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SUMMARY 

Improved parabolic trough concentrating collectors will result from better 
design, improved fabrication techniques, and the development and utilization 
of improved materials. The difficulty of achieving these improvements varies, 
as does their potential for increasing parabolic trough performance. The 
purpose of this analysis. is to quantify the relative merit of various tech­
nology advancements in improving the long...;.term average performance of para­
bolic trough concentrating collectors. 

Parabolic trough optical and thermal performance has been modeled in detail. 
This detailed parabolic trough model is used in conjunction with a utilizabil­
ity method to predict energy delivery based on long-term average meteorologi­
cal ·correlations. Using this methodology, the long-term performance benefits 
of improvements are determined as a function of operating temperature for· 
north-south, east-west, and polar mounted parabolic troughs. The results are 
presented in graphical form to allow a quick determination of the performance 
merits of particular improvements. Substantial annual energy gains are shown 
to be attainable with improved parabolic troughs. The performance benefit re-

. suiting from an improvement is shown to be strongly dependent on operating 
temperature. Of the improvement~ evaluated, the development of stab!~ back­
silvered glass reflective surfaces offers the . largest performance gain for 
operating temperatures below 150°C. Above 150°·C, the dev.elopment of trough 
receivers that can maintain a vacuum is the most significant potential 
improvement. The reduction of concentrator slope errors also has a substan­
tial performance benefit at high operating temperatures. 

v 
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SECTION 1.0 

INTRODUCTION 

Parabolic . trough solar concentrators are capable of supplying thermal energy 
over a wide range of temperatures (up to about 350°C) and presently are the 
leading solar technology in the intermeQiate temperature range. Although sev­
eral manufacturers offer models for immediate- application, opportunities exist· 
to improve both the materials and mechanical components of troughs to 
achieve significant advancements in energy delivery, cost requction, dura­
bility, and reliability. The impetus for this study was the need to reassess, 
in the light of current trough technology, the relative technica~ merit of im­
provements that are now possible or would require only moderate development. 
The potential improvements considered.;·in·.:,the:·.study' pertain to receiver selec­
tive coating, reflector propertie~;· ~'ni~f~d;dyer glazing modific~tions. 

Important to this study was the efficient calculational method developed by 
Collares-Pereira and Rabl [1] to predict annual collector energy delivery at a 
specified location. Collectors are often compared on the basis of peak effi­
ciency curves; a more me·aningful basis of comparison is the annual energy de­
livery, because it accounts for the influences of off-peak performance and 
weather variations. As will be seen, off-normal insolation is also accounted 
for with modifications in the material properties and intercept fa~tor as $1 

function of incidence angle. 

The objective of this study fs to quantify the influence of various possible 
parabolic trough improvements over a wide range of design parameters. To as­
sess the generality of the collector results, analyses were carried out for 
different cities. As a further check, a comparison of results was made using 
both the simplified annual energy delivery method and an hour-by-hour calcula-. 
tion with TMY meteorological data. 

This report describes the essential features of the analytical method and the 
basis for the selections of reference and improved collector characteristics. 
Next, the performance results are presented· and discussed, and conclusions are 
drawn concerning the importance of the postulated improvements. Work subse­
quent to this report will attempt to take into acc;ount the cost of the 
improvements, so that.the benefits can be assessed on an economic basis. 

1 
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SECTION 2.0 

ANALYSIS 

2 .1 METHODOLOGY 

Parabolic trough annual energy delivery is calculated with a detailed model of 
optical and thermal parabolic trough characteristics in conjunction with a 
utilizability method that was based on long-term average meteorological corre­
lations. The utilizability method is expedient and also accounts for long­
term weather behavior. A detailed consideration of parabolic trough thermal 
and optical characteristics ensures that optical improvements and thermal ·im­
provements can be validly compared. 

Fi·g. 2-1 illustrates how parabolic trough annual energy delivery is calcu­
lated. A key element of the calculation is optimization of the concentration 
ratio. The optimum geometric concentration ratio is the ratio that best bal­
ances optical losses with thermal losses. Over the temperature range that 
this study addresses, 50°C to 350°C, the optimum concentration ratio of a pa­
rabolic trough varies ·significantly. Thus, parabolic trough performance is 
evaluated in this study for the geometric concentration ratio, at each operat­
ing temperature, that maximizes annual energy delivery. 

The results of this analysis are presented in two forms. First, eight poten­
tially attractive improvements are evaluated. A reference parabolic trough is 
defined, based on available materials and current technology, and is typical 
of commercially available parabolic trough concent~ating collectors. Each of 
the eight improvements then define an improved parabolic trough. The annual 
energy delivery of each improved trough ·is normalized with respect to the an­
nual energy delivery of the reference trough at. the same operating tempera­
tur~. This ratio of energy delivery is defined as the nprmalized performance 
index (NPI). The graphical presentation of normalized performance index 
versus operating temperature provides an easy determination of the effective­
ness of each improvement relative to pr~sent technology. 

Performance increase results are also shown graphically in a manner that is 
independent of our reference trough assumptions.. The annual collection effi­

_ciency of parabolic. troughs is defined as a function of receiver heat loss, 
optical errors, peak reflectance-transmittance-absorptance product, and track­
ing orientation. These graphs allow the determination of the annual collec­
tion efficiency increase resulting from one or several improvements. 

2.2 REFERENCE PARABOLIC TROUGH AND POTENTIAL IMPROVEMENTS 

Eight potentially improved troughs are evaluated relative to a reference para­
bolic trough. .The r.eference trough is representative of commerGially 
available parabolic troughs. Most commercially available trough concentrators 
have rim angles at or near 90°, with second-surfa.ce aluminized-film reflec­
tors. Typical commercially available trough receivers utilize a cylindrical 
glass tube surrounding an absorber tube-with a black-chrome selective coating. 
Trough component characteristics have been compiled from collector performance 

3 
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Figure 2-1. Parabolic Trough Energy Delivery Model 
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tests and accelerated aging tests of trough materials [2-6]. Reference trough 
parameters are: 

Receiver glazing transmittance (normal' incidence) 0.9 

Receiver glazing emittance 0.9 

Receiver glazing thickness 2 mm 

_Black-chrome absorptance (normal incidence) 0.95 

Black-chrome emittance 0.15(100°C), 0.25(300°C)* 

Concentrator hemispherical reflectance 0.81 

_Reflector nonspecularity (ospec1 , OspecoJ 1.6 mrad 

Concentrator contour error (ocon1 , OconuJ 6.0 mrad 

Tracking· error (otrack) 2.2 mrad 

Receiver/concentrator displacement error (adisp) 2.0 mrad 

Eight improved parabolic troughs are defined based on the following potential 
improvements: 

(1) Selective coating absorptance increase to 0.98; 

(2) Selective coating emittance decreased to 0.05 (100°C), 0.15 (300°C)*; 

-(3) Back-silvered glass reflector--reflectance increased to 0.95, reflec-
tor nonspecularity decreased to 0.5 mrad; 

(4) Concentrator slope error reduced to 3 mrad; 

(5) Evacuated annulus receiver; 

(6) Xenon back-filled annulus receiver; 

(7) Ueat mirror coated receiver glazing (glazing inner surface emittance 
= 0.15, transmittance,= 0.94); and 

(8) Receiver glazing transmittance increased to 0.96. 

All of these improvements can be considered near-term possibilities. Efforts 
are underway to increase solar mirror reflectance ·through the development of 
stable, low-cost, back-silvered, thin glass mirrors. On the other hand, less 
effort is being directed at defining arid diminishing concentrator slope 
errors. Slope error reductions could result from the use of precision molds, 
the development of new concentrator fabrication techniques, or the development 
of higher-stability concentrator substrates. Techniques· to increase the 
transmittance of glass have been developed for flat-plate collectors. Antire­
fiection coating and etching processes could be adapted to cylindrical line­
focus receiver glazings. Selective surface coating development is being ac­
tively pursued. Black-chrome bath compositions, plating times and currents 

*Blac.k-chrome emittance asstmed linea~ between and beyond these limits. 

5 
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.are being investigated to improve thermal stability and optical character­
istics. Various other coatings are also being developed--some with the poten­
tial for very low emittance and therefore reduced receiver heat losses. Other 
means of decreasing receiver heat losses are receiver glazings coated with 
heat mirrors and evacuated and back-filled receivers. Back-filled receivers 
involve filling the annulus between the absorber and surrounding glass with a· 
low-conductivity gas to reduce conduction and convection losses. Development 
of a parabolic trough receiver that .can maintain a vacuum has also been inves­
tigated [7]. Evacuation of the absorber-glass annulus'to 10-3 torr effective­
ly eliminates .conduction and convection within the annulus. A heat mirror 
coating on the inside surface of the rec.ei.ver glazing reduceG r~diation losses 
from t.he absorber because of the reduced effec;tive emittance of the ·glaiili. 
However~ the solar transmission through the receiver io dccr~ased by tllt:! 
film's transmittance. The amount that improvements 2-, 5, 6, and 7 decrease 
receiver heat loss is illustrated in Section 2.3. 

This analysis defines improved performance on a long-term average basis. 
Therefore long-term average effects of accumulat·ed dirt and dust must be taken 
into account. A long-term average dirt and dust degradation of 6% is included 
as a modifier to. both the concentrator reflectance. and glazing transmittance 
for the reference and improved troughs. 

2.3 THERMAL ANALYSIS 

A therma.l model is used to predict heat losses from line-focus parabolic 
trough ~ece:i,vers. ·Heat-loss coefficients are determined as a function of 
average absorber tube temperature. Relating heat loss to average. absorber 
tube temperature eliminates the need to specify the fluid inlet or outlet tem­
perature, flow rate, and fluid properties. 

The one-dimensional (radial) model assumes the receiver is in steady state and 
that the absorber tube and glass envelope are gray and diffuse thermal radia­
tion emitters and absorbers. The heat-loss rate from the absorber 
tube, QL.. , is found by the iterative solution of these equations: 

oss 

QLoss = ~abs,rad + ~abs,cond/conv = 
I 

Qglass ,cond 

• • • • 
· 4glass,abs + Qglass,cond =· Qenvir,cond + Qenvir,rad 

where: 

Qa.bs,rad :;... r'adiative heat-loss rate from absorber tube to glazing; 

• 
Qabs ,cond/conv conductive/convective heat-loss rate from absorber tube 

to glazing; 

Qglass ,cond 
• 
Qglass,abs 

= conductive heat-loss rate through glazing; 

rate of heat input into receiver glazing due to solar ab­
sorptance of glass; 

6 
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• 
Qenvir,conv = convective heat-loss rate from glazing to environment; 

and 

Q = radiative heat-lOS$ rate from glazing to environment. · envir,rad 

Each heat transfer rate term is described in detail below per unit length of 
rec·eiver: 

• 
Qabs,rad 
----:::....:......- = 

.e. 

• 

1 

1T D b a s 
a (T 4 - T 4 ) abs glass,i 
D . 

abs __ 1 ______ 
1 

£ + D 
abs glass,i £ glass,i 

Qabs,cond/conv = Nu 1T K (T - T ) 
1 

gas· abs glass,i 

where Nu =·combine-d conductive/con-vective Nusselt number [8]: 

• Q . 21T K 
glass,cond = --~~g~l~a~s~s--

1 '. D 

1n glass,o 

• 
Qglass,abs = 

.e. 

• 
Qenvir,conv = 

.e. 

D 
glass,! 

a I p W glass b 

(T · T ) glass,i - glass,o 

where Nuwind =wind velocity induced Nusselt number [9]: 

• 
Qenvir,rad = 

·.e. 
£ 1T D a(T 4 - T 

4 ) 
glass,o glass,o glass,o sink • 

The properties of air, glass, annulus gas, and black chrome are computed as a 
function of their temperature. The term Qglass,abs is a function of beam in­
solation .and ~herefore varies during the day. However, the sensitivity of the 
heat loss coefficient to this term is small and is therefore assumed constant. 
to simplify the results. A wind velocity of 2 m/s (4.5 mph) over the receiver 
is a~so assumed as representative of average wind conditions. 

7 
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Receiver heat -loss can be expressed as a: .heat-loss- coef-ficient, UL, that. is 
·based on absorber tube surface area. Receiver heat-loss is related to UL by 
the ~oll_owing e_quation: _ _ , 

~oss(watts) = UL _lT Dabs t (Tabs - Tamb) 

Figure 2-2 shows the solution of the heat rate equations for the reference 
trough receiver, the evacuated receiver, the xenon back-filled receiver, the 
heat mirror coated receiver glazing, and the reduced emittance selective coat­
ing receiver. 

-.0 
0 

... 
Sl 
Ill e 
~ -.... 
·::J 

.l-. 

Absorber Diameter = 2.54 em 
Ambient Temperature= 10°C 

@ Referenf?e Tr.ou~.h Receiver 

@ Reduced Emittance Selective Coating 

· @ -Heat Mirror Coated ·Glazing 

· @ Xenon Back-Filled 

® 

Average Absorber Tube Temperature (° C) 

.. ·. 1 . 

Figure 2-2. Heat-Loss Coefficients vs. Temperature 
. , . . . 

For thio otudy, the aboorber tube diameter io held eonotant at 2.5~ em. Dif­
ferent absorber tube diameters will result in only slightly different heat­
loss coefficients when they are. based on· absorber· tube surface area. Fig­
ure 2-3 illustrates this effect ·by showing ·the· variance of' UL value with 
receiver size. The variance is larger for the reference trough receiver than 
the evacuated receiver because conductive/convective losses do not increase 
d.irectlY- ~ith absorber diameter, while radiat'iori losses nearly do. Larger'­
diam~ter _ab~orb"ers are· shown to result ·in sinailer heat losses per · unit 
absorber area. 

While ·the··; absorber· tube di~eter is fixed, t.he receiver glazing diameter is 
sized to minimize' the ;conductive/convective losses. Too small a glass dia­
meter (small gap) results in excessive conduction losses, whereas too large a 

8 
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0 
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Reference 
Trough 
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Receiver 
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Figure 2-3. Heat-Loss Coefficient Variance with Absorber Diametf 

·-0 
0 

• .a • 
~ 
3: -

· Absorber Temperature = 200°C 

Xenon Back-Filled Receiver 

Evacuated Receiver 

Absorber to Glass Gap Size (em) 

Figure 2-4. Heat-Loss Coefficient vs. Gap Size -

9 

·' 



TR-439 S =!!S·I··· _,~.I --~ ~~v -----------------------------------------------------------------------

glass diameter (large gap) results in excessive convection losses. The signi­
ficance of annulus gap size is shown in Fig. 2-4. For an evacuated receiver, 
glass diameter sizing is not thermally significant because no conduction or 
convection occurs in. the annulus. 

2.4 OPTIMIZATION OF GEOMETRIC CONCENTRATION RATIO 

The geometric concentration ratio is defined as the ratio of collector aper­
ture area to receiver surface area. For a parabolic trough with cylindrical 
receiver, the concentration ratio ~s defined as 

c w 
1T D b a s 

Since we wish to evaluate thermal and optical performance improvements on an 
equal basis, we invoke the concept of concentration ratio optimization [iO]. 
The concentration ratio is optimized to minimize the sum of both thermal and 
optical losses for a given collector configuration ana receiver temperature. 
Lower concentration ratios permit a greater amount of the reflected energy to 
intercept the receiver tube. However, low concentration ratios increas·e the 
absorber tube surface area, relative to the aperture area,. and result in in­
creased thermal loss. Conversely, high concentration ratios reduce thermal 
losses but increase optical losses. An absorber tube diameter of 2.54 em is 
held constant while the aperture width is sized by the optimum concentration. 
ratio. 

Thermal inputs to the optimization consist of heat-loss coefficients expressed 
as U-values based on receiver area and receiver temperature. The optical in­
puts consist of the optical properties of materials and manufacturing 
processes expressed as rms standard deviation values of beam spreading. The 
following errors contribute to the imperfect optics of a parabolic trough: 
mirror. nonspeculari ty, slope or contour error, tracking error, and displace­
ment error as caused by the mislocation of the receiver tube with respect to 
the mirrors. 

The concentration ratio is optimized to max1.m1.ze annual energy delivery at its 
specific operating temperature. Optimizing for a clear equinox day (clearness 
index Kh "' 0. 75) corresponds very closely to the annual enerszy- optimum. 
Therefore, clear sky data for the equinox, with the ambient temperature at the 
yearly average, is employed_for the concentration ratio optimization. 

The methodology is .taken from Ref. 10. B~iefly, the imperfect optics and the 
sun shape are characterized by a Gaussian distribution. Therefore, a total 
all-day average beam spreading <atotal> is the rms value of the optical er..;. 
rors and sun shape expressed a~: 

(<a >2 + <a >2 )1/2 
optical sun 
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<o >2 = 
optical all-day average value of optical beam spreading (90° rim angle) 

2 2 2 + 0 + 0 - + 0 track disp spec1 

= all-day average value of sun size 

jwc Ib (w) cos S(w) dw 

2 2 0 cos 9( w) 
= 0 sun,noon 

lowe Ib(w) cos a(w) dw 

The size of the sun at noon and at 0° incidence angle expressed as an rrils 
value is 2.8 mrad for line focus geometry as calcula,ted from the Lawrence 
Berkeley Laboratories circumsolar data base [11]. Note that, in the calcula­
tion of all-day average sun size, a factor of cos a appears, since the ·ap­
parent sun size varies as the inverse of the cosine of the incidence angle. 

An all-day critical intensity ratio is determined by the all-day available in­
solation, heat-loss rate, all-day optical efficiency, shading of mirrors by 
glass annulus, and the all-day average diffuse energy. This ratio is given by 

The optimum concentration ratio C
0 

can be determined as a function of the 
critical intensity ratio <X> and the total optical error <o~otal>. A curve­
fit of this relationship (from Fig. 5-1 of Ref. 10) for a 90 rim angle para­
bolic trough is: 

c 
0 < 

1 
> {o.0585 + 0.816 (o t 1 0 total . to a 

+ 2 •99 0 total <X>}, 

where C
0 

= optimum concentration ratio. 

<X>)·1/3 - 2.02 (o - <X>)2/3 
~ total 

The value of the optimum concentrat-ion ratio is strongly dependent upon the 
level of the heat loss and the degree of optical quality. For example, the 

11 



s=~•~tl~ ___ _____:. _________________ T_R:_-4_3_9 

values of C
0 

range from 11 at 50°C to 29 ·at 350°C for the reference parabol~c 
trough in Denver. When the receiver heat loss is reduced by evacuating the 
receiver annulus, the C

0 
range is from 9 to 20. If the optical quality is im­

proved by decreasing the contour error, the optimum concentration ratio in­
creases and was found to range from 18 at 50°C to 37 at 350°C. 

2.5 OPTICAL ANALYSIS 

In order to accurately predict the performance of a parabolic trough concen­
trator, one must know the variation of optical efficieucy with angle of inci­
dence between the receiver and the incoming radiation. There are several 
factors that contribute to the decrease of optical efficiency with increasing 
incidence angle. These factors include, in part, the angular. dependence of 
gl~ss annulus transmittance and receiver absorptance. Also, the intercept 
factor (defined as that fraction of rays incident upon .the aperture that reach 
the. receiver) decreases with incidence angle. This decrease in· optical ef­
ficiency by the intercept factor is brought about in two w~ys. First, there 
is beam spreading due to longitudinal contour and nonspecularity errors. 
Secondly, the apparent sun· image becomes wider due to the longer reflected 
path length. 

The calculation of the intercept factor y involves the convolution of the geo­
metric angular· acceptance function for a parabolic trough with a Gaussian dis-· 
tribution that accounts for total beam spreading (i.e., both optics and sun 
size).The intercept factor y can be expressed as a function of the product of 
ototal and C. For a 90° rim angle trough, the intercept factor can be calcu­
lated with the following equation (curve-fit to Fig. 4-1 of Ref. 10): 

for 0 - 0 total' 

y[oC] = 1 for oC ( 0.134 ; 

= [0.932 + 1.27oC - 6.54(oC) 2 + 5.91(aC) 3] 
fo~ 0.131 11 < ·oe <: 0. 11S ; 

[1.38- 2.01uC + 1.35(uc) 2 - 0.348(uC)J] 
for oc > 0.43 

The angular dependence of ·transmittance and absorptance are extracted from 
data contained i'n the appendix of Ref •. 12'. The effect on absorptance from the 
distribution of incidence angles circumferentially on the receiver tube is in­
cluded as well. By' neglecting this distribution of incidence angles around 
the tube, one finds a relative error between 1 and 2-1/2% in yearly perfor­
mance. The incidence angle modifier K( 9) defines how the optical efficiency 
decreases with incidence angle, relative to the trough's normal incidence op­
tical efficiency. The incidence angle modifier at a given incidence 
angle e is defined as: 

' K( 9) 
( pnw)[ e] 

(pTay)[ e = 01 

12 
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Note that the denominator is the optical efficiency at normal incidence, i~e. 

Tlo• 

Experimental data for incidence-angle modifiers (Ref. 13) agrees well with our 
analytical-determination. 

2.6. YEARLY PERFORMANCE PREDICTION 

The yearly performance prediction is based on a simple procedure derived by 
M. Collares~Pereira and A. Rabl [1]. Basically, the model computes the energy 
delivery of a parabolic trough· for the central day of each month of the year. 
The concept of utilizability is incorporated· to account ·for both heat loss and 
the variability of weather. 

Input data for the yearly performance prediction consists of receiver,tempera­
ture and heat-loss coefficient, optimum concentration ratio, optical efficien­
cy at normal incidence, and the incidence-angle modifier for the particular 
parabolic trough in questio~. Climatological data includes latitude, monthly 
clearness indices, and ambient temperatures extracted from the appendix of 
Ref. 14. 

_The amount of .insolation available to the parabolic trough is determined by· 
the Liu and Jordan method, utilizing' the improved correlations of Ref. 15. 
The fundamental parameter is the clearness i~de~ Ktt, which is the ratio _of 
terrestrial, Hh, over extraterrestrial, H

0
, daily hemispherical irradiation on 

a horizontal surface. The clearness index can be expressed as ~ = ~/H0 • 

The all-day available isolation ~coll is calculated by integrating the product 
of the beam insolation and the cosine of the ·incidence angle on the collector 
in the following way: · 

H cull 

2t 
c =-.-

w 
c 

. (41c. 

lo Ib cos 6 dw • 

The daily heat loss of a collector can be expressed in terms of a critical in~ 
tensity ratio X, which is the ratio of the daily heat loss to that fraction of 
the incident solar energy received by the absorber. This rat~o is given as 

X= 
UL (Tabs - Iamb) 2 tc 

<no>C · Hcoll • 

The term <n
0

> ·is the day-long average optical efficiency. The calculation of 
<no> requires weighting the product of the optical efficiency at 0° incidence, 
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n
0

, and the incidence angle modifier, K(6), to the. availahle beam insolation 
Ibcos 6 in the following fashion 

<n > 
0 

A utilizal>ility £,unction· 4> is defined to account for both the daily heat loss 
and the variability of the weather. This utilizability function for a concen­
trating collector is a function of clearness index Kh and critical intensity 
.~a.t:io X: 

The monthly energy delivery of the collector is computed by the product ·of the 
day-long average optical efficiency .<n

0
>, utilizability ~, and available 

insolation Hc011 :· 

where 30.44 is the average number of days per.month. 

The value of the c~t-off hour· angle we is optimized by iteradon in order to 
maximize the monthly output of the solar collector. 

Finally, the .yearly energy delivery Qyear of the collector is simply found by 
summing all the monthly energ~ values... . 

14 



55~1 ~r---~~ ----..,--------------------------=-T:::.R-_4.:..::.3=-9 
---~-/ 

SECTION 3.0 

RESULTS 

3.1 INDIVIDUAL IMPROVEMENTS. 

Normalized Performance Indices (NPI) for individual improvements are presented 
in Figs. 3-1,2,3 for east-west, north-south, and polar mounted troughs, re­
spectively. The results are based on Denver's climatological data, where NPI 
is calculated in the following way: 

NPI = Qyea~, improved collector 

Qyear, reference collector 

Whereas all the Normalized Performance Indices increase with temperature, the 
rate of increase varies. Improvements associated with increased optical ef­
ficiency increase their Normalized Performance Indices less rapidly than im­
provements ~ssociated with thermal losses. 

At low temperature, thermal losses are small, and therefore further _reductions 
are relatively less significant. Optical efficiency improvements dominate in 
this range and a back-silvered glass reflector results in the largest low-tem­
perature performance increase of the improvements considered in this study. An 
increased receiver glazing transmittance is the second most significant im­
provement at low operating _temperatures. Increasing the selective surface ab­
sorptance lias only a small impact, because black chrome absorptance has been 
well developed and little further gain is possible. · 

At higher o:perating temperatures, thermal losses increase and become more .sig­
nificant to trough performance. Ab()ve 150°C, the perforiD:ance benefit of ari. 
evacuated r~ceiver is larger than for any other improvement considered in_this 
study. · A -kenon back-filled receiver is also shown to significantly increase 
trough energy delivery with increased operating temperatures. A reduction in 
concentrator slope error behaves much like a thermal improvement. Thereason 
for this is that slope error reductions result in more precise concentrator 
optics and permit high concentration ratio troughs. This reduces the size of 
the receivJr relative· to the concentrator and .in effect diminishes thermal 
losses. Th6s, reduced slope ·~rror becomes a dominant factor in trough perfor­
mance at high operating temperatures. The merit of heat mirror coated 
receiver glazings depends strongly on temperature level. Below 275°C, the re­
duction in thermal losses due to the heat mirror is overshadowed by its large 
reduction in optical efficiency, and performance is degraded.* Above 275°C, 
it offers ~oderate benefit with nonevacuated receivers. Decreased selective 
surface emittance also offers a meaningful performance gain only for high­
temperature operation. 

-*Although us;ing heat mirror coated receiver glazings in con'junctio·n with black 
chrome is rtot effective, they may be utilized effectively in place of black 
chrome or other selective surfaces. 
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3.2 COMBINED IMPROVEMENTS 

This section provides a method of determining the NPI for one or more para­
bolic trough improvements. It can be used to evaluate improvements other than 
those we have considered, or to evaluate an improvement for a parabolic trough. 
other than that defined by the reference trough. The NPI for a given set of 
improvements is the ratio of the annual collection efficiency of the improved 
trough to the annual collection efficiency of the unimproved (reference) 

·trough. This section provides a method of graphically determining a parabolic 
trough's annual collection efficiency, given its characteristics. 

Annual collection efficiency can be expressed as a function of three generi­
cally grouped terms that are easily computable. The first term, pTa, is 
simply the product of concentrator reflectance, receiver glazing transmit­
tance, and receiver tube seleftive surface absorptance. The second term is 
the receiver heat-loss rate Q1 at the operating temperature of the trough. 
The final term is the effective optical error total at normal incidence that 
results from imperfect tracking and concentrator optics. The three terms are 
defined in detail below. 

pTa= (hemispherical reflectance) x (receiver glazing transmittance 

at normal incidence) X (receiver tube selective Surface ab­

SOrptance at normal incidence); 

Q1 U1 (Tabs - Tamb) = heat-loss rate from receiver in watts per 

square meter of absorber tube area; 

0optical = (4 i + i + i. + i )112 expressed in milli-con1 track d1sp spec 
radians .(note that sun size is not included in this term). 

Annual collection efficiency is defined as 'the ratio of the annual collected 
energy to the annual beam insolation falling on the collector aperture from 
sunrise to sunset. Trough end losses and row-to-row shading losses are not 
included, because they are a function of collector field geometry. The calcu­
lation of annual collected energy essentially . foliows the procedure of 
Fig. 2-1. . Thus, the annual collection efficiencies are for 90° rim angle 
troughs with optimized concentration ratios. 

In order that the optical error terms be graphically represented by a single 
quantity, the assumption that total optical error is dominated by concentrator 
slope error has been made. This assumption allows the calculation of the ef­
fective all-day optical error total for a 90° rim angle trough as: 

<a ti 1> = [o2 t• 1 (1 + 0.215 (tan
2 e> )]1

/
2 

op ca op ~ca 

This definition allows the graphical representation of annual collection effi­
ciency with simply one optical error quantity, ooptical" The error in annual 
collection efficiency due to this assumption is generally less than 1%. 
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The annual collection efficiency graphs are presented in Figs. 3-4,5 ,o for 
east-west, north-south, and polar mounts, respectively. Since the pTa term is 
presented in increments of 0.1, interpolation is generally required to deter­
mine annual collection efficiencies. from the graphs. The results are based on 
Denver's climatological data, just as the Normalized Performance ·Indices 
are.· Annual collection efficiencies are slightly higher for climates sunnier 
than Denver and slightly lower for cloudier climates. The performance limit 
curves are shown to provide a line of reference. These lines indicate the 
absolute annual collection efficiency that a perfect (pTa = 1, a i 

1 
= 0) 

. opt ca 
trough could attain, given its thermal loss. · 

The Normalized Performance Index tor a given improvement or combined improve­
ments can be calculated by determining the annual collection efficiencies of 
both a reference trough and an improved trough. The ratio of these annual 
collection efficiencies defines the Normalized Performance Index. Fig. 3-7 
presents Normalized Performance Indices for several combinations of improve­
ments. The NPI values have been generated with respect to the reference 
trough with east-west mount. The performance benefits of combined ·improve­
ments are dramatic. · Many improvements complement each other, and the 
resulting performance increase exceeds the sum of the individual performance 
increases. For example, an improvement such as a back-silvered glass reflec­
tor is complemented by a thermal loss improvement such as an evacuated 
receiver. On the other hand, some improvements may largely negate the poten­
ticll gains of another improvement. The combination. of reduced concentrator 
slope error and an evacuated receiver is an example of such a combination. 
The reduced thermal losses of an evacuated receiver tends to minimize. the· 
effect of slope errors, since slope errors are shown to increase in slgulfl­
cance with hi~her receiver heat loss. 

3.3 VALIDATION-OF METHOD 

The utilizability method of predicting the thermal performance of parabolic 
troughs was validated by comparing ·the results to those obtained from the Typ­
ical Meteorlogical Year (TMY) data base (Kef. 16). The values for monlhly 
clearness index Kh and monthly di~fuse to hemispherical ratio Hd/Hh. for_ the 
utilizability method were calculated from the hourly TMY data base. 

The first comparison evaluates the yearly total available insolation. on the 
aperture of a parabolic trough for four mounting orientations: two-axis, 
polar, north-south, and cast-west, and for three cit:i.es, Albuquerque, 
Bismarck, and Dodge City. In all cases, the utilizability method overpredicts 
the available insolation. The relative errors in. percent between the two 
models are displayed in Table 3-1. 
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Table 3-1. AVAILABLE INSOLATION RELATIVE ERROR (%) OF 
UTILIZABILITY METHOD WITH RESPECT TO TMY DATA 

City 

Mo\lnting 
Albuquerque, Bismarck, Dodge City, 

New Mexico North Dakota Kansas 

2-axis 6.4 5.1 7.7 
Polar 6.5 6.9 7.7 

North-South 8.1 8.3 8.6 
East-West 0.8 1.2 1.4 

Since our study concerns relative results rather than absolute results for the 
prediction of thermal performance, a comparison was made for the values of NPI 
as calculated by. the utilizability method and the TMY database. Three col­
lector improvements were consic;lered: increased optical efficiency, increased 
optical quality, and reduced receiver heat losses. The results indicate that 
the utilizability method predicts the NPI within 5% relative error of the NPI 
prediction performed with TMY data. In all cases, the utilizability method 
slightly overpredicts the NPI. A graph of the error bars for the three im­
provements is contained in Fig. 3-8. 

3.4 SENSITIVITY TO CLI~TE 

Since Denver's climate is the basis for both the Normalized Performance Index 
and the Annual Collection Efficiency calculations, a sensitivity analysis was 
performed to determine how NPis. vary with climate. Two climatological 
effects, latitude and clearness index were investigated. The latitude of 
Denver i.s 39.4° north and the average clearness index is 0.67 for the. year. 
Denver's climate was chosen for two reasons: industrial process heat is most 
economically feasible in sunny areas such as the Southwest; and NPI values 
generated for D~nver fall in the middle of values generated .for Seattle, 
Washington, Albuquerque, New Mexico, Blue Hill, Massachusetts~ and Fort Wayne, 
Indiana. Error bars are generated for three improvements: reduced concen­
trator slope error, increased concentrator reflectance, and reduced receiver 
heat loss• 

First, let us consider latitudes ranging from 30° to 45°. The results indi­
cate that the higher the latitqde, the greater the NPI; conversely, when the 
latitude is lower, the NPI is smaller. Furthermore, the results indicate that 
the NPI varies by less than ±4% from that calculated for a latitude of 39.4° 
(Denver). The error bars for-latitudes from 30° to 45° for the three improve­
ments are contained in Fig. 3-9. 

The second and more important climatological effect is the clearness 
ind.ex (Kh). Let us consider yearly clearness indices. ranging .from 0.47 to 
0. 77. The results indicate that· the cloudier the· climate, the greater the 
NPI; conversely, when the climate is sunnier, the NPI is smaller. Further-. 
more-, the results indicate that the NPI varies by ·less than ±7% from that 
calculated for a clearne.ss index of 0.67 (Denver). The error bars for 
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clearness indices from 0.47 to 0. 77 for the three improvements are contained 
in Fig. 3-10. 

3.5 DISCUSSION 

The magnitude of parabolic trough performance gains that are possible with im­
provements is very substantial. The gains are due to both the increased oper­
ating efficiency of the collector and also the resulting increase in collector 
operating time. An increase in collector operating efficiency extends opera­
ting hours, because the threshold value of insolation required to operate the 
collector is lowered. 

The performance gains, as represented by the Normalized Performance Indices, 
increase with operatirtg.temperature for each of the improvements. This occurs 
because of the reduction in the absolute magnitude of trough energy u~livery 
as operating temperature increases. For example, a ten point increase in col­
lector efficiency represents a larger percentage increase to·a collector oper­
ating at high temperature (where the annual efficiency may be 30%) than to a 
collector operating at. low temperature (where the annual efficiency may be 
60%). 

The Normalized Performance Indices vary with mounting orientation, but the 
general trends are preserved. At low-temperature operation, improvements that 
increase the concentrator reflectance, receiver glazing transmittance, or re­
ceiver absorptance have the greatest significance. At .lo~ temperature, re-. 
ceiver thermal losses are small and further reductions have little impact .• 
Increases in concentrator optical quality are also largely insignificant, be­
cause ·although trough concentration ratios can be increased (with reduced 
thermal losses per unit aperture area), the resul'ting decrease in 'thermal loss 
is very small at low temperature operation. At higher operating temperatures, 
parabolic trough energy delivery is significantly affected by ·receiver thermal 
loss. Improvements that reduce thermal losses tend.to outweigh optical effi­
ciency improvements. Also, concentrator optical quality becomes an important 
parameter. At high operating temperatures, improved optical quality allows 
higher concentration ratio troughs and a substantial reduc.tion in thermal loss 
per unit aperture area. 

The addition of cost data to the performance data generated in this study will 
allow the assessment of the improvements on an economic basis. Although some 
of the improvements ne·cessarily ·involve 'increased costs, ·others are 
potentially low-cost and would add little to total system cost. Further work 
in this area will address the economic benefits of improved parabolic troughs. 
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c 

· 0glass,i 

0glass,o 

Hcoll 

Qmonth 

NOMENCLATURE 

geometric concentration ratio 

optimum geometric concentration ratio 

absorber tube outside diameter 

inside diameter of receiver glazing 

outside diameter of receiver glazing 

irradiation incident on collector aperture area on a daily 

basis 

terrestrial daily hemispherical irradiation on horizontal 

surface 

extraterrestrial daily _hemispherical irradiation on horizontal· 

surface 

beam insolation 

all-day average diffuse energy 

thermal conductivity of receiver annulus gas 

thermal conductivity of receiver glazing 

clearness index 

incidence-angle modifier 

receiver length 

output of collector per unit aperture area per month 

output of collector per unit aperture area per year 

Q conductive/convective heat-loss rate from absorber tube to abs,cond/conv 
glazing 

• 
Qabs,rad radiative heat-loss rate from absorber tube to glazing 

• 
Qenvir,conv convective heat-loss rate.from receiver glazing to environment 

• 
Qe.nvir, rad radiative heat-loss rate from receiver glazing to environment . 
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Qglass,abs 

• 
Qglass,cond 

<Q > s 

Tglass,i 

Tglass,o 

Tsink 

w 

X 

(X) 

a 

y 

e:glass ,i 

e:glass ,o 

rate of heat input into receiver glazing due to solar 

absorptance of glass 

conductive heat-loss rate through receiver glazing 

heat-loss rate of receiver tube based on receiver area (W/m2) 

receiver heat-loss rate (watts) 

all-day average shading of reflectors by glass annulus 

cut-off time measured as hours from solar noon 

absorber tube surface temperature 

ambient temperature 

temperature-of receiver glazing inside surface 

temperature of receiver glazing outside surface 

radiative sink temperature of environment (average of ambient 

and effective sky temperatures) 

be..<tt-JM$ coef.f1.t . .1.enr., ba~~d on. ab$orber tube surface area 

<w!m2 ;oc) 

concentrator aperture width 

critical intensity ratio for utilizability 

critical intensity ratio for concentration optimization 

receiver absorptance 

receiver glazing absurptauce 

intercept factor 

absorber tube emittance 

emittance of receiver glazing inside surface. 

emittance of reciever glazing outside surface 

optical efficiency at normal . incidence, which is 

(pTay) evaluated at a= 0°. 
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p 

a 

a con1 

a con 11 

aoptical 

<aoptical> 
a spec 1 

a spec 11 

a total 

<asun> 

asun,noon 

<atotal> 

at rack 

T 

41 

w 

We 

<tan2 e> 

'-

average optical efficiency on a daily basis 

incidence angle 

concentrator reflectance 

all-day average reflectance-transmittance-absorptance product 

Stephan-Boltzman constant 

rms angular deviation of concentrator from perfect parabola in 

transverse direction (transverse slope error) 

rms angular deviation of concentrator from perfect parabola in 

longitudinal direction (longitudinal slope.error) \ 

equivalent. rms angular spread,. which acc·ounts for imperfect 

placement of receiver 

rms angular spread due to all optical errors (at normal 

incidence) 

rms angular spread due to all optical errors (all-day average) 

rms angular spread of reflected beam due to imperfect 

specularity of reflector material in transverse direction 
I· 

rms angular spread of reflected beam due to imperfect spec­

ularity of reflector material in. longitudinal direction 

total rms beam spread (all-day average) 

rms angular width of sun (all-day average) 

rms sun shape at noon 

total rms beam spread (all-day average) 

rms angular spread due to tracking error 

receiver glazing transmittance· 

ut:i.lizability 

hour angle 

cut-off hour angle 

all-day average value of tan a, weighted to beam insolation 
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