 21113 
m 

() PT1-EW 3.18 269,561 7331 197.6152 23313 

::z: PT3-NS 2.13 19,416 8189 15.8998 17443 
z 
0 PT2-NS 2.88 178,619 8189 146.2711 23584 
r 

PT1-NS 3.18 297,375 8189 243.5204 26041 
0 

C) SLATS 3.11 163,552 7100 116.1219 22081 00 
-o -<: co 

CPC1A 3.32 220,026 7632 167.9238 25338 -.....! 

I 
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Table 30. COLLECTOR COSTS FOR 300°F SYSTEM (Albuquerque) - SINGLE"'"'FAHILY DETACliED (II 

~ 

~ Annual 
c Collector 

Co~t, Annual Output Collector Total Annual Collector $/Year ~ 
City TxEe $/ft -~r (Btu/ft2/xr) Area 2 ft2 Out12ut 2 Btu/xr 

m 
7 Albuquerque ETl 3.19 162,853 504 8.2078 X 10 1608 

Flat Roof CPCl 3.11 221,084 504 11.1426 1567 Option 
0 

"11 FUTURE COSTS ET2 2.29 86,073 504 4.3381 1154 

PT3-PM 2.47 69,700 334 2.8748 825 
~ 

PT2-PM 3.22 321,758 334 10.7467 1075 C) w 

> 
PTl-PM 3.52 478,095 334 15.9683 1176 (II 

PT3-EW 2.13 47,409 555 2.6312 1182 

PT.2-EW 2.88 239,831 555 13.3106 1598 ~ 

m PTl-EW 3.18 370,351 555 20.5595 1765 
n 

:I: PT3-NS 2.13 47,657 460 21.9220 980 
z 

PT2-NS 2.88 280,875 460 12.9203 1325 0 

r PTl-NS 3.18 427,531 460 19.6664 1463 
0 

SLATS 3.11 218 '292 469 10.2379 1459 
00 

(;) 

1.0 
-<" 00 CPClA 3.22 302,267 504 15.2342 1623 -...1 
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"' Table 31. COLLECTOR COSTS FOR 300°F SYSTEH (Albuquerque) - LOW-RI.SE APAR,T$NT 
-1 

Annual 
-1 Collector 
c Collector Co~t, Annual Output Collector Total Annual $/Year 
-1 City Type $/ft -yr (Btu/ft2/yr) Area, ft2 Output, Btu/yr 
m 

Albuquerque ETl 3.19 162,853 8219 133.8489 X 107 26219 
Flat Roof CPCl 3.11 Option 221,084 8219 181.7089 25561 

0 
ET2 FUTURE COSTS . 2.29 86,073 8219 70.7434 18822 

"TI 

PT3-PM 2.47 69,700 5448 37.9726 13457 
.p. 

PT2-PM 3.22 321,758 5448 175.2938 17543 Cl 
.p. 

> PT1-PM 3.52 .+78,095 5448 260.4662 19177 
"' 

PT3-EW 2.13 47,409 8530 40.4399 18169 

PT2-EW 2.88 2.39,831 8530 204.5748 24566 
-1 

m PTl-EW 3.18 370,351 8530 315.9094 27125 
() 

PT3-NS .2.13 47,657 8189 39.0263 17443 :J: 

z PT2-NS 2.88 280,875 8189 230.0085 23584 
0 

r PT1-NS 3.18 ~27,531 8189 350.1051 26041 
0 

SLATS 3.11 218,292 7646 166.9061 23779 
Cl •::IJ 

\.0 
-(' CPClA 3.22 302,267 8219· 248.4332 26465 ::tJ 

-..1 

'I 
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-1 Table 32. COLLECTOR COSTS FOR 600°F SYSTEM (Albuquerque) - SINGLE-FA!1ILY DETACHED 
m 

Annual 
Collector 

Total Annual Collector Cost, Annual Output Collector $/Year 
$/ftL'i..r (Btu/ft2/yr) Area, ft2 Output, Btu/yr 0 City Type 

"T1 

Albuquerc~ue CPC2 3.38 55,990 504 2.82l9 X 107 1704 
Flat Roof 

CPC2A 3.59 132,559 504 ~ Option 6.6810 1809 C) \J1 

> FUTURE COSTS Tl(SLATS) 3.11 158,988 469 7.4565 1459 
"' 

PTl-EW 3.18 284,046 555 15.7646 1765 

PT2-EW 2.88 64,477 555 3.5785 1598 
-1 

m PTl-PM 3.52 382,303 334 12.7689 1176 
(') PT2-PM 3.22 95,366 334 3.1852 1075 
:X: 

z PTl-NS 3.18 332,690 460 15.3037 1463 
0 

2.88 PT2-NS 64,461 460 2.9652 1325 ,... 
0 

C) co 
\.0 

-(" 00 
-...! 
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-1 Table 33. COLLECTOR COSTS FOR 600°F SYSTEM (Albuquerque) - LO~~RISE APARTMENT 
m 

Annual 
Collector 

Collector Co~t, Annual Output Collector Total Annual $/Year 
City Type $/ft -yr (»tu/ft2/yr) Area, ft2 Output, Btu/yr 0 

"TI 

Albuquerque CPC2 3.38 55,990 8219 :.6.0182 X 107 
27780 

Flat Roof 
CPC2A 3.59 132,559 8219 108.9502 ~ Option 29506 

Cl 0\ 

)> FUTURE COSTS Tl(SLATS) 3.11 158,988 7646 121.5622 23779 
Cll 

PTl-EW 3.18 284., 046 8530 242.2912 27125 

PT2-EW 2.88 64,477 8530 54.9989 24566 
-1 

PT1-PM 3.52 382,303 5448 208.2787 19177 m 

n PT2-PM 3.22 95,366 5448 51.9554 17543 
:I: 

z PT1-NS 3.18 332,690 8189 272.4398 26041 
0 PT2-NS 2.88 64,461 
r 

8189 52.7871 23584 

0 

Cl 00 
\0 -<. 00 
....... 

I ' i 



z 
(II 

-4 

-4 

c 

-4 

m 

0 

"11 

C) 

> 
(II 

m 

n 

:I: 

z 
0 

0 

-< 

~ 
....... 

24 

22 

E-< 

~2 
;::I 
0 

0 

300°F 
Albuquerque 
Single-Family Dwelling - Flat Roof 
Future 

Collector 

PTl-NS 
PTl-EW 
PTl-PM 

200 

105 Btu/$ 

400 

1.34 
1.165 
1.36 

600 

0------PT-3-PM 
0 

800 

PT-3-NS 

1000 

$/year 

0 
ET-2 

0 

PT-3-EW 

1200 

? 

1400 

Figure 13. COLLECTOR COSTS VS. PERFORMANCE 
(300°F, Albuquerque) 
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• The NS and EW horizontal orientations are fairly close both in cost and per­
formance. Comparing results from Albuquerque and Boston, we can see how site­
specific results are and the difficulty in finding a simple way to select 
a collector type. The PM orientation gives somewhat reduced performance ~t 
a reduced cost compared with other orientations. Because the NS ~ri~ntation 
is a summer peaking alternative, EW and PM 0rientations are preferred for 
northern climates because their output is more even throughout the year. 
The ultimate collector orientation is best made by system simulation. For 
latitudes south of Albuquerque, the NS orientation may be preferred because 
of the significant sunnner cooling load. In an application demanding a more 
balanced annual output, the Ew· orientation might be preferred in lower lat­
itudes, although the polar mount cannot be excluded. The Ew· orientation is 
somewhat more desirable than the PM orientation because it permits greater 
collector area and consequently greater annual output. For STES, the high,-. 
performance collector (PT-1) is the overall best choice, regardless of orien­
tation. 

High-Temperature (.600°F) Tracking Collectors 

• Performance results closely follow the changes in collector optical 
and heat loss characteristics. PT-1 is the best, followed by PT-2. 

The NS orientation usually gives superior performance to the EW, 
although cost effectiveness depends upon site and dwelling type. 
Which orientation gives the greatest performance in an STES application 
is a function of the enhanced sunnner collection of the NS orientation 
versus the more even output of the EW orientation and the relative 
collector areas available. NS collectors have large intrarow spacing; 
EW collectors have large interrow spacing. The PM gives decreased 
performance at reduced cost. The decision as to the most appropriate 
collector is dependent upon application; for STES, the high-performance 
collector (PT-1) is the overall best choice. 

Low-Temperature CPC's Versus Tracking Collectors 

Based upon future cost predictions, the state-of-the-art 1.5X CPC (CPC 1) 

is neither cost effective nor comparable in performance to tracking collectors 

with the exception of the rather poorly performing PT 3. The advanced tech­

nology 1.5X CPC (CPC lA) is comparable in performance to PT 2 or PT l.in PM 

orientation, although its cost effectiveness is only fair. If costs can be 

reduced, the advanced CPC might bear a second look for 300°F applications, 

especially if for some reason, tracking collectors are inappropriate. 
A 

High-Temperature CPC's 

The state-of-the-art 5X CPC (CPC 2) is not a competitor to other collector 

types considered for high-temper~ture (600°F) applications. It is outperformed 

by every other collector. The advanced technology 5X CPC (CPC 2A), while showing 

better performance, is still not competitive on a cost basis. 

55 
INSTITUTE 0 F G A S T E C H N 0 L 0 G Y. 



4/78' 8987 

Low-Temperature SLATS Versus Tracking Collectors Versus CPC's 

The SLATS* collector is broadly representative of the class of collectors 

having either ~oving mirror-fixed focus (e.g., SLATS) or moving .focus-fixed 

mirror, (e.g., General Atomic) geometries. The SLATS collector is inferior . ' 
in performance to PT-1 and PT~2, and even to the CPC collectors. It is 

also non-competitive in cost with the tracking collectors, although it is 

competitive with the state-of-the-art l.SX CPC. Its reduced output at re­

duced cost in comparison to the advanced l.SX CPC (CPC lA) might suggest it 

as an alternative choice in an application where the CPC collector might be 

used. However, in every case, PT 2 in a P}l orientation gives comparable 

output at a lower cost. 

High-Temperature SLATS 

The SLATS collector is not competitive with the best of the tracking 

collectors, featuring significantly better performance. However, whereas at 

low temperatures, the SLATS collector was outperformed by PT 2, at high temp­

eratures, it would be preferred over PT 2.· The SLATS collector also is a 

more economic choice than the CPC collectors. 

CPC Versus Evacuated Tube Collectors 

The results indicate that, in every case, for 300°F applications, the CPC 

collectors significantly outperform evacuated tube collectors. The increased 

performance of the CPC collectors is obtained at costs comparable to the evac­

uated tube collectors • 

. . Conclusions 

From an approach based only upon collector output, the best collector for 

either 300° or 600°F output temperatures is PT 1 - NS. The drawback here is 

that a horizontal trough gives excellent performance in summer but very poor 

output in winter. In high north latitudes, a greater winter output is de­

sirable because of significant winter loads. Thus, the choice is between PM 

* Of the class of tracking mirror/tracking receiver collectors, only the 
SLATS collector was modeled. (Sheldahl, Inc., the manufacturer of the 
SLATS collector, was kind enough to supply their comput'er program.) The 
General Atomic collector may be expected to have roughly comparable 
performance. 
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and E-W orientations. On an output/sq ft of aperture basis, the polar mount 

orientation looks best. However, roof area constraints yield greater collector 

area and, in this case, greater collector output for the E-W orientation. 

The drawback of the PM orientation is that the ground cover factor allows . . * 
less collector area.. The· PM is also somewhat more expensive to install than 

other orientations. Despite these drawbacks, we see that the reduction in out­

put over other orientations1appears cost-effective in that the cost reduct~on 

is greater than the performance reduction. (See Table 34.) This happens be­

cause of the greater unit output (Btu/sq ft-yr) from the P-M orientation. 

The final choice here is arbitrary; we get greater output from the E-W 

collector than the PM, but at greater costin terms of Btu/dollars. Certainly, 

the best approach would be to evaluate system cost and performance using both 

collectors, but in the interest of obtaining a cost effective solar total energy 

system, the PM orientation for PT 1 is selected for both low and high tempera­

ture systems rather than the EW orientation. This is in consideration that 

the polar mount· orientation is more cost effective (greater Btu/dollars) than 

the EW orientation with the only drawback being the somewhat reduced annual 

system output. The PM orientation of PT 1 ldll be used for· Boston .and Chicago; 

areas that clearly have large winter thermal loads. The PM orientation will 

also be used for Nashville, Albuquerque, and Los Angeles - cities with moderate 

heating and cooling requirements, and with the .exception of Nashville, very 

good insolatio~ availability. The cities of Charleston, Miami, Dallas, and 

Phoenix will use horizontal NS trough collectors because of their very large 

summer cooling loads. 

2.1.6 Collector Areas -Thermal Solar Total Energy Systems 

Table 35 summarizes the 100% collector areas used in evaluating the per­

formance of thermal solar total energy systems. The table also indicates the 

orientation (N-S horizontal or P-M) selected for the single-axis tracking para-

bolic trough collectors used in the study. The 100% areas correspond to the ,, 

* All collector orientations are penalized somewhat because the collector 
layout minimizes shadowing. Although not pursued in· this study, closer 
collector spacing can allow significant increases in.collector area with 
small redueti.ons i.n annual collector output a:nd should be considered 
in detailed system design analyses. 
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Table 34. COST EFFECTIVENESS OF VARIATIONS IN COLLECTOR ORIENTATIONS 

Performance* Cost** 

Boston 

Single-Family 
Dwelling 

EW 

PM 

Low-Rise 
Apartment 

EW 

PM 

Albuquerque 

Single-Family 
Dwelling 

EW 

PM 

Low-Rise 
Apartment 

EW 

PM 

1.27 

1.00 

1.11 

1.00 

1.29 

1.00 

1.21 

1.00 

1.50 

1.00 

1.31 

1.00 

1.50 

1.00 

1.41 

1.00 

600°F 

Performance* Cost** 

1.22 

1.00 
l 

1.06 

1.00 

1.24 

1.00 

1.16 

1.00 

1.50 

1.00 

1.31 

1.00 

1.50 

1.00 

1.41 

1.00 

Comments 

EW does not appear 
cost effective. 

EW does not appear 
cost effective. 

EW does not appear 
cost effective. 

EW does not appear 
cost effective. 

* Ratio of annual output of EW trough collector (PT-1) to PM trough collec­
tor (PT-1). 

** Ratio of annualized cost of EW trough collector (PT-1) to PM trough collec­
tor (PT-1) • 
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Loc.ation 

Miami 

Dallas/ 
Fort Worth 

CtLarleston/· 
Raleigh. 

P:;-.,enix · · 

.. L-:)8 Angeles 

Albuquerque 

Nashville 

Chicago 

&ston 

Orientation 

Table 35. 100% COLLECTOR AREA SUMMARY· 
(Thermal Solar Total Energy Systems) 

Single-Family 36-Unit 
Detached Townhouse 

Area, sq· ft 

North-South' 
Horizontal 460/Unit 13,596 

North-South 
Horizontal 460/Unit 13,596 

North-South 
Horizontal 460/Unit 13,596 

North-South 
Horizontal 460/Unit 13,596 

Polar Mount 341/Unit 10,058 

Polar Mount 334/Unit 9,872 

Polar Mount 327/Unit 9,671 

Polar Mount 290/Unit 8,555 

Polar Mount 284/Unit 8,400 

48-Unit 
Low-Rise 

16,378 

16,378 

16,378 

16,378 

11,146 

10,896 

11 '648 

10,304 

10,118 

~ -....... 00 

00 
\0 
00 
....... 
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maximum potential collector aperture area possible if the entire flat roof area 

of the dwellings is covered with collectors to the extent required to avoid . 

shadowing. The sun's angle requires g.reater collector spacing at higher lat­

itudes to avoid shadowing, thus accounting for less aperture area for Boston 

than for cities at lower latitudes. 

2.1.7 Collector Area Sensitivity Studies 

Of the nine cities for which STES economics were evaluated for the 100% 

collector area case, four cities were selected to explore the sensitivity of 

system economics to collector area. The collector areas explored were: 25, 

50, 75, and 125% of the 100% collector areas permitted by the roof areas. 

(See Section 2.1.6 for summary of 100% collector areas.) 

The nature of the selection process was somewhat arbitrary because it 

would be of interest to explore the effect of varying collector areas on system 

economics for all cities and all dwelling types. It was not possible to know 

which cities might benefit particularly from a change in collector area. The 

first decision was to explore the sensitivity for_only low-rise, energy conser­

vative dwellings. Because of the high cost of the collector pipefield for single­

family detached dwellings, it was felt that the already poor economics of solar 

total energy for this application would not particularly benefit from a change 

in collector area. Low-rise and townhouse dwellings have similar loads so that 

the results are equally applicable to townhouses. The energy conservative 

dwelling, rather than the generic case, was s~lected because structures built 

in the time frame in which solar total energy may be economic are likely to be 

constructed to higher thermal standards than present construction practice. 

The cities chosen for the sensitivity study were Boston, Los Angeles, Al­

buquerque, and Raleigh. The criteria used in judging the candidate cities for 

the sensitivity analysis were population density, insolation availability re­

lative to local heating and cooling-degree days, estimates of how effectively 

the thermal energy produced at the ORC condenser was utilized for thermal re­

quirements, and geographic representation. For example, Raleigh was selected 

for the southeast rather than Miami, which showed rather poor economics with 

the expectation that the economics would show little improvement if collector 

area .was reduced. This results from the extremely high summer cooling loads 

and small winter thermal loads in Miami leading to poor economic utilization 
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of expensive collector and power generation components. · Boston was selected 

as a candidate for further evaluation because of the large population in the 

Northeast and results from. the sensitivity study are roughly applicable to the 

Midwest also. Los Angeles represents the large population of the West Coast. 

Albuquerque is representative of STES in the "Sunbelt." ·Raleigh represents 

the Southeast, and results may be extended to Nashville also. 

On the basis of the availability of insolation relative to local heating 

and cooling-degree-days as evaluated in the regionalization task, the cities 

selected bracket the kinds of climates characterizing the United States. 

An important criterion for selection was how well the 100% collector area 

systems utilized the waste heat available at the heat engine condenser. It is 

generally considered that systems which reject the minimal extent of thermal 

energy, thus utilizing waste heat effectively, have correspondingly favorable 

economics. The four cities selected show a range of utilizations - Los Angeles 

and Charleston systems are clearly oversized because a substantial amount of 

thermal energy is wasted; Albuquerque wastes some thermal energy but shows 

improvement over Los Angeles and Charleston; Boston shows a rather good· utili­

zation suggesting that filling the roof with collectors is going to give about 

as good an economic result as possible. The effectiveness of utilization of 

thermal energy for the other cities are bracketed by the four cities selected. 

In summary, the cities selected-for the collector area sensitivity analy­

sis were Boston, Los Angeles~ Albuquerque, an~ Raleigh. The cities selected 

would be reasonable market targets if solar total energy economics are favorable; 

they have a reasonable range of insolation availabilities relative to thermal 

loads; and they bracket the range of how effectively the systems utilize reject 

thermal energy to satisfy thermal loads and hence reflect ·how close they are 

to the most economic system configuration. 

Pipefield Heat Loss Factors for Thermal STES. 

Detailed calculations on the expected losses from insulated pipes connect­

ing roof-top mounted solar collectors to the centrally located thermal storage 

and power generating-facility were performed. Three inches of insulation were 

assumed on the exposed one inch pipes connecting roof top collectors to the large 

diameter buried pipeline. In the single-family detached application, buried 
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pipeline was provided with. 1.5-inches on insulation and the one-inch diameter 

buried pipes connecting each house to.the large diameter pipeline also had one 

inch of insulation. A~l pipes in the low-rise and townhouse applications are 

exposed. The four-inch diameter main pipeline was provided with four inches 

of insulation. Three inches of insulation was provided for the one inch lines 

connecting the collectors to the main pipeline. 

The results of heat loss calculations are summarized in Table 36 and are 

defined as the fraction of collected energy that ultimately reaches the storage 

facility. 

Table 36. PIPEFIELD HEAT LOSS FACTORS FOR THERMAL. STES 

Application Heat Loss Factor* 

Solar 
Collector 

Outlet Temp 

Single-Family Detached 0.85 
o. 72 

300°F 
600°F 

Townhouse 

Low-Rise 

Heat Loss Factor 

0.98 
0~94 

0.98 
0.94 

300°F 
600°F 

300°F 
600°F 

Heat Delivered to Storage From Collector Field 
Heat Collected by Solar Collector Field 

2.1.8 Collector Areas for Photovoltaic STE Systems 

The collector areas for photovoltaic solar total energy systems are equi­

valent to those determined for flat plate thermal collectors for thermal solar 

total energy systems. This is because both the thermal and combined photovol­

taic collectors are of a conventional ·flat plate configuration, with a fixed 

tilt angle corresponding to the latitude of the s~te in which they are located. 

The collector areas for the 100% case, in.which the maximum potential collector 

areas (if the dwelling's roof is filled with collectors), are given in Tables 

37, 38, and 39. Collector area varies inversely with ·latitude to avoid shad­

owing. 
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Table 37. 100% COLLECTOR AREAS FOR PHOTOVOLTAIC SOLAR TOTAL ENERGY SYSTEMS 
APPLIED TO SINGLE-FAMILY DETACHED DWELLINGS 

(Number of Dwelling Units = 36) 

Flat Roof Area 
Array 100% Collector Area Available for Collector 

GeograEhic Location Tilt sg ft /D.U. (Total) sq ft /D.U~ .(Total) 

Miami 25.78 578 (20808) 850 (30600) 

Dallas/Fort Worth 32.83 524 (18864) 850 (30600) 

Charleston/Raleigh 32.90 523 (18828) 850 (30600) 

Phoenix 33.43 519 (18684) 850 (30600) 

Los Angeles 34.00 514 (18504) 850 (30600) 

Albuquerque 35.05 504 (18144) 850 (30600) 

Nashville 36.12 494 (17784) 850 (30600) 

Chicago 41.67 437 (15732) 850 (30600) 

Boston 42.37 429 (15444) 850 (30600) 

Note: If P.V. optimum is about 50% of 100% flat roof collector area, then we 
can recommend potential for sloped roof installation. 

Table 38. 100% COLLECTOR AREAS FOR PHOTOVOLTAIC SOLAR TOTAL ENERGY SYSTEMS 
APPLIED TO TOWNHOUSE DWELLINGS 
(Number of Dwelling Units = 36) 

Flat Roof Area 
Array 100% Collector Available for 

GeograEhic Location Tilt Area 2 sg ft Collector, sg ft 

Miami 25.78 17061 25107 

Dallas/Fort Worth 32.83 15464 25107 

Charleston/Raleigh 32.90 15449 25107 

Phoenix 33.43 15320 25107 

Los Angeles 34.00 15174 25107 

Albuquerque 35.05 14894 25107 

Nashvill~ 36.12 14591 25107 

Chicago 41.67 12906 25107 

Boston 42.37 12674 25107 
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Table 39. 100% COLLECTOR AREAS FOR PHOTOVOLTAIC SOLAR TOTAL ENERGY SYSTEMS 
APPLIED TO LOW-RISE DWELLINGS 
(Number of Dwelling Units = 48) 

Flat Roof Area 
Angle 100% Collector Available for 

Geographic Location Slope Area, sq ft Collector, sq ft 

Miami 25.78 19458 30240 

Dallas /Fort Worth 32.83 17214 30240 

Charleston/Raleigh 32.90 17192 30240 

Phoenix 33.43 17016 - 30240 

Los Angeles 34.00 16818 30240 

Albuquerque 35.05 16438 30240 

Nashville 36.12 17574 30240 

Chicago 41.67 15546 30240 

Boston 42.37 15264 30240 

Pipefield Heat Loss Factors for Photovoltaic STES 

It may be expected that, because of the much lower operating temperatures 

for the photovoltaic STE system than the thermal STE systems (130°F versus 300°F), 

the losses from piping which connects roof-top combined thermal and photovoltaic 

collectors to the central storage tank will be less than in the case of the ··.::.: :.· 

thermal systems. Although detailed calculations were not performed, we have 

estimated the following pipefield efficiencies (Table 40) that represent the 

fraction of absorbed thermal energy that ultimately reaches the storage device 

with their already low losses. Little improvement is expected in pipefield 

efficiencies for townhouse and low-ri.se apartment applications. 

Application 

Single-Family Detached 

Townhouse 

Low-Rise Apartment 

* 

Table 40. PIPEFIELD EFFICIENCY* 

300°F ORC System 

85% 

98% 

98% 

130°F Photovoltaic/ 
Thermal System 

90% 

98% 

98% 

Pipefield efficiency is the percentage of collected thermal energy ultimately 
reaching storage. 
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Sensitivity Studies of Photovoltaic Collector Areas Versus §_ystem Economics 

The sen·sitivity of photovoltaic system t!conomics to variations in collec­

tor area was explored by investigating the perforrr.ance of arrays of 20, 40, 60, 

80, 100, and.l25% of the maximum potential collector area on low-rise dwellings 

in four cities. The maximum potential collector area corresponds to a case in 

which the entire roof area is packed with as much collector area as possible. 

The 125% case was meant to explore the potential benefit, if any, of utilizing 

additional collector area, arrayed over garages of parking lots, on system eco­

nomics. The results will indicate a collector area offering the most economic 

system configuration within the constraints of expected system component costs 

and backup e,nergy costs. 

The low-rise dwelling is considered a representative case, such that re­

sults of the sensitivity study can be applied to establish the economics of a 

single collector area in other cities and for other dwelling types. 

The cities used in the sensitivity study were ·Boston, Los Angeles, Albu­

querque, and Charleston/Raleigh. These are the same cities used in the sensi­

tivity stuc.y for the thermal solar total energy system. 

2.2 Storage 

Two kinds of storage must be considered for solar total energy systems: 

electrical storage and thermal storage. Although many kinds of storage are 

possible candidates for electrical storage by large-scale STE systems (batteries, 

pumped hydro, compressed air, flywheels, hydro&en, etc.), only battery storage 

was regarded as sufficiently developed and appropriately sized for use in STE 

residential applications. In a simflar sense, many different systems have been 

proposed for thermal storage, but only sensible thermal storage can be regarded 

as sufficiently developed for STE residential applications at this time. 

2.2.1 Thermal Storage 

Storage of thermal energy is necessary in a solar energy system because 
I 

of the intermittent nature of the solar resource and because loads do not al-

ways coincide with solar availability. Thermal storage in a residential solar 

total energy system will be as the sen~ible heat of a fluid or fluid-solid sys­

tem. Sensible heat storage is conceptually simple, and these storage systems 
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are either commercially developed (in the case of low-temperature systems) or 

will be available in the near term (in the case of high-temperature systems). 

Storage temperatures of 600°F for the high-temperature system concept, 

300°F for the low-temperature concept, and 240°F or 180°F for space-conditioning 

thermal requirements were anticipated. These temperatures correspond to the 

heat engine cycle temperatures of 600°F or 300°F, an absorption cooling machine 

temperature requirement of 240°F, and the noncooling season space heating and 

domestic water heating requirement of 180°F. 

For a system storing heat at 600°F, storage materials such as a composite 

of rock and a heat transfer oil such as Caloria HT-43 are appropriate. For 

storage at 300°F a lower cost heat-transfer oil or a rock/oil composite may be 

used. For storage o~ heat below 240°F, water storage will be used. The upper 

storage temperature·will be adjusted seasonally, corresponding to the tempera­

ture level required (240°F, summer; 180·°F, winter), to exploit benefits of re­

duced heat engine condenser temperatures when cooling is not required or to 

minimize the use of the heat engine in the non-regenerative operating mode. 

(See the discussion related to ORC system concepts.) 

Storage was modeled as a stratified tank with constant outlet temperature 

until storage is 80% depleted. Storage behavior. was modeled by a simple over­

all energy balance, accounting for standby losses as if the tank were fully 

charged and entirely at the upper storage temperature. Initially, storage com­

ponents were sized to satisfy their 24-hour thermal demands, and reevaluated 

as system performance was evaluated. 

The thermal storage subsystem involves all of the heat exchangers, water 

storage tanks, and associated equipment to utilize the reject heat from the 

solar cell array to provide for space heating and residential hot water needs. 

Thermal storage is designed to provide short-term reserve heating capacity. 

In standard hydronic solar space heating systems, thermal storage capacity 

has been found to be economically sized at a capacity of around 15 pounds of 
. . 3 

water per square foot of collector. This approach was adopted in our storage 

sizing but with a variation. Because the available storage temperature swing 

in the photovoltaic system is about 20°F rather than the 70°F or greater tem­

perature swing available in standard solar heating systems, storage size was 

based on 50 pounds of water per square foot of collector. 
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Thermal storage costs of $0.60/gal of storage were used to est.imate ·the 
4 cost of this system component. Piping, fan coils, and controls costs are sum-

marized in the section on system.costs. 

2.2.2 .Battery Storage for the Residential Power System 

The photovoltaic power system for the residential site requires electrical 

storage in the form of electrochemical batteries. The batteries are required 

to supplement the output of the solar array by providing load maintenance at 

high power drains for short time periods in addition to providing electrical 

energy when the solar array output drops off, at night for example. The bat­

tery would be expected to supply 5 to 10 kW per dwelling unit for periods of 

5 to 10 minutes at any time. The high power demands are required for operation 

of appliances like ranges and dryers, and air conditioners. Westinghouse5 es­

timates that the required total energy storage capacity of the battery is from 

15 to 25 kWhr per dwelling unit, depending upon the site an~ the 'particular mis­

sion, especially if vapor compression air conditioning is required. 

The battery system is charged from the array and delivers energy as re­

quired to provide power over and above what the array itself can supply. The 

combination of the array and battery system provides the energy and power re­

quirements for a residential site in combination with utility line service. 

Lead acid batteries are the only devices currently available for storing 

electrical energy in distributed storage systems. This section will briefly 

review the state-of-the-art of lead-acid battery systems capable of being in­

tegrated with an onsite photovoltaic power system. 

Batteries store energy in reversible chemical reactions which use and dis­

charge energy in the form of electricity. When a voltage is applied to a lead­

acid battery, for example, energy is stored by converting the lead sulfate (PbS0
4

) 

on the electrodes (which are suspended in ac~d) into a mixture of pure lead, 

lead dioxide (Pb02), and sulfuric acid (H2so4). When the battery is discharged, 

the reaction is reversed. 

The technology of lead-acid batteries is mature and the systems are used 

in a variety of applications from automobile batteri.es to providing motive 

power for submarines. While the technology is.mature, considerable progress 

can be expected in the next decade. For example, the amount of lead used can 

be reduced with more efficient designs . 
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Lead-acid batteries have a theoretical "energy density" of about 0.175 

kWh/kg and thus a perfect battery would ''weigh about 12.6 pounds per kWh. Com­

mercial batteries weigh more than this because of the need to provide packaging 

for the active materials and of design inefficiencies. Commercial lead-acid 

systems weigh about 100 pounds per kWh of storage capacity of which 60 to 80 

pounds is lead. The cost of this rather substantial quantity of lead imposes 

a practical lower limit on the price of lead-acid batteries. 

Most of the lead-acid batteries under consideration will be able to re­

turn between 70% and 80% of the energy sent to them for storage. The efficiency 

is dependent upon operat.ing conditions. For purposes of analysis, it was as­

sumed that all batteries had an efficiency of 80%. 

Battery life is affected by the rate at which it is charged and discharged. 

Most lead-acid batteries can receive about 80% of their charge in 4 to 5 hours 

without shortening the system's life, but the remainder of the charge must be 

added much more slowly- requiring another 4 to 5 hours. 

The life of a battery varies as a function of the "depth of discharge" or 

the fraction of the total storage capacity removed in a typical cycle. An or­

dinary automobile battery will last for 3 to 5 years, undergoing extremely 

shallow cycles several times a day, but would be capable of only 150 to 250 

deep discharges. The electrodes in batteries used in golf carts, industrial 

forklifts, etc., are usually 2 or 3 times as thick as those used in automobile 

batteries and are typically capable of 300 to 500 deep cycles. Batteries capa­

ble of discharging 2000 times are currently available and this has become a de­

sign objective for residential storage batteries. 

A practical limit to the depth of discharge, which can be obtained from 

a given battery design, can be obtained by watching the battery's voltage. 

This voltage drops slowly during discharge and then begins to fall sharply. 

If the battery is discharged beyond this point, its life is shortened substan­

tially. 

Battery life and capacity are also strongly affected by operating tempera­

ture. Optimum temperature for lead-acid batteries is typically 25°C (77°F). 

Battery life can be cut in half if the system is operated at temperatures of 

35°C to 50°C (95° to 122°F). and the life and capacity are also reduced at 

cold temperatures. 
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The primary source of failure for lead-acid batteries is the corrosion of 

the battery electrodes. Some large battery systems are designed so that the 

positive electrode can be removed and replaced without rebuilding the entire 

battery. 

· In a residential application, the battery and its related equipment are 

designed to be essentially maintenance-free, requiring only periodic visual in­

spection for proper operation. In operation, the battery and its related sys­

tems must also be fail-safe with little or no hazard to other equipment or the 

surroundings. 

A lead-acid battery suitable for residential photovoltaic systems and ex­

pected to be available by 1985 would have the following characteristics: 

Cost: $60/kWh (1985) 
$33/kWh (1990 and beyond) 

Depth of Discharge: 70% 

Lifetime: 10 to 15 years. 

On the basis of data provided by Westinghouse, 6 we have sized the elec­

trical storage capacity at 15 kWh/dwelling unit. This value is at the low end 

of the range of storage sizes found to be economic for single-family residences. 

The value of 15 kWh/dwelling is a reasonable figure for electrical storage capa­

city for groups of residences, especially in view of the diversification of 

loads characterizing groups of residences. 

2.2.3 Power Conditioners 

Battery storage systems require some kind of "power-conditioning" system 

to supervise their connection with sources of charging energy and with the 

loads they meet while discharging. This equipment can serve four functions: 

1. Regulate the rate at which a battery is charged and discharged 
to protect the battery and extend its useful life. 

2. Serve as a switching system, and determine whether the loads will 
be met from the photovoltaic array, from battery storage, from the 
utility, or from some combination of these. The utility connection 
is included for packup power and as a source of surge currents dur­
ing motor starting transients. · 

3. Rectify alternating current received from the utility so that this 
energy can be used to charge the battery, if desired. 

4. lnvert the direct current prudu~.:t:lu uy Lht:! battery or photovoltaic 
array, producing utility quality alternating current . 
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Older inverter units frequently were nothing more than a d.c. motor which 

drove an a.c. generator, but most modern devices use solid-state com~onents 

based upon silicon-controlled rectifiers. The solid-state devices are usually 

more reliable and require less maintenance. Most of these systems are "line 

commutated" in that they rely on utility power to establish the phase and fre­

quency of their a.c. generation. 

The efficiency of modern solid-state inverters is in the range of 92% to 

95% when the devices are operating at more than 25% of peak capacity. Below 

this point, the efficiency falls off quite sharply since a fixed amount of en­

ergy is required even at zero loads. An inverter efficiency of 93% was used 

in our study. 

2.3 Power Generators 

The devices available for generating electrical power by solar energy are 

usually classified as either direct conversion devices (photovoltaics) or heat 

engines (organic Rankine-cycle, steam Rankine-cycle, Brayton-cycle, or Stirling­

cycle). For the purpose of this project, the cost and performance data for 

photovoltaic, or direct conversion, devices were taken from the final reports 

on photovoltaics by Westinghouse.6 Si~ilar cost/performance data for organic 

Rankine-cycle turbines were provided by Ormat Turbines, Ltd., of Israel, and_ 

Sundstrand Corp. 
·-. 

Current photovoltaic arrays are based on solar cells cut from silicon 

crystals, now costing about $15/watt of generating capacity in full sunlight. 

This is based on pure semiconductor grades of silicon costing about $65/kg, 

of which about 80% is wasted when the silicon is cut to make the solar cells. 

The DOE goal is $0.50 per peak watt for flat plate arrays of silicon cells by 

1986, and current expectations are for cost reductions to about $1/watt as 

~arly as 1980. 'l'his will come about from several sources: 1) a sixfold de-. 

crease in the cost and a tenfold reduction in manufacturing energy for solar­

grade silicon is deemed feasible, 2) new silicon crystal growing and slicing 

techniques (e.g., Texas Instruments' laser slicing) are being developed that 

could reduce wastage by 50%, 3) new automated cell manufacturing and assembly 

techniques are expected to replace current procedures that are carried out by 

hand, 4) new ion implantation techniques are expected to improve the controlled 

introduction,of critical impurities in the silicon to create p-n junctions, 
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5) ribbons of crystalline silicon could obviate the need to grow and slic.e 

large single crystals of·.silicon, and 6) techniques for depositing semicon­

ducting thin films may supercede the crystal growing and.slicing technique for 

producing the solar cells. 

In addition to these expected cost-cutting improvements, improvements in 

photovoltaic efficiency are also expected during the next decade. At the pre­

pent time, the efficiencies of silicon cells currently on the market are 10% 

to 15%, with an average of about 13%. These efficiencies can probably be in­

creased to about 20% by the use of better antireflective coatings, better 

quality silicon, careful cell manufacture, better grid lines, and the use of 

junctions with a gradient of doping material. Gallium arsenide cells have 

been produced with efficiencies as high as 23% and efficiencies of 19% have 

been achieved at concentration ratios. of 1700 (i.e., through the use of con­

centrating solar collectors in conjunction with solar cells). Today there are 

no gallium arsenide cells that can be considered in commercial production; how­

ever, many organizations are studying GaAs photovoltaic cells and there does 

not appear to be any reason why GaAs cells with 20% efficiency could not be 

mass produced, except possibly the availability of gallium. 

The only type of solar cell, other than silicon, currently available in 

commercial quantities is the cadmium sulfide cell. These cells have a semi­

conductor junction formed between cadmium sulfide and cuprous oxide. These 

cells are only about 3% efficient and have not been able to achieve efficien­

cies above 7.8% up to now; however, 10% efficiencies appear to be reachable 

and perhaps even as high as 16%. The reason why cadmium sulfide cells are of 

interest, despite their lower efficiencies, lies in the fact that they can be 

produced by thin-film techniques and production costs could be very low with 

high volume production and concomitant learning curves. Of course, the lower 

CdS cell efficiencies mean that the arrays must be considerably larger than 

the corresponding Si cells and installation costs would probably be higher. 

Nonetheless, near-term estimates of CdS cell production costs of less than 

$100/kW peak have been predicted. 

2.3.1 Heat Engines 

Organic Rankine-cycle (ORC) heat engines have been selected for residen­

tial total energy oyotcmc conceptual designs, FAr.t.ors such as teiDperature of 

11 operation, cycle efficiency, and state of technical development and appropriate-
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ness to this application were considered. This work also involved the deter­

mination of the full- and part-load performance of the ORC engines as ·a func­

tion of condenser temperature in both regenerated and unregenerated modes of 

operation. Cost data for 10 to 150 kWe ORC heat engines and controls were de­

veloped, including vital considerations such as the need for operators and ex­

pected maintenance costs.· Information on the suitability of Stirling engines 

for STE systems in the residential sector was also developed. 

Organic Rankine Cycle (ORC) Units 

* The estimated cost and performance of ORC units are summarized for four 

different sizes and two t~mperature levels in Table 41. These prices are based 

on an annual production level of 1000 units and do not include mark-up for 

selling costs, installation, or warranty~ Larger units, 100 kW and 150 kW, 

are projected to cost 10% and 15% per kW less, respectively, and still larger 

units will cost even les~ per kW. Thus, the 100 kW unit is expected to cost 

(net selling f.o.b. factory) about $40,000 (250°F) and $30,000 (500°F) plus 

mark up for selling expenses, installation, and warranty, with the 150 kW unit 

estimated at about $57,000 (250°F) and $42,000 (500°F) under the same conditions. 

These values correspond approximately to the the $600/kW total installed cost 

generally quoted, and used in our economic evaluation. 

Table 41. ORC FACTORY COSTS (lOOOunits/yr) 

10 kW (Air Cooled). 50 kW (Water Cooled) 
Collector Temperature, OF 250 500 250 500 
Efficiency, % 6 15 8 17 
Turbine, Gearbox, and 
Alternator, $ 15,00 1500 5500 5500 
Boiler, $ 1000 500 4500 2250 
Condenser, $ 700 400 4000 2000 
Preheater, $ 400 200 1800 900 
Regenerator, $ 350 175 1400 700 

Controls, $ 500 500 1200 1200 
Fluid, Startup, etc. , $ 1000 1000 4000 4000 

Total, $ 5450 4275 22,400 16,500 

* Ormat Turbines Lt9., Israel. 
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For higher production levels of 10,000 units/year, the turbine, gearbox, 

and alternator costs should be reduced by 25%, cost of controls should be re­

duced by 18%, condenser costs should be reduced by 10%, and the boiler, pre­

heater, and regenerator costs should be reduced by 17%. Thus, overall cost re­

ductions in the 15% to 20% range might be expected at the 10,000 units/year 

level. 

Development of new heat transfer surfaces (geometry, surface treatment, 

etc.) could reduce the cost of boilers, preheaters, regenerators, and miscella­

neous items by 5% to 15%. 

The selection of the correct working fluid is critical to determining the 

performance of the system. · However, it is not only a significant technical 

problem, but an institutional problem, as well. Thus, a fluid that may increase 

the efficiency by several percentage points (e.g., 18% to 20%) may be environ­

mentally unacceptable. This includes the freons which have desirable physical 

properties. Also included is toluene, which is a suitable, well-known fluid; 

however, it presents a potential fire and environmental hazard and it super­

heats during expansion, thus requiring a large regenerator. 

Reliability of ORC units, with proper training of installation and main­

tenance personnel, should be comparable to air conditioning units. Redundancy 

was not included for ORC-based systems that depend upon purchased electricity 

for backup and which can depend upon the redundancy of the utility grid. However, 

any stand-alone system should include some redundancy in the ORC subsystem, 

perhaps by using three 50-kW units for a 100-kW design; this would permit one 

of the 50-kW units to serve as a backup unit. 

Another independent projection of manufacturing costs for similar ORC 

units at three manufacturing levels (100, 1000, and 10,000 units/year), is 

summarized in Figure 20 (prdvided by Sundstrand as part of this study). Non­

recurring cost is stated separately. 

Figure 21 shows unit cost as a function of production rate for the two 

different units. The estimated non-recurring cost for the high production rate 

tooling is placed at $10,000,000. This cost includes a new plant and all the 

machinery and tooling necessary to build up to 10,000 units/year and includes 

thP. r.ost of designing and developing the unit. The non-recurring cost estimate 

for the lm.;r production rate plant, which would have the capacity to build up 

to 1,000 units/year, would be $7,000,000. 

73 

INSTITUTE 0 F G A S T E C H N 0 L 0 G Y 



4/78 8987 

10,600~~==~~~~~~~~~~~~~~~~-~~~~~==~==~~~~~~-=~ 

: ~-=~ p~~-~~~~ ~~~Ji~'i-·:~~~ ~zt~!7~~ 
'r---f----~~ =r~ --~' ::E : ·t;~ir~f..i ·Eiidu--&.~ 2--ms%~ -__ r-· ~= =L:·-= 

· -:-_ ~\- ·\ea-~?eac ~t:tt--: e;:~ ~:'iii: - ·7wr:· . 
-'- . . - · - . ,...-+- - --------;-~ -: 

·-~-- =-. '= F- .. :- · 

I ~'£.,--;J. 
. -· 

--
_:.--· _'" .. ,..... -'-- r----- . 

'--'-

r-+-
I ' 

' I ' I 

'I \ 
I i 

I I ! r-r~~r-r+, r+~~~~~~++,~r+, ~~~r-~ ; i I l : ;1-~~~r-r++~~r-r++~~r++;~r--+~-r1 
: 1 i . 'l I I I I ' : I I ' 

: ! 1 1 : I i I : ,..,,, - F="M't · U"-ll,­

I I 
; I ! 

-

~-

::.'\ --
--~\-:;: ··-:.:=-~: - =---~. 

~~M-6b~_..-: . : -· 
. =--=\F=TOO.~.:;.jt~ _. 

-- --='.-; -r--.=r--- ===-·-==F-
=;:::s;:=- -=-- . -~, . .. - .\::= 
=!=='-----==-\'-- ~ -- . ~+-- : ·_ ··\-----· 

. -· . - ;,t.--­
-'--'--f--'----

-· r- · 

-- - · 
--

......_,.i ~~ ~~-- -Mt:>;.l1'-Jl;~:-: l1\. 

I 

I I : 
I ' 

3\ ooe=;:-~\- ~ r:-:w.;.. -,y-:Q~=: 

' I 

' 
I I 

I ~ - ~ I . I 

~ 

: I 
: I! 

-

: t 
I ' . 

I' 

I l 1 I 

I I ' I U. ! l L I I I 
' i I I \ • I I· I ' • I ! 

-~t~ 

=-=~ 
t=== . 

4'1 coo 8:,Gco fo. ceo 
( )..._\ \~ (' _c!)c:,.- 1t. 

·-

. r------

! ' i 'I ' 1\ 
. ·: \' ~~ 

== == ----p------- .. --= 

- ~- ----
-\.--=-= 

- -- - -~~~ 

I ZO, 0(.0 14:.1
1 

.;;.;. ~ 

Figure 21. 100 kW ORC UNIT COSTS AS A FUNCTION OF PRODUCTION RATES 
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The ORC units are a complete system consisting of the following major com­

ponents and all the associated auxiliary equipment and interconnecting piping 

and wiring: 

• Turbine • Regenerator (if needed) 

• Gearbox • Condenser 

• Generator • Cooling Tower 

• Circuit Breaker • Coolant Circulating Pump 

• Switch Gear • Non-Condensable Gas Removal System 

• Feed Pump • ORC Controls and Safeties 

• Boost Pump 

The vaporizer is not considered -part of the ORC. The cost of installing 

the units is independent of .the unit cost. and production rate. There will be 

one to several units installed at any one site, and the installation costs will 

be dependent more on the number of units installed at a site rather than the 

production rate of the ORC. 

The cost of installing a single 100 kW ORC unit is estimated at $10,000. 

This includes foundations and hook-up of the following ORC interfaces: 

• 
• 

Vaporizer 

Cooling Tower 

• Electrical Output 

• 
• 

ORC Controls 

Electrical Switch Gear 

If multiple units are installed at a site, the installation costs should de­

crease slightly for each unit. 

Steam Rankine Cycles and Rankine-Cycle Working Fluid Selection 

Numerous studies7 have indicated that, for the Rankine cycle upper temper­

atures that are lower than 400°F, or for turbine sizes smaller than 5 MW, steam 

as a working fluid may be far from an economic choice. 

These studies have also indicated that organic fluids will result in bet­

ter thermal efficiency and less complic.ated equipment. when the upper tempera­

ture is below 700°F and the turbine size is below 1 MW. Given the upper tem­

perature limitation (600°F) imposed on the residential STES and given the total 

electrical demand of the connnunity served by a single STES (<1 MW), organic 

fluids are preferred over steam as Rankine-cycle working fluids. The rationale 

for this preference is·reviewed as follows: 
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1. Under given initial temperature and pressure and given condenser tem­
perature, steam has a larger enthalpy drop per pound and larger volu­
metric flow variation compared with organic fluids. Moreover, steam 
condenses during the expansion. These aspects will result in lower 
cycle efficiency with.steam as a working fluid (See Figure 22.) To 
raise the steam turbine efficiency, the number of stages must increase. 
This is not desirable at low power output levels as it results in more 
complicated machinery and higher costs per unit power output. The low 
adiabatic enthalpy drop of organic fluids allows the use of a single­
stage turbine. This is a simpler turbine with no stage matching and 
interstage leakage problems. 

2. Single wheel condensing turbines work with a poor bucket velocity ratio, 
resulting in poor efficiency. The introduction of additional wheels 
overcomes this difficulty, but results in high costs for small steam 
turbines. The total losses, therefore, for a small stea1n turbine are 
relatively high, as compared with large units. Heavy organics will 
make possible a single wheel turbine with the proper bucket velocity 
ratio. 

3. For a given power level, the size and performance of a power system is 
influenced by the working fluid. System initial cost and performance 
can be optimized with respect to the working fluid and other design 
variables. The characteristics of the optimal working fluid may be 
far from those of steam. Therefore, allowance should.be made for the 
use of other fluids to enhance the cost and energy effectiveness of 
the Rankine power plant. Below 700°F, several stable organics provide 
better performance and :cost .effectiveness than steam. 

Stirling Engines 

For many years, Stirling-cycle technology was virtually the private do­

main of the Philips Laboratories, Eindhoven, Holland. This company perfected 

Stirling-type cryogenic refrigeration machines to a production level and Stir­

ling engines to a near-production level. Because this company has been ori­

ented more to research than manufacturing, and because of the predisposition of 

engine manufacturers to favor the development of internal combustion rather than 

external combustion engines, the Philips Stirling engines have never reached · 

a competitive position with their Otto or Diesel counterparts. 

However, the need for higher efficiency engines, which has become more 

and more pronounced in the last 10 years, has stimulated development work on 

Stirling-cycle prime movers at many other laboratories. The interest has re­

mained divided between automotive and stationary applications but the main e~ 

phasis has remained on the development of automotive engines. General Motors 

has apparently stopped their program, but the latest achievements of the Ford 

Company have been quite impressive. These results indicate that in the near 
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Figure 22. EFFICIENCY OF RANKINE-CYCLE SYSTEMS WITH DIFFERENT WORKING FLUIDS 

future (within 15 to 20 years), we might expect to see external combustion en­

gines used commercially in automobiles; however, this does not apply to the 

development of stationary engines. Although some of the development results 

arc transferable to the stationary designs, the design characteristics of 

automotive engines are basically incompatible with the requirements of station­

ary engines. ·There are differences in life expectancy, reliability, and main­

tainability. Short-life automotive engines are ltmited by weight and size con­

straints; they have unique torque and efficiency characteristics; tlileitr.manc. · 

ufacturing costs are dictated by the specific marketing requirements of the 
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automotive industry, and their environmental impact aspects are of utmost im­

portance. An automotive power plant cannot be properly used as a stationary 

engine. The application criteria for stationary Stirling engines are differ­

ent from those of automotive power plants. Different problems must be con­

fronted, especially in applying Stirling engines as stationary equipment for 

residential and light commercial service. For example, training of service 

personnel and user acceptance of the stationary power plant could be an easier 

task since it would involve a relatively smaller group of qualified people. 

From this point of view, the market penetration of stationary versions of the 

Stirling engine would be easier. 

Research and development of stationary Stirling engines has seen compara­

tively much less funding. The important efforts have followed two independent 

routes. In both cases, the aim was to develop an engine that would be com­

petitive with other types of stationary engines of the same size. This re­

quired approaching the design to simplify it in totally new ways. One approach, 

based on a regular piston~type mechanism has been pursued by the founders of 

the Swedish United Stirling Company (FFV Industrial Products Division, Eskilstuna, 

Sweden). The other approach is the free-piston embodiment invented and_devel­

oped by Professor William Beale, who recently established the Sunpower Corp., 

Athens, Ohio. For the first time in the history of Stirling power plants these 

two concepts are now being qualified by experts as practical engines. Each, in 

its own category of capacities, has promise for becoming a competitive prime 

mover in stationary service. 

The FFV engine, which has been developed to drive small electric power gen­

erators, has a nominal output of 10 kW. It is a single cylinder, V-type engine 

with multi-fuel capability, and it operates at approximately 1200°F input tem­

perature level. This design, which uses several automotive components, is cer­

tainly more mature than the design of the free-piston engine. It has accumulated 

at least 20,000 hours of life-cycle testing for critical components and at 

least 4000 hours of engine operating time. As such, it could be considered a 

candidate fo~ solar total energy systems if either the temperature of energy 

input to the engine could be increased to above.l000°F, or an overall efficien­

cy of about 10% could be accepted at 600°F input. The FFV Company, which has 

recently formed a new subsidiary, Stirling Power Systems Corporation with prin-
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cipal offices in Ann Arbor, Michigan, will soon have tested the engine over 

enough operating hours to demonstrate its acceptability as a heavy duty, sta­

tionary power plant. 

The limitations of Professor Beale's free-piston, Stirling engine with 

respect to its potential application as a power plant for solar total energy 

systems are different. Because of the free-piston embodiment, this oscillating 

engine can be visualized only in small sizes, probably limited to power outputs 

below 5 kW. Direct transmission of concentrated solar energy through a quartz 

window to power the cycle would further limit the size of the engine down to 

about 1 kW output. This engine concept has been found to be reliable and re­

cently it has been accepted as a prime mover for two important government­

sponsored R&D projects. These are-

1. The gas engine-driven, residential heat pump, being developed by 
General Electric. 

2. The 2-kW, free-piston Stirling engine/linear alternator energy con­
version system being developed by Mechanical Technology, Inc. (MTI). 

Because of very low mechanical losses, the engine is inherently efficient. It 

is expected to reach an overall efficiency of 30% at 1200°F input temperatures. 

At 600°F it could probably reach an efficiency of 18%, which is highly attrac­

tive relative to other candidate prime movers for STE .systems. However, two 

problems are associated with the application of this type of system. Thelinear 

engine/alternator concept is only in early stages of development, and it may, 

in our judgement, be limited to small capacity systems. 

As of now, the potential improvements in both designs can be best judged 

by the two respective manufacturers (FFV and MTI) with whom we have had exten­

sive contacts. Their prognostications of future trends can be summarized as 

follows: 

• The Stirling Power Systems Corp. (FFV) will most likely succeed in 
raising the V-engine efficiency. Improvement by five percentage 
points in the near future would not be surprising. 

• MTI recently initiated a new program to demonstrate the feasibility 
of the linear concept in sizes up to 10 or 20 kW electric output. 
So far the company is confident of positive finds from this program. 
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We have identified three main concepb groups of systems with Stirling en­

gines (Table 43): 

1. Systems operating with maximum cycle temperature of 600°F, given as max­
imum temperature of solar thermal storage. Since there is no known devel­
opment program addressing the design of low-temperature Stirling engines, 
we would have to assume that engines with high temperature design point 
would be applied. At 600°F maximum cycle operating temperature level, 
these engines would shqw relatively poor efficiency. However, if designed 
for low cycle temperature, efficiencies of up to 30% are being predicted 
for free-piston machines. No planned activity in this area and lower 
level of confidence in predicted efficiency values are our reasons for not 
considering this class of machines for future evaluation. In comparison 
with the ORC turbine, the merits of low source temperature Stirling engines 
could, however, rise for other than technical reasons. We are referring 
here to questions of public acceptance and safety of ORC machinery as 
well as to its compatibility:iW:ith loc;H :codes. Together with one of the 
manufacturers of these systems, the Sundstrand Co., we believe that ORC 
systems designed to operate with toluene are comparatively safe and that no 
serious problems should arise from the current institutional barriers. 
Therefore, the low source temperature Stirling engine would have to be 
reconsidered only if "institutional" advantages of low-temperature 
Stirling engines versus ORC turbine would become highly important in view 
of newly imposed codes and regulations. 

2. Systems operating above 600°F, with solar thermal storage also operating 
at higher temperatures. As can be seen in Table 42, engines that would 
be available for applications in STES and would operate from solar 
thermal storage at temperature levels above 600°F are those currently 
being developed as external combustion engines. Such engines would be 
easily adaptable to indirect heat input, their efficiency will be attrac­
tive and most probably appropriate sizes will be available already in 1985. 
One major consideration prevented us however from considering these 
machines as prime candidates for STE systems. It is the need for high­
temperature storage greatly in .excess of 600°F, which we feel is inappro­
priate for residential consideration at this time. 

3. Directly solar irradiated systems operating at temperatures higher 
than 600°F (most probably at 1200°F) without thermal storage. Technically, 
engines that would operate directly from concentrated solar energy are 
the most attractive candidates for the STES application. The '.availability 
of such en3ines and other technical information as shown in Table 42 in­
dicate again that within the constraints of our conditions it would be too 
speculative to extrapolate from what little is known about these engines 
and use it in our marketing assessment. 

Brayton Engines 

Brayton-cycle heat engines were considered for applicability to residen­

tial STE systems. However, as a consequence of limiting collector temperatures 

to 600°F, because the more sophisticated collector types are considered inappro­

priate for this application, we have. ruled out Brayton machinery for our STES 
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Table 42. CHARACTERISTIC DATA FOR STATJONARY, POWER GENERATING STIRLING ENGINES 

System I 

System II 

System III 

* 

SOLAR ENERGY SOURCE 

* Temperature, °F 
and Concept 

600, with thermal 
storage 

600, with thermal 
storage, indirect 
heating or ·exter­
nal combustion 

600, no thermal 
storage, directly 
irradiated 

DESIGN 

Mechanism ~~d 
Temperature, °F 

Kinematic Drive 
1200- 1500 

Free Piston 
1200- 1500 

Kinematic Drive 
1200- 1500 

Frea Piston 
1200- 1500 

Constant Volume 
1200- 1500 

Free Piston 
1200 

12- 1500 

Scurce temperature = engine operating temperature. 

** 

PERFORMANCE 

Capacity, 
kW 

10- 100 

l - 10 

10- 50 

10- 100 

10 

1- 10 

10- 50 

Fractions- 15 

1 

20- 50 

Efficiency, 
% 

30 predicted 
at 600°F if 
designed for 
6oo•F 

20 demonstrated 
for a competitive 
heavy duty engine 

32 achieved ex-
perfmentally at 
12oo•F 

38/85 

We do not know of any development of lower design temperature Stirling engines. 

t.EngineLgenerator set. 

ENGINE 

Year 
Available 

1983 

1983- 85 

1993-95 

1983 

1979 

1983- 85 

1993- 95 

Only heart assist 
projects active 

MANUFACTURING 

Projected Cost,t 
$/kWe 

10,000 units/yr 100,000 units/yr 

240 170 

Small production run 
of about 50 available 
in 1979 

1995- 2000 

B78030849 

·Note 

MTI 

Stirling 
Power 
Systems 

Sunpower 
Corp. 

MTI 

+>­-....... 00 

00 
1.0 
00 
....... 
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residential designs. Brayton machinery follows similar thermodynamic limita­

tions on efficiency as Rankine machinery as cycle temperature is reduced. In 

fact, practical considerations strongly affect Brayton engine performance as 

turbine inlet temperature is reduced. In particular, the optimum pressure ratio 

for the Brayton cycle decreases with decreasing inlet temperature. This results 

in a low net power output per pound of mass flow. Indeed, when air is the work­

ing fluid, the ideal net power output per unit of mass flow is an order of magni­

tude less than that from steam or organic fluid power cycles. As a result, it 

is generally recognized that Brayton machinery is uneconomical to operate at 

the temperature level available in our solar total energy system concepts for 

residential applications. 

Cooling Machines 

Only ·absorption cooling machines were used for the residential STE concep­

tual designs that incorporated ORC units to generate electricity. Vapor com­

pression cooling machines were used in the STE conceptual d~signs based on 

photovoltaics. 
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Section 3. 

CONCEPTUAL DESIGN OF SOLAR TOTAL ENERGY SYSTEMS FOR RESIDENTIAL APPLICATIONS 

Three different conceptual designs have been selected: 1) a 300°F ORC de­

sign, 2) a 600°F ORC design, both using parabolic trough collectors, and 3) a 

photovoltaic design using water-cooled, flat plate silicon photovoltaic arrays. 

3.1 STES Design Based Upon ORC Heat Engines 

Two upper temperature levels were selected for the Rankine cycle operation 

based upon two solar collector outlet temperatures: 300°F and 600°F. An out­

let temperature of 600°F can be achieved with reasonable efficiency and cost 

by commercially (or near-term) available parabolic trough collectors and allows 

for heat e~traction from the condenser at seasonally varied temperatures to sus­

tain the thermal loads. Alternatively, systems using parabolic trough collec­

tors supply low-temperature (300°F) .heat to the power cycle. In the 300°F sys­

tem, the heat available at the condenser is rejected to the cooling tower and 

to the cold water entering the domestic water heating system. The thermal loads 

in the 300°F system are sustained by a heat exchanger placed in parallel with 

the Rankine cycle boiler. Heat engine cycle inlet temperatures will, of course, 

be somewhat below collector outlet temperatures. The 300° and 600°F temper­

ature levels were selected because they represent the lower and upper limits 

that are considered appropriate for residential solar total energy systems. 

3.1.1 Definitions of Variables and Parameters 

The variables and parameters are classified under the following headings: 

• Flow temperatures 

• Component efficiencies 

• Loads and insolation parameters 

• Flow rates 

• Storage charge rates and capacities 

• Heat extraction rates. 

These variables and parameters are either selected in the design procedure, pre­

determined from a previous analysis, or calculated using the current procedures. 

The variables and parameters that ~re design selected are determined ·by 

analyzing the solar (primary) cycle, the ORC, and the secondary thermal cycle. 
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These are specified below under Flow Rates and Storage Change Rates. The pre­

determined variables, such as the loads, are the result of the energy require­

ments effort. These are used as inputs to the analysis algorithms. The calcu­

lated variables are those determined by the algorithms described in Appendix E. 

Flow Temperatures 

Temperatures are defined in Table -43 and indicated in Figure 23 for low­

temperature systems. Comments pertinent to these variables are given in Table 

43. (A more detailed discussion is given in Subsections 3.1.2 and 3.1.3.) 

Table 43. DEFINITIONS OF TEMPERATURE VARIABLES 

Variable 

Tcond 

Tamb 

Tx
2 

Definition 

Supply temperature from the 
solar collector. 

Minimum value of Tc
1 

Supply temperature from storage 

Return temperature to collector 

Storage cut-off temperature 

Return temperature from storage 

Input temperature to ORC boiler 
(heat exchanger No. ·1) 

.Outlet temperature from heat ex­
changer No. 1 (see Figure 22) 

Condenser temperature 

Supply temperature to turbine 

Supply temperature to thermal 
loads at design point from 
heat exchanger No. 2 

Return temperature to heat ~x~ 
changer No. 2 ~ 

Outdoor dry bulb temperature 

Outlet temperature from heat 
exchanger No. 2 ($ee Figure 22) 
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Comments 

Controlled and computed 
variable (see discussion 
on operation) 

s·et at 200°F for low­
temperature ORC; 550°F for 
high-tempe.rature ORC 

Controlled at approximately 
the maximum value of Tc

1 
Calculated variable 

Slightly greater than T2 
(using stratified tempera­
ture storage) 

Approximately equal to T2 
Design selected based on OR.C 
operation (varies with load) 

Design selected depending 
on Te

2 
Design selected 

Design selected (varies 
with load) 

Design selected (varies 
with load) 

Design selected (varies 
with load) 

Predetermined variable 

Design selected 
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Component Efficiencies 

Table 44 gives the defin~tions of component efficiencies used in the analy­

sis. These efficiencies will depend upon the operating conditons which vary 

with time. For this reason, the efficiencies have been expressed as functions 

of time- t ... 
1J 

The subscript i indicates the hour of the day and the subscript 

j indicates the day of the year. The variable tij is therefore the hour to 

which the analysis applies. 

Table 44. DEFINITIONS OF COMPONENT EFFICIENCIES 

Variable Defini.tion 

Solar collector efficiency 

Electric generation efficiency 

Turbine efficiency 

Absorption chiller efficiency 
(excluding auxiliary power) 

Space heating efficiency (ex­
cluding pump and fan power) 

Domestic water heating 
efficiency 

Primary circuit boiler 
effit:i.ency 

Mechanical chiller efficiency 
(excluding auxiliary power) 

Loads and Insolation Parameters 

Comments 

Function of Tt:l, T2, Tambient' 
and insolation 

Depends upon Rankine cycle 
operation and on turbine per­
formance 

Measure of turbine performance 
(work output relative to isen­
tropic enthalpy change across 
turbine) 

Depends on cooling tower design 
.and .chilled water temperature 

Depends on pipe heat losses 

Depends on pipe and' standby ··'· 
heat losses and on amount of 
recovered heat from condenser 
(.see Figure 22) 

Depends on firing rate and on 
standby losses 

Depends on cooling tower de­
sign and chilled water tem­
perature 

Table 45 shows d~f.initioiJ.s .of. p.ertinent loads and insola-tion· paramenters; ··· -···­

The loads are either results of previous analyses or calculated based upon 

the operating schedules discussed in Subsections 3 .. 1. 2 and 3 .1. 3. 
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Table 45. DEFINITIONS OF LOADS AND INSOLATION PARAMETERS 

Variable 

A 

ha(tij) 

hh(tij) 

hd(tij) 

E(tij) 

Ep(tij) 

b (tij) 

bl(ti.) 
. J 

Flow Rates 

Definition 

Collector aperture area 

Insolation available per unit 
. area 

Minimum insolation level for 
collector operation 

Total electrical load 

Cooling load 

Space heating load 

Domestic water heating load 

Plant net electrical power output 

Purchased power 

Low-temperature design boiler 
load 

High-temperature design boiler 
load of primary circuit 

High-temperature design secon­
dary boiler load 

Comments 

Determined in the design pro­
cedure 

Predetermined variable 

Design selected corresponding 
to minimum coll·ector flow. rate 

Predetermined variable includ­
ing base plus HVAC auxiliary 
power (see ·Subsection 3.1.2) 

Predetermined variable 

Predetermined variable 

Predetermined variable 

Depends on operating schedule 
(see Subsections 3.1.2 and 3.1.3) 

Calculated variable depending 
on operating schedules 

Calculated variable 

Calculated variable 

Calculated variable 

Table 46 shows definitions of the flow rates used in Subsections 3.1.2 

and 3.1. 3. 

Table 46. DEFINITIONS OF FLOW RATES 

Variable Definitions Comments 

Mx, Primary flow rate through heat Calculated variable 
exchanger No. · 1 (see Figure 22) 

Primary flow rate through heat Calculated variable 
exchanger No. 2 (see Figure 22) 

M Total primary flow rate Calculated variable 

Flow to storage on charging Calculated variabl~ 
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Storage Charge Rates andCapacities . 

Table 47 defines the variables pertinent to the storage systems. These 

storage systems are sized for electrical generation as well as for heating and 

cooling when these loads are sustained by recovered heat from the power cycle. 

Variable 

Cmax 

Ls 

Table 47. DEFINITIONS OF STORAGE CHARGE RATES AND CAPACITIES 

Definition Comments 

Primary storage charge or dis- Caiculated variable 
charge rate 

Primary storage heat capacity Calculated variable 
at time ti . 

. 1 
Minimum primary storage heat Design selected 
capacity. (discharge cut-off point) 

Charge/discharge rate of thermal Calculated variable 
storage for thermal system (high-
temperature ORC system) 

Heat capacity of thermal storage Calculated variable 
for thermal system (high-
temperature ORC system) 

Maximum heat capacity of thermal Design selected 
storage for thermal system (high-
temperature ORC system) 

Maximum primary storage capacity 

Storage loss rate factor 

Design selected parameter 

Specified parameter . 

Heat Extraction Rates 

Taple 48 lists the definitions of heat extraction rates discussed in Sub­

sections 3.1.2 and 3.1.3. 

3.1.2 Low-Temperature System General Description 

The schematic diagram of a solar total energy system using an ORC heat en­

gine operating at a cycle temperature of 300°F is shown in Figure 22. We have 

. distinguished two backup alternatives: 1) a self-sustaining system ("stand-. 

alon~" system), and 2) a "purchased power" system. In the stand-alone system, 

no power is purchased; in the purchased power system, utility electricity makes 

up any shortfall in electric power required and foss"il fuel is·consumed to satis­

fy thermal needs. With the auxiliary energy source in series with the collector, 
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Table 48. DEFINITIONS OF HEAT EXTRACTION RATES 

Variable 

* H t(t .. ) = 1.347 BtE(t .. ) c l.J l.J 

H
2 
(t .. ) . 

l.J 

* 

Definition 

Heat removed from con­
denser at higher value 
of Tcond 

Heat recovered from 
condenser at lower value 
of Tcond 

Heat rejected from con­
denser when low­
temperature storage is 
full 

Heat rejected at con­
denser (low-temperature 
design) 

Heat extracted from 
heat exchanger No. 1 

Total thermal demand 
for heating and cooling 

Comments 

Bh, B1 and Bt are de­
sl.gn selected para­
meters, and E(tij) is 
defined in Table 46. 
Parameters apply to 
high-temperature design 

Depends on condenser 
temperature 

Calculated variable 

Calculated variable 

The value 1.347 indicates the ratio of shaftpower to plant electrical power 
output, taking into account gear box and generator inefficiencies and solar 
and PCS parasitics. 

under certain conditions the collector temperature is allowed to drop below 

300°F in order to coilect heat, albeit at reduced temperature, and the auxil­

iary energy source boosts the temperature of fluid going to the heat engine 

boiler to 300°F. In operation, if the thermal and electrical loads are sat­

isfied from collected energy at 300°F, thermal energy is added to storage. 

Stratified storage is used because it features a constant outlet temperature 

until it is nearly depleted. Multiple storage tanks may also be used to 

achieve constant outlet temperature operation. Constant temperature output 

is desirable for efficient heat engine operation. When collected energy at 

300°F is insufficient to meet thermal loads, they are met from collected en­

ergy supplemented from storage. When storage is discharged and collector temp­

erature is allowed to drop, loads are met from the collected thermal energy 

boosted to 300°F by the auxiliary heater. In the stand-alone system, when 

Stor;:~et~ iR depleted &nd solar energy iS· unavailable, the entire load is met 

from the auxiliary heater. If the system is backed up by utility electricity, 
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when loads have been satisfied by collected energy, excess energy is stored 

in the storage tank. When collected energy is insufficient to me.et the loads, 

the storage tank is discharged to supplement collected energy to satisfy the 

load. When storage is depleted and solar energy is available, a fossil-fuel­

fired auxiliary is used to help meet the combined thermal and electric loads. 

When an electric auxiliary is used, it supplements the solar contribution sat­

isfying electrical loads. When storage is depleted and solar energy is unavail­

able (at night or during cloudy periods), auxiliary energy, fossil and utility 

electricity, is used to meet the loads. The heat engine is sized to maximum· 

diversified electrical demand. Heat available at the condenser is rejected 

(at ll0°F) to the cold water entering the domestic water heating.system and to 

a cooling tower. ORC efficiency is 10%. 

Operation 

This system operates with a nominal upper temperature of 300°F. The sche­

matic diagram is shown in Figure 23. The modes of operation are as follows: 

• Mode 1 

As long as the collector temperature, Tel' is slightly above 300°F, · 
control valves A1 and D will remain open, and control valves·Az, B, 
and C will remain closed. Valve D will modulate to prevent Tel from 
rising excessively over 300°F, in effect storing excess energy in the 
stratified temperature tank. Primary fluid will flow through the col­
lector toward storage tanks and toward three-way valve G. 

Thermodynamically, this mode is applicable whenever the solar energy 
being provided by the collector (nAS) is in excess or equal to the 
sum of the thermal (H2) and power generator (E/ne) loads. 

All of these quantities are given as constants or functional values, 
including the storage lower temperature level T82 which is, for simpli­
fication, assumed to be equal ~o the flow-weighted average of TXl and 
Txz· 
The solar fluid flow rate M is a calculated variable depending, in mag­
nitude, upon the exit temperature from the collector. The fluid, leav­
ing the collector at 300°F, is divided into three parallel flows with 
flow rates m8 , mxl? and mxz· These flow rates are again variable and 
the exiting heat exchanger temperatures TXl and TX2 are assumed constant. 

Fluid flow in Mode 1 is shown schematically in Figure 24. 

• Mode 2 

When Tel drops below 300°F but remains over a specified value, TcZ' 
valve D will prevent flow-through storage, diverting it entirely to­
ward valve G. The auxiliary heater will ensure a supply temperature 
of 300°F to the heat exchangers. 

Fluid flow in Mode 2 is shown schematically in Fig-ure 25. 
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• Mode 3 

When temperature Tel drops below Tc2 under Mode 2 conditions, system 
goes into Mode 3 operation and valves B and A2 open, valves A1 and D 
will close, anrl valve A3 will maintain Tel at 300°F (or slightly be­
low 300°F). As long as the storage temperature Tsl is above a speci­
fied value (T's2), and as long as Tel is slightly below 300°F, the 
pump will discharge liquid from storage and collector and toward valve 
G. The pump will discharge liquid entirely from storage if the col­
lector flow rate reaches a specified minimum value determined by 

n A s . (t .. ) 
Me = c m1n 1J 

min (300 - T
2

) 

where Smin (tij) is the value of insolation below which the collector 
system shuts off. If Tel exceeds 300°F, valve A1 will open, valves B 
and A2 will close, and Mode 1 or Mode 2 will resume operation, depend-
ing upon the insolation level. However, if Tsl is less than T's , im­
plying that storage is discharged, valve C will open, valve B will close, 
and supplementary energy will be supplied by the auxiliary heater (Mode 4). 

Fluid flow in Mode 3 is shown schematically in Figure 26. 

• Mode 4 

As long as Tsl is below Ts2 (storage is discharged), and as long as the 
collector flow is through valve A2 (controlled by Tel), valve C will re­
main open and valves B, D, and Al will remain closed. Valve G will al­
low full flow through the auxiliary heater. In this mode, valve E will 
remain open if solar energy is to be supplemented by auxiliary fuel for 
electric power generation. On the other hand, valve E will remain closed 
in this mode if power is to be purchased from the utilities. 

Fluid flow in Mode 4 is shown schematically in Figure 27. 

• Secondary Circuits 

The Rankine cycle receives energy through Heat Exchanger No. 1. The 
turbine inlet temperatures, Tel• will be less than 300°F. The turbine 
exhausts to the regenerator for feed liquid heating. 

The thermal loads are sustained by Heat Exchanger No. 2. Each of the 
three thermal circuits utilize primary/secondary pumping, whereby the 
secondary supply temperatures and the secondary and primary flow rates 
remain constant, while the primary supply and return temperatures vary 
with the load. 

3.1.3 High-Temperature System, General Description 

This system operates at an upper temperature level of 600°F. The schema­

tic diagram is shown in Figure 28. In the absence of cooling (indicated by the 

ambient temperature not exceeding 70°F), the system operates at a condenser 

temperature of about 160°F as long as the low-temperature storage is not full. 

In the cooling season (indicated by the ambient temperature exceeding 70°F), 
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the condenser temperature is raised to approximately 200°F. When the low­

temperature storage is full, the condenser temperature is lowered to ll0°F. 

The condenser will remain operating at Tcond = 200°F (if the low-temperature 

storage is not full) until the ambient temperature goes below 60°F after which 

the condenser pressure is then lowered so that the condenser operates at a tem­

perature of 160°F. Allowing ambient temperature to drop below 60°F before redu­

cing condenser temperature to 160°F prevents the system from excessive switching 

from cooling season operation (200°F condenser temperature) to heating season 

operation (160°F condenser temperature). 

We have distinguished between two conditions: 1) self-sustaining system 

("stand-alone" system), and 2) thermal tracking system ("purchased power" sys­

tem). In the stand-alone system, no power is purchased; in the thermal tracking 

system, the analysis is carried out based upon generating electricity to track 

the thermal loads. The amount of purchased power and the amount of fuel con­

sumed are then calculated. 

Operation (See Appendix E for details) 

The operational modes of the high-temperature (600°F) ORC STES are described 

in this section. The discussion refers explicitly to the option in which back­

up electricity is purchased from the utiiity. However, the stand-alone system 

operates in a comparable fashion. 

The thermal system supplies hot water from a low-temperature storage (LTS) 

tank to the absorption chiller, the space heating system, and the water heater. 

LTS receives heat from the condenser of the ORC system. The schedule of elec­

tric generation minimizes loss of high~temperature (600°F) from the primary sys­

tem and of low-temperature heat (ll0°F) from the condenser to the cooling tower. 

High-temperature heat loss is minimized by generating electric power to meet 

demand whenever primary storage is full and solar energy is available, although 

low-temperature heat may be rejected at the cooling tower. The more low­

temperature heat that is lost (in order to minimize high-temperature heat loss), 

the less is the effective utilization of thermal energy available at the con­

denser. This is an indication of oversized collector area. However, this may 

inevitably occur in the mild seasons if we are to design a meaningful STES gen­

erating significant electric power compared to demand. 
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3.2 Photovoltaic Solar Total Energy System Design 

3.2.1 System Description 

The photovoltaic solar total energy system is designed to supply the bulk 

of e~ectrical, space heating and cooling, and hot water requirements of the 

residence by cooling the photovoltaic cells and utilizing the reject heat in 

the cooling water to provide space heating and hot water. 

Figure 29 is a block diagram of the important subsystems as they are con­

bined to form the overall photovoltaic total energy system. The size specified 

for the solar cell module (32" X 96" centerline dimensions) is based upon 

standard roof structure dimensions. Module dimensio-ns may be varied to suit 

alternative installation approaches (e.g., rack mounting). The collector is 

provided with a single glass cover to ensure adequate temperature for heat 

trans·fer during 'winter. An appropriate number of modules is rack-mounted and 

tilted at local latitude (module dimensions do allow integration with appro­

priately sloped roof) and connected to form an array which provides electrical 

and thermal energy to the residence. 

The output of the photovoltaic array will provide a portion of the elec­

trical energy required by the residence plus thermal energy whenever it can be 

used to space heat the residence and provide hot water. The thermal output 

will be used directly as needed, or stored in a water thermal storage system 

designed to provide short-term heating reserve capacity. Because the thermal 

energy produced by the collector is at too low a temperature to be used for 

* absorption cooling, air-conditioning is accomplished with electrically driven 

vapor compression chillers. The electrical demand can be supplied either by 

the solar array or the battery storage subsystem. When array output is un­

available or battery storage is depleted, the utility backup can supply the 

load. The power conditioning equipment and the electrical and thermal stores 

match incident array energy with the demands of the residence. 

* Higher temperature thermal energy results in degradation of photovoltaic 
array efficiency. Analysis of a higher operating temperature system 
design with absorption cooling wa·s not undertaken,.. nor was an all electric 
system \-Tith heat pump heating. 
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3.2.2 Mode Description of Photovoltaic Solar Total Energy Systems 

This system illustrated in Figure 30, consists of a water-cooled silicon 

photovoltaic array coupled with a direct solar heating system employing heat 

recovery from the photovoltaic arrays. 

For water to circulate through the solar system, Pump No. 1 will be in 

operation. The fluid path will be determined by a control valve and will either 

pass through a plate fin coil or go directly to the rooftop array structurE? .• 

The fluid pathway through the plate fin coil is provided to reject excess heat 

collected. This circuit is necessary because the photovoltaic array's effi­

ciency begins to drop below its design value of 13% at array temperatures 

0 * exceeding 130 F. 

From the rooftop array, the fluid passes through the heat exchanger coils 

(fan coils) of the heating/cooling system. If the residence is in the heating 

mode, the fan would be in operation and heat would be transferred from the water 

to satisfy the residential heating load. Space cooling is accomplished with an 

electrically driven vapor compression chiller. 

The domestic hot water circuit is hydronically separated from the collec­

tor fluid circuit. Heat is transferred from the main storage tank through a 

heat exchanger nested in the main storage tank and _then back into the domestic 

hot water tank. Backup heaters are provided to supplement the heating and do­

mestic hot water systems. Although not explicitly shown in Figure 42, the back­

up heater for the space heating system is actually in series with the solar­

heated fluid to supplement its energy content if insufficient stored heat is 

available. Of course, when no stored heat is available, the total flow for the 

fan coil units is directed to the backup heater by the appropriate control valves. 

The following descriptions illustrate more specifically the actual mode 

conditions which would occur in a direct solar heating system. 

Mode 1: Collector Thermal Circuit Operation-Domestic Hot Water Circuit Operation 

This mode, shown in Figure 31, illustrates the operation of the collector 

cooling circuit in conjunction with the domestic hot water circuit. Pump No. 1 

is activated by a differential thermostat which senses the temperatue differ-

* Cell efficiency may be expressed as n = n0 (.1 - a [T - Tc]), with insolation 
at 1000 w/~ 2 • n0 is cell efficiency at Tc• In this case, based on West­
inghouse6 data, n0 = 0.16, Tc = 25°C, and a= ~.77 X 1Q-3j°C. 

100 

INSTITUTE 0 F G· A S T E C H N 0 L 0 G Y 



I 

4/78 

....... . . . 

..... · .. 

DRAINDOWN veNT 

FAN 
CDIL 
UNIT 

SOLAR SYSTEM 

8987 

HEATINCI 
&VSTBM 

TOTAL ENERGY SYSTEM 

Figure 30. GENERAL SCHEMATIC OF TOTAL ENERGY SYSTEM6 

101 

INSTITUTE 0 F G A S T E C H N 0 L 0 G Y 



4/78 

.... 

CRAINCOWN VENT 

PUMP-'1 

SOLAR SYSTEM 

8987 

AUXIL. 
HEATING 
SYSTEM 

TOTAL ENERGY SYSTEM 

MOCE'1 

Figure 31. TOTAL ENERGY SYSTEM- MODE 16 

102 

INSTITUTE 0 F G A S T E C H N 0 L 0 G Y 



• 

4/78 8987 

ence between the photovoltaic module substrate and the water in the storage 

tank. 
\4 

If the array requires cooling, water is circulated through the module 

fluid passages until the thermostat registers an insufficient temperature dif­

ference to collect solar energy, or no thermal cooling of the array is required. 

Pump No. 1 then shuts down thus allowing the fluid in the array, supply, and re­

turn pipes to drain down providing freeze protection for the system. To op­

erate the domestic hot· water circuit, a differential thermostat would sense a 

temperature difference sufficient to transfer heat from the main storage tank 

to the domestic hot water storage tank. Pump No. 2 would then begin operation 

and continue until the domestic hot water tank reaches the desired temperature. 

The hot water circuit can also operate when the collector cooling circuit is 

not functioning. 

Mode 2: Nighttime Space Heating 

In this mode, illustrated in Figure 32, the space heating thermostat sen­

ses a nighttime heating requirement. If the storage tank temperature is suffi­

ciently warm to effect a heat boost to the auxiliary heating system or to pro­

vide the entire space heating requirement, Pump No. 1 turns on and the control 

valves are set to direct the flow of heated water to the fan coil un~~s. 

Mode 3: Daytime Space Heating 

In this mode, illustrated in Figure 33, the space heating thermostat sen­

ses a daytime heating requirement. Assuming that the domestic hot water load 

has been satisfied, Pump No. 1 begins operation, with the valves positioned to 

route the fluid from the storage tank through the collector and the fan coil 

unit and then back to the storage tank. The fan coil unit begins operation to 

extract heat from the solar water coil. The collector circuit could already 

have been operating to keep the photovoltaic array cool and charging thermal 

storage with solar'heated fluid. 

Mode 4: Photovoltaic Array Protection 

This mode, illustrated in Figure 34, is used to make sure that the photo­

voltaic array temperature does not exceed 130°F. At array temperatures above 

130°F, cell efficiency is reduced. If this condition occurs during the daytime 

when the system is collecting heat, the differential thermostat signals the con­

trol valve to route the fluid through the plate fin coil located outside before 
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it enters the array. The rejection of e:xcess heat assures that the entering 

water temperature will ahays be below ll0°F, thereby allowing for an approxi­

mately 20°F temperature rise across the collector plate without adversely af­

fecting the photovol taic array '.s performance. 

3.2.3 Component Description of Phctovoltaic Total Energy Systems 

A residential photovoltaic solar total energy system consists of compo-

nents to collect electrical and thermal energy and to ·store this energy in bat­

teries and hot water tanks; power conditioning and control equipment to provide 

utility qualjty power and interface with the backup electric utility; and fan coil 

units, chillers, and· back-up heaters to meet the space conditioning requirements 

of the residence. In the following sections we will elaborate on the descrip­

tions of collectors, storage devices, and power conditioning equipment essen-

tial to, and also unique to, residential photovoltaic solar total energy systems. 

i}Collec tor 

The flat plate collector module consists of the single cover glazing, 

desiccant spacer, photovoltaic cells, thermal absorber plate, and enclosure. 

Figure 35 shows the general concept of the combined thermal-photovoltaic collec­

tors. 

The glazing specified is a single piece of 3/16" clear ("water-white") glass. 

Double glazing has been avoided in this design because the transmission losses 

through both pieces of glass would decrease the electrical productivity of the 

module by about 15%. Although double glazing, acting as an insulating space, 

would increase the thermal production of the module,the emphasis is on elec­

trical rather than thermal output. 

The spacer between the glass and the absorber plate is a metal channel 

with an encased desiccant to absorb moisture which might leak into the sealed 

air space and condense on the co~er glass or the photovoltaic cells, thus 

causing reduced electrical production or damage to the mod~le • 
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Figure 35 . COMBINED PHOTOVOLTAIC-THERMAL COLLECTOR6 

The absorber is a "Roll-bond"* type copper panel which has a flat top 

surface to receive the photovoltaic cells. The cells are in turn bonded to the 

absorber panel with a thin layer of silicon sealant which will accommodate ther­

mal expansion. The photovoltaic array is kept within its optimum thermal oper­

ating range by circulating water through channels in the absonber panel. 

Battery Storage for the Residential Power System 

Because the cost of batteries in a photovoltaic STE~- is substantial (10% 

to 20% of overall system capital cost, depending upon collector area and time 

frame), the sizing of battery storage is important in the development of the 

most economic system configurations. As can be seen by examination of the out­

put reports from system simulations in Appendix C, the battery capacity of 

* Roll-'bond is an Olin-Brass Corporation trademark. 
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15 kWhr per dwelling unit was sufficient to avoid the wasting of electrical 

power at any time. As a result, it is conceivable that a smaller battery stor­

age capacity might be appropriate in a residential photovoltaic STE system. 

The impact.of this reduction in capacity would be a lowering of system capital 

cost, perhaps by as much as 10%. Although the evaluation of the potential to 

reduce battery capacity requirements is beyond the scope of this study, such 

an effort would entail an examination of the utilization of battery capacity 

during the yearlong performance of the system, investigating the maximum capa­

city of the batteries. Subsequently, the"size of the battery storage system 

could be adjusted downward, and performance results could be coupled with sys­

tem economics to determine the point at which a balance is struck between bat­

tery capacity and lost electricity due to insufficient battery capacity, thus 

achieving the best system economics. 

Further discussion of battery storage as a component of solar total energy 

systems can bt:! found on pp. 67-69 of this volume. 

Power Conditioners 

Photovoltaic STE systems that incorporate battery storage require a power 

conditioner for connection to an a.c. system. This is discussed on pp. 69-70 

of this volume. 

Thermal Storage 

Some type of thermal storage should be provided for photovoltaic STE systems. 

This is discussed on pp. 65-67 of this volume. 

Collector Areas for Photovoltaic STE Systems (See Section 2.1.8 of this volume.) 
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Section 4. 
DESIGN PERFORMANCE SIMULATION AND EVALUATION 

Using the Energy Requirements tapes (Volume II) and the algorithms developed 

as part of the conceptual design effort, the performances of the 300°F ORC 

systems, the 600°F ORC system, and the pholovoltaic system were evaluated by 

an hourly STES simulation program. The flow diagram for this program is shown 

in Figure 36. 

Hourly performances for the two designs were determined for the different 

building types (both generic and ASHRAE 90-75 conservative structures) in 

different regions of the country. Determinations were based on two different 

scenarios: 1) using purchased power to supplement solar energy, and 2) stand­

alone (i.e.~ no purchased power); 

The original intent was to utilize the entire E-Cube package for the 

evaluation adding whatever subroutines were needed to adapt the program to 

STES evaluation .. Hcwever, overall program considerations suggested that a 

different program be written and used instead of the E-Cube equipment package; 

this program was written and used in conjunction w·ith weather topes* and the 

load tapes (See Vol. II) to provide the hourly simulation performance. Over­

all, E-Cube data management format is used. 

Space does not permit inclusion of the entire computer output here; 

however, a sample of the simulation program output is illustrated in Table 49. 

The example shown is for illustration only and not intended to represent an 

optimized system. 

Table 49, Part 1 

• "Polar Mount Parabolic Trough" - describes the type of parabolic trough 
collector and its orientation. In this case, a polar mount orientation 
is employed. The other collector orientation rr.ethod used in some sites 
was a North-South horizontal trough. 

• "Building 7" - is the code for the low-rise, energy conservative 
dwelling type. The following list summarizes codes for the other 
dwelling types: 

Building No. 
1 
2 
3 
5 

* See Appendix B. 

INSTITUTE 

Dwelling Type 
Single-family detached, generic loads, 36 units 
Townhouse apartment, generic loads, 36 units 
Low-rise apartment, generic loads, 48 units 
Single-family detached, conservative loads, 36 units. 
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Building No. 

6 
7 

. 8987 

Dwelling Type 

Townhouse apartment, conservative loads, 36 units 
Low-rise apartment, conservative loads, 48 units 

• "Los Angeles"- is the site where, in this case, system performance is 
being evaluated. 

• "Solar Collector Aperture Area" - is the total collector area for 
parabolic trough collectors located on the roof of the low-rise 
apartments. In this case, the aperture area is 2787 sq ft. 

• "STES Chart 4" - refers to the s·ol:ar total energy system conceptual 
design using a high-temperature (600°F) Organic Rankine eycle (ORC) 
heat engine with an electric utility backup for any shortfall in 
electrical energy production and fossil fuel backup for any deficiency 
in thermal energy required. 

• "Purchased Energy" - refers to the monthly det.ermination and annual 
summary of energy purchased, both fossil fuel and electricity, to 
supplement the system which cannot wholly provide for system energy 
needs. 

• 

• 

• 

• 

"Fuel Consumption" is a monthly tabulation of total fossil fuel 
burned by the system. Fossil fuel is burned in the primary boiler 
to supplement the energy output from the collector. Fossil fuel is 
also burned in the primary boiler when no solar or high-temperature 
thermal energy is available and a thermal load exists. Thus, the 
thermal load is met and the best use of the fuel value is made by 
producing work (electricity) and thermal energy. Fossil fuel is 
burned in the secondary boiler when the thermal load is so great 
that providing heat at the ORC condenser would cause the ORC to 
produce more electricity than required. Because the operating 
philosophy of the system is such that electricity cannot be wasted, 
fuel must be burned in the secondary boiler to meet thermal loads. 
In this case peak fuel consumption occurs in August and is attributable 
to the .large air conditioning load. 

"Electric Demand" - is th~ monthly peak electrical d.emand by the system 
in kW. The figure in the "total" summary is actually the peak electric 
demand seen by the system. In this case, the peak demand of 93 kW 
occurred in February and.is somewhat smaller than the installed 
capacity of the ORC (100 kW). 

"Electric Consumption" - is the monthly and annual total amount of utility 
electricity purchased by the system. 

"System Energy Displacement" - is the quantity of energy produced by 
the system in comparison to a similar system operated exclusively on 
fossil fuel and utility electricity. This is not the same as the 
displacement of energy compared with a conventional system which might 
use different types of space conditioning machinery, vapor compression 
chillers instead of absorption chillers, for instance, thus producing 
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a different totality and mix of energy use. Displacement compared to 
conventional systems is treated in the discussion of system economic 
analysis (Volume IV). 

• "Electric Displacement" is the electric energy produced by the 
solar energy and primary fuel inputs to the solar total energy system. 

• "Thermal Displacement" - is the portion of thermal energy produced 
at the ORC condenser.relative to the thermal requirement that is 
attributable to the solar energy input to the system. Thus, heat 
produced at the condenser by fossil fuel burned in the primary boiler 
and heat produced by the secondary boiler are not counted in the 
determination of thermal displacement. In this case, only 34% of 
the _thermal requirement was displaced by the solar energy input, although 
nearly 100% of system thermal needs were met by condenser heat. 

• "Building Electric/Thermal Loads" - is a monthly and annual summary of 
the total electric loads for cooking, lights, appliances, fan coils, 
and pumps, and input thermal requirements to the heating and· cooling 
machinery (and domestic hot water) after the efficiencies of the space 
conditioning machinery have been accounted for. 

• "Electric Consumption" - is the monthly and annual summary of all 
electric loads ~equired by the living spaces and space conditioning 
machinery. 

• "Thermal Requirements" - is the monthly and annual summary of input 
requirements to the space condd..tioning apparatus after machinery 
performance is accounted for. The heating and air conditioning loads 
are computed by the hour relative to structure design, regional charac­
teristics, and hourly temperatures from the weather tapes. 

Table 49, ·Part· 2 

• "Fuel to Boost Collector Temperature" -·is the quantity of fuel used to 
boo.st the collector outlet temperature to 600°F. The philosophy 
of collector operation is to allow the collector outlet temperature to 
float through a range of temperatures (550° to 600°F) under conditions 
where collected solar energy is less than the load but such that full 
flow of the heat transfer fluid through the collector field does not 
result in a collector outlet temperat.ure less than the minimum float 
temperature. 

• "Electricity Produced by Solar Plus Fuel" - tabulates the total monthly 
and annual electrical energy outputs by the system. The fuel component 
c9mes in two aspects of system operation. The first is the fuel consumed 
to boost collector outlet temperature, the second is fuel consumed to 
track the thermal loads while at the same time producing electricity to 
obtain the maximum useful extraction of energy from fuel consumed. 
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• "Electricity Produced by Fuel in Column 1" - refers to the amount of 
electricity generated by the fuel used to boost collector outlet 
temperature to 600°F. 

• "Fuel to Run System When No Solar or Storage is Available" - is the 
amount of· fuel burned in the primary boiler to produce sufficient 

8987 

heat at the heat engine condenser to track thermal loads. By operating 
the heat engine to simultaneously generate electricity, the maximum 
recovery of useful energy from the fu.el is obtained. 

• "Electricity Produced by Fuel in Column 4" - is the quantity of 
electricity produced by the use of fossil fuel to track thermal loads 
and also generate electricity when solar or stored thermal is un­
available. The amount of electricity attributable to solar energy 
collected is the difference between the sum of Columns 3 and 5 and 
Column 2. 

• "Fuel to Meet Thermal Requirements" - under circumstances when complete 
thermal tracking would produce more electricity than demanded, the 
secondary boiler is fired to produce thermal energy for satisfaction of 
system thermal requirements so that electric~ty is not wasted. 

Columns 7, 8, 9, 11, and 12 are highlighted by stars because of their 

importance in the meaningful understanding of simulation results. 

• "ORC Condenser Heat" - is the heat produced at the condenser of the 
heat engine when electricity is being generated. The monthly and 
annual totals may be compared to system thermal requirements to get 
a rough sense of how close the reject heat comes to satisfying the 
thermal loads. 

• "Heat Rejection to the Cooling Tower" - under circumstances when low 
temperature thertnal storage is full or a demand for electricity exists 
with little or no requirement for thermal energy (as in the spring or 
fall), the heat engine operates to produce electricity and the condenser 
heat is wasted. The system is designed to minimize the waste of 

• 

thermal energy. 

"Percent Electricity by Solar Plus Fuel" 
electricity requirement satisfied by the 
is summarized monthly and annually. 

is the percentage of the 
solar total energy system and 

• "Percent of 9 by Fuel" - is the fraction of electricity produced that 
is attributable to fuel burned in the primary boilers to boost 
collector temperature or to allow thermal tracking. 

• "Percent Thermal From Condenser Heat" - is the monthly and annual tabu­
lation of how closely' the ORC condenser heat succeeded in meeting the 
hour-by-hour thermal loads imposed on the system. Of course, a sub­
stantial amount of that condenser heat may be attributable to fuel 
burned in the primary boiler as suggested by Column 10 • 
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"Percent Utilization" - is a measure of how well the system is able to 
utilize the heat available at the ORC condenser in meeting thermal loads. 
Defined as the ratio of the thermal load to the sum of the condenser 
heat used to satisfy thermal loads and heat rejected at the cooling 
tower (sums calculated hourly); a system showing high utilization is one 
able to match condenser heat to the load very closely and reject little 
heat. Such a system has a utilization close to 100%. Utilization is 
considered a valuable indication of the best system size in that systems 
with high utilization generally show the most favorable economics; larger 
systems show poorer economics; smaller systems also show poor economics 
despite good utilization because they underutilize their capital 
intensive components. Utilizations are calculated monthly a.nd 
annually. Utilization exceeds 100% where the sum of condenser heat 
and cooling tower reject heat is less than the monthly thermal load. 

• "Average Collector Fluid Outlet Temperature" - is the average tempera­
ture at the collector outlet and indicates the extent to which the 
collector temperature floats within its allowed range (550° to 600°F). 
Generally, collector outle·t temperature remains close to 600°F, suggesting 
that the collector does not necessarily spend very much time in this 
mode of operation. Thus, a fixed collector outlet temperature might be 
a·more appropriate design alternative. 

• "High-Temperatutre Heat Rejected to Tower" is the total amount of 
primary heat that is wasted under circumstances when high-temperature 
storage is full and collected energy exceeds that required to produce 
electricity. 

• "Purchased Electricity 8 p.m. (a.m.)- 8 a.m. (p.m.)"- is the amount 
of electricity purchased during these 12-hour periods and is used to 
indicate the impact of time of day electricity pricing on STES economics. 

Table 49, Part 3 

• "Direct Normal Radiation" - is the monthly and annual direct solar 
radiation available to a fully-tracking solar collector. 

• "Diffuse Radiation" - is the monthly and annual solar radiation that is 
diffused by dust, water vapor, clouds, etc. and is available to non­
concentrating collectors. The dirfuse radiation is not available to 
the concentrating collectors used in this study. 

• "Collector Beam Radiation" - is the beam radiation in the plane of the 
collector and accounts for the cosine effect in reducing solar radiation 
to a collector that does not track perfectly (i.e., not always normal to) 
the sun. 

• "Energy Collected" is the total useful output of the collector array 
and accounts for the total area of the array. This is the solar energy 
input into the system. 

• "Peak Fluid Mass Flow" is the maximum flow rate through the collector 
field and corresponds to the mass flow to supply energy by the ORC 
under a high load requirement. 
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• "Overall Collector Efficiency" - relates the useful collector output 
to the radiation incident on a perfectly tracking collector. The over­
all ·collector efficiency accounts for both the thermal losses from 
the collector and its imperfect tracking (cosine losses). 

• "Collector Efficiency" - accounts for the fraction of incident solar 
energy on the collector aperture that appears as useful output. 

Simulation Model of Photovoltaic Systems 

The energy balance program calculates the solar energy received and con-
~ ....... 

verted by the photovoltaic array, and determines its means of transfer to,load. 
. !\ 

The available ener&Y is utilized by the load through the subsystems needed to 

provide energy in the proper form at the.time required by the electrical and 

thermal loads. The subsystems included are the inverter which converts the 

solar cell output to a constant voltage, 60 Hertz output; the batteries which 

supply the load when solar energy is not available, in addition to providing 

peak power; and the thermal storage and heat transfer apparatus together with 

all of the controls for the entire system. In order to accomplish this, it is 

first necessary to calculate on an hourly ba~is the insolation received through­

out the year by the collector in its geographical and geometric location. The 

energy actually received by the cell is termed the absorbed energy and is less 

than the energy calculated as falling on the glass outer surface of the array. 

The computed absorbed energy suffers further l'osses as it is converted to elec­

trical energy and conditioned for use by the residential loads. These include 

cell, module, array, inverter~ and battery losses- all of which affect over­

all system efficiency. 

Figure 37 shows a computer model developed by the IGT project team for 

evaluating system components and performance. This analysis considers both re­

ceived solar energy and residential structure thermal and elec:trical energy re­

quireme~ts, both on an hourly basis. 

The system to be evaluated is determined by specifying the area and tilt 

(collector arrays are tilted at local latitude) for the water-cooled collector 

arrays, efficiencies of the various components of the system, and the thermal 

characteristics of the residences. 

The hourly electrical· load is specified· as an input to the model. Cooling 

loads are supplied by an electrically-driven vapor compression system 
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Electric 

Utility 

Electrical 
Load 

ABSORBED ENERGY - Energy Striking 
Collector Absorber Plate After Losses 
Through Collector Glazing 

COLLECTOR - Useful Thermal Energy 
Produced by Thermal Collector 

e 
p 

e 
n 

Photovoltaic Cell Packing 
Factor - 0.9 

- Nominal Photovoltai~ Cell 
Efficiency- 0.16 

Photovoltaic Cell Efficiency 
Reduction Factor for High­
Temperature Operation - 0.83 

INSOLATION 

Aux. 

hermal 

e1 - Inverter Efficiency- 0.93 

8987 

es - Battery Storage Efficiency - 0.80 

COP1 -Coefficient of Performance of 
Vapor Compression Chiller - 2.34 

Figure 37. PHOTOVOLTAIC STES SIMULATION MODEL 
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(COP = 2.34; EER = 8.0*) and are therefore counted as electr·ical loads. Cooling 

loads are calculated hourly from previously determined structure energy require­

ments and equipment performance. With the exception of the cooling load, elec­

trical loads are determined in the same way as for the thermal STES conceptual 

designs. 

In actual operation, the strategy assumed for distribution of the electri­

cal energy is as follows: 

1. Electrical energy from available insolation is used directly to 
supply the load. If it exceeds the load requirement, it is stored. 
If the storage capability available at the time is exceeded, the 
remaining insolation is wasted. 

2. If available electrical energy from insolation is not sufficient or 
not available, the load is supplied by battery storage to the degree 
necessary. 

3. If battery storage is exhausted and insolation does not provide suffi­
cient electrical energy for the load, the insufficiency is supplied 
by the backup source - a utility connection. 

The space heating load is computed hourly from previously determined struc­

ture energy requirements and domestic hot water load. Space heating is supplied 

by the following methods: 

1. Thermal energy from available insolation is used directly to supply 
the load. If it exceeds the load requirement, it is stored. If the 
storage capability available at the time is exceeded, the remaining 
insolation is wasted. 

2. If available thermal anergy from insolation is not sufficient or 
not available, the load is supplied by thermal storage to the ex­
tent necessary. 

3. If thermal storage is exhausted and insolation does not provide 
sufficient thermal energy for the load, the insufficiency is sup-. 
plied by the backup source - a utility connection supplying gas 
or onsite fuel oil tank. 

The efficiencies of the various system components are taken into account 

at the appropriate place. These efficiencies are indicated in Figure 37 by 

the smaller circular blocks. Only the absorbed energy and collector thermal 

performance are computed hourly. The remaining efficiencies are input con­

stants. Values for absorbed energy are taken from computer tapes supplied 

through the courtesy. of Westinghouse. 

Nameplat~ .. -~ti~.s.. .. Cooling CaEacity (Btu/hr) 
* EER = Electrical Input Requirement. (kW) 
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The overall efficiency of the photovoltaic STES is a function of many fac­

tors in addition to the efficiency of the solar cell. The factors contributing 

to overall system performance are defined as follows: 

ec = collection efficiency or the relationship between the cell absorbed 
energy and available insolation. The product IAec is called ab­
sorbed energy in our analysis, and is calculated by the hour for 
the total energy system. 

e n 
e p 
et 

ei 
e s 

= 

= 

nominal cell efficiency at 25°C, air mass one. 

packing factor relating solar cell area to total array area. 

loss related to elevated solar cell operating temperature. 

inverter efficiency. 

electrical storage efficiency. 

The values used for the various efficiencies are as follows: 

6 as: 

e 0.16 n 
e = 0.9 p 
et = 0.83 

ei 0.93 

e 0.80. s 

Thermal output is derived from the value determined for absorbed energy 

Thermal output (kWh)= (0.8)(absorbed energy) 

(0.005)(55-TA°C) 

TA = ambient temperature. 

The combustion efficiency of the backup furnace is 80%. 

A sample of the simulation program output is illustrated in Tables 50 

a. ~1.·· Following are descriptions of the contents of the tables:* 

• "Rale.igh, North Carolina - Collector Tilt Equals North Latitude in 
Degrees." Raleigh is the site where, in this case, system performance 
is being evaluated. The collector array performance is established 
for a south-facing flat plate, water-cooled photovoltaic array tilted 
up from the horizontal at an angle equal to local latitude. In this 
case tilt angle is 32.9 degrees. 

*Building thermal and electric loads correspond to a 48 unit, low-rise 
structure. 
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Table 50, PHOTOVOLTAIC CELL SYSTEM SIMULATION PROGR~1 
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T~ble 51. PHOTOVOLTAIC CELL SYSTEM SIMULATION PROGRAM 
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• "Solar Collector Aperture Area" - is the total collector area of the 
flat plate photovoltaic arrays located on the roof of the low-rise 
apartments. In this case, the aperture area is 8,596 sq ft. 

• "Purchased Energy" - refers to the monthly determination and annual 
summary of energy purchased, both fossil fuel and electricity, to 
supplement the system which cannot wholly provide for system energy 
needs. 

• "Fuel Consumption" is a monthly and annual tabulation of total fossil 
fuel burned by the system (at 80% efficiency). Fossil fuel is 
consumed when waste heat recovery from the photovoltaic array combined 
with stored thermal energy is insufficient to meet the building's 
thermal requirements. 

• "Electric Demand" - is the monthly peak electrical demand by the 
system in kW. The figure in the "total" summary is actually the peak 
electric demand seen by the system. The peak demands in general exceed 
the 100-kW system size prescribed for the residential solar total energy 
systems. This is because the system is sized for 48 low-rise dwelling 
apartment units - in the case of the the.rmal systems using absorption 
chillers the peak load was about 100 kW; however, because electrically 
driven vapor.compression air conditioning is used in the photovoltaic 
system, a significant additional electric load is imposed on the 
system. In this case, the peak demand of 208 kW occurred in June and 
is associated with summer air-conditioning loads. 

• "Electric Consumption" - is the monthly total amount of utility 
electricity purchased by the system. 

• "System Energy Displacement" - is the quantity of energy produced by the 
system in comparison to a similar system operated exclusively on fossil 
fuel and utility electricity. This. is not the same as the displacement 
of energy compared to a conventional system which might use different 
types of appliances and space conditioning equipment, thus producing 
a different totality and mix of energy use. 

• "Electric Displacement" - is the electric energy produced by the 
photovoltaic array that ultimately provides useful energy to the 
residence after storage and inverter losses are accounted for. 

• "Thermal Displacement" - is the quantity of thermal energy recovered 
from cooling the photovoltaic array that ultimately satisfies the 
building's thermal needs after losses and the quantity of thermal energy 
wasted because of fuel storage are accounted for. · Thermal energy dis­
placement is effectively the difference between building thermal loads 
and the output of the auxiliary boiler. 

• "Building Electric/Thermal Loads" - is a monthly and annual summary of 
the total electric loads for cooking, lights, appliances, fan coils, 
pumps, and air conditioning and thermal requirements for heating and 
rlnmPsti~ hot water • 
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• "Electric Consumption" - is the monthly and annual summary of all 
electric loads required by the living spaces and space conditioning 
machinery. In particular, the electric consumption data include the 
input requirements for a vapor compression chiller operating at a 
COP of 2.34. 

• "Thermal Requirements" - is the monthly and annual summary of space 
heating and hot water loads. The h~ating and air-conditioning loads 
(air~onditioning loads are used to calculate input requirements for 
vapor compression chillers as tabulated under "Electric Consumption") 
are computed by the hour relative to structure design, regional 
characteristics, and hourly temperatures from the weather tapes. 

Table 51 

• "D.C. Electrical Output From Photovoltaic Array" - is the· monthly and 
annual tabulation of output from the photovoltaic array after losses 
through the cover glazing , photovoltaic inefficiency due to elevated 
temperature operation, and the nominal efficiency of the cell are 
accounted for. Although the electrical output suffers further losses 
due to inversion to alternating current and/or recovery from battery 
storage, this column may be compared to the electric consumption from 
Table 1 to get a rough idea of how close array electrical output comes 
to meeting system electric loads. 

• "Thermal Output of Photovoltaic Array after Losses." The photovoltaic 
array operates at elevated temperature with a coolant loop operated to 
recover the waste heat .generated by the inefficiencies of photovoltaic 
conversion. The recovered thermal energy at 130°F loses energy through 
the pipes conveying it to thermal storage (10% of the thermal energy is 
lost in the single-family detached application, only 2% in the town-
house and low-rise applications). This colwm1 tabulates the ~onthly and 
ann•Jal total recovered thermal energy fro~ the photovoltaic array. These 
values may be compared with the system thermal requirements to see how 
close the recovered thermal energy matches the thermal loads· imposed by the 
building structure. 

• "Electric Load Met By Solar" - is the total amount of electricity 
produced by the photovoltaic array after the effects of conversion 
losses, battery inefficiencies, and the mismatch of .solar availability 
and electric loads are accounted for. The values in this column are 
always less than the values tabulated in Column 1. 

• "Fuel to Meet Thermal Loads" - is the monthly and annual tabulation of 
the fuel consumed in the auxiliary boiler in order to satisfy the lack 
of sufficient thermal energy recovered from the photovoltaic array. 

• "Electricity Wasted" - is the monthly and annual tabulation of the 
quantity of electricity generated by the system that must be wasted 
because battery storage is filled. In this case no electricity is 
wasted, indicating that sufficient battery storage has been provided 
for the system. More detailed studies' are required to achieve the 
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necessary trade-off in battery capacity and cost versus the value of 
energy wasted due to insufficient battery storage capacity in order to 
find the most economic size for this expensive syste~ component. 

• "Thermal Energy Wasted" - is the quantity of thermal energy recovered 
from cooling the photovoltaic array that must be rejected because 
thermal storage is full. Note that in Table 61 thermal energy must 
be rejected in spring, Summer, and fall because the thermal requirements 
for space heating and domestic hot water are very small compared with the 
amount of heat recovered from the photovoltaic array. 

• "Percent Electric Load Met by Solar" - is the percentage fraction of the 
electric load met by the combination of photovoltaic output and battery 
storage. The monthly and annual tabulation indicates how well the 
array size (in this case 8596 sq ft ) succeeded in meeting system 
electrical loads (in this case the annual percentage was 18%, with a peak 
contribution of 30% in March). 

• "Percent Thermal Load Met by Waste Heat" - is the percentage fraction of 
the thermal load met by the combination of heat recovered by cooling the 
photovoltaic array and thermal storage. The monthly and annual tabula­
tion indicates how well the array size (in this case 8596 sq ft ) 
succeeded in meeting the system thennal loads. In thi8 case the system 
easily met 100% of the late spring, summer, and early fall thermal loads, 
which are small compared to the reject waste heat, but only provided an 
annual contribution of 48% because of the large winter thermal loads in 
relation to the availability of recovered thermal energy. 

• "Electric Utilization" - is a measure of how well the electricity 
produced by the array is used to meet electrical loads. Utilization 
is the ratio of electrical load to array electrical output. High 
utilization is desirable as it implies effective use of the electricity 
produced by the array. Low utilization means costly electricity is 
wasted which probably compromises system economics. In this case the 
monthly and annual utilizations are greater than 100%, meaning that in 
no case was any electricity wasted; in fact, the electric load always 
substantially exceeded the photovoltaic generated electricity. 

• "Thermal Utilization" - is a measure of how well the thermal energy 
recovered from the photovoltaic array is used to meet thermal loads. 
Utilization is the ratio of thermal load to array thermal output. High 
.utilization is desirable as it implies effective use of the thermal 
energy produced by the array. Low utilization means thermal energy is 
wasted. probably compromising system economics. In this case. annual 
utilization is greater than 100%, meaning that generally the thermal load 
exceeded recovered thermal energy. However, particularly in late spring, 
summer, and early fall, the utilization of thermal energy is less than 
100%, implying that substantial quantities of thermal energy must be 
rejected. In late fall and early spring, thermal utilization, in this 
case, exceeds 100%, although small amounts of thermal energy are wasted • 
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This results from the method of monthly summation of loads and available 
thermal energy that tends to overW-helm the impact of the small quantity 
of wasted thermal energy on red~cing the value of thermal utilization. 

• "Purchased Electricity 8 p.m. (a.m.)- 8 a.m. (p.m.)"- is the amount of 
electricity purchased during these 12-hour periods and is used to 
indicate the impact of time-of-day electricity pricing on STES economics. 
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Section 5. 

HEALTH, SAFETY, AND ENVIRONMENTAL FACTORS 

Although solar systems generally are regarded as being environmentally be­

nign, the siting of solar total energy systems in the residential sector places 

more emphasis on the health, safety, and environmental factors than might be 

expected in some of the other applications. This does not suggest that non­

residential applications do not require safeguards; it merely suggests that 

society places particular emphasis on the well-being of the family unit. 

The residential sector also contains people with chronic respiratory and 

heart disease, who would be most susceptible to any pollutants released from 

solar total energy systems. 

5.1 Health and Safety Hazards 

Probably the greatest potential hazard associated with STE systems lies 

in the working fluids used in transferring thermal energy from the solar collec­

tor and in the organic Rankine cycle heat engine. At the operating temperatures 

envisioned for STE systems, hot oil circulation is a pref~rred mechanism for 

transferring thermal energy from the solar collector to storage or the ORC unit. 

The circulation of this hot oil takes place within an enclosed, insulating pip­

ing system and does not constitute a safety hazard under normal operating con­

ditions; certainly, the practice of using hot oil transfer is an established 

technology that is commonplace in industrial applications. However, rupture 

of transfer pipes is always a possibility that poses the potential threat of 

releasing hot flamn~ble fluids to the atmosphere, contaminating the air at best 

and posing a severe burn or fire hazard under the worst circumstances. This 

could occur in the event of a fire, high winds, faulty equipment or installation, 

or similar events. Furthermore, the storage of this hot oil in insulated tanks 

poses the additional hazard that fire could spread to a large volume of f:ham­

mable liquid that is probably above its flash point. Onsite tank storage of 

fuel oil, of course, is accepted practice, but the high fluid temperature and 

direct connection to a system that could rupture under adverse conditions con­

stitute a problem of a different magnitude . 
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The same safety hazards are connected with the use of certain working 

fluids in an ORC system, particularly toluene. These are sealed systems, si­

milar to air-conditioning systems, and should not pose a problem under normal 

operating conditions. However, leakage or rupture could occur under the same 

conditons cited for the oil transfer systems and thus release a toxic material 

to the atmosphere. Toluene would be well above its flash point under operating 

conditions, and a sudden release to the atmosphere would surely result in an 

immediate fire hazard, as well as an air pollutant. 

Another potential safety hazard associated with the use of solar collec­

tors is the glare that could be associated with a misaligned heliostat. This 

should not be a problem generally because the beam becomes quite diffuse be­

yond the focal point; however, a heliostat field that is out of focus could 

cause the focal point to occur at some distance away from the receiver and pose 

a glare problem for nearby motor vehicles or overflying aircraft. The subject 

of misdirected radiation is most often mentioned as a potential safety hazard 

associated with central receiver/heliostat systems, either because of the glare 

problem or because of a potential burn/fire hazard in the event that misaligned 

heliostats could focus on nearby persons or .. combustible. material. Frankly, 

we expect central receiver systems to be used much more in nonresidential appli­

cations but their use in residential applications is certainly possible and 

the problem of potential misdirected radiation cannot be ignored as being 

inapplicable to residential applications. If future heliostat costs are as low 

as are being projected, central receivers might possibly be used in some future 

residential applications and the misdirected radiation possibilities will have 

to be addressed. This could take the form of measures to ensure that no com­

bustible material is accessible to misdirected radiation or regulations that 

prevent motor vehicles/aircraft from traveling too close to the heliostat field. 

Another potential safety problem is posed for workmen or maintenance per­

sonnel working in the vicinity of solar collectors, aithough this is not unique 

to solar total energy systems. Intense glare or burns could incapacitate work­

men who might be working around collectors when the sun is shining brightly, 

unless special provisions are made to prevent it. The most obvious way of pre­

venting such an occurrence is to schedule work in the immediate vicinity of 

concentrating collectors only when the sun is not shining brightly, such as 

early in the morning or late in the day. However, emergency repairs may re-
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quire workmen to be present when solar radiation is quite intense, and special 

instructions or preventative measures (such as covering the collectors or wear­

ing protective devices) may be required. 

Worker exposure to sunlight (especially concentrated sunlight) should be 

minimized to prevent thermal injury to the retina of the eye and possible cata­

. ract formation from the infrared portion of the solar spectrum. 

Since STE systems may have relatively high maintenance requirements, work­

related accidents such as falls may occur more frequently than in the systems 

they were designed to replace. One must be on guard to ensure that complacency 

about safety matters does not develop due to the routine nature of some main­

tenance work. The best maintenance practices must be conscientiously followed. 

All of the health and safety hazards discussed above can be either elimi­

nated or minimized by appropriate regulatory action or preventative measures, 

but some recognition of their importance is imperative. The important thing 

is to recognize the potential dangers and take appropriate steps to eliminate 

or reduce them. After all, we have learned to live with high voltages in our 

television sets and we carry roughly 20 gallons of volatile, highly combustible 

gasoline in our automobiles, so we have learned to accept certain risks in ex­

change for the benefits tha~ we want. Nonetheless, provisions must be made to 

eliminate as many health and safety hazards of STES as possible so as to avoid 

any adverse impact on public acceptance, if solar total energy systems are to 

compete in the marketplace with conventional energy systems. 

5.2 Environmental Factors 

Environmentalists are ~enerally strong proponents of solar energy because 

solar energy systems do not release unwanted pollutants to the air or water. 

Consequently, the potential for supplying energy without concomitant pollution 

of the environment is one of the strongest points in favor of solar total ener­

gy systems. In fact, this point alone may ultimately be sufficient justifica­

tion for implementing solar total energy systems in certain regions if the eco­

nomic comparison with conventional systems is not too unfavorable. 

Use of solar collectors in the residential sector tends to increase the· 

absorbtion of solar energy in that area. The altered solar energy budget that 

results could cause climatological changes. Space requirements for the STE 
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systems could less.en the amount of land available for parks and open areas, and 

thereby effect the ecology and appearance of the residential community. 

STE systems are not completely pollution-free because they do require back­

up systems that release gaseous combustion products to the atmosphere, but the 

extent of pollution is reduced by an amount equal to the solar energy utilized. 

This is less important where natural gas is the ''bai!kup fuel, but becomes in­

·creasingly more important where coal combustion becomes the source of electri­

city for electrical backup. Since coal-based electric plants will become more 

prevalent in the future, the environmental advaqtages of solar tota~. energy 

systems in reducing at least part of the pollution due to coal-derived elec­

tricity may also become more significant. 

As described in the previous section, however, the accidental rupture of 

transfer lines carrying hot oil from the collector or toluene from URC units 

could have an adverse environmental effect, not only because this could release 

hydrocarbon pollutants into the atmosphere, but also because spills of these 

materials could contaminate water supplies or sewer systems and damage nearby 

plant and animal life. Furthermore, fires from an accidental release of the 

hot working fluids would release polluting combustion products into the atmos­

phere. 

In colder climates, additives to prevent freezing of water used for the 

low-temperature side of a solar total energy system could represent a possible 

source of water pollution in the event of line rupture or leakage. The same 

is true with inorganic salts such as chromates or phosphates added to the water 

to inhibit corrosion; many of these salts are toxic and could create health 

hazards if they find their way into water supplies or sewer treatment plants by 

virtue of leakage or pipe rupture. Needless to say, these materials could also 

be detrimental to plant or animal life if released to the ecosystem. 

Finally, some people may object to the aesthetics of STE systems in a resi­

dential community because they "look different." Many people have very strong 

feelings.about living near a building that "looks funny" to them, and they may 

very well feel that a solar collector on the roof of an adjacent building im­

pacts unfavorably on the aesthetics of a neighborhood. In fact, we have heard 

of a few instances where neighbors have objected to the presence of a solar col­

lector in the neighborhood; however, this may represent only the opinion of a 

few individuals and not necessarily a deterrent to STE systems. On the other 
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hand, homeowners are very sensitive to anything.that could have an adverse ef­

fect on property values and could easily raise the issue of "visual pollution" 

if· they feel that it might .decrease the desirability of the neighborhood and 

lower property values. Of course, solar collectors on a residential roof could 

take on the aspects of a status symbol', as became the situation with antennas 

in the early days of television; this is in contrast to the objections of some 

neighbo~s in living next door to someone with the larger antennas used by ham 

radio operators or someone who parks a boat or motor home in his driveway. 

These points are usually resolved by local zoning ordinances, but the rationale 

often used is that of "visual pollution"- a polite way of saying, "We don't 

like its looks." Obviously, this is a matter of local preference. 

A more complete discussion of the environmental aspects of solar total en­

ergy systems may be found in a March 1977 report by the Environmental and Re­

source Assessments Branch of the ERDA (now DOE) Division of Solar Energy enti­

tled "Solar Program Assessment: Environmental Factors. Solar Total Energy 

Systems." 
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Section 6. 

DEVELOPMENT REQUIREMENTS AND SUBSEQUENT PHASES 

Although residential applications of solar total energy systems have 

been shown to be technically feasible, the prospects for their successful 

commercialization depend strongly on the prospects for substantial reductions 

in the capital costs of the systems. The approximate breakdown in capital 

costs for a hypothetical 600°F ORC solar total energy system is shown in 

Table 56. 

Table 56. STES COST BREAKDOWN 

Collector System (parabolic trough) 

ORC System (100 kW) 

Storage 

Conventional Components 

TOTAL 

40% 

20% 

5% 

35% 

100% 

This indicates where major R&D effort might pay off most effectively. All of 

these cost centers would contribute, of course, but major reductions in 

collector costs and cost of conventional components (piping, absorption 

chiller, fan coil units) would have the greatest impact on total system 

costs. 

6.1. Constraints to Commercialization 

The issue of existing significant constraints to the widespread commer­

cialization of solar components and appropriate incentives necessary and 

sufficient to overcome them is a present-day concern not only affecting solar 

components for STES residential applications but one which strongly influences 

the entire solar community composed of private, industrial, and governmental 

interests. 

For solar energy to become viable and both successfully and significantly 

penetrate the applications marketplace, economic, technological, and institu­

tional constraints to the utilizations of solar energy components and systems 

must be systematically identified and documented, and cost-effective incentive 

programs must be developed, approved, and implemented. 

The term "constraint," or "barrier," refers to any factor, relationship, 

or characteristic having the potential to retard or limit intrqduction or 
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utilization of solar components and systems. While some constraints are 

obvious, such as sun access rights, others, such as .domestic fuels price 

regulation, are simultaneously more complex and more significant. 

Solar energy technology is perceived as experimental and unproven in the 

market place. No standards of quality, performance, or safety exist to 

protect the consumer and avoid damaging the new market through sale of poor 

quality components and systems. Warranties on the quality and performance 

of equipment are generally not provided by the industry or mandated by state 

regulatory agencies. Financing for solar instal+ations may be expensive or not 

available because of such risk. Finally, the insurance industry is unable. 

to assess the risk associated with solar components and system installations 

and until actuarial risks are defined, insurance premiums will be high. All 

these aspects directly impact the commercialization potential of all solar 

components. 

Specific barriers affecting all. solar systems, and therefore all solar 

components, are listed below: 

Discipline 

• Economic 

• Institutional/Technological 

• Legal/Social 

Barrier 

Cost competitive energy 

High initial cost 

Utility Interface 

Material & Equipment standards 

Zoning &' Building Codes 

Land Use 

Public Acceptance 

Clearly, the number one barrier to commercial introduction of solar 

systems is cost. Both the cost competitiveness and the initial large 

capital expenditure required for solar systems are important. Cost reduc­

tions must be achieved in both the manufacturing process and in the pro­

cedures required for field installation, operation, and maintenance. 

Present day solar collectors are quite obviously based upon state-of-the­

art technology. Much of the development effort presently being invested i~ 

aimed at reducing component costs as well as improving performance. To a 

lesser extent, effort is also being devoted to improving the long-term 
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reliability of the components. The high capital investments required to 

acquire arid install a solar system make it imperative.that such systems be 

long-lived and have manageable operating and maintenance costs. 

To this end, there are two essential criteria that must be met to make 

solar systems attractive·: 

• System components must be demonstr-ated to work reliably, to have 
reasonable 0 & M costs, and to have operating life-times of 15 to 
25 years. 

• A reasonable rate-of-return on the solar investment for a. given 
application must be possible to stimulate demand in the solar component 
market place. 

Interfacing with electric utilities is probably the second most serious 

barrier, especially for STES applications. Problems develop when local 

utilities realize that installation of solar systems tends to increase 

. peakload generating requirements while decreasing base-load generating 

requirements. As a result, utilities have begun to request rate structures 

effectively penalizing owners of solar installations employing electric-based 

backup systems. (This subject is disucssed in some detail in a rece~t report 

by the Office of Technology Assessment, "Application of Solar Technology to 

Todays Energy Needs," June 1977. The report describes in detail numerous 

factors which influence the future of solar energy.) 

A technological concern may involve system operating problems and 

possible damage which could result from use of materials and equipment that 

was unanticipated when governing specifications and standards were originally 

prepared. Risks involved could be fluid leakage, explosion from excessive 

temperatures, failures induced by high pressures, corrosion, human contact 

with hot surfaces or broken glass, contamination of potable-water with toxic. 

coolants, and structural damage caused by high winds or heavy snowfalls . 
.. 

Standards typically are either specification standards, which identify 

materials and equipment that may be in system construction, or performance 

standards, which set criteria that materials must meet or exceed. If a solar 

system design employs components in such a way that applicable building codes 

are satisfied, then those solar components may be said to be developed. 

However, if a given design employs components in an unusual or innovative 

manner, or requires use of non-standard assembly.techniques, further testing. 
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of materials and/or techniques may be required to satisfy applicable codes 

and standards. 

The third most serious barrier relates to legal and regulatory problems 

such as ·zoning ordinances and building codes. Even if technological, economic, 

and utility interface solutions are found and adopted, legal barriers could 

significantly constrain solar energy commercialization at all levels• There 

exists some latitude within the varying building codes for approval or rejec­

tion of materials, equipment, and methods not specifically provided for or 

referenced. The principal concerns are that if.alternative materials, equip­

ment or techniques are to·. be employed in a system, that the resultant system 

and the structure on/in which it is installed will be at least equal in 

strength, fire resistance, safety, quality, and effectiveness compared to 

similar systems satisfying applicable codes. 

6.2. Development Planning 

Manufacturers of solar equipment have sensed public awareness and interest 

and have started to produce solar collectors and associated components, but 

the resultant present-day, first-effort prices are very high. Of the many new 

collector concepts, designs, and design variations reported by manufacturers 

or displayed in the literature, a great number have only reached the prototype 

stage. Of those collectors built and installed, most have not been in opera­

tion long enough to validate performance predictions. In many instances, only 

estimated performance data is available. 

Convincing demonstration programs, increased production, support services, 

lowered prices and government incentives are required before a substantial and 

stable market can be developed. Presently, the Federal government is funding 

development and demonstration programs to alleviate some barriers. State 

government are most active in providing economic incentives in the form of 

tax credits for solar system installations. 

Industry planning for future commercial efforts has been closely tied to 

gL.Jvt:(uut~uL l:;UJJJJU1' L uf the development process. Without supporting funds the 

creation of a widespread solar industry would probably be delayed for years 

or possibly lie dormant until a major change in fossil fuel costs occurred. 

The posture of aggressive government support of solar technology development 

depenrls npnn thP n.<~tinn.Al ".<~l11~ <!lPiignlild to increaeing the uoc of oolar 
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resources to achieve energy displacement and, ultimately, independence. Since 

private industry planning is closely tied to government planning it is appro­

priate to briefly review present DOE program plans. 

The objectives of these Solar Total Energy activities are to: 

• Develop within an appropriate industrial sector those solar total 
energy technologies which are economically competitive with other 
energy sources. 

• Demonstrate the technical, economic, and institutional feasibiltiy of 
the solar total energy concept. 

These objectives can be accomplished by establishing programs to provide 

comparative analyses, component research and experiments~ system experiments 

and system demonstrations. 

The development process has three essential activities to perform. 

First, products must be created possessing actual and perceived value. 

Research, development, and demonstration define.the create function by 

activity but do not by themselves guarantee the achievement of the objective. 

Second, manufacturing of the products must occur in quantities sufficient to 

yield reasonable production costs and returns on investment. Thir~marketing 

to sell and service the products ~ust begin. The two most critical activities 

are the creation and marketing functions. The creation function must insure 

that anticipated operating and maintenance costs will be reasonable. Addition­

ally, satisfactory control and integration with utility systems must be 

provided. Finally, reliability and maintenance standards must be developed 

compatible with both application and operating environment requirements. 

Successful marketing will be enhanced if direct utility and/or user 

interfaces are not only provided but promoted. In addition, standards for 

warranties, insurance, and truth~in-advertising must be established and admin­

istered. The development of. a solar total energy system thus follows the 

program shown in Figure 38. Specific component development occurs early and 

initial large scale experiments are often started before all the data and 

testing is completed. 

Each step of the process commences when a minimum sufficient amount of 

information is available from the previous step to allow selection of 
' 

alternative choices from the varying approaches being evaluated. The 

objective should be to retain as many best options as possible within 
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programmatic constraints rather than to unknowingly pre-select a false optimum 

system. It is recommended that several collectors be evaluated in subsystem 

size to permit alternative choices for design and construction in larger scale 

experimental and demonstration projects. 

The decision to commercially introduce solar total energy systems naturally 

depends upon removing the constraints or barriers discussed earlier. The large 

demonstration program can successfully prove technical credibility but this must 

be aided by other incentives. 

The term "incentive" refers to action (taken typically by a government 

segment) to encourage, support, or otherwise accelerate the commercialization 

of solar components and systems. 

Federal, state, regional, an~ local governing commissions nationwide are 

continually becoming more aware of and involved in issues pertaining to solar­

related incentive policies and programs. Legislative conflicts often arise 

when it is realized that specific barriers often constrain several different 

types of solar technologies, while, similarly, specific incentives often impact 

across different technologies not always solar related. 

Most prominent among all incentives addresses the high first cost of 

solar components and systems. Low-interest loans, loan guarantees and .insur­

ance, property and sales tax waivers, investment tax credits, and accelerated 

depreciation plans have all been suggested. Primary interest centers on low­

interest loans and tax credits as the incentives most likely to successfully 

spur solar market penetrations. Reconciliation of utility interface problems 

is likely the second most important incentive, followed by legal and regulatory 

solutions. 

6.2.1. Collectors 

As an example of the type of program necessary to develop solar compo­

nents, we can assume that a specific collector (say a CPC) seems especially 

attractive for resident~al STES applications. The CPC (compound-parabolic­

concentrator) is described in Appendix A. Briefly, it is used to achieve con­

centration ratios of 1. 5 to 4. 0 withouJ tracking and higher (up to 10 to 12) 

concentrations if seasonal tilt adjustments are made. The best concentration 

ratio (most cost-effective) is unknown and will certainly be influenced by the 

specific application. 
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Since the CPC concept has been available for several years now, a part 

of the create function has been accomplished. Federal funds have been used 

to analyze the concept and engineering models and prototypes have been built 

and tested. Further efforts to develop the collector must be directed toward 

the investigation of low~cost manufacturing processes applied to a reliable 

design. The need. to trim costs, improve performance and make the collector 

easily installed and maintained can be accomplished by value engineering pro­

cesses and continued efforts to apply new, improved materials to the design. 

Figure 39 shows how a program may proceed to further develop the CPC concept. 

The first two tasks shown in Figure 39 are necessary to establish the 

ground rules for the design task and ensure that the designers create a col­

lector compatible with the energy marketplace. The component design phase must 

evaluate the merit of using improved materials such as high reflectance films, 

high transmittance glass or selective absorber coatings. A prototype design 

is required to establish a basis for the value engineering and production 

studies. Compromises in design may be cost-effective and mass production cost 

estimates provided at this stage must be compared to established goals. 

A return to design tasks may be required if goals are not met but still 

seem possible. Finally, a production design can be used in demonstration pro­

grams which will show technical and economic feasibility of a solar system. 

Two other specific co.llectors should be carefully studied as potential 

collectors for residential applications - central receivers and parabolic dish 

collectors. Both collectors were seriously considered during the course· of 

this project, but were eliminated as being currently non-applicable to residen­

tial applications for the reasons listed. Nevertheless they each have a po­

tentially important contribution to make to a more economic system. The cen­

tral receiver is somewhat more efficient than a parabolic trough, and appar­

ently has the potential of achieving very high production costs at high produc­

tion rates; this is presumably due to the fact that heliostats are essentially 

flat mirrors and should adapt to mass production. techniques quite readily. Of 

course, the full economic potential of central receivers and heliostats may 

never be realized in the residential sector because maximum savings are realized 

with a large system involving a large area of land covered with heliostats. 

This is inconceivable in a residential application. Nevertheless, the task of 
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designing a roof-mounted small central receiver specifically for the residen­

tial sector and defining the·wind loading factor for the roof might be con­

sidered as a long range future goal, especially if other types of applications 

would seem to ensure a large future production level for heliostats. 

In a similar manner, the parabolic dish is much better suited to non­

residential applications, where it can better take advantage of higher output 

temperatures. Nevertheless, the high (>70%) efficiency of the dish collector 

could be a way of reducing overall collector costs if the manufacturing costs 

could be reduced sufficiently. Perhaps some kind of breakthrqugh in dish 

design and manufacturing costs could bring the parabolic dish into contention 

as a residential collector, although it doesn't seem likely that the same cost 

reductions could be achieved for a 2-axis tracker as for a single-axis tracker. 

6.2.2. Energy Conversion 

The proposed R&D required to achieve DOE goals for photoelectric arrays 

have been well described elsewhere and need not be repeated here. Suffice it 

to.say that such drastic reductions in manufacturing costs of photovoltaic­

grade silicon, if achieved, could give photovoltaic systems a decided advantage 

over ORC systems in certa.in residential applications. Although cost reductions 

of 50% in ORC systems could conceivably take place with a sufficiently high 

production rate, the production of a complicated mechanical system such as 

ORC units is much less susceptible to major cuts in production costs than the 

mass production of photovoltaic-grade silicon or gallium arsenide. 

Some (say, 5 to 15%) improvement in ORC costs and efficiency can probably 

be achieved by improvements in heat exchange surfaces - both geometry and ma­

terial. 

A longer range possibility that should be watched carefully is the Stir­

ling engine field. At the present time, no Stirling engine of the size needed 

for 50-100 kWe systems is scheduled to be developed in time for a 1980-1985 

residential demonstration unit. Nevertheless, a great deal of research is 

being planned for the Stirling engine and efficiencies of 30% are projected. 

This could offer the possibility of much lower capital costs. 
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6.2.3. Storage 

Generally speaking, the relative cost contribution of storage to total 

STES capital costs is small compared with the other components. However, · 

some interesting new concepts offer distinct possibilities and should be watched 

carefully for breakthroughs. One of the more interesting ones involves a 

system of complex metal hydrides used as a "chemical heat pump", currently being 

developed at Argonne National Laboratory called HYCSOS (Hydride Conservation 

of Solar Energy System), it offers the possibility of reducing collector area 

requirements by 50%. Although the system is only at a laboratory scale de­

velopment level, a demonstration unit is being built to verify and scale up 

the results that have been achieved in the laboratory unit. 

A hydride-based total energy system consists of two systems, essentially 

operating in parallel. The first is the power generation component, the second 

is the heat pump, which provides both heating and cooling. The power generation 

component consists of at least two hydride beds of LaNi5Hx. In operation, the 

two hydride beds are maintained at 140°C and around .30°C, respectively. The 

high-temperature hydride bed evolves hydrogen at around 50 atmospheres. This 

high-pressure gas is allowed to do work in an expansion engine and the exiting 

low pressure hydrogen is fed to the second bed where heat is evolved and re- · 

jected to ambient as hydrogen is absorbed. By using three vessels, which are 

alternately absorbing and desorbing hydrogen, a practically constant flow of 

hydrogen should be maintained through the expansion engine and steady power 

generation should be achieved. 

Heat pumping operation is accomplished with a second set of hydride beds. 

Heat pumping exploits the different pressure-temperature relationships of two 

different hydride materials such as CaNi5Hx and LaNi5Hx. In operation, heat 

transfer fluid from the solar collector at around ll7°C is circulated through 

the first hydride bed containing CaNi5Hx' decomposing the hydride. The hydro­

gen is evolved in the first hydride bed and absorbed exothermally by the second 

hydride bed of LaNi
5

Hx, evolving heat at 40°C for space heating. Operation is 

then reversed by thermal coupling of the CaNi5Hx bed to the space to be heated 

and allowing the LaNi5Hx bed to absorb heat at low temperature (-8°C) from the 

ambient. Under these conditions, the hydrogen pressure in the LaNi5Hx bed is 

• 

greater than that of the CaNi5Hx bed operating at 40°C, thus hydrogen is trans- , 

ferred to the calcium-nickel hydride bed, evolving heat at 40°C. 
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A continuous flow of hydrogen can be maintained by a four-unit system 

(two calcium-nickel hydride beds and two lanthanum-nickel hydride beds) by 

periodic switching of the flows of heat transfer fluid and hydrogen. Efficient 

operation is achieved by regenerative heat exchange as hydride beds are heated 

and cooled. Cooling is simply the reversal of heat pump operation. Ideal COP's 

of 2.0 and 1.0 are achievable in the heat pump and cooling modes, respectively. 

TRW has estimated that a practical device can achieve a COP of 0.46 in the 

cooling mode. A comparable figure for the heating mode is not currently avail­

able. 

Although a hydride-based total energy system has not previously been in­

vestigated, work at Argonne on this hydride system is built upon an increasingly 

strong base of engineering knowledge derived from parallel development efforts 

in other organizations. As an example, a small (1.0 lb hydrogen per hour dis­

charge rate) fixed-bed iron titanium hydride hydrogen storage system coupled 

with an electrolyzer and fuel cell for hydrogen production, storage, and re­

conversion to electricity is being demonstrated at Public Service Electric 

and Gas c·ompany in conjunction with Brookhaven National Laboratory. 

An appealing feature of hydride cooling machines in comparison with ab­

sorption cooling machines is that they scale fairly linearly in cost as size 

is reduced. This is due to the reduction in hydride material required and 

the use of smaller heat exchangers. In residential-sized units, they may be at 

a lower cost per ton than conventional absorption cooling machines, although 

they may not be as attractive in cost for a central chiller application. The 

heat pumping feature would be desirable as compared with the space heating 

method utilized by our 300°F organic Rankine-cycle system because it effectively 

reduces the thermal input required for heating; in fact, condenser reject heat 

could be used to boost heating COP. Heat pumping thus provides additional 

thermal energy for power generation. Of course, the power conversion system 

is subject to the same thermodynamic limitations as the Rankine-cycle systems. 

For the power conversion system, anticipated costs will be an important factor 

in its evaluation as a component of a total energy system. 

6.2.4. Conventional Components 

It doesn't seem likely that significant breakthroughs can be made in such 

mundane components as piping, controls, chillers, fan coil units, etc. but 
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some elimination or reduction of these components are needed for STES to be 

economically competitive in the residential sector. This may come about as 

the result of improved piping layouts or breakthroughs in some component such 

as absorption chillers. ·Perhaps someone can design apartments that require 

only 2 fan coil units per apartment. This could cut roughly $40,000 from the 

total STES cost and would have as much of an economic impact as reducing the 

cost of the ORC unit by a factor of 2/3. Improvements in absorption chillers 

could also offer the opportunity of significant reduction in capital costs. 

In short, the capital costs of the conventional components must be reduced 

as much as the cost of. the solar components if STE systems are ever to achieve 

market penetration in the residential sector. Somehow capital costs must be 

cut at least by half and no opportunity to reduce costs can be overlooked. 

For example, marketing statistics indicate that market penetration probably 

will not take place until a capital cost differential of about $3500/apartment 

can be achieved over the cost of conventional systems, or a total cost differ­

ential of less than $200,000 for a 48-unit low-rise apartment building. Since 

this cost differential is currently being projected at about $500,000 (or a 

total capital cost of about $650,000), the cost must obviously be reduced by a 

factor of about 50%. This would mean that the total STES capital cost must 

be reduced to less than $350,000 in order to provide a cost differential of 

less than $200,000 over conventional systems. If cost reductions of this magni­

tude could be achieved, then the following targets might be established for a 

potentially economic STE system for the residential sector: 

Solar Collector, installed (including O&M) 

ORC System, installed (including batteries) 

Storage, thermal 

Remainder of System 

146 

INSTITUTE 0 F G A S 

Total 

$120,000 

$ 70,000 

$ 25,000 

$110,000 

$325,000 

T E C H N 0 L 0 G Y 

, 



4/78 8987 

REFERENCED CITED 

1. Barber, R.E., "Current Costs of Solar Powered Rankine Cycle Engines," 
J. Solar Energy 20, No. 1 (1978). 

2. Bailly, H.C., "Institutional Applications of Solar Total Energy Systems. 
Draft Final Report, Volume 1." Washington, D.C.: Resource Planning 
Associates, Inc., July 1978. 

3. Lof, G.O.G., "Systems for Space Heating With Solar Energy," in R.C. Jordan 
and B.Y.H. Liw, Applications of Solar Energy for Heating and Cooling of 
Buildings. Chapter XII. New York: American Society of Heating, Refri­
gerating, and Air Conditioning Engineers, Inc., 1977. 

4. Pickering, E.E., "Residential Hot-Water Solar Energy Storage," in 
Proceedings of the Workshop on Solar Energy Storage Subsystems for the 
Heating and Cooling of Buildings, NSF-RANN-75-041, April 1975. 

5. Feduska, W. , et al. ,. "Energy Storage for Photovoltaic Conversion Residen-
tial Systems- Final Report, Volume III," by the Westinghouse Electric 
Corporation Research and Development Center under Contract No. NSF-C-75-22180, 
Pittsburgh, Pennsylvania, September 1977. 

6. Pittman, P.E., "Conceptual Design and System Analysis of Photovoltaic 
Power Systems- Final Report (Five Volumes)," by the Westinghouse Electric 
Corporation Research and Development Center under Contract No. AL0-2744-13, 
Pittsburgh, Pe~nsylvania, April 1977. 

7. Office of Technology Assessment, Application of-Solar Technology to Todays 
Energy Needs, Prepublication Draft, June 1977. 

8. Barber, R.E., "Solar Powered Organic Rankine Cycle Engines- Characteristics 
and Costs." Paper No. 769200 presented at the Eleventh Intersociety 
Energy Conversion Engineering Conference, State Line, Nevada; September 
12-17, 1976. 

147 

INSTITUTE 0 F G A S T E C H N 0 L 0 G Y 



4/78 8987 

APPENDIX A. COLLECTOR PERFORMANCE CHARACTERISTICS 
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This section identifies a number of representative types of solar collec­

tors which are of possible interest for solar total energy residential applica­

tions. Collector types are characterized by their current availability, effi­

ciency, and cost. Future collector characteristics are also projected. 

It is not. our intent to compile a complete data bank of collector and 

collector system design data. In fact, because of the rapid growth of solar 

technology, new collector innovations and on-going test programs soon make any 

list of collector data incomplete. We have compiled cost and performance data 

for a variety of collector designs in various stages of development so that we 

will have a.basis for projecting future costs and performance estimates. 

Naturally, the level of detail available is coupled to the development 

stage of the collector or collector system. As one would expect, there is an 

abundance of specific data available on flat plate systems since a number of 

federally funded and private installations are already operational. Data on 

concentrating systems is limited because of. the limited demand or market which 

currently exists for these collectors. 

In reviewing the available information we have attempted to obtain a wide 

data base for selected collector types. The selection of particular collectors 

does not imply any judgment about their quality compared to other alternatives, 

rather, it is meant other to be a representative selection. For the .data ob­

tained, we have filtered out what we believe to be the generic characteristics 

of several collector types. 

The data base which we worked from is best described by referring to the 

Bibliography. The Bibliography lists those information sources which were 

found most helpful in the process of compiling this report. Throughout the 

text, the reference numbers refer to the Bibliography number.. In addition to 

the reports listed, we have relied on collector manufacturers'.data sheets des­

cribing their product and responses to a brief questionnaire·which we.sent to 

collector manufacturers. (All manufacturers are referenced by "Vendor A," 

"Vendor B," etc.) 

Within the large body of available data on collector cost and performance 

characteristics there exists considerable differences in reported efficiency 

and cost values. This can be explained by the continuously varying state of 
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collector development and ·by the specific nature of solar system designs. Even 

in the area of flat plate systems (which have been widespread in commercial 

demonstration programs), analysis of the data shows wide variation in cost com­

ponents, such as support structure for installation, control, and direct/in­

direct labor charges. In recommending generic collector characteristics for 

use in the appLication analysis study we have used some· subjective judgment as 

to the level of performance that can be justified for comparative collector 

evaluations. 

Collector Types Investigated 

Flat Plate 

Solar flat plate collectors are composed of four basic pieces (Figure A-1): 

the frame or cabinet; insulation; absorber plate, including some methods of 

fluid flow for heat t'ransfer (i.e., piping); and one or more glass covers 

(which may be etched.or plain). A typical collector size is J ft x 8ft, with 

an aperture area of 1.5 to 16 ft 2 . Weights range from about 70 to 150 pounds 

per unit, depending on the manufacturer. 

I 
Transparent Glass 

Covers 

Insulation 

Rigid Frame 

Tubes for fiui.d fiow 

Figure A-1. TYPICAL CROSS-SECTION OF A FLAT PLATE MODULAR COLLECTOR 
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Samples of flat plates manufactured by several companies were ~ompared 

in terms of production quantity and special features, shown in Figure A-2. 

Collector Charaeteristlc& 

Number of Etched Absorber Selective 
Y.a.!JU!acturer . Prod. Qua.ntlty Glau covere Glass Coatinl 

· Vendors Type 

A >1 00, 000 eq. ft. 2 Yes Black chrome Yes 
on bri1ht Ni. 

B >500, 000 lq. ft. 1 No TABOR Yes 

c 20,000 eq. ft. 2 No fiat black No 

D SO, 000 UDtts 1 No Etbone Yes 
. 

E 2 No SM Nextel Yes 

F '7S, ooo sq. n. 2 No PPG No 
Duraetion 
enamel 

G 22,300 sq. ft. 1 No Sherwin No 
Williams 
combo-black 
paint 

Figure A-2. SAMPLE COLLECTOR DATA 

Some of the collectors with non-selective absorber coatings are offered 

with selective surfaces at additional cost. The method of heat transfer can 

vary widely in flat plate collectors, from the simple trickle-down water to 

the more advanced absorber designs with copper tubing bonded to coated steel 

plate (which is less expensive than an all copper system). Most systems used 

treated water (exceptions are those using copper tubing), which inhibits cor­

rosion. The systems are frequently sold with a limited warranty. (Glass 

breakage is excluded.) 

Efficiency of the flat plate collector can be increased by adding one or 

more flat mirrors mounted.so that they reflect light onto the collector most 

of the time. The collector rows, when using this method, are run east-west 

with the mirrors between the rows. In this manner, additional concentration 

can be obtained . 
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Evacuated Tube 

Evacuated tube solar collectors are non-tracking, modular units which may 

be mounted on the roof or ground. They are made of four basic components: 

1. Tu~ular glass outer shell 

2. Coated solar absorber (may or may not be cylindrical) 

3. Pipe for delivery of heat transfer fluid 

4. Mounting surface of reflective nature (may be flat or curved). 

The heat transfer fluid is circulated through a glass or metal tube which 

is enclosed in a larger glass tube. ·The area between the glass shell and ab-
. -4 

sorber is evacuated to about 10 torr and sealed permanently. The tubes are 

arranged in arrays, spaced to allow for optimal use of both direct and diffuse 

sunlight. The modular arrays, which eliminate the insulation in back of the 

absorber with the tubular concept, can be lighter than the conventional 

double-glazed flat-plate type. 

Manufacturers boost collector performance differently (Figure A-3). For 

example, Figure A-3a presents a concept !n which the manufacturer silvers the 

bottom half of the glass tube. Figure A-3b shows a tube spacing with white 

reflector placed behind.them~ Figure A-3c shows a similar tube spacing, but 

with a reflective V-trough placed behind them. Figure A-3a also indicates a 

second inner-glass tube to cut heat losses. Concepts in Figures A-3b and A-3c 

also apply a selective surface to the absorber. 

The production quantities of these collectors 

senting 3 systems for the concept in Figure A-3c to 

') 

range from 450 ft~ repre-
·2 

20,000 ft of collector 

produced up to January 1977. Six thousand complete systems using the concept 

shown in Figure A-3 have been produced. 

Compound Parabolic Concentrator (CPC) 

Compound parabolic concentrators are non-tracking modular units consisting 

of glass cover(s), reflective trough with the receiver at the bottom (typically 

a flat fin or a tube type), insulation and support box. Each of the trough 

walls is a section of parabola, but the two walls are sections of two different 

parabolas. Because of this, the trough will accept off-axis sunlight and focus 

it on the receiver in a wide band rather than a fine line. The trough panels 

are backed with foam to decrease heat loss. Figure A-4 shows a typical CPC 

unit. 
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SILVER FILM 

GLASS TUBE 

CORKSCREW 
COPPER --""'* 

BLACK COPPER 
OXIDE 

COATING 

CONDUIT 

a. GLASS SILVERING 

OUTER GLASS TUBE 
(WINDOW) 

REFLECTOR 

COATED INNER 
GLASS TUB~ 
(ABSORBER) 

8987 

GLASS TUBE 
FLUID FLOW 

b. WHITE REFLECTOR 

SERPENTINE 
FLEX TUBE 

11/,.,__~:_ EVACUATED 
AREA 

SERPENTINE FINNED 
TUBE 

c. V-TROUGH REFLECTOR 

Figure A-3. VARIOUS EVACUATED TUBE COLLECTORS 
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Figure A-4. TYPICAL CPC UNIT 

Three companies hold University of Chicago licenses to manufacture the 

CPC collector. Vendor P is planning to produce a collector, operating at 400°F, 

with a metal receiver pipe which has selective surface coating and is sur­

rounded by an evacuated glass tube. The reflectors will be polished aluminum 

in 3 ft x 8 ft modules, which will require seasonal adjustment. 

Another company, Vendor K, has designed a solid plastic CPC about 1 em 

wide, which uses total internal reflectance to give five times the concentra­

tion of normal sunlight, which is focused onto solar cells. Thirdly, Vendor L 

has built prototypes for the Argonne National Laboratory but has not decided 

on whether to commercially produce . a collector, nor has it defined a produc­

tion design. 

In general, the CPC collector typically operates at concentration ratios 

of 3 to 10 times, and may or may not use vacuum to increase the efficiency, 

which is expected to be used with higher concentration ratios, in the periodical 

adjustment of the tilt angle of the collector. 

Currently, however, CPC's are not available on the market, although 

work on them is ongoing. In the near future, the first CPC modules should be 

available. 
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One Axis Trackers 

One axis tracking collectors concentrate the incoming solar energy onto 

a linear receiver. Although there are many designs, these collectors typically 

produce temperatures in the 350° to 600°F range, although they may be consid­

ered for use at lower temperatures. 

Single-axis parabolic troughs reflect the solar energy from a parabolic 

surface to a receiver mounted at the parabola's focal distance. Two examples 

are discussed below. 

Figure A-5 shows a full- parabolic trough. It is formed by clamping pol­

ished aluminum reflective sheets to parabolic ribs. (In this manner, the units 

collapse for shipping and are easily replaceable.) The receiver has a stain­

less steel absorber pipe, which is selectively coated with black chrome and is 

surrounded by an unevacuated glass tube. The troughs are 10 feet long and 6 

feet wide. Eight troughs are attached together to form a row which is driven 

by a tracker unit. ·Receiver pipes are attached directly to each other elimi­

nating interconnection losses. 

Figure A-6 shows a half parabolic trough. This results in lowering wind 

resistance and weight. The panel is preshaped aluminum honeycomb with 

strengthening ribs. The concave surface is covered with an aluminized acrylic 

reflective surface. The receiver is mounted at the focal line and rotates 

with the panel. The stainless steel absorber is coated with black chrome and 

sets into an insulated receiver housing which has an etched glass window. Heat 

losses from the receiver are kept to a minimum in this manner. Typical trough 

lengths are 16 to 20 feet and are connected to form rows 80 to 120 feet long. 

Each row is then driven by its own motor, making the system adaptable to any 

size required. 

Another type of tracking concentrating collector being developed is the 

tracking receiver, fixed reflector concept. Known as the Russell-type col­

lector after its originator, it is available from General Atomic Co., or 

Scientific Atlanta. This design allows the benefits of concentration while 

the large reflector remains fixed. The reflector consists of rigidly fixed 

reflective strips, which maintain sharp focus. The troughs are east-west 

oriented and the reflective surface is obtained by bonding glass mirrors to 

a cuncrete form. 
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Figure A-5. FULL PARABOLIC TROUGH 

A-10 

, Figure A-6. HALF PARABOLIC TROUGH 
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The receiver follows the focal line in the circular arc described as the 

sun changes position. For large plants, it is anticipated tha't troughs as 

wide as 15 feet may be built. An offshoot of this design is being developed. 

It uses low iron silver hacked glass mirrors fixed to steel sheet metal ribs, 

with an evacuated tubular receiver. 

The third type of tracking concentrating collector considered is the 

linear segmented reflector (linear heliostats, fixed receiver) concept. The 

heliostats are long, narrow mirrors which track the sun while being driven by 

a single tracker (Figure A-7). The collector consists of 10 reflectors, each 

one foot wide and either 10 or 20 feet long in row lengths from 50 feet (mini­

mum) to 200 feet. Each reflector concentrates the sun by four times giving an 

overall concentration ratio of 40 times. The mirrors are stored inverted to 

prevent frost accummulation and to protect the optical surface when not in 

use. The units are · also able to withstand high winds. 

Two-Axis Trackers 

Two-axis tracking solar collectors are less available than the previously 

discussed collector types although work on the designs is currently proceeding. 

A two-axis tracking circular paraboloid-of-revolution dish-shaped concen­

trator is currently being studied.
1 

This dish collects the solar insolation 

and reflects it toward a high-temperature, cavity-type thermal receiver/heat 

exchanger which is positioned with the center of the aperture at the focal 

point of the dish. (See Figure A-8.) 

The solar collector is a 48-foot diameter dish-shaped structure with re­

flective film attached to aluminum structural panels, which are attached to 

an all-aluminum backup structure. The lightweight concentrator employs an 

elevation over azimuth controlled motion support for the reflector. The high 

energy concentration ratios available and point focusing characteristics of 

the parabolic reflector allow high net thermal efficiencies to be achieved. 

The thermal receiver design is a high temperature cavity type which minimizes 

reradiation and convection thermal losses. The cavity receiver includes the 

heat exchanger. The working fluid used is air, which is heated to 1500°F . 
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Figure A-8. PARABOLIC DISH SOLAR CONCENTRATOR 

Two-axis tracking parabolic trough collectors are also being considered. 

The design and performance of their collectors is unchanged from single-axis 

troughs except that no cosine losses occur and the tracking drive system cost 

is increased. In addition to this, there are other two-axis tracking collectors 

(or point focusing coliectors) which are being designed. One such is a Fresnel 

lens, another is a fixed mirror/tracking receiver. We have not closely exam­

ined two-axis trackers because of the very early stage of development and also 

because we believe that very high temperature collectors are not well suited 

to residential applications. (See Section 2.1.2.) 

Collector Efficiency 

The steady-state efficiency of solar collector devices is generally de­

fined as the absorbed thermal power divided by the total possible power which 

can strike the collector aperture. The total possible power (the denominator 

of the collector efficiency) is defined as that power which actually strikes 

the aperture. The cosine effect is, therefore, not in the efficiency calcula­

tion. The cosine effect accounts for the power lost due to the angular differ­

ence between the collector normal and the incoming direct solar rays and must 

be applied to the assumed solar insolation available. 

The collector efficiency modeling must account for all losses between the 

incoming available power and the final c.oJlected, or absorbed, power. Power 

losses can be broken down into two categories: optical losses and thermal 

losses. Optical losses can include losses due to the following: 

A-13 
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• Transmission (i.e. ' flat plate cover) 

• Reflectance 

• Atmospheric attenuation 

• Shading and blocking 

• Absorptance of receiver 

• Spillage at receiver . 

Thermal losses are thought of as losses which occur after the solar power has 

gotten into the receiver (absorber) surface and account for losses due to the 

following: 

• Reradiation 

• Conduction 

• Convection. 

The general form of the collector efficiency equation can then be derived by 

reference to the following diagram: 

Total 

Possible 

Power 

PT optical , 

losses' 

The collector efficiency (n) is 

Power 

Reaching 

Receiver 

pl 

n 

Power 

Absorbed 

thermal p 

' a 
losses ' 

We can define an optical efficiency (n opt) as -

n opt 
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and the thermal losses are 

Thermal loss = P
1

- Pa 

such that the collector efficiency may be rewritten as -

n = n opt 
Thermal loss 

PT 

8987 

This is the general format of the collector eff~ciency that is used for the 

analysis of all collector types. 

The conduction, convection, and reradiation losses can be expressed as a 

function of the average collector receiver temperature and the ambient tempera-

ture -

qcond & conv A (T - T b) 
c am 

The general fQrm of the collector efficiency is, then-

A (T - T ) + B (T 4 - T 4 ) 
c amb · c amb 

n n opt - I 

where -

n collector efficiency 

nopt optical efficiency constants 

A~ conduction and convection loss constant, Btu/hr ft 2-°F 

B =reradiation loss constant, Btu/h;·ft2 -~R4 

T 
c 

T 
amb 

I 

average receiver temperature, 0 R 

ambient temperature, 0 R 
2 

available solar insolation on collector aperture, Btu/hr-ft . 

The constants n , A, and B vary from one collector design to another. 
· opt 

The value of these constants is available from both experimental and analytical 

investigations. We have tried to gather data from a number of sources; with 

these data, we will characterize the performance of available types of collec­

tors of interest to solar total energy residential applications. 

Our first step in the efficiency characterization was to look at the range 

of performance available for the i·dentified collectors types. Figures A-9 

throt.lgh A-H. Rhnw r.nllP.r.tnr efficiencie!? reported from analytical predictions 

and actual test data. Fo·r comparison, the efficiency curves for the generic 
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1.0 VENDOR 
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11 u $10/FT2 
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Figure A-9. FLAT PLATE COLLECTOR PERFORMANCE 
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collectors are also presented in the figures. Each curve is identified as to 

source, and the reported current cost (when available) is also shown. Where 

a range of cost per square foot is shown, the first cost is for small- and the 

second for large-quantity purchases. When making generic cost estimates, we 

assumed large-quantity prices. 

Note that a number of curves do not have any cost associated with the 

performance. In fact, Figure A-ll shows no cost values at all for CPC type 

collectors. Where performance alone is given, it is usually the case that the 

particular collector is in the very early stage of development such that no 

reliable design information is associated with the performance and it is, there­

fore, very difficult to estimate cost.· In just a few cases, the design is 

complete, but we were simply unable to define cost. For the CPC collector, it 

seems clear that cost estimates must be considered very preliminary. 

Our next step in the characterization process was to interpret the data 

in Figures A-9 through A-14. Our interpretation can quite obviously be the 

subject of much debate because some collectors seem to offer higher performance 

than others which cost less. We believe this to be true because of the rela­

tively youthful age of the solar industry. Certainly, some cost discrepanccy 

can be due to differences in manufacturing techniques. Note that collector 

lifetimes, maintenance, and installation costs are not a part of costs shown 

in these figures: These can overwhelm the actual collector costs. Cost esti­

mates for these items, as well as the factory f.o.b. collectors costs, will be 

further addressed in the next subsection. We mention the seeming discrepancies 

here only to point out that our interpretation of collector performance charac­

teristics will tend to neglect the extremes of reported data. In arriving at 

generic performance (both cost and efficiency), our recommended values reflect 

what we saw as the normal or mean values. It can be argued that superior col­

lector designs are being bypassed by our methods. We tend to believe that this 

cannot be true because most collector cost and performance estimates for large­

scale production are highly speculative. Also, we point out that it is not our 

purpose to show that one manufacturer's design is super~or; rather, we wish to 

describe variations possible and .typical expected performance. 

To· this end, Table A-1 shows our recommended collector constants; nopt' 

A, and B for several types of collectors. Current factory cost estimates re­

commended are also shown. Figures A-15 and A-16 show the efficiency curves 
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Table A-1. GENERIC COLLECTOR EFFICIENCY CHARACTERISTICS 

Collector lfflclency •7/ opt 
+ I (T 4 - T 6) c • 

~ -
~ - - - -· - ~ - ~ ~ . ~ -

(C'llector il opt (clean)a Ab Be ld C011111ente 

I Flat Plate (FPI) 0.80~ 0.6 0 to tel 1neol8tloa average Sl5/ft
2 

(Vendor A) -Lennox 

I (FP2) 0.77~ o. 7~ 0 to tel $9.00/ft 2 

(FP3) o. 7~0 1.22 0 total $~.00/ft 2 

Flat plates are not candldates !or 
STES 

E"ac. Tube (ETI) o. 700 0.1~7 0 total SZO/ftz (Vendor J and I) ~ G.£.,. 

(£T2) 0.670 0.35 0 total ~ene, Ill. 

$12/!t
2 

(Vendor H)- KTA estimate 
Collectors tllted at IOC:al latitude. 

·:PC (CPCI) 0,60 o. 13 0 total S25/ft 2 (OTA eatlaetes) CR• I. 5X 

(CPClA) o. 74 0. 12 0 total $32.5/!tz Advanced CPC- better 
mirrors, selective sur-
face, cover glazing, cost 
50~ above current CPC. 
CR : 1.5X. 1.5 CPC's 
tjlted at local altitude. 

(CPC2) 0.48 O. 12 0 total SZ5/ft
2 

CR • 5X. Tilt angle 
adjusted monthly. 

(CPC2A) 0.67 
$32.5/!t

2 
Advanced CPC. 

0.084 0 total CR : 1.5X. 

,one ~Ia Tracking 
Segmented mirror S20/ft2 

' (Tl) 0.68 0.071 0 direct (Vendor 0) - SLATS 

(T2) 0.~9 0.060 0 direct Fixed mirror tracking receiver, 
; (Vendor O) -General Atomic 

l 
(T3) 0.69 0.190 0 direct Fresnel lens (Sl9/!t

2
), (Vendor 

BB and CC) Northrup, MDAC 

':m. ~Is TracUng 
rarabol1c Trough 

0.4~~ X 10-ll $25 /!t
2 

also used - voret cue lncl-Concentrator• (PTI) O.HO 0.0663 direct 
dance anale-ref. report 1 

(PT2) 0.620 0.080 o.~ x 10-10 direct Sl4/ftz (Vendor M)-Acure.x {Vendor N 

I (PT3) o. 700 0.~5 direct Z Honeywell) 
$8.00/ft (Vendor Y)- ZZ Corp. 

:Two Axle Tracking 0.8 0.007~ 0.734 It 10-12 direct $40/!tl (Vendor N) - Hone,...ell 

l 0.82 0.013 -- direct $2Z/ftz noon tlme effiCiency only 
-- - - (Vendor DO) - Raytheon 

• Performance of collectors 

b Btu/ sq ft "F br 
determined vith aD optical efficiency of 0.90~ (clean) 

. '¥Pt 

c Btu/sq ft •a4 br 

d Btu/sq ft hr 
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associated with the constants of Table A-1. Several flat-plate collectors are 

shown for comparison in Figure A-15. Flat-plate collectors are not considered 

appropriate for STES because of poor performance at elevated temperatures. All 

efficiency values reported thus far are for clean or "test condition" collec-
t 

tors. For the purposes of collector screening and system performance evalua-

tion, collector optical efficiency was reduced by 10%. 

The generic collector characteristics are recommended based on a number 

of assumed conditions. For example, all flat-plate types are considered to be 

l.OX concentration (no mirrors to boost performance). Thus, the different 

curves come from differences in absorber selection, cover glass, etc., which 

can boost performance at increased cost. In all cases, we have tried to cover 

the range of p~rformance which can be attained with current collectors. 

Our greatest problem in this regard was in dealing with the CPC collector 

alternatives. Because CPC's are among the least developed of the collectors 

that we investigated, and because of the large variety of design options avail­

able, it is difficult to identify a consistent cost and reasonable range of 

performance. In general, for CPC collectors using evacuated tube receivers, 

higher concentrations seem to decrease performance (optical losses outweigh 

receiver gains) while non~evacuated tube CPC's seem to increase efficiency with 

increasing concentration. (Increased receiver efficiency outweighs degraded 

optical performance.) Becaus~ the uncertainty in designs creates uncertainty 

in costs, we feel that we cannot reliably predict whether a 5.0X CPC is more 

cost effective than a 3.0X or l.SX CPC. We hasten t'o add that many solar ener­

gy investigators believe that CPG's will prove to be one of the better collec­

tor alternatives. Unfortunately, little data is currently available to aid in 

supporting this belief. In an attempt to throw some light on this issue, we 

have selected four generic CPC types: Two have concentration ratios of 1.5X 

and two of SX. At each concentration ratio, collector performance character­

istics represent current state-of-the-art CPC's with evacuated tube and selec­

tive absorbers, also, the other set represents advanced technology CPC's with . 
improved glazing, better mirrored surfaces, and better selective absorbers. 

In the evaluation of collector costs, an effort was made to indicate a cost 

differential for the manufacture of the advanced CPC's. Generic CPC perfor­

mance characteristics were derived from Reference 5. 
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For the other collector types, Table A-1 identifies the most common cur­

rent solar collector designer associated with each set of generic efficiency 

values. The values are typical of a range of performance which can currently 

be obtained. Collector performance characteristics are combined with collec­

tor installed costs to establish the most appropriate collector types for res­

idential STES applications. 

Effect of Environment 

The majority of the available reported efficiency values for solar collec­

tors concern themselves only with the "test conditions" efficiency; that is, 

any glass or reflecting surfaces are normally new and clean. When solar col­

lectors are exposed to the environment, these surfaces can be degraded due to 

dust, dirt, and continuous exposure to sunlight. For example, the accumulation 

of dust on a glass cover can reduce the solar transmission. Reductions in 

transmittance or reflectance values directly impact the collector optical ef­

ficiency. Reductions in these values can be permanent (degraded performance 

even after washing) or temporary (due to light scattering by dust). Both per­

manent and temporary degradation effects have been investigated. Our primary 

source of data is the University of Minnesota and Honeywell tests, which were 

reported in "Research Applied to Solar Thermal Power Systems" as sponsored by 

the National Science Foundation. 

A description of various reflective materials which have been tested for 

degradation effects is shown in Table A-2. Both first- and second-surface 

mirrors were tested, and the original reflectivity is shown in the table. Sam­

ples of each of these materials were exposed to the environment for periods 

exceeding 2 years; samples were tested in Arizona, Minnesota, and Florida. 

Permanent degradation of the materials was measured for several time intervals 

and the results are shown in Table A-3. This table shows that degradation 

rates varied for different materials, with some materials showing no loss in 

reflectivity for the entire test period. Those that did not degrade in 58 

weeks also did not degrade in over 2 years of exposure. Note that all samples 

which did not degrade are second surface mirrors. An acrylic or Teflon®pro­

tective layer on the reflective surface is believed to be acceptable. The data 

indicate that no reduction in optical efficiency is likely since materials can 

be used to prevent permanent clegn:tclatlon nf ref.lP.r.tivity. 
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Table A-2. DESCRIPTION OF REFLECTOR SAMPLES 

Mirror I Original I (lst or Average 
Manufacturer · 2nd Surface) I 

Reflectivity Material 

GENERAL DYNM1ICS 1st 0.85 .Aluminized fiberglass with 
i protective coating 

GENERAL DYNANICS 1st I 0.83 Alt.aninized fiberglass with 

I I protective coating 

GENERAL DYNAMICS 1st 0.92 I Aluminized fiberglass with-
out protective coating 

3M COHPANY 2nd 0.86 . Aluminized acrylic 

HONEYWELL 2nd 0.76 Aluminized glass 

G.T. ~SHELDAhL 2nd o. 77 Aluminized Teflon 

G.T. SHELDAHL 2nd 0. 79 Aluminized Teflon 

G.T. SHELDAHL 2nd 0.86 Silvered Teflon 

RAM PRODUCTS 2nd 0.80 Aluminized acrylic plexiglass 

ALCAO 1st 0.82 Anodized aluminum reflector 
sheeting (Alzak) 

-
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00 

00 
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Table A-3. DEGRADATION OF SAMPLES AS A FUNCTION OF TIME 

Degradation Degradation Degradation 
After After After 

Sample Original·· Approximately Approximately 58 Weeks 
Type Location Reflectivity 15 Weeks 45 Weeks (or greater) 

GD/1 Arizona 0.88 3% . 14% 22% 

Floria 0.85 Failed 

Minnesota. 0.85 Failed 

GD/3 Arizona 0.83 11% Failed 

Florida 0.83 Failed 

Minnesota 0.81 4% Failed 

GD/4 Arizona 0.92 5% 11% 17% 

Florida 0.93 34% Failed 

Minnesota 0.92 Failed ., 

3M/1 Arizona 0.86 0 0 0 

Florida 0.87 1% 31% Failed 

Minnesota 0.85 1% 1% 1% 

S/1 Arizona o. "18 0 0 0 

Florida 0 .79 0 0 0 

Minnesota 0.79 0 0 0 

S/2 A-rizona 0.86 0 0 0 

Florida 0.86 0 0 0 

Minnesota 0.87 0 0 0 

S/3 Arizona 0.78 0 0 0 

Florida o. 77 0 4% 3% 

Minnesota o. 77 0 0 0 

H/1 Arizona 0.76 0 0 0 

Florida 0.76 0 0 0 

Minnesota o. 76 0 0 0 

R/1 Arizona 0.80 3% 3% 10% 

Florida 0.80 0 5% 8% 

Minnesota 0.80 0 1% 4% 

I --
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A reduction in.reflectivity due to the effects of dirt can be expected. 

For the same samples discussed above, the reflectivity when clean and when 

dirty was measured. Measurements were made at time intervals between washings 

of 9 to 45 weeks .. The time periods are all long enough. so that no trend in 

reflectivity reduction versus time was noticed, although the percentage redu'c­

tion varied from one measurement to the next. For the samples which did not 

fail, Table A-4 shows the range of measured reflectivity reduction. (Note that 

some materials seem to be more susceptible to degradation than others.) 

Some operating experience with mirror surfaces was gained as a result of 

the recently completed central receiver design study. The Honeywell heliostat 

used second surface silvered.glass mirrors. Prototype heliostats were tested 

in the Florida environment. Data hom the tests indicate that reflectivity 

reduction can be maintained below 10% by weekly cleaning. An av~rage reflec­

tivity reduction from 4% to 6% is estimated for a 2-wee.k period. 

For collectors which have glass covers either over the collector or the 

receiver, the glass transmittance value can be degraded. Test data for several 

types of .etched anti-reflection glass are shown in Table A-5. The data indi­

cate that no permanent degradation should be expected. Dirt accummulation on 

the glass can, however, reduce transmittance by as much as 4%. An average re­

duction in transmittance of approximately 2% was noted for tests conducted at 

1-month intervals. 

·A reduction in optical efficiency of 10% was used to represent the effects 

of environment on collector performance in the collector screeming·study and 

system performance estimation. 

Futu·re Collector Efficiency Improvement 

Improvements in reported state-of-the-art collector efficiency values can 

be made by using a number of possible advanced design techniques and materials. 

Performance improvements can be gained by use of high transmittance, anti­

reflection coating glass covers or tubes, or by using improved selective coat­

ings or future highly reflective materials. Design changes that would allow 

higher concentration ratio collectors, with attendant lower.heat losses, may 

be a source of future increased performance. In short, there are a great num­

ber of methods that can theoretically offer significant efficiency gains. 
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Table A-5. SOLAR TRANSMITTANCE OF ETCHED GLASS AFTER 
6-MONTH OUTDOOR EXPOSURE 

LOF Single Strength A Glass Solar Transmittance (1o) 

Unetched 86 

As Etched 90 

Etched,Exposed,Uncleaned 86 

Etched,Exposed,Cleaned 90 

Fourco Glass Solar Transmittance (1o) 

Unetched 89 

As Etched 95.6 

Etched, Exposed, Uncleaned 94.1* 

Etched,Exposed,Cleaned 95.4 

Whether or not these efficiency gains are cost effective is a question which 

only continued research and development can answer. 

We expect that it is optimistic to believe that substantial efficiency 

improvements can be made over the high efficiency curves which we have already 

presented as the upper range of current day collectors. That is, we believe 

that significant improvements will probably not be cost effective within the 

next 10 to 15 years. In fact, it is more practical to consider design improve­

ments which can reduce weight, and thereby cost, or can ensure long collector 

lifetime with minimal operating and maintenance costs. With this in mind, we 

have concentrated on projecting future cost reductions in the c·ollectors and 

have used the same generic efficiency values as reported for current collectors. 
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We do not wish to misguide readers to interpret this as meaning that 

improvements are not possible; some improvements can be made. Efficiency im­

provements possible are treated only briefly by examining known sources of in-· 

creased performance. For example, current parabolic trough collectors typi-
.. 

cally use reflective films with reflectance values of 0.77 to 0.87; advances 

in materials may boost reflectance to as high as 0.90. to 0.95. This may be 

represented as a 3% to 23% increase in optical efficiency. The cost of this 

improvement is forecast as befng an increase of 5% to 10% of the collector 

cost .. In some cases, it may prove economic to use higher performance materials. 
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Introduction 

Performance simulations for solar energy sy·stems require a matheinati.cal 

model of the energy incident on the collectors·and of ambient weather condi­

tions which affect the system components. It is possible to model the· behavior 

* of a solar system using hourly weather and insolation data recorded for the 

location in question as input to the equipment simulation program. This ap­

proach gives the best estimate of performance of a specified solar energy 

system. 

Hourly weather data, such as dry bulb and wet bulb temperatures, are 

readily available from the U.S. Weather Bureau in the form of lO~year data on 

the TDF 1440 Airways Surface Observation tapes.. However, hourly insolation 

data are not readily available in this form and much of the data in existence 

w:ere measured with instruments that were out of calibration and thus not re-

liable. . * The insolation data, therefore, are calculated using accepted ASHRAE 

algorithms andare placed on the weather tape along with recorded data and 

other calculated hourly values. 

The data extracted for use from the TDF 1440 weather tapes· include dry 

bulb, wet bulb, and dew point temperatures, ·relative humidity, barometric 

pressure, wind speed and direction, total cloud amount, and the amount of 

cirros, cirrostratus, and cirrocumulus clouds in the first, second, third, 

and fourth layers. The weather processing program then calculates the follow-. 

ing data and places ·them on the output weather tape as permanent data: 

1. Psychrometric Data: The algorithms calculate humidity ratio, enthalpy, 
and density. 

2. Solar Radiation Data: The algorithms calculate sunrise and sunset ti.mes, 
declination angle, equation of time, apparent solar constant, atmospheric 
extinction coefficient, sky diffuse factor, sun index, hour angle, solar 
time, direction cosines of sun ray, solar altitude and azimuth, cloud 
cover, cloud cover modifier, solar radiation intensities for direct nor­
mal, sky diffuse, ground diffuse, direct horizontal, and total.horizontal. 
Other data are calculated and printed but not written on tape for use with 
the system simulation program. 

+ 

See ·:References 1, 2, and 3 in this section. 
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3. Film Coefficient Data: The algorithms calculate outside film coefficient 
as a function of wind speed for six different surface types. The smooth 
surface coefficient may be used in the collector heat loss calculation. 

The methodology described below uses reliable recorded data where availa­

ble and accepted calculation procedures to derive data which are not available 

in accurate records. 

Solar Radiation Model 

1. Scope - The weather and permanent data preparation program produces 
basic solar data, which may be.used by the collector simulation pro­
grams to calculate final insolation values~ · 

The collector models in the system simulation program use a sub-routine 
called Solar Radiation Processor to determine the angle-of-incidence 
and insolation for a specific collector system. This discussion is 
limited to the hourly data produced by the weather and permanent data 
preparation program. The reader is referred to the discussion on the 
Solar Radiation Processor for the insolation models relating to the 
specific collector types. 

2. Extraterrestrial Radiation- At the average distance of the Earth from 
the Sun (92,955,888 miles), the mean intensity or strength of the solar 
beam has been measured.at 1.94 gram calories/minute-cm2 on a plane 
surface presented perpendicular to the beam outside the atmosphere. 
This is equivalent to 429.2 Btu/hr-ft2 of the same surface. This is 
called the solar constant, I ... , and is modified only by a small amount 
because of the seasonal vari~~ions in the Earth-Sun distance. · 

J 
ET 
A 
8 
c 

The value of I
0 

varies from 139~9 mW/cm2 ~n January to 130.9 mW/cm2 in 
July. Table B-1 lists, as a functi~n of date, the extraterrestrial 
radiation variations, and five variables related to.solar radiation. 
These variables are declination angle,~; the equation of time, ET; 
the apparent solar constant, A; the atmospheric extinction coefficient, 
B; and sky diffuse factor, C. Table B-1 values could. be stored in 
computer memory, but this would necessitate an interpolation procedure 
for each day of the year. In order to avoid such a problem and to save 
computer core space,~, ET, A, B, and C are.expressed in Fourier Series 
form and the values are calculated as a f~nction of the day of the year, 
d, from the following truncated Fourier Series. (See Table B-2.) 

= · A0 + A1 *Cos(w*d) + A2 * Cos(2*w*d) + A3 * Cos(J*w*d) 

+ 81 * sin(w*d) + 82 * sin (2*w*d) + s3 * sin(3*w*d} 

where: w = 2* rr 
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DATE I 
if ET 

BTUH/gF DEGREES HOURS 

Jan. 21 440.1 -20.0 -.190 
Feb. 21 436.5 -10.8 -.230 
Mar. 21 430.0 0.0 -.123 
Apr. 21 422.8 11.6 .020 
May 21 416.5 20.0 . 060 
Jun. 21 413.1 23.45 -.025 
~ul. 21 413.5 20.6 -.103 
~ug. 21 417..6 12.3 -.051 
~ep. 21 424.0 0.0 • 113 
~ct. 21 431.1 -10.5 . 255 
~ov .. 21 437.6 -19.8 . 235 
Dec. 21 441.0 -23.45 .033 

-

A - apparent solar constant 
B - atmospheric extinction coefficient 
C - sky diffuse factor 

A B c 
BTUH/SF AIR MASS-l DIMENSIONLESS 

390. 0.142 
385. 0.144 
376. 0.156 

'360. 0.180 
350 . 0.196 
345. 0.205 
344. 0.207 
351. 0.201 
365. 0.177 
378 . 0.160 
387 . 0.149 
391. 0.142 

o - solar declination 
ET - equation of time 

0.058 
0.060 
0.071 

·0.097 
0.121 
0.134 
0.136 
0.122 
0.092 
0.073 
0.063 
0.057 

Table B-1. SOLAR RADIATION INTENSITY AND RELATED DATA 
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- .229 - .243 3.851 

-0.05 -0.0015 -0.122 

-1.14 -1.09 0.58 

.0032 .0024 - .0043. 

.0073 .0015 - .0034 

Table B-2. FOURIER COEFFICIENTS 

82 83 

.002 -.055 

-0.156 -.005 

-0.18 .28 
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The program calculates the following on a daily basis: 

1 - sunrise time 
2 - sunset time 
3 - declination angle 
4 - equatio~ of time 
5 - apparent solar constant 
6 - atmospheric extinction ~oefficient 
7 - sky diffuse factor. 

8987 

All other data values discussed here are determined hourly for a full 
8760-hour year. 

The hour angle, h, is calculated in degrees as -

H = 15 * (t-12 + TZN + ET) - t 

·where-

t =time, hours (after midnight), (0-24) 
TZN time zone number shown in Figure B-1 and Table B-3 

t = longitude, degrees, + west 
- east. 

The direction cosines of the solar beam are then computed. 

1. Direction cosine of sun ray in the zenith direction 
L = latitude; o = declination 
CosZ = Sin L * sin o + CosL * cos o * cos h 
The zenith angle is the angle between.the vertical and the beam. 

2. Direction cosine of sun ray in west direction. 
CosW = cos o * sin h 

3. Direction cosine of sun ray in south direction. 
CosS = ± (1-cos z**2-cosW**2)**0.5 

if cosh > tan o/ tan L, cosS is positive; otherwise it is negative. 

In addition to the direction cosines discussed above, the program also 
computes the solar altitude and solar azimuth as: 

SALT= arcsin (cos Z); SALT= Solar Altitude (position of the sun above 
the horizontal) 

If cos s>o, SAZM- arcsin (cos W ). SAZM 
(cos SALT)' 

. ( cos w ) 
If cos s < o, SAZM = 180 - arcsl.n (cos SALT) 

= Solar Azimuth (position of 
the sun measured 
from the South) 

Incidence angle algorithms are discussed in the Solar Radiation Processor 
subroutine .section. 
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Figure 1. TIME ZONES IN THE UNIT~D STATES 

Table B-3. TIME ZONE NUMBERS IN UNITED STATES FOR STANDARD TIME 

Tir<tE ZONE TZN 

Atlantic 4 
. Eastern 5 

Central 6 
Mountain 7 
Pacific 8 

, 
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* 3. Direct Normal Radiation -The Threlkeld and Jordan study took into 
account the wide variation of water vapor which is in the atmosphere 
above the United States at any given time. These differences cause a 
variation in the amount of attenuation of the direct solar beam. The 
intensity of the direct normal irradiation at the earth's surface on a 
cloudless day can be well represented by: 

IN = A * CN * Exp (-B) 
J) (cos Z) 

The factor CN is the .clearness number for the local atmospheric conditions 
shown in Figure B-2. The term A (apparent solar constant) includes the 
effect of upper atmosphere absorption and of variable Earth-Sun distance. 
Clearness number is input as a seasonal variable (summer and winter factors). 

Figure B-2. CLEARNESS NUMBERS OF NON-INDUSTRIAL ATMOSPHERE IN UNITED STATES 

4. Diffuse Radiation- A portion of the radiation is scattered by particu­
lates in the atmosphere and reaches a surface at ground level as sky 
diffuse radiation. The same surface may receive diffuse radiation as a 
function of ground reflectivity. 

Sky Diffuse Radiation 

IDS = C * IDN (for horizontal surface) 

I C * I * (l+a) (f ) DS = DN 2 or tilted surface 

See References 4 and 5. 

B-9. 

INSTITUTE 0 F G A S T E C H N 0 L 0 G Y · 



4/78· 8987 

Ground Diffuse Radiation 

BS = C * I /CN**
2 

(brightness of sky) 
DN 

BG = '9 * (BS + IDN * CosZ) (brightness of ground) 

IDG = BG * ([1 -~]/2) 

where -

·1 = ground reflectivity 

o<= Cos (CTA); direction cosine of normal to surface 

CTA = surface tilt angle; degrees from horizontal. 

5. Cloud Cover Effect -The available insolation is reduced by the intermit­
tent (but sometimes long range) effects of cloud layers. The CLOUD sub­
routine calculates the degree of this reduction and produces an hourly 
factor CCF to be used in computing the reduced insolation amount (inso­
lation is multiplied by CCF). 

I N 

This factor varies by season and is calculated as f.ollows: 

A. Cloud cover: 

cc = TCA - 0.5 ( CAj) cirrus + ( CAj) cirrostratus 

+ ( CAj) cirrocumulus 

B. Cloud Cover Factor: 

CCF = P (IS) + Q(IS) * CC + R(IS) * CC **2 

where -

TCA Total cloud amount 
CAj Cloud amount at j-th layer, where j = 1, 2, 3 and· 4 

IS Season index; 1 = spring, 2 = summer, 3 = fall, 4 =winter 
P,Q, and Rare found in Table B-4 for the appropriate season. 

Table B-4. CLOUD FACTORS· 

Season p g_ R 

Spring 1.06 0.012 -0.0084 

Suuuuer 0.96 0.033 -0.0106 

Autumn 0.95 0.030 -0.0108 

Winter 1.14 0.003 -0.0082 
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The cloud cover factor is used to modify the direct beam and horizontal 
solar radiation values (IDN*CCF). 

6. Film Heat Transfer Coefficient -The heat losses from a collector of 
given design will vary as a function of wind motion at the outside 
surface. 

The outside surface hPat transfer coefficient in Btu/hr-ft
2
-°F is cal­

culated for a smooth surface as: 

FO = - 0.001661 * V **2 + 0.302 * V + 1.45 

where -

V =wind velocity, mph. 

These hourly values are placed on the processes weather tape for later 
use. All evaluations of loads, atmospheric conditions, and system 
simulations are performed on an hourly basis, 8760-hours/year. 

Figure B-3 presents a sample data printout of the weather and permanent 
data for a 24-hour period. Three hundred and sixty five such reports 
are available with each run of the weather processing program. 

Solar Radiation Processor 

1. Scope - Each collector subroutine calculates the insolation and incidence 
angle of the solar radiation available to it each hour (8760-hours/year). 
Using the basic hourly data from the Weather and Permanent Data Preparation 
program and the specified collector type and operation (aperture orien­
tation), the collector subroutine calculates the time-varying incidence 
angle and available insolation. 

2. Angle of Incidence- One key to the performance of a solar collector is 
the angle of incidence of the solar beam with respect to the collector 
surface or aperture. This relation must be accurately calculated on an 
hour-by-hour basis, particularly with concentrating collectors which ac­
cept little or no diffuse radiation. Flat plate collector arrays accept 
both diffuse and direct radiation. In this case, the angle of incidence 
affects the direct component but has only secondary influence over dif­
fuse components, such as: 

a. The diffuse enhancement factor of an evacuated tube collector is 
affected by the "effective" angle of incidence when a cylindrical 
or involute reflector is employed. 

b. The ground diffuse radiation is a function of the sun's zenith 
angle and the collector tilt angle. 

Variation of the incidence angle depends upon the tracking pattern or 
fixed orientation of the collector. 

For flat plate collector arrays the incidence angle is given by: 
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Figure B-3. DATA PRINTOUT OF WEATHER AND PERMANENT DATA 
(24-hour period) 
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COSTHT COSCTA * COSZ + SINCFA * SINCTA * COSW + COSCFA * SINCTA * COSS 

where -

CTA collector tilt angle, degrees from horizontal 
CFA = collector facing AZIMUTH, south = 0.0. 

For evacuated tube collector arrays with cylindrical, involute, or diffuse 
reflectors, the "effective" incidence angle is calculated as: 

..... ,,COS(LAT-CTA)*COSDEL * COSHRAD + SIN(LAT-CTA)*SINDEL 
{1-[SIN(CTA-LAT)COSDEL * COSHRAD + COS(CTA-LAT)SINDEL]}**2 **0.5 

where -

THE effective incidence angle when tube axes are in a north-south 
orientation 

LAT 
CTA 
DEL 

HRAD 

latitude angle 
collector array tilt angle 
declination angle 
hour angle·. 

The incidence angle for a parabolic trough with its axis aligned in the 
east-west horizontal plane and tracking altitude only is given by: 

COSTHT = [1-COSDEL **2 * SINHRAD **2] **0.5 

The SLATstm collector system manufactured by Sheldahl represents a spe­
cial case of the east-west oriented altitude tracking system and is dis­
cussed in detail in its subroutine documentation. 

The incidence angle of the solar beam striking the aperture of a Compound 
Parabolic Concentrator (CPC) array of a given tilt angle is given by: 

COSTHT = COSCTA * COSZ + SINCFA * SINCTA * COSW 
+ OOSCFA * SINCTA * COSS 

The expression above is identical to a flat plate collector equation 
with an important exception. The CPC is subject to a limitation by its 
angular acceptance angle, which is given by the ratio of the absorbing 
surface width to its aperture width (or as a program input value in 
degrees): 

THMAX 

where -

ABW = arcsin APW 

= absorbing surface width 
aperture width 

ABW 
APW 

THMAX = angular acceptance half angle of CPC. 

The subroutine must decide for each hour whether or not to accept the 
direct component of solar radiation based on the angular acceptance 
half-~ngle cutoff. This is accomplished as follows: 

B-13 
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a. Calculate Altitude of Acceptance 

ALTA = I - CTA - SALTD 

where -

ALTA = Altitude of Acceptance 
CTA = Collector Array Tilt Angle' 

SALTD = Solar Altitude for a given hour from the weather tape. 

b. Test for Acceptance of Direct Radiation 

1. If ALTA< THMAX, both direct and diffuse radiation is accepted. 

2. If ALTA> THMAX, only diffuse radiation is accepted. 

The remaining collector categories are identified in Table B-5. 

·Table B-5. MISCELLANEOUS INCIDENCE ANGLE RELATIONSHIPS 

t--OLLECTOR TYPE INCIDENCE ANGLE RELATION 

~ingle axis in North-South plane SINTHT = COSDEL*SIN1LAT-CTA) * 
r~ith fixed tilt above horizonta·l, COSHRAD - SINDEL * COS(LAT-CTA) 
~racking solar azimuth 

-
Single Axis, North-South Plane, COSTHT = COSDEL 
with axis adjusted to parallel 
earth's axj s (polar ..axis) ..... 

COSTHT =(l::C.6SDEL**2*SIN.FfRAo·-·-E-W tracks altitude but not azimuth 
**2)**0.5 

r-ixed surface to be normal to COSTHT = COSDEL * COSHRAD 
, 

solar beam at noon on the 
~qui no xes 

~wo-axis tracking to allow COSTHl = 1.0 
surface normal coincide with 
solar beam at all times 

~-·. 

3. Insolation on Collector Surface (Aperture) 

The insolation reaching a collector surface (aperture) is defined 
as: 

TI = DNC * COSTHT + DIFS + DIFG 

INSTITUTE 0 F .G A S T E C H N . a·. L 0 G Y 
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where -

TI = Total insolation on aperture 
COSTHT = Incidence angle of direct radiation 

DNC = Direct normal radiation modified by cloud cover 
DIFS = Sky diffuse radiation 
DIFG = Ground diffuse radiation. 

898~' 

The basic data needed to determine the above quantities are avail­
able on the weather and permanent data tape. 

The calculation of COSTHT was discussed in the preceding section. 

The value DNC is available directly from the weather tape. 

* Sky Diffuse Radiation is given by: 

DIFS = (DNC*C) * 
(l+COSCTA) 

2 

where -

DNC*C = Sky Diffuse Radiation on Horizontal Surface. 

* Ground Diffuse Radiation is given by: 

DIFG = 

where -

-DNC*COSZ 
-DNC*C 

Pg 

[ (DNC*COSZ) + (DNC*C) ] * [ (1-COSCTA) * Pg ] 
2 

Direct Radiation on Horizontal Surface 
= Sky Diffuse Radiation on Horizontal Surface 
= Ground Reflectivity. 

When a tracking collector is employed which does not accept diffuse 
radiation, the total insolation becomes: 

TI = DNC * COSTHT 

The compound parabolic concentrator accepts no ground diffuse radiation, 
accepts the same amount of direct radiation as a flat plate collector, 
and accepts sky diffuse radiation in proportion to the reciprocal of its 
concentration rate (CR). 

See Reference 6. 

TI = DNC * COSTHT + DIFS 
CR 

TI = DIFS 
CR 

B-15 
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The evacuated tube collector absorbs more than the radiation incident on 
the tube cross-section when a plate, cylindrical, or involute reflector 
is placed behind the tubes. The enhancement resulting from this design 
results in: 

where -

TIEFF 
COS THE 

ENHB 
ENHD 

TIEF DNC * COSTHE * ENHB + DIFS * ENHD 
+ DIFG * ENHD 

Total "effective" insolation 
"Effective" incidence angle 
Direct beam radiation enhancement factor 
Diffuse radiation enhancement factor. 
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APPENDIX C. SELECTED HIGH-TEMPERATURE, PURCHASED POWER, ORGANIC RANKINE 
CYCLE SOLAR TOTAL ENERGY SYSTEM OUTPUT REPORTS 

(Building 7 is.a low-rise apartment with ASHRAE 90-75 
conservation measures.) 
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HI&H TEMPERATURE HEAT REJECTEU TU TONEH • ITEM (li!) lS PERCENT THEHHAL UTlLIZATIUN CALCULAftU AS 

PURCHASED ELECTRICITY SPM•BAM • 

PUMCHAS£0 !LECTRlClTY 8AH•8PM • .so;;Jo+us """ NUTE 1 lllTLIZATIUN IS ~AS~U UNLY ON THtHMAL EN~RbY PHUOUCtU 6Y 
T~E SYSTEM, ELEClHIC&TY lS lOO P~HCtHT UTlLIZt.U 1 
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-i CULLECTOR NO, I 
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NORMAL RAD RADIATION ICaDUTIUN HAL) !AT ION COLLECTED HON Eff lC IENC Y (PCl) 
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SilL A~ TllTAL ENERGY SYSTEM SIMULATION PRUGR&M 
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SULAR COLLECTOR APERTURE ARt& a l181, SY,FT, 

STES CtotAPT NU, q 

PUNC11AliED ENfAGV SYSTEM ENERGY DISPLACEMENT BUILDING EL£CTAIC/TH£AMAL LOAOI 
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MONTH (8TUI ( K w I (I<"'HI (I<OOIH) (fllU) (KM) (l<loiH) (8lU) 

JAN .tzHJ9+o<J ,92flo;72+oi! oi!9]Cilt +o5 ,IIIII II(I+OII ,'51112'52+08 ,92fi'57Z+oz ,:s7'5o25+o5 otnnz•o• 

FER ,IIRII7115+oll ,9i!77';b+02 ,i!797lo+o5 ,II0711ll+OII ,llbl>llt8+08 ,9i!lfi!lfo+o2 ,:SIIOII'fi+05 oiUUO+Oif 

HAR ,7211t81f+oll ,8822tl+o2 o2'f)ll>b+05 ,1150}7b+OII ofi:SOfiU+OII ,1112i!ll+02 ,:S5UOII+05 •t08JII+Oif 

APR ,t'511<~tt.+o9 ,89i!9~>11•oz oi!fla81Z+o5 ,I 020011+05 .73'5115]+08 ,1192'•••oz ,Uflllfi+05 o17liiZ+o• 

MAy ,t7150J+o" ,8117921+02 ,2fi9Z71+0'5 ,10'5'592+05 ,119119:55+08 ,8117'fllt02 ,37118611+05 .177101+0• 

JUN ,i!288e.e.•o'~ ,829t~>fl+oz o239Uo+o5 ,1HIIIIi!+o'5 ,8J12fi7+0II ,853tii9+0i! ,3'P3111Z+o5 .u5aez+o9 

JUL ,H718l+OII ,830578+02 ,i!i!9135+05 ,tflflbl9+0'5 ,6911395+08 ,85llfJfi+Oi! ;,39'57'51+0'5 o211iUh09 

lUG ,1111111]11+0'1 ,II:S111112+02 , 2 U5112+05 ,19'58011+05 ,70'5758+011 ,81952fi+OI ,ao83lii+05 0 3JJU5+09. 

sEP ,i!t;8o95+o'~ ,llfi:S8al+oz oi!317711+o'J ,tll2'57i!+os ,813Ui!+08 • llli!lfiJ+OI ,38tlllfl+o'5 oi!4113ol+o• 

ncr ,2J9tt7+o9 ,117bii95+0Z o27tlf89+o5 ,ll'54tll+os .ua'Jo9+ol! ,9ofl75•+oa- • ]9711011+05 •211193+09 

NOV ,tti!952+o' ,1120107+02 oi!90279t05 • 709ll:S.oa ,111202+08 ,92111117+02. ,3fl'5i!Oi!+05 •11192 .. 09 

nee ,IJII50i!+oll ,92:\711fi+Oi! ,297078+05 , 778fll9+oa olfiiJU+OII • 9?378fi+02 ~ J7a9ai+05 olJOf107+09 

·········-----------------············-········-·························································-·········· TOTAL ,lli!7t7+ofl 

• ELECTRIC ENENGV OISPLACED a (TOTAL BUilDING tLECTHIC CUNSUMPTIO~ • PURCHASED ELECTRICITY) 

** THERMaL ENERGy DISPLACED • (fUTaL BuiLDING T~ERHaL NEOuiREMENT8 • 8EtONnaRv 80JLEH OuTPUT • fRACTION Of 
MAST£ Hf.Al USED !!HICH IS llERlVEO FROH THE. PRIMARY BIIJLER) 
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::JULAI! TUTAL E.NERGY SYSTEM SlMULlTIUN PIIIJIOI!AH 

POLAR MI)IINT PUAIIULIC TIIUUr.~ • !IIIILOING 7 • LOS ANIOElES • LATI TUUE•311 0 0N 

SIJLAR COLLECTOR APf.I<Tili!E. AI>E.A • 

STtS CHART NU 0 Q 

MONTH 

MAN 

APN 

"" 
JUN 

Jul. 

St.P 

oc' 

DEC 

C I ) 

FuEL TO 
II !lUST 
COLLECTOR 
TfNP 0 

(IITU) 

(2) 

ELECT. 
PRUnUCED 
IIY SULAR 
PLU!I FUEL 
(KWH) 

(Jl 

ELE.CTo 
PAUUUCED 
I!Y FUEL 
1N COLol 
(lf.l!jH) 

(Q) 

fUEL TU 
RuN 8Y8To 
wHEN NO 
SOLAR OR 
STORAGE 
AVL 0 (11TUI 

('i) 

ELECT, 
PROOUC£0 
IIY FUE.L 
IN COL 0 11 
(KWH) 

(b) 

Flii!L TO 
MEET 
THERMAL 
IIE:\~H TSo 
(IHU) 

0 877~+07 0 8ttt+~Q 0 lii!911+o1 .tt5o+o9 ol30&+011 oOOOO 

0 1533+08 o&o7R+OQ 0 57~&+01 0 7315+08 oii!735+011 0 0000 

0 t9ii!o+08 .o5oll+oa .7ztB+o3 .533o+o8 .1•9a.oa .oooo 

0 1499+08 0 1020+05 ,5o5l+Ol .1010+09 o5ii!&II+U4 oOOOO 

0 2?.13+08 .to5o+05 .11192+03 .•••z•o• o55•••oa .oooo 

o11c 
CUNOEI\ISf.l! 
HtAT 
liiTU) 

HEAT 
HEJECTlUN 
TO 
COOLING 
TUI!jEI! 
tltlU) 

.tl&t •o• .oooo 

.t0ii!0+09 .oooo 

ol175+09 0 0000 

.oooo ,uoo+o5 .uooo 

.oooo oi91JA+Q5 0 11000 

,1377+09 olii!511+05 o511)1+oo oii!8J9+o9 .oooo 

,at•o+o9 olSIIl+05 oii!ll5t+o7 oS3tt+p9 oOOOO 

.~t'J7t07 0 I02~+uo; ,1911+01 0 ii!528tOY .925JtOO 0 0175+07 .21110+09 0 0000 

0 qA0]+07 0 I~IJII+OS 0 lh8&tOS .2Z9lt09 ,81J3~t011 ,0000 .ztt7+09 ,0000 

.~z~t+07 ,7o~2+0II .t9Aq+03 0 1077+09 oiiOii!II+OQ oOOOO o11qii!+09 0 0000 

0 ii!tl9+07 0 71~e.+UII 0 110ol+OZ 0 l320+0q .oqSe.tllll 0 00UO 0 1107+09 0 0000 

PERCENT 
ELECT • 
BY 
SOLAR 
+ FUEL 

ii!1oU 

PERCENT 
OF 9 
NET BY 
FUEL 

PERCENT 
THERMAL 
FROM 
CONDo 
HfAT 

••••••• 
* PCT * 
* UTll.* 
••••••• ••••••• 
••••••• ••••••• 

(lJJ 

AVERAGE 
CULLtCTOII 
fLUID 
OUTLET 
T[HP

0 
• 

(DEG 0 f) 

17.85 sa.o7 too.oo •too.oo• ,s••o•oJ 

1&.ts· o1.ez too.oo •too,oo• •'''••oJ 

llii!oiO 

''•93 •too,o7• •''''•oJ 

99.&5 •too.t5• .•ooo•o~ 

''•'I *loo.s•• .•ooo+oJ 

••.z• 98.•1 •lot.J'• ,s•ee.os 

11.oo too.oo •too,oo• 1 5978tOJ 

''·'' 10n.oo •too.oo• ,5987+oJ 

e.a,oa too~oo •too,oo• ,5995+03 

······-------------------------------------------------------------------------·-···---------------------·····-··--······--····· TOTAL 0 I03o+P9 ol'27+nb .jA92+04 .2?.~7+10 o8]07+05 o73oA+07 oii!23A+IO 0 0000 ii!9 0 Qii! 05 0 5J 99 0 70 *IOOoii!O* 

HIGH TEHPEPATUPE HFAT ~tJttTEO TO TOWEP • .oooo 

0
!111&+00 1\IIIH 

,l,oq+llb KWH 

I!TU/1~ 

•••••••• 
ITEM (12) IS PERC~NT TH~MM4L UTILIZATION CALCULATED AS 

NUT~ 1 UTJLIZATJUN JS 8AS~O ONLY ON THERMAL ENERGY ~RODUCt.D BY 
T~f SYSTEM, tl~Cl~ICITY IS 100 PEHCE.NT UTILIZEU 0 
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.SIIlAI! TIITAL. ENERGY SYSTEM SIMULATION PRIIIii!Ai" 

PULAil H(IIJNT P&RAHOI.IC IHIIUl.H • l!lttllliNG 7 • LUll ANI>f.Li::ll • LloTITUI'EaJII,ON 

SULAR COLLfCTIIR APf'RTURE loRt.A a ?.181, Sll,FT, 

COLLEt TOR NO, 

COLLECTOR CULU.CTUN PEAK HOUR COLLECTOR COLUCTOR 
OJRftT OIFFUSE !tEAl' UIHUSE ENERGY fLUID HA88 OVERALL HFitiENCY 
NIJHHAL MloO NAOUTJON MAI.HATIUN IUOlloTIUN COLLHTEO fLOW EFFICIENCY tPtl) 

HONTH (RTU/SYF I) (BTU/SQFf) (BTU/SQf'TJ (It fU/SYf' T) (IITU) (LRSIHR) (PCT) 

JAN ,'59'550+05 ,)11102+011 ,551110+05 .ooooo ,111111650+011 o1010511+05 ,IIIIIIB+Dil ,5ttt7!5+oz 

FER ,1191149+o'i ,2901111+04 ,1111295+~5 .ooooo ,611529)+08 oli99U+05 ,IIIIOII+OZ .nozllaz+oz 

14AR ,U320+05 ,43111)+011 ,112t511tO'i ,ooooo ,87fl971+08 11111935+05 ,50Q9+0Z ,'SOUZ59+02 

APR ,70711+05 oll5i!SO+OII ~••z•s•o5 .ooooo 199f1GIIl+08 ll5HJ7+05 150'511+02 o'Sifllfi'PO+OZ 

HAy ,TJJoJ+os ,11'5'73)+011 11192111+~5 .ooooo 197U129+08 ~notSOtO'S ,117!3+02 ,50J31JII+Ol 

JUN ,RJo98+o5 ol10IIII+0'5 I 7Uh+O'i .ooooo 11109011+09 ol 1161179+0'5 ,117.1+02 .'5Zt•to2+o2 

JUL ,13229+05 19971111+011 161901+05 ,ooooo 1., ... !+011 ,161>1120+0'5 ,1170I+OZ ,5o725ot+o2 

AUG • 7o.Jot~to5 ,87tiiii+OI 1&76118+05 100000 19fiii004+0II 1172327+0'5 '119 tfi+Ol 15110092+02 

SEP ,137lz+05 '73024+00 17)211'5+~5 100000 1110406+09 , 17Z93fl+0'5 15371+02 t5G0'552)+02 

OCT • t;'l!IOII+05 ,11'512fi+OI 1511372+05 ,ooooo 111'54987+011 ,15071111+0'5 ,51ZII+02 .szs55Sfi+OZ 

NOV .o;•z•o•os ,)2117fi+OI ,IIIIZZII+OS .ooooo ,.111flfi0+08 1l )4911h05 ,1176t+oz o5071flli+U 

nu .~uzt9+os .1oat5+oo lllflll7l+05 .ooouo 111'571197+011 oi09l50+05 ·••o•+o2 o'SO)flllto+02 

········-------------------------------·-·····--------------------···-·--······-·········-·-···-···-················ TOTAL ,778H+oo ,7)1110+05 1 74)21+00 .ooooo ol01147t+IO oi7?.9JII+05 ,t~9oR+oz e51110IOO+oz 
(ANNUAL PEiol!.) 

••••· OVER~oLL COLLECTOR EFFICIENCY • (tOLLECTON UUTPUT/(OIRECT NOAH&L AAOlATIUN * COLLECTOR AA!A))* lOOe 
**** (ACCOUNTS FUP C09JNE LOSSES) ***' 

****** COL.LFCTUR ~FFitJEN~Y a (COLLECTOR UUTPUT/(CULLECTUA REAM AAOJATJON * COLLECTOR •REA))• 100 0 
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IIOI.AR TUTAL ENERGY 8Y8TEH SlHULAJlUN ~NUijNAM 

PULAM HOUNT PARA80LlC JNUUGH • BUILDING 7 .• LUii ANiiEI.t:S • LAllTUUE•JII,ON 

IUI.AR CUI.LECTOR APERTuRe:; ANt.A • 5!i7J, sw,n, 

llU CHART Nll 0 II 

PUNCHAliED EN£RGY SYIITEH tNER~Y DIBPLACtHENT bUli.UlNG ELECTRlC/THERHAI. LI.IAUI •..........•...........••••••.....•••.•. . .......•..••..........••. ··························•·········•••· 'UEL ELECTRIC ELECTRIC ELECTRIC * THtRMAI. ** ELECTRIC ELECTRIC THERMAl. 
CDNSUHPTlUN OEHANO CONBUMPT!UI'l l)lSPLACEHENT OHIPLACEHENT DEIIAfooO CONSUHPT&Uh MEIIUINEHfNll 

HONTH (8TU) (KII) ( KIIH) (KIIH) (BTU) ( Kll) (KNH) (IHU) 

JAN 1
!i9'ili15tU0 ,9ii!o57Zt02 0 ;!780'iJtU5 0 90ii.UiitOII ,IOJ9115tU9 • 9ii!ll!l7lt02 ,J750i!5+05 1 IJ!ill'!iii!tll9 

,EB ,l5i!7i!o+oct ,9z9z9o+oz oillliSIIIItOS 1 7)9Qt>Vtgll ,8]91171+08 ,9Z9i9o+u 1 JIIOII9J+O!i o10ililiii+09 

MAR ,zB9o9s+oct ,lllllili•Ol ·~t>42;!4+u!i ,911o79o+oll ,951178)+118 o118iill+02 ,J58J04+os oJ08J8&+09 

APR 0 II0111lO+.OCI • 89291111+ Ol ti4JOii8tOS olillflll.+os oJi9709t09 ,8,i9oo+Oi ,JIIIICIJII+OS ot718ti+o9 

HAY 0 80llO!itQCI 1 81179i!l+Oi! oi55!i!i9+u!i oll'l)ull+os oUii!lliS+II'I ,1187'iZI+oz ,Jhllliii+OS ot7780I+O' 

JUN ,lUIIJ1to9 ,8J8tBJ+Ol oli!JIIOS+U!i olli9l)o+o5 oi5580II+09 ,115Jtll9+oz ,J7UIIa+os oi!l5i!Bl+09 

JUL ,i!I119U+09 1 81101i!h0i o;!ZB!i!ill+ll!i ,lt>711iii+O!i ,1117]911+119 0 85l9]U0jj! ,]957511+0!1 oi!B24JJ+09 

AUG ,i9ltlllitO'I ,llfl7111flt02 1 ili!liii+05 ,t9tooo?;!tos ,tll79118t09 ,1179!iiflt02 1 1iQ8]118t05 ,JJJiJh09 

aEP ,lSt>O!iJ+oV ,11114illii!+oz oili!li]j!+us 1 151191!i+o5 oi550iii+O'I ,IIBZloJ+oz ,JIIIllill+os oi144Joii+Q9 

OCT ,U70llfltOV ,9011759+0i olt118fl77tu!l olill7i!ho!i oli77lii+U9 ,90t>759tQ2 ,)971104+05 oill89l+09 

NOV 1
5'1J911btQCI ,9lllt117tOi 1 iiiQii911tO!i ,11117QIIi+041 1 8711955t08 ,9i!QU7t02 ,Jt>Si!Oi!+05 ollll9i9t09 

DEC 1 
7J57CIIIt00 ,9lJ71\IItOi 1 iii71190tU!i ,117415i!O+Oii 0 89Jii!'i5tUtl , 9iJ1811tUii! ,J71191iii!t05 1 1l01107tU9 

························------·······················-·--··--·······-·-·····-······-·-···-·-·········-·············· TOTAl. oi11Bl17tlo 

* ELECTRIC ENEH~Y OliPLACEO • lTUTAI. 8Uli.DlN~ ELECTNIC CUNSUMPTlON • PUHCHASEU ELECJHlClTY) 

** THERMAL ENENijy olaPLACED • lTUTAI. HUlLOlNii T~tHHAL HtUulHEMEhTI • ~~~UNUA~Y IIUlLtM UUT~UT • FNACTION UF 
wA~Tt HEAT U~tU wHlCH 1~ UtHlY~D FkU" TH~ ~kl"ANY HUlLfH) 
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:I IlLAH TOTAL ENERGY SYSTEM SJMULATJUN PHUGNAM 

PULAR MOUNT PARA~OLIC THIIUGH • 8UlLDJNI> 7 • LUS ANGELt:s • LATlTUUt•]U 0 0N 
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c SULAR COLLECTOR APFHTUAE ARt.A • ~57lo SW,Ff 1 
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m CULt.ECTOR N0 1 

COLLECTUA CULLECTUR PEAk HOUR COLL!CTOA tOLUCTOR 
· DJAEC T OIF,.US! liE AM OI,USE !HEAGY FLUID HaiS OVERALL !"1Cl£NCY 
NIJRI'AL RAD RADIATION RADIATION MAUJATIUN COLLF.CH:O FLO II EHICI£NCY (PCTJ 
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NOV ,flllllllltO'il ,liiOIIIItQ4 ,!ie.8SltuS ,ooooo ,tetllli!bt09 ,li!llb4tO'il ,11984t0i! ,Si!7b55l+Oi! 

OEC ,li7Uolto'il ,i!795tlt04 ,ll.i!llllt05 ,110000 ,tt]89bt09 ,li! 1]8ettU5 0 1144C!tOi! ,419li!t171t0i! 

·---······--·-·············-················-··········-····-·----·------------------··············-------·········· rOyAL ,84115+oo ,79oJ4+05 ,8Q477too .uooou oi!lUbi!9ttO ol8774lltOS ,'iioH+D.i! o5i!t10i!S5tOZ 
(ANNUAL PEAII) 

**** OVERALL CULLE,TUH EFFICIENCY • (LOL~ttlUH UuT~UTI(UlHECT NflkMA~ kAolATtUr. * tUL~EClU~ AREA))* 100, 
**** (ACCOUNTS FUR COSINE UoSSE8) **** 

****** COLLHTuR EI'FIClfNC:Y • (CULLECTUR UUT~UT/(C•JLLf-CTuH IIlAH ~AUUTinN • CIJLLECrt•H AHEUh 100, 

~ -...,.:1 
00 

00 
-.o 
00 
-J 
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bULAR TUTlL ENERGY SYSTE" SlMUL&rluN PkUioWAI' 

PULA A MOUNT PAilAliOLIC TMUUG" • ALYUQUERQUE,NE~ HEXlCU • JS,&N LA l lT.UOt: 

IUI.AR COLLECTOOA APENTUIIE ARt& • 817ila sw,,,~ 

ITES CMART NO, " 
i>UHC,.UEO ENERGY SY~TEM tNtH~Y OISPL&CfMENT HUILUlNG ELECllllC/T"t:HM&L LUAOS •.....•...............•...•...........•. ----·-········--·-········ •.........•••.........•.......•.•.....•• 

'uEL ELECTRIC ELECTRIC ELECTIIIC * THtR"AL ** ELECTRIC ELECTHlC T"t:RH&L 
CONSUHPrlUN OEM ANO CON8UMPllUN OISPL&CEHENf OlliPL&Ct:HfNT OEMAr.o CONIUHPTIUN IIEioiUIMEHENTS 

MONTH (8TU) (KW) (KIIH) (KIIH) (BTU) (100 (KWH) (HlU) 

JAN ,zouu+o9 ,<~8zeoz•oz o2118l81t05 ,&92JJS+os ,&9711117+(19 ,98iti02t0jl ,1111011111+05 • J.llliii9+09 

,u ,1011119+0 .. ,9ho5l+o2 ,23952&+05 ,&St5911+os ,1738111+09 ,9711u5Z+Oi ,J91&15+os .us1111•o9 

MAR 
1
l1129lO+OII , 7182511+02 1 1881YO+U5 1 178UIIU+05 ,&1191190t09 , 718i511t0Z ,JII11950+0!t ,ZOU9117+09 

APR ,Ul11l1+ull 1 YIII08II+02 oi!OIIIIIItOS ol511727+os oiii9]0IItU9 ,91111lill+oz ,]581111+05 •11111597+09 

MAY ,110)1105+011 ,95]1711+02 ,z2.s111+o5 ,1119775+05 ,2C!Jd}9+U9 ,95]1 711+Dl ,J911il9ltu5 oZSIIZIIIIt09 

JUN ,1 50911l+09 ,91191100+02 ,l01Jli+05 ,21lJIIIIt05 ,2117111111+09 , 9SII1HIItOI ,IIU7tlt05 ,UU9t+09 

JUL ,195tllz+o._ ,95Z8t9+o2 o2&11'!157+o5 o2i21177+o5 ei!II11509+Q9 ,95ill&fl+oz ,U9i!J!t+o5 o]II89JII+09 

AUG ,ZOII]IIu+o9 ,9JlR7i+o2 -.2tllll&+us ,i!IOIIIII+OS .2211115o+u9 ,9Jli!7Z+oz ,lli8111J+os oJ5&7oJ+09 

SEP 1 1iiiOIIIiltOII ,9i8J07+0i ,21783&+05 ,1111111111+05 .zou958+09 ,9]0iH+Oi • ]81111115+05 ,lllOZ2+09 

OCT ,i80!til+Ud ,901188+02 ,2lJi!»7+05 ,ll58Y'ft05 ,llt1192tU9 ,9o118fi+Oi ,]119157+05 ,11ii811St09 

NOV ,7110llll+od ,9111Joi+o2 ,0!75U9+us ,1381111 7+o!t .1757119+119 ,9111lOZ+ui 1 11lJ9211+05 '" "'8911+09 

DEC ,JOlll0il!t09 ,95S05it02 ,it"el7s+u5 ,11111i1111+0s ,1270llt09 ,95SU52+U2 ',llh1119+0'ft ,U9025+09 

···········-·························--·········································································-··· TOTAL oil18113+oll 

* ELECTIIIC tNEII~>Y UJSPLACEO a (TUT&L ijUlLDlN~ El.ttTIIIC CUN~U"PTIUr. • PUHCHASEU ELELTMltllY) 

** THE~M&L EN~HbY Ol~PLACED a (lUlAL ijUILDlN~ THEHMAL k~WUlREMEhTS • 8E~UNI)AHY ijUILt:H UUTPUT • ~MACTIUN Uf 
wA~TE HfAl USEO MHICH IS OEHIYEO F~UM THE ~RJMaHY HUILEM) 
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~ULAN TOTAL tNEMGY SYSTEM SlMULATlUN PMu~NAM 

PULAR HOUNT PAIIA80LIC THOUGH • AL8UQUERQUt,NEN HfAICU • ]5 1 lN LATITUDE 

IULAR COLLECTOR lPEIITURt All~l a 

&Tis CHART NO, 4 

MONTH 

JAN 

FElt 

MAN 

lPM 

MAy 

at I' 

ocT 

NOV 

OE(; 

(l) 

Fun TO 
IIOOST 
COLLEcTOR 
TEMP, 
(BTU) 

IZl 

ElECT, 
PRODUCED 
IIY SOLAR 
PLUS FUEL 
(KIIH) 

Ul 

EUCTo 
PkUoUCED 
ttY FUEL 
IN COL,l 
(KIIH) 

(II) 

FUEl TO 
kUN SYST 1 
IIIHEN NO 
SIILlR UM 
STORAGE 
AVL 1 18TUJ 

ELECT, 
PRooUtED 
IIY FUEL 
IN CUL,II 
(KWH) 

lo) 

FuEL TO 
Ht:ET 
THEN MAL 
Rt11HTS 1 

(IITU) 

UNC 
CUPiOEN8EI< 
Hhl 
(IITU) 

HEAT 
IIEJECTlON 
Til 
CliULINii 
TUllER 
IIITUJ 

,4Zl5+08 ,19ZJ+05 ,15711+04 ,15811.o9 ,S8zs.u4 ,jo~~•o7 ,JZJ7•o' ,oooo 

,1990+08 1 1510+05 ,74711+oJ ,8010+011 eJia0+04 1 10oo+o7 ,zSJ9+o9 1 1557+011 

el74o+o8 ei781+05 ,oozJ+OJ ,81191+07 e3J30+UJ ellllzii+OS oZ1175+o9 1 115]9+oll 

1 1927+08 e1547+o5 ,TQOU+OJ ,1408+011 o5Z47+0J eOOOO 

1 11ZZI+08 1 1098+05 1 1589+011 ,liiOII+ull o07Z7+Ul eUOOO 

,8ol5+08 1 ZIZII+OS 1 jZ47+0Q 1 0409+011 ,zJ~l+UII 1 ~000 

1 1100+09 ,ZZZ7+05 ,'~11~+04 ,81181+0~· ,Jt54+0'~ ,oooo 

,•~18+08 ,Zl0l+U5 ,lS49+U4 ,llOO+U~ ,S0~4+0q ,OOUO 

,z81Z+o9 ,z11so+o11 

,J5So+o9 .zzo9+oa 

,375o.o9 ,1114+07 

,35110+09 ,75~9+07 

1 3400+08 ,1ooo+u5 1 lZ74+04 1 1000+011 ol740+Ul oOOUO e27JT+o9 1 5054+011 

1 171z+08 eiJS9+05 ,05ZII+0] ,109]+011 e4080+UJ ,uuuu oZIOII+09 ,740z+OII 

1 Z9l7+08 1 1]84+05 ,lo99+0ii ,4404+011 oi050+U4 ,0005+00 ell21+09 1 l0ll+OII 

1 ]IOZ+08 ,1802+05 1 lt79+o4 ,Z7zu+o9 ,98011+04 ,IISuo+uT ol13Z+o9 1 0000 

PERCENT 
ELECT, 
8Y 
&IlLAH 
+ FUt;L 

IUeiS 

Slel4 

PtiiCENT 
OF 9 
MET 8Y 
FUEL 

PERCENT 
THtiiMAL 
FROM 
COHO, 
HUT 

••••••• 
• Per • 
* UTlL* 
••••••• 
••••••• 
••••••• ••••••• 

'lJ) 

AVERAGE 
COLLECTOR 
FLUID 
OUTLET 
TtMP 0 

(DEG,F) 

99,10 •1oo,91• ,S9Zi+OJ 

99,04 a 94ella 1 5955+01 

99,98 • 70el9• oS9SS+Oj 

8,17 lOOeOO * OSelll* oS950+0J 

1],Jl lOOeOO • 9telia o59ti+O~ 

ZO,Sl IOOeOO * 9],84* o5848+0J 

Ji,OII 100 1 00 a 99,70a 1 5815+01 

JO,I8 100,00 • 97,90a 1 5889+01 

9,89 IOOoOO * llle5J• oS934+0J 

1,11 ,oo,oo • o5,87• ,5955+03 

19,90 99,711 a 9S,7la 1 59110+01 

59,]1 97,87 •IOZellla ,593~+01 

··························-···········-····························--------·--·----·-·················-···--·--------·--·-······ 

HIGH TEMpERATURE HEAT REJECIED Tu TowER • ,IIUIIO IITUIYR 

PUMCHA8EO ELECTRICITY 6AH•III'M a • 7747+05 '"''" 

Z4,9S 
•••••••• 

lftM (I?) IS PERCENT THEMHAL UTILilATJuN ClLCULATtD AS 

l',u,a!TH,LU,/((UNO,HT,TIJ TH.LU,+TUT.TO.,tH HT,J)atUO, 

NUll .1 lllJLilATJU"' IS tlA5~u ONLY ON THENI'IAL ENERGY PRUI)UCEil &Y 
T~F SY5Y£M, ELftlRltlTY IS 100 P~WCENT UTILIZEU 1 
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:iiiLAH TUTAL fNEH~Y SYaTEM &lHULATlUN f.'HUC.HAH 

PilLAR HOUNT PARAIIOLlC THUIJGH • ALHIJQUt.HIIUE,Nflll HEllCU • J,olN L4 I llUOE 

SULAR COLLECTOR APERTURE ARtA • ttt7i!, sw,p:T, 

COLLECTOR NO, 

(;ULLEc:;TUR CUI,Lt.CTlJH PEAK HUUIC COLLECTUW CULI.ECTUN 
OJ~HT DIFFUSE ItEAM UIFFUSE ENEHGY FLUID MASS OVfHALL EP'flClENCY 
NUiii!AL HAD NAUUTJUN HAOUTlUN HAUUTJUN COLLH TEO FLU Iii E, lCIENCY (PCT) 

MONTH (BTU/SwFT) (BTU/SQFT) (IITUISI.IfTJ (ISTUISioltTJ (bTU I (LIISIHR) (PCT I 

JAN .o!i3119+0, .371119+04 olllllli!tOS .ooouo .z11uei!7+U11 ol3ll98+05 0 118Sl+Ol • SUO 1.77+UZ 

FEB ,S9511i!tOS ,l419i!0+04 ,SIIgi!'lt~S .uoooo ,ZIIIII97+09 ,120Z711+US ,son+oi! ,St911tiiii+Oi! 

HAR ,so41ll+o'!li ,so;ea<~+oll ,llOJ511+05 .uoooo .35111111'1+09 olOi!45Z+US ,S393+0Z .SIIIIIOBJ+oz 

APR. ,7i!ISS+o5 ,1111119l+oll ,7oiiZII+US .oouoo ,Z994!i5+U9 ol113i1119+0S .so?<~+oz .!itllllloa+oz 

HAY • 7'111117+05 • 9ZII117t04 , 7U3l+US • uo.ooo ,3101110+09 ,t55CI!iUt05 ,1181111tOZ ,StlllU:U+Ol 

JUN ,BSIIIIO+oS oll3fiii+05 ,78585tUS ,ooooo ,)1101111'1+09 oi817IIII+OS .un•oz .S304404+0l 

JUL ,IIZH!+OS •I Ut9+05 , ho!UOtOS ,uouoo o327893•09 ollli!tOJ+OS ,11873t0i! oSZ4i!9JZ+Oz 

AUG , 7Z110ltO, ,8'1775•011 ,7ozsz.~s .oooou ,i!'~So711•o" • UlOOIItOS ,11973tOi! ,Stl711t0+UZ 

aEP • nzou+o':l .1ltU+o4 0 7i!87'1tUS .uooou oli!Z3Si!+09 oiii075o+o5 ,S]8II+OZ oSIIIZ5tU+Ol 

OCT ,IIZ97o+os ,1178110+011 0 ot7411+US .uouoo o211110i!Z•o9 oll11Jt9+o5 .s uo+oz o52l259o+oz 

NOV ,llot114+o':l 0 ]8Q118tOII ,5o9llltu5 .uoouo ,211i!81HitU9 ,li!lllolltOS 0 119J8tOl ,Szt9i!III+UZ 

DEC ,11700ltOS ,i!795CI+OII 0 11i!S05tUS .uuooo ,11199oii•09 ,ti!IIIOII+O'!Ii ,1111t8tOZ ,11891Sot+OZ 

•.•.•...•.•.......•...•.•.........••••....•.......•....................................•..........•.......•.•.••..•. 
TOTAL ,BIIIIS+oo .ouuoo oliiii0117+tO oiB771141+0S .soos+oi! 

(AhNUAL PUll) 

**** OYENALL CULLECTOH EFFJClt.NCY • (CULLt.CIUH UUTPUT/(UlkECT NOkHAL N&DlATlON * CULLtCTON AREA))* 100, 
**** (ACCOUNTS FUR COSihE LOSSES) •••• 

****** CULLtCIUN t~FJCIENCY • (COLLECIUR UUIPUT/(CULLtCIU~ HtAH kA~JATION * CI~LECTUH AHEA)I• IOU, 

~ 
........ 
-...! 
CXl 

CXl 
-.D 
CXl 
-...! 



z 
(II 

-i 

-i 

c: 

-i 

m 

0 

"l1 

.n 
I 

V1 
Cl V1 

)> 

(II 

-i 

m 

() 

:I: 

z 
0 

r 

0 

Cl 

-< 

- I 

~U~AN TUTAL ENEHGY SY~TEH SIHULAJI~N PNU~HAH 

PU~AR MOUNT PARABOLIC TNUUGH • AlijUQUEHuuE,NER HEXICU • lioiN LATlTUDt 

SU~AA COLLECTOR APENTUHE AAtA • IOI!'IIIo SY 1 FT 1 

S TE8 CHA,AT NU 1 II 

PUHCHAlttD ENt:AGY ~Y~TEH tNlHGY DlbPLACEHENT hUllUlNG tLtClHlCITHtHHAL LOADS •.•...•••.•.•...........•.•.•........••. ....................•.•..• ·················-······················ 'UEL ELECTRIC t.LH TAll: tlt:CTHlL * THtH ... Al ** ELt.CTNlC ELHTHlC THt.RHAl 
CONSUHIIllUN DtHANO CUNSUHPTIUN t>UPLACt.HENT DI6PLACEHEioiT DE HAND CU~o~SUHI'TlllN Ht.I.IU1HfMENT8 

MONTH (8TU) (Kiol) (KIIH) (K"H) (BTU) (KII) (K•h) (I!IU) 

JAN olllllOtO'I ,9112802+02 olllli115+05 .t 'i9Jl2+o5 o251111110t09 ,98211112+02 ,111101»111+05 o JZII211~t09 

FEB , 7:UIIb2+0II ,9115JIIJ+oi! o2ltii7S+o5 oi79ZIIU+05 oi99Ji!J+09 ,'170052+02 .J'~Il15+os o2l511ll+09 

MAR ,972olle.+07 ,7702511+02 ,I:Uh5+05 ,2l958~+0S ,1977211+09 • 778l511+02 • Joe.950+05 ,2009117+09 

APR 1 20JliiO+OII ,9t4081it02 ,1582117+05 ,2001211+05 ,1511)89t09 ,911101111+02 • 35110 11+05 1 1112597+09 

MAy ,21152111+011 ,95Jt711+02 oi8111128+05 o2091111l+o5 o2115IIIIJ+U9 ,95)1 711+02 ,J9t»291+o5 .zse2•11•o9 

JUN ,Ut711o+oll • 951141111+02 oiiiiUOO+U!I ,2J27U+o5 ,JoJIJ5+U9 ,950111141+02 ,1113718+05 oUb119lt09 

JUL ,911112511+1111 ,952819+02 ,2011071+115 ,2JStblit05 1 JIJ500tll9 ,9521119+02 ,U92J'h05 1 Jb89JII+09 

AUG ,toSII79tO'I , 9 Jl t liZ tOil 1 it09018+U'!I ,219J911tOS ,21!87117+09 ,9J2117i+OZ ,11211111Jt05 1 JSl70Jt09 

Sf II ,19911111+011 ,8827911+02 oi7:S9119+U5 oi!l(lll'io+o5 oi1SIIIIt09 ,9:S02711+02 1 )111111115+u5 • U.tou+o9 

OCT ,15l7l9t011 ,901188+02 1 I'IJ27S+U5 ,1758111+115 ,1)81711+119 ,90III!II+Oz ,:se.9l!;7+05 • 11128115+09 

NUY ,n9ooll+oll • 9111 Joi+ 02 oi51bh+us oiU2S.t+o5 1 2U21111b+l)9 ,9111lol+oz ,llll'ii!O+O'!i oZI9190+09 

DEC ,zUo115to'l ,9S5o5i+oz oi!ll82i!9+u5 olllllt9u+o5 ol7o7lii+U9 ,95So52+u2 ,11]11111'1+05 oJ&Ifoz5+09 

···-·······-····························--······--·············---·-·--········-·····················--············· TOTAL ,80I»OII0+09 ,98z8oZ+oz o2J9bii:S+Ob olii:S997+oo. o27'5lZ1+IO ,98211oZ+uz ,IIB]biiO+OII o:SIIIJ71+to 

* ELECTNIC ENEH~Y DliiPLACEO • (TUTAL IIUlLDlN~ ELECTRIC CUNSUMPTlU~ • PUNCHASEU ELECTHlCITY) 

** THERMAL ENER~y OlSPLACEO • (TOTAL llllllOlN~ THEHMAL HtYUlAEME~TS • SECONOAHY HOlLEN OUTPUT • FHatTJON OF 
WA~Tt. HEAT U~tU ~HlCH lS OEHIVED F~UM THE PAlMAkY I!UlLEH) 
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~ULAN TOTAL ENEA~Y SY~TEH 81MULAT1UN PRU~HAM 

PULAR MOUNT PARA~OLlC THOUGH • AL~UQUEHYUErNEiol HEXlCU • l,,lN LAIITUDE 

IULAR COLLECTOR APERTURE ARtA • lOit9o, SY,FT~ 

ITEI CHART NO, 4 

(I) 

FuEL TO 
ttooaT 
CoLLECTOR 
TEMP, 

(ii!) (J) (II) (5) (O) 

Fut::L. TU 
MEET 
THI!II,.AL 
NEI.tiMT8 0 
(II fiJJ 

•••<71••• •••<IJ••• ••(9)** <&OI allll** •lli!)** lUJ 

MONTH 

JAN 

". 
MAN 

A PIC 

MAY 

JUN 

JUL 

auli 

SEP 

OCT 

NOV 

Dt' 

(BTU I 

ELECT, 
PRODUCED 
IIY SULAR 
PLUS FUEL 
I Kill H) 

ELtCTo 
PRUDUCED 
IIY FUEL 
lN COL,I 
(KIIH) 

FUEL TU 
RUN 8YSTo 
loiHEN NO 
SOLAR UR 
ITUAAGE 
lVL,(uTU) 

ELECTo 
PHODUCEU 
IIY FUEL 
IN COL,II 
(KIIH) 

UHC 
CuNDENIEic 
HEAT 
(IITU) 

I'IEAT 
lcEJECTlOH 
TO 
tOOL IN~ 
TUIII::M 
(BTU) 

0 ii!457+01 oi99)+U5 ,91Ciii!+OJ ,8115)+Uit oliJO•~II olli!l+U7 0 ))5]+09 ,8985+07 

1 1101+~1 oi79Z+05 0 11&117+01 ,oii!]CI+OB ~ZIO~+~II 0 dlttJ+oo ,z97t+o9 ofiOJI+olt 

,lo56+07 ,zz9••o5 ,Jo7i+OJ ,lo7o+o7 ~oJJII+OZ ,oooo 

0 891Jt07 olOOJ+~5 0 l4J~+OJ ,llll+Oit ollillt+~l oOOOO 

oZ454+08 oZo9S+oS ,¥z89+0l ol98G+07 ~7J7~+~i oOOUO 

,i71J+01 ,ZJZ7+05 ,IOIIl+OII ,JIIlii+Oit ~IZ77t~ll 0 0000 

0 4551+01 oZJSZ+oS ,17o5+0II ,IIYiii!+Oit olliti+~ll oUIUO 

o400I+08 oii!J94+05 ,l119i+OII ,b5117+Uit oZIIJ5+~41 oOOOD 

,JII58+o9 ,llloo+o9 

oi1S8+o9 ol5~o+o9 

olii07+o9 ,811it+olt 

,Jso7+o9 ,5Jas•oa 

ol95o+o9 ol98o+o8 

oloB5+o9 ol9oz+o8 

0 1991+01 1 ii!t05+05 ,llllll+OI ,0000 0 00U0 0 UOOU ,11105+09 ,li!07+09 

,IOOJ+OI ,1759+05 ,l818+0J ,51110+07 ,191l+Ol ,0000 ,Z759+09 ,IJJQ+09 

,1644+08 oiOZ)+05 0 0197+01 ,175l+Uit oOIIJ~+Ul .~oz9+0o oii!olt9+o9 0 1111113+08 

'ol884+08 o1Bfli!+05 0 70Z7+0J 0 ZIII8+oY o775~+UII ,7859+07 ollJI+o9 oZ57)+07 

PERCENT 
ELECT, 
BY 
SOLAR 
+ FUEL 

415oZII 

415,8) 

oi!,57 

55,80 

5ii!o80 

5t,Z5 

5lo541 

51oZl 

511,75 

417,641 

J9oii!O 

lli! 0 811 

PtijCENT 
Of 9 
HH BY 
FUEL 

zu.lo 

15.15 

PfWCENT 
THERMAL 
FAUM 
COHO, 
HEAT 

••••••• 
• Pet • 
* UTIL * 
******* 
••••••• ••••••• 
******* 

AYEHAGt: 
CULLfCTOR 
FLUID 
OUTLET 
TtHP 0 

(0EG 1 f) 

99 0 ZI * 91,UII* ,S950+0J 

99,7o • 79,81• ,5975+o~ 

1,01 too,oo • 5o,7o• 1 597I+OJ 

1,8i IOOoOO * Sloii!Oa 1 5975+0J 

11,79 IOOoOO * 7s,aa• ,S911&+oJ 

9,97 too,oo • eo,ZI• ,5954+0~ 

15,ol too.oo • 9a,91a ,5918+0~ 

17,90 IOOoOO * 911~17a o59IO+OJ 

1,511 10o,oo • o11 0 1t9a ,5to7tol 

J,Z7 100,00 • 51,71• 0 5971+01 

7,71 99,85 * 8JoZit• ,59o4+0l 

115,111 98,0J *tOlollt* ,59CII+Ol 

····························-·-···················--·············-····························-------·--····-·-·---···-········· TOTAL 0 Z558+09 oZ~IIOIDII ,YbOi+OII ,550)+09 oi!Oli+05 ollib+08 oiiOO)+lO ,8b79+g9 50.115 ll.llt 941,(19 * 78.5b* 

HIGH TEMPERATURE HEAT kEJtCIEO TU TUW~H a ol7 ,r!J+U7 D 1 U/11< 

PURCHASED ELECTRICITY 8PM•8&M • 

PUHCHA8ED ELECTNICITY 8AM•8~M • 

,t9ZO+UII IIWH 

,11711~105 ""'" 

•••••••• 
llEM (Jl) lS P[NlfNT THtRH&L UTILilATIU~ CALCULAltD Ali 

~.u,•!TH,l~ 0 1!CUN0 0 HT 0 TU TH.LO,•TOT,TOIIEH Hl,))alOO, 

NUJt I UllliLAJlUN IS dA~th UNLY liN THtwH&L ENEA'Y PWUOUCEO BY 
TMF SY~TtMi fllCIHlllTY lS lOO PtHCtNT UTILlZEU, 
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¥U~AR TUTA~ ~NEk'Y SYSTEM SlMU~ATlUN PRU~kAM 

POLAR MOUNT PARABOLIC THOUGH • ALHUQUEHQUE,~E" MEAICU • Jj,&N LATITUDE 

IULAR COLLECTOR APERTURE AREA a lOIIIIIt, IIW 0 Fl~ 

CULLEtTOR NO, 

tULLECTUR tULLHTUII PEAK HUUH CULLECTUH COLLt.t TON 
DlREtT Dlfi'USE BEAM U"fUSE ENfkGy HUID MA88 UVfNALL HFIClfNCy 
NORMAL RAD HADIATtUN HADIATIUN MAOUTJUN COLLH TED fLO II E,lCIENCY (PCT) 

MONTH (BTUIIW") (8TU/IQFT) (IITU/8WfT) (IITUIIfilfl) CIITIJ) CLII8/HR) (PCT) 

JAN ,tt5J8h05 ol111tii+041 oltU410+05 .ooooo 0 ]117ttllltUQ oll1Zii8+Q!I 0 1187)+00! oSZZOlJI+oz 

FU ,511511Z+Olt ol49i!0+041 ,!t80l7+~5 ,ooooo ,)211]1t7+0Q ollOl7.+0!I ,5058+0l o5&9JIIU+oz 

MAR ,80410l+O~ 0 55&G9t04 ,110&5~·~5 ,ooooo ,47it11115+0'1 ol097'111tU!I ,539]+0l ,5111!1Ul5+0Z 

APR ,7il55+o5 ,ltlt49l+04 ,7ott75t05 ,OQOOO 0 J99)711+Q9 ol4l0419t05 ,50IO+Ol ,S&IItlahoz 

MAy ,79.417+05 ,9j!8417+011 ,75)411+~5 oOIJOOO o41Zi!11]8+09 oi57Z5i!+05 ,4187Z+OZ o5150itJ7toz 

JUN ,nuo•os olllfiii+OS • ?859 .. 05 .ooooo ,451JJ9t09 oiBII879t05 oll84 .. 0l .u7oJ17+oz 

JUL 1 8lUl+OS ,IU19tOS • h50ilt05 ,ooooo ,113390Zt09 ,1841U .. 05 ,48J7t0i! .szoszso•oz 

AUii • 7i!fi0Jt05 ,811775+04 1 70lfl9t~S ,ooooo ,J9lltb'I+Q9 ,1113147+0'5 ,419SUOl .susu .. u 
IEP .nz•o•ot o1lt7J+oll ,7ze.J7+os oOOOOO 0 Gj!941Jtt+09 o&S8755+05 .neo•u ol4l59z9+QI 

OCT ofll97fi+Dt ,47840+041 ,1tl7l11t'!5 ,ooooo o]5j!llj!+09 oiiG741flt05 ,SlJI+Ol o'5llfiJ45+0j! 

NOV 1 fiOllllltoS olii048+041 o!llt9410t05 .ooooo ol2l119]t09 0' 1870!7+05 0 419J]tOZ o5Z141U5toz 

DEC ,47ooJ+o5 ,l79SCI+041 1 4j!4J9tO!I oUOOOO oli!59o8t09 olllfiOB+oS ~41405+0i! .uesnz•oz 

•••.•••••••.•.•.•...•..•..........•.•.••..•.•.•.•••.•.....•...............•.•.............•.........•...•.....•...•• 
TOTAL ,84&15+o• ,790141+05 oB04Jl+Oit oOOOOO 0 457851+10 ol84879tO!t ,499tt+Ol o5i!l41l•7+oz 

(ANNUAL PEAK) 

**** OVERALL CULLEtTOH EFFICitNtY • (CULLtCTUH UUTPUT/(DlHECT NOHMAL HAOlATJON * CULLtCTOR ANEA))e IUOo 
**** (ACCOUNTS FUR COSINE LOSSES) •••• 

****** COLLftTOR fffiCJENCY a (CULLECIUR UUT~UTI(tULLEClUN b[AM ~A~JATJUN * CULLEtTUR AHEA))• 100 0 
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IOL.AR TUTAL ENERGY SYSTEM SlHULATlUN PMUiiHAM 

PULAR MOUNT PARABOLIC TNUU&H • AL~UQUEMUUE,NEW MEXICU • s~.aN LATITUDE 

IUL.AR· CDLLt:CTOR APt:RTURE AREA • 1}1120 1 IIW,FT~ 

ana CHART N0 1 4 

PURCMAII(D ENERGY SYSTEM ENERGY DISPLACEMENT BUILDING ELECTRIC/THERMAL LOADS 

···················---··-········-······ •...••••..••.•.......••.•• ·······································•· PUEL ELECTRIC ElECTRIC ELECTRIC • THt:RIIAL u ELECTRIC ELECTIIlC THERMAL 
CONIUM" IUN DEMAND CONSUMPTION IJISPLACEMENT DISPLACEMENT DEMAND. CONSUMPTION NEQUlNEMlNTI 

MONTH (BTU) (Kill) (ICIIIH) (ICIIH) (BTU) (KM) (ICIIIH) (BTU) 

JAN ,5711155+011 ,982802+02 ,219959+05 ,zzue.s7+os ,Z9llllll+09 ,98liiOl+02 0 ll1101tlii+O!i ,JZII2119+09 

PU ,519159+01 1 9ho5Z+OZ 1 l8tl8S.OS ,Z099Z7+o5 ,ZlUII112t09 ,9711~52+02 ,J91 ll5+0!i ,U!iUl+09 

MAR ,Ul08Z+o7 ,77oz5Uo2 olltl811+05 oZ557IIII+O!i oi990t>II+09 ,178Z511+02 .su95o+o5 •2009e.7+09 

APR ,l!itt91o+oll ,9uoall+o2 tll87114+05 o2Z91117+0S ol5BJ9o+09 ,914084+Ql .ne..1 1•os , 1 o259'P+ 09 
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JUN ,U!i991i+OI ,880198+02 olJ875o+os ,z7no7+o!i oJZ45115+09 ,95ollll4+0l ~IIU7thO!i oUIIt191+09 

JUL ,ntuo•o• ,9JIIe.os+oz ol74078+u5 ,zo5t57+o5 ol5Uo7+o9 ,95211thOiil ,IIJ9ZJ5+os oJIIII9JII+09 
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DEC ,19119115+09 ,95505Z+02 1 ZJ118lti+U5 ,t99511J+o5 ,ZOi8511tU9 ,955052+02 0 11)111119+05 ,Jl90Z5+09 

·····················-······························································································ TOTAL ,!i0098!i+o9 .~8Z80Z+OZ olOt898+Ut> ,ZIIl711i+Ob 1 Z9JU94+IO ,98ZIIOZ+OZ 0 118Jt180+0o oJliiJ71+10 

e ELECTRIC ENEN~Y DISPLACED • lTUlAL ~UIL.OlNG ~LECTNlC 'UNSU"PTIUN • PUHCHA8EO ELECTHlClTY) 

•• THERMAL ENERGY DISPLACED • (TUTAL BUILDING THE~MAL Ht:wulREMENTS • SECUNOAHY ~OlLEN OuTPUT • fMACTIUN UF 
wASTE HEAT USEO ~HICH 18 OERI~EO FNO" T~E PRIMARY BUlLER) 
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SOLAR TOTAL ENEH'Y SYIITE" SlHULATlUN PNUGWAM 

PULAR MOUNT PARABOLIC TNUUIOH • AL~UQUENQUErNE• MEXICU • JS 1 &N LAT I TUOE 

IOLAR COLLECTOR APERTURE ARiA 8 UIIZO, lf.I 0 FT 0 

COLLECTOR NOe 

t.:OLLECTUR CUI.LECTUH PEAK HUUH COLLECTOR COLLECTOH 
DIRECT Ol,liSE BUM I)"FUSE ENEI<GY FLUIU MAll OVERALL HFlClENCY 
NORMAL AAO RADIATION HAOUTION IIAUUTJON COLLEt TEO FLO• f,lCIENCY lPCT) 

MONTH (BTU/I{,JF T) lBTUIIQFT) lBTU/SQFTJ (IITUIIQfTJ lbTU) lL~IIHR) lPCU 

JAN .~~n~t•o!ll .J14t9t04 ,llaou~·~s .ooooo ,4U570ta9 , &JU98to5 0 48118tOZ .5l&5&24•0l 

Fll ,59Sil•os ol49ZOt04 o58oS9tu5 .ooooo o410951t09 ollOZ7flt05 o'501111tOZ ,S&911899t0l 

MAA ,80IIIIt05 ,55849+04 0 IIO&J7t~5 ,ooouo ,591ZJII+09 ,&097411t05 ,5J94tOZ ,54111118h0l 

APA o7ll55to5 oll1149&+o4 • 7oll.ii!llto5 .oouoo ,499479+09 ol41199&t05 .soez•oz • sa9nn•oz 

MAY ,79~t47+o:t 0 9Z847+04 • 75]111t05 ,ooooo 1 5Z99ZU09 oi551150+05 ,11885102 ,5&114Z5lt0l 

JUN ,e51180tos oll)ll4+05 ,78o75to5 .ooooo ,51144117+09 0 187744+05 ,118118t0ii! ,5Z8l UOt02 

JUL .uua•os olll&9+o5 ,7115711+05 .ouooo ,54Zb9U09 • &870]7+05 ,1184o•oz .5zouu•oz 

AUG o7ZIIOJ+05 ,89175+04 , 70JUtU5 .ooooo o490Z78+o9 oliiJIIIh05 ,11958+02 .5& &87811+02 

8EP ,UZIIO+OS ,7JUJ+04 ,7Z~t77to5 ,ouooo ,5]1079+09 ,&58755+05 ,SJ9J+OZ ,505928+02 

oCT ,U910+05 ,41840+011 0 11&U7tUS ,ooooo ,UOIU+09 0 liZII1Uit05 ,5112+02 • 52]1191111+02 

NOV ,CIO&IIUO) ,]8048+04 ,570U+115 .ooooo ,40115]4+09 olZI 11111+05 ,119]5+02 .szo111ouoz 

DEC o47011l+05 ,279511+011 o4Z45'!1+115 ,uoooo ,Z8l754+U9 o12h011+05 olllll I+OZ ,Q811911~t9+02 

·················-········-····--··································-················································ TOTAL ,811&l5+o~» ,79otll+os ,8o4117+o~» .ooooo ,57l8o9+to ,&87744+0'!1 .sooo+ol ,5ZZ71J&+oz 
. (ANNUAL PEA~) 

**** O~ERALL CULLEtTUR EFFICIENCY • (COLLEClOH UUTPUTI(OlMECl NORMAL HAOIAllON * COLLECTOR AREAJJ• 100, 
**** (ACCOUNTS FUR COSINE LOSSES) **** 

****** COLLECTUH EfFlLltNCV • (COLI.tCTUR UUI~UTI(CULLtCIUH ~EAM kAUIAflU~ • CllLLtCTU~ AHEAll• IOU, 
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APPENDIX D. SELECTED PHOTOVOLTAIC SOLAR TOTAL 
ENERGY SYSTEM OUTPUT REPORTS 
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PHOTOYOLTAIC CELL 8YITEH IJMULATIUN PRO~MAM 

CHICA&O,ILLINOII • LATITUII£ llt,UN • COLLECTOR TILT 111 1 07 DE&MEES 

IOLAR COLLECTOR APERTURI ARIA • 1887 1 IW,FT 1 

•ATIR COOLED PHOTOYOLTAIC tiLL SYITEM 

PURCHASED fNERGY IYSTIM ENEM~Y DIIPLACfHEHT •.•...•••.•.•.•...........•.........•... . ......................... 
PU!L fLECTRIC ELECTRIC ILICTRIC * THERMAL ** 
CONIUMPTIQN DEMAND C:ON8UMPTIUN OIII'LAC£MENT DUPLACfMENT 

MONTH (ITU) (KII) ( """, CK .. H) (ITU) 

JAN ,et5055tO'I ,tOlUOtOJ ollll&llii+O!i 0 11049l+OII ,ul09h07 

,18 ,11Utioto9 ,IOOJOI+oJ ,J1707lt05 ,2811711+011 ,t75J91t01 

MAR .nu•••o• ,120059+0l ,U1919+05 ,11119179+011 ,J1J0511+01 

APR ,lelll1to9 ,1011111+01 oliOSit+OI o J90IIII+OII ,S.9i01+01 

NAY ,10411i1t09 o1Ue91+01 o~OOOii+O'J ,JU9119+0II ,)111799+08 

JUN ,U41e7hOI ,IIUII+OJ ,1170099+01 0 11IIUhOII 1 459UJ+OI 

JUL ,119419+01 ,1901'51+01 oliUIJ+O'J 1 109UUOII ,o9U71+01 

AU& ,naa7uo• ,IUJJI+OJ .uou••os ,1111411+011 .ooto&e+OI 

all' ,uao•••o• • 1nsott01 olltG78tO'J ,JhUi+OII o5001U+OI 

oCT ,uouuo9 ,IIJUI+OJ oJJOlST+OI ,Je54S5tOII olliiiiO+OI 

NOV ,JJOIIITtOII .•suoa•oz ol9JlZ7+05 ,uoteT+oll oliU09+01 

DIC ,SU .. Jt09 ,IOOJOS+OI ,IIZUii+OI ,l17411l+D4 oll0i51+01 

I 

'" 

BUILDING ILECTRIC/THERMAL LOADI . ........••.•.........•.............•.•. 
ELECTRIC ELECTRIC JMERMAI. 
DEMAND C:ONIUMPTIUN ICEWuJM[MINTI 
(KII) (KIIM) (BTU) 

oiUOJ~+OJ 0 IIUIOJ+05 o498U5t09 

,100~01+01 ,11051159+05 ,J9!il81t09 

ollO'JOII+Oi ,i1JII5f+O! oiOUZi+09 

,l018111t01 • J!ii9195+0! .aeeiiOet09 

oiUIIl+OI ,)9011117+05 olll&li+09 

,11980~+01 ~111911+05 ollllel+OI 

ol9i11Sit01 ,5111119+0! .aeun+oa 

ol71710+01 .1111111+05 oiUIU+OI 

oi1JIUUJ .·uo7ao+as ... ,., .. , . 
.a 111111+01 ,Je1JOit05 oiS090i+09 

,9SUOI+Oi ,111011141+05 ol79111t09 

olOOJOitOJ .IS009e+OS o4SIJS.+D9 

·················································································································-·· 
TOTAL . ,111.99+10 ,190151+01 oiiiJU .. oe .uauuos olliUIJtD9 ot9iiiii+OJ ,SiUIII+Oe oi1UOi+IO 

* ELEC:TRIC ~NERWY DIIPLACEO • CTUTAL BUILDING EI.ECTICIC CONIUM,TlON PUMCH&IED ELEtTMICITY) 

** THERMAL ENERGY DIIPLAC£0 • (TOTAL BUILDIN~ T~ERMAL REQUIRfME~TI • BOILER OUTPUTJ 

~ -...... 00 
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00 ...... 
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(I> PHUTOYOL TA IC C!LL SYSTEM 3JMULAT1UI'j PROiiRAM 
-1 CHICAGO,JLLJI'jUJS LA TJ TIIUE Ol,fl7111 • COLLH T UA TtLT 111,117 UEGREES 

-1 SOLAR COLL!CTOA AP!ATUA! AAE& • 
)887, "'·''· 

c 

-1 
IIAT!A COOLED PHOTOYOLTAIC CELL IYIT!M 

m (1) UJ (J) (U (!) (fl) (7) (I) ,., (10) 
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:I: utc 0 17i!13l•oa ,l'l]llo;5+0II .25JOIIJ+OG 1 ZIOi!llll+ll9 ,oooooo .oooooo ,5911125+01 ,'17lJO'I+Ol ,1!175111+04 ,I Oi!fii+Oe 

z ·····--·-·-·····------------------------······-----------------------------·--------------------····-·-----····················· IUT&L ,'17J902+oo; 1 bJbOII'it Q'l ,5H719+0'S ,1199377+0'l ,oooooo ,11305911+08 ,801>711&+01 • as2o11•o2 olU9119+00 0 ZOU41+0J 
0 

PURCIIASED ELECTRICITY RP"•RAII • ,2e,'le+OII IC•H ELEC,UTIL,•(~LEC,LD,I(TOTAL PVC ELEC,UUTPUT))*lOO, 
r-

PUN(HASEO ELECTRICITY RA~•8PII • 
0 

0 ])R8t011 ICifH THEN~~UTJL,•(THEAH 1 LD,IlTOTAL PVC THf.HMAL UUTPUT)l*IOO, 
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IIHUTOVUL hiC CELL SYSTEM 81MULA1l0~ P~OGHAM 

DALLAl, TlXAI• CDLL~CTOR TlLT EWUALS NO~TH LAllTUUE 1~ DEGHfE8 

IULAR COLLECTOR APEIITUIIE ARU • aoo7. :tw.rr. 

WATfll COOLED PHOTOVOLTAIC CtLL SYSTEM 

PU~CHUEO ENERGY 8Ylt1EM ENE~GY DISPLACEMENT 8UlLDlNG EllCTNIC/THf~MAL LUA08 

···-···································· ············-~----·-··--·· ··································-····· 
'U!L ELECTRIC ELECT~lt !:LECTRJC • THtii"AL u ELECTIIJC El(CTNIC THtiiMll 
CONIU"PTlUN OEMANO CONliUI'IPlJUN OISPLACEMENT DIIIPLACEI'IENT DEMAND CONSUMPllUN HEI.IUlHEMENII 

MONTH (BTU) (KW) (II liN) (111111) (BTU) (KII) (IIIItH) (lllU) 

JAN 0 l11Jl 79tU9 0 98505i+Ol ololll0+\15 0 o9)l90+04 o57H55+U8 o98i01lt0j! 0 4)0!1419+05 oi!OJ879+U9 

HB .unu+o'l 0 lU0890tOl oll5lll11+05 .o75llll+o4 0 590149+08 ol001t90+0J 0 )lli!OIIi!+n ol5J990+09 

MAR 0 l841150tOCI .l11489lt0l 0 i!'U! Oi!o+ U!t oll Ol'li!+O!i 0 lUoiiJ+O¥ 0 l45111J+OJ 0 4080lii+U!t oJliiiiJ'I+U'il 

APR ol50iiJto7 .a7oni!+ul ol5811li!+05 0 95]?7o+OII • 77&711].+08 ~l9iolo+OJ 0 4SIIil0+05 oY9U7o0+08 

MAY .oooooo 0 l05SoO+OJ oll917h+05 ol0775ho5 .au79lii+U8 ol7JliO+UJ 0 o00IIIJ0+05 o8079i!II+OI 

JUN .oooooo 0 l97UU+0J 0 0 Ui!112U!t 0 lOo10lt05 .o07115l+08 .iu587J+OJ .1l11111!t+05 .oo711!il+llll 

JUL .uooooo .i!l57lllt0J 0 o8?7119+05 ol055llto5 0 0i!77UO+U8 .lJOlSotOJ 0 79JliiU+U!i .oi!77ou+oe 

AUG 0 0011000 0 i!OJlo8tOJ 0 70J74J+II5 0 lOUUi+05 0 bi!71UO+U8 0 i!OIIIIlJ+OJ .101191111+05 ooi! 17011+08 

SEP .oouoou 0 lllllll!iii+Ol 0 !tJIIolS+I>S ol0li!OII+U5 .ou7115l+U8 olll111i!HOJ .oJoll¥9+us oo07115l+08 

OCT .aooiiiii+OII 0 lOOJ7II+Ol ... 19757+05 o8511U7+0II • ?li!llotua oloiiJ!iiJtOl .su5!tlll+05 oBl /791+011 

NOY .toi!97¥+u9 olii711 1H+Ol ol99llo+u!i .soi!lii!I+OII o570U'III+OII olii87J7+0J 0 4550llt05 olJ'IJ9J+U9 

DEC .zoouatto¥ 0 tJIIo88tOl oHl711e.+o5 o!IOUlii+OII ollltJ95i+llll oll81181t+O) 0 lli!llllO+O!i oliJit7oO+II9 

·········································-··················-··-----------·········································· TOTAL .~JS518tQ9 0 ll57tii+Ol 0 !i51708+0o 0 1058115+00 0 80Q~)o+U9 oll015o+OJ .~11155)+00 olllJll+lO 

* tLECTRIC EN~N-Y OliPLACEO • ITUTAL ijUllU4N6 ELEtTNlt 'ONSUMPTlllN • ~UMCHASEU tlECTNlCITY) 
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-1 PHUTOYOLTAIC CELL ~YSIEM SI"ULATtU~ PPOGHAM 

DALLAS, T!liU • COLLE,TUR TILT [QUAL8 NORTH LAIITUDE IN DEGifEES 
-1 

c IIULAR COLLI!CTOP APERTURE ARE& • 111107, SQ,,T, 

-1 

m WATER COOLED P~OTOvnLT&JC CELL SYSTEM 

(l) (2) (J) (0) (5) (II} (?) (II) ,,, (l0) 

O,C, ELECT, THEitHAL ELEC, LOAD 'UEL TU ELECTRICITY THERMAL PEHCENT PERCENT ELECTMIC TH(HMAL 
OUTPUT OUTPUT O' MET IIY MEET IIIASTEO (NEAlY ELEC 0 LOAD THEN HAL UTILIZATION UTILIZATION 
'ROM P,Y, P 0 V0 &HRAY SULAR THEHIIAL WASTED HE I IIY LUAD MET 

0 ARAH AFHR LOAU SOLAR 8Y loUTE 
LOSSES HlAl 

"'TI MQ!<jfH (ICoiH) (It TO) (kWH) (IITU) [ICIIIH) (BTU) (PCT) (PC T) (PCT) IPCTJ 
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JUIII ,ttost9+os · ,lJII579t09 ,101150]+0'5 ,oooooo ,000000 , 77"PP28+08 ol08t79+02 • 1 OOOOOtOl ,U085hOJ ,oJIIUl+OI 

-1 
JUL , t I Ja7II+05 ,tJ77oho9 ·' 05'5]1.05 ,oooooo ,oooooo 0 75tJU+OII ,tJJ03t+02 ,100000+01 ,11170J+OJ ,455157+01 

m AUQ olOIIIIt9+o5 ,101927+.09 oiOU02+0'5 .oooooo .oooooo o 795UU+OII oU57Z5+02 ,100000+0] • 795]111)+0) ·••1191+01 
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0 or:c ,5411JZ9+oo ,JIIfllf5S.oe ,50JUII+OII .zooollt•o• ,oooooo .oooooo ollll6'511+02 ,t9116IIII+Oi olllli!ZI .. OJ 1 '5UUZ+Ol 

r ··········-··························--------·-···············-·-····---·-············--········································ TUT&L 0 Jlll790+06 
0 

,127 l'5J+t 0 ,t0511115+0fl ,&)55811+11' ,oooooo ,11.11865+0'1 oi5'1CIIf5+02 ,fll2780+02 ofiZIIO]l+O] olOJI09+0J 

PURCHASED ELf.CTRICJTV IIPII•II&'I • ,26117+0& II_.H EL!C,UTIL,•IELEC,LD,/(TOTAL PVC ELEc.uuTPUTJJ•too, 
G'l 00 

PUNCHAIIED.ELECTRICTTY IUII•IIPM • ,;'.870+0fl IIIIH THERM~UTILo•ITHEAMoLD,/(TOTAL PVC TME~M~L OUTPUT))ei00 0 
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PHUTUVOLTAlC CELL SYSTEM SlMULATJUN PRO~NAM 

DALLAl, TE.AS • COLLECTOR T&LT £QUAL8 NOHTH LATlTUUE IN DE~NtES 

IULAR COLLECTOR APERTURE AREA • U91l 1 IW 1,T 1 

••TEA COOL!D PHOTOVOLTAlC C~LL SYSTEM 

PUNCHA8EO ENERGY SYSTtM ENtR'Y 018PLACEMENT HUILOING ELECTNltiTHtNMAL L0A08 

·····························-·········· •...•........•..•...•...•• ···················-···················· 
'uEL ELfCTRlC t.LECTRlt EL£tTNlC * THtRMAL u ELECTRIC Elt:C T R It THt.AMAL 
CONIUMPT lUN Ot.MANO CONSUMPTliJN uUPLACEMENT OUPLACEMENT Ot.MANO CON8UMPT1UN ICtWUlMEMtNTI 

MONTH (BTU) (KM) (KIIH) (KIIH) (BTU) (KW) (KMH) UITU) 

JAil ,11171110+09 I 98505ltOZ 1 Jz91H9+U!t 11 OOo50tO'!t 18eoooeo•+ll8 ,98i~5l+Ol 1 11JO!iZ9tOS oZU879t09 

,£8 ,9UIUO+OII ,100890+03 1il!84119otU5 0 911lll!ihOII ,eoeos&••o• ,IOOII9U+OJ • JIIZ011l+05 oi5~9'JO+ U9 

MAR .oouooo 1 11111110 It OJ oiiii8JII9+U5 0 IO(Ijl.i9+05 oll811l9+09 olll!i&JJ+OJ ,11081118+05 olliiii:S9+09 

APR .·oooooo .a•noa+o:s lli119S8t05 ,U9z7Z+os • no 7too+08 .19itto811+0J ,41511ZI0+05 • 7907110+08 

MAY .oooooo 0 llllllltii+OJ 1IIIIO:SOIIt05 .aouallll+o5 18079ZII+08 oi7JZIIII+O:S ,IIOOII9u+o5 o8079lii+U8 

JUN .oooooo ol91179l+o:S ,559JJII+05 ~a5911o9+o5 III07415&+U8 .zossn•o:s • 71117115+05 • 110 71151 +08 

JUL ,oooooo ,itU1191+o:s 10JIOII I +OS 1 &58U9+o5 oiiZT70o+OII .z:soasuo:s ,79Ji18o+os olli!770U+OII 

AUG .oooouo 1ZOZ928+QJ 1toSU'III+05 ,&!ii'P!Iu+os olli710Q+OII oi!OII1117+U:S 0 80IIYIIII+05 olli7700+UII 

IEP .oooouo ,1829119+01 1 11841141~115 ,&5ill5to+Q5 III07115t+OII oi8YIIll+OJ ,11]111199+05 oiiU71151+011 

OCT 1 189i!II7+Q7 ,15U8ii+Ol ,J795111+0!1 1 lii11QI0+05 1 8Qi!05l+U8 o UIIIJ59+UJ ,su55'11+u!t o8177YI+U8 

NOV • 71111:S 711'+011 111171191+01 ll7lii70+U5 1 11l711Uii+OII ,791111i!9+08 oiiii7]7+0] 1 11'!t!iOII+05 ~UYJ9]+U9 

DEC ,175791+0¥ ,11811811+0] ll50:S09+U5 1 7l1SU8+041 1 511UIUU8 oi:S8tiiiii+U] ollilllli!O+O!i •19117110+09 

·····························-·······················-··········--·········-·······················-················ TOTAL ,119llllo+o9 olll491+0l o50UhtOo ,&511it711+Qfl ,9iOI94+09 • ii!lU lh+ U:S 

e ELECTRIC ENEN~Y Dl¥PLACED • tTUTA~ 8UlLOlN~ ELECTHIC LUN8UMPT10N • PUktHA&tU ELECTHICITY) 

·ee THERMAL ENENiY OIIPLACED • (TUTAL IIUlLDIN~ J~t~MAL HtWuiREME~T8 • 801Lt.H OUTPUT) 

,llo&5Sl+OII otJUll+&o 
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00 
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00 
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.p. -...... z 00 

"' PMUTOVOL T A H tELL SYSTE~ SJMULATIU~ PROGRAM 
-1 

DALLAS, TExAS • COLLEtTUR TILT [DUALS a,oiiTH LAT JTUOE IN OEGNEES 

-1 SOLAR COLLECTOR APERTUitt. AREA • 129tlo SII 0 FT, 
c 
-1 IIAT(R COOLED PMUTOVOLTAlt CELL SYSTEM 

m (I) (Z) (]) (0) ('5) (It) (7) (II) (9) tlO) 

O,C, ELEtT, THI[ItHAL ELEC, LUAO FUEL TO (L(CTRltl TY THERMAL II'ERCENT Pt.ACI[NT (L(C:TRJC THI[HMAI. 
OUTPUT OUTI'UT OF NET 8Y IIEET liAS TEO ENERGY ELECo LOAO THI[NHAL UTILIZATION UTJL IZAT JON 
FilUM P,V, P0 V0 ANRAY SOL' All THENN&I. WAIITEO NET BY LUAU H(T 
ARRAY A' TEN I.OAO IOLAR BY WASTE 

0 LOIISES Hf.AT 
I'IONTH (KIIH) (BTU) (ICIIH) ( ltTU) (KWH) UTU) (PCT) (PCT) (PC T) (PCT) , 
JAN ,I U'P,.I+o'1 1 8fiOO'PO.OI ,IOOU0+05 1 1111)110+09 ,oooooo .oooooo ,l)l?BJ+OZ ,11118'5I+Ol 0 11Zl90h0l 1 ill10'50+0l 

FEB ,110Jll+0'1 ,9l95Jh08 o98111'5e+all o9l~t?lQ+OII ,oooooo ,?'1l07Z+O? .l5~t49'1+0Z ,'5UTCI7+0l .le!lqlll+ OJ •• ., ... , •• OJ 
t::l 

G) I MAR ,t8J'PIJ+0'1 ·•'"o••o' ,t•oll9+0I 
N 

,ooeooo ,oooooo ,•tOIZO+OII ,J9Zt211+0Z ,1000110+0] ,i!5I07CI+Ol ,•?79'54+0il 

> 
• .p. 

APR ,t5721l+ll'l ,t70I115t09 ·,1)9272+05 .oooooo .oooooo ,9111115+08 .~Uf>f>L'!I+OZ ,100000+0] • UZ5'5h0l .••••te.oz 

"' "'Ay ,t7D511'P+o'!l ,zusH•o' olf>OIIICI+o'5 .oooooo .oooooo ollo95'5+09 oZU1'5&+o2 olOOOOO+Ol ol7l9i!O+OJ , J8t5'51+oz 

.I UN oi'PU!I .. o'l 1 207817+09 ol59II09+0I ,oooooo ,oooooo 1 1117592+09 o2U'PII8+0Z ,tooooo•ol oCI'107CII+OJ ,nssu•oz 

JUL •• 70llh0'5 .10.5'19+09 .l5-'h9+0'5 ,oooooo .oooooo ,111111'12+09 ,U9o'P!I+Oi! ,100000+0] o'501Jl•+O) oJO]JtO+Oil 

-1 AUG olU2J5ttl'5 ,IUII99+09 ol!lt'P'50t0'5 .oooooo .oooooo ••• , •• .,.o. ot88SIJtOi! oiOOOOO+Ol o'5JoOJZ.OJ ,Z'!II7••oz 

m SEP ·••111175+o!l oiZ!!I9ho9 ol'1!11'5•+ol .ooaooo .oooooo ·••oolle+oll ,!JIIJ7J+oz .tooooo•ol .opoz7+0J oii'PCISU+ol 

() OC:T ol ao t11CI+o'5 oi.CIOII .. oll oiZIIOI o+ol ol89i!II7+07 ,oooooo ,81117tii+Q8 .znzn•oz ,98(11117+02 oJIIUJ•+oJ ,119111211+01 

:I: NOV ,IIIZH]+Oo ,711 •• 11+08 ,ezuoz+Oo ,Taos?o+Oe .oooooo ,tz15aJ+Oe ,11111>0]+02 o57i!TIIl+Oz o507ft7)+0) 1 l!ll5III+OJ 

z oe:c: 
0 11lf>'52'5tOII 0 !llloll!l!ltOI ,1)15011+011 ,1757118+09 ,oooooo ,oooooo ,t7J89Z+Oi! ,i!9ZOU+02 ,'!JTI'PCI .. OJ 1 UtUhO~ 

0 ········-·-·-···························--············································------·-····-·-·-·····················-··· TOTAL ,11Zl07+06 0 l91U].+l0 • l5fli78+01t ,a911QO+O'l ,oooooo ,9110lo&+09 ol:Jf>i28+02 ,70071'1(1+02 ,ozto~t?+OJ 0 U7JU+Oi r 

0 
PUNCHAIII!:n !l.fCTRJCITY IIPM•~AIO • ,<'ft'PO+Ofl I(IIH fLft,UliL,•I£LEC,LD,/fTUTAL PVC ~LEC.UUTPUT))•IOO, 

G) PURCHASEn ELECTRICITY 8AM•IIPM • ,i!JitZ+Oft K"'M THENM~UTILo•(THERHoi,.Do/(TOTAL PVC THERMAL UUTPUT))*IOO, CX:· 
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PHUTOVOLTAIC CELL ~Y3TEH IJMULATlOH PROGICAM 

DALLAl, TEXAS • COLLECTOR TILT EQUALS NORTH LATJTUUE IN DEijHE~3 

IULAR COLLECTOH APERTURE AREA • 17i!lllo au,,,, 

NATER COOLED PHOTOVOLTAlC C'LL 8YSTEM 

PUHCHUED ENERGY SYSTEM tNERGY DISPLACEMENT HUILDlNG ELlCTNlCITHERHAL LOADS ..•...•.•............................... . .•.••..••..•.......•...•. ···················-···········-········ 
'UEL ELECTRIC ELECTRIC ELECTHJC • THtR .. AL ** ELt:CTHIC ELECTIIlC THERMAL 
CONSUMPTlUN DEMAND CONSUMPTlUN I)JSPLACt:MENT DUPL.ACEHf.NT DEMAND CONSUMPTION ICf.loiUlNEMENU 

MONTH (BTU) (KII) (KIIH) (KIIIH) (RTll) (I( II) (KIIH) hiTU) 

JAN ,lti9IO+O'i 0 CIII505ii+Oi! oi!CIC1Citt8+115 ,UO!ilti+OS ,j llilSltOCI ,CI850501+Uil 1 11lU5ZII+05 o2U.t87Cit0CI 

'EB ,UttttOZ+OCI 0 I008CIO+OJ oii5~0U2+05 ,li!7ttiiU+U5 1 CI!o857ltOS oiOUIICIII+Ol ,l8Zttllii+O!il oi5JII9U+UCI 

liAR ,000000 0 I1Uii!Sit+O) oiiiOOlOo+05 0 ZOIIJIII+05 ,UBIIlCitOCI oiii'SIIUtOJ ,II081t 111+05 oli!lllll9+UCI 

APR ,004!000 ,lettll211+0l oi1Utt118+05 ,lCIIIU+o5 o79071tOt08 ,1Ciillt811+0l ,IISIIilO+O'S ,JCI071t0+08 

NAY ,000000 ,IUUJ+O:S ,no I 'It~+ us ,iiiOll'lltUS 0 807Ciiii+U8 1 1 Uilltt+Ul 1 IIOOIICI0+05 oS079iii+OII 

JUN ,oooooo ,IU17J+Ol 1 501ttiii+OS ,Ul&lll+05 ,1107115&+08 oiOSII?ltOJ • 7187115+05 oll071151+08 

JUL ,oooouo ,iil27i!+Ol ,511)&77+05 ,ZIOI~ho5 0 lli:1700t08 • no stuu ,79li80t05 oltii!1700+01 

AUG ,000000 ,i!Oii!ttShO:S 1 1t0lttll+US ,iOUi!ltO'S 1 11i!17UOt08 ,ii!OIIIIlf+Ol ,8011111111+05 ollii!HOO+OII 

S!P ,000000 ,llllii8'S+Ol 1 11)6CIIIS+05 ,ICICI9SII+os ,110711.'5-1+08 ,U711iiJ+OJ ,UIIIICI\1+05 oll071151+011 

OCT ,000000 0 15UCIO+Ol .~4111ii!tt+Dll ,111111115+05 ,8177'ilt011 ,IIIIIJSCI+UI ,505591+05 olll179l+OII 
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Energy Analysis (Low-Temperature System) 

To analyze the energy performance of a conceptual design we have defined 

the relevant variables in Subsection 3.1.1. In this Appendix we will express 

fuel consumed, purchased power, charge/discharge rates, etc., in terms of vari­

ables that are design-selected or that have been predetermined. Figures E-1 

and E-2 summarize the computations applicable to the low-temperature STES Con­

ceptual Design~ 

We have first computed the flow rates, MXl and MXz• through the heat ex­

changers, which depend upon generator and thermal loads, respectively. The 

specified temperatures TXl and TX2 are maintained by modulating valves E and 

F (Figure 22). Computations of other variables are carried out depending upon 

the operating conditons specified in Figures E-1 and E-2. 

The model computes the temperatures Tel and Tc
2

. The temperature Ts 2 at 

the cold side of the stratified storage tank may be slightly different from T
2 

but will have values ranging between TXl and TX2 . 

There are two conditions which have to be distinguished. These are -

• Condition 1 

• 

This condition exists when oular energy is supplemented entirely by 
fossil fuel for electrical power generation. Under this condition 
no power is to be purchased from the utilities in normal operations. 
Figure E-1 computes the fuel consumed each hour for this condiLion. 
(Refer to Section 3.1.1 for the definition of variables used in this 
chart.) This is the "stand-alone" system configuration. 

Condition 2 

This condition exists when solar energy is to be supplemented by pur­
chased power whenever Mode 4 operates. The turbine system will be shut 
off in this mode. It will not be turned on, even if resumption of Modes 
2 or 3 occurs with the generator off (E = 0), until storage lev~l is 
sufficiently above zero. Figure E-2 indicates the simulation of this 
operational schedule. It can be seen that there is an iterative pro­
cedure to simulate the system properly. This is the "purchased power" 
system configuration. 

Performance Analysis (Symbols are defined in Subsection 3.1.1.) 

Figure E-3 shows the schematic diagram of the low-temperature ORC. The 

deslgn supply temperature to the turbine is set at 250°F. This figure shows 

the temperature at the cycle points under design conditions. The temperatures 

E-3 
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were selected based on the analysis of the ORC performance and the vaporizer 

performance with vary ing inlet temperature. Two disadvantages are inherent in 

raising the turbine supply temperature: 

• The heat exchanger area required will be larger. 

• The inlet temperature to the collector will be higher, lowering 
collector efficiency. 

E-6 
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There is no advantage in raising the turbine supply temperature significantly 

beyond saturation other than a very slight improvement· in efficiency. For 

example, at a vaporizer pressure of 15 psia, raising the turbine supply tem­

perature from 250°F to 275°F increases the gross efficiency from 0.129 to 0.133 

(a 3% improvement). 

Heat exchanger studies have shown that for a shell and tube heat exchanger 

with two shell passes, Therminol 66 as the hot fluid, and toluene as the cold 

fluid, the effectiveness should not be increased above 0.70. For the conditions 

indicated, the effectiveness turns out to be 0.68. Therefore, we believe that 

the design cycle points indicated are proper in that they avoid excessive heat 

exchanger area without penalizing the ORC efficiency. 

As the load drops from the design value, the turbine supply temperature 

rises and the cycle points temperatures change. Consequently, in general, the 

efficiency will change with the load. However, for simplicity in modeling the 

performance of the low-temperature ORC conceptual design, a constant heat en­

gine efficiency of 10% has been assumed. 

Energy Analysis (High Temoerature System) 

The computer analysis of the performance of the 600°F system was based on 

the relations shown in the next two figures. The "purchased power" system 

operation is simulated in Figure E-4, and the operation of the "stand-alone" 

design is simulated in Figure E-5. 

If the capacity of LTS is below its maximum but not near empty (Figure E-6), 

or if it is near empty but the total thermal load is less than the heat rejected 

at the condenser (Ht. ~ 1'. 34 7 BE) (Figure E-7) , LTS will be charged and the ther­

mal loads will be met without burning fossil fuel (left column in the middle 

of Figure E-4). If LTS is near empty and the total thermal load exceeds the 

heat rejected at the condenser (Figure E-8), supplementary heat will be provided 

by the auxiliary heater to meet the thermal loads and electric power will be 

generated to meet the electric demand (center column in the middle of Figure 

E-4). If LTS is full, energy will be discharged from storage and the thermal 

loads will be satisfied without supplementary heat (Figure E-9). 

Each of the three thermal circuits (space heating, absorption chiller, 

water heating) utilize primary/secondary pumping (Figure E-10) whereby· the 

II secondary supply temperatures and the secondary and primary flow rates remain 
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Figure E-4. HIGH-TEMPERATURE STES CONCEPTUAL DESIGN- WITH PURCHASED POWER 
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constant while the primary supply and return temperatures vary with the load. 
' A temperature control valve maintains a constant temperature for the supply 

water in the secondary circuit as prescribed by the service requirements. The 

secondary circuit pump maintains a constant flow rate for the water entering 

the service equipment. The flow rate and temperature cont·rol in the secondary 

loop is independent of flow conditions in the primary loop. The value of M , 
X 

as shown in Figure E-10, varies with the load in order to maintain the constant 

supply temperature in the secondary loop. However, the flow rate M of the 
s 

water from the primary supply does not vary with the load. The effect of a 

load variation is to increase the return temperature above the design value as 

the load drops from its maximum value. 

The control of the primary cycle operation in the high-temperature ORC 

design is different from that of the low-temperature ORC design in that the 

value of TXl is no longer constant. Here, we keep the turbine supply tempera­

ture constant at 550°F. The value of TXl (see Table 44 ) varies not only with 

the loads but also with the condenser pressure, as discussed in Section 4.7. 

ORC Performance 

Figures E-11, E-12, and E-13 give heat input, heat rejection, and toluene 

mass flow, respectively, as a function of the condenser pressure (temperature) 

and the shaft horsepower.* The regenerator effectiveness is 0.90 for these data. 

These curves, together with an equation based upon the turbine inlet conditions, 

can also be used to determine the toluene temperature at the vaporizer inlet; 

Design data have been determined for an ORC with the following design 

point conditions. 

Rating: 
Condenser Temperature: 
Working Fluid: 
Heat Source: 

100 kWe 
200°F 
Toluene 
Therminol 66 at 600°F 

Design Conditions -

* Q = heat. 

Turbine Inlet: 
Qin: 
Qrej: 
mtoluene: 
Tvaporizer: 

SHP = shaft horsepower. 
P d = condenser pre~sure. con 

I N S T I ·T U T E 0 F 

200 psia, 550°F 
2.37 X 106 Btu/hr 
1.91 X 106 Btu/hr 
11,350 lb m/hr 
370°F 
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PRIMARY SECONDARY 

\ 
TEMPERATURE 
CONTROL (3-way 
valve) 

Figure E-10. PRIMARY/SECONDARY PUMPING 

The following parasitics were assumed in the design case: 

n Gearbox: 
n Generator: 
Solar Parasitics: 
PCS Parasitics: 

0.96 
0.90 
7% of heat engine output 
6.36 kW 

Figures E-11, E-12, and E-13 provide data for this design over a range of 

40 kWe to 100 kWe. Condenser temperatures of 110°, 160°, 200°, and 220°F cor­

respond to the dimensionless pressures of 0.153, 0.470, 1.0, and 1.407, res­

pectively. For these turbine inlet conditions, the vaporizer inlet temperature 

of the toluene can be determined for off-design operation by the following 

equation. 

T = 460.0- (Q. /m 
1 

- 157)/0.575 1n to uene 

Summary of ORC-Based Conceptual Design Characteristics 

Table E-1 summarizes the sizes and performance characteristics of com­

ponents (except collectors) used in the low- and high-temperature ORC STES 

conceptual designs. 
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Figure E-13. TOLUENE MASS FLOW 
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Table E-1. SUMMARY OF ORC STES TECHNICAL CHARACTERISTICS. 

Component 

Pipe field 

ORC System 

Absorption Chiller 

Low-Temperature 
Storage 

High-Temperature 
Storage 

Size 

Not applicable 

100 kW net output 

100 tons 

4 X 106 Btu 

5 to 12 X 106 Btu 

* Single-Family Detached. 

Definition 

* SFD - 0. 72 
Townhou$e , 

Performance 

heat delivered from 
collectors to storage/ 
collected solar energy 

@ 600°F, 0.85 @ 300°F 
Low-Rise - 0.94 @ 600°F, 

0.98 @ 300°F 

Overall efficiency 

net kW output (to site) 
thermal energy input (to heat exchanger 

Average = 15.8% 
Range = 11. 3% to 18 .1% 

High-temperature 

COP = 0.6 

Negligible loss for high-temperature 
system. For low-temperature system, 
loss rate model comparable to that 
for high-temperature storage. 

c 
- -----=m:=a:..:;x:__ __ ) 2/3 

Loss = Qi = 0.21 ( CplLl (600 - Ts2) 

C'. 1 . 
[(600- T ) 1

- ,J + (Ts
2 

- 70)] 
s2 C 

max 

Negligible when full. 

Determination of Electrical Loads - Thermal Systems 

In the energy requirements effort, we calculated the base electrical loads 

in kilowatts on an hourly basis. We also calculated the direct process loads 

(cooking loads) in Btu/hr on an hourly basis. The total electrical loads in 

kW, on an hourly basis, are larger than the sum of the base electrical load 

and the kW equivalent of the direct process loads. In this section, we iden­

tify the loads that sum up to the total electrical loads. We also evaluate 

these loads and determine the total loads for a11 the structures in the vari-

ous regions. 
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Calculations 

The total electrical load in kW is composed of the following: 

• Base electrical load (kW) 

• Cooking load (kl.J; converted to kW from Btu/hr) 

• Clothes dryer loads (kW) 

• HVAC auxiliary loads: 

1. Absorption chiller 
2. Cooling tower 
3. Hot water and chilled water pumps 
4. Corridor supply and exhaust fans 
5. Fan coil units. 

• Base Electrical Load. The base electrical load has been calculated as 
part of Energy Requirements. It is given on an hourly basis as: 

Base electrical load = L (t .. ) (kW) [From Energy Requirements tape] 
-base ~J 

• Cooking Load. The cooking load is also given in the Energy Requirements 
output on an hourly basis. The units are given in Btu/hr; therefore, we 
must convert the output from Btu/hr to kW by using a multiplication fac­
tor as follows: 

Cooking electrical load [0.000293 L k(t .. )](kW) [From·Energy Require-
coo l.J . ments tape] 

• Clothes Dryer Loads. The dryer load should be added and it is expressed 
as follows: 

Dryer load= 0.2 Lb (t .. ) 
ase l.J 

Note that the dryer load is 20% of the base electrical load and, for 
simplicity, it has been assumed to have the· same profile. 

• HVAC Auxiliary Loads. 

1. Absorption Chiller: The electrical consumption by the absorption 
chiller depends upon the number of cooling hours and on the design 
tons. The cooling load on an hourly basis is expressed by 

Cooling load= ha (tij) [From Energy Requirements tape] 

Consult Table E-i to find what to add to take care of the chiller 
load parasitics. 
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Table E-2. ABSORPTION CHILLER LOAD (Auxiliary) 

Single-Family 0.3 kW/dwelling unit ha (tij) > 0 

0.0 kW/dwelling unit ha (tij) 0 

Townhouse 0.3 kW/dwelling unit ha (tij) > 0 

0.0 kW/dwelling unit ha ( tij) 0 

Low-Rise 6 kW/total ha (tij) > 0 

0 kW/total ha ( tij) 0 

High-Rise 30 kW/total ha (tij) > 0 

0 kW/total ha (t .. ) = 0 
1] 

2. Cooling Tower: The cooling tower load is a function of the cooling 
load and is expressed by -

Cooling tower load: 0.05 kW/tons output 

Cooling tower load = 0.05 * ton output (kW) 

Since ha(tij) is given in Btu/hr, the cooling tower auxiliary 
electrical load is given by -

0.05 ha (t .. ) 
Cooling tower load 1 J kW 

12,000 

3. Hot Water and Chilled Water Pumps: These are continuous loads and 
are expressed by -

Single-Family: 
Townhouse: 
Low-Rise: 
High-Rise: 

0. 2 kW cont. 
0.2 kW cont. 
3.1 kW cont. 

18.0 kW cont. 

4. Corridor Supply and Exhaust Fans: This is only applicable to the 
high-rise building. This load is expressed by -

Corridor fans: 15 kW 

5. Fan Coil Units: The auxiliary loads due to the fan coil units are 
functions of the outside temperature and are given in Table E-3. 
Therefore, knowing the ambient temperature, one can find the 
auxiliary electrical load of the fan coil units using Table E-3. 
This load is indicated by -

Lfan coil (tij) 

6. Total Electrical Load: [E' (t .. )] (All in kW) 
1] 
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Table E-3. FAN. COIL UNITS AUXILIARY LOADS 

* Temperature, Single-Family 
o_F 

0 ~ 0.44 

8 0.41 

16 0. 36 . 

24 0.31 

32 0.23 

40 0.20 

48 0.18 

56 0.15 

64 0.13 

72 0.08 

80 0.20 

88 0.32 

96 0.41 

104 0.44 

* 

Townhouse 
kW 

0.44 

0.41: 

0.36 

0.31 

0.23 

0.20 

0.18 

0.15 

0.13 

0.08 

0.20 

0.32 

0.41 

0.44 

Low-Rise 

8.0 

7.4 

6.5 

5.6 

4.1 

3.6 

3.2 

2.7 

2.3 

1.4 

3.6 

5.8 

7.4 

7.9 

High-Rise 

59 

55 

49 

42 

31 

27 

24 

20 

18 

11 

27 

43 

55 

59 

From weather tape. 

• ha(ti.)>O · --J-

E' (tij) 

Single-Family-Detached arid Townhouse 

~ase(tij) + 0 •00293Lco.oking(tij) + 0 • 2~ase(tij) 

+ 0.3 + 0.05ha(ti.) + 0.2 + Lf il(ti.) . 1:.J.. an-co J 
12,000 

1.2L (t .. ) + 0.000293L ki (t .. ) + 0.5 + 0.05ha(t .. ) oase l.J coo ng l.J l.J 

• ha(ti.) = 0 --J-

+ Lf .l(t .. ) an-col. l.J 

12,000 

E'(tiJ.) = 1.2L (ti.) + 0.00293L ki (ti.) + 0.2 + Lf . 1 (ti.) oase J coo ng J an-col. J 
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1ow.-Ris.e. Apartment 

· ha(t. j ).>O. 
~.-

E'(ti.) = 1.2L. . (ti.). + 0 .. 00.02931 ki (t .. ) + 9..1 + 0..05ha(i
1 
.. j. X 

J oase J coo ng l.J . 
12,00.0: . 

+ 1 £ i.1 ( ti . ) an-co J 

• ha(tij) = 0 

E' ( tij) = 1. 2Ioase ( tij) + 0. 00029 31cooking ( tij) = 3.1 + 1f · . 1 ( t .. ) an-col. l.J 

High-Rise Apartment 

1.2L. (tij) = 0.0002931 ki (t1 .) + 48 + 15 + 0.05ha(t1 .) 
~ase coo ng J J 

12,000 

+ 1 £ i1(ti.) an-co J 
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