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Executive Summary

SolTrace is an optical simulation tool designed to model optical systems used in concentrating
solar power (CSP) applications. The code was first written in early 2003, but has seen significant
modifications and changes since its inception, including conversion from a Pascal-based
software development platform to C++. SolTrace is unique in that it can model virtually any
optical system utilizing the sun as the source. It has been made available for free and as such is in
use worldwide by industry, universities, and research laboratories. The fundamental design of the
code is discussed, including enhancements and improvements over the earlier version.
Comparisons are made with other optical modeling tools, both non-commercial and commercial
in nature. Finally, modeled results are shown for some typical CSP systems and, in one case,
compared to measured optical data.
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1 Introduction

Designing and building efficient, cost-effective concentrating solar power (CSP) systems
requires highly specialized resources. In particular, understanding the solar resource and how
best to convert that resource into usable energy requires specialized modeling tools to predict
system and economic performance. One of the most important aspects of the overall system is
the optical design. Because optical systems for CSP applications can be highly complex with
many parameters to optimize, it is not practical to physically build and test the many possible
preliminary prototypes as part of the product development path. Instead, computer codes are
used to model these systems and predict the optical behavior and performance. Design
optimization can be accomplished much more efficiently this way, resulting in fewer prototypes
and a shorter development path. These programs can be coupled with other tools such as
structural and systems analysis codes to achieve the desired performance and economic goals.

One such optical analysis tool is SolTrace, which began its development at the National
Renewable Energy Laboratory (NREL) in early 2003 [1] and is available for download at
www.nrel.gov/csp/soltrace/. At that time, optical design tools existed that were specific to certain
CSP technologies, e.g., parabolic dish and central receiver [2], [3], [4], [5], but a design tool was
needed that could model the significant variety of new solar optical systems being considered for
power generation, materials processing, process heating, etc. Commercial optical modeling
packages existed that could have been used for such geometries, but these tools were created for
more fundamental optical problems such as lens design, not for efficiently modeling solar optical
systems using the sun as the source. Given these gaps in the available toolset, NREL decided to
develop a program that would build on the methodology behind earlier codes specific to certain
geometries, but extend the geometry set to virtually any combination of these geometries. This
was the original inception of the SolTrace tool; since that time, significant changes and
enhancements have been made to keep the tool state of the art and relevant. These include code
conversion from Pascal to C++, multi-processor utilization, new input options, and more detailed
optical interaction algorithms.

SolTrace is one of several options available for modeling CSP systems. Since its inception,
similar tools have been developed by others in the CSP community, such as Tonatiuh [1]. In
addition, commercial ray-tracing packages also exist such as ASAP by Breault Research, but
these are intended for more general optical system design and, as such, are not “solar friendly.”
While they can be used, they require significant effort to learn and model the complex solar
designs using the sun as the source. The remainder of this paper discusses the methodology
behind SolTrace, some primary capabilities of the code, and some modeling results illustrating
the types of systems that can be modeled with SolTrace.
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1.1 Ray-Tracing Methodology

The code utilizes a ray-tracing methodology outlined in [6]. A specified number of rays are
traced from the sun through the system, and each traces through the defined system while
encountering various optical interactions. Some of these interactions are probabilistic in nature
(e.g., selection of sun angle from sun angular intensity distribution) while others are
deterministic (e.g., calculation of ray intersection with an analytically described surface and
resultant redirection). Such a code has the advantage over codes based on convolution of
moments in that it replicates real photon interactions and can therefore provide accurate results
for complex systems that cannot be modeled otherwise. The disadvantage is longer processing
time. Accuracy increases with the number of rays traced, and larger ray numbers means more
processing time. Complex geometries also translate into longer run times. However, the required
number of rays is also a function of the desired result. For example, fewer rays (and therefore
less time) are needed to determine relative changes in optical efficiency for different sun angles
on a given solar concentrator than are typically needed to accurately assess the flux distribution
on the receiver of that same concentrator.

An optical system is organized into “stages” within a global coordinate system. A stage is
loosely defined as a section of the optical geometry that, once a ray exits the stage, will not be re-
entered by the ray on the remainder of its path through the system. A complete system geometry
may consist of one or more stages. It is incumbent on the user to define the stage geometry
accordingly. The motivation behind the stage concept is to employ efficient tracing and therefore
save processing time and allow for a modular representation of a system. The other benefit of
stages is that they can also be saved and employed in other system geometries without the need
for recalculating element positions and orientations. Segmentation of the geometry via stages
may also be useful in assignment of different coordinate systems for specific geometries and can
make adjustment of locations far more straightforward.

A stage is comprised of “elements.” Each element consists of a surface, an optical interaction
type, an aperture shape, and, if appropriate, a set of optical properties. The location and
orientation of stages are defined within the global coordinate system, whereas the location and
orientation of elements are specified within the coordinate system of the particular stage in which
they are defined. Stages can be one of two types: optical or virtual. An optical stage is defined as
one that physically interacts with the rays. Conversely, a virtual stage is defined as one that does
not physically interact with the rays. The virtual stage is useful for determining ray locations and
directions and incident power or flux at various positions along the optical path without
physically affecting ray trajectory. Elements defined within a virtual stage therefore have no
optical properties because they do not interact with the rays. Optical stages consist of elements
that interact with the rays, potentially altering their trajectories. These elements have optical
properties and interaction types associated with them. Beyond this, optical and virtual stages are
identical in how they are defined and used. Stages can be duplicated and moved around as
groups of elements and saved for use in other system geometries. The NREL High Flux Solar
Furnace (HFSF) [7] is shown as an example of a multi-stage, multi-element system in Figure 1.
Note the global (black), stage (red), and element (blue) coordinate systems. In this example,
there are a total of three stages, and the global coordinate system is located at the center of the
second stage. This arrangement was chosen because the primary concentrator of the system is the
second stage. The first stage is comprised of one flat rectangular reflective element (the
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heliostat). In this case, the stage coordinate system is the center of rotation of the heliostat, and
the element coordinate system lies slightly offset from the stage coordinate system to account for
the physical distance of the mirror surface from the drive. The aim points of this stage are set for
a default solar altitude and azimuth that are defined by a specific latitude, day of year, and hour.
The definition of sun position will be covered later. The second stage is the primary concentrator
consisting of 25 hexagonal reflective elements each having spherical curvature. This stage lies
directly on top of the global coordinate system. One of the 25 individual element coordinate
systems is shown to the upper right of the stage coordinate system. Each of these 25 elements is
pointed so that the central reflected ray intersects the same point in the third stage. The third and
final stage is the sample stage (a flat rectangular target) located in the experiment bay of the
HFSF building. The element coordinate system occupies the same location and orientation as the
stage coordinate system and points back to the center of the primary concentrator. Ultimately, all
coordinates and orientations for each element in each stage are transformed by the software to
the global coordinate system for ray tracing.

y Global Coordinate System

Stage 2, Element 21
N,

Stage 1, Element 1

//\ \

Figure 1. NREL High Flux Solar Furnace showing SolTrace stage and element definitions.
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2 Sun Definition

Two characteristics completely define the “sun” as the light source: the angular intensity
distribution of light across the sun’s disk, referred to as the sun shape, and the sun’s position.
There are two options for defining the sun position. One option is to define a point in the global
coordinate system such that a vector from this point to the global coordinate system origin
defines the sun direction. In this case the user must place that point above the elements in the
initial stage, and the relationship between the coordinate system and the earth is not constrained.
The other option is to define a particular site latitude and time (day of year and local solar hour.)
From this information, the sun direction is determined assuming the z-axis of the global
coordinate system points due north, the y-axis points towards zenith, and the x-axis points due
west. SolTrace calculates the sun position in azimuth and elevation and determines a
corresponding unit vector, Equation 5, based on Equations 1-4 given latitude L (+north, -south),
Julian day of year D, and hour of day H in local solar time [8]. In the case where the element
geometry depends on sun position (e.g., for a heliostat in a tower geometry), the user must use
these same equations to determine element aim points. These equations are based on solar time
and come from the spherical geometric relationship of the earth and sun, and they do not account
for longitude, eccentricity of the earth’s orbit, or impacts due to atmospheric effects.

6 = arcsin(0.39795¢c0s(0.98563(D — 173))) (1)
w=15(H — 12) ()
a = arcsin(sindsinL + cosdcoswcosL) 3)
y = arccos (sinScosL —CZ(;Z&sinLcosw) )

X = —sinycosa

y = sina

Z = coSsy cosa (5)

Three options are available for the sun shape, defined as the angular distribution of normalized
intensity across the sun’s disk, as shown in Figure 2. The first two are commonly used
probabilistic distributions. Although the sun shape varies widely with terrestrial location, sky
conditions, and time, it is neither truly Gaussian nor pillbox in nature, although the pillbox
approximation is adequate for a large class of problems. For highly accurate systems, the use of a
Gaussian sun is not recommended unless the system includes relatively large optical errors
(either based on geometry or optical property definitions). The parameter defining a Gaussian
distribution for the sun’s disk is the standard deviation, 6. The parameter for the pillbox, being a
flat distribution, is simply the half-angle width. The third option allows the user to define the sun
shape profile as a series of intensity datum points.
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Figure 2. Gaussian, pillbox, and user-defined measured sun shapes.
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3 Optical Element Definition

Only the first stage of an optical system “sees” the sun. That is, rays are traced from the sun only
to the first stage, omitting other stages regardless of their spatial arrangement. Subsequent stages
only “see” the rays that come from the previous stage. It is important to know this for shading
purposes. In general, if it is possible and reasonable to define all optical elements in the first
stage, then it is most accurate to do so. Individual optical elements within a stage can have either
reflective or refractive optical properties. Sets of optical properties can be defined within a
SolTrace project, and each optical element is associated with one of these property sets. For
refractive optics, the transmissivity and the real component of the refraction indices are relevant
and used at this time. An element at its core is a single surface or interface.

A real physical refractive component is actually constructed from two elements (or surfaces). In
Figure 3, for example, a sheet of glass consists of two surfaces (or elements) separated by the
glass media between. A ray passes from one surface to the glass media, is refracted, and then
passes through the other surface back to the air. The first element would be defined with the
index of refraction of air on the front side and the index of refraction of glass on the back side.
The second surface would be defined with the index of refraction of glass on the front side and
the index of refraction of air on the back side. The front and back surfaces are dependent on how
the element geometry is defined. Surfaces other than flat would construct lenses. The
transmissivity is the fraction of rays (0 to 1.0) that pass through an element. So, if in this
example the glass sheet transmits 98%, then one of the elements should be defined with a
transmissivity of 0.98 and the other 1.0, or both could be defined with transmissivities of 0.99
(the product of the two transmissivity values should equal the overall value desired). This choice
is arbitrary. Care should be taken when defining the element to keep track of the element aim
point direction to properly assign index of refraction to the correct side (front or back) and to be
consistent with the index for the intermediate material.

Element 1 Element 2

Front Back Front Back

— T —

Air Glass Air
n=1.0 n=1.5 n=1.0

Figure 3. Elements/surfaces are combined to model a refractive sheet of glass.
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SolTrace calculates reflection and refraction at surface interfaces using the well-known Fresnel
equations. As a result, characteristics of refractive surfaces like total internal reflection (TIR) are
managed correctly. At any given ray intersection with a refractive surface, SolTrace first
determines the side (front or back) and uses the associated optical properties for further
interactions at that intersection. First, whether a ray is absorbed is determined by comparing a
random number to the transmittance value from the optical properties. If the ray is absorbed,
SolTrace moves on to the next ray. If the ray is not absorbed, then the reflection factors for both
parallel and perpendicular polarization are calculated. These are based on the ideal surface slope
plus any slope errors associated with the surface (either front or back). The two values are
averaged to determine the possible reflected fraction. The possible transmitted fraction is just 1-
p, where p is the surface reflectance. A random number (0-1) is generated to determine whether
the ray is reflected or transmitted. If the calculated reflectance is less than this random number,
the ray is reflected at the specular angle (0, in Figure 3). If greater, the ray is transmitted. If the
random number is less than this value, the ray is transmitted and propagated into the medium at
the calculated angle (6, in Figure 3). Currently, a more correct method of determining absorption
based on material properties and path length is not used, and the user is cautioned to utilize the
optical properties appropriately (in particular the selection of reflective or refractive optical
properties for elements depending on whether a ray has entered a refractive medium).

For reflective optics, one element (or surface) is sufficient to model a mirror because
transmission is allowed. The relevant parameter is the reflectivity, and the element still possesses
both back- and front-side values. For example, a mirror could have rays that intersect the back
side (e.g., a heliostat in a field); the back should then be assigned a reflectance of zero. A
recently added feature of SolTrace is the reflectance p as a function of incidence angle.

For both refractive and reflective optics, another set of parameters applies that defines the optical
accuracy of the surface. In addition to the effects of the element surface shape on ray direction,
two random errors can be included that affect ray interaction at the surface of an element: slope
error and surface specularity. Surface slope error is a macro feature while specularity is a micro
structure effect. Both are illustrated in Figure 4 for the case of a reflective surface with Gaussian
error distribution having a standard deviation of ¢. The total error is given by Equation 6.

1/2
— 2 2
Uoptical - (40-slope + Gspecularity (6)
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Figure 4. Effects of normally distributed slope and specularity errors on reflected ray direction.

If the pillbox distribution is used, then o is replaced with the half-width of the pillbox. Gpsicar 18
defined within SolTrace in terms of the reflected vector. By Snell’s Law, a slope error of 6
results in a reflected vector error of 20. Specularity error is already defined relative to the
reflected vector, thus the factor of 4 on the 6. term.

So far, the location, orientation, optical element type, and optical properties have been discussed.
The two remaining element parameters requiring definition are the surface contour and the
aperture of the element. There is a large variety of both element aperture and surface contour
options available in SolTrace. The surface contour options are mostly various types of surfaces
of revolution. These include standard analytical surfaces such as planes, parabolas, and
hemispheres. Other analytical surface contour options include the hyperbola, hemi-ellipsoid,
cone, cylinder, and torus. In addition to these analytical surfaces, several surfaces described by
mathematical series are available as well. These are the Zernike series [9] and the standard
polynomial series. Lastly, surfaces described by discrete data points, either spatial or first
derivative (e.g., surface slope), can be fit via cubic spline interpolation or non-linear
interpolation of the first-derivative combined with the Zernike surface fit. This latter surface
description is an output of the Video Scanning Hartmann Test or VSHOT [10] commonly used
to characterize optical concentrators for solar applications. This latter capability is one of the
features that sets SolTrace apart from other codes. Aperture shapes available within SolTrace
include circular, rectangular, triangular, hexagonal, and annular. Irregular triangles and
quadrilaterals are also options. Consequently, essentially any aperture shape and surface contour
can be modeled within SolTrace.
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4 Using SolTrace

The first step in defining a SolTrace project is to define the sun shape and direction. Next, sets of
optical properties are created that will ultimately be associated with the optical elements in the
system. Finally, the optical system geometry is created, including stage definitions and element
definitions within those stages. It is here where each element is connected with one of the optical
property sets defined earlier. Once the system is totally defined, it can be saved to a file for later
analysis.

All data comprising stage and element definition (e.g., location, orientation, aperture shape,
surface contour, optical properties, etc.) are entered alphanumerically via forms. A common
practice is to use a spreadsheet program to calculate this data and copy the data into the SolTrace
input form. Another recently implemented feature of SolTrace is the ability to define geometry
using a free three-dimensional (3D) modeling tool called Trimble SketchUp (formerly Google
SketchUp). A SolTrace plug-in created for SketchUp allows SolTrace element and stage data to
be generated from the 3D modeling tool and imported directly into SolTrace.

Once the system is defined, it can be traced. The user can select any number of rays to be traced
through the system. This value depends on the detail needed in the results. For example, optical
efficiency information can be obtained with fewer rays than needed for a detailed flux map. In
general, ray numbers on the order of one million are required for flux mapping. Once the system
has been traced, the results can be viewed in a number of ways. Three-dimensional scatter plots
of ray intersections with various elements can be viewed, with or without the path of the rays
shown. Flux maps on planar or cylindrical elements can also be generated. Statistical
information, such as centroids, peak flux, peak flux uncertainty, average flux, etc., is calculated
and supplied with the graphics. All the data generated by SolTrace, ray intersection locations,
and directions at various elements, can be saved to a file for reporting and/or post-processing
with other software.

Another powerful feature of SolTrace is its scripting capability. SolTrace uses a fast and
powerful script engine that allows automation of SolTrace to run multiple sun definitions, optical
geometries, and/or optical properties without the need for user interaction. One possible use of
scripting could be to model a solar power tower at different sun positions over the course of a
whole year. The script would take care of calculating all of the heliostat orientations at each time
step, running the ray-trace simulation, saving results, and generating the desired output data and
statistics.
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5 NREL High Flux Solar Furnace

The NREL High Flux Solar Furnace (HFSF) described earlier is presented as an example of a
SolTrace model. Again referring to Figure 1, the HFSF consists of a heliostat defined in the first
stage, a primary concentrator defined in the second stage, and a target plane defined in the third
stage. The HFSF utilizes an off-axis design so that the caustic region generated by the primary is
fixed in place within the control building. The heliostat maintains the sun’s image on the fixed
primary throughout the day. The heliostat is comprised of one flat rectangular mirror 6.2 meters
by 6.8 meters. The primary concentrator consists of 25 hexagonal mirrors in a close-packed
arrangement. The primary mirrors are 1.6 meters in diameter and are spherically curved with
radii of curvature varying between 14.5 and 14.8 meters depending on their location in the close-
packed array. The target is modeled as a flat virtual surface. The reflective surface of the
heliostat is silver with a solar-weighted hemispherical reflectance of 0.95. The primary mirrors
are aluminum reflectors with a solar-weighted hemispherical reflectance of 0.85. The sun is
modeled as a pillbox distribution (see Figure 2) with a half-width of 4.65 milliradians. The sun
position was calculated internally based on the 90th day of the year, a local solar time of 10
hours, and a latitude of 39.5 degrees. One million rays were traced through the system. A scatter
plot showing ray intersections with each of the stages and ray paths for a subset of the rays is
shown in Figure 5. The heliostat is shown in green, the primary concentrator in red, and the
target plane in blue. Yellow ray paths are those that trace all the way to the target plane, while
those shown in red are rays that reflect off of the heliostat, but miss the primary concentrator.

Figure 5. Scatter plot of rays traced through the NREL High Flux Solar Furnace model.
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A plot showing the distribution of power per unit area (flux) over the target plane is shown in
Figure 6. The units are in W/m?. The peak flux is shown below along with other statistical
information. SolTrace was used extensively during the design of the solar furnace. The predicted
values for peak flux and average flux are consistent with measurements taken at the HFSF upon
completion.

- 2e+06
~ 1.5e+06
— 1e+06

— 500,000

T T T
-0.1 -0.05 0 0.05

Figure 6. Flux map at the target plane of the NREL High Flux Solar Furnace.
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6 Modeling Measured Optics

One unique aspect of SolTrace is its ability to predict the performance of real optical surfaces
characterized with surface-normal-based tests such as VSHOT. The output of VSHOT (and the
input to SolTrace) is a file containing a Zernike equation describing the surface contour and a
data table of surface normal errors relative to the fit. Ray intersection locations are calculated
from the fit, while the reflected vector is derived from a non-linear interpolation of the surface
normal data set. The first example, shown in Figure 7, is a small heliostat comprised of four
panels. The modeled result differs slightly from the measurement primarily because the actual
heliostat consists of four separate panels, but is modeled as a single VSHOT surface in SolTrace
that does not delineate between the four panels. The flux binning resolution and graphical
smoothing also contribute to the visual differences. The second example, shown in Figure §, is a
small, long-focal-length mirror used in a parabolic dish application. Both figures show the
SolTrace predicted flux distribution and the measured flux distribution for the same setup and
sun position. Excellent agreement is observed in both cases for the relative flux distributions.

~ 8,000

I 6,000

4,000

2,000

Figure 8. SolTrace predicted flux (left) and measured flux (right) for a small parabolic dish mirror
panel.
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7 Conclusions

SolTrace is a Monte-Carlo-based ray-tracing tool used to model concentrating solar optical
systems. It is one of a number of such codes that have been written to model various types of
concentrating solar optical systems, including commercial ray-trace packages written for more
general optical design. Some features that set it apart from these tools include the ability to
model both reflection and refraction, the ability to easily incorporate sun shape and errors
commonly described in solar optical systems, an extensive list of surface contour options
including measured surface shape and surface slope data, and a scripting language that allows
automated analysis of multiple parametric changes within the system. Future SolTrace
development will focus on processing speed improvements and improved data visualization, as
well as the addition of surface contour options such as output from structural finite element
analysis codes.
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