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ESTIMATING HOURLY SOLAR RADIATION 
FOR ONE-AXIS TRACKING FOCUSING COLLECTORS

Carl E. Bingham David M. Posner Jerry  0. Bradley
Solar Energy Research I n s t itu te  So lar Energy Research In st itu te  Desert Research In stitu te
Golden, Colorado Golden, Colorado Boulder C ity ,  Nevada

ABSTRACT

Performance sim ulations o f focusing parabolic c o lle c to rs  are hampered by a 
lim ite d  amount of useful in so la tio n  data. Hourly values of total rad iation  
on a horizontal surface are the most common data ava ilab le  from the National 
Oceanographic A Atmospheric A dm in istration . Th is  paper develops a method to 
convert th is  to ta l horizontal rad iation  to d ire c t  rad iation  on the surface 
of the tracking  c o lle c to r .

1. INTRODUCTION
The most common hourly so la r rad iation  data base 

is  the to ta l horizontal data recorded by the 

National Weather Serv ice . When sim ulating hourly 

performance fo r  s in g le -a x is  tracking  focusing  

c o lle c to rs , p a r t ic u la r ly  the parabolic trough, one 

must estim ate the rad iation  in c id e n t on the 

surface o f the constantly moving c o lle c to r .
In a design a p p lica tio n  of s o la r  grain drying, 

sponsored by U .S . ERDA Contract No. E -(40-1)-5121, 

a s im p lif ie d  technique for estim ating d ire c t  

hourly ra d ia tio n  fo r  a north-south a x is , horizon­
t a l ly  mounted p arab o lic  trough was developed.

This procedure, discussed in  Section 2, is  e a s ily  

adapted to  an east-w est ax is tracking o rie n ta tio n . 
This method may e a s ily  be adapted to software 

packages such as TRYSYSd), a tran sien t simula­

tion model fo r  so la r  heating and cooling systems 

developed by the U n iversity  o f W isconsin. As a 

re su lt o f these c a lc u la t io n s , the model may be 

used when the only ra d ia tion  data ava ilab le  are of 
a tota l h o rizo n ta l nature.

The method involves three primary steps:

a. Determine horizontal beam component of ra d i­

ation from hourly to ta l horizontal data,

b. C a lcu late  direct-norm al rad iation from h o ri­
zontal beam ra d ia tio n ,

c . Derive beam rad iation  on surface of co lle cto r  

from d ire c t  normal estim ate as a fu nction  of 
c o lle c to r  o rie n ta tio n .

In some cases, due to  the use of the L1u and 

Jordan re la t io n s h ip ^ )  estim ating the beam 

component o f the to ta l so la r  rad ia tion , unreal­
i s t i c  values often occur a t dawn and dusk. These 

errors are due to the fa ct that these re la t io n ­
ships between d ire c t  and to ta l in so la tio n  were 

developed fo r estim ating d a l ly ,  not hourly in so­
la t io n  values.

However, no better re la t io n s h ip  now e x is ts . A 

l im it  must be placed on the beam component. This 

lim ita t io n  occurs when so la r  rad iation  le v e ls  are 

quite low, so the e ffe c t  on the tota l performance 
of the system i s  sm all.
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In order to more accu ra te ly  s imu late the thermal 
performance of p a rabo l ic  troughs, end lo sses  due 
to shading e f fe c ts  should be ca lcu la ted . These 
losses modify the e f f e c t iv e  aperature area of the 
co l lec to r. The a f fe c ted  area can be ca lcu la ted  as 

a function of c o l le c t o r  geometry and s o la r  p o s i­

tion and i s  discussed in  Section 3.

Orientation a f fe c ts  the annual d is t r ib u t io n  
of rad iation. Comparisons are made between 
or ientations in Sect ion  4. D i f f e re n t  o r ie n ta t io n s  
lend themselves to d i f f e r e n t  processes having 
various seasonal load p r o f i l e s .

2. RADIATION CONVERSION 
The hourly rad ia t ion  f a l l i n g  on the surface of a 
one-axis track ing pa rabo l ic  trough can be e s t i ­
mated by a three step process. The d i r e c t  normal 
in so la t ion  i s  determined from the estimated value 
of the beam component o f the to ta l  hor izonta l 
rad ia t ion. From t h i s ,  the beam ra d ia t io n  on the 
surface o f the c o l le c t o r  i s  computed. The process 
is  described below,

2.1 ESTIMATION OF HORIZONTAL BEAM COMPONENT 
The estimation o f the hor izon ta l beam component of 
the to ta l hor izonta l rad ia t io n  makes use of the 
re la t ionsh ip  between d i r e c t ,  d i f fu s e ,  and to ta l  
so lar rad ia t ion  developed by L iu  and Jordan. The 
L iu and Jordan re la t io n sh ip  was, however, deve l­
oped fo r  da i ly  va lues , and i t  i s  used here to 
estimate hourly va lues . Un fo rtuna te ly , no bette r 
re la t ionsh ip  e x is t s  between d i r e c t ,  d i f f u s e ,  and 
tota l rad ia t ion  a t t h i s  time. Th is  discrepancy 
leads to small e r r o r s ,  e s p e c ia l l y  ju s t  a f te r  dawn 
and ju s t  before dusk, when the a l t i t u t e  of the sun 
i s  low (as are the corresponding in so la t io n  
values). The d i f f u s e  component o f  the to ta l  
horizontal rad ia t io n  i s  estimated from the fo l low ­
ing re la t io n sh ip ^ )  der ived from the graph ica l 
information given in  F igure  7 o f  L iu and Jo rdan^ ); 
HB = HT- £ HT (1.0045 + ((2.6313 HT/HEX-3.5227)

HT/HEX + 0.04349) HT/HEX )J ( D
where:

HB = in te n s ity  o f  beam rad ia t io n  on a 
ho r izon ta l surface

HT * in te n s it y  of to ta l  ra d ia t io n  on 
a ho r izon ta l  surface

HEX = in t e n s i t y  of e x t e r r e s t r ia l  r a d i ­
a t ion  on ho r izon ta l surface 

The e x t e r r e s t r ia l  rad ia t io n  may be ca lcu la ted  by 
the fo l low ing  r e l a t i o n s h i p ^ :
HEX = _24_ I sc j £ l  + 0.033 cos /360n\1 [cos $,

cos 6 sin cog + 2tt(ij< 
360

\ 365 ) \

s in  <$> s in  <s]j
( 2 )

where:
I sc = so la r  constant 
n = day o f yea r
$ = la t i t u d e
6 = d e c l in a t io n
u)$ = sunr ise angle

The d e c l in a t io n  may be ca lcu la ted  as fo l low s  ^
6 = 23.45 s in  360 )284 + n| ]  (3)

|_ 365

The sunr ise  hour angle is  def ined (7) as:
cos u>s = - tan 4> tan <5. (4)

2.2 CALUCLATING DIRECT NORMAL RADIATION 
Hourly va lues o f d i r e c t  normal ra d ia t io n  may be 
der ived from the hourly  values o f  the beam r a d i ­
a t ion  of a ho r izon ta l surface. F igu re  1 shows a 
surface normal to the in c id en t  ra d ia t io n  in  
re la t io n  to a ho r izon ta l  su rface . The zen ith  
angle, ez , def ined by:

cos ez = s in  <• s in  6 + cos ♦ cos <5 cos u> (5) 
where:

♦ = la t i t u d e  
6 = d e c l in a t io n
a) = hour angle, so la r  noon being zero , and 

each hour equa l l in g  15 0 of long itude  
w ith mornings p o s i t iv e  and the afternoons 
negative

i s  the angle between the normal to  the ho r izon ta l  
surface and a vec to r  po in t ing  d i r e c t l y  toward the 
sun. ez i s  a lso  the angle between the two sur­
faces because the angle between the normals to 
two surfaces i s  the same as the angle between the 
surfaces themselves.

The in t e n s i t y  o f  beam rad ia t io n  on a surface  
normal to  the in c id e n t  r a d ia t io n  i s  equal to the 
in t e s i t y  o f beam rad ia t io n  in c id e n t  on a h o r i ­
zonta l su r face , d iv ided  by the cos ine of the
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Figure 1. Angle Between Horizontal Surface and 
Direct Normal Surface.

zen ith  ang le .  Thus:

(6)
where:

HDN = the in t e n s i t y  o f  the  d i r e c t  normal 
r a d ia t io n .

2.3 CALCULATING BEAM RADIATION ON COLLECTOR 
SURFACE

The beam ra d ia to n  on the fo cu s in g  c o l l e c t o r  can 
be de r ived  from the d i r e c t  normal r a d ia t io n .
F igure 2 shows a cross  s e c t io n  o f the fo cu s in g  
c o l l e c t o r .  A v e c to r  normal t o  the plane tangen t  to 
the apex o f  the r e f l e c t o r  and pass ing  through the 
c o l l e c t o r  tube, and a v e c to r  from the apex of 
the r e f l e c t o r  p o in t in g  toward the sun a re  drawn on 
the f i g u r e .  No rth -south  o r ie n t a t io n  in su re s  th a t  
the v e c to r  p o in t in g  toward the  sun always passes 
through the  c o l l e c t o r  tube. In other words, the 
c o l l e c t o r  i s  always in  fo cus . However, th e re  can 
s t i l l  e x i s t  an ang le D e lta  between the in c id e n t  
ra d ia t io n  and the c o l l e c t o r  p lane  because the re  i s  
only o n e -a x is  t r a c k in g .  D e lta  i s  de f ined  as a 
funct ion  o f  the la t i t u d e ,  d e c l in a t io n  and the 
hour ang le by E ib l i n g ,  e t  al (8 ) .  For a 
north -sou th  o r ie n t a t io n  D e lta  i s  d e f ined  as:

cos D e l ta  = [(s in  ♦ s in  6 + cos $ cos 6 
cos u>)2 + cos2 6 s i n 2 w] l / 2 (7)

The in c id e n c e  angle D e l ta  f o r  an eas t-w es t  o r ie n ­
t a t io n  i s  defined^9 ) as:

cos D e l ta  = (1 -co s2 6 s i n 2 w)1/ 2 (8)
The e f f e c t  on seasonal r a d ia t io n  d i s t r i b u t i o n  of 
these o r ie n t a t io n s  are d is cu ssed  in  Sec t ion  4.

As shown in  F igu re  3, th e  v e c to r  p o in t in g  toward 
the sun i s  normal to the  su r fa ce  on which the 
d i r e c t  normal r a d ia t io n  i s  de f in ed . The p lane of 
the c o l l e c t o r  i s  t h e re fo re  t i l t e d  a t  an angle 
De lta  w ith  re spec t  to th e  d i r e c t  normal su r fa ce  
because D e l ta  i s  the ang le  between the normals of 
these two su r fa ce s .

R e fe r r in g  t o  F igu re  3 and u s ing  an argument s im i la r  
to the one used in  Step 2, the  in t e n s i t y  o f  the 
beam r a d ia t i o n  on the c o l l e c t o r  aperature i s  equal 
to  the in t e n s i t y  o f  the d i r e c t  normal r a d ia t io n  
t imes the co s ine  o f  D e l ta  or

HC = HDN (Cos D e lta )  (9)
where: HC = the i n t e n s i t y  o f  beam r a d i ­

a t io n  on the p lane o f  the 
c o l l e c t o r .

Hourly  v a lu e s  of HC can be expressd as a fu n c t io n  
of hou r ly  va lues  o f  the t o ta l  ra d ia t io n  on a 
h o r iz o n ta l  su r face  (HT), the e x t e r r e s t r i a l  s o la r  
r a d ia t io n  on a h o r i z o n ta l  su r fa ce  (HEX), the 
z en ith  ang le  (e2 ) ,  the l a t i t u d e  ( ♦ ) ,  the d e c l i ­
na t ion  ( 6 ) ,  and the hour ang le  (u>).

Th is  methodology i s  q u i t e  adaptab le  to TRNSYS 
in  s im u la t in g  the performance of a system inc lud ing  
h o r i z o n t a l l y  mounted p a r a b o l i c  troughs.
A l l  o f  the above parameters are def ined in  the 
TRNSYS program and can be c a lc u la t e d  in  the 
program. M od ify ing  the  TRNSYS program to  c a l c u l ­
ate HC enab les  the c a l c u l a t i o n  of hourly  va lues  of 
the beam r a d ia t io n  on a h o r i z o n t a l l y  mounted, 
no r th -sou th  or e a s t-w e s t  o r ie n ted  fo cu s ing  c o l l e c t ­
or from data  fo r  the t o t a l  r a d ia t io n  on a h o r i ­
zon ta l su r fa ce .  HC i s  used as the in c id e n t  
r a d ia t io n  i n  a l l  TRNSYS s im u la t io n s  of the  focus­
ing c o l l e c t o r .  HT, HB and HC from the m od if ie d



Figure 2. Cross Section of Focusing Collector

Figure 3. Angle Between Direct Normal Surface and 
Surface Tangent to the Apex of the Reflector

TRNSYS program are shown g rap h ica lly  in  F igure 4 
for June 21 at a la t itu d e  of 40° north.

2.4 LIMITATIONS TO LIU AND JORDAN APPLICATION 

Due to the use of L iu  and Jordan re la t io n sh ip s , 

designed to estimate d a ily  to ta ls  of beam ra d i­
a tio n , fo r estim ating hourly le v e ls , some incon­

g ru it ie s  a rise  ju s t  a fte r  dawn and ju s t before 

dusk in  the level of d ire c t in so la tio n  predicted. 
F ir s t  of a l l ,  in  equation (1),  i f  HT i s  s u f f ic ­
ie n t ly  small (say, le s s  than three lang leys), the 

d iffu se  term, HD, can become la rg e r than the total 
horizontal term, HT. This is  obviously im possible, 
leading to a negative value of the horizontal beam 

component, HB.

A lso , i f  one looks at equation (5),  the hourly 

variab le  is  the hour angle, <d. When u is  large, 
say * 1050 at  e ith e r 5 a.m. or 7 p.m. so la r  

tim e, cos ez becomes a very small number, and 

when, as in  equation (6),  used to ca lcu la te  d ire c t  

normal from d ire c t horizontal ra d ia tio n , one may 

obtain u n r e a lis t ic a lly  high values of d ire c t  

in s o la tio n , often above the so la r constant.



Figure 4. TRNSYS Output Showing Radiation Conversion for Focusing Collector

In order to c o r r e c t  these anomalies, i t  i s  necess­
ary to put a l im i t  on the estimated d i r e c t  r a d i ­
a t ion  on the su rface  of the c o l l e c t o r .  The 
maximum p o s s ib le  i n s o la t io n  le v e l  would correspond 
to  the p roduct of the c le a r  day d i r e c t  normal^ 0) 
ra d ia t io n  and the cos ine  o f D e lta ,  as def ined 
above. There fo re , the va lue must be bounded by 
zero and t h i s  maximum th e o r e t i c a l  le v e l ,  i . e . ,

0<HC<HI5n Cos D e lta  (10)
where flUN = c le a r  day d i r e c t  normal ra d ia t io n .

Although the a p p l ic a t io n  o f these l im i t s  on the 
est imated d i r e c t  r a d ia t io n  cou ld  overest imate 
t h e i r  t rue  va lue , the problem on ly  e x is t s  when the 
amount o f t o t a l  r a d ia t io n  i s  very sm a ll.  Th is  
would have a small e f f e c t  on the s im u la t ion  of 
long range performance o f  the o v e ra l l  system.
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3. END LOSSES
For some va lues of De lta  in  F igu re  2, part o f 
the rec iver tube w i l l  not be i l lu m in a te d .  The 
incident ra d ia t io n  on the focus ing  c o l l e c t o r  i s  
adjusted by the r a t io  of the i l lu m in a te d  length  o f 
the absorber to  the to ta l  length  of the r e f l e c t o r  
so that

HC* = HC XH (11)

l R
where: HC* = the in t e n s i t y  o f beam ra d ia t io n
on the c o l le c t o r  ad justed  fo r  end lo s ses ,

Xp| = i l lu m in a te d  length  o f absorber,
Lr = length o f r e f le c t o r .

These va r ia b le s  are g r a p h ic a l ly  portrayed in  
Figure 5.
The i l lum ina ted  length o f  the absorber i s  c a lc u ­
lated using the method o u t l in e d  in  the SOLSYS 
manual developed by Sandia L abo ra to r ie s  
XH a funct ion  o f  D e lta  and the c o l l e c t o r  
geometry. As shown in the SOLSYS manual, there 
are three cases f o r  determ in ing X :̂

where*.
Lp = foca l leng th  of s o la r  c o l l e c t o r .  

Va lues fo r  D e lta  are c a lc u la te d  us ing equation
(7) f o r  a north-south  o r ie n ta t io n  or equation
(8) f o r  an east-w est o r ie n t a t io n .  S u b s t i tu t in g  
the app rop r ia te  va lues f o r  XH, LR, and Hq , 
in to  equation (11) y i e l d s  hourly va lues f o r  the 
in t e n s i t y  o f  the beam ra d ia t io n  on the c o l l e c t o r ,  
ad justed  fo r  end lo s se s .

4. ORIENTATION EFFECTS
The c o l l e c t o r  o r ie n t a t io n  should be determined 
w ith  re spec t  to the annual load p r o f i l e ,  i . e . ,  
a p p l i c a t io n s  re qu ir in g  energy p r im a r i ly  in  the 
w in te r  or summer may be o r ien ted  d i f f e r e n t l y  than

Figure 5. Side View of Parabolic Trough, Showing Parameters for End Loss Corrections
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those re q u ir in g  a r e l a t i v e l y  con s tan t  leve l o f  
energy throughout the year .  F igu re  6 shows the 
a v a i l a b le  d i r e c t  r a d ia t io n  fo r  seve ra l c o l le c t o r  
o r ie n ta t io n s  (1 2 ) ;

(1) f i x e d  h o r iz o n ta l  su r face
(2) east-w est a x is  o r ie n t a t io n  (ho r izon ta l  

one -ax is  t ra c k in g )
(3) north -sou th  a x is  o r ie n t a t io n  (ho r izon ta l  

one -ax is  t ra c k in g )
(4) tw o-ax is  t ra c k in g

One can e a s i l y  see marked d i f f e re n c e s  in  a v a i la b le  
d i r e c t  in s o la t io n  from the v a r io u s  re ce iv ing

su rfaces . These d i f fe re n ce s  should be kept in 
mind when des ign ing  the array  f o r  a s p e c i f i c  

seasonal load p r o f i l e .
5. SUMMARY

Th is  paper has developed a method to convert to ta l 
h o r izon ta l  r a d ia t io n  to ra d ia t io n  f a l l i n g  on the 
surface of h o r i z o n t a l l y  mounted s in g le  ax is  
t ra c k in g  focus ing  c o l l e c t o r s .  The c a lc u la t io n s  
can be summarized by the fo l lo w in g  equation:

Figure 6. Effects of Collector Orientation and Tracking on Available Direct Insolation

( 13)



where: D e lta  i s  as def ined in  (1) and (2)
HC = Rad ia t ion  f a l l i n g  on the c o l le c t o r  
e2 = Zenith angle 
HT = Total h o r izon ta l  rad ia t ion  
HEX = E x te r r e s t r ia l  ra d ia t io n  on h o r i ­

zonta l surface 
<t> = la t i t u d e
6 = d e c l in a t io n
oj = hour angle

The value of HC i s  sub jec t  to the l im i t a t io n s
described in  equation (10). When end losses due 
to co l le c to r  geometry are considered, the r e s u l t  
is a reasonable est imate of the hourly d i r e c t  
radiation f a l l i n g  on the h o r i z o n t a l ly  mounted, 
s ingle-axis t ra ck ing  c o l le c t o r .

6. CONCLUDING REMARKS 
The present network of data c o l le c t i o n  in the 
United S ta tes  does not lend i t s e l f  to the eva lu ­
ation of focus ing  c o l le c t o r s .  Only a handful o f 
stations are instrumented w ith  a pyrheliometer to 
compile d i r e c t  normal in s o la t io n  va lues on an 
hourly b a s is .  The L iu  and Jordan method has been 
used here, and elsewhere, to determine the d i f fu s e  
component o f  the to ta l  ho r izon ta l  ra d ia t io n  
collected a t  many weather s ta t io n s  o u t f i t t e d  w ith  
Pyranometers. The use o f the L iu  and Jordan 
re lat ionsh ip  to es t im ate  hourly  va lues of d i r e c t  
insolation i s  sub ject to  many c r i t i c i s m s .  However, 
until a b e t te r  r e l a t i o n s h i p ^ )  i s  developed, o r  
until more weather s ta t io n s  are equipped w ith  
Pyrheliometers, we w i l l  have to accept these 
H«1tati ons in e s t im a t ing  d i r e c t  ra d ia t io n  from 
total hor izon ta l ra d ia t io n  on an hourly b a s is .
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