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PREFACE

This is.the final report of the Institute of Gas Technology (IGT) on
"Application Analysis of 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:

o Volume I. " Executive Summary
. Volume II. Energy Requirements
° 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

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

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

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

[ ] 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.

.® AT MAXIMUM COLLECTOR APERTURE AREA, 600°F

DESIGN PROVIDES 507% OF RESIDENTIAL ELEC-
TRICAL LOAD AND MOST OF THERMAL LOAD.
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LIST OF ABBREVIATIONS

Compound parabolic concentrator solar collector

Central receiver (but in the case of the CPC collector, it stands
for concentration ratio)

Evacuated tube solar collector

Orientation of a solar collector such that tracking is around a,
horizontal-axis oriented East-West

Flat plate solar collector
Low-temperature storage

Orientation of a solar collector such that tracking is around a
horizontal-axis oriented North-South :

Organic Rankine Cycle heat engine

Polar-mount orientation (tilt aﬁgle equal to local latitude)

. of a single-axis tracking solar collector

pounds per square inch, absolute
Parabolic trough solar collegﬁor
Photovoltaic

Resource Planning Associates, Inc.
Single-family detached

Solar Linear Array Thermal System
Solar total energy

Solar total energy system
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SUMMARY

A solar tofal energy system (STES) is defined as an energy system designed
to maximize the efficient use of collected’soiar 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 electficity (and/or mechanical work)
ahdrapply 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 preparation
and evaluation of conceptual designs for residential applicatioms, 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-
unit 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 photovoltalc 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 photovoltaic arrays are mounted on flat roofs, tilted to thc oite latitude;
consequently, the largest array areas are 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 photovoltaic ar--
. rays are the preferred energy conversion devices for use in residential STE
systems. Brayton cycle engines require higher temperatures 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 envirommental 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.
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principle and the 300°F ORC system tracks the combined thermal and electrical
loads. Reject heat froﬁ the condenser supplies thermél enérgy 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.electrica].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 éomplex; 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 programdetermines 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 ntilization 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 poten-

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 include the development of low cost central receiver
type collectors that are specifically designed for roof—mounting on residen-
tial buildings and bullding 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.

e . 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 parabolic 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.

I' NS T I TUTE o F G A S TECHNOLOGY
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Figure 1. DIAGRAM OF PROGRAM APPROACH

The installed cost of ground-mounted collectors would have to reflect
the cost of the land, an additional 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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Section 2.
COMPONENTS

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 netﬁorks 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 Colléctors

Two temperature levels were selected as representing the lower and upper
limits of the range for residential total energy systems: 300°F and 600°T.
These temperatures were considered achievable, at reasonable efficiencies, by
intermediate priced collectors fhat 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;
compouqd 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 collgctors 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.

I' NS TITUTE - O F G A S "T ECHNOLOGYY
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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, ndn—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 development; however, they should be available in the near term.
Single-axis parabolic trough collectors are currently available from several
manufacturers (Acurex Corporation, Hexcel Corporation, Solartec Corporation).
Ongoing development efforts promise increaées in optical efficiency and de-
creases in heat losses and costs. Polar-mounted troughs offer advaulages 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 ﬁblar—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 indicate
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 collecﬁor is under continuing development at General Atomic Co. and
is also available from Scientific Atlanta) but suffer drawbacks siﬁilar 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 troughg. 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 1is a very important criterion in component selection.

Solar Linear Array Thermal System. (See Page A-14.)

I' NS T ! TUTE O F G A S TECHNOLUOGY



b

4/78 8987

‘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 résidential STE designs. (See

next section.)

A nuﬁber of areas were pursued to validate our tentative collector choices
and determine collector performance and cost. In the procedure for éelecting
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 éffects
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 asslist 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-
transfer fluid. (The choice 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 number of heliostats in
the collector field is reduced, the flux of energy on the receiver is signifi-
cantly decreased. 1If 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 temperature 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 would 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
concépt is adaptable to groupings of townhouses or th a receiver/heliostat sys-

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 PERFORMANCE COMPARISON OF CENTRAL RECEIVERS AND
PARABOLIC TROUGHS FOR RESIDENTIAL SOLAR TOTAL ENERGY APPLICATIONS

Unit Annual Output/ Collector
. (Total Annual Output), Area Total Annual® Total Anaval® Total Annual®
Dwelling Collector (Btu/sq ft-yr)}/ 24 DU Basis, Collector Cost 1, Collector Cost II, Collector Cost III,
City Tvpe Type (Btu/vr X 107) 8q ft $lyr $/yr . $/yr
Boston Low-Rise ‘PTL — N-S 211,337/173.06 8,189 28,416 18,343 16,951
PT1 — E-W 192,900/141.42 7,331 25,439 16,421 15,175
PT1 —~ P-M 262,615/132.86 5,059 19,325 13,103 12,243
CrL 1180.6456 5,292 17,781 8,203 6,403
Albuquerque Low-Rise PT1l — N-§ 332,630/272.44 8,189 28,416 18,343 16,951
. PT1 — E-W 284,046/242.29 8,530 29,599 29,599 17,657
PTL — P-M 382,313/208.28 5,448 20,811 14,110 13,184
CR /233.64 5,292 17,781 8,203 6,403
‘Chicago Low-Rise PT1 — N-§$ 216,010/176.89 8,189 28,416 18,343 16,951
PT1 — E-W 186,375/139.67 7,494 26,004 16,787 15,513
PT1 — P-M 258,150/133.00 5,152 19,681 . 13,344 12,468
CR /178.57 5,292 ‘17,781 8,203 6,403
Dallas Low-Rise . PT1l — N-§ 255,018/208.83 8,189 28,416 : - 18,343 16,951
. PTL — E-W 211,482/189.70 8,970 31,126 20,093 18,568
PTL — P-M 289,603/165.22 5,705 21,793 14,776 13,806
CR 1192.43 5,292 17,781 8,203 6,403
Common Data for All Cities
Unit Collector Cost 13/
Colleztor (Annual Collector Cost 1) Unit Collector Cast II/ Unit Collector Cost III/
Tyre S/sq ft/(S/sq ft-yr) (Annua) Collector Cost II) (Annual Collector Cost III)
PTL — 8-S 20.13%7(1.67)3 13.00%/(2.24) . 12.00%/(2.07) -
PT1l — E-W 20.13 /(3.47) 13.00 /(2.24) 12.00 /(2.07)
PT1 — P-M 22.13 /(3.82) 15.00 /(2.59) 14.00 /(2.42)
CR 19.504/(3‘36) 19.00 /(1.55) 7.00 /(1.21)
Notes:

1. CR = central receiver.
. Capital cost estimate for trough collector fron IGT-STES scudy.

. Annual collector cost is 15%Z of capital cost. Annual O8M cost is 15% of annual capital cost. O&M cost estimate from Harrigan paper.

W

. Corresponds to estimate from Harrigan paper of installed zost ac $210/m2. Validated by personal communication from A.F. Hildebrandt
estimate of $200/m2.

5. Cost I corresponds to expected collector costs in 1985 time Erame. Cost II corresponds to collector costs in 199C when large-scale production
of collectors begins to impact significantly on collector production economics. Cost TII corresponds to collector costs in the year 2000 when
significant reductions in collector costs are expected to be realized due to large-scale deployment of collectors for many applications.

6. According to personal communicztion with A.F. lildebrandc of Univ. of Houston Solar Energy Laboratory, performance of central receiver may be
egtimated as product of (600°F performance for small central recelvers):

Ground cover factor = 0.35

Flat roof area = sq ft

Annual average cosine loss factor = 0.8

Clean heliostat reflectivity = 0.9

Receiver absorbtivity = 0.9

600°F operatinp temperature heat loss = 0.9

Correction for dirty optics = 0.9

Annual direct normal beam radiatf{on = Btu/sq ft-yr.

T MmO OO0 OB

Flat roof area, low-rise = 15,120 sq ft *
Annual output = (0.184)(beam radiation Btu/sq ft-yr)(flat roof area. sq ft)

Roof Area
City Seam Radiation (24 DU basis) Collector Area
Boston 650,337 15,120 sq ft 5,292
Albuquerque 841,151
Chicago 642,870
Dallas 692,761

7. Total collector cost = (roof area)(ground cover factor, sq ft collector/sq ft roof)(unit sollector cost).

B78030850
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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 central receiver is not a clear
winner. The central receiver produces about 36% more annual energy output than
a polar mount trough in Boston; 127 more than a polar mount trough in Albuquer-.
que; 347 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. An exception may be at lower
latitudes, where the alternative is a relatively more expensive N-S horizaontal
collector installation. AIf 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 cléar 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 Applications

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 parabolic dish collectors 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 737% 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

(ground cover factor) (roof area)

X (total annual direct normal radiation)

X (collector efficiency) (correction factor
for more efficient heat engine performance)

Parabolic Dish Annual Output

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

Ground Cover Factor = 0.35
Roof Area = 15,120 sq ft (low-rise)
Collector Efficiency = 737

Correction Factor for
Efficient Heat Engine
Performance = ratio of heat engine efficiency at 1000°F/

heat engine efficiency at 600°F
= 26% (1000°F)/22% (600°F)

Annual Capital Charge = 15%

Annual O&M = $1/sq ft-yr
Annual Cost = $33,472.00/%r

Parabolic Dish Ratio of

Annual Output, Annual Output Ratio of Cost (1985)

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

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.)

R\

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-Tamily 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.

10
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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 followipg 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 each 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 l-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 appféxiﬁately 20 degrees so that the normal roof area available
for the single-family detached, 4-bedroom, 2—stori home shown in Figure 3 is —

25.0"
2.

Roof Area = 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:

11
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® Collector tilt angle

® Maintenance access
) Aperture area versus installation area
) Collector spacing to minimize shading
A T  m—
v BATK] BATH BEDROOM
4
BED!'.(CCH . T

25) ft I _]_ — _L__._. £CCOID FLOGR

BEDAGOM
BEDROON 3
2
4
——
- «——— 34 ft —
g S =
FIRSY FLOGR
DINING KITCHEN FANILY
ROCH . ROOH

GARAGE

BATH .
\:‘l . 2 +— )

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

LIVING
RGON

DIMENSIONS

Ceiling: W, = 25 feet
L = 34 feet

Roof Slope = 20 degrees

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 = 452 sq ft
Flat Roof Area for Collectors = 850 sq ft.
12
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DINING ROOM
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LIVING ROOM
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‘E:D! S &D |

ey — A
]
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S i

MASTER BEDROOM
13922

‘ 220 ft ——

BASEMENT FIRST FLOOR

SECOND FLOOR

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

DIMENSIONS

Ceiling: W, = 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..
13,359 sq ft
25,107 sq ft.

l Sloped Roof Area for Collectors

Flat Roof Area for Collectors

13
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Figure 5. FLOOR PLAN FOR 2-STORY LOW-RISE

Two-Story Low-Rise
*
Number of Units = 24 (12 units/floor)
\

DIMENSTIONS

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

6 Apartments in long dimension
3 Stairways in long dimension

L=¢(1L'Y+ (3L
(6 X 40) + (3 X 10)
= 270 feet

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

Sloped Roof Area for Collectors

8046 sq ft
15120 sq ft.

Flat Roof Area for Collectors

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.

14
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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 l-Bedroom Apartments @ 754 sq ft/apartment = 4524 sq ft
Hallways = 1017 sq ft
Stairways/Elevator = 1200 sq ft
Utility : = 360 sq ft

Total Roof Areé for Collectors = 12435 sq ft

Roof Dimensions for Collectors/Roof Slope - O degrees

W = 60 feet
L = 207.25 feet.

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

are:
A, Single-family detached, 2-story = 452 sq ft
B. Single~family éttached, 2-story = 8906isq ft
C. Multi-family, 2-story = 8046 sq ft
D. Multi-family, 15-story%* = 12435 sq ft.

. .
Note that the 15-story dwelling has a flat roof.

15
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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 pscudo 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 examplé, a Lennox flat plate and
a KTA evacuated tube both have approximateiy an effective aperture area of 0.86
times the required installation .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.

16
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COLLECTOR - WORKING AREA
SUPPORT STRUCTURE . / .

ToP
VIEW

i

Figure 7. NON-TRACKING COLLECTORS MOUNTED ON A NORMALLY SLOPED ROOF
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f

Option .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 summer peaking performance may be effectively utilized. Option 3 gives
good year-round collector performance and is the most appropriéte manner of
installatioﬁ 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 collgctor area is computed in essentially the same manner as for mounting
Option 1 but modified by the factor [cos 20°/cos 0 lat] or in the single-family
detached, 2-story example: . A

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. Figure 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 (B) is given by —
sin B = cos (6 lat) cos (-23.45°) + sin (8 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:

"0f course, during the winter there wiil 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.

18
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Figure 8. NON-TRACKING COLLECTOR MOUNTED AT
LATITUDE ANGLE ON NEW OR PSEUDO ROOF
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Figure 9. NON-TRACKING COLLECTOR RACK-MOUNTED INDIVIDUALLY
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A) Applicable to EVAC TUBE,-low CR CPC, polar mount trough, SLATS —

1.A. Collectors tilted at latitude (=8) on flat roof:
CL/CG* = [sin 8/tan B + cos 9]'1

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

CL/CG = [iiﬁ Eg = gg; + cos (8 - 20)]7%

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

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

CL/CG = [cos(s) + sin(s)/tan B]—l

where:

n
I

declination + latitnde Dacembar 21 daaclination — 23,45°

90 — B B = solar altitude

2.B. Collectors tilted at solar zenith angle on December 21, noon, on
sloped roof (20°)

_ .sin (s - 20)

CL/CE = Uizn (s + 20)

+ cos (s - 20)]_1

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 fow 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)

o N—l
(L + e7ea)

CL =

where N = number of rows.

The collector length is constrained to a reasonable value of between 5 and
20 feet. 1In 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%Z. 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.

22
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Figure 11. EXAMPLE 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

Maintenance Areas Multiplying Factor (all orientation) = 0.95
Aperture Area Reduction - Evacuated Tube and CPC = 0.86
Aperture Area Reduction - SLATS = 0.80
Aperture Area Reduction - East-West and Polar Mount Trough = 1.0

Spacing Area Reduction - Polar Mount Trough = 0.57

AREA = (N)(CL)(L)(Maintenance) (Aperture Reduction)(Polar Mount Reduction)

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

B8)
—°) "
) [
%o J7 SN 12‘ y bt \ S oLt

. |
A) : N
oR 1777777

‘C) \S N O,

S

35/7152f-.

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 Roof Area, sq ft Collector Area, sq ft
Single-Family Detachéd ‘ o
(all cities) 850 460
Townhouse (24 Units) . 16,738 © 9,064
Low-Rise (24 Units) - 15,120 8,189

Assumptions:

Aperture Area Reduction Factor = 1.0
Intrarow Spacing Factor = 0,57
Maintenance Access Factor = 0.95

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

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

Collector Type: Evacuated Tube, low CR-CPC

Application: Single-family detached
-———— Flat Roof Option v Roof Area

Collector Available :
Geographic Slope Area For Collector Ground Cover

Location Angle __(sg ft) (sq ft) Factor
Miami 25.78 578 850 0.68
Dallas/

Fort Worth 32.83 524 350 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
Albugquerque 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

25 -
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Table 6.

Collector Type:

Application:

Flat Roof Option ——

Geographic
__Location
Miami

Dallas/
Fort Worth

Charleston/
Ralcigh

Phoenix

Los Angeles
Albuquerque
Nashville
Chicago

Boston

Table

Collector Type:

Application:

———— Flat Roof Option

Geographic
__Location
Miami

Dallas/
Fort Worth

Charleston/
Raleigh

Phoenix
Los Angeles
Albuquerque
Nashville
Chicago

Boston

Polar Mount, Trough

Single-family detached

Roof Area

Collector Available
Slope Area For Collector
Angle (sq ft) (sq ft)
25.78 383 850
32.83 347 850
32.9 347 850
33.43 344 850
34.0 341 850
35.05 334 850
36.12 327 850
41.67 290 850
42.37 284 - 850

8987

COLLECTOR AREAS FOR POLAR MOUNT, TROUGH COLLECTOR

Ground Cover
Factor

0.45

0.41

.41
.40
.40
.39

.38
.34

.33

O Q O C© © O O

7. COLLECTOR AREAS FOR EAST-WEST TROUGH COLLECTOR

East-West Trough

Single-family -detached

Roof Area
Collector Available
Slope ' Area For Collector Ground Cover
Angle (sg ft) (sq ft) Factor
49.23 638 850 0.75
56.28 576 350 0.68
56.35 576 850 0.68
56.88 570 850 0.67
57.45 565 850 0.66
58.5 555 - 850 0.65
59.57 543 850 0.64
65.12 479 850 0.56
65.82 470 850 0.55
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Table 8. COLLECTOR AREASHFOR NORTH-SOUTH HORIZONTAL TROUGH COLLECTOR

Collector Type: North-South Horizontal 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 ' 0.0 460 850 0.54
Dallas/

Fort Worth 0.0 460 850 ' 0.54
Charleston/

Raleigh 0.0 460 850 0.54
Phoenix 0.0 460 850 0.54
Los Angeles 0.0 460 850 0.54
Albuquerque 0.0 460 850 0.54
Nashville 0.0 460 850 0.54
Chicago 0.0 460 . 850 0.54
Boston 0.0 460 850 0.54

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

Collector Type: High CR-CPC

Application: Single-family detached
Flat Roof Option T Roof Area
‘ Collector Available
Geographic Slope Area For Collector Ground Cover
_Location . Angle (sg ft) (sq ft) Factor
Miami 49.23 549 850 0.65
Dallas/

Fort Worth 56.28 496 850 0.58
Charleston/

Raleligh 56.35 495 850 0.58
Phoenix 56.88 491 850 0.58
Los Angeles 57.45 486 850 0.57
Albuquerque 58.5 477 850 0.56
Nashville 59.57 467 850 0.55

~Chicago 65.12 412 850 0.48
Boston 65.82 404 ‘ 850 0

.48
127 '
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Table 10. COLLECTOR AREAS FOR SLATS COLLECTOR

.Collector Type: SLATS

Application: Singlé-family detached
-——— Flat Roof Option Roof Area
Collector Available
Geographic Slope Area For Collector Ground Cover

Location Angle __(sgft) (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 Type: Evacuated Tube, low CR-CPC

Application: Single-family detached
—-——— Flat Roof Option ————— Roof Area

Collector Available
Geographic Slope Area For Collector Ground Cover
__Locarion 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

0.50

Boston - 42.37 8,449 16,738
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. TablgylZ.‘HCOLLECTOR AREAS FOR EAST-WEST TROUGH COLLECTOR

Collector Type: East-West Trough

8987

Ground Cover

Factor

Application: Single-family attached (tcwnhouse)
Flat Roof Option Roof Area’
~Collector Available
Geographic Slope Area For Collector
Location Angle (sq ft) (sq ft) ‘
Miami 49.23 11,741 -16,738
Dallas/
Fort Worth 56.28 10,362 16,738
Charleston/
Raleigh 56.35 10,347 - 16,738
Phoenix 56.88 ~10,230 16,738
Los Anpgeles 57.45 10,112 16,738
Albuquerque 58.5 9,888 . 16,738
Nashville 59.57 9,647 16,738
Chicago 65.12 9,422 16,738
Boston 65.82 9,247 16,738

Table_l?i COLLECTOR AREAS FOR POLAR MOﬁNT, TROUGH COLLECTOR

Collector Type: Polar Mount, trough

Application: Single-family attached (townhouse)

———— Flat Roof Option " Roof Area
Collector Available

Ceographic Slape Area For Collector

Location Angle __(sg ft) (sq ft)
Miami 25.78 7,579 16,738
Dallas/ '

Fort Worth 32.83 6,833 : 16,738
Charleston/

Raleigh 32.9 . .6,826 , 16,738
Phoenix 33.43 . 6,769 16,738
Los Angeles 34.0 6,705 16,738
Albuquerque 35.05 6,581 16,738
Nashville 36.12 . 6,447 - 16,738
Chicago 41,07 5,703 © 16,738
Boston 42.37 ... 5,600 . 16,738
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.62
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.60
.59
.58
.56
.55

Ground Cover

Factor

0.

O O O O O o «

45

.41
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Table 14. COLLECTOR AREAS FOR NORTH-SOUTH HORIZONTAL, TROUGH COLLECTOR

Collector Type: North-South Horizontal, trough

Application: 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 0.54

Los Angeles 0.0 9,064 ) 16,738 0.54

Albuquerque 0.0 9,064 16,738 0.54

Nashville 0.0 9,064 16,738 0.54

Chicago 0.0 9,064 16,738 0.54

Boston 0.0 9,064 16,738 0.54

Table 15. COLLECTOR AREAS FOR HIGH CR-CPC COLLECTOR
Collector Type: High CR-CPC
Application: Single~family attached (townhohse)
Flat Roof Option "Roof Area
Collector Available
Geographic Slope Area For Collector Ground Cover

Location_ Angle __(sq fr) (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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Table 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 ' (sq 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 16,738 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 Type: Evacuated Tube, low CR-CPC

Application: Low-Rise Arartment.
———-—— Flat Roof Option — Roof Area

Collector Available
Geographic Slope Area For Collector Ground Cover
__Location Angle __(sq 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 8,409 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

31
I'NSTI TUTE O F G A S TECHNOLOGY



4/78

8987

Table 18., COLLECTOR AREAS FOR POLAR MOUNT, TROUGH COLLECTOR

Collector Type:

Application:

Flat Roof Option

Geographic
Location
Miami

Dallas/
Fort Worth

Charleston/
Ralelgh

Phoenix
Los Angeles
Albuquerque
Nashville
Chicago

Boston

Collector Type:

Application:

Flat Roof Option

Geographic
Location
Miami

Dallas/
Fort Worth

Charleston/
Raleigh

Phoenix

Los Angeles
Albuquerque
Nashville
Chicago-

Boston

Polar Mount, trough

Low-Rise apartment

Slope
Angle

25.78
32.83

32.9

33.43
34.0

35.05
36.12
41.67
42.37

Collector

Area

(sg ft)

6,449

5,705

5,697
5,639
5,573
5,448
5,824
5,152
5,059

High CR-CPC

Low-Rise apartment

Slope
Angle

49.23
56.28

56.35

56.88

57.45
58.5

59.57
65.12
65.82

I NS T I T UTE

Collector

Area

(sg ft)

9,122

8,818

8,808
8,725
8,642
8,484
8,312
7,320
7,184
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"Roof Area
Available
For Collector
(sq ft)

15,120
15,120

15,120
15,120
15,120
15,120
15,120
15,120
15,120

Roof Area
Available
For Collector
(sq ft)

Ground Cover
Factor

15,120
15,120

15,120
15,120
15,120
15,120
15,120
15,120
15,120

0.43

0.38

0.38
0.37
0.37
0.36
0.39
0.34
0.33

Table 19. COLLECTOR AREAS FOR HIGH CR-CPC COLLECTOR

Ground Cover
Factor

0.60

0.58

.58
.58
.57
.56
.55
.48
.48
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Table 20. COLLECTOR AREAS FOR SLATS COLLECTOR

Collector Type: SLATS

Application: Low-Rise agpartment

———— Flat Roof Option . " Roof Area

Collector Available
Geographic Slope Area For Collector Ground Cover

Location_ Angle (sq 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-WEST TROUGH COLLECTOR

Collector Type: East-West Trough

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 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 R,847 15,120 0.58
Los Angeles 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 g 65.12 7,494 15,120 0.50
Boston 65.82 7,331 15,120 0.48
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Table 22: COLLECTOR AREAS FOR NORTH-SOUTH HORIZONTAL COLLECTOR

Coliector Type:

Application:

Flat Roof Option ——

nllector
Area

(sg ft)

Geographic
Location
Miami

Dallas/
Fort Worth

Charleston/
Raleigh

Phoenix

Los Angeles
Albugquerque
Nashville
Chicago

Boston

North-South Horizontal

Low-Rise apartment

Slope
Angle

0.0
0.0

O O O O ©O o
O O O O O o

I' NS T I TUTE

0

8,189
8,189

8,189

8,189
8,189
8,189
8,189
8,189
8,189

34

Ruovf Area
Available
For Collector Ground Cover

(sq ft) Factor
15,120 0,54
15,120 : 0.54
15,120 0.54
15,120 0.54
15,120 0.54
15,120 0.54
15,120 0.54 .
15,120 0.54
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 600°T 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(Tcl‘ - Tab)

Collector Efficiency'* =-n

opt
n
opt a b d
Collector (clean) A B¢ 1 Comments
Evacuated
Tube
ET 1 0.700 0.157 0.0 Total Tilted at local latitude
ET 2 0.670 0.35 0.0 Total
CPC
CPC 1 (1.5X) 0.60 0.13 0.0 Total Tilted at latitude/
Current Tech. (C.T.)
CPC 2 (5X) 0.48 0.12 0.0 Total Tilted angle adjusted
monthly/C.T.
CPC 1A (1.5X) 0.74 0.12 0.0 Total Tilted at latitude/
Advanced Tech.
CPC 2A (5X) 0.67 0,084 0.0 Total Tilt angle adjusted
wonthly/Ad. Tech.
SLATS 0.68 0.071 0.0 Direct Performance from pro-
prietary Sheldahl
program
One~-Axis
Tracking 4
PT 1 0.750 0.0663  .445 X 10~ Direct NS, Polar & E-W Mount/
TC = 300°F + 600°F
PT 2 0.620 0.080 .50 X 107%  Dbireet NS, Polar & E-W Mount/
. TC = 300°F + 600°F
PT 3 0.700  0.55 0.0 ' NS. Polar & E-W Mount/

TC = 300°F

Performance of collectors determined with an optical efficiency of 90X
of clean optical efficienocy (nopt)'

Btu/sq ft of hr.

Btu/sq ft °R[‘ hr.

Btu/sq ft hr,

NS = North-South Horizontal.

E-W = East-West.

PM = Polar Mount.

* T T
Yields conservative performance results because T = .ﬂ‘.%-
c

® =m0 on o

300°F or 600°F, whereas Tc 1s always less than T
Ty, (300°P) 3 105°F, T, (600°F) = 430°F.

"
Cosine losses are figured in evaluation of {nsolation. .

e Typical values are:

e

° 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
cnllecror area.
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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), and 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 temperature increases.
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Table 24.

ANNUAL INSTALLED COLLECTOR COSTS — CURRENT

Current Collector

Current Shipping

Current Instgllation

Current Total

Current Operation
and Maintenance

Collector Type Cost, $/ft2 Rangglls/ft2 Cost, §/ft2 Cost, $/ft Cost, $/ft? Cost, §/ft?
ET 1 20.00 GC 20.00 0.25 GC 10.90 - All 31.15 GC 1.00
collectors are rack )
mounted on roofs.
ET 2 12.00 GC 11 -18 0.25 GC 10.90 23.15 GC 1.00
CPC 1 - 1.5X 25 GC 25 (estimate,not on 0.35 GC 10.90 36.25 GC 1.25
production)

CPC 2A - 5X 25 GC 25 (estimate not on 0.35 GC 14.00 with tilc 39.35 GC 1.56 @ 25%
(Tilt angle production) adjustment 0&M for fixed
adjusted monthly) tilt
CPC 1A - 1.5X 32.5 GC @ 30% above Estimate 0.35 GC 10.90 43.75 GC 1.25

state-of-the-art

CPC 2A - 5X 32.5 @ 30% above Estimate 0.35 GC 14.00 with tilt 46,85 GC 1.50

(Tilt angle - state-of-the-art - _ adjustment B

adjusted monthly) - - -

Tl - SLATS 20.00 GC 16 - 28 0.45 11.00 31.45 GC 0.75

PT 1 2500 GC 20 - 30 0.25 PM - 16.00 PM - 41.25 PM - 1.00
EW&NS-12.00 EW&NS - 37.25 EW&NS -~ 0.80

PM is more complex

PT 2 14.00 GC 13.70 - 14.50 0.25 PM - 16.00 PM - 30.25 PM - 1.00
EW&NS-12.00 EW&NS - 26.25 EW&NS - 0.80

PT 3 8.00 GC 7.80 0.25 PM - 16.00 PM - 2 PM - 1.00
EW&NS-12.00 EW&NS ~ 20 EW&NS - 0.80

Note: GC ~ Generic current.
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Table 25. ANNUAL INSTALLED COLLECTOR COSTS — FUTURE

Future Collector

Future Shigping

Future Installation

Future Total

Future Operating
and Maintengnce

2 S .
Collector Type Ccst, $/£c2 Range, $/ft” Cost, $/ft Cost, S, ft2 Cost, $/it? Cost, $/ft/yr
ET 1 15.00 GF 5.80-14.00 0.10 @ 50% of All collec:ors are 20.58 GF 0.10
current rock mountad on roof
5.45 @ 503 of
current
ET 2 9.00 GF 4.50-11.00 0.13 5.45 14.58 GF 0.10
CPC 1 - 1.5X 14.00 GF 10.00-20.15 0.:8 @ 50% of 5.45 2 0% of 19.63 GF 0.16
current ‘current
CPC 2 - 5X :4.00 GF 19.00-20.15 0.18 7.00 wita cilt 21.13 GF 0.20 @ 25%
(T:I:lt angle Adjustmenats @ above O&M for
adjusted 50% c¢f currect fixed tilt’
monthly) .
CPC 1A - 1.5X 15.40 GF @ estimate 0.18 5.45 21.02 GF 0.16
10% above
state-oi~the-art
CPC 2A - 5X 15.40 GF @ estimate 0.18 7.00 with tiic 22.58 GF 0.20
(Tilt angle 10% above adjustments
adjusted state-of-the-art
monthly)
T1 - SLATS 14.00 GE 9.80-14.00 0.23 @ 50% of . 5.50 @ 5(% of 19.72 GF 0.15
current curreat '
PT 1 14.00 GF 12.00-1£.50 0.13 @ 50% of PM = 3.0C PM = 22.13 PM = 0.20
current EW & 35 = 6.00 EW & NS = 20.13 EW & NS = 0.16
All a: 50 cf
curraat )
PT 2 12.00 GF 8.00-13.00 0.18 PM = &.00 PM = 20.13 PM = 0.20
EW & §S = 6.00 EW & NS = 18.13 EW & NS = 0.16
PT 3 7.00 GF - 0.13 PM = £.00 PM = 15.13 PM = 0.20

EW & FS = 6.00

EW & NS = 13.13 EW & NS = 0.16
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COLLECTOR COSTS FOR 600°F SYSTEM (Boston) — LOW-RISE APARTMENT

Table 26.
Annual
Collector
Collector Cost, Annual Output Collector Total Annual
CLty Type §/frl-yr (Btu/ft2/yr) Area, ft? Output, Btu/yr
Boston CPC2 3.38 36,092 7632 27.5454 X 107
Flat Roof
Opeion CPC2A 3.59 96,868 7632 73.9297
FUTURE COSTS T1(SLATS) 3.11 106,590 7100 75.6789
PT1-EW 3.18 192,900 7331 141.4150
PT2-EW 2.88 36,367 7331 26.6606
PT1-PM 3.52 262,615 5059 132.8569
PT2-PM 3.22 53,808 5059 27.2215
PT1-NS 3.18 211,337 8189 173.0639
PT2-NS 2.88 31,525 8189 25.8158

25796
27399
22081
23313
21113
17808
16290
26041

23584
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Table

27. COLLECTOR COSTS FCR 60C°F SYSTEM (Boston) — SINGLZ-FAMILY DETACHED

Annual
Collec:or
Collector Cost, Annual Output Collectog Total Annual
lCitx Type $/ft2-vr (Btu/ft2/yr) Area, ft?¢ Cutput, Btu/yr
~ Boston CPC2 3.38 36,092 429 1.5483 X 107
gla? Roof CPC2A 3.59 96,868 429 4.1556
ption
FUTURE COSTS T1(SLATS) 3.11 106,590 399 4,2529
PT1-EW 3.18 192,900 470 9.0663
PT2-EW 2.88 36,367 470 1.7092
PT1-PM 3.52 262,615 . 284 7.4583
PT2-PM 3.22 53,808 284 1.5281
PT1-NS 3.18 211,337 460 9,.7215
PT2-NS 2.88 31,525 460 1.4502

$/Year

1450.
1540.
1240.
>1494.
1353.
999.
914,
1462.

1324.

0

1

8L/%
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Table 28. COLLECTOR COSTS FOR 300°F SYSTEM (Boston) — SINGLE-FAMILY DETACHED

City
Bostcn

Flat Roof
Option

FUTURE COSTS

Annual
Collector 1
R B, Mmoo ol T M e

ET1 3.19 111,168 429 4.7691 X 107 1368.5
CPC1 3.11 154,958 . 429 6.6477 1334.2
ET2 2.29 52,391 429 2.2476 982.4
PT3-PM 2.47 32,903 284 0.9344 701.48
PT2-PM 3.22 220,994 284 6.2762 914.5
PT1-PM 3.52 351,862 284 9.9929 999.7
PT3-EW 2.13 22,367 470 1.0512 1001.1
PT2-EW 2.88 162,744 470 7.6489 1353.6
PT1-EW 3.18 269,561 470 12.6694 1494.6
PT3-NS 2.13 19,416 460 0.8931 979.8
PT2-NS 2.88 178,619 460 8.2165 1324.8
PT1-NS 3.18 297,375 460 13.6793  1462.8
SLATS 3.11 163,552 399 6.5257 1240.9

CPClA 3.32 220,026 429 9.4391 1424.3

8L/Y
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Table 29,
Annual
Collector
Collector Cogt,‘
City Type $/fté-yr
Boston ET1 3.19
FlaF Roof CPCl 3.11
Option
FUTURE COSTS ET2 2.29
PT3-PM 2.47
PT2-PM 3.22
PT1-PM 3.52
PT3-EW 2.13
PT2-EW 2.88
PT1-EW 3.18
PT3-NS 2.13
PT2-NS 2.88
PT1-NS 3.18
SLATS 3.11
CPClA 3.32

Total Annual

COLLEZTOR COSTS FCR 300°F SYSTEM (Boston ) — LOW-RISE APARTMENT

Annual Output Collecter
(Btu/ftl/yr) Area, ft2 Output, Btu/yr
111,168 7632 84.8434 X 107
154,958 7632 118.2639
52,391 7632 39,9848
32,903 5059 16,64.56
220,994 5059 111.8009
351,862 5059 178.0070
22,367 7331 16.3972
162,744 7331 119.3076
269,561 7331 197.6152
19,416 8189 15.8998
178,619 8189 146.2711
297,375 8189 243,5204
163,552 - 7100» 116.1219
220,026 7632 167.9238

$/Year

24346

23735

17477

12496

16290

17808

15615

21113

23313

17443

23584

26041

22081

25338

8L/Y

L868
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Table 230.

City
Albuquerque

Flat Roof
Option

FUTURE COSTS

COLLECTOR COSTS FOR 300°F SYSTEM (Albuquerque) — SINGLE-FAMILY DETACHED

Annual
Collector
Collector Cogt, Annual Output Collector Total Annual

Type $/ftc-yr (Btu/ft2/yr) Area, ft? Output, Btu/yr
ET1 3.19 162,853 504 8.2078 X 107
CPCl1 3.11 221,084 504. 11.1426 ‘
ET2 2.29 86,073 504 4.3381
PT3-PM 2.47 69,700 334 2.8748
PT2-PM 3.22 321,758 334 10.7467
PTl;PM 3.52 478,095 334 15.9683
PT3—EW 2.13 .47,409 555 2.6312A
PT2-EW 2,88 239,831 555 13.3106
PT1-EW 3.18 370,351 555 20.5595
PT3-NS 2.13 47,657 460 .21.9220
PT2~NS 2.88 280,875 - 460 12.9203
PT1-NS 3.18 427,531 460 19.6664
SLATS 3.11 218,292 469 10.2379
CPClA 3.22 302,267 504 15.2342

§$/Year

1608
1567
1154

825
1075
1176
1182
1598
1765

980
1325
1463
1459

1623

8L/Y
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Table

Cicy

Albuquerque

Flat Roof
Option

FUTURE COSTS

31. COLLECTOR COSTS FOR 300°F SYSTEM (Albuquerque) — LOW-RISE APARTMENT

Collector
Type

ET1
CPCl1
ET2
PT3-PM
PT2-PM
PT1-PM
PT3-EW
PT2-EW
PT1-EW
PT3-NS
PT2-NS
PT1-NS
SLATS

CPClA

Annual
Collector

Coit,
$/ftc-yr |
3.19
3.11
2,29
2.47
3.22
3.52
2.13
2.88
3.18
2.13
2.88
3.18
3.11

3.22

Annual Output  Collector Total Annual
(Btu/ft?/yr) Area, ft2 Output, Btu/yr
162,853 8219 133.8489 X 107
221,084 8219 181.7089
86,073 8219 70.7434
69,700 5448 37.9726
321,758 5448 175.2938
478,095 5448 260.4662
47,409 8530 40.4399
239,831 8530 204.5748
370,351 8530 315.9094
47,657 8189 39.0263
280,875 8189 230.0085
427,531 8189 350.1051
218,292 7646 166.9061
302,267 8219 - 248.4332

$/Year

26219
25561
18822
13457
17543
19177
18169
24566
27125
17443
23584
26041
23779

26465
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Table 32. COLLECTOR COSTS FOR 600°F SYSTEM (Albuquerque) — SINGLE-FAMILY DETACHED

City

Albuquercue

Flat Roof
Option

FUTURE COSTS

Annual Output

Collector

Total Annual
Qutput, Btu/yr

Annual
Collector
Collector Cost,
Type $/ft2—yr
CpC2 3.38
CPC2A 3.59
T1 (SLATS) 3.11
PT1-EW 3.18
PT2-EW 2.88
PT1-PM 3.52
PT2-PM 3.22
PT1-NS 3.18
PT2-NS 2.88

(Btu/ftl/yr) Area, £e2

55,990
132,559
158,988
284,046

64,477
382,303

95,366
332,690

64,461

504

504

469

555

555

334

334

460

460

2.8219 X 10

6

7.

15.

.6810

4565

7646

.5785

.7689

.1852

.3037

.9652

7

$/Year

1704
1809
1459
1765
1598
1176
1075
1463

1325

8L/Y

L868
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Table 33. COLLECTOR COSTS FOR 6C0°F SYSTEM (Albuquerque)‘—-LOU—RISE APARTMENT

Annual
Collector
Collector Cost, Annual Output Collectog Total Annual
City Type $/ftc-yr (Btu/ft?/yr) Area, ft Output, Btu/yr
Albuquerque  CPC2 3.38 55,990 8219 46.0182 X 10’
glaF Roof CPC2A 3.59 132,559 8219 108.9502
ption
FUTURE COSTS T1{SLATS) 3.11 158,988 7646 121.5622
PT1-EW 3.18 284.,046 8530 242.2912
PT2-EW 2.88 64,477 8530 54.9989
PT1-PM 3.52 382,303 5448 - 208.2787
PT2-PM 3.22 95,366 5448 51.9554
PTL-NS 3.18 332,690 8189 272.4398
PT2-NS 2.88 64,461 8189 52.7871

$/Year

27780
29506
23779
27125
24566
19177
17543
26041

23584
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Figure 13. COLLECTOR COSTS VS. PERFORMANCE
(300°F, Albuquerque)

8L/Y

L868



1 1 S N |

3 1 n1

8%

v
Total Annual Output, 107 Btu/yr

A9 0 17T0NUHDOS3 1

280 ¢

260 §— 5

300°F

FLAT ROOF

240 }~ ~ BOSTON

LOW-RISE FUTURE

220 +

200
180 L— 1.1 X 10° Btu/$

160 |~
140 P

120 -

5
PT-2-PM 0.5 X 10
100

80

60

40

5
: 0.1 X 10
PT-3-PM : PT-3-EW zigL_____,
0T 2 PT-3-NS
SRR Y N Y S Y OO U N A A S A ESN S N N N

10,000 12,000 14,000 16,000 18,000 20,000 22,000 24,020 26,000 28,000 30,000
$/yr

Figure 14. COLLECTOR COSTS VS. PERFORMANCE
(600°F, Boston)
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TOTAL ANNUAL OUTPUT, 10’ Btu/year
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320 Future PI-1-E :

f— PT-1-PM 1.36 oPT-1-EW
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"Figure 15. COLLECTOR COSTS VS. PERFORMANCE

(300°F, Boston)
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TOTAL ANNUAL OUTPUT, 10’ Btu/year
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Figure 16. COLLECTOR COSTS VS. PERFORMANCE
(600°F, Albuquerque)
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_TUTAL ANNUAL UUTPUT, 10 Btu/year
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. Figure 17. COLLECTOR COSTS VS. PERFORMANCE

(300°F, Albuquerque)
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Figure 18. COLLECTOR COSTS VS.‘PERFORMANCE
(600°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 at
a reduced cost compared with other orientations. Because the NS erientation
is a summer peaking alternative, EW and PM orientations 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 summer 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-l is the best, followed by PT=2.

The NS orientation usually gives superior pérformance 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 summer 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-l) is the overall best choice.

Low—Tehperature 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 raﬁher poorly performing PT 3. The advanced tech-
nology 1.5X CPC (CPC 1A) is comparable in performance to PT 2 or PT 1.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) ié not a competitor to other collector
types considered for high-temperature (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.
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Low-Temperature SLATS Versus Tracking Collectors Versus CPC's

The SLATS* collector is broadly representative of the class of collectors
having either moving mirror-fixed focus (e.g., SLATS) or moving focus-fixed
mirrqr,(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 1.5X CPC. Its reduced output at re-
duced cbst in compérison to the advanced 1.5X CPC (CPC 1A) 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 PM 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 coilector 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 computér 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, greatér collector output for the E-W orientation.

The drawbagk 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 orientations.appears cost-effective in that the cost reduction
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 arbié}ary; we get greater output from the E-W
coilector 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 will 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 querate
heating and cooling requirements, and with the exception of Nashville, very
good insolation 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 1007 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% areasﬁcorrespond 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 reductions in annual collector output and should be considered
in detailed system design analyses.

57

I'NS TI TUT E. OF - G A S TECHNOLOGY



I.L S N

3+ N1

v

A9 0 7 0NHDI3IIL

8¢S

Table 34. COST EFFECTIVENESS'OF VARIATIONS IN COLLECTOR ORIENTATIONS

300°F

Performance* Cost**
Boston
Single-Family
Dwelling
EW 1.27 1.50
PM 1.00 1.00
Low-Rise
Apartment
EW 1.11 1.31
PM 1.00 1.00
Albuquerque
Single-Family
Dwe;ling
EW 1.2¢ 1.50
PM 1.00 1.00
Low-Rise
Apartment
EW  1.21 1.41
PM 1.00 1.00

600°F
Performance®™ Cost**
1.22 1.5C
1.00 1.00
1.06 1.31
1.00 1.00
1.24 1.50
1.00 1.00
1.16 1.41
1.00 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 FM trough collec-

tor (PT-1).

*% Ratio of annualized cost of EW trough collector (PT-1) tc PM trough collec-

tor (PT-1).
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Location

Miami

Dallas/
Fort Worth .

Charleston/"
Raleigh

Pyoenix -

. Lxs Apgeles

Albuqﬁerque
Nashville
Chicago
Bcston

Table 35.

Orientation

North-South '
Horizontal

North-South
Horizontal

North-South
Horizontal

North~South
Horizontal

Polar Mount
Polar Mount
Polar Mount
Polar Mount

Polar Mount

100% COLLECTOR AREA SUMMARY

(Thermal Solar Total Energy Systems)

Single-Family
Detached

460/Unit
460/Unit
460/Unit

‘460/Unit

o 341/Unit
" 334/Unit
327/Unit
290/Unit
284 /Unit

36-Unit
Townhouse
Area, sq ft

13,596
13,596
13,596

13,596
10,058
| 9,872
9,671
8,555
8,400

48-Unit

' Low-Rise

16,378
16,378
16,378

16,378
11,146
10,896
11,648
10,304
10,118
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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 greater 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 afea case, four cities were selected to explore the sensitivity of
system economics to collector area. The collector areas explored were: 25,
50, 75, and 1257 of the 1007 collector areas permitted by the roof areas.

(See Section 2.1.6 for summary of 1007 collector areas.)

The nature of the selection process was somewhat arbitrary because it
would be of interesf 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 iﬁ 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 pipefieldvfor 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 sglected 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 generationAcomponents. " 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—k
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 éelected'for the collector area sensitivity anaiy-
sis were Boston, Los Angeles, Albuquerque, and 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. All 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

Solar
e . o Collector
Application Heat Loss Factor* - Outlet Temp
Single-~Family Detached 0.85 300°F
0.72 : 600°F
Townhouse , 0.98 300°F
0. 600°F
Low-Rise 0.98 , 300°F

0.94 ' 600°F

Heat Loss Factor = Heat Delivered to Storage From Collector Field
Heat Collected by Solar Collector Field

2.1.8 Collector Areas for Photovéltaic 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‘thermai and combined photovol-
taic collectors are of a conventional flat plate configuration, with a fixed
tilt angle cofresponding to the latitude of the site 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

Geographic Location Tilt  sq 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 N 41.67 437 (15732) 850 (30600)
Boston 42.37 429 (15444) 850 (30600)

Note: If P.V. optimum is about 507 of 1007 flat roof collector area, then we
can recommend potential for sloped roof installation.

Table 38. 1007% 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
Geographic Location Tilt Area, sq ft Collector, sq 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
Nashville 36.12 14591 25107
Chicago  41.67 T 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 Availlable 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 (1306F 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 reached the storage device
with their already low losses. Little improvement is expected in pipefield

efficiencies for townhouse and low-rise apartment applications.

Table 40. PIPEFIELD EFFICIENCY”™

130°F Photovoltaic/

Application ‘ 300°F ORC System Thermal System
Single-Family Detached 85% 907%
Townhouse 98% 98%
Low-Rise Apartment 987% 98%

* .
Pipefield efficiency is the percentage of collected thermal energy ultimately
reaching storage.

I' NS T I T UTE O F G A S T ECHNOLOGY



4/78 ‘ | 8987

Sensitivity Studies of Photovoltaic Collector Areas Versus System Economics

The sensitivity of photovoltaic system economics to variations in collec-
tor area was explored by investigating the perforrance of arrays of 20, 40, 60,
80, 100, and 125% 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-
nuomics. The results will indicate a collector area offering‘the most economic
system configuration within the constraints of expected system comporent costs

and backup energy 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 stucdy 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. Althdugh many kinds of storage are
possible candidates for electrical storage by large-scale STE systems (batteries,
pumped hydro, compressed air, fl&wheels, hydrogen, etc.), only battery storage
was regarded as sufficiently developed aﬁd appropriately sized for use in STE
residential applications. In a similar sénse, 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
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 sensible 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 of7600°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. Tor
storage at 300°F a lower cost heat-transfer oil or a rock/oil composite may be
used. For storage of 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 tomperature
until storage is 807 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, stofage 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 sﬁorage capacity
has been found to be economically sized at a capacity of around 15 pounds of
water per square foot of collectof.3 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 estimate the
v . 4 - X
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 powér: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 érfay by providing load maintenance at
high power &réins 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
df appliénces like ranges and dryers, and air conditioners. Westinghouse5 es—
timates that the required total energy sforage capacity of the battery is from
15 to 25 kWhr per dwelling unit, depending upon the site and 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 (PbSOa)
on the electrodes (which are suspended in acid) into a mixture of pure lead,
lead dioxide (Pb02), and sulfuric acid (HZSOA). 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 batteries 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 packéging
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 costAof this rather substantial quantity of lead imposes

a préctical 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%Z and 80% of the energy sent to them for storage. The efficiency
is dependent upon operating 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 functionlof 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 té 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 capécity 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 résidential application, the battery and its related equipment are
designed to be essentially maintenance-free, requiring oniy periodic visual in-
spection for proper operation. In operation, the battery and its related sys-
tems must also be faill-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 backup power and as a source of surge currents dur-
ing motor starting transients.

3. Rectify alternating current regéived from the utility so that this
- energy can be used to charge the battery, if desired. .

4. Invert the direct current produced by Lhie 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 components
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 927% to
957 when the devices are operating at more than 257 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 937 was used

in our study.

2.3 Power Generators

The devices available for generating electrical power by solar energy are
usually cliassified as either direct convérsion 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 Westinghousé.6‘Similar cost/performance data for organic
Rankine-cycle turbines were provided by Ormat Turbines, Ltd., of Israel, and
Sundstrand Corp.

£

Current photovoitaic arrays are based on sblar cells cut from siliconf
crystals, now costing about $15/watt of gemerating 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

early as 1980. This will come about from several sources: 1) a sixfold de-
crease in the cost and a tenfold reduction in manufacturing energy for solar-
gradeAsilicon 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 expecged 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 slice
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 impfovements, improvements in
photovoltaic efficiency are also expected during the next decade. At the pre-
sent time, the efficiencies of silicon cells currently on the market are 107
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 237 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, 107 efficiencies appear to be reachable
and perhaps even as high as 16%Z. 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 syoctcmc conceptual designs. Factors such as temperature of

operation, cycle efficiency, and state of technical development and appropriate—
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ness to this application were éonsiaered. This work also involved the deter-
mination of the full- and ﬁart;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 ;he need for operators and ex-
pected maintenance costs. - Informatioﬁ 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 temperature levels in Table 41. These prices are based
on an annual production level of 1000 units and do not include mark-up for
selling éosts, 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 less per kW. Thus, the 100 kW unit is expected to cost
(net selling £.0.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 (1000units/yr)

. 10 kW (Air Cooled) 50 kW (Water Cooled)
Collector Temperature, °F 250 500‘ 250 - 500
Efficiency, % 6 15 | 8 17
Turbine, Gearbox, and
Alternator, $ 1500 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 Ltd., 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 187, 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 157 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 57 to 157.

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 (provided 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
the cost of desiéning and developing the unit. The non—recufring cost estimate
for the low production rate plant, which would have the capacity to build up
to 1,000 units/year, would be $7,000,000.
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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 - S e Regenerator (if needed)

° Gearbox e Condenser

° Generator e Cooling Tower

° Circuit Breaker e Coolant Circulating Pump

° Switch Gear e 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 e ORC Controls
° Cooling Tower ° Electrical Switch Gear

® Electrical Output

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 lces complicated equipment. when the upper tempera-
ture is below 700°F anq 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 community served by a single STES (<1 MW), organic
fluids are preferred over steam as Rénkine—cycle working fluids. The rationale

for this preference is reviewed as follows:
75

I'N ST I T UTE O F G A S TECHNOLOGYY



4/78 8987

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 1s 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 steam 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 orgauics 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 em-
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 designé, 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 limited by weight and size con-
straints; they have unique torque and efficiency charactéristics; their man- -

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.

Résearch 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-
peréture 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—cyclevtesting for critical components and at
least 4000 hours of engine operating time. As such, it could be considered a
candidate for solar total energy systems if either the temperature of energy
input to the engine could be increased to above .1000°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 Systeﬁs 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 187, 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. The linear
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 concept groups of systems with Stirling en-

gines (Table 43):

l'

2.

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 show 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:.with locdl :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 regulatioms.

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.

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 engines 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 STATIONARY, POWER GENERATING STIRLING ENGINES

ENGINE
MANUFACTURING
SOLAR ENERGY SOURCE DESIGN PERFORMANCE . t
* Projected Cost,
Temperature, °F Mechanism and Capacity, Efficiency, Year $/kWe
and Concept Temperature, °F kW % Available 10,000 units/yr 100,000 units/yr “Note
System I 600, with thermal Kinematic Drive i0- 100 1983
storage 1200 - 1500
Free Piston i -10 30 predicted 1983 - 85 MTI
1200 - 1500 at 600°F if
designed for
600°F ) <
i0-50 1993 - 95
System II 600, with thermal Kinematic Drive 10- 100 1983  MTI
storage, indirect 1200 - 1500 ) )
::itingozgixier- 10 20 demonstrated 1979 Stirling
v ° for a competitive Power
heavy duty engine Systems
Free Piston 1-10 32 achieved ex- 1983 - 85 240 170
1200 - 1500 perimentally at
1200°F
10- 50 1993 - 95
Constant Volume Fractions - 15 Only heart assist
1200 - 1500 ’ projects active
System III 600, no thermal Free Piston 1 38/85 Small production run Sunpower
storage, directly 1200 of about 50 available , Corp.
irradiated in 1979
12 - 1500 20 - 50 1995 - 2000 MTI
Scurce temperature = englne operating temperature.
ke .
We do not know of any development of lower design temperature Stirling engines.
B78030849

+.Engine[generator set.
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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 considérations 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 s&stem 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 designs based on

photovoltaics.
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Section 3.
CONCEPTUAL DESIGN OF SOLAR TOTAL ENERGY SYSTEMS FOR RESIDENTIAI, 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 extraction from the condenser at seasonally varied temperatures to sus-
tain the thermal loads. Alternatively, systems using parabolic trough collec-
tors suppiy 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 parallelAwith
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 are 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-
The calcu-

ments effort. These are used as inputs to the analysis algorithms.

lated variables are those determined by the algorithms described in Apﬁendix 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 Definition Comments
'I‘cl Supply temperature from the Controlled and computed
solar collector. . variable (see discussion
on operation)

Tc,. Minimum value of Tc1 Set at 200°F for low-
temperature ORC; 550°F for
high-temperature ORC

Ts1 Supply temperature from storage Controlled at approximately
the maximum value of Tcl

T2 Return temperature to collector Calculated variable

Tsz' Storage cut-off temperature Slightly greater than T2
(using stratified tempera-

. ture storage)
T32 Return temperature from storage Approximately equal to T2
Te2 Input temperature to ORC boilér Design selected based on ORC
(heat exchanger No. 1) operation (varies with load)

Txl .Outlet temperature from heat ex- Design selected depending

changer No. 1 (see Figure 22) on Te2 ' '

Tcond Condenser temperature Design selected

Tel Supply temperature to turbine Design selected (wvaries

‘ with load)
Thl Supply temperature to thermal Design selected (varies
loads at design point from with load)
heat exchanger No. 2

Th2 Return temperature to heat gk% Design selected (varies

changer No. 2 K with load)

Tamb Outdoor dry bulb temperature Predetermined variable

sz Outlet temperature from heat Design selected

exchanger No. 2 (see Figure 22)
84
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Component Efficiencies

8987

Table 44 gives the definitions of component efficiencies used in the analy-

sis. These efficiencies will depend upon the operating conditons which vary

withhtime.
of time — t.,..
1]

j indicates the day of the year.

For this reason, the efficiencies have been expressed as functions

The subscript i indicates the hour of the day and the subscript

which the analysis applies.

Variable

nc(tij)

The wvariable t,. .
1]

is therefore the hour to

Table 44, DEFINITIONS OF COMPONENT EFFICIENCIES

Definition

Comments

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
efficiency

Mechanical chiller efficiency
(excluding auxiliary power)

Loads and Insolation Paraméters

Function of Tcy, T2, Tapbients
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 definitions of pertinent. loads and . 1nsolat10n parameuters.

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.

Variable Definition

A Collector aperture area

S(ti') Insolation available per unit

] _area
Smin Minimum insolation level for
collector operation

E'(tij) Total electrical load

ha(tij) Cooling load

hh(tij) Space heating load

hd(tij) Domestic water heating load
E(tij) Plant net electrical power output
Ep(tij) Purchased power

b(ti’) Low-temperature design boiler

J
load

bl(ti') High-temperature design boiler
: J load of primary circuit

bth(ti ) High-temperature design secon-

J dary boiler load

Flow Rates

8987

DEFINITIONS OF LOADS AND INSOLATION PARAMETERS

Comments

Determined in the design pro-
cedure

Predetermined variable

Design selected corresponding
to minimum collector flow.rate

Predetermined variable includ-
ing base plus HVAC auxiliary
power (see ‘Subsection 3.1.2)

Predetermined wvariable
Predetermined variable
Predetermined wvariable

Depends on operating schedule
(see Subsections 3.1.2 and 3.1.3)

Calculated variable depending
on operating schedules
Calculated variable

Calculated wvariable

Calculated variable

Table 46 shows definitions of the flow rates used in Subsections 3.1.2

and 3.1.3.
Table 46.
Variable Definitions
Mx, Primary flow rate through heat
* exchanger No. 1 (see Figure 22)
sz Primary flow rate through heat
~exchanger No. 2 (see Figure 22)
M Total primary flow rate
MS Flow to storage on charging
87
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Comments

Calculated variable

Calculated variable

Calculated variable
Calculated varlable
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Storage Charge»Rates and_Capacities.

Table 47 defines the variables pertinent to the storage systems.

8987

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

C(tij)

Cij

Cmin

Con (s

thilj

Cthmax

Cmax

Ls

Definition

Primary storage charge or dis-
charge rate

Primary storage heat capacity

at time tij

Minimum primary storage heat
capacity. (discharge cut-off point)

Charge/discharge rate of thermal
storage for thermal system (high-
temperature ORC system)

Heat capacity of thermal storage
for thermal system (high-
temperature ORC system)

Maximum heat capacity of thermal
storage for thermal system (high-
temperature ORC system)

Maximum primary storage capacity

Storage loss rate factor

Heat Extraction Rates

Table 47. DEFINITIONS OF STORAGE CHARGE RATES AND CAPACITIES

Comments

Calculated variable

Calculated variable

Design selected

Calculated variable

Calculated variable

Design selected

Design selected parameter

Specified parameter

Table 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:

alone'" system), and 2) a 'purchased power" system.

1) a self-sustaining system ("stand-

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 fossil fuel is consumed to satis-

fy thermal needs.

I NS T
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Table 48. DEFINITIONS OFFHEAT EXTRACTION RATES
Variable Definition Comments
%
H_ (t,.) = 1.347 B_E(t,.) Heat removed from con- B., B. and B. are de-
ch”ij h™ " 7ij t
sign “selected para-

cL

ct

) ' *
Hop (500 = 10347 B E(e, )

*
H (t:ij =1.347 BtE(tij)

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 thérmal demand
for heating and cooling

meters, and E(tij) is
defined in Table™ 46.
Parameters apply to

high—-temperature design

Depends on condenser
temperature

Calculated variable

Calculated variable

N .
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 collect 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.

isfied from collected energy at 300°F, thermal
Stratified storage is used because it features
until it is nearly depleted.

achieve constant outlet temperature operation.

In operation, if the thermal

is desirable for efficient heat engine operation,

and electrical loads are sat-
energy is added to storage.

a constant outlet temperature
Multiple storage tanks may also be used to
Constant temperature output

When collected energy at

300°F is insﬁfficient 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

storagr is depleted and 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 meet the loads, ,
the storage tank is discharged to supplement collected energy to satisfy the ‘l
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 solat 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 110°F) to the cold water entering the domestic water heating. system and to T

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:

e Mode 1

As long as the collector temperature, T.;, 1s slightly above 300°F,
control valves A] and D will remain open, and control valves Az, B,
and C will remain closed. Valve D will modulate to prevent T c1 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 (HZ) and power generator (E/ng) loads.

All of these quantities are given as constants or functional values,
including the storage lower temperature level Tgy which is, for simpli-
fication assumed to be equal to the flow-weighted average of T X1 and
X2 .
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 mg, mygy, and my,. These flow rates are again variable and

the exiting heat exchanger temperatures TXl and sz are assumed constant.

Fluid flow in Mode 1 is shown schematically in Figure 24.

° Mode 2

When T;) drops below 300°F but remains over a specified value, T,
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 1s shown schematically in Figure 25.
90
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° Mode 3

When temperature T.; drops below T under Mode 2 conditions, system
goes into Mode 3 operation and valves B and Ay open, valves Aj and D
will close, and valve A3 will maintain T, at 300°F (or slightly be-
low 300°F). As long as the storage temperature Tgy is above a speci-
fied value (T'gy), and as long as T, 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

ncA smin(tij)

Mesta ™ (300 — T

where Spin (ti3) is the value of insolation below which the collector
system shuts o%f. If T, exceeds 300°F, valve Al will open, valves B

and Ap will close, and Mode 1 or Mode 2 will resume operation, depend-

ing upon the insolation level. However, if Tgq is less than T'S y 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 Tgq is below Tgy (storage is discharged), and as long as the
collector flow is through valve Aj (controlled by Te1), valve C will re-
main open and valves B, D, and A] 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, To1, 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. 1In 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 temperaturé is raised to approximately 200°F. When the low-
temperature storage is full, the condenser temperature is lowered to 110°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 condeﬁser pressure is then lowered so that the condenser operates at a tem-
peratﬁre of 160°F." Allowiﬁg ambient temperature to drop below 60°F before redu-
cing condenser temperature to 160°F prevents fhe 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) sélf-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 utility. 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_heafing 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 (110°F) from the condenser to the cooling tower.
High-temperature heat loss is minimized Sy generating electric power to meet
demand whenever primary storage is full and solar energy is available, although
low—temperaturé 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 utilizatiop of thermal energy available at the con-
denser. This is an indication of oQérsized collector area. However, this may
inevitably occur in the mild seasons if we are to design a meaningful STES gen-

erating significant electric powef 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 electrical, 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 dimensions 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
transfer 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,* aif—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 was not undertaken, nor was an all electric
system with 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..l 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 rooftsp 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 137 at array temperatures

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 tﬁevcollec—
tor fluid circuit. Heat is transfefred from the main storage tank through a
heat exchanger nested in the main storage tank anqlthen 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 = No 1-8 [T —-Tc]), with insolation
at 1000 w/u2. Ny is cell efficiency at T.. In this case, based on West-
inghouse® data, n, = 0.16, To = 25°C, and B = 5.77 X 10-3/°C.

‘o
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ence between the photovoltaic module substrate and the water in the storage
tank., If the array requires cooling, water is circulated through tﬁé module
fluid passages until the thermostat fegisters 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 doﬁestic 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 heéting 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 units.

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 bégins 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°T, 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 excess heat assures that the entering
water temperature will always be below 110°F, thereby allowing for an approxi-
mately 20°F temperature rise across the collector plate without adversely af-

fecting the photovoltaic array's performance.

3.2.3 Component Description of Photovoltaic 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 quality 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 residerce. 1In 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.

iCollector

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—whité") 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 cover glass or the photovoltaic cells, thus

causing reduced electrical production or damage to the module.
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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 photovditaic 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 absovber panel.

Battery Storage for the Residential Power System

Because the cost of batteries in a photovoltaic STES is substantial (10%
to 207 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 Corporaﬁion trademark. B
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15 kiWhr per dwelling unit was sufficient to avoid the wasting of electrical
power at any time. As a reéult, 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 cépitalb
cost, perhaps by as muchAas 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 be 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 pérformances 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 ﬁackage for the
evaluation adding whatever subroutiﬁes 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 with weather tapes* 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 method 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. Dwelling Type
1 Single-family detached, generic loads, 36 units
2 Townhouse apartment, generic loads, 36 units
3 Low-rise apartment, generic loads, 48 units
5 Single-family detached, conservative loads, 36 units.

* See Appendix B.
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User Input/Output Main Programs Computer Piles
ather and Weather ‘and r-J
Permanent Data —> Ferzanent Data
Program Input Program
Weather and
Permanent
Data (Solar)
Report
Solar Total
STES Energy System
Pros Taput e Si{mulation
Program
STES Simulation
and Energy e
Consumption
Report
Economic
)A Analysis
Program

Figure 36. SOLAR TOTAL ENERGY SYSTEM ANALYSIS PROCEDURE
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Table 49, Part 1. SOLAR TOTAL ENERGY SYSTEM SIMULATION PROGRAM

PULAR MOUNT PARABOLIC TNUUGH « RUILDING 7 = LUS ANGELES LATITuvER34  UN

SULAR CULLECTOR APERTUKEL AREtA @ 2787, SU,FT,

8TES CHART NU, 4

PUNCHASED ENERGY

SYSTEM ENERGY DJSPLACEMENT BUILDING ELECTRIC/TYHENMAL LUADS

Combimetion Sk’ ComTIon  SISHALNNT DToRACeMNT e CoRowVion  NSUphmets

MUNTH (8TV) (Xw) (Kwh) (Rwn) (RTU) (k) (XwM) (8Tu)
JAN o 12373949 09206572402 0293951 %0S 1114004 «5681252¢08 «9205%72¢02 «37502540S ¢135652¢09
FEB LB84TUS* g0 «Y277506402 0279710405 e0UTB13¢ 04 NTYY Y- «929290¢02 34049305 102840909
MAR .720189¢¢0 882212%02 02932066405 e650370%04¢ «630612¢08 «882212¢002 358304495 108381409
APR e 150411 %Y +«892900¢02 0264a812%05 010200405 «735053¢08 «892%06¢002 «3006810¢0S e171812¢09
MAY ,171503¢0Y 2887921402 0209271 ¢0% «1VU5592¢05 «098935408 «887921¢02 '.sranaoos 177803009
JUN 22080009  ,829160¢02 0239600495 o 133482¢0S 817267408 853149402 373142405 0225282909
JUL « 33778300y «830S75¢02 2229135405 «100019405 2698395008 +8519306902 +«395754¢0% 0282833009
Aug 01683ae0Y  B38812402 0212542005 195800405 105758408 879520402 ,aoosae§os 0333523509
SEP «250095¢0Y 803841402 0238774495 0142572905 813132008 0882503402  ,381340*05 02443008909
acry «239117¢09 o8706495¢02 02719b89¢05 0125414905 «614509¢08 « 9006759002 «397404*0S .211063000
NOV 11299200y  ,924147¢02 ¢29a279¢05 «TU9233¢04 0481202408 o¥24147402 305202405 0118929409
nEC +134502¢09 «923780¢02 +297078¢05 778039404 «Uoi312¢008 e923780¢02 «374942405 ¢130607¢09
Tl T Nraee e 927750007 | e318438000  e132717008  iTT1143009  e929200002  .451154%06 220278410,

o ELECTRIC ENErLY DISPLACED ® (TUTAL BUILDING ELECTRIC CUNSUMPTION = PURCHASED ELECTRICITY)

. THERMAL ENERGY DISPLACED s (TUTAL BUILDING THERMAL KeUyIREMENYTS = SECUNDaRY wODILEN UytPyy = FNActION UF

WASTE MEAT USED wHICH 13 DERIVED FhUM THE PRIMARY BUILER)
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Table 49, Part 2.

PULAR MOUNT PARABULIC TRUUGH e BUILDING 7 = LUS ANGELES e LATLITULES34,0N

SULAR COLLECTUR APEKTURE AMLA =

STeg CHART NU, 4

2787, SUFT,

sau(T)ans
URC
CUNDENSEK

heal
tsr1V)

e1305 099
1020409
«1091409
1717409
e1775¢0¢
e2256409
281909V
e3311epY
2410409
o211Tep%
01192409

01307009

SOLAR TOTAL ENEKGY SYSTEM SIMULATION PKUGKAM

nen(B)ran an(9Y)an

HEAT PERCENT
KEJECTIUN ELECT,

(10)
PERCENT
UF ¢

MET nY
FUEL

57.15
S4.a7
41,82
$7,18
00,69
63,70
15.23
18,70
66,26
71,00
59,54

0“006

s(ll)en
PERCENT
THERMAL
FRUM

COND
HEAT

100400
100,00
100,00

100,00

100,00

99,93
99,85
99,41
98,63
100,00
100,00
100,00

a(l2)ee
[ YT T 2 1]
« PCT @
* yrvlLe
ARARRNS

L XX X221}
atdavad
RARNAAD
“100400*
“100,00%
2100,000
*100400e
#100,000
100,07«
#100e150
2100659
2101,39%
2100,00e
%100,00¢
®100,000

(13)

AVERAGE
CULLECTOR
FLUID
QuUTLETY
TEnP,
(OEG,F)

¢S5979¢03
5960003
3956403
«9%04800s
+5969003
«599%003

46000403

0000003
390040
45978403
«5987¢0)
0599503

(1) ) (s
FUueEL YO  ELECT, tieCT,
_BousT PRUDUCEL PRULULED
COLLECTOR BY SULAR oy FUEL
TEMP, PLUS FUEL IN CUL,!
(BTL) (KuK) (kmH)
MONTH .
JAN s8T7T7S¢0T  LEB111%08 L 5294e03
FED J1S33¢08  ,60TR¢0d 5750403
MAN 1926008 [ 0504e94 72108403
APK 01490408 1020005 ,%0%1¢03
HAY 02233008 1050005 ,8392403
JUN 5195006 1335005 1977402
JuL «0000 0160606005 ,upov
Aub +0000 0 1958¢05  Lug00
8¢eP «S15Te0T  [1u26e05 1931603
ocv L7603007  [1254e0S 3080403
LI 05281907  ,T092%04¢ ,1989%y}
(\]19 «2139007  _ TY80¢U4 8003002
TOTAL  ,1036¢09 1327006 3892404

HiGn TEMPERATURE MFATY KeJeCTED TU TOWER =

PURCHASEN ELECTRICITY B8PManaAM B8

@\ (>)
FUEL YU ELECT,
RuN 8vS81, PRODULEVL
WHEN NU  BY FUEL
SOLAR Ok IN CUL,.4
STURAGE  (KwWH)
AVL,,(BTU)

01150009 (430040
«T315¢08 (273540
«2330008 199840
114009 520840
,1492009 8550940
2283409  ,B4b34y
337760V 125000
JH106009 L1541y
,252840Y  ,9253,4¢
2293409 853040
21077009  ,dg24e0
1320009 495040
22237410 4B8307¢0
,0000

1ARloe00 KwH

(o)

FugL TU
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THERMAL
REuMIS,
(Bru)

4 4900

4 L0000

4 L0000

4 L0000

4 L0000

4 ,1V80e00

9  +2431%00

S  J2451¢07

¢ L41T75«07

4  Lu000

4 L0000

4 Lu0u0

S 73068¢07

BTU/YR

v2238¢10

1 By

COUL ING SOL AN

TUWER + FUEL
(BTU)
«0000 2l.03
«V000 17,85
«0000 16,19
«0000 27.81
+0000 28,17
20000 55,77
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«0000 47,95
,0000 37,39
+ 0000 31,56
«0000 19,42
0000 20,77
«0000 29,42

65,53

99,74

21000200
[ 1T1111F]

LTEM (12) 1S PERCENY THeWMAL UTILIZATION CALCULATED AS 3
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Table 4%, Part 3.

SOLAR TOTAL ENEKGY SYSTEM SIMULATION PROGRAM

PULAR MUUNT PARABULIC THUUGH « BUILDING 7 = LUS ANLELEDS = LATITUDE®34G ON

SULAR COLLECTUR APERTURL ARta @

CULLECTOR NO, I

MONTH

JAN
FEs
MAR
APR
MAYy
JUN
JuL
AUG
SEP
uer
NOV

DEC

10tAL

DIRECT
NOKMAL WAD
(BTU/SUF ()
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62320405
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L77887¢00

VIFFUSE
RADIATIUN
(86YU/8GFT)
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«85733¢04
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e73610%0%

2187, SUFT,

CUOLLECTUR
BEAM
RADIAT]IUN
(BTU/8GFT)
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2 74323¢00

CULLECTUN
UIFFUSE
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(BTU/SUFT)

V0000
200000
$ 00000
e00000
« 0000y
s 00000
00000
200000
+0000¢0
«00000
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e 0UUUY

+ 00000

ENEKGY
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08040500008
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100471010

PEAR HUUR
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FLuw
(LB3/nN)
.105050005
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0 17095000%
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.lrevs&oos
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109150005
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(ANNUAL PEAK)

CULLECTUR

UVERALL

EFFICIENCY

(PcT)
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«337a¢02
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0 40609¢02
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CULLECTON
EFFICIENCY
(PCT)
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,5002259¢02
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«5140100¢%02

tan® OVERALL CULLECTUR EFFICIENCY 8 (CULLECTUN UYTPUT/(DINECY NOkMAL RADIATIUN * CULLECTOR AREA))* 100,
nans (ACCOUNTS FUR CUSINE LNSSES) sane

tanten coLLecluﬂ EFFICIENCY 8 (CULLECTUR UUTPUT/(CULLECTUR HEAM kaulAIIUN * COLLECTUR ANEA))s 100,
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Building No. Dwelling Type
6 : Townhouse apartment, conservative loads, 36 units
7 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 solar total energy system conceptual
design using a high-temperature (600°F) Organic Rankine Cycle (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 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 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 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. 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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Table

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 347 of

the thermal requirement was displaced by the solar energy input, although
nearly 1007 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 required by the living spaces and space conditioning
machinery.

"Thermal Requirements' — is the monthly and annual summary of input
requirements to the space conditioning 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.

49, ‘Part 2

"Fuel to Boost Collector Temperature' — is the quantity of fuel used to
boost 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 temperature 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
comes in two aspects of system operation. The first is the fuel corisumed
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

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 fuél 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 Colums 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 electricity 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 thermal 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" — is the percentage of the
electricity requirement satisfied by the solar total energy system and
is summarized monthly and annually.

"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 and
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 outlet 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-Temperature 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 1s available to non=
concentrating collectors. The diffuse 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 Photovoltalc Systems

The energy balance program calculates the solar energy received and con-
verted by the photovoltaic array, and determines its means of transfer t;ifbad.
The available energy is utilized by the load through the subsystems needeg to
provide energy in the proper form at the time required by the electrical and
thermal loads. The subsystems included are the inverter which convefta 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 trénsfer 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 basis 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 absqrbéd energy suffers further losses 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 develéped by the IGT project team for
evaluating system components and performance. This analysis considers both re-
ceived solar energy and residential structure thermal and electrical energy re-

quirements, 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 ccompression system
119
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ater-Cooled
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" Area
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Energy
Collector
Thermal
Performance
Photovoltaic
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Electrical Space
Load ®_< Cooling
i © Load
Electric
Urility e pace Heating
and
J \ Hot water Load
Electrica
Storage s,
i
i
ABSORBED ENERGY — Energy Striking
Collector Absorber Plate After Losses
Through Collector Glazing
COLLECTOR — Useful Thermal Energy
Produced by Thermal Collector
e — Photovoltaic Cell Packing
Factor — 0.9 -
PV
e — Nominal Photovoltaic Cell Yaste
Efficiency — 0.16
e, — Photovoltaic Cell Efficiency e, — Inverter Efficiency — 0.93
Reduction Factor for High-
Temperature Operation — 0.83 e, — 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 electrical 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 1nsolation 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 storageAis exhausted and insolation does not provide suffi-
cient electrical energy for the load, the insufficiency is supplied
by the backup source — a ulkility 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 1s exceeded, the remaining
insolation 1s wasted.

2. If available thermal energy from insclation 1s 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.

Nameplate Rating Cooling Capacity (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:

e. = collection efficiency or the relationship between the cell absorbed

energy and available insolation. The product Ipe. is called ab-

sorbed energy in our analysis, and is calculated by the hour for
the total energy system. '

e, = nominal cell efficiency at 25°C, air mass one.

ep = packing factor relating solar cell area to total array area.
e = loss related to elevated solar cell operating temperature.
e, = inverter efficiency. )

e, = electrical storage efficiency.

The values used for the various efficiencies are as follows:

e = 0.16
n

e = 0.9
P

e, = 0.83
ei = 0.93
e =

0.80.

Thermal output is derived from the Qalue determined for absorbed energy

6
as: ‘
Thermal output (kWh) = (0.8) (absorbed energy)
- (0.005)(55-—TA°C)
TA = ambilent temperature.
The combustion efficlency of the backup furnace is 80%.
A sample of the simulation program output is illustrated in Tables 50
a. 51, Following are descriptions of the contents of the tables:*
e  '"Raleigh, 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 plafe, 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.
122

I NS T I TUT E. 0O F G A S T ECHNOL OG Y



I L S N |

31 n1

A9 0 1 0NHDS3IL

£CT

Table 50.

RALTEGH , NUKTH CARULINA = CHLLECTOR TILT EUUALS NURTH LATITUULE IN DEGREES

SULAK COLLECTUR APERTURE Akea ®

WATEFR CONLEL PHUTUVULTALL CELL SYSTEM

MONTH

JAN
Fto
MAR
APR
MAY
Jun
JuL
AUG
skp
ucY
NUV

DEC

PUKLMADEU ENERGY

FuEL
CONSUMPT JuUN
(8TV)

JJubdloueqy
L24T812¢¢Y
JJuliusegd
+300708¢08
«VU00V0
,000000
TITTT
T I
+ 00000V

,200403000

" L 159210e0Y

33922240V

ELECTHIC
DEMAND
(Kw)

«958802¢02
«942552+02
«114583¢03
«103920¢03
018219003
«208015+03
0205219403
J1Y8523¢03
o177117¢03
136747403
958802402

«900302¢02

BS96, SUFT,

LA L L LA d A d AL A I A T I DY T L L L L AL ALY L L 2]
ELECTRIC
CONSUMPT TUN
(knn)

0302098%0Y
¢323100%05
0255381405
e302188¢%05
15152405
e508073¢0S
.581203405
024 02U5¢0S
04173572405
0317748405
¢ 35005¢y*05

W 380457405

,092283404

T 40Tu8Y9¢04

e 109942495
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JYSTEM ENERGY DISPLACEMENT
ELECTRIC =
OISPLACEMENT
(Xan)

THERMAL o
DISPLACEMENT
(811)

«577674e08
eS4T001¢08
ol?0000f09
+90T052¢08
e102843¢0U9
° 752083408
o717152408
« 777152408
+ 792083408
952049408
«SE7122408

s3311063408

PHOTOVOLTAIC CELL SYSTEM SIMULATION PROGRAM

BULILUING ELECTHIC/THERMAL LUADS

95880202
«9a2552¢02
e115%03¢03

«10686386¢03

«190556¢+0)
«210417¢0)
2089350403
20171103
o 1827U6e0}
.143910403
958802402

00302902

ELECTRIC
CONSUMPT JUN
(KnK)

431926405
« 390589905
«365322¢05S
.396868+05
«521723¢05%
,613420640S
«0606995408
641262405
+518597¢0S
L402217405
405901008

L430770405

XTI Y T LYY T PPY P TY T T T PP Py Y T T TS
ELECTRIC
DEMAND
(Kk)

THERNMAL
NEWUIREMENTS
(sTy)

«3304T75¢09
0252950409
0179292409
0125622409
0102083409
+752083+08
777152408
777152008
+752083¢08
+116582¢09
«186085¢09

+300496¢09

TOTAL

* ELECTRIC ENEHLY DISPLACED s (TUTAL HUILDING ELECTHIC CUNSUMPTION = PURCHASED ELECTRICLITY)

12314001V

«20K015¢03

2UT753854%00

105251400

e 92UYTEeYY

e210417%03

#¢ THERMAL ENEWLY UISPLACED & (TUTAL BULLUING THERMAL REUUIKEMENTS © hULLER ODUTPUT)

«5800095¢00

0191015¢10
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Table 51. PHOTOVOLTAIC CELL SYSTEM SIMULATION PROGRAM

HALIEGH , NURTH CARULINA ® LOLLECTUR TILY EWUALS NUKTH LATITUUE IN DEGREFS

SULAR CULLECTOR APENRTURE AWELA 8

8590

WATER CUOOLED PHUTOVULTALL CELL SYSTEM

MUNTH

JAN
~ Fto
MAR
APR
MAy
JUN
Jup
AUG
stp
(V] |
NUvV

veC

D,C,
OuTPUT
FRUM P vy,
ARRAY

1)

ELECT,

(kwn)

e 750751 %04
« 734508404
0122314405
0104711205
0110238405
L114373408
.113329%05
¢e108680¢0S
01098389058
093339904
007714004

«SU43633¢04

2)

THERMAL
OuTPuUT LIk
P.Ve ARRAY
AFTENR

LuSStY
“(HTu)

«57706704y8
5520908498
e12575y+gY
e1uT9i2409
01330794y
132075499
e 1280602Y49Y
01200610409
2135799409
,F8379¢408
eS3894 /7400

e331163408

eLEC,
MET BY
sSULAR

(3)

LUav

(XKWH)

«6922H83¢4
«0734b99¢04
0109942405
« 940680094
«106571¢09%
1006353405
,109391405
«101037¢09%
»101225¢05
JAUUGBI40U
«558510¢04

0503]29'0“

o SULFT,

4)
Fuel TU
MEET
ThbkMaL
LoaL

(s711)

e34bsByry
w24T812ey9
o 7413480
.ieo708'ub
e000VVO
2000000
V00V VY
+000vVO
sV00VVO
2064063408
01592106¢y9

033922249

(7)

PENCENY
ELEC, LLAD
MET BY
SULAR

(PCT)

0100278402
2172790002
.sboOuuooz
+2385860¢02
0204267402
0173093402
153499402
e1575065¢02
¢195190¢¢2
0210008002
.13159900é

e116798+¢2

(8)

PERCENT
THENMAL

- LUAD MET

bY wWASTE

HEAT
(PCTY)
1716859402
216268002
0069301902
«T702%90¢%p2
«100000¢03
.100000403
«100000003
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+100000%03
817150002
¢315513¢02

¢108759¢92

(9)

ELECTINIC
UTILIZATION uvILIZATION

(PLT)

e623157+93
*577900403
e330013%03
el]17065¢03
2488557003
577721403
,651471403

0034060 0)

511911003
lU73773¢03
e 7250u2¢0)

o8559106¢03

(10)

THEKRMAL

(PCT)

+5826062¢0)
0462389%¢03
0341920903
0125374003
2759380002
S79725+02
2008413902

0008503¢02

2502071002
0118078403
e3j69adeg)

0919% 008093

TuTAL

21140647006

11808910

PURCHASED ELECTRICITY BPMeosAM B

PUKCHASED ELECTRICITY sAM=gPM &

«105251¢006

224004006 K

e2354¢006 K

e12314be10
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(S) (6)
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(KwhH) (BTu)
e 00UUVY 000000
0000000 ¢ 000000
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T e 585975¢08
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«0UNVO0 * 000000
0000000 0000000
000000 0261870 0%

ELEC UTILo3(ELEC,LL,/7(TUTAL PVC ELEC,UUTPUT))w100,
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J480259402
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THERM UTIL o8 (THERM,LD,/(TOTAL PVC THENMAL OQUTPUT))®*1yy,

0160939403
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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 thermal 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
domestic 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 heating and air—conditioning loads
(air conditioning 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 OQutput 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 Qutput 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 column tabulates the monthly and
annual total recovered thermal energy from 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. 1In 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 system 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 307 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 therinal loads. In this case the system
easily met 1007 of the late gpring, gummer, and early fall thermal loads,
which are small compared to the reject waste heat, but only provided an
annual contribution of 487 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 i1s 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 overwhelm the impact of the small quantity
of wasted thermal energy on reducing 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 pntential 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 preferred 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-
iﬁg 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 flamnable flulds to the atmosphere, contaminating the air at best
and posing a severe burn or fire haéard 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 flam-
mable liquid that is probably above its flash point. Onsite tank storage of
fuel 0il, of course, is acéepted practice, but the high fluid temperatufe 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-
yvond 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 fﬁture 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 collectofs, although 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 ih ex-
change for the benefits that 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 generally 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 lessen 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 ‘“backup 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 advantages of solar total 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 o0il from the collector or toluene from ORC 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 cduld create health
hazards 1f they find their way into water supplies or sewer treatment planté 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 antennasb

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 SUBSEQUENI PHASES

Although residential applicétions 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) 40%
ORC System (100 kW) - 20%
Storage 5%
Conventional Components 35%

TOTAL 1007

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 preéent-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 introduction 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 1s perceived as experimental and unproven in the
market place. No standards of quality, performance, or safeﬁy 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 génerally not provided by the industry or mandated by state
regulatory agencies. Financing for solar installations 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 ' Barrier

e  Economic Cost competitive energy

High initial cost

e  Institutional/Technological Utility Interface

Material & Equipment standards

° Legal/Social 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 is
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 and 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 demonstrated to work reliably, to have
reasonable O & 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. :

Interfécing with electric utilities is probably the second most serious
barrier, especially for STES applications. Problems develbp when local
utilities reaiize 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 recent report
by the Office of Technology Assessment, "Application of Solar Technology to
Todays Energy Needs,"vJune 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 ;ypically are either specification s;andards, which iaentify
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 épdes
are satisfied, then those solar components may be said to be developed.
Howevér, if a given design employs components in an uﬁusual 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 aré 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 installad 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
goveruneul suppurl ol 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

depends upnn the natinnal valne assigned 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 résearch and experiments, system experiments

and system demonstratioms.

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. Third, marketing
to sell and service the products must 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 befo:e 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, anq local governing commissions nationwide are
continually becoming more aware of and involved in issues perfaining 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 residential STES applications. The CPC (éompound-parabolic-
concentrator) is described in Appendix A. Briefly, it is used to achieve con-
centration ratios of 1.5 to 4.0 without 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 té 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 neceséary 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. CompEFmises 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 collectors 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 reélized
" 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-
tigl 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 breakthrough 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 certain residential applications. Although cost }eductions
of 507 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 tﬂe more interesting ones involves a
system of complex metal hydrides used as a "chemical heat'pump", currently being
developed at Argonﬁe'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 oniy at a laboratory scale de-
velopment level, a demonstration unit is being built to verif& 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 LaNiSHx. 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
higﬁ—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 veésels, 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 CaNiSHx and LaNi Hx. In operation, heat

5
transfer fluid from the solar collector at around 117°C is circulated through

the first hydride bed containing CaNiSHx, decomposing the hydride. The hydro-
gen is evolved in the first hydride bed and absorbed exothermally by the second

hydride bed of LaNi Hx’ evolving heat at 40°C for space heating. Operation is

5

then reversed by thermal coupling of the CaNi Hx bed to the space to be heated

5

and allowing the LaNi Hx bed to absorb heat at low temperature (~8°C) from the

5 .
ambient. Under these conditions, the hydrogen pressure in the LaNiSHx bed is

greater than that of the CaNi Hx bed operating at 40°C, thus hydrogen is trans-

5
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 1b hydrogen per hour dis-
-charge rate) fixed-bed iron titanium hydride hydrogen storage system coupled
with an electrolyzer and fuel cell for hydrogen production, stofage, and re-
conversion to electricity is being demonstrated at Public Service Electric

and Gas Company 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 caﬁital 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 $650,0Q0), 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 conventionai 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) $120,000
ORC System, installed (including batteries) $ 70,000
Storage, thermal $ 25,000
Remainder of System $110,000
Total $325,000
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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 theéir 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. 1In fact, because of the rapid growth of solar
technology, new collector innovations and on-going test programs soon make any
list of colléctor 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 plateAsystems since a number of
federélly'funded and privafe.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 fof 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

b NS TITUTE 0O F G A S TECHNOLOGYY



4778 ‘ 8987

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—l):
the frame or cabinet; insulation; absorber plate, including some methods of
fluid flow for heat transfer (i.e., piping); and one or more glass covers
(which may be etched or plain). A typical collector size is 3 ft x 8 ft, with
an aperture area of 15 to 16 ftz. Weights range from about 70 to 150 pounds

per unit, depending on the manufacturer.

Transparent Glass

/

Covers

/_ Insulation

Rigid Frame
Absorber

. Tubes for fluid flow

-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 compared

in terms of production quantity and speéial features, shown in Figure A-2.

Collector Characteristics
Number of Etched Absorber Selective
Mamufacturer | Prod. Quantity [Glass covers Glass Coating
" Vendors Type
A >100, 000 sq. ft. 2 Yes Black chrome|  Yes
on bright Ni.
B >500, 000 sq. ft. 1 No TABOR - Yes
c 20,000 8gq. ft. 2 No flat black No
D 50, 000 units 1 No " Ethone Yes
E 2 No SM Nextel Yes
F 75, 000 8q. ft. 2 No PPG No
Duraction
enamel
G 22,300 8q. ft. 1 No Sherwin No
Williams
combo-black
. paint

Figure A-2. SAMPLE COLLECTOR DATA

Some of the collectors with non-sélective absorber coatings are offered
with‘selective surfaces at additional cost. Ihe method of heat transfer can
vary widely in flét 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.)

Effiéiency of the flat plate collector can be increased by adding one or
more flat mirrors mounted so that they reflect light onfo 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.

A-5
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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. 'Tubular 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 enciosed in a larger glass tube. ‘'The area between the glass shell and ab-
sorber is evacuated to about 10-4 torr and sealed permancntly. 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
ébsorbef with the tubular concept, can be lighter than the conventional

double-glazed flat—platg type.

Manufactﬁrers boost collector performance differently (Figure A-3). For
example, Figure A-3a presents a concept in 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.

R 2
The production quantities of these collectors range from 450 ft“ repre-
-2
senting 3 systems for the concept in Figure A-3c to 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 boxf 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.

A-6
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Figure A-3. VARIOUS EVACUATED TUBE COLLECTORS

A-7

1 R [ I o R = 9. F G A S T E E€H NIO L O & ¥



4/78 8987

——————

//"/

e
y 28
_"/// /GLASS COVER

n - g
f //% //»// PARABOL 1 -
////
~

\

\

PANEL
2.44 FT = -

\

(0.743M)
' ] <
S
. \ZH .| | ABSORBER e 5@‘“

s

b 9P €0, BTNt INSULATION

a—— 2. 125FT(0.6LT7M)5

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 cm
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.

A-8
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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 cuucrete form.
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Figure A-5. FyLL PARABOLIC TROUGH

Figure A-6. HALF PARABOLIC TROUGH
A-10
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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 that troughs as
wide as 15 feet may be built. An offshoot of this design is being developed.
It uses low iron silver backed 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 frbm 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.l 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.

A-11
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Figure A-7. SLATS COLLECTOR ARRAY CONFIGURATION
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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. 1In addition to this, there are other two-axis tracking collectors
(or point focusing collectors) 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 collected, 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
e Conduction
® Convection.

The general form of the collector efficiency equation can then be derived by

reference to the following diagram:

Total Power
Possible Reaching Power
Power Receiver Absorbed
PT optical : P1 thermal Pa
losses losses
SN S

The collector efficiency (n) is —

We can define an optical efficiency (n opt) as —

n opt = H—
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and the thermal losses are —

Thermal loss = Pl-— Pa

such that the collector efficiency may be rewritten as —

Thermal loss
n =n opt — P
T

This is the general format of the collector efficiency 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 c “amb

The general form of the collector efficiency:  is, then —

n=n . A (Tc B Tamb)"+ B (Tca B Tamb4)
"~ opt I
where —
n =\collector efficiency .
nopt = optical efficiency constants . )
A = conduction and convection loss constant, Btu/hr ft™-°F
B = reradiation loss constant, Btu/hr ftz—qRa
TC = average receiver temperature, °R
Tamb = ambient temperature, °R

. i 2
I = available solar insolation on collector aperture, Btu/hr-ft".

The constants.no A, and B vary from one collector design to another.

pt’ A :
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
theése 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 identified collectors types. Figures A-9
through A-14 shnw cnllector efficiencies reported from analytiéal predictions

and actual test data. For comparison, the efficiency curves for the generic
A-15
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Figure A-9. FLAT PLATE COLLECTOR PERFORMANCE
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Figure A-11. PERFORMANCE FOR COMPOUND PARABOLIC COLLECTORS

8L/%

L868



1 S NI

3 L n 11

A9 07 0NHDO3L1

6T-V

COLLECTOR EFFICIENCY

(MANF. DATA SHEET), $18/ft2

(TEST DATA)

(REF. 8)

(MANF. DATA SHEET) $14/£t2

TROUGH, $19/ft“, REF. 9

PREDICTED PERFORMANCE (BEF. 10), $22/ft’
(MANF. DATA SHEET)S$8/ft A

g 3]

==

LJ v v L § R B v v A J
0.2 0.4 0.6 0.8 1.0 : 1.2 1.4 1.6
' - 2
Te = Ta °F - FT2 - R
IDIRECT BTU

Figure A-12.

PERFORMANCE FOR ONE-AXIS TRACKING TROUGH CONCENTRATORS

8L/%

- L868



I L S N |

0. "3 LN 1

v

A9 017 0NHDOZ3ILIL

0C~-v

COLLECTOR EFFICIENCY

VENDOR
1 Q
1.0f 2 AA
3 BB
4 0
5
; "
0.8 7
0.6.

i——-—@~
L)

SEGMENTED MIRROR (MANF. DATA SHEET), $20 to szs/ft2
SEGMENTED MIRROR, REF.11 9
FRESNEL LENS (SURVEY RESPONSE), $19 to $25/ft

FIXED MIRROR, TRACKING RECEIVER, REF. 12

SEGMENTED MIRROR, $18/ft“, REF. 9 )
FIXED MIRROR TRACKING RECEIVER, $16/ft
FRESNEL' LENS, $18/ft”, REF.9 :

s+ REF.9

3
0.44
0.2
u v 4 v T 14 v T Y v
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
- 2
Te = Ta |°F - FTZ - HR
1 BTU

Figure A-13. PERFORMANCE FOR ONE-AXIS TRACKING COLLECTORS

8L/y

L868



LS N |

3 1Nt

A9 0 17T.0NUHDI3I 1L

TZ-v

(COLLECTOR EFFICIENCY

1.04 1 PARABOLIC DISH COLLECTOR, REF. 9, $22/ft2
2 VENDOR N, MANUFACTURER'S DATA
0.8 ' ﬂ
0.6 4
0.4
0.24
5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.
Te = Tamp °F - FT2 - HR
]DIRECT BTU

Figure A-14.

TWO-AXIS TRACKING PARABOLIC DISH COLLECTORS

8L/Y

L868



4178 . 8987

collectors are also presénted in the figures. Each curve is identified as to
source, and the reported current cost (when avai;able) 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-11 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 Figufes 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 disérepanccy
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 figureg: 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 discrepanciés
here only to point out that our inferpretation 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 superior; rather, we wish to

describe variations possible and typical expected performance.

To- this end, Table A-1 shows our recommended collector constants; n s

opt
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

A-22
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Table A-1. GENERIC COLLECTOR EFFICIENCY _CH.ARACTERISTICS
L} ]
- + -
Collector Bffficiency -” opt A (Tc TA) B (T, tl )
1
14 , . a] b c d
Cellector 72 opt (clean) A B I Commente
Flat Plate (FP1) 0.805 0.6 0 total insolation average 315/!&2 (Vendor A) - Lennox
(FP2) 0.775 0.75 ) total $9.00/1¢?
(FP3) 0.750 1.22 1] total 35.00/(!2
Flat plates are not candidates for
STES
Evac. Tube (ET1) 0.700 0.157 ] total $ZO/!t2 (Vendor J and I) - G.E., .
(E12) 0.670 0.35 0 total Owens, Il
SlZ/ﬁZ (Vendor H) - KTA estimate
Collectors tllted at local latitude.
-pe (cpcy) 0.60 0.13 0 total $25/¢¢? (OTA estimates) CR= 1.5X
(CPClA) 0.74 0.12 0 total $32.5/5t% Advanced CPC ~ better
- mirrors, selective sur-
face, cover glazing, cost
504 above current CPC.
CR =z 1.5X. 1.5 CPC's
. tilted at local altitude,
(CPc2) C.48 0.12 0 total $25/6t> CR = 5X. Tilt angle
adjusted monthly.
33Z.S/itz Advanced CPC.
(CPC2A) .67 0.084 0 total CR = 1.5X.
1 One Axie Tracking Segmented mirror 820/ft2
} (T1) 0.68 0.071 0 direct (Vendor Q) - SLATS
(T2) 0.59 0.060 [ direct Fixed mirror tracking receiver,
; (Vendor O) - General Atomic
. (1T3) 0.69 0.1%0 0 direct Fresnel lens (319/“2), (Vendor
L BB and CC) Northrup, MDAC
*ne Axis Tracking
Farabolic Trough -11 2
Concentrators (PT1) 0.750 0.0663 0.455 x 10 direct $25/£t” slso used -~ worst case inci-
dence angle-ref. report 1
| (*12) 0.620 0.080 | 0.50 x 107'° direct $14/1:% (Vendor M)-Acurex (Vendorl;l
Honeywell]
: (P13) 0.700 0.55 direct $8.00/ftz (Vendor Y) - ZZ Corp.
— z
1Tve Axte Tracking 0.8 0.0075 | 0.73¢ x 10712 direct 340/“2 (Vendor N) - Honepwell
i . . — direct $22/ft” noon time efficlency only
L 0.82 0“0‘13" ] o ree (Vendor DD) - Raytheon

® performance of collectors determined with an optical effictiency of O.QO‘NPt(clnn)
b Btu/eq ft °F hr

c

Btu/sq ft g4 br

¢ Btu/sq ft hr

I N ST

| TUTE 0
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Figure A-15. CENERIC EFFICIENCY CHARACTERISTICS OF NON-TRACKING COLLECTORS
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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-
tors. For the purposes of collector scréening 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
1.0X 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 performance 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 performénce (opticél losses outweigh
receiver gains) while non;evacuatea tube CPC's seem to -increase efficiency with
increasing concentration. (Increased recelver efficiency outweighs degraded
optical performance.) Because 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 1.5X CPC. We hasten to add that many solar ener-
gy investigators believe that CPC'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 5X. 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 glééing, better mirrored surfaces, and better selective ébsorbers.

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.

A-26
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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 applicatioms.

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 sola; 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 reflectaﬁce 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-
manernit and temporary degradation effects have been investigated. Our primary
sou}ce of data is the University of Minnesota and Honeywell tests, which were
feported 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—Aand 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(Dpro—
tective layer on the reflective surféce is believed to be acceptable. The data
indicate that no reduction in optical efficiency is likely since materials can

be used to prevent permanent degradation of reflectivity.

A-27
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Table A-2. DESCRIPTION OF REFLECTOR SAMPLES
Mirror Original
(ist or Average
Code Manufacturer 2nd Surface) i Reflectivity Material
GD/1 GENERAL DYNAMICS lst 0.85 .Aluminized fiberglass with
: protective coating
Gb/3 GENERAL DYNAMICS 1st 0.83 Aluminized fiberglass with
protective coating
GD/4 GENERAL DYNAMICS 1st 0.92 Aluminized fiberglass with-
out protective coating
IM/1 ' 3M COMPANY 2nd 0.86 .Aluminized acrylic
H/1 HONEYWELL 2nd 0.76 Aluminized glass
s/3 G.T. SHELDAKL 2nd 0.77 Aluminized Teflon
s/1 G.T. SHELDAHL 2nd 0.79 Aluminized Teflon
s/2 G.T. SHELDAHL 2nd 0.86 Silvered Teflon
R/1 RAM PRODUCTS 2nd 0.80 Aluminized acrylic plexiglass
AK/1 ALCAO ist 0.82 Anodized aluminum reflector
sheeting (Alzak)

8L/%
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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% 112 171'
Florida 0.93 34% Failed
Minnesota 0.92 Failed
3M/1 Arizona 0.86 0 0 0
Florida 0.87 1% 312 Failed
Minnesota 0.85 1% 1% 1%
S/l Arizona 0.78 0
Florida 0.79 0
Minnesota 0.79 0
S/2 Arizona 0.86 0
Florida 0.86 0
Minnesota 0.87 0 0
s/3 Arizona 0.78 0 0
Florida 0.77 42 3%
Minnesota 0.77 0 0
H/1 Arizona 0.76
Florida 0.76 0
Minnesota 0.76
R/1 Arizona 0.80 3% 3% 10%
Florida 0.80 0 5% 8%
Minnesota 0.80 12 4%
A-29
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A reduction in.refléctivity'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 reduc-
tion varied from one measutemenf 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 w;s gained as a result of
the recently completed central receiver design study. The HoneyWell heliostat
used second surface silveredgglass mirrors. Protdtype'heliostats were tested
in the Florida environment. Data from the tests indicate that reflectivity
reduction can be maintained below 10% by weekly cleaning. An'average refiec-

tivity reduction from 47 to 67 is estimated for a 2-week 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,shoﬁn in Table A-5. The data indi-
cate that no pérmanent degradation should be expected. Dirt accummulation on
the glass can, however, reduce transmittance by as much as 47. An average re-
duction in transmittance of approximately 27 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.

Future 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 ﬁée 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, thexe.are a great num-

ber of methods that can theoretically offer significant efficiency gains.

A-30
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Table A-4. REDUCTION IN REFLECTIVITY DUE TO DIRT TESTED
IN ARIZONA ENVIRONMENT
- SAMPLE 3IM/1 S/1 S/2 S/3 H/1 R/1
TYPE
PERCENT ‘
REDUCTION IN 3-8% 1-10% 4-18% 5-22% 1-9% 4-13%
REFLECTIVITY

* Times from last cleaning varies from 9 - 45 weeks

8L/Y
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Table A-5. SOLAR TRANSMITTANCE OF ETCHED GLASS AFTER
6-MONTH OUTDOOR EXPOSURE

8987

LOF Single Strength A Glass

Solar Transmittance (%)

Unetched

As Etched

Etched, Exposed, Uncleaned
Etched, Exposed, Cleaned

86
90
86
90

Fourco Glass

Solar Transmittance (%)

Unetched

As Etched

Etched, Exposed, Uncleaned
Etched, Exposed, Cleaned

89
95.6
94, 1*
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 collectors 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 reflecti;e films with reflectance values of 6.77 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 being an increase of 57 to 107% of the collector

cost. .In some cases, it may prove economic to use higher performance materials.

A-33
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APPENDIX B. WEATHER AND INSOLATION DATA
FOR STES PERFORMANCE EVALUATION
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Introduction

Performance simulations for solar energy systems require a mathematical .
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 tﬁe 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 10-year data on

the TDF 1440 Airways Surface Observatioﬁ tapes. However, hourly insolation

data are not readily available in this form and much of the data in existence
were measured with instruments that were out of calibration and thus not re-
liable. The insolation data, therefofe, are calculated using accepted ASHRAE*
algorithms andare placed on the weather tape along with recofded 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 times,

- 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.

B-3
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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-cm” 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
bécause of the seasonal vari3fions in the Earth-Sun distance.

The value of I_ varies from 139.9 mW/cm2 in January to 130.9 mW/cm2 in
July. Table B-1 lists, as a function 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,dr, ET, A, B, and C are expressed in Fourier Series
form and the values are calculated as a function of the day of the year,
d, from the following truncated Fourier Series. (See Table B-2.)

_ R * Ay *Cos(w*d) + A, * Cos(2*w*d) + A * Cos(3*w*d)

O

+ By * sin(w*d) + By * sin (2*wrd) + B3 * sin(3*w*d)

where: w = 2% (¥
366
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Table B-1. SOLAR RADIATION INTENSITY AND RELATED DATA

DATE I : o ET A B 1 - C
BTUH/gF DEGREES HOURS BTUH/SF AIR MASS™' DIMENSIONLESS

PJan. 21 440.1 -20.0 -.190 390. 0.142 0.058
Feb. 21 436.5 -10.8 -.230 385. 0.144 -0.060
Mar. 21 430.0 0.0 -.123 376. 0.156 0.071
Apr. 21 422.8 11.6 .020 ~360. 0.180 -0.097
May 21 416.5 20.0 .060 350. 0.196 0.121
Jun. 21 413.1 23.45 -.025 345, 0.205 0.134
Jul. 21 413.5 20.6 -.103 344, 0.207 0.136
Aug. 21 417.6 12.3 -.051 351. 0.201 0.122
Sep. 21 424.0 0.0 113 365. 0.177 0.092
Oct. 21 431.1 -10.5 .255 - 378. 0.160 0.073
Nov. 21 437.6 -19.8 .235 387. 0.149 0.063
Dec. 21 441.0 -23.45 .033 391. 0.142 0.057
A - apparent solar constant 6 - solar declination

B - atmospheric extinction coefficient ET - equation of time

C - sky diffuse factor

8L/Y
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A, Ay Ag Ay B B, B
d .302 ~22.92 2229 |- 283 | 3891 }ooz -.055
ET | 0.0 .007 -0.05 -0.0015 | -0.122 -0.156 -.005
A | 368.94 24.52 -1.14 -1.09 0.58 -0.18 .28
B-| .an7 | - .0344 .0032 | . .0024 | - .0043 | 0.0 -.0008
C .0905 | i .0410 .0073 .0015 | - .0034 .0004 -.0006
Table B-2. FOURIER COEFFICIENTS

. 8L/Y
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The program calculates the following on a daily basis:.

1 - sunrise time

2 - sunset time

3 - declination angle

4 - equation of time

5 - apparent solar constant

6 - atmospheric extinction coefficient
7 - sky diffuse factor.

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) - &
"where —

t = time, hours (after midnight), (0-24)
TZN = time zone number shown in Figure B-1 and Table B-3
£ = 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; 8 = declination-
CosZ = Sin L * sin 6 + CosL # cos § * 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 § *# sin h

3. Direction cosine of sun ray in south direction.
CosS = * (l-cos z**2-cosW#%*2)*%*0,5

if cosh > tan 6/ 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)
(cos W ).

(cos SALT)’® SAZM = Solar Azimuth (position of

the sun measured
from the South)

If cos s>o, SAZM - arcsin

( cos W )

If cos s <o, SAZM = 180 - arcsin (ESE'EKiE5

Incidence angle algorithms are discussed in the Solar Radiation Processor
subroutine section.
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Figure 1. TIME ZONES IN THE UNITED STATES

Table B-3. TIME ZONE NUMBERS IN UNITED STATES FOR STANDARD TIME

TIME ZONE

TZN

Atlantic
. BEastern
Central
Mountain
Pacific

o3 O\ £
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3. Direct Normal Radiation — The T hrelkeld 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:

_(-B) _
(cos Z)

= * *
IDN A CN Exp

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).

ar
—
A X
hg:_r" ™
R = o
S 7 HNLra) 2
LN E] = > r— ry
AR .
N - e . ____.[’
2o ' | ~ =
l I~ [~ - b ’{‘
DR v
Yoy =
.- jy&é’o = '—nl o>
- /
$-SUMMER (M-y-y-A-3-0) -
W-WINTER (N-D-J-F-M-4) '

Figure B-2. CLEARNESS NUMBERS OF NON-INDUSTRIAL ATMOSPHERE IN UNITED STATES

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

I .=0C*

DS IDN (for horizontal surface)

1+a.
IDS = C *% IDN % (—325 (for tilted surface)

See References 4 and 5.

I'N ST I TUTE O F G A S TECHNOLOG Y-



4/78- 8987

* Ground Diffuse Radiation

BS = C * IDN/CN**Z (brightness of sky)

BG = f; * (BS + IDN * CosZ) (brightness of ground)
= % _

I,c = BG * ([1 e<]/2)

where —

4? = ground reflectivity
o< = Cos(€TA); direction cosine of normal to surface

CTA = surface tilt angle; degrees from horizontal.

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).

This factor varies by season and is calculated as follows:
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 R are found in Table B-4 for the appropriate season.

Table B-4. CLOUD FACTORS"

Season P - Q R

Spring . 1.06 0.012 -0.0084

Summer 0.96 0.033 -0.0106

Autumn | 0.95 0.030 -0.0108

Winter 1.14 0.003 -0.0082
. B-10
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The cloud cover facﬁor 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.

.. . 2 ]
The outside surface heat transfer coefficient in Btu/hr-ft -°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 depcnds upon the tracking pattern or
fixed orientation of the collector.

For flat plate collector arrays the incidence angle is given by:

B-11
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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)SINDELJ} *%2 **0.5

where —

THE = effective incidence angle when tube axes are in a north-south
orientation
LAT = latitude angle
CTA = collector array tilt angle
DEL declination angle
HRAD = 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] #**(Q.5

The SLATStR® 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
+ COSCFA * SINCTA * COSS

The expression above i1s 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):

. ABW
THMAX = arcsin APW
where —
ABW = absorbing surface width
APW = aperture width
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-angle cutoff. This is accomplished as follows:

B-13
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a. Calculate Altitude of Acceptance

LS

ALTA = 5~ 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 Acceptanée 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

COLLECTOR TYPE INCIDENCE ANGLE RELATION
angle axis in North-South plane SINTHT = COSDEL*SIN(LAT-CTA) *
with fixed tilt above horizontal, COSHRAD - SINDEL * COS(LAT-CTA)

tracking solar azimuth

Single Axis, North-South Plane, COSTHT = COSDEL
with axis adjusted to parallel :

earth's axis (polar axis) . i T
E-W tracks altitude but not azimuth. COSTHT =(1—COSDEL**2*SIN HRAD

**2)**(Q 5
Fixed surface to be normal to COSTHT = COSDEL * COSHRAD
kolar beam at noon on the
pquinoxes
Two-axis tracking to allow COSTHT = 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

I NS T I TUTE -~ O F G A S . " TECHNOLOG 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.

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) * (liggggzé)

where —

DNC*C = Sky Diffuse Radiation on Horizontal Surface.

*
Ground Diffuse Radiation is given by:

- % Pg
DIFG = [ (DNC*COSz) + (DNC*C) ] * [ Q—LOZ—S—CLA—) ]
where —
-DNC*C0OSZ = Direct Radiation on Horizontal Surface )
~-DNC*C = Sky Diffuse Radiation on Horizontal Surface
P9 = 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).

TI = DNC * COSTHT + DIFS within angular
CR acceptance
- - DIES outside angular
TT = ===
CR acceptance
See Reference 6.
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:

TIEF = DNC * COSTHE * ENHB + DIFS * ENHD
+ DIFG * ENHD

where —

TIEFF = Total "effective'" insolation

COSTHE = "Effective" incidence angle
ENHB = Direct beam radiation enhancement factor
ENHD = 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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] 14 2393008 2168408 9653403 8667409 1730408 3300407 3692409 L0000 a8 37 s 22 99,24 #100,77e 3950003
TOTAL 26001609 +1871906 42207005 42627010 9715605 +2650008 +3181010 a711408 39,20 68,03 99432 :.:::::E
M1GN TEWPERATURE wEAT REJECTED TO TOWER & 0000 BTU/YR ITEM (12) 13 PERCENY THERMAL UTILIZATION CALCULATED ag ¢

PUNCHASED FLECTRICITY APHeBAM »

PURCHASED ELECTRICITY 8AMepPH @

«168T0006 XwH

s 1291000 KuwM

PoUBlTH LD Z7(CUNDHT TU THLD,oTUT,TONER HT )) 0100,

NUTE 5§ UTILIZATIUN 18 UASBED ONLY ON THERMAL ENERGY PRUDUCED BY
Thg SYSTEM, ELEC'RIQI!V 18 100 PENCENT UTILIZED,

8L/Y

(868
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3 1 n 1

A9 0 170NUHDS3I1

SOLAR TOTAL ENERGY SYSTEN SIMULATIUN PRUGRAN

PULAR MDUNT PARABULIC TRUUGH = YUILDING 7 = BUSTON,MABS, = LATITULLEUZ,aN

SULAR COLLECTOR APERTURE akta ®

CULLECTOR NU,

]

S0SY, 8u,rT,

CULLECTUR COLLECTUN PEAR MUUR CULLECTUR cuLLECTON

OIRECY LIFFUSE BEAM DIFFUBE ENENGY FLULID MaB8 OVERALL EPFICIENCY

NORMAL KAD  RADIATIUN RADIATIUN RAUIATIUN CULLECTED FLO™ EPFICIENCY (Pc1y
MONTH (8TU/8uF)) (8TU/30FT) (8TU/8UFT) (8IU/80FT) (8TU) (LBS/HNR) (Pct)
JAN 18582000 26219004 142479405 «00000 0101753009 136973005 4389002 W 4734911002
FEB «a57a9905 226665400 024102005 «90000 108334009 4135820409 0Q681002 «4B4Y000*02
AR «03293905 e8a237¢04 002713008 «90000 2160213009  ,101545¢05 «5006002 «506498q8¢02
APR +95399¢05% «b0M19¢08 0410005 «00000 2162973000 111072005 ."11;02 «5001040¢02
MAY +T2080005 " o80T204040 08020405 +00000 2168203009  ,158781405 +8612002 .46087700e02
JUN 68851009 91002004 202780409 00000 2152725409 +10208240% J4810002 « 4808189402
Jui 00382500 o837067¢00 +50847005 #00000 1332006009  L17941000d (9209002 4634580002
AUG +37500¢09 o T1228¢04 55882005 000000 *133737¢09 o176814¢0Y + 4593002 «8708103%02
skp 54087405 253988408 053713005 200000 L135106009 142288405 99a1002 29975148002
ofy o 8221 7405 32039404 090820009 00000 0101320409 «1100a1005 o8T7a8002 « 8900592002
NOV 03083100 + 23038204 032857¢0% 200000 280594508 o121106e05 4301002 4808580902
DEC «37313¢05 222249400 033310409 200000 2801770008  ,13aUu%e0S 14228002 «47570008002
TUTAL «05034¢00 .olvseoos- +81750400 .;o;o; +151849¢10 0182082005 «8615402 .00005;5'02

(ANNUAL PEAR)

sene OVERALL CULLECTUR EFFICIENCY ® (COLLECTUN UUTAUT/(DIRECT NOKMAL HADIATION * CULLECTUR AREA))* 100,
seet (ACCOUNTE FUR CUSINE LUSSES) tenr

sasees COLLECTUK EFFICIENCY & (COLLECTUR UUTPUT/(CULLECTUN sEAM NADIATION o cOLLECTUR AREA))e 100,

~

8L/Y

L868
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3 1 n 1l

A9 0 17T O0ONHDI3I 1

JOLAR TUTAL ENERGY SYSTEM SINULATIUN PRUGRANM

PULAR NOUNT PARABOLIC THOUGH = BUILDING 7 © BUSTON,NAS8, o LATITUDEsA2,aN

SULAR COLLECTOR APERTURE AREA ®

7569, 30,77,

STES CHART NU, &
PURCHASED ENERGY SYSTEM ENERGY DIBPLACEMENT BUILDING ELECTRIC/THMERNMAL LOADS

PuEL ELECTRIC ELECTRIC  ELECTRIC &  TMERWAL o  ELECTRIC  ELECTHIC THERmAL

CONSUMPTIUN DEMAND CONSUMPTIUN  OIJPLACEMENT DIBPLACEMENT DEMAND CONSUMPTIUN  HWLUWUINEMENTS
MUNTH  (BTU) (xw) (KwH) (Kan) (81U) (xw) (XuN) (8ty)
JAN L8088406909 «996302¢%02 0209400405 28000205 0110284009 0994302902  ,q49407¢0S +810884909
{1 + 350830009 998552402 0200370408 «201951¢0% «121317¢09 « 998552002  ,a07921+0% «347045¢09
MAR 172730009  ,829504¢02 «203068¢0% «171603408 1776012009 829504002 373071408 « 204602009
APR .300283008 779304402 227036003 130173405 2149307409 «T79%064002  ,33380940% «100202409
MAy 715817008  ,9a4T7652¢02 2234500408 « 144133405 *156839¢09 «947652¢02 378717008 0192940009
JuN 111307909  ,931515¢02 02008080¢0% « 185703905 «169881 00 931515002 ,300583408 *237043409
JuL ,2708099409 884362402 +23082000% 193087405 0151308009 «913751402 423913005 0320398009
AUG L103103009 8990008402 0247210008 L 15095140% 102782409 04713002 808101008 0250732009
ser L,023905008  ,875967¢02 +20500340% 110808405 « 120175409 «B75V67002 302332005 +133201¢09
ocY ,0a1809008 883985402 0270256405 «922038904 «105218¢09 824955003 362459408 182300009
NOY 220003009  ,933802¢02 277087005 « 137804005 «899133¢08 +903802002 414931008 0238203009
o€EC 880079009  ,10075%5¢03 0231123408 217160008 + 883052408 0100755003 488203408 307379049
T0TAL T20T3S010 100785003 +202308006 194321906 »103868410 +100755903  .a76909006  +311459430

* ELECTRIC ENERGY DISPLACED & (TUTAL BUILOING ELECIRIC CUONBUMPTION o PURCHASED ELECTRICLTY)
e THERMAL ENERGY DISPLACED ® (TOTAL BUILDING THENMAL REUUIREMENTS « SECUNDARY BUILEX UUTPUY = FMACTIUN UF

WASTE MEAT VBED wWNICH 18 DERIVED FKUM THE PRIMARY BUILENW)

8L/Y

L868



1l S NI

SULAR YUTAL ENERGY SYSTEM BIMULATIUN PRUGLKAN

PULAR MOUNT PARABOLIC THOUGH = BUILDING 7 = BUSTON,WASS, o LATITUDESS2,dN

8L/Y

3 1 nt

0T-0

SULAR COLLECTOR APEHTURE AREA 8 7509, 3u,rT,
8TES CHARY NO, &
(§8) @) 3 ta) (s) (o) sea(T)aee ans(i)rne as(9)ee (10) aCli)en a(12)0e “u»
[ IX 21 21]]
FUeEL YO  ELECT, ELECT, PUEL TU  ELECT, FUEL TU  UNxg HEAT PERCENT PERCENT PERCENT * PCT ® AVENRAGE
80087 PRODUCED PRUDUCED RUN 8Y3T, PRODUCED NEET CUNDENSEN KEJECTIUN ELECT, UF O THERMAL & UTIL® CULLRCTOR
COLLECTUR By sOLAR oy PUEL wHEN NO  BY FUBL THERMAL  MEAY i "] MET BY FHUN sesavne FLyID
Tenp, PLUS PUEL IN COL,0 BOLAR UK IN CUL,9 Rpunts, (87U) COULING  SULAR  PUEL COND, sssenes QUTLET
({3 {1}] (KWy) (L LT STURAGE (Kwy) (8t1uy) TUNER ¢ FUEL HEAT saseees TEWp,
MONTH AVL, (BTV) (6tu) seseanse (0EG,F)
Jan 3780008 2200005 ,1390004 ,8318009 ,1583005 7830907 ,a041¢09 0000 $3.00 V1,75 98,47 #101,55¢ 393240}
Fes 03258008 ,20106905 1213008 3237009 ,L117300% 1022908 3393409 L0000 49,41 68,20 97,64 %102.410 3938403

LLL o 1868008 1710005 0972003 1941009 5635004 ,3913¢07 ,2880009 ,2178¢07 45,80 36,90 98,90 21004300 3935800

APH 02093008 1202005 ,792Ve03 ,1310008 ,4938¢03 L0000 02000909 ,8227¢08 35,60 10,20 100,00 ® 79,730 8945403
nAY oJAV1008 1801005 1326008 3605008 ,1374evd L0000 T 2235100V 4310008 38,00 18,71 100,00 o 81,72s ,992)¢03
JUN 5021000 1437405 2029000 37100080 2120404 L0000 2043409 7160007 37,09 28,851 100,00 & 97 ,00s 3095403
JUL T 0203008 1931005 ,2330008 ,2150009 ,8009¢08 ,uBB6Y06 3254009 ,0000 45,55 53,59 99,00 *100.12¢ ,3883003

AUG o4554008 1890005 1700000 15760909 ,S5133608 ,1310006 ,2001009 ,1509008 39,13 43,03 99,9 » 9a,300 5912403

see 22789008 11069005 ,1037004 3490008 1300008 ,0000 019199009 3081908 32,25 19,99 100,00 » 81,840 393949}
oct o1657008 9220004 0220003 ,3701008 1782004 L0000 01522009 1518008 25,48 20,00 100,00 * 90,308 ,5%000)
NUY 23250008 1379005 1210008 198140V ,72%4e04 2002006 ,2319409 L0000 33,22 61,82 99,93 100,074 9933003
OEC 28000008 2171005 1512004 ,4035¢09 1090005 5500007 3056409 L0000 48,88 75,78 99,24 #100,77e 5927003

A 9O 01710 NWHDOA 3L

TOTAL  ,0240009 ,1945000 1500008 '.aoavolo oTS600uUS 2031008 3450010 ,L1958909 40,79  @7,0} TT99,32 0 99,050
. ansatety

HIGH TEWPERATURE WEAT REJECTED TU TOWER 8 ,0V00 BTU/YR ITEM (12) 19 PLRCENT THERMAL UTILIZATIUN CALCULATED A3 o
PUNCHABED ELLCIRICITY OPMeBAN B 217143000 nuwH PoUeB(TH LU/ (CONDHTTU THoLUGeTOT,TUREN NT,))el00,

PUNCHASED ELECTRICITY 8AM=gPM & 011100006 Nuwh NUTE § UVTILIZATIUN I8 YABED UNLY ON THERMAL ENERGY PRUDUCED BY

ThE SYSTEM, ELECTNICITY I8 100 PENCENT UTILIZRED,

L868
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A9 0 1T O0NHDI3IL

11-0

. SULAR TUTAL ENEKRGY SYSTEM SIMULATIUN PRUGHAM

PULAR MOUNT PARABOLIC THOUGH = BUILDING 7 = BUSTON,MA88, « LATITUDEmWA2,aN
SULAR COLLECTOR APERTURE AKEA @ 1589, 8U,FT,

CULLECTOR NO, 1

CULLECTUR CULLECTUN PEAK MUUR COLLECTUN cuLLELTUN

DIRECT DIFFUSE BEAM GIPFUSE ENENGY FLUID MalS OVERALL EPPICIENCY

. NORMAL RAD  RADIATIUN MADIATIUN HAQIATION COLLECTED FLQw EFPICIENCY (Pct)

MONTH (BTU/BUFT)  (BTU/SQFT)  (BTU/SUPT) (uTU/8QPT) (bTU) (LBS/HR) *cY)

JAN 49820405 «20215¢04 425506005 00000 0152003909 (136973405 04302002 «47108938¢02
rép 33749405 260065004 ¢ 44152405 «00000 2161552009  ,13582000% «3683002 .0821427¢002
nAR 003293405 «4a237¢00 02837405 +00009 2389421009 1015485009 +4978002 5010587002
APR 069999405 +00419404 204028095 «00000 2203551409 997410004 4892002 8981189002
HAY 72080905 +«8av720000 067969405 +00000 2291700409  L146938¢0% 00601002 4879717002
JUN L08451008 «91002¢08 00291205 00000 220831000 177796409 8307002 87840808002
Jut 061425905 +837067404 0567006405 +00000 0199399909 179410003 « 4280002 *0630%2¢02
Aye « 57500905 271228404 055807008 200000 0199933409  ,176414909% «4577002 «8741130%02
il' +54087005 33985004 53093003 «00000 22019806009 « 182055009 24921002 9957024002
aly J42217¢00% «3203%040 + 40820008 200000 150921009 111891405 «9T711002 4870806002
NOy ) 30331008 023038904 033158405 00000 +120792909 123002905 «4387¢%02 o880UVIBLY0R2
(1] 14 +3751300% 22209004 ¢3330000% 200000 ¢120778409 0180230009 1 8242%02 + 4769809002

[ T - L2 ] eeSgdooany - -
TOTAL +85034%00 001956408 +61823400 000000 0227063%10 179410409 + 8800002 «4839272%02

(ANNUAL PRAK)

tes® OVERALL CULLECTUR EFFICIENCY 8 (COLLECTUN UUTPUT/Z(DINECT NUkMAL KaADLATION * CULLECTOR AREA)I® 100,

sses (ACCOUNTS FUR CUSINE LDSSES) nens

seneae COLLECTUR EFFICIENCY 8 (CULLECTUR UUTPUT/(CULLECTUN BEAM KADLIATIUN » CULLECTUN akEA))s M0V,

8L/Y

L868
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A9 0 10 NUHDS3IIL
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SULAR TOTAL ENEKGY SYSTEM BIMULATIUN PHUGRAM

PULAR MOUNT PARABOLIC TRUUGH e BUILDING 7 = BUSTON,%AB3, e LATITUDEea2,aN

SULAR COLLECTOR APERTURE AREA B8

$7¢8 CHARY NO,

10118, 8u,rT,

PUKCHASED ENERGY

SYSTEM ENERGY DISPLACEMENY

BUILDING ELECTRIC/THERMAL LUOADS -

FueL ELECTRIC ELECTRIC ELECTRIC ®  THERWAL e ELECTRIC ELECTRIC THERNAL

CONSUMPTION DEMAND CONBUMNPTIUN VISPLACEMENT ODISPLACENENTY OENAND CONSUMPTIUN REGUIRENENTS
HONTH (aru) (Kw) (Kur) (Kun) (81V) (Xw) (KuM) (bTy)
JAN 207302009 996302002 208779408 22400629009 +15355Q409 990302002 449807008 «81080800¢
ree 208178009 9985352402 0206998408 «200923¢08 «163589¢09 2998532002 407921008 +3470a5¢09
MAR o130774009 803043402 0179910¢08 1947019003 «232703009- +829%04002  ,3T407300% ‘0206002409
APR o 129097900 « 779504002 0198513408 +« 1582906005 +161070¢09 + 779504002 «353809008 LY
LY 2325437000 «918772002 ¢203321°09 +1753%00¢08 0175329409 2947082002 2378717008 0193940099
JUN «620809908 «931815¢02 +223010¢0% «1038067¢0% 0203901009 0931519002 + 300583008 0237083409
JuL 2199895009 913781402 +«230286005 o 193027¢05 2200999409 2913751002 823913009 2326390000
AUG 139200009 898321402 0231708003 178457409 «175958009 2904713002 400361005 + 250752009
[ 144 367070008 ’}675907002v 0222287405 « 1680044405 139982009 «873%7¢02 «302333¢%0% +153201009
ocry « 390000008 2380955002 0254008¢08 2108392408 « 122638009 +884955002 + 302059008 0182300009
NOV «170a78009 943802402 «276573¢0% 0138377008 «120706¢09 «983802002 614951008 «23320300¢
(1114 .301030007 « 10078503 0231032405 o210031405 0120375409 ¢10075%¢03 448203005 ¢367379¢09

- B . eove

T07AL «192919¢10 100733703 +206800%00 «210%03¢06 *204788¢10 «10075%903  ,a76909¢08 311439010

o ELECTRIC ENERGY DISPLACED 8 (TUTAL BUILDING ELECTRIC CUNSUMRTINN » PURCHASED ELECTRICITY)

e¢ THERMAL ENERGY DISPLACED ® (TUTAL BUILDING THERMAL NEQUIREMENTS » SECUNDARY BOJLER OUTPUT © FRACTION UF

WASTE WEAT UBED ANICH I8 DERIVED FRUM THE PRIMARY BUILER)

8L/Y

L868
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SOLAR TUTAL ENERGY SYSTEM SIMULATIUN PRUGRAM

PULAR MOUNT PARABOLIC TRUUGH « BUILDING 7 = BUSTON,MABE, o LATITUVERUR, 4N

.

SULAR CULLECTOR APERTURE AREA ® 10118, 80,r7,
STES CHART NO, 4
(1) 2) 3) (a) (S) (o) 00a(7)ans ase(B)ean aa(9)ee (10) a(ll)ee a(12)ae (13)
FyeL Y0 ELECT, eLeCT, FUEL TO ELECT, FUEL TV URe HEAT PERCENT PERCENT PENRCENT :-;;;.: AVERAGE
BopsT PRODUCED PRUDUCED RUN 8Y8T, PRQDUCED WEEY CUNDENBENR WEJECTION ELECT, UFf 9 THERMAL o UTILs COLLECTOR
COLLECTOR By SOLAR BY FUEL WHEN NO BY FUEL THENNAL HEAT 10 8y MET BY FRUN aesasee FLULD
Temp, PLUS FPUEL IN COL,1 BOLAR UR N cUL,4 NEunTS, (8TU) COUL ING SOLAN FUEL conp, asannee QUILET
(8TU) (KuM) (KnN) STURAGE (KwuK) (8Tu) TUNER ¢ PUEL HEATY aeneses TEnP,
MONTH AVL, (BTU) (8TUY) anennen (OEG,F)
JAN 02813908  ,2300005 ,1069¢0a 370109 1380005 ,TITT¢0T7 ,w0%51409 ,0000 $3.54 02,05 98,49 ®103.54r 5947e03
Fev oITTI408 2009005 ,0598403 2703009 ,9734404 ,1020008 ,3384409 L0000 49,20 51,73 07,63 102,41 ,3%aeg)
MAR 01688008 (1948905 ,0311003 ,L1138409 Q139004 3037007 3236009 ,)027¢08 51,98 29,49 98,98 « 89,.5%1e (39403
APn 01008908 1883005 ,4150403 ,2088¢07 ,7930402 40000 02503009 9130008 48,74 3412 100400 » 68,550 (5909093
"y o1408¢08 1730005 5319003 _ 2850408 ,1070408 L0090 «2023400 8880008 40,31 9,13 100,00 » 65,370 3908403
JUN 03013008 1030005 1351008 2595408 9570403 ,2291¢006 ,2713409v 3582408 @2,3% 18,11 99,92 o 86,90 5934402
Jub «3509908 193005 ,1308004 ,10a4¢09 6131000 ,¥855¢04 ;3261009 8925000 45,68 30,42 100400 * 99,73 5938003
AUG 22622908 1743003 9810003 ,1130¢09 28225004 L0000 0209064009 .}ooiooa 42,99 29,83 100400 * 80,500 3953003
str «1562008 1000005 9870003 210800 7857403 L0000 12200409 ,0522408 38,09 9,81 100,00 » 70,85 3900003
o€l «1331908 1084905 ,5017¢03 ,2030%08 ,9837¢03 ,0000 o1759¢09 389608 29,90 13,70 100000 » 78.54a 43967403
nOv 02039908 1380005 707803 ,157900Y 5903404 ,L2002¢00 2329009 40000 33435 48,20 99,93 *100407¢ ,5930¢9)
oec 22981008 2100005 1110008 3620009 1340005 ,5500007 ,3647409 ,0000 48,33 00,98 99,24 #100,77¢ ,§984¢03
TOTAL 12048009 o2105906 49890004 21068010 <8129905 +2555008 +3491610 <3902909  a4e1d  33.81 99,38 :.::;::E
Hlen TEMPERATURE WEAT REJECIED TO TOWER ® ITEN (12) 18 PERLENT TneHMaL UTILIZATIUN CALCULATED A8

PURCHASED ELECTRICITY BPMeBAM &

PUMCHASED ELECTRICITY SAMegPNH &

.0000 AL

1751000 Kun

+9131005 KuM

PoUyB(TH LD Z/(CONDHT TO TH LU, ¢TOT, TONER NT,))el00,

NUTE ¢ UVILIZATIUN I3 ©ABED UNLY ON THEKRNMAL ENERGY PRUDUCED BY
THE SYSTEM, ELECYRICITY 18 100 PENCENTY UTILIZEOD,

8L/Y

L868
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CULLECTOR NO,

%1-0

"SULAR TUTAL ENERGY SYSTEM SIMULATIUN PRUGHAM

SULAR COLLECTOR APERTURE AREA ®

10118, 80,FT,

CULLECTOR

DIRECT OIFFUSE BEAM

NORMAL RAD  RADIATION RADIATIUN
MONTH (8TU/8UFT) (BTU/80QFT) (8TU/8uFT)
JAN 045620¢095 02021504 +4 250505
41 085749905 « 206635404 044184005
MAR (03293005 Q823704  ,0288240%
APR «05599¢05 000319¢04 00435040S
MAY 07208000% 84720004 «008029409%
JUN +808451005 «91002¢04 002808005
JuiL 0034325409 083767404 0956809408
AUG «57500¢095 e 71220¢004 055360405
sEp 34087409 +33988404 093502008
ofvy 142217009 03203904 050963005
NOV 30531003 023038004 0332800095
114 «37513¢0% 0 822a9¢04 033280008
OTAL ee5034408 61956405

+01804400

COLLECTOR
VIFFUSE
RAOIATION
(BTU/8QFT)

00000
00000
00000
+00000
000000
+00000
+00000
000000
+00000
+00000
«00000
00000

PULAR WOUNT ’ARASULIC TRUUGH ® BUILDING 7 * BUSTUN,MABS, ® LATITULERA2,4N

ENEKGY
COLLECTED
(bTU)
0252!9000’
210603009
«319230009
0J24715009
0334997409
+303734¢09
+268113409
0265248409
s 20871 de09
«201803409
0160593009

0160161009

0302027010

PEAK MOUR
FLUIU MaSS8
FLOw
(LBS/HR)
0 130697340%
0135828408
101345405
0111872008
01501750098
« 178750405
e174330¢0%
169339008
21022088405
0111891005
0123002405
018024405

174750009

(ANNUAL PEAK)

COLLECTYUR

UveERaLL

EFFICIENCY

(rer)

oi306%%02
03636902
,4988402
«8892¢02
08593002
«4385+02
«0250%02
«45%45¢%02
,lfloooi
47268002
3348002
8220002

+ 8500002

COLLECTOR
EFFICIENCY
(Pch)

04699448402
«4804787%02
5017122002
986725402
odﬂ‘.'bl'ﬂl
+4779788¢02
«8594952002
+8734932002
. 49568002002
«4869035¢02
o« 708453002
.l?SollS’Oi

+ 8829629002

sa0® OVERALL CULLECTOR EFFICIENCY ® (COLLECTUR QUTPUT/(DIRECT NOWMAL RADIATIUN ® CULLECTUR AREA))® 100,
se0® (ACCOUNTS FOR COSINE LD8SESB) neen

satvee COLLECTUR EFFICIENCY 8 (CULLECTOR UUTPUT/(CULLECTUR BEAM KADIATION & COLLECTUR AREA))e 100,

~—

8L/Y

L868
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STI-D

SULAR TUTAL ENERGY SYSTEM SIMULATIIUN PRUGRAM

PULAR MOUNT PARARQLIC THUUGH e BUILDING 7 - BUSTON,MASS, « LATITUDEwG2,aN

SULAR CNLLECTOR APERTURE AREA ®

STEY CHART NO, 4

PURCHASED ENERGY

12047, SO,FT,

SYSTEM ENERGY DIBPLACEMENT

BUILDING ELECTRIC/THERMAL LOADS

ELECTRIC

FUEL ELECTIRIC ELECTRIC ¢ THERNMAL ee -ELEC'RIC ELECTRIC V“(;NAL

CUNSUNPTIUN OLMAND CONSUMPTIUN OISPLACEMENT [DISPLACEMENT DEMAND CONSUMPTION REUWUINENENTS
MONTM  (BTU) (Xw) (KWH) (nan) ("YY) (Kw) (KWH) (8Ty)
JAN 2330806909 996302402 2209172908 +200235+0% 0192399409 + 990302402 849807408 .iloleloov
FER «227%80¢09 . ,9988%52402 22009314098 0202990408 0203157¢09 «9985%2¢02 «80792103 387043000
LI 103033409 +T9RSa3402 0157023008 0217688408 «2333848000 ,8293%08002 2374071408 +« 204602009
APR 7192687097 + 7798040402 016187¢%08 e191933¢408 0163618409 « 779504402 +393009408 e 160002000
nAY +312a50¢08 «918772¢02 168398403 «210319¢08 «102112409 29876852002 378717408 01929408009
JUN 349419408 293181%¢02 .190070005 +191704009 ‘.Zil‘lloov 2931519402 . 380553408 0237083000
Jul s 1335380009 « 913781402 0222219408 201698009 2206568409 «%137S1¢02 «823913003 3203906009
aus «103891209 873348902 *212019%03 e 198142009 « 200323409 «908713002  ,806161908 230752009
str 2610680008 +878967402 192890408 +1008810098 186280409 +078967¢02 ,10!!!ioo! +153201 000
ocy 202177408 ,804985¢02 0233238409 J127211¢08 0132100009 ,884393%5¢02 < 302839008 o 142348009
NOv ,13a783¢09 « 743802002 0278337408 2180618008 «189%27¢p0 0983002002  ,81893(¢08 0233203009
nEC + 302189409 2100785403 2232277409 «215987¢08 150877409 «100799¢03 +A882063¢09 +367379¢g®
ToTAL «1851622¢10  L10073%403 e26652a%06 «23038%5¢06 0233507410 «100735%03  ,a76909¢00 e311089010

* ELECTRIC ENERGY DIOSPLACED s (TUTAL BUILOING ELECTRIC CUNSUMPTION = PURCHABED ELECTRICITY)

ot THERMAL ENERGY DIBPLACED & (TUTAL BUILDING THERMAL REGUIREMENTS = SECONDARY BOILER OUTPUT e FRACTION OF

WASTE MEAT USED wMICH I8 OERIVED FROM THE PRIMARY BUILER)

8L/Y
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SOLAR TOTAL ENERGY SYSTEM SIMULATIUN PRUGRAM

PULAR MUUNT PARARQLIC TRUUGH = BUILDING 7 o BUSTON,mnASS, » ATITUDE=A2 0N

SULAR COLLECTNR APERTUKE ARLA ® 12047, SU,FT,
svts CHanY NOU, 4
() 2) 3) (a) (S) (o) ssa(T)eee eee(B)aes an(9)ee (10) e(i1)en a(i2)ee uy)
FUEL YO ELECT, eLeCT, FUEL TO ELECT, FUEL TV URg HEAY PERCENT PLRCENT PERCENT :.;;;.: AVERAGE
800" PRONUCED PRUNUCED RUN SYST, PHUDUCED MEET CUNDENSER REJECTION ELECT, OF 9 THERMAL » UTILe CULLECTOR
COLLECTUR BY SULAR HBY FUEL  WHEN NU  BY FUEL  THEWMAL  MEAY 10 8y MET 8Y FRUM sesesse FLYID
Tgwe, PLUS FUEL IN CUL,1 SOLAR UN [N cOL,9 Weumis,  (8TU) COULING  8OLAR  FUEL COND,  ®omesnds QUTLEY
(ATY) (xmu) (K%H) STURAGE (KuK) [CLLY] TOWER ¢ FUEL HEAT ssanses TEmp,
MUNTH AVL . (BTU) (atu) aeanees (DEG,F)
JaN « 1906408  ,2a02%05 ,7105¢03 ,3298409 ,1189¢05 ,7057¢07 ,a046¢09 ,0000 $3.,46 82,43 98,47 #101.,3%5¢ ,3983¢0)
FEB «9790407  ,2030005 3606003 2176409 TT77640a 9831007 ,3419409 2777407 49,76 Q0,10 9T.T3 *10(.a%¢ 398040}
NAN L1396408 2976405 5250403 0893408 ,3208400 3622407 ,3587409 0335008 S8,09 (7,13 98,98 & 77,92 9900403
APR 7927407  ,1919¢05 3056403 L0000 «0000 «0000 «3053609 1527409 54,28 1,59 100.00 & 2,12« (3978003
naY o 7652007 2103005 ,29a8403 2389008 ,8R63¢03 L0000 03306409 ,1302¢09 $5.5) S.62 100,00 * $7,23¢ ,9980003
Jum 22176008 1017405 81689403 _ 1318008 ,4Q008403 0000 +312%50090 7936008 a9,%9 6,83 100,00 » 78,07 5059403
JuL 02532008 2017405 9535403 ,1099¢09 ,4102¢408 L0000 +33880409 ,1020%080 a7,58 25,07 100.00 & 95,03 5933093
Aye oIR18¢08 ,194190% ,0A33¢03 0375408 ,320%¢408 L9000 +3189409 .ouos;oo aT,80 20,03 100,00 * 70,310 ,3966003
L 114 1280608 1490005 _OR26003 1333008 ,8057¢03 L0000 02701609 1098409 qs,76 S,77 100,00 » S3,%5 ,35973¢03
ocry oTT79007 1272005 2900403 1688408 06153403 0000 02039409 ,0878408 33,10 7,15 100,00 » 07,82« ,5981403 -
NOvY «1203008 18006405 478903 1220009 L4S03¢08 17876086 ,2365¢09 ,20881¢07 33,89 39,88 99,90 o 98,0%0 397400}
oec 02103008 2160405 ,TA3Ye0N 3211409 1188005 3392407 ,3637409 L0000 08,18  $8,63 99,26 #100.74¢ ,593%¢3
TOTAL  ,1783009 ,2100006 0698400 1338410 ,0911005 ,2088408 ,3789410 7269009 aA.31 20,22 99,36 ® ..:32: b
atee [ ]

MIGH TEMPERATURE MEAT HREJECTED TU YOWER ®

PUNCHASED ELECTRICTITY APMepan @

PUNCMASEN ELECTRICITY BAMNGEPM @

+17000006 KuH

« 7651005 Kun

03208408 BTU/YR

ITE® (12) 18 PERCENT THEM®AL UTILIZATION CALCULATED AS §

PoUyB(TH LD ZICONDHT TU TH LU, ¢TOT TONER MY, ))el00,

NUTE 3 UTILIZATIUN I8 BASED UNLY ON THERMAL ENENGY PRUDUCED oY
THE SYSTEM, FLECYRICITY 18 100 PEMCENT UTILIZED,

8L/Y
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SULAR TOTAL ENERGY SYSTEM SIMULATIUN PRUGRAM

PULAR MOUNY PARABOLIC TROUGH = HUILOING 7 o BUSTON,MA3SS, o LATITUDERGR, 4N

SULAR COLLECTUR APFRTURE AREA =

CULLECTOR ND,

12647, 80,FT,

COLLECTOR

CuLLECTUR COLLECTUR PEAK HOUR COLLECTOR

_DIRECY OIFFUSE BEAM OIFFUSE ENERGY FLUIO MASS  OVERALL EFFICIENCY

NNRMAL RAD  RADIATION HADIATIUN RADIATION COLLECTED FLOW EFFICIENCY Pct)
MONTH (ATU/SUFY)  (BTU/SOFT)  (BTU/SUFT) (BTU/SQFT) (8TL) (LBS/HR) (PcT)
JAN 25826405 26215400 192478405 «00000 252350400 136073405 9384002 8697803402
rED ,a5729¢0S 26665408 098129408 « 00000 267850609 135820403 L02%002 «4799270402
MAR «6329390S +03237%00 0028a340% +00000 ° 9399385009  ,101545¢0% «8909402 +«502a734%02
APR +69899405% +60019400 +68321008 «00000 +80640940¢  ,997310400 « 8899402 v 8990020002
nAY .72000640% 08726004 «080320408 «00000 « 819031409 .ise7aloos 8601002 <887a8¢0002
JUN «58381408 «91002¢00 102769408 «00000 «380171009 177796008 4301002 «870%040¢02
JUL «6182%409 «83747%00 +50931409 +00000 33050340 o 173306009 « 288002 28890312902
AUs +37360¢0% «712284040 +95342408 «00000 «331583009 . ,17641q¢09 « 0588002 28737811002
14 +30087409% «3398%40a ¢5356240% - ,00000 0336822409 102288409 «4938¢02 « 8900427402
ocy 82217008 232039+04 «80737¢08 +00000 251050409 111691009 8710002 «808008%¢02
NOV «36331909 + 23038408 «3329940% «00000 «200179400  ,12300200% 0333402 o8733320002
DEC «37513009 22209008 ¢33a87408 «00000 2199940009 140288408 JN218%002 < 8723828002
07AL +65030006 «0195640S 161789406 00000 «377862¢10 17779403 «9391902 «4831%67402

(ANNUYAL PEAK)

tene QVERALL COLLECTOR EPFICIENCY & (COLLECIUR UUTPUT/(DIRECT NORMAL RADIATION ¢ COLLECYOR aRga))e 300,
®eet (ACCNUNTS FUR CUSINE LNSSES) weee

seeree COLLECTOR EPPICIENCY & (COLLECTOR UUTPUT/(CULLECTOR BEaM RADIATEION o COLLECTUR AREA))e 100,

8L/Y

- 1868
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BULAR TOTAL ENERGY SYSTEM SIMULATIUN PRULNAM

NURTH/30UTH PARABULIC THOUGR CULLECTIIR = RALIEUM, NUNTH CAKULINA = 329N

SULAR CULLECTUR APERTURE Akga & 4u9S, Sufrf,

STES CHART NU, 4

PUKCHADED ENERGY

SYSTEM ENEHGLY DISPLACEMENT

BULLDING

ELECTRIC/THENMAL (LuADS

FUEL ELECTRIC ELECTRIL ELECTRIC o THERMAL os -ELECYRIC ELECTHIC THbRMAL
CONSUMPT JUN  DEMAND CONSUMPTIUN D] IPLACEMENT O] SPLACEMENT PEMAND CUNSUMPTUN  HREWUINEMENTS
MONTH (8tV) (Kw) RLLLY (Knh) (Alu) (Kw) (Kwn) (vTu)
JAN 345987009 «9548u2¢02 +281500%09 +150420¢0S 305373008 «958802¢002  ,a31926¢05 254527409
FEB 22724000V  ,942552¢02 0276250409 e114339¢05 +504B09¢uB 0932952002  ,390589¢05 0192963049
MAR 21008141909 83571302 +2776830¢05 895234004 «750874¢08 «871969¢02 «303353¢05 010258909
APR J1S402bQY +880080%0¢ 0205503405 « 97883404 «00T7767¢08 «931712¢02 «30344T7¢yS 0162939009
MAY 27294000V  ,940897402 0252099405 +«150050¢0S 2822027408 «936897402 «40275%¢0S 0253998009
JUN J370299¢0% 2950453002 «23130T¢0S 218060030085 T IYT) + 950454002 +317370¢05 «316903009
JuL 50099 00V 933918402 «21aU1S+0S 222087405 2060720604008 « 933918002 ,030702¢05 379902409
AUG L,17255¢0Y  BYBo26eye - ,238738+405 e 194BuSe0S 099002408 V12739402 833584005 ‘ 2333170009
skEp « 25700740V «89390Se02 0253329005 o140 7005 « 759188048 0 902205¢¢y2 .3'3065065' 0238349099
ncy 2140353409 J895892¢02 “dBTT54008 «B8T08¢2%04 «50695 30408 « 90052102 « 370522405 218285009
NUV L,14d800200Y «958802¢02 0319600009 LoB029%1 004 JS220616eu8 JY58802002  ,a05901¢08 140307409
DEC J329202009 960302402 292711405 13605905 «?5a72a408 960302002 a30770e0S8 0232322409
ceomecnnes _ coe cemomoman ceee . . ——e . . ......'....'
TUTAL + 329144y «Vool02%02 +3191206%00 210552340 « 732479449 +9606302%02 NTYTYTIYTY 0208022110

® ELECTRIC ENLNKEY olspL.cgo 8 (TUTal wUILDING ELECINIC CUNSUMPT)UN = PUNCHASED ELECTIXICITY)

se THERMAL ENEKOLY DISPLACED 3 (TUTAL BUILDING TAERMAL WEOUIKEMENTY = SELONDARY BUILEH UUTPUT o FraLTlun UF
. WASTE MEAT USED wM(Cr IS VERIVED FRN THE PRImMAKY BUOILEN)

8L/Y

L868
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SULAR TUTAL ENEKGY SYSTEM SIMULATIUN PRULKAM

NURTH/B0UTH PARABULIC TRUUGH CULLECTIIN « RALJELH, NOHTH CARULINA = 3¢2,9N

- YL T T Y T TSI T PR TR T ¥ P TS iy P PAY T

SULAR CULLECTUR APERTURE AHcaA ® 4u9Y, YU, FT,
81t8 CHART NU, 4
1) (2) (8 3] @) iS) (o)
FUEL 10  ELECT, eLECT, FUEL TUO  ELECT, FUEL Tu
#oust PRODUCED PRUDULED RuN §Y8T, PHODUCEV MEET
COLLECTUR BY SULAR By Futl wHEN NY BY Futi THENMAL
Tewe, PLUS FUEL IN CUL,1 SONLAK UK IN CUL,4 KEuMrS,
(8t1y) (KwK) (Raw) STURAGE (KuH) (8TL)
MUNTH AVL,(BTUV)
JAN «0000 «150a¢0S L0000 LJU6000Y 1287005 1522407
Fto 0000 +1143¢05 0000 2272009  ,Baloeud  L21351¢07
MAR 03950008 8552404 _1uToe04 _0boGeUS ,25T0e404 ,T7042¢05
APk o2302408 9788004  ,b8To+03 1310409  .4BBYe04 L0000
WAY «1153008 1501005 4325003 _2618eUY 971004 4200400
JUn +5A55000 ,1R01¢05 2192002 3755409 ,1390405 ,2028¢07
Jub +0000 «2227405  ,u00v 25070009 ,180TeuS 4914007
Aue +0000 «1948¢0S L0000 L41T2009  L1535¢05 ,L4T792¢07
{3 OTET0T 1403405 2519403  _2505¢09 9297404 ,juveeu?
uct 09005007 8877404 ,S01Y40} .llo1ob9 05105004 (4975408
NUY 0000 +8630004 V00U L1087¢09 S84 04 L $47ue0e
DEC +0000 1301005 L0000 J329300Y (1229405 ,5801400
sconeess . - cone -
TUTAL 9102008 ,1655°00 3432004 ,3199¢30 ,j1800y0 ,§7a834¢8
HIGH TEMPERATURE MEAT REJECTED TU TOWEK & VUV (AL
PURCHASED ELLCTRICITY 8Pmepan &8 1802000 Awn

PUNCMASED ELECTNICITY nAMenbu s

o13Yuevo ®

nr

L ITY AT
URC
CUNDENSEK

heat
(sTU)

02530409
01924009
01437009
e10U2¢09
o?5!“009
o 3147409
«3700009
03294409
237204Y
o 149300V
«1453¢09
«2321009

279101y

ana(B)ese aa(9)00 (10) a(i1)en a(12)es (13)
RONRANE

PEAT PENCENT PEWCENT PERCENYT o PCT o AVERAGE

WEJECTION ELECY, UF 9 THERMAL o yTlL® CULLECYOR

A1) :34 MET BY FRUN FLulb

LUUL ING sULAK FUEL CUND, OuTLEY

Tuwe R ¢ FUEL HEATY TEnP,
(8TU) saaantr (DEG,F)
«0000 54,83 85,58 99,52 100,480 ,0000003
+0U0D 29,27 73,61 99,12 #100,089¢ 0000003
.0000 23,54 47,30 99,96 #100,04e ,3913003
« 2573007 20,93 $9,02 100,00 » 98,45+ ,5983¢03
L0000 37,26 67,50 99,87 #100,13s 5974403
«0000 44,58 74,81 99,09 100,51 599940}
20000 50,99 83,85 98,97 #101,05¢ ,0000003

. «0000 44,9 T8,70 98,806 *101,190 6000003
+VV00 35,65 0¥, 04 99,00 #100,340 59084009
+0000 23,%8 01,58 99,97 2100,030 35977403
20000 21.20 64,21 99,83 100,196 ,6000003
20000 32,05 89,01 99,80 #100,20e ,6000¢03
(2573007 34,15 73,73 99,49 #100.82¢

(21131 T

ITEM (12) 1S PERCENY THemMaL UTILIZATIUN CALCULATED A8

PoUgBUTH LD ZLCUNDHT TU THLUL*TOT  Tumgk HT ) )nl00,

NUTE 3 VILTZATIUN 13 MASED UNLY N THEMMAL ENERGY PRUDUCEL #Y
The SYSTEM, FLECTINRICATY I8 190 PEMUENT uTlLiZEV,

8L/Y

L868



I L S N |

3 1. n'4y

A9 0 170 NWHDS3 1

02Z-0

JULAR TUTAL ENENGLY SYSTEM SIMULATIUN PRrULNAM

NURTHM/30UTH PARARBULIC THUUGM CULLECTOR o HALfRLM, NUNTH CANULINA = 32,9N

SULAR COULLECTUR APERTURE ARt ®

CULLECTOR NO,

du9S, SU F1,’

CULLECTUR CULLECTUR PEAK WUUN CULLECTUR COLLECTON
DINECT LIFFUSE BEAR VIFFUSE ENENGY FLUID MAS8  OVEWaLL EFFICLENCY
NDHMAL  KAD  NADJATIOUN KADIATIUN HAULATSUN COLLECTEL FLU® EFFICIENCY (PCT)
MONTH (RTU/SUFT)  (BTU/SUFT)  (BTU/SWFT) (BTU/30kT) (bTL) (LbS/HR) (ect)
JAN oS113200% «292%3¢04 33201405 « 00000 +S34008e00 2+ 128067405 «2953¢0¢2 o 3925014002
FE8 «52752%0% «30%ute04 03895905 o DUV0V «7006203¢08 0120270405 J27100¢2 14420965002
MAR 00257405 +46813004 0 932V200S RTITT 106071009 «113720005 ,J83600¢2 +4708835002
APR «59334e0d «S5uB34e04 JN978740Y T .927730000 o 15110000 ,J818002 4550460002
MAY 068729005 «80156¢04 *57585005 «00000 110824909 185498005 «3938%02 + 40699850002
JUN 07216005 89040400 096300405 «00000 +107RET7409 187119405 3920002 24679260002
JUL .51005005 o TRe95¢04 48372005 «00000 « 885980008 0181148005 « 39081002 4270088002
AUG «0340T00% +76082¢04 +51835100% T 0962197408 2179219¢0% «3826402 «a85v7406002
SEp 103208205 62749404 052380099 «0V000 «1034yaeu9 W 1771750 « 3995002 28820190002
nCy 5814705 436024040 LR LTI «90000 806309008 180117009 +3378¢02 LU42922%002
NUy 57384005 3639704 0 3V025405 *00000 » 723395008 115095405 +3078¢02 8520920002
DEC 42998995 + 255468404 e27343¢05 T .aoavvioouA « 1238481495 2288002 «3597315¢02
case - woccsan - - s - ccsvnne
TOTAL «70025¢%00 «05a174¢5 *55218¢00 *VOUYD «101690910 * +187119¢9% «3510002 4497233002

(aNNUAL PEAR)

*et® OVERALL CULLECTUR EFFICIENCY 8 (CULLECIUR UUTRUI/Z(DIRECT NukMal RADIATION * CULLECION AREAD)I® 390,
aan® (ACCOUNTS PUW CUSINE LOSSES) fease

saneee COLLECTURN EFETCIENCY 8 (COLLECTIR UUTPUT/(CULLECTUM MEAM NAUIATIUN & CULLECTUR a®Ead))e 100,

8L/Y
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SULAN TUTAL ENERGY SYSTEM SIMULATIUN PRULKAM

NURTM/80UTH PARAROLIC THUUGH CULLECTUR e RALIELH, NUKTM CAKULLINA = 32,9N
SULAR COLLECTOR APERTURE ARpa s 8lo9, SUFT,

STES CHART NU, &

PURCHAJEU ENERGY

SYYTEM ENERGY DISPLACEMENT

HBULILDING ELECTHRIC/THEWMAL LUADS

FuEL ELECTRIC ELECTRIC ELECTNIC = THERPAL we ELECTNIC ELECTHIC THERMAL
CONSUMPTIUN DEMAND CONSUMPT JUN UISPLACEMENT  OISPLACEMENT DEMAND CUNSUMPT JUN HEUUINENMENTS
MUNTH (8TU) (nw) (kwhH) (Kan) atn) (kW) (Rum) [CRTH)
JAN 277703499 ,95RB02402 2280204405 151662405 oAyT968408 958802002 ,a3192040% + 254527409
FE8 1403880y 902552402 02T73385¢0% 11720405 1Ud303009 962952002 390589405 0192903009
nAR LUa5720000 . 671009402 1250059405 113295405 2121389409 871909402 303353005 142548009
APR L094305000 931712402 « 251874945 111573495 » 124918009 # 931712002 303447008 102939009
WAy +133704%09  ,9ue897¢02 0252283445 e 150472495 109849499 «940097¢02  ,a02755%0% *253998¢09
JUN . 24181009 . 95645402 0228168405 .15°30306S +106223409 «950454¢02 +a17379¢05 0316903009
JuL L400312¢0Y 933918402 +€11559¢05 e €25143¢05 2127738409 .934Y18902 ,43070240% 0379902009
AUG .302308¢0Y ,P12739002  ,234203905 + 199321005 o 146U0Qe09 «91273%e02 ,333584¢0S «3331T0e0®
SEP +145102909 «902265%02 0244504905 «1849101 995" «151870¢09 .902205002  ,393065¢05 4238349409
oct 102504009 +898802¢02 0403603190 113091005 «978H8SpeV8 «900521¢02 376522905 01408285409
NOy .947800¢ b «958R02¢02 0302958¢08 2102964905 «955Tb4e08 « 958802002 +005901¢05 0136307009
" DEC 208270009  ,Y08302¢02 2295405 0Y 0135305405 52620008 2900302002  ,430770¢0% 232322009
ceonces . . . . ceecccaneos . o .. _ cesoces °
TUTAL 222912010 906302002 2308817¢00 «175832¢00 «147817¢10 960302402 +a8a048400 0280221°10

* ELECTRIC ENEHGY DISPLACED 8 (TUTAL BUILDING ELECTRIC CUNSUMPTIUN ® PyNCHASED ELECTMICITY)

an THERMAL ENENGY DISPLACED 8 STUTAL BUILDING THENMAL KEWUINEMFENTS = SECUNDAKY WUILEN UUTPUT e FRACTIUN UF
WASTE MEAT USED aniCH IS DERIVENL FhUN THE PRIMARY SULLENR)

8L/V

1868
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SULAK TUTAL ENEKGY STDIEM SIMULATIUN PRULKAM

NURTH/BUUTH PARABULIC TRUUGH CULLECTOR = RALIEGLM, NUNIN CANULINA = 32 9N

81lu9,

SULAR COLLECTOR APEKTURE ARga s SULFT,
SIES CHART NU, 4
1) ) » ) %) (o) "aa(T)asn ean(8)aan ae(9)an  (10)  s(ll)en a(l2)ee (1)
FueL YO  ELECT, tLECT,. FuUEL TO  tLECT, FUEL TU  UNC WEAT PERCENT PENCENT PERCENT :.;E;.: Avtﬂacf
600g7 PROPUCED PWUDUCED RN §YST, PRODUCED MEET CUNDENGER KEJECTION ELECT, UF 9 - pheRMAL & yyIL® CULLECTOR
COLLECTUR BY gULAR oy FUEL WHEN NU  BY FutkL IHERMAL HEATY 1 Y MET BY FRUM ssanner FLYID
Tewp, PLUS FUEL [N CulL,1 SNLAR OUR [N CUL,4 kEunTIS, [ 2173 CULLING ' SULAR FUEL CNND, senenns UUTLET
(8TY) {KWH) (KAH) STURAGE  (rwM) (8tv) TuWeR + FUEL HEAT stannss TenP,
MUNTH AVL,(BTU) (8TU) eneanen (VEGF)
JAN o38T10V8 1517405 L20Toe0a 2221909  ,8253¢V4 1522407 ,2550¢09 1930407 3%.11 oB,10 99,92 * 99,73+ ,S5093¢03
Fto 05358006 1172005 2000004 V0BSe08 3341404 1007407 ,1Y6%09 ,4082¢07 30,08 45,57 99,30 » 98,30« ,3083¢08
Ay 2808008  L1133%05 L10010U4 1052008 L0205403 L0000 01848009 ,3088¢008 51.18 18,84 100000 » 79,85« +3933%03
APH 3787408 1116405 ,1025¢04 3156408 117904 L0000 +1836409%  ,2184%08 30,70 23,38 300,00 ® 88,37+ 5916003
NAY 7209408 [ 150%¢05 2709404 0127008 2261404 ,0Uu0 e253340% 013907 37,30 33,13 100,00 » 98,806 387100}
JUN e 9733008  ,1892¢405 5627900  L1002009  oS3ISBeUE  L4YT2900 3190009 5200007 45,33 47,09 99,87 o 99,100 ,583000s
JuL «0533008 ,2251905 ,¢u35004 338000V (1243905 4050007 3803009 ,3600%07 S1.50 00,04 99,02 *100403% ,3893¢03
AVe 08182008 1003005 ,305440a ,2203409 8066404 3639407 ,3303009 .5909}01 aS.97 55,79 99,13 » 99,08+ ,580a¢03
SEp 271806008 1492005  ,¢082004 ,T324e08  ,2724e04 L0000 02502009 L1217008 37,89 36,28 10000 » 95,180 5070003
ocy «3327¢08 5131005 ,1255¢08 0925008 25087004 4975009 ,1853e99% ,3100°08 30,04 33,97 99,97 » 82,730 ,5930093
NUY 20920008 1029005  ,C0lde0d 2550008  ,VYSUleUd 3205005 ,1097e0Y ,2446000 25,30 34,00 99,9 o 83,09e 5043408
VEC 22790008 1353005 _103Ye04 2000409 B9TT4uu  4T{oe0e ,2275¢0Y L0000 31,81 73,03 99,84 0100, 10e 5947404
TOTAL  ,0908009 51758000 o2597005 1534410 5678005 »1235008 +2903010 21995009 36028  aT.00  99.68 +v5.200 *
) [ ]
Mibn TEMPERATURE kent REJECTED TO TOwpN 8 20000 BIU/TNR LT1gm (12) 19 PERCENT THeXmaL UTILTZATIUN CALCULATED AS ¢

PUNCHASED ELECTRICITY UPmenan &

PURCHABED ELECTRICITY 8sAMeyPH o

201000 RnH

cludTe0 R

L1,]

PoUeBUTH LULZ(CUNDGHT  TU TH LD eTUT TONEN MY, ))el00,

NUTE ¢ UTILVZATIUN |5 wASED UNLY N THERMAL ENERGY PRUDUCEY BY
ThE SYSTEM, FLECTNILETY T8 1og PERCENT UTILIZED,

8L/ ¥
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SIHLAR THTAL ENERGY SYSTFM IMULATLIUN Puitbnam

“

NURTH/Z80UTH PARARULTIC TNOUGH CULLECTNN « HALTELM, NOKTH CARULINA = 32 0N

3ULAR CULLFCTUOR APEWTURE AWEa ®

CULLECTUR NU,

MONTH

JAN
FER
MAp
APR
MAY
JUN
JuL
AUG
qEp
nCt
NV
neEcC
wesass

TOTAL

sestae CHLLECTUR EFFICIENCY ® (CULLECTHP GUTPUT/(CULLFCTUK BEAK MADIATION @ COLLECTUR aWga))e 100,

1

DIRECT
- NOKMAL RaD
(RTU/SVF )

8189, Su,fT,

VIFFUSE
HADIATION
(8TU/SQF T)

«S1132¢%05 029283404
«%2732405 «307%a1¢04
«h6257405 364813404
+%5933a¢0S RYLITEY Y]
+68729¢095 +80186e08
67216409 89806004
.57683005 278698404
«6180740S o THOR2400°
,03208¢05 ,0274% 04
.S814740S od30h2¢040
+S738a¢05 «36397¢040
.42998405 «25838408
evencavees
« 70023400 «6%541740S

COLLECTUR
BE AM

RADIATIUN
(RTU/SUFT)

e332240yS
+38959405
«53a29¢0%
«G9RA3US0S
«5T690605
+5680440S
238377405
e51486005
,5207540Y
044377405
¢39207¢05
e27332445

«9527%40

(ANNUAL PEAR)

CULLECTUR PEAK NOUR COLLECTUR COLLECTOR
OIFFUSE ENEMGY FLUUID MaBS  OVEMaLL EFFiclgncy
RAUIATIUN CULLFCTED FLU™ EFFICIENCY (Pct)
(HTu/8QeT) (BTY) (LRS/HR) (PcT)
+00000 2109366409  ,12R06740S 2612402 +8019800%02
«00000 « 183200409  ,1232R2¢0% 3316902 «88008337902
« 00000 208204409  ,118292+0% 3038002 «8700083¢02
«00000 «1R6277409 2167321905 +3838002 4568025902
200000 +223R23009 «1085809840% 3077002 <873742%¢02
00000 .219a10009 + 185987009 3988002 +8750884¢02
*00000 171676009  ,10113840% 3033002 +8333588¢02
«00000 ¢19%a79+09 «177508409% «3887¢02 +8036829¢02
200000 209583409 «17218040% ,a0a%¢02 L8877187002
« 00000 2162651009  ,13305640% 34106402 28873812002
«00000 «188835¢00 0116747405 «3Jlole02 .00200{9002
+00000 020728408  ,12388140% 2331002 3606822002
- : cete
«00000 +200038¢10 01859067405 +«3563%02 « 8551021902

OVERALL CULLECTOR EFFICIENCY 8 (COLLECTUR UUTPUT/(DIRECTY NNkMalL RADIATION * COLLECTUR AREA))e 100,
(ACCNOUNTS FUR CUSINE LNISES) feen

8L/ Y
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SULAR TUTAL ENERGY SYSTE® SIMULATIUN PHULNAM

NURTH/8QUTN PARABQLIC TRUUGH COLLECTNR e RALIEGH, NOKTW CARULINA o 32,9N

SULAK COLLECTOR APERTURE ARtA &

STES CHART NO, 4

PUNCHASED ENERGY

12283, SuFIl,

3Y3Tem ENLRGY DISPLACEMENT

BUILOING ELECTRIC/THEHNAL LUADS

FUEL ELECTRIC LLECTRIC ELECTRIC ¢  THERMAL o ELECTAIC ELECTRIC THERMAL

CONSUMPTIUN DEMAND CONSUMPTIUN  OLSPLACERENT DIGPLACEMENT  DEmAND CONSUMPTIUN  HEUUINENENTS
MONTH (87Y) ("w) (Kknh) (MuH) (8Tu) (xw) (KuN) tsty)
JAN 219301909 ,95a802¢02 2278085005 0153281008 0121182409 +958802002 +331920408 225452709
FES ,B80284Te00 ,002552¢02 +203033¢0% ,126150008 o 1186812009 2932952002 390589405 o192903¢09
MAR 2200947008 871969002 0206031%¢5 157323405 0134308009 «871409002 36339305 0184540909
APR 2 202527%08 921584902 *2218970¢5 e 141850 %05 ¢ 151557909 931712902 303847408 0162939409
MAY ,J98140008 930097402 +23a536005 J108219405 231559409 930897402 402735405 0253998009
JUN +122008¢09 « 950454002 0222229¢0% 195141 ¢S 020208a7¢09 2950454902  ,417370%0S 0310963409
JuL 2308431409 922182402 0207327409 22293759405 + 190750000 «933V 8002 2836702008 «379902¢00
AvG ,191auvoo§ +P06763¢02 2820409005 2205174405 + 213909009 «P1273%9002 433584403 «333170009
sEp «705334eg0  ,89A201¢02 0222793%0% «170913¢¢5 2201701909 «902205002 39300509 0230349409
ocY J077763008  ,900%21¢02 02306021°05 « 139900405 121389009 «900521902  ,376522¢0% ¢18828%¢09
NOV ,301048008  _95xB02¢02 «290275¢05 +115020005 129096009 ,958802¢02 805901005 0100307009
DEC L220234e09  Voedozeo2 2928108005 137954405 911208408 ,960302002  a3077040% 232322009
TOTAL 2141397049 «9006302¢02 .29059;000 2 19a0%5¢¢e 0203937¢10 «966302902 :000000006 0200221%10

o ELECTRIC ENERGY DISPLACED & (TulaL BuILDING ELECTHIC CUNSUMPTION = PURCHASED ELECTRICITY)

ae THERMaL ENERbV DISPLACEN 8 (TUTAL BUILDING THENMAL KEVUIREMENTS o SECONDARY BUILER OyTPUT « FRACTION UF
wASTE HEAT USED WHICH IS DERIVEN FhiW tHE PRIMARY BUILENR)

-

8L/ ¥
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SULAR TOTAL ENEWGY SYSTEM SIMULATIUN PhuUbraM

NURTH/30UTH PARABOLIC TRUUGH CULLECTOR = WALIELM, NONTH CANULINA = 3¢,9N

SULAR COLLECTOR Avtutdnt AREA »

12283, 3u,fT,
8TES CHART NU, @&
IF) ) 3 (a) 5) (o) 2ea(7)ane ane(B)one

FUEL YO  ELECT, tLecT, FuklL TV ELECT, FUEL TU  UNC MEAT

#0087 PRODUCEL PRUDULED RuN §Y8T, PRUDUCEL "MEET LUNDENSEN KEJECTIUN

COLLECTUR BY SULAR uy FUEL WHEN NU BY FUEL THEKAL HEAY T

TEnp, * PLUS FUEL IN COL,} SOLAR OR IM CUL,4 WEJWTS,  (BTU) CULL ING

(AT (KNH) [LLL) STOKAGE (KNH) (BTu) TUwER
“ONTH AVL,(BTU) . (8TU)
Jam 3687008 18335005 1376404 1785409 ,6020408 1588407 2575409 ,8487¢07
Fes JNIISe08 1262005 7251403 0090408 2225406 1687607 ,210Se0Y 1842008
NAN 01076008 1573005 ,4071403 1394008 .5252¢03 L9000 e2511909  ,1015009
APH «1342¢08  ,1010%05 ,5098003 ,1283908 ,q789¢03 L0000 02283409  ,60629408
Nay +3305908 1682005 1256004 ,6165¢07 42302403 0000 2800009 3009908
Jun o3759008 1951905 2143003  ,0UBA%0D  L2412¢04 L 2145%06 3289009 ,1012%0Y
Jub 5017008  _2294de0S 18069004 2572409 942404 _qa03¢07 ,380ue0Y ,1359¢00
AUG © uTT1e08 2052005 1776404 149909 ,5aT9%0d 2751407 ,34S5Qe99 1023408
ogP S3718008 1709005 1388400 ,3335008 ,1240e04 L0000 22833009 4505408
ocrt ,1081008 1399405 ,«o;a.o) 5097008 2127404 4975405 ,2253¢09 ,7043¢08
NUY 2317408 ,1156905 5700903 L1293¢408 .4BdoeUl L 3205%05 1887409 ,44a0%08
DEC <3979008 ,1380%05 ,1484e04 ,1840¢09 L0AV1404 L4T(0%086 .23)8eov ,2985¢(7
TOlAL 3805409 .lvul:;; -:;azzoos J1u32ety .);;;:;;..:llab';;..:;;l7010 0822009

HIGH TEMPERATURE MEAT REJECTED TU TOWEN = R bTU/ IR

PUNCHASED ELECTRICITY 8PMefam &

PURCHASED ELECTNICITY BAMegpM 3

+2037000 &WH

JABUYIUS AN

as(9)ee
PENCENY
ELECTY,
BY

SULAN
¢ PUEL

38,49
32,%0
43.30
38,958
177
48,75
$2,52
ar,32
ay,a
37,10
28,49

32.02

404

10y
PEHCENTY
UF ¢

nET BY
FUEL

s2,17
23,38

$.93

.99

0,83
23,34
a9,31
35,37
15,38
18,12
11,75

60,78

26,99

a(it)ee a(l2)es uy
assenss

PERCENY o PCYT ® AVERAGE

THERMAL & yTIL® CULLECTUR

FRUN ssasnes FLylD

COND, OUTLEY

HEAT TEnpP,

(DEG,F)

99,50 o 98,75« 3927403
99,30 o 91,0874 595840}
100400 » 58,41 5972003
100:00 * 71.08% ,9%7¢03
100000 * 89,280 3932903
99,95 & 9¢,% 0 ,5914¢0)
99,060 o 97,480 5925403
99,3a » 95,510 3927403
100,00 » 84,100 5935003
99,97 o 07,810 5974003
99,90 & 7p.730 ,5%700)
90,84 * 98,900 ,592%¢0)
V9,08 & ¥7,10¢ i -

’ ansaned,y

LTEM (12) §S PERCENT THENMAL UTILIZATIUN CALCULATED A8

PoUo8(THLLZICUND HT TU Tr Lt eTOT TUREX HT ) )el00,

NOTE ¢ UTILTZATIUN 13 BASFD yNLY (N THENMAL ENERUY pRUDUCED OY
THE SYSTEM, PLECTNICITY 19 100 PEWRLENT UTILIZED,

8L/¥
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SOLAR TOTAL ENERGY SYSTEM SIMULATIUN PRUGKAM

NURTH/SOUTH PARABULIC TRUUGH CULLECTOR = RALIEGH, NORTH CAHULINA = 32,9N

SULAR COLLECTOR APERTURE ARta ®

CULLECTOR NO,

12283, BU.FT,

8L/¥

A 90 7T 0NUHDS3I 1L

COLLECTUR CULLECTUR PEAK WUUH CULLECTUR COLLECTUR
DIRECT " DIFFUSE BEAM DIFFUSE ENEKGY FLUIC ma88  OVERALL EFFICIENCY
NORMAL ®AD  HADIATION RADLATIUN RAVIATIUN COLLECTED FLO® EFFICIENCY Pch)
MONTH (BTU/BUFTY  (BTU/SQFT)  (BTU/SUFT) (BTU/SUFT) (bTU) (LBS/nR) (PcT)
JAN «S1132¢09 +29253¢04 033303409 000000 0162672409 0128067405 W 2590%02 «3976773¢%02
FEB «52732405 e30T41404 +38959405 «00000 «212126%09  ,123282405 «3275¢02 44320853902
MAR 60257405 s46U13¢04 093256405 «0V000 0311430009 114292405 3827402 +4760993402
APR 59334005 +548348404 249832405 200000 279002409 +1525%90¢05 3828402 L 4858219¢02
MAy .60729’05‘ e801506%04 oSTT18405 00000 ¢333674¢09 184654405 03983¢%02 «47006007%02
JuN 07210405 «896406¢04 +56341405 «QUuoo e326121409 185812405 «3950%02 471251102
JuL «576834¢5 078095404 448381005 000000 «2565640%09 183351405 J3621%02 04316942902
AUG «61407¢05 «76082¢04 . (51533405 «00000 «291070409 179219405 +3889¢02 «4598426¢%02
sEp ,63208909 «0274%404 52400405 200000 +312012009 174581405 ' 401902 .484dT736402
ncy +58147405 143662404 244327408 «00000 e242922¢09 +143056¢05 «3d01%02 «8a01047¢02
NOV 57384009 »3639Te04 «39127405 «00000 s219ST0+D9 o116T4T 409 3115002 4508039402
DEC .02?90005 29548004 27343405 «00000 2123760409 +123841405 J23d4e0d +3685505¢02
Cet et ErEr e P r e et entan e r e e S e R e s n et a et aterentenansaetetenastseNEeEttnntr et elsttenEntRResTesRe
T0vAL o T0623¢00 265417405 055251400 «00000 +307069¢10  .1858(2¢05 +3540v02 « 4524998402

(ANNUAL PEARN)

saan OVERALL COLLECTUR EFFJCIENCY 8 (COLLECIUK UUTRUT/(DIRECT NOKMAL RADJATION * CULLECTUR AREA))® 300,
naat (ACCOUNTS FUR CUSINE LOSSES) wawns

eaxnen COLLECTUR EFFICIENCY & (CULLECTUR UUTPUT/(CULLECTUR BEAM RADIATION o COLLECTUR AREA))« 100,

L868
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SuLak TUTAL ENERGLY SYDSIEM SLIMULATLIUN PRULKAM

NURTH/SOUTH PARABULIC TRUULA CULLECTUR o RALIELA, NUNTH CARULINA = §2,3N

SULAKR CULLECTUR APERTURE aAkcA B

CULLECTOR NUW

MUNTH

JAN
FEH
MAR
APR
MAYy
JUN
JuL
AuG
stP
acr
NUV

DEC

TUTAL

[}

DINECT
N{ONMAL KaAD
(aTU/SuF[)

«51132¢03
«52732%0>
+002%7eu5
o59334eyd
00729 Y>
07210%y5
57065405
2,0140TeuY
s03208¢05
«SU14T+05
«573084v05

s 4@IVB e S

s TUuddtyo

10376, SUFT,

VIFFUSE
HADLATIUN
(8Tu/8uF 1)

229253404

e307ul*0d

. JUbUY el

JSuB3dev4
BULSOtYY
«89640¢04
«T809S ¢4
oToyb2e0d
«027u94y4
s d30b62¢04
030397494

225548404

«05417¢0%

COLLECTUR
BEAM
NauvlAllun
(sTU/8UrT)

35129405
v 30900¢y5
23247005
,u977o'q5
eHTobdeuy
5031405
WHB20C+UY
D548 euS
e9237 100y
sda3loeLd
e 3902445

02730005

e952V1¢00

chLLECTUR
VIFFUSE
RADLAT[UN
(sluU/8ur 1)

sUUVY
U009y
LOUVCY
« VU0V
eYUUUY
UV 00
VUYL
AT
sdvuoy
«00VLY
sUUVLY

«U0VLY

«0VVUY

ENFRGY
CuLLECTRD
toTL)
.eluouGOQQ
283GV 2eyY
415535409
«371708eu9
Uub9% 540y
«43594¥S+09
e3uc23Veuy
386545409
«41023%¢yy
.324927¢09
e 29159ueyY

s1050UB Y9

wduY309*10

PEAR HUUM
FLUTD ma8$
FLuw
(LUS/NK)
v 128007405
sl2320240d
el1U42Y2eud
107421405
v184091 405
187119405
2183351409
2179219405

s1 70345405

e1U2214eVUY .

R LA )

«123841495

187319405

LANNUAL PEAR)

CULLFCTUR
UVERALL
EFFICIENCY
(PcT)
08%03¢0u¢
«3283¢%0¢
ELPLEIT
L, d820¢u¢
e 3902%0¢
3952002
3623402
3803002
B TPIRIT]
edugatue
e 31u3%0e

e2315%02

03589002

CulLeCTUN
EFFLCIENCY
(PL)

« 395590080y ¢
sud422y1L 02

JuTONY b2

T 4500238y

47207542
euT1TVabry2
L432912b¢02
J4bu2oBT ey
~48952773%92
sudTboloney?
s4S50230b7y2

«5035937¢02

452753002

ses® OVERALL CULLECTUN EFFICLENCY 8 (CULLECIUN LUTPUT/Z(UINECT Nukmal KaDIATIUN * CULLECTUR aREA)I® 100,
ant® (ACCOUNTS FUR CUSINE LDYSES) wawn

aattae CULLECTUR EFFILCIENCY 8 (CULLECTUR U TPUT/Z(CulLEC VUK vbaAM haplalJUN & cULLELTUR aKpald)ie jou,

8L/¥
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BOLAR TUTAL ENERGY SYSTEM SIMULATIUN PRUGRAM

NURTH/SOUTH PARABOLIC TRUUGN COLLECTOR = RALIEGH, NOKTH CARULINA e 32,9N
SULAR COLLECTOR APERTURE AREA & 20472, HuFT,

STES CHARY NO, &

PU“CNASED ENERGY SVSTEﬂ ENERGY DISPLACEMENT BUILDING ELECTRIC/TVHERMAL LOADS
- LA AL T ] [ ] PooeseonsonnePasSe XTI P AL L TP P Py P Y DY Y Y Y L L P Y rY Y Y )
uelL ELECTRIC ELECTRIC ELECIRIC b THERMAL we ELECTRIC ELECIRIC THERMAL

cowsuurrnou DEMAND CONSUMPTIUN OISPLACEMENT DISPLACEMENT DEMAND " CONSUMPT JUN KEWUIHEMENTS

MONTH (8YU) (Kn) (KWH) (Knn) (aTU) (KW) (KwWn) (8Ty)
JAN- 125211909 +958802¢02 0262005405 2169861405 184290009 «958802¢02 2031926408 2254527¢09
({1) .327350¢08 +942852¢02 0214a491%05 «176098¢05 e179236409 «942552¢02 +»390589¢09% 192963409
MAR " 170036408 2871069402 « 1434804905 «219949¢0S 138390409 2871969402 303353405 142548009
APR ,126103¢08 879886402 ¢ 15940705 « 200039405 2159028409 931712002 303447405 2162939400
MAY 159005008 «946333002 0150421°05 0252333¢05 « 2479706009 +940897¢02 230275505 0253998¢09
JUN 385524008 0947329402 +150892¢05 + 260478405 299732409 « 9506454902 «41737040% 0316963409
JUL 1386406009  _887037¢02 2182285405 254417405 291576409 2933918402  ,a306702¢0% «379902009

. .
AUG 2980497408 ,878207¢02 170181905 «259402+05 «287637¢09 0912739002 433584405 333170009
8EP «31944Teg8 «89390%¢02 0147318¢0S 024634805 e2206811909 «902208¢02 +3930665¢05 0238349409
oce +302938¢08 «900831¢02 178823008 «197699¢0% +,137508¢09 90052140 «376522¢08 0148285000
NOy 808290007  ,935052¢02 022983505 o1706006+05 143800409 « 958802902  ,405901405 «146307909
DEC +151785¢09 «960302¢02 «2818590%0S +148919¢0S 0143T712¢%09 «9606302%02 «430770¢0S 0232322¢09
- - .....-..-.--..-....-----..........-..-..-.-..I.-...-.--.-..........-..-'......I.

T0TAL «725021%09 ,9ee6302¢02 0227498¢00 025715000 «250445¢10 «966302902  ,48q04890b 028022140

. ELECTRIC ENERGY DISPLACED s (TUTAL BUILDING ELECTRIC CUNSUMPTIOUN = PURCHASED ELECTRICITY)

an THERMAL ENERGY oxBPLACED 8 (TOTAL BUILDING THERMAL REGUIREMENTS = SECUNDARY BOILER OUTPUT e FRACTION UF
WASTE NEAI USED wMiCH IS DERIVED FRUM THE PRIMARY BUJLEKR)

8L/V
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SOLAR TUTAL ENERGY SYSTEM SIMULATIUN PRUGHAM
NURTH/SO0UTH PARABOLIC TRUUGH CULLECTOR o RALIEGH, NQRIM CARULINA = 32,9N

SULAR COLLECTOR APERTURE AREA © 20472, 3U fT,

STES CHART NO, g

(3] 2) (3) (q) (s) (o) fRra(T)nen ann(B)one as(9)ee  (10) a(ll)an a(12)es (§% )
RRRANAR

FUEL TU  ELECT, ELECT, FUEL TO  ELECT, FUEL TU  URC HEAT PERCENT PERCENT PERCENT ® PCT & AVENAGE

B00sY PRODUCED PRUDUCED RuyN gYsST, PRODUCED MEET CUNDENGER REJECTIUN ELECT, UF 9 THERMAL # yTIL® CULLECTOR

COLLECTUR BY SOLAR u©Y FUEL wHEN NO  BY FUEL THERMAL  MEAY 10 ay MET BY FROM sanssne FLULID

VEmP, PLUS PUEL IN COL,1 8OLAR OR IN COL,4 REyMTS, (8TU) COULING  SULAR  FUEL COND,  wsanaws QUTLEY

(CAT)) (KWH) (KWH) STORAGE (KWH) (8ty) TOWER + FUEL HEAT annasnn TEnP,
MONTH AVL,(BTU) (BYY) sannenn (DEG,F)

JAN 095084407 1699005 3593403 1156009 4276004 ,1291407 ,2832409 ,2989408 39,33 27,30 99,59 * §9,82% 597703
FEY o0503007 1701005 ,2d40003 2017408 ,9511¢03 4380006 2883409 ,9940¢08 45,09 6,79 99,065 » 66,15% 5980403

NAN 01333008 2199405 5036403 ,3004%07 ,1381003 L0000 ¢3452¢09 ,2758¢(90 60453 2492 . 100600 » 34e07a ,5963¢03
APR 01200408  ,2000¢05 ,4000¢03 7600400 42913402 L0000 03221409  ,2114909  S6,14 2,807 100400 * 43,52* ,5967¢03
NAY L1591008 28523405 ,5983403 L0000 «0000 00000 U0T1409 1950009 62,065 2,37 100,00 » 56,57« ,5970403

JUN 030208008  ,2605405 113904 ,8230¢07 ,3074e03 ,4093405 4378409 ,1261¢09 63,85 9,43 99,99 & 71,54e 59503
JuiL «3878¢08 ,25Q4%0% ,1445¢04 ,L,1191+09 14365404 42539¢07  ,42uBeg9 ,583308 S8,20 22,84 99,47 * 87,090 ,5940¢03
AVG o 2935008 2694405 1103404 06341408 ,2329¢04 ,2089407 ,4280¢409 ,1011¢09 9,83 13,23 99,50 » 77,02¢ ,5939¢03

114 01092408  ,2003005 ,0345¢03 ,1500008 5580003 L0000 23976009 ,1B80%09 02,38 4,84 100,00 s 564308 ,5969403
ocy o 1195008 1977405 ,4523403 ,2634408 ,9844e03 L0000 3129009 ,1B35¢0% 52,51 Te27 100000 * 44o70* 5971403
NOV T4099a407 1701005 260903 1088407 ,4087402 ,0000 42612009 1383409 43,38 1,71 100,00 » 51,408 5983403

OEC 01522008 1089005 5682403 1366409 5097004 47106406 ,2090409 ,174d06¢08 34,57 38,04 99,84 » 93,10a ,5968¢03

- - -...-.--......-.--.-..---.-.--..-..o-.-....i..-....--U-....-......-..-'.............--.....-
TOTAL  ,2070%09 ,2872006 ,7769404 ,5160409 1908405 ,7209407 4177410 ,1021¢10 S3,00 10,46 99,79 * 63, ude
- NARRARN S

HIGH TEMPERATURE MEAT REJECTED TU TOWER ® ,2454¢09 BTU/YR ITEM (12) 18 PERCENT TMERMAL UTILIZATIUN CALCULATED AS
PURCHASED ELECTRICITY 8PMeBAM ® 217210006 KuwH PeUgu(TH LD, /ICONDHT,TU TH LD, ¢+TOT,TOWER HT,)Ix100,

PURCHASED ELECTRICITY 8AMepPM & +5536¢05 AWH NUTE 3 UTTILIZATIUN IS BASED UNLY ON THEKMAL ENERGY PRUDUCED 8Y

ThE SYSTEM, ELECTRICITY 13 {00 PERCENT UTILIZEV,

8L/¥
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BOLAR TUTAL ENERGY SYSTEM SIMULATIUN PRULRAM

NURTH/80UTH PARABOLIC TWUUGH CULLECTOR » RALIEGH, NORTH CARULINA = 32,9n

SULAR COLLECTOR APERTURE AREA ®

CULLECTOR NO,

20472, Su,FT,

8L/¥

A9 0 17-0NHDO 3 1

COLLECTUR COLLECTUK PEAK HOUK COLLECTUR CULLECTON

DIRECT DIFFUSE HEAM DIFFUSE ENEKGY FLUID MASS OVERALL EFFICIENCY

NORMAL RAD  RADIATIUN HWADIATIUN RADIATIUN COLLECTED FLOw EFFICIENCY (Pct)
MONTH (BTU/SUFT) (BTU/8GFT) (BTU/SGFT) (BTU/8GFT) (bTU) (LBS/NR) (PCY)
JAN «51132¢009 029253904 +33207005 +00000 0268627409 ,125001065 025066902 o39443 17002
FEB 252732409 030741¢04 03890606005 200000 354214009 e121608¢09 «3281¢02 sd4dO422¢%02
HAR 260257405 edb413004 53240405 « 00000 e521220409 4113728405 «3843%02 24781062402
APR ¢59334¢0S +50834+04 049688405 «00000 1460368909 4151106405 «3839¢402 «4584753%02
MAY <08729405 «80156¢04 o ST64de0S 00000 9557673409 +184054e0S «3904e02 LUT725715002
JUN 072106405 89646404 +56270405 «00000 2545171409 187740405 3962402 24732585002
JuL +57083¢05 278695404 048259405 00000 1427577409 +183351¢05 3621402 «4327893¢02
AUG 61407905 o 76082004 - ,51419005 - ,00000 4859206409 0179219005 .1665002. «4616192002
sEp «6320800% «02749404 52332405 + 00000 «5202065¢09 0170345405 24021002 +4B856163¢002
ocy 058147405 43062400 44211405 200000 0405847909 143050405 o 340902 4aBUUTO*02
NOV +57384005 «30397¢04 «39020¢0S . ,00000 0360097909 112586009 «3104e02 24565420002
oEC 42998405 25548404 27369405 200000 0203217409 [ 12384140% +2309¢02 362691002
. ceen cacoe eveeven cetsctenracnsenrerssenestneerrtrrccnnerementenE®
TOTAL «70623%006 1065417205 095169908 00000 *512075%10 ¢187T4o*0% «3542¢%02 24534004t 02

(ANNUAL PEAN)

*at® OVERALL CULLECTUR EFFICIENCY & (COLLECTUN WUTPUT/(DIRECT NUKMAL RADIATION * CULLECTOR AREA))® 100,
sass (ACCOUNTS FUR COSINE LOSSES) wane :

naadas COLLECTUR EFFICIENCY 8 (COULLECTOR UUTPUT/Z(CYULLECTUR BEAM KADIATION & COLLECTOR AKEA))a 100,

L868
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SULAR TOTAL ENERGY SYSTEM SIMULATIUN PRUGRAM

PULAR MOUNT PARABOLIC TRUUGH = RUILNING 7 = {US ANGELES = LATITUDE=34,0N

SULAR COLLECTOR APERTURE ARtA s 27

'STES CHART NU, 4

PURCHASED ENERGY

87, Su,FT, -

SYSTEM ENERGY DISPLACEMENT

BUILDING ELECTRIC/THERMAL LUADS

e 771143409

FUEL ELECTRIC ELECTR]C ELECIRIC » THERMAL an ELECTRIC ELECTRIC THERMAL
CONSUMPTIUN  DEMAND CONSUMPTIUN  DISPLACEMENT DIBPLACEMENT  DEMAND CONSUMPTION  REGUIREMENTS
MONTH (BTVL) (Xw) (KwWH) (Kwh) (RTU) (Kw) (KWK) (8Tu)
JAN <1237394¢99 926572402 0293911405 «B11140%04 +381252+08 «926572¢02 +375025¢08 0135652009
FER LB8UTES+ 08 2927756402 W279710+0S +007813404 +G06U18408 +929290¢02 + 340491 ¢0S ¢102830¢09
MAR +720189+08 +882212402 0293266405 «8503706¢04 +630612408 «882212%02 +358304+08 231008381609
APR .150011409  ,892960¢02 1268812405 «10200440S 2735653408 +892966%02  ,366816¢0% 0171812409
E: uAy L171503409 887921402 «269271405 2105592405 698938408 887921002  ,37aBb64¢0S 177803409
= JUN ,2208866909 8291606402 +239660405 « 133382408 «8172674+08 ,853109¢02  ,373132405 225202409
JUL . 337783409 ,830578¢02 2229135408 216661940 +69A398¢08 +851936402 +395754a+08 «282033¢09
LYY 016834409 83812402 0212542405 . 195800640% .705758408 .879%26402 ,808348408 +333235¢09
L 114 « 258095409 .8638a1402 1238770408 «14287240S +813132¢08 «882363¢402  ,381346¢0% 0246308409
ncy 2239117409  ,876495¢02 2271989405 «125314%08% 0613%09+09 «906759%9¢02  ,397404¢08 0211893909
NOV «112952409 «9281a7402 0e290279+05 «7092334+04 2881202408 «924147402. « 365202408 110929409
nEC + 130502409 «9237A6402 0297078408 «778639¢+04 0061312408 «923786¢%02 374932408 130607409
cetsrrcnssascanccnses - evee - - e
TOTAL J234089¢1y « 927756402 v 318438206 .132711005 929290402 <0S1154%06 0224274440

¢ ELECTRIC ENERGY NISPLACED ® (TOTAL BUILDING ELECTRIC CUNSUMPTION = PURCHASED ELECTRICITY)

% THERMaL ENERGY DISDLArED a (TUTAL BUILDING THERMAL REOUIREMENYS = SECONNARY BOJLEW UytPyy = FRACTION UF
WASTE HFAT USED wHICH I9 DERIVED FROM THE PRIMARY BOILER)

8L/¥
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SULAR YUTAL ENERGY SYSTEM SIMULATIUN PRUGKRAM

PULAR MIJIINT PARABOLIC THUUGH = AUILDING 7 « LUS ANGELES » LATITUDES34, 0N

SULAR COLLECTUR APEHTURE APEA s

STt CHART NU,

MONTH

‘JAN
FEB
MAR
APR
MAY
JUN
Jut
Ayt
8eP
oct
NUV

DEC

e T136R¢07

TUTAL

)

FueL vo
[[INVER ¢
COLLECTOR
TEmp,
[CLI)

.8778¢07
«1533408
. 1926408
21699408
022330038
.519%06
«0000

+0000

,S157¢07
,96803407
5281407

2139407

1036409

)

ELECT,
PRUNUCED
HY SULAR
PLUS FUEL
(KWH)

8111404
«607R® 04
«6504e0d
«1020¢0S
«1036¢0S
+13354095
1666905
«195R*05
o1U26005
21750405
«7092¢%04

«TTRo¢LY

1327406

(3

ELECT.,
PRUDUCED
8y FUEL
In COL Lt
(KWKH)

«3294003
« 3756403
.7218403
+ 9651003
,8392403
21977402
«V000

«0000

,1931403
L 3080403
« 198993

«8063402

«JRQ2+04

2i87-

4)
FUEL 10
RUN Sv37v,
WHEN NU
SOLAR OR
STURAGE
AVL, (BTU)

.1150409
+7315¢08
5336408
.14ta¢09
1392409
2283409
«3377¢09
3166409
2528409
. 2293409
<1077¢09

.1324¢09

«2237¢10

H1GH TEMPERATURE HFAT REJECTED TO TOWER =

PURCHASEN FLECTRICITY APMwRAM 8

PURCHASEN ELECTRICTTY BAMegPM &

-®

SULFT,

%)
ELECT,
PRODUCEL
BY FUEL

IN cuL,.¢
(Kwi)

«8306404
02735404
, 1998404
+5268404
* 8569404
+8083404
« 1250405
«1541905
09253404
.8536404
ag24404

0“95009“

«8307¢0S

(o)

FUEL TU
MEET

" THERMAL

REymMTS,
(aru)

«0000
00000
« 0000
«0000
«0000
< 1986406
«9431¢4006
2051407
24175407
, 0000
20000

20000

0000 BTU/YR

+1R16406 KwH

o 11690006 KWh

ten(T)eane
OR¢
CUNDENSF K

Heal
(B7V)

«1361¢09
«1020409
1091409
1717409
01775409
+2256409
«2819¢09
3311409
2810409
.2117409
1192409

«1307¢09

2223R¢10

aea(BYten an(9)en

HEAT PERCENT
REJECTIUN ELECT,

10 BY

COOL ING SOLAR

TUWER + FUEL
(B1U)
« 0000 210063
«0000 17,88
«0000 18,15
«0000 27,81
« 0000 28,17
«0000 35,77
20000 42.10
«0000 47,9%
.0000 37,39
<0000 31,56
«0000 19,42
.0000 20,77
«0000 29,42

(10) a(ll)ee a(12)0s (13)
(1222 1] )
PERCENT PERCENT * PCT * AVERAGE
DF ¢ THERMAL * yyIL* CULLECTOR
MET 8Y FRUM fannses FLULID
FUEL COND, sasanns QUTLETY
HEAT sanenan TEMP,
aannens (DEG,F)
$7,19 100400 *100,00* ,5979403
Sa,87 100,00 *100,00% 3960403
41,82 100,00 #100,000 5956403
57,18 100,00 #300,000 3908903
60,69 100,00 %#100,000 3989003
63,70 99,93 #100,07e ,3999,03
75,23 99,85 #100.1%5¢ ,6000403
78,70 99,41 *100.59% ,6000403
66 26 98,63 #101,39 .svoo.o;
71,00 100,00 #100,008 5978403
59,5¢ 100,00 *100,00% 59879403
68,68 100,00 #100,000 5995403
L LT - -
65,53 99,73 *100.206#
(222112 X)

ITEM (12) IS PERCENT THERMAL UTILIZATION CALCULATED aAS 3

PoUyB(TH LD, Z(COND HY, TO TH LD, ¢TOT, TONER MY, ))#100,

NOTE ¢ UTILIZATIUN 13 BASED ONLY ON THERMAL ENERGY PRODUCED 8Y

THE SYSTEM, ELECTRICITY IS 100 PERCENT UTILIZEVD,

8L/V
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StH AR TOTAL ENERGY SYSTEM SIMULATIUN PRUOGRAM

PULAR MUUNT PARAR(L JC THRUUGLH « BUTLDING 7 = LUS ANGELES « LATITUDESIU _ON

SULAR COLLECTIIR APFRTURE AREtA =

CULLECTOR NO,

1

27187, 3G,FY,

. COLLECTUR CULLECTOUR PEAK HOUR COLLECTOR COLLECTOR

DIRECT DIFFUSE BEAR VIFFUSE ENERGY FLUID MAS8  OVERALL EFFICIENCY

NNRMAL RAD RADIATION RADIATION RADIATIUN COLLECTED FLOW EFFICIENCY (tPct)
MONTH (ATU/SUFI)  (BTU/SGFT)  (BTU/SGFT) (BTU/SUFT) (BTWV) (LRAS/HR) (PctT)
JAN «59550405 «3a102404 ¢55610405 «00000 «806650408  ,10305640% .a848¢02 «5191785¢02
FER « 49649405 +29068¢04 238295405 +00000 0665293008 4119912405 20808402 «Q9328a2¢02
MAR ,62320408 .93343+04 «82159409 «00000 2876971408 0116935405 +5049¢02 5062289402
APR 70711405 «652%0%04 «69266405 «00000 +996061008  ,153337409% +5056002 +5161670%02
MAY «7330340% «85733¢04 «69281405 +00000 0971829008 1709506405 « 4783002 5033134402
JUN +A3098¢0S «11034040S 076276405 +00000 0110908+09 0166679405 «4791002 «3219102¢%02
JUL +73229+05 299786000 067903405 00000 +9599a8+08 2166320405 ,a704¢02 .5072S01¢02
AUG .70306405% .87138¢0a - 67688405 «00000 ,968008¢08  ,17232740% 0916402 »5110092¢02
SEP » 73712408 « 73020400 « 73285405 200000 0110206¢09 172936408 +«5373¢02 +3003523¢02
ner 59866409 245326408 258372405 200000 .854987+08 « 150764405 5128002 +5255586¢02
NOV 51290405 «324a76¢04 038226405 000000 «6B1660¢08 01339a740S «8769¢02 «3071621%02
nEC «51219¢05 «30a15¢08 000871405 « 00000 2687897408  ,10915040% 8609002 5038810402
vorlL-- +77837400 73610405 743234006 .oooo; +106871¢10 2172936408 «490A*02 .s:aoizoOoz

CANNUAL PEAR)

ftend OVERALL CULLECYOR EFFICIENCY 8 (COLLECTOR UyTPUT/(DIRECT NORMAL RADIATIUN & COLLECTOR AREA))* 100,
teet (ACCNUNTS FUP CUSINE LNSSES) waws

sentee COLLFCTOR EFFICIENCY 8 (CULLECTOR UUTPUT/(COLLECTUR AEAM RADIAVION * COLLECTUR AREA))# 100,

8L/¥
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SOLAR TUTAL ENERGY SYSTEM SIMULATIUN PRUGKAM

PULAR MOUNT PARABOLIC TRUUGH = BUILDING 7 = LUY ANGELES « LATITULES3U,0N

SULAR CULLECTOR APERTURE ARtA s $573, 8U,FT,

8T1ES CHART MU, 4

" PURCHASED ENERGY

FUEL ELECTRIC ELECTRIC

CONSUMPTIUN DEMAND CONSUMPT JUN
NMONTH  (BTU) . (Xw) (KwH)
JAN ,999u15¢¢0 J20572+02 2278093405
FEB .352720¢00 «9292907%02 0206544¢0S
MAR 2289091798 882212402 *204224%05
APR 806130000  ,8929606%02 *243048¢0S
HAY ,803305¢08  ,B87921+02 +255559+0S
JuN S122837¢09 83818302 - 4223805405
JuL <214933¢09 «840127002 0228556005
AUG 293082409 B67098¢02 0212326405
sEP ,150053¢0Y 864202402 222432405
ocr +137000¢0Y +906759¢02 0268077405
NOV ,59594be00 920147402  ,280496¢05
DEC .T35786¢08 923786402 2287490405
cenan evuane core
TOTAL ~ el34241010 ¢ 929290402 «303181¢%00

SYSTEM ENERGY DIBPLACEMENY

ELECTRIC » THERMAL as

ODI1SPLACEMENT DISPLACEMENY

(Kar) (8YY)
J909314404 . 103985409
7394069404 +839871¢08
e 9407% %04 0956783448
01231068%0S 0129709¢09
«119304905 «132825+09
0149330405 «155804¢09
o 107198¢0% 0107398009
«196022¢05 c1647968¢09
0158915¢05 « 155024009
128727405 0127734409
2847002404 +87495%54+08
874520404 .893295+08

147970400 2168217410

BULLPING

ELECTRIC/THERMAL LUADS

ecsoscse

ELECTRIC

DEMAND

(Kw)
926572002
0929290002
«882212%02
«892%00002
JB87921%02
2853149402
851936402
879520402
+882303402
+90075%9¢02
924147402

L923780402

+929290¢02

ELECTRIC THERMAL
CONSUMPTIUN  REQUINEMENTS
(KwM) (6TUL)

" 037502505 «135652009
340491005 010244y 09
«358304¢09 ¢108381¢409
+360816¢05 e171812%09
+374864905 177801909
«373142405 0225282%09
395754408 282433400
L40834840% 333235009
.Sullaooo§ 02443008009
«397404¢05 0211893009
< 305202¢05 0118929409
374942008 0130607409

J4S1154¢00 224374440

o ELECTRIC ENERUY DIBPLACED ® (TUTAL BUILDING ELECTRIC CUNSUMPTION = PUKCHASEL ELECTRICITY)

w% THERMAL ENENGY DISPLACED ® (TUTAL BUILDING THEWMMAL KEUYLREMENTS » SECUNDAKY BUILEW UyTPutT e FRACTION UF
WASTE HEAT USED wHICH 1S DENIVED FRUM THE PRIMARY BUJLER)

8L/ ¥

L868
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SULAR TUTAL ENEKGY SYSTEM SLMULATIUN PRULKRAM

PULAR MUUNY PARABQLIC THUUGH = BUILDING 7 = LUS ANLELES = LATITULES34,0N

SULAR CULLECTOR APERTUKEL ANtA = 5573,

8Tes LHARY NU, 4

(1) (2) 3 (q)
FUeL 10 ELECT, eLECT, FUEL TU
BOUSY PRUDUCED PRUDULCED kyN SYST,
COLLECTOR BY SOLAR by FUEL WHEN NU
TEmpP, PLUS FUEL IN CUL.1 SOLAR UK
(BTU) (KwH) (knKH) STUKAGE
MUNTH AVL,(BTU)
JAN JU935408 9493004 ,lB0uely  L10600u8

FEu ,2005408 _7395¢0¢ 1083004 0618407
LIY] +2891408 ,9408%04 ,1103¢04 L0000

APK 5317008 ,1232905 ,¢005¢04 ,2725¢y0
MAY LUT67¢08 1193405 1794404 3267400
JUN L8334008 1093405 3137404 3950400
JuL «1023%09 1672905 ,8831¢04 L1125¢09
AUG 29359408  ,1900¢05 ,34boe0y 2000409
114 28513008 1589005 3184404 7013000
ocy 00699908 1287005 ,2504e04 ,T007¢00
NUY LU302008  BuT1e04 1051004 [1STTe0d
DEC 5383408 8745004 2023404 ,1975408

SU,F1,

TOTAL  ,7360%09 . ,14B0%00 ,L2704¢0S ,0049409

HIGH TEMPERATURE HEAT NEJLCIED TU TOWER @

(5) (o)
ELECT, FUEL TV
PRUDUCEV MEED
BY FUEL THERMAL
IN CUL 4 NEbumM(S,
(KuH) (BTU)

«39604VU5 L0000
2887403 L0000
«0000 00000
1013604 40000
1224004 L0000
J1a0UeUd 13¥2400
k181004  L03Y9%05
« 1379404 1579407
e 2528e04 L 2819¢97
e26006¢04  L1053%00
25882405 L0000
#T413403 L0000
02237405 4707407
L0000 BYU/ YK

PUKCHASED ELECTRICITY 8PMebAM » +1983¢006 Ran

PUHCHASED ELECTRICITY BAM=ybM 8 L1048¢00 RWNH

ea(7)ane
UKC
CUNDENSEM
nEAT
(87V)

« 1594909
«1209¢09
21498409
02013¢0Y
1970499
22485409
s2826¢09
« 3313409
22058¢09
02165409
01392409

144809

02458e10

ann(B)ans
HEAT
REJECTION
Tu
COULING
TOWER
(BTu)
«1905¢00
«1T08¢00
4219008
2328570
1791400
+26063408
«000V
«0000
1918¢08
«5592¢07
21937¢00

,1395408

e2138¢09

av(9)en
PERCENT
ELECT,.
By

SULAK
¢ FUEL

25,85
21,72
264,20
33,58
31,83
40,02
42429
48,00
d4le67
32.39
23,19
23,32

32.80

(10)
PERCENT
UF 9

MET By
FUEL

23,34
18,01
11,72
24,91
25,30
30,81
47,80
$5.4d
35,9
39,09
26,43

31,60

33,80

a(ll)ne
PERCENT
THERMAL
FRUM

COND
HEAT

100,00
100,00
100400
100000
100,00
99,95
99,98
99,02
99,00
99,9
100,00

100,00

a(12)nn

. RARGRER

PCT *
uriLe

8709
85,71
T1eVte
83,95
90,852
89,47

#100.02*

®100,38s

93,54
97,47
85,99

90,35

99,83 * 91,44r
[TITITETY

(13
AVERAGE
CULLECTUR
FLUID
uuTLEY
TtmuP,
(DEG,F)

150689500}

25928403

9920403

.506300§

9902403

25827403

05820403

2583703

«5839¢03

25877403

25095403

25881003

ITEM (12) 1S PERCENT THEKMAL UTILIZATIUN CALCULATED AY

PaUgBUTH LD Z{CONDGHT, TU TH LD ¢TUT, TONRER NT,))elby,

NUTE § UITTLIZATIUN 13 dASED UNLY (N THERMAL ENERGLY PRUDUCED oY

ThE SYSTen,

ELECTRICITY 18 100 PENLENT UTILIZEVD,

8L/¥
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SULAR TOTAL ENERGY SYSTEM SIMULATIUN PRUGRAM

PULAR MOUNT PARARNDIC TRUUGH e BUILDING 7 e LUS ANGELESY = LATITULER3L ON

SULAR COLLECTOR APFRTURE AREA ®

CULLECTOR NO,

S573,. SU.FT,

’ COLLECTUR
‘DIRECT OIFFUSE BEAM
NORMAL RAD  RADIATION RADIATION
MONTH (ATU/SUFT)  (BTU/SGFT)  (BTU/SUFT)
JAN «59550¢09 «Ja102¢04 ¢55585405
FER 249649403 «29068400 248222408
MAR 062320405 +83333%04 062159405
APR «TOT1te0S «852%0¢00 +69a31405
MAY «733063¢0S «88733¢04 069285405
JUN «83098¢95 011038408 o 76301405
JuL 73229405 « 99786404 168083405
AUS 1,1osoaoos 87108408 267977405
SEP J73712¢08 «7302340a ¢ 73323005
ncr .5986640% .45326400 +58511¢05
NOy +5129040% 032876404 «8857040%
DEC 051219405 «30a15+04 047098408
ToTAL .77837006  o73810005  o74aSas0s

CULLECTUR
DIFFUSE
RADIATIUN

(BTU/8QFT)

200000
00000
+00000
+00000
+00000
+00000
400000
.00000
+00000
.00000
+00000

000000

ENERGY
COLLECTED
CL{T})
+162330409
133600009
«176623409
« 20096609
0195137409
+ 2208063409
+19%5006+09
«19%5679409
223286409
2172063409
+138052+09
0133360409

»00000

o215131¢10

PEAK HOUR COLLECTOR COLLECTYOR
FLUID MASS  OVERALL EPFICIENCY
FLOW EFFICIENCY (Pc)y
(LRS/HR) (PcT)

0103056405 24891402 +3200273%02
+123406405 «4828902 24971313402
+909132¢04 «50088¢02 +5098042¢02
«125152409% 5100002 «5193718¢02
«1709%5640% «a773¢02 +5053728%02
0166679405 24886402 +35200086402
«166320¢0% 4778402 «5139519402
+172327408 3990402 «516%269¢02
017293640% 3438402 +5a63534¢02
150764408 5169402 520089035002
e131108¢08 «2830402 «5100175¢02
(106387405 ,a672¢02  ,5080834¢02
172936408 10980002 .518a753%02

(ANNUAL PEAK)

*etd OVERALL COLLECTOR EFFICIENCY 8 (COLLECTUR OUTPUT/(DIRECT NORMAL RADIATION * COLLECTOR AREA))® 100,
seast (ACCNUNTS FUR COSINE LOSSES) #eas

sattne COLLECTUR EFFICIENCY 8 (COLLECTOR UUTPUT/(CULLECTUR BEAM RADIATION » COLLECYUR AREA))e 100,

8L/¥

L868
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SOLAR TOTAL ENEKGY SYSTEM SIMULATIUN PRULRAM

POLAR MOUNT PARABOLIC TROUGH = BUILDING 7 = LUS ANGELES « LATITULES34,0N

SULAR COLLECTOR APERTURE ARtLA ®

836V, SUFT,

8TES CHART NO, &
PURCHASEL ENERGY
-'usL ELECTRIC ;::E;;;E....
CONSUMPTIUN DEMAND CUNSUMPTIUN
MONTH  (BYY) (Xw) (KwH)
JAN ,218988¢08 926572402 «252207405
rFEs 0189025008  ,929290¢¢2 1249225405
MAR 01905606908  ,Bu9229¢02 «221907%05
APR «4a07aa008 89206092 0207359405
HAY «8121270%008 ,8861T70%02 022178405
JUN +674T24¢ 0 831933402 21880644405
JuL +909930¢008 84070302 1228291405
AUG L174305¢00% 879520492 1212084405
' SEP +760300%08 +8823063¢%02 2199849405
oct LO9T09T408 906759402  ,252202405
NOV + 188489008 «924147¢02 02020650405
okc 324712900  ,923780¢92 0270374405
TOTAL L078173909  ,929290%02  4275763%06

SYJTEM ENERGY DISPLACENENT

BULLDING ELECTMIC/THERMAL LUADS

ELECTHRIC » THERMAL on
DISPLACEMENTY OTHPLACEMENT

(Kun) (41V)
122818405 s1204306409
«1002060¢0S +9600%0¢08

«136397+¢5 0102521409
+199457405 «153050¢09
¢153080¢05 01597do*09
o 18449795 +194440¢09
s1074d63¢05 2221034409
190204005 s223332009
w181498¢0S e205252¢09
145121005 « 173833409
«102546+05 0110044409

104507 ¢S +115281009

- (AL I I YL P rPY L P L LR YT Y Ll r YLyl 2d 1)
ELECTRIC ELECTNIC THERMAL
DEMAND CUNgUMPTIIUN NEWYINEMENT S
{(Kw) (KwH) (81y)

926572002 375025405 0135652409

«929¢290¢%02 340491405 0102440 %09
W882212%02 «398304*yS e 108381%¢09
«8929%00%y2 PELTLITALT) ep 71812409

28879219002  ,374004vyS e177801%09
(853149002 373142905  +225282%49
851930402 395754¢0S «282433499
879520402 LUVB34BeyS 0333255409
88236302  ,301346%0S e24U3 089
2900759402  ,397404+0S 211893409
«92414T4p2 305202005 0118929449

923780002 o 374Y4eeys e130007+y9

e175392¢%006 «191702¢10

«929290¢%02 451154490 e224274¢30

o ELECTRIC ENERGY DISPLACED s (TUIAL BUILDING ELECTHIC CUNSUMPY]ON e PURCHASEL ELECTRICITY)

ot THERNAL ENERGY DISPLACED s (TUTAL BUILDING THERMAL HEWUIREMENTS = SECUNDARY BUILEKR OUUTPUT = pRaACTIUN UF
WASTE HEAT USED wHICHW 1S DERIVED FRUM THE PRIMARY BUILEW)

8L/ ¥
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SOLAR TUTAL ENERGY SYSTEM SIMULATIUN PRUGKAM

PULAR MOUNT PARABOLIC TRUUGH = BUILDING 7 = LUS ANGELES « LaTlTUOE=sS4, ON

SULAR COLLECTOR APERTURE AREA & 8300,
STES CHARY NO, a
t ) (3) (4)
FUEL YO  ELECT, eLECT, FUEL TU
80087 PRODUCED PRUDUCED RUN 8YS§T,
COLLECTUR 8y sOLAR w©Y FutL WHEN NU
Tenp, PLUS FUEL IN COL,l SOLAR UK
(81y) (Kn) (KK ) STURAGE
MONTH AVL, (BTU)
JAN 1980008 1226005 ,7593¢03 ,200b6%07
res +1378¢08 ,1003%05 5226403 ,1127¢07
MAR 01906008 ,1364%05 ,7376403 L0000
APR +3020008 1395905 ,1295904 ,1047¢08
MAY 48055008 1531005 1000004 _1db0eu
JUN LON1Te08 1835405 1000404 2331408
JuL 6655008  ,1475¢05 ,2075¢04 ,3045+08
AUG 3580008 1063005 ,1704¢04 ,128300Y
stp 22189008 1815905 ,B212¢03 ,5374%00
ocy 02070908  ,1a51°05 1081404  L4097¢00
NOV 10885008 1023005 ,7144e03 0000
oec J2175408  ,10Q6¢05 ,5205eD3 ,1075¢08
CTOTAL .3612009 +1784%00 +1360008  .3156909

NE6n TEMPERATURE WEAT REJECTEU TU TOWER =

PURCHASED ELECTRICITY 8PMaBAM =

PURCHASED ELECTRICITY 8AM=aPM &

=

SU,FT,

(& 2] (o)
ELECT, FUEL 1U
PRUDUCED MELET
BY FURL  THENMAL
IN CUL,4 Kgumly,
(Kwp) (8ru)

«7509402 L9000
8220002 L0000
0000 «0000
03899403 Lu000
«5S07eud L0000
8002403 0000
«1130004 L0000
Q722004  ,1405¢07
1905004 L 3590%07
e1520404  LQ0QV
+0000 WV000
«4020¢U3 L0000
01101405  L4971¢07
vuoo BTU/ VYR

220154006 Ruwh

o 7423405 Kwr

nea(T)ann
UR(
CUNDENSER

HEaT
(87VL)

e19Tueqy
e 1587409
02116409
256009
02475409
«2999,409
2630409
«331600V
3003409
e2419e09
«1657409

« 1098409

s2803%10

asn(B)man
HEAT
KEJECTION
10
CUUL ING
TunkR
(8TL)
v90065% 04
«5490*08
0310306%09
B025%0b
0756008
.B0A6ey8
«0000
.0000
«5277%08
«3188¢%pb

,L4423¢08

39789208 -

0181409

an(9)ne
PERCENT
ELECTY,
ay

SULAK
¢ FUEL

32.75
29,45
38,07
43 d?
[T 1)
49 44
42.31
48,00
47,99
3o.52
28,08

27,89

3B, u8

(10)
PERCENT
UfF 9
MET WY
FUEL

11,78

‘“.3’

a(l))en
PENLEN)
THERMAL
FRUM

CUND,
HEAT

100e0U
100e00
100000
[N
fuo v
fvu,0v
100400
99.0%
b0
{V0s VYV
100,00

100,00

a(12)ns
annnane

PCY *
ullLs

RARANNS
[EE R 22 1)
ARRARNS
ARAGANR

L]

T70eS5us
05,11
St1elle
00500
72,47

73,684

*100400®

100,359

]

LYY T
86e92%
72,89

76,065

WG,ng * T8,5ue
ERARNRA N

13
AVEKRAGE
CULLECTUR
FLulv
uulLe!d
Temv,

(VLG F)

e SY49¢03

5903093

+5945¢93

e5923%¢s

RALTYTY

5920403

5890003

.‘)927’0’

159034905

W SYUNTYS

25994903

«SYu4Te08

ITeM (12) [S PERCENT ThehMAL UTELIZATIUN CALCULATED AS

PeUeB{THLDG/ZICUNDGHT TU TH, LD +TUT TInEr nT ) ) a1V,

NUTE ¢ OVILIZATIUN [8 BASED UNLY ON THERMAL ENERGY PRULUCED BY
ThE SYSTEM, FLECTRICLITY IS 100 PRRCENT

utlelz

LV,

8L/ ¥V
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SOLAR TUTAL ENERGY SYSTEM SIMULATIUN PRUGRAM

POLAR MOUNT PARABOLIC TRUUGH @ BUILDING 7 = LUS ANGELES = LATITUDES34,0N

SULAR COLLECTOR APERTURE AREA s

CULLECTOR NO,

1

DIRECT DIFFUSE
NORMAL RAD RADJATION
MONTH (BTU/SUFT)  (BTU/BGFT)
JAN 5995009 e3ugo2eod
FEB 009049405 0290068004
WAR 262320¢05 «43343%04¢
APR «70718%05 205250¢04
MAY .73303¢09 «85733+04
JUN «83098¢05 o11040¢05
JuL (73229405 99780404
AVG 0703006405 «87148404
stp 73712405 « 73024404
ocy «39800¢05 W45320¢04
NOV 51290405 + 32470004
ofc 51219905 +3041Se04
107AL J77837%06 ,73610%05

8360, SU,F1,

CULLECTUR
BEAM
RADIATIUN
(BTU/8UFT)
155515405
148155405
02159405
209251405
109322405
o 76335405
-oﬂoflogs
007857408
o 73400405
058765405
246510005

47020405

o T4435400

COLLECTUR
VIFFUSE
RAUJATIUN
(BTU/SGFT)
000000
« Y0000
« 00000
«0000¢
200000
«00000
+00000
«+U0000
o90000
200000
«0U000

00000

00000

ENERGY
COLLECTED
(BTL)
1 24252009
0200212¢09
«3655%9¢09
«300933¢09
$292771409
330461409
0290188409
290872409
+332447+09
0256072%09
205808409
0196825409

PEAK RMOUR
FLUID MASS
FLOW
(LBS/nk)
e103021¢0Y
0118005¢05
2909142e04
0121204905
0163930609
«166679405
.100026005
169790008
01710657405
s142038¢05
.12!020003

e 1006387495

0171657¢0S

(ANNUAL PEAR)

CULLECTUK
OVERALL
LFFICIENCY
(PCT)
J4BT1002
482ae0¢
25097¢02
«95091402
4774002
,4843e02
o 4T4ov0c
.u94§;°¢
539502
915602
J4800¢0¢

TdoU3e0e

ALY T

CULLECTUN
EFFLCIENCY
(rcty

.5229%20v02
497320606002
«5110357¢02
«5198024¢002
25091880002
5272339002
«5098874¢y2
«5127up3002
«5417793¢¢2
0529332802
5074913002

+5058091+02

“e321404%10

«5305899¢¢>

sant QVERALL CULLECTUR EFFICIENLY 8 (COLLECTUR uutau!/(uxngcr NORMAL nnoxntxun * CULLECTUR AREA)) 100,
seant (ACCOUNTS FUR COSINE LOSSES) waen

aasnas COLLECTOR EFFICIENCY 8 (COLLECTOR OyTPUT/(CULLECTUR BEAM kADIATlnN &« COLLECTUR AREA))e 10U,

f

s

8L/Y
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SULAR TOTAL ENERGY SYSTEM SIMULATIUN PRUGHAM

PULAR MOUNT PARABOLIC TRUUGH = BUILDING 7 = LUS ANGELES = LATITUDE®34,QON

SULAR COLLECTOR APERTURE ARtA ® 1

STES CHART NO,

NONTH

JAN
rEs
HAR
APR
MAY
JUN
Jui
AV
114
ocY
NOY
DEC

T07AL

PURCHASED ENERGY

46, SU,FT,

SYSTEM ENERGY DISPLACEMENT

FUEL ELECTRIC ELECTRIC ELECTRIC *  THERMAL o+

CONSUMPTIUN DEMAND CONSUMPTIUN  DISPLACEMENT DISPLACEMENT

|rTu) (Kw) (KWN) (Kun) (81U)
o152921¢08  ,9100833¢02 ¢218006¢05 0101018+05 «130759¢99
149523¢00  ,920290¢02 120a908%05 +135583+05 «981835¢08
L192702408 812092402 .170088340% 179420405 . 104988499
205830908  ,8929606¢02 01065309908 +201Q4740S +165109¢09
2123911008 086170402 o 179020¢0S «195830¢0% ¢ 170504409
257854908 831847002 014125905 22310883405 +208551409
3326006400 ,82%52%84902 +205590¢0S «190158¢05 2264013009
LOTIS10000 837797402  ,19a320005  ,214022¢0% 2276803409
«383109¢00  ,802718¢02 0158014¢0S +223333%05 02208185409
«334S78¢00 «879769¢02 0223322%09% o 1740082405 0196043409
117102008  ,92414Te02 +229500°0% «135703¢05 «114990¢09
140188408 .Ozsyaetoz 2243489408 0131453405 212500009
o 300310%0Y  ,929290%02 .z;;10;000 .z;;167°;o

s210204¢10

HUILDING ELECTRIC/THERMAL (LOADS

.EzﬁctQAC )
DEMAND
(xw)
0926572402
«929290402
.882212402
0892906402
1887921402
.853149402
28519360402
879520402
0882363402
«9006759¢02
W924147¢02
+923786402

92929002

ECecTRIC

CUNBUMPTIUN

(KWNH)
«375025+90S
2 JUOUS ¢S
398304005
366810405
+ 374804905
.373142005
L395754¢03
L40834840S
.ldllubvoi
«39740a405
»305202¢05
RYZLITIIH

« 45115400

® ELECTRIC ENERGY DISPLACED ® (TUTAL BUILDING ELECTRIC CUNSUMPTION = PUNCHASED ELECTRICITY)

THERMAL
REWUIREMENTS
({147}

0e135652¢%09
e102440*09
108381009
0171812409
ol77‘°i’°'
2225282409
202433009
«33323%009
¢2443008+09
211893909
0118929009

130607409

2 224274%30

% THERMAL ENERGY DISPLACED ® (TUTAL BUILDING THERMAL WEWUIREMENTS e SECUNDAKY QUILER OUTPUT » FRACTIUN UF
WASTE MEAT USED WHICH IS DERIVEN FhUM THE PRIMARY BUILER)

8L/Y
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SOLAR TUTAL ENERGY BYSTEM SIMULATIUN PRUGRAM

POLAR MOUNT PARABOLIC TROUGH  BUILOING 7 = LUB ANGELES = LATITUDE®34,0N

SULAR COLLECTOR APERTURE AREA ® 11146, 89,FT,
STES CWARY NO, 4
3L (2) (3) (q) 5 (s) ana(T)ann aan(B)nan a0 (9)ae
FUEL v0. ELECT.  ELECT, FUEL TU  ELECT, FUEL 10  URC hEAT PERCENT
Bgoa? PRODUCED PRUDUCED RUN 8Y3ST, PRODUCEC nEET CONDENSEK REJECTION ELECT,
COLLECTOR BY gOLAR - BY PUEL  wHEN NDO  BY PUEL  THERMAL  HEAT 10 8Y
Tewp, PLUS PUEL IN COL,I BOLAR OR IN cOL,4 REQMTS, (BTU) CUULING  S0LAR
[1.2{1}] (KWN) (KWH) STORAGE (XWN) (81V) TUWENR ¢ FUEL
WONTH AVL,(BTV) (BTV)
JAN 01380908  ,1610%05 ,5102003 ,1888407 ,7958¢02 ,0000 «2548e09 (113909 42,9
Feo «1a585008 1350005 ,5033¢03 L0000 »0000 +0000 2113009  L107740% 39,82
MAK 01427008 1794905 ,S617¢03 ,0000 »0000 «0000 22753409 1677409  S0.07
APR o1570%08 42013905 ,0001003 ,4821007 1797403 ,0000 23172409 (1479009 54,92
NAY 01816008 1958405 6806003 -, 3130007 1171403 ,0000 3111409 1301609 52,24
JUN o2928408 2319903 1103008 ,1051008 46087403 1392906 3703409 ,L1484¢09 62.14
JuL 03329008 1902405 ,1240004 ,0000 ~ 40000 20000 +3171409 ,3164%08 48,05
AUS 23985008  ,2100005 1086000 ,5710908 ,2100004 5657408 ,3587¢09 ,2043408 $2,41
str 1395908 2233905 ,5967403 ,2235008  (TT08e03 ,1401%07 3631409 ,1188%09  S8,56
ocy 01182008 41741405  ,4a08403 2104908 8000403 40000 «2844009  ,TSBa%08 43,89
NOY W1171008 1357405 4495403 L0000 «0000 «0000 12142409 ,9299¢08 37,106
oec o8996407 1315003 3400003 ,5623¢407 ,2118003 L0000 12095409 7867408 35,06
Pee - - oeow - - s
TOTAL 2270009 2174006 ,08%904 ,1331909 0877404 ,2206407 .34B741¢ ,1240%10 4B.18

HWIGH TEMPERATURE MEAT REJECTED YO YOWER ®

PURCHAGED ELECTRICITY 8PMagaM &

PURCHASED ELECTRICITY 8AM=gPM &

+3487006 HTU/YHR

018060906 Rwh

23718405 Kun

(10)
PERCENT
ofF 9

MET BY
FUEL

3,64
4,19
3.13
3,90
4,10
7.38
6,52
‘10,78
6,19
T.20
3,31

4,24

0,20

e(il)ee
PERCENT
THERMAL
FROM

COND,
HEAT

100400
100400
100400
100400
100,00

99,98
100600

99,84

99.52
10000
100,00

0 (12) e
saannng
Pcy ¢
uriLe

SdedTe
48,750
39,20
§3¢75s
§7,T4a
60¢300
89,93
92,792
67500
TIebdn

56,120

100,00 » 62,41n

99.92 * 64eddn
ARRAENR g

(8% }]

AVERAGE
COLLECTOR
FLUID
QUTLEY
Tenp,
(DEG,F)

5907003
¢5950¢03

- 95955003

05959¢03
5965403
¢8955¢93
0595303
5943905
5970403
25970005
59068403

5970003

ITEM (12) 13 PERCENT THERMAL UTILIZATIUN CALCULATED A3

PoUew(TH,LD(/(CONDGHT,TU TH,LD,¢TOT,TUNER HT,))*100,

NUTE § UTILIZATION 18 BASED ONLY ON THERMAL ENERGY PRUDUCED BY
ThE SYSTEM, ELECTRICITY I8 100 PERCENT UTILIZED,

8L/¥

L868



I L S N |

3 1 N4

A9 0 V0O NHD 3L

¢7-0

SOLAR TUTAL ENERGY SYSTEM SIMULATIUN PHUGKAM

POLAR MOUNT PARABOLIC TROUGH » BUILDING 7 = LLUS ANGELES = LATITUOES®3G,0N

SULAR COLLECTOR APERTURE AREA ®

CULLECTOR NO,

1

11140, SUFT,

CULLECTOR COLLECTUR PEAK HUUR COLLECTYUR

‘DIRECY DIFFUSE UEAM DIFFUSE ENEKGY FLUID MASS  OVERaLL

NORMAL RAD  RADIATION RADIATION RAVIATIUN COLLELTED FLOW EFFICIENCY
HONTH (BTU/SUFT)  (BTU/BGFT)  (BTU/SUFT) (BTU/8BGFT) (BTL) (LB/HK) (PcT)
JAN +59550¢¢5 o3ag02404 +55525405 . 00000 4323378409  ,10089040% o4872¢02
FEs 49049495 «29068¢04 48122008 *00000 0208112409 4118005405 «48a5¢002
MAR 002320005 083343404 002159405 «00000 o354911409 (900411404 +5109¢02
APR 70741405 +05250¢04¢ +09111405 «00000 0801328409  4125152¢0% «5092¢02
MAY «73363¢05 «85733¢04 069315905 200000 0390684009  ,170950¢05 o4778%02
JUN 83098405 e11044*0S «T6352¢08 «00000 1346214409 e10060679¢0S «4839¢02
JuL 73229405 299780404 «08129405 200000 +385293409  ,106420409 4720402
AUG 70300405 87148004 167732405 +00000 .38TTuBe09 172327405 4984002
(114 «73712¢05 « 73024004 » 73380005 200000 243747409 2172936905 05401402
acT 359866405 45326404 058690405 «00000 +346109¢09 150704405 +5187¢02
NOy +312390¢05 32476404 s 483106405 000000 374433409  L13494Te05 «4800%02
0EC e51219%05 3041504 047090408 +00000 205088009 106387405 NTYSRLT

S ~ oo . oo

TOTAL 17837090 2730610405 o T4392eve VU0 428697410 417293b¢¢> 49a1%02

(ANNUAL PEAK)

CULLECTOR
EFFICIENCY
(Pct)

«95225219¢02
«4998016%02
«51220068¢02
5209982902
«5050986%02
+52006791402
507331802
5130104902
«54d5698¢02
+5259764402
+50959%06%02
+5050153%02

«S170153%¢2

wat® OVERALL CULLECTOR EFFICIENCY & (COLLECTUR OUTPUT/(DIRECT NOkMAL RADIATION ® COLLECTOR AREA))I* 100,
sanst (ACCOUNTS FOUR CUSINE LOSSES) tans

sandas COLLECTUR EFFICIENCY ® (CULLECTOR UUTPUT/(CULLECTUR BEAM WADIATIUN # CULLECTUR aKga))w 100,

8L/¥%
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S0LAR TOTAL ENERGY SYSTEM §IMULATIUN PRUGKAM
PULAR MOUNY PARABOLIC TRUUGH = BUILDING 7 = LUB ANGELEY e LATITUDER34,0N
SULAR COLLECTOR APERTURE AKEA B 13932, 9U,FT,

8TES CHART NO, &

PURCHAYED ENERGY . 8Y3VEM ENERGY DISPLACEMENT BUILDING ELECTHIC/THERMAL LOADS
- - - out®e - 11 1ry} (JJ L rY 1 rx 1Ll ]
FUEL ELECTRIC ELECTRIC ELECTRIC * THERMAL ws ELECTRIC ELECTRIC - THERMAL
CONSUMPTIUN DEMAND CONSUMPTTUN OISPLACEMENT DJI8PLACEMENT DEMAND CONSUMPTION REWUIREMENTS
MONTH (8ru) ) (Kw) (KwH) (Kuh) (BTU) (Kw) (KWH) (8tTy)
JAN 090405507 (91083302 017551105 199514905 0133311409 «926572002 (375025405 0135652909
FEB o171155%08 92929002 2178102405 0102329405 +982044408 929290402 340491905 «1020440%09
MAR +159010000  ,70S2%4¢02 114550905 212795405 0105227409 882212902  ,358304%05 0108383409
APR «700535%07  ,888394¢92 +135686%0S 0231130405 +109814¢09 «892900002  ,3668106%05 0171812909
NAY LN27871008 884485402 -.iu?aoSoos 2227599005 173985409 887921002 374864005 o177801¢09
JUN 2270000008  ,831847¢02 0100480405 272060105 0216853009 2853149402  _373142e05 225282409
JuL 0190409408  ,795779¢g2 e103271%05 0232484405 «273814¢09 «851936902  ,395754¢0S 0202433009
AyG «3a5902%08  ,857797¢¢2 0162606405 245742905 «305524¢09 879520402  ,40834Be0S *333235909
sEp 230731908 82340402 0116501408 2048406405 22348206409 882363402 381346005 24630809
oCy +178001¢08 «879709¢02 «189944¢0S 207060405 205077009 «9006789¢02 «397404¢05 0211893¢00¢
NOV JBuol18e07 921747002 0195785¢05 0109417905 - 1160640409 «924147902 305202405 118929409
DEC +757281907  ,9237806%02 +213905¢05 ~e101037¢05 «128222¢09 923786902 374942405 «130407909
> - - veoave® L J (I TPY T YL LAY YL DAY R L L L LYYyl Lll)
TOTAL (222113909  ,929290¢02 0 192400%00 « 258094008 «216910¢10 «929290%02  ,4%91154¢%00 v226274%10

®» ELECTRIC ENERGY DISPLACED s (TUTAL BUILDING ELECTRIC CUNBUMPTION = PUKCHASED ELECTHICITY)

a% THERMAL- ENERGY DISPLACED ® (TUTAL BUILDING THERMAL REGUIREMENTS o SECUNDARY BOILER OUTPUY o FRACTION OF
WASTE HEAT UBED WHICH 15 DERIVED FROM THE PRIMARY BUILENR)

8L/¥
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SULAR TUTAL ENERGY SYSTEM SIMULATIUN PRULKAM

PULAR MOUNT PARABOLIC TRUUGH ® BUILDING 7 = LUS ANGELEY e LATITULES34, UN

SULAR CULLECTOR APERTURE AREA & 13932, 5U,FT,
STES CHART NO, 4
) (2) (3) t4) (S) (9) ara(7)ans snnl(d)ean

FUEL YO  ELECT, ELECT, FUEL 10  ELECT, FUEL 10 UKRC REAY

60087 PRODUCED PRUDUCED KUN $YST, PRUDUCED MNEET CUNDENSEK KEJECTIQN

COLLECTUR bBY SOLAR BY FUEL  WHEN NU  BY FUEL  THERMAL  HEAT 10

Temp, PLUS PUEL IN COL,1 S8OLAR UR N cOL,4 REQMTS, (8TU) COULING

(87U} (XWN) (KnM) STURAGE  (KWH) (87V) TURER
MUNTH AVL,(BTV) (8TV)
JAN e7806007 1995905 ,¢982003 ,1235¢07 L4610002 49000 03120009 ,1714%09
ree 21712008  ,1623905 ,06104903 L0000 20000 +0000 02500909 10606409
NAR 01596008 ,2128¢05 ,0192¢03 ,0000 +0000 00000 03251409 L2427¢409
APR 00001907 2311905 ,2324003 9647006 43640402 49000 o3012¢009 ,2231%09
NAY 21279008  ,2270¢05 ,4884403 0000 «0000 40000 «3555009 ,2058¢09
JUN 01769008 2727405 ,0505¢03 9566907 ,35008403 ,1392¢406 4307409 ,2235¢09
Juk e1905%08  ,2325*05 ,7094e03 L0000 = 4000V *0000 3602009 ,9b30%08
Ayé 02364%08 2357905 L684B+03 3095008 133004 44T83906 40T2409 ,7387%08
8P o 1309408  26G800% ,5059,03 1038400 3403003 3451007 4258409 ,2018409
CT 5301407 ,2075¢05 2033403 1246408 ,4640¢03 0000 3357409 ,1320409
NOV 08401007  ,1694*05 ,3252¢03 L0000 20000 +0000 02651409  41453¢09
DEC 0732007 1610005 ,2030003 8205400 ,3114e02 L0000 02542409 ,1234¢09
TOTAL  ,1355009 2587408 +5908004 +6638908 +2002604 2009407 +8103010 22008410

HiGH TEMPERATURE WEAT REJECIED TU TOWER s

PURCMASED ELECTRICITY UPMeBaM &

PURCHABED ELECTRICITY 8AMeBPM ®

01523409 BTU/VR

«1572¢4006 Kwn

« 3528405 KwH

an(9)an
PERCENT
ELECT,
6y .
SOLAR
¢ FUkL

53420
4r,67
§9.39
63,08
60,72
73,07
58,74
00418
69,45
52,20
46,39

42,9%

57.34

(10)
PERCENT
uF 9

MET BY
FUEL

1.73
4,08
2.9
teto
2,15
3,69
3.05
8,21
3,62
3,22

3.21

n(lil)en
PENCENTY
THENMAL
FRUN

COND,
MEAT

100400
100400
100400
100400
100,00

99,95
100400

99,89

99,52
100,00
100400
100,00

s(12)we

PCT »
utiLe

enanang
[TXILIL]
nensane
esnanin

ol
38,08
304870
43451
doo35
50,23
Tdetlen
810930
$4,900
0l ,bln
454014

Sl.42n

99,93 » 82,78
(I TP

(13)
AVERAGE
CULLECTQR
FLUID
QUTLETY
Tene,
(DEG,F)

¢5979403

15942003

5954903

05983003

05969003

05973003

0597405

0596303

5978403

5987403

0597°’0§

25980403

1TEM (12) 18 PERCENY THERMAL UTILIZATIUN CALCULATED A8 3

PLU B (TH LD Z7(COND HT, TU TH LD, #TOT, TUWER K1, ))nl00,

NUTE 8 UTILIZAYIUN IS BASED UNLY ON THENMAL ENERGY PHUDUCED @Y
THE SYSTEM, ELECTRICITY I8 100 PERCENT utTlILIZEV,

8L/¥
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SULAR TOTAL ENEKGY SYSTEM BIMULATIUN PRUGRAM

PULAR MOUNT PARABOLIC TROUGH o BUILDING 7 » LUY ANGELES = LAYITUDE.!H;ON

SULAR COLLECTOR APERTURE ARtA ®

CULLECTOR NO,

13932, 8G,FT,

1}
COLLECTUR
DIRECY VIFFUSE BEAM
NORMAL RAD  RADIATIUN RADIATIUN
MONTH (BYU/3WFT)  (BTU/8QFT)  (BTU/8QFT)
JAN 59550405 34102404  ,55515405
rFEs 04949905 +29068¢040 s48101¢05
HAR 262320405 « 43343404 102159405
APR #T70711¢05 065250¢04 69074405
MAY o73303¢05  ,85733+04 069275009
JUN «83098¢05 0 1104440S 076319405
JuL 0 73229+05 + 99780404 008040405
AUG 10360405 87148408 67779408
sEP 73712409 o 73024404 +73453405
oct «5980090% 1453206904 058721405
NOV 51290405 32476404 148354405
DEC 51219405 +30a15¢04 140888405
.e -
TOTAL «77837¢00 o 73010405 ¢74373408

CULLECTUR
OIFFUSE
RAUKATIUN

(BTU/8UFT)

«00000 -
+00000
00000
«00000
«00000
« 00000
200000
«00000
000000
+00000
+00000
,00000

400000

ENEKGY
COLLECTED
(BTV)

404715009
+336797409
0444295409
1501223409
0089263909
4559654409
+479700409
L485324409
+555334409
+430251409
2343449409
+330930409

+530088¢1¢

PEAK MOUR  COLLECTOR COLLECTON
FLUID MASS  OVERALL EFFICIENCY
FLOW EFFICIENCY PcT)y
(LBA/HR) (°,ch)
+100890¢05 JUB78e02  ,523206%5¢02
+100170¢05 «0869902 5019462902
+932604404 05117902 4513043002
+132006405 +5088402  ,5208361%02
+169842¢05 4787002 «5009356%02
0166679405 4834002 52063498902
01006420405 ’“702003 «5000480¢02
0172327405 L4951402 5139535002
¢172936405 +5408%02 0542661902
+140510405 J5159002  .5259116%02
+131108405 L4806402  ,5098168002
1107329405 L4638402 50065899402
ceone ceesvesasess

0172936405 e 4934%02 «51737%87¢02

(ANNUAL PEAK)

nant OVERALL CULLECTUR tFFICIENCY ® (COLLECTUK UYTPUT/(DIRECT NOWKMAL RADIATION » COLLtctoa AREA))* 100,
sans (ACCOUNTS FUR COSINE LOBSES) taan

*asnee COLLECTUR EFFICIENCY ® (CULLECTOR UUTPUT/(CULLECTUR BEAM HADIATIUN # CULLECTUR AREA))* 100,

8L/V
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SULAR TUTAL ENERGY SYSTEM SIMULATIUN PRUGRAM

PULAR MOUNT PARARULIC TROUGH o ALBUQUERWUE,NEW MEXICU = 35,IN LATITULE
SULAR COLLECTUR APERTURE AREA = . 2724, 8U,FT,

STES CHART NO, 4

AUILVDING ELECTRIC/THERMAL LOADS

PURCHASED ENERGY SYITEM ENERGY DISPLACEMENTY
LTI e I Y Py ey T T r I L L L P LY YY) aven - Powe®e eooew - -
FUEL ELECTRIC ELECTRIC ELECTRIC THERMAL oo ELECTHIC ELECTRIC THERMAL
CONSUMPTIUN DLMAND CUNSUMPTIUN  DISPLACEMENT DISPLACEMENY DEMAND CUNSUMPTIUN  REQUUINEMENTS
MONTH (BTU). (Kw) (KnwH) (KuH) (87U) (Kw) (KwH) (BTy)
JAN ,214601409 ,982802+02 " o28981440% «190802405 ,627a71408 .982602402 40016408 3202409009
FER .281308¢0Y9 «976052¢02 2251319405 «1397904¢0% +58834d0¢08 «976052402 «391115¢08 023561109
MAR + 183536409 « 7178254402 2206546005 «120404¢05 «861039¢08 «7782854®0Q 2366950408 0200967409
A APR L101838¢09 9143088402 0262307405 0903035404 ¢ 733315408 2914084402  ,358611405 0162597409
|
é; MAY 28781199 2 953174e02 0243601405 «15269140S 771838408 «953174e02 +396291408 258248409
JUN L403678¢09 2 956a4a48¢02 «210426405 0199292405 +830365+08 « 956404402 0813718408 0336069109
JuL ,361192009  ,939983¢02  ,22091240% 0218323905 2791757408 2952819402 339238008 +368930¢00
AUG ,34S631409 .932872402 0€2051240% «207900+0% + 713989408 ,932872¢02 ,328413408 351703009
s€p «229720¢0Y 928879402 0252553405 0131892408 +78a910+08 +930274¢%02 3848048 +0S «223022¢09
ocy «12638a¢09  ,B%1667402 +260103+0S «850541¢404 +635698¢408 «901188¢02 369157403 *182805¢09
NOV 237728409 931302402 2283505405 «13030100% «577500408 901502402 013920408 2219890409
DEC ,303608009 95850852402 ¢20901840S .185a014+0% 3827106408 .955052¢02 034419408 +319025¢09
LTI T T YY) rY ] oseOavecew - oneveosdeoew -
TO7AL | L307631¢10 09826802402 02978064%00 «1858106006 «830190409 «IB2802¢02 +a83680¢06 «314371¢10

* ELECTRIC ENERGY DISPLACED & (TUTAL BUILDING ELECTNIC CUNSUMPTION = PUHCHASED ELECTRICITY)

#% THERMAL ENERGY DISPLACED = (TUTAL AUILDING THERMAL REUUIREMENTS = SECONDARY BUILER UUTPUT = FRACTION OF
) WASTE HEAT USEU wMICH ]S DERIVED FRUM THE PRIMARY BUILEW)

8L/ ¥
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JULAR TUTAL ENERGY SYSTEM SIMULATIUN PRUGLHAM

PULAR MUUNT PARABOLIC TRUUGH = ALBUQUERWUE,NEW MEXICU = 39,IN LATLITUDE

SULAR COULLECTUR APENTURE

8Tt8 CHART NU,

MONTH

JAN
FE®
MAK
APR
mAY
JUN
Juk
AU
stp
uel
NUY

0€EC

(1

FugL t0
BOULST
COLLECTUR
TEmMP,
(81UY)

+0000

21830007
+3598¢08
1044408
10180007
12499407
00000

«0000

2328407
o8100%07

0000
«0000

4

(2)

ELECT,
PROpUCED
8Y SOLAR
PLUS FUEL
(KwH)

«1908405
01398405
0120405
29630404
L 1527405
«1993¢05
02183005
+2079%05
«1319¢+05
«8805*04
01304405
+1854405

AREA &

3)
ELECT,
PRUDVCED
uY FUEL

IN CUL,!
(xaH)

V00U
0830402
0 134D 04
0 3912¢03
L€331¢03
JYU92402
+V000
VOOV
880702
v 3039403
«0000
2V000

2724, SU,F1,

snal(7)ans
UKC
CUNDENSEK

HEAT
tsTY)

o 3210009
«2350009
20194y9
«l019¢0Y
«2575¢0Y
033069409
03092409
3516009
2227409
e1431¢gY
219149

311000V

srn{(B)aen an(9)an

(10)
PERCENY
OF 9

MET BY
FukL

8u, 4o
14,91
$T,10
54,89
70,11
75,33
78,54
19.7¢
64,8y
95,50
73,062

87,74

a(ll)we
PEKCENT
THEKMAL
FRUM
CUND o
HEAT

99,05
99,51
v9,80
99,99
100,00
100,00
100400
100000
99,99
100400
© 99,50

97.85

TUTAL

NiGH TEMPERATURE MEAT REJECIED TU TUWEKR @

+6736408

«1858¢00

8525004

PUHCHASED ELECTRICITY 8PMepAM &

PUKCHASED ELLCTHRICITY BAMeppM =

(4) (S) (o)
FUEL Tu  ELECT, FUEL TUL
RUN §YST, PNUDVCEL MEET
WHEN NU  BY FUEL  THENMAL
SOLAR UK IN CUL,Y4 REuMTS,
STURAGE (KuH) (BU)
AVL, (BTU)

414000y ,1535905 Sposeu?
L2795009 1040405 ,1454¢07
o14Totu?  ,553ueué L, 3048400
«131000Y L UBYSeyE 2745405
22813009 1047405 000V
LU012¢40Y 1492005 Lu0y0
JUB12¢00Y  1T15¢05 L0000
o UUSOPUY 41657405  Gu0uv
22T400Y L B45Ye0d QUoYe0S
«418300Y  L4ajorud 49000
0257740Y  L9597¢yd 121 8¢%y7
430009 1627005 ,d5v2007
«3009410  o1340¢us {54808
,0v00 CALIALS

1037400 AWK

e1342¢00 AnnH

+3131¢30

HEAT PERCENT

KEJECTION ELECT,

\{U BY

CuuL ING SULAK

TUWER ¢ FUEL
Biv)
<0000 43,30
«0000 35,74
«0000 32.81
« 0000 20,85
0000 38,53
,0000 4,17
«0000 4V, 71
« 0000 48,53
,0000 34,31
«V000 23.04
¢ 0000 31049
1T 42,08
TN 38,42

73,49

99,61

wl(12)er (13
NEBARRR

® PCY * AVERAGE

* UTIL® CULLECTUR
sananan FLULID
seasnen QUTLEY
saanant TEuP,
ananass (VEG,.F)
*100,909  ,0000e05
100,500 5990404
1000120 (5920009
*100s010  ,5975¢0)
®100,000 5980403
2100,008 599340
1004000 ,6000¢03
®100eUUT L0000¢08
*100,00a 5994408
#100000n 5981003
*1Y0elln  L0000%04
*102,208% ,0000¢0s
®100s4Un

l..t.?l_.

L1EM (12) 1S PERCENT TreRMAL UTILIZATIUN CALCULATED AS

PoUeB(TH LU/ (CUNDGHT, TU TH LD, #TUT TURER H1,))el00,

NUTE 3 OTILIZATIUN 15 BASED UNLY UN THExMAL ENEXUY pRUDUCEDL BY

THE SYSTEM,

ELECTINICLTY 18 100 PENRUENT uTlLIZED,

8L/ ¥
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SULAR TUTAL ENERGY SYSTEM SIMULATIUN PRUGHAM
PULAR MOUNT PARABOLIC THUUGH o ALBUQUERWUE,WEW MEXLICU @ 33,iN LATITUDE
SULAN COLLECTOR APERTURE AREA ® 27¢4, Su,FT,

CULLECTOR NO, 1

v

A9 0 7T 0NMHD3I 1L

3%-0

CULLECTUR CULLECTUR . PEAK HUUM CULLECTUR CULLECTUK
DIRECY UVIFFUSE BEAM VIFFUSE ENERGY FLUIU MASY  UVERALL EFFICLENCY
NORMAL KAy  KAULATIUN NAULATJUN HAUIATIUN COLLECTED FLUw EFFICIENCY (PCT)y

MONTH (RTU/SUF 1) (8TU/8UFT) (BTU/8UFT) (BIU/BUFT) (6TU) (LBS/HK) (PcT)

JAN 265389405 3741904 01109405 + 00000 2865638408 123841409 4880002 «9200241002
(41] 2 59582¢05 «34920%04 057830405 + 00000 «8108219¢08 120270905 «5041%02 «5194100%02
MAR 80481205 55849494 80202005 «UV000 J116153409 4102052405 5389002 «SULb1S8eQ2
APR 27315505 06491 %04 A TALIT 00000 09932061408 2108991905 «5053¢%02 +5143098¢02
MAY 79047005 +928uTe04 275295405 000000 0105106009 4157252405 4847002 «5127463¢02
JUN 085480005 011364905 2 T8S0B0U5 »00000 112608409 184879405 4836902 «5205613¢902
JuL «82331%05 11219405 o 76502005 00000 2 10b084*09 4187937405 4819002 e51806568%02
AUG « 72603405 «89775¢04¢ « 7014905 TN 1975300408  L183004¢0% 4932402 «5104310002
s€p o T3200%05 «73173¢04 oT2604405 « 00000 +100839¢¢9 +158509¢0> «535u%02 054021 14%02
ocy e02970¢95 «4784a0t04 +01731005 T 0874647908 11493040 +5099402 «5201435¢02
NOV JOU184e0S .380abBe0d $50795405 «VUVO00 +805703408 sl121106deyd 4915002 9208210402
DEC J4Tvose0d «27950¢04 042297005 « 00000 56227408 0116575005 MY TYIT LuBbULIRe0R
Sove®® - - LT L1 ---..-...-.-........-..-...-..-....-.....-.........-..’.--..I.
ToTAL 84115006 » 79014408 «80391¢00 «00000 0114036410 187037405 4977002 +5207447¢02

(ANNUAL PEAK)
eess (OVERALL CULLELTUK EFFICIENCY B (LULLECIUR UJUTPUT/Z(DINECT NUKMAL MADJATION = CULLECYUR AREA))I® 100,
aan® (ACCOUNTS FUR CUSINE _OUSES) wans

sasees COLLECTUR EFFICIENCY 8 (CULLECTOR UUIPUT/ZICULLECTUKN BEAM KADIATION o CULLECTUK AKEA))a 1OV,

L868
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GULAR TUTAL ENERGY SYSTEM SIMULATIUN PRULKAM

PULAR MOUNY PARABOULIC VNUUGn ® ALBUGUERGQUE,NEW MEXICU = 35,1N LAVITUDE

SULAR COLLECTOR APERTURE AREA 8 Sa4l, Su,FT,

S1ES CHART NU, 4

PUHCHASED ENERGY

SYJTEM EMNLRGY DISPLACEMENT
LA AL T IS LTI I T YT Y Y Y Y Y Y 1 1)
ELECTRIC » THERMAL &8
VISPLACEMENT DEISPLACEMENT
(KaH) (BTU)
«191726¢05 0132095449
«143773¢05S «120600¢09
s 133989405 0102771409
«117059¢05 128705409
«154Q98¢05 «160721409
«20U972¢05 « 17370509
«220035¢05 160604409
« 206822405 «150874*09
+146853405 150682409
2106283408 4109747409
«131989¢0S «121098+09

0185194¢05 «830634BeV8

BUILDING ELECTRIC/THERMAL LUADS

ELECTRIC

DEMAND

(KW)
«982002402
$976052¢002
JT76254¢02
c‘l“Oﬂ“'OZ
2953174¢02
L950444402
»952819¢02
«932072¢902
.930274+02
901188402
«941302¢02
«955052¢02

ELECIKIC

CONSUMPTJUN

(KuM)
2440616905
«391115+05
.366950¢0S
358011405
0396291405
LU13718¢08

«439235405

JU28413¢405

2 JB44USe0S
,309157+05
«d13920¢05
+4304419¢0S

THERMAL

KEWUINEMENTS

(8tfu)
0320249409
0235611409
«2009674¢9
0162597499
+ 25824409
«336691+09
*308934¢09
¢351703¢¢9
-22302200;
142845009
02196896909
¢319025%09

FUEL TELECTRIC ELECTHIC

CUNSUMPTIUN DEMAND CONSUMPTUN
MONTH (8tv)- (Kn) (KWH)
JAN «3054dTey9 982802402 224889005
{1 L186104009 976052002 247343405
MAR JOTT4T5008 778254402 232901405
APR 2047911 ¢yd 914084002 02@19551 405
MAY +159939+09  ,927081¢02 0242193405
JUN .261057¢09 949600402 +212740405
JuL o324150%0Y  ,952819¢02 ;zxveoo'os
AUG 317274409 ,932872v02 0221590005
sEP 12714840y 928107402 «237592¢05
oy ,653308¢08 901188402 2020873405
NOy «15875299%  ,941302¢02 0281947405
oEC J371126909 955052402 0249225405
TOTAL  ,2uve85+iv  ,982802¢02 1 289808¢00

«19387¢2¢00 «108820¢10

982802402

L4B3080%06

* ELECTRIC ENERGY DISPLACED = (TUTAL 8UILDING ELECTRIC CUNSUMPTION © PUKCHASED ELECTRICLITY)

o314378¢10

ok THNERMAL ENERGY DISPLACED » (TulaL BUILDING THERMAL NEWUIKEMFANTS ® SECUNDANY BUILEK UUTPUT = PKACTIUN UF
WAOTE HEAT USED AHLICH IS DERIVEN FrUM THE PRIMARY BUILEK)

8L/¥
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SOLAR TOTAL ENERGY SYSTEM SIMULATIUN PRUGRAM

PULAR MUUNT PARABOLIC TROUGM = ALYUQUERGUE,NEW MEXICU © 33,1N LATITUDE

SULAR COLLECTOR APERTURE AREA ®

STES CHART NU,

MONTH

JAN
Fty
MAR
APR
MAY
Jun
JuL
AUG
SEP
uct
NOV

DEC

(33

FUEL YU
8ousT
COLLECTUR
‘EHP.
(BTUY)

8759408
20732008
24529408
045006408
75306008
01335409
. 138609
21050409
9129008
s4b21%08
.8207¢08

25407408

(2]

ELECT,
PRUDUCED
BY SULAR
PLUS FUtL
(kWH)

«1917405
1438405
01340¢05
o1171¢05
.1541¢05
+2010%05
02200005
+ 2008405
018069405
01003%0S
1320005
,1852405

(3)

ELECT,
PRUDUCED
8Y FULL
IN COL,!
(KWH)

- ¢ 3201004

,€511404

1701004
e1704¢04
2821008
4987904
e 9169004
« 3917404
W 3428004
o 1750004
JJ000e00

+2U15404

- S4u8,

(4)
FUEL TU
RUN 8Y38T,
WHEN NO
SULAR YR
STURAGE
AVL.(BTU)

2179009
.1208¢09
2240408
21974408
JBuS8e08

.1275099

,1685009°

J2122009
.3586408
$19134006
RITIITL

3171409

sxa{T)ann analB)unn

URC HEAT

CUNDENSER REJECTION

HEAT T

(BTV) CouLInG
TUuwtRr
(BTV)

+3225¢09 L0000

22419409  ,2740¢07
02216409 L,2007%08
01918409 ,3137¢08
«2982409 3250407
03386409 L1841%97
3715409 L0000

23492409 L0000

2438409  L,2132%08
«1731409  ,2968¢08
2219409 ,1872¢07

«3114e0Y L0000

an(Y)nn
PEHCENT
ELECT,
8y

SULAR
¢ FUEL

43,514
36,76
36,51
32,64
36,89
48,58
§0,09
48,28
38,20
28,79
31,88

42,63

(10)
PERCENT
UfF 9

MET BY
FUEL

56,87
44,59
16,98
20,84
37,76
48,41
54,84
$7,10
32,44
23.17
44,72

73,21

w(li)ow
PERCENT
THEKRMAL
FRUM

COND
HEAY

¥9,04

99,58

99,93
100400
100,00
100,00
100,00
100,00
100,00
100400

99,63

97,83

w(12)nn
YT
* PCY ®
s UT]Le
ARRARER
RXTIYT]
aRRRRRS
TIYLILT
#100,97e
. 99 200
® 90,73
* 83,830
* 98,70n
s 99,400
*100,00e
"j00,00e
s 91e27e
" 42,800
" 99,52

"102,22%

- (13)
AVERAGE
CULLECTOR
FLUID
UUTLEY
TEnP,
(DEG,F)

5841008
2505%¢03
03897+03
5889403
849403
«574S*03

057064403

,5815003 -

5810403
«S887¢03
,5633¢403
,5896403

. TUTAL

09714t 09

L e1939¢00

03632005

sJd3otiL

HibH TEMPERATURE HEAT REJECIEU TU Tywtk B

PURCHASED ELECTRICITY BPMepAM &

PUKCHASED ELECTRICITY bAMegPm 3

SU,FT,

(5) (o)
ELECT. FUEL TV
PRODUCED MEET
BY FURL THERMAL
IN CUL4 KWEUMTS,
(KmH) (81U}

J8025¢04 3899407
LU4T04 1242407
.8309993 1009400
7300403 L0000
«2998404 Q00U
edT42¢04 L0000
W0B9BeVE L0000
< 7893404 L0000
e1335¢04  Ly0gu
oT12%003 L0000
J2843eU4 1024007
1154405  ,864BeQ7
eS3YUEUS S luvBeyE
R CARVYAT

Js1R06+00 KwWH

+l1udcelo Anh

03245416 S1127%09

d0.08

4o, 09

99,062

" Yo.89e
SARNARARY

LYEM (12) 135 PERCENT Trekmap ullilZatiun CALCULATED AS

PoUeBUTH I D Z(CONDGHT  TU TH LD, #TOT  JOWEK HT ) )x100,

NUTE ¢ UIILIZATIUN I8 nadtb UNLY UN THERMAL ENEKLY PRUDUCED BY
Tht SYSTEM, tLECTMICLIY 1S 100 PEXCENT UTILLIZED,

8L/¥

L868
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8L/¥

3 1N 1

SOLAN TUTAL ENEHGY SYSTEM SLIMULATIUN PRUGKAM

PULAR MUUNT PARABOLIC TRUUGH = ALBUYUEKUWUE,NEW MEXICU = 35.1N LaTliubE
SULAR COLLECTOR APEKTURE AREcA ® Sudb, 8u.FT,

CULLECTOR NO,

v

A9 0 17 0NHDI 31

16-0

CULLECTUR CULLECTUN . PEAK HUUK COLLECTUK COLLECTOUR
DIRELTY VIFFUSE BEAM DIFFUSE ENEKRGY FLUID MAS8  UVgKALL EFFICIENCY
NORMAL KAD RADTATIUN KAVLATIUN * RAUIATIUN CULLECTED FLUN EFFICIENCY (PCTY
MONTH (BTU/SUFT)  (BYU/SQFT)  (BTU/8UFT) (BTU/84FT) (bTU) (LB8/hH) (PCT)
JAN 005389105 «37419¢04 sb1000¢U5 $0VV00 «175302%09 4131298405 4921002 520928202
FEB 25958205 034929004 057907405 00000 0165382409 (120276405 +5095¢0¢ T .5236863%02
MAR «B804B100> «55849¢04 2802706445 *00VUY 2330724909 102452405 +9399¢0¢ «5412751¢02
APR e 72155405 206891404 « 70885405 200000 s200021409 4143049405 «5088¢02 +5179502¢02
MAY J19047405 92804708 o 75379405 490000 212025409 157252409 LUBBbe02 5163010002
JUN. +85480¢05 «11364¢0S + 78S84eUS «00000 s22B6g240L9 0187744005 «4909¢02 «5340084e02
JUL «82331405 11219405 eT0S18e05 * 00000 2219020009 4185277405 14896402 5208325002
AUB o TEOUIPYS +89775¢04 o 70177405 U 0Voy «197829¢09 «18300400% «9001¢02 «51743p2002
s€p o 7320005 «73173¢04 o 72825405 «0000D 0210651909 0180750¢05 «5425¢0¢ «545T4p3¢02
ocy 062970405 «47840¢04 201868405 *00000 0170944409 4107055405 «5187¢0¢2 «5249704v02
NOV NYIETTY ) +3R048e04 + 96851405 200000 ,1634206409 o12116400% L 4984002 ,sszSslooz
0EC +47003¢05 «27956404 2042383405 +V0000 113896409 21213806005 Le4t442e02 4932071402
B il T T TUT T T P PR SRy T SO SOOI,
T07AL «84115¢00 2 7901490S «80477¢00 w0000y 230629¢10 «18774qe0S +95033¢02 «5260285¢%02

CANNUAL PEAR)

*an® OVERALL CULLECTUKR EFFICIENCY 8 (CULLECTUX UUTPUT/(DIRECT NOHMAL KADJATIUN * CULLECTUR AREA)}* 100,
sant (ACCOUNTS FUR CUSINE LUSSES) tens

tantae COLLECTUR EFFICIENCY 8 (CULLECTUR UUTPUT/(CULLECTUR BEAM NADIATION & CULLECTOR AREA})w 100,

L868
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31 n1

A 9 0 17 0NHDOIZ32 L

¢5-D

SULAR TUTAL ENERGY SYSTEM SIMULATIUN PRULKAM

PULAR MOUNT PARABOLIC TRUUGH = ALBUQUERQUE,NEW MEXICU  35,1N LAVITUDE

SULAR COLLECTOR APERTUWE AREA ® 81

8TES CHARY NO, 4

PURCHASED ENERGY

12, 8u.FT,

SYYTEM ENLRGY DISPLACEMENY
bt DAL T A AL TI I TI Y Y P Y Y L LY Y L 1)
ELECTRIC » THERRKAL s
DISPLACEMENT DISPLACEMENT
(Knn) (8TV)
0192335405 e 197647409
+ 151594405 «173841¢09
.1780060+05 . 189090409
¢15472T¢0S 149306009
«16977540% 0223839409
42123806405 224744409
2220177495 s 2u8809¢09
2210144¢05 224450409
2100614 e0S 2200958009
135899405 131092409
+ 138447409 0 175749¢¢9

J180244e0s 2127033009

FuEL ELECTRIC ELECTRIC

CONSUMPTIUN OEMAND CONSUMPT JUN
MONTH (aru) (Kn) (KWn)
JAN #201113009  ,982802%02 2248281405
FEB «100119¢09 «970052¢02 +239521¢05
MAR ,202930008  _T78254+02 «188890¢05
APR «333431 090 WV14084%02 0203884405
MAY +0603005¢08 « 953174902 «226510%05
JUN ,150903099 2 949600+02 «201332¢05
Jut o 19518200y 952819402 2216957405
AUG L200340¢09 932872402 4218208405

_ SEP JUd0bUL 400 928107402 0217831905
oCY - 280523408  ,901188402 « 233257405
NOV JTU0138908 941302402 0275879495
DEC ,303&0&009 955052402 248175008
- ccenrcasecsce -

TUTAL W142T4203y +982802%02 e271790%00

BUILDING ELECTRIC/THERMAL LUADS

ELECTRIC

DEMAND

(xw)
982802902
« 970052402
778254902
«914084¢%02
«953174902
2 956L40¢02
0952619402
«932872¢02
«930274¢02
,901188002
«9uildo2¢ve
+ 955052402

+211883%06 «235092¢10

ELECTKIC

CONSUMPTJUN

(Kwp)
«340016¢0S
+391115¢05
366950405
«358611¢05
.jv;eoxoos
013718405
0439235405
Ju28413¢05
384445405
369157405
41392005

“e4344l9e0s

THERMAL

REGUINEMENTS

(8Ty)
0320249409
«235611¢09
2200907009
0162597¢09
0258244409
330691409
+3068934+g9
©351703¢09
223022909
+142845409
+219896409
319025009

982802902

+483680%06

* ELECTRIC ENERLY DISPLACED s (TUTAL BUILDING ELECTKIC CUNSUMPTJUN = PURCHASED ELECTRICITY)

*314371¢10

a% TMERMAL ENENGY DISPLACED ® (TuTal uOlLDlNo THERMAL WMEUWULREMENTS o SELUNDAKY BOUILEN UUTPUT = FRACTIUN UF
WASTE HEAT USED #HICH I8 DEMRIVED FRUM THE PRIMaNY BUILER)

‘8L/¥

L868
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3 1 n 1

A9 07T 0NHDA3IL

£€6-0

e

SULAR TOTAL ENERGY SYSTEM SIMULATIUN PRUGHAM

PULAR MOUNT PARABOLIC TRUUGH e ALBUQUERQUE,NEW MEXICU = 3S,iN LATITUDE

SULAR COLLECTOR APERTURE AREA &

MONTH

JAN
FEB
MAK
APR
MAY
JuM
Jub
Aub
e
oct
NOV
DEC

T0TAL

8172, BU,FT,
8TES CwaARY NO, 4
() 2) (3) (4) (5) (o)
FUEL 1O  ELECT. ELECT. FUEL TU  ELECT, FUEL TO
soosY PRODUCED PRUDUCED KUN SYST, PRUDUCED MEET
COLLECTOR BY BULAR ©Y FUEL WHEN NO  BY FUEL THEKMAL
TEWP, PLus FUEL IN COL,1 SULAR Uk IN CUL.,4 REUMTS,
(BTW) (KwH) (KnH) STURAGE (KwH) (BTU)
AVL, (BTU)
24235008 1923905 _1S78404 1588409 5825404 8652407
21996008 1530905 ,T4T8e03 86106408 3180404 L10006¢07
o1740%08 (1781905 ,0023¢03 8891007 3336403 LuBB¢QS
J1927008 1547405 7400403 L1408408 .5247403 40000
o U228¢08 .|o$8005 o1589+04 1808008 ,0727¢03 0000
08608408 2124909 ,324T7¢04 ,0409¢08 ,2383¢04 L0000
1100009 2027405 411504 8481408 ,315440¢ L0000
J0838408 2101005 2547404 1360409 5054404 L0000
¢3000408  ,1600%05 L1274904 ,10006908 ,3746403 L0000
W1712008 1359905 052403 1093408 L40Bbe03 L0000
e2937008 1384005 1099404 LU440U400 1656404 L0005¢00
03102008 18062005 1179004 ,2720009 98008004 L85)6¢y7
«5190%09 L 2119¢00 ..SZI.os o F0BUL0T 334405 L 1388%08
HiGH TEMPERATURE HEAY REJECIED Ty TUwER 8 ,UV00 BTU/YH
PURCHASED ELECTRICITY 8PMegAM &8  _1943+¢0b RuM
PURCHASED ELECTRICITY BaMe8PM B 7747405 Rwh

san{T)ansn
UKC
CUNDENBEK

HEAT
(BYy)

3237409
02539409
v2875409
.za7éoov
«2812+09
+3550¢09
«3756409
3540409
2737009
e2108¢09
02321409
»3132¢09

0351410

ana(8)nnn

HEAT
REJECTION
T0

CUUL ING
TURER
(87Y)

.0000
«19S7%008

8539408

+80688¢08

e24S06%00

«2209%08

JAl14e07
. 7559¢07
«5054¢08
7402408
01033408

«0000

«3780%09

an(9)an
PERCENY
ELECT,
8y
8ULAK

¢ FUEL

43,68
38,70
48,52
43,19
42,84
S1.34
50,70
49,08
43434
36,8)
33,48
W2.87

43.81%

(10) allt)en a(12)ns
annanes

PERCENT PERCENY » PCY *
UfF ¢ THERMAL » UT]Le
METY 8Y FRUM [(TIY1 1]
FUEL COUND, annanng
NEAT [T

RERRRER

38,49 99,10 #100,%»
25.95 99,64 » 94,12e
5.59 99.,98 * 70,19
8417 100400 * 05,18
13032 100000 » 9‘033.
26,51 100,00 * 93,84
32,64 100,00 ¢ 99,700
36,18 100,00 » 97 90«
9,89 100400 * 81,53
T.81 100,00 » p5,870
19,90 99,78 o 95,7)s
59,31 97.87 %102.184
24,95 99,65 * 89,55
T2

(13)
AVERAGE
CULLECTOR
fFLULOD
OUTLET
TEWP,
(DEG,F)

5922403

+»3955¢03

259550048

+5950¢¢03

05912%03

+5848¢0)

25815403

25689403

05934003

25955403

05940403

5939003

ITEM (12) 18 PERCENT THERMAL UTILIZATIUN CALCULATED A8

PoUeB(TH LU Z(CUNDGHT  TU TH LD, ¢TUT , TOWEK WT,))2100,

NUTE .8 UVILIZATIUN IS BASEU UNLY (N THERMAL ENERGY PRUDUCED 8Y
THF SYSTEM, ELECTRICITY 18 100 PeRCENT UTILIZEVL,

8L/¥

L868
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SIILAK TOTAL ENEKGY SYSTEM SIMULATIUN PHULRAM

PULAR MUUNY PARABOLIC THUUGH = ALHUQUEKWUE,NEW MEXICU = 33,IN LATITUDE

SULAR COLLECTOR APERTURE AREA & 8172, 84, FT,

8L/¥

3 1 n 1

A9 0 7 0NWHDOS3 1

%60

CULLECTOR NO, 1

CULLEETUR PEAK NUUR COLLECTUR COLLECTUR
DIKELT DIFFUSE BEAM DIFFUSE ENEWGY FLUID mA8S OVERALL EFFICILENCY
NURMAL RAD RAUDIATIUN RADJATIUN HADIATIUN COLLECTED FLUW EPFICIENCY (PCT)
MONTH (BTU/SuFT) (BTU/SGFT) (BTU/8UFY) (BTU/8UFT) (bTV) (LBS/NR) (PCY)
JAN «05389¢40> 37419400 e01142005 #00000 260827409 131208405 4881002 5220137002
FEB 259582¢09 «34920¢04 548029405 200000 200197409 120270005 +50569002 +91910606002
MAR 80481405 «558u9¢04 +80150¢405 «00000 «350009409 102452409 09393002 +5414881%02
APR. 2 72195¢05 «06491¢04 170626405 «00000 0299455+09 0143049¢0% «5079%02 .5155106'62
Ay ,79647405 92847404 « 75331005 «00000 +310610409 155650009 J4Bbuc02 ,3143033¢02
JUN .85480¢05 «1136440S « 78585405 000000 «340649409 ¢18774d4¢0% «4877¢02 «5308404v02
JuL »823310% «11239¢005 ¢ 76530405 «00000 0327893409  ,182103¢05 4873002 *5202932%02
AUG ,72603405 J8977S¢04 o T0282405 200000 295076409 +183004¢05 J4973¢02 «9137010¢02
1314 2T3200%05 o T3173¢04 o72879405 «00000 0322352409 +180750¢05 «95384%02 «5012541%02
ocy 62970405 4784004 001744005 «00000 264022909 4114319405 «5130%0¢ +5232590%02
NOV ,6018490% +380uBe0d 156938405 00000 L2U2BUBe0? 121164005 4938002 .521%241402
OEC 47003409 «27956404 42505005 JU0000 169908009 «121608¢0% L4418e02 L4891501¢02
ecensen - ........-...............-.....-...................‘......--.-..-.....--..
TOTAL «84115¢00 o 79014405 080474000 200000 W34404T7%10  #18T744e0S «9005%02 «5231024%02

CULLECTUR

(ANNUAL PEAR)

east QVERALL CULLECTOR EFFICIENCY 8 (COULLECTUK UUTPUT/(VIKECT NORMAL RADIATIQN = cuLL&cfuk AREA) ) 100,
aptt (ACCNUNTS FUR COSINE LOSSES) sane

saatan CULLECTUR EFFICIENCY 8 (COLLECYUR UUTPUT/(CULLECTUR BEAM KADIATION & COLLECTUR AKEA))x 100,

L868
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PULAR MOUNT PARABQOLIC TRUUGH & ALBUGUERWUE,NEW MEXICU = 335,IN LATITUDE

SULAR TUTAL ENERGY SYSTEM SIMULATIUN PRUGLKAM

8L/¥

31N 1

SULAR COLLECTOR APERTURE ARtA & 10896, SU,FT,

STES CHART NU, ¢

PUKCHASED ENERGY SYYTEN ENERGY DISPLACEMENT BUILDING eLeCTRIC/THENMAL LOADS

A9 0 7 0NHDOS3I I

G6-D

FUEL 'ELECYRIC ELECTRIC ELECTRIC » THERMAL a9 ELECTRIC ELECTRIC THERMAL

CONSUMPTIUN DEMAND CONSUMPTIUN  OISPLACEMENT DIBPLACEMENT DEMAND CONSUMPTLON KEWUIREMENTS
MONTH (87L) (KW) (KnM) (Kwn) (8TV) (KW) (Kur) (siv)
JAN «111110009 982802402 0241285405 199332405 0256440009 1982802002 +440010¢05 +324249409
FEB «733802¢08 0 905343¢02 0211875405 17924905 0199323409 «970052¢02 39111505 023561109
MAR 972046907 770254402 W 1373085405 0229585405 0197724409 «T778254402 306950405 «200907¢09
APR 203140000 2914084e02 2158287+05 «200324¢05S «156389409 0914084e02 . 35801 1+05 0162597009
MAY « 205284000 0 95317deg2 «186828¢05 02094063¢0S « 2050883009 «953174¢02 » 396291905 «258244009
JUN 621740008 « 95644402 0181000%05 «2327108¢05 303135409 295044402 +413718¢08 033060691409
JUL < 9406258¢008 +952819¢02 204071405 «235104+405 313500409 952819402 .439235¢08 368934009
AVUG .105479¢0¢ 2932142002 12090184995 +219394405 2288747409 .932872¢02 LU28413005 2351703009
sErP 219934408 2882798402 0173949445 .210590005 +215110¢09 «930274%02 2 3BUGES*YS 0225022409
ocr ,151719¢08 «901188¢02 +193275¢05 +1758b1¢05 138174009 «901168¢02 369157405 0 142845¢09
NUV «33%008¢08 941302002 e251074%0Y «102293¢05 s202486409 «941302¢02 JU1392040% 0219890009
bEC . +233045¢9V  ,955052¢02 1248229405 186190405 +170734e09 +955052%02  ,u3ad19+05 +319025¢09
P T erNreere ettt eat et et RO RN RS T RS s e et et R et E R e Rt ertatenrereEEt st e tenetateancosaNatsERaERe
TOTAL +800040*0%  ,982802¢02 +239683¢06 0243997406 ,275221¢10 «982802902 483680406 °314371¢10

a ELECTRIC ENERGY DISPLACED s (TUTAL 8UILDING ELECTRIC CUNSUMPTIUN » PURCHASED ELECTRICITY)

a® THERMAL ENERGY DISPLACED 8 (TUTAL BULLDING THERMAL NEUUIREMENTS = SELONDARY BOILER OUTPUT = FRACTION UF
WASTE MEAT USEU AHICH I8 DERIVED FkUM THE PRIMANY BUILER)

L868
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3 1. n1

A9 0 17 0NUHDS3I L1

96-9

JULAR TOTAL ENERGY SYSTEM SIMULATIUN PRUGKAM

PULAR MOUNT PARABOLIC TRUUGH = ALBUQUERQUE/NEW MEXICU = 3S5.IN LATITUDE

SOLAR COLLECTOR APERTURE AREA 8

3TES CHART NO,

MONTH

JAN
FEn
MAR
Apr
MAY
JUN
Juk
Ayé
SEP
ocy
NOy
DEC

(1)
FueL v0
toos?
COLLECTOR
Temp,
(8TV)

o2a57¢08
2110308
28056407
08983407
«2a54¢08
28783408
04851008
8001008
,1991408
.1003408

+1634408

‘108843408

[}

t2)
ELECT,
PRODUCED
BY SOLAR

PLUS FUEL
(KWK)

01993405
* 1792405
2296408
« 2003405
22095405
02327405
' 2352¢05
2194405
«2105¢0%
1759409
1623405
«1862405

(3)
ELECT,
PRUDUCED
By FUEL

IN COL,!
(KWK)

«9t62¢03
Wi1dTe0}
«3072¢03
+3430¢03
+9289¢03
1043404
o3705¢04
01492404
L J4ode0d
3838403
«0197¢03
7027403

10896, §

4)

U FT,

(S)

FUEL TU  ELECT,
RUN 8Y8T. PRQDUCED

WHEN NO ]

Y FUEL

SOLAR OUR IN cOL, 4
BTURAGE (KnH)

AVL, (LTV)

80653408
6230408
1670407
«1133¢008
o1984a¢07
,3434e0s
J4912008
205047408
L0000
,S140e07
21753008
2148¢0Y

0 3130¢04
+2300¢04
06334002
218003
7370402
o127Te0u
«1828¢0d
e 2435¢04
«0000

«1913¢03
0043V
o 775¢¢04

('3}
FUEL TU
nEET
THERMAL
REWMTS,
(8TU)

odl21%07
08813000
«0000
+ 0000
«0000
L0000
20000
0000
L0000
0000
1 4029%006
«1859¢07

saa(7)ane
URC
CUNDENSEK

HEAT
(bTV)

*3353¢409
v 2971409
« 3058409
» 3158409
0340T¢09
3867009
03950009
+3685¢09
0 3U0Se09
2759909
020689409

«3131409

soan{8)aas
hEAT
®EJECTIQON
10
COOL ING
TUNER
(87V)
2 8985¢07
+6031¢08
+1000¢09
2 15u6909
8431000
«53a5¢+08
«1980%086
1992408
<1207¢09
.1334e00
o UUuB*0B

2573007

an(9)ee
PERCENTY
ELECT,
8y

SULAR
¢ FUEL

45.24
45.83
62,57
55,806
52486
56,29
53,54
S1.21
54,75
41,84
39,20

42.80

(10)

PEHCENT
of 9
MET @Y
FUEL

45,44

e(ll)an
PENCENT
THERNAL
FRUM

COND,
HEAT

99,23

99,79
100,00
100,00
100400
100,00
100400
100400
100,00
100,00

99.85%

98,03

«(12) e
Iy

PCY ¢
Ut

AEARANR
fRNRBRN
ARANRRS
RANKRAN

LT T L
79,8459
S56,76s
Sie20s
7S.44e
86,21
94,9
94,87
64,89
St,71e

83,28

"101.18n

(13)
AVEHAGE
CULLECTOR
FLUID
QUTLEY
Tewe,
(DEGF)

05950003

.591500!

,5978403

«5975¢0s

3943003

0595403

05918403

05930403

5967403

95971003

5964003

+5901¢03

LA L L L T T L Ly L e Y T e L e T T T T T T T T L L Ty T T T T4
99,69 & 78,506
NARRRAdg

TOTAL

HiGH TEMPERATURE HEAT HEJECIED YU TUWER =

2558009

s2440%00

« 9602404

PURCHASED ELECTRICITY 8PMeBaM B

PURCHASED ELECTRICITY BAMegPM &

+5503¢09

+ 19200006 XwH

dlLT05409 Knrt

02012405

sl1220¢08

1727497 oTU/VR

04003¢10

8679009

$0.4%

12,18

LYEM (312) 1S5 PENCENT THERMAL UTILIZATIUN CALCULATED AS ¢

PoUB(TH LU/ (CUNDGHT TU TH LD, eTGT  TOREK nT,))al00,

NUTE § UVILIZATIUN 1S dASED UNLY ON THExMAL ENERGY PRUDUCED BY
THE SYSTEM, FLECTRICITY IS 100 PEHCENT UTILIZEDL,

8L/¥

L868
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A9 0 1 0NHDO3I L

LS=D

POLAR MOUNY PARABOLIC TROUGH = ALBUQUERGUE,NEW MEXICU  395,IN LATITUDE

SULAR COLLECTOR APERTUHE AREA ®

CULLECTOR NO,

SULAR TUTAL ENEKGY SYSTEM SIMULATIUN PRUGKAM

DIRECT

NORMAL RAD
MONTH (BTU/BUPT)
JAN +05389¢09
{1} +59582¢09%
MAR 180481005
APR .T215540%
HAY 079647405
JUN + 8548005
JuL J82331009
AUG «72603¢09
8EP «73260¢09
ocy «6297640%
NOV «60184905
DEC «@7003909
ToTAL 8411500

10896, SU FT,

DIFPUSE
RADIATIUN
(8TU/8qFT)

37419004
+30920¢04
«95849¢04
20639104
92847404
e11364005
#1121940%
89775404
o T3173¢04
24784004
«380a8¢ 04

0 279506%04

«79014¢05

* COLLECTUR

BEAM

RADIATION

(BTU/80FT)
e01040405
058027405
280150005
o 70675405
+ 75341495
¢+ 78596405
o 76504405
o 70269405
072037405
o01714euS
050940405

04243905

s80432¢00

CULLECTUK
DIFFUSE
RADIATIUN

(BTU/BQFT)

«00000
200000
+00000
«00000
« QU000
00000
00000
400000
00000
100000
+00000

«00000

«00000

ENEWGY
COLLELTED
(bTV)
«3U47189¢¢09
+326367409
247290540y
« 399379409
2422838009
0451339409
833902009
o 3916bde09
0029430409
0352112409
¢323493¢09

2225908¢09

*457851¢10

PEAK HUUR CULLECTUR COLLECTOR
FLUID Ma88  UVERALL EFFICIENCY
FLOW EFFICIENCY (Pc1)
(LBS/HR) (Pcm)
0131298¢05 4873002 «5220131%02
0120276405 5058002 5193402002
o109748¢05 «9393¢02 «541502%5¢02
0133049409 ,5080¢02 «5186248+02
+ 157252409 4872402 «5150817902
+184879¢05 +48ape02 «S270327¢02
1840626009 +4837e02 +5205230¢02
2183147405 L4951002 +51150676¢02
+158755409% «$380¢%02 «3425929¢02
e11a7406¢0S 05131002 «523634502
+118727¢09 24933402 «5214125%02
+121608¢05 $4Q05%02 +4885372%02
.- asccscsnccns

0184879005 «49906¢02 +S224267%02

(ANNUAL PEAK)

sed® QVERALL CULLECTOR EFFICIENCY 8 (COLLECTUN UUTPUT/(DIRECT NORMAL KADIATION * CULLECTOR ANEA))‘ 100,
st (ACCOUNTS FUR COSINE LOSSES) mans

tsttas COLLECTUR EFFICIENCY ® (CULLECTUR UUTPUT/(CULLECTUN BEAM RApIATION ® CULLECTUR AKREA))w 100,

8L/¥
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SOLAR TUTAL ENERGY SYSTEM SIMULATIUN PRULKAM

8L/¥

3 1 n 1

86-D

PULAR MOUNT PARABQLIC TRUUGH = ALBUQUERGUE s NEW MEXICU o 395,IN LATITUDE
SULAR COLLECTOR AP:RiuaE AREA 8 13620, SUFT,

STES CHARYT NO, 4

PURCHASED ENERGY ) SYSTEM ENERGY DISPLACEMENT BUILOING ELECTRIC/THERMAL |OApDS

PUEL ELECTRIC ELECTRIC ELECTRIC *  THERWAL #% ELECTRIC  ELECTRIC THERMAL

CONSUMPTIUN DEMAND CONBUMPTIUN  DISPLACEMENY DISBPLACEMENY  DEMAND. CONBUMPTION  REQUIREMENTS
MONTH  {BTU) (KW) (KWH) (KnH) (BTU) (kw) (KWH) (8TY)
JAN 371455008  ,982802+02 0219959405 220657405 292483409 2982802002 L 4u0016405 «320249¢09
(41 309599408 ,976052¢02 0181188005 209927405 22100642409 9760529002 +391115¢0% o235611009
MAR «031082¢97  ,770254¢02 0111184405 «255760¢08 0199060409 . oTT8254¢02  ,306950%0% «200967¢09
APR - 156970008 .910054002 +1287464905 02298067405 «1583946¢09 914084402  ,3%5801140% 0162507409
MAY (190532008 8983064002 2141017405 250674005 250771009 2953174002 396291409 +258244409
JUN +20399%ue08 .880298¢02 +138750+05 «274967+0$S 324545409 +956444402 413718408 336691409
JuL «339820%08  ,934605%02 0174078405 .265157005 +351207¢09 «952819%02  ,439235¢%0S *308934*09
AUG .e50060851008 «919038¢02 2 182039¢08 246373405 324738009 « 932872402 . 428413405 «351703¢09
skpP +160083¢008 +859TaT¢02 0123555¢05 «260910%05 e217053¢09 930274902 38444505 0223022%09
ocY 555313007 °  901188+02 1103958405 .205\99005 «141371409 2901188402  ,3091574¢0S 0142845909
NOV L150813e00 941302402 0219111905 21948106405 0213402409 941302002 413920405 0219890409
oEC ,19494Se09 955052402 2234836405 199563405 202858409 ,955052402  ,434419405 +319025¢09

- - e cveacenre nettseresassrsencaetotssnssseateraTseteeetERaaRceantnteanand®

T07AL 500985409  ,982802402 0201898%00 2017824006 +29309a¢10 #982802¢02  ,4B83080%00 *314371¢10

e ELECTRIC ENERGY DISPLACED ® (TUTAL BUILDING ELECTRIC CUNSUMPTION = PURCHASED ELECTRICITY)

an THERMAL ENERGY DISPLACED s (TUTAL BUILDING THERMAL REUUIREMENTS e SECONDARY BOILER OUTPUT e FRACTIUN UF
WASTE HEAT USED wHICH I8 OERIVED FROM THE PRIMARY BUILER)

A 9 0 17 0NHDOD3I L

L868



I L S N I

3 1 n1

A9 0 70NHDOS3IL

6S-D

SOLAR TOTAL ENERGY 3SYSTEM SIMULATIUN PRUGHAM

POLAR MOUNY PARABOLIC TROUGH = ALBUQUERQUE,NEW MEXICU = 35,iN LATITUDE

HIGn TYEMPERATUIE WEAT REJECTED TO TOWER s
PURCHASED ELECTRICITY 8PM=8AM B

PURCHAQED ELECIRICITY BAMegPM 8

SOLAR COLLECTOR APERTURE AREA 13620, 8Q,FT,
8788 CHART NU, 4
’ 1Y) @ (3 @) (5
PUEL YO  ELEcT, ELECT, FUEL YO  ELECT,
B8posY PRODUCED PRQDUCED RUN 8YST, PRODUCED
COLLECTOR BY sOLAR - BY FUuE WHEN NO  BY FUE
TENP, PLUS PUEL IN cOL,1 SOLAR OR IN cOL, 4
(BTU) (KWN) (xwm) STORAGE  (KwWH)
MONTH AVL,(BTU)
JAN o1378¢408 2207905 5138403 ,4335¢08 1555404
FEB  ,9q93007 2099405 ,3S77403 494608 ,1829¢04
MAR «0311007 2858405 ,2a19403 0000 + 0000
ArR o8201007  ,2299905 ,3174403 7436407 ,2773¢03
MAY 21048008 2837405 ,7309¢03 L0000 ¢ 0000
JUN 1887008 2750005 ,5%67403 1173408 ,0352403
Jub o2877008  ,2682005 ,9650403 8180007 ,3047403
Aus o2703408 2404905 ,1010404 ,2365008 ,8789403
SEP 01601408 2609405 0281403 L0000 +0000
ocy +8087¢0T 2052005 1556403 1506407 ,5608402
NOV o1187008  ,19d8405 ,4328003 3610407 ,133be¢3
0EC 01667408 1096905 ,0251¢03 1783409 ,441le0d
TOTAL 1738009 ,2018000 06541004 3272009 1188405

(o)
FUEL TU
MEET
THERMAL
REQMTS,
(8TU)

s 1883007
+0004¢006
20000
« 0000
20000
20000
«0000
0000
+0000

. 90000
W 7418208

o 7131407

eV609¢07

21523409 BTU/YR

+1741006 Kwn

+2781¢05 KuwH

"ea(T)ans
UR¢
CUNDENSEK

HEAT
(8TV)

+3092¢09
+3452¢09
+805S5¢09
03604¢09
04082009
24517409
2440509
4099409
172409
«3206¢409
«31906¢09

+3342+09

4582010

ann(B)ene

HEAT
REJECTION
10
COULING
TOv%eR

ABTL)

+4158%08
e1164¢09
2710009
« 2388409
« 1649009
«1138¢09
00924408
«5975¢08
,2045¢09
21993409
«9582¢08
2lalt08

01594¢10

an(9)ee
PERCENTY
ELECT,
8y

SOLAR
¢ FUEL

50,08
S3e67
69,70
64410
6de206
66,46
60,37
57,51
07,87
55,59
47.07

45,94

58,20

(10)
PERCENT
oF 9

MET BY
FUEL

2,9
35,20

6,54

a(11)ne
PERCENT
THERMAY
FROM
COND,
HEAT

99,54

99,80
100,00
10000
100,00
100,00
100400
100.00
100,00
100,00

99,97

a(12)nn
(LTI

PCY ¢
Ut

89,00
67.02%
42,580
40eb2e
61404e
74,74«
B4e20n
85,48
$52,100»
41,75

09,002

98,21 * 95,25

99,79 ® 66,470
LY

(13)
AVERAGE
CULLECTQOR
FLUID
OUTLET
Tenp,
(VEG,F)

WS972¢03

05977403

25981003

0597500’

05957003

+3976¢03

5952003

0595203

«59710403

+5988403

'597“.0}

05965403

ITEM (12) 18 PERCENT THERMAL UTILIZATIUN CALCULATED a8

PoUeB(TH LDy /(CONDHY, TU TH,LD,+TOT, TONER HT,))#100,

NUTE 3 UTILIZATIUN I3 BASED UNLY ON THERMAL ENERGY PRUDUCED BY
THE SYSTEM, ELECTRICITY 13 100 PERCENT utiILIZED,

8L/¥
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PULAR MOUNY PARABOLIC TRUUGH o ALHUQUERQUE,NEW MEXICU = 35.IN LATITULE

S8OLAR COLLECTOR APERTURE AREA ©

COLLECTOR NO,

]

SULAR TOTAL ENERGY SYSTEM SIMULATIUN PRUGKAM

13620, 8U,FT,

COLLECTUR CULLECTUKR PEAK HUUR
DIRECY OIFFUSE BEAM OIFFUSE ENEKGY FLUID Ma88
NORMAL RAD RADIATION RADIATION RADIATION COLLECTED FLOW
MONTH (8TU/3GFT)  (BTU/SGFT)  (BTU/SQFT) (BTU/8QFT) (bTU) (LBB/HR)
JAN «65389¢95 «37419¢04 *610060¢05 +00000 0433570409  ,131298405
FEs 059582405 034920404 058059495 «00000 +10951909  4120276¢05
MAR 280481008 +5%84a%04 80137405 200000 59123809 +109748e05
APR o 7235505 006491¢04 o 70628495 «00000 399479409 0148991005
nAY 79647405 92847404 (75341405 400000 ¢529920409  ,155650¢05
JUN +85480¢05 o1130400S «78075405 200000 2564467009 ¢187744de0S
JuL 82331905 .11119;05 oT6570405 «00000 0342696409  ,187037¢05
AUG «T2603%05 «89775¢04 «70323¢05 200000 0490278409 +183147¢05
sEp o 732004095 73173004 «T2677405 «00000 +538079¢09 158755005
oCr 0629769095 +47840+04 0®1737405 000000 T 400183409 s112B4Ue0S
NOV 00184005 +38048404 «57033¢405 +00000 ¢UOUSIUPOY  ,1211064e05
DEC 2470063905 227956404 242495005 «00000 «282754¢0U9 0121p08¢05
TOTAL BUIISE06  .79014405  +B0a4Te08 | 500000 372809410  +187744s05

CANNUAL PEAR)

COLLECTUR

OVERALL

EFFICIENCY

(PcT)

4868002
506402
+«93%4e02
«5082¢%02
4885002
Jlauge0d
4840002
4958002
+5393002
5132002
4935002

slut1002

«5000¢02

COLLECTUR
EFFICIENCY
(Pct)

9521512402
519609902

.5016886002

«9192333%02
5104251002
«5281170902
«5203393¢02
«5118784a¢%02
.5015923002
.92349a4402
5207804002

o 488989402

«5227831%02

seee OVERALL COLLECTUR EFFICIENCY ® (COLLECTUR UUTPUT/(DIRECT NORMAL HKADIATION * COLLECTOR AREA))® 100,
san® (ACCOUNTS FUR COSINE LOSSES) maer

samtse COLLECTUR EFFICIENCY & (CULLECTUR UUTPUT/(CULLECTUR BEAM KADTIATION & CULLECTUR AKEA))w 10V,

8L/V
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D-1

TECHNOLUOTG Y



~ THISPAGE
WAS INTENTIONALLY
. LEFT BLANK



I L S N |

31 n1

A 9 017 0NUHDIZ3II1

CHICAGO, ILLINOLS

PHOTOVOLTALIC CELL SYSTEM BIMULATIUN PRQGRAM

o LATITUVE 41,e7N

SOLAR COLLECTOR APERTURE AREA @

3887, 8U,FT,

WATER COOLED PHOTOVOLTAIC CELL 8YSTEM

e COLLECYOR TILT 41,67 DEGREES

PURCHASED ENERGY SYSTEM ENERGY OIBPLACEMENT BUILDING ELECTRIC/THERMAL LOADS
PUEL ELECTRIC ELECTRIC ELECTRIC & TNERNAL #% ELECTRIC ELECTRIC THERNAL
CONSUMPTIUN DEMAND CONSUMPTIUN  DIGPLACEMENT DISPLACEMENT  DEMAND CONBUMPTIUN  HEWUINEMENTS
MONTH  (BTU) (Xw) (xnM) (KuH) (atuL) (Kw) (KuW) (8Ty)
JAN 015055009 102630403 »4a8114+0S 0180891404 +6u8097407 «102630003  ,406103408 «a98325400
rike 2472926009  ,10030%¢03 «37767140S 2281876404 « 175398408 +100308¢03 405859408 «395881¢09
. MAR 337390009 83005902 +328919908 2449379404 «373054¢08 2820503002 373837408 «307222¢09
APR «101857¢09  ,107884¢03 320511408 «390843¢04 +369208+08 »107884e0}3 .isnvsws +10640640¢
MAY 104127009 162097903  ,360052¢0% «30394940a «308799¢08 0162831403 - 396447405 «118182¢09
JUN «4TUOTIe08 187355003 2870099408 «910325¢04 «859123408 «109800003 511931405 +838061¢08
JuL «219439908  ,19035%¢03 2527403408 «30980606¢04 0691272008 «1924d38903 878439405 + 060823008
aUG 332171408  ,172338¢03 «@70574¢08 «477478404 0601080408 «178770003 518324908 «000823¢08
ser <451004e00  ,173565¢0)3 «381078¢0% 0396622404 2506768408 «173568¢03 420740405 +867619¢08
ocY 140021009  ,113425+03 +330797¢0% #305355000 382430408 +113428¢03  ,367302¢05 ¢150902¢09
NOV .,330057409 981302402 2393727408 «210967¢04 0152209408 «951302002  ,a14824¢05 0279587¢09
(] {4 53606063009 210030%¢03 422352405 «277343¢04 «180251¢08 +100306¢0) <450090¢05 2351356009
TOTAL . 205699410  ,190385+03 <983124006 2832230403 0426823¢09 «192a58¢03 326348900 271202440

« ELECTRIC ENERGY DISPLACED ® (TUTAL BUILDING ELECTRIC CONSUMPTION = PURCHASED ELECTRICITY)

an THERMAL ENERGY DIC’L‘CED 8 (TOTAL BUILDING THERMAL REGUIREMENTS = BOILER QUTPUT)

8L/%
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CHICAGO, ILLINVUIS o«

PHUTOVOLTAIC CELL SYSTEM SIMULATIUN PROGRAM

LATITUVE 81,67WN

SOLAR COLLECTOR APERTURE AREA B

3887

WATER COOLED PNOTOVOLTAIC CELL 8Y3TEM

. 80,rT,

e COLLECTUR TILTY 41,67 DEGREES

(1) (£3] (39) (8} (s) ) m (8) (") t10)
0.C, ELECT, THERMAL ELEc, LOAD FUEL YO ELECTRICITY THERMAL PERCENT PERCENY ELECTRIC THERMAL
outeut _OUTPUT OF  MET BY MEET WASIED ENERGY ELEC, LOAD THERMAL UTILIZATION UTILIZATION
FRON P v, P,V, ARRAY 8OLAR THERMAL WASTED MET By LUAD MET :
ARRAY APTER LoAD S0LAR 8Y waSTE
LOS3ES HEAT
MONTH  (KWH) (8TuV) (xwH) (ety) (KuM) (8tUV) (pcY) (PCT) rem) el
Jan L198077400  ,648095407 180491408 ,618058409 ,000000 «000000 «387184401 ,130002401 2582743408 ,769216¢08
Fes 0303099404 ,175309008 281078404 ,372926009 ,000000 +000000 +690323401  ,8a30%%+01 ,143984004 ,223704¢08
LTY] 883208008 ,37309%¢08 ,GN0379404 ,337396409 000000 «000000 +120201902 .lllli'oog «631931403 023330003
Aen J020262408 ,369207408 390803408 161857409 ,000000 4000000 0108690402 221871402 ,920008403 ,380713¢03
nAy «391343008 ,338001000 ,333949400 108127409 ,000000 4000000 0918026401 295139402 108929404 338824403
Juy 049813408 062207408 ,01832%3408 ,370673408 ,000000 «000000 o8171S2401 ,337318402 122376408 ,182709¢03
JuL «S87920000 ,092038408 309366408 ,219439408 000000 4000000 2880932401 797479402 (113516408 ,125395¢0)
Aye «S13018008 ,L012071000 Q77478408 332171408 ,000000 4000000 0921196901 ,693337402 108538408 143209403
ser J820876008 ,A91239400 ,396622008 ,a51068408 ,000000 4000000 0902676401 ,984091402 106081004 ,171206¢0}
ocy 392943408 302081408 355485008 ,130821¢09 ,000000 4000000 990070001 ,258400002 100808408 +394368¢03
NOV 220886008 192209408 210967408 330857409 000000 «000000 ,3508870401 ,943306401 ,196630008 1836864008
oec 0290320008  L1402%1008 277843408 ,534663409 ,000000 «000000 «616008401 310733401 ,162230008 ,321820¢04
TOTAL 468769408 ,02604260% 432236408 ,285699¢10 000000 4000000 821199401 ,157281402 ,121773408 635967403
PURCHASED ELECTRICITY 8PMeBAM & 2328406 KWMH !LCC.UT!L,.((LEC,LD.I(YDTAL PVC ELEC, VUTPUT))ni00,
PURCHMAQGED ELECTRICITY $AMa8PM & ,2803¢06 KW THERM,UTTL 8 (THERM,LD,/(TOTAL PVC THERMAL QUTPUT)I®100,

<

8L/Y
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PHUTUVOLTATC CELL SYSTEM SIMULATIUN PRUGKAM

CHICAGO,ILLINOIS o LAVITUVE 41,07N . COLLECTUR TILT 41,07 UVEGLNEES

SULAR COLLECTOR APERTUHE AREA = 7773, SU,FT,

WATER COOLED PHOTOVOLTAIC CELL 8YSTEMW

PURCHADED ENERGY

SYYSIEM ENERGY DISPLACEMENT

PUEL ELECTRIC tLECTRIC ELECTKIC » THEHPAL »w
CONSUMPTION DEMAND CUNSUMPTIUN  DISPLACEMENT pISPLACEMENT
MONTH (8Ty) (KN) (KWH) (KnH) (RYLN)
JAN 0009906409 ,102630403  ,430073¢0S 360900904 129602408
FEB L,a51007¢0Y | 100305¢03 349726405 501351 ¢04 » 350750408
MAR .2907706499 +819613¢02 2285282405 L8875 04 sTUOUL2008
APR 115719909  ,107884+03 02829064 (S o 7T06290%04 o 738316408
HAy o010775¢00 162563403 ¢324686%05 o T1T0084gu +693198408
JuN T ,408900v07  ,184651¢03 eld284068¢yS W83uo31v04 «Byolugeys
JuL «000000 0188251403 +4T6627¢05 0101813405 «BooB2300b
Ay " 4000000 0169015403 423223005 ,951010%04  ,B66B23+08
sEP «181099¢08 01735652938 «342305¢%yS o 783793404 «Te2Tugevd
ocy ,vullfoioc o 11342503 0295344005 719579404 #75u4315¢08
NOV <311430¢0Y «951302¢02 «372776%u5 2420479404 " ,3pu37840B
DEC «529130¢09 100305403 0394042¢05 «55u54ut0y «2004bGeVE
Cesattasanseraresssatanranncnn N e
TOTAL L 24b202¢10 «188251¢03 NIRRT «857389¢¢% « 725921409

BUILDING ELECTHIC/INERMAL LUADS

ELECTRIC

DEMAND

(KNW)
010203003
,100505403
+8209%0Ue02
«107884¢03
e1028351¢03
189860003
192458403
o 17877003
175565403
e 113425403
«951302¢02

2100305003

192458403

ELECTNIC

CHINSUMP I LN

(KwWH)
L46b6103405
L4U585Y+0S
+37385749S
+« 359595495
«3904uT49S
«S11¥31905
<5784 5Y#YS
«518324+95
Ju2u7uyeys
.307302¢0S
JUlUBLU*0S

+4S0U9p 0S5

<S526348¢(6

o ELECTRIC ENERGY OISPLACED & (TyuTAL BUILDING ELECTRIC CuUNSUMpTIh e pUNCHASED ELECTKICITY)

o8 THERMAL ENERGY DIYPLACED & (TUTAL ByUILDING TAERMAL KEUUIREMENTS = BOILER OyvPur)

THERMAL

NEWUMEMENTS

(BTy)
498525409
. 395881449
«307222¢09
100400409
e118182%09
«8308b1¢08
«8008230008
«860823¢y8
+807019¢y8
«150902¢409
e 27958709

+4S1350¢09

s271202%10

8L/Y
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PHUTOYULTATC CELL SYSTEM SIMULAT[UN PRUGLRAM

CHICAGD, TLLINOIS e LATITUDE Q1,69N <« CULLECIUR FILT 41,67 VEGHEES

SULAR COLLECTOR APERTURE AREA ®

7778, SUFT,

wATER COOLED PHOTOVOLTAIC CELL SY3TEM

(§ 3] (2) 3)
0,C, tLEC'.-TNER”AL ELEC, LM
outeut QUTPUT OF  MET BY
FROM PV, PV, ARRAY 3S0LAR
AQRAY AFTER
L03SES
MONTH  (KWH) atu) (X))
JAN +38810840a 129602408 .360900%0¢
FEo 0606113%00 350752008 ,S61331%04¢
MAR 0966284408 LT46015408 885756404
APR JRacat16e0a ,738519+08 V606290004
"Ay «782886400 1697512408 71760804
JUN .899510408 ,928875,08 834631404
JuL ,109570408 _138512,0% 101813405
Aug «102670%08 122398499 ,9%4010%00
[ 114 882832405 ,982352¢08 ,78378340¢
ucy 785820404 .7oaooaooo' « 719579404
NOV .ASS&;@OOa 0300378408  ,030a79404
oec ,396575+00 280066408 _ 5S35a4+0¢
TUTAL 929419405  ,852774s09 ,85738940%
PURCHASED ELECTRICITY BPMeBAM 8 2322406 K
PURCMABED ELECTRICITY 8AMeaPM B8 ,2080406 X

ca)
FUEL TU
MEET
THERMAL
LUAY

(HTY)

.éoﬁ956‘09
0451007¢y9
0299776409
0118719499
010775408
L,308%606407
LU00000

000000

181099404
«9a3376408
o3114306%09

529136409

(1)
PENCENT
ELEC. LNAD
gl BY
S{ILAR

(PCY)

7704194404
+138307¢02
236926402
.213099002
+181010%02
+163036402
178012402
0183478407
0186279402
« 195909492
«101363%07

.123206402

«2yR262410
LT}

L1}

(s) (s)
ELECTNICITY THERMaL
wASTED ENERGY

WASTED
(RAN) (RTH)
+ 000000 + 000000
«000000 « 000000
«000000 2000000
« 000000 «000000
+000000 +1589324906
,000000 L4770a3407
.000000 Stuba3eo8
«000000 e3664184o8
«000000 1286123408
«000000 «S512573¢07
«000000 «000000
2000000 «00000¢
«090000 126519409

ELEC,UTTL.O(ELEC,LD,/7C(TOTAL PVC FLEC,UUTPUT))et00,

o 162894402

(8) 9) (10)
PERCENT ELECTRIC THENMAL
THERMAL UTILIZATION UTILIZATION
LUAD MET
gY ¥WASTg
He AT

(PCT) (PcT) (pct)

«259971¢01 129167404 38463604
JB86004e1  «T22375403 112866400
«232826402 ,u20945¢03 ,411818¢03
JUU36AGe 02 LU6TSI9403 228386403
«586553402 551229403 170097403
L,960998402 ,613138403 982378402
L100000403 _56R050403 627375402
©100000%03 +50aTa3¢03 702882402
«833018402 ,535931403 859999402
099873402 .509069¢03 ,L187275+03
«108867402 986303403 918550403
,021386401 811630403 160931404
267679402 .613068403 318025403

THERM UTIL 8 (THERM ,LD,/(TOTAL PVC THERMAL ONTPUT)) w100,

8L/Y
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CRICAGO, ILLINOLIS

SULAR COLLECTUR APERTURE AREA @

PHUTUYOLTAIC CELL SYJTEM SIMULATIUN PRUGKAM

LATITUDE 41,07N

110V, SU.FT,

WATER COOLED PHOTOVULTAIC CkLi SYSTEM

MONTH

JAN
FEB
MAR
APR
HAY
JUN
JuL
AUG
8€EP
ocy
NUV
(111

s292410¢¢9

.51100u5¢0Y

PURCHASED ENERGY

UEL ELECTRIC

ONSUMPTIUN DEMAND

(BYVU) (Kw)

T, 598895eyY 2102630003
L,429082¢40Y  100305+03
L204145¢99 819168402
o 170971008 0107884y}
+2898] g0 g0 «102429¢03
,000000 ,182040+03
L00000y 186148403
L000000 J167715¢403
L103213400 173565403
L7356870¢90 113425403

«951302¢02

alOU;OS'O’

LI T T AL LD LD LI I LI DAL Dl ALl Tl Ll dd
ELECTRIC
CONSUMPTIUN
(RoK)

0412575405
,323521405
0245937495
;Zueopa'os
0292017¢¢05
388095409
2426032¢05

T 377406405

230580905
«2631T79405
0353143405

0308118405

o COLLECTUR TILT 43,07 DEuLKEES

SYSTEM ENENGY DISPLACEMEMT
ELECTRIC & THERPAL *o
UISPLACEMENT. DISPLACEMENT
(kun) (RTU)
.535875+04 «194411e08
LH23378404 +526148408
« 128321405 «111907¢09
«110991¢¢S e 104249¢09
¢104430%05 2949970 ¢y8
.1238306¢05 038861058
2191800005 ,800823¢08
s 140917905 L86082%3¢08
114932405 LTES0uBevE
104124405 920320408

516809404 456588408

W819783404 0420715408

RUILDING

ELECTRIC/THERMAL LUADS

ELECTRIC

DEMAND

(KW)
2102030403
2100305003
+ 820504002
«1078b4e0}
«1620831¢03
«189800¢03
.192050063
+178770¢0)3
«173565403
L113428¢03
951302402

«100305¢03

ELECTHIC

CONSUMPTIUN

(KwH)
,066163408
L,a05659405
373657405
359595405
39644705
,511931408
,57843940S
518324005
L42074ve05
., 307302408
Jd1a824eyS

L450096405

‘NE;NAL
KEWUINEMENTS
(8Tu)

$498525409
«395881¢09
+307222409
©166400409
118182409
838861408
866023408
L866523408
«867619408
«150902¢09
027958709

+451356¢09

TUTAL

L220660¢1y

e18614B¢¢3

«400dS0 V0

0125892+ 0 «8980685¢09

192458403

+5306348e00

o« ELECTRIC ENERGY DISPLACED & (TUTAL BUlLUING ELECTKIC CUNSUMPTION = PUKCHASEU ELECTRICITY)

a% THERMAL ENERGY DIBPLACED 8 (TUTAL BUILDING THEKMAL KEUUIREMENTS = oUILER UYTPUT)

e271202¢10

8L/%

L8368
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CHICAGD,ILLINOIS =

PHUTOVOLTATC CELL SYSTEM SIMULATION PRUOGRAM

LATITHUE 43 ,6TN

SULAR COLLECTOR APERTURE AREA ®

11660

WATER CONLED PHRUTOVOLTAIC CELL SYSTEM

. SU.".

o) t2) (3] (a)
D,C, ELECT, THERWaAL ELEC, LUAD FUEL TU
ourput UUTPUT OF MET BY MEET
FROM PV, PV, ARRAY 8NLAR THERMAL
ARRAY AFTER L0AD

LUSSES

MUNTH (KWH) (8TY) (L{T)) (8TU)

Jan ,5821081¢0a ,1904812.08 _S3ISBT7S+04 598855409
FEB 0909208%08 ,520150¢08 823378404 ,429082¢0Y
MAR ¢184909305 111907409 128321408 ,2ua19%499
APR ,120068¢0% 110753409 ,11099140% 776971408
MAY JA17393405 109631409 104830405 289810408
JuN ¢134932408  ,130077409 123836405 ,000000
JuL 0 10036240% 207777499 181808405 4000000
Aug 2150012408 1830609409 130917405 ,000000
sEp 0127932008  L1073%9409 ,11093240% ,103213%00
ucr o11787% 08 114725409 ,100123¢0% ,738870+08
NUy 2680081408 ,a250587e08 ,A16809004 29241009
VFC «A98902400 Q20717408 ,A19783¢04 ,S11608409
IU;:L e139419404 .121v;eo|o «128892¢06 -.2;::;;::;
PUNCHASED FLECTRICTITY 8PM=HAM B 2312406 Kwh
PURCHASED ELECTRICITY HaMelPu g 1693406 KWW

® COLLECTOR TILT 41,67 UEGHEES

s) te) (85 (8) 9) t10)
ELECTRICITY THERMAL PERCENY PERCENY ELECTNIC THEMMAL
wASTED ENERGY ELEC, LUAD TVHEWMAL UTILIZATION UTILIZAVION

WARTED mET @Y LUAD MEY .
SULAR BY waSTE
HEAT .

(KWNM) (RTV) (PCT) (PCT) (Pct) (PcT)

.000000 2000000 2113955402 ,389974401 ,868180003 ,256427408
«000000 +000000 0202873402 132906402 +090387+03 ,752810¢0)
2000000 ¢000000 03032343402 ,3642%Q402 287998403 ,27a934¢03
000000 .302806407 308655402 ,0626872402 ,319566403 155118403
2000000 116951408 263419402 80382102 ,379623403 ,110769+03
«000000 200208408 201901902 100000403 4912391003 ,6853774002
«000000 +1208R6409 ,202a83¢02 ,100000403 +380576003 ,481760%8¢02
4000000 0979512408 271872402 ,100000403 ,366883403 469483402
«000000 « 706702408 (273165402 ,V08831402 +362701¢03 ,301576402
+000000 (318270608 (283082402 ,609882402 308562403 +121833¢03
«000000 «000000 0148692402 ,163308402 .669360003 ,06133a1403
+000000 000000 182138402 932118401 ,5a7682403 ,1072083404
2000000 «380QA03409 4239180902 331388402 ,315393¢03 ,212007+03

ELEC,UTIL®(ELEC,LD,/7(TOTAL PvC ELEC,UyTPUT))eg00,

THERM UTIL .8 (THERM,LD,/(TUTAL PVC THENMAL CUTPUT))I*100,

8L/%

L868
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CHICAGO, ILLINOIS

SOLAR COLLECTOR APERTURE AREA s

PHUTUVOLTAIC CELL SYBTEM SIMULATIUN PROGKAM

o LATIIVVE 41,07N

155406, SUFT,

WATER COOLED PHUTOVOLTAIC cELL BYHTEM

PURCHASED ENFRGY

eseasnese e evenconscasse
FuEL ELECTRIC ELECTRIC
CONSUMPTIUN DEMAND CONSUMPTTUN
MONTH  (BTV) (XwW) (KWH)
JAN ,59075600% 102630403 0396121405
FEB L407103¢09  _100305¢03 0298541405
LLT] «197525¢99  ,818722¢402 0207045405
APR #012258¢08 107884403 0215071409
MAY 112705908  ,102295¢¢3 1260212405
JUN ,000000 1794432403 0348314405
JuL . 000000 .1858T704e03 378921405
AUG 0000000 ,166415403 0334044¢05
akp 201129007  ,173565¢03 e270410¢0S
ocy 570200008  ,113425¢03 231999405
NOV +273308%¢q¥ « 991302002 ¢ 334534095
oEC 2494078909  ,100305¢03 ¢ 343509499
TOTAL 2209443010 «301910¢06

«185704¢03

e CULLECTUR TILT dil,e7 VEGHEES

SYSTEM ENERGY DISPLACEMENT

ELECTRIC *

UISPLACEMENT

(Knwn)
2700419404
107318405
01066812¢05
e 140524405
0130235405
103117408
21995108405
L 184280+05
«150330*05
L 135304v05
2802903004

$ 106587405

10443200

THERMAL =@
OISPLACEMENT
(87V)

.259200408
.701501408
$169202409
117426909
¢109163¢409
.836861408

,866823408

L806823+08

+851529+08
210528109
+6(8755¢08

+560930408

0103047419

BUILDING ELECTKIC/THERMAL LUADS

ELECTHIC

DEMAND

(Kn)
2102030403
«100305003
«820504¢02
«107884ey3
«162835%03
< 1898060403
.1924S8403
2178770+03

.171505001'

113428003
«951302v02

" +100309+03

«192u58¢0)

€ELECTHIC

CONSUMPT JUN

(KwH)
466163405
L 405859405
« 373857405
«359595¢05
«39044T+0S
511931405
578439408
,318324e 05
420740495
.367302¢08

LU14826405

« 450090005

+S20348eu0b

« ELECTRIC ENERGY DISPLACED ® (TUTAL BUILDING ELECTRIC CUNSU"PTION ® PUKCHASED ELECTKRICITY)

se THERMAL ENERGY DISPLACEb s (TUTAL BUILDING THERMAL REWUIKEMENTS « BOILER OUTPUT)

THERMAL

REUUINEMENTS

8Ty)
«498525¢09
395881409
0307222409
01060400409
0116182499
838801408
+806823¢08
2800823408
o8067019¢08
«150902¢09
0279587009

0451350909

02712024130

8L/%

L868
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PHUTOVOLTATC CELL YYSTEM SIMULATIUN PRULKAM

CNlCAGOoXLLlNOIS o LATITUUE 41,67N = CULLELTUR TILT 41,07 UVEGKEES
SULAR COLLECYOR APERTURE AREA ® 1554be SUFT,

WATER COOLED PHOTOVULTAIC CELL SYSTEM

() @ ) (a) S ) (o) N (8) (9) (10)

D,C. ELECT, THERMAL :Ltc. LOAD FuEL TU ELECTRICITY THERMAL PERCENT PERCENT ELECTRIC THEKNMAL

QurPut OUTPUT OF °~ MET BY MEET WAJTED ENERGY ELECs LUAD THENMAL UTILIZATION ytILIZATION

FRON P vy, P.V, ARRAY . SULAR THERMAL WASTED MET BY LUAD METY

ARRAY AFTER tLav SULAR HY WASTE

LOSBES HEAT
MONTH  (KwH) (8YV) (KwH) (8TU) (KaH) (BTU) (PCT) (PCT) (PcT) (Pch)
JAN o770208¢0a ,259209¢08 70041904 590750409 000000 2000000 0150252402 519943001 ,6061534¢03 19232904
fes 2121223408 701504000 107318605 407163409 000000 4000000 02080422002 177201402 ,373902403 564332403
AR 219325708 149203009 ,166812405 197525409 000000 +000000 JU46192002 485651002 ,219811003 205909403
App 01680834508 147064409 104524405 612258408  ,000000 0215351408 2401908402 705058402 243679403 4119750403
MAY 0150517405 139502009 136235405 L112705¢08 ,000000 «303992408 343640002 L923707¢02 +280070%03 811886402
JUN +179902¢0g 184095009 ,153117¢05 ,LU0OUVO s 000000 +88B579408 318631002 ,100000¢08 ,312105003 ,Ldp5e00¢402
JuL 219100405 ,277023409 .199518005 000000 ;oooooo 2190335409 ,344925¢02 ,100000003 ,200025003 (312934002
Au6 0205331405 (244797409  ,184280905 4000000 +000000 0158603099  4355530%02 100000%03 #279200¢03 ,353083%02
oEP 0170868405 4196470409 150330005 +201129¢07 ,.000000 «112016909  o357300%02 981455402 «275919¢03 ,440039¢02
ucy 0197165605 152961409 135304405 ,STo200¢08 000000 L,014¥05408 308371402 ,697079402 ,2606008403 ,904Bé1eg2
NUY «90T268e0u ,00B7S7408 802903404 ,273389¢09 090000 2000000 0193553402 217734402 ,510713003 45927503
LeEC 2139315005 560932008 ,106987¢05 4494078409  L000000 4000000 0236809902 129277402 .418553¢03 8046530}
- e - LYY PY PR -y Y obeste LI LYY LI PT Y Y P Y PP YL L PP Y Y P AT P Y AL P Y ey PR LY LY DY LA L A Ll A L]

TUTAL 185884006 170555410 164432406  ,209443¢10 L 00000D 009035409 312402e02 38218902 ,316194e03 159012403
PURCHASED ELECTRICITY UPMeBAM B 2231406 KWH ELEC UTILoBIELEC, V./7(TUTAL PVC ELEC.UUTPUT)I)I100,

PURénAaED ELECTRICITY bAMegPM 8 _13RB¢00 KWH THERMUTIL 8 (THERM LD,/ C(TOTAL PVC THekmaL UUTPUT))I*1g0,

8L/Y

L3868
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PHUTUVOLTAIC CELL SYSTEM SIMULATIUN PRULKAN

RALJEGH o, NURTH CAROLINA e COLLECTOR TILY EWUALS NURIN LaTITuLe IN DEGREFS

SULAR COLLECTUR APERTURE AKcA ® 4298, 3U,.FT,

WATER CUOLED PHOTOVOLTAIC CELL SYSTEM

PURCHASED ENERGY

SYSTEM ENERGY DIYPLACEMENT

ELECTRIC o

UI3IPLACEMENT

(Kwh)
< JUVb o
« 341646004
.Sod?S?ooﬂ
4806904004
«5405uTe04
«9531855+¢4
«5¢6981¢04
«9US362¢04
¢91074b¢04
J43U029%¢ 04
«2b25b0v04

+25270Y¢04

THERRAL »w
DIBPLACEMENT
(8v7u)

+288837¢08
s27044BevE

«02874pe08

0531825+08

2673106408
«64S5154408
s06T193¢08
v008U03¢VY
0638746408
2512937408
«271842¢08

«165581¢08

HUILDING ELECTRIC/THERMAL LOADS

ELECTKIC

DEMAND

(Kw)
958802902
942552402
«112337¢0)
+»145739¢03
0180471403

..190715003
o 193452403
.luauuiool
«1720651¢03
. 134404e03
«958802¢02

9060302402

ELECTRIC

CONSUMPTIOUN

(KWH)
L43192069008
.390589+05
2306203905
«401670¢0S
«S183e7405
598995405
,606372beyS
«525501 405
«S510229+05
Lu0bBbB3e0S
4059014065

2430770405

V;:;“AL N

REWUIREMENTS

(8Ty)
«254527¢09
¢192903409
138755009
112093909
¢100510¢09
o 75208308
«777152¢08
«777152¢08
« 752083408
+10%210009
+1406307909

232322409

FueL ELECTRIC LLECTRIC

CONSUMPT[UN DEMAND CUNSUMPTTUN
MONTH  (dTU) (kW) (KWH)
JAN ' ,28205uepV .958602+02 ¢ 397016405
FEB J200048¢uY JT4255¢2e02 2350435405
MAR < 94850944 J111847¢03 « 309327405
APR ,135887¢00 « 145455003 +352985+0%
MAY L4099079 0 + 170288493 +4060317405
JUN J133002¢00 «193517¢03 «DUSB11+0S
JuL L102049408 191594403 ,011029+05
AUG ,2108061¢¢0 21806847403 ¢574%0u* 05
sEp 1010719008 168893003 448§154905
oct L073954ey0 130822403 « 305480405

' NOV L,148903¢0Y 954B02+02 37704305

DEC 02697UbeyY «Y006302¢02 .“0!“91;05
TOTAL L12489%9¢ 1 1938617903 ¢322995%00

«953309%1¢05

+ 5888063009

«194718¢03

+ST5064¢00

a ELECTRIC ENERGY NISPLACED s (TUTAL MULLDING ELECINIC CUNSUMPTIUN e PURCHASEN tLECTIRICLITY)

ot THERMAL ENERGLY 9l5PLACED 8 (TUVTAL HUJLDING THERMAL RENUIKEMENTS = gidlLEW LUTPLT)

+1588006¢10

8L/Y

- L868
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RALIFGH ,

FaUTavorL TATC CELL SYSTEM SIMULATLIN PRNGRAM

MIMTH CAGQLINA & LOLLECTOR TILY EWUALS NORTH LATITUDE IN DEGREFS

SOLAR COLLECTUR APERTUFRE ARta = 429R, SU,FT,
WATER COOLED PHNTOVOLTAIC CeLL SYSTEM
(48] () (3) (a) (?) (s) (1) (8) (9) (10}
D,C, ELECT, YNEP";L ELEC, LDAD FUEL Y0 ELECTRICITY THERMAL PERCENTY PERCENT ELECTRIY THERMAL
uuTPUTY QUTPUT OF MET Ay . MEET WASIED ENERGY ELEC, LOAD . THERMAYL UTILIZATION UTILIZATION
FQOm P v, PV, ARRAY SOLAR THERMAL wWASTED NET BY LUAD MET
AURAY AFTER LOAD SOLAR BY WABTE
Lu9sts HEAT
MONTH (KWH) (h1Y) (KWH) (ary) (KuM) (ATY) (ecmy (PcT) Pen) (PCY)
JAN «37537%¢0a ,288838408 300098404 ,28205a409 000000 000000 «B0R235401 113380402 ,123726408 8081209403
41} .\Qstuooa 276449408 341546404 ,206648409 ,000000 «000000 2870037401 ,13326%402 ,1183%9+08 .ooooo?oo;
hAR 611570400 ,62RTu84e08 ,SeB759404 ,9a8509¢08 ,L000000 « 000000 o158313402 ,LUSII%4402 L6A38462003 ,22060500)
APR +523350¢04  ,539559408 ,a88904004 ,733887408 ,000000 +000000 0121218402 ,a70618¢02 .823937403 ,2106%040%
MAy «%81190¢0a . (6065373408 ,S30%07¢04 409987408 ,000000 2000000 108271402 ,672370402 939039403 148728403
JUN +871865¢08 ,6063377,08 _$3183%404 L1336062408 090000 2017313006 887878401 ,857823402 112628408 115825403
Juy «S606U6ena  ,0633104e08 _%24981404 Jléando;oe «090000 « 000000 ’ .793072061 «832776402 125949400 ,120080¢03
AUG +Sa3400+na . 633051408 505362404 ,210861408 ,000000 «202991407 ,807933¢01 ,7829G0402 L123773+08 ;lzsooooo)
SEP ,8U192s0g .67$v7oooﬂ <S10T7uBe04  ,101671408 ,000000 0211062407 ,9893A3401 ,AU9303402 .101673000 113977003
ocy <060699400 ,491090408 ,4333029408 L,6739%3¢08 ,000000 2000000 0106180002 .007537002- 2942060403 ,205113¢03
NOV +30385740a ,269u74de08 282586404 {laavosoov 2000000 «000000 0694193401 185803402 183638402 ,338204¢0)
OEc 271817608 ,L1655A160R 282789404 ,269708¢09 - ,000000 »000000 «586831401 712723401 4170407404 ,100307¢04
..IU;::.-.::;;;;;00; «993duuen9 .51309;005 .|e;899010 :;;;00; - .0!5700:;;..:;2572!00;...370819002 +10R8020¢04 -.207602001
PURCHAQEN ELECYRXCIYV APMepAM 8 2413406 KnH ' ELEC,UTILSC(ELEC,LD,/(TOTAL PvC ELEC,UUTPUT))*j00,
PURCHASED ELECTRICITY MAMeAPM 8 2813406 KnH THERM UTIL 4B (THERM,LD,/(TOTAL PVC THERMAL DUTPUT))I®*100,

8L/Y

868
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PHUTOVOLTAIC CELL SYSTEM SIMULATION PRUGKAM

RALIEGH , NUNTH CAROLINA o CrHLLECTOR TVILY EWUALS NURTH LATITUDE IN DEGREES

SULAR COLLECTOR APENTURE ARLA ®

8590, SU.FT,

WATER CUOLEDL PWOTOVULTALC CELL SYSTVEM

PURCHASED ENERGY

.'UEL -..ELECYRIC

CONSUMPTIUN utMaND
MONTH (8TUY) (KKW)
JAN 24594990y _958802e02
FEB L17€920909 942552402
MAR +«320953¢00 «111387¢¢3
APR L,202031008 145171003
MAY 2000000 0172109503
JUN «000000 «192310¢03
JuL +0000V0 2189737403
AVG ,000000 + 185253403
SEP L000000 107450403
ocry 1775824008 J127241¢03
NOV L,108855¢0Y ,958802¢02
DEC ,eubdloeyy +900302¢02
TTOTAL o B4oeiTeod 192310403

« ELECTRIC ENERGY DISPLACED ® (TUTAL BUILDING ELECTRIC CUNSUMPTION © PUKCHASED ELECTRICITY)

ELECTR]C
CONSUMPT JUN

(KnWK)

.362098¢0%
0323100445
«256202¢05
0306957495
0813733%¢5
492042405
03558335405
+524438¢05
W41U839¢yS
324387405
2350050405

s 3B0UST IS

SYSTEM ENERGY DISPLACEMENT

ELECTHIC =

UIIPLACEMENT

(KwH)
092263404
J07u899% 04
0109942¢0S
«VUT186¢04
e100034¢05
0100353205
105393405
1010063405
101390405
J844953e04
2558516404

«503129+04

THERMAL a»
OISPLACEMENT
(8Tu)

577074408
2546220408
¢113081¢¢9
958910008
0100110009
« 752083008
¢ 777152408
« 777152408
» 752083908
.010035+08
592225408
»332535408

BUILDING ELECTRIC/THERMAL LUADS

ELECTRIC

DEMAND

(KW)
+ 958802002
+942552002
«112337¢403
«145739¢03
+180471 %03
2194718403
«193452¢03
«188441¢03
< 1726851403
+134404003
2 958802+02

960302002

ELECTRIC
CONSUMPT JUN
(Kup)

24319200405
390589405
366203405
401670405
+S18367¢0S
598995485
20603728405
« 625501408
516229405
2408883405
405901405
L430770e0S

THERMAL
REWUINEMENTS
(8Tu)

0254527409
0192963009
« 138755409
¢ 112053409
0100110009
+752083498
o 777152408
$777152008
+752083408
.105240409
0146307409

e232322¢09

470581 %006

¢1052084¢00

«9107064+09

«194718903

an THERMAL ENERGY DISPLACED 8 (TUTAL BUILDING THERMAL KREWUIREMENTS = BOILER QUTPUT)

«5758b64v00

«1588006¢10

8L/%

L868
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PHUTUYOLTATIC CELL SYSTEM SIMULAT[UN PRUGKAM

RALIELH , NURTH CAwULLINA = LULLECTHR TILT EWUALS NURTR LATIIUUE IN DEGREES
SULAK CULLECTUR APEKTUWE AREA 8 8590, SUW.FT,

WATER CUOLED PHUTUVULTALC CeLL SYSTEM

() ) 3) (4) () (o) n (8) (9) (10)

0,0, ELECT, THukmaL ELEC, LOALV FUEL YU ELECIRICTITY THENRMAL. PERCENT PERCENTY ELECTRIC THEKMAL

LUTPUY OUTPUT b MET WY MERT wASTEUL ENERGY ELEC, LUAD  THEKMAL UTILLIZATION UTILLIZATIUN

FROM P v, P,¥e ANKAY SULAR THEKMAL WASTED MET BY LUAD METY

ARRAY AFTER LUAD SULAK Y WASTE

LUSSES neafl
MUNTH (KWH) (8tu) (nWH) (uTu) (xnn) (8TU) (PcM) {PCT) (eCT) (PCT)
JAN #750751404 577070408  ,092283404 245949409 090000 ) « 000000 01002768402 ,226961402 +623157903 440005408
Fto «134508+04 ,552090408 _oTud99%e04  ,1729YC0¢09  LUQUVO00 2000000 o172790¢02 ,283070¢02 ,577900¢03 3532069403
MAR 0122314905  (125/S5ue0Y  L109942+405  ,520933%0u8  LUVLUOO «118515008 | 4300220402 814965402 +330808¢¢3 L111004e0S
APR 2104711405 olul¥ieeuy ,947180004 ,202031%08 L000000 1591913007 2235809002 8955761002 422007003 L110001¢03
May ¢110238405 133075009  L10003d¢y5  400OVYO TR 2351687008 4205711402 100000403 +084995¢03 739916402
JUN 114373405 132075409 ,1006353405 Lvo00vO 000000 254B9TTe08 (177552402 L10000U¢03 ,563215+03 57805402
Jug 2113329005  L12002Y¢09Y 105393405 L000UVY +QUULVOU LUIRBOT 08 L158790¢02 ,100000¢03 L62Y764903 009044082
AUG «108680405 4120010409 ,901063%05 4000000 «040U00 «S00001¢08 4101571402 ,100000403 +0618921¢403 .oquosooa
8P 2109838405 135795499  L101390¢0% 000000 | LVUOVOY «S85975¢08  ,196405%02 ,100000403 +508023¢u3 ,562071¢02
(1109 § s933399¢004  ,Y8379¢40b HWU9ISBe04  L1779B2¢08 0YUULO JTT1340407  L206049402 LB0U9TUG02 L4B1581403  [106577¢03
NUY 6VTTIdeDL 538947408  ,SGBS10¢04  ,108855¢0% L 0V00OD L200034e07  L137599¢02 L40UTBUE02 LT25642403 238818403
vEC «5430633¢09d . (331103008 ,S03129004 L2UBE36TUY (V00000 200000V e1167908902 143130002 +855910¢03 ,0980306¢403
..-.'--..og-.---oo-’y..--..---.-----ucocco--------...-.-..-.--..---------..-------_.---o-.-.-.-..------.-----.----.-----.--...—--.

TUTAL J1140UT7¢06 ,11808Y41U 105284400  B460LTEUY L UyvUOU 270L95¢0Y  L1B282T902 ,5T3519¢02 ,545779¢05 13380105
PUKCHASED ELECTRICITY bPretam 3 ,24uotyud HnH BLEC UVILoBLELEC, LU, 7(TUTAL PVC ELEC,UUTPUT)) 2100,
PURCHASED ELECTRICITY MAM=aFr 8  _230¢+00 KnWH THERNM UTIL ¢BCTHERM LL,,Z(TOTAL PVC ThEKMAL UUEPUTI)I®SUO,

8L/%
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PHUTUYULTAIC CELL SYSTEM SIMULATIUN PRUGKAM

RALJEGH , NURTH CAROLINA = COLLECTUR TILT EWUALS NURTRW LATIFUDE IN DEGREES

SULAR COLLECTOR APEKTURE AkcA &

WATER COULED PHUTOVULTAIC ciLL SYSTEM

12894, SU,FT,

PUKCHASED ENERGY
LI Y Y Y AL AL AL A DL T Y P L LY A LYl Ay L]
FUEL ELECTRIC ELECTRIC
CUNSUMPTIUN DEMAND CONSUMPTTUN
MUNTH (8yV) (Kw) (Kan)
JAN ,20984drOY 2958802¢02 0331627¢09%
FEB s140317eyY 2 942552+02 ' 292608¢0Y
MAR .,130891¢008 «110867¢03 +207525¢0%
APR JU000V0 ,144887¢03 < 264251405
MAY +V000V0 0107922403 03061335205
JUN + 000000 «191115¢03 0 439867¢0S
JUL + 000000 2187879¢03 o 50SU78¢0S
AUG 2000000 s183060¢03 «470539¢0S
SEP L,000000 ,166007+03 366308005
(1] { JJ2V901¢07 +120798¢03 1286501405
NUY .776020¢00 +9Y58802¢02 o 324b0BIUS
ot 2250780y +700302¢02 356978405
Se®w L L L 1 Y ] -
TOTAL +675997¢09 «191115¢03 421173000

SYSTEM ENERGY DIBPLACEMENT

wsesvecvtecrcnnanan e
ELECTHIC » THERMAL ww
OISPLACEMENT DISPLACEMENY
(Kan) (81V)
«100500405 2806512408
J981210¢04 ,80709%6¢u8
«1586784¢S +128284409
« 137425405 2112053409
«15703¢¢05 0100110409
«159128+05 «TS2083408
«157850405 777152408
«150901¢05 «777152¢08
2149921405 .752083¢08
122321005 RLITrLITYY)
812331404 2840173408
737912404 517798408

« 15406920006 clUUBBO*IY

BUILOING ELECTRIC/THERMAL LUADS
TELECTRIC | ELECTRIC | TMERWAL
DEMAND CONSUMPT [UN REGUIREMENTS
(Kw) (KwK) (87Y)
« 958802902 + 3431926905 254527009
«9u2552002 «3I90589¢0S 194006309
o112337¢03 « 306203405 o 138755009
014573903 «401076¢05 «112053¢09
2180471003 . 518307405 ,louxloooo
0194718003 59899505 »752083¢08
+193452403  ,603728405 o 777152408
o1884U100) «625501¢0S 777152408
«17285140)3 «516229¢0% A.’SEOGIOOO
134404003  L40BBB340S 0105210009
«Y58802¢02 LUUS901¢0S 0146307¢09
.906030¢402 430770405 0232322009
«194718403 +ST58b4*yL «1588006¢10

L] ELEC'ﬁlC ENERGY DISPLACED s (TUTAL BUILDING ELECTRIC CUNSUMRTION & PUKCHASED ELECTRICITY)

an THERMAL ENERGY DIYPLACED ® (TUTAL BUILDING THERMAL REWUIREMENTS o BUILER OUTPUT)

8L/%
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PRUTUVULYAIC CELL SYSIEM SIMULATIUN PRUGKAM

RALIEGH , NURTM CARULINA e LOLLECTUR TILT EMUALS NURTA LATITUOE IN DEGREES
SULAR COLLECTOR APERTURE ARtA ® 12894, Su,rT,

WATER COOLED PHUTUVULITAIC CeLL SYSTEM

T A1) S () (3 a3 (5) (o)

0,C, ELECY, THERMAL ELEC, LUAV FUEL TU ELECTRICITY THERMAL

outeut - QUTPUT UF MET BY MEET WASTED ENERGY

FROM P v, PV, ANRAY SULAR THERMAL WASTED

ARRAY AFTER : LoAL

LUSSED
MUNTH (Kwn) (81u) (RWH) (BTU) (KuK) (8TU)
JAN 112013005 ,B80069%14e08 100500005 ,209844+09 000000 2000000
FEy «110170405 8293400006 98121804 L140317¢09 000000 +000000
MAR 0183471¢05 188024409 1580675405 130891408 L000000 «S4uoBoeOE
APR «157006¢05 ,101800¢409 ,137425¢405 40000U0 «000000 W U495%ue e
MAY o174357¢05 199012409 ,157032+40% 2000000 «0¢0000 0100545409
JUN " 0171900405 199015409 ,159128905 "~ 4000000 «000000 1230621409
JuL 2169994408 189943409 157850405 ,Lv00000 +000000 112099009
AUG 2163020005 (109915009 150901405 4000000 2000000 0112421009
§tp 210475705 203093009 149921005 ,L000000 0000000 +128390¢09
ucr «1UV010408  L14756V009 _122321¢05 LT72091¢UT ,000000 478282908
NUY 2911571400 808421408 812331404 ,T78620¢08 . 000000 oT7112006¢07
vec oB815450004 L4Y0T4ue0d 737912404 L225078¢0Y ,L000000 2000000
cosedsevganme eme Toveapssgroeneene Y

TUTAL - ,17197000p ,L178U33¢10 154092400 (6TI9YT72UY  ,000000 o 731443¢09

PURCHASED ELECTRICITY 8PmMenAm 8 2341¢00 KWH

PUKCHASED ELECTRICITY bAMenPM 3  _1831¢00 KhH

(&3]
PERCENT
ELEC, LUAD
MET dY
SULAR

(PCT)

0232678402
+291215¢02
2433305002

e342120¢02
«30U2937¢02

0265658402

+237823¢402
e241345¢02
290410402
0299160402
0200130402

o171301002

208025402

“(8)
PERCENT
THERMAL
LUAD METY
BY WASTE
HEAT
(PCT)
340401402
«4182065¢02
«92453%+02
«100000+03
100000403
+100000%03
,100000¢03
«100000¢03
2100000403
« 94517902
574255402
«222879¢02

200U4TTe02

(@)
ELECTNRIC

(§0)’
THEKMAL

UTILIZATION UTILIZATION

(PcT)

W4204S140}3
394114403
o2206628¢03
+287826¢03
+328008403
¢ 376284403
«42041200)
e01G1060003
0 342988+03
« 329000005
s 49UBT 303

«580839%¢03

309525403

ELEC,UTIL.SCELEC,LU,/(TUTAL PVC ELEC,UUTPUT))=100,

THERMUTIL o S(THERM LU, /Z7LTOTAL pVC THEKMAL QUTPYT)) 10O,

(PCT)

0293730403
0239083003
2 750254¢02
o 713058¢02
14989106402
+378255¢02
1409427402
2408733002
+369395¢02
o TLUUOVROR
0160548403

24480730 0s

892000402

8L/Y

L868
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PHUTOVOLTAIC CELL SYSTEM SIMULATIUN PRUGKAM

RALIEGH , NURTH CARULINA « CULLECTOR TILY EWUALS NURTH LATITUDE IN DEGREES

SULAR COLLECTOR APERTURE AREA ®

17192, 8U,FT,

WATER COOLED PMOTOVULTAIC CELL BYSTEM

MONTH

JAN
FER
MAR
APR
MAY
JUN
JuL
AUG
sEp
ocr
NOV
OEC

PURCHASED
[T ETT LI AL LT L P LYY T L LD L Ly Y Ll Y]
ELECTRIC
DEMAND
(Kw)

FUEL
CONSUMPTJUN
(8TU)

o 173740e0Y
JH1114TegY
1542039007
4000000
.000000
.000000
2000000
.000000
000000
<113995¢00
507101 ep8

,202022%09

ENERGY

.958802¢02

J942852¢02

«110377¢03

+144003¢03
+1063739¢03
189914403
186021403
1820606403
«104565¢03
+126600405
.958802+02
«9606302¢02

TOTAL

«539280¢009 «189914+03

ELECTRIC

CONSUMPTIUN

(KWH)
¢ 301594 ¢yS
02629524095
0100072405
0222590405
¢313137405
0389122405
455005405
0426830405
«320630%05
0249814405
0300335405
33479805

SYSTEM ENERGY DISPLACEMENT

ELECTRIC »

UISPLACEMENT

(KaH)
«130332+05
«127038¢05
s2006131¢05
o 179085405
«205230¢05
2209873405
«208722%05
«198671¢05
«195598¢¢S
159009495
+«105560¢05

«90011Y¢04

THERMAL aw
OISPLACEMENT
(BTUL)

.115535409
0104045409
«137521409
0112053¢09
«100110409
.752083408
2777152408
«777152008
.752083+08
2105119409
W 1UST34409
«T0T049408

BUILDING ELECTRIC/THERMAL LOADS

ELECTRIC

DEMAND

(KW)
+958802402
+942552402
.112537¢03
145739403
.180471403
<194716403
«193452+038
+188441¢03
.172851+03
.134404¢0)
958802402

«9606302¢02

ELECTRIC
CONSUNPTIUN
(KunH)
< 431920005
+390589¢05
366203405
+4016706405
51836708

.598995¢05

,663728¢05

+025503¢¢S
+516229¢0%
L408083¢495

L405901405
2430770405

seon -
THERMAL
REWUINEMENTS
(8Tu)
«254527¢09
192963409
0138755¢09
«1312053¢09
«100110¢09
e 752083¢+08
-777152068
+ 777152008
«752083¢08
0109210¢09
0146307409
«232322¢09

2373677¢%00

2202187406

e115003¢10

«194718¢+03

575864406

o ELECTRIC ENERGY DIBPLACED & (TUTAL BUILDING ELECTRIC CUNSUMPTIUN = PURCHASED ELECTRICITY)

a8 THEKMAL ENERGY DISPLACED ® (TUTAL BUILDING THEXMAL KEWUIREMENTD e BUILEN QUTPUT)

15880610

8L/Y
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PHUTNVOLTATIC CELL SYSTEM SIMULATION PROGRAM

RALIEGH , NORTH CARDLINA @ COLLECTUR TILT EVUALS NURTH LATITUDE IN DEGREFS

SULAR COLLECTOR APFRTURE AREA 8 17192
WATER COOLED PHUTOVOLTAIC CtLL SYSTEM
(1) (2) 3)
D,C, ELECT, THERMaL ELEC, LOAD
puteut nuYPUY QF METY RY
FROM PV, PV, ARRAY SOULAR
ARRAY AFTER
LUSSES
MONTH (xwHY (87Y) (KWH)
JAN 2150150008 115535409 ,130332+40%
Fep «10690240%  ,1109580409 ,127638¢0%
MAR 2204628008  ,251499409 ,20613140%
APR 2209021608 ,21%8240409 ,17908%+0%
MAY 232076005 ,260150409 205230409
JUN 0228706005 ,205351409 209873403
Jui 0226659408  ,2532%8409 208722403
Aug 217360008 253221409 198671408
sEp 0219677405 271990409 195598409
ucr 2186680008 19678409 1359069405
NOV L121503408 107789409 105566408
VEC 108727408  ,0602326408 ,960119¢04
ToTAL .zz°zvn.o; L237378410 202187400
PURCHASED ELECTRICITY 8PMegAM 8 2278406 K
PURCHASED ELECTRICTTY BAMeaPM 8 ,13€9406 K

. SOLFT,

(a)
FUEL TO
MEET
THERMAL
LDAD

(aty)

2173740409
W 111187409
015026307
+000000
2000000
~2000000
+000000
4000000
+000000
0113995+00
«507161408

0202022409

539280409
L]

LL]

(S) (s) (@3] (8) (9) (10)
ELECTRICITY THERMAL PERCENT PERCENT ELECTRIC THERMAL
WASTED . ENERGY ELEC, LUAD THERMAL UTILIZATION UTILIZATION

WASTED MET BY LUAD MgT
SOLAR BY WASTE
HEAT
[(KwhH) (AYTY) (PCT) (PCT)Y (PCT) tpct)
«000000 «000000 ¢301787402 ,453922402 326229403 ,22030240)
+000000 275198907 326782402 ,539199402 301107403 ,180681¢03
2000000 2103812409 562886902 ,991106402 ,1729%6403 ,5749%3¢02
«000000 101171409 ,005806402 ,100000403 219185403 ,525%519¢02
«000000 «108502¢09 ,39%9(7402 ,100000403 ,209386403 376902402
000000 190385409 ,350375¢02 ,100000¢03 ,283821+03 ,2829894+02
«000000 178980409 310470402 ,100000403 317515403 306326402
2000000 173699409 ,317619402 ,100000¢03 ,313727403 307888402
«000000 «195682409 ,378898¢02 ,100000403 ,201716¢03 ,277678402
«000000 « 928800408 3689033002 ,999133¢02 .25!20000! +331437¢02
000000 2181029408 ,260079002 722687402 ,3784a%6403 ,1220a7¢03
«000000 2000000 0222880+02 304340402 043886403 ,328%80¢03
«000000 121711010 (351102402 728340402 ,281187403 ,669005402

ELEC, UTIL S(ELEC,LD,/(TUTAL PVC ELEC,UUTPUT)}e100,

THERM UTIL (8 (THERM,LD,/(TOTAL PVC THENMAL OUTPUT))*i00,

8L/Y
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PHUTUYULTAIC CELL SYSYEM SIMULATIUN PRULKAM

VALLAS, TEXAY « CULLECTUR TILT EQUALS NURTH LATITUVE IN DEGREES

SULAR CULLECTOR APERTURE AREA ®

WATER COOLED PHOTOVOLTALC CELL 8SYSTEM

MUNTH

JAN.

FEB
MAR
APR
MAY
JUN
JuL
AVG
SEp
ocry
NOV

PEC

PUKCHADED ENERGY

L219018ey9
L154100009
.177670¢08
,290875¢¢0
,130851¢y8
,383251¢007
L B28boSe00
,e20901¢07
s 3404497
L301058e00
14u336+09

,22420800Y

ELECTRIC

VEMAND

(Kw)
2985052402
+ 100890403
2145382¢03
s 186289038
0100717403
201767403

2227930403

+204978¢03

+185939¢03
+102307+¢03
o JUTY91 403

.138688¢03

4303, SU.FT,

LI YL LI P L I P Y DY Y DL A D2 Y Y L Y L T
FUEL
CONDUMPTLUN
(BTV)

ELECTRIC

CONSUMPT JUN

(KNH)
0398578405
348448 IUS
0351076¢0S
T3}
D463 70¢05
20065500405
2740521 +05
o 754349405
2585705905
W402137¢05
e 427319405

«398811405

SYSTEM ENERGY DIGPLACEMENT
LLL MM T AL LTI Y Y Py 2 Y 1 ¥ 3 F3
ELECTRIC » THERMAL w#

OISPLACEMENT DIBPLACEMENT

(KAN) [CAIY]
o 34950ue04 2806043008
J341943¢04 +306404¢08

«509421¢+04 08062250408

487471404 «553260408
WS4L150004 0698443408
.532452+04 oST679(¢08
,527593¢+04 0621069408
250595004 £609547¢08
W511342404 +580215¢08
<434535¢04 57694Se08

2 282915¢04 w271238¢08

.253083¢04 .193453408

RUILDING ELECIRIC/THERMAL LUADS

ELECTRIC

DEMAND

(Kw)
L965052¢02
«100890+03
+145873+03
«1920b06¢03
o1732806¢03
220587303
«230156¢03
208417403
187423403
«1064359¢03
148737403

«138088¢0)

ELECTNIC
CUNSUMPTLUN
(KwH)

+430529+05
302042408
LUUBL18¢0%
LU54210¢08
«0U04VYeQS
,718745008
.79328040S
804944005
. 636899408
+505591¢05
+0550611+05
826120405

THERMAL
MEWUIKEMENTS
(870)

02203879409
+153990¢09
0128439¢09
« 790760408
«807924v08
«6UTUSIe08
«627700¢08
«627700¢08
0607453¢08
oB817791¢08
¢139393¢09
019876009

TUTAL

a ELECTRIL bNEWNUY NDISPLACED 8 (TUTAL BUSLUING ELECTRIC CUNSUMPTION = PURCHASELV ELECTNILLITY)

JB99377449

227930403

008181000

¢533719¢95 +5930605¢09

«230150903

ar THENMAL ENERGY DISPLACED 8 (TUTAL BUILOLING THEXMAL KEUUIREMENTD = HOLLER 1UTPUT)

+661553¢08

«131311¢10

8L/%
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PRUTOVULTALIC CELL SYSTEM SIMULATIUN PROGRAM

DALLAS, TEXAS « COLLFCTUR TILT EWUALS NORTH LATITUDE IN DEGREES

SULARVCULLECVQR APFHTURE AREA ®

4303, SUFT,

WATER CONLED PHUTOVOLTAIC CELL 3YSTEM

MUNTH

FEB
MAR
APR
MAY
JUN
Jup
AUgG
S€p

ocy

NUY

VEC

TuraL

8)
PERCENT
THERMAL
LUAD MET
BY WASTE
HEAY

(PCTY)

2140590402
199017402
«515615¢02
«6996574+02
,860492402
«949527¢02
9893306402
2971082402
« 9551643402
«705a%924+02
«19a586+02

« 973309401

085207702

9 (10)
ELECTRIC THEN®AL
UTILIZATION UTILIZATION

(PcT) tpch)
.123182400 711250403
«111902400  ,302471¢0)
«T17601403 (1939a3+03
2931768403 182927403
2110968004 ,112663403
«134987¢04 ,91184a2¢02
+150358¢04 ,889713¢02
.159096408 ,87520§¢02
.1205%a400 853783402
+116352400 ,1a17a%5403
¢1610a1¢00 513911403
167581408 ,102742400

eon -
+123949408 ,206201¢03

THERM UTIL (S (THERM,LD,/(TOTAL PVC THEXMAL QUTPUT))®100,

(§}] 2) t3) (a) (S) (s) ()
D,C, ELECT, THERMAL ELEC, LUAD FUEL TU ELECTRICITY THERMAL PERCENY
ouveut NWIPUT uf MET RY MEET WASTEL ENERGY ELEC, LUAD
FRUM P v, P,V, ANRAY SULAR THERMAL WASTED MET BY
ARRAY AFTER LOAD SOLAR
LSSES
(XWH) thiuy) (KWH) [CALTR) (KwH) (avu) (PCT)
375812400 ,2860u0408 309504408 ,219018409 ,000000 2000000 +811802401
«367681404 ,306360408 301943404 ,1541060¢09 ,000000 2000000 «893636¢401
«612282900 ,602252408 ,S69021404 ,T77676408 ,000000 +000000 0139353402
2520163404 ,509390408 _4B8T7AT1404 ,2Q687S+08 000000 0000000 107323402
581887402 ,707012408 ,531136¢04 .,1368%1408 000000 +«186733407 ,901157+01
2872530404 ,L,6920810408 ,532452404 383251407 ,000000 +89389240T ,740808¢01
+S07305+0a 688423408 527593404 828865406 ,L,000000 +8a48309407 L,665078401
<S0U4032+0a 709953408 805950004 ,226901607 000000 ,107659408 ,6285%2401
,50983040a8 738503408 _S11302¢04 340049407 000000 ,130433408 ,802863+401
,0672a2000 ,SU0069+408  _a34%535404 L,301058¢08 ,000000 +000000 +859460+01
«300210404 ,265498408 282918404 ,140336409 ,000000 000000 «620957401
«272133404 193455408 283083400 ,2240208¢409 000000 2000000 0596725401
eSS eYnea®e P TaetoaaTeNew - - - L2 - sveeseew -
«875902408 6360689409 533719408 L899377¢09 000000 «3305964¢08 806766401
PURCHASED ELECTRICITY 8BPMeRAM & 24908406 KWH ELEC,UTIL S(ELEC,LD,/7(TOTAL PVC ELEC,UUTPUT))*100,
PUNCHASEN ELECTRICITY AAregPM 8 _33AB406 KWH

8L/Y
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PHUTOVOLTAJC CELL SYSTEM SIMULATLION PRUGRAM

OALLAS, TEXAS « COLLECTUR TILT EWUALS NORTH LATITUUE IN OEGHEES

SULAR COLLECTOR APERTURE AREA ®

8007, SU,rFT,

WATER CUOLED PMUTOVOLTALIC CkLL BYSTEM

PURCMHADED ENERGY

SYYTEM ENERGY DISPLACEMENT

BUILDING ELECTRIC/THERMAL LOADS

FUEL -ELEcraxc ELECTRIC ELECTRIC = vtntﬂFAL 3 ELECTRIC
CONSUMPTIUN DEMAND CONSUMPTJUN OISPLACEMENT DISPLACEMENT DEMAND
MONTH (8ry) (Kn) (KwhH) (Kun) (8TV) (Kw)
JAN +183179¢09 +985082%02 301210005 «093190¢04 ¢57335%¢08 +988052002
FEB 2118719009 2100890¢03 0315124409 +075183¢04 5901494908 +100890¢03
MAR 184450008 144892403 2298020905 2110892405 113083409 145873403
APR ,150223¢07 o 1706892403 358052405 953770004 W 778743408 «192680¢03
HAY »000000 « 1055560903 e 492736405 0107753405 +B07924408 173286403
JUN 2000000 « 197660403 0012242405 +106%503409 +007451408 20587340}
’ Ju, 0000000 2285714003 2087749¢05 210553105 «627700¢08 «230156903
AUG ,000000 22031068003 703743405 101202405 +627700¢08 «208417903
sEp +000000 2104485403 093400635405 « 102204905 2607451408 .151~23003
ocry ,100844e0b 2100374403 2 419757¢0S «858337¢04 o 732310408 +164359¢03
NOV < 102979499 2147491003 0399336408 «502745¢04 +570094¢08 e148737¢03
DEC 200081409 138688403 «373796405 «503234404 366952408 «1380688+03
- . . . .
T0TAL +0635508¢09 0225714¢03 +958708¢00 «10%845¢00 +8046306409 +230156403

ELECTRIC

CONSUMPTJUN

(Kun)
4309529409
< 382042¢00%
L4080106005
2454210405
600490405
JT18745«0S
s 19328005
804944005
636899405
505591405
«495011¢08
JU24120005

+001553¢00

# ELECTRIC ENExGY DISPLACED ® (TOTAL BUILUING ELECTRIC CUNSUMPTION = PUKRCHASED ELECTRICITY)

ot THERMAL ENERGY DEISPLACED ® (TUIAL BUILULING THENMAL NEUWULREMENTS = BOLLER OUTPUT)

“TneanaL
REWUIREMENTS
(Biv)

«203879¢09
«153990¢09
128439009
+790760408
«807924¢08
0607451008
«627700¢08
0027700408
060745108
2817791008
139393909

+198760¢09

e131311¢10

8L/Y
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PHUTOVOLTAIC CELL SYSTEM SIMULATIUN PROGRAM

DALLAS, TEXAS « COLLECTUR TVILT EQUALS NORTH LATITUDE IN DEGHEES

SULAR COLLECTNR APERTURE AREa ® 8607, 8U,FT,
WATER CONLED PHOTOVNLTAIC CELL SYSTEM
1) (2) (3) (a) (S) (o) (%3] (8) (9) (10)
0,C, ELECT, THERMAL ELEC, LOAD FUEL YU ELECTRICIVY THERMAL PERCENT PERCENT ELECTR]C THERMAL
ouvput QuUTPUT OF MET RY MEET WASTED ENERGY ELEC, LUAD THERMAL UTILIZATION UTILIZATION
FROM P, Vv, PV, ARRAY SULAR THERMAL WASTED MET BY LUAD MET
ARRAY AFTER LOAY SOLAR BY WASTE
LOSSES HEAd
MONTH (WH) (ATU) (KNH) [CALT)) [CLLY] (8TU) (PCT) (PCT) (PCT) pct)
JAN o 751711404 573388408 493190400 ,183179409 ,000000 «000000 e161009002 ,281224402 ,6203%58¢03 ,333588+03
B (41 +735aa8¢408 ,013005408 579103400 L118719¢09 ,000000 0329801406 176453402 ,383240002 565489403 25904740}
MAR 0122471408 ,132060409 ,11059240% ,18a350¢08 ,000000 e137227¢08 270649402 885113402 367287403 ,101608¢03
APR 21008aS¢08 ,113892409 983776404 ,150223¢07 ,000000 398062408 ,209985¢402 ,984A02¢02 LAT3911¢03 ,09%399+02
Ay 116387408 141819409 ,107753405 ,000000 «000000 +«607330¢08 179442402 ,100000403 ,5%6929¢03 3700828402
JUuN 2113519408 - 138379409 ,106%03405 ,L,000000 000000 o777428408 148179402 ,100000003 ,673899¢03 ,a38631¢02
Juy o113874d408% 137701409 108531405 ,L,000000 +000000 «TS1383408 133031402 ,100000403 751703003 ,a3%5137+02
Aug 2108819408 141927409 ,10120240% ,000000 000000 o 798027408 128725402 ,100000003 795386403 ,04119%+02
sep 2109979408 147720009 ,1022064¢05 ,000000 «000000 «861062¢08 160566402 ,100000003 622797403 ,413651¢02
ocr 933893400 109387409 _AS8337400 ,1068440408. ,000000 «368932408 169769002 ,B9SAR0¢02 ,588166403 ,74%311402
NUYV 608492408 ,5310%8408 ,S56274a5¢404 ,102979409 000000 «018080407 ,123515402 ,008984402 ,808837403 227802403
DEC «8038329¢0a ,380695%408 ,5032343408 ,200081409 ,000000 «000000 0118650402 ,19068d402 ,8a2219403 513652403
L.l 1] - - - - LY ] onSen - -
TuraL 1147940606 ,1273%3410 108845406 ,L638588409 000000 sU0BBE5E09 159995402 ,612783402 623032403 ,103109403
PURCHASED ELECTRICITY 8PMeBAM 8 2687406 KWH ELEC.UYlL.-(:Lsc.Lo./(vurAL Pve ELEC.UUTPU!))'IOO.
PURCHASED ELECTRICTITY BAMeAPM 8 ,2870606 KN®H THERM, UTIL 8 (THERM, LD, /7(TOTAL PVC THERMAL OQUTPUT))I®100,

-®
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PHUTUVULTAIC CELL SYSTEM SIMULATIUN PROGKAM

DALLAS, TEXAS o COLLECTUR TILT EGUALS NORTH LATITUUE IN DEGREES

SULAR COLLECTOR APERTURE AREA @

12911, 8u,rT,

WATER COOLED PHOTOVOLTAIC CtLL SYSTEM

MONTH

JAN
rEs
MAR
APR
MAY
JUN
Jut
AUt
(144
oct
NOv

DEC

PURCHASED ENERGY

SYSTEM ENERGY DISPLACEMENT

BUILDING ELECTRIC/THERMAL LOUADS

TOTAL

«6061953¢06

o ELECTRIC ENERGY OIYPLACED ® (TUTAL BUILDING ELECTRIC CUNSUMPTION e PUKCHABED ELECTRICITY)

‘an THERMAL ENEWGY DISPLACED 8 (TUTAL BUILDING THERMAL MEWUIREMENTS « BOILER OUTPUT)

FUEL ELECTRIC ELECTRIC ELECTRIC » ;NtnNAL (1] -ELECYRIC ELECIRIC IN:;;::.....

CONSUMPTIUN DEMAND CONSUNPT]IUN OLIPLACEMENT DISPLACEMENT DEMAND CONBUMPTJUN REWUIMEMENTS

8TV (Kw) (xWn) (Ken) (8TV) (kW) (XWH) sTy)
L1UTB40e0Y 985052¢02 0 329879405 2100050405 +800000408 985052002 430529405 0203879409
L710730000 100890403 128469905 981450004 2806510408 +100890¢03 382042e05 0153990409
+000000 «1444301003 0248389405 0100229405 0128439409 «145873¢03  ,408018+05 s 1238439009
000000 «167301¢03 0314938008 0139272405 2 7907060¢08 «1930686¢03 Lu54210¢0% 790760408
+000000 olOUULUCO] 0440300905 «1001b4¢0% «807924+08 « 1732806903 «60049990S «807924¢08
000000 - ¢194792¢+03 559336405 2159409¢05% 2607451008 205873903 +718745¢+0S 607453008
«000000 e 223493903 038041405 «158339¢05 0627700408 «230156¢03 793280405 s627700¢08
000000 +202928403 +6531Y4%0S 2151750405 «627700¢08 «200437¢03 +804YuuegS «627700¢08
000000 2182969¢03 04844482908 » 192450405 2607451008 «187423¢0) +636899¢08 «60745)¢08
,189247¢07 +1958382+03 0 379581 ¢0% 2136010405 +802052¢08 «104359¢y3 +SUS9Yieys «81779)¢08
JTau3Tdeob 0147491903 «372870*05 1827402004 +798429+08 «148737¢03 +455011¢0S ¢139393¢¢9
+ 179798009 +138688+03 +350309+05 «737S08¢04 «SB1210¢08 ‘ «138088¢03 sh@4120¢0S 2« 198760409

SR— cmtcetecacememceessenEatessaenasasemeaanarasesstassntacsasen

2491340909 +223493203 +50827et00 +156378¢00 92019409 22301506003 o131311¢00
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PHUTOVOLTATC CELL SYSTEM SIMULATIUN PRUGRAM

DALLAS, TEXAS « COLLECTUR TILT ENUALS NORTH LATITUDE IN OEGREES

SULAR COLLECTOR APERTURE AREa »

12911, SU,FT,

WATER COOLED PHUTOVOLTAIC CELL SYSYEM

i (1 (2) (3) (a) (s) (s) 7 (8) (L)) (10)

0,C, ELECT, THERMaL ELEC, LUAD FUEL YO ELECTRICITY TMERMAL PERCENTY PERCENT ELECTRIC THENMAL

ouTPUT QUTPUT OF  MET gy MEET WASTED ENERGY ELEC. LOAD THENMAL UTILIZATION UTILIZATION

FROM P ¥V, PV, ARRAY SOLAR THERMAL WASTED MET 8Y LOAD MEY '

ARRAY AFTER LOAD SOLAR BY WASTE

LOSSES HEAT

MUNTH (XKWH) (BTY) (KWH) (8TU) (KWH) (ATU) (PCcT) (PCT) (PCT) (PcT)
JAN 2112761408 800070408 1000650008 ,147340+09 000000 »000000 233783402 ,4218%53402 ,923903¢03 ,237050¢03
FEB 0110321408 ,019530¢08 ,98138%8404 ,914730¢08 ,000000 0753072407 ,2%4495¢02 523747402 ,385042403 ,170p246403
MAR 2183713408 1987006409 160229408 ,000000 »000000 ,610120408 392124002 ,100000¢03 ,251073403 ,677954¢02
APR 157273409 170883409 139272405 ,000000 000000 J921108%5408 306829402 ,100000403 322557403 861918402
MAY «1708587408  ,212137¢09 ,160183405 +000000 +000000 0130955409 ,2667%6402 .100000403 373920403 ,381551%02
JUN o171786409 ,207877409 ,159409¢08 4000000 +000000 «I87502409 ,221788402 ,10000000% 450731403 ,291%71¢02
JuL 170218405 200389409 183239408 000000 2000000 183182409 199378402 ,10000000y ,501316403 ,303350¢02
Aug 0163235409 212899409 181750405 4000000 +000000 0109667409 188523402 .100000403 4530332403 ,293476402
stp 160978408 22159709 ,152056¢405 4000000 «000000 1600098409 239373402 ,100000403 +0817027¢03 ,27a%62%02
ucy 180190008  ,1068086609 ,1206010°0% 4189247407 ,000000 4888710408 ,209233402 981087402 o396436¢03 ,498823402
qu «912773000 796018408 8274802004 734374408 ,000000 «1215a3008 181503002 572791402 ,54a7673e03 1151518403
OEC JA16525400 580453400 737308408 178798409 000000 .000000 J173892402 292023402 371736403 341971403
Total 0172197408 ,L1910U30010 184278406 ,491140¢409 000000 09901406409  ,236228¢0 .700100052 0021067403  ,0687364002

PURCHASED ELECTRICITY BPmefam &

PURCHASED ELECTRICITY BAnebPn ®

-®

02670406 KWH

02382406 KwH

ELEC.UTIL.®(ELEC,LD,/(TUTAL PVC ELEC,UUTPUT))#100,

THERMUTIL oS (THERM | D./(TOTAL PVC THERMAL UUTPUT))*100,

8L/Y
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PHUTOVOLTAIC CELL BYSTEM SIMULATION PROGKAM

DALLAS, TEXAS o COLLECTUR TILT EGUALS NORTH LATITUDE IN DEGRELS

SULAR COLLECTOR APERTURE AREA 8

17214, SUFT,

WATER COOLED PHOTOVOLTAIC CeLL BYSTEM

PURCHASED ENERGY

8YSTEM ENERGY

ELECIRIC L

VISPLACENMENY

(Kun)
«130861¢0S
o12T04U*(YS
«20831b¢0S
+101812¢05
210293495
o211103+08
0210103008
«201321¢09
«19995440S
010416508
210782109

RITITTIYY

PUEL ELECTRIC ELECTRIC

CONSUMPTIUN DOEMAND CONSUMPT JON
MONTH (8Yu) (Kw) (xwn)
JAN «111910009 +985052¢02 ¢ 299968908
FEB JJ20002¢008 +100890¢03 +255002+08
NAR .000000 «1644256403 020030005
APR »000000 + 100824403 2272698405
MAY 2000000 +103263¢03 0390196¢05
JUN © 4000000 «192773¢03 ¢307041¢05
JuL ,000000 2221272403 238317705

‘ AUG 000000 «202687¢03 2003023009

stp +000000 18148503 438945905
ocY ,000000 «156390¢03 ¢e331426¢09
NOV L475239¢08 2147491003 ¢ 347789405
DEC ,149351¢09 +138688¢03 +32816540S
TOTAL 381350909  ,221272003 4486686908

o 20480890

DISPLACEMENT BUILOING ELECTHIC/THERMAL LUADS

oW - (I XXX T I 1 1YY L rryYy I ] L L X 1 Y

THERMAL ow ELECTRIC ELECTRIC THERMAL

DISPLACEMENT DEMAND CONSUNP!IUN MEGUIKEMENTS

(ATU) (Kw) (KwM) (€2 [1}]
o114351¢09 +985052902 430529405 020387909
2958571+¢08 +100890¢03 382042405 «15399u¢09
«128439¢+09 +145873¢03 +4080618¢08 128439009
«790760¢08 - ,192686+0) L454210¢09% «790700¢08
.80792a+08 +173286¢0) .600490¢0% +807924¢008
20607451408 «205673¢03 +T18745905 060745108
2627700408 «230150¢0) «793280¢05 +627700¢08
2627700408 ,20841T¢03  _804%uGe0S +627700¢08
«607451408 «187423¢03 +6306899¢0S «60745) 908
+817791¢08 « 106359003 «505591¢09 «817791¢08
«101374e09 +14873740) ,455011¢08 0139393409
+7192796408 . +138088+0) LG2412000S 0198760009

- o --.-....... ”

+100795¢40 «2301506203 +601553¢00 «131311¢%0

s ELECTRIC ENERGY DISPLACED B (TUTAL BUILDING ELECTRIC CUNSBUMPTLON = PURCHABED ELECTRICITY)

st THERMAL ENERGY DISPLACED ® (TUTAL BUILDING THERMAL NEWUIREMENTS = BUILER OUTPUT)

8L/Y
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PHUTOVOLTAIC CELL SYSTEM BIMULATIUN PRULKAM
DALLAS, TEXAS e COLLECTOR TILT EQUALS NORTM LATITUDE [N DEGREES

SULAR COLLECTOR APERTURE AREa ®

WATER COOLED PHOTOVULTAIC CELL 8YSTEM

1 (2)
D,C, ELECT, THERMAL
uTPUY VUTPUT OF
FROM PV, P,V, ANRAY
ARRAY AFTER
LO8SES
MONTH  (KNWH) (8Tu)
JAN 0150342008 114072009
Feo 0167090005 122001409
MAR 0204941008  ,204931409
APR 0209689908 ,327785¢0Y
MAy +232774008 282838409
JUN 229039008 277199409
Jup 2220939005  ,275401009
AVG «2170638008 283884009
8ep 2219988008 299452009
(11 § 0186919408 218773409
NOV 0121096408  ,100213409
VEC 1088606405 773910008
LL 1] - - L LY 14
TUTAL 02295889006 (25470S5e1y

PUNCHASED ELECTRICITY 8PMegaAM &

PURCHASED ELECTRICITY 8AMegPM @

(10)

THERMAL

UTILIZATION UTILIZATION

L) THERM UTIL (s (THERM LD, Z(TUTAL PVC THERMAL CQUTPUT))*10D,

(pct)

1178292403
01313593¢03
«50T064e02
0346253002
0285089402
+21884S5¢02
228279¢02
2222088¢02
2204639402
o 372743402
«115573¢03
2250707403

09155%4ee0d

17214, 8u,FT7,
(3) (4) (s) (o) r) (8) (9)
ELEC, LUAD FUEL TU ELECTRICITY THERMAL PENCENT PEKCENT ELECTR]IC
MEY BY MEET WASTED ENERGY ELEC, LOAD THEKRMAL
80LAR THERMAL MASTED MEY BY LUAD MET
LOAV SULAK BY WASTE
neaAl
(Kin) (C) (V}] (KaH) (8t1V) (PCT) (PCT) (PCY)
01305614005 L111910¢09 000000 »000000 303250402 ,500876¢02 ,328495¢03
o127040005 ,T720002¢08 +000000 0213705408 4333575002 ,022u90402 ,294797¢03
«208318¢05 ,000000 ¢000000 «124561409 509811002 ,100000¢03 191550403
181512409 4000000 2000000 0149300409 4399621902 ,100000003 .245882403
0210293405  ,LU00000 «000000 2202000409 350203902 .100000403 .283786¢03
«211103¢05. ,000000 . 4000000 216827009  ,293711¢02. ,100000¢03 ,339922¢03
«210103¢05 ,000000 4000000 0212200909 ,260854¢02 ,100000403 ,377232¢03
«201321¢05 ,000000 «000000 «219000¢0Y 4250106002 4100000003 3995406003
«19995440% ,000000 2000000 236090409 ,313949402 ,100000003 ,317290¢03
<164165¢0% ,000000 2000000 «137019¢09 324700402 ,100000¢03 ,304171+03
«107821¢05 475239408 - ,000000 0192359408 (230652402 727253402 ,L4179068403
0959548404 L149351009  ,L000000 +000000 e226205¢02 L390872¢02 L43LBO3eUS
Puvoes —....-.....-...‘..-.I.-...-...-.-.-..--...--...--.-..-..-.-...-...---.
0200808400 381450009 ,L,000000 «153908¢10 309077402 707612402 319846403
«20613¢06 KnH ELECLUTIL S(ELEC,LU,/7(TUTAL PVC ELEC,UUTPUT))®}i00,
«19%4¢00 K

8L/Y

L868
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PHOTOVOLTYAIC CELL 9YSVEM BIMULATIUN PROGRAM

MIAND, FLORIDA = COLLECTOR TILY EQUALS NORTH LATITUDE IN DEGREES

SOLAR COLLECTQR APERTURE AREA B

~

48065, 8Y,FT,

WATER COOLED PHOTOVOLTAIC CELL SYSTEM

g

BUILOING ELECTRIC/THERMAL LOADS

PURCHASED ENERGY SYSTEM ENERGY DIBPLACEMENT

Pl ELECTRIC ELECTRIC ELECTRIC & THERWAL &% ELECTRIC

CONSUMPTIUN DEMAND CONBUMPTIUN  DISPLACEMENT DISPLACEMENT  DEMAND
MONTH  (BTU) (xw) CKmp) (KaH) (BTU) (Kw)
JAN L804757008 1429730403 0436178408 «395152404 «G21101¢08 «156208¢03
({1 «378931¢08 +138438¢03 2 17588¢03 +386399¢040 «308858008 .1&090)003
MAR +307940e07 «173899¢03 +080752¢08 2043792404 «724118¢08 el7407a003
APR 781072007 167287403 1564545008 «551138¢04 «677598408 +168817¢0)}
MAY 2455150007 105648403 0626682405 J011811%04 «728340+08 «173131¢03
JUN 2038798007  ,181917¢03 +635454¢03 0001994404 704980908 180418003
Jub 2173805¢07  ,201672¢03 + 726690405 +596300%040 «750842008 0200386003
AUG JT78720007  ,198261¢03 ¢ 709666405 +372028404 0702455408 «196085¢03
F14 1203982007 0194230903 2672816408 378120004 «702805¢08 «1960506¢03
oct 2163555908 178253403 0612358408 0491388404 «633908+08 «183771¢03
NOV 403836000  ,1410343¢03 «52097540% 319860404 417334408 «185030¢03
oEC L,005086¢08 135319403 1484553005 +286138+04 2297337408 .1308342¢03
TOTAL L2385919009  ,201072003 688811406 «60343340% « 718943409 ° 2046806403

ELECTRIC

CONSUMPTION

(KWK)
« 0750693405
1456248408
«345131¢08
«0619059¢08
+687863¢40%
+6950653¢09
+780340¢0S
< 7068069408
«730628¢0%
.oonaevods
+952902¢08
.513166008

7491354006

o ELECTRIC ENERGY OISPLACED s (TUTAL BUILOING ELECTRIC. CONSUMPTION o PURCHASED ELECTRICITY)

a% THERMAL ENERGY OISPLACED ® (TUTAL BUILDING THERMAL REQUIREMENTS = BOILER OUTPUT)

THERMAL

REQUIMEMENTS

(8T0)
+776906+08
«692004408
764753408
«740083¢08
V64783008
«740083¢08
«Toa753¢08
764753008
e 740083408
o 764753908
740083008
«7814006¢08

+90341T7¢09

8L/Y

L868



Z
» PHUTOVOLTAIC CELL SYSTEM SIMULATIUN PRQGRAM
= MIAMI, FLORIDA = COLLECTUR TILT EQUALS NORTH LATITUDE IN DEGREES
- SULAR COLLECTOR APERTURE AREA ® ases, SU.FT,
c )
4 WATER COOLED PMOTOVOLTAIC CELL SYSYEN
m ) (2) 3) (a) (s) ) (& ) (8) 9) (10)
0,C., ELECT, THERMAL eLEC, LOAD FUEL 'O ELECTRICITY THMERMAL PERCENT PERCENT ELECTRIC THERMAL
oyTsut QUTPUT OF  MET BY MEETY WASTED ENERGY ELEC. LOAD THERMAL UTILIZATION UTILIZATION
PROM PV, PV, ARRAY SOLAR THERMAL WASTED MET BY LUAD mEY
ARRAY AFTER LOAD SOLAR BY WASTE
LDSSES HEAT
o MUNTH [CLL)] (8TU) (KWH) (BTY) (KnH) (87V) (PCTy (PCT) (PcT) (PcT)
.
JAN 8208898408 ,821101008 398152000 ,QeaT37408 ,000000 «000000 08306808401 ,502023¢02 (120382004 188494003
res 819703004 - (398739008 3845994048 378931408 ,000000 «000000 ¢887300401 ,501931¢02 +118016408 177938403
o ﬁd MAR 2692290004 873063000 043792408 ,%507930¢07 ,000000 115011408 118090402 ,90686%002 ,846730403 911366002
» 38 APR 892022004 (7363800080 531138408 781072407 ,000000 oTHIS12007 800822401 ,913369002 112833008 908427402
o Ay 0637862408 ,0162094080 5110811008 ,035154¢07 000000 0107203408 889437401 ,992387002 ,112831408 913276002
Jun 0607307408 (79688%3¢08 001994008 332798407 000000 «TIOT20¢07 868368001 932568402 115588404 ,9a%247¢02
Jui 681399004 ,780719408 894500400 ,173888¢07 000000 +H80509407 758378401 ,981810002 ,13182%008 ,942083¢02
Ave 615087008 ;791209008 87202080048 ,T78726%07 ,000000 ¢933a39%¢07 745927401 ,918338402 ,L134061400 960872402
st 621002008 ,060720600 _STRI24904 ,L048902¢07 ,000000 o1R8883¢08 791272401 ,L,949629002 12837904 ,090287+02
ocY «820267408 090115400 491286408 ,16335%5¢08 000000 537026407 7327043401 .alovd7oot o130083008 ,111219¢03
NOV «30398200a 398770408 319866408 ,303436408 000000 0198210007 578860001 563902402 172873404 ,171771¢0)
veC «30767%500a 209690408 ,286138408 ,605086%08 ,000000 +000000 ¢S57893401 380516002 179382408 ,262008¢0)
1 T 1 1] ) - omeg
T0TaL +6838%88408 785417409 003433408 23589109 000000 708533408 805486001 791388402 ,124)48400 115025403
PURCHABED ELECTRICITY OPMeBAN & 2803406 KWN ELEC UTIL,S(ELEC,LD,/{TUTAL PVC ELEC,0UTPUT))*100,
PURCHASED ELECTRICITY BAMeaPHM 8 50084006 KWH THERM UTIL (8 (THERM,LD,/(TOTAL PVC THEXMAL OUTPYUT))*L00,

A9 0 11TO0ONMHDI3I L

|
5
I
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PHUTUVOLTAIC CELL SYSTEM SIMULATIUN PRGGKAM

HIAMI, FLORIOA = COLLECTOUX TILT EwualS8 NURTA LATIVUDE IN DEGKEES .

SOULAR COLLECTOR APERTURE ARKA 8

14594, SULFT,

WATER COOLED PHUTUVOLTAIC CELL B8YSTEM

PURCHASED ENERGY

FUEL ELECTRIC

CONBUMPTIUN OEMAND
MONTH  (BTU) (Xw)
JAN 2870672407 »130859¢03
FEs 000000 »138043b+¢03
MAR 2000000 «171450¢403
APR «000000 e 164227403
MAY +000000 «10028%03
JUN © 4000000 «1738066403
JuL « 000000 +190044d¢03
AUG «000000 «193815¢03
sEp +000000 «1908106¢03
ocr «000000 107221403
NOV «118936007  ,136008+03
DEC 2118791000 «131704¢03
TOTAL ' .llY!Slo;;- 0196044403

LA TYT Y DL LI TP LI P Y Iy YLl DLyl 21 2L )
ELECTRIC
CONSUMPTIUN
(Kan)

e301303%05
0 544595409
035892945
«456153+0%
0305600403
eS15124009%
e0079¢23¢%US
¢59550v4¢05
055706063005
091578305
0458501 ¢0S

428418905

«57¢S519¢00

8YSTEM ENERGY LDISPLACEMENT

ELECTRIC »

VISPLACEMENT

(Kwn)
o1143%0#05
J111654¢¢5S
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274008308
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LTI T )
.190085+03
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CUNSUNP I LUN

(Kwr)
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s TB03UY*0S
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bV l00devt
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MiAMT, FLORIOA = COLLECTUR TILT BUUALY NUKTH LATITUDE IN UEGNEES

14594, SU,F1,

«178634eve
s2B22¢%00 RN

2885400 KnR

z
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-
= 80LAR COLLECTOR APERTURE AHEA ®
c
- WATER COOLED PHUTOVOLTAIC CELL SYSTEM
m 1) (2)
D,C, ELECTY, THEWRMAL
ouTPUT OuTPUT UF
FROM P,v, P,V, AKRAY
ARRAY AFTER
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MONTH (KwH) (87y)
-
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<

|
e
|
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f

(s) (o)
ELECTRICITY THERMAL
WASTED ENENGY
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(KwH) (bTU)
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eUYV00U e146065L409
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()
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ELEC, LAV
MET By
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e2404T0%02
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e10651dTeue

W23844B¢02

()
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THENMAL
LUAD MET
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(PCY)
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«10000u*0D}
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¢ 100000403
010000003
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«1UV00VeL3
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s98UT10e02

(v)
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({0)
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UTILEcat N LTELIZAVIUN

PLy)

1 27%0¢03
e dU9EYISeVS
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sdd74t8eud
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e503073¢03

AP EE)

edlo3uTevs

ELEC UTIL SIELEC,LL,/7(TUTAL PVYC ELEC,UUTPUT))wi0u,

THENM  UTIL o8 THERM LU LZCTOTAL PVC ThHERMmAL yulPuT))®lvu,

.

wch)

0053307 v0¢
LA LT X2VP
0297102902
e 335385402
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CB0Y2beye
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791392008
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" 8OLAR COLLECTOR APERTURE AREA ®

PHUTOYOLTAIC CELL SYSTEM SIMULATIUN PRUGKRAM

MIAMI, FLORIDA o COLLECTUR TILT EwualS NOURTM LATITUDE IN UEGKEES

19458, SU,FT,

WATER COOLED PHOTOVOLTAIC CctLL 8YSTEM

PURCHABED ENERGY

ELECTRIC

SYSTEM ENERGY DTSPLACEMENT
ELECTRIC & THERPAL %o
DISPLACEMENT  DIGPLACEMENT
(KwK) CA
« 148683405 o 714712408
014595905 «0920ud4+08
2242439408 «704753¢08
221370945 »T40083408
238589005 2704753408
«€38321445 +TUuOb3I+LE
«236851¢05 o ToU4T53¢08

+2257004¢5 +T04753¢08

226667405 TUuubB3e08
19044108 « 704753408
0123206¢+05S «TUU083+08
o 110941405 1708024086

HULLUING ELECIRIC/ IntMmaL LUAYS

ELECTRIC
DEMAND
(kW) ‘.

°

o 156208403
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sl08817003
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«1450306¢03

L138342403

ELECTHIC

CUNSUMPTJUN

(Kwn)
Lu75093e0%
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.T0080Y0S
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FUEL ELECTRIC
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FEB .000000 131600403 +310590405
MAR 2000000 .1avaau003  0302692408
APR 000000 «102697¢03 408890405
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AUG ,000000 «192791¢03 54110305
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NOV »000000 «135700¢03 0429099+yS
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TOTAL  ,83497Seg7  ,193230003 - 4S15023%00

«234131¢00 «896737¢09

« 204480403

«T49154r 00

o ELECTRIC ENERGY DISPLACED & (TUTAL BUILDING ELECTRIC CUNSUMPTION o PURCHASED ELECTRICITY)
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PHUTUVOLTAIC CELL SYSTEM SIMULATIUN PHRUGKRAM

MIAMI, FLORIDA = CULLECTUN IILT EWUALS NUKIM LATITUDE IN UEWWEESY

SULAR COLLECTDR APERTURE Ahta 8

19458, Su kT,

WATER COOLEVD PHOTOVOLTAIC ceiLl SYSTEMm
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NAR
APR
HAY
JUN
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AUG
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ELEC, LUAL FuEL Tu
“ET BY MEET
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Luab
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22257606405  ,L,UQ00000
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«123057¢05 115067409
02595174006 ,314134010
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PHUTUVULTAIL CELL SYSTEM SIMULATIUN PRUGHAM

MIAMI, FLORIDA @ COLLECTUXR TILT EWUALY NURTh LATITUDE In UtWNEES

SULAR COLLECTUR APERTURE AREM 8 1972¥, Su,FT,

WATER COOLED PHOTOVOLTAIC CkLL SYSTEM

PURCHASED ENERGY

SYSTEM ENENGY DIDPLACEMENT
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ELECINIC ELECTNIC
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« 19020803 LHTS0Y3+uS
RYIALEIYE LUSb2UbeUS
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DISPLACEMENT DISPLACEMENT
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«201004¢05  ,704TS3+0b
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« 239990405 o Ted753¢408
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PHUTOVOLTATL CELL SYS1gm SIMULATIUN PRIOGRAM

MIAMI, PLORIDA = COLLECTOR TILT EWUALS NORTH LATITUDE IN DEGUREES

SULAR COLLECTOR APPRTURE AREA ®

19729

WATER COOLED PHOTOVOLTAIC CELL SYSTEM

[RD] )
0,C, ELECT, THERMAL
ouTRUT ouTpPUl OF
FRUM P v, P,V, ANRRAY
ARRAY AFTER
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MUNTH LG (#tu)
JAN o172308¢0% 1707069409
FEB +168580008 161700409
HAR 2007284908 ,334290409
APR 0200325+0%  ,2986206409
MAy « 266782408 ,330997409
JUN 0262502408 ,323160409
Jui 0260106403 3148604409
Aug 020903040% 320857409
L 114 0252094408  ,34904a%409
ocr 2219228408 279862409
NOY «139a79408 1617138409
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(7)
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o 316862402

(8)
PERCENT
THENMAL
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BY WASTE
HEAT

(PCT)

+920482¢02
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+100000+03%
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«100000%¢3
«100000403

«100000403

2100000403

«927135402

«B875314d¢02

2975134402

(9)

ELECTRIC

(10)

THERMAL .

UTILIZATION UTILIZATION

(PCT)

« 3112082403
«300943403
02186048493
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2287600403
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03034803
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N
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J409%92402
0438545¢02
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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 T_, and TX are maintained by modulating valves E and

X1 2
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 TC and Tc The temperature TS at

1 2 2
the cold side of the stratified storage tank may be slightly different from T2

but will have values ranging between TXl and sz.

There are two conditions which have to be distinguished. These are —

® Condition 1

This condition exists when solar 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 operatiomns.
Figure E-1 computes the fuel consumed each hour for this condition.
(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 level 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
design 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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a3 L pLl LS NI

7=d

Rk AN R
: i_ 2 E%ﬂ/& it_ ! , ‘—/’l _I%_IL ' } i3 ;
ST W 72 o e 1S i g T N A
SR v g e g B o - : 4
Rerpetac % (?g‘-’;'—'zf‘—‘)-j—+~-i~-'-[f 3'*?, _;)_u) 177/ !7512{-_ fw%c—/ m%c& %
s M __‘:.._-_‘__}__ - ~_ e o ,: z_ | - .L_-{-..-i._-l mlmte
B bss b ol ol | Lot Lol Bt oy
P Py . R ) b ! i .
/4f£>[452”¢ 7-7)

GrJ:"fi;on.i” { -

8L/Y

ﬁ? (e

A 9O L ONHI 3 L

Figure E-1l.

I /"/ C | = SOOF
T -l M Tt Ty, 72" M T 5 tﬂxzrx R
B Cmm*mw., +m,) M Tz 'ﬂnﬁlrmn A -72': M T+ M, Tea
C=0 CTWIVf"&L) bﬂ

c+9AS-(ir £,

IF Ciopj 3 Conan
E?aal-e Cc foéCm

L_o .

Molle 1

LOW-TEMPERATURE STES CONCEPTUAL DESIGN — NO PURCHASED POWER (''Stand-Alone')

L;j = C"LS)C:‘-JJ‘ :

6,#_:*{7 - 245

be‘

Mode 2-

75 L
‘:/ (I L‘)C-//‘/

bO‘.i;

l
ll

Mo(/c E

-;7/93

[N

c:,-=(/.z )Ciy
£ =245

R
Mocle 4

bf/'a.

L868



3 1L n 11 1L S NI

v

A9 0 1 0NHDID3IL

G4

Gadihan

Keso /L

.EEE

/l //4‘ tAL /Z’+ A

i _' *Frﬂx’._ é?/az'é .‘.T,m

ms L LAS- (Y z/7. )
/Z/ | C;(zoo .7:)

f/z |

5 7;”7*“.,3 &c;fmtl' '} 2

o g
b e, of
mtie i
I i
bl aadd .!

i B = ‘l

_.' !

- -f—‘-—
i

Jies

\
1

Se— | ettt = it fle o] :
) M ek

o ? ] | Eh | 1

el s | e O e . 2 o EE ] |._, vy b .'. Jm B !

. ; - ; : L

AS 2 H, +‘E/ ||\ +EDY A -7 ' o
: (A #, +: ‘ZE l&+£,{/>7 ST - "'4’45 <//§ (—,:: -7).

IFC1>Cun 7AS+ MG T: s g . .

; .Y . e ; il - =,
AND If E=o M & C"‘.!/ > Smin | ey Crin
Go To s-rsfam = J00°F: | |tF €= €' Go R

/= P 7 + Mra Ty 70 JTEFL*tJILéiacj
7 = oo M |%- 1,,7-,*,4,,7‘ -
: % o G m - .
Z-: M."];. +m-.Ti._M; Q! < D ; . ; ’:7“.'.'- lx"') '72-[ ad 300 FI
(Mt Mg+ ™) C; (/—L)C', b C‘;:H’-*E/ﬂ‘7’45 72 =7x;

c:ZﬂS—(ﬁsz/Ze )bt 7/7‘ 7.45 q ’--(/—LJC,_,J-—.C A

.Z;-GL_ >Cde y =0 C:JJ =0'L() C'.I")J

E;p: E;<~ E;;

o

Figure E-2.

b Hy = ;Z/éts

A
1.: i 4 ‘ : b T om

LOW-TEMPERATURE STES CONCEPTUAL DESIGN — WITH PURCHASED POWER

]

8L/Y

L868



4)78 8987

4 = ‘_. ’ S ) :___ _.§__.L._..;_ - .__é_._{__
s By e e _,' ~|¥ % . l . 1—. _: i
g o b b '_ O [ [N - _:_._.5_
) ‘<:53£ Z? £ _L o L.Jw_L !
b ¥ 7_.7___.;/13FV’;.
" R I
2 : = g T
qg.graf_- e B s fouil

Figure E-3. LOW-TEMPERATURE ORC ANALYSIS

were selected based on the analysis of the ORC performance and the vaporizer

performance with varying inlet temperature. Two disadvantages are inherent in

raising the turbine supply temperature:

® The heat exchanger area required will be largecr.

€] The inlet temperature to the collector will be higher, lowering
collector efficiency.
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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 groés 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 107 has been assumed.

Energy Analysis (High Temperature 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. < 1.347 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,
watet heating) utilize primary/secondary pumping'(Figure E-10) whereby. the

secondary supply temperatures and the secondary and primary flow rates remain
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Figure E-6. LTS BELOW MAXIMUM CAPACITY

ORC S
C .

| harge

Cold

LTS

%

o SupgiZTentary ——x———J———+Discharge (Thermal Loads)
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Figure E-8. LTS EMPTY, LOADS EXCEEDS REJECTED HEAT
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Figure E-9. FULL LTS CAPACITY
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constant while the primary supply and return temperatures vary with the load.

A température 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 entefing
the service equipment. The flow rate and temperature control in the secondary
loop is independent of flow conditions in the primary loop. The value of Mx’
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 MS of the
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 conditioms,

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 conditioms.

Rating: 100 kWe

Condenser Temperature: 200°F

Working Fluid: Toluene

Heat Source: Therminol 66 at 600°F

Design Conditions —

Turbine Inlet: 200 psia, 550°F
Qin: 2.37 X 106 Btu/hr
Orej: 1.91 X 100 Btu/hr
Mtoluene: 11,350 1b m/hr
Tvaporizer: 370°F

* Q = heat. .
SHP = shaft horsepower.

= condenser pressure.
cond

E-12
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GATE
VALVE M ' M
X
s O - —\ G
PRIMARY SECONDARY
PLUG 3 %\
VALVE TEMPERATURE
CONTROL (3-way
valve)

Figure E-10. PRIMARY/SECONDARY PUMPING

The following parasitics were assumed in the design case:

n Gearbox: 0.96

n Generator: 0.90

Solar Parasitics: 7% of heat engine output
PCS Parasitics: 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 oberation by the following

equation.

T = 460.0 —-(Qi /m = 157)/0.515

n' toluene

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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Table E-1.

Component
Pipefield

ORC System

Absorption Chiller

Low-Temperature
Storage

High-Temperature
Storage

8987

SUMMARY OF ORC STES TECHNICAL CHARACTERISTICS.

Size

Not applicable

100 kW net output

100 tons

4 X 107 Btu

5to 12X 106 Btu

* Single-Family Detached.

Performance

Definition = heat delivered from
collectors to storage/
% collected solar energy
SFD - 0.72 @ 600°F, 0.85 @ 300°F
Townhouse , 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%

COP = 0.6

High-temperature

Negligible loss for high-temperature
system. For low-temperature system,
loss rate model comparable to that
for high-temperature storage.

Cmax )2/3

= 0.21 (
CplLl(600 - TSZ)

Loss = Qi

c'. .
- _i-1,3 _
[(600 - T_,)— + (T, - 70)]

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.

(cooking loads) in Btu/hr on an hourly basis.

We also calculated the direct process loads

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.

tify the loads that sum up to the total electrical loads.

In this section, we iden-

We also evaluate

these loads and determine the total loads for all 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 (kW; 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 = Lbase(tij> (kW) [From Energy Requirements tape]

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, (tij)](kw)_[From=Energy Require-

ook ments tape]
Clothes Dryer Loads. The dryer load should be added and it is expressed
as follows: ‘

(t

Dryer load = 0.2 Lbase ij)

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. Abéogption 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 tapel]

Consult Table E-2 to find what to add to take care of the chiller
load parasitics.

E-18
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Table E-2. ABSORPTION CHILLER LOAD (Auxiliary)

~
(nd

He

(3N

High-Rise 30 kW/total ha
0 kW/total ha

[N
.

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 (t..) =0

) >0

) =0

~
t
He
.

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(tyi) is given in Btu/hr, the cooling tower auxiliary

electrical load is given by —
0.05 ha (tij)

12,000

Cooling tower load = kW

Hot Water and Chilled Water Pumps: These are continuous loads and
are expressed by —

Single-Family: 0.2 kW cont.
Townhouse: 0.2 kW cont.
Low-Rise: 3.1 kW cont.
High-Rise: 18.0 kW cont.

Corridor Supply and Exhaust Fans: This is only applicable to the

high-rise building. This load is expressed by —
Corridor fans: 15 kW

Fan Coil Units: The auxiliary loads due to ﬁhe 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

Total Electrical Load: [E' (tij)] (A1l in kW)

E-19
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Table E-3. FAN COIL UNITS AUXILIARY LOADS

Temperature,* Single-Family =~ Townhouse Low-Rise High—Rise"
°F kW
0 - 0.44 0.44 ‘ 8.0 59
0.41 0.41- 7.4 55

16 0.36 0.36 6.5 49
24 0.31 0.31 5.6 42
32 0.23 . 0.23 . 4.1 31
40 0.20 0.20 3.6 27
48 0.18 . 0.18 3.2 24
56 0.15 0.15 2.7 .20
64 0.13 0.13 2.3 18
72 0.08 0.08 1.4 11
80 0.20 0.20 : 3.6 27
88 0.32 0.32 5.8 43

© 96 0.41 0.41 7.4 55

104 0.44 0.44 7.9 59

%
‘From weather tape.

Single-Family-Detached and Townhouse

ha(tij)>0‘

, -1 . 4
E (tij) Lbase(tij) + 0'00293Lcooking(t1j) + 0'2Lbase(tij)

+ 0. .05 .
0.3 +;8—Q)ha(ﬁii? + 0.2 + Lfan—coil(tij)
12,000 ' ‘
' = )
or, E (tij) 1°2Lbase(tij) + 0.000293Lco0king(tij) + 0.5 + 0.0Sha(ti.)
: 12,000
Lfanacoil(tij)
ha(tijl =0
! =1, + 0. .
EN(tyg) = 1o2Ly ge(tyg) +0-00293L ing(ag) + 02+ Lo oi1(tsg)

E-20
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Low~Rise Apartment

ha(;,j)>0
E' (t = 1. Lba j). + 0..000293Lcooking(.tij) + 9.1+ (1_.05ha(_ti> ).
: : 12,000 -
Lfan-coii(tij)
ha(t[j) =0
' = =
E'(t,.) 1. 2Lb Se(t ) + 0. 000293Lcooking(t1j) 3.1 + Lfan c011(t J)
High-Rise Apartment
ha(t j)>0
] —_ =
E (tij) = 1. LbaS ) 0.000293L ooking(tij) + 48 + 15 + 0.05ha(ti.)
' 12,000
* Lan-co11(tiy
ha(tlj) =0
] _
E (tij) = 1'2Lbase(tij) + 0'000293Lc00king(t1j) + 18 + 15 + Lfan—coil

(tiJ
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