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ABSTRACT 

This report presents the techniques needed to execute 
conceptual designs of process heat systems employing 
parabolic trough solar collectors. The design tools 
are presented in graphical format, and each of 26 
SOLMET site~ is explicitly represented. The concep-
tual design resultant from the application of the de-
sign charts contained within this handbook approx i-
mates the collector area needed to displace a constant 
thermal demand, the land area needed for collector de-
ployment, the appropriate quantity of sensible heat 
storage, the fraction of fossil fuel displaced by 
solar, and the capital cost of the collector- storage 
subsystem. 
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HANDBOOK FOR THE CONCEPTUAL DESIGN OF PARABOLIC TROUGH 
SOLAR ENERGY SYSTEMS 

PROCESS HEAT APPLICATIONS 

1. INTRODUCTION 

The goal of this handbook is to provide easily used techniques 
which will allow the rapid achievement of conceptual designs. Much 
has been learned about expected collector performance, variation of 
solar radiation within the United States, and how parabolic trough 
solar collectors can be integrated with thermal energy storage. This 
handbook integrates this and other state-of-the-art information into 
the conceptual design process. 

A conceptual design evaluates the ability of alternative design 
options to meet the energy demands of a potential process heat appli-
cation. The objective is to quickly sort through the various poten-
tial solar energy system designs and to choose one or two, if any, 
that have good potential for servicing a thermal energy demand cost-
effectively. The conceptual design should estimate 

1. The area of solar collectors required, 
2. The land area needed by the solar collectors, 
3. Storage requirements, and 
4. The fraction of the fossil fuel which could reasonably be 

displaced by a solar thermal energy system. 

In addition, a well-executed conceptual design allows approximation of 
the capital cost of the solar energy system needed to service the 
demand. 
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As a result, the conceptual design serves as a screening tool. 

If the conceptual design reveals severe constraints on the solar 
energy system (e.g., too little land available for collector deploy-

ment), the application of solar energy to the process should be ques-
tioned before continuing with the design process. If the conceptual 
design indicates good compatibility between the solar energy system 

concept and the application, the conceptual design serves as a founda-

tion from which the preliminary and detailed design processes can 

begin. 

Handbook design procedures are needed to help instill reliability 

and safety of design and to lower costs resultant from custom design-

ing. Furthermore, there will not be a single system design which ser-

vices all process heat applications efficiently. This handbook is a 

statement of design procedures which do not vary from application to 

application. This allows design of the solar energy system which best 

interfaces with a specific application. Development of standard de-

sign procedures is an evolutionary process based upon experience in 

the design, construction, and operation of actual systems. This hand-

book attempts to initiate that evolution by presenting an assembly of 

conceptual design techniques developed through the design of solar 

thermal systems employing parabolic troughs. The handbook is meant to 

be revised as experience with solar thermal systems grows. 

Preliminary design, which evaluates considerations such as system 

control, thermal losses from piping manifolds, fluid pump power re-

quirements, preferred piping and wiring layouts, and system safety 

follows conceptual design. These considerations are necessary inputs 

into any decision to build and result in a reasonably accurate defini-

tion of system configuration and costs. 

1.1 APPROACH 

The handbook stresses the use of graphs and figures in the design 

process to allow the designer to visualize the importance of the dif-

ferent factors impacting the design. A primary concern is not only to 

achieve a conceptual design of a solar thermal process heat system, 

but to develop an understanding of the factors strongly influencing 
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the design. Extensive text has been provided in Sections 2 and 3 in 
order to describe the development of the design techniques and indi-
cate their validity and limitations as well as their use. It is 
important that, as tradeoffs are made in arriving at a final design, 
the impact of any design change is fully understood by the designer. 
All pertinent design charts are reproduced in the appendices for easy 
reference. 

Emphasis has been placed on developing techniques to allow de-
signers to quickly evaluate solar thermal energy systems. No attempt 
is made to decide a priori whether or not solar energy is appropriate 
to a given application's needs. This handbook provides the tools to 
execute conceptual designs, building on parabolic trough collector 
performance test data. The interaction of storage and collectors is 
examined. The approach is to use Storage Sizing Graphs* which relate 
collector area to Storage Capacity for a given displacement of a de-
fined thermal energy demand. The concept of a Maximum Displacement 
Point is developed and used to determine the practical limit to fossil 
fuel Displacement by a parabolic trough solar thermal energy system. 

Because costs are ill defined in any developing technology, a 
design strategy stressing maximum Utilization of solar equipment is 
employed. Since a solar energy system is capital intensive, efficient 
use (i.e., high Utilization) of the solar equipment is required to 
maximize the return on investment. Thus, as will be shown, deployment 
of collectors and storage to provide energy for infrequent occasions, 
such as cloudy days, is usually not cost effective since the Utiliza-
tion of the extra collectors and storage is low. Typically, systems 
should be designed to allow near 100% Utilization of the energy col-
lected. 

The handbook is structured to allow the designer to factor costs 
which are current at the time of design execution into the design 

* Capitalized terms are explicitly defined in Appendix A, "Glossary of Handbook Terminology." 
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process where needed. Thus, the design procedures are not limited by 

any costs assumed at the date of publication. 

The handbook is divided into four principal sections together 

with appendices. Sections 2 and 3 provide the background information 

needed to understand the development of the conceptual design tech-

niques. Section 4 presents the conceptual design procedures and 

illustrates their use. Section 4 is written to stand alone as much as 

possible, and the design techniques can be used without reading Sec-

tions 2 and 3. It is recommended, however, that Sections 2 and 3 be 

read to achieve an understanding of the development and the l imi ta--

tions of the design techniques to prevent their inadvertent misuse. A 

brief summary of each section follows. 

Performance of Parabolic Trough Collectors -- This first major 

section of the handbook addresses the conversion of measured collector 

test data into average annual and monthly thermal collector perfor-

mance for a particular site. Average annual and monthly collcictDr-

performance information is developed as a function of Collector Opf:r--

ating Temperature and orientation. Nomographs are presented which 

allow the generation of integrated performance information for any 

singl~axis tracking parabolic trough collector for which standard 

test data are available. 

Thermal Energy Storage -- Thermal energy storage must be incor-

porated into a solar thermal energy system if significant amounts of 

fossil fuel Displacement are to be achieved. Graphs relating fossil 

fuel Displacement and Storage Capacity are developed in this section 

together with estimates of storage costs. Evidence supporting the 

design philosophy of achieving maximum utilization of the solar equip-

ment is presented. 

Conceptual Design -- Techniques for quickly determining the basic 

compatibility of a solar thermal process heat system with an applica-

tion are developed in this section. The role of storage in solar 

process heat systems is examined, leading to a determination of the 
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area of collector and quantity of storage needed to service a given 
thermal energy Demand. The fossil fuel Displacement is estimated 
along with the land area needed for deployment of the system. Design 
rules-of-thumb are presented. A first order estimate of system costs 
can be developed based on the conceptual design. 

In addition to the main sections within the body of the handbook, 
appendices are presented which provide detailed discussions of se-
lected topics as well as a glossary of commonly used terms and site-
specific design charts for each of 26 SOLMET sites. 

Glossary of Handbook Terminology -- In order to discuss the exe-
cution of system designs using parabolic trough collectors, it is im-
portant to clearly define terms and then use these terms consistently. 
To facilitate this, a "Glossary of Handbook Terminology" has been 
included as Appendix A. Every attempt is made to insure consistent 
use of the terms in Appendix A throughout the handbook. In a few 
cases, accurate definition of a term may require a rather extensive 
discussion; an example of this is the definition of efficiency. These 
expanded definitions are contained in Appendix B. Terms which are 
explicitly defined in the appendices are capitalized within the text 
to tell the reader that this term is being used with a specific 
definition. 

Site-Specific Design Information -- Each of 26 SOLMET1 sites is 
explicitly addressed in the appendices. These sites are maintained by 
the National Climatic Center, and an hourly solar data base is avail-
able for each location. All the graphs needed to perform solar ther-
mal system design at each site are reproduced together with any 
nomographs needed to support site-specific design. 

In summary, the handbook allows the stepwise design of parabolic 
trough solar thermal process heat systems. The resultant design 
should represent a reasonable beginning to allow system performance 
and economic evaluation with confidence. In fact, given the uncer-
tainty in the inputs to the design, such as the solar resource data 
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base, the conceptual design resulting from use of this handbook may 
well be within the limits of error of a fully optimized conceptual 
design developed through computer simulation. 

1.2 LIMITATIONS 

Before beginning the development of the conceptual design tech-
niques, it is worthwhile to explicitly state the limitations of the 
handbook. This is done to avoid confusion over applicability of the 
handbook and to prevent misuse of the design charts and techniques to 
be presented. Each of the major limitations is listed together with a 
brief discussion. 

1. Single-Axis Tracking Parabolic Troughs -- The handbook is 
limited to system designs employing single-axis tracking parabolic 
troughs. This limitation arises primarily from the nomographs for 
predicting average collector performances. Use of the nomographs 
requires knowledge of the Direct Insolation entering the collector 
aperture. This in turn requires knowledge of the tracking of the 
collector. Charts of the Direct Insolation incident on single-axis 
tracking collectors are presented in Appendix H for each of 26 SOLMET 
sites. 

2. Geographic Location -- Explicit design data are present only 
for each of 26 SOLMET sites within the continental United States. Use 
of these data for other sites should be considered high risk. A 
Direct Insolation map is presented in Section 2 to help in selecting 
the SOLMET site best representative for design of a system located at 
a non-SOLMET site. However, maps such as this are approximate, and 
local climatological conditions can vary greatly from those indicated 
on Direct Insolation maps. 

3. Conceptual Design Only -- The techniques presented in this 
handbook lead to a conceptual design only. Design considerations such 
as thermal losses in the collector field manifold piping, pump power 
requirements, optimum insulation thicknesses, optimum collector row 
spacing, control strategies, dirt on reflector surfaces, etc., are not 
covered. 

14 



2. PERFORMANCE OF PARABOLIC TROUGH COLLECTORS 

The basic principle used in the design of parabolic trough 
collectors is to concentrate the solar energy incident upon a large 
area onto a smaller receiver area. By reducing the area of the hot 
receiver, the thermal losses from the receiver are reduced, allowing 
operation at high temperatures with high efficiency. Typically, 
parabolic trough collectors have concentration ratios (i.e., aperture 
area/receiver area) between 20 and SO. Figure l is a sketch of a 
parabolic trough collector, showing the principal component parts. 

The linear reflector is made of a material which exhibits high 
Specular Reflectance and is formed with high accuracy to a parabolic 
contour. The receiver is generally a steel tube coated with a black 
selective coating having a high Absorptance for visible light and a 
low Emittance for infrared radiation. Heat transfer fluid is used 
within the receiver tube to remove the thermal energy. A concentric 
glass envelope suppresses convective thermal losses from the receiver. 
The collector is rotated, using a drive motor and gear box assembly, 
in order to maintain the Direct Insolation focused on the receiver 
tube. A tracking device is employed to determine the proper position 
of the parabolic trough throughout the day. Typically, a flexible 
metal hose is used to connect the rotating collector to the rigid pipe 
fluid distribution network. 

Parabolic trough collectors are usually laid out horizontal to 
the ground to take advantage of their linear geometry and to reduce 
interconnecting plumbing and complex collector support structure. 
Multiple rows of parabolic troughs are employed to achieve a given 
thermal energy output from the collector field as indicated in 
Figure 2. 
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Figure 1. Typical Line-Focusing Collector Design 



Figure 2. Deployment of Parabolic Trough Collectors in Rows 

The following discussion examines the performance of parabolic 
trough collectors and the effect of single-axis tracking on collector 
performance throughout the day. In addition, nomographs are developed 
for projecting thermal energy output from a parabolic trough collector 
during a year. This projection requires an estimate of the Direct 
Insolation and knowledge of the collector efficiency as a function of 
operating temperature as typically measured by test facilities evalu-
ating collector performance. 

To facilitate discussion, it is convenient to use the generic 
term "collector efficiency" as long as what is meant by that term is 
understood. various definitions of collector efficiency have been 
presented in detail in Appendix B. In the body of this handbook, 
collector efficiency will be defined as the Instantaneous Direct Inso-
lation Aperture Efficiency. In addition, the average collector effi-
ciency over a given .period of time (e.g., average annual efficiency) 
will refer to the Average Direct Insolation Efficiency over the time 
period indicated. The reader is directed to Appendices A and B for 
further definition of terms used in this handbook. 

2.1 COLLECTOR PERFORMANCE TEST DATA 

The performance of a parabolic trough collector is usually re-
ported as a plot of collector efficiency versus the function 
(T 1 - T b)/I (see Reference 2) where co am 
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I= the instantaneous Direct Insolation passing through a 
unit area of collector aperture and 

( T - T ) = the difference between the Collector Operating Temper-col amb 
ature (average of fluid inlet and outlet temperatures) 
and the ambient temperature. 

Figure 3 shows a plot of performance data for a clean parabolic trough 
collector evaluated at Sandia National Laboratories, Albuquerque (SNLA). 
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Figure 3. Performance Plot for a Clean 
Parabolic Trough Collector 

2.0 

Since the Direct Insolation used in the function (T 1 - T b)/I is co am 
the Direct Insolation passing through the collector aperture, data for 
graphs such as Figure 3 are obtained with the plane of the collector ap-
erture oriented normal to the position vector pointing toward the sun.* 

* Recently, collector performance data have been obtained when the 
collector aperture is not normal to the position vector pointing to-
ward the sun. This is done by mounting the collector on a turntable 
and allows evaluation of effects due to the Direct Insolation striking 
the collector off normal. 3 
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While these data are of value in evaluating the peak efficiency of one 
collector versus another, they do not directly indicate the amount of 
energy a collector will deliver over an extended period of time (e.g., 
a year). In order to do this, data of the type presented in Figure 3 
must be combined with knowledge of the collector tracking and result-
ing Solar Incidence Angles as well as knowledge of the time-varying 
Direct Insolation available for collection. 

2.2 TRACKING OF PARABOLIC TROUGH COLLECTORS 

A single-axis tracking parabolic trough rotates about only one 
axis in its attempt to follow the sun's apparent path. The minimum 
Solar Incidence Angle occurs when the collector rotates about its axis 
so that the plane defined by the sun and the collector's receiver tube 
is normal to the plane of the collector aperture. As a result, a par-
abolic trough tracks the s~called "profile angle" of the sun in the 
plane normal to the axis of rotation. A profile angle is defined as 
the projection of the position vector pointing from a point on the 
receiver tube to the sun onto some vertical plane. 

Figure 4 graphically depicts the E/W and N/S profile angles by 
showing the shadows resultant from the sun's rays striking a geometri-
cal object. The object is a rectangular box with its front (south 
side) and left (west side) removed. The back of the box lies in the 
E/W vertical plane while the right side of the box lies in the N/S 
vertical plane. The shadows cast (i.e., projected) onto the back and 
the side of the box represent the E/W and N/S profile angles, (GHI and 
DEF, respectively). 

By convention, the Tracking Angle of a collector is usually de-
fined as 0° when the collector aperture is horizontal up-facing. 
Thus, in keeping with this convention, the collector Tracking Angles 
are the complementary angles to the respective profile angles, as in-
dicated in Figure 4. In addition, a negative tracking angle for a N/S 
trough indicates that the collector is facing west while a negative 
tracking angle for an E/W trough indicates a south-facing trough. 
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Figure 4. Definition of Sun Profile Angles 
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Tracking angles can similarly be defined for parabolic troughs 

having orientations other than E/W and N/S. A general analytical 
tracking equation will be developed below, followed by an evaluation 
of the effect of single-axis tracking on collector performance. 

2.2.l The Tracking Equation 

To illustrate the development of the tracking equation for a par-

abolic trough collector, it is easiest to derive the equation for the 

specific case of a N/S collector and then generalize the equation to 
any orientation. 
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As shown in Figure 5, the position vector of the sun, defined in 
terms of solar azimuth (AZ) and elevation angles (EL)*, can also be 
described in terms of position vectors s., e., and v .• The N/S track-] J J 
ing angle is then, as shown in Figure 5, defined by the position vec-
tors e. and v. leading to the expression 

J J 

N/S Tracking Angle= tan-l [cos(E~)•sin(AZ)l 
s1n(EL) 

where the tracking angle is 90° when the elevation angle (EL) is equal 
to 0°. 

This equation can be generalized to any collector orientation by 
defining a Collector Azimuth (CAZ) angle. The Collector Azimuth has 
the same sign convention as the solar azimuth angle where a clockwise 
rotation away from the N/S line is a negative angle while a counter 
clockwise rotation is a positive angle. This sign convention is il-
lustrated in Figure 6. The generalized tracking equation then follows 
from subtracting CAZ from the solar azimuth, as shown in Figure 5. 

The cosine of the incidence angle that the sun's rays make with 
the normal to the collector aperture is obtained by taking the dot 
product of the collector aperture normal and the sun's position vec-
tor. The result of this is 

CINC = cos(EL)•sin(TA)•sin(AZ - CAZ) + sin(EL)•cos(TA) 

where CINC = cosine of the Solar Incidence Angle and all other vari-
ables are defined as above. The Solar Incidence Angle (SI) is then 

-1 SI= cos (CINC) 

The definitions of solar azimuth and elevation angles are found 
in Appendix C. 
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Figure 6. Definition of Sign Convention for 
Collector Azimuth Angle (CAZ) 

2.2.2 Solar Energy Incident on Tracking Collectors 

EAST 

The relative value of tracking collectors in increasing the 
amount of Direct Insolation available to the collector aperture is 
shown in Figure 7 for Albuquerque, which experiences reasonably clear 
weather year-round. Figure 7 was prepared using the Typical Meteoro-
logical Year data tape for Albuquerque. These data tapes are dis-
cussed in Section 2.3. Curve 1, which represents the Direct Normal 
Insolation available to a two-axis tracking collector, is the maximum 
available to any concentrator. Curves 2 and 3 show the penalties as-
sociated with restricting tracking to a single axis oriented along 
either a N/S or an E/W horizontal line, respectively. Had no tracking 
been employed and the collectors oriented horizontal face up, a severe 
penalty in solar availability would have resulted (see Curve 4). 

As illustrated in Figure 7, the N/S collector has significantly 
more Direct Insolation striking its aperture in summer than does the 
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for direct normal, E/W Trough, and N/S Trough.) 

E/W collector. This can be qualitatively understood by observing the 
apparent motion of the sun as depicted in Figure 8. In Albuquerque, 
the sun, on the summer solstice, rises slightly north of the E/W line, 
moves 11.5° south of the Zenith by noon, and then sets slightly north 
of the E/W line. Thus, a N/S collector tracking about a N/S line can 
rotate and look almost directly at the sun for all hours of the day 
(i.e., the N/S Solar Incidence Angle is relatively small at all times 
during the day). On the other hand, the E/W collector, which is fol-
lowing the N/S profile angle of the sun, remains virtually unmoving 
during the day, suffering large Solar Incidence Angle losses in the 
morning and afternoon. 

The effect of tracking on the hourly interception of Direct Inso-
lation by N/S and E/W parabolic trough collectors on clear days near 
the solstices is shown in Figure 9. 
upon the aperture of a N/S collector 
Direct Normal Insolation, reflecting 
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Figure 8. The Movement of the Sun from Season to Season* 

Reproduced from Edward Mazria and David Winitzky, Solar Guide 
and Calculator, (Eugene, OR: The Center for Environmental Re-
search, University of Oregon, 1976) by permission. 
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summer sun basically follows an east-to-west path directly overhead. 
This summer solar path strongly penalizes the E/W collector in the 
morning and afternoon, as illustrated in Figure 9a. It is interesting 
to note that at noon the E/W collector aperture actually intercepts 
slightly more energy than the N/S collector aperture since the E/W 
collector can rotate along the E/W line to directly face the sun at 
noon. 

During the winter (see Figure 9b), the situation essentially re-
verses itself, with the E/W aperture intercepting more energy than the 
N/S aperture. Since the sun remains rather low in the southern sky in 
winter, the N/S collector, with no degrees of freedom about the E/W 
line, suffers large cosine losses compared with the E/W collector, 
which can rotate down to look at the low sun angles. It is interest-
ing to note that the most favorable incidence angle of the sun with a 
N/S collector located in Albuquerque in winter occurs 2 to 3 hours 
either side of noon, producing the characteristic double-humped N/S 
collector curve of Figure 9b. 

These seasonal tracking differences are responsible for the 
characteristically flat curve of an E/W parabolic trough collector 
throughout the year and the sharply summer peaking curve of a N/S 
parabolic trough collector, as depicted in Figure 7. Basically, an 
E/W collector performs best during winter, when solar availability is 
low, but poorly during summer, when solar availability is high. A N/S 
collector's seasonal response is just the reverse. 

As might be anticipated, the Direct Insolation incident upon the 
aperture of a parabolic trough oriented somewhere between the N/S and 
E/W limits is intermediate between that incident on the E/W and N/S 
troughs. This is illustrated in Figure 7 for troughs rotated 22.5°, 
45°, and 67.5° counterclockwise from a true N/S orientation (i.e., CAZ 
= 22.5°, 45°, and 67.5°). The curves for a trough with CAZ equal to 
-22.5°, -45° and -67.5° are the same as those shown in Figure 7 indi-
cating that, on the average, the Direct Normal Insolation in Albuquer-
que is symmetric about solar noon. 
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The variation with CAZ of the annual average Direct Insolation 

incident upon the aperture of a single-axis tracking parabolic trough 

is shown in Figure 10. Also included in Figure 10 is the variation in 

thermal output, at 600°F (316°C), of the Nominal Collector defined be-

low in Section 2.4. These curves are symmetric about CAZ= 0, indi-

cating that on the average over a year in Albuquerque, the Direct In-

solation available before solar noon is equal to the Direct Insolation 

after solar noon (i.e., over the year, clouds do not significantly 

affect Direct Insolation more in the morning versus the afternoon or 

vice versa). This is not true for all SOLMET sites. Figure 10 is 

reproduced in Appendix H for all SOLMET sites and some (e.g., Omaha) 

show asymmetry. The asymmetry is usually small, and, typically, the 

performance of a parabolic trough collector at any Collector Azimuth 

can be approximated by a linear combination of the E/W and N/S perfor-

mance, using a cosine function of the form 

where 

1 [EW + NS (NS - EW) l Collector Performance= NS 2 + 2 cos(2•CAZ) 

NS = annual performance of N/S parabolic trough 

EW = annual performance of E/W parabolic trough 

CAZ= Collector Azimuth. 

For conceptual design, the performance of a parabolic trough col-

lector at some Collector Operating Temperature below 600°F (316°C) can 

be obtained by interpolating between the 600°F (316°C) curve and the 

Direct Insolation curve. The temperature dependence of collector 

performance is discussed further in Section 2.5.2. The purpose of 

Figure 10 is to give the designer an understanding of what happens to 

collector performance if he does not choose to orient the collectors 

along strict E/W or N/S lines. 

As a general rule, the performance change in going from a N/S 

orientation to an E/W orientation will be somewhat greater for a 
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collector operating at 600°F (316°C) than for the incident Direct In-
solation since collector efficiency is, as discussed in Section 2.1, a 
function of Direct Insolation. In locations where the amount of Di-
rect Normal Insolation is low (e.g., Boston), however, this trend may 
be reversed since some of the available Direct Insolation may not be 
sufficient to operate the collector at 600°F (316°C). Thus, any 
change in the availability of the Direct Insolation upon reorienting 
the collector would not result in a change in the trough's performance 
at 600°F (316°C). For this reason, Figure 10, which is the result of 
hourly computer simulations, was computed and reproduced in Appendix H 
for each SOLMET site. 
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Figure 10. Variation in Parabolic Trough Performance 
with Collector Azimuth 

2.3 INSOLATION DATA 

In order to accurately predict expected typical performance of a 
solar collector over a given period of time, accurate information on 
Insolation must be available. A widely accepted source of accurate 
Insolation and climatological data is the Typical Meterological Year 
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l (TMY) data tapes. The tapes are available for each of 26 SOLMET 
sites. Each tape contains measured hourly Insolation and weather data 
synthesized into a composite year statistically typical of 20 years' 
worth of climatological data at each site. These TMY data tapes were 
used in computing the curves shown in Figures 7, 9, and 10 and the 
Nominal Collector performance to be discussed below. 

A map of the continental United States is shown in Figure 11, in-
dicating the location of the 26 SOLMET sites. Superimposed on this 
map are contours showing the annual average Direct Normal Insolation. 
This map was drawn using the techniques described by E. C. Boes et al. 4 

Contour maps, such as Figure 11, are useful in determining which TMY 
data to use if the site of interest is not located at a specific 
SOLMET site. Typically, a SOLMET site which is geographically near 
and has an annual average Direct Normal Insolation similar to the site 
of interest, as determined from Figure 11, is chosen as the data 
source. This procedure should be used with great care since local 
weather variations not reflected in the gross contours of Figure 11 
can greatly influence solar availability. If, however, site-specific 
solar data are lacking, this procedure can be used for conceptual de-
sign, but it must be emphasized that designing a solar energy system 
without site-specific data must be considered high risk. 

2.4 DEFINITION OF A NOMINAL COLLECTOR 

Performance data for parabolic trough collectors are typically 
reported in the form shown in Figure 3. Since projected annual col-
lector performance profiles are needed to execute designs of solar 
thermal systems, nomographs for use in this handbook have been devel-
oped to project annual collector performance data. To allow the use 
of nomographs, the performance of a clean nominal parabolic trough 
collector (i.e., Nominal Collector) has been defined and will be used 
as the basis for the projection of the annual performance of actual 
collectors for which (T 1 - T b)/I versus efficiency test data co am 
exist. 
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Figure 11. TMY Sites and Map of Mean Daily Direct Normal 
Insolation--Annual Average (kW•h/m2 •day) 

The basic technique involves computing the annual performance 
profile for the Nominal Collector, starting with (T 

1 
- T b)/I 

co am 
versus efficiency data. The nomographs developed in the next section 
allow adjustment to the annual performance profile computed for the 
Nominal Collector. This is done by compensating for the differences 
between the (Tcol - Tamb)/I versus efficiency data for the actual 
collector and the Nominal Collector. This section describes how the 
annual performance profiles for the Nominal Collector were determined 
and why there is confidence that the computational techniques are 
accurate. 

The (T 1 - T b)/I versus efficiency curve defined for the Norn-co am 
inal Collector used in this handbook is shown in Figure 12. It is a 
straight line which intercepts the efficiency axis at 0.8 and has a 
slope of -0.088 Btu/h•ft 2•°F (-0.5 W/rn 2•°C). Using the efficiency 
function in Figure 12, the annual performance for the Nominal Collec-
tor in both E/W and N/S orientations can be computed. Figure 13 shows 
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the projected monthly performance profiles and annual average perfor-
mance for the above-defined Nominal Collector if it were located in 
Albuquerque, New Mexico. Generation of collector performance curves 
such as those in Figure 13 is done on an hourly basis using TMY data 
tapes. The cosine of the Solar Incidence Angle (as defined in Section 
2.2) is computed and multiplied by the Direct Insolation read hourly 
from the TMY solar data tape. The resultant is the Direct Insolation 
passing through the aperture of the trough. Knowledge of the ambient 
temperature (obtained from the TMY tape) and collector operating tem-
perature allows evaluation of the function (T 1 - T b)/I and, as a co am 
result, the corresponding collector efficiency. This collector effi-
ciency, when multiplied by the Direct Insolation entering the collec-
tor aperture, defines the quantity of thermal energy leaving the col-
lector in the fluid at the given receiver temperature. Averaged over 
the month, the collected solar energy computed in this manner yields 
the points from which collector performance plots such as Figure 13 
are made. A Collector Operating Temperature of 550°F (288°C) was 
arbitrarily chosen for Figure 13. The effect of Collector Operating 
Temperature is addressed in Section 2.5.2. 

It should be noted that at this point, no consideration has been 
given to angle-of-incidence factors, such as the variation in Reflec-
tance and Absorptance with incidence angle and end-losses where, due 
to the angle of incidence, the reflected beam misses the receiver 
tube. These factors, along with others which tend to degrade collec-
tor performance, are typically small and would be considered in pre-
liminary design. 

The computer code used to compute the annual average performance 
profiles for parabolic trough collectors is described in greater de-
tail in Appendix D. The predictions of the code were compared with 
actual all-day performance data measured at Sandia National Labora-
tories and found to provide good agreement with measured test results. 
The nomographs described below were developed to obviate the need for 
designers to develop and run similar computer codes to predict the 
average annual performance profiles of a collector of interest. 
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2.5 ANNUAL PERFORMANCE OF PARABOLIC TROUGH COLLECTORS 

In conceptual design, initial collector field sizing employs only 
the performance of an isolated collector with no parasitic losses con-
sidered.* The purpose of this field sizing is to allow estimation of 
the collector and land areas required to displace a given load and 
provide a starting point from which more detailed field design (in-
corporating such considerations as pump power and field piping heat 
losses) can proceed. This section deals with determining the annual 
collector thermal energy output, the knowledge of which is needed to 
execute a conceptual design. 

If a collector being considered for a given application has the 
same performance characteristics as the Nominal Collector defined 
above, conceptual design can proceed. However, when the collector 
under consideration for use in a given solar energy system has per-
formance characteristics different from the Nominal Collector or when 

the Collector Operating Temperature is different from that assumed in 
generating the performance profiles of Figure 13, a projection of 
annual performance must be made for the new collector. The objective 
here is to provide simple nomographs which allow adjustments to the 
Nominal Collector performance profiles reported in Figure 13 to permit 
collector field sizing without resorting to computer simulation. 

2.5.1 variations in Collector Performance 

It is unlikely that the performance of a parabolic trough collec-

tor under consideration will be identical to that assumed for the 
Nominal Collector in. this handbook. Figure 14 shows the conversion of 
the Nominal Collector thermal performance over a given period of time, 

It should be pointed out that system parasitics are not negligi-
ble. In fact, in fields of parabolic trough collectors, shading (see 
Section 2.6), field piping heat losses, dirt on the collectors, and 
other system parasitics typically amount to 20 to 25% of the solar 
energy that would be collected by an isolated clean collector. These 
losses will be accounted for in Section 4.2, "Conceptual Design Rules 
of Thumb." At this stage, however, only an isolated, clean (as 
tested) collector will be considered. 
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in a given location, to the thermal performance of a different para-
bolic trough collector over the same period of time in the same loca-
tion. 

As an example, consider the problem of determining the average 
annual thermal energy output from an E/W parabolic trough collector 
(denoted here and throughout the rest of the handbook as Collector 2) 
having the efficiency versus (Tcol - Tamb)/I curve shown in Figure 14. 
Figure 13 indicates that the annual average thermal energy output of 
the E/W Nominal Collector located in Albuquerque and operating at an 
average receiver temperature of 550°F (288°C) is about 1010 Btu/ 
ft 2 •day (3.2 kWh/m 20 day). The annual average Direct Insolation inci-
dent on a tracking E/W aperture in Albuquerque is given in Figure 7 as 
1740 Btu/ft2 •day (5.5 kWh/m2 •day) resulting in annual Average Direct 
Insolation Aperture Efficiency of 0.59 for the Nominal Collector. 

Figure 14 indicates that the annual average value of (T 1 -co T b)/I, which corresponds to the Nominal Collector annual Average am 
Direct Insolation Aperture Efficiency of 0.59, is 2.35°F•ft 2•h/Btu 
(0.41°C•m2/w). This is, however, the same (T 1 - T b)/I observed by co am 
any E/W parabolic trough collector operating with an average receiver 
temperature of 550°F (288°C) in Albuquerque. Thus, the annual Average 
Direct Insolation Aperture Efficiency for Collector 2 is about 0.35. 
This efficiency value multiplied by the solar energy incident on the 
collector aperture yields the annual average collector thermal output 
for Collector 2. In this case: (1740)(0.35) = 609 Btu/ft2 •day (l.93 

2 kWh/m •day). This value is very close to the annual average thermal 
output for Collector 2 computed by hourly simulation. Hourly simula-
tion results in a predicted annual average thermal output from Collec-

2 2 tor 2 of about 620 Btu/ft •day (1.97 kWh/m •day). Similarly, the 
2 output from Collector 2 oriented N/S is calculated as 660 Btu/ft •day 

(2.09 kWh/m 2•day) from Figure 14 while hourly simulation predicts 
about 700 Btu/ft2 •day (222 kWh/m2 •day). 

Collector 2 was purposely chosen to illustrate that even if the 
performance curve is not linear, the procedure presented in Figure 14 
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Figure 14. Prediction of Long-Term Collector Performance 

yields a reasonable estimate of annual collector performance. Many 
collectors have performance curves which have much less curvature than 
that for Collector 2. 2 The predicted annual performance of collec-
tors, as obtained from the use of Figure 14, typically agrees to 
within 5 to 6% of the annual performance computed using hourly simu-
lations. Predictions of monthly collector performance using this 
technique were also found to typically agree to within 5 to 6% of the 
monthly performance computed using hourly simulations. Agreement be-

tween the graphical technique discussed here and computer simulation 
has not been seen to change significantly if performance curves dif-
ferent from those of Collector 2 were used. However, performance 
curves with more curvature than Collector 2's were not evaluated. 

2.5.2 variations in Collector Operating Temperature 

The above techniques can be used to obtain the thermal energy 
output from any single-axis tracking parabolic trough collector if the 
effect of temperature on the thermal energy output of the Nominal Col-
lector is known. Figure 15 reports the average monthly thermal energy 
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output from an E/W Nominal Collector. The effect is a smooth increase 
in collector performance as the Collector Operating Temperature de-
creases. Figure 16 reports the temperature dependence of the annual 
average output from both E/W and N/S Nominal Collectors. These graphs 
are used to determine the Average Direct Insolation Aperture Effi-
ciency for the Nominal Collector at the operating temperature of in-
terest. This efficiency is then used to predict the performance of 
the new collector, as discussed above, at the temperature of interest. 

2.6 COLLECTOR SHADING 

The collector performance presented in Sections 2.4 and 2.5 was 
for an isolated collector operating as if uninfluenced by its sur-
roundings. In actual systems, however, parabolic trough collectors 
will be deployed in fields consisting of multiple rows of collectors. 
Shading within the field due to the proximity of one collector row to 
the next will reduce collector performance from the idealized situa-
tion. Almost any parabolic trough collector field will suffer some 
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Figure 16. variation of Nominal Collector Annual 
Performance with Temperature 

shading loss due to the desire to minimize collector spacing in order 
to decrease land area requirements and the length of the thermal dis-
tribution network required by the collector field. 

The fractional reduction in Direct Insolation incident upon the 
nonfirst row collector due to shading is shown in Figure 17 for para-
bolic troughs in both E/W and N/S orientations. The use of the termi-
nology "nonfirst row" refers to the fact that in any parabolic trough 
collector field, one row of collectors will be unshaded since there 
are no collectors between it and the line to the sun. Thus, for exam-
ple, in an E/W collector field, the north row is unshaded when the sun 
is north of the east-west line while the south row is unshaded when 
the sun is south of the east-west line. Likewise, the east row in a 
N/S collector field is unshaded before solar noon while the west row 
is unshaded after solar noon. 

In order to use Figure i7, it is necessary to account for the un-
shaded row. Consider, for example, a N/S collector field containing 
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Figure 17. Nonfirst Row Shading of Annual 
Incident Direct Insolation 

two rows with a Land Use Factor of 2.0. The Direct Insolation inci-
dent upon the nonfirst row collector is reduced to 0.895 (i.e., Row 
Shadow Factor= 0.895) of the unshaded solar input (see Figure 17). 
However, the Direct Insolation incident upon the total field is re-
duced to only 0.948 (i.e., Field Shadow Factor= [1.0 + 0.895)/2) that 
of the unshaded field. The general equation for computing the Field 
Shadow Factor is 

Field Shadow Factor 1.0 + (N-l)(Row Shadow Factor) = 
N 

where N is the number of rows in the collector field. This equation 
is plotted in Figure 18 which converts Row Shadow Factor to Field 
Shadow Factor, accounting for the unshaded first row. 

As an example of the use of Figure 18, consider a N/S field of 
10 rows of parabolic trough collectors located in Albuquerque and 
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deployed with a Land use Factor of 2.0. From Figure 17 the Row Shadow 
Factor is 0.895, resulting in a Field Shadow Correction of 0.91, as 
indicated in Figure 18. 

It is interesting to note that for any given Land Use Factor, 
shading is greater for a N/S field than an equivalent E/W field. This 
increased shading tends to bring the annual performance of an N/S 
parabolic trough collector field closer to an E/W field. Appendix G 

examines shading on a monthly basis and discusses the reasons for in-
creased shading in N/S parabolic trough collector fields. In order to 
reduce the impact of shading, E/W parabolic trough collector fields 
are typically deployed with a Land Use Factor of 2.0 to 3.0. N/S 
fields are typically deployed with a Land Use Factor of 3.0 to 4.0. 

2.7 SUMMARY OF TECHNIQUE FOR PROJECTING COLLECTOR PERFORMANCE 

In summary, the basic technique used in predicting the long-term 
performance of a given collector involves the use of Figure 14 as 
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outlined in Figure 19. The (T 1 - T b)/I performance curve for the co am 
parabolic trough collector is plotted on Figure 14 together with the 
performance curve for the Nominal Collector. Knowledge of the thermal 
energy output from the Nominal Collector, at a given temperature, 
coupled with the Direct rnsolation incident on the Nominal Collector 
aperture yields the Average Direct Insolation Aperture Efficiency of 
the Nominal Collector • This, in turn, defines the average (T 1 -co 
Tamb)/I for the Nominal Collector which is the average (Tcol - Tamb)/I 
for all parabolic troughs with similar tracking. Since the average 
(Tcol - Tamb)/I for the new collector is now known, the Average Direct 
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Figure 19. Prediction of Average Collector Output 
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Insolation Aperture Efficiency is defined by Figure 14. This effi-
ciency, when multiplied by the Direct rnsolation incident upon the 
collector aperture, yields the thermal energy output for the new col-
lector. The collectors, when deployed in a field of multiple rows, 
would have a Land Use Factor of 2.0 to 3.0 for an E/W field and 3.0 to 
4.0 for a N/S field to minimize shading losses. The tradeoff of land 
costs versus decreased collector field output could be performed, of 
course, if the value of the land and thermal energy from the collector 
field were known. The Land Use Factors listed above are good starting 
points for such tradeoff analyses and are appropriate for conceptual 
design. 

Figure 7, showing the Direct Insolation incident upon E/W and N/S 
parabolic trough collectors, is given for each SOLMET site in Appendix 
H. In Addition, Figure 10, Figure 15 (both E/W and N/S collectors), 
Figure 16, and Figure 17 are given in Appendix H for each SOLMET site. 
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3. THE ROLE OF STORAGE 

This section provides the tools, generically termed Storage Siz-
ing Graphs, needed to determine the proper combination of collector 
area and thermal energy storage capacity required to meet constant 
thermal energy requirements (i.e., Demands). Constant Demands were 
selected since industrial process heat requirements are usually con-
stant during specific periods of plant operation. 

The determination of the proper collector field size to service a 
defined Demand is intimately tied to the amount of storage provided. 
As long as all of the thermal energy produced by a solar collector 
field can be effectively utilized to satisfy a Demand, a solar energy 
system which employs no thermal energy storage will be the lowest cost· 
system. Solar energy systems which have no thermal energy storage are 
usually capable of meeting only a rather small fraction of the total 
Demand. If no storage is provided and the collector area is increased, 
the ability of the application to effectively use all the thermal en-
ergy produced by the collector field rapidly diminishes. This de-
crease in Utilization of the collected solar energy results from mis-
matches between the Demand profile of the application and the energy 
supply profile of the solar collector field. Increasing the Utiliza-
tion of the collected solar energy requires storage of some of the 
energy until periods when the Demand by the application exceeds the 
collector field's ability to produce energy. Thus, a primary role of 
thermal energy storage is to allow increased displacement of fossil 
fuel energy while maintaining high Utilization of collected solar 
energy. 

This is illustrated in Figure 20 where the role of storage in 
solar energy systems servicing both daylight-only and 24-hour-per-day 
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Demands is shown. Storage is needed, even for a daytime-only demand, 
if large Displacement is desired. Storage of the solar energy col-
lected near noon in excess of the Demand provides energy for the early 
morning and late afternoon when the thermal output from the collector 
field is insufficient to provide enough thermal energy to meet the 
Demand. Without storage, the excess energy collected near noon would 
have to be discarded without significantly contributing to increased 
displacement of fossil fuel. A similar situation occurs with a 24-
hour-per-day Demand. The quantity of storage required to provide 
large Displacement of a 24-hour-per-day Demand is, as illustrated, 
much larger than for the daylight-only Demand. In the case of 
applications which shut down on weekends, thermal energy storage is 
required to enable Utilization, during the week, of solar energy col-
lected on the weekend. The amount of increased Utilization of col-
lected solar energy resultant from the inclusion of storage in the 
system determines the allowable cost of storage. 

Several different constant Demand profiles will be evaluated in 
this section. The first Demand profile will be a constant, 24-hour-
per-day, 365-day-per-year Demand. This profile will be evaluated in 
some detail since it is one of the more common industrial Demand pro-
files, and many of its characteristics which influence conceptual 
design (e.g., the significance of the Maximum Displacement Point) ap-
pear in other types of demands. Discussion of the 24-hour-per-day, 
365-day-per-year Demand profile will be followed by examination of 
constant thermal energy demands, which occur only during the daytime 
(8 am to 5 pm). This will allow determination of a chart which shows 
the proper quantity of storage for Demands of any duration longer than 
daytime-only. Design of solar thermal energy systems which service 
Demands which shut down on weekends will also be evaluated. A final 
section will address. the design of solar energy systems for servicing 
applications whose thermal Demands are not constant throughout an 
entire day but can be considered as combinations of constant Demands. 

All Storage Sizing Graphs provide the required Storage Capacity 
without regard to efficiency of the storage unit. The actual quantity 
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of storage needed would have to incorporate some appropriate efficien-
cy factor for the storage unit. Storage Sizing Graphs are provided 
for E/W and N/S collector orientations only. These charts are ade-
quate for conceptual design if it is recognized that collector fields 
having different orientations can be approximated as linear combina-
tions of E/W and N/S fields, as described in Section 2.2.1. As will 
be described below, the Storage Sizing Graphs are useful for determin-
ing which combinations of collector area and Storage Capacity are 
needed to achieve a given Actual Displacement. In addition, they 
illustrate which of the various collector field and Storage Capacity 
combinations are reasonable candidates for conceptual design. 

3.1 24-HOUR-PER-DAY CONSTANT THERMAL DEMAND STORAGE SIZING GRAPHS 

Perhaps one of the most common Demand profiles in the industrial 
process heat sector is a constant requirement for thermal energy, 24 
hours per day, 365 days per year. This section evaluates the collec-
tor area needed to service this type of Demand profile and the con-
comitant thermal energy storage requirements for both E/W and N/S 
collectors. The computations used in generating the Storage Sizing 
Graphs are described in Appendix E. 

3.1.l E/W Collector Field 

Figure 21 plots the Utilization of the energy collected over a 
year by a field of E/W parabolic trough collectors as a function of 
Nominal Displacement. Nominal Displacement is defined as the fraction 
of the Demand which could be displaced if all the collected solar 
energy could be used in displacing the thermal energy demand. Thus, 
Nominal Displacement is the ratio of the average daily collector out-
put for a year to the average daily Demand for the year. The Actual 
Displacement of the Demand is determined by how efficiently the col-
lected solar energy is used (i.e., the Utilization of the collected 
solar energy). 

The Nominal Displacement is a convenient parameter since it, in 
effect, sizes the collector field required to service a given constant 

46 



Demand. 

l,I 

z 1,0 D 
;::: 
Ii? 0,9 ll:: 

>-< 
t!I a.a <>:: w z w 0.7 
If 
...J 
D 0.6 If) 

D w ...... 0.5 L> 

...J 
D 0.4 
L> 

0.3 
z 
D 
;::: o.z 16 

O.l ...... 
::J 

a.a 

Figure 21. 

STORAGE: SIZIIIG SRFIPH ,CF CONSTANT PNNUAL OCNAl<l 

NO WEEKEI'{) SHUTDOWN 

ALBTl"ll 
E/M TROUGH 

DEMAflO DURRTION(~SJ 
l TO 24 

0.2 0.4 0.6 0.11 1.0 1.2 1.4 1.6 I.II 
N0!'11NAL DISPLACEMENTlAVERAVE COLLECTffi OIJTPUT/AVERA~E OEMANDJ 

2.0 
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If an application's average daily Demand and the desired 
Nominal Displacement are known, the required average daily collector 
output can be calculated. The solar collector area is simply the 
partial average daily Demand associated with the desired Nominal Dis-
placement divided by the average daily collector output per unit area 
for the year, computed as described in Section 2.5. 

COLLECTOR AREA = (DEMAND)• (NOMINAL DISPLACEMENT) 
(AVERAGE DAILY COLLECTOR OUTPUT) 

The purpose of Figure 21 is to illustrate what Nominal Displacements 
are reasonable to try to achieve with different amounts of storage. A 
goal in all designs is high Utilization of all collected solar energy 
(i.e., minimum waste of energy). Section 3.6 discusses the use of the 
Storage Sizing Graphs for computing collector and storage subsystem 
costs and provides rationale for designing for high Utilization. 
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Storage Capacity is represented in Figure 21 by the parameter 

Storage Fraction. Storage Fraction is defined as the ratio of the 

Storage Capacity to the average daily Demand. The Storage Capacity 

required to achieve a given Nominal Displacement with a defined Utili-

zation of collected solar energy is thus equal to the average daily 

Demand multiplied by the Storage Fraction, as determined from Figure 

21. 

STORAGE CAPACITY= (DAILY DEMAND)•(STORAGE FRACTION) 

Suppose, for example, it were desired to provide a Nominal Dis-

placement of 60% of a constant 24-hour-per-day Demand of 108 Btu/day 

(29.4 kWh/day) and have near-100% Utilization of the collected solar 

energy. From Figure 21, approximately o.sx108 = sx107 Btu (14.8 kWh) 

of storage would have to be provided. Figure 21 provides all the 

tools needed to determine preliminary Storage Capacities and E/W col-

lector areas for servicing a constant 24-hour-per-day Demand. 

The Actual Displacement of a thermal energy Demand by a given 

solar energy system is determined by multiplying the system's Nominal 

Displacement by the Utilization of the collected solar energy, as 

defined by Figure 21. 

ACTUAL DISPLACEMENT= (NOMINAL DISPLACEMENT)• (UTILIZATION) 

(ENERGY COLLECTED) (UTILIZED ENERGY) 
= (DEMAND) • (ENERGY COLLECTED) 

= (UTILIZED ENERGY) 
(DEMAND) 

For convenience, the results of such calculations are presented 

in Figure 22, which shows the Actual Displacement achieved by solar 

energy systems having different Nominal Displacements and Storage 

Fractions. 
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Figure 22. Displacement of 24-Hour-per-Day Demand--E/W Trough 

Figure 22 shows that above a Nominal Displacement of 0.8, in-
creasing the collector field size (i.e., Nominal Displacement) has a 
diminishing effect on Actual Displacement and that incremental in-
creases in Storage Fraction above about 0.6 have less and less impact 
on increasing the Actual Displacement. As indicated in Figure 22, an 
Actual Displacement of 0.6 could be achieved with a collector field 
size equivalent to a Nominal Displacement of 1.2 and a Storage Frac-
tion of 0.3 or a field size equivalent to a Nominal Displacement of 
0.6 and a Storage Fraction of 0.4. Due to the expense of solar col-
lectors, the smaller collector field and larger Storage Fraction will 
usually be most cost effective. High Utilization is chosen as a de-
sign criterion in this handbook to identify reasonable starting points 
for system design. 

Figures 21 and 22 are specific to Albuquerque because they in-
corporate weather characteristics. Storage Sizing Graphs for other 
SOLMET sites are presented in Appendix H. 
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3.1.2 General Characteristics of E/W Collector Fields 

One of the most striking characteristics of an E/W parabolic 
trough collector field revealed in Figures 21 and 22 is that without 
the ability to store thermal energy (i.e., Storage Fraction is 0.0), 
only a small fraction (about 20%) of the constant 24-hour Demand can 
be displaced while maintaining near-100% Utilization of the collected 
solar energy. If an E/W parabolic trough field were sized for a Nomi-
nal Displacement of 0.4 with no provision for storage, the resultant 
Utilization of the collected solar energy would be only 0.7. Wasting 
30% of the collected solar energy would, in effect, increase by 30% 
the cost of the energy produced by the collector field. Even at very 
large field sizes (i.e., large Nominal Displacement), Actual Displace-
ment would not exceed much over 30 to 35% with no storage. 

The decrease in Utilization associated with increasing the Nomi-
nal Displacement above 0.2 for an E/W field reveals the allowable cost 
for thermal energy storage if it is desired to achieve an Actual Dis-
placement of 0.4 (i.e., a Nominal Displacement of 0.4 with 100% Utili-
zation). Figure 21 reveals that a Storage Fraction of 0.2 will permit 
100% Utilization. Thus, on the average, 50% of the collected solar 
energy must be stored daily (i.e., Storage Fraction/Nominal Displace-
ment= Storage Capacity/Average Daily Collector Output). If the cost 
to store this quantity of energy were greater than 30% of the collec-
tor field cost, it would be more expensive to include storage than to 
accept the decrease in Utilization in collected solar energy. Storage 
costs will be discussed further in Section 3.5, and it will be seen 
that, typically, the minimum storage/collector subsystem costs occur 
at Storage Fractions which allow near-100% Utilization of the col-

lected solar energy. 

3.1.3 Maximum Displacement Point 

Another general conclusion which can be obtained from Figure 21 
is that E/W parabolic trough solar collector fields cannot displace 
more than about 80% of a constant 24-hour Demand in Albuquerque and 
still maintain near-100% utilization of the collected solar energy 
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even with large Storage Capacities. This is denoted as the Maximum 
Displacement Point on Figure 21. Above a Storage Fraction of 0.6 to 
0.7, additional increments of storage have little impact on the Utili-
zation of collected solar energy. One reason for this can be observed 
in Figure 13, which shows that the thermal energy output from an E/W 
solar collector field in Albuquerque varies about ±10% around the an-
nual average from season to season. Increasing Displacement above 80% 
for an E/W parabolic trough field in Albuquerque would require sea-
sonal storage. Up to the Maximum Displacement Point, the combination 
of collectors and storage serve mainly to displace the recurring daily 
overnight thermal Demand. 

It should be remembered that Albuquerque is a reasonably clear 
climate with little cloud cover. In cloudy climates, the Maximum 
Displacement Point will occur at relatively small values of Nominal 
Displacement due to the many cloudy days throughout the year. As the 
Storage Sizing Graphs for these sites indicate (see Appendix H), only 
rather small Actual Displacements are practical in such climates. 

The Maximum Displacement Point in Figure 21 and all other Storage 
Sizing charts has design significance in that it represents a design 
goal for solar energy systems incorporating storage. In general, if 
the economic decision is made to incorporate storage in a solar energy 
system, there is no additional economic penalty for deploying the col-
lectors and storage concomitant with the Maximum Displacement Point. 
The decision is really one of whether or not to include any storage at 
all. If storage is to be included, the Maximum Displacement Point in-
dicates the appropriate quantity to assess potential for fossil fuel 
Displacement. 

The logic which drives the design of a solar energy system to the 
Maximum Displacement Point is reduced to graphical form in Figure 23. 
This graph plots a term called the Incremental Storage Ratio versus 
Nominal Displacement. The Incremental Storage Ratio is defined as the 
incremental change in Storage Fraction divided by the resultant incre-
mental change in Actual Displacement as defined in Figure 22. The 
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Incremental Storage Ratio is a measure of how effective added storage 

is in increasing Actual Displacement. 

Thus, for example, the Incremental Storage Ratio associated with 

the Storage Fraction (0.2) needed to go from an Actual Displacement of 

0.2 to 0.4 is 0.2/0.2. Likewise, the Incremental Storage Ratio asso-

ciated with an additional Storage Fraction of 0.2 is also 0.2/0.2 

since this additional Storage Fraction results in the Actual Displace-

ment increasing from 0.4 to 0.6 (see Figure 22). The points plotted 

in Figure 23 were calculated this way and show that the Incremental 

Storage Ratio does not change significantly until the Maximum Dis-

placement Point is approached. At this point, a further increase in 

the Storage Fraction of 0.2 leads to an increase in Displacement of 

only 0.07 (see Figure 22) which results in a sharp increase in the 
Incremental Storage Ratio. The conclusion to be drawn from Figure 23 

is that subsequent increments of storage and collector area are 
equally effective up to the Maximum Displacement Point. 
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In conceptual design, the Maximum Displacement Point will iden-
tify the design point for assessing the maximum practical potential a 
solar energy system has for displacing fossil fuel. While the selec-
tion of the proper storage/collector combination will be determined by 
economics, the Maximum Displacement Point represents a good initial 
selection of collector area and Storage Capacity. Section 3.6 will 
address the calculation of subsystem costs and provide further evi-
dence for the rationale of selecting the Maximum Displacement Point as 
the design point in a conceptual design which includes storage. 

3.1.4 N/S Collector Field 

Figures 24 and 25 are plots of Utilization and Actual Displace-
ment versus Nominal Displacement, respectively, for N/S parabolic 
trough solar energy systems servicing constant, 24-hour-per-day, 365-
day-per-year, thermal energy Demands in Albuquerque. All parameters 
are as defined above for the E/W collector field. 

A N/S parabolic trough field (Figure 24) shows characteristics 
similar to those of an E/W field except that the Maximum Displacement 
Point occurs at a Nominal Displacement of 0.6 in Albuquerque. This is 
due to the even larger variations in the seasonal output of N/S col-
lectors than in E/W collectors in Albuquerque. 

3.2 DAYTIME-ONLY CONSTANT THERMAL DEMAND STORAGE SIZING GRAPHS 
(8 am to 5 pm) 

Figures 26 and 27 show the Utilization and Actual Displacement, 
respectively, for an E/W parabolic trough collector field servicing a 
constant thermal Demand lasting from 8 am to 5 pm sun time. Figures 
28 and 29 display similar information for N/S collectors. As might be 
expected, Figures 26 and 27 show that with Demands for thermal energy 
present only during the daytime, greater Actual Displacement (i.e., 
Nominal Displacement at 100% Utilization) can be achieved with less 
storage than in the case of 24-hour Demands. In fact, with no stor-
age, up to 40% Actual Displacement can be achieved by E/W parabolic 
trough collector fields while maintaining high Utilization. Addition 
of small amounts of storage can increase Actual Displacement up to 60% 
with high Utilization. 
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Notice in Figures 28 and 29, that with no storage, the highest 
Utilization attained by a N/S trough is 0.95. This results from the 
summer performance profile at which time the N/S trough produces 
energy before 8 am and after 5 pm. With no storage, this energy is 
wasted. This situation does not occur for an E/W trough. Due to the 
high Solar Incidence Angles in the early morning and late afternoon 
during the summer, an E/W trough does not produce significant energy 
outside the 8 am to 5 pm time period. 

Figures 26 and 28 reflect that, in Albuquerque, the Actual Dis-
placement (i.e., Maximum Displacement Point) available to E/W and N/S 
collector fields with reasonable Storage Capacities and near-100% 
Utilization is about 0.8 and 0.6, respectively. This, as discussed 
above, is due to the seasonal variation of the thermal energy output 
from the two fields. 

3.3 STORAGE CAPACITY FOR CONSTANT DEMANDS OF INTERMEDIATE DURATION 

The appropriate Storage Capacity for any constant Demand which 
lasts longer than the 8 am to 5 pm time period discussed above can be 
determined from the daytime-only Storage Sizing Graphs. The daytime-
only Storage Sizing Graphs give the Storage Fraction required for day-
time operation. Any operation outside the 8 am to 5 pm period must be 
done exclusively from storage. As an example of how the daytime-only 
Storage Sizing Graph can be used to predict Storage Capacities for De-
mands with longer duration, consider a constant Demand which lasts 24 
hours (i.e., the situation represented by Figure 21). 

If a constant daily Demand of 108 Btu/day (29.4 MWh/day) is as-
sumed and a Nominal Displacement of 0.8 is desired, the quantity of 
Demand which occurs outside daylight hours is (15/24)(0.8xl08 ) = 
0.5xlo8 Btu/day (14.7 MWh/day). From Figure 26, it is seen that a 
Storage Fraction of about 0.3 is needed to provide near-100% Utiliza-
tion for the daytime-only portion of the load. The 8 am to 5 pm por-
tion of the 24-hour load is (9/24)(0.8xl08 ) = 0.3xl08 Btu/day (8.8 
MWh/day). Thus, the Storage Capacity required for the 8 am to 5 pm 
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portion of the constant 24-hour Demand is (0.3)(0.3xlo8 ) = 0.09x108 

Btu (2.6 MWh). The resultant total Storage Capacity for a Nominal 
Displacement of 0.8 with near-100% Utilization of the constant 24-hour 
Demand is 0.59x108 Btu (17.3 MWh). This corresponds to a Storage 
Fraction of 0.59x108;108 or about 0.6 Btu/day. This is in agreement 
with Figure 21, which reveals a Storage Fraction of 0.6 to 0.7 for a 
Nominal Displacement of 0.8. 

This computation of Storage Fraction for Demands with durations 
greater than 8 am to 5 pm has been reduced to graphical format in 
Figure 30. Figure 30 plots the ratio of Storage Fraction to Nominal 
Displacement versus the number of hours that the demand lasts outside 
the 8 am to 5 pm time period. Thus, for the 24-hour example above, 
the ratio of Storage Fraction to Nominal Displacement is 0.74, as 
shown in Figure 30. At a Nominal Displacement of 0.8, this results in 
a Storage Fraction of (0.8) (0.75) = 0.6, in agreement with the above 
calculation. Likewise, a Storage Fraction of about 0.5 would be re-
quired for a Nominal Displacement of 0.8 for a constant Demand lasting 
from 8 am to 12 MN. 
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Although Figure 30 could be used to compute Storage Fractions for 
any Demand lasting longer than 8 am to 5 pm, both the daytime-only and 
the 24-hour-per-day Storage Sizing Graphs are presented in Appendix H. 
This was done for convenience since the 24-hour-per-day Demand is very 
common. Other time periods can be analyzed using Figure 30, which is 
also reproduced in Appendix H. 

3.4 ADDITIONAL DEMAND PROFILES 

3.4.1 Weekend Shutdown Storage Sizing Graphs 

Weekend shutdown is a unique type of Demand in that the no-
storage system may, in fact, not be the least costly solar thermal 
energy system. The reason for this is that the collectors can produce 
energy during the weekend, but there is no coincident Demand. This 
leads to poor Utilization in the case of no storage, effectively in-
creasing the cost of energy produced by the collector field. 

From the point of view of evaluating the proper collector area-
storage capacity combination, the question of whether or not to pro-
vide sufficient storage to store the thermal energy produced during 
the weekend should be addressed first. This is simply an economic 
question of whether it is less expensive to waste the weekend energy 
or pay for the storage capacity to use it. 

If the weekend energy were discarded due to lack of storage, the 
Effective Collector Cost would increase by 7/5. Thus, in the case of 
$20/ft2 ($215/m2 ) collectors, used with near-100% Utilization during 
the week, the Effective Collector Cost would be (20)(7/5) = $28/ft2 

($301/m2 ) in the case of weekend shutdown and no storage. This in-
creased cost of the collectors would have to be compared with the cost 
of storing the weekend energy. Consider, for example, a collector 
field located in Albuquerque and producing, on the average, 1000 Btu/ 
ft 2•day (3.15 kWh/m2•day). Weekend storage would have to be sized for 
2 days of energy production, or in the case of this example, 2000 Btu/ 
ft 2 (6.30 kWh/m2 ). Thus, if the cost of thermal energy storage were 
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less than (28 - 20)/2000 = $4/kBtu ($13.64/kWh), weekend storage would 
be cost effective.* 

Once a decision has been made concerning the incorporation of 
weekend storage, conceptual design can proceed using the appropriate 
Storage Sizing Graphs for the no-weekend-shutdown case. If it is de-
cided not to incorporate weekend storage, conceptual design progresses 
as in the no-weekend-shutdown case except with the realization that 
the Utilization will be 5/7 of the Utilization shown in the Storage 
Sizing Graph. 

In the case where a decision is made to provide weekend storage, 
the total amount of storage is equal to the weekend storage plus the 
storage needed for the hourly mismatches between Demand and solar en-
ergy production on a day-to-day basis. The no-weekend-shutdown Stor-
age Sizing Graphs show the Nominal Displacement associated with the 
Maximum Displacement Point. However, with weekend shutdown, energy 
produced during the weekend when there is no Demand is applied to the 
Demand during the week. The net result is that, for weekend shutdown, 
the Storage Sizing Graphs should be used with a corrected Nominal Dis-
placement equal to 5/7 times the Nominal Displacement of the no-
weekend-shutdown case. Figure 31 correlates Nominal Displacement, 
no-weekend shutdown, with Nominal Displacement, weekend shutdown. 
(Weekend shutdowns of both 1 and 2 days are shown since the above 
discussion could, of course, be applied to a 1-day-per-week shutdown.) 

As an example of the above reasoning, consider an E/W parabolic 
trough collector field located in Albuquerque and producing, on the 
average, 1000 Btu/ft 2 •day (31.5 kWh/m2 •day). The Demand is assumed to 
be constant 24 hours per day. The appropriate Storage Sizing Graph is 
presented in Figure 21. As seen, the Maximum Displacement Point oc-
curs at a Nominal Displacement of 0.8. Since this example deals with 

* This example is meant only to illustrate the basic computational 
technique and does not include a storage efficiency. Storage effi-
ciency would have be considered in an actual design. 
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a 2-day shutdown on the weekends, the appropriate Nominal Displacement 
is approximately 0.57 (see Figure 31). Thus, from Figure 21, the ap-
propriate Storage Fraction associated with near-100% Utilization for 
daily storage is 0.4 to 0.5. The Storage Fraction for weekend storage 
will be twice the Nominal Displacement since enough storage must be 
provided for 2 days of unused collector output. In other words, 

WEEKEND 
STORAGE = 
FRACTION 

STORAGE CAPACITY 
DAILY DEMAND 

= 2(DAILY COLLECTOR OUTPUT) = 2 (NOMINAL DISPLACEMENT) DAILY DEMAND 

The total approximate storage capacity is then represented by the sum 
of the Storage Fraction for daily operation (0.4 to 0.5) and the Stor-
age Fraction for weekend storage (2) (0.57) or 1.5 to 1.7. In addi-
tion, a Nominal Displacement of 0.57 would be chosen as the design 
point corresponding to the Maximum Displacement Point for weekend 
shutdown. 
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The Storage Sizing Graph for weekend shutdown for an E/W trough 
located in Albuquerque is shown in Figure 32 for comparison with the 
above computation. As seen in Figure 32, the Storage Sizing Graph 
shows the Maximum Displacement Point occurring at a Nominal Displace-
ment of about 0.6 and a Storage Fraction of 1.4 to 1.6. This agrees 
with the above calculation. 

Figure 33 correlates Actual Displacement with Nominal Displace-
ment and Storage Capacity for the case of no weekend Demand. To un-
derstand the Displacement curves, recall that there is a Demand only 
5/7 of the time during which there is the potential for collecting 
solar energy. Thus, even though the Utilization at a Nominal Dis-
placement of 0.2 is only 0.71 for an E/W collector with no storage, 
Actual Displacement also is 0.2 since the decreased Utilization is due 
to wasting thermal energy on weekends only and not during the week 
when a Demand exists. Thus, in the case where the demand is shutdown 
2 days per week, Actual Displacement can be calculated by 

. . Utilization Actual Displacement= (Nominal Displacement) 517 

Individual Storage Sizing Graphs for weekend shutdown are not 
explicitly presented in Appendix H since the conceptual design can be 
accomplished using the no-weekend shutdown Storage Sizing Graphs as 
discussed above. Figure 31 is reproduced in Appendix H for conve-
nience in executing conceptual designs for Demands which shutdown on 
weekends. 

3.4.2 Demands Which Are Not Constant 

The Storage Sizing Graphs for constant Demands can also be used 
to allow conceptual design to proceed in cases where the Demand can be 
considered a composite of the constant Demands discussed above. If, 
for example, an application's Demand had the profile illustrated in 
Figure 34, the solar energy system to service the Demand may be con-
sidered to be two separate systems. The increased daytime Demand is 
considered a separate Demand serviced by a particular collector area 
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Figure 34. A Stepped Demand Profile 

and storage combination while the constant 24-hour Demand is consid-

ered separately and serviced by a different collector area and storage 

combination. The solar energy system servicing the entire Demand is 

the total collector area and total Storage Capacity of the two sepa-

rately analyzed Demands. An example illustrating design of a solar 

energy system servicing such a stepped Demand profile is presented 

later in Section 4.4. 

3.5 COST FOR SENSIBLE HEAT STORAGE 

Before beginning a discussion of the proper sizing of parabolic 

trough collector fields, the costs associated with sensible heat stor-

age will be investigated. Sensible heat is the type of storage cur-

rently in most common use. Details on the derivation of the nomo-

graphs described here are presented in Appendix F. The purpose of 

including a brief discussion of sensible heat storage costs at this 

point is to allow the designer to make some preliminary decisions on 

the potential role of storage in solar energy systems. If firm costs 

for storage are available, the designer should by all means use those 

costs in place of the generic costs outlined here. 
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For storage systems operating in the temperature range of 300°F 
(149°C) to 600°F (315°C), organic heat transfer fluids are typically 
used as the heat storage medium. The best understood storage systems 
are neat oil systems, which employ either multiple hot and cold stor-
age tanks, or thermocline storage tanks, in which the hot oil floats 
on top of the cold oil. In a mixed-media storage system, rock or some 
other inert material is added to either the multiple tanks or thermo-
cline tank to displace part of the expensive heat transfer oil. In 
any case, the cost of storage for large systems is essentially the 
cost of the oil* for oil costs in the range of $3 to $5/gal ($800 to 
$1320/m3 ). Figure 33 graphically computes the cost of storage in 
$/kBtu (kBtu = 10 3 Btu) and $/kWh, starting with the storage medium 
cost in $/gal or $/m3 • The cost in $/kBtu or $/kWh is convenient 
since, typically, a parabolic trough will deliver approximately 10 3 

Btu/ft 2 •day (3.17 kWh/m20 day) in a clear climate. 

As an example of the use of Figure 35, consider a sensible heat 
storage system employing neat oil, which costs $5/gal ($1320/m3 ). 
During storage of thermal energy, the heat transfer fluid is heated 
from 350°F (177°C) to 500°F (260°C). At the average temperature of 
425°F (219°C), the fluid density and heat capacity will be assumed to 
be 7.0 lb/gal (839 kg/m3 ) and 0.55 Btu/lb.°F (0.55 cal/g.°C), respec-
tively. 

The graphical computation is performed by first finding the in-
tercept of the $5/gal ($1320/m3 ) cost line and the 7.0 lb/gal (840 
kg/m3 ) density line in Chart A of Figure 35. A vertical line is then 
drawn, and the intercept with the 0.55 Btu/lb 0 °F (0.55 cal/g.°C) heat 
capacity in Chart Bis located. Finally a horizontal line is drawn to 
Chart c. The intercept with the 150°F (83°C) ~T line in Chart C is 

Appendix F presents a derivation of storage costs. Limitations 
to the assumption that storage costs equals oil costs are presented in 
Appendix F. 
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then projected onto the horizontal axis of Chart C. This reveals the 
cost of the storage system to be about $8.60/kBtu ($29.20/kWh).* 

In order to use Figure 35 with mixed-media storage, the storage 
cost can be approximated by multiplying the price of the oil by the 
void fraction in the mixed-media tank. If, for example, the above 
storage system were replaced by a mixed-media system in which 60% of 
the tank was filled with rock, the storage cost would then be reduced 
by 60% to $3.44/kBtu ($11.68/kWh). This assumes the cost of the solid 
media (e.g., rock) to be negligible. Usually, the cost of rock is 
small compared to that of oil, and this approximation is acceptable 
for conceptual design purposes. However, there is little experience 
with mixed-media storage systems. It is possible that the cost for 
properly installing the rock and the cost of a reinforced tank to hold 
the rock may be large. 

As will be discussed in Section 4.1, the designer has some con-
trol over the choice of the temperature difference across storage and, 
as a result, will be able to vary storage costs somewhat. The purpose 
of Figure 35 is to facilitate computation of sensible heat storage 
costs, starting with basic, generally available information. A Design 
Rule-of-Thumb will be developed in Section 4.2 using Figure 35. 

3.6 IMPACT OF STORAGE COSTS ON STORAGE AND COLLECTOR SUBSYSTEM COSTS 

Knowledge of thermal energy storage costs, when combined with 
information on the effects of storage on solar energy Utilization such 
as that presented in Figure 21, allows estimation of subsystem costs. 

* Note that at a cost of $8.60/kBtu, storage represents a consider-
able extra cost to the solar collector system even if storage is 100% 
efficient. If installed collector costs are about $20/ft2 , for exam-
ple, and l ft 2 of collector provides about 1000 Btu/day, storage could 
effectively lead to an increase in collected energy costs of about 22% 
if half the collected thermal energy were stored. For this reason, 
inexpensive oils and mixed-media storage are receiving much attention 
from the designers of collector and storage systems. Typically, the 
same heat transfer oil is used both in the collector field and storage 
to avoid the need for a heat exchanger. 
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The logic flow in determining storage and collector subsystem costs is 
shown in Figure 36. As indicated, the costs of the collectors and 
storage are evaluated separately and then combined to provide a total 
storage and collector subsystem cost on a per~unit-collector-area 
basis. 

The cost of the parabolic troughs is usually obtained from col-
lector manufacturers. This cost information, when divided by the 
Utilization of the parabolic trough, yields the Effective Collector 
Cost.* This says, in effect, that a collector which is poorly uti-
lized is more costly than the purchase price indicates because it 
produces less useful energy than it is capable of supplying to the 
Demand. 

The quantity of storage and area of collectors needed to service 
a given Demand is determined from the Storage Sizing Graphs described 
previously in Sections 2.1 and 2.2.** When combined with the area of 
collectors under consideration (e.g., the Nominal Collector repre-
sented in Figure 13), the quantity of storage per unit of collector 
area is determined. Vendor quotes or, in the absence of firm price 
data, the storage costs from Figure 35 may be used to estimate the 
cost of storage per unit collector area. This information can be 
combined with the Effective Collector Costs to determine the minimum 
cost collector and storage subsystem. 

The computations of collector and storage subsystem costs can be 
best illustrated by an example. To simplify the discussion, a Demand 
equal to the output .from 1 ft 2 (0.0929 m2 ) of an E/W Nominal Collector 

* At this stage, it is still assumed that the collector performance is equal to the clean, as tested, collector performance and system parasitics are not considered. These factors are incorporated into the conceptual design in Section 4.2, Conceptual Design Rules-of-Thumb. 
** The Storage Sizing Graphs do not include an efficiency for ther-mal energy storage. Thus, the quantity of storage would have to be increased by an appropriate storage efficiency factor, if known, in a manner similar to determining the Effective Collector Cost. 
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Figure 36. Logic Flow for Determining Collector/Storage 
Subsystem Costs 

operating at 550°F (288°C) in Albuquerque will be assumed. This re-
duces all the computations to a per-unit-area basis directly, which 
will facilitate plotting the results. The Demand is assumed to be 
constant, 24 hours per day, 365 days per year (i.e., Figure 21 is 
applicable). 

For the sake of illustration, the installed cost of the parabolic 
trough collectors will be assumed to be $20/ft2 ($215/m2 ). In the ab-
sence of cost data for thermal energy storage, the cost of $8.60/kBtu 
($29.20/kWh) determined in the example in Section 3.5 will be used, 
and it will be assumed that storage is 100% efficient. At this point, 
these costs are used only to illustrate the computational techniques 
employed and are not meant to be indicative of any real component 
costs. 
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Since the Demand was assumed equal to the output from l ft 2 

(0.0929 m2 ) of Nominal Collector, the Storage Fraction reported in 
Figure 21, when multiplied by the average daily output from the 
Nominal Collector (see Figure 13), yields the storage capacity per ft 2 

of collector directly for any given Nominal Displacement and Utiliza-
tion. The Storage Capacity per ft 2 of collector, when multiplied by 
the cost of storage, defines the cost of storage per ft 2 of collector, 
i.e., (Btu/ft2 )($/Btu) = $/ft 2 • 

The storage and collector costs, each multiplied by a scaling 
factor of 0.5, are graphically added in Figure 37* to show the trends 
in subsystem costs. Five different curves are shown. Each curve rep-
resents the calculation of Effective Storage and Collector Subsystem 
Cost for each combination of Storage Fraction and Utilization shown in 
Figure 21 for the indicated Nominal Displacement. The curves in Fig-
ure 37 support the design criterion that the lowest-cost storage and 
collector subsystem is one which does not include storage yet permits 
high Utilization. If storage is incorporated, sufficient storage 
should be provided to allow near-100% Utilization of the collected 
solar energy for a given Nominal Displacement. For example, in the 
case of a Nominal Displacement of 0.8, Effective Storage and Collector 
Subsystem Cost decreases until a Storage Fraction of about 0.5 to 0.6 
is achieved. Beyond this Storage Fraction, additional storage becomes 
less effective (as was seen in Figure 21), and subsystem costs in-
crease. Computation of Effective Storage and Collector Subsystem 
Costs can be used to determine the lowest cost combination of collec-
tor area and storage capacity if component costs are known. Figure 37 
will be used again in Section 4.4 during execution of the example 
conceptual design. 

Figure 37 was drawn to be used with any system of units employed 
by the designer. Thus, both the x- and y-axes are per unit area, with 
no defined units. To use Figure 37 with Effective Collector and Stor-
age Costs larger in magnitude than the numbers shown in Figure 37, 
simply multiply all costs by the scaling factor needed to make these 
costs fit on the graph. The actual Effective System Costs will then 
simply be the Effective System Costs from Figure 37 divided by the 
scaling factor. In the current example, a scaling factor of 0.5 is 
used. 
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Figure 37. Determination of Subsystem Costs 

Notice that as the Nominal Displacement increases, the Effective 
Storage/Collector Subsystem Cost increases, reflecting the increasing 
role of storage. If, however, the incremental costs of storage were 
evaluated, as was the Incremental Storage Ratio in Section 2.1.1 (see 
discussion of Maximum Displacement Point), it would be found that the 
incremental storage costs per unit of increased Actual Displacement 
remain constant up to the Maximum Displacement Point of the Storage 
Sizing Graphs. At this point, incremental storage costs would in-
crease rapidly, as did the Incremental Storage Ratio in Figure 23. 
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4. CONCEPTUAL DESIGN PROCEDURE 

The basic characteristics of both the collectors and storage have 
been defined to the extent necessary to complete the conceptual de-
sign. At this stage in the design process, the objective is to look 
at the solar energy system's ability to interface with a process heat 
demand. Of primary importance is an approximation of the collector 
and land area needed and the portion of the fossil fuel demand which 
can reasonably be displaced by the solar energy system. If at this 
point the concept appears feasible, the preliminary design stage can 
be started. 

This section assembles the methods discussed in Sections 2 and 3 
for predicting collector performance and Storage Capacity into a pro-
cedure for achieving a conceptual design of a solar thermal energy 
system using parabolic troughs. The influence of the application on 
the Collector Operating Temperature is examined. In addition, the 
inclusion of thermal storage in the solar energy system can influence 
the desired Collector Operating Temperature. Thus, the application 
and whether or not the system includes storage combine to define the 
appropriate Collector Operating Temperature. These effects are evalu-
ated in Section 4.1, "System Integration." 

Once the influence of the application and storage on system de-
sign is understood, Design Rules-of-Thumb are formulated in Section 
4.2. These Design Rules-of-Thumb can then be used as the starting 
point for conceptual design. The logic flow in achieving a conceptual 
design is then presented in Section 4.3, followed by several examples 
in Section 4.4 to illustrate the design procedure. 
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While specific recommendations are made for selecting appropriate 
collector area and Storage Capacities in the form of Conceptual Design 
Rules-of-Thumb, other designs can, of course, be formulated. There is 
sufficient information in the Storage Sizing Graphs to determine the 
collector area and Storage Capacity needed to achieve a reasonable 
Actual Displacement desired. In areas having low availability of 
Direct Insolation, a designer may, for example, elect to deploy a 
larger collector field and storage combination than suggested by the 
Maximum Displacement Point in order to achieve a larger Actual Dis-
placement. The Conceptual Design Rules-of-Thumb that are derived from 
the concept of the Maximum Displacement Point simply help to define 
the most cost-effective deployment of collector and storage capital 
equipment. Other designs could be developed which would have higher 
Effective Storage and Collector Subsystem Costs but might better suit 
the particular needs of a given application. 

4.1 SYSTEM INTEGRATION 

System integration begins with an examination of how the type of 
Demand affects selection of the appropriate Collector Operating Tem-
perature. Two significantly different types of thermal energy Demands 
are examined. Each strongly influences the solar energy system de-
sign. One type of Demand is a sensible heating system in which the 
process heat transfer fluid experiences large temperature swings, and 
the second type of Demand is a phase change system, such as steam, 
which tends to operate within rather narrow temperature limits. 

4.1.l Sensible Heat Demand 

A sensible heat Demand, in which the temperature of the process 
fluid varies over a wide temperature range, is perhaps the type of 
Demand most easily serviced by a parabolic trough collector. This 
type of Demand, which may, for example, involve heating a heat trans-
fer oil in an existing process heat system, closely matches the ther-
mal characteristics of the solar collector field. The collector field 
collects thermal energy through a sensible heat mechanism and, as a 
result, undergoes large temperature swings. Thus, it is conceivable 
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that the temperature in the collector field could be made to conform 
closely to the temperatures of the process heat transfer fluid. Con-
ceptual design of the solar energy system can proceed in a rather 
straightforward manner because the average operating temperature of 
the collector field is approximately equal to the average process 
temperature. This is not the case with a latent heat demand such as a 
process steam system. 

4.1.2 Latent Heat Demand (Process Steam) 

Process heat is most commonly delivered to an application in the 
form of steam. The design difficulty encountered in a process steam 
system is the interfacing of a sensible heat solar collection system 
with a latent heat (i.e., steam) process heat system. The problem is 
illustrated schematically in Figure 38 for a hypothetical case in 
which 150 psi (l.lxl0 6 Pa) saturated steam at 360°F (182°C) is de-
sired. 

In transit to the point of use, the steam will suffer a small 
pressure drop and heat loss in the pipe. Any line condensate that 
results is usually removed by traps. These pressure and heat losses, 
however, are typically very small and are not explicitly shown in 
Figure 38. 

After condensation of the steam by the process, the hot water is 
returned to the boiler for revaporization. While the hot condensate 
may be used for preheating, this is not shown on Figure 38 in order to 
simplify the discussion at this point. The hot condensate is assumed 
to be saturated. The primary design problem here is how to interface 
the relatively constant temperature process steam system with a solar 
energy collection system which operates best with large swings in 
temperature. 

Sensible heat addition to the process steam generator is indi-
cated on Figure 38 in the form of straight lines. As shown, several 
options are available with the constraint imposed by the second law of 
thermodynamics--the temperature of the collector fluid must, at any 

75 



OOROPY IKJ/KG Kl 
a.a 1.0 :a.a 3.0 4.0 5.0 6.0 7.0 8.0 9.D 

150.0 
100.0 

400.O 

711).0 
m.o 

IDl,O -·----- --··coLLECTOR ____ 
FIELD OUTLET 300.0 

r.... !iaJ. D -------- ----- ___ TEMPERATURE __ 
t.) 

250.0 -
I.J 

=> a:: .... «ll.D => aoo.o i 
t..J 

:c DI.O Q.. 
w 1,0.0 .... 

DI.D 100.O 

lOD.O 
so.a 

o.o 
o.o 

O.D o.:z 0.4 D.6 0.8 1.0 l.:Z 1.i 1.6 I.II :z.o :z.:a 
E:NTRIJ>Y IBTU/LB fl -so.a 

Figure 38. Process Stearn Cycle (Adopted from Keenan and 
Keyes, Thermodynamic Properties of Stearn) 

given point, be greater than the corresponding temperature of the pro-
cess fluid in order for heat transfer from the collector fluid to the 
process fluid to occur. The two different heat addition lines for the 
collector fluid (lines PA and PB) represent different ~T's across the 
collector field. 

At first consideration, heat addition line PA might appear best. 
This heat addition process would result in the lowest average collec-
tor temperature of the two situations and, as discussed in Section 
2.5, collector performance increases with decreasing operating temper-
ature. There are, however, system considerations which can force a 
system design away from one in which the ~T across the collector field 
is small and toward designs in which the ~Tis large, such as repre-
sented by line PB. 

A system level consideration which favors a large collector field 
~Tis storage. Most storage concepts developed to the point where 
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they would be used in near-term solar energy systems employ sensible 
heat. The AT across the storage system is essentially the AT across 
the collector field. As the sensible heat storage AT increases (and 
thus the collector field AT increases), the volume of storage required 
to store a given quantity of energy decreases, resulting in decreased 
storage costs. 

These trade off considerations are represented schematically in 
Figure 39. As the collector field AT increases, the collector field 
efficiency decreases, effectively increasing the cost of the collec-
tors. On the other hand, as the collector field AT increases, storage 
costs decrease. The challenge for the designer is to find the condi-
tions representing the most cost-effective system. 

I-
V} 
0 u 

COLLECTOR FIELD ~T 

TOTAL 
SYSTEM 

~~---- COST 

AREA OF 
COLLECTOR TO 

MEET DEMAND 

Figure 39. Effect of Collector Field AT on Solar Energy 
subsystem and System costs 

4.2 CONCEPTUAL DESIGN RULES-OF-THUMB 

At this stage, approximate rules-of-thumb can be formulated which 
are applicable to the design of process heat systems. The purpose of 
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these rules-of-thumb is to provide a starting point for the conceptual 
design. The rules will be listed simply as a group to provide easy 
reference. The list is followed by the rationale for each rule. 

4.2.1 Process Steam Demands 

Rule 1. Collector Field tT (No Storage). In the absence of 
storage, the collector field tT will be approximately 100°F {56°C) to 
150°F (83°C) or the difference between 600°F and the steam delivery 
temperature, whichever is smaller. 

Rule 2. Collector Field tT (Sensible Heat Storage). If signifi-
cant storage capacity is to be provided in the solar energy system, 
the collector field ~Twill be approximately the difference between 
600°F (315°C) and the steam delivery temperature or 250°F (121°C), 
whichever is smaller. 

Rule 3. Collector Operating Temperature. The Collector Operat-
ing Temperature will be one-half the collector field ~T above the 
steam delivery temperature. 

4.2.2 Sensible Heat Demands 

Rule 4. Collector Field tT (No Storage). When a solar energy 
system services a process heat Demand which uses a sensible heating 
mechanism (i.e., not a process steam system), the collector field tT 
will be approximately 100°F (56°C) to 150°F (83°C) or the process ~T, 
whichever is greater. 

Rule 5. Collector Field tT (Sensible Heat Storage). If signifi-
cant Storage Capacity is to be provided in the solar energy system, 
the collector field ~Twill be approximately the difference between 
the process low temperature and 600°F (315°C) or 250°F (121°C), which-
ever is smaller. 

Rule 6. Collector Operating Temperature. The Collector Opera-
ting Temperature will be one-half the collector field tT above the 
process low temperature. 
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4.2.3 General 

Rule 7. Land Area Requirements. The land area required for the 
deployment of both E/W and N/S parabolic trough solar collectors is 
approximately 2.0 to 3.5 times the total aperture area of the collec-
tors. 

Rule 8. Collector Orientation. Unless the performance of E/W 
and N/S collectors differs more than 20% at a given site, the concep-
tual design should be executed using the performance of an E/W para-
bolic trough collector. 

Rule 9. Storage Capacity. If storage is to be incorporated into 
the system conceptual design and there is no a priori reason to limit 
collector field size, the proper collector area and Storage Capacity 
are those associated with the Maximum Displacement Point in the appro-
priate Storage Sizing Graph. 

Rule 10. Cost of sensible Heat Storage. The cost of sensible 
heat storage in neat oil can be estimated for conceptual design pur-
poses by the following relationship: 

Storage cost ($/kBtu) = 260 P1V/(~T1 E) 

Storage cost ($/kWh) = 1.86 P2V/(~T 2E) 

where 

~T = Temperature rise across the collector field 
Pl = Cost of oil ($/gal) 

p2 = Cost of oil ( $ /m3) 
V = Void fraction ( 1. 0 for neat oil systems) 
E = Efficiency of Thermal Energy Storage (Fraction) 

~Tl = OF 

~T2 = oc 

Rule 11. Decrease of Collector Output for System Parasitics. 
The thermal energy output from an installed parabolic trough collector 
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field will be 75% to 80% of the output from a clean, as tested, iso-
lated collector. 

4.2.4 Rationale for Design Rules-of-Thumb 

The rationale for the Design Rules-of-Thumb is based primarily 
upon the above discussions concerning the interaction of the collector 
field and storage and the costs of oil sensible heat storage. The 
rules are repeated for easy reference. 

Rule 1. Collector Field 6T (No Storage). In the absence of 
storage, the collector field 6T will be approximately 
100°F (56°C) to 150°F (83°C) or the difference between 
600°F and the steam delivery temperature, whichever is 
smaller. 

In the absence of storage, the lowest field 6T (and, hence, aver-
age operating temperature of the collector field) compatible with 
reasonable pumping power requirements and thermal losses from field 
piping is desirable. This will usually lead to a field 6T of about 
100°F to 150°F (56°C to 83°C) (based upon the parabolic trough devel-
opment program). As can be seen in Figure 38, the lowest temperature 
the collector field heat transfer fluid can normally achieve approxi-
mates the steam temperature because of the pinch point at P. 

Rule 2. Collector Field 6T (Sensible Heat Storag~). If signif-
icant storage capacity is to be provided in the solar 
energy system, the collector field 6T will be approxi-
mately the difference between 600°F (315°C) and the 
steam delivery temperature or 250°F (121°C), whichever 
is smaller. 

The second Rule-of-Thumb is a result of the desire to reduce 
storage costs by increasing the 6T across storage. While the proper 
6T would typically be determined through an economic optimization, 
changes in the average Collector Operating Temperature due to adjust-
ment of the collector field 6T usually affects storage costs more than 
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collector cnsts. This Rule-of-Thumb yields a good starting point for 
design. Thus, in the absence of Collector Operating Temperature limi-
tations, the least-cost storage will result when the collector field 
is operated at its maximum AT. Due to the pinch point, the minimum 
temperature experienced by the collector field heat transfer fluid 
will be, as discussed above, close to the steam temperature. The 
600°F (315°C) temperature limit of Rule 2 is imposed by fluid stabil-
ity. Most organic oil heat transfer fluids currently in use in par-
abolic trough collector fields and sensible heat storage are not rec-
ommended for use much above 600°F. The 250°F (121°C) limit on AT 
comes from current collector designs typically not allowing a greater 
AT due to the excessive pumping parasitics required for long AT 
strings. Typical collector designs provide for a fluid temperature 
rise of about 0.5°F (0.3°C) per linear foot of trough when the fluid 
flow is just above the transition to turbulent flow region. 

Rule 3. Collector Operating Temperature. The Collector Operat-
ing Temperature will be one-half the collector field AT 
above the steam delivery temperature. 

The average collector temperature is simply the average between 
the collector inlet and outlet temperatures. Rule 3 follows from the 
collector inlet temperature being defined by the steam temperature 
(see Rule 1). 

Rule 4. Collector Field AT (No Storage). When a solar energy 
system services a process heat Demand which uses a 
sensible heating mechanism (i.e., not a process steam 
system), the collector field AT will be approximately 
100°F (56°C) to 150°F (83°C) or the process AT, which-
ever is greater. 

In a process heat system with no storage that uses sensible heat 
rather than a latent heat system, the temperature of the collector 
field tends to closely follow the process temperatures, as discussed 
in Section 4.4.1, unless the AT across the process is small. If the 
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process ~Tis small, the minimum collector field ~Twill be about 
100°F (56°C) to 150°F (83°C) in order to keep pumping parasitics 
within reason. 

Rule 5. Collector Field ~T (Sensible Heat Storage). If signif-
icant Storage Capacity is to be provided in the solar 
energy system, the collector field ~Twill be approxi-
mately the difference between the process low temper-
ature and 600°F (315°C) or 250°F (121°C), whichever is 
smaller. 

As in Rule 2, the cost of storage tends to drive the collector 
field ~T as large as possible without allowing the collector fluid to 

exceed 600°F (315°C). The 250°F (121°C) limit on the ~T stems from 
current collector designs typically not allowing ~Ts of much more than 
250°F (121°C) due to the excessive pump power required to maintain 
turbulent flow conditions in long ~T strings within the collector 

field (see Rule 2). 

Rule 6. Collector Operating Temperature. The Collector Operat-
ing Temperature will be one-half the collector field tT 
above the process low temperature. 

The average collector temperature is simply the average between 
the collector inlet and outlet temperatures. Rule 6 follows from the 
desire to maintain the collector field inlet temperature close to the 

sensible heat demand low temperature. 

Rule 7 . Land Area Requirements. The land area required for the 
deployment of both E/W and N/S parabolic trough solar 
collectors is approximately 2.0 to 3.5 times the total 
aperture area of the collectors. 

Land area requirements are based upon trade off analyses of col-
lector shading and thermal heat losses in the collector field piping. 
The shading within trough collector fields was discussed in Section 

2. 6. 
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Rule 8. Collector Orientation. Unless the performance of E/W 
and N/S collectors differs more than 20% at a given 
site, the conceptual design should be executed using 
the performance of an E/W parabolic trough collector. 

In the absence of shading, N/S collectors typically produce more 
thermal energy than equivalent E/W collectors. However, N/S collec-
tors suffer more shading losses in real situations than do E/W collec-
tors (see Section 2.6). This tends to reduce N/S collector perfor-
mance with respect to E/W collector performance. In addition, the an-
nual collector output profile for an E/W collector tends to be flatter 
than that for a N/S collector. This, as discussed in Section 3.1, al-
lows an E/W collector field greater potential fossil fuel displacement 
during a year. 

The net result of these somewhat counteracting influences is that 
doing a conceptual design using an E/W trough provides a reasonable 
estimate of collector area and the maximum potential for fossil fuel 
Displacement if storage is provided. Differences between E/W and N/S 
collector arrays would be further evaluated in preliminary design. 
The proper selection of either a N/S or an E/W field can only be made 
by computing the cost of both and determining whether or not the extra 
Displacement allowed by an E/W collector field warrants any increase 
in costs. 

Rule 9. Storage Capacity. If storage is to be incorporated 
into the system conceptual design and there is no a 
priori reason to limit collector field size, the proper 
collector area and Storage Capacity are those associ-
ated with the Maximum Displacement Point in the appro-
priate Storage Sizing Graph. 

The justification for this Design Rule-of-Thumb is presented in 
Section 3.1. 
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Rule 10. Cost of Sensible Heat Storage. The cost of sensible 
heat storage in neat oil can be estimated for concep-
tual design purposes by the following relationship: 

Storage cost ($/kBtu) = 260 P1V/(~T1E) 

Storage cost ($/kWh) = 1.86 P2V/(~T 2E) 

where 

~T = Temperature rise across the collector field 

Pl = Cost of oil ($/gal) 

p2 = Cost of oil ($/m3) 
V = Void fraction (1.0 for neat oil systems) 
E = Efficiency of Thermal Energy Storage (Fraction) 

~l = op 

~2 = oc 

At elevated temperatures, an oil storage medium is typically used 
to avoid pressurized systems. This Rule-of-Thumb is based upon the 
use of Figure 35, employing generalized physical properties of oil 
heat transfer fluids. Many of the high-temperature oil heat transfer 
fluids in use in solar energy systems have heat capacities in the 
range of 0.5 to 0.6 Btu/lb•°F (0.5 to 0.6 cal/g•°C) and densities in 
the range of 7.5 to 6.5 lb/gal (900 kg/m3 to 780 kg/m3 ) in the temper-
ature range of 300°F (149°C) to 700°F (371°C). The equation given in 
Rule 4 was obtained from Figure 35, choosing nominal values of 0.55 
Btu/lb•°F (0.55 cal/g•°C) and 7.0 lb/gal (840 kg/m3 ) for the oil heat 
capacity and density, respectively. If known, actual properties can 
be used to obtain storage costs from Figure 35, but in the absence of 
such information, Rule 10 provides a reasonable starting point for the 
conceptual design process (see Appendix F for limitations). 
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The thermal energy output from an installed parabolic 
trough collector field will be 75% to 80% of the output 
from a clean, as tested, isolated collector. 



As mentioned in Section 2.5, thermal losses from field piping, 
dirt on the collectors, and to a lesser extent intercollector shadow-
ing will reduce the collector field thermal energy output calculated 
using test data. Experience has indicated that this reduction will be 
about 75% to 80% for a typical field. While these losses are not 
explicitly evaluated in conceptual design, applying a correction fac-
tor of 0.75 to 0.80 to the calculated collector output will provide a 
realistic approximation of actual installed collector field performance. 

4.3 SUMMARY OF CONCEPTUAL DESIGN METHOD 

The procedure for arriving at a conceptual design is fast and 
easily applied when the Design Rules-of-Thumb listed in section 4.2 
are employed. The application of these rules, when employed in con-
junction with the Storage Sizing Graphs (Section 3.1, Appendix E), 
quickly yields a credible conceptual design. The logic path from 
definition of the Demand through achievement of the conceptual design 
is outlined in Figure 40. Where appropriate, the Design Rule-of-
Thumb, together with the section in the Handbook that discusses devel-
opment of the design charts used, is indicated. 

The design process starts with the definition of the Demand char-
acteristics. The temporal profile of the Demand defines which Storage 
Sizing Graph to use. The temperature characteristics of the Demand, 
when taken together with the desire to have a system which either 
includes storage or has no storage, define the collector field ~T. 
Typically both storage and no-storage designs are performed. 

Rules 1 and 2 apply to process steam systems and Rules 4 and 5 to 
sensible heat demands. The collector field ~Tin turn defines the 
Collector Operating Temperature which, together with collector perfor-
mance characteristics, provides the average annual collector perfor-
mance. Nomographs developed in Section 2.4 and reproduced in Appendix 
Hallow projection of annual collector performance for collectors 
which have only efficiency versus (T 1 - T b)/I test data available. co am 
Published average annual performance data can be used if available. 
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Figure 40. Logic Flow of Conceptual Design Process 

The Storage Sizing Graphs are used to determine the relationship 
between needed collector output, Storage Capacity, and Demand. Only 
solar energy systems which provide near-100% Utilization of the col-
lected solar energy are selected. In the case of systems incorporat-
ing storage, the design point is the Maximum Displacement Point. 
Multiplying the Nominal Displacement by the Demand yields the quantity 
of energy displaced by the solar energy system. Dividing the quantity 
of energy displaced by the per-unit-area collector output and adjust-
ing for field losses (Rule 11) yields the required collector area. 
Finally, multiplying the Storage Fraction by the average daily Demand 
yields the necessary Storage Capacity. 

If estimates of storage costs (Rule 10) and collector costs are 
available, total storage/collector subsystem capital costs can be 
approximated. The net results of the conceptual design are the Dis-
placement of fossil energy, the collector area and Storage Capacity 
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needed to achieve this displacement, the approximate land area needed 
for collector deployment, and an estimate of the total capital costs. 

4.4 CONCEPTUAL DESIGN -- EXAMPLE PROBLEMS 

To illustrate the preceding design procedures, a hypothetical 
150-psi (1.lxl0 6-Pa) process steam system has been defined, and a 
retrofit solar energy system will be designed to service the Demand 
for thermal energy. Figure 41 outlines the thermal energy flow paths 
of the fossil fuel energy system, located in Albuquerque, together 
with the important temperatures and pressures needed to define the 
system. The solar retrofit, consisting of an E/W collector field and 
sensible heat storage, is also shown with the fossil fuel system re-
tained for backup. The first Demand profile considered will be con-
stant, 24 hours per day, 365 days per year. The temperature-entropy 
(T-S) diagram in Figure 42 traces the thermal characteristics of the 
process heat supply. 

E/W 
COLLECTOR 

FJELD u 
SENS IBLE 

HEAT SOLAR STORAGE STEAM 

L GENERATOR 

PUMP 

'(1.1 x 106 Pa, 182°C) 
150 PSI, 360°F 

EXISTING STEAM FOSSIL CONDENSER FUEL 
STEAM 

GENERATOR 
(BACK-UP) 

360°F 

PREHEAT 

300°F 
149°C 

PUMP 

Figure 41. Thermal Energy Flows in Example Problem 
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Figure 42. Temperature-Entropy Diagram for Example Problem 
(Section 2.4) (Adapted from Keenan and Keyes, 
Thermodynamic Properties of Stearn) 

Two basic choices are available for the solar energy systern--a 
system including storage and a system without storage. Typically, 
both options are considered at the conceptual design stage. This 
example illustrates the design of both storage and no-storage systems. 
An E/W collector orientation is chosen for the conceptual design in 

concert with Design Rule-of-Thumb No. 8. 

A hypothetical parabolic trough collector performance will be 
assumed. The performance of this collector is plotted in Figure 43 
and is denoted as "Example Collector." This plot of Collector Effi-

ciency versus (T 1 - T b)/I is typical of the form in which perfor-co am 
rnance data is published for commercial collectors. The Nominal Col-

lector is also shown in Figure 43. Figure 43 is the nornograph which 
will be used to project the annual average thermal energy output from 
the Example Collector (see Section 2). 
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Figure 43. Performance Characteristics of Collector 
Used in Example Conceptual Design 

4.4.1 No Storage 

As observed in the Storage Sizing Graphs for this type of Demand 
profile (see Figure 22 or Appendix H), the main effect of having no 
storage in a solar thermal energy system is to restrict the amount of 
the Demand which can be displaced to a small fraction of the total 
Demand. In the case of Albuquerque, only about 20% of the Demand can 
be displaced with near 100% Utilization by an E/W collector field 
having no thermal energy storage. 

using Design Rule-of-Thumb No. 1 for a no-storage system, the 
average operating temperature of the collector field will be about 
410°F (210°C), reflecting a ~T across the collector field of 100°F 
(56°C) (line PA, Figure 42). In order to determine the annual output 
from the Example Collector, Figure 43 is used. From Appendix H (or 
Figure 16), the annual average output of the Nominal Collector at 
410°F (210°C) is seen to be about 1140 Btu/day. ft 2 (3.6 kWh/day.m2 ). 
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The direct insolation incident on the collector aperture (see Figure 7 
or Appendix H) is 1750 Btu/day•ft2 (5.5 kWh/day•m 2 ). From Figure 43, 
the annual Average Direct Insolation Aperture Efficiency for the Exam-
ple Collector is seen to be about 0.57, resulting in an energy output 
of 998 Btu/day•ft 2 (3.1 kWh/day•m2 ) at an average operating tempera-
ture of 410°F (210°C). 

Figure 43 also shows that increasing the collector field ~T to 
240°F (133°C), as represented by line PB of Figure 42, reduces the 
efficiency of the Example Collector. Increasing the collector field 
6T effectively increases the Collector Operating Temperature to 480°F 
(249°C). The annual Average Direct Insolation Aperture Efficiency 
decreases to 0.605 for output from the Nominal Collector at 480°F. 
This converts into an Average Direct Insolation Aperture Efficiency of 
about a.so for the Example Collector or an annual average output of 
875 Btu/day•ft 2 (2.8 kWh/day•m2 ). This represents a 12% decrease in 
collector field output and supports design Rule-of-Thumb No. 1. 

8 Given a 24-hour-per-day constant Demand of 10 Btu/day (29.4 
MWh/day) and an average Collector Operating Temperature of 410°F 
(210°C), the area of E/W collector which best services the Demand can 
be determined. From the Storage Sizing Graph (reproduced here as 
Figure 44, from Appendix H), it is seen that, at best, 20% of the 
daily Demand can be displaced while maintaining near-100% Utilization 
of the collected solar energy. Thus, the collector field should be 
sized to provide 2.ox10 7 Btu/day (5.9 MWh/day), on the average, 
throughout the year. The average annual output at 410°F (210°C) of 

2 the Example Collector is, as calculated above, 998 Btu/ day•ft (3.6 
kWh/day•m2 ). This results in a required Example Collector area of 
26,720 ft 2 (2483 m2 ) when adjusted by 0.75 to account for field losses 
(Rule 11). 

If greater than 20% displacement of the fossil fuel energy is 
desired, additional collectors could, of course, be deployed. If no 
storage is added along with the additional collectors, Utilization of 
the collected energy falls rapidly. Thus, for example, doubling the 
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Figure 44. Storage Sizing Graph for E/W Trough--24 h/day 

collector area to 53,440 ft 2 (4965 m2 ) at a Nominal Displacement of 
0.4 and without adding storage (i.e., Storage Fraction= 0.0), the 
output from the collector field increases to only (53,440)(998)(0.75) 
(0.7) = 2.8xl07 Btu/day (8.2 MWh/day). This is an increase in energy 
delivered to the Demand of only 40%. The addition of storage would 
have to be quite expensive to make deploying additional ~ollectors 
with a Utilization of only 40% a cost-effective way of increasing 
fossil fuel displacement. The land area required for collector de-
ployment, in accordance with Design Rule-of-Thumb No. 6, is about 2.5 
times the collector area or approximately 66,800 ft 2 (6207 m2 or about 
1.6 acres). 

4.4.2 Sensible Heat Storage 

The addition of storage to the above solar thermal energy system 
allows consideration of deploying larger fields of solar collectors to 
displace more than 20% of the Demand. The decision to add storage is 
an economic one. If the value of the additional fossil fuel energy 
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displaced is greater than the cost of the extra collectors and storage 
required, the increase in Displacement is worthwhile. The selection 
of the proper quantity of storage is not too sensitive to the cost of 
storage as long as the decision is made to incorporate more than just 
the small amount typically used for control purposes. Once the deci-
sion is made to include storage, the form of the dependence of solar 
energy Utilization on Storage Capacity tends to drive the design to 
the Maximum Displacement Point of the appropriate Storage Sizing Graph 
regardless of cost (see Section 3.1.3). 

Thus, a conceptual design can proceed in the absence of cost fig-
ures since, for a given Displacement of a Demand, a preferred Storage 
Capacity can be identified. As capital costs are factored into the 
evaluation, the costs associated with providing more than nominal fos-
sil fuel Displacement would become evident. 

Employing Rule-of-Thumb No. 2, a collector ~T of 240°F (133°C) is 
chosen and is represented in Figure 42 by line PB. This results in an 
average collector temperature (in accordance with Rule-of-Thumb No. 3) 
of 480°F (249°C). Since a collector with the performance characteris-
tics of the Example Collector is assumed, the average daily collector 
output is, as computed above from Figure 43, about 875 Btu/ft2.day 
(2.8 kWh/m2 .day). Following Rule-of-Thumb No. 9, the solar energy 
system will be designed to the Maximum Displacement Point in the Stor-
age Sizing Graph shown in Figure 44. Sizing of the collector field 
and storage follows directly. 

The Nominal Displacement associated with the Maximum Displacement 
Point in Figure 44 is 0.8. Thus, the quantity of thermal energy which 
must be provided by the collector field is 8xl07 Btu/day (23.5 MWh/day). 
Dividing this daily demand by the average daily collector output of 
875 Btu/ft2 .day (2.8 kWh/m2 .day) and 0.75 to account for field losses 
(Rule 11) yields the collector area needed to achieve a Nominal 
Displacement of 0.8. The required collector area is 121,905 ft 2 

(11,324 m2 ) of Example Collector. The associated Storage Capacity 
(i.e., Storage Fraction x daily Demand) is approximately 60% of the 
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average daily Demand or 6xl0 7 Btu (17.6 MWh),* and the area required 
2 2 for collector deployment is about 304,763 ft (28,310 m or about 7 

acres). This land area was calculated using 2.5 units of land area 
per unit of collector area in accordance with Rule-of-Thumb No. 6. 
The results of these two conceptual designs are summarized in Table 1. 

Table l 

Results of Example Conceptual Design Demand= 108 Btu/day 
(29.4 MWh/day) 

Collector Storage 
Area Ca12acity Dis:elacement Land Area 

No Storage 26,720 ft 2 0 7 2xl0 Btu/day 1.6 acres (2483 m2 ) (5.9 MWh/day) (6207 m2 ) 
Storage 121,905 ft 2 6xl0 7 Btu 7 8xl0 Btu/day 7.0 acres (11,324 m2 ) (17.6 MWh) (23.5 MWh/day) (28,310 m2 ) 

An approximation of the capital costs for this solar energy 
system can be obtained with the help of Rule-of-Thumb No. 10. If it 
is assumed that the collectors could be purchased and installed for 
$20/ft 2 ($215/m2 ), the capital cost for the collector field is 
$2.44x10 6 . Using Design Rule-of-Thumb No. 10, storage costs are esti-
mated to be $312,000 (assuming a storage efficiency of 100%) for oil 
that costs about $3.60/gal ($950/m3 ). This results in a total storage 
plus collector subsystem capital cost of about $2.75xl0 6 ~ 

Figure 37 in Section 3.6 can be used to verify that the storage-
collector subsystem sizing performed using the Design Rules-of-Thumb 
does indeed result in the lowest cost design for a system including 
storage. This is shown in Figure 45, which reproduces Figure 37 for 

* Assuming 100% storage efficiency is not realistic since storage tanks lose heat and suffer degradation by other mechanisms. However, there is a general lack of information on the efficiency of thermal storage. Since the purpose here is to illustrate the design tech-niques and not suggest the status of storage technology development, 100% efficiency has been chosen for this example. 
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Figure 45. Determination of Minimum Cost Collector/Storage 
Combination for Example Problem 

use with this example. The Effective Storage-Collector Subsystem 
Costs for a Nominal Displacement of 0.8 (see Figure 44) are shown. 
All costs have been scaled by 0.5 to fit on the graph. Storage cost 
can be computed since the cost representing a Storage Fraction of 0.6 
is $312,000. Thus, each 0.1 Storage Fraction costs $52,000. Since 

2 there are 121,905 ft of collector, the storage cost representing each 
0.1 Storage Fraction is $0.43/ft2 of collector. The curve showing 
combined storage/collector costs for the various Storage Fractions at 
a Nominal Displacement of 0.8 is drawn in Figure 45. The minimum cost 
subsystem, as illustrated in Figure 45, is approximately $24/ft2 for a 
total subsystem capital cost of about $2.9xl06 • This is in agreement 
with the results obtained using the Design Rules-of-Thumb. 

4.4.3 Example Design for a Stepped Demand Profile 

As an example of how a stepped Demand profile is handled, consid-
er the Demand profile shown in Figure 46. The application is assumed 
identical to that defined in Section 4.4.2 except for the Demand 
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profile. The Demand for this example will be assumed constant at 
4.167x10 6 Btu/h (1.2 MW) between midnight and 8 am and between 5 pm 
and midnight. During the hours between 8 am and 5 pm, the Demand is 
assumed to double to 8.33x10 6 Btu/h (2.4 MW). This stepped Demand can 
be thought of as the superposition of two Demands. One Demand is 
constant, 24 hours per day, 365 days per year, while the other is also 
constant but preseni only during daylight hours. The 24-hour Demand 
is equal to (24)(4.167xl0 6 ) = 108 Btu/day (29.3 MWh/day). This is the 
Demand of the example conceptual design performed in Sections 4.4.1 and 
4.4.2. The separate daytime-only Demand is equal to (9)(4.167xl0 6 ) = 
3.75xl0 7 Btu/day (10.8 MWh/day). 

The 24-hour Demand serviced by an E/W Baseline Collector has 
already been examined, and the design procedures need not be repeated. 
Thus, a conceptual design need only be performed for the daytime De-
mand and the resulting collector area and Storage Capacity added to 
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that of the 24-hour Demand conceptual design. For brevity, only a 
solar energy system employing E/W Example Collectors and containing 
storage will be designed. 

Figure 47 reproduces the appropriate Storage Sizing Graph from 
Appendix H. The Maximum Displacement Point in Figure 47 occurs at a 
Nominal Displacement of 0.8 and a Storage Fraction of 0.3. Thus, the 
appropriate area of Example Collector, which has an average thermal 
output of 875 Btu/ft 2 •day (3.35 kWh/m2 •day), is (3.75xl07 )(0.8)/ 
[(875)(0.75)] = 45,714 ft 2 (4247 m2 ). The capacity of thermal storage 
is obtained by multiplying the Storage Fraction (0.3) at the Maximum 
Displacement Point by the separate daytime Demand of 3.5x107 Btu/day 
(10.8 MWh/day). This results in a required Storage Capacity of 
11.25x106 Btu (3.31 MWh). 
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Figure 47. Storage Sizing Graph for Stepped Demand 
Conceptual -Design Example 

When the collector field sizes and Storage Capacities for the two 
subsystems are added, the resultant conceptual design consists of 
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7.125xl07 Btu (21.0 MWh) of Storage Capacity coupled with 167,619 ft 2 

(15,490 m2 ) of Example Collector. If the same unit collector and 
storage capital costs are assumed as in Section 4.4.2, the total 
storage/collector capital costs for the E/W solar energy system ser-
vicing the stepped Demand of Figure 44 is $3.72x10 6 • 

Had a N/S collector orientation been chosen, the same procedures 
would have been followed, resulting in a system displacing only 60% of 
the Demand. 
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APPENDIX A 

Glossary of Handbook Terminology 

Absorptance -- The ratio of the actual radiant flux absorbed by a body 
to the radiant flux incident upon it. 

Collector Azimuth -- The angle that the axis about which a parabolic 
trough tracks makes with the N/S line. The collector azimuth has 
the same sign convention as the sun azimuth angle where a clock-
wise rotation away from the N/S line is a negative angle while a 
counterclockwise rotation is a positive angle (see Figure 6, 
section 2.2.1). 

Collector Efficiency -- Collector efficiency can be used in many 
different ways, each meaning something different. The various 
definitions of collector efficiency are examined in detail in 
Appendix B. In the body of this handbook, collector efficiency 
will be defined as the Instantaneous Direct Insolation Aperture 
Efficiency (see Appendix B). Additionally, the average collector 
efficiency over a given period of time (e.g., average annual ef-
ficiency) will refer to the Average Direct Insolation Efficiency 
when applied to a parabolic trough over the time period indicated 
unless otherwise specified. 

Collector 2 -- A hypothetical collector defined in Section 1.5.1. It 
was defined in order to illustrate the techniques employed in 
predicting long-term performance from instantaneous collector 
performance test data. 

Collector Operating Temperature -- The average operating temperature 
of a parabolic trough collector. It is the arithmetic mean of 
the collector inlet and outlet temperatures. This definition is 
used both for individual collector modules and collector strings 
comprised of several modules to achieve large 6Ts. 
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~T -- The temperature increase associated with collection of solar 
energy in a parabolic trough collector field. 

Demand -- The thermal energy requirements of an application. 

Displacement 

Actual Displacement That fraction of an application's average 
daily Demand over a year which is satisfied by thermal 
energy produced by a solar energy system. 

Nominal Displacement That fraction of an application's average 
daily Demand over a year which could be satisifed if all the 
thermal energy produced by a solar energy system could be 
used without waste. 

Effective Collector Cost -- The purchase price of a parabolic trough 
divided by the fractional Utilization of the thermal energy 
produced by the parabolic trough. 

Effective Storage and Collector Subsystem Cost -- The capital costs 
associated with storage plus the Effective Collector Cost. 

Emittance -- The ratio of the actual radiation emitted by a body to 
the radiation emitted by a black body at the same temperature. 

Field Shadow Factor -- The ratio of the Direct Insolation incident 
upon all collectors in a field when shading is considered to the 
unshaded Direct Insolation incident upon all the collectors in a 
field (see Section 2.6). 

Incremental Storage Ratio -- The incremental change in Storage Frac-
tion divided by the resultant change in Actual Displacement re-
sultant from increasing storage at a given Nominal Displacement 
(see Section 2.1.1 for detailed discussion). 

Insolation -- The solar energy incident on a unit surface in unit 
time. 
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Direct Insolation -- The Insolation which comes from within the 
solid angle subtended by the solar disk. 

Diffuse Insolation -- Any contribution to the Insolation that is 
not direct, excluding specular reflections from other ob-
jects. 



Total Insolation -- The sum of Direct and Diffuse Insolation. 
Direct Normal Insolation The Insolation on a surface perpen-

dicular to a ray of sunlight from the center of the solar 
disk. 

Total Normal Insolation -- The Total Insolation on a surface per-
pendicular to a ray of sunlight from the center of the solar 
disk. 

Direct Aperture Insolation -- The Direct Insolation passing 
through the aperture of a collector. Direct Aperture In-
solation is related to the Direct Normal Insolation by the 
Solar Incidence Angle. 

Total Aperture Insolation -- The Total Insolation passing through 
the aperture of a collector. Total Aperture Insolation is 
related to the Total Normal Insolation by the Solar Inci-
dence Angle. 

Land Use Factor -- The ratio of the land area upon which a collector 
field is deployed to the collector aperture area. 

Maximum Displacement Point -- That point on the Storage_Sizing Graphs 
which indicates the largest practical Nominal Displacement which 
can be achieved with a parabolic trough field/storage combina-
tion. 

Nominal Collector -- The parabolic trough, defined here only for the 
development of the design nomographs used in this handbook, is 
termed the Nominal Collector. Its purpose is to illustrate the 
use of design techniques only, and it is not meant to reflect the 
characteristics of an existing parabolic trough collector. The 
performance of the Nominal Collector is defined in Section 2.4. 

Reflectance -- The ratio of the reflected radiant flux to the incident 
radiant flux. 

Row Shadow Factor The ratio of the Direct Insolation incident upon 
the nonfirst row collectors in a field when shading is considered 
to the unshaded Direct Insolation incident upon the nonfirst row 
collectors (see Section 2.6). 
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Solar Incidence Angle -- The angle of the sun's rays with the normal 
to the collector aperture. By definition, the Solar Incidence 
Angle is zero when the sun's rays are normal to the plane of the 
collector aperture (see Section 1.2 for detailed discussion). 

Specular Reflectance -- Refers to the radiation reflected from a sur-
face such that the angle of reflection is equal to the angle of 
incidence. 

Storage Capacity -- That quantity of thermal energy storage which is 
provided for the storage of excess solar thermal energy produced 
by a solar collector field. 

Storage Fraction -- The ratio of the Storage Capacity provided in a 
solar energy system to the average daily Demand. 

Storage Sizing Graphs -- A series of graphs defined in Section 3 which 
relate Nominal and Actual Displacement as a function of Storage 
Fraction. These graphs are used to size the collector field and 
storage in the conceptual design process. 

Tracking Angle -- The angle a vector normal to the collector aperture 
makes with the zenith as it attempts to follow the sun. By defi-
nition, the tracking angle is 0° when the collector is up-facing. 
In addition, a negative tracking angle for a N/S trough indicates 
that the collector is facing west while a negative tracking angle 
for an E/W collector indicates a south-facing trough (see Section 
1.2 for detailed discussion). 

Transmittance -- The ratio of the radiant flux transmitted by a body 
to the incident radiant flux. 

Utilization The fraction of the thermal energy produced by a solar 
collector field which is used in displacing an application's 
Demand. 

Zenith -- The point in space directly overhead. 
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APPENDIX B 

Definitions of Collector Efficiency 

Several different definitions of collector efficiency are cur-
rently in use. For example, the efficiency of a parabolic trough col-
lector is typically based only upon available Direct Insolation while 
the efficiency of flat plate collectors is typically based upon the 
available Total (Direct plus Diffuse) Insolation. In other words, a 
50% efficient parabolic trough typically means that 50% of the Direct 
Insolation available to the collector is converted into useful thermal 
energy leaving the collector. A 50%-efficient flat plate collector, 
on the other hand, usually implies that half the Direct plus Diffuse 
Insolation available to the flat plate collector is converted into 
useful thermal energy leaving the flat plate collector. To further 
confuse the issue, collector efficiencies can be based either upon the 
Insolation passing through the collector aperture regardless of the 
collector's position relative to the sun (i.e., Direct or Total Aper-
ture Insolation) or the Direct or Total Normal Insolation. 

While it might be argued that only one definition of Collector 
Efficiency should be used, each definition has its value, and thus 
multiple definitions will continue in use. For example, plots of ef-
ficiency versus (Tcol - Tamb)/I, as presented in Figure 3 of Section 
2.1, are based upon the Direct Aperture Insolation. However, it is 
also useful to consider average Collector Efficiencies based upon 
Total and Direct Normal Insolation since this definition of efficiency 
points out the difference in daily performance between tracking and 
nontracking collectors. 

The point here is to caution the reader that several conventions 
for expressing Collector Efficiency are in current use. It is impor-
tant to know with certainty which convention is being employed before 
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attempting to use published efficiency data. For the purposes of this 

report, the definitions below will be adhered to unless explicitly 

stated to the contrary. 

Instantaneous Direct Insolation Aperture Efficiency -- The efficiency 

typically used to define the performance of concentrating collec-

tors, as in the case of Figure 3 of Section 2.1, where the Col-

lector Efficiency of a parabolic trough collector is plotted as a 

function of (T 1 - T b)/I. Instantaneous Direct Insolation 
co am 

Aperture Efficiency is defined as the ratio of the instantaneous 

thermal energy output from a collector to the Instantaneous 

Direct Aperture Insolation. 

Average Direct Insolation Efficiency -- The efficiency typically used 

to describe the performance of a concentrating collector over 

some defined period of time (i.e., day, month, or year). Average 

Direct Insolation Efficiency is defined as the ratio of the inte-

grated thermal energy output from a collector over some known 

period of time to the integrated Direct Normal Insolation over 

the same period of time. 

Average Direct Insolation Aperture Efficiency -- The efficiency used 

to predict the performance of a concentrating collector over some 

defined period of time (i.e., day, month, or year), as described 

in Section 1.5.1. Average Direct Insolation Aperture Efficiency 

is defined as the ratio of the integrated thermal energy output 

from a collector over some known period of time to the integrated 

Direct Aperture Insolation over the same period of time. 
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APPENDIX C 

sun Angles 

In order to provide for accurate tracking of parabolic trough 
solar collectors, the position of the sun must be known at all times 
during the year. The position of the sun is usually defined, relative 
to any position on earth, by two time-dependent angles: the solar 
azimuth angle (AZ) and the solar elevation angle (EL). This appendix 
provides the analytical expressions needed to calculate these two 
angles. 

The general approach employed in this appendix follows that of 
E. c. Boes, 1 and the reader is referred to that reference for further 
detailed information on computing the sun's position. While the re-
sultant equations are accurate enough for computing collector perfor-
mance, they may not be accurate enough for collector tracking require-
ments. John zimmerman 2 has recently reviewed the accuracy of various 
equations and computer programs for calculating the sun's position. 
Basically, the solar declination and hour angles are defined and these 
two angles, together with local latitude, are then used to define the 
solar azimuth and elevation angles. The hour angle incorporates the 
equation of time which corrects local standard time to solar time. 

Solar Declination Angle (D) 

The planar orbit of the earth about the sun is an ellipse having 
semimajor and semiminor axes of (9.3007)(107 ) miles, or (1.4968)(10 8 ) 
km, and (9.2994)(107 ) miles, or (1.4966)(10 8 ) km, respectively. The 
axis about which the earth rotates is inclined to the plane of the 
earth's orbit by 23.45°. The orbit of the earth about the sun, with 
the tilt of the earth's axis of rotation, is shown in Figure Cl. 
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Figure Cl. 

23-1/2° 

SPRING 
EQUINOX 
(MARCH 21) 

Motion of Earth Relative to Sun 

On the summer solstice in the northern hemisphere, the inclina-
tion of the earth's rotation axis at the north pole is 23.45° toward 
the sun. On the winter solstice, the earth's rotation axis points 
23.45° away from the sun. At the solar equinox, the earth's rotation 
axis is normal to the sun/earth vector, resulting in the sun rising 
due east and passing directly overhead to an observer located on the 
equator. The angle of tilt of the earth's rotation axis toward the 
sun is called the solar declination angle. By definition, it is 
+23.45° on the summer solstice in the northern hemisphere. As a 
result, it is then -23.45° on the northern hemisphere winter solstice 
and 0° on the spring and fall equinoxes. Analytically, the solar 
declination angle is approximately 

sin(D) = 0.39795 cos [0.98563 (N-173)] ( 1 ) 
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where N is the day number of the year, starting with 1 January. The 
formula is accurate to about ±1°. 

Determination of solar Time 

The sun does not necessarily cross the local meridian (i.e., 
solar noon) when the local standard time (LST) indicates 12 noon. One 
difference between the LST and solar time is called the equation of 
time (EOT) and is approximated by 

EQT= -(0.1236 sin x - 0.0043 cos x 

+ 0.1538 sin 2x + 0.0608 cos 2x) ( 2 ) 

where the angle x, in degrees, is a function of the day of the year N, 
starting at 1 January. 

x = 360(N-l)/365.242 ( 3 ) 

To complete the conversion from LST to solar time, a correction 
(L) in hours for longitude must also be included where 

L = [(local longitude in degrees) -
(longitude of local standard 
time meridian in degrees)]/15 

Thus solar time at any specified location, in hours, can be 
expressed as 

Solar Time= LST + EOT - L 

( 4 ) 

( 5 ) 

The local time meridians are 75° for Eastern Standard Time, 90° for 
Central Standard Time, 105° for Mountain Standard Time, and 120° for 
Pacific Standard Time. 
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Hour Angle (H) 

For computing the solar azimuth and elevation angles which fol-
low, it is convenient to express solar time in degrees rather than in 
hours. The conversion is based upon the fact that the earth rotates 
360° on its axis in 24 hours and thus the hour angle (H) changes 15° 
per hour. His measured from solar noon and is positive before 12 
noon (up to midnight) and negative after 12 noon (up to midnight). 
For example, 8 am solar time is +60° while 9 pm solar time is -105°. 

Recall that since solar time varies with longitude, so does the 
hour angle H. 

Solar Azimuth (AZ) and Solar Elevation (EL) Angles 

As mentioned above, the sun's position is usually defined by AZ 
and EL, respectively. These angles are shown in Figure C2. AZ mea-
sures the sun's angular distance from the south while EL measures the 
sun's angular position up from the horizon. The definition employed 
in this handbook is that a positive solar azimuth implies that the sun 
is east of the north/south line, and a negative solar azimuth implies 
that the sun is west of the north/south line. A frequently employed 
term is the solar Zenith angle (Z), which is simply the complement of 
the solar elevation angle 

Z = 90 ° - EL 

The solar elevation and azimuth angles are defined by the equa-
tions 

sin(EL) = cos(LAT) •COS(D) •COS(H) + sin(LAT) 0 sin(D) , ( 6 ) 

sin(AZ) = [cos(D) 0 sin(H)]/cos(EL) , ( 7 ) 

where LAT= latitude of location. 
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WEST EAST 

AZ (POS) 

SOUTH 

Figure C2. Definition of Solar Azimuth (AZ) and 
solar Elevation (EL) Angles 

Since the elevation angle varies only between 0° and 90°, the inverse 
sine function of Eq. (6) yields the elevation angle directly. How-
ever, it is necessary to distinguish when the sun is in the northern 
half of the sky and when it is in the southern half in order to use 
Eq. (7). This is done by 

where 

AZ= 

sin-1 (Q) if cos(H) > tan(D) 
tan(LAT) 

-1 tan(D) 180° - sin (Q) if cos(H) < tan(LAT), and H > 0 

-1 tan(D) -180° - sin (Q) if cos(H) < tan(LAT), and H < 0 

Q = [cos(D)-sin(H)]/cos(EL) 
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In the case where 

cos(H) = tan(D)/tan(LAT) , 

the solar azimuth angle is ±90°, depending upon the sign of the solar 
hour angle H. 
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1 E. C. Boes, Fundamentals of Solar Radiation, SAND79-0490 
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SAND81-0761 (Albuquerque: Sandia National Laboratories, to be 
published). 
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APPENDIX D 

Computation of Collector Performance 

A computer code which employs experimentally determined 6T/I 
versus efficiency data and the TMY weather tapes was used to predict 
the long-term collector output reported in sections 2.4 through 2.6 
and Appendix H. The logic flow of the computer program is shown in 
Figure Dl. The computation begins with an interrogation of the TMY 
weather tape for the ambient temperature and Direct Insolation at a 
given time of day and day of the year. From knowledge of the operat-
ing temperature of the collector (predetermined by the user), the 6T 
that the collector is operating above ambient is determined. The 
angle of incidence (see Section 2.2) is computed from knowledge of 
collector orientation, collector location, and the sun's position in 
the sky. The cosine of the angle of incidence multiplied by the Di-
rect Normal Insolation read from the TMY tape results in the Direct 
Insolation entering the collector aperture. This allows computation 
of 6T/I for that particular time of day and that day of the year. 

Since, as described in Section 2.1, the Instantaneous Direct 
Insolation Aperture Efficiency for a given collector is a unique 
function of tT/I, the Collector Efficiency can be determined from 
published test data of 6T/I versus efficiency for the collector of 
interest. In Section 2.4 this was the Nominal Collector. Once the 
Instantaneous Direct Insolation Aperture Efficiency is determined, 
it can be multiplied by the direct insolation entering the collector 
aperture to obtain the thermal energy output from the collector. 
This computation is typically repeated hourly for a year's worth of 
TMY data to obtain collector output plots such as those for the 
Nominal Collector which were reported in Sections 2.4 through 2.6 and 
Appendix H. 
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Figure Dl. Logic Flow for Computing Collector 
Thermal Output 
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The validity of this approach to calculating the thermal energy 
output from a collector was evaluated using measured all-day perfor-
mance of two different parabolic trough collectors with the ~T/I 
versus efficiency characteristics shown in Figure D2. Figures D3 
through D6 show the computed versus measured thermal energy output 
for the two different parabolic trough collectors tested at SNLA. The 
computed collector p~rformance used the measured Direct Normal Insola-
tion and ambient temperatures obtained during the day of each test. 
Two different collectors and orientations were selected, together with 
different times of the year, in order to provide widely diverse condi-
tions to allow a reasonably rigorous test of the computer code. Since 
the tested collectors were short-test modules, end losses due to the 
reflected beam missing the end of the receiver tube were evaluated. 
End losses become important at high incidence angles for short mod-
ules. End losses proved significant in only one test (see Figure D5) 
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DESIGN OF COLLECTOR SUBSYSTEM 
PIPING LAYOUTS 

Robert E. Morton 
Jacobs Engineering Group 

Pasadena, California 91101 

Introduction 

Review of current designs show that the process piping systems in solar collector arrays are being built around design criteria long established as acceptable by proc'ess industries. Al though these criteria are known to be con-servative when applied to solar collector fields, designers are still forced to use them because guidelines do not exist yet for solar applications. The use of con-servative process piping design criteria undoubtedly increases capital and operating costs when used without consideration for the special nature of solar energy fields. 

In early 1979, Sandia Laboratories commissioned Jacobs Engineering Group to study the piping criteria in depth as they apply to the design of solar field 
piping layouts. Field layout; optimum insulation type and thickness; method and frequency of pipe support; ..6.T string length; pump type; driver type and many other related factors were to be studied. The long range goal of these studies is to develop special gujdelines tailored to facilitate design of modular solar piping systems. 

The initial design studies have been performed on a 50 thousand square foot solar collector field layout. As a result of these studies, recommendations for configuration; ..6.T string length; header piping profile; and insulation material and thickness have been developed. The insulation recommendations can be applied to the design of any size solar array because it was possible to decouple the insulation study from the piping study. The other recommendations, however, apply strictly to the design of the 50 thousand square foot E-W collector array. Future studies should be made to determine the need to modify the piping recommendations for modular collector arrays which are larger or smaller than the one studied. 

Design Criteria 
The studies are based on certain design criteria established by Sandia. These are presented below in Table I. 

Table I 
Initial Design Criteria 

Par8llleter 

Wind Velocity 
Size of collector field 
Drive string length 
Collector orientation 
Collector spacing 
Heat transfer fluid 
Fluid AT 
Fluid outlet te111perature 
Energy value out of collectors 
Annual capital charge 
Foundation design 
Minimum flow rate 
Peak flow rate 

5 ft/sec. 2noI1Ml to pipe 
50,000 ft 
80 ft 
E-W 
15 feet 
Therminol MCS-2046 
150°F 
600°F 
$10 per million BTU 
15\ of initial investment 
Optimum Sandia design 
50 91'8 
300 qi-
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Piping Study 

several alternative field layouts were proposed and, of these, two were 
selected for preliminary study. These are shown schematically in Figures 1 and 2. 
Heat transfer fluid enters and leaves the system via the center of the collector 
array in Figure l, and via the edges of Figure 2. 

Center Feed 

!O.M AAAAY PLAN 

I .,Ju~·c , 
F.dge Feed 

I-C:'--7.:::::=:'t-~=-:::_=_:__:_::_.=::--=~:=::c==s-l ~:-=:}-~~ -_. ~--- -·:r 
c::-:--:- _1 ~I -· =-c: c:::=::: _.,____~ 

I [ 
:- ·7 

1L - I 
__J_ =-:=J j 

The preliminary screening process consisted of a ~apital cost estimate, 
estimates of heat loss and a subjective critique of the arrays utility as a module 
in larger collector fields. It was found during this process that the capital costs 
of both configur4tions were about the same, however the center feed configuration of 
Figure 1 would not econcmically lend itself to larger modules. Each of the 
collector rows in Figure l requires two additional fifteen foot long l" pipe return 
bends not required by the array in Figure 2. The extra pipe results in substan-
tially higher heat losses for larger arrays. The edge feed configuration of 
Figure 2 was selected for detailed study for this reason. 

once the general configuration was established, cost comparisons were made of 
optimized edge feed 50 thousand square foot collector arrays to arrive at a 
reconunendation for ,AT string length and receiver tube diameter. Four l:i.T string 
lengths were considered. They ranged in size from 240' to 480' in length. Receiver 
tubes under consideration were l" and 1.25" o.d. schedule 40 steel pipe. Each of 
the final candidate arrays evolved from optimization studies which considered the 
minimization of capital, heat loss and pumping cost in the piping size selection. 

The results of the study indicate that the ,AT string length should be 320'. 
Receiver tube diameter can be l" or 1.25" o.d. 



Table 2 presents the total annual estimated operating costs for the range of AT strings studiEd. These costs are plotted in Figure 3. This figure shows the relative insensitivity of the estimated operating costs to AT string length and receiver tube diameter. 
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a control valve. The telescoped header profile shown on Figure 4 results in the 
minimum overall operating cost, based on heat and power costs provided by Sandia. 
Heat is valued at $10/million Btu. Electric power costs 10¢/Kwh and the annual 
capital charge is 15 percent of initial capital investment. It has been shown by 
sensitivity study (see Figures 5, and 6) that these costs can vary substantially 
without affecting the design recommendation. 
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Pump Driver Study 

Solar energy input to the collector 
is not constant over the operating day. 
Since it is desirable to maintain a 
constant fluid temperature rise across the 

AT string, the fluid flow must vary in 
proportion to the changing energy input. 
The flow rate in the AT string, and 
header piping, will rise from a minimum 
in the morning, peak at solar noon and 
fade off to a minimum value in the 
evening. The array will be shut down and 
allowed to cool overnight. 

Various alternatives are available 
for pumping fluid through the collector 
piping. We have studied the use of 
centrifugal pumps in solar arrays. The 
pump is assumed to operate in one of 
three modes: continuous speed; two speed; 
and SCP. drive variable speed. Annual 



operating costs were developed for each of the three modes in order to select the most economical. The pumping and capital costs were based on vendor pump price quotations, the pipe configuration shown in Figure 4, energy value of 10¢/Kwh and an annual capital charge of 15 percent of capital costs. Receiver tube o .d. was 1.25 inches. 
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Energy consumption was estimated using the daily estimated flow curve shown in Figure 7. Using quantity-discharge curves provided by the pump manufacturer and calculated pipe system curves, estimates were made of pump BHP requirements. The BHP requirement was calculated over one operating day for half hour intervals. The calculated BHP values were then corrected for motor efficiency. The resultant gross Hp was converted to Kwh. The annual energy cost was based on the integrated daily energy consumption. 

Figure 8 shows the calculated gross motor Hp for each of the three cases. The area under the curve is the total daily energy consumption for each case. Clearly, the continuous speed case uses the most energy, followed by the two speed case. It is evident from this figure that speeding up the pump impeller in proportion to energy input through the use of an SCR drive results in the lowest energy con-sumption. 

Table 3 presents a breakdown of the total costs associated with pumping. The annual capital charge is 15 percent of the initial cost of the pump and controls. Even though the SCR drive is substantially more costly than the other two types of driver the energy savings justifies its selection. 

'!'able 3 

Mode 
Toh L Am,,,al P•mping Co!lt 

c:ont'tn uous 
C..pLtal Charge,$ Ener-qy Cos~,$ epeed 1570 6540 1\to speed 

V•ri.Ll)le •~ 
1570 5510 
2730 3810 

Total,$ 
8110 

7080 
6540 
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Insulation Studies 

Calcium silicate, mineral wool, fiber glass, and cellular glass were selected 
for study. These four were picked because they seemed to fulfill such basic con-
siderations as cost, and resistance to high temperature and abuse. The optimum 
insulation material was found by weighing cost advantages of all four at their 
optimum thickness agilinst ease in installation and service life. Part of the study 
consisted of evaluating insulation milterials under changing conditions of heat loss 
and annual capital charge. To expedite the analysis one of the four materials (Base 
Case) was subjected to post-optimality analysis which showed the sensitivity of the 
calculated optimum thickness to changes in certain parameters. The behavior of the 
other three insulation materials to changes in the same variable was assumed to be 
consistent with the response shown by the Base Case. Calcium silicate was selected 
to be the Base Case because of its wide acceptance as an insulating material. As 
it turned out, fiberglass or mineral wool are preferred to calcium silicate. 

Determining optimtL'l\ insulation thickness for a given material involves the 
trade-off of insulation materials c8sts with the value of the energy saved. Est-
imating the energy savings requires calculating daily heat losses. The total heat 
loss calculated in this study was the sum of three individual component losses, the 
operating heat loss, the overnight cooldown heat loss and the startup heat loss. 
The capital cost of the insulation material and installation labor were obtained 
from insulation contractors. The cost data included the insulation material, vapor 
barrier, 0.016" aluminum covering, and all labor charges, installed in New Mexico. 

The calculated optimum thickness of 4" for the Base Case (calcium silicate, 
over a 4" schedule 40 steel pipe) is shown by curve 3 on Figure 9. The curve is 
relatively flat 1.n the optimum region allowing a range of selection between 3" to 
5" before significant change is made in overall annual costs. Curves 1 and 2 
show the component capital costs and heat loss costs, respectively. Figure 10 
shows the relative sensitivity of this optimum to energy costs of $3, $7.50, and 
$10 per million btu; and three annual payback rates of 10, lS, and 20 percent. As 
expected, higher energy values tend to drive one to thicker insulation thicknesses. 

. .....,, 
IIM,ULA '10 ~ C)'PTa.,ru I ON 

"OYRl lQ 
EFFECT OF [NERGY V-\LU( &ANNUAL 

CAPl'Ul CI-IARGE Ori 8 ... SE CASE 

OPT~r.LJ fK)"' r HIC«N£~.S 
1 

- - -----,----,----,-1_,_. __ _ 
tlOO ,nr11i1. "'""' 4ol C01 ' " ~ ~-+--+-- _ 

t.,Wtl~ ,QO O' jO\!li(: I 1 - ~,--+---+--+-I 
--~,-t--l,- -

h· I 

C 'l'.U. ,Of'ftl.lAL CO:t ,. U OOi~LIO .. aflJ 
1t'6 .Mft.lA.L C.&l'!lAt,. C1ot.•fllOC 

::,~·:-::.-::.-::.;-::.-::.~:-=--=--=-~-=--=--=-:-::.-::.-::.:,-::.-::.-::.:-::.-::.-::.:-::.-::.-::.:-::.~ 
I I I I 

' , . 
lti~V\•71nlrf TH"C tr~1r. ot5 1"'1Ck,tll 



Figure 11 presents the relative. performance of each of the four materials under Base Case conditions for a 4" pipe. Clearly, fiberglass or mineral wool have cost advantage over cellular glass or calcium silicate. The optimum thickness for all four is about the same. Figure 12 presents similar results for 2" and 8" pipes. 

<l"DIA SCt4 f.O STEIEl ,..E INE"O" COST 110 /Ult LION 81'U 
AJit()RU:ATION 1t.,_JYIEAlt 

A schedule of recommended insulation thicknesses for various diameeer pipes is presented below in Table 5. Preformed fiber glass or mineral wool insulation is preferred for those applications where physical abuse is not a problem. Calcium silicate can be used in combination with fiberglass in those areas of the array where the fiberglass could be damaged by rough treatment. 

Reca1111ended Insulation 'lbickness (Basia: $10/lllillion Btu and 15\ amortization) 

Nominal Pipe 
Diameter, in. 

1 
1.5 
2 
2.5 
3 
4 
6 
8 

Rec:amnended 
'ttlickneas 1 in. 

1-2 
1.5-2 
2-3 
3-4 
3-4 
4-5 
4-5 
6 
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Figure D6. Hourly Thermal Output from N/S Collector, Day 170 

and thus are not shown in the other plots to improve clarity. Typi-
cally, end losses are not anticipated as being large in actual in-
stallations where long rows of collectors are used. Thus, end losses 
are not directly included in the simple computed code outlined in 
Figure Dl. 

As illustrated in Figures D3 and D4, agreement between computed 
and measured E/W hourly performance is good. The end losses were 
relatively small and thus are not shown. It should be noted that 
morning test results must be used with caution since, during this time 
period, the collector was warming up and stabilizing. Thus, for exam-
ple, deviations from the test results in the morning (reported in 
Figure D4) from the computed performance may not be indicative of 
predictive ability of the computer program but may be due simply to 
the test collector not being stabilized. Agreement between the com-
puted and measured collector performance during the afternoon is much 
better. 
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Figures D5 and D6 show similar results for a N/S-oriented Collec-
tor B parabolic trough. During the summer (day 170), the comparison 
between computed and measured performance is, as illustrated, good. 
Due to the path of the sun near the summer solstice, the angle of 
incidence between the sun and the collector aperture is always small. 
The resultant small end losses are, for this reason, not shown in 
Figure D6. As above, morning test results are not considered as valid 
as the afternoon test data. 

The basic conclusion which can be drawn from Figures D3 through 
D6 is that the simplified collector mode, using 6T/I versus efficiency 
performance data, is capable of predicting hourly collector thermal 
output with accuracy. The results obtained in predicting the hourly 
performance for different collector orientations during different 
times of the year also imply that the simplified model can be used 
with confidence to predict annual collector performance from 6T/I 
versus efficiency data. 
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APPENDIX E 

Storage Sizing Graph Determination 

In order to examine the effect of collector area and Storage 
Capacity on the Utilization of collected solar energy, it is necessary 
to look at the hour-by-hour production of thermal energy by the col-
lector field. This energy supply profile must then be contrasted with 
the application's hour-by-hour Demand and the Storage Capacity avail-
able for storing excess solar-derived thermal energy. The logic flow 
for a computer program to do this is outlined in Figure El. 

Figure El. 
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OUTPUT 

APPLY COLLECTOR 
OUTPUT TO 

DEMAND 
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WITHDRAW 
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DECREASED 
DISPLACEMENT 

DEMAND 
SATISFIED 

ADD EXCESS 
SOLAR TO 
STORAGE 

DECREASED 
UTILIZATION 

Logic Used To Prepare Storage Sizing Graphs 
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The computer program calculates the hourly collector thermal 
energy output, using TMY data as described in Appendix D. The collec-
tor thermal energy output at any given hour is compared to the appli-
cation's Demand at that hour. If the Demand is less than the thermal 
energy output of the collector field, the thermal energy in excess of 
the Demand is placed in storage if such is available. If the thermal 
energy Storage Capacity is exceeded, the excess energy is considered 
wasted and acts as a debit against the Utilization of the collected 
solar energy. If the Demand for thermal energy by the process is 
greater than the collector output, energy is withdrawn from storage to 
help satisfy the Demand. If the combined thermal energy output from 
the collector field and the thermal energy in storage is insufficient 
to meet the application's Demand, fossil fuel is consumed in order to 
satisfy the Demand, resulting in decreased Displacement of the Demand 
by the solar installation. Analyses of this type were performed, 
employing several different Demand scenarios, and the results are 
reported in Section 3.1. 
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APPENDIX F 

Sensible Heat Oil Storage costs 

As discussed in Section 3.5, sensible heat oil thermal energy 
storage is currently the most highly developed storage technology for 
application in solar thermal energy systems. This appendix provides 
the rationale behind the development of the storage cost nomograph 
contained in Figure 35. 

To obtain the cost of sensible heat oil storage, a good first 
approximation is to assume that the cost of the storage system is the 
cost of the oil. This is based upon work done at Atomics Internation-
al (AI) as part of a study executed to evaluate the application of 
solar total energy to the commercial sector. 1 AI concluded that the 
cost ($1976) of the storage could be approximated by 

Storage Cost 3 0.515 
= 352 (vol, ft) + oil cost (vol, ft3 ) 

for storage systems in the size range of 150 to 150,000 ft 3 (4.2 to 
42,000 m3 ). Thus, for oil that cost about $3/gal ($790/m3 , $22.5/ft3 ), 
the cost for oil begins to exceed the nonoil cost at a storage size of 
about 250 ft 3 (14 m3 ). Above this size, oil costs quickly overshadow 
nonoil costs. Thus, for conceptual design purposes, the assumption is 
made that storage costs are reflected in the oil costs. This assump-
tion can be reevaluated if the design gets to the Preliminary Design 
stage. 

Figure 35 simply performs the calculation which converts the cost 
of oil into an equivalent cost for storage. Figure 35a, in English 
units, is reproduced here as Figure Fl for convenience of discussion. 
Chart A performs the calculation which divides the cost of the oil 
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storage medium ($/gal) by the density of the oil (lb/gal) to obtain 
the cost per unit weight of oil. 

Oil cost ($/lb) = ($/gal) ¾ (lb/gal) 

The cost per unit weight of oil, when divided by the heat capacity of 
the oil (Btu/lb•°F) yields the cost of the oil storage for a 1°F 6T. 

Storage cost $•OF 
Btu = ($/lb) .- (Btu/lb•°F) 

Although the axes are not explicitly labeled to show it, this calcula-
tion is performed in Chart B. The final computation of sensible heat 
storage costs is performed by dividing the costs from Chart B by the 
6T across the sensible heat storage unit. Multiplying by 1,000 pro-
vides a cost in a per kBtu Basis. 

Storage cost ($/kBtu) = [~ 
Btu 

¾ ( op)] • 1000 Btu 
kBtu 

This final computation is performed in Chart C of Figure Fl. 

Thus, for an example where $5/gal oil with a density of 7.0 
lb/gal and heat capacity of 0.55 Btu/lb•°F undergoes a ~T of 150°F, 
Figure Fl graphically performs the computation. 

($5/gal) 

Reference 

gal 
7.0 lb 

lb• °F 
0.55 Btu 

1 
150°F = $8.65/kBtu 

1commercial Applications of Solar Total Energy Systems, Second Quarterly Progress Report, August 1, 1976, October 31, 1976 Report No. AI-ERDA-13200 (Canoga Park, CA: Rockwell International, Atomics International Division, April 1977). 
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APPENDIX G 

Difference in Shading in E/W and N/S Parabolic Trough 
Collector Fields 

As discussed in Section 2.6, "Collector Shading," there is a 
significant difference in the shading suffered by a N/S field of para-
bolic trough collectors and an E/W field of parabolic trough collec-
tors. The plot showing the annual shading suffered by parabolic 
trough collectors located in Albuquerque is reproduced here in Figure 
Gl. In order to understand why E/W and N/S collector fields experi-
ence different amounts of shading, it is helpful to look at shading on 
a monthly basis. Figure G2 plots the Direct Insolation incident upon 
both E/W and N/S nonfirst row collectors as a function of Land Use 
(i.e., land area/collector aperture area). As can be seen in Figure 
G2, the Direct Insolation incident on a N/S field of parabolic trough 
collectors approaches that incident on an E/W field of parabolic 
trough collectors at high Land Use. 

The differences in shading between E/W and N/S collectors is due 
to the fact that shading for both orientations is greatest at low sun 
angles. During the summer, for example, the performance of a N/S 
collector is greater than that of an E/W collector because the N/S 
collector can rotate over and look directly at the morning and after-
noon sun at low sun angles while an E/W collector suffers high inci-
dence angle effects. This advantage is really applicable only to the 
east row (or west row in the afternoon), however, since subsequent 
rows of N/S collectors will not have an unencumbered view of the sun 
but will instead be partially, if not completely, blocked. The E/W-
oriented collector will, in the summer, be virtually free of signifi-
cant shading effects, as suggested by Figure G2. This is a result of 
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the fact that any shading that does occur will occur during the early 
morning and late afternoon when E/W trough performance is lowest any-
way due to large incidence angle effects. 

This is further illustrated in Figures G3 and G4 which present 
the hourly Direct Insolation incident upon nonfirst row E/W and N/S 
collectors at different Land Use factors. As illustrated in Figure 
G3, some early morning shading occurs in an E/W system but, even with 
a Land Use Factor of 1.0, reduction in incident Direct Insolation is 
small. For a parabolic trough with a N/S orientation, on the other 
hand, Figure G4 illustrates significant shading up to the point where 
the hourly Direct Insolation incident upon a N/S collector output ap-
proaches that incident upon an E/W collector. It is interesting to 
note that at a Land use Factor of 1.0, the Direct rnsolation incident 
upon E/W and N/S collectors will be equal since, from the sun's view-
point, the Direct Insolation incident on both fields will be equal to 
that incident on a flat plate. The combined shading and angle of in-

·cidence effects for both the E/W and N/S fields will be equivalent to 
the angle of incidence effects of a large flat plate filling the same 
area. 

The shading losses suffered by both E/W and N/S in winter are 
also shown in Figure G2. As indicated, both orientations suffer 
shading losses but, as opposed to the summer situation, the losses 
suffered by the E/W-oriented parabolic trough collectors are somewhat 
larger than the losses suffered by the N/S-oriented collector. 

The net result of the different seasonal dependence of shading 
for E/W and N/S parabolic trough fields is that, over a year, shading 
penalizes a N/S orientation more than an E/W orientation up to the 
point where, at the extreme case of a Land Use Factor of 1.0, the N/S 
and E/W field performances are the same. 
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APPENDIX H 

Site-Specific Design Information 

This appendix is divided into two parts. The first part repro-
duces six design nomographs from the main body of the handbook. These 
six charts are needed during the design process and are reproduced 
here so that the reader need not search through the handbook for these 
charts. 

The second part of this appendix gives the design information, in 
chart form, needed to execute conceptual designs. Design information 
for each of the 26 SOLMET sites is presented. The design charts are 
for the Nominal Collector defined in Section 2.4 and should be ad-
justed to reflect the collector under evaluation, as described in the 
body of the handbook (see, for example, section 4, Conceptual Design 
Procedures). 
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Part 2 

Site-Specific Design Charts 

TMY Station 
Albuquerque, New Mexico 
Apalachicola, Florida 
Bismarck, North Dakota 
Boston, Massachusetts 
Brownsville, Texas 
Cape Hatteras, North Carolina 
Caribou, Maine 
Charleston, South Carolina 
Columbia, Missouri 
Dodge City, Kansas 
El Paso, Texas 
Ely, Nevada 
Fort Worth, Texas 
Fresno, California 
Great Falls, Montana 
Lake Charles, Louisiana 
Madison, Wisconsin 
Medford, Oregon 
Miami, Florida 
Nashville, Tennessee 
New York, New York 
Omaha, Nebraska 
Phoenix, Arizona 
Santa Maria, California 
Seattle, Washington 
Washington, be 

Code Name 
ALBTMY 
APATMY 
BISTMY 
BOSTMY 
BRVTMY 
CHTTMY 
CARTMY 
CHRTMY 
COLTMY 
DGCTMY 
ELPTMY 
ELYTMY 
FWTTMY 
FRSTMY 
GTFTMY 
LCHTMY 
MADTMY 
MEDTMY 
MIATMY 
NASTMY 
NYKTMY 
OMATMY 
PHXTMY 
STMTMY 
SEATMY 
WASTMY 

Location 
(Page Numbers) 

134 - 140 
141 - 147 
148 - 154 
155 - 161 
162 - 168 
169 - 17 5 
176 - 182 
18 3 - 189 
190 - 196 
197 - 203 
204 - 210 
211 - 217 
218 - 224 
225 - 231 
232 - 238 
239 - 245 
246 - 252 
253 - 259 
260 - 266 
267 - 27 3 
274 - 280 
281 - 287 
288 - 294 
295 - 301 
302 - 308 
309 - 315 

133 



134 

>-a:: 
Cl 

N ...... 
L.. 

' ::) ...... m 
>-
UI 
Q:: 
w z w 
Q:: 
a:: 
...J 
Cl 
1/) 

ENERGY INCIDENT ON COLLECTOR APERTURE 

1-, z w 
c::, 

1000.0 -------------------------------------------------------------------------------

-u z 
500.0 -----------------

DIRECT NORMAL· 0 
E/M TROUGH X 
N/5 TROUGH· v 

ANNUAL 
VERAGE 

1.0 2.0 3.0 1.0 s.o 6.0 7.0 8,0 9.0 10.0 11.0 12.0 13.0 u.o 
MONTH 

ffiNUAL NONflRST RO~ SHADING 

1.10-+-~~-........ ~-.._.~-~~~-~~-~--~--~~~~~~~-'-+ 
w 
c::, - I.OS -------------------------------------------------------------------------·-----

1.00 

cc: 
:i::: 

0.95 

' ...... z 
!'3 0.90 

u 
z 0.85 

---------------------------------------------------------------
------

8 ALBTl'1Y 
o.ao ---------- -- ---------------------------------------- E/M TROUGH - o ------

• N/5 TROUGH - >< 

a:: 
0 

0.75 

0.70 
I... 

S o.ss 
:c en 

0.60 .......... --~--.-~-~e--,----~--........ ........ -.--~~.,..--.----1-
Q:: 0.0 !.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 

LAflO USE FACTIF!LAND AREA/COLLECTOR AREAJ 

'b 
10.0 ¥ 

9.0 

8.0 

1.0 

6.0 
>< a: • 

5.0 N :c 
' Or:: 
:i::: 

1.0 
:z 

J. • 

2.0 

1.0 

0.0 



>-a: 
• 
N 
I-, 
I..... 

' ::i ..... 
CD 
I-, 
::i a.. 
i-, 
::i 
D 
w 

0::: w 
> a: 

i 
=> z 
ff 

w 

PERFORMANCE VARIATION WITH COLLECTOR AZIMUTH 

ALBTM't 
JNCJD[NT SOLAR• o 

THERMAL OUTPUT160DF, 316CJ 

l.00 

i:::: a::: 
0 
[._ a::: w a._ 
<11 0.95 -----------------

' z 
__.I 
a: 

i a: 
t.... 
0 

z 
0 

I-

0.BS 
'-

~80+-,,---,--.-..-,--~.,..~---,--.-~ ......... ~.......,~~,......-~ .... ~---..~~,-,--~~ 
-100.0-eo.o -so.o -40.0 -20.0 o.o 20_0 40.o so.o eo.o 100.0 

COLLECTOR AZIMUTH ICAZJ 

TEMPERATURE DEPENDENCE OF ANNUAL PERFORMANCE 
COLLECiOR OPERATING TEMPERATURE ICJ 

0.0 50.0 100.0 150.0 200.0 250.0 300.0 350. 0 

20CXl. 0 +-~........._ ......... ..._.__.__.__._..._.__.__._...._....__ ........ _._...,_.__,__.__._....__,. ..... _ ..... _ -_ ..... _ ...... _ -_ ..... _ -_ '-_ .... __ _....._ -'~"--+ 

ALBTMY 
[/1,,j TROUGH - D 
N/S TROUGH - x 

1000.0 ------------------------------------------------------

SC'O.O ---------------------------------------------------------------------

0.0 100.0 200.0 JOO.O iOO.O 500.0 600.0 700.0 
COLLECTOR CFERATING TEMPERATURE lfl 

6000.0 

5000.0 >-
c:i: 
0 

N 
::;;: 

-----1000.0 

t--. 
::i 
0.. 

'.1000.0 5 
0 

w 
l!) 
a: 

200CLO 5 
> a: 
_J 
a: 

1000.0 
2 a: 

o.o 

135 



136 

,.. 
!s 
t ...... 

,.. 
f£ w z w 
0 w 
t-o u w 
_J 
_J 
0 u ,.. 
_J 

a: 
0 

w 
C!I 

25110.0 

TEMPERATURE DEPENDENCE Df MONTHLY PERFORMANCE 

TOP CURV[ - !OOf l38CI 
BOTTOM CURV[ - 60Df l316CI 
STEPS· !OOf l55.6Cl 

AL8TMY 
W TRO...GH 

2DJD. 0 - • • • - • - ·• • • - - • • - • • • • • • • • - • • • • - • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

500.0 ---------------------·-·-------------------------------------------------------
w 
> a: 

,.. 
!s 
C\I 
E-< 
[.. ...... 
:::i 
E-< 
OJ ,.. 
w z w 
0 w .... u w 
_J 
_J 
0 u ,.. 
_J 

a: 
0 
w 
C!) 

1.0 a.a 3,0 1.0 s.o 6.0 7.0 8,0 8,0 10,0 1),0 12,0 13.0 lt.O 
MONTH 

TEMPERATURE DEPENDENCE Of MONTHLY PERfORMANCE 

2500.0 

TOP CURVE - lOOf l38CI 
BOTTOM CURVE - 600f l316CI 
STEPS - l•Of (55.6Cl 

1500.0 ------------

ALBTMY 
/5 TROUGH 

500.0 -------------------------------------------------------------------------------
w 
> a: 

1.0 2,0 3,0 1.0 5,0 6,0 7.0 8.0 9,0 10,0 11,0 12,0 13,0 lt,O 
MONTH 

"b 
10,D z 

9.0 

8.0 

7.0 

6.0 ,._, 
a: 
0 

5.0 

1.0 

3.0 

2.0 

l.D 

0.0 

..... 
Q:: 
:i: ::z: 

"b 
10.D z 

9.0 

8.0 

7.0 

6.0 ,._, 
a: 
CJ 

s.o N :c 
' Q:: 
:i: 

1.0 
::z: 

3.0 

2.0 

1.0 

D.O 



z 
0 

t-
&? 
0:: 
L... 
,-., 
[.!) 
0:: w z w 
a:: a: 
.J 
0 
Vl 

0 w ... u w 
::I 
0 u 

b 
z 
D 
t-a: 
N 

...J 

t-:::, 

z 
D 
t-u a: a:: 
L... 
t-z 

a: 
...J 
ll.. 
Vl 
B 
...J 

5 
I-u a: 

l,I 

J,0 

0.9 

0.8 

0.7 

0.6 

a.s 

0.1 

0.3 

0,2 

0, l 

l.l 

J.O 

0.9 

a.e 

0.7 

0.6 

0.5 

0.1 

0.3 

STORAGE SIZING GRAPH rCF CONSTANT ANNUAL DEMAND 

NO ~EEKEI{) SHUTOOWN 

_ _ OlftiE r!IIICTJ ON __ 
ISJEPS Of 0, l l 

----------------------------------------------------------------··-···- o.o ____________ _ 

o.a 0.2 0.4 0.6 0.8 LO 1.2 J.4 1.6 J.8 
NOMINAL DlSPLACEMENTIAVERAGE CO.LECTOR OUTPUT/AVERAGE DEMANOJ 

STORAGE SIZING GRAPH rCF CONSTANT ANNUAL DEMAND 

NO WEEKEl'O SHUTOOWN 

ALBTMr 
E:/H TROUGH 

DEMAND DURAT!ONIHRSJ 

2.0 

21 PER DAY _ ::..;;_-:;::::::::::::;:==;;;:;;:======:=:=.=. 0. 8 ---------------~----=--------_---_---··-··------------

--------------------------
STORE f"RIICTJON 

IS!'CPS Of 0.1 J 

0.0 

0.2 -------· ··--·-···-----------------------------------------------------------------------

0. I 

0.0 0.2 0.4 0.6 0.8 l,0 1.2 1.4 1.6 1.8 2.0 NOMINAL DISPLACEMENTIAVERAGE COLLECTOR OUTPUT/AVERAGE DENANOJ 

137 



138 

z 
O J.D 
..... 
a::: 0.9 
L,._ 

,... 
0.8 

w z 

STOR~ SIZING GRAPH ri:F CONSTANT ANNUAL OCMANO 

NO WEEKEND SHUTDOWN 

w 
0.7 -----------------------------------------

...J 
D 
1/) 

0 w 

0.6 

t; 0.5 
j 
...J 
D 0.1 u 

· 0.7-------------

TORRlE fllRCT I ON 
,srrPs or 0.11 

0.3 -----------------------------·-···----··----····-----------------------·--·---·-···---··-z 
0 

o. 2 - - - - - - - - - - - - • • - - - - - - • • - - - - - - - - - - • - - - - - - - • - - - - - - - - · - - • - • • · · - - - - • - • - - - • - - - - • - - - - - - - - - • - - - - -
N 

....l 
0. I ·----·---------------------------·-··-·-·-· ----------------------·----····---·---·------

0.0 

l.O 

o. 9 

z 

0.2 0.4 0.6 0.8 l. 0 1.2 1.4 1.8 l.8 
NOMINAL DlSPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE OEMANOJ 

STORAGE SIZING GRAPH rm CONSTANT ANNUAL DEMAND 

NO WEEKEND SHUTDOWN 

ALBTMr 
E/W TROUGH 

DEMAND DURATIONIHRSJ 
8 TD 17 

a. 7 

TORR;[ fllRCT J ON 
!STEPS or 0. ti 

o o.e -----------------------------------
...... u er: a::: 0.7 ··-··-----------------------·· 
l.... 
...... 
z 0.6 

w u 5 0.5 
a... 
1/) 

o 0.1 
....l 

,-. 0.3 
u er: 

0.0 

2.0 

0.2 - --- ---- - - - - - - - -- - - - - - - - - - ---- --------- --------- - - -- - - - - - - -- - - - - - -- -- --- --------- -- -----

0. I 

0.0 0.2 0.4 0.6 0.8 l.D 1.2 !.• 1.6 l.8 2.0 
NOMINAL OlSPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE OEMANDJ 



J.I 

z l.O D 
,-... u 
CI: 0.9 °' I,.. 

,.., 
l!) 

°' 
0.8 

w z w 0.7 
!E 
.J 
0 0.6 in 

a w .... 0.5 u w 
_J 
.J 
0 0.1 u 
b 0.J z 
D 

le o.z 
N 
.J 

0. I .... ::, 

l,O 

0.9 

B o.e .... u 

0.0 

STORAGE SIZING GRAPH 11R CONSTANT f'II.NUAL DEMAND 

NO 1-EEKEI<> SHUTDOWN 

0.2 0.1 o.s o.e i.o 1.2 1.1 1.s i.e NCl11NAL OJSPLFCEMENTIAVERAGE :a..LECTOR OUTPUT/AVERAGE DEMANDJ 

STORAG[ SIZING GRAPH rCR CONSTANT ANNUAL DEMAND 

NO WEEKEND SHUTOOWN 

0.7 -------------------------------1,... 

.... z ii:! 0.6 
w u 5 0.5 
[}; 
Q 0.-1 
.J 

.... 0.'3 
u 
CI: 

nfflCTI0N 
IST£PS or a. I l 

-------------0.0 

o.z -------- --------------------------------------------------------------------------------
0.1 

2-0 

0.0 0.2 O. • 0.6 0.8 l.O I.2 1.1 1.6 l.8 2.0 NOMINAL DISPLACEMENTIAVERAGE COLLECTOR OUTPUT/AVERAGE OEMANOJ 

139 



140 

STORAGE SIZ!t,1; GRAPH f!F CONSTANT f'flf'IUAL DEMAND 

NO 1-i:EKEl'O SHUTDOWN 

1, I ....... ~~~~~~----'--~-;:::;=:=~;;:;a~=:;~_._~~._,_~~~J......~~-+ 
------ IMXllll.l'I P!lN~}RCEICNTI,......---------, 

1,0 

0,9 

,-, 
0.6 

w z 
w 0.7 
0:: a: 
-' 

F ALBTMY 
N/5 TROUGH 

DEMAl'O OURATIONlHRSJ 
8 TO 17 

o. 6 - - - - - - - - - - - - - - - - - - ·· - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - o. ,- --- ---- -- -- -

D. s .. _________________________________ . _______________________________ -:-~-.Jr~~ ~Ag:1 ?N __ 8 
t-u w 
_J 
_] 
D O.i u 
l:, o. 3 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - .. 
z 
D 

jg D. 2 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

...J 
- 0. I - ·· - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -..... 

z 

J.0 

0.9 

8 0.6 
t-u 

0.0 0.2 0. • 0.6 0.8 1.0 1.2 1.4 1.6 J.8 
NOOJNRL DlSPLRCEMENTlRYERAGE COLLECTOR OUTPUT/AVERAGE DEMANDJ 

STDR~ SIZING GRAPrl rDR CONSTANT ANNUAL OCMANO 

NO WEEKEND SHUTDO~N 

ALBTMr 
N/5 TROUGH 

DEMAND DURATJONlHRSJ 
8 TO 17 

0.7 

S!Ollft;[ f"RflCTJ ON 
!STEPS Of 0.11 

0.7 -------------------------------
L... 
..... 
Z 0.6 

5 0.5 
n.. 
lf) 

2.0 

0 o. 4 - - - - - - - - · - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
...J a: 
,2 0.3 
u a: 

0.2 

0.1 

0.0 0.2 O. • 0.6 0.6 1.0 1.2 I. • 1.6 !.6 2.0 
NONJNAL DJSPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE DEMAND! 



>--a: 
Cl 

N 
1----
L... 
'-
::J 
I--
a:) 

,_. 
Ul 
0::: w z w 

"" a: 
...J 
Cl 
r.J") 

1-, 
z w 
Cl 

CJ z 

ENERGY INCIDENT ON COLLECTOR APERTURE 

APATMY 

2500.D ----------------·-----·--------------------------------------------------------

2000.0 ----'---··----------·----------------------------------------------------------

500.0 -----------------
DIRECT NORMAL - 0 
E/W TROUGH - X 
N/S TROUGH - v 

ANNUAL 
AVERAGE 

I ,O 2,0 3,0 1,D s.o 6.0 7,0 e.o 9,0 10.0 Jl.O 12,0 13,0 11.0 
MONTH 

AN/'l.lAL NONFJRST ROW SHADING 

w 
Cl - I.OS ---------------------------------------------------------------------------

Cl 

I.OD 
Cl a: 
I g 0.95 

'-I--z a.so 
l::l 
CJ 
z 0.85 
0 w l a.so 
Cl 

r,r, 

0::: 
0 
1-, 

0.75 

it? 0.70 
L... 

0.65 a: 
I r,r, 

PPATMY ------------------------------------------------------ E/W TROUGH - o ------
N/S TROUGH - " 

a 0.60 -t-~~-.-,r-.-~~--,--~---,-----........ ~~...-,-~~---.~--r-,--...,.. <>:: 0.0 1.0 2.0 3.0 1.0 5.0 6.0 7_0 8.0 
LANO USE rACTCRILAND AREA/COLLECTOR AREAJ 

IO.O~ 
ll 

9.0 

e.o 

7,0 

6.0 ,.__ 
a: 
CJ 

s. 0 N 
I: 

' "" I 
4, 0 :z 

J. a 

2.0 

l,0 

o.o 

141 



142 

>-
a:: 
D 

r\l 
f--
l..... 

' :::J 
r< 
CD 
f--< 
:::J 
0.. ,.... 
:::J 
D 

w 

(},: 
w 
;> 
a:: 
__J 
a:: 
:::J z z a: 

Q:: er: 

PERfORMANCE VffilRTION ~ITH COLLECTOR AZIMUTH 

APATM1 
INCJDEN1 SOLAR• o 

THERMAL OUTPU11600f 316Cl 

a 1.00 -
([) 

w 
Ll z w 
D 
Ll z 
If) 

' z 

cE ::::, 
z z er: 
l.... 
D 

z 
0 

r< 
Ll 0.85 ------------------ - - - - - - - · - · - - -- · - · -- - ---------- ---------- -- - · · - · - • 
a: 
Q:: 
l.... 

0.80 +.-~....,.. ........ ~"r"T""-....,..,~~~-~~ ........ ....,..-......... ~~~........,.~~+ 
-100.0-eo.o -6• .o -4•.o -20.0 o.o 20.0 40.0 6lJ.o ao.o 100.0 

COLLECTOR AZIMUTH ICAZl 

TEMPERATURE DEPENDENCE OF ANNUAL PERFORMANCE 

COLLECTOR OPERATING TEMPERATURE (CJ 
0.0 50.0 100.0 150.0 200. O 250.0 300.0 350.0 

APATMY 
[/1-1 TROUGH - D 
N/S TROUGH - X 

1500.D ---------------------------------------------------------------------

l OJO. 0 - - - - - - - - - - - - · - · - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - · - - - - - - - - - -

SCO.D ---------------------------------------------------------------------

0.0 !CIJ.O 200.0 1D0.0 '10D.O 500.0 600.0 700.0 

COLL[CTOR OF[RATING TEMPERATURE rrJ 

[ 

60DO. 0 

r;::::, 
5000.0 !:§ 

(\) 
:!: 

' I 
~000.0 

1-
:::J 
ll.... 

1D00.D S 
D 

w 
I.!) 
er: 

2000.0 5 
;> 
a:: 
__J 
a: 

1000.0 
z a: 

o.o 



1600. 0 

TEMPERATURE DEPENDENCE OF MONTHLY PERFORMANCE 

TOP CURVE - 1oor (38CI 
_ BOTTOM CURVE - 60Dr l 3 I 6C J 

STEPS - 1oor (55.6CJ 
APATMr 

IW TROU3H 

1600.0 -------------------------------------------------------------------------------
1..... 

' 
1100.0 - ---- - - ---- ---- - - - · --- - · ---- -- ---- ----- · - • --- - · - --- ------ · ---- · -- --- - - - --- - ----,_. 

w 1200.0 -------------------------------------------------------------------------------z w 
• W 1000.0 
f-, u w 
....J 5 800.0 
u 
,-, 
....J 600.0 
a: 
• 
w 
(!) 
a: a::: w 
> a: 

100.0 -------------------------------------------------------------------------------

200.0 ---------------------------------------------------------------------------- --

1800.0 

1600.0 

1100.0 
,... 
CJ) 

5 1200.0 z w 
B JCXIO.O 
f-, u w 
....J 

5 eoo.o 
u ,... 
....J 600.0 
a: • 

1,0 2.0 3.o 1.0 s.o s.o 7.o 6.o s.o 10.0 11.0 12.0 1J.0 u.o 
MONTH 

TEMPERATURE DEPENDENCE OF MONTHLY PERFORMANCE 

TOP CURVE - l •• r l3BCI APATMY _ BOTTOM CURVE - soar l 3 I SC J __ --- . ----- ___ --- __ ---- -- --- ____ N/S TROUGH STEPS - IO•r l55.6CJ 

w u a: a::: w > a: 

100.0 ------------------------------------------------------------

200.0 -------------------------------------------------------------------------------

!.O 2,0 3,0 1.0 5.0 6,0 7,0 6,0 9,0 10,0 11.0 12,0 13.0 14,0 
MONTH 

6000.0 

5000.0 

1000.0 

3000.0 £I 

i 
2000.0 

1000.0 

0.0 

6000,0 

5000.0 

1000.0 

,... 

3000.0 

i 
2000,0 

1000.0 

0.0 

143 



1,1 

z 1.0 D 
,-. 
u a: 0.9 Ct: 
L,_ ,... 
l!) 
Ct: 

0.8 
w z w 0.7 
0::: a: 
...J 
D 0.6 If) 

D w ...... 0.5 u 
w 
...J 
...J 
0 0.1 
[..) 

0,3 
z 
0 
,-. 0,2 a: 
N 
...J 

0.1 ,-. 
::, 

0.0 

I. l 

1.0 

0.9 

0.8 
...... 
u a: 0.7 Ct: 
L,_ 

...... z 0.6 

w u a: 0.5 ...J 
Cl.. 
If) 

D 0.-l 
...J 

'5 0.3 ...... 
u a: 

0.2 

0.1 

0.0 
0.0 

144 

STORAGE SIZING GRAPH rm CONSTANT ANNUAL OCMAND 

NO WEEKEND SHUTOOHN 

l0RE flffiCTlON 
iSfEPS Of 0.11 

0.0 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 
NOMINAL DlSPL~EMENT!AVERRGE COLLECTOR OUTPUT/AVERAGE DEMANDJ 

STORAGE SIZING GRAPH rm CONSTANT ANNUAL DCMAt,(J 

ND I-CEKEt-0 SHUTOOHN 

APATl1Y 

2.0 

E/H TROUGH 
DEMAND OORATlONlHRSJ 

2-'l PER DAY - - - - - -- - - - - - - - - - - - - - ----- ----- - - --- ------- - - - - - - - - - - -·- - -- - - - -L----------' 
=---=-=c:-:-: O.B --=·-----------------------------

lOIRI[ Fl!IICTJ ON 
-~:.=_:.:._:_:.::.::...:.=-:..:..::.:==~----~~i 1~ttr, or o. 11 

a.a 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
NOMINAL DlSPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERA~E DEMANDJ 



z 
D 

t--, 

&? 
0::: 
I.... 
,.... 
I.!) 
0::: w z w 
Q: a: 
__J 
D 
IJ) 

0 w 
t--, 
u w 
_J 
__J 
D u 
I.... 
0 
z 
D 
t--, 
a: 
N 
__J 

t--, 
::::::, 

I.I 

J.O 

0.9 

0.9 

0.7 

0.6 

0.5 

0.1 

O.J 

0.2 

0.1 

STORAGE SIZING GRAPH r•R CONSTANT ANNUAL [)[NANO 

NO WEEKEND SHUTDOWN 

ORA;(: fl!ACTJON 
ISTtPS or 0. 1l 

O.O+-s~~~-~-~------------------....... ---..-.-....... -+ 0.2 o.4 o.e o.9 1.0 1.2 1.4 1.s· 1.0 

1.0 

0.9 

0.9 .... u 
0.7 

I.... .... 
z 0.6 § 
5 0.5 
0... 
1/1 

Cl 0.1 
__J 

t--, D,J 
u a: 

a.a 
NOMINAL DISPLACEMENTlAVffiAGE COLLECTOR OUTPUT/AVERAGE OENANDJ 

STORAGE SIZING ~RAPH rr:R CONSTANT ANNUAL OCNAf'O 

NO WEEKEND SHUTDOWN 

1 Af>ATMY 
E/H TROUGH 

DEMAND [XJRATIONlHRSJ 

2.0 

.._ __ a_r_o_1_7 __ __,-------------------------------------------------------------o.e 

0.0 

0.2 -------- ----------------------------------------------------·-·-------------------------

0.1 --- ------------------------------------------------------------------------·--·---------

0.0 0.2 0.4 0.6 0.9 l.O 1.2 l.4 1.8 l.9 
NONINAL DlSPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERA,E DENANDJ 

145 



146 

5 l.O 
,-. 
a? oc 0.9 
L.. 
,... 

0.8 
w z w 

If 
...J 

0.7 

0.6 
D w 
tj 0.5 
w 
...J 
...J 
D 0.'I u 

z 
0 

0,3 

!c° 0,2 
N 

J 

STORAGE SIZING GRAPH fCR CONSTANT ANNUAL OCMANO 

NO WEEKEl'O SHUTIXJWN 

ORFGE fl!ACTJON 
IS!'E:PS Of 0.11 

-------------0.0 

i:::: 0.] - - - -- ------------- ----- ---- - - - - - - - ----- - -- - - - - - - ----- ----------------- - -- - - -- -- - -- - -- - - - . 
::) 

l,l 

J.O 

0.9 

z 
D o.e 
,-. 
u a: 0.7 It: 
l.... 
I-z 0.6 w :c w u a: 0.5 ...J a... 
1/) 

D O.'I 
J 
§ 

0.3 I-u a: 
0,2 

0.1 

o.o 

0.0 0-2 0.4 0.6 0.8 l.O l.2 I.• 1.6 l.8 
NCT'1 l NAL D l SPLACEMENT (AVERAGE COLLECTOR OUTPUT /AVERAGE DENANDJ 

STORAGE SIZING ~RAPH fCF CONSTANT ANNUAL OCMANO 

NO WEEKE!'O SHUTIXJWN 

APATMr 
N/S TROUGH 

DEMAND DURATIONIHR5J 
24 PER DAY - - -- - - - - - - - - --- - --- - ------- ---------- ------ -- - - - - - -- - - - -- -- -

2.0 

L----------' 
0.9 

----------------------------------------------------------------

--------------------------------······-········-··-····-o.o·--·------··-

-------------------------------------------------------------------------------------

o.o 0.2 0.4 0.6 O.B l.O 1.2 I.• 1.8 l.8 2.0 
NONJNAL DlSPLACEMENTIAVERAGE COLLECTOO OUTPUT/AVERAbE DENANDJ 



I.I 

z l.O D 

i--. 

&? 0.9 a:: 
LL 
,... 
l!) o.e a:: w z w 0.7 
0::: a: 
....l 
D 0.6 If) 

a w ..... 0.5 u w 
..J 
....l 
D 0.i u 
LL 
D 0.3 
z 
D 

i--. 0.2 a: 
N 

....l 

...... 0. I 
;:) 

J.l 

l.O 

0.9 

z 
D o.e 
..... 
(..) 
a: 0.7 a:: 
LL 

..... z 0.6 w 
:i::: w u a: 0.5 ....l a.. 
Ill -Cl 0.i 
....l a: 
;:) 

0.3 ..... u a: 
0.2 

0. I 

0.0 
o.~ 

0.0 

STORAGE SIZlNG GRAPH fOR CONSTANT ~UAL DEMAND 

NO hEEK[r,fJ SHUTDOWN 

IPIAXll'll.t1Plll1~Aa:ICNTlr-----------. 
.,,,,,,,--- APATNJ 

N/5 TROUGH 
DEMAt,O DURATION(HRSJ 

B TO 17 

0.2 0.• 0.6 0.8 l.0 1.2 1.• 1.6 l.8 
NOMINAL •JSPLACEMENT!AYERAGE COLLECTOR OUTPUT/AVERAGE DENAt{)J 

STORR;[ 51211'(; GRff'H fCR CONSTANT ANNUAL OENAr,fJ 

NO hEEKEr,fJ SHUTDOWN 

APATMJ 
N/5 TROUGH 

DEMAND OURATJON(HRSJ 
B TO 17 -------------------------------------------------------------1,.... ________ _. 

-------------------------------------------------------------------

0.6 

------------------
lOll'li[ f'lfflCTJ ON 
!STEPS Of 0. I I 

------------------

0.2 o. • •.6 o.8 1.0 1.2 1.• 1.& J.8 a.o 
N011NAL DISP\..ACEMENT(AVERAGE COLLECTOR OUTPUT/AVERAGE DENAr,fJJ 

2,0 

147 



148 

>-a: 
0 
N 
I-
'-' :::> 
I-
CD 
>-
C!l 
QC w z w 
QC 
a: 
_J 
0 
"' 
1-z w 
0 

ENERGY lNCJOENT ON COLLECTOR APERTURE 

BISTMY 

2500.0 -------------------------------------------------------------------------------

21Xl•. • -------- ------ ----------- -----

0 

V 
X 

DIRECT NORMAL - 0 
soo.o - --------------- E/1. TROUGH - X 

N/S TROUGH - V 

1.0 2.0 3,0 4.o s.o s.o 7.• e. • s.o 10.0 11.0 12.0 13.• t4,0 
MONTH 

ANNUAL NONFIRST ROI, SHADING 

I. tO +-~-~L...o.~~.....J--~~-'--~~-~--...-1.--~-'--~~-.L....~-....__.. 
w 
0 - I.OS 

0 

1.00 

0.95 

..... 
1-8 0.90 

(.) 

Z 0.85 

• w 
:z 0.80 ; 
If") 

0.75 
0:: 
D 
t; 
a: 0.70 
L.,. 

Cl 0.65 

If") 

--------------------------------------------------------------------- ---------

BISTMY 
------------ ---------------------------------------- E/W TROUGH - o ------

N/S TROUGH -

--------~----------------------------------------------------------------------

0.60 +-~-...-.-~----~--~-....--.-~--~-.-....--.--........ -....--.-+ 
0:: 0.0 I. • 2.0 3.0 4.0 5.0 6.0 7.0 8. • 

LAND USE FACTDRILAND AREA/COLLECTOR RREAl 

'b 
JO.O 'i 

9.0 

8.0 

7.0 

6. • ,... 
a: 
D 

5. • "' :c 
' QC 
:x: 
3: 

4. D 

3.0 

2.0 

l,O 

0. D 



>-a: 

a:: 
(C 

PERfORMANCE VARJATION WITH COLLECTOR AZIMUTH 

BISTMY 
INCJDENT SOLAR - o 

Tt-£RMFI... OUTPUTl60CT 316CJ -

1.00 

w u 

-u z 
(/) ....._ 
z 

i 0.90 -------------------------------------------------------------------
(C 

;z 
0 

I-< u 0_95 ---------------- - --- --- -- -- - - - -- - --- - -------------------------- -- - -(C 
a:: 
t.... 

0.80 +-~.....,...~ .......... .......... .......... ~........-..----........ ~..,....~-r ......... --r~.........-r -ioo.o-so.o -so.o -to.o -20.0 o.o 20.0 40.0 60.0 111.0 100.0 
COLLECTOR AZIMUTH ICAZJ 

TEMPERATURE DEPENDENCE OF ANNUAL PERFORMANCE 
COLLECTOR OPERATING TEMPERATURE lCl 

0.0 50.0 100.0 150.0 200.0 250.0 300.0 '.350.0 

BISTMY 
E/W TROUGH - o 
N/S TROUGH - X 

o 800.0 ------------
1'\l 
I-
L.... ....._ 
::::i 
J-, 
ID 
1-
::::i 
0.... 
J-, 
::::i 
D 

w 
t!l a: 
Q::: 
w 
> a: 
__J a: 
::::i z z a: 

100.0 ---------------------------------------------------------------------

2CIJ.O ---------------------------------------------------------------------

0.0 100.0 200.0 300.0 '100.0 500.0 600.0 700.0 
COLLECTOR OPERATING TEMPERATURE (fl 

3000.0 

r;:::, 
2soo.o es 

N 
:i:::: 
'-.. 
I 

2000.0 

t--
::::i 
0.... 

1500.0 S 
D 

w 
L') 
a:. 

IOOO.O 5 
> a: 
__) 
a: 

500.0 
iE 

o.o 

149 



150 

1eoo.• 

1600.0 

1'100.0 
,.., 
w 1200.• z w 
D 
W 1000.0 
b u w 
_J 

6 eoo.o 
u ,.., 

6()().0 
a:: 
D 

-\00. • 

TEMPERATURE DEPENDENCE OF MONTHLY PERFORMANCE 

TOP CURVE - JOOF (38CI 
BOTTOM CURVE - GOOF (3!6CI 

- STEPS - l•Or (55.6Cl 
BISTMY 

/H TROUGH 

w 
(!) 
a:: 
0: w 
> a:: 200.0 -------------------------------------------------------------------------------

,.., 
a:: 
D 

1600.0 

P! 1600.0 
{._ 

' ::::i Iii 1-100. • 
,.., 
(.!) 

5 1200.0 
z w 
D 
W 1000.0 
b u w 
_] c5 !JJO. • 
Ll 
,.... 
_J 600.0 
er: 
D 

w 
(!) 
er: 
0: w 
> er: 

-\00. • 

200.0 

l ,O 2.0 3.0 1.0 5,0 6,0 7.0 8,0 9,0 10,0 ll.• 12.0 13.0 li,O 
MONTH 

TEMPERATURE DEPENDENCE OF MONTHLY PERFORMANCE 

TOP CURVE - JOOF l38CJ 
BOTTOM CURVE - 600r (316CI 

- STEPS - I •Or l 55. 6CJ 

B[STMY 
IS TROUGH 

0.0 ..i.~ ....... ~-......... --.-..-....... ...,...~~ ........ -~~....-~ ....... -~T"'"-..,...,......."""T~-r--,.......+ 
5,0 6.0 7.0 8,0 9.0 10.0 11.0 12,0 13.0 Ii,• l ,O 2.0 3.0 1.0 

MONTH 

6000.0 

5000.0 

1000. D 

,.., 
!§ 

3000.• Q! 
' If 
3: 

2(n). • 

l000.0 

0.0 

6000.0 

5000. • 

1000.• 
,.., 
!§ 

3000.0 

i 
2000. • 

]000.0 

0.0 



],] 

z 
J.O D 

t-
&! 0.9 Ir 
LL 
,.... 
(.9 0.8 Ir w z w 

0.7 
Q:: a: 
..J 
D 0.6 1/"l 

D w ..... 0.5 u w 
..J 
..J 
D 0 ... u 

l:5 0.3 z 
D 

t- 0,2 a: 
N 
..J 

0.1 ..... 
:::> 

I.I 

1,0 

0.9 

z 
D 0.8 -..... u a: 0.7 Ir 
I.... 
..... z 0.6 !i:! 
a: 0.5 ..J 
D.. 
tr) 

D O.'I 
..J 
§ 

0.3 .... u a: 
o.z 

0. 1 

a.a 

0.0 

STORAGE SIZING GRAPH fOR CONSTANT ~UAL OCNAI'() 

NO WEEKEND SHUTDOWN 

----1"1lXl"1.JM~ll~ACOtENTlr-----------. ;- BI STMY ~-=;,::::-~-~ E/W TROUGH 
DEMAND DURATION(HRSJ 

21 PER DAY 

DRE f"RACTJON 
I STEPS Of 0.11 • · 

0.2 0.4 0.6 0.8 l.O 1.2 1.4 1.6 1.8 
NOMINAL DJSPLRCEMENT(AVERAGE COLLECTOR OUTPUT/AVERAGE DENANOJ 

STORAGE SIZING bRAPH f~ CONSTANT ANNUAL OEMAl'O 

NO I-IEEKEI'() SHUTDOWN 

BISTMY 

2.0 

[/1,,j TROOGH 
DEl"flND ~ATION(HRSJ 

24 PER •Ar -------------------------------------------------------------
...._ _______ _ 

o.~ 

······----------------------· lOIW'li[ rl!PICTI0N --
ISTEPS or 0.11 

---------------------------------------------------------------

0.0 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
NOMINAL DISPLRCEMENTtAVERAGE COLLECTOR OUTPUT/AVERAGE OENANOJ 

151 



152 

I.I 

z 1,0 D 
..... 
&! 0.9 Cl:: 
I.,_ 

>-< 
!.!) 
Cl:: 

O.B 
w z w 0.7 
Cl:: a: 
..J 
D 0.6 1/) 

D w 
I- o.s (.) 
w 
..J 
..J 
D 0.i 
(.) 

l:s 0.3 
z 
D 

..... 0.2 a: 
N 

..J 
0.1 ..... 

:::J 

J.O 

0.9 

5 0.8 
I-
(.) 
a: 
E 
1-

0.7 

z 0.6 

(.) 

5 0.5 
l}; -Cl 0.i 
..J 

STORAGE SIZir-«. SRAPH ft:F CONSTANT fl\.tlUAL OCMAND 

NO WE:EKEflO SHUTDOWN 

___- 1Nfl•l11U11~ll~RCDCNT1.---------~ 
,-- BISTMY --=:-=~~-... -.:...._------- -- --------- ---------- --- ---- E/W TROUGH 

DEMRNO DURRTION!HRSJ 
8 TO 17 

o.e. ____________ _ 

'TOff'C[ flfflC'l' I ON 
!STEPS Of •- ll --

--••-•---------------------•--••••••••••••••••••-••-•••••-•••••-•••••••••••••••••••••••-n 

-----------------------------------------------------------------------------------------

-----------------------~-----------------------------------------------------------------

0.0 0.2 0.• 0.6 0.8 1.0 1.2 I.• 1.6 l.8 
NOMJNAL DlSPLACEMENTlAVERAGE COLLECTOO OUTPUT/AVERAGE DEMAt-lll 

STORAGE SIZING GRAPH fOR CONSTANT ANNUAL DEMAND 

NO HEEKENO SHUTOOWN 

BISTMr 
E/W TROUGH 

DEMAND OURATIONlHRSJ 
8 TO 17 .._ ________ __.-------------------------------------------------------------

0.8 ____________ _ 

----------------1[11!1'1,[ flfflCTION 
iSrrPS Of 0.11 

a.a ____________ _ 

!§ 
r--- 0,3 ------------ ---------------------------------------------------------------------------
(.) 
a: 

0,2 -------- --------------------------------------------------------------------------------

0. I 

0.0 0.2 0.4 0.6 0.8 l.O 1.2 I.• 1.6 1.8 2.0 
NOMINAL DlSPLACEMENTIAVERAGE COLLECTOR OUTPUT/AVERAGE DEMAt-lll 



I.I 

z 
l.O D 

I-
Ll a: 0.9 D:: 

'= ,.. 
(.!) o.e D:: w z w 0.7 
a§ 
...J 
0 0.6 "' D w .... 0.5 u w 
.J 
...J 
D u 0.1 

..... 
0 0,3 
z 
D 

Is 0,2 

...J 

f-, 
0. I 

:::::, 

I.I 

1.0 

0.9 

o.e .... u a: 0.7 a:: 

.... z 0.6 

u a: 0.5 .J a.. 
V"l -CJ 0.1 
...J 

0.3 
u a: 

0,2 

O. I 

a.a 

/ 
I 

STORAGE SIZING ~RAPH fOR CONSTANT ANNUAL DEMAND 

NO WEEKEND SHUTDOWN 

----
1~Xll'Ull~Vll'.t·AC[~[Nll.----------

BISTMr ~~~~------·······---·-------------·-·--·····---· N/5 TROUGH 
DEMAND OURATIONIHRSJ 

21 PER DAX 

0.2 •.4 o.6 o.e i.o 1.2 J.4 1.s 1.e 
NOMINAL DlSPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE DEMAND! 

STORAGE SIZING GRAPH fOR CONSTANT fl\lljUAL DEMAND 

NO WEEKEND SHUTDOWN 

BISTMr 

2.0 

N/5 TROUGH 
DEMAND DURATIONIHRSJ 

2-4 PER •Ar .__ _______ __,-------------------------------------------------------------

0.0 

OltliC rRN:TJ ON 
IS'l'tl'S Of 0. I l 

0.0 

0.2 0.4 o.6 o.e 1.0 1.2 J.4 t.6 1.e 
NOMINAL DISPLACEHENT(AVERAGE COLLECTOR OUTPUT/AVERAGE DEMAND! 

2.0 

153 



154 

z o J,O 
...... 
Ii? 0::'. 0.9 ..... ,.. 

0.8 
w z w 
8§ 
...J 

0.7 

0.6 

D w t; 0.5 
w 
....J 
...J 
0 0.1 u 
..... 
0 O.J 
z 
0 

S!ORAG£ SIZING GRAPH r•R CONSTANT ANNUAL DEMAND 

NO WEEKEND SHUTDOWN 

--- ----- - --- -- -- -- -- ------------ ..._ _______ __. 

TCffll"l,E fl!IICTJ ON - -
ISITPS Of 0.11 
o_ 

Ii: o. 2 - - - - - - .. - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
N 

...J 
0.1 ------------------------------------------------------------------------------------------1--< 

:J 

l.0 

0.9 

O.B 
..... u 
II: E o.7 

..... 
z 0.6 9 5 0.5 
a.. 
lfl 
5 0.1 
....J 
II: 

0,3 
u 
II: 

0.2 

0.0 0.2 0.4 0.6 0.8 l.0 1.2 1.4 1.6 l.8 
NOMINAL OlSPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE DEMAND) 

STORAGE SIZJNG GRAPH r~ CONSTANT ANNUAL DEMAND 

NO WEEKEt£l SHUTDOWN 

BISTMr 
N/S TROUGH 

DEMAND DuflATIONlHRSJ 
8 TO 17 

TOJftlE Fl!ACTJ!lN 
------ !STEPS or 0.11 --

2.0 

0.1 --- ------------------------------------------------------------------------------------

0.0 0.2 0.4 0.6 0.8 l.O 1.2 1.4 1.6 l.8 2.0 

NOMJNAL DISPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE DEMANOJ 



>-
<I: 
Cl 

N 
I-
I.... ..... 
:::, 
I-m 
>--
Ul 

°" w z w 

°" <I: 
_J 
0 

"' 
1--z w 
Cl 

u z 

(NER~Y JNCJOENT ON COLLECTOR APERTURE 

BOSTMY 
1eoo.o -------------------------------------------------------------------------------

1600.0 

1-100.0 

1200.0 

1000.0 

800.0 

600.0 

-IOO,O 

--------------·-- o ____ _ 

V 

DIRECT NORMAL - 0 --------------------- ----------------
E/W TROUGH - X 
N/S TROUGH - V 200.0 _________________ .__ _______ .... 

6000.0 

5000.0 

4000.0 

>-
<I: • 

3000.0 

i 
20Dll.0 

lOD0.0 

o.o +.-~......--......,~~ ............... O""T""~ ....... -~-.---....... ~.......-~......-.,.....~....-,-...,. ........ -,......._+ o.o 
l.0 2,0 3,0 4,0 5,0 6,0 7,0 8,0 9,0 10.0 IJ.O 12,0 13.0 lt,0 

MONTH 

ft,jNUAL NONflRST ROW SHADING 

!z J.10 +-~~......., ........ ~~_,_~~~~~~--L-.a.~-........ ~-~....L-~~~..i......~~---+-
w 
Cl -(..) z 
D 

1,05 

1.00 
0 a: 
J: 

0.95 
..... 
1--
z 0.90 

-(..) 
z 0.85 

0 w 
0.80 

D 

0::: 
0 
1-o 

0.75 

ft? 0.70 
I..... 

<I: 0. 65 
J: 
(I") 

BOSTHY ----------------------------------------- E/W TROUGH - a ------
N/S TROUGH - " 

0.60~~-..---.--.-,--,~-......... --~....-~--.--.-~~....-~--.-,~-~-+ 
0::: 0.0 1.0 2.0 3.0 4.0 5.0 8.0 7.0 8.0 

LANO USE fACTOR(LAND AREA/COLLECTOR AREAJ 

155 



156 

>--er: 
D 
(\) 
I--, 
L... ...._ 
::J 
I--, 
[D 

....... 
::J a. 
f-, 
::i 
D 

w 
(.!) a: n:::: w 
> er: 
..J a: 
::i z z a: 

0:: 
<C 

PERfORt'flNCE VffilATION MITH COLLECTOR AZIMUTH 

BOSTMY 
lNCJD[Nl SOLAR - o 

THERMAL OUTPUTl601T 316CJ 

1.00 

w u 

u z 

U"l ...._ 
z 
....J a: :::, 

O.llll ········-·············································--·-········· 
<C 

ls 
z 
0 -G o.BS 
a:: 
Q:'. 
L.. 

0.80 -h-~.....,...~ ....... ~~,-,-~ ........ ~...,....,.~,-,-,....,~..,.......~ ...... ~.-..~........,.. 
·lD0.0·80.0 -60.0 ·40.0 ·20.0 0.0 20. • 40.0 60.0 !D.O 100.0 

COLLECTOR AZIMUTH lCAZJ 

TEMPERATURE DEPENDENCE OF ANNUAL PERFORMANCE 
COLLECTOR OPERATING TEMPERATURE (CJ 

0.0 50.0 100.0 150.0 200.0 250.0 "300.0 350.C; 

BOSTMY 
[/W TROUGH - D 
N/S TROUGH - X 

BOO. D - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

200.0 --··--·-··-·-··--········-··-···-·-···----------·----···-·--·--·-·--· 

0.0 llll.O 200.0 300.0 iOO.O 500.0 600.0 700.0 
COLLECTOR OPERATING TEMPERATURE (fl 

3000.0 

r;:;, 
2500.0 § 

N 
2:: ...._ 
:r: 

2000.0 ~I 

1----
::J a. 

1500.D S 
D 

w 
U) a: 

1000.0 5 
> a: 
....J 
er: 

500.0 

o.o 

z a: 



>-< a: 
0 
(\) 

t 
'-::) 

1D 
>-< 
iE w z w 
• w r-u w 
_J 
_J 
0 u 
,..., 

IBOO.O 

1600.0 

1400.0 

1200.0 

1000.• 

eoo.o 

_J so•.o 
a: 
D 

TEMPERATURE DEPENDENCE Of MONTHLY PERFORMANCE 

TOP CURVE - !OOf !38Ci 
_ BOTTOM CURVE - 600f l 316C l 

5TEP5 • IOOf l55.6Cl 
BOSTMr 

/1-l TROUGH 

w 
(.!) 
a: 
0:: w 
> a: 200. 0 • - - - - - - - - - - - - - - - • - - - - - - • __________ • ____ ••• _____ • ____ • ____ • ____ • _. ___ • _ • ___ •• _. _ 

,... 
(.!) 

!a'.lO.O 

1600.0 

1400.0 

5 1200.0 z w 
D 

1.0 2.0 3,0 4,0 5.0 6.0 7,0 8,0 9,0 10,0 IJ,0 12,0 13,0 14,0 
MONTH 

TEMPERATURE OEPENDENCE Of MONTHLY PERFORMANCE 

TOP CURVE - lDDf I38Cl BOSTMr BOTTOM CURVE - 6D0f l3I6CI -------------------------------- N/S TROUGH - STEPS - I oor l 55. 6C l 

w l[Xl(J.0 ------------------------
!---u w 
_J 
_J eoo.o a u 
,..., 
_J 

a: 
D 
w 
(.!) a: 
0:: w > a: 

600.0 

100.0 

1.0 2.0 3,0 4,0 5,0 6,0 7,0 8,0 9,0 10,0 IJ,O 12,0 13,0 lt,0 
MONTH 

6000.0 

5000.0 

1000.0 

>-< 
!:§ 

3000.0 

2000.0 

lDDO.O 

0.0 

6000.0 

5000.0 

1000. 0 

i 

,... 
a: 
0 

3000.0 

i 



158 

STORAGE SIZING GRAPH fOR CONSTANT ANNUAL DENANO 

NO HEEKEND SHUTDOWN 

l.l r'~~......L-~---'--'L,.-..--~...1-~......,........_......,.'-;:=:::::==:;;==:=:;;:=;-"-~L.....~~-'-~~~~~---+ I 1 IIJl1 DI SPUO:l'Ol'I I I :: t :-:~ -:~_::-:-:::-:~"::-:_- -:-,...,-,-"'--~-:-::-;-~:-:-i-~-,-,,-~--,---- ---

i ::: --------\-- --- --- --- -- --- -- ----------------------------------------------------
D w t; 0.5 
w 
_J 
_J 
D 0.1 
r..> 

0.8 ____________ _ 

z 
D 

_J 

t.:; 
0.1 

TOlftit FMt:rJON 
I STEPS or o_ I I 

0.0 +-----.--~....-,,--.---...,......,~........,-,-----~--.--,-....... -,-........, _ __,_......,._.,..._......_-+ 
0.2 0.4 0.6 0.8 l.O 1.2 1.4 LS 1.8 0.0 
N011NAL DlSPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAbE OENANOJ 

STORAG[ SIZING GRAP ti F"{F CONSTANT ANNUAL DEMAND 

NO l,££KEl'O SHUTDOWN 

J.O L E/W~8iGH -- --- --------------- .. --- ---. ------ ---- -- ---------- ---------

1 
DEMAND DURAT!ON!HRSJ 

2~ PER DAY 

5 

o.9 --L-------'- - -- - - · - ----- · ---- ------------------------- -- - -- - -- - -- --- -- --

i ::: r--------------------------------- -------------------------- --------------------- -------
i o.s l----------------------------------------

a_e 

1.':l 5 0.5 

ci 0.1 

--' 
's 
1-, 0.3 
u 
a: 

0,2 

0. I 

R'IGC fRIICTION 
!STEPS Of 0.1 I __ 

------------------------------------------------------------· o.•-------------

-----------------------------------------------------------------------------

2.0 

0.0 +---......,.-~-..-.-,-......,.-,--,-,-,-......,.-,-......,.-,-......,.-.-~-.-...... -......,.---,--......,.~...--~-,--, ......,.-.-...-+ 
o'.2 o.4 o·.s o.e 1.0 1.2 i.1 1.6 i.e 2.0 0.0 
NOMINAL DlSPLRCEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE OEMANDJ 



l,1 

z ],0 D 
..... 
&? 0,9 O::'. 
I... 
>-o o.e 
w z w 0.7 
f 
...J 
D 0.6 ,n 

0 w ..... o.s u w 
...J 
...J 
D 0.4 u 
I... 
0 0.3 z 
D 
..... 0,2 gj 
...J 

0. I 

],0 

0,9 

o.e 
..... u a: f: 0.7 

..... ! D.6 

S 0.5 

35 
ci 0.-1 
...J 

0.3 u a: 
0,2 

0. I 

0.0 

0.0 

STORAGE SIZIIIG SRAPH rrn CONSTANT ANNUAL OCNANO 

NO 1-EEKEl'O SHUTDOWN 

0.2 o.4 o.s o.e 1.0 1.2 1.• 1.& 1.e NOMINAL DJSPLFCEMENTIAVERAGE COLLECTOR OUTPUT/AVERAGE DEMAND) 

STORAG[ SIZING SRAPH rCR CONSTANT ANNUAL OCMAND 

NO WEEKEND SHUTDOWN 

BOSTMY 

2.0 

[/W TROUGH •Er-flND DURAT!ON(HRSJ 
8 TO 17 -------------------------------------------------------------

.._ _______ ___, 

• O.B •••...•.•.... 

OlftlE fllflCl'I0N •• 
l~Tt~S Of' 0.11 

o.o 

0.2 0.4 O.B o.e l.O 1.2 ].• 1.6 l.8 2.0 
N011NAL DlSPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERASE DEMANDJ 

159 



160 

STORAGE: SIZING SRff'H rCF CONSTANT ANNUAL OCMANO 

NO WEEKEl'O SHUTDOWN 

6 : : : ........ ~~--L~ .. __ .,,,,,,----·,._J~~-.L..-~-'-~_"l_~==_= _x~#~:;;--:::~;;;:1:;;~;;:-;;:~~;;--:::;~;;::~;;_l_~~~N-/-~~
0
i-'i-~-G~s-H--'---~-+ 

a:
G DEMAND DURATION!HRSJ 
°" 0,9 2i PCR DAY 
L,_ 

,-. 
1i2 o.e 
w z w 

....J 

0.7 

0.6 

• w t3 0.5 
w 
....J 
....J o o.~ u 

0.3 
z 
0 

g; 0,2 

....J 

OflflCE rRACTJON 
IST!:f'S Of' 0. 1 J 

O.l -----------------------------------------------------------------------------------------s 

J.O 

0.9 

5 0.8 

o.o 0.2 D.4 0.6 0.8 l.O 1.2 1.4 1.6 1.8 
N()'1!NAL DISPL.ff:EMENTlAYERAGE COLLECTOR OUTPUT/AVERAGE DENANDJ 

SJORAGE SIZING GRAPH roR CONSTANT ANNUAL DEMAND 

NO HEEKEt-iJ SHUTOO~N 

BOSTMr 
N/5 TROUGl1 

DCMAND DURATIONlHRSJ 
1...-__ 2_4_P_ER_O_A_Y _ ____.--------·----------------------------------------------------

..... u a: 
Ck: 0.7 ------------------------------------------------------------------------------------·----
L... 
..... 

0.6 

Ll 5 0.5 
11... 
(fl 

o o.~ 
....J 

1- 0,3 
Ll a: 

0,2 

TOl!Af.E rRIICT l ON 
ISTE:f'S Of' 0.11 

0.0 

0.1 --- ------------------------------·------------------------------------------------------

0.0 0.2 o.4 o.e o.e 1.0 1.2 1.4 1.s i.e 2.0 
NOMINAL DISPLACEMENTlAY[RAGE COLLECTOR OUTPUT/AVERAGE DENAN• J 



z 
0 
,..... 
&? 
Q::'. 

,... 
(.!) 
Q::'. 
w z w 

IE 
....I 
0 
IT) 

8 .... u w 
..J 
....I 
0 u 

b 
z 
0 
,..... 
l5 
....I 
,-. 
::J 

ts .... u a: 
II:: 
!!; ..... z 

8 a: 
_J 

1k 
C 
_J 

..... 
L) a: 

].I 

J.O 

0.9 

o.e 

0.7 

0.6 

0.5 

0.1 

0.3 

0.2 

0. I 

0.0 

I.I 

1.0 

STORFGE SIZING ~RAPH f!R CONSTANT ANNUAL OCMAND 

NO WEEKEt-0 SHUTOOWN 

. l""klr11J11~ll~ACUICNJI...---------
BOSTM'f 

N/5 TROUGH 
DENAt-0 OUR AT l ON I 11RS J 

8 TO 17 

a.a 
10RfllE Fl!RCT l ON 
!STE:PS Of 0.11 

0.2 0.4 0.6 0.8 1.0 1.2 l.4 1.6 l.8 NOMINAL OJSPLACEM[NTIAV[RAGE COLLECTOR OUTPUT/AVERAGE DENANOJ 

STORAGE SIZING ~RAPH f!F CONSTANT fMUAL OCMANO 

NO WEEKEND SHUTOOWN 

BOSTMr 

2.0 

0.9 

N/5 TROUGH 
DEMAND DURATJONIHRSJ 

8 TO 17 ..__ _______ __.-------------------------------------------------------------
o.e 

0.7 

0.6 

0.5 

0.1 

O.J 

0.2 

0.1 

0.0 

0.8 

• • • . • . •• TO!FllE fllflCTIDN •. 
1srt~ or 0.1 J 

0.0 

0.2 0.4 0.8 0.8 1.0 1.2 I.• 1.6 l.8 2.0 NOMINAL DlSPLACEMENTIAVERAGE COLLECTOR OUTPUT/AVERAGE OENAt-OJ 

161 



162 

ENERGY INCIDENT ON COLLECTOR APERTURE 

.m.or BRVTMY 

=:1 _____ ------ --- ----- ----~------------------------------------, .. J _ -r - -----..Jr--=-=---
_/,, 

,,,.,/j /-----
Un:. O -. _ _,,,:<·. :::_~;-;,L- ·· - ------· ----· · ·-·· ·-· ·---- -- -- · · -- --- -- --

500.0 f-- ·-· · -- · -· 
i 

DIRECT NORMAL - 0 
E/W TROUGH - X 
N/5 TROUGH - v 

0 

V 

X 

O. D -ti~. 0~-.-2..-, • ..-0 ~,..Jr, O..,......,...,i'"'. 0~-.--.5 .... 0..,...,. .... 6,.. .... 0 ~r7..-. O~...,...,e'"'. 0~--.9-. .... 0..,...,...,.l.,.0 ..... 0~,..11,.. .... 0,......,..,12,..,, 0~--.1-.3-.. 0.....,...,.11-i. 0 

MONTH 

ANNUAL NONf[RST RO~ SHADING 

!.051---------------------. -·-· --- ·--. -- . ---- . ------------------------- ------ -- . --· 

I ::: ----------h/ --. ------------------------------_-_-_--_ 
i ::: -_--__ -____ 1 'L>-----_----_- -_---_-_-_- -_-_:: ___ ::::-_ _ ______ :_-_ _----_- -_-_-_-_-_-_ 
I ::: L_ -___ --_-/- -__ -___ -_-_- _-_-_-_-_- --- _--- _- ____ ~;_~~~,~-= ~- ______ _ 
a::: 

0.70 
I... I a.es ----------------------·-·-·--------------·-------------------------------------
cn 
;lit O.IIO 

o.o 1.0 2.0 3.0 4.0 5.0 8.0 7.0 e.o 
LANO use FACTOR(LANO AREA/COLLECTOR ARE:Al 

"b 
10,0 x 

a.o 

a.o 

7.0 

6.0 
>-a: 
0 

5.0 N ::c: 
' 0:: ::c 
3: 

i.O 

J.O 

2.0 

1.0 

0.0 



>-a: 
CJ 

N 
I-
L... 

' i:: 
ID 
1-
:::, 
a.. 

cc 

u 
0 

0 z -en ...... z 

z z a:: 

z 
0 -t; 
a: 
ct:: 
I&.. 

PE:RfORl'flNCE VARIATION MITH COLLECTOR AZIMUTH 

1.os 

BRVTM'l' 
I NC IOENT SOLAR - 0 Tt-CRMFL OUTPUTl600f 316CJ -

1.00 

0.10 
-100.0-10.0 -eo.0 -40.0 -:HJ.0 0.0 Xl.0 40,0 80.0 80.0 100.0 COLLECTOR AZIMUTH ICAZJ 

TEMPERATURE DEPENDENCE OF ANNUAL PERFORMANCE 

0.0 
COLLECTOR OPERATING TEMPERATURE (CJ 

50.0 100.0 150.0 :.00.0 250.0 300.0 350.0 

BRVTHY 
E/W TROUGH - o 
N/S TROUGH - x 

1500,0 -----------------------------------------------------------------

5 llXXJ.O ---------
o 
w 
fi' 
Q:: w 
> a: 
_J a: :::, 
z 
f 

500. 0 

0.0 100.0 200.0 300.0 'IOO.O 500.0 600.0 700.0 COLLECTOR OPERATING TEMPERATURE !tl 

6000.0 

r;::, 
5000.0 

C'\J 

' I 
1000.0 

1-
:::, 
a.. 

3000.0 5 
0 

w 
t.!) a: 

2000.0 5 
> a::: 
_J 
a::: 

1000.0 
ii§ 

o.o 

163 



164 

11100.0 

1eoo.o 

1400.0 
),-, 
C!) 

!5 1200.0 z w 
a w 1000.0 
f-u w 
..J 
..J 
0 u 

400.0 

TEMPERATURE DEPENDENCE OF MONTHLt PERFORMANCE 

TOP CURVE - lOOF (38CJ BRVTMt _ BOTTOM CURVE - 600r (316Cl ________________________________ E/W TROUGH 
STEPS - IOOF [55.SCJ 

~-0 -------------------------------------------------------------------------------

>-
ls 
N 
t 
' ::::, f-
a) 

),-, 
C!) 

IIDI.O 

1600.0 

1-IOO.O 

15 1200.0 z w 
Cl 
W 1000.0 
f-u w 
_J 6 800.0 
u 
>-o 
..J 

400.D 

:Dl.O 

1.0 2.0 3.o 1.0 s.o e.o 1.0 e.o e.o 10.0 11.0 12.0 13.o 11.0 
MONTH 

TEMPERATURE DEPENDENCE OF HONTHLt PERFORMANCE 

TOP CURVE - lOOr !38CJ BRVTMY 
_ BOTTOM CURVE - SOOP !316Cl -------------------------------- N/S TROUGH 

STEPS - IOOF !SS.6Cl 

1.0 2,D 3,0 4.0 s.o 6.0 7.0 e.o 9.0 10.0 11.0 12.D 13.D 14.D 
MONTH 

8000.0 

5000.0 

4000.0 

>-o a: 
Cl 

JllXI.0 

' 0:: 

2000.0 

1000.0 

o.o 

8000.0 

5000.D 

1000.D 

:I: 
3: 

>-a: a 
JllXI.0 

' i 
3: 

2000.0 

1000.0 



z 
0 
,-. 
&:? 
"' LL ,... 
t!) 
Q:: w z w 

lE 
...J 
0 
(/) 

a w 
I-u w 
...J 
...J 
0 u 

z 
0 
,-. 
II: 
N 

...J 
,-. 
=> 

z 
0 ,_ 
u ex: 
D:: 
l... ,_ 
z 

w u ex: 
_J 
II.. 
(/) 

D 

...J 

h 
u ex: 

I.I 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

o.z 

0.1 

J.I 

LO 

0,9 

0.8 

0.7 

0.6 

0.5 

0.1 

0,3 

o.z 

o.o 

STOR~ SIZlNG GRAPH fCR CONSTANT ANNUAL OCNAND 

NO HEEKC/ICJ SHUTOOWN 

-- o.ir ·----- -- -- - --

0.2 0.4 0.6 0.8 J.0 l.2 1.4 1.6 l.8 
NONlNAL DlSPLACEMENTlAVCRAGE COLLECTOR OUTPUT/AVERA~[ DEMANDJ 

STORAGE SIZING GRAPH fDR CONSTANT Al\tlUAL [)[MAND 

NO HEEKC~O SHUTOOWN 

BRVTMT 
E/W TROUGH 

DEl'flND DURATIONlHRSJ 
2-4 PER DAY -------------------------------------------------------------

2.0 

,__ _______ ___, 

lO!RIE f"RACTJ ON ~:;_:_~~:..:;.::.:.::===~---i ,,~ or 0.11 --

o.o 

0.1 --- ------------------------------------------------------------------------------------· 

0.0 0.2 0.4 0.6 0.8 l.0 1.2 1.4 1.6 J.8 2.0 
NOMINAL DlSPLFCEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE DENANOJ 

165 



166 

z 
0 

I-< u a:: 
D:'. 
t... 
,.... 

1.11~.J....... 

]. 0 

0.9 

0.8 
w z w 
D:'. a:: 
...J 

0.7 

0.6 

D w t; 0.5 
w 
...J 
...J 
D 0.1 u 

1:5 
z 
D 

0.3 

STORAGE SIZING GRAPH f!1' CONSTANT ANNUAL OC~~IIID 

NO l,IEEKENO SHUTDOWN 

BRVTMY 
E/W TROUGH 

DEMAr() DURATIONIHRSJ 
B TD 17 

iORfliE F11ACTI ON 
!STEPS or 0.11 

; :::1- -_ - - -__ -- ---_---- - --- - __ -___ -_ --_- --- - _-_ --- --~--- --

0.0 o'.2 o
1
.• o'.s a.a 1.0 1.2 1.• t.6 J.B 2 a 

NOMJNAL DlSPLRCEMENTIAVERAGE COLLECTOR OUTPUT/AVERAGE DEMANDJ 

l.O 

0.9 

z 

STORAGE SIZING GRAPH fl:F CONSTANT fll>IIIUAL DEMAND 

NO ~EEKE(I() SHUTDOWN 

BRVTMr 
[/fj TROUGH 

DEMAND DURATIONIHRSJ 
B ro 17 ------------------------------------------------------·-------.__ ________ _. 

o.e 
D 0.8 -----------------------------------------------------
I-< u 

0.7 
I.... 
I-< 
z 0.6 9 5 0.5 
ll... 
IJ1 

o_o 

D 0.i ----------·-----· · ---·-·--------------------------------·-----------------------------

...J 
§ 
i-- 0,3 -----·------ --------------------------------------------------------·-----------·------
u a:: 

0.2 -·---·----··-----·-----------------------··--·-·-------·------------------------

0.1 ·---------------------------------------------------------------------------------·--

0.0 0.2 O. • 0.6 O.B 1.0 1.2 l.• 1.6 l.8 2.0 

NONJNAL DISPLACEMCNTIAVERAGE COLLECTOR OUTPUT/AVERAGE DEMANDJ 



I, l 

z ].0 D 

1-1 
&? 0.9 Q:: .._ 
,... 
u 0.8 IX w z w 

0.7 
Q:: 
a: 
_J 
D 0.6 VJ 
D w .... 0.5 u w 
_J 
_J 
0 u 0.i 

b 0,"3 z 
D 

1-1 0,2 a: 
N 
_J - 0.1 ..... 
:::J 

1,0 

0.9 

8 0.8 ... u 
0.7 .._ ... 

Z 0.6 9 5 0.5 

0 0.4 
_J 

§ 
1- 0,3 
u a: 

0.2 

0. I 

STORAGE: SIZING GRff'H fi:F CONSTANT ANNUAL DEMAND 

NO WEEKEI\O SHUIDOHN 

• - O.!t. - - - - - - - - - - - -

a.a 

TORR.[ fRflCTJ ON 
1s'!'C!'S or 0.11 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 t.6 1.8 
NCl11NAL OISPLF(;EMENTlAVERAGE COLLECTOO OUTPUT/AVERAGE DEMANDJ 

STORAGE SIZI,.,.; GRAPH fOR CONSTANT ANNUAL DEMAND 

NO WEEKEI\O SHUTDOWN 

BRYTMY 
N/5 TROUGH 

DEMAND OURATIONIHRSJ 
21 PER DAY -------------------------------------------------------

.._ _______ _ 

0.0 

TORA&E f"llflCT JON 
1sTEPS or 0.11 

0.2 0.4 0.6 0.8 LO 1.2 1.4 1.6 1.8 
NOMINAL OJSPLACEMENTlAYERAGE COLLECTOR OUTPUT/AVERAGE DEMAI\OJ 

2.0 

2.0 

167 



168 

STORAGE SIZING GRFPH f~ CONSTANT ANIIUAL OCNAf'O 

NO WE[KEf'O SHUTDOWN 

I. I -4-~-......,-~.........i~-~.....J...-~-t-r.=~;:;,;;:;;,,;:~;;;;:;.:,--L-......-~--'-~-..J..-~------t 
----- p•A~INLl\,!~l1~RCENENT1 ...... --------~ 

z 
D J.0 
..... 
IE o,:: 0.9 
L..-

0.8 

..,,,,..-- BRVTMl :==:====:~~--.,------- ------ ------------ ----- -- -- N/5 TROUGH 
•[MAND OURATIONltiRSJ 

8 TO 17 

w z w 
0.7 ----------------------------------

Cl: a: 
....l 

0. 6 - - - - - - - - - · - - - - - • - - - - - - - - - - - - - - - - - - - - - - - - - -

0 w t; o.s 
w 
....l 
....l 

[lift;[ F'IIACTION 
!STEPS or 0.11 

D 0,o\ ----- --- - -- - ---- ---- -- -------------------------------------- - --- --- - 0.0 
(..) 

L..-
0 0.3 
z 
0 

-----------------------------·------------------------------------------------------------

..... a: 0,2 ------------------- ---------------------------------------------------------------------
N 

f--. 0.1 
::) 

I.I 

J.O 

0.9 

z 

0.0 

-------------------------------------------------------------------------------------

0.2 0.4 0.6 0.8 LO 1.2 1.4 1.6 l.8 
NONJNAL OISPLACEMENT(AVERAGE COLLECTOR OUTPUT/AVERAbE DEMAND) 

STORAGE S!ZlNG GRAPH fIB CONSTANT ANNUAL DENAl'-0 

NO WEEKEf'O SHUTDOWN 

BRVTMT 

2.0 

N/5 TROUGH 
O[MAND OURATION(HRSJ 

8 TO 17 ~--------~-------------------------------------------------------------
0,8 

0 0.8 ------· - - ·- - -- - · - · -------- - ---------------------- -- ------ · 

,_ 
z 

w u 

0.6 

5 0.5 
(L 
lf) 

ORA;[ fl!ACTJON 
_________________ ISTrPS OF 0.11 __ 

D 0.-1 ----------------- ----------------------------------------------------------------------
....l a: 
2 0.'3 
u 
a: 

0.2 -------- - - -- - - - -- -- -- -- -------------------------- - - -- - -- - - -- - --- --- - --------------------

0.1 -------------------------------------------------------------------------------------

•. 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 l.8 2.0 
NONJNAL DJSPLACEM[NT!AV[RAGE COLLECTOR OUTPUT/AVERAGE DEMAJ\OJ 



ENERGr JNCJDENT ON COLLECTOR APERTURE 

CHTTMY 

2500. 0 • - - - - - · - - - - - - - - - - - - - - - - · - - - - - • - - - - - · - - - - • · - • - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . 

2000. 0 - - • • - - - - · • • - - - • • - - - - • · - - - · • - - - - • • - - - - • • - - - - · • - - - - - - - - - • · • • - - - - - - - - - - - - - - - - - - - - -

>--
(.!) 
a:: w z w 
a:: a: 
....J 
D 
tJ) 

E--z w 
D 

u z 

1000.0 

0 

'CJ 
X - - - - - - - - - - -

500.0 -----------------
DlRECT NORMAL· 0 
£/k TROUGH - X 
N/S TROUGH - V 

1,0 2.0 3.0 1,0 

ANNUAL 
AVERAGE 

5,0 6.0 7,0 8,0 9.0 10,0 ll,0 12.0 IJ.O 11,0 
MONTH 

ANNUAL NONrIRST ROW SHADING 

':z 1.10 +-~~~-"--~~-.._.~~-....... ~-....... ~~-.._,,~-~.......,_~-~......1.~-~-+ 
w 
D 

:z? 1.05 · -------- ---- --- ------ · · · · · · · · • · · · · · · · -- · · -- ------ --------------- · · · · - · · · .. · · · · 

D 
t...J 

8 1.00 

a:: 
I 
(J") o. 95 

' E--z 
t...J 
D 
u z 
D 
t...J 

0.90 

0.65 

0.80 
D 

0.75 
a::: 
0 
!-
IE o.7o 
I... 

8 a:: 0.65 
I r.n 

-----------------------------------------------------

-------------------------------------------------------------

-----------------------------------------------------------------

---------- - ----------------------------------------- CHTTMY 
E/1-1 TROUGH - o 
N/S TROUGH - " 

--------------------------------------------------------------------

- - - --- - - - - - ---- - -- - ------------ -- --------- - - -- - - - - - - - ---- - - - - - - -- ------ -- -- --

----------------------------------------------------------------------------

0.60 -t--~--.--,-,---....... -~~~--~-~~~--~-r~~~--.--~-+ a::: 0.0 1.0 2.0 3.0 1.0 5.0 6.0 7.0 8.0 
LAND USE tACTORILANO AREA/COLLECTOR AREAJ 

'b 
10.0 x 

9. 0 

B. 0 

7. 0 

6. D 
)-, 

a:: 
D 

5. 0 N 
:,:: 

' Ct: 
I 

1, 0 
:z 

:J. 0 

2. 0 

l.O 

0. D 

169 



170 

:,... 
er: 
D 

N ,.... 
L... ..... 
::J 
I-< 
iD 

f-
:::J 
0... 
I-< 
::J 
0 

w 
l9 a: 
0:: w 
> 
C: 

_j 
a: 
::J z z a: 

IY a:: 
_] 
D I.DO 
r.f") 

L..l 
D z 

u 
Z 0.85 

Cf) ..... z 
_] 
er:. ::::, 

PERFORMANCE VffilATIOO ~ITH COLLECTOR AZIMLITH 

CHTTM1 
lNClDENT S•Lffi - o 

TrCRMfl. OUTPUTl60Cf" 316Cl 

0. 90 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
a:: 
l... 
0 

z 
C) 

t; 0. 65 - - - - - - - - - - - - - -· - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
a:: 
a:: 
L... 

J 

O.BO -L~~~~~---T"·~~~~~~~~,......,......~~~~~~+ 
-rno.o-eo.o -ao.o -to.o -20.0 o.o 20.0 •• .o 61l. 0 eo.o 100.0 

COLLECTOR AZJMUTH lCAZJ 

TEMPERATURE DEPENDENCE OF ANNUAL PERFORMANCE 
COLLECTOR OPERATING TEMPERATURE !CJ 

0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.• 

CHTTMY 
E/W TROUGH - o 
N/S TROUGH - X 

100. D - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

2CO. D - - - - - - - - - - - - - -· - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

0.0 100.0 200.0 300.0 -100.0 500.0 600.0 700.0 
COLLECTOR OPERATING TEMPERATURE lrJ 

3000.0 

r;::::, 
2500.0 [s 

N 
l:. ..... 
I 

2000.0 L~ 

1-
::J 
CL 

1500. 0 :::_:; 
D 

w 
[.!) 
a: 

JOOO.O 5 
> a: 
__..J 
a: 

500.0 

o.o 

z a: 



,-.. 
a: 
0 

1800.0 

TEMPERATURE DEPENDENCE OF MONTHLY PERFORMANCE 

TOP CURVE - !OOF l3BCI 
_ BOTTOt-1 CURVE - soor l 3 ! 6C I 

STEPS - !•Dr l55.6CJ 
CHTTMY 

IN TROUGH 

(\J 
f--, c.... 

I 600. 0 - - · · · - · • · • · - • - - - - - - · - · - - - - - - - - - - - - - - - . - - - ••. - _ ••• _ .••• _ .. _____________________ _ 

' ::J 
f--, 
[IJ 1400.0 -------------------------------------------------------------------------------
,-.. 
(.'J 
Cl:'. w z w 

1200. 0 - • - - - - - - · - - • - - - - - - - • · • • - - - - - - • • • - - - • - - - - - - - - - - - - - . - - - - - - - - - - - . - - __ - . - - ________ _ 

D w 
f--, 
u w 
...J 
...J 
0 u 
,-.. 

1000. D 

800.0 

...J 600.0 ..L,c--=,:--:-::-::-:-:C-:-::~ 
cr:: 
D 

w 
(.'J 
a: 
er w 
> a: 

400,0 -------------------------------------------------·-----------------···---------

200.0 -------------------------------------------------------·-··-····---··----------

>--a: 
D 
N 
f--, c.... 
' ::J 
f--, 
CD 

>--
(.!) 

1800.0 

1600.0 

1100.D 

ei 1200.D z w 
D w 1000.D 
i-, 
u w 
...J 6 800.0 
u 
>--
...J 600.0 
a: 
• 

400.0 

1.0 2.0 3.0 1.0 5.0 6.0 7.0 B.O 9,0 10,0 11.0 12,0 13.0 11,0 
MONTH 

TEMPERATURE DEPENDENCE OF MONTHLY PERFORMANCE 

TOP CURVE - IOOF 138CI 
BOTTOM CURVE - 6DOF 1316CI 

- STEPS - lDOF 155.6CJ 
CHTTMY 

IS TROJGH 

w 
(.'J 
a: 
0:: w 
> a: 200.0 ·--------------------------------------------···-------------------------------

1.0 2.0 3.0 1.0 S,O 6,0 7,0 B.O 9.0 10,0 11.0 12.0 13.0 11,0 
MONTH 

6000.0 

5000. 0 

1000.0 

>--a: 
0 

3000.0 

2000.0 

1000.0 

0. 0 

6000.0 

5000.0 

1000. 0 

>--a: 
D 

]000.0 £I 
--.._ 
0:: 

2000.0 

1000.0 

0. 0 

I 
3: 

171 



172 

l.1 

z l,O Cl 

...... 
u a: 0.9 Q:: 
1...-

>-, 
[.!) 
Q:: 

0.8 
w :z w 0.7 
Q:: a: 
_] 
D 0.6 If) 

D w ...... 0.5 u w 
_] 
_] 
D 0.-1 u 
1...-
D 0.3 
z 
0 

...... 0.2 a:: 
N 
_] 

0. j. 
i-, 
:::, 

l.0 

0.9 

z 

STORAGE SIZING GRAPH rm CONSTANT ANNUAL DEMA~ 

NO WEEKEND SHUTDOWN 

0.8 

ST[lfft;[ fRACTJON 
ISTI:PSOfO.ll --

a.a 
- - - - - - ----- ----·------------ - - - - - - - - -·· - - - - - - - - - - -- -- ------- ----- ------- - - - - - -- -- -- - - - - - - -

0.0 0.2 O.i 0.8 0.8 l.0 l.2 1.• !.6 l.8 
i'Ot11NAL DlSPLACEMENT!AVERAGE COLLECTOR OUTPUT/AVERAGE DENANOJ 

STORAGE SIZING GRAPH rOR CONSTANT ANNUAL DEMAND 

NO WEEKEND SHUTDOWN 

CHTTMr 
E/W TROUGH 

DEMAND OURATION(HRSJ 
24 PER •Ar L-----------' ----- -- - -- --- -- - ---- -------------------------- - - -- -- -- -- -- - - -

o o.e ------- --- ------ -- --------- ---- ----------------- - ---------- ---- -- . ---------------- -- --- --
...... 
u 

0.7 
1...-

...... 
i3 0.6 
l:. w u 5 0.5 
n. 
1/) 

C) O.i 
_] 

,_, 0,3 
u 
a: 

0.2 

0. I 

0.0 

0.8 

---------------------- ---- --- -- - - - -- - -

------------ STORA.[ fRACTJON 
------------------------------------ ISTI:PS Of O.IJ --

~-~--~--=-=---,-:-:: __ -::-::c ___ :7: __ :-;-::-__ = __ :-:-::_ -::-:: ___ ::-:_ =--=---:-:-::--~------·-------------
0.0 

---·---------------------------------------------------------------------

-- -- . - - - - - -- -- - --- -- - - - . - --- ------ ------- --- --- . - .. - ·- - -- . - . - - - . - -

0.2 0.4 0.6 0.8 l.0 l.2 I.• 1.6 l.8 
NOOINAL DlSPLRCEMENT!AYERAGE COLLECTOR OUTPUT/AVERAGE DEMANDJ 



J.I 

z l.D D 

..... u a: 0.9 ll:: 
L.... 
,.., 
I.!) 0.8 
ll:: w z w D.7 n:: a: 
....J 
D D.6 Vl 

8 ..... D.5 u w 
....J 
....J 
D D. 4 u 
L.... 
D 0.3 
z 
D 

...... D.2 a: 
N 

....J 

t--
O. I 

::) 

J.D 

0.9 

z 
D 0.8 
..... u 
a: E o.7 
..... 
2 0.6 

u '5 D.5 
a.. 
lfl 
D 0.i 

....J 
!§ 
1- D.3 
u a: 

STORAGE SIZING GRAPH rm CONSTANT ANNUAL DEMAND 

NO WEEK[t-0 SHUTOOWN 

_Q._~ - - - - - - -- -----

STORAGE rRACT l ON 
!STEPS Of 0. I) 

O.D 

D.O 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 
NOMJNAL OJSPLACEM[NTlAVERAGE COLLECTOR OuTPUT/AVERAGC OENANOJ 

STORAGE SIZING GRAPH rm CONSTANT ANNUAL DEMAND 

NO WEEKE!IO SHUTDOWN 

CHTTMr 
E/H TROUGH 

001AND DURATJON(HRSJ 
B TD 17 .._ ________ _,------------------------------------------------------------

0.B 

2.0 

D,2 -------- ------------··--------------------------·-----------------·--------------

0.1 

0.2 0.4 D.6 D.8 1.0 1.2 1.4 1.6 1.8 2.0 
NONJNAL DlSPLACEMENT!AVERAGE COLLECTOR OUTPUT/AVERAGE DEMANOJ 

173 



174 

z 
D 
..... u a:: 
D:: 
"-
,-. 
L!l 
D:: w z w 
[l'._ 
a:: 
....J 

0.7 

0.6 

8 t3 o.s 
w 
_J 
....J 
D 0.1 
L) 

STORAG[ SIZING GRAPH ,OR CONSTANT ANNUAL DEMAND 

NO WEEKEND SHUTDOWN 

CHTTMY 

l:i o. 3 - - - - - - - - - - - - - - - - - - - - - - - - - - - -
z 
D 

h: 0.2 
N 

....J 

a.a 

0. I · - - - · - - - - - - ·· - - - - - - - - - - - - - - - - - - - - - - - - • - - - - - - - - - - - - - - - - - - - - - - - ·· - - - - - - - - - - - - - - - - - - - - - - - - - - - -,-. 
::J -~-~-~-..,.....,-~_..,.....,_..,.....,_..,.....,_..,.....,_..,.....,_~-+ 

o.o 

J.0 

0.9 

z 

0.2 o.4 o.s a.a i.o 1.2 1. • 1.s i.e 
NOMINAL DJSPLRCEMENTlAVERRGE COLLECTOR OUTPUT/AVERAGE DEMANDJ 

STORAGE SIZING GRAPH roR CONSTANT ANNUAL DEMAND 

NO WEEKEND SHUTDOWN 

CHTTMr 

2.0 

N/5 TROUGH 
D[r-'flND DURATIONlHRSJ 

24 PER DAY L---------....... -------------------------------------------------------------
D O. 9 - - -· - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
,_ 
L) 
a: 
0:: 0.7 
"-,_ 
3 0.6 
:r: w u 5 0.5 

Cl 0.1 
....J a: 

0.3 
L) 
a: 

0,2 

0.1 

----- --- - - - -- - - - -- -- -- -- -- - - - ------- --- ------------ - --- - - - - - - - - - - - - - - -a.a 

-------------------------------------------------------------------------------------

a.a 0.2 0.4 0.6 0.8 l.O 1.2 1.• 1.6 l.8 2.0 

NCt1lNAL OlSPLACEMENTlAVERRGE COLLECTOR OUTPUT/AVERAGE DENANDJ 



J.I 

z ],0 0 
,-. 
Ii 0,9 0:: 
L&.. 
,.... 
(.9 0.8 0:: w z w 0.7 
Ir 
...l 
0 0.6 Vl 
Cl w ..... 0.5 u w 
...l 
...l 
0 u 0.-t 

0,3 
z 
0 
,-. 0.2 gj 
...l 

0.1 s 

J.O 

0.9 

0.8 
..... u a: o:: 0.7 
l... 
..... z !f 0.6 
w u 5 o.s 
D.. 
Vl 
D 0.-1 
...l 

,_ 0,3 
L) 
a: 

0.0 

STORAGE SIZJNG GRAPH fOR CONSTANT fllltjUAL OCMAND 

NO 1-i:EKENO SHUTDOWN 

0.8. ____________ _ 

TOWQ: f'RACTI ON 
ISTrPS or 0.1 J 

o.o 

0,2 0.• 0.6 0.8 1.0 1.2 I.• 1.6 l.8 NCJ11NAL DISPLACEMENT!AVERAGE CO..L[CTOR OUTPUT/AVERAGE DENANOJ 

STORAGE SIZING GRAPH f •R CONSTANT ANNUAL DENA!'() 

NO ~[KENO SHUTDOWN 

CHTTMY 

2.0 

N/5 TROUGH 
DErf!ND Dl.ftAT!ON!HRSJ 

8 TO 17 - - - --- - -- -- --- -- - . - - --------------- --- -- --- -- - - -- - -- - - - - - - - --
..,_ ________ _. 

o. e ______ . _____ . 

S'Tlllftl!: f'RRC'r I ON _ -----------....,. ISTEPS Dr 0,IJ ·-

0.2 -------- --------------------------------------------------------------------------------

0.1 

0.0 0.2 D.• 0.6 0.8 l.D 1.2 I.• 1.6 l.8 2.0 NCJ11NAL DJSPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE DENANOJ 

175 



>--

N ,_ 
I... 

' :::> ,_ 
a'.) 

>--
<.!) 
a:: w z w 
a:: a: 
....J 
0 en 
I-z w 
Cl 
(..) z 

176 

:iooo.o 

llllO. 0 

1600.0 

1400.0 

1200.0 

1000.0 

800.0 

600.0 

400.0 

ENERGY INCIDENT ON COLLECTOR APERTURE 

DIRECT NORMAL -
C/J.I TROUGH - X 
N/5 TROUGH - v 200.0 _________________ ..._ _______ _ 

CARTMY 

0 

6000.0 

5000.0 

4000.0 

>-a: 
Cl 

JOOO.O 

' i 
3: 

2000.0 

1000.0 

o.o +-r ....... .,..,..~~r-r-....... '"T"' ....... ...,....,...,...,~..,...,...,....... ......... r-r-,...,...,,........,...,...,...,...,...,...,~..,...,....,...,..,......,........'T"' ....... ........, ....... ...,...,+ 0.0 
l,O 2,0 3,0 4.0 5.0 6.0 7.0 B.O 9.0 10.0 11.0 12,0 13.0 14.0 

MONTH 

ANNUAL NONflRST ROW SHADING 

1.10--~~ ....... 
w 
8 

I.OS -------------------- ----------------------------------------------------------i 1.00 

a:: 
:I: g 0.95 

' ,_ 8 0.90 

(..) 

z 0.65 

B 
0.80 

D 

0_75 
It'. 

0.70 
I... 

i 0.85 

en 

--------------------- ----------------------------------------------- --------

CARTMY 
------------------------------------ E/W TROUGH - o ------

N/S TROUGH - X 

0.80 
- 0.0 1.0 2.0 J.0 • .O 5.0 8.0 7.0 a. o 

l.ANO use PAC TOR ( LAND AREA/COLLECTOR AREA) 



-u z 
en 
' z 

PE:RfORl'IANCE VARJATION WITH COLLECTOR AZIMUTH 

1.015 -+--_ ........ __ .......__......__~ ................. _ ... _ .... _-_-_ ... _~_"':_ ... _-_~_..._ ... _~_-_-_~_ ... _-_-_..._ .... _ .... _-_-_-.,--+ 
CARTM't 

INCJO[N1 SOLAR - o 
THERMFL OUTPU11600f" 316CI -

I o.90 -------------------------------------------------------------------a: 

z 
0 -

0.115 --------------------·--·-·---··----··------·---------------··---··· 
0::: 
IL.. 

0.10 -------------~~~~......-~ ................... ...... ~---1--100.0-eo.o -eo.o -10.0 -20.0 o.o 20.0 4D.o ao.0 110.0 100.0 
COLLtCTOR AZIMUTH !CAZ! 

TEMPERATURE DEPENDENCE OF ANNUAL PERFORMANCE 
COLLECTOR OPERATING TEMPERATURE !Cl 

a.a 50.0 100.0 150.0 200.0 250. 0 300.0 350.0 

CARTMY 
E/W TROUGH - o 

>- N/S TROUGH - X a:: 
Cl BCXl.O ---·-----------------------------------------------------------------
1'\l 
f-,._ 
' :::, f-
(D 

f-:::, 
ll... 
f-
::::, 
D 

6Cll.O ---------

100.0 --------------------------------------------------

2lll. 0 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

0.0 100.0 200.0 300.0 ~00.0 500.0 600.0 700.0 
COLLCCT0R OPERATING TEMPERATURE !fl 

3000.0 

r;::, 
2soo.o es 

l'\l :c 
' :I: 

2000.0 

t--
:::, 
[L 
f-1500. 0 :::, 
D 

w 
t!) 
a:: 
Q:: 

1000.0 W 
> a:: 
_J 
a:: 

500.0 

i 
o.o 

177 



178 

N 
t ..... 
i:": 
(D 

,-
(.!) 

15 z 
t~.J 
0 w 
I'-• 
(.) 
[,.J 
.. .J 
.J 
0 
0 

>-< 
.• l -

1!100.0 

!600,0 

1-tOO.O 

1:;mo.o 

1000.0 

IPl.O 

1800.0 

1400.0 

1200.0 

TEMPERATURE DEPENDENCE OP MONTHLY PERPORMANCE 

TOP CURVE - 1 OOP f 38C l CARTMY _ BOTTOM CURVE - 600f I 316C l ________________________________ E/W TROUGH 
STEPS - 100P 155.6Cl 

12,0 13,0 14,0 

TEMPERATURE DEPENDENCE OP MONTHLY PERPORMANCE 

TOP CURVE - lOOP 138Cl CARTMY _ BOTTOM CURVE - 600P 1316Cl ________________________________ N/S TROUGH 
STEPS - lOOP 155.6Cl 

LO .l.O 3.0 4,0 5.0 6.0 7,0 8.0 9.0 10.0 11,0 12.0 13.0 14.0 
MONTH 

8000.0 

5000.0 

4000.D 

,-
a: 
Cl 

JOOO.O 

.cm.a 

1000.0 

o.o 

IOOO.O 

5000.0 

4000.0 

..... 
Q: 
:i:: :x 



I.I 

1.0 

0,9 It: 
II.. 
>-' o.e 
I..J z 
I..J 0.1 
IE 
...I 
0 0.6 "' 8 .... 0.5 u 

0 u 0.'1 

O.J z 
0 

D,2 

...I - 0.1 

1.1 

1.0 

0.9 

0.11 ..... .... 
t.) cc: 0.7 E .... z 0.6 

cc: 0.5 ...I 

..... 
0 0.'I 
...I 

O.J u cc: 
0,2 

0. I 

o.o 

0.0 

STORAGE SIZING GRAPH fQR CONSTANT AIIJ,IUAL OEMAt() 

NO WEEKEt-0 SHUTDOWN 

0.2 o.4 0.1 o.e 1.0 1.2 1.4 1.1 1.e 
"llNINAL OISPLACEMENTIAVERAGE COLLECTOR OUTPUT/AVE:RAQE DEMAt()l 

STORAGr. SIZING GRAPH fOR CONSTANT ANNUAL DEMAND 

ND ..EEKEND SHUTDOWN 

CflRTM't 
E/M TROUGH 

001'\ND o..RATIONIHRSl 
2'4 PER DAY 

----------------------------------------------------------· 0.0-------------

0.2 D.4 0.a a.a 1.0 1.2 1.4 1.a 1.e 
l()MJNAL OISPLACEMENTIAVERAGE COLLECTOR DUTPUT/AVERA~E DEMAND! 

2.0 

2.0 

179 



z 
0 

IX 
t... ,... 
51 w z w 
IE 
_.J 
0 .,, 
8 ...... 
u 

a u 

b 
z a 

_.J -

-...... u er 
E 
...... 
;z 

tl 
ct: 
_J 

8'I 
0 

..J 

u er 

180 

1,1 

1,0 

0.9 

0.11 

0.,7 

0.6 

0.5 

0.-1 

0.3 

0.2 

0.1 

STORPGE: SIZING •RAPH rOR CONSTANT ANNUAL OEMA~ 

NO I-EEKEt-0 SHUTDOWN 

ORE FllRCTJIIN 
I STEPS Of O. II 

o.o 4-..------------------------------~ ......... 
0.0 

1,1 

1,0 

0.9 

o.e 

0.7 

0.15 

0.5 

0.-1 

0,3 

0,2 

0.1 

0.0 

0.2 0.4 O.B 0.8 1.0 1.2 1.4 l.l I.II 
t.OMINAL • ISPLACEMENT(AVERAGE COLLECTOR OUTPUT/AVERA~E DEMAl<ll 

STORA!ile: SIZif\.G GRAPH rCR CONSTANT ANNUAL DEMAND 

NO WEEKEl<l SHUTDOWN 

CARTMr 

2.0 

E/W TROUGH 
DD1AND DLRATION(HRSJ 

8 TD 17 -------------------------------------------------------------.__ ________ .... 

S'TOll'Q: f'RflCTI 
I STEPS Of 0. 11 _______________________ .............................. 

0.2 0.4 o.e 0.11 1.0 1.2 1.4 l.B I.II 2.0 
""1!1INAL OlSPLACEMENT(AVERAGE COLLECTOR OUTPUT/AVERAGE DEMAl<ll 



I.I 

1,0 

0,9 ar:: 
"-
>-

D.11 
IJ z w 0.7 
IE 
..J 
0 D.6 VI 

8 ...... D.5 u 
..J 
0 D.-1 u 

15 0,J 

Iii D,2 

;::l 0.1 

1,0 

0,9 

§ D.11 
...... u cc f': 0.7 

...... I 0.6 

0.5 

-O 0.-1 

O,J 

D,Z 

D. I 

0.0 

STORl'IGE: SIZING GRAPH rOR CONSTANT ANNUAL DEMAND 

NO WEEKEND SHUTDOWN 

-------- l'IIIXIPIUllp!l,\~Aa:KCNll.-----------, CARTMY ~..,_~---- ------------ -------------------- --------- N/S TROUGH 
DEMAND OURATION(t-RSJ 

21 PER OA'f 

0lll"IGC nmcTJON 
!STEPS CF 0.11 

0.2 D.4 0.8 D.11 1.0 1.2 1.4 1.8 I.II I01JNAL • ISPLACEMENTCAVERAGE COLLECTOR OUTPUTIAVE:RAGE DEMAl'Ol 

STORAGE: SIZIIIG GRAPH rOR CONSTANT A"-"IUAL OEMAp,o 

NO WEEKEt,O SHUTOOWN 

CRRTMY 

2.D 

N/S l'ROJGH 
DO'f!ND Cl.JRATIONCHRSJ 

2'1 PE:R DA'f 
------------------------------------------------------------

-----------------------------------------------------------
----------------------- -----------------------------------------------------------------
-----------------------------------------------------------------------------------------
-----------------------------------------------------------------------------------------o.e 

------------------------------------------------------------------------------------

0.0 0.2 0.4 0.8 0.11 1.0 1.a 1.4 l.8 I.II 2.0 I01INAL DISPLFCEMENTCAVE:RAGE COLLECTOR OUTPUT/AVERAGE OEMAt,Ol 

181 



182 

z o 1.0 

0.11 
w z 
W 0.7 
IE 
...J 

0.6 

8 t, 0.5 
lj 
...J 
O 0.4 u 
b 
z 
0 

0,3 

is 0,2 

...J 
0.1 

STORAGE SIZING GRAPH rc:R CONSTRNT Al\l,IUAL DEMRIIO 

NO WEEKEND SHUTDOWN 

----------------------------------- ..._ ________ _. 

0.0 -t-,,............,.....,.....,...~-...-,-~-~-~~~~~~~...,.....,,............,.....,,...............,,.........~ ...... ~-....... -~-+-

1,0 

0.9 

0.11 
f-
t.) 
IC e: 0.7 

f-z e 0.6 

5 0.5 

-D 0.4 
...J 

0.3 u 
IC 

0.2 

0.1 

o.o 

o.o 

0.2 0.4 0.11 0.11 1.0 1.2 1.4 I.I I.II 
NOl1INAL D!SPLACEMCNTCAVCRAGE COLLECTOR OUTPUT/AVE:RA~E DEMAIIOJ 

STORFICile: SIZING GRAPH rc:R CONSTRNT ANNUAL DEMAIIO 

NO WEEKEND SHUTDOWN 

CARTM'!' 
N/5 TROUGH 

DO'IAND D~ATIOOCHRSJ 
8 TO 17 

0.8 

STIJRPGE F'RflCT I 

2.0 

I STEPS Of 0. II - -

0.2 0.4 0,8 o.a 1.0 1.2 1.4 I.II I.II 2.0 
NOl1JNAL • ISPLACEMENT(AVERAGE COLLECTOR OUTPUT/AVERA~E DEMANOJ 



>-a: 
Cl 

N 
I-
t... ..... 
::::, 
l-
a:, 
>-, 
UI 
QC w z w 
QC a: 
....I 
Cl 

"' 1-z w 
0 -

ENER~Y lNClOENT ON COLLECTOR APERTURE 

CHRTIH 
1800.0 -------------------------------------------------------------------------------

1600.0 

1400.0 

1200.0 ------o-----

1000.0 V ····-,.-----

800.0 

600.0 

100.0 - - - - - - - - - - - - - - .. - DIRECT NORMAL - 0 . --.. ---.. -. -------.. -----------. ----E/W TROUGH - X 
N/5 TROUGH - ., 

200.0 ·----· · ---- · · --- _.__ ______ ___.. · --- ·· ---- --- ----- --------ANNUAL 
AVERAGE 

1,0 2.0 3.0 1.0 5,0 6,0 7,0 8.0 9.0 10.0 11.0 12,0 13.0 14,0 
MONTH 

ANNUAL NONFIRST ROM SHADING 

!z 1.10+-~~-........ --....... --~ ........ -~_..._~-....... .___~~ ......... ~~~....1-~~--+ w 
0 

1.05 -----------------------·······-·-··········------------------------------------

0 

a: z:: 

1.00 

g a.es 
..... 
1-z 
!':l -u 

0.90 

z 0.85 

8 
0.80 

c::J 

0.75 
er: 

t3 a:: 0.70 
L.. s 0.65 
z:: 
"' 

CHRTMY ·----------------------------------------- E/W TROUGH - o ------
N/S TROUGH • >< 

-------------------------------------------------------------------------------

0.80 _,...... __ ,...... __ ~--~--~--~--,.....,..-.-~,.......,.. ........ ~,.......,.. ........ ~~....--+-
er:: 0.0 l.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 

LAND USE fACT0R!LAND AREA/COLLECTOR AREAJ 

6000.0 

5000.0 

1000.0 

JOOO.O 
..... 
i 

2000.0 

1000.0 

o.o 

183 



184 

>---a: 
D 

f-
::::J 
0... 
f-::, 
D 

w 
(.!) 
a: 
0:: w 
> a: 
__J 
er: 
::::J z z a: 

a::: a: a en 
w 
(._) 

(._) 

PERFORMANCE VffiJATJOI HITH COLLECTOR AZIMUTH 

CHRTMY 
JNCJOEN1 SOLAR - o 

THERMAL OUTPUTl600f 316Cl 

Z 0.95 --

if! 
:;:) 

O.QQ ••••••• - • - •••••• --------- -------------. -- ·- ·-. -- •• - •••• -· ----------
a:: 
I... 
Cl 

z 
0 

t; 0.95 - -----------·-·- - •• · • - - - .•• - - - .••• - •• ----------------------· · · · · · • • 
a: 
a:: 
L.... 

0.80 -t-,--...-,-~~~~.....,...--,........,~ ....... - ........ ~~'T'"""~.....,...~-..--~-t-
-100.a-eo.o -i;o.o -•o.o -20.0 o.o 20.0 4D.o so.o so.a 100.0 

COLLECTOR AZIMUTH (CAZJ 

TEMPERATURE DEPENDENCE OF ANNUAL PERFORMANCE 
COLLECTOR OPERATING TEMPERATURE lCl 

0.0 50. 0 100. 0 150. 0 200. 0 250. 0 '.SJO.O 350. D 

800.0 

600. 0 

CHRTMY 
E/W TROUGH - o 
N/S TROUGH - X 

100. 0 - - · - · · - · - - - - - - · · - - - - - - - - - - - - - - - - - - - - - - - .•. - .. - - - ... - - - - ..•.•• - - - - _ - - _ 

200.D ------------------------·-·--··--·------------------------······---

0.0 100.0 200.0 300.0 iOO.D 500.0 600.0 700.0 
COLLECTOR OP[RATING T[MP[RATURE (fl 

3000.0 

r;::::, 
2500.0 § 

N 
:E 

' :r: 
2000.0 '3 

r 
::J 
D.. 

1500.0 i; 
D 

w 
l'l a: 

1000.0 
> 
a:: 
__J 
a: 

500.0 

o.o 

z a: 



("\J 
f-, 

' :::, 
Iii 
>--
IE w z w 
Cl w ..... u w 
...J 
...J 
CJ u 
>1 
...J -a: 
CJ 
w c., a: 
> a: 

("\J 

t 
' :::, Iii 
>, 

IE w z w 
0 w ..... u w 
...J 
...J 
0 u ,., 
...J -a: 
Cl 

w c., a: 
0:: w > a: 

1eoo.o 

TEMPERATURE DEPENDENCE Of MONTHLY PERFORMANCE 

TOP CURVE· IDDf 138CI 
. BOTTOM CURVE - soor I 3 I 6C I 

STEPS· lDOf 155.6CJ 
CHRTMY 

/1-l TROUGH 

1600. D - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

1100. 0 - - - - - • - - - - - • - - - - • - • - - - • - - - - - · - - - - - - - - - - - - - - - - - - - - - - . - - - - - - - - - - - • - - - - _ .• _______ _ 

1:200.0 -------------------------------------------------------------------------------

lCIJO.O - ----- - ---- ----- - - · ---· - ---- -- ---- ·----· · · ---- · · --- · · ----- · --- - ·· --- - - ---- - - ---

800.0 

400.0 ------------------------------------------------------------------------------

200.0 -----··---------···---------------··----------··----------------------·---··---

1eoo.o 

1600.0 

1100.0 

12110. 0 

1000.0 

eoo.o 

600.0 

400.0 

1 .o ;i.o 3,0 1.0 s.o &.o 7.0 s.o 9.o 10.0 11.0 1~.o IJ.o u.o 
NONTH 

TEMPERATURE DEPENDENCE Of MONTHLY PERFORMANCE 

TOP CURVE - lOOf 138CI CHRTMI . BOTTOM CURVE - 600f 1316CI -----···---···--------------·-·-N/S TROLGH STEPS - JOOf 155.6Cl 

200.0 -----··----------------------·------·--·-·---··----·------·---··-·--···------·-

1.0 2.0 3,0 1.0 s.o s.o 7.o e.o 9.o 10.0 11.0 1a.o 1J.o a.o 
MONTH 

6000.0 

5000.0 

1000.0 

2000.0 

1000.0 

o.o 

600(). 0 

5000.0 

1000.0 

3000.0 

i 
2000.0 

1000.0 

0.0 

185 



J.I 

z 
J.O 0 

.... u a:: 0.9 0:: 
L.... ,.. 
&? o.e 
w z w 0.7 
0:: cc 
..J 
0 0.5 Lf) 

8 .... 0.5 u 
:i 
..J 
0 0.4 u 

b O.J 
z 
0 .... 0.2 IC 
N 
..J - 0.1 .... 

1.1 

1.0 

0.9 

z 
0 0.8 .... 
u a:: 
0:: 0.7 

.... z 0.6 w :c w u 
a:: 0.5 _J 
11... u, -0 0.4 
..J 

0,J .... u a:: 
0.2 

0.1 

186 

0.0 

0.0 

STORAGE SIZING GRAPH r~ CONSTANT ANNUAL DEMAND 

NO WEEKENJ SHUTDOWN 

0.2 0.4 0.6 0.8 l.O 1.2 1.4 1.6 l.8 
NONJNAL DlSPLACEMENTlAVERAGE COLLECTOO OUTPUT/AVERA~E DEMANDJ 

STORAGE SIZING GRAPH roR CONSTANT £'1',,NUAL DEMAND 

NO WEEKEl'lJ SHUTDOWN 

CHRTMr 
[/W TROUGH 

DEMAND DURATIONIHRSJ 
24 PER OA'f' .__ _______ __. -------------------------------------------------------------

101'1lG~ fffl'!CTlON 
----------------------------- !STEPS or 0.11 --

Q_O 

0-2 o.4 o.s o.e 1.0 1.2 1.4 1.s 1.e 
N011NAL OJSPLACEMENTCAVERAGE COLLECTOR OUTPUT/AVERAGE OENANDJ 



1.1 

z 1.0 0 
...... 
a? 0,9 °" L.... 
,., 

O.B 
w z w 0.7 
f 
...J 
0 0.6 "' 
0 w ...... 0.5 u w 
::l 
D O.i u 

l':5 0.3 
z 
0 
...... 0.2 

...J 

5 
0.1 

1.0 

0.9 

e o.8 .... 
(.) a: E 0.1 

.... 
z 0.6 e 5 0.5 

ll1 
C D.i 
...J 

0.0 

STORAGE SIZING GRAPH rc:R CONSTANT ANNUAL DEMAND 

NO ~EEKEr<l SHUTDOWN 

Olf'Q: f1111CTl ON 
!STEPS Of' 0.11 • • 

0.2 0.4 0,6 0.8 1.0 1.2 l.4 1.6 l.B 2.0 
NOMJNAL OJSPLACEMENTlAV[RAGE COLLECTOR OUTPUT/AVERAbE DENANDJ 

STORAGE SIZING GRAPH rm CONSTANT ANNUAL DEMAND 

NO ~EEKEr<l SHUTOOWN 

CHRTMT 
[/W TROUGH 

DEMAND DURATION(HRSJ 
B TD 17 --------- ------ -- --- _____________ ,.. _____ --- - --- -- - --- -- -- - -- - -,__ _______ _ 

0.8 ____________ _ 

Ollfllt fll!ICTJOO 
IS!t:PS or 0.1 I 

i- 0,3 ···--------- ---------------------------------------------------------------------------u a: 

0,2 -------- --------------····--------------------------------------------------------------

0.1 --- ··--------------------------------------------------------------------------·······-· 

0,0 0.2 0.4 0.6 0.8 1.0 1.2 J.4 1.6 l.8 2.0 
NOMJNAL DlSPLACEHENTlAVERAGE COLLECTOR OUTPUT/AVERAGE DEMANOJ 

187 



1,1 

z 1.0 D .... 
&? 0.9 C>:: ,.__ 
>-
t!l 0.8 n::: w z w 0.7 
0:: a: 
__J 
0 0.6 I/') 

D w 
I- 0.5 L) 
L,J 
_J 
__J 
0 0.<\ u 
,.__ 
D 0, 3 
z 
0 

Ii: 0,2 
N 
__J 

0. I 
I-:::> 

l.l 

l.0 

0,9 

z 
0 O.B 
I-
L) 
a: 0.7 0:: 
l.. 
I-z 0.6 

w 
L) 
a: 0.5 __J 
a.. ln -0 0.<\ 
__J 

!§ 
0,3 I-

L) 
a: 

O,Z 

0. I 

188 

0.0 

0.0 

STORAGE SIZING ~RAPH rOR CONSTANT ANNUAL OCNANO 

NO HEEKEND SHUTDOWN 

0.2 0.4 0.6 0.8 l.O 1.2 1.4 1.6 l.8 
NONINAL DISPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERA~E OENANOJ 

STORFt'.;E SIZING ~RAPH fOR CONSTANT ANNUAL OCNANO 

NO hEEKEPO SHUTOOWN 

CHRTMr 

2.0 

N/5 TROUGH 
O01AND DLJRATIONlHRSl 

24 PER •Ar -----------------------------------------------·-------------._ ________ __, 

-------------------------------

10Rf'GE F'RACTl ON 
-·----------------------------------- tSTI:f'S Of 0,11 --

0.0 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 l.8 2.0 
NCJ11NAL DlSPLACEHENTlAVCRAGE COLLECTOR OUTPUT/AVERAGE OENANOJ 



STORAGE SIZ]NG GRAPH rOR CONSTANT ANNUAL DtMAl<l 

NO WEEKEND SHUTDOHN 

l.1-t-"--.....L-~-L....-~_._~_._,__',:;;;::::;:!::~:;.;::::::;:;:;;:::;;---~--.....L--........J~ .......... -+ ---------INAx111UP1,Jb\rr-iurcNll r----"""'."'------, 
z 
D 

...... u a: 
a:: 
LL. ,... 

J.O 

0.9 

o.e 
w z 
w 0.7 

i 
...J 5'l 0.6 

8 t; o.s 
w 
::l 

- CHRTMY 
N/S TROUGH 

DEMAND DURATION(~SJ 
B TO 17 

0.6 _. _ --- -- _ -- __ 

D 0.4 --------·---------------------------------------------·------

T(Jlft;[ nlllCTJ OH 
ISITPS Of Q_ I I 

U 

!:; o.J -----------------------------------------------------------------------------------------z 
D 

t- 0.2 l!:i 
...J 

0.1 -----------------------------------------------------------------------------------------

J.0 

0.9 

0.8 
1---u 
&:i 0.7 
I... 
1---z 

§ 0.6 

5 0.5 
IL 
I.fl -D 0.4 
...J 
§ 
i- 0,3 
u a: 

0,2 

0.1 

0.0 

0.0 

0.2 0.4 0.6 0.8 l.0 1.2 1.4 1.6 l.8 
NONJNAL DISPLACEMENT(AYERAGE COLLECTOR OUTPUT/AVERAGE DENANOJ 

STORAGE: SIZING GRAPH rOR CONSTANT ANNUAL DEMAND 

NO WEEKE/IO SHUTDOWN 

CHRTMY 
N/S TROUGH 

DEMAND DURATION!HRSJ 

2-0 

~--a_r_o_1_7 ___ -------------------------------------------------------------

0-8 

0.2 0.4 0.6 0.8 l.O J.2 1.4 1.6 l.8 
NOMINAL DJSPLACEHENT(AYERAGE COLLECTOR OUTPUT/AVERAGE DENA/llJl 

189 



190 

ENERGY INCIDENT ON COLLECTOR APERTURE 

COLTMY 

29)1), 0 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

N 
t: 
' ::) 

2000. 0 - - - - - - - - - - - - •· - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - _ - - ______________________________ _ 

l-
a:) 

>-
(.!) a:: w z w 

0 

V 
X 

DIRECT NORMAL - 0 
soo.o ----------------- E/W TROUGH - X 

N/5 TROUGH - v 

o.o ..... ~~~~~"T"0"....--...+-
1'.o s.o s.o 7.o e.o l.0 2.0 3.0 9.0 10.0 11,0 l2.0 13.0 11.0 

MONTH 

RNNURL NONF' I RST ROW SHAOI NG 

1.10 -+-~~~-'-~--....... ~~-~--~~~-~-~~_..~~~--'--~~-+ 
[..J 
D 

§i! l, •S -----------------------·---·--------------------------------------·----------·-

D 
1.00 g 

cr :c •.9S 
::::i 

' ,-. 
0.9• 

u 
z a.es 
0 w 

• .BO 
0 

<I) 

0.65 cr :c 
<I) 

·:t:: ____ --------~___ -. . -.. -__ ·_ :. : 
:_ -_- -p _-_-__ ----_ --_·: __ -__ -_- _-_-_-_-__ -_----__ --_ ---_-. ~~iiiiit~ ;-~- -

o_so -+--~-~~--~~-~~--~--~~-~~--~~--.-~~-+ 
a,:_ 0.0 l.O 2.0 1.0 4.0 S..O 6.0 7.0 8.0 

LAl'-0 USE FACTDR!LANO AREA/COLLECTOR AREA! 

'b 
10.0 'i 

11.0 

1.0 

7.0 

6.0 
>-er 
0 

5.0 N :c 
' a:: :r 

1.0 

3.0 

2.0 

1.0 

o.o 



>-cc 
D 

N 
1-, 
I... 

' i3 
CD 
I---
::) 
0. 
I---
::) 
D 

w 

0:: w 
> cc 
.J cc 
::) z 

a=: cc 

PE:RrORlf'INC~ VARIATION MITH COLLECTOR AZIMUTH 

COLTM'Y 
INCIDENT SOLAR• o 

TI-CRMAL OUTPUl160Df 316Cl • 

1,00 

... 
(.J z ... 
(I") 

' z 

s 
I O.IIO -------------------------------------------------------------------cc 

z 
0 

o.es -------------------------------------------------------------------
i... 

o • ., +--~--r-~,.....,~~~.....,.~~~~'"T""~--.~~-r--~--r-.......... 
-100.0--,.0 -eo.o -.c,.0 -20.0 0.0 20.0 40.o 10.0 10.0 100.0 

COLL~CTOR AZIMUTH ICAZJ 

TEMPERATURE DEPENDENCE OF ANNUAL PERFORMANCE 
COLLECTOR OPERATING TEMPERATURE CCJ 

0.0 50.0 100.0 LSO.O 2110. 0 250.0 300.0 350.0 

COLTMY 
E/W TROUGH - o 
N/S TROUGH - X 

iCXl. D • - - - - - - - - - - - - - - - - - - - - - - • - - - • - - - • • - - · - - - - - - - - - • • - - - - - - - - - - - - - - - - - - - - - -

lll. D - - - - - • - - - - - - - - - - - · · · - · - - - - · · - · · · - - · · · - · - • • • · • • - • · • - • - - - • • - • • - - - - - - - - -

LCXl.D 200.0 300.D too.a 500.0 600.0 700.D 
COLLECTOR OPERATING TEMPERATURE IPJ 

3000.D 

r;:::i 
2500.0 § 

N :c 
' :r:: 2000.Dei 

I---
::) 
0. 

1500.0 5 
D 
w 
C.!) 
cc 

1000.0 5 
> a:: 
.J 
a: 

500.0 j 
z cc 

o.o 

191 



192 

IIDD.0 

IIDD.0 

1400.0 

IDI.0 

I 

TEMPERATURE DEPENDENCE Of MONTHLY PERfORMANCE 

TOP CURVE - !OOf 13BCI COLTMY 
_ BOTTOM CURVE - 600f 1316CI -------------------------------- t/W TROUGH 

STEPS - lOOf 155.SCI 

> a: D).0 -------------------------------------------------------------------------------

>- IIDD.0 

e 11110.0 
...._ 
j::! 
al 1400.0 

>-

1200.0 
w 
8 1000.0 ... 
C..) w 
....l c5 IIOO.O 
C..) 

>-
....l lll0.0 
a: 
0 

I > a: Dl.0 

1.0 a.o 3.o 1.0 s.o 8.o 1.0 a.o 9.o 10.0 11.0 ta.o 13.o 11.0 
MONTH 

TEMPERATURE DEPENDENCE Of MONTHLY PERfORMANCt 

TOP CURVE - lOOf 138CJ COLTMY _ BOTTOM CURVE - 600f I 3 I SC I _______ . __ . __ ... ________________ N/S TROCJGH 
STEPS - lDOf 155.SCl 

1.0 a.o J.o 1.0 s.o 8.o 1.0 11.0 9.o 10.0 11.0 1a.o 13.0 11.0 
MONTH 

10011.0 

5000.0 

4000.0 

:zooo.o 

1000.0 

o.o 

10011.0 

5000.0 

4000.0 

:zooo.o 

1000.0 

o.o 



I.I 

i!!i 1,0 

0,9 Ill:: 

)-o 

0.11 
I.J z 
I.J 0.7 
IE 
.J 
0 0.6 in 

8 ..... 0.5 u 

0 u 0.-t 

l!5 0,J 
z 
0 

0,2 

.J - 0.1 
5 

1,0 

0,11 

0.11 ..... u er f:' 0.7 

..... ! 0.6 

5 0.5 
1k -C 0.-t 

0,J 

0,2 

o.o 

STORPGE: SIZIIIG GRAPH r~ CONSTANT AIINUAL !EMANO 

NO WttKtlO SHUTOOWN 

0.2 0.4 0.1 0.8 1.0 1.2 1.4 1.8 1.8 
I\OMINAL OISPLACtMtNTIAVtRAGt COLLECTOR OUTPUTIAVERA~t OtMAIOI 

STORA<.E'. SIZING ~RAPH rOR CONSTANT ANNUAL OEMANO 

NO hEtKtNO SHUTDOWN 

COLTMl' 

2.0 

E:/H TROUGH 
OOf'INO OLfiATICJ,jCHRSI 

24 PER DAY -------------------------------------------------------------'------------' 

--------------------------t= ~1,--
---------------------------------------------------------------

0.0 

0.1 --- ·-------------------------------------------------------------------------·-------·-

o.o 0.2 o.4 o.e 0.1 1.0 1.2 1.4 1.1 1.11 2.0 
I\OMJNAL OISPLACtMtNTIAVtRAGt CCX.LtCT~ OUTPUT/AVtRA~t DtMANOI 

193 



194 

1,0 
f-, 

!i a::: 0.9 
4.. 
,-, 

o.e 
w z 
W 0.7 

IE 
_J 

5:i 0.6 

8 t; o.s 
w 
:::3 

STORAGE SIZING GRAPH rl:R CONSTANT ANNUAL OCMANO 

NO WEEKEND SHUTDOWN 

· O,lt-------- --- ·· 

0 0. i - - - - - - - - · · - · - · - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . -
T0IRit FllACTJON 
ISTtPS or 0,ll --u 

b o.o 
O.J -----------------------------------------------------------------------------------------z 

0 

ti: 0,2 -----------------------------------------------------------------------------------------
N 
_J 

f-, 
:::, 

z 
D 
f-, 
u a: 
0:: 
!::; 
f-, z 
w u a: 
_J 
Q.. 
If) 

i:i 
_J 

..... u a: 

0.1 -----------------------------·------------------------------------------------------····· 

0.0 

1.1 

l.0 

0,9 

0.8 

0.7 

0.6 

0.5 

0.'I 

0.3 

0.2 

0.1 

0.0 

0.2 0.4 0.6 O.B 1.0 1.2 1.4 1.6 1.8 
NOMJNAL DlSPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE D£NANOJ 

STORAGE SIZlt-{; GRAPH rCF CONSTANT ANNUAL DEMAND 

NO WEEKEt,() SHUTOOWN 

COLTMr 

2.0 

E/W TROUGH 
DO'flND D~ATIONlHRSJ 

B TD 17 ------------------------------------------------------·------.__ _______ __, 

TORRi!: F'RRCTl ON 
rsTrPS or 0.11 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.8 l.8 
NONJNAL OISPLACEMENTlAVERAGE COLLECTOR OLJTPUT/AVERAGE OEMANOJ 

2.0 



1,1 

1,0 

0.9 Ill: 
"'-

i o.e 
..., 

0.7 
IE 
..J 
0 0.1 .,, 
8 .... 0.5 u 

0 u 0.4 

0,3 

- O,Z -..J 
D. I 

1,1 

1,0 

0.9 

0.8 -.... u 
IC 0.7 E .... z 0.6 

IC 0.5 ..J 
I}\ 
0 0.-t 
..J 

D,J 
u 
IC 

D,Z 

0.1 

o.o 

0.0 

STORAGE: SIZIIIG QRAPH r~ CONSTANT AlltlUAL DEMAtll 

NO WEEKCIO SHUTOOWN 

0.a 

-------f!= ~:,--
0.0 

0.2 0.4 0.1 0.e 1.0 1.2 1,4 1.1 1.e 
POtlNAL OJSPLACEME:NTIAVCRAGE COLLECTOR OUTPUT/AVE:RAQC OEMAIOJ 

STORAGE: SIZING -RAPH rOR CONSTANT ANNUAL DEMAIO 

NO 1-EEKCNO SHUTDOWN 

COLTMY 

2.0 

N/5 TROUGH 
001ANO D~ATIOICHRSJ 

21 PCR DAY ~-------__.------- --- -------------------------------------------------

a.a ____ .. _ .. _ .. __ 

----. ------------ --------- ------· t= r:ir.11j--

0.0 

0.2 0.4 0.8 0.8 LO 1.2 1.4 1,1 1.8 2.D 
tiO'!INAL OJSPLACEMENTIAVERAGE COLLECTOR OUTPUT/AVCRA~C OCMANOl 

195 



196 

STORflGE SIZIIIG GRAPH r~ CONSTANT f'IN'4UAL OENANO 

NO WEEKCl'O SHUTDOWN 

I, I -r-._._~........_~-...... -~_._.._._._~......_~;:::::::::;==:::;;;:~;:;;;;::;;::;;.~...._.~~....._~_._ ...... _._~_._t-
--- l""XIIUl~\~1112:IIDlll.-----------, 

0.8 
1:..1 z 
1:..1 0.7 
IE 
J 
5l 0.6 

8 t; 0.5 

o 0.i u 

0.3 z 
0 

I!; 0,2 

0.1 

· COLTM'l 
N/S TROUSH 

OEMAl'O OURATIONII-RSI 
B TO 17 

o.o 4--,-~-.-~-.,....,.-~-T"""T-~....-~~ ......... ~--.-,-~--,-.----,--~.,....,.~....-~ 

1,1 

1.0 

0.11 

0.8 -.... u cc 0.7 e: .... z 0.6 

cc 0.5 J 
5'i -0 0.i 
J 

0.3 u cc 
0.2 

0.1 

D.O 0.2 o.4 o.e o.8 1.0 1.2 t.4 1.1 1.8 
ft()MJNAL OlSPLACEMENTIAVERAGE COLLECTOR OUTPUT/AVERAGE OENAM::>l 

STORFGE SIZING ~RAPH rOR CONSTANT A~UAL OENAt-0 

NO i,EEKENO SHUTDOWN 

COLTt1r 

2.0 

N/5 rROUGH 
OO'flNO O~ATIOl!HRSl 

B TD 17 -------------------------------------------------------------.__ ________ ... 

o.o 

o.o 0.2 o.4 0.1 a.a 1.0 1.2 t.4 1.e 1.8 2.0 
t011NAL DlSPLFCEME:N'TIAVCRAGE COLLECTOR OUTPUT/AVERA~C OENAl'Ol 



>, 
Lll 
Cl:'. 

ENERGY INCIDENT ON COLLECTOR APERTURE 

D6CTMl 

2500.0 -------------------------------------------------------------------------------

0 

V 
JS00.0 

w 
Cl:'. 
a: 
....J 
0 
tfl 

1-, z w 
0 

u z 
500.0 ·········••···•·· 

DIRECT NORMAL - 0 
E/W TROUGH - X 
N/5 TROUGH - v 

1.0 2.0 

ANNUAL 
AVERAGE 

J,O 1.0 5,0 6,0 7,0 9,0 9,0 10,0 JJ.0 12,0 JJ.O lf,O 
MONTH 

FfljNUAL NONflRST ROW SHADING 

!z J, 10 +-...... -~ ........ ........ ........ ...... ........ ........ ...L...~~-+ w 
0 

I.OS ··•················································•··························· 

D 
J.00 

0 
0 er: :x::: 

o.ss 
...... 
1-, 
z 0.90 

u 
z 0.85 
0 
[.J 

0.80 
Cl 

a:: 
0 
!-, 

0.75 

0.70 
I... 

0.65 
:i::. 
(/") 

_________________________ .,. _____________ ----------------------- -

OOCTMY 
E/W TROUGH - o 
N/S TROUGH - " 

0.60 -i---~~.,......,~ ....... ~-r--~~ ....... ~--,-~-.--~.......,~..,..........--,-......,~-..-~.,.....,.-t-a::: 0.0 J.0 2.0 J.O 1.0 S.O 6.0 7.0 8.0 LAIi() USE fACTOR(LAND AREA/COLLECTOR AREAJ 

b 
10,0 i 

9.0 

8.0 

7 .o 

6.0 ,., 
a: • 

s.o N :c ...... 
It: 
:I: 

1.0 
:z: 

J,0 

2.0 

1.0 

o.o 

197 



198 

>--
er: 
0 
N 
I--< 
L ...__ 
:::::, 
l-
[Il 

!-
:::::, 
(L 
b :::::, 
D 

w 
l!) 
a: 
Q:: 
w 
> 
er: 
_J 
er: 
:::::, 
z 
if 

a:: a: 

PERFORMANCE VARIATICN WITH COLLECTOR AZIMUTH 

DSCTMl 
INCIDENT SOLAR• o 

TrERMR.. OUTPUT160Df 316CJ 

s:l 1.00 

-(.) 
z 0.95 -----------------

:z. 
0 

G o. es - - - -- - --- -- - -- -- - - - -. -- . - -- . - . -- -- -- -- - -- -- -- - --- --- --- - -- - - -- --- --a: 
a:: 
u... 

0.80 +.-~....--~.......,.~~-r-,-~...,.....~.......-~....--,........,~...,.....~...-~........,~........-r 
-100.0-eo.o -so.a -to.o -20.0 o.o 20.0 10.0 60. • eo..o 100.0 

COLLECTOR AZIMUTH CCAZJ 

TEMPERATURE DEPENDENCE OF ANNUAL PERFORMANCE 
COLLECTOR OPERATING TEMPERATURE !Cl 

0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 

DGCTMY 
[/W TROUGH - o 
N/S TROUGH - X 

)500.0 -------------~----~------------------------------------------~-------

500.0 --------·······•·-····-------·-·-···--·-··-·--·-······--·-·-·--···---

0.0 100.0 200.0 300.0 '100.0 500.0 600.0 700.0 
COLLECTOR OPERATING TEMPERATURE [fl 

6000.0 

r;::i 
500().0 § 

N 
l:. ...__ 
I 

~000.0 L3 
l-
:::::, 
(L 

3000.0 
D 

w 

2000. 0 
> er: 
_J 
er: 

IOOO.O 
z a: 

o.o 



>-, 

ls 
("\J 
I-, 
L... 

' i2 
Q'.J 

>-, 
t.!) 
Q:'. 
w z w 
CJ w 
I-
CJ w 
__J 
__J 
0 
CJ 

;,-, 
__J 

a: 
CJ 

w 

2500.0 

TEMPERATURE DEPENDENCE Of MONTHLY PERFORMANCE 

TOP CURVE - !•Or 138Cl BOTTOM CURVE - soar [3!6CI 
STEPS - !•Or l55.6CJ 

oscnn 
/~ TROLGH 

ZIJO.O -------------------------------------------------------------------------------

1500-0 -------------------------------------------------------------------------------

a: 500-0 ----- - - ---- - ---- - - - -- - __ ---- ---- -- __ ---- __ --- --- --- __ ---- __ --- --- --- -- ---------0:: w 
> a: 

>-, 

w z w 
CJ w ,-. 
CJ w 
__J 
__J 
a 
CJ 

>-, 
__J 

a: 
CJ 

w 

1.0 2.0 3.0 1.0 s.o s.o 1.0 e.o 0.0 10.0 11.0 12.0 IJ.o 11.0 
MONTH 

TEMPERATURE DEPENDENCE Of MONTHLY PERFORMANCE 

TOP CURVE - !•Or 13BCI DSCTMY BOTTOM CURVE - soor [316CI /S TROLGH STEPS - !•Or l55.6CJ 
2500. 0 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ____ - __________________________ _ 

;oJO.O ---- - --- - - - --- - - -- -- - - --- - - - --- - - - --- -- ---- - - ---- -- --- - - - --- - - -- -- - - ---- -- --- - -

500.0 
w > a: 

J.0 2.D 3.0 1.0 s.o 6.D 7.D a.a 8.0 10.0 11.0 12.0 13.D lt.O 
MONTH 

'b 
10.0 °i 

9.D 

B.D 

7.0 

6.D 
>-, 
a: 
D 

5.D N :c 
' a:: ::c :z 

1. 0 

J.0 

2_0 

l.O 

D.D 

'b 
10.D '; 

9.0 

B.D 

7.0 

J. 0 

2.0 

l.O 

D.O 

199 



200 

J.I 

z 
J.O D 

...... u a: 0.9 °" "--,... 
U) 0.8 
°" w z w 

0.7 

...J 
D 0.6 IJl 

D w ..... o.s (..) 
w 
::3 
D O.'I 
(..) 

l5 0.3 
z 
D 
,-.. 0.2 IS 
..... 0.1 
::::i 

l.O 

0.9 

i3 o.e 
..... 
(..) 

0.7 
!::: ..... 
Z 0.6 

(..) 

5 0.5 
[L 
Vl • o.4 
...J 

0.3 
(..) 
a: 

0,2 

STORAGE SIZING ~RAPH f[f! CONSTANT ft\lNUAL OENAIIIJ 

NO WEEKEND SHUTDOWN 

Olnil: fMCTI0N 
ISl'EPS Of 0. 11 

---------------------------------------------------------------------------------- -

0.0 0.2 0.4 0.6 0.8 I. 0 I .2 1.4 1.6 J.8 
NCX'1JNAL DISPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAbE DENANDJ 

STORAGC S!Zll'.G GRAPH fOR CONSTANT ANNUAL DEMAND 

NO WEEKEI'() SHUTDOWN 

DGCTMY 
E/W TROUGH 

DEMAND OURATJONCHRSJ 
2"1 PER DAY .._ ________ - -- - - - - -- - - - - -- - - - - - --------------- ------- --- - - - - -- -_.; - - - - - - -

-----------------------------~ T0flffiE f"RACTJ0N 
!STEPS OF' O- l l 

--------------------------------------------------------- 0.0-------------

0.1 --- -------------------------------------------------------------------------------------

0.0 -t--,-~-,--~-.......,-......,_..,..,_.......,....,......,_......,_.......,_..,.....-,--.......,.,..........,_.....,_.......,_..,.....~ 
0.2 o'.4 o.s o.8 1.0 1.2 1,4 1.s 1.8 o.o 2.0 
NOMINAL DJSPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE OENANDJ 



1.0 
..... 
fi o:: 0.9 
I.. 
,-. 
fE a.a 
w z 
w 0.7 
I 
....J g 0.6 
D w 

STOR~ SIZJNG SRAPH rCR CONSTANT ANNUAL OCMAl'<l 

NO HEEKEIIO SHUTDOWN 

[j O • 5 ORfliE f!IIICTJ ON • • 
W ISTtPS Of 0. I I ..J 
....J 
D 0. 1 - - - - - - - - · - - - - - - · - - - - - - - • · · · - - • - - - - - - - • - - - - - - - - - - - . - - . - - - . - . - - - - - - - . - . -u 

Is 
z 
D 

0.3 

0.2 

....J 

s 0.1 ----------------------------------------------------------------------------------------

J.0 

0.9 

-
o.e 

..... u 
0.7 

I.. 
..... 

0.6 

5 0.5 
n. 
Vl -Cl 0.1 
....l 

i--. 0.3 
u a: 

0,2 

0.1 

0.0 0.2 0. • 0.6 0.8 l.0 L2 1.4 1.6 1.8 
NOMJNAL DlSPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE DENANDJ 

STORAGE S!Zlr-.G ~RAPH 1CR CONSTANT ANNUAL DEMA,O 

NO HEEKEIIO SHUTOOMN 

------------------------------------------------------------

TI)fR;[ f"RIICTION 
ISTtPS Of 0.1 I 

o.o 

2-0 

0.0 -t--~~--,-~-....-~~...,--~-~~~,...-~-,---,~~-,-~----r~~--,.-~---,-
0.2 0.4 0.6 O.B LO 1.2 1.4 1.8 l.8 2.0 0.0 
NOMINAL •JSPLFCEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE OEMANOJ 

201 



202 

5 J.O 

g 
o::: 0.9 
L... ,., 

0.8 
w z 
W 0.7 
er_ 
a:: 
...J 

0.6 

0 w G o.s 
w 
..J 
...J 
0 0.1 
t.J 

z 
0 

0,3 

STORFl.E SIZING GRAPH rOR CONSTANT ANNUAL OCNA!IO 

NO ~EKEN• SHUTDO~N 

ORfU: F1!RCT l IJ'l 
I~Ttl'S or 0.11 

0.2 ------ --------------------·--------------------------------------------- 0.0 ____________ _ 

...J 
- 0.1 ---------- -------·-------------------·--- -------------------------------------------------
1-, 
::J 

z 

0.0 0.2 0.1 0.6 0.8 l.0 1.2 I. • 1.6 1.8 
NOMJNAL DlSPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE DENANDJ 

STORAGE SIZING GRAPH roR CONSTANT ANNUAL DEMAND 

NO ~EKEN• SHUTIXJ~N 

J. Ir....-------, 
OGCTMT 

1.a -- N/5 TROUGH 

2.0 

0.9 
j DEMAND DURATIONlHRSJ 

2-l P[R DAY ..._ ________ ...., --- ---- ---- --- - -- - -- ----------------------- -- ----- - - --~-- -- --
O.B 

D 0.8 -------- · -· ·-- -· .. · ·-- · · ·- · ----------------------- · -· · ·--·--
..... 
t.J 

0.7 ··-- ·-----------------------

----------. -- ..... -- •. ·- ... -- -- -- Sl01fti£ fl!RCTJON --
ISTD'S or 0.1 J 

0. I 

0.0 0.2 0.4 0.6 0.8 LO 1.2 l. • 1.6 l.8 2.0 
NOMINAL DJSPLACEMCNTCAVERRQE COLLECTOR OUTPUT/AVERAGE OENANOJ 



STORAGE SIZING GRFf>H fl:R CONSTANT f'fll,jUAL DtNAl'<J 

NO l,,IEEKEl'<l SHUTOOWN 

l, I -j----~-'-~~~~-..__..-~~c......~:;:;:#=~;:_;;;;:.:;;:::~;-"-'......L..~-.._,_~~......_,~~---+ 
---- l""Xl~l.11,~li~~CCIICIITI ..----------

15 J.0 
t-< 
a? o:: 0.9 
L.... ,... 

o.e 
w z 
w 0.7 
Cl:: a: 
-' 

0.6 

8 t; o.s 
w 
:::l o 0.1 
t.) 

1:i 0.'3 z 
0 

16 0,2 

.,,,,...- DGCTN'J' 
N/S TROUGH 

DENAND OURATIONlHRSl 
B TO 17 

Oll"GI: ~ACTION --
!STEPS CT Cl. I J 

0.1 -----------------------------------------------------------------------------------------

0.0 

l,I 

l,O 

0.9 

5 o.e 
..... 
t.) 
a: 0.7 0:: 

..... z 0.6 
w 
t.) 
a: o.s -' Q_ 
II) 

;; 0.1 
-' a: 
::J D,'3 ..... 
CJ a: 

0.2 

0. I 

o.o 

0.2 0.1 o.s o.e 1.0 1.2 1.1 1.& 1.e 
NOMINAL DlSPL..ACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE DEMANOJ 

STOR~E SIZING GRAPH fOR CONSTANT AII.NUAL DEMAND 

NO l,IEEKEflO SHUTOOWN 

DGCTM'J' 

2.0 

N/5 TROUGH 
DEMAND OURATIONlHRSJ 

8 TO 17 - - - - -- -- --- - - - -- - - - - ----------- - _____ ..,_ --- - -- - - - -- - - - - - - - - - - -.._ _______ __, 
o.e 

TOllfGE Fl!Ac:TJIJN --
!STEPS Of" 0..11 

----------------------- 0.0-------------

0.2 0.4 0.6 0.8 l.O 1.2 1.4 t.6 l.8 2.0 
r,.,JN]NAL DlSPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE DEMAND! 

203 



204 

ENERGY INCIDENT ON COLLECTOR APERTURE 

ELPTMY 

0 

N 
9 t ..._ DXJ.O 

X 

1000.0 -------------------------------------------------------------------------------

i 

DIRECT NORMAL - 0 
soo.o ----------------- E/W TROUGH - X 

N/S TROUGH - v 

1.0 2.0 J.O 1.0 S.O 8.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 
MONTH 

Rl>N.JAL NONflRST ROW SHADING 

I.DI -----------------------·-------------------------------------------------------

1,00 -----------------------~--------------- ----------------------------- --------
o.~ 

.... .... z 

-(..) z 

0.10 

a.es 
8 ELPTMY 

o.eo --------- - ------·---------------------------------- E:/W TROUGH • o ------

0.75 

0 N/S TROUGH • X 

! 0.70 

I a.es 

a.o 1.0 :1.0 3.0 •. D 5.0 1.0 
Lft£J USE rACTORILAND AREA/COLLECTOR AREAi 

"b 
10.0 • 

1.0 

11.0 

7.0 

&.O ,.. 
cc 
0 

5.0 N :c .... a:: 

•.O 
i 

3.0 

2.0 

1.0 

o.o 



>-a: 
C) 

N ..... 
I.... ..... 
:::, 
f-o 
ID 
..... 
:::, 

:::, 
0 

w 

w 
> a: 

PERrORl'lf'INCE VARIATION MITH COLLECTOR AZIMUTH 

1.111 ..... ~.....L ........ ........ _.... .......... ~::~::::::::~::::::::::::::::::::::::::~:::.::..--+ 
ELPTMY 

INC l•ENT SOLAR - o 
Tt-£Rt1AL OUTPU11600f" 316CI -

-t.l 
z o.as ------------------
en ..... z 
; 
z z a: 

-i 0.15 -------------------------------------------------------------------

~~+.--...................... ,........,~'"T""-.-........,._~T'""""-'""T"'~.......,--,-.-~s-r--.......,. -100.0-eo.o -eo.o -40.o -:zo.o o.o :ao.o 40.o eo.o 10.0 100.0 
COLLE:CTOR AZIMUTH ICAZI 

TEMPERATURE DEPENDENCE OF ANNUAL PERFORMANCE 

o.o 
COLLECTOR OPERATING TEMPERATURE ICJ 

so.a 100.0 1so_o :Ila.a 250.o JOO.a 

ELPTHY 
E/~ TROUGH 
N/S TROUGH 

350.0 

- 0 
- X 

IIXD.O ---------------------------------------------------------

500.0 ---------------------------------------------------------------------

O,O-t-.,.......,--,-,....--,-.,.......,-,--,-.......,-,-...,............,_,..--,-.,.......,_,.....,..............,--,,---.-..--,--,--,--.-,,-1-
0.0 100.0 200.0 300.0 tOO.O 500.0 600.0 700.0 

COLLECTOR OPERATING TEMPERATURE 1r1 

r;:, 
5000.0 !§ 

N :c 
' :I: 

iOOO.O 

..... 
:::, 

3000.0 :::, 
D 

2000.0 
> a: 
...J a: 

IOIXl-0 

o.o 

205 



206 

,.. 
!5 ZIOO.O 

TEMPERATURE DEPENDENCE Of MONTHLY PERfORMANCE 

TOP CURVE• lOOf 138Cl 
OTTOM CURVE• 600f !316Cl 

STEPS - lOOf !SS.6Cl 
ELPTMY 

/W TROUGH 

>-- ~-0 -------------------------------------------------------------------------------

15 
0 

t3 
cl 
(.) 

>--
_J -!5 

1000.0 

; 500.0 -------------------------------------------------------------------------------

a: 

!5 

1.0 3.0 3.0 1.0 s.o 6,0 7.0 8.0 9,0 10.0 11.0 13,0 13.0 11.0 
MONTH 

TEMPERATURE DEPENDENCE Of MONTHLY PERfORMANCE 

3000.0 +" ..................................................................... ................................................................................................................ .J..& ........ ....... ----+-
TOP CURVE• !OOf 138Cl 
BOTTOM CURVE - 600f 1316Cl 
STEPS• 1oor 155.SCI 

ELPTMY 
N/S TROUGH 

500.0 -------------------------------------------------------------------------------
> a: 

1,0 3,0 3.0 1,0 S,O 8.0 7.0 8,0 9,0 10.0 11,0 13.0 13,0 11,0 
MONTH 

'b 
10.0 x 

1.0 

8.D 

7.0 

11.0 
>--a: 
0 

5.0 N :c 
' Q:: 
:I: 

1.0 
:E 

J.O 

3.0 

1.0 

0.0 

'b 
10,D x 

1.0 

11.0 

7.0 

1.0 
>--a: 
0 

5.0 N :c 
' 

4.0 
I 

3.0 

3.0 

1.0 

0.0 



1,1 

1,0 

0,11 Ill: 
"-

i D.11 
I.I z w 0.7 
IE 
..J 
0 D.I en 

B .... 0.5 u g 
u 0.4 

15 D,3 
! 
15 o . .z 

d D. I 

1,0 

0,11 

D.11 .... u E D.7 

.... ! 0.6 

ir: 0.5 

-o D.4 
..J 

D,3 

STORAGE SIZING ;RF'f'H rOR CONSTANT Aflf4URL OCHRt,() 

NO hEEKEt,O SHUTOOWN 

-----------------------····----------------------------··-············---o.o ____________ _ 

a.a 0.2 0.4 0.1 0.11 1.0 1.2 1.4 I.I I.II t01JNAL DISPL~EHENTIAVERAQE COLLECTOR OUTPUT/AVERA;E DEMAl'Ol 

STORAGE SIZIIIG ~RRPH rOR CONSTANT f'IN,jURL OCHRNO 

NO WEEKEt,O SHUTDOWN 

O..PTHr 
E:/M TROUGH 

DO'flND Cll.RATIOIIHRSJ 
2• PER DAY 

- -- ------------------------------------------------
0.8 

2.0 

----------------------------------

------------------------------------___________________________ l5T= ~ri~--

0.0 

0,2 -------- --·------------·-------------------------·--·-··-·-··---------------------------

0. I -------------------------------------------------------------------------------------
o.o ,t--, .............. '"'T"._.._...,_ ....... _T--_~"""T'"~---T-~-.-----"T""" .............. '"'T" ....... _....,_..,...._+ o.a 0.2 0.4 0.1 D.11 1.0 1.2 1.4 I.I I.II 2.0 li01JNAL DISPLACEMENTIAVERAQE COLLECTOR OUTPUT/AVERA~E •EMAl'OI 

207 



208 

1,1 

1,0 -i 0.9 

o.e 

w 0.7 
IE 
...J 
0 0.15 .,, 
8 
I- D.5 u 

0 0.4 u 

h 0,3 
i5 
Is 0.2 

d D,I 

1,0 

0.9 

0.8 
1-u 
IC E; O.i' 

I-i 0.6 

5 0.5 

C 0.4 

0,0 

STORFGE: SIZII.G QRAPH r~ CONSTANT AIIIIIUAL •EMAflll 

NO i.£EKEIO SHUTOOWN 

a.2 D.4 0.1 o.e 1.0 1.2 1,4 LI 1.e 
OlNAL 0ISPI...Ft:EMENT!AVERAGE COLLECTOR OUTPIJT/AVE:RAGE •EMAIOl 

STORAGE SIZII.G QRAPH r~ CONSTANT f'VIINUAL •EMAflll 

NO i.£EKEIO SHUTDOWN 

El.PTMr 
E:/H TROUGH 

DOflND ll..fiATI~IHRSl 
8 TO 17 

D.I 

o.z -------- --------------------------------------------------------~-----------------------

0.1 --- -------------------------------------------------------------------------------------

a.a 0.2 0.• 0,1 D.11 1.0 1.2 I.• I.I 1,8 2.0 
taflNAL DISPLACEMENT!AVCRACE CCl.LECT~ OUTPUT/AVERAGE DEMAIO> 



i 
"-

i w 
IA.I 

IE 
...I 
0 
II') 

8 .... u 

0 u 

-
-;:::! 
!5 

1, I 

1,0 

0,1 

0.11 

o.7 

II.II 

11.s 

0.4 

11,3 

11,Z 

0.1 

STORAI.E S[Zlf\G QRAPH r~ CONSTANT f'NIIUAL CENAltll 

NO WEEKEltll SHUTOOWN 

o.o 

o.o ...... - ............................................ - ...... - .................. _ ..... ...,..... ................................................................................................... +-D.O 

1,0 

0,1 

0.11 .... 
ff E D.7 

.... I o.& 

...I D.5 

-o D.4 
...I 

D,3 
ff 

0,2 0.4 0.1 0.11 1.0 1,2 1.4 l.l J.11 l«JtlNAL DISP\.11:EMOIITCAVE:RAQE COLLECTOR OUTPUT/AVERAQE DENAt<ll 

STORAGE: S[ZING SRAPH fDR CONSTANT ANNUAL IXNAltll 

NO 1-EEKEltll SHUTOOWN 

El.PTMl' 

a.a 

N/S TRClJGH 
O01FIND DLRATI~CHRSl 

..._ __ 2_1_P_ER_D_A_Y __ _. ... __ .. _____ ... _ .. -~--~-;,-~--~-~---===========- _ ......... __ _ 

------ ------------------------------·t= ~:,--

0.1 -·- -·------------------------·--------·---------------------------------·---------------

o.o +--...... -r ....................................... r-r-...... -.-...... _ ....... ...,.... ..... .......,,........ ......................... - ....... -r ....... - ............ --+-o.o o.a 0.4 0.1 0.11 1. o 1.2 1,4 1.1 1.11 a.a l«JtlNAL DISP\.11:EMENTCAVE:RAQE CCt..LECT~ OUTPUT/AVERAQE OENAt<ll 

209 



210 

1,0 

i 0.11 
II. 

0.1!1 

i..l 0.7 

0,3 

0.2 

o., 

1,0 

0.11 

§ o.e ... 
(.l 
a: E a.1 ... 

u 
a: 0.5 

a o.-t 
_J 

D,3 

0.0 

STORAGE SIZING ;RPPH fOR CONSTANT ~UAL DEMAl«l 

NO ~EKEIO SHUTOOWN 

a.2 O.4 0.11 o.e 1.0 1.2 1,4 1.1 1.e 
"°'1JNRL DISPLACEMENTIAVERAGE COLLECTOR OUTPUT/AVe:RA~E DEMAIO! 

STORAGE: SIZING ;RPPH fOR CONSTANT ANNUAL DEMAl«l 

NO ~EKEt-0 SHUTOOWN 

O.PTMY 
N/5 TROUGH 

DEJ1f'IND Dt.RATICJ,IIHRSI 
8 TO 17 

0.2 -------- ------------------------------------------~------------------------------------

0.1 --- ------------------------------------------------------------------------------------

a.o 

a.a D.2 0,4 0.11 0.11 I. 0 1.2 1.4 1.8 1.8 a.o 
Q1JNAL OJSPLACEMENTIAVERAGE CO...LEC!re OUTPUT/AVERA~E •EMANO! 



>, 
(J) 
0:: w z w 
0:: a: 
.J 
0 
<fl 
..... z w 
0 ...... 
(.) z 

ENER~Y INCIDENT ON COLLECTOR APERTURE 

ELHMY 

500.0 -----------------
DIRECT NORMAL· 0 
E/W TROUGH• X 
N/S TROUGH - V 

ANNUAL 
AVERAGE 

1.0 2.0 3,0 1.0 5,0 6,0 7,0 B,O 9,0 10,0 IJ,O 12,0 l'J,0 14,0 
MONTH 

ANNI.JAL NONf I RST ROW SHAOl NG 

1.10 +--~~,_,_-~._..-~~-L-~~~ ........ ~-........ ~--.......1...-~~...L---4-w 
0 

'.i I.OS -------------------------------------------------------------------------------
Cl 

a:: :c 

1.00 

0,95 
...._ ..... z 

(.) 

0.90 

z 0.85 

8 
0.80 

0 

0.75 
a:: 

a:: 0.70 
I... 

S o_es 
:c 
<n 

--------------------------------------- ----------------------- -

ELYTMr --------------------------------------- E/W TROUGH - o ------
N/S TROUGH • x 

0.60-t-~-.-~~~~-r--~--,,-r--.-~-.-~~-........ ~~-r~~-.-,-.~~r+ 0:: 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8,0 LAND USE fACT•RlLAND AREA/COLLECTOR ARERl 

"b 
10.0 a 
9.0 

e.o 

7.0 

6.0 
>-, 
a: 
Cl 

5.0 r,j 
:c 
' 0:: 
:I: 

4,0 
::z: 

3.0 

2.0 

1.0 

o.o 

211 



2.12 

PERFORMANCE VARJATION HITH COLLECTOR AZIMUTI1 

ELl'TMY 
INCJD[Nl SOL.ffi • o 

THERMF\.. OUTPUT 1600f 316CJ • 
0:: a: 
.....l s:l 1.00 

w u z 

u z 

ii :::, z z cc 
1:5 
z 
0 

G 0.85 -------------------------------------------------------------------a: 
0:: 
L... 

CLOO+.-......... .,..,-.........,~~~~-~~~ ......... ~~~..,.....~ ......... -.........,~~+ 
-!00.0-80.0 --60.0 -.O.O -20.0 0.0 20.0 40.D 60.0 80.0 lllll.0 

COLLECTOR AZIMUTH lCAZJ 

TEMPERATURE DEPENDENCE OF ANNUAL PERFORMANCE 
COLLECTOR CJ'ERATING TEMPERATURE (Cl 

•. • 50.0 100.0 150.0 200.0 250.0 300.0 '.!50.0 
L....L.~........,_ __ L_~_._ 

ELYTMY 
E/W TROUGH - o 
N/S TROUGH - X 

D 

]500.0 ----------------------------·-·-·------------------------------
..,__ 
:::, 
I--
CD 

I--< 
:::, 
n.. 
1-:.: JOC!L 0 
6 
w 
!.9 a: 
0::: w 
> a:: 
....J a:: 
:::i z z a:: 

500.0 

0.0 HILO 200.0 300.0 ~00.0 500.0 600.0 
COLLECTOR OPERATING TEMPERATURE 1r1 

700.• 

6000.0 

r;:::, 
5000.D § 

N 
:!:: ..,__ 
I 

1000. • 
t-
:::, 
CL 

'.!DOD- 0 '::j 
D 

w 
a:: 

2000_0 f5 
> a: 
.....l 
a: 

1000_0 
z a: 

0.0 



C"\I t -... :::::, 
I-

2500.0 

T[MP[RATURE OEP[NOENCE Of MONTHLY PERFORMANCE 

TOP CURVE - IOOf 13BCI 
BOTTOM CURVE - 6OOf 1316CI 
STEPS - 1oor (55.6CJ 

CLYTMI 
Ello! TROU3H 

m ,.. 2CIJO.O -------------------------------------------------------------------------------

w z w 
Cl w 1500.0 
1-u w 
_J 
_J 
0 u ,.. 
_J -a:. 
Cl 

w 
t.!) 

500.0 ------- ---- - ---- · - - ---- ------· ---- · ----- · - ---- · - --- · ------ · ---- .. ---- · ·---w > a: 

>, 

w 
Cl w 
1-u w 
_J 
_J 
0 
C..J 

2500. 0 

1,0 2.0 3,0 1.0 S.O 6.0 7,0 8.0 9.0 10,0 11,0 12.0 IJ,O 11,0 
MONTH 

T[MP[RATURE DEPENDENCE Of MONTHLY PERFORMANCE 

TOP CURVE - IOOf 136CJ 
BOTTOM CURVE - 6OOf 1316CJ STEPS - 1oor (55.6CJ 

CLYTMT 
/S TROU3H 

,.. 
_J 

1000.0 ----· -a: 
CJ 

w 
t.!) 

500.0 
w 
> a: 

1,0 2.0 3,0 1.0 S,O 6,0 7,0 8,0 9.0 10,0 11.0 1.!,0 lJ,O 11.0 
MONTH 

"b 
10.0 "i 

9.0 

8.0 

7. 0 

6.0 
>-a:. • 

5.0 N 
::c 
' II:: :z: 

1.0 
:I: 

J.0 

2.0 

l.0 

0.0 

"b 
10.0 'i' 

9.0 

8.0 

7,0 

6.0 
>-a:. • 

5.0 

' II:: :z: 
1,0 :i:: 

3.0 

2.0 

1,0 

0.0 

213 



214 

l.l 

z J.0 D 
..... 
fr 0.9 Q:: 
LL 
.... 
(!) o.e 
Q:: w z w 0.7 
IE 
....I 
0 0.6 V, 

8 
I- o.s u w 
::I 
D 0.4 u 
LL 
D 0,3 
z 
D 
..... o.z l!:i 
.....I 

I-
0, I 

::::, 

l.O 

0.9 

z o o.e 
1-u 

0.7 ..._ 
..... 

0.6 

5 0.5 

f7i -D 0.4 
.....I s 
t--, 0,3 
u «: 

0.0 

STORAGE SIZING GRAPH r!F CONSTANT fl\fllUAL OCHAi'() 

NO WEEKEt{) SHUTDOWN 

0.2 0.4 0.8 0.8 1.0 1.2 1.4 1.6 1.8 
NONINAL DISPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE OENANDJ 

STORAGE SIZING ~RAPH rm CDNSTflNT ANNUAL OCNAND 

NO WEEKEND SHUTDOWN 

ELYTMY 

2.0 

E/W TROJGH 
DEMAND ~ATION!HR5l 

24 PER DAY ..__ _______ __, ---------------------------------------- 1.0 -- -- - .. _ -- .• _ 

CMSE l"RACTlON 
------------------------------------ ISTE:PS or 0.11 --

o.o ___________ __ 

0.2 -------- -------------------------------------------------------------------------------

0.1 --- -------------------------------------------------------------------------------------

0.0 0,2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
NOMINAL DISPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE DENANDJ 



1.0 

It? c,:: 0.9 
l... ,.. 
!ii1 0.6 
w z 
w 0.7 

..J 
0.6 

8 t; 0.5 

o 0.4 u 

b O,J 
z 
0 

0.2 

..J 
0.1 .... 

::::, 

J,O 

0.9 

i'§ 0.8 
..... u 
IC e:: 0.7 

1-z 
0.6 

5 0.5 

5 0.4 
..J 

I-- 0,3 
u 
IC 

0.0 

51ORRGE SIZING SRAPH fllR CONSTANT ~UAL OCMANO 

NO 1-EEKEJIO SHUTOOWN 

DR'&: F'llfl:TJ ON 
IS!t:l'S Of' 0. II - -

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.8 1.8 
N01JNAL DJSPLACEMENT(AVERAGE COLLECTOR OUTPUT/AVERAGE DENAJIOI 

STORAGE SIZING GRAPH fllR CONSTANT ANNUAL DE:NAl'O 

NO WEEKEND SHUTIXlWN 

EUTMr 
E/W TROUGH 

DEMAND OORATIONIHRSJ 
8 TD 17 .__ _______ ___, - - - - - - -- - --- - ---- ------

1_0 

IR'GE f"RACTJ ON 
---- ISTtPS or 0.11 --

2-0 

o.z -------- --------------------------------------------------------------------------------
0.1 

0.0 0.2 0.4 0.8 0.8 1.0 1_2 I .4 1.6 1.8 2.0 
N011NAL • JSPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE DENANOJ 

215 



216 

I.I 

z J.O 0 
t-, u a:: 0.9 0::: 
t..._ 

,-.. 
t:.!l 0.8 
0::: w z w 0.7 
It 
...J 
0 0.6 1/) 

8 
I- 0.5 u w 
_J 
...J 
0 0.-1 u 

0.3 
z 
0 

le 0.2 
N 

...J ... 0.1 

J.O 

0.9 

z 

0.0 

STORAGE SIZIJI.G ~RAPH fOR CONSTANT FNIUAL II:MANO 

NO WEEKEND SHUTDOWN 

0.2 O.• 0.6 0.8 LO 1.2 I.• 1.6 l.8 
N01JNAL DJSPLFCEMENTtAVERAGE COLLECTOR OUTPUT/AVERAGE DEMAND! 

STOR~ SIZING GRAPH fCR CONSTANT ANNUAL OCMAI'() 

NO WEEKEND SHUTDOWN 

EUTl1r 

2.0 

N/5 TROUGH 
DEMAND DIBATIONtHRSJ 

24 PER DAY .__ ________ ...., - - -- - . ----- -- -- -- -- ------------------------ ---- - - - -- -- -- - -- --
1.0 

D 0.8 ----·-----··---·----------·------------------------,_ 
u a: a:: 
l._ 

,_ 
z 
5 u a: 
_J 
n.. 
1/) 

Cl 

...J 

... u a: 

0.7 

0.5 

0.5 

0.-t 
0.0 

0.3 

0,2 -------- -----·-----------·--------------------------------·-·-·-------------------------

0.1 ... -------------------------·--·--------------------------------------------------------

0.0 0.2 o. • o.e o.e i.o 1.2 1. • 1.6 i.e 2.0 
NOMINAL OJSPLACCMENTlAVERAGE COLLECTOO OUTPUT/AVERAGE DEMAND! 



z 
D 
...... u a: 
°" L_ 

J.0 

0.9 
j 

STORAGE SIZING GRAPH rOR CONSTANT ANNUAL DEMAND 

NO WEEKEND SHUTDOWN 

,-. 
0.8 ~----------------------------------

'.i j 
LJ o. 7 
Cl:'. a: 
_J 

5s 0.6 
D 
LJ 
t; o.s 
LJ 
_J 
_J 
D 0.1 u 
L... 
O 0.3 
z 
D 

0.7 ___ _ 

_ _ __ -/5701lf'GE f'RACTJ •N __ 
- !STEPS OF O, 11 

•-•-----' 

...... a: 0,2 --------------------------------------------------------------------
N 
_J 

...... 
:::> 

z 

0.1 

J,0 

0.9 

o a.a 
...... u a: o:: 0.7 
L.... 
...... 
t'j •.6 
I: 
r:l 5 o.s 
Cl. 
lf) -0 0.1 
_J 

§ 
1- 0,3 
(.) 
a: 

0,2 

0.1 

•.• 

0.0 

0.2 •. • o.6 o.a 1.0 1.2 1.4 1.6 i.a NOMINAL • JSPLRCEMENTIAVERAGE COLLECTOR OUTPUT/AVERAGE DEMAND! 

STORAGE SIZING GRAPH rOR CONSTANT ANNUAL DEMAND 

NO WEEKEND SHUTDOWN 

EL YTMr 
N/5 TROUGH 

DEMAND OURATIONIHRSJ 
8 TO 17 •• --- • -· •• ---- - -- ••• ----------------------- --- • - •• ·• - • a - -·--· 

.__ ________ __. 
o. 7 

ST01ifl3[ FRflCT JON 
15TE:PS or 0.1) --

0. • 

0.2 0.4 0.6 0.8 l.0 1.2 1.4 1.6 l.8 2.0 
NOMINAL DJSPLACEMENTIAVERAGE COLLECTOR OUTPUT/AVERAGE OENANOJ 

217 



218 

u z -

ENERGY INCIDENT ON COLLECTOR APERTURE 

f'WTTt1Y 

ZiOO, 0 -- - - - - - - - - - - - - - .. - - -· - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ____________________________ _ 

500. 0 - - - - - - - - - - - - - - - - - ~;rng~g~:L: -0 ---- --------- -----------,--~-L--
ANNUAL 
AV R 

1.0 :1.0 J.0 -1·.o s.o e.o 1.0 a.o 9.0 10,0 I LO 12,0 13.0 li,O 
MONTH 

Aflllll.JAL t,IJNF'IRS! ROW SHADING 

1.06 -------------------------------------------------------------------------------

i 1.00 

! 
0.85 

' .... z 0.80 -c.J z 0.115 

f'WTTt1Y g 0.10 --------· - ----------------------------------------- E/W TROUGH .. o ------
N/S TROUGH - X 

0.7'5 

0.70 
i:... 

I o.es 

o.o 1.0 2.0 3.0 4.0 5.0 1,0 1.0 1.0 
LffllJ USE f'ACTDRILAND AREA/COLLECTOR FRE:Al 

'b 
10.0 s 

1.0 

8.0 

7.0 

6.0 
>-cc 
Cl 

5.0 

' 
3 

i.O 

J.0 

2.0 

1.0 

a.a 



PERF'ORl'ftilCC VMIATIOI MITH COLLEClOR AZl"UTH 

1.111 +--........................................ ...._ ................... ;:~::::::.:':::.::.:::.:::::.:::::.::::.:::.--+-
F'MTTl'IY 

; 1.00 

INCJDDIT SOI..FlR - D 
Tt£RMfl. OUTPUTl600F' 316CJ • 

en ...... z 

j 0.90 --

i 0.15 -------------------·-----·-----------------------------------------

o.m+.. ...... ...,. ...... ....... -_.. ....... ....., ...... ...... .................... ..,..._"T""'_...,...,..........+ 
-100.0-IO.D -111.0 ·40.0 ·2D.0 D.D 30.D 4D.D C.D ID.D IDD.D 

COLLCCTOR RZIHUTH ICAZJ 

TEMPERATURE DEPENDENCE OF ANNUAL PERFORMANCE 
COLLECTOR OPERATING TEMPERATURE CCJ 

0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 
I ' I ' ' , I I I ' I I ' ' I I • t I ' I t ' I I • I I I I I • C I 

F'WTTMY 
E/l-J TROUGH - o 
N/S TROUGH - X 

1500.0 ---------------------------------------------------------------------

500.0 ---------------------------------------------------------------------

o.o 100.0 200.0 JOO.O 400.0 500.0 600.0 700.0 
COLLECTOR OPERATING TEMPERATURE CF'! 

60(1).0 

>-
5000. 0 !5 

N :r:: ...... 
1CXD.O i 

1-:::, 

JOOO.O 
0 s 

2000.0 w 
> a: 
..J a: 

1000.0 
i 

o.o 

219 



llllOD.O 

IIOO.O 

1100.0 

TEMPERATURE DEPENDENCE or MONTHLY PERrORMANCE 

CURVE - 1oor (38Cl 
_BOTTOtl CURVE - soar (316Cl 

STEPS - 1oor C55.6Cl 
rWTTMY 

/W TROUGH 

-~ 0 - - - - - - - - ~. - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

~-0 -~- - -~- ·~-"" .,.-_,,. __ - -··-·· -·- - ..,_ - - - - - - - - - - - - - - - - - - -- - - - - -·----- ....... ---- - ----- ------- - --- -

o.o 4-,,.,...,..,..,.....,..,...,..,...,...,....,.......,..,..~ ....... ...,..,. .............. ,...,..., ....... ...,...,. ....... .,..,..,...,..., ....... ...... .,..,..,....., ....... ...,.... ............. ...,........+ 
.l~O 

!IIOO,O 

III00,0 

JD).0 

!00(!,!! 

000,0 

1.0 J.O 4.0 s.o e.o 7.0 8.0 11.0 10.0 11.0 1.1.0 lJ,O 14.0 
MONTH 

IEMPERATURE DEPENDENCE or MONTHLY PERrORMRNCE 

TOP CURVE - 100f 138Cl 
_BOTTOM CURVE - soar (316C) 

STEPS• lOOf !55.6Cl 
rwTTMY 

/STROUGH 

300.0 -------------------------------------------------------------------------------

1.0 a.o 3.0 1.0 s.o a.o 1.0 a.0 11.0 10.0 11.0 1.1.0 1J.o 14,0 
MONTH 

IOIIO.O 

5000.0 

4000.0 

>-a: 
0 

DI0.0 

' l 
:zooo.o 

1000.0 

0.0 

IOIIO.O 

5000.0 

1000.0 

:zooo.o 

1000.0 

0.0 



i 

! 
i w 
161 ; 
8 ... u 

! 
li -..J 

I, I 

1,0 

0.1 

a.I 

a.7 

a.a 

a.s 

a.4 

a,J 

o.a 

0.1 • 

STORAIE SIZIIIG QRAPH rOR CONSTANT Plfl.NUAL IEMAfttll 
NO lo£EKEI() SHUTDOWN 

D.a+---.-....,,........,..._"'T"_,.......,..r-. __ ...,. ___ ..,........,. ..... .....,,........,..._-r_,.......,...T'"" __ ...,. ..... .....,..,...+ o.o 0,2 a.4 D.I D,I I.D 1.2 I .4 1,1 1,1 OJNAL OJSPL.ACEl"ltNTIAVE:RACE 00..LECroR OUTPUT/AVERAQE OENAfttlll 

STORAOC SIZING QRFIPH rOR CONSTANT At,tjUAL DEMANJ 
NO lo££Ktfttll SHUTOOWN 

2.D 

I, I 1--._._ ..... ..__...._.._._.__.....,...._..._, __ ._._.._......__._.._. _ _.__.._.,...._.._......__.....,...._.._......__._._.._......_-+-

1,0 

o., 
F'MTTl"IY 

E/W TR009H 
DDftNO ll.JtATJONIHRSI 

24 PE:R CAY ~---------"' -------------------------------------------------------------

0.1 --------------------------

D.5 

D.4 

D,J 
D.D 

D,1 --- -------------------------------------------------------------------------------------
D,O +, ...... _.......,_.._._-r-.....,..,......,...,...._.....,....,....,.. __ ..,........,.....,.........,....,....,.....,.....,........, ...... ...,...r-.--"'"T...-...... --1-o.a 0,2 0.4 0.1 0.1 1.0 1.2 1,4 1,1 I.I a.a OINAL OISPL.ACEl"IE:NTIAVCRACE COLLECTOR OUTPUT/AVE:RA;t OENANJI 

221 



222 

0.3 

o.a 

d !5 0.1 

STORAGE SI ZI 11G QRAPH r~ CONSTANT f'I\NJAL IEt1fU,() 

NO 1-EEKElfl SHUTDOWN 

o.~ •.•.......... ....... r= ~lj .. 
o.o 

0.0 ............................................................................... _ ....... __ .....,...,...,.....,. .......................... __ ......,. ____ ....,. __ .......+-

1.0 

0.1 

u ! 0.7 I o.• 

0.5 

0 0~4 

a.a 0.2 0.4 0.1 0.1 1.0 1.2 1.4 I.I I.I 
l(JtJNAL DISPLACEMCNTIAVCRAGE CCl.LECT~ OUTPUTIAVE:RAQE DEHANOI 

'TOl'l"GE SIZIIIG QRf'IPH r~ CONSTANT ~Uf'IL IEHIHI 

NO 1-EEKCN) SHUTOO~ 

f"WTTMl 
E/M TRCl.1911 

DDf!ND ll..ftATIO. IHRSJ 
8 TO 17 -----------------------------------------------------------~-_________ ,.. 

. 0.1 ____________ _ 

:-=:~:aaa---=-=--:-:.-::, .. :-:.:::.-:: .. :-::.::'..t= ~,---
o.o 

2.0 

o,a -------- ------------------------------------------~-------------------------------------

a.a+-, ........... _.._.._..,..... _____ .,...,. ............. -,-..._._....,........,.....,. ............................................ -.-....... -.-..,-............ --+ 
a.a 0.2 a.4 0,1 0.1 1.0 1,2 1.4 I.I I.I 2.0 

l(JtJNAL DISPLACEHCNTIAVOffiGE COLLECTOR OIJI'PUT/AVE:RAQE DEP1ANJJ 



! 
Ill: 
i.. 

fi 
I.J z 
l,J 

IE 
.J 
0 
If) 

8 ...... u 

0 u 

b 

15 
d 

-...... u cc e: 
...... z 

! 
-0 

I.I 

1,0 

0,8 

o.e 

0.7 

o.s 

o.s 

D.4 

0,3 

0,2 

Q.I 

D.O 

1,1 

1,0 

0,8 

0.e 

0,7 

0.S 

0.5 

0.4 

0,3 

0,2 

0.1 

STORAGE: SIZING (i;Rff'H rOR CONSTANT ANNUAL DENAI() 

NO i,EEKENO SHUTDOWN 

-- a.a--------------

0,2 D.4 0.1 c.e 1.0 1.2 1.4 1,1 I.I t01INRL OISPl..flCEMOOIRVE:RAGE ca..LEC~ OIJ!PUT/RVE:RR(i;E OEMAl'«ll 

STORAGE: SIZING (i;Rff'H rOR CONSTANT ANNUAL OENRlfJ 

NO i,EEKENO SHUTDOWN 

F'HTTt1Y 

2.0 

N/S TRCl.JGH 
DOflNO Cl.fiATJCJ,IIHRSI 

21 PCR DAY -----------------------------------------------------· ----------------~ 
0.1 

-----------------------------------------

o.o+-, ........... ""'T" ............ ...., ............. _T""' __ ~_....,........,.....,....~......, ...................................... ....,.. ....... - ...... ~-~+-a.a 0.2 0.4 0.1 0.e 1.0 1.2 1,4 1.1 1.e 2.0 t01JNAL OJSPLFl:EME:NTIRVE:RAGE COLLEC~ OUTPUT/RVE:RR(i;E OE11Al'«ll 

223 



224 

STORFIGE SIZING ;RPPH rOR CONSTANT ANilUAL CENAIICI 

NO 1-EEKENO SHUTDOWN 

! 
l, I+' ............. ~._._-_._......., __ ......,. . .----_......_....._.......,l:,:;;IIIIJC~IIUl~,Y,;l;;\:_;;~;;:::_;;;;~;:;", ............... - ............ _._ ....... ..... -'"T 

f'WTTNY 1,0 -i o., 
a o.e 

lo.I 0.7 
IE s in 0.6 

8 t; 0.5 

D.4 

b 0,3 

a.a 
J 

D,I 

N/S TROU91 
OENANJ OURRTIONltffll 

B TO 17 

o.o +--~-.-....... -..-.--.-----....... - ................ - ......... ,......~-....-.-~-.-....... -----.---......-----+ 

1,0 

o., 
§ o.e .... u ! 0.7 

.... i D.11 

5 0.5 

-c D.4 
J 

D,3 

o.a 0.2 D.4 0.1 0.1 1.0 1.2 1.4 I.I I.I 011NAL OISPLACEMENTIAVE:RAGE CO..LEC~ OUTF'UT/AVE:RA~E OEMANJl 

STORAGt SIZING ~Rf'PH rOR CONSTANT ANNUAL DEMRIICI 

NO 1-EEKENO SHUTDOWN 

fWTTMY 

2.0 

N/S TROJGH 
OOflNO Dl.flRTIC1'11HRSJ 

B TO 17 -------------------------------------------------------------~--------"' 
. 0.6 ____________ _ 

F11111CTJ :::::::~::.::;:.:;;:..:.=.:=aa.o---, ISl"El'S Of" 0. IJ __ 

o.o 

0.2 -------- -------------------------------------------------------------------------------

0.1 --- -------------------------------------------------------------------------------------

o.o 0,2 D.4 0.1 0.1 1.D 1.2 1.4 I.I 1.8 2.0 011NAL OISPLACENENTIAVE:RAGE COLLEC~ OUTPUTIAVE:RA~E OENAIICIJ 



,__ 
a: 
0 

N 
I--
I.... ...... 
::, 
1--
<D 
>-, 
Ul 
0:: w z w 
0:: a: 
_J 
a 
\J') 

1--z w 
0 

ENERGY JNCJDENT ON COLLECTOR APERTURE 

2500. 0 

----------------·o-----

V 

§;! DIRECT NORMAL· 0 
soo.o ----------------- E/1. TROUGH X 

N/5 TROUGH - v 

1.0 2.0 3.0 1,0 5,0 6,0 7,0 8.0 9,0 10,0 IJ.O 12,0 13.0 11,0 

MONTH 

ANNUAL NONflRST ROW SHADIN. 

!z I .10 +~~-~~--........ ~--~--~~--...__.--~ ........ --~--..1..-~~-+ 
w 
a 

1.05 -------------------------------------------------------------------------------

0 

':f 1.00 
8 a: r !£ o. 85 
::, 
...... 
1--

0.90 
0 
u 
2 0.85 

0 w 
0.80 

D 
a: 
I en 
a:: 
D 
I--

0.75 

a? 0.70 
I.... 

3: 

8 a: 0.65 
I 
I,/) 

FRSTM'!' 
E/1, TROUGH - o 
N/S TROUGH - X 

i§ 0.60 1-~--T"""'--,--~~--..,.....,r--~.-,--..,.....,--,--~~-,-..,.....,--,----,~~---i-
a::: 0.0 1.0 2.0 3.0 • .0 5.0 6.0 7.0 8.0 

LAND USE ,ACTOR(LANO AREA/COLLECTOR AREAJ 

'b 
10,0 'i 

9.0 

8. 0 

7. • 

6. 0 

5.0 

4. 0 

3. 0 

2.0 

1.0 

0.0 

,.__ 
a: a 
N 
::c ...... 
0:: r :.: 

225 



226 

1-o 
::::, 
D... 
I-< 
::::, 
D 

w 
L9 
a: 
0:::: 
l..J 
> a: 
_J 
a:: 
::::, z z a: 

a:: 
er: 

P[RFORMANCE VARJATION WITH COLLECTOR AZIMUTH 

FRSTMl 
INCIDENT SOLAR• o 

Tt-ERMRL OUTPI.JTl6ODf 316CJ -

d I.DO 
in 
u u z w 
D 

Ll 
Z 0.95 -------------------

(/") 

' z 

a:! :::, 
0.9• -------------

a:: 
1..-
0 

z 
0 

f-
Ll a:: a:: 
[.__ 

O_BO +...-~.....,..-~~,.....-~...,.....~~-~~~..-,-~~,--,-,~-,,-...-,-~~-t-
-J00. • -80.D -60.0 -40.0 -20.0 0.0 20.0 •0.0 60.D 00.0 100.0 

COLLECTOR AZlMUTH lCAZJ 

TEMPERATURE DEPENDENCE OF ANNUAL PERFORMANCE 

COLLECTOR OPERATING TEMPERATURE !CJ 
•-0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 

fRSTMY 
E/W TROUGH· o 
N/S TROUGH - X 

]500.0 ---------------------------------------------------------------------

500.0 

0.0 100.0 200.0 300.0 -tOO.O 500.0 600.0 700.0 

COLLECTOR OPERATING TEMPERATURE !fl 

6000.0 

r;:, 
5000.0 § 

N :c 
' I 

1000.D 6 
,-.., 
::::, 
D... 

3000.0 
D 

w 
l!) 
a: 

2000_0 5 
> a:: 
_.J 
a:: 

1000.0 
z a: 

o.o 



N ,-
1.,.._ 
...... ::::, ,-
CD 
>-, 
(.!) 
0::: w z w 
• w ,-
u w 
_J 
_J 
0 u ,... 
_J -a: • 
w 
(.!) 
a: 
a:: w 
> a: 

>--, 
(.!) 
Q:: w z w 
• w ,-
u w 
_J 
_J 
0 u ,... 
_J -a: • 
w 
(.!) 

TEMPERATURE DEPENDENCE Of MONTHLY PERFORMANCE 

TOP CURVE - !•Of 138CJ fRSTMr 
BOTTOM CLIRVE - 600f 1316CJ El~ TROLX3H 
STEPS - 1oor (55.6CI 

2500.0 - - --- - - ---- - - --- - - - --- ---- -- - - ---- - - --- - - - --- -- __ --- _ ----- ---- ___ --- ___ --- __ ---

20J0. 0 - - - - - - - - · • - - - - · - - - - - · - - - - - • - - - - • - - - - - - - - - - - - • - - - - - · - - - - · - • - - · - - - - - - - - - - - - - - - - - -

500.0 

2500.0 

1.0 2.0 3,0 1.0 s.o 6.0 7.0 8.0 9.0 10.0 11,0 12,0 13,0 11.0 
MONTH 

TEMPERATURE DEPENDENCE Of MONTHLY PERFORMANCE 

TOP CURVE - IDDf 13BCI 
BOTTOM CLIRVE - soor 1316CJ 
STEPS - !•Of ISS.6CJ 

fRSTMr 
IS TRCl.GH 

-------------------------------------------------------------------------------

1000.0 ---------

500.0 --
w 
> a: 

1.0 2.0 3.o 1.0 s.o 6.o 7.o e.o 9.o 10,0 11.0 12.0 13.0 11.0 
MONTH 

'b 
10.0 'i 

9.0 

8. 0 

7. o 

6.0 
>--, 
a: 
D 

N 5.0 :,:: 

' "" :i: 

1. 0 
::z: 

J.0 

2.0 

l, 0 

D. 0 

'b 
10.0 "i 

9.0 

8. 0 

7.0 

6.0 
>--, 
cc 
Cl 

5. 0 N :,:: 

' tr. 
:i: 

1.0 
::z: 

J.0 

2.0 

l.0 

o.o 

227 



228 

J.I 

z 1.0 D 

..... 
&? 0.9 er 
Lo.-,... 
(.') 
er o.e 
w z w • .7 
!E 
_J 
D D.6 l/) 

D w ,.... 0.5 u w 
_J 
_J 
D 0.<\ u 

1:5 o.:i 
z 
D 

..... 0.2 er: 
N 
_J - 0. I .... 
=> 

1.0 

0,9 

D.O 

STORAGE SIZING GRAPH f~ CONSTANT ANNUAL DENANO 

NO WEEKErfJ SHUTDOWN 

TOIIAl:E rllflCTJON 
!STEPS Of 0. 11 

0.2 • .4 •.s •.e 1. • 1.2 1. • 1.s i.e 
NOMINAL DISPLACEMENTlAVERRGE COLLECTOR OUTPUT/AVERAGE DENANIJJ 

STORFGE SIZING GRAPH f~ CONSTANT ANNUAL DENAND 

NO WEEKE~ SHUTOOWN 

fRSTMY 

2.0 

E/W TROOGH 
DEMAND DURATJON!HRSJ 

24 PER DAY - - -- -- --- - - -- - - - - -- - --- -- ---- ------------- - -- - - - -- - - - - -- - -- - -
_________ ..... 

0.B 
0.6 

--------------------------------,.... 
u a: er 
Lo.-
,.... 
z 

a: 
_J 
CL 
l/) 

• .7 -------------------------------

•.6 -------------------------· ---··-.• -- - •. - • -- --- • --- .. --- - - -- STORRlE fRACTlON --
mtn Of O. ll 

•.5 

0 • .<\ 
__J 

,....~ • ,3 o.o --- --- .. -. --. 
u er: 

0,2 -------- -----------·--------------------------------------------·----------------------

•.I --- ----------------------------·-------------------------------------------------------· 

o.o 0.2 D. • 0.6 0.8 1.0 1.2 1.4 1.6 l.8 2.0 
NOMINAL DlSPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE DENANOJ 



--------------------------------, 

z 
D l.D 
,-, 
&? r:t:: 0.9 
l,... 

,-., 
0. 8 

w z 
w 0.7 

1E 
...J 

0.6 

8 t; 0.5 
'j 
...J 
D 0.-1 u 

b o.3 
z 
D 

STORAGE SIZING GRAPH rCF CONSTANT AIINUAL OCMAND 

NO l-CEKEl'O SHUTDOWN 

,-, 0,2 -----------------------------------------------------------------------------------------

...J 

....., 0.1 -----------------------------------------------------------------------------------------,-, 
::) 

o.o 

1.0 

0.9 

z 

0.:1 0.4 0.6 0.8 1.0 1.2 1.4 1.6 l.8 
NCl'11NAL DISPL~EMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE DEMAND! 

STOR~ SIZING GRff'H fCF CONSTANT f'NNUAL DEMAl'O 

NO ~EEKEl'O SHUTDOWN 

fRSTMr 
E/M TROUGH 

DEMAND DURATIONlHRSJ 
8 TO 17 

0.7 

D 0.8 -------------------------------------------
_________ ,,..------, 

lORAllE flfflCTl ON 1sn:PS or 0.11 1-u a: 
It: 0.7 ------------------------------- o.o 1,... 

1-z 'r 0.6 

5 0.5 
Q.. 
VJ 

D 0,-t 
...J 

i-, 0.3 
u a: 

0.2 

0.1 

o.o 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1,6 l.8 
NOMINAL OISPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERA~[ OENANOJ 

2.0 

2.0 

229 



230 

STORAGE SIZING GRAPH 1~ CONSTANT f'N'-IUAL OCMAl'O 

NO WEEKEt-0 SHUTOOWN 

1.1+--~-_,_~_._._~~ ......... ~~-L-.o-......,:;:.~~;;:;;;::;~ ............. -~-.1.~~........J'--~.-.+ ----1~RXIIUI p!b\rr,-112:tCHTI-----------
l.O 

..... u 
0,9 

L... 
,... 

0.8 
w z 
W 0.7 

f 
...l 

0.6 

D w t; 0. S 
w 
:::l 
0 0.'I u 

b D,J 
z 
D 

fRSTM'! 
N/5 !ROUSH 

DEMAND OURRTIONlffiSJ 
24 PER DAY 

- - O.lt - - - • - - - - • - - - . 

ST0ll"CE F'RAC!'l ON 
IST[PS or O.1 l 

0.0 li: 0.2 ------------- ·-------·-----------------------------------·---·----·----------------------
N 

0.1 --·--·---------------------·--- ---------------------------------------------------------

1.0 

0,9 

0.8 
1-u 

0.7 
L... 
1-z 

0.6 

5 o.s 
Q_ 
VJ 
o O.i 
...l s 1- 0,3 
(_) 
cr: 

0.2 

0.1 

o.o 

o.o 

0.2 0.4 0.6 0.8 LO 1.2 1.4 1.6 1.8 
N()11NAL OJSPLACEMENTIRVERAGE COLLECTOR OUTPUT/AVERAGE •ENAl-l:lJ 

STORAGE SIZlNG GRAPH f~ CONSTANT ANNUAL DEMAt-0 

NO ~EK[t{) SHUTDOWN 

fRSTMY 
N/5 TROUGH 

DEMAND DURATIONIHRSJ 

2.0 

L,_ __ 2_4_P_ER_•_A_Y _ _.------·------------------------------------------------------

· o.e 

E f"RRCTION 
!STEPS or 0.1 J 

0.0 

----------------------------------------------------------------------

--------------------------------------------------------------------------------

-------------------------------------------------------------------------------------

0.2 0.1 0.6 0.8 l.O 1.2 1.4 1.6 l.8 
NOMINAL DJSPLRCEMENTIAVERAGE COLLECTOR OUTPUT/AVERAGE DENAN• l 



1.0 
I-' 
a? a::: 0.9 ..... 
,... 
fE 0.8 
w z 
W 0.7 
l!§ 
...J 

0.6 

D w 
tj 0.5 
w 
::j 
0 0.1 u 

0.3 z 
0 

0,2 

STORFGE SIZil'.G GRAPH flR CONSTANT f'N-lUAL •[NANO 

NO WEEKEt-0 SHUTOOHN 

c""!!!!!lll•1"'19ehE rRAL"l'ION - -
lt~IEPS or 0. I I 

0.1 ---------------------------------------------------------------------------------------

1,1 

1,0 

0.9 

z 
D 0.8 ;: 
u a: 0.7 a::: 
I.... 
I-z 0.6 1'. 
a: 0.5 ...J 
IL 
111 
D 0.1 
...J 

0,3 .... u a: 
0,2 

0.1 

0.0 0.2 0.4 0.6 0.8 LO 1.2 1.4 1.6 l.8 N()'IJNAL DJSPLACEMENT(AVERAGE COLLECTOR OUTPUT/AVERAGE DENAt-OJ 

STORAGE SIZING bRAPH fOR CONSTANT ANNUAL •[NANO 

NO I-IEEKEt-0 SHUTOOHN 

F"RSTMY 
N/5 TROUGH 

DEMAND O~ATIONlHRSJ 
B TO 17 ~--------------------------------------------------------------

2.0 

-------···-----·---------··-----------------------·-----··--·-·---·-----0 6------.--
1() E 11111CTION d~f PS or o. 1 1 

0.0 0.2 D.4 0.6 0.8 l.O 1.2 1.4 1.6 1.8 2.0 
NONJNAL DlSPLACEMENT(AVERAGE COLLECTOR OUTPUT/AVERAbC DENAl'OJ 

231 



232 

N 

:::::> .... 
CD 

a: 
l&.I z 
l&.I 

8§ 
...J 
0 
tn 
..... z 
l&.I 
0 .... 

DER~Y INCIDENT ON COLLCCTOR APERT~ 

.rfTMY 

------------------ 0 -

DIRECT NORMPL - 0 
E/W TRClJGH • X 
N/5 TROUGH· v 

9 
)( 

1.0 2.0 3.0 4.0 5..0 1.0 ?.O 1.0 11.0 10.0 11.0 12.0 13.0 l•.O 
MONlH 

fN,IUl'tL N:JNF'IRST ROW SHl'tOlr-.G 

1.10 ____ ....._._,_ ......................... ---. ....... - ............. ---....... ---....... --.._. .............. _ ...... 

I.al -------------------------------------------------------------------------------

D.15 

--------------------------------------------------------------------- --------

GTF'TMY 
E:/W TROUGH - o ------
N/S TROUGH - >< 

o .............................................. ....... ---------------------..... o.o 1.0 2.0 3.0 4.0 5.0 1.0 1.0 1.0 
Lft,[) USE F'ACT~ILANO ARE:A/COLLE:CTOR ARE:Al 

"b 
10.D s 

9.0 

a.o 

7.0 

6.0 
>-cc 
C 

5.0 N :c ..... ac: 

4.0 
i 

3.0 

2.0 

1.0 

o.o 



>,, 
a: 
Cl 
N 
I-< 
I.. ..... 
::::, ..... 
ID 
..... 
::::, 

::::, 
0 

LJ 

LJ 
> a: 

en ..... z 

PE:RrORtffiCC VMJATICN WITH COLLECTOR AZIMUTH 

...................................................... _ ...... _ ... -_-_ .... _-_ ..... _-:_-'_-_-_-_-_ .... _-_-_ ..... _ ... _-_-_-_-_~----~ 
GTrTM't 

INCJODIT so~ - o 
n£RMIL OUTPUTl60CT 316CJ • 

j 0.911 ••••••••••••••••••••••••••••••··•••••···••••••·••••••·••••••••••••• 

2 i 0.15 ••···••··••····•····•······•············•·•··•·····•••········••·•• 

0.111---.......................... _._.....,. ___ .............. ---_,..., .................... _._ ........ 
-100.D-tO.D -tO,O ·40.D ·:10,D 0, 0 Zl.O 40.D ID, 0 IQ.D I00.D 

CXILLE:CTOR AZIMUTH !CAZJ 

TEMPERATURE DEPENDENCE OF ANNUAL PERFORMANCE 
COLLECTOR OPERATING TEMPERATURE (Cl 

o.o 50.0 100.0 1511.0 DI.O 250.0 :lDO.O 350.0 

11XJ.O ...•................................................................. 

DJ.a ---------------------------------------------------------------------

0.0 100.0 200.0 300.0 iOO.O 500.0 61Xl.O 700.0 
COLLECTOR OPERATING TEMPERATURE tr> 

30(1).0 

r;:, 
2500.0 !5 

N z: ..... 
2000.0~ 

I-
::) 
CL 

1500.0 
0 

1000.0 g 
> a: 
...J a: 

500.0 
l 

o.o 

233 



234 

>-
15 

i 
i..J 

a:io.o 

TEMf'tRATURE OEPDllENCE or 11CJ,l?HLr PE:RrORMANCE 

T(J' Cl.ftVE • 1oor (38Cl 
TOM CURVC • 601J'" 1316CI PS - 1oor 1ss.sc1 

;TFTMY 
C/W TR!l.GH 

211DO.D -----------------··-··--·---------------------------··---------·---------------

§ 1500,0 ---------------------------·----··· ·····-----------------------------··--·-· 
u 
i..J 

u 
>-
..J -
I > a: 

>-
15 

I 
i..J 

1000.0 ---------------------------

1.0 2.0 3.0 4.0 5.0 1.0 1.0 1.0 9.D 10.0 11.0 12.0 l:S.D 14.0 
MCNrH 

TEMPDfflTURE: OEPE)lll)ENCE or MCJ,ITHLr PE:RrORtflNCE 

am.o 

lnrTt1Y 
N/S TR!l.GH 

llDOD.O -----------·--·-·------------------- ----------·-·····--··--··-··--------------

§ 1500,0 ------------------------------
0 
i..J 

u 
>-_, -
I > 
IC 

1.0 2.0 3.D 4.0 5.0 1.0 1.0 1.0 11.0 ID.O 11.0 12.0 !:S.D 14.0 
MCNrH 

'b 
lD.O 'z 

1.0 

1.0 

7,0 

&.D ,... 
:§ 

5.0 

1.0 

3.0 

2.0 

l,D 

O.D 

' 0: 

! 

'b 
10.D • 

9.D 

1.0 

7,0 

&.o ,... 
cc 
C 

s.o 

1,0 

3.0 

2.0 

1,0 

0.0 

' 0: 
i 



D,I 

0.7 

STORAliE SCZIIIG 1.RRPH f'~ CONSTANT fllNNUfll. lE11fU() 

NO 1€EKEllll SHUTDOWN 

0.1 --------------

o.s 

0,3 

0.1 

o.o -------------..... --........... -... ........... -.....-, ..... -.....-..... ------------+-o.o 0,2 0.4 0.1 D,I 1,D 1,2 1,4 I.I I.I OJNAL OJSPLACE"ENTCAVE:RAgE CCl..LEC~ OUTPUTIAVE:RAQE OEl'1Atlll 

STORAliE SIZING 1.RAPH f'~ CONSTANT fllNNUAL OEl'IRNO 

NO 1€EKEllll SHUTDOWN 

a.o 

1,1 + .............................................................................................. ..... -----..... - .......... ..... - .................................. -+ 
1,0 

D.I 

0.7 

o.s 

; 0,3 

o.a 

0.1 

GTf"Tttr 
E:/M fflOOGH ODflND ~ATI~ CHRSl 21 PER CAY __________ .. 

-------------------------------------------------------------

--------------------------------:t= ~~tt--

O.D 

o.o +----.... --..... -.-............ - .................. ....,. __ ...,......., ................. -.--.-................ --.----............ ---+ D.O o.a 0.4 0.1 D,I I.D 1.2 1,4 I.I I.I 2.0 IIJIINAL DJSPLACEMENTCAVE:RAgE CCl..LEC~ OUTPUT/AVE:RAQE OEHAt[)I 

235 



STORAc.t: SIZIIIG ~Rf'l'H rDR CONSTANT FlN,IUAL •ENAlll 

NO loEtKtlll SHUTOOMN 

SiO~ffiil': __ S!ZH.ri_GRAPH f'DR CONSTANT FN,IUAL OCNAlll 

---~- 0.0 

·-·~-·--·--·---------------------------------------------------

~-----------------------------------------------



"-,.. 
i 
II.I 

IE 
..I 
0 

"' 
8 .... 
u 

u 

l!5 

..I -

1,1 

1,0 

0,9 

0.11 

0.7 

0.1 

o.s 

O.t 

D,3 

D,Z 

D.I 

STOR~ SIZING QRAPH fOR CONSTANT ~UAL OEMAIICI 

NO ~EKEN) SHUTOOMN 

D,O+..-.--...-..... -""T".,......_,...... __ .....,.._..._. __ .,....._......_. __ .,......_..._. __ .,......_,....._ ..... 

1,0 

0,9 

§ 0.11 .... u 
IC 

0.7 

.... I 0.1 

o.s 

Ei 0.4 

D,Z 

D.O D,2 D.• 0,1 0.11 1.0 1,3 1.4 I.I l.11 
IIJ11NAL OISPUl:E11ENTIAVERAQE COLLECTOR OUTPUT/AVERA~E OEl1Alt0l 

STOR~ SIZif\G SRAPH fOR CONSTANT ANNUAL DEMRf\O 

NO l,IEEKEf\O SHUTDOWN 

GTF'Tl1l' 

2,0 

N/S TROOGH 
DOflNO ~ATl~IHRSl 

24 PER DRY -------------------------------------------------------------
.._ _______ _ 

1.0 

---------------------·r= ~ld--
o.o 

D,I --- -------------------------------------------------------------------------------------

D.O 0.2 0.• 0.1 0.11 1.0 t.3 I.• 1.1 1.11 a.c 
OINAL OISPL.ACEl1ENTIAVERAQE COLLECT~ OUTPUT/AVERAQE OEl1Alf)l 

237 



238 

ri 0.11 

1w 0.7 
f s 1n 0.6 

8 t; 0.5 

i 0.4 

0.3 

0,2 

...J 
0.1 

STORAGE: SIZING ;RAPH rOR CONSTANT Atf,jUAL OENA..:l 

NO hEEKE..:l SHUTIXlWN 

~FM:TJDN!--
1 ~:i~ er o.u I 0.0.0----' 

0.0 4-,--...... .....-.-... ...... --...... _ ........... ________ ,-,-...,... ___ ,.......,... __ .....-........... -+ 

1,1 

1,0 

0,9 

0.11 -.... u a: 0.7 E .... z 0.6 

a: 0.5 ...J 

1h -0 O.'I 
...J 

0.3 
u a: 

o.z 

0.1 

o.o 0.2 0,4 0,1 0,11 1.0 I.a 1.4 l,I I.II 
NOt11NAL OISPL.~ENENTIAVERAGE COLLEC~ OUTPIJT/AVERAQE OENA..:11 

STORAGE SIZING GRAPH roR CONSTANT ANNUAL DENAl'O 

NO hEEKENO SHUTDOWN 

GTFTMY 

2.0 

N/5 TROJGH 
DE:MAND CLfiATIONIHRSJ 

8 TO 17 -------------------------------------------------------------.__ _______ ___ 
·--···--------·----·--··--······················-·---·--···---·-··--···· 0.&··········-·· 

---r=~iH--
0.0 

o.o o.a 0.4 o.s a.a 1.0 1.2 1,4 1.1 1.11 2.0 
NOMINAL OISPL~EME:NTIAVERAGE COLLECTOR OUTPUT/AVe:RAQE DENA~l 



ENERGY lNCIDENT ON COLLECTOR APERTURE 

LCHT11r 
t8l0.0 -------------------------------------------------------------------------------

>-- I 600. 0 - • • - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ___________ • _________ • ___________ • __________ _ 
a: 
Cl 

"' t \'\00.0 

' ::, 
l-
a) 1200.0 
>-, 
UI 
0:: w z w 
0:: a: 
...J 
Cl 
(.f) 

I-. z w 
Cl 

1000.0 

800.0 

600.0 

400.0 ----------------- DIRECT NORMAL - 0 --------------------------------- ----E/W TROUGH - X 
N/5 TROUGH• v 

200.0 ----- ____________ ,.__ ______ --..Jo---- -- ---- ----- - ----- -· --- ANNUAL 
AVERAGE 

1,0 2.0 J.O 1.0 s.o 6.0 7.0 e.o 9.0 10,0 11.0 12.0 IJ.O lt,O 
MONTH 

ANNUAL fl()NflRST ROW SHA• Ifllii 

!z I. 10 +-~--....... ....... ........ --........ _,._-~_,._---......._----+ 
w 
C) 

!,OS ---------------------------·--·····---------------------------------·-·------·-

Cl 

1.00 
8 cc: 
:i::: 

0.95 

' 1-
z 0.90 

(.J 

z a.es 
8 

0.80 
• t r.n 0.75, 
a::: t a: 0.70 
t.... 

0.65 cc: 
:i::: r.n 

LCHT11Y ----------- ------------------------------------------ E/W TROUGH • o ------
N/5 TROUGH • >< 

0.60-t-~-~,-.--~.....,-~~~-,-~-~ ...... -~.....,.-~~-.-~~-.,......,~-..-+ 
a::: 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 

LAND USE FACTffi(LAND AREA/COLLECTOR AREAJ 

6000.0 

5000.0 

4000.0 

3000.0 

i 
2000.0 

1000.0 

0.0 

239 



240 

>--
a: 
D 

N 
I-
I~ 

' :::J 
I--
a) 

1-
:::J 
CL 
1---
:::J 
D 

w 
l!) 
a: 
w 
> a: 
_J 
er: 
:::J z z er: 

De a:: 

w 
(_) z 

-(_) z 
(f) 

' z 
_) 

z z a:: 

z 
0 

1--
(_) 
a:: 
a:: 
u.. 

1.05 

1.00 

0.85 

PERFORMANCE VARIATJ(Jj HITH COLLECTOR AZIMUTH 

LCHTMY 
INCIDENT SOLAR - o 

THERMAL OUTPUT 1600f 316Cl -

o.eo""rT-~~.....,....,~~~~~~~-~~-~----~~...-
-100.0-ao.o -so.a -4• .o -20.0 o.o 20.0 4•.o 60. • eo.o 100.0 

COLLECTOR AZIMUTH lCAZJ 

TEMPERATURE DEPENDENCE OF ANNUAL PERFORMANCE 
COLLECTOR OPERATING TEMPERATURE [CJ 

O.G 50.0 100.0 150.0 200.0 250.0 "300. 0 ]50.0 

1000. 0 
LCHTMY 

E/W TROUGH - o 
N/5 TROUGH - x 

BOO. 0 

100.D ··•-······-··--·----------------------------------··-··-···----------

2CO.O --------------------------······--·-·------------------------------·-

O.D 100.0 200.0 300.0 -tOO.O 500.0 500.0 700.0 

COLLECTOR OPERATING TEMPERATURE [fl 

JOOO. 0 

r;:i 
2500.0 t5 

N 
:i:: 

' I 
2000.0 

,-... 
:::J 
CL 

1500.0 13 
D 

w 
l!) 
a:: 

I000.0 5 
> a: 
_J 
a: 

500.0 j 
z a: 

o.o 



N .... 
L.. 

' :::) 

In ,.. 
(!) 
0::: w z w 
D w .... u w 
..J 
..J 
0 u ,.. 
..J -a: 
D 

L.J 
(!J 
a: 
Q:: w 
> a: 

,.. 
a: 
D 
(\J .... 
L.. 

' 
m ,.. 
L.J z 
L.J 

D w .... 
u 
L.J 
..J 
..J 
0 u ,.. 

1800.0 

TEMPERATURE DEPENDENCE Of MONTHLY PERf•RMANCE 

TOP CURVE - l•Df 13BCJ 
_ BOTTOM CURVE - 60Df I 3 ! 6C J 

STEPS - IDOf !SS.6Cl 
LCHTMr 

/H TROUGH 

1600. 0 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - __ - .. _ 

JiDO.O -------------------------------------------------------------------------------

1 :a:JO. 0 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - • - - - - - • - - - - - - - - - - • - - - - • - - - - - - - - - - - - - - - - - -

1Cll0.0 -------------------------------------------------------------------------------

200.0 -------------------------------------------------------------------------------

1800.0 

1600.0 

1-WO.O 

1200.0 

1000.0 

eoo.o 

1.0 2.0 3,0 1.0 s.o 6,0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 u.o 
MONTH 

TEMPERATURE DEPENDENCE Of MONTHLY PERfORMANCE 

TOP CURVE - IDOf l3BCJ 
_ BOTTOM CURVE - 600f ( 316C I 

STEPS - IDDf !SS.6Cl 
LCHTMY 

IS TROLGH 

-------------------------------------------------------------------------------

-------------------------------------------------------------------------------

----------------------------- ------------------------------------------------

..J 600.0 
a: 
D 
w 
(!J 
a: 
Q:: 
L.J 
> a: 

400.0 

200.0 --------------------------------------------------------------------------·--·-

1.0 2,0 3,0 1,0 5.0 6.0 7.0 8.0 9,0 10,0 11,0 12,0 13,0 li.O 
MONTH 

611111.0 

5000.0 

1000.0 

,.. 
l5 

JODO.O 

2000.0 

11111.0 

O.D 

611111.0 

5000. 0 

1000.0 

i 

,.. 
a: 
D 

3000.0 

' i 
2000.0 

1000.0 

o.o 

241 



STORAGE SIZING GRAPH r!F CONSTANT ft\lNUAL [EMANO 

NO WEEKEI'{) SHUTDOWN 

;::~~:~·:-~-~~~7'_•[~~~~~2~·~-·-----
C>:'. \ ; :: _- - \; --_ --- --- --

! ::r - -~--------_-: _____ -_-_-_-_-;-_-_-: __ _ 
c; 

!:5 0,3 ---- ---·----------··--·------- ------------ ---------
z 
D 

>-a: 
N 

D,2 

•.I ··---------

D.O 
0.0 

J.0 

0.2 0.4 D.B 0.8 1.0 1.2 1.4 1.6 1.8 
NONlNAL OJSPLACEMENTIAVERAGE COLLECTOR OUTPUT/AVERAGE OENAll()J 

STORAGE. SIZING GRAPH rOR CONSTANT ANNUAL CEMAN• 
NO WEEKEl'O SHUTIJOWN 

LCHTMY 

0.9 

E/W TROUGH 
DEMAND ~ATIONIHRSJ 

24 PER •Ar - - -- - -- -- -------- --- ---------------------- - -- - ---- -- - - - - - - ---·1...----------I 
z 0 0 8 -·---------------------------------------------------------------------------------------

!, : : I -- --_ --:·· -_----_--_-_ ---------------------------------------:_-_-_-::,_ -_-__ -_ -
a:. 0. S - - - - - - - - - - - TOll"II.( nfflCTI ON · -i iSTEPSOf0.11 
Vl 
D 0.1 

--' !§ 
C,3 

Ll 
a:: 

0.2 

0. I 

0.0 

n.o +-,-.......,.....,...~ ........ .......,r""'"-~-.,.... ........ -~-------,-........ ~-........ -.....,...-,......_.....,.."T"'~-.-+ 
o'.2 0.4 0,6 0.8 l.D 1.2 1.4 1.8 l.8 0.0 2.0 
NOMlNAL OlSPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE DEMAr{)J 



l,J 

z l.O D 

I-u a: 0.9 0:: 
L... 
,.... 
l!) 0.8 0:: w z w 0.7 
0:: a: 
....l 
D 0.6 in 
0 w 
I- 0.5 (.) 
w 
..J 
....l 
D u 0.4 

L... 
0 0,3 
z 
D 

I- 0.2 a: 
N 
_J 

..... 0. I 
:::> 

I.I 

1,0 

0,9 

z 
0 o.e 
..... u a: 

0.7 0:: 
L... 

I-z 0.6 

w 
(.) a: 0.5 ....l 
Q.. 
lll 
C) 0.-l 
....l 

'.is •.3 ..... 
(.) 
a: 

D,2 

0. I 

0.0 

0.0 

STORFQ: SIZING SRFY'H rOR CONSTANT ANNUAL OCMAffJ 

NO 1-EEKEffJ SHUTOOWN 

0.2 0.4 0.6 0.8 l.0 1.2 1.4 1.6 1.8 
N011NAL DlSPLACEMENT(AVffiAGE COLLECTOR OUTPUT/AVERAGE OENANOJ 

STOR~E SIZING SRAPH r~ CONSTANT ANNUAL [EMANO 

NO WEEKEffJ SHUTDOWN 

LCHTMr 

2.0 

E/W TROUGH 
DCMfiND llJRATJOO[HRSl 

8 TO 17 -------------------------------------------------------------...._ _______ ,_.J 

•.e 

TOIIA:l£ fRACTl ON 
I STEPS or o. I J 

0.2 0.4 0.6 0.8 l.0 J.2 1.4 1.6 l.8 
NONJNAL DlSPLACEMENT(AVERAGE COLLECTOR OUTPUT/AVERAGE OENANOJ 

2.0 

243 



44 

STORAGE SIZI~ GRAPH F"CR CONSTANT ~UAL OCMANO 

NO WEEKEl'-0 SHUTDOWN 

1.1~~~~~-._._~....,...~~~-....... -,:::;;;;:;~:::;;:;;;;;;::;;;;;;;;;;,;;;;,..-......... ~....,._......._~~-L.....~....,...+ 
111flx1r,1.11~,,~AC£111:11"11r-----~---__,, 

6 J.0 

ii <k: 0.9 
I..... 
,... 

0.8 
w z 
W 0.7 

!E 
..J 

0.6 

D w 
t; 0.5 

'.'.::l _J 
D 0.i u 

b o.3 
z 
D 

0.2 

..J 

.,;--· LCITTMY 

-----------------------------

N/5 TROUGH 
DEMAND DURATION(tflSJ 

24 PER DAY .__ _______ _J 

ORE fRRCTlDN 
·----·-·· ISTt:PS Of 0,11 ·• 

0.1 ·········-·····-·······-····························-···-···-·-·-···--··················· 

J.O 

0.9 

0.8 .... 
ii E o.7 
.... z 

0.6 

H 5 0.5 
D.. 
II) 

8 O.i 
...J 

'.5 ..... o. J 
u a: 

0.1 

0.0 

0.0 

0.2 0.4 • .6 0.8 1.0 1.2 1.4 1.6 l.8 
NOMINAL DJSPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE DENANOJ 

STORAGE S[ZlNG GRff'H F"OR CONSTANT ftl.NUAL DEMAND 

NO WEEKEND SHUTOOWN 

LCHTMY 
N/S TROOGH 

DEMAND DlflATION(HRSJ 
2"! PER •Ar 

I. • 

2.0 

•·······•--····--·-····-····-··· 1g~,.; r;rr1?N ·· 

0.0 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
NOMJNAL DJSPL~EHENTlAVERAGE COLLECTOR OUTPUT/AVERAGE DENAt-Ol 



z 
0 
..... 
u cc 
a:: 
L..... 
..... z w :r:: w u cc 
...l 
0... 
(/) 

D 

...l cc 

..... u cc 

1,0 
,-.... 
a? CE: 0.9 
L..... ,.. 

0.8 
w z w 

IE 
...l 

0.7 

0.6 

8 t; 0_5 

...l 

STORFY;E SIZING GRAPH rOR CONSTANT Afl.NUAL OENAIIO 

NO I-IEEKEND SHUTDOWN 

~==--- 0_5·-------------

TDllf'GE: fl!ACTl ON D 0. 1 - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - .. - - - - - - - -- ISlrPSOf0..11 --u 

b 
0,3 -----------------------------------------------------------------------------------------z 

0 

Ii: 0.2 -----------------------------------------------------------------------------------------N 

...l .... D-1 ----------------------------- --------------·-------------------------------------------

1,1 

J.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.1 

0.3 

0.0 0.2 0.1 0.6 0.8 l.0 1.2 1.1 1.6 1.8 NONJNAL DlSPLACEMENTlAVERAGE COLLECTOR OUTPUT/AVERAGE DEMAl'Ol 

STORAGE S[ZING GRAPH rDR CONSTANT ANNUAL DEMAND 

NO ~EKEN• SHUTDOWN 

LCHTMY 
N/5 TROUGH 

OCMAND DURAT!ONlHRSJ 
8 TD 17 

0.B 

TORRGE fl!ACT l ON 
ISTEPS Of 0. 11 

•-• 

0.2 ----- - · · · · · · · - - · - - · - · - -- -- ---- --- ·------ - ------- -- - - · · - · - · · · · · · · · -- · - · -· -- --- -- -- ----- --

0. I - - · · - - - - - · - - - - - · - - · - - - - - - - - - · - - - · - - · -- - - · - -- - - - - - - - - - - - - - · - - - · - - - - - - - -- · · · · · -- -- · · -- · · --

2.0 

0.0 0.2 0.1 0.6 0.8 1.0 1.2 1.1 1.6 l.B 2.0 NOMINAL DlSPLRCEMENT(AVERRGE COLLECTOR OUTPUT/AVERAGE OENANOJ 

245 



>--
15 
N t ..... 
i= 
ID 
>--
C!I 

15 
i3 
IE 
fx ... 
j§ --

246 

ENERSY INCIDENT ON COLLECTOR APERTURE 
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