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Abstract 

 

The Beam-Down Optical Experiment (BDOE) is a unique Concentrated Solar Power 

(CSP) pilot project currently operated by Masdar Institute and located at the Masdar 

Institute Solar Platform at 25.44204 N 54.61677 E in Abu Dhabi. The plant is a point 

focusing Fresnel system of 33 alt-az tracking heliostats which uses a second 

complement of fixed tower-mounted mirrors to redirect the solar radiation back down 

towards the ground, hence the name “Beam Down”. The benefits of this plant 

potentially include a more thermally efficient solar receiver located at ground level for 

easier operations and maintenance and decreased parasitic energy consumption and 

thermal and fluid pumping losses. To this end the Masdar Institute/MIT collaborative 

project Concentrated Solar Power on Demand Demonstration (CSPonD Demo), is 

developing a direct absorption molten salt solar receiver combined to the thermal 

energy storage system. This thesis was part of this project. The main objective of the 

thesis was the investigation of a final optical element (FOE) design that, coupled with 

the BDOE, provides high concentration and optical efficiency for the CSPonD and 

various other types of receiver. The first step in FOE design is developing an accurate, 

flexible, and well documented model of existing BDOE optics. A Monte Carlo ray-

tracing model of the BDOE has been developed using a structured model configured, 

where appropriate, with the aid of scripts that produce Scheme descriptions of optical 

components in precise locations and orientations. Optical losses by cosine factor, 

blocking, shading, central reflector spillage and absorption and optical imperfections of 

the heliostat and central reflector facets are characterized. It is shown that for a molten 
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salt direct absorption receiver a conical final optical element (FOE) is slightly better 

than a compound parabolic concentrator and that a faceted cone is almost as good. The 

reasons for these unexpected result are: 

1) The optical configuration of the Masdar BDOE provides a nearly radial and 

somewhat converging angular distribution at the FOE inlet. 

2) Better angular distribution incident on the molten salt surface (FOE outlet), and 

also a uniform distribution at the outlet of the cone. 

The property of uniform FOE outlet flux helps to prevent hot spots that can cause 

molten salt degradation.  

 CPC and conical surfaces are reasonable but not necessarily optimal profile choices 

for the FOE design. A near optimal profile-of-revolution FOE that is better than either 

the CPC or the cone is developed for the MI-MIT’s CSPonD Demo molten salt receiver. 
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CHAPTER 1 

 

 

1. Introduction 

 

1.1. Motivation  

Solar energy is by far the most abundant source of energy on Earth. However, the 

terrestrial average solar flux is low, non-uniform and intermittent. Its potential is best 

exploited in areas with relatively high and uninterrupted insolation. The UAE lies in 

what is known as the "sun-belt", the middle region of the globe that is most exposed 

to the sun. To reach Abu Dhabi's goal of getting 7% of its electricity from renewable 

resources by 2020 [1], solar power is therefore a reasonable option. 

Solar energy is energy is produced by the Sun in the form of heat and light. It can be 

harnessed using mainly solar thermal and photovoltaic technologies. 

Concentrating solar power (CSP) systems use combinations of mirrors or lenses to 

concentrate direct beam solar radiation in order to reach high temperature heat in a 

system with low thermal losses (i.e. high thermal efficiency). High temperature leads 

to more efficient forms of useful energy for conversion of heat to electricity or fuels by 

various technologies. The term ‘concentrating solar power’ is often used synonymously 
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with ‘concentrating solar thermal power’. CSP has emerged as a competitive tech-

nology with respect to conventional power technologies. Unlike photovoltaic solar 

technologies, CSP offers the possibility of supplying reliable dispatchable power 

through integration of relatively inexpensive thermal storage systems [2][3], or through 

hybrid operation with existing or purpose-built fossil-fueled plants, therefore, offering 

firm generation capacity suitable for peak or even base load operation [1]. 

Electricity generation from CSP installations increased from 436 MW to 3,425 MW 

from 2008 to 2013. Major contributors to this capacity are Spain and USA. 

Shams 1, located in UAE, is among world’s largest concentrated solar power plants 

and the first of its kind in the Middle East. It is a joint project between Masdar (60%), 

Total (20%), and Abengoa Solar (20%). Shams 1 was first operated at its nameplate 

capacity of 100 MW in first quarter of 2013 [4]. 

Although central tower technology is less established than parabolic trough technology, 

its can operate at higher energy conversion efficiency and consequently lower levelized 

cost of electricity (LCOE) are expected [1]. Central tower technologies’ uncertainties 

in cost, performance and technical risk are mainly due to the lack of commercial central 

receiver project experience [5]. GemaSolar owned by Torresol Energy (60%) Sener and 

(40%) Masdar, was the first commercial molten salt power tower. The largest 

commercial tower plant is Ivanpah Solar Power Facility (377 MW net) in USA which 

was completed in 2014 [6]. 

Commercialization of tower technology clearly helps in cost reduction and lowering 

project risks, however, it is expected that 48% of the cost reduction in tower plants will 

come from research and development [5]. Therefore there is a need of accelerated 

advances in areas such as CSP optics, heliostat construction, high temperature 
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receivers, conversion cycles, solar fuels, storage systems, heat transfer fluids, heat 

rejection technologies, flux measurement, resource assessments, etc. It is therefore 

essential to build up the necessary R&D infrastructure and develop our expertise in the 

field, to be able to address local and global technology problems facing the 

development and implementation of CSP [7]. 

1.2. Problem Definition and Objectives 

The Masdar Beam-Down Optical Experiment (BDOE) was proposed and designed by 

Tokyo Institute of Technology (Titech). Titech led the consortium (Cosmo Oil, Mitsui 

Engineering and Shipbuilding (MES), Konica-Minolta) in charge of building the pilot 

plant. The main objectives of this project were to test several design concepts that can 

reduce overall cost of this type of CSP system, verify a numerical code (TSUBAME-

sol) developed by Titech and ultimately investigate the feasibility of scaling a beam 

down CSP plant to significantly higher capacities (20 MW) [8]. Ganged-type heliostats, 

central reflector design and beam down optics are the main differences from 

conventional CSP tower designs [9] [10] [11]. 

Now (since late 2012) the BDOE is operated by Masdar Institute and used for research 

and development of CSP components and TES systems. To better understand its 

performance, an optical model is needed which can predict its output in conjunction 

with different kinds of receivers. For example, the CSPond Demo [12] will use a single-

tank molten salt thermal energy storage arrangement which also acts as a direct 

volumetric receiver. An optical model is needed to estimate the input flux and find an 

optimal optical design for this kind of receiver. 

A more general objective is the investigation of final optical element (FOE) designs 

that, coupled with the BDOE as shown in Figure 1, can provide high concentration and 

optical efficiency for various types of receivers [13][14][15]. The first step in FOE 
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design is developing an accurate, flexible, and well documented model of existing 

BDOE optics.  

 
Figure 1 Beam Down system concept with Final Optical Element depicted at utility 

scale 
 

1.3. Description of the Beam Down Concentrator 

1.3.1. Heliostats 

Heliostats layout 

According to “Optical design of 100 kW pilot plant” TiTech report, the main purpose 

of building the small scale 100 kW (thermal output) plant was to verify TSUBAME-

sol, a general purpose solar ray concentration simulator, which was applied for beam 

down systems with multi-ring reflector as well as tower top systems [8]. The 100 kW 

plant was required to be designed so that enough data for designing 20-200 MW 

commercial plants and Beam Down multi-tower systems could be obtained [16]. 
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Therefore, the heliostat configuration of the 100kW BDOE had the following 

requirements: 

I. To verify the variation in heliostat performance over a wide range of radial 

positions, it was required to allocate the heliostats in all sides around the center. 

II. The heliostats were arranged at different distances from center (in rings A, B 

and C) to verify variation in heliostat performance. 

The layout comprises three concentric circles having ratio of radii of 2:3:4 

approximately. There are 33 heliostat (Figure 2) and these are uniformly distributed in 

every direction, except where the structural columns of the BDOE would block the 

reflected radiation. 

 

Figure 2. Layout of the BDOE heliostats field. 
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Heliostat Size 

In the beam down concentration system, a heliostat facet size of 0.45 m x 0.45 m was 

chosen to have a feasible and effective concentration system at small scale. There are 7 

columns in facet array of the heliostat (HS), hence width is 0.45 m x 7=3.15 m. There 

are 6 rows in facet array i.e. total 6 x 7 = 42 facet mirrors in one heliostat (Figure 3). 

The total mirror area becomes 0.45 m x 0.45 m x 42 x 33 = 280.665 m2. 

  

 

Figure 3. Heliostat facet and bank sizes [17] 
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Basis of heliostat design 

Each HS has three banks (panels). Each bank has 14 facet mirrors arranged in 2 rows 

and 7 columns. When tracking the azimuth of the sun, banks are rotated around azimuth 

tracking axis. When tracking elevation of the sun each bank rotates about its own 

horizontal shaft, using just one motor (ganged type feature) by linking the three shafts 

as shown in Figure 4 [18]. 

 
Figure 4 Basis of ganged 3-bank heliostat design [17] 

 

Inclination angle of facet mirrors 

The each facet of the heliostat has an inclination or canting angle. The normal lines 

drawn through the centers of each facet meet at one point “A”. The distance from a 

heliostat to the point “A” is set as twice of the distance from the heliostat to the upper 

focus (Figure 5). By doing this, the solar rays would reach the highest concentration, 

approximately at the upper focus, this is called on axis canting [19]. 
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Figure 5. Heliostat inclination angle (on axis canting) 

 

 

1.3.2. Central Reflector 

Design of Central Reflector 

The BDOE has a multi-ring type of faceted central reflector (CR) as Figure 6 shows. 

Each ring is composed of several facets and each facet mirror accepts most of the light 

reflected from one heliostat. Since there is one CR facet per heliostat the three-ring 

arrangement of heliostats is echoed in a three-ring arrangement of the CR facets. 
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Figure 6. Central reflector top view 

 

All the normal vectors of the CR facets are in a direction that divides the angle equally 

between the vector from facet to central ray convergence point (defined in Figure 7) 

and the vector from the upper focus which passes through the CR facet in question and 

continues downward to the corresponding HS central facet. 
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Figure 7. Central reflector facet canting angle 
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CHAPTER 2 

 

2.  Beam Down Geometrical Model 

 

2.1. TracePro 

TracePro is a ray tracing program for optical analysis of solid models first developed 

under a NASA SBIR contract [20]. TracePro traces rays using “Generalized Ray 

Tracing”. This technique allows us to launch rays into a model without making any 

assumptions as to the order in which objects and surfaces will be intersected. At each 

intersection, individual rays can be subject to absorption, reflection, refraction, 

diffraction and scatter [21]. 

As the rays propagate along different paths throughout the solid model, TracePro keeps 

track of the optical flux associated with each ray.  

TracePro has built-in interfaces for compound parabolic concentrator (CPC) and cone 

objects which are absent from many solar ray tracing software packages [22]. TracePro 

includes the Scheme programming language [21], a flexible macro language for 
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manipulating views, editing geometry, and writing macro programs, including looping 

and branching. 

Scheme, is a dialect of the LISP language developed at MIT [21][23]. LISP is used 

most often for artificial intelligence applications. An advantage of the Scheme language 

for software developers is easy extensibility. TracePro is designed so that everything 

that can be done in TracePro’s interactive user interface can be done through a Scheme 

command or macro. Scheme code produced by TracePro’s interactive user interface 

can be examined and modified by the user. 

2.1.1. Geometry of the element 

Heliostats are made of regular shaped facets, each represented in TracePro as a 

primitive solid – a thin sheet which is defined using vertices in 3D coordinates (X, Y, 

Z). The vertex positions are closed and connected by edges. This closed polygon is 

covered with a surface and made double sided.  

 
 

Figure 8. TracePro's insert menu, promitive solid dialog box (thin sheet) 

 

The central reflector mirrors are defined in like manner, but with the geometrical 

difference of their being trapezoidal, while the HS facets are square or rectangular. 
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2.1.2. Optical property 

Reflectivity of Heliostat and Central Reflector facets, measured and documented by 

TiTech, are tabulated in Appendix C.  HS facets are flat float glass which has very small 

slope error compared to the facet canting errors documented in Appendix B. 

In general reflection of radiation will change with respect to incident angle according 

to the Fresnel equation (as confirmed by measurements presented in Appendix C) [24]. 

For the optical simulation results presented in this thesis reflectivity values of 95% and 

80% are assumed for the CR and HS mirror respectively.1 

When using a CPC/cone in conjunction with a molten salt receiver there will be 

reflection loss where the rays entering the salt. To account for this effect refractive 

index of bulk material must be defined. Molten salt refractive index is 1.42 [21]. 

2.1.3. Source definition 

There are three basic methods in TracePro of generating rays: Grid Source, File Source 

and Surface Source. 

Grid Source is defined as a virtual window to a distant source with parallel rays 

emanating as if from a window. For a Grid Source, the number of rays and irradiance 

to be traced should be specified. TracePro launches a grid of rays from this imaginary 

plane. The Grid parameters establish the size, pattern (circular, rectangular, etc.) and 

location of the grid. One can think of the grid as a sampling of rays from an infinitely 

distant source where all rays are collimated or parallel to each other. 

                                                 
1 Reflectivity could be defined as function of incident angle in TracePro as described 

in Appendix C. 
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For example Figure 9 to Figure 12 shown below, show how different properties of a 

Grid setup are defined in TracePro. 

- Grid boundary: “outer radius” of source is 30 m; 

- Grid pattern: circular pattern is used, with n = 1000 rings, ‘rings’ specify the 

number of rays being traced, 𝑁 = 3 ∗ 𝑛 ∗  (𝑛 − 1) + 1 (i.e. 2997001 rays), 

Radiometric units are being used, with 1000 W/m2 Irradiance; 

- Grid positon and orientation: Source is located at 𝑧 = 20 𝑚, with a specified 

e.g. normal vector [0.018 0.006 -0.9998], which was calculated using sun 

position algorithm[25], and up vector [0 1 0] [21].2 

                                                 
2 TracePro uses a three-dimensional coordinate system with a global origin and X, Y, Z vectors to 

indicate directions. Often a plane must be defined to establish how the model will be viewed or how data 

will be displayed. The orientation of this plane is defined in terms of two direction vectors, the Normal 

and Up vectors. 

 

The Normal vector is simply the direction Normal to the plane. We can think of planes as our computer 

screen or a piece of paper in a book laid out flat on a table. The direction perpendicular to the screen or 

paper is the normal vector. 

 

 The Up vector is used to reference the Y direction. 
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Figure 9. Grid Source example, grid steup 

 

- Beam Setup: Spatial profile is set to uniform, and angular profile is set to 

Solar, it is equivalent to a solar disk of 0.26 degree half angle. 

- Polarization: Unpolarized ray setting is used to model solar radiation. 

- Wavelength3: Wavelength is set to 0.5461 µm. 

                                                 
3 The reflectivity is of course spectrally dependent, but only an average value was available so it was 

necessary to trace only a single wavelength. The TracePro default value of λ = 0.5461 µm was used. 
Sources can be defined as discrete wavelengths emitter. 
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Figure 10. Grid Source example, beam setup 

 

 
Figure 11. Grid Source example, polarization 
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Figure 12. Grid Source example ,wavelength 

 

File Source: A ray file can be inserted into a TracePro model and used as a source. A 

ray file consists of 7 columns of tabular data, (X,Y,Z) starting positions for each ray, 

[X Y Z] direction vector for each ray, and a flux (W). 

The File Source concept provides the capability to: 

I. Incorporate measured source distribution data from opsira, Radiant Zemax [26], 

or other source measurement device into a TracePro model, 

II. “Continue” a raytrace by using data incident on one surface to be used as a 

source in another raytrace or another model, and 

III. Create a source from either theoretical or measured data in another application 

(e.g. - text editor or spreadsheet). 
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Regardless of the method used to create the ray file, the resulting File Source is inserted 

into a model in the same way. Method II is used to create a File source in parametric 

optimization of CPC and cone (refer section 2.3). 

Surface Source: A surface source emits rays in a prescribed angular distribution from 

one or more surfaces of a solid object in the Model. A surface source is a surface that 

is designated to emit rays in a raytrace. There are five types of surface source properties 

in TracePro. Two types can emit discrete wavelengths (flux, irradiance) the two other 

can emit calculated wavelength distributions (e.g. blackbody or graybody). The fifth 

type, Surface Source Property, can emit either discrete wavelengths or calculated 

wavelengths. 

2.2.  Beam Down Model Definition 

2.2.1. Basic definition 

Coordinate System 

A schematic of the BDOE heliostat field and tower is shown in Figure 13, the origin 

point of the global coordinate system is taken as the center point at ground level 

(300mm below top surface of central tower concrete slab). The positive X, Y and Z 

axes are pointed to north, west and upwards respectively. 
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Figure 13. Heliostat layout 

 

X 

Y 
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Figure 14. TracePro objects representing BDOE HS field and CR platform (top view) 

 

A reference local coordinate system is used for each heliostat; the local axes (x, y and 

z) are parallel to the global axes and the origin point is taken at the ground level (same 

as the global XY plane), where the z axis passes through center of the heliostat (i.e. on 

the azimuth rotation axis of the heliostat). 

The heliostat elevation angle is the angle between the control mirror surface normal and 

the xy plane, such that when the heliostat is pointing upwards (i.e. horizontal) the 

elevation angle will be 90o. The azimuth angle is the angle that any of the elevation 

axes makes with the Y-axis in the XY plane, measured positive clockwise.  
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Heliostat Definition 

Each heliostat has 43 facets (or more precisely 41 full facets and two half facets). 

Reflected rays from the central facet, aka control mirror, of each HS are detected by a 

sunsensor for pointing control. The inclination (canting) angle of every facet is defined 

with respect to the control mirror (Figure 15). This canting angle has been measured by 

Tokyo Tech using a special laser measurement tool. The facets are canted to provide 

the required focal length which is different for each ring (A, B or C) as mentioned in 

Table 16 (Appendix A). 
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Figure 15. TracePro heliostat reference geometry 

 

Central reflector canting 

The Central Ray Convergence (CRC) point is the point on the Z axis, (X, Y, Z) = (0, 0, 

ZCRC) where the central rays converge (Figure 17). The CRC plane, Z=ZCRC has the 

maximum flux, without FOE, for a given aperture. CR canting angles should generally 

be calculated based on ZCRC nearly equal to the FOE (receiver absent FOE) inlet plane 

elevation. Consideration of maximum flux within the FOE and angular distribution at 

the FOE outlet may lead to selection of a CRC point somewhat below or above the FOE 
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inlet or even to different elevations for the A-, B- and C-ring CRC points, i.e. ZCRC-A ≠ 

ZCRC-B ≠ ZCRC-C. 

 

 

Figure 16 Central reflector canting trigonometry 

 

Figure 16 shows the central ray from an A-ring HS in its vertical radial plane.  From 

triangle ACRO’R we have, 

 
tan 𝛩1 =  

𝑅𝐴

𝑍𝐶𝑅 − 𝑍𝐶𝑅𝐶
  (1) 

And from triangle ACRO”AHS we have, 
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tan 𝛩2 =  

𝑟𝐴 − 𝑅𝐴

𝑍𝐶𝑅 − ℎ𝐻𝑆
 (2) 

 

Once 𝛩1and 𝛩2 are known for the CR of A ring, 𝛩𝐴 can be calculated using the law of 

reflection. 

 
𝛩𝐴 =

𝛩1 + 𝛩2

2
 (3) 

 

 Using 𝛩𝐴 the normal vector of a CR in A ring can be easily calculated, similarly 

𝛩𝐵 and 𝛩𝐶, can also be calculated. 

Table 1. Geometry of 100kW pilot plant as built for ZCRC = 2 m  

Parameter Value(m) 

CR height HCR (m) 16.0 

HS height hHS (m) 1.516 

Focal point height (m) 20.3 

 A B C 

Radius of CR RA, RB, RC (m) 1.84 2.85 3.86 

Radius of HS 𝑟𝐴, 𝑟𝐵, 𝑟𝐶 (m) 8.74 13.54 18.34 

Focal length   𝑓𝐴, 𝑓𝐵, 𝑓𝐶  (m) 20.7 23.2 26.2 

 

 

For example if ZCRC = hrec = 6m, 𝛩𝐴 =17.95°, 𝛩𝐵 = 26.17° and 𝛩𝐶 =33.05°. Central 

reflector normal orientation can be calculated using 𝛩𝐴, 𝛩𝐵 and 𝛩𝐶.  The BDOE CR 

structure provides each CR facet with a 2-axis mount and means to change CR cantings 

for any given Central ray convergence height. 
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Figure 17. Central rays with CR canting adjusted for Central Ray Convergence 

heights of 0, 2 and 3 m above original target. 

 

Sun position 

Sun position is calculated using the NREL sun position algorithm sun_position.m [27] 

(sun_position.m input parameter include latitude and longitude of the BDOE origin, 

and civil time). The azimuth and zenith angle of sun are used to generate a sun vector 

which describes sun’s position in the global coordinate system. This sun vector is later 

used to calculate the pointing direction (control mirror normal) of each heliostat. 

Sun tracking 

Once we have the sun vector and each heliostat’s control mirror position, we can 

calculate the incoming ray incident angle. Similarly we can calculate required reflected 

ray direction from CR and HS control mirror center points coordinates. Based on 

incident ray and reflected ray we can calculate required normal of control mirror, this 

is how heliostat sun tracking works [28]. 

𝑠̂ = Unit Sun vector 

𝑟̂𝑘 = reflected ray (unit) vector direction from kth HS control mirror to kth CR 
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𝑛̂𝑘,𝑖 = control mirror normal (unit) vector for kth HS, i = 194 

The incident and reflected ray will lie in the same plane as normal vector, thus: 

 (𝑠̂ 𝑋 𝑟̂𝑘) ⋅ 𝑛̂𝑘,19 = 0 (4) 

And the angle of incidence is equal to angle of reflection, thus: 

 𝑠̂. 𝑛̂𝑘,19 = 𝑟̂𝑘. 𝑛̂𝑘,19 (5) 

 

 ‖𝑛̂𝑘,19‖ 2 = 1 (6) 

 

2.2.2. Creating Scheme macro file (.scm) using Matlab 

The BDOE has more than one thousand mirror facets. The position and orientation of 

each facet changes with sun position. To model a system this big and complicated its 

geometric construction should be automated. TracePro has Scheme macro language 

associated with it. For making this Scheme file we have written a Matlab script base 

code which can take BDOE geometry information and produce the Scheme macro file 

for input to TracePro. (The script could have been written in any other convenient 

language such as, python, java, VB, C, etc.) 

Matlab base code explanation follows: 

1) Reference geometries of each facet’s center position and canting tilt angle, were 

tabulated in the MS excel (appendix A) for A-, B- and C- ring HS prototypes. 

2) Facet vertex coordinates are calculated, to define each (A, B, C) heliostat as if 

placed in the global origin. 

                                                 
4 Number of heliostat are 33, k : 1 to 33. 

  Number of facet in one Heliostat is 43, i : 1 to 43, i= 19 is control mirror facet. 
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3) HS is translated and rotated to its position in the HS layout. 

4) Similar technique (2-4) is used for each heliostat and each central reflector facet.  

5) Once the heliostat and CR facets are in their correct reference positions, the HS 

control mirror facet’s home position (center and normal) can be calculated by 

following: 

If 𝑝1,  𝑝2, 𝑝3 ,and 𝑝4 are vertices of the control mirror such that p1=[x1,y1,z1],  

p2=[x2,y2,z2], p3=[x3,y3,z3], and p4=[x4,y4,z4] then 

 
𝐹𝑎𝑐𝑒𝑡 𝑐𝑒𝑛𝑡𝑒𝑟 =

(𝑝1 + 𝑝2 + 𝑝3 + 𝑝4)

4
 (7) 

 

 𝑁𝑜𝑟𝑚𝑎𝑙𝑓𝑎𝑐𝑒𝑡 = (𝑝1 − 𝑝2)  × (𝑝1 − 𝑝3) (8) 

 

 
𝑛̂𝑘,19,𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

5 =
𝑁𝑜𝑟𝑚𝑎𝑙𝑓𝑎𝑐𝑒𝑡

‖𝑁𝑜𝑟𝑚𝑎𝑙𝑓𝑎𝑐𝑒𝑡‖
= [0 0 1] (9) 

 

6) Reflected ray direction can be found by using the HS central facet center 

coordinates and corresponding CR center coordinates: 

 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑𝑟𝑎𝑦 = 𝐶𝑅 𝑐𝑒𝑛𝑡𝑒𝑟 − 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑚𝑖𝑟𝑟𝑜𝑟 𝑓𝑎𝑐𝑒𝑡 𝑐𝑒𝑛𝑡𝑒𝑟 (10) 

 

 
𝑟̂𝑘 =

𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑𝑟𝑎𝑦

‖𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑𝑟𝑎𝑦‖
 (11) 

 

7) Sun vector is calculated, for given location and time, using the sun position 

algorithm [25]. 

                                                 
5 𝑛̂𝑘,19,𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒  is control mirror facet normal at home position of HS. 
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8) Using equations 4, 5, 6 and 11 the required normal direction of HS control facet 

𝑛̂𝑘,19 can be calculated. Now HS control mirror normals, 𝑛̂𝑘,19,𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 need to 

be rotated to the 𝑛̂𝑘,19  direction. 𝜃𝑘,𝑎𝑧𝑖  and 𝜃𝑘,𝑒𝑙𝑒  the angle between 𝑛̂𝑘,19 and 

 𝑛̂𝑘,19,𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒. 

Since the facets are arranged in three banks with separate elevation axes, it is 

necessary to rotate each bank separately.  The facet centers are given in the local 

coordinate system of the heliostat, so we will first move them to another 

coordinate system where the elevation axis of each bank coincides with the y-

axis of that coordinate. 

If 𝑐𝑘,𝑖 is the position vector of the center of the ith facet in the heliostat local 

coordinate and e1,e2,e3 are the vectors pointing to the centers of the elevation 

axes in the same coordinate system, then the facet centers relative to the 

elevation axes are given by, 

 𝑐𝑘,𝑖
′ =  𝑐𝑘,𝑖 − 𝑒𝑗 (12) 

 

where i is the facet number from 1 to 43 and, j is the elevation axis number. For 

i=1 to 14 j=1, for i=15 to 29 j=2 and for i=30 to 43 j=3, Next we rotate these 

centers around the elevation axes using the y-axis rotation matrix: 

 𝑐𝑘,𝑖
′ = 𝑅𝑦(𝜃𝑘,𝑒𝑙𝑒 − 90)𝑐𝑘,𝑖

′  (13) 

 

where 𝜃𝑒𝑙𝑒  represents the elevation angle and the counterclockwise rotation 

matrix around the y-axis, 𝑅𝑦(𝜃), is given by: 

 

𝑅𝑦(𝜃) = [ 
cos (𝜃) 0 sin(𝜃)

0 1 0
− sin(𝜃) 0 cos (𝜃)

] (14) 
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The new facet centers are referenced to the heliostat local coordinate system: 

 𝑐𝑘,𝑖 =  𝑐𝑘,𝑖
′ + 𝑒𝑗 (15) 

 

9) Now we can set the azimuth angle.  Since all facets are rotated on the same 

azimuth axis (z-axis), the rotation is performed once for each (kth) HS without 

distinction as follows: 

  𝑐𝑘,𝑖 = 𝑅𝑧(𝜃𝑘,𝑎𝑧𝑖) 𝑐𝑘,𝑖 (16) 

 

where 𝜃𝑎𝑧𝑖  is the azimuth angle of the heliostat and the counterclockwise 

rotation matrix around the z-axis, 𝑅𝑧(𝜃), is given by: 

 

𝑅𝑧(𝜃) = [ 
cos (𝜃) − sin(𝜃) 0

sin(𝜃) cos (𝜃) 0
0 0 1

] (17) 

 

10) Write data to Scheme file.  The Scheme file is a text file that carefully obeys the 

syntax of Scheme programming language as well as the TracePro object 

description rules. (Note: syntax of Scheme can be found in TracePro’s help; 

recording macros is another way to deduce command macro for each action). 

2.3. Problem Decomposition using ray vector file 

Beam Down optical states can be captured at any location for a given sun position by a 

ray data file. The optical state above the FOE inlet plane is particularly useful. The ray 

data file provides a way of breaking down the problem to perform analysis in stages, in 

our case by saving ray data at 10m height for FOE optimization. The problem is thus 

divided into smaller parts; after reflection from HS and CR, ray information incident 
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on a defined plane can be saved. This saved ray data file can be used to define a source 

(refer section 2.1.3, and Figure 18) for further analysis of the final optical element. 

 

Figure 18. Beam Down TracePro model showing ray data plane at 10m 

 

2.4. Results of BDOE Ray Trace Analysis 

2.4.1. Evolution of flux at different elevations 

When CR canting is set for any particular receiver height, flux distributions for different 

elevations should be checked. For example CR canting can be set to ZCRC = 6 m and 

flux distribution checked for 6, 7, 7.5, 8, and 10 m elevations. To capture these flux 

distributions virtual planes have been incorporated in model (Figure 19 and Figure 20-

Figure 25). Time used for the simulations in this example is  21st of June 2011 at 

12:24:04 PM, UTC=+4hr (Zenith angle 1.023, azimuth angle 191.0) and HS canting 

errors are set to zero. 
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Figure 19. Beam down TracePro model with (virtual) flux mapping planes at 

different heights 

 

 

Figure 20 Flux distribution in plane at 6 m height while BDOE central ray convergence point (CR canting) is at 

6-m height 
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Figure 21 Flux disrtbution in plane at 6.5m height while BDOE central ray convergence point (CR canting) is at 6 

m height 

 

 
Figure 22 Flux disrtbution in plane at 7m height while BDOE central ray convergence point (CR canting) is at 6m 

height 
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Figure 23 Flux disrtbution in plane at 7.5m height while BDOE central ray convergence point (CR canting) is 

at 6m height 

 

 
Figure 24 Flux disrtbution in plane at 8m height while BDOE central ray convergence point (CR canting) is at 

6m height 
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Figure 25. Flux disrtbution in plane at 10 m height while BDOE central ray convergence point (CR canting) is 

at 6m height 

 

An alternative way of presenting flux maps on parallel planes is illustrated, for central 

ray convergence point set to 5 m, in Figure 26.  
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Figure 26. Irradiance map, normalized with respect to peak irradiance in the central ray 

convergence plane at 5m 

 

2.4.2. Central ray convergence plane at different heights (6, 7 & 8 m) 

Analysis for 6, 7 and 8 m target heights has been performed to check flux distribution 

and angular distribution of rays at different CRC heights (changing CR canting).  

Figure 27 shows flux mapping (target) planes at 6, 7 and 8m elevations for illustration, 

with central ray convergence point at same elevation as target.  

 

Figure 27 Paths of central ray reflecting from control mirror facet centers 

 

 

Figure 28, Figure 29 and Figure 30 show that, although flux for 6, 7 and 8m CR cantings 

are similar; 8m CR canting has higher concentration than 7 and 6m cases because, in 

the former case, the target plane is nearer to A-, B- and C- ring reflected focal planes. 
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Figure 28 Flux distribution in plane at 6 m height while CRC point ZCRC (CR canting) is set to 6 m height. 

 

 

Figure 29 Flux distribution in plane at 7 m height while CRC point ZCRC (CR canting) is set to 7 m height. 
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Figure 30 Flux distribution in plane at 8 m height while CRC point ZCRC (CR canting) is set to 8 m height. 

 

 

2.4.3. Optical efficiency 

Cosine factor has been calculated using linear Algebra. Shading, blocking, and spillage 

at CR [29] have been computed by ray tracing. The results are expressed as transmission 

factors so that overall optical efficiency is simply a product of transmission factors. For 

economy of words we refer to a transmission factor as an efficiency, of which there are 

several types, defined as follows.  

Cosine efficiency = ratio of aggregate HS facet projected area to total area (no shading) 

Shading efficiency = ratio of incident beam radiation with shading to that without, 

Blocking efficiency = ratio of radiation reaching CR (blocking) plane to that reflected 

by all HS facets 
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Spillage efficiency = ratio of radiation reaching correct CR facets to that reaching CR 

(blocking) plane. 

 

Cosine Efficiency 

If 𝑝1, 𝑝2, 𝑝3, 𝑎𝑛𝑑 𝑝4 are coordinates of mirror facet vertices, then; 

 𝑛𝑜𝑟𝑚𝑎𝑙𝑓𝑎𝑐𝑒𝑡 = (𝑝1 − 𝑝2) × (𝑝2 − 𝑝3) (18) 

Projected area is calculated for each facet using following equation; 

 𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 = 𝑛𝑜𝑟𝑚𝑎𝑙𝑓𝑎𝑐𝑒𝑡 ⋅ 𝑠𝑢𝑛 𝑣𝑒𝑐𝑡𝑜𝑟  (19) 

 

 

𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 = ∑ 𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎

1419

1

 (20) 

 

 
𝐶𝑜𝑠𝑖𝑛𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =

𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎

𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎
 (21) 

 

Shading Efficiency.  

 
𝑆ℎ𝑎𝑑𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =

𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑓𝑙𝑢𝑥 𝑜𝑛 ℎ𝑒𝑙𝑖𝑜𝑠𝑡𝑎𝑡

𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 × 𝐷𝑁𝐼
 (22) 



39 

 

 
Figure 31 Blocking analysis plane 

 

 
Figure 32 Illustration of blocking 

 

Blocking efficiency.  

 
𝐵𝑙𝑜𝑐𝑘𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =

𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑓𝑙𝑢𝑥 𝑜𝑛 𝑏𝑙𝑜𝑐𝑘𝑖𝑛𝑔 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 𝑝𝑙𝑎𝑛𝑒

𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝑓𝑙𝑢𝑥 𝑓𝑟𝑜𝑚 ℎ𝑒𝑙𝑖𝑜𝑠𝑡𝑎𝑡
 (23) 
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Spillage efficiency of CR. 

 
𝑠𝑝𝑖𝑙𝑙𝑎𝑔𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝐶𝑅 =

∑ 𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑓𝑙𝑢𝑥𝐻𝑆𝑖→𝐶𝑅𝑖

33
𝑖=1  

𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑓𝑙𝑢𝑥 𝑜𝑛 𝑏𝑙𝑜𝑐𝑘𝑖𝑛𝑔 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 𝑝𝑙𝑎𝑛𝑒
 (24) 

 

 
Figure 33 BDOE’s cosine, shading, blocking, spillage efficiency of CR and HS reflectance6 vs zenith angle 

 

Figure 33 shows that cosine efficiency is a direct function of zenith angle, but other 

efficiency factors also depend on azimuth angle. 

Recommended “average day” of month and corresponding values of n [24] have been 

used to calculate above mentioned efficiencies. Of the component efficiencies, only 

shading shows a strong dependence on solar declination as shown in Figure 34.  

 

                                                 
6 HS mirror reflective property (Figure 69) is used to calculate HS reflectance vs zenith angle. 

HS mirror incident angle has been summarized in Figure 67. 
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Figure 34 Shading Efficiency throughout the year on monthly average day 

 

Table 2 Recommended Average Days for Months and Values of n by Months[24] 
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Figure 35 Zenith angle vs Solar time throughout the year on monthly average day  

 

 

  
Figure 36 Azimuth angle vs Solar time throughout the year on monthly average day  
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Figure 37 Surface plot of shading efficiency with respect to Zenith and Azimuth 

 

 

Figure 38 Surface plot of spillage efficiency with respect to  Zenith and Azimuth 
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Figure 39 Optical overall efficiency until CR vs zenith and azimuth 
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CHAPTER 3 

 

3.  Final Optical Element 

 

In this chapter optical analysis of final optical elements (CPC and cone) have been 

performed in context of BDOE. The angular distribution of flux leaving the FOE is 

important, in the case of a direct molten salt receiver, because when entering into molten 

salt, radiation will have reflection losses arising from change in refractive index 

between light transmitting media [24].  In the CSPond project, to avoid local hot spots 

that can cause salt degradation, a reasonably homogenous flux distribution is also 

required. 

3.1. Final Optical Element  

Figure 40 shows flux intercepted, thermal loss (refer appendix E) and net useful flux as 

functions of receiver size without FOE. Loss increases and average flux density 

decreases as receiver aperture radius increases. The purpose of a final optical element 

is to concentrate light/radiation on to a smaller aperture, which results in higher 

concentration and lower loss, therefore more net useful flux [30]. 
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Figure 40. Net power collected as a function of receiver radius. Total incident flux7 

and thermal loss are also shown. 

 

3.2. CPC 

The basic idea of non-imaging optics is to relax the constraints of point-to-point 

mapping which are required in imaging optics but which are not essential if one’s goal 

is only to collect as much light as possible. This in turn permits the design of optical 

systems that achieve or closely approach the maximum geometric concentration 

permitted by physical conservation laws for a given angular field of view [31].  

The compound parabolic concentrator (CPC) is the prototypical “ideal” nonimaging 

light collector invented by Roland Winston (1974) [32][33]. 

The 2-D CPC is a reflective concentrator with a tilted axis parabolic profile. The 2-D 

CPC is characterized by a step-like transmission efficiency allowing the efficient 

collection of light from 0° to a maximum angle, called the acceptance angle. For an 

incident collimated beam which makes an angle with the axis lower than acceptance 

angle the transmission efficiency is theoretically 100%. For a 3D CPC the cut off is not 

                                                 
7 No shaft tilt condition 
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abrupt as shown qualitatively in Figure 41.  The roll-off shape depends on the 

distribution of skew rays entering the 3-D CPC.   

 

Figure 41. Characteristic transmission efficiency 2D and 3D CPC 

 

3D-CPC geometry is characterized by the following parameters: 𝑎𝑖𝑛  = inlet radius; 

𝑎𝑜𝑢𝑡 = outlet radius; L = length; 𝜃 = acceptance (or tilt) angle; and f = focal length of 

the parabolic profile. A conventional 3D-CPC is completely determined by two of the 

above five parameters, related by the following basic relationships: 

 𝑓 = 𝑎𝑜𝑢𝑡(1 + sin 𝜃) (25) 

 

 𝑎𝑜𝑢𝑡 = 𝑎𝑖𝑛 sin 𝜃 (26) 

 

 
𝐿 =

(𝑎𝑖𝑛 + 𝑎𝑜𝑢𝑡)

tan 𝜃
 (27) 
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Only 2 parameters need to be fixed to fully define a 3D-CPC. The dimension of Inlet 

radius, with 𝑎𝑖𝑛  and acceptance angle 𝜃  can be fixed. (With respect to BDOE, 

acceptance angle has physical significance, as BDOE max half angle could be 

calculated corresponding to the reflected rays from the C ring of CR, refer section 2.2.1) 

The construction of a CPC is carried out, with reference to Figure 42 as follows [34]: 

1) Draw a parabola P1, with focal length f, focal point at F1,  

2) Rotate the parabola with respect to F1 axis perpendicular to parabola by angle 

𝜃𝑎𝑐𝑐. 

3) Consider curve above the point of intersection of P1
’ and x axis, i.e. point F2. 

F1F2 is outlet radius.  

4) Now the curve should be rotated with respect to perpendicular bisector of F1F2. 

 

Figure 42. Construction of ideal 3D-CPC [34] 
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In TracePro terminology “lateral focal shift” is outlet radius, “axis tilt” is acceptance 

angle. If back length is set to zero then “front length” is length of CPC.  

 
Figure 43. TracePro insert menu, reflector dialog box showing CPC parameters 

 

3.3. CONE 

Practical considerations, mainly easier and cheaper manufacturing, lead to alternative 

FOE geometries such as a faceted cone or compound cones, as a substitute for the 3-D 

CPC.  A single-segment conical approximation to the CPC is shown in Figure 44 [35]. 
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Figure 44. Scheme of cone and CPC showing entrance diameter, d1, exit diameter 

d2, half acceptance angle and axial length 

 

3.4. Results 

3.4.1. CPC 

Table 4 reports CPC output with a central ray convergence point plane of 6m. The main 

purpose of this calculation is to find the ranges of inlet radius and half angle which give 

higher output. From the Table 4 it is clear that output flux doesn’t change much with 

increasing inlet radius above 800mm. Reflectivity used here for CPC and cone is 95%. 

Table 3 DNI, Azimuth and Zenith with respect to Solar time 

Time 12 PM 10 AM 7 AM 

Zenith angles (degree)  1.03 27.41 67.60 

Azimuth angles (degree) 178.10 85.89 73.42 

DNI(W/m2) 796.0 724.5 140.0 
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Table 4. CPC output flux (kW) 

  Inlet Radius (mm) 
H

a
lf

 A
n

g
le

 (
°)

 

  500 650 800 950 1100 1250 1400 

12PM 

24 116.5 130.4 134.1 135.3 137.3 139.9 141.6 

25 117.7 131.8 135.5 136.4 138.1 140.4 141.9 

26 118.0 132.2 135.8 136.7 138.3 140.5 142.0 

27 118.2 132.3 136.0 136.8 138.4 140.6 142.2 

28 118.4 132.5 136.1 136.9 138.5 140.8 142.3 

10AM 

24 75.0 89.6 95.7 97.6 98.9 101.0 103.5 

25 75.6 90.5 97.0 99.2 100.5 102.5 104.9 

26 75.9 90.8 97.4 99.7 101.1 103.2 105.5 

27 76.1 91.0 97.6 99.9 101.4 103.5 105.8 

28 76.4 91.4 98.1 100.6 102.2 104.4 106.9 

7AM 

24 6.9 8.4 9.1 9.4 9.5 9.8 10.2 

25 7.0 8.5 9.3 9.5 9.7 10.0 10.3 

26 7.0 8.6 9.3 9.6 9.7 10.0 10.4 

27 7.0 8.6 9.3 9.6 9.8 10.0 10.4 

28 7.0 8.6 9.3 9.6 9.8 10.0 10.4 

 

Table 5 reports the net useful power. To calculate the net useful power, thermal loss is 

subtracted from optical power gain. Optical power gain is defined as:   

Power gain = CPC output flux * alpha; alpha8 = 0.95, 

Thermal loss model (refer appendix E) is applied for a 600C receiver, and the radiative 

and convective losses are calculated with regard to the CPC exit aperture area. 

 

Table 5. Net useful flux (kW) 

                                                 
8 Absorptivity of the receiver in solar spectrum is assumed = 95%. 
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  Inlet Radius (mm) 

 H
al

f 
A

n
g
le

 (
°)

 

  500 650 800 950 1100 1250 1400 

12PM 

24 109.3 121.6 124.0 123.8 124.2 124.9 124.6 

25 110.3 122.8 125.1 124.5 124.4 124.7 124.0 

26 110.6 122.9 125.2 124.4 124.1 124.2 123.3 

27 110.6 122.9 125.0 124.2 123.7 123.7 122.6 

28 110.7 122.9 124.9 123.9 123.3 123.1 121.9 

10AM 

24 69.9 82.8 87.5 88.0 87.7 87.9 88.3 

25 70.4 83.6 88.5 89.2 88.8 88.8 88.8 

26 70.5 83.7 88.6 89.3 88.8 88.8 88.6 

27 70.6 83.7 88.5 89.1 88.6 88.4 88.1 

28 70.7 83.9 88.7 89.3 88.8 88.6 88.3 

7AM 

24 5.2 5.7 5.3 4.2 2.8 1.3 -0.3 

25 5.1 5.7 5.2 4.0 2.5 0.8 -1.0 

26 5.1 5.5 4.9 3.6 2.0 0.2 -1.7 

27 5.0 5.3 4.7 3.3 1.5 -0.4 -2.5 

28 4.9 5.2 4.4 2.9 1.0 -1.1 -3.4 
 

 

Table 5 also confirms that an inlet radius of 800mm gives close to the maximum output. 

Therefore for later analysis, inlet radii of 650, 800 and 950mm have been considered.  

 

3.4.2. CONE 

Because a cone doesn’t have the sharp cutoff angle of a CPC, as was shown in Figure 

41, a larger range of half angle has to be checked. Table 4 shows the cone output fluxes 

versus aperture and acceptance half angle.  
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Table 6 Cone output flux (kW) 

  12PM 10AM 7AM 

  Inlet Radius (mm) 
H

al
f 

A
n
g
le

 (
°)

 

  650 800 950 650 800 950 650 800 950 

26 118.7 125.7 129.1 79.4 86.6 90.5 7.4 8.2 8.6 

27 122.4 128.9 131.6 82.3 89.5 93.1 7.7 8.5 8.9 

28 125.5 131.2 133.5 84.8 91.9 95.3 7.9 8.7 9.1 

29 127.7 132.9 135.0 86.8 93.8 97.0 8.1 8.9 9.3 

30 129.3 134.3 136.0 88.3 95.3 98.3 8.3 9.1 9.4 

31 130.6 135.3 136.6 89.5 96.4 99.3 8.4 9.2 9.5 

32 131.6 136.0 137.1 90.4 97.3 100.0 8.5 9.3 9.5 

33 132.4 136.4 137.5 91.1 97.9 100.6 8.6 9.3 9.6 

34 132.9 136.8 137.8 91.6 98.4 101.0 8.6 9.3 9.6 

35 133.2 137.1 138.1 91.9 98.7 101.3 8.6 9.4 9.6 
 

 

Note: outlet radius increases as inlet radius and half angle increase  𝑎𝑜𝑢𝑡 = 𝑎𝑖𝑛 sin 𝜃 

. 

3.4.3. CSPonD’s FOE 

When radiation passes from medium 1 with refractive index 𝑛1to medium 2 with refrac-

tive index 𝑛2 , reflectivity changes with respect to incident angle according to the 

Fresnel equation [24]. 

 
Figure 45 Angles of incidence and refraction in media [24] 
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Flux entering molten salt is tabulated in Table 7 and Table 8 for CPC and cone. 

Table 7. Flux (kW) entering molten salt (CPC) 

  12PM 10AM 7AM 

  Inlet Radius (mm) 

   650 800 950 650 800 950 650 800 950 

H
al

f 
A

n
g
le

 (
°)

 

24 122.4 126.6 128.1 83.7 89.7 91.9 7.9 8.5 8.8 

25 124.0 127.9 129.0 84.9 91.0 93.2 8.0 8.7 8.9 

26 124.8 128.4 129.2 85.5 91.7 93.9 8.1 8.7 9.0 

27 125.2 128.6 129.2 86.0 92.1 94.2 8.1 8.8 9.0 

28 125.5 128.7 129.2 86.5 92.7 94.9 8.1 8.8 9.1 

 

Table 8. Flux (kW) entering molten salt (cone) 

  12PM 10AM 7AM 

  Inlet Radius (mm) 

   650 800 950 650 800 950 650 800 950 

 H
al

f 
A

n
g
le

 (
°)

 

26 111.1 118.0 121.6 74.3 81.1 84.8 6.9 7.6 8.1 

27 115.1 121.6 124.7 77.2 84.1 87.7 7.2 8.0 8.4 

28 118.4 124.5 127.0 79.8 86.7 90.1 7.4 8.2 8.6 

29 121.1 126.6 128.9 82.0 88.8 92.1 7.7 8.4 8.8 

30 123.1 128.3 130.3 83.8 90.6 93.6 7.8 8.6 8.9 

31 124.8 129.6 131.3 85.2 92.0 94.9 8.0 8.7 9.1 

32 126.0 130.6 131.9 86.3 93.0 95.8 8.1 8.8 9.1 

33 127.0 131.3 132.5 87.2 93.9 96.6 8.2 8.9 9.2 

34 127.8 131.8 133.0 87.9 94.5 97.2 8.2 9.0 9.3 

35 128.4 132.3 133.3 88.4 95.0 97.6 8.3 9.0 9.3 

 

Reflectance efficiency can be defined as follows:  

 
𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑎𝑛𝑐𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =

𝐹𝑙𝑢𝑥 𝑒𝑛𝑡𝑒𝑟𝑖𝑛𝑔 𝑚𝑜𝑙𝑡𝑒𝑛 𝑠𝑎𝑙𝑡

𝐹𝑙𝑢𝑥 𝑂𝑢𝑡𝑝𝑢𝑡 𝑜𝑓 𝐹𝑂𝐸
 (28) 
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Table 9 and Table 10 show reflectance efficiency. 

Table 9 Flux entering molten salt/output of CPC 

  12PM 10AM 

  Inlet Radius 

   
650 800 950 650 800 950 

H
al

f 
A

n
g
le

 (
°)

 24 0.938 0.944 0.947 0.934 0.937 0.941 

25 0.941 0.944 0.945 0.938 0.938 0.940 

26 0.944 0.945 0.945 0.942 0.942 0.942 

27 0.946 0.945 0.945 0.945 0.944 0.943 

28 0.947 0.945 0.944 0.946 0.945 0.943 

 

Table 10 Flux entering molten salt/output of cone 

  12PM 10AM 

  Inlet Radius 

   650 800 950 650 800 950 

H
al

f 
A

n
g
le

 (
°)

 

26 0.936 0.939 0.942 0.935 0.936 0.937 

27 0.940 0.944 0.948 0.938 0.940 0.942 

28 0.944 0.949 0.952 0.941 0.943 0.946 

29 0.948 0.952 0.955 0.945 0.947 0.949 

30 0.953 0.955 0.958 0.949 0.951 0.953 

31 0.956 0.958 0.961 0.953 0.954 0.956 

32 0.958 0.961 0.963 0.955 0.956 0.958 

33 0.960 0.963 0.964 0.957 0.959 0.960 

34 0.962 0.964 0.965 0.960 0.961 0.962 

35 0.964 0.965 0.966 0.962 0.963 0.963 
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Table 9 and 10 shows net useful flux entering molten salt for CPC and cone. 

 

Table 11. Net useful flux (kW) entering molten salt (CPC) 

  12PM 10AM 7AM 

  Inlet Radius (mm) 

H
al

f 
A

n
g
le

 (
°)

   650 800 950 650 800 950 650 800 950 

24 120.1 123.2 123.4 81.4 86.3 87.2 5.6 5.2 4.1 

25 121.6 124.3 123.9 82.4 87.4 88.2 5.6 5.1 3.9 

26 122.2 124.5 123.8 82.9 87.8 88.4 5.4 4.9 3.6 

27 122.4 124.4 123.4 83.2 87.9 88.4 5.3 4.6 3.2 

28 122.5 124.2 123.0 83.5 88.2 88.6 5.1 4.4 2.8 

 

Table 12. Net useful flux (kW) entering molten salt (cone) 

  12PM 10AM 7AM 

  Inlet Radius (mm) 

H
al

f 
A

n
g
le

 (
°)

 

  650 800 950 650 800 950 650 800 950 

26 108.5 114.1 116.2 71.7 77.2 79.4 4.3 3.8 2.7 

27 112.3 117.5 118.9 74.4 79.9 81.9 4.4 3.8 2.6 

28 115.4 120.0 120.8 76.8 82.2 83.9 4.5 3.8 2.4 

29 117.9 121.9 122.3 78.8 84.1 85.5 4.5 3.7 2.2 

30 119.8 123.3 123.3 80.4 85.5 86.6 4.5 3.6 1.9 

31 121.2 124.3 123.8 81.7 86.6 87.4 4.4 3.4 1.6 

32 122.3 125.0 124.1 82.6 87.4 88.0 4.3 3.2 1.3 

33 123.1 125.4 124.2 83.3 88.0 88.3 4.2 3.0 0.9 

34 123.7 125.6 124.2 83.8 88.3 88.4 4.1 2.7 0.5 

35 124.0 125.7 124.1 84.1 88.5 88.4 3.9 2.5 0.1 

 

3.5.  Summary  

Table 13 shows optimized CPC and cone for CSPonD. Direct absorption molten salt 

receiver prefers a homogenous flux distribution because of possible salt degradation 

resulting from hot spots; in this respect the cone is better than a CPC. Figure 46 and 

Figure 47 show flux distribution at output of FOE for CPC and cone. Reflectivity is 
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95% for both cases.  Cone loss is large because length has not been optimized.  

Nonetheless its performance is better than that of the CPC at 10AM and noon. 

 

Table 13. Optimized CPC vs Cone 

  CPC CONE 

Half angle (°) 26 34 

Inlet Radius (m) 0.8 0.8 

Exit Radius (m) 0.35 0.45 

Length (m) 2.36 1.85 

Thermal 

Loss@600C (W) 
3893 6243 

Flux Output (W) 
12:00 PM 10:00 AM 12:00 PM 10:00 AM 

135842 97357 136751 98392 

Flux entering 

molten salt (W) 
128365 91668 131821 94527 

Net useful flux 

entering molten 

salt (W) 

124472 87775 125578 88284 
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(a) 

 
(b) 

Figure 46 (a) CPC (b) cone output flux distribution at 12pm 
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(a) 

 
(b) 

Figure 47 (a) CPC (b) cone output flux distribution at 10 AM 
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The cone can be further simplified to a faceted cone. Table 14, Figure 48, Figure 49, 

Figure 50 and Figure 51 show optical performance comparison between optimized cone 

and 6 faceted cone.  

Table 14 Optimized cone vs 6 Faceted cone optical perfomance 

 CONE Faceted CONE(hexagonal) 

Geometry 

  
Top Radius = 800.00 mm,  

Area = 2.0106e+06 mm2 

Side = 879.71 mm, 

Area = 2.0106e+06 mm2 

Bottom Radius = 447.35 mm, 

Area = 6.2871e+05 mm2 

Side = 491.93 mm 

Area = 6.2871e+05 mm2 

Length 1.85 m 1.85 m 

 12 pm 10 am 12 pm  10 am 

Flux Inlet (kW) 142.62  103.11 142.64 102.98 

Flux Output (kW) 136.7 98.38 136.07 97.78 

Flux entering molten salt (kW) 131.81 94.52 131.18 93.97 
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Figure 48 Cone (left) and 6 faceted cone (right) Inlet Flux at 12 pm 

 

  
Figure 49 Cone (left) and 6 faceted cone (right) Output Flux at 12 pm9 

 

  

                                                 
9 Note that number of rays at inlet and outlet plane is same, but outlet flux is lower than inlet flux because 

of absorbed flux at reflective surface of FOE. 
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Figure 50 Cone (left) and 6 faceted cone (right) Inlet Flux at 10 am 

 

  
Figure 51 Cone (left) and 6 faceted cone (right) Output Flux at 10 am. 
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CHAPTER 4 

 

4.  Generalized Shape Optimization  

 

The 2-D CPC is an ideal concentrator for collimated beam radiation whose incident 

angle (Figure 41) may change over 0 ≤ 𝜃 ≤ 𝜃𝑎𝑐𝑐.The BDOE ray distribution is nearly 

radially symmetric and skewed.  BDOE has a angular distribution that is roughly 

monotonic with radius. As reported in the previous section, our first approach for 

finding the best FOE was to search for the best CPC design. We found that a cone was 

as good as a CPC in terms of flux output. Moreover, the cone’s output flux distribution 

was more homogenous than the CPC output flux distribution. However there is no 

reason to believe that a cone is the best FOE for the BDOE any more than a CPC is. 

A variety of FOE design and receiver types have the following common features 

appropriate for the BDOE geometry. 

I. Reflector is surface and  revolution about Z axis  

II. Inlet aperture at top 

III. Outlet aperture at bottom 
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These features are shown schematically in Figure 52. 

 
Figure 52 Common feature of FOE Element 

 

In general following parameters are to be optimized: 

I. Inlet Radius (Rin)  

II. Inlet elevation (Zin) 

III. Outlet Radius (Rout)   

IV. Outlet elevation (Zout) 

V. Surface of revolution profile 

VI. Central ray convergence point plane (ZCRC) 



65 

 

To find an optimal FOE geometry, an objective function must be defined. The main 

project objective is to maximize receiver output at a given temperature. This involves 

tradeoffs between concentration, optical efficiency, and aperture size. Other consider-

ations pertinent, as previously mentioned, to CSPonD, include flux uniformity across 

the aperture area and near normal incidence of flux at the molten salt surface. 

The thermal loss model, which reflects receiver type, area and temperature, is 

documented in Appendix E. 

 

4.1. Methodology 

The TracePro 2D Interactive Optimizer can search over a predefined solution domain. 

It uses the Downhill Simplex, also known as Nelder-Mead, method for optimization. 

The Downhill Simplex method is a local optimizer that converges to the local minimum 

solution (usually) closest to the starting point. During an optimization we have some 

control of the process and can monitor interim solutions. We can stop the optimizer, 

change the initial starting parameters, and then re-start the optimization. 

Using the Interactive Optimizer, we can sketch a profile in one or two cross-sections. 

As a starting point, specify variables and a target, and the optimizer will vary the design 

to best meet the objective. 

Figure 53 shows a general setup defined in TracePro 2D Interactive Optimizer; 

Segments can be defined as lines, splines, etc. A segment point can have two degrees 

of freedom (range of upper and lower bound for each degree of freedom).  When a 

segment is defined as a spline, a control point can be defined within the segment. 
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Figure 53. TracePro 2D interactive optimizer general setup10 

 

4.2. Optimization of cone (CSPonD) 

The TracePro 2D Interactive optimizer provides a means to further optimize the cone 

(crudely optimized in section 3.6) by reducing its output radius (as it has larger radius 

than optimized CPC, leads to higher thermal losses). Here outlet radius has been fixed 

to 350 mm, and its elevation has been varied with respect to central ray convergence 

                                                 
10 When objective function for optimization was high flux BDOE FOE output, it has been found that 2D 

profile shapes tends to be like simple cone (slightly trumpet like Figure 53). 
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point plane at (6 m). Table 15 shows different starting points and optimized solutions 

for inlet radius and elevation.  

In this example the FOE reflectivity of cone used here is 80%. The cone shown in Table 

13 (Chapter 3) which had a 95% reflectivity would have had a flux of 116 kW entering 

in the molten salt at 80% reflectivity. 

Table 15. Cone optimization for CSPonD receiver with ZCRC = 6000mm and outlet 

radius = 350mm11. 

 starting point optimized   

Outlet 

elevation 

Zout(mm) 

Inlet 

radius Rin 

(mm) 

Inlet 

elevation 

Zin 

(mm) 

Inlet 

radius 

Rin 

(mm) 

Inlet 

elevation 

Zin 

(mm) 

Flux 

entering 

molten salt 

(kW) 

Length 

(mm) 

4150 

800 6000 753 6737 102 2587 

900 6000 759 6776 102 2626 

900 6000 755 6778 102 2628 

4500 
800 6000 764 6819 106 2319 

900 6500 778 6899 106 2399 

5000 900 6500 830 7128 112 2128 

5500 900 6500 927 7505 118 2005 

5600 900 6500 957 7608 119 2008 

5650 900 7000 966 7630 120 1980 

5700 

900 7000 996 7726 120 2026 

800 6500 1017 7785 120 2085 

990 7700 995 7725 120 2025 

5750 

945 7500 1068 7919 121 2169 

900 7000 945 7536 121 1786 

900 7000 1114 8059 121 2309 

5900 
900 6500 1294 8500 122 2600 

1000 7000 1285 8495 122 2595 

6000 
900 7000 1224 8299 123 2299 

1000 7500 1294 8498 123 2498 
 

 

  

                                                 
11 Purpose of this to find best possible CONE, not best profile. 
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CHAPTER 5 

 

5.  Conclusion And Future Work 

 

5.1. Conclusion 

There are two main objectives of this thesis. First, to better understand BDOE 

performance, a parametric optical model was needed which can predict BDOE output 

in conjunction with different kinds of receivers. Second a final optical element (FOE) 

was designed that, coupled with the BDOE, provide high concentration and optical 

efficiency for various types of receivers 

A Matlab script has been developed to create the BDOE optical model represented by 

a TracePro Scheme file. The Script is parametric, with main parameters being location 

(Latitude and Longitude), date and time (sun positions), etc. The Script has been written 

keeping in mind that new features can be added easily. More generally, an extensible 

method for modelling and analysis of BODE optics was developed. This methodology 

could be helpful in identifying any current/future problems in the heliostat field easily, 

whether they result from design problems or flexible implementation issues like canting 

or optical alignment problems. 



69 

 

A final optical element has been designed for the CSPonD Demo project. CSPonD has 

a direct absorption molten salt receiver that will result in high FOE surface 

temperatures. A homogenous flux distribution was required because of possible salt 

degradation therefore the cone is better than the CPC. A 6-faceted cone is cheap to build 

and allows for easy replacement of facets. Figure 54 shows the first prototype FOE 

manufactured for the CSPonD demonstration experiment.  

  

Figure 54 CSPonD demo final FOE assembly design and manufactured12 FOE.  

 

5.2. Future Work 

The Beam-Down solar concentrator is a one-of-a-kind facility in terms of the optical 

design of the plant and the heliostat field. The ability test several receiver concepts, 

heliostat designs, reflective surfaces, etc., makes the Beam-Down plant an important 

test facility. This thesis has mainly looked at methodology to optically model a solar 

concentrating system using generalized ray tracing software (TracePro) and how to 

                                                 
12 Mechanical design is done by Dr. Benjamin Grange. 
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design the FOE for CSPonD. A number of useful extensions could be modeled to more 

fully explore beam down optics and FOE design. 

Validation of BDOE Optical Model: 

TracePro optical model should be validated through experiments in BDOE. There could 

be three main area which need verification 1) geometrical specification like canting 

angle, canting error etc. 2) optical specification of HS and CR like reflectivity, slope 

error, spectral response etc. 3) Source has been modeled a simple  as solar disc. The 

circumsolar radiation effect should be checked and quantified in BDOE optical model. 

Once TracePro Optical model is thoroughly validated it can be used for analyzing beam 

down optics. Off-axis aberration and control behavior with spinning-axis heliostat 

design and correction of off-axis aberration are two of many possible variations of 

BDOE optics that could be assessed.  Other examples include tighter packing of CR 

facets and a larger (or smaller) central reflector (optimal size).  

Various empirical relationship for beam down system can be explored using Curve 

fitting to the component optical efficiency data points.  

Different heliostat canting arrangements should be explored to minimize spillage at CR. 

Shading and blocking due to CR canting can be studied for different CRC heights 

(which result into different CR cantings). 

FOE Optimization: 

When objective function for optimization was high flux BDOE FOE output, it has been 

found that 2D profile shapes tends to be like simple cone. But more rigorous 

optimization should be done for finding FOE profile in bigger solution domain with 

different objective functions (different objective function could be because of different 
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project requirements like high type rather than high flux or different receiver 

configuration like vertical cylinder receiver etc.). To more fully optimize FOE design, 

and its integration with a given beam-down configuration, it will be essential to speed 

up optimization by finding out which design parameters are most important and/or 

interactive. Computational improvements should also be explored. 

With improved optimization speed and convergence it should be possible to properly 

optimized multi-segment profiles as well as inlet and outlet radii and elevations  Also 

the A-, B- and C-ring central-ray convergence heights can be independently optimized. 
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APPENDIX A 

 

Appendix A: Canting Angle 

 

Inclination angle of heliostat mirrors 

Figure 55 shows the heliostat facet layout and their respective IDs as described in 

TiTech documentation (D-4-2). CC4 is the control mirror which is set at the center 

panel. Facet size is 45 cm square except CB4 and CF4. CB4 and CF4 are half sized (45 

cm *22.5 cm). Inclination angle of facet was measured by difference of height at the 

points of CH1, CH2, CH3 and CH4. These points are distant by 15 mm from the edge. 

Here, S1=Ch1-Ch2; S2=Ch3-Ch4; S3=Ch1-Ch3; and S4=Ch2-Ch4. The elevation 

canting angles are given by 

 

 
𝜃𝑦 = tan−1 (

𝑆1 + 𝑆2

2 ∗ (450 − (15 + 15))
) (29) 

and the azimuth canting angles are given by 

 

 
𝜃𝑥 = tan−1 (

𝑆3 + 𝑆4

2 ∗ (450 − (15 + 15))
) (30) 

 

Measured values of S1, S2, S3 and S4 are reported for every facet of each heliostat 

[MES]. By using equation 29 and 30 the canting angle can be calculated. 
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Figure 55 Identification of heliostat facets. 

 

Proper canting angles are tabulated in the following Table 16: 
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        Table 16. Canting angle (degree) of A, B and C type HS 

ID A B C 

TiTech Used θx θy θx θy θx θy 

BB1 1 -1.69 -1.89 -1.38 -1.7 -1.11 -1.5 

BB2 2 -1.69 -1.26 -1.38 -1.13 -1.11 -1 

BB3 3 -1.69 -0.63 -1.38 -0.57 -1.11 -0.5 

BB4 4 -1.69 0 -1.38 0 -1.11 0 

BB5 5 -1.69 0.63 -1.38 0.57 -1.11 0.5 

BB6 6 -1.69 1.26 -1.38 1.13 -1.11 1 

BB7 7 -1.69 1.89 -1.38 1.7 -1.11 1.5 

BF1 8 -1.05 -1.89 -0.82 -1.7 -0.61 -1.5 

BF2 9 -1.05 -1.26 -0.82 -1.13 -0.61 -1 

BF3 10 -1.05 -0.63 -0.82 -0.57 -0.61 -0.5 

BF4 11 -1.05 0 -0.82 0 -0.61 0 

BF5 12 -1.05 0.63 -0.82 0.57 -0.61 0.5 

BF6 13 -1.05 1.26 -0.82 1.13 -0.61 1 

BF7 14 -1.05 1.89 -0.82 1.7 -0.61 1.5 

CB1 15 -0.32 -1.89 -0.28 -1.7 -0.25 -1.5 

CB2 16 -0.32 -1.26 -0.28 -1.13 -0.25 -1 

CB3 17 -0.32 -0.63 -0.28 -0.57 -0.25 -0.5 

CB4 18 -0.32 0 -0.28 0 -0.25 0 

CC4 19 0 0 0 0 0 0 

CF4 20 0.32 0 0.28 0 0.25 0 

CB5 21 -0.32 0.63 -0.28 0.57 -0.25 0.5 

CB6 22 -0.32 1.26 -0.28 1.13 -0.25 1 

CB7 23 -0.32 1.89 -0.28 1.7 -0.25 1.5 

CF1 24 0.32 -1.89 0.28 -1.7 0.25 -1.5 

CF2 25 0.32 -1.26 0.28 -1.13 0.25 -1 

CF3 26 0.32 -0.63 0.28 -0.57 0.25 -0.5 

CF5 27 0.32 0.63 0.28 0.57 0.25 0.5 

CF6 28 0.32 1.26 0.28 1.13 0.25 1 

CF7 29 0.32 1.89 0.28 1.7 0.25 1.5 

FB1 30 1.05 -1.89 0.82 -1.7 0.61 -1.5 

FB2 31 1.05 -1.26 0.82 -1.13 0.61 -1 

FB3 32 1.05 -0.63 0.82 -0.57 0.61 -0.5 

FB4 33 1.05 0 0.82 0 0.61 0 

FB5 34 1.05 0.63 0.82 0.57 0.61 0.5 

FB6 35 1.05 1.26 0.82 1.13 0.61 1 

FB7 36 1.05 1.89 0.82 1.7 0.61 1.5 

FF1 37 1.69 -1.89 1.38 -1.7 1.11 -1.5 

FF2 38 1.69 -1.26 1.38 -1.13 1.11 -1 

FF3 39 1.69 -0.63 1.38 -0.57 1.11 -0.5 

FF4 40 1.69 0 1.38 0 1.11 0 

FF5 41 1.69 0.63 1.38 0.57 1.11 0.5 

FF6 42 1.69 1.26 1.38 1.13 1.11 1 

FF7 43 1.69 1.89 1.38 1.7 1.11 1.5 

 

Each HS has three banks/panels (Front (F), Middle/Center (C), Rear/Back (B)). 



75 

 

Shaft Tilt: According to the BDOE HS design [36] the inclination angles (canting) are 

modified by the so-called shaft tilt, which is different for  the A, B, and C-line. The 

canting angles are given in Table 16 with respect to each bank frame. In addition to 

these facet canting angles there is additional inclinations of front and back panels frame 

by shaft-tilt angles of A-Line: 1.37°, B-Line: 1.10°, and C-Line: 0.86° as shown in  Figure 

56. 

 

Figure 56 Frame mounting angle (shaft tilt) 

When the shaft tilt is accounted for, effective canting angle changes. Therefore flux 

distribution pattern as well as flux intercept at CRC plane also changes (refer to Figure 

57, Figure 58, Figure 59, Figure 60 and Figure 61)13.  

 
Figure 57 Flux intercept at CRC plane 

                                                 
13 This uses HSmirror and CRmirror reflectivity dependent on incident angle as shown in Figure 68. 

DNI used for 12 PM and 10 AM are respectively 796 and 724.5 W/m2. 

All the calculations in chapter 2, 3 and 4 assume no shaft tilt condition (i.e. shaft tilt= 0 for A, B and C 

lines). 
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Figure 58 CRC plane flux distribution at 12pm (June) with no shaft tilt. 
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Figure 59 CRC plane flux distribution at 12pm (June) with shaft tilt 
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Figure 60 CRC plane flux distribution at 10 AM (June) with no shaft tilt. 
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Figure 61 CRC plane flux distribution at 10 AM (June) with shaft tilt 
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APPENDIX B 

 

Appendix B: Canting Error 

 

For each of 1419 heliostat facets a tilt measurement was made at the time of heliostat 

installation. These measurements should need to be checked periodically because the 

canting errors can change over time.  The canting error distribution at the time of the 

MES measurements is nevertheless useful because it gives an idea of the canting error 

distribution to be expected of faceted heliostats in practice. For the type of facet used 

in Masdar’s BDOE—float glass with a relatively high thickness-to-width ratio of 

>0.01—it is believed that the HS slope error is dominated by facet canting error.  
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Figure 62. Heliostat A1 facet tilt measurement (handwritten numbers) along with required values 
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Figure 63. Close-up of left top corner in Figure 62 

 

The required and measured values of azimuth canting and elevation canting were 

carefully transferred to an Excel file (canting error.xls). 
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Canting angle errors were calculated by subtracting the measured value from the 

canting angle designed values (Table 16). Signed errors are represented in Figure 64 as 

cumulative distributions and summarized in Table 17. 

 
Figure 64 Cumulative distribution of canting error values in degrees N=1419 

 

Table 17 Mean , standard deviation and Median of canting error 

 Mean (degree) Stdev (degree) Median (degree) 

Azimuth 0.0431 0.0578 0.0500 

Elevation 0.0622 0.0648 0.0700 
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APPENDIX C  

 

Appendix C: Reflectivity Measurements and Models 

 

Measurement device used by TiTech was GM-268 of Konica Minolta .It can measure 

reflectivity for incident angles of 20° , 60° and 85°. Table 18 reports the statistics of 

measurement (refer Table 19 and Table 20 for detail).  

Table 18 Summary of HS and CR reflectivity 

Item Incident angle Reflectivity  

CR 20 93.4-93.7 (average) 

2.25-2.33(stdev) 

CR 60 88.9-89.3 (average) 

1.71-1.91(stdev) 

HS 20 75.1 (average) 

3.80(stdev) 

HS 60 59.0 (average) 

3.53(stdev) 
 

 

CR average reflectivity range has been mentioned because, it has been measured for 5 

points as shown in Figure 66 (refer TiTech document D-3-2 for detail). 

Table 19. Measured reflectivity of CR; each value is average of the five points 

shown in Figure 66. 

 1 2 3 4 5 

 20 60 20 60 20 60 20 60 20 60 

a1 93.1 87.3 94.4 88.8 92.3 86 93.6 88 93 86.8 

a1.5 90.8 87.6 90.5 87.9 90.4 88.2 90.4 87.8 89.6 86.9 

a2 92.2 87.7 92.4 87.6 93.2 87.5 93 87.6 92.7 87.4 

a3 91.4 86.6 91 85.8 92.8 86.6 92.2 86.5 91.9 86.4 

a3.5 90.9 87.7 89.8 85.6 89.6 87.6 89.7 86.6 90.4 88.1 
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a4 92.1 87.6 92.1 87.4 93 87.4 92.3 86.9 91.8 86.4 

a5 95.6 92.1 95.9 92.1 95.9 92.2 95.1 92 95.1 92 

a5.5 90.9 87.8 91.2 87.9 90.2 88.4 90.2 88 90.3 87.9 

a6 94.9 91.4 95.9 92.3 95.9 92.3 94.7 91.7 95 91.9 

b1 96.2 88.5 96.1 89.1 95.9 89.6 96.4 89.4 96.5 89.2 

b2 95.7 90.2 94.5 89.5 95.3 91 95.4 90.7 95.1 90.7 

b3 95.9 91 95.3 90 95.3 90.8 95.1 90.4 95.6 90.8 

b4 95.7 90.5 95.5 90.3 95.3 91.1 95.7 91 95.7 91.2 

b5 96 91.1 96.1 91 95.8 91 95.7 91.1 95.7 91.2 

b6 95.8 90.6 95.5 90.3 95 90.5 95.2 90.6 95.2 90.7 

b7 95.6 90.3 95.3 90.2 95.2 90.5 95 90.4 95.2 91 

b8 92.7 88.8 92.3 88 93.4 88.1 93 87.1 92.7 86.7 

b9 91.1 86.5 92 87.5 93.1 87.5 91.7 86.7 92.4 87.1 

b10 93.2 88.4 94.1 89.4 94.1 88.6 94.1 88.2 94 88.2 

b11 94.3 89.6 94 88.8 94.4 88.5 93.4 87.8 93.7 87.8 

b12 96.3 91.6 95.9 91.6 96.5 91.7 96.1 91.9 96.2 91.8 

b13 96.2 91.6 96.2 91.6 96.2 91.5 96 91.6 95.2 90.6 

b14 95.4 88.1 96.2 88.9 96.2 89.8 96 89 96.1 89.4 

b15 96.1 88.9 95.9 88.4 96.3 89.5 96.3 89.4 95.9 89 

c1 95.5 91.7 95 91 95.2 91.5 94.4 91.6 94.8 91.7 

c1.5 91.6 88.9 91.9 89.3 91.6 89.6 90.1 88.8 91 89.3 

c2 95.1 91.2 94.6 90.3 95.6 91.8 94.2 90.7 95 91.3 

c2.5 92.7 88.7 92.9 88.8 92.8 89 92 89.1 92.2 89.2 

c3 94.6 90.4 95.5 91.5 95.8 92.1 94.2 91 95 91.8 

c3.5 92.5 88.6 93 88.7 92.1 88 91.4 88.2 91.8 88.3 

c4 96.3 88.7 96.5 88.5 96.2 88.7 96.4 89.1 96.3 88.8 

c5 96.3 88 96.4 88.7 96.1 88.8 96.2 88.9 96.4 89 

c5.5 90.6 87.3 90.6 87.6 90.2 88.1 89.2 86.7 89.8 88 

c6 95.5 87.5 95.5 87.3 96.4 89.1 95.3 87.7 95.5 88.2 

c6.5 90.7 87.1 90.7 86.7 90.4 87.6 90.1 87.9 90 87.9 

c7 95.9 87.9 96.2 88.5 95.9 88.6 95.9 88.7 96.1 88.9 

c7.5 90.9 87 90 86.6 89.7 87.9 89.1 86.3 89.5 87.1 

c8 91.4 87.7 90.1 85.6 92.6 87.3 91.5 86.3 91.2 86.1 

c9 94.8 90.7 93.4 87.9 95.5 91.5 93.2 90.3 94.4 91.3 

c9.5 90.3 87 89.6 85.1 90.2 87.5 89.7 87.4 90.2 88.1 

c10 94.4 90.3 94.9 90.8 94.7 89.9 94.7 91.5 94.3 91.1 

c10.5 90.9 88.3 91.1 88.4 90.9 88.9 90.2 88.6 90.5 88.7 

c11 95 91 95.5 91.4 92.8 89.4 93.3 90.3 94.9 91.4 

c11.5 87.8 82.3 89 85.3 90.2 87.1 90.1 88.6 90 87.8 

c12 94.7 91 95.1 91.2 94.9 91.4 94 91.2 94.2 91 

 



86 

 

  

Figure 65. Central reflector identification numbers. Non-integer facets are the inactive 

facets for which there is currently no heliostat 

 
Figure 66. CR facet reflectance measurement positions 

 

Table 20. Reflectivity of HS at two incidence angles 

 20 60 

A1 67.9 52.4 

A2 78.2 61 

A3 80.7 64.4 

A4 72.4 56.4 

A5 78.6 62.2 
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A6 72 56.1 

B1 74.9 59.2 

B2 70.7 55.6 

B3 74.8 58.2 

B4 73.8 57.8 

B5 78.6 62.6 

B6 78.7 62.6 

B7 73.8 57.4 

B8 73.4 56.9 

B9 72.8 56.9 

B10 75.8 59.3 

B11 80.1 63.7 

B12 80.3 64 

B13 79.8 63.7 

B14 70 54.6 

B15 69.2 54.2 

C1 72.5 57 

C2 70.5 54.8 

C3 70.8 55.2 

C4 80.1 64 

C5 80 63.7 

C6 72.8 56.5 

C7 76.1 59.5 

C8 73.3 57 

C9 78.1 62.2 

C10 79.9 63.5 

C11 74.6 58.3 

C12 71.9 56.1 
 

 

Incident angle was calculated using equation 31, projected area is calculated using 

equation 19. 

 𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑎𝑛𝑔𝑙𝑒 =  cos−1(𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎) (31) 

 

Figure 67 shows HS mirror incident angle for all hours of daylight in each of the 

12months using dates listed in Table 2.  Note that 90 percent of the HS mirror incident 

angle is from 8.63 to 57.37 degree.  
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Figure 67 HS mirror Incident angle of BDOE for entire year (N = 221364) 

TracePro Reflective Property Definition: 

In TracePro, reflectivity can be defined as a function of incident angle, for example 

HSmirror and CRmirror properties are shown in Figure 68. Figure 69 shows response 

of HS mirror property uses linear interpolation.  

 

 

Figure 68 HS and CR mirror reflectnce defination example 
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Figure 69 TracePro response to HSmirror reflectivity property14 

Although above property is used for generating Figure 33’s HS mirror reflectivity, we 

are aware that it’s rather simple and pessimistic model. Reflectivity can be model more 

rigorously using the following: 

In reality heliostat mirror is made of back silver glass, which can also be modeled in 

TracePro more realistically. 

For example: Glass Schott B270 property shown in Figure 70. 

 
Figure 70 SCHOTT B270 optical prperty 

                                                 
14 HS mirror reflectivity shown in Figure 33 uses Figure 69 reflective property definition.   
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Back silver property can be defined in TracePro more realistically as combination of 

specular reflectance and bidirectional reflectance distribution function. For example 

TracePro library has Figure 71 as Mirror in its catalog. 

 

 
Figure 71 back silver reflectivity example 

 

By combining SCHOTT B270 glass and back silvering, Figure 72 shows TracePro 

reflectivity response with respect to incident angle. This is just to show the 

methodology to model complex reflectivity property. Further work is required to 

calibrate the reflectivity property definition by better measurements of HS facet 

reflectances. 

 
Figure 72 Reflectivity response in Tracepro of Schott B270 + back silver 95% 
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APPENDIX D  

 

Appendix D: Raytrace-number of rays 

 

TracePro is a ray tracing software package [21] which performs Monte Carlo ray 

tracing. By definition, ray tracing introduces noise which translate to uncertainty of 

results. One way to reduce noise is to trace a very large number of rays.  To estimate 

the effect of noise we simulate a representative BDOE configuration and sun position 

with different numbers of rays.  Target height is kept at 6m, time is 21/06/2011 12:24:04 

PM, UTC=+4hr (Solar Time 12 PM) and heliostat and CR canting errors are zero.  
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No of rays in target plane is 252626, total flux 143.9 kW,max flux=345.56 kW/m2 

Figure 73 Flux distribution in target plane at 6m height with full BDOE (3 million rays) 
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No of rays in target plane is 1011486, total flux 144.05 kW,max flux=340.08 kW/m2 

Figure 74 Flux distribution in target plane at 6m height with full BDOE (12 million rays) 
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No of rays in target plane is 2275215, total flux 143.98 kW,max flux=333.14 kW/m2 

Figure 75 Flux distribution in target plane at 6m height with full BDOE (27 million rays) 

 

Figure 73, Figure 74 and Figure 75 show that maximum flux at 6 m target plane is 

reduce by 3.59% while changing number of rays traced from 3 to 27 million. Left 

irradiance maps show that peak flux density is reduced as the number of rays is 

increased. Right profile graphs show that by increasing the number of rays the noise 

level is reduced. For optimization purposes 3 million rays are sufficient, but not for 

every case e.g. assessment of hot spots might require more rays. 
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APPENDIX E  

 

Appendix E: Thermal Loss Model 

 

The overall heat loss coefficient UL is an important parameter in determining the 

performance of the solar receiver, this section formulates the equations needed to 

evaluate it. There are three main loss mechanisms associated with the receiver of a 

concentrated solar plant: convective loss, radiative loss, and conductive loss. A simple 

thermal loss model was employed to estimate heat loss within 10-20%. 

In the following analysis a receiver temperature 600°C (873K) was assumed (for molten 

salt at 550°C (823K)). The absorptivity of the receiver in the solar spectrum was 

assumed to be αs= 95% and the long wave emissivity, ε= 0.1. The molten salt emissivity 

was unknown. Therefore, 90% and 10% cases were considered in the calculations. 

Forced Convection from the receiver surface may be estimated using Nusselt number 

correlations for horizontal plates according to the magnitude of Reynolds number, ReL, 

and Prandtl number, Pr. Pr for air = 0.69 and ReL= ueL/v, where ue is the wind speed 

in m/s, L is the characteristic length of the exposed hot surface (receiver diameter) in m 

and v is the kinematic viscosity of air = 16.1 x 10-6 m2/s and all fluid properties were 

calculated at an average temperature of 700 K.  The average forced convection Nusselt 

number on the receiver surface, 𝑁𝑢̅̅ ̅̅
𝑓𝑜𝑟𝑐𝑒𝑑, can be found as follows [37]: 
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𝑁𝑢̅̅ ̅̅

𝑓𝑜𝑟𝑐𝑒𝑑 = 0.664 𝑅𝑒𝐿

1

2  𝑃𝑟
1

3;  103 < 𝑅𝑒𝐿 ≤ 5 × 105;  𝑃𝑟 > 0.5 (32) 

 

Natural Convection can be significant at large temperature differences. Therefore, a 

mixed flow regime is expected. The Grashof number is given by [37]: 

 
𝐺𝑟𝐿 =

𝛽Δ𝑇𝑔𝐿3

𝑣2
 (33) 

 

where Δ𝑇  is the temperature difference between the MPT (salt surface T) and the 

ambient fluid (ambient air) in K, 𝑔 is the gravitational acceleration in m/s2, and v is the 

kinematic viscosity of the fluid in m2/s. 

The Nusselt number for laminar and turbulent flows are given by [37]: 

 𝑁𝑢̅̅ ̅̅
𝑛𝑎𝑡𝑢𝑟𝑎𝑙 = 0.54 (𝐺𝑟𝐿𝑃𝑟)1/4, 105 < (𝐺𝑟𝐿𝑃𝑟) < 2 × 107𝐿𝑎𝑚𝑖𝑛𝑎𝑟 (34) 

 𝑁𝑢̅̅ ̅̅
𝑛𝑎𝑡𝑢𝑟𝑎𝑙 = 0.14 (𝐺𝑟𝐿𝑃𝑟)1/3, 2 × 107 < (𝐺𝑟𝐿𝑃𝑟) < 3 × 1010𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡  (35) 

 

For mixed convection, natural and forced convection Nusselt numbers are combined 

using [37]: 

 𝑁𝑢̅̅ ̅̅ 7/2 = 𝑁𝑢̅̅ ̅̅
𝑓𝑜𝑟𝑐𝑒𝑑

7/2
+  𝑁𝑢̅̅ ̅̅

𝑛𝑎𝑡𝑢𝑟𝑎𝑙
7/2

 (36) 

The convection heat transfer coefficient (in W/m2K) is given by ℎ̅𝑐 =
𝑘𝑁𝑢

𝐿
 , where k is 

the conductivity of air = 0.02705 W/m K at 313 K and 1 atmospheric pressure. 

Radiative heat loss is given by the following equation: 

 𝑄̇𝑟𝑎𝑑 = 𝐴𝜖𝜎 (𝑇𝑚𝑝
4 − 𝑇𝑠𝑘𝑦

4 ) (37) 
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Where 𝑄̇𝑟𝑎𝑑 is the radiative heat loss in W, Tmp is the MPT in K and 𝑇sky is the effective 

sky temperature in K. Hence the radiative heat transfer coefficient relative to air 

temperature is given by: 

 
ℎ𝑟 =  

𝑄̇𝑟𝑎𝑑/𝐴

(𝑇𝑚𝑝 − 𝑇𝑠𝑘𝑦 )
= 𝜖𝜎(𝑇𝑚𝑝

2 +  𝑇𝑠𝑘𝑦
2 )(𝑇𝑚𝑝 + 𝑇𝑠𝑘𝑦 ) (38) 

 

Conductive losses are assumed to be negligible, and the conduction loss coefficient 

would not be changing with L in any case. 

Hence the overall heat loss coefficient is given by: 

 𝑈𝐿 = ℎ𝑟 + ℎ𝑐 (39) 
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