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PERFORMANCE OF EVACUATED SOLAR COLLECTORS 
WITH COMPOUND PARABOLIC CONCENTRATORS* ** . . 

A. Rabl*** 
Argonne Nat iona l  ~a bor'a t o r y  

Argonne, I l l i n o i s  , 60439, USA 

ABSTRACT 

Compound Parabol i c  Concentrators (CPC) achieve the  h ighest .  p o s s i b l e  ' . 

concerr 1r.d L iur~ f o r  a g lven acceptance ,angle, p e r m i t t i n g  geometric concen- ' . 

t r a t i o n  r a t i o s  up t o  about 2 i n  f i x e d  s o l a r  c o l l e c t o r s  and up t o  about 
10 i n  c o l l  ec to rs  w i t h  day-to-day t i  1 t adjustments. Design, c o n s t r u c t i o n  
and t e s t  r e s u l t s  a r e  repo r ted  f o r  several  CPC c o l l e c t o r s  w i t h  evacuated 
r e c e i v e r s  supp l ied  by Corning Glass, by General E l e c t r i c  and by Owens- 
I l l i n o i s .  E f f i c i e n c i e s  o f  45% a t  AT = 150° K above ambient have beer! 
reached w i t h  a f i x e d  c o l l e c t o r .  This  c o l l e c t o r  accepts more than h a l f  
o f  t h e  d i f f use  r a d i a t i o n  i n  a d d i t i o n  t o  a l l  of t he  d i r e c t  beam, f o r  a t  
l e a s t  seven hours per  day. 
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Compound parabolic concentrators1 ( C P C )  reach the  thermodynamic 
l i m i t  of concentration2, t h a t  is,. they achieve the  highest possible 
concentration 

C = l / s i n  9 f o r  2-dimensional or  trough-like concentrators 

l l s i n 2  8 f o r  3idimensional o r  cone-like c o n ~ e ~ t r a t o r s  
(1 1 

cons i s ten t  w i t h  a given acceptance half angle 9.  For nontracking so l a r  
col l e c to r s  w i t h  maximal concentrat ion,  one w i  11 use CPC troughs a1 igned 
i n  the  east-west d i rec t ion .  Demanding a t  l e a s t  seven hours operating 
time3-5 a t  s o l s t i c e ,  the  time of the  year w i t h  the  l a rge s t  apparent 
s o l a r  motion, one f inds  a concentration 1 imit  of 10 i f  t i l t  adjustments 
from one day t o  the  next a r e  permitted. A completely f ixed co l lec to r  
can have a concentration r a t i o  of 1 .5  t o  2.0. For some appl icat ions ,  
co l lec t ion  of s o l a r  energy i s  required only during half of the  year; i n  
t h a t  case threefold concentration becomes pract ical  w i t h  a f ixed 
col 1 ec to r .  

1 The f i r s t  example of a CPC shown in Fig. 1 was found indepen- ' 
dently i n  the  U.S . ,  Germany, and the  U.S.S.R. about 1966. I t  consis ts  
of parabolic r e f l ec to r s  which funnel the radia t ion from aper ture  t o  
absorber. The r i g h t  and l e f t  half  belong to  d i f f e r en t  parabolas, as  
expressed by the  name CPC. The ax i s  of the  r i gh t  branch, f o r  instance,  
makes an angle 9 w i t h  t he  co l l ec to r  midplane, and i t s  focus is  a t  A. 
A t  t he  end points C and D y  the  slope i s  pa ra l l e l  t o  the  co l l ec to r  
midplane. 

AXIS OF 
C PC 

'\ I I 
\ / 
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ABOLA 

Fig. 1. Cross sect ion of CPC with 
one-sided f l a t  absorber. 



Subsequent t o  the discovery of the basic CPC,  F i g .  1 ,  several 
generalizations of the ideal concentrator have been described which a r e  
relevant for  special appl ications.  These generalizations concern 

( i )  the use of a rb i t ra ry  receiver shapes6, for  example f ins  and. 
tubes ( the  l a t t e r  being important because of the i r  ab i l i t y  
to  carry a heat t ransfer  f l u i d ) ,  see Fig. 2. 

( i i )  t h e r e s t r i c t i o n o f e x i t a n g l e s 9  a t t h e r e c e i v e r t o v a l u e s  
< n/2 (important bec%g$e some receivers have poor 
a t  large ang.les of incidence), see Fig. 3 .  

( i i i )  asymmetric orientation of source and aperture for  the design 
of collectors,  w i t h  seasonally varying outputs)i ,  see Fig. 4. 

( i v )  the matching of a CPC.  t o  a f i n i t e  source of radiation 7 

(second stage concentrators have to  co l lec t  radiation f r o m  a 
source, the f i r s t  stage, which i s  a f i n i t e  .distance away), 

OPTIC 

PARABOLA 

A' A O b s z 2 w  
CIRCLE 

Ideal concentrator for tube. The example shown has 
concentration = l/(sinO ) = 2 (ratio of aperture width to absorber . . 

diameter = 2r).. 

Fig. 2. . Examples of non-imaging concentrators 
with f i n  absorber and w i t h  tube absorber., 



81 - 82 transformer, consisting of parbolic section PR and PL 
and of straight sections SR and SL. 

Fig.  3. CPC w i t h  r e s t r i c t e d  e x i t  
angles 1 eoutl < 02. 

I Asymmetric ideal concentrator with acceptance angle 
29. = 4, + 6. The 
effective concentration varies with angle of incidence. A = 
aperture, AOb, = absorber, R = right parabola. L =left parabola, 

F, = focus of R, E = focusof L. 

F ig .  4. Asymmetric CPC. 



All of these re f lec tor  geometries are  loosely referred to  as CPC, even 
though some of them a re  not even parabolic. More generally, they may 
be c lass i f ied  as  non-imaging concentrators. 

As fo r  the coice between different '  absorber types, the configur- 
a t ions with f i n  or  tube absorbers, Fig. 2 ,  will be preferable for  most 
so lar  applications. Not only i s  the absorber material used more 
e f f i c i en t ly  than in other designs, b u t  heat losses through the back a r e  
low. This will more than compensate8 fo r  the s l igh t ly  higher optical 
.losses ( the  average number of ref lect ions f o r  the configurations of 
Fig. 2 is  about 0.5 higher than fo r  the CPC. of Fig. 1 ) .  

In the i r  optical properties, a l l  CPC types a re  exactly or almost 
exactly al ike.  Above a l l ,  they have the same relat ion,  Eq. 1 ,  between 
concentration and acceptance angle. All rays incident on the aperture 
w i t h i n  the acceptance angle, i .e. w i t h  18. I < 8 w i t  1 reach the 
absorber, while a l l  rays w i t h  18. I > 8 wjT1 bounce back and for th 
between' the re f lec tor  sides and $@emerge through the aperture. This 
property i s  shown schematically by. the sol id  l i n e  i n  Fig. 5. 

FULL CPC 
----------- TRUNCATED CPt 

........... CPC WITH MIRROR ERROR A 

.. 
8 8i n 

Fraction of the radiation incident on aperture at angle 0,. 
which reaches absorber, for ideal concentrator in two dimensions. 
with acceptance half angle 6 ,  assuming reflectivity p = I ,  
-. untruncated ideal concentrator with perfect reflectors; 

, truncated ideal concentrator with perfect reflectors: 
. . . . . . . . . , untruncated ideal concentrator with surface errors A. 

Fig. 5. . Angular response of CPC 
(schematic). 



'. As fo r  the flux dis t r ibut ion a t  the absorber, i t  'depends on'angle 
of incidence and on absorber shape, and has to  be determined by 
detailed ray tracing. However, the following important statement can 
be made about al.1 C P C 1 s ,  without any need for  ray tracing: i f  the 
radiation incident on the aperture i s  uniformly spread over the en t i r e  
acceptance angle, then i t  will be isotropic when i t  reaches the 
absorber - (unless the design was chosen to r e s t r i c t  the e x i t  angles 
to  values.below 8 < n/2, in which case the radiation a t  the absorber 
will uniformly f i ? l  the angular range from -9 to  +8,-). T h i s  consid- 
eration of uniform illumination i s  very impor?ant befause i t  gives a 
simple and re l iab le  estimate of the average performance of a CPC solar  . . 

col lector .  [For cer tain angles of incidence, hot spots of high fl.ux 
concentration (of the order .of 50) may appear on the absorber b u t  
they do not cause any problems in the col lectors  described i n  this 
paper]. 9 

CPC'S have a rather  large re f lec tor  area. Fortunately this dis-  
advantage can be a1 leviated by truncationlo: the top portion of a CPC 
does not intercept  much radiation and can therefore be cut  off with 
1 i t t l e  loss i n  concentration. 

The. number of ref lect ions varies both w i t h  angle of incidence 
'in and with point of incidence on the aperture. To calculate  the 
optical transmission coeff ic ient  T for  a CPC, the simple approximation 11 

can be used where p is the r e f l ec t iv i ty  and cn> i s  the average number 
of ref lect ions.  For the configurations of practical i n t e re s t  fo r  so lar  
energy < n >  is between 0.5 and 1.5. More detailed information on optical 
and thermal properties of CPC1s can be found i n  Ref. 10. . ' 

In t h i s  paper, design, construction and t e s t  resu l t s  a re  reported 
fo r  so lar  col lectors  with evacuated receivers and non-imaging concen- 
t r a to r s  (CPC - used f o r  convenience). Concentration r a t ios  of 1.5, 3.0 
and 5.0 were chosen. (Fivefold concentration will necessitate about 
12 t i 1  t adjustments per year.) Concentration achieves two goals: i t  
improves the high temperature performance, and i t  reduces col lector  
cost  because ref 1 ec tors  cost 1 ess than receivers . 

12 The receivers a r e  evacuated tubes, sup l ied  by Corning Glass , 
by General ~l ec t r i c l3  and by Owens-I1 1 inoisy4. Several techniques for  
low-cost manufacture of the re f lec tors  have been evaluated, i n  
par t icular  vacuum formed p las t ic ,  rol l  formed aluminum sheet, f iber-  
glass plus epoxy and aluminized mylar on urethane foam, and 



aluminized mylar on paper honeycomb. ~i t h  a1 1 these processes, the 
resulting mirror surface quality was qui te  sat isfactory in view of 
the large acceptance angle of the CPC. This f ac t  i s  i l l u s t r a t ed  by the 
angular scan shown in Fig. 6. I t  i s  the measured angular response of 
a 1 . 5 ~  CPC with ro l l  formed aluminum sheet re f lec tor  and Owens-Ill inois 
receiver. The most durable re f lec tor  i s  obtained by rol l  forming 
anodized aluminum sheet. Even with th i s  process which i s  the most 
'expensive of the ones considered, the projected cost15 of the ref lector  
assembly i s  only around $25.-per m 2  of the col lector  aperture. Nith 
a1 umini zed vacuum formed p las t ic ,  the ref1 ector cost could be reduced 
t o  5.-$/m2. 

ANGULAR RESPONSE 

'F-ig. 6. Measured angular response ( r e l a t ive  uni ts  on y-axis) 
of 1 . 5 ~  non-imaging concentrator. 

. . 



F I G U R E  7, CROSS S E C T I O N  OF 3~ CPC 
. W I T H  CORNING RECEIVER 

FIGURE 8, NONIMAGING 1 ,5x CONCENTRATOR COUPLED 
, TO TUBULAR EVACUATED RECEIVER (GENER.~L , 

E L E C T R I C  OR OWEI IS - ILL INOI  S)  



Fig. 9. Measured performance of fixed 1 . 5 ~  nonimaging 
concentrator with General Electric receivers. 

The c'ross sectton of the Corning receiver (one-sided f l a t  absor- 
. . 

ber) w i t h  i t s  matching CPC re f lec tor  i s  shown i n  Fig. 7. The CPC 
configuration appropriate for  the Owens-Illinois and f o r  the General 
Electr ic  receivers (tubular absorbers) i s  shown in Fig. 8. In order 
to prevent the accumulation of d i r t  and snow in the re f lec tor  troughs, . . 

we choose to  cover the aperture of a l l  col lectors  with a f l a t  sheet of 
glass or acryl ic .  Even though such a cover causes ref lect ion and ab- 
sorption losses,  i t  enhances the long term performance by keeping the 
re f lec tor  clean. Furthermore, i t  allows the use of 'low-cost l igh t -  
weight re f lec tor  s t ructures  which need not be protected. against  wind 
1 oadi ng . 

The following col lectors  have been b u i l t  or a re  under construc- 
t ion: 

( i )  a 1 . 5 ~  with General Electr ic  receiver ( i  .e. geometric 
concentration ra t io '  C = 1.5).  

(fi) a 1 . 5 ~  with Owens-Illinois receiver. 

( i i i )  a 3x with Corning receiver. 



( i v )  a 5x w i t h  Corning receiver (etched glass16 used for  cover 
and fo r  receiver, si lvered p las t ic  film used for  re f lec tor . )  . . 

(v)  a 5x with Owens-Illinois tubes ( b u t  with heat transfer f luid 
loop modified to  be 1 i ke that  of the General Electric ' 

' 

receiver).  

Several optical and thermal t e s t s  were carried out in order to measure 
optical efficiency and heat loss  of the col lectors .  The most important 
of these a r e  the measurement of angular acceptance character is t ic  (see 
Fig. 6),  the measurement of optical efficiency qo, and the measurement 
of the heat loss  coefficient U. For col lectors  with General Electric 
and Owens-I1 1 inois receivers, the optical efficiency can best be 
determined by the following method. One f i l l s  the inside of the 
receiver tube of a s ingle  CPC module with cold water and then exposes 
the receiver plus re f lec tor  module to  steady sunshine fo r  about half 
an hour. The resul t ing temperature r i s e  multiplied by the heat 
capacity of the water (with small corrections fo r  heat losses and for  
heat capacity of the inner glass tube) gives a d i rec t  measure of the 
energy absorbed and thus of the optical efficiency. The heat loss  
coeff ic ient  U can be measured i n  the laboratory or outside a t  night 
by flowing water through the col 1 ector and measuring temperature drop 
and flow ra te .  The efficiency q of a col lector  operating a t  a plate 
temperature T which is  AT = 

P T~ 
- Ta above ambient, i s  then given by 

where I i s  the insolation. ( In most col lectors ,  U wi3l increase 
somewhat w i t h  AT). 

In addition, one can perform the so called masked stagnation tes t .  
T h i s  t e s t  simply involves running a col lector  under stagnation con- 
d i t ion ,  i .e .  a t  zero efficiency. To control the stagnation temperature, 
one reduces the indicent sunshine by means of a mask, for.example a 
perforated sheet (which should be painted black on the s ide facing 
the co l lec tor ) .  This method measures the r a t i o  of U value ( a t  
temperature T = Ta + AT) and optical efficiency as 

P 

where f is  the fract ion of insolation I transmitted through the mask.' 

All of these t e s t s  a re  valuable because they permit determination 
of col lector  performance from a s ingle  small coll  ector module con- 
sistin'g of just a s ingle  receiver i n  one re f lec tor  trough. Only when 
these t e s t s  prove sat isfactory will one proceed wi t h  the construction 
of a complete coll  ector  panel. These t e s t s  correlate  we1 1 with the 
performance of the col lectors  under actual operating conditions. Test 
data fo r  col lector  i )  a re  given i n  Fig. 9 implying operating 
eff ic iencies  above 40% a t  A T  = 150°C above ambient with a fixed 



co l lec tor .  Note t h a t  the  eff ic iency i s  s t a t ed  i n  terms of t o t a l . '  
insola t ion on c l ea r  days. The quoted eff ic iency would be about 1% 
higher (dashed 1 ine  i n  F i g .  9 )  i f  i t  were referred . t o  d i r e c t  insola t ion 
a s  i s  customary f o r  most concentrators.  

. Fig. 10 Performance data of 5x CPC. . 

i 
i . . 

70G 
r advanced technology . . . - 
state-of-the-art : 

. . ! 

Data f o r  a 5x CPC w i t h  Corning receiver  a r e  shown i n  Fig. 10. Two 
versions were t es ted ,  a s ta te-of-  the -a r t  col 1 ec tor  w i t h  untreated g l a s s  
and aluminum re f l ec to r s ,  and on advanced technology version w i t h  etched . 

g1ass;and s i lve red  r e f l ec to r s .  For the  l a t t e r ,  only the  opt ical  
e f f i c iency  has been measured so f a r ;  the  heat losses  should be the same 
a s  f o r  the  s ta te-of- the-ar t  version. The corresponding eff ic iency-  
curve indicates  operating e f f i c i enc i e s  above 50% a t  250°C making this 
nontracking co l l ec to r  a su i t ab l e  candidate f o r  e l e c t r i c  power gener- 
a t ion .  
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The s ta te -of - the-a r t  co l l e c to r s ,  using aluminum 
ref1 ec tors  and g lass  without a n t i r e f l  ection surface treatment, . 

have opt ical  e f f i c i enc i e s  i n  the  range of 55 t o  60%. Their U-values 
a r e  on the  order of U 2, 2 0 ~ / m 2  O K  where C i s  the  concentration r a t i o ;  
t he  quoted U-value includgs heat  losses  from the  co l l ec to r  manifold. , 

The col!ector e f f i c iency  f ac to r  F '  ( i n  the  notation of Duffie and 
~ e c k r n a n l ~ )  i s  be t t e r  than 0.95; i n  o ther  words, the  di f ference 

.between f l u i d  and p l a t e  temperature does not s i gn i f i c an t l y  reduce the  
eff ic iency.  This is  due t o  t he  combination of vacuum and s e l ec t i ve  ' . 

. coating i n  co l l e c to r s  of t h i s  type. 

New technologies a r e  becoming ava i lab le  which wi l l  s i gn i f i c an t l y  
improve t he  performance of nonimaging concentrating co l lec to rs .  For 
example, etching of g lass  is  a low-cost process which can reduce 
r e f l ec t i on  losses  from 4% t o  1% per surface.  By using etched glass 
and s i  1 vered ref  1 ec tors ,  the  opt ical  ef f ic iency can be ra ised above 
70%. 
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