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Abstract 11 

A new algorithm for obtaining the critical tube diameter and intercept factor of 12 

parabolic trough solar collectors (PTCs) under the condition of tube alignment error 13 

has been developed theoretically, which, compared with the Monte Carlo Ray Tracing 14 

(MCRT) method, reduces the computing time remarkably. The results produced by the 15 

proposed method comply very well with the results obtained by MCRT. The critical 16 

tube diameters for different alignment errors can be precisely calculated using the 17 

algorithm, which can also be used to explain well the variation of optical efficiency. 18 

Effects of structural parameters on the optical performance are also discussed 19 

comprehensively. It is revealed that the offset direction that is perpendicular to the 20 

focus-edge connection line is most likely to cause rays-escaping. There exists an 21 

https://doi.org/10.1016/j.energy.2017.12.065
This is the Pre-Published Version.

© 2017. This manuscript version is made available under the CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/.



 

2 

 

aperture width range (and also focal length range) in which the optical efficiency 22 

decreases with increasing offset angle, which is contrary to the conclusion presented 23 

in previous literature that the effects of X-direction offset (a=0°) is greater than that in 24 

Y-direction (a=90°). The proposed algorithm establishes the foundation for further 25 

geometric study on the coupling effects of multi-errors on PTCs’ performance, and 26 

can also be used for quick calculation and analysis in practice. 27 

Keywords: Parabolic trough solar collector; Algorithm; Critical tube diameter; 28 

Intercept factor; Optical efficiency; Tube alignment error. 29 
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Nomenclature 

a offset angle (°) o optical efficiency (%) 

da absorber tube outer diameter (m) Δo optical efficiency difference between the 

proposed method and MCRT (%) 

dg glass envelope outer diameter (m)  radial angular displacement of line 

source (rad) 

dmin critical tube diameter in ideal 

condition (m) 

in incident angle (rad) 

dre,a critical tube diameter in tube 

alignment error condition (m) 

’ radial angle of any point in the light cone 

(rad) 

e angle for auxiliary calculation (°) Δ angle span in which the absorber tube 

receives sunrays (°) 

f focal length (m) s circumferential angle of the point on the 

solar disk (rad) 

l the height of light cone (m) r reflectivity of the parabolic reflector 

la offset distance (m) g transmissivity of the glass envelope 

lshade length of the shaded part of the 

reflector by absorber tube (m) 

 position angle of the point on the 

parabolic reflector (°) 

W aperture width (m) rim rim angle (°) 

Greek symbols Abbreviations 

a absorptivity of the absorber CSC concentrating solar collector 

β angle in the light cone 

corresponding to the actual 

absorber tube radius (rad)  

CSP concentrating solar power 

β' angle in the light cone 

corresponding to the critical 

radius (rad) 

FVM Finite Volume Method 
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 intercept factor HTF heat transfer fluid 

shade  
intercept factor for the shaded 

part of the reflector by absorber 

tube 

MCRT Monte Carlo Ray Tracing 

 radial angle of the sun ( 

=4.65mrad) 

PTC parabolic trough solar collector 

 36 

1. Introduction 37 

Exploitation and utilization of renewable energy, especially solar energy, is a 38 

promising alternative solution to relieve the severe environmental and energy issues 39 

[1-3], which has attracted extensive attentions [4, 5]. The parabolic trough solar 40 

collector (PTC) technology is the most cost-effective and mature technology for 41 

utilization of solar energy in concentrating solar power (CSP) area [6-8]. It has also 42 

been applied in many other fields, such as industrial process heat production, 43 

desalination, drying, refrigeration and air-conditioning [9-14], showing great 44 

development prospects. 45 

Incident solar rays are reflected by the parabolic reflector onto the receiver tube 46 

that is installed along the focal line, and then absorbed and converted to thermal 47 

energy, and transferred to the heat transfer fluid (HTF) flowing in the absorber tube. 48 

Thus, a good rays-concentrating process is of great significance to ensure a high 49 

performance for the PTC. There are numerous studies conducted on the optical 50 

performance of PTCs. During 1970s and 1980s, researchers [15-20] developed optical 51 

cone method combined with geometrical analysis for investigating PTCs’ optical 52 
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performance, and found some basic properties. Grena [21, 22] developed a 53 

three-dimensional model based on the ray tracing recursive algorithm and further 54 

discussed the efficiency gain with an infrared-reflective film on the non-radiation part 55 

of the receiver. Khanna et al. [23] developed analytical expressions for both the 56 

circumferential and axial flux distribution on a bent absorber tube. Later, they 57 

validated their optical models using experimental results [24]. In recent years, with 58 

the development of computer technologies, the Monte Carlo Ray Tracing (MCRT) 59 

method has been widely used to study the optical characteristics of concentrating solar 60 

collectors (CSC) [25-28]. MCRT has high accuracy and flexibility. However, it has 61 

large computational complexity, needing long computing time and hence causing 62 

inconvenience for engineering application. Cheng et al. [29-31] developed a unified 63 

MCRT code for typical concentrating solar collectors (CSC) and investigated the 64 

optical performance of different PTCs based on the developed code. In their studies, a 65 

very important conclusion was drawn that the rays-escaping effect weakens the 66 

optical efficiency dramatically. Liang et al. [32] compared three optical models and 67 

presented that the model that uses Finite Volume Method (FVM) to determine photons 68 

distribution and changes photon energy by multiplying reflectivity, transmissivity and 69 

absorptivity has the shortest computing time. Guo et al. [33] discussed the influences 70 

of various operational conditions in terms of both heat loss and exergy loss. They 71 

argued that optical heat loss far outweighed the heat loss of receiver. Therefore, the 72 

high-quality of concentrating rays, which is usually represented by high optical 73 
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efficiency, is the basis to achieve a high operational performance for the PTC system. 74 

Because of the finite size of solar disk, the solar beam are not parallel (light 75 

cone), forming a focal shape on the surface of the absorber tube after reflection. If the 76 

size of the focal shape is larger than the absorber tube diameter, rays will escape from 77 

around the tube, causing huge optical loss. This rays-escaping effect has been 78 

discussed in previous studies [30, 34] which proposed that the absorber tube diameter 79 

should be larger than the critical tube diameter to avoid rays-escaping. The critical 80 

tube diameter is the required minimum tube diameter that can receive all the reflected 81 

rays. The theoretical formulas for calculating critical diameter in both ideal and 82 

tracking error conditions were derived in previous literature [30, 32]. However, the 83 

critical diameter under the condition of tube alignment error has never been given. 84 

The widely used MCRT can just provide an approximation of the true critical 85 

diameter and cannot be used to analyze the variation of critical diameter with different 86 

optical errors and structural parameters. In addition, the MCRT has great 87 

computational complexity, needing long computing time, which is very inconvenient 88 

to be used for engineering calculation and analysis. This paper derives theoretically 89 

the formulas of critical diameter under the condition of tube alignment error. Based on 90 

the derived formulas, a simple algorithm for obtaining the intercept factor (or optical 91 

efficiency) is further developed, which, compared with MCRT, can reduce the 92 

computing time remarkably from hours to seconds. The results obtained by the 93 

proposed methods are consistent with that obtained by MRCT, verifying the accuracy 94 
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and reliability of the developed algorithm. The changing properties of the optical 95 

efficiency can be explained well by the derived critical diameter, which further proves 96 

mutually the accuracy of each other. The current work in this paper is the foundation 97 

of detailed geometric analysis which is what we are going to do in the next study on 98 

the coupling effects of multi-errors, such as tracking error, surface error, installation 99 

error and practical sun-shape, on PTC’s performance. It is also an effective method 100 

that can be used to do quick calculation and analysis in engineering practice. 101 

2. Physical model and algorithm description 102 

2.1 Physical model 103 

As Fig. 1 shows, a parabolic trough solar collector (PTC) is made up of a 104 

parabolic reflector and a receiver tube which consists mainly of a metal absorber tube 105 

with selective absorbing coatings on its outer surface and a glass envelope. The 106 

annulus between the metal absorber and glass envelope is kept vacuum to reduce heat 107 

loss and protect the coatings from oxidation. Several important parameters, including 108 

aperture width (W), focal length ( f ), absorber tube outer diameter (da), glass 109 

envelope diameter (dg), rim angle (
rim ), and radial angle of the sun (δ signifies the 110 

finite size of the solar disk) are shown in the figure as well. A Cartesian coordinate 111 

system OXYZ used in this paper is also established. 112 
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Fig. 1 Schematic of a PTC module 114 

The SEGS LS-2 PTC module has been tested on the AZTRAK rotating test 115 

platform at Sandia National Laboratory (SNL), and detailed test data were collected 116 

[35]. In this study, the SEGS LS-2 PTC module is also used as the physical prototype 117 

for analysis, the major parameters of which are listed in Table 1. 118 

Table 1 Parameters of SEGS LS-2 PTC module 119 

Parameter Value Unit 

W 5 m 

f 1.84 m 

La 7.8 m 

da 0.07 m 

dg 0.115 m 

a 0.96 —— 

r 0.93 —— 
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g 0.95 —— 

 120 

2.2 Critical tube diameter 121 

As mentioned above, the critical tube diameter is the required minimum diameter 122 

to avoid rays escaping which affects the optical performance of a PTC significantly. 123 

For ideal conditions (without any optical errors), the critical tube diameter for any 124 

point A (as shown in Fig. 1) on the parabolic reflector has been proposed in Refs. [30, 125 

31], which is expressed by Eq. (1). 126 

2

A
min 2 sin

4

x
d f

f


 
=  +  

 
                       (1) 127 

where 
Ax  is the abscissa of point A. The position angle ( A ) for point A is the angle 128 

between line AO'  and Y-axis, theoretically given by Eq. (2). 129 

A o o

A2

A

A

Ao o o

A2

A

arcsin 0 90
/ 4

180 arcsin 90 180
/ 4

x

x f f

x

x f f







  
   

+  
= 

 
−    + 

         (2) 130 

where 
A| |x  is the absolute value of the abscissa of point A. As Fig. 2 shows, point A 131 

is any point on the left half of the parabolic reflector ( A 0x  ) and line AO'  is the 132 

centerline of the reflected light cone. For simplicity, we define the clockwise direction 133 

as the right side of vector AO '
uuur

. In Fig. 2, point O '  is the focus of the parabola, and 134 

the absorber tube is installed away from the focus with an offset distance (
al ) and an 135 

offset angle ( a ). The outermost rays of the reflected light cone are tangent to the 136 

dotted circle. Thus the diameter of the dotted circle is the critical diameter. 137 
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(c) 143 

Fig. 2 Offset direction is on the right side of line AO'  for o o

A0 90  : (a) 144 

A0 90a   − , (b) 90 0a−   , (c) 
A90 90a− −   −  145 

For o o

A0 90  , when the offset direction is on the right side of line AO'  146 

( o o

A A90 90a − −   − ), it can be divided into three cases, which are 147 

o

A0 90a   − , 
o90 0a−    and o o

A90 90a− −   −  (as shown in Fig. 2(a), 148 

Fig. 2(b), Fig. 2(c) respectively ). Taking the case of o

A0 90a   − (as shown in 149 

Fig. 2(a)) as an example, we present the detailed derivation process of the critical tube 150 

diameter (
,re ad ), which is given as follow. 151 

Easily, in Fig. 2(a), the auxiliary calculation angle ( e ) can be given by Eq. (3). 152 

Ae  = −                             (3) 153 

The derivation process of critical tube diameter (
,re ad ) is given as follow: 154 

( ) ( ) ( ), 2 O''H=2 O''G cos =2 O''F GF cosre ad e e=     −   155 

    ( ) ( ) ( ) ( )2 BO' CO' cos 2 BO' CD O'D cose e=  −  =  − −     156 

( ) ( )
( )

( )
EO'

=2 O'O'' cos GC tan cos
cos

a e e
e

 
  −  +  

 
 157 

( ) ( )
( )

( )
EO'

=2 O'O'' cos O''B tan cos
cos

a e e
e

 
  −  +  

 
 158 

( ) ( ) ( )
( )

( )min=2 cos sin tan cos
2 cos

a a

d
l a l a e e

e

 
  −   +  

 
 159 

( ) ( ) ( ) ( ) min=2 cos cos sin sin
2

a a

d
l a e l a e

 
  −   + 

 
 160 

( ) min=2 cosal a e d  + +  161 
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Combined with Eq. (3), 
,re ad  can be expressed by Eq. (4). 162 

( ), A min=2 cosre a ad l a d   + − +                    (4) 163 

Similarly, we can derive the expressions of 
,re ad  for the other two cases 164 

(
o90 0a−    and o o

A90 90a− −   − ), which actually are the same as Eq. (4). 165 

Therefore, when the offset direction is on the right side of line AO'  166 

( o o

A A90 90a − −   − ), the mathematical expression of 
,re ad  is given by Eq. (5). 167 

( ), A min=2 cosre a ad l a d   + − +    o o

A A90 90a − −   −        (5) 168 

When the offset direction is on the left side of line AO'  169 

(
o o

A A90 270a −   − ), it can also be divided into three cases, which are 170 

o o

A90 90a−   , 
o o90 180a   and 

o o

A180 270a   − (as shown in Fig. 3(a), 171 

Fig. 3(b), Fig. 3(c) respectively ). Taking the case of 
o o

A90 90a−    (as shown in 172 

Fig. 3(a)) as an example, we give the detailed derivation of 
,re ad . 173 

a
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(c) 179 

Fig. 3 Offset direction is on the left side of line AO'  for o o

A0 90  : (a) 180 

A90 90a−   , (b) 90 180a  , (c) 
A180 270a   −  181 

Obviously, the auxiliary calculation angle ( e ) in Fig. 3(a) can be given by Eq. 182 

(6). 183 

Ae  = +                            (6) 184 

The derivation process of critical tube diameter (
,re ad ) is given as follow: 185 
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( ) ( ) ( ), 2 O''G =2 O''D sin =2 O''F+FD sinre ad e e=       186 

    ( ) ( )   ( )2 O''F+O'E sin 2 O''F O'B EB sine e=   =  + −   187 

( )
( )

( ) ( )
O'C

=2 O'O'' sin ED cot sin
sin

a e e
e

 
  + −   

 
 188 

( )
( )

( ) ( )
O'C

=2 O'O'' sin O'F cot sin
sin

a e e
e

 
  + −   

 
 189 

( )
( )

( ) ( ) ( )min=2 sin cos cot sin
2 cos

a a

d
l a l a e e

e

 
  + −    

 
 190 

( ) ( ) ( ) ( ) min=2 sin sin cos cos
2

a a

d
l a e l a e

 
   −  + 

 
 191 

( ) min= 2 cosal a e d−   + +  192 

Combined with Eq. (6), 
,re ad  can be expressed by Eq. (7). 193 

( ), A min= 2 cosre a ad l a d −   + + +                    (7) 194 

The expressions of 
,re ad  for the other two cases (

o o90 180a  and 195 

o o

A180 270a   − ) can also be obtained by the same way, which actually are the 196 

same as Eq. (7). Therefore, when the offset direction is on the left side of line AO'  197 

(
o o

A A90 270a −   − ), the mathematical expression of 
,re ad  is given by Eq. (8). 198 

( ), A min= 2 cosre a ad l a d −   + + +    
o o

A A90 270a −   −       (8) 199 



 

15 

 

a

A

O'

O''

A1

Y

XO

la

A

A1

a

O1''

la

H1 H

 200 

Fig. 4 The situation that point A is on the right half of the reflector ( A 0x  ) 201 

When point A is on the right half of the parabolic reflector ( A 0x  ), the critical 202 

tube diameter (
,re ad ) can be obtained similarly due to the symmetry of parabola. Fig. 4 203 

shows the situation that point A is on the right half the parabolic reflector ( A 0x  ). 204 

Obviously, the critical diameter (
,re ad ) is equal to twice O''H  ( , 2 O''Hre ad =  ). Point 205 

A1 and point A are symmetrical about Y-axis. From the figure, it can be clearly seen 206 

that O''H  is equal to 
1 1O ''H  (

1 1O''H O ''H= ). Therefore, the critical diameter (
,re ad ) 207 

corresponding to a  for A 0x   is equal to the critical diameter corresponding to 208 

o180 a−  for A 0x  . Thus, using 
o180 a−  replacing a  in Eq. (5) and Eq. (8), we 209 

can obtain the critical diameter (
,re ad ) for A 0x  , which is presented as follow: 210 

When the offset direction is on the right side of line AO'  211 

(
o o

A A90 90a −   + ), the range of 
o180 a−  is 

o o o

A A90 180 270a −  −  − , 212 

satisfying the condition of Eq. (8). Thus, 
,re ad  can be calculated by Eq. (9). 213 
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( ) ( )o

, A min A min= 2 cos 180 2 cosre a a ad l a d l a d   −   − + + + =   − − +   (9) 214 

Similarly, when the offset direction is on the left side of line AO' , we can 215 

calculate 
,re ad  using Eq. (5), which is expressed by Eq. (10). 216 

( ) ( )o

, A min A min=2 cos 180 2 cosre a a ad l a d l a d     − + − + = −   − + +   (10) 217 

Considering that the critical diameter (
,re ad ) is the required diameter to avoid 218 

rays escaping, we should select the maximum among the calculated diameters of all 219 

points on the reflector as the critical diameter (
,re ad ) of the PTC. Summarizing Eq. (5), 220 

Eq. (8), Eq. (9) and Eq. (10), we can obtain the complete calculation formula of the 221 

critical diameter for o o

A0 90  , which is given by Eq. (11). 222 

( ) ( )

( ) ( )

( ) ( )

o o

A min A min A A

o o

A min A min A A

o o

A min A mi A A

, 1

n

max 2 cos + , cos + 90 90 +

max 2 cos + , 2 cos 90 + 90

max cos + + , 2 cos 90 90 +

max

2

2

2 cos

re

a

a

a

a a

a

a

a

a a

a a
d

l d l d a

l d l d a

l d l a

l

a da

     

     

     

 +  +    

 +  +    

 +  +   

− − − − − −

− − − − −
=

− −



− −

−



( ) ( ) o o

A min A min A A+ + , cos + 92 0 + 270aa d l da a     








+  +     − − −

223 

(11) 224 

where 
mind  and A  are given by Eq. (1) and Eq. (2) respectively. 225 

a

A

O'

O''

B C
D EF
G

A
la

Y

XO

 226 

(a) 227 
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(b) 229 

Fig. 5 The case of o o

A90 180  : (a) offset direction is on the right side, (b) 230 

offset direction is on the left side 231 

For o o

A90 180   (as shown in Fig. 5), the calculation formula of critical 232 

diameter can be derived by the same way, which is given by Eq. (12). 233 

( ) ( )

( ) ( )

( ) ( )

o o

A min A min A A

o o

A min A min A A

o o

A min A i A

2

n A

,

m

27

2 27

2

max 2 cos + , 2 cos 90 0 +

max 2 cos + , cos + 0 + 90

max cos + + , cos + 90 90 +2

max 2

a a

a a

a a

re a

a a

a

l d l d a

l a
d

a

d l d a

l d dal a

l

     

     

     

− − − − − −

− − − − −
=

− − − −

 +  +    

 +  +    

 +  +   −

−



 ( ) ( ) o o

A min A min A Acos + + , 2 cos 90 270a aa ad l d a     








+  + −    + −  − −

234 

(12) 235 

Therefore, the critical diameter (
,re ad ) of the PTC is finally given by Eq. (13). 236 

( ), , 1 , 2 Amax , 0.5 0re a re a re ad d d W x= −               (13) 237 

2.3 Intercept factor 238 

Intercept factor ( ) is defined as the ratio of rays intercepted by the absorber to 239 

the total rays incident on the aperture of the reflector. It reflects directly the degree of 240 

receiving rays of the absorber. The larger the intercept factor is, the more the reflected 241 
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rays will be received by the absorber tube, and thereby the higher the optical 242 

efficiency ( o ) will be. In this section, a new simple algorithm for obtaining intercept 243 

factor ( ) and optical efficiency ( o ) under condition of tube alignment error will be 244 

developed. 245 

Fig. 6 shows the reflection process of sun rays. From the figure, it is clearly seen 246 

that the solar disk can be viewed as consisting of countless line light sources which 247 

are parallel to the axial direction (Z-axis direction) of the absorber. It can be easily 248 

understood that a line light source on the solar disk will also form a line light on the 249 

absorber tube after reflection. As a result, if we can obtain the intensity of the line 250 

light source, the sun-shape (brightness of the solar disk) can be expressed just by the 251 

radial angular displacement of line light source (  ), which will reduce the 252 

computational complexity significantly. The derivation of the intensity of the line 253 

light source is given as follow: 254 

A  255 

Fig. 6 The reflection process of sun rays 256 
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 257 

Fig. 7 Schematic of the light cone 258 

Fig. 7 shows the schematic of the light cone. In the figure, AO=l, ∠BAO=θ, 259 

BC=τ. In △AOB, OB can be calculated by Eq. (14): 260 

( ) ( )OB=AO tan = tanl                        (14) 261 

In △OBC, OC can be calculated by Eq. (15). 262 

( )
22 2 2OC= OB +BC = tan( )l  +                  (15) 263 

In △AOC, ∠OAC can be calculated by Eq. (16). 264 

( )
2 2tan( )OC

OAC=arctan =arctan
OA

l

l

  +        
 

            (16) 265 

Assuming that the relative light intensity of any point on the sun disk is ( ')  , 266 

we can calculate the intensity of the line light source, given by Eq. (17). 267 

( ) ( )( ) ( )
2 2

2 22 2
tan( ) tan( )

0
BD

tan( ) tan( )
( ) 2 arctan 2 arctan

l ll l
d d

l l

    
     

−
      + +
      =  = 
      
         

 268 

(17) 269 

Make '
l


 = , Eq. (17) will be transformed to Eq. (18). 270 



 

20 

 

( ) ( )
( )( )

2 2
tan( ) tan( ) 2 2

0
( ) 2 arctan tan( ) ' 'l d

 

     
−  

=  +
  

         (18) 271 

Given that the radial angle of the sun disk is very small ( =0.00465rad), 272 

following formulas can be obtained: 273 

tan( ) = ,   tan( ) =  274 

Consequently, Eq. (18) will be simplified to Eq. (19). 275 

( )
2 2

2 2

0
( ) 2 ' 'l d

 

     
−

=  +                 (19) 276 

Therefore, for any angle span (  ) in the light cone, the total energy can be 277 

calculated by Eq. (20). 278 

( ) ( )d


   


  =                          (20) 279 

There are totally six cases of light concentration in the condition of tube 280 

alignment error, which are shown in Fig. 8(a) ~ Fig. 8(f) respectively. These six cases 281 

are listed as follows: 282 

Case 1: The absorber cannot receive any rays; 283 

Case 2: The absorber receives all rays; 284 

Case 3: Partial rays escape from both sides of the absorber and the centerline of 285 

light cone does not cross the absorber; 286 

Case 4: Partial rays escape from both sides of the absorber and the centerline of 287 

light cone crosses the absorber; 288 

Case 5: Partial rays escape from one side of the absorber and the centerline of 289 

light cone does not cross the absorber; 290 

Case 6: Partial rays escape from one side of the absorber and the centerline of 291 
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light cone crosses the absorber. 292 

To obtain the received energy for each case, we should first calculate several 293 

auxiliary parameters. As Fig. 8(a) shows, EAO''  (  ) and BAO''  ( ' ) are the 294 

angles in the light cone corresponding to the actual absorber tube radius (0.5 ad ) and 295 

the critical radius ( ,0.5 re ad ) respectively. Obviously,   and '  can be calculated 296 

by Eq. (21) and Eq. (22) respectively. 297 

arcsin
2 | AO'' |

ad


 
=  

 
                      (21) 298 

,
' arcsin

2 | AO'' |

re ad


 
=  

 
                     (22) 299 

The coordinates of point A  and point O''  are (
Ax ,

2

A

4

x

f
) and 300 

( cos( ), sin( )a al a l a f+ ), respectively. 301 

( )
2

2
2 A

AAO'' cos( ) sin( )
4

a a

x
x l a l a f

f

 
= − + − − 

 
            (23) 302 
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(c)                                        (d) 308 
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 310 

(e)                                        (f) 311 

Fig. 8 Different cases for light concentration in the condition of tube alignment 312 

error: (a) case 1, (b) case 2, (c) case 3, (d) case 4, (e) case 5, (f) case 6 313 

From Fig. 8(a) to Fig. 8(f), the required conditions that   and '  should 314 

satisfy for each case can be easily obtained, which are listed in Table 2. The energy 315 

received by the absorber for each case can correspondingly be calculated by using Eq. 316 
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(20). The calculation formulas are also listed in Table 2. 317 

Table 2 Required conditions and calculation formulas of received energy for each 318 

case 319 

C

ases 
Required conditions Calculation formulas 

C

ase 1 
' 2  −   0 =  

C

ase 2 
' 0 −  , ' 2  +   

0
2 ( )d



   =    

C

ase 3 

'  −  , ' 2  +   
'

'
( )d

  

  
  

+ −

− −
 =   

C

ase 4 

' 0 −  , '  −  ,

' 2  +   

' ( ' )

0 0
( ) ( )d d

     

     
+ − − −

 = + 

 

C

ase 5 

'  −  , ' 2  −  ,

' 2  +   
'

( )d


  
  

− −
 =   

C

ase 6 

' 0 −  , '  −  ,

' 2  +   

( ' )

0 0
( ) ( )d d

   

     
− −

 = +   

As a result, the total energy received by absorber for the whole reflector can be 320 

obtained by Eq. (24). 321 

/2

A
/2

W

W
dx

−
 =                          (24) 322 

Thus, the intercept factor ( ) and the optical efficiency ( o ) can be given by Eq. 323 

(25) and Eq. (26) respectively. 324 

/2

A
/2 0

E
=

2 ( )
W

W
d dx




  
−

  
                    (25) 325 

100%o r g a    =                        (26) 326 
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From Eq. (25) and Eq. (26), it can be easily seen that the intercept factor ( ) or 327 

the optical efficiency ( o ) is only related to W  and  . Compared with MCRT 328 

which has to consider simultaneously W , 
Az , '  and s , the computational 329 

complexity of the proposed algorithm is much smaller, reducing the computing time 330 

significantly. From Eq. (26), we can also know that the maximum optical efficiency 331 

will be obtained when the intercept factor is equal to 1 ( =1 ), which is given by: 332 

max 1 0.93 0.95 0.96 100% = 84.816%o =    ，  333 

3. Results and discussion 334 

In this study, the brightness of solar disk is viewed as uniform, and the 335 

reflectivity, transmissivity and absorptivity are independent of the incident angle. The 336 

effects of refraction of the glass envelope are ignored. The incident angle is zero. The 337 

accuracy of the developed algorithm is first validated in the following part, and the 338 

optical performance under the condition of tube alignment error is then discussed 339 

comprehensively based on the proposed method. 340 

3.1 Algorithm validation and effects of tube alignment error 341 

Fig. 9 shows the variation of optical efficiency ( o ) with offset angle ( a ) for 342 

different offset distance (
al ). It can be seen from the figure that the results of the 343 

proposed method comply very well with that of MCRT, verifying the accuracy of the 344 

proposed algorithm. The results show that o  varies significantly with a , and has 345 

different variation trends for different 
al . From the figure, it is also seen that the 346 

curve of o  is almost symmetrical about a=0° for all 
al . When 

al  is larger than 347 
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0.03m, o  is smaller than the maximum (84.816%) for any a , indicating that rays 348 

escaping appears in this case. The reasons are shown in Fig. 10, which displays the 349 

variation of critical diameter ( ,re ad ) with offset angle ( a ) for different offset distance 350 

(
al ). From the figure, it can be seen that when 

al  is more than 0.03m, ,re ad  is 351 

consistently larger than 0.07m which is the actual tube diameter for LS-2 PTC module 352 

(given in Table 1), causing rays escaping from around the absorber tube and 353 

consequently leading to optical loss. It can also be observed from Fig. 10 that when 354 

a  is about 68.38° or -68.38°, ,re ad  is the maximum for any 
al . As given in Table 1, 355 

the rim angle of LS-2 PTC module is 68.38° (
o68.38rim = ). From Fig. 2(a), we can 356 

see that when a is 68.38° or -68.38°, the offset direction ( O 'O '' ) will be 357 

perpendicular to the connection line between focal point O '  and edge point N or 358 

edge point M (defined as focus-edge connection line in this paper). Hence, it is 359 

concluded from above analyses that it is most likely to cause rays escaping effect in 360 

the case that the offset direction is perpendicular to the focus-edge connection line. 361 
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Fig. 9 Variation of optical efficiency ( o ) with offset angle ( a ) for different 363 

offset distance (
al ) 364 
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    (a)                                   (b) 367 

Fig. 10 Variation of critical diameter (
,re ad ) with offset angle ( a ) for different 368 

offset distance (
al ): (a) 0.01 0.05al   (b) 0.07 0.09al   369 

Since MCRT takes into account the directly absorbed rays while the proposed 370 

method only counts the reflected rays, o  obtained by MCRT would be larger than 371 

that obtained by the proposed method. Fig. 11 depicts the variation of the optical 372 

efficiency difference (
o ) between the MCRT’s results and the proposed method’s 373 

results with offset angle ( a ) for different offset distance (
al ). From the figure, it is 374 

clearly seen that when 
al  is 0.01m, 

o  is very small (less than 0.05%), and when 375 

al  is more than 0.03m, there is a span for a  during which 
o  will reach and 376 

maintain constantly at the maximum (about 1.28%). It is easily understood that 
o  377 

can be given by Eq. (27). 378 

,
100%

cos

g a shade g a r shade

in

re a

o

d l

W

  


  



 −   




 
 =           (27) 379 
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where shadel  is the length of the shaded part of the reflector by absorber tube, 
shade  380 

is the intercept factor for the shaded part of the reflector by absorber tube. When shadel  381 

or 
shade  is zero, the maximum of 

o  can be obtained, which is given as follow: 382 

max o

0.07 0.96 0.95
= =1.28%

5 cos0
100%o








，  383 

The calculated result is completely consistent with the result shown in Fig. 11, 384 

further proving the accuracy of the proposed method. From Fig. 11, we can also 385 

observe that the larger 
al  is, the larger the angle span corresponding to the maximum 386 

of 
o  will be. The possible reason is that lager 

al  will be easier to cause smaller 387 

intercept factor (
shade ), and hence more likely to result in the situation of 0shade =388 

(completely escaping of the rays reflected by the shaded area of the reflector). 389 
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Fig. 11 Variation of optical efficiency difference (
o ) with offset angle ( a ) for 391 

different offset distance (
al ) 392 

Fig. 12 shows the variation of optical efficiency ( o ) with offset distance (
al ) for 393 

different offset angle ( a ). We can also clearly see from the figure that the results of 394 

the proposed method are well consistent with that of MCRT, proving again the 395 
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reliability and accuracy of the proposed algorithm. It is seen that o  is kept 396 

constantly at the maximum (84.816%) for small 
al , and then drops significantly with 397 

further increasing 
al  because of rays escaping effect. Fig. 13(a) shows the variations 398 

of intercept factor ( ) and optical efficiency difference (
o ) between the MCRT’s 399 

results and the proposed method’s results with offset distance (
al ) for different offset 400 

angle ( a ). It shows that   certainly has the same variation trend as o . For more 401 

clarity, a partially enlarged view is shown in Fig. 13(b). It clearly displays the critical 402 

value of 
al  after which o  drops rapidly for each a . It is easily seen that the 403 

critical 
al  for a=60° is the smallest ( =0.0228mal ) among the analyzed four offset 404 

angles, demonstrating that it is easiest to cause rays escaping effect for a=60°. It is 405 

known from aforementioned analyses that the offset direction that is perpendicular to 406 

the focus-edge connection line (a=68.38°) is most likely to cause rays escaping. 407 

Therefore, a=60° is the case that easiest cause rays escaping because 60° is closest to 408 

68.38° compared to other three angles (0°, 30° and 90°). It can also be seen from Fig. 409 

13(a) that the smaller a  is, the easier 
o  reaches the maximum (1.28%), 410 

indicating that X-direction (a=0°) will be more likely to cause optical efficiency 411 

deviation from the actual value (gained by MCRT) than Y-direction does (a=90°). Fig. 412 

14 shows the variation of critical diameter ( ,re ad ) with offset distance (
al ) for 413 

different offset angle ( a ). It can be easily seen that ,re ad  increase constantly with the 414 

increase of 
al  for all a . When 

al  is more than the critical value, ,re ad  will be 415 

larger than the actual tube diameter ( ad =0.07m), causing rays escaping effect and 416 
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consequently leading to obvious decrease of   (as shown in Fig.13). The critical 417 

value of 
al  for each a  shown in Fig. 14 is completely consistent with the result 418 

revealed in Fig. 13(b), verifying the accuracy of each other mutually. 419 
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Fig. 12 Variation of optical efficiency ( o ) with offset distance (
al ) for different 421 

offset angle ( a ) 422 
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(b) 426 

Fig. 13 Variations of intercept factor ( ) and optical efficiency difference (
o ) 427 

with offset distance (
al ) for different offset angle ( a ) 428 
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(c)                                      (d) 432 

Fig. 14 Variation of critical diameter (
,re ad ) with offset distance (

al ) for different 433 
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offset angle ( a ): (a) a=0°, (b) a=30°, (c) a=60°, (d) a=90° 434 

As for MCRT, the two main influencing factors of computing time is the 435 

computer hardware, especially the CPU and RAM, and the number of used rays. In 436 

this study, a computer with the CPU of Intel Core i7-3770 (3.4 GHz) and the RAM of 437 

8.0 GB is used for simulation. According to relevant references [30, 31], 5×107 rays 438 

were proved to be large enough to obtain accurate results. The greatest influencing 439 

factor of the proposed algorithm is the step size of the abscissa of point A (
Ax ). In this 440 

study, the step size of 
Ax  is 0.00005 which is very small, ensuring the accuracy of 441 

the results. Taking the case that the offset angle ( a ) varies from -90° to 90°, the value 442 

interval of which is 5° (there are totally 37 offset angles discussed.), and the offset 443 

distance (
al ) is 0.01m as an example, we compare the required computing time of 444 

MCRT for five different numbers of rays with that of the proposed algorithm, as given 445 

in Table 3. It is clearly seen from Table 3 that the required computing time of MCRT 446 

for the discussed case is always more than 3 hours for all the discussed numbers of 447 

rays, whereas the computing time of the proposed algorithm is less than 4 seconds, 448 

indicating that the proposed algorithm has a remarkable advantage of saving time. 449 

Table 3 Required computing time for MCRT and the proposed algorithm 450 

Number of rays 3×107 4×107 5×107 6×107 7×107 

Computing time 

MCRT 3.29 h 4.40 h 5.48 h 6.58 h 7.69 h 

This algorithm Less than 4 s 

Note: ‘h’ represents ‘hours’ and ‘s’ represents ‘seconds’. 451 
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3.2 Effects of structural parameters of PTC in condition of tube 452 

alignment error 453 

Fig. 15 shows the variation of optical efficiency ( o ) with aperture width (W ) 454 

for different offset angle ( a ) under condition of 0.03mal = . It can be clearly seen 455 

from the figure that when a=0° or a=30°, o  is less than the maximum optical 456 

efficiency ( maxo ， =84.816%) for any W, and there exists a aperture width range in 457 

which o  is kept constantly at 84.816% for other three offset angles (45°, 60° and 458 

90°). The reasons are revealed in Fig. 16 which shows the variation of critical 459 

diameter ( ,re ad ) with aperture width (W ) for different offset angle ( a ). It is observed 460 

that the critical diameters ( ,re ad ) for a=0° and a=30° are always larger than the actual 461 

tube diameter ( ad =0.07m), causing rays escaping effect and hence resulting in optical 462 

loss for all W. Fig. 16 also shows that when W is less than a certain value (critical 463 

aperture width), the critical diameters ( ,re ad ) for a=45°, a=60° and a=90° are less than 464 

0.07m. The critical aperture widths for these three offset angles are 1.05m, 1.94m, and 465 

3.73m respectively, which are exactly the same as the results shown in Fig. 15, 466 

proving that all the above derived formulas are accurate and reliable. From Fig. 15, 467 

we can also see that the optical efficiency ( o ) has different variation trends for 468 

different offset angles ( a ). This can also be well explained by the results displayed in 469 

Fig. 16. Taking a=30° as an example, we can give following analyses. In Fig. 16, 470 

,re ad  increases with increasing W when W is less than 2.33m (exactly calculated by 471 

Eq. (11)), indicating that rays escaping becomes more serious with W increasing in 472 
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this range, leading to decreasing o  (as shown in Fig. 15). Afterwards, ,re ad  473 

maintains constant till W=8.62m (exactly calculated by Eq. (12)), which demonstrates 474 

that when W increases from 2.33m to 8.62m, the maximum of ,re ad  just appears at W 475 

=2.33m. Therefore, when W increases from 2.33m to 8.62m, the increase rate of rays 476 

received by the absorber tube is greater than that of the rays escaping from the PTC 477 

system, consequently causing increase of o  (as shown in Fig. 15). When W is more 478 

than 8.62m, ,re ad  increases consistently with the increase of W (as shown in Fig. 16), 479 

indicating that rays escaping becomes more serious with increasing W. As a result, 480 

o  decreases constantly after W=8.62m (as shown in Fig. 15). It is also observed 481 

from Fig. 15 that when W is more than 7m, o  decreases with the increase of a, 482 

which is contrary to the conclusion given in previous literature [32, 36], which stated 483 

that effects of X-direction offset (a=0°) was greater than that in Y-direction (a=90°). 484 

From Fig. 16, we can also find that when a is less than 90°, there is an aperture width 485 

range in which ,re ad  maintains constant, which is different from the results obtained 486 

in ideal or tracking error conditions that ,re ad  increases with increasing W [30-32]. 487 
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Fig. 15 Variation of optical efficiency ( o ) with aperture width (W ) for different 489 

offset angle ( a ) ( 0.03mal = ) 490 
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Fig. 16 Variation of critical diameter (
,re ad ) with aperture width (W ) for different 494 

offset angle ( a ) ( 0.03mal = ) 495 

Fig. 17 depicts the variation of optical efficiency ( o ) with focal length ( f ) for 496 

different offset angle ( a ) under condition of 0.03mal = . It can be seen that there 497 
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exists a focal length range in which o  maintains constant at the maximum 498 

(
max 84.816%o =， ) for a=0° and a=30°. Whereas, o  for other three offset angles 499 

(45°, 60° and 90°) are always less than 84.816%. The reasons are shown in Fig. 18 500 

which depicts the variation of critical diameter ( ,re ad ) with focal length ( f ) for 501 

different offset angle ( a ). From Fig. 18, it can be observed that the diameter curves 502 

for a=0° and a=30° intersect with the curve of ,re ad =0.07m, while other diameter 503 

curves do not. This demonstrates that only the cases of a=0° and a=30° have the focal 504 

length range in which the absorber tube can receive all the reflected rays, having the 505 

maximum optical efficiency. Furthermore, the critical focal length shown in Fig. 17 506 

are completely the same as that obtained from Fig. 18, proving their accuracy 507 

mutually. 508 
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Fig. 17 Variation of optical efficiency ( o ) with focal length ( f ) for different 510 

offset angle ( a ) ( 0.03mal = ) 511 
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Fig. 18 Variation of critical diameter (
,re ad ) with focal length ( f ) for different 513 

offset angle ( a ) ( 0.03mal = ) 514 

Fig. 19 shows the variation of optical efficiency ( o ) with absorber tube 515 

diameter ( ad ) for different offset angle ( a ) ( 0.03mal = ). It can be clearly seen from 516 

Fig. 19(a) that o  first increases with the increase of ad  and then maintains 517 

constant at 84.816% with further increasing ad . This is because the larger ad  is, the 518 

less the rays escaping from around the tube are, causing larger o . When ad  is more 519 

than ,re ad , o  reaches the maximum and maintains constant. For more clarity, a 520 

partially enlarged view is shown in Fig. 19(b). It is easily seen from the figure that the 521 

critical diameter for a=60° is the largest ( ,re ad =84.33mm) among the analyzed five 522 

offset angles, demonstrating that it is easiest to cause rays escaping effect for a=60°, 523 

which further verifies the above conclusion that the offset direction which is 524 

perpendicular to the focus-edge connection line (a=68.38°) is most likely to cause 525 

rays escaping. Fig. 20 shows the variation of critical diameter ( ,re ad ) with offset angle 526 

( a ) for 0.03mal = . It is obviously seen that the critical diameters ( ,re ad ) for the five 527 
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analyzed offset angles (0°, 30°, 45°, 60° and 90°) revealed in Fig. 20 are the same as 528 

that shown in Fig. 19. It can also be seen that the critical diameter ( ,re ad ) for a=68.38° 529 

is the maximum, complying very well with the conclusion that the offset direction 530 

which is perpendicular to the focus-edge connection line (a=68.38°) is most likely to 531 

cause rays escaping. 532 
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Fig. 19 Variation of optical efficiency ( o ) with absorber tube diameter ( ad ) for 537 

different offset angle ( a ) ( 0.03mal = ) 538 
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Fig. 20 Variation of critical diameter (
,re ad ) with offset angle ( a ) for 0.03mal =  540 

Fig. 21 shows the variation of optical efficiency ( o ) with aperture width (W ) 541 

for different offset distance (
al ) under the condition of a=0°. It can be seen that o  542 

are always less than the maximum ( maxo ， =84.816%) for 
al  more than 0.03m. When 543 

al =0.01m or 
al =0.02m, o  is first kept constant at 84.816% and then decreases 544 

with increasing W. The critical aperture width are 11.81m and 10.92m respectively. 545 

Fig. 22 depicts the variation of critical diameter ( ,re ad ) with aperture width (W ) for 546 

different offset distance (
al ) under the condition of a=0°. It is clearly seen that the 547 

lager 
al  is, the larger ,re ad  will be. It also shows that when 

al  is more than 0.03m, 548 

,re ad  for all W are larger than 0.07m, causing rays escaping. As for 0.01mal =  and 549 

al =0.02m, when W is less than the critical aperture width (11.81m and 10.92m 550 

respectively), ,re ad  are smaller than 0.07m. In this case, all the reflected rays will be 551 

received by absorber tube, obtaining the maximum optical efficiency ( maxo ，552 

=84.816%). When W is more than the critical aperture width, ,re ad  will be larger than 553 

0.07m, leading to rays escaping and hence causing optical loss. 554 
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Fig. 21 Variation of optical efficiency ( o ) with aperture width (W ) for different 556 

offset distance (
al ) (a=0°) 557 

0 2 4 6 8 10 12 14 16 18
0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

d
re,a

=0.07m

C
ri

ti
ca

l 
d

ia
m

et
er

 d
re

,a
 /

m

Aperture Width W /m

 l
a
=0.01m

 l
a
=0.02m

 l
a
=0.03m

 l
a
=0.04m

 l
a
=0.05m

W=10.92m

W=11.81m

 558 

Fig. 22 Variation of critical diameter (
,re ad ) with aperture width (W ) for different 559 

offset distance (
al ) (a=0°) 560 

Fig. 23 shows the variation of optical efficiency ( o ) with focal length ( f ) for 561 

different offset distance (
al ) under the condition of a=0°. It can be observed from the 562 

figure that when 
al  is less than 0.03m, there exists a focal length range in which o  563 
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maintains constant at the maximum (84.816%). Whereas, o  is consistently less than 564 

84.816% for 
al  more than 0.04m. Similarly, the reasons are shown in Fig. 24 which 565 

depicts the variation of critical diameter ( ,re ad ) with focal length ( f ) for different 566 

offset distance (
al ). From Fig. 24, we can see that the critical diameter curves for 

al567 

=0.01m, 
al =0.02m and 

al =0.03m intersect with the curve of ,re ad =0.07m at two 568 

different points respectively, which means that there is a focal length range in which 569 

,re ad  will be smaller than the actual tube diameter (da=0.07m). In this case, the 570 

absorber tube can receive all the reflected rays, ensuring the maximum of o . 571 
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Fig. 23 Variation of optical efficiency ( o ) with focal length ( f ) for different 573 

offset distance (
al ) (a=0°) 574 
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Fig. 24 Variation of critical diameter (
,re ad ) with focal length ( f ) for different 576 

offset distance (
al ) (a=0°) 577 

Fig. 25 shows the variation of optical efficiency ( o ) with absorber tube 578 

diameter ( ad ) for different offset distance (
al ) under condition of a=0°. It is easily 579 

understood that the larger ad  is, the larger o  will be, because of the fact that larger 580 

tube diameter can receive more reflected rays (reducing rays escaping effect). When 581 

ad  is more than the critical diameter ( ,re ad ), the maximum optical efficiency 582 

(84.816%) will be obtained and kept constant afterwards. Fig. 26 depicts the variation 583 

of critical diameter ( ,re ad ) with offset distance (
al ) for a=0°. It is clearly seen that 584 

,re ad  increases consistently with the increase of 
al . The critical diameters ( ,re ad ) for 585 

the five analyzed offset distances (0.01m, 0.02m, 0.03m, 0.04m and 0.05m) revealed 586 

in Fig. 26 are completely the same as that shown in Fig. 25, proving mutually the 587 

accuracy of each other. 588 
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Fig. 25 Variation of optical efficiency ( o ) with absorber tube diameter ( ad ) for 590 

different offset distance (
al ) (a=0°) 591 
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Fig. 26 Variation of critical diameter ( ,re ad ) with offset distance (
al ) for a=0° 593 

4. Conclusions 594 

In this paper, an algorithm for obtaining critical tube diameter and intercept 595 

factor (optical efficiency) of the parabolic trough solar collector (PTC) under the 596 

condition of tube alignment error is proposed. The proposed algorithm, compared 597 
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with the widely used MCRT, reduces the computing time significantly from hours to 598 

seconds. The results obtained by the proposed method comply very well with that of 599 

MCRT, proving the accuracy and reliability of the proposed algorithm. The maximum 600 

optical efficiency difference between the proposed method and MCRT for LS-2 PTC 601 

module is 1.28%, which is caused by the direct insolation part. Critical tube diameters 602 

under different conditions of alignment error can be precisely calculated by using the 603 

derived formulas, which can also be used to explain very well the variation of optical 604 

efficiency (intercept factor). The proposed algorithm in this paper is the foundation of 605 

detailed geometric study which is our next work on the coupling effects of 606 

multi-errors, such as tracking error, surface error, installation error and practical 607 

sun-shape, on PTC’s performance. 608 

In addition, effects of structural parameters of the PTC (aperture width, focal 609 

length, and tube diameter) on optical performance under the condition of tube 610 

alignment error are also discussed in detail. It is revealed that the optical efficiency 611 

varies differently with structural parameters for different offset angles and offset 612 

distances. The offset direction which is perpendicular to the focus-edge connection 613 

line is not the direction that causes biggest optical loss, but the direction that is most 614 

likely to cause rays escaping. There is an aperture width (and also focal length) range 615 

in which the optical efficiency decreases with increasing offset angle, which is 616 

contrary to the conclusion presented in previous literature that effects of X-direction 617 

offset (a=0°) was greater than that in Y-direction (a=90°). Unlike the performance in 618 
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ideal or tracking error conditions that the critical diameter increases with the increase 619 

of aperture width, the critical diameter maintains constant in a certain range of 620 

aperture width under the condition that the offset angle is less than 90°. The proposed 621 

method can be conveniently used to determine the allowable installation error margin 622 

of the absorber tube, and can also be used for quick calculation and analysis in 623 

engineering practice. 624 
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