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Abstract: Hybrid thermal-PV solar trough collectors combine concentrated photovoltaics and 
concentrated solar power technology to harvest and store solar energy. In this work, the 
optical and mechanical requirements for optimal efficiency are analyzed using non-sequential 
ray tracing techniques. The results are used to generate opto-mechanical tolerances that can 
be compared to those of traditional solar collectors. We also explore ideas on how to relieve 
tracking tolerances for single-axis solar collectors. The objective is to establish a basis for 
tolerances required for the fabrication and manufacturing of hybrid solar trough collectors. 
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1. Introduction 

The use of concentrated solar power (CSP) and concentrated photovoltaic (CPV) technologies 
to collect and store solar energy has several advantages over traditional solar collectors [1]. 
The integration of these technologies in one system can result in increased solar power 
concentration, enhanced optical efficiency, and better dispatchability of solar energy through 
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thermal storage methods [2–4]. In this work, we have developed a hybrid thermal-PV solar 
energy collection system based on spectral beam splitting technology to increase the 
efficiency and exergy of solar plants, primarily for utility scale deployment, where typically 
hundreds of trough systems would be deployed to achieve megawatt level exergies. 

Our hybrid system design combines CSP and CPV principles to collect, concentrate, and 
store solar energy. CSP systems are proficient at harvesting a broad portion of the solar 
spectrum by collecting focused sunlight as thermal energy which can be stored and used for 
dispatchable generation [5]. CSPs tend to be low cost, but their annual solar-to-electric 
efficiency tends to be lower than traditional flat c-Si PV systems (around 16% for CSPs and 
22% for c-Si PV systems under standard test conditions) [6]. CPVs, on the other hand, use 
parabolic mirrors to concentrate light onto high efficiency photovoltaic cells [7]. CPVs are 
highly efficient over their finite absorption band (above 40% efficiency under controlled 
conditions have been reported) but the generated electricity cannot be easily stored, rendering 
them ineffective at night or when shadowed [7]. The thermal-PV solar trough merges the 
storage capability of CSP and the efficiency of CPV technology into a single device to 
generate and store energy at reasonable costs. Moreover, the use of micro-CPV cells allows a 
geometrical solar concentration ratio of nearly 1000x whereas conventional parabolic trough 
concentration ratios range from 15 to 80x [1,7]. 

As in any optical system, the alignment and positioning of the different components of the 
collector affect the throughput and transmission of the light. This is of utmost importance in 
solar collectors, where the goal is to limit losses as much as possible. There exist analytical 
tolerance studies for Cassegrain imaging systems [8] and studies using ray tracing techniques 
[9]. The use of non-sequential ray tracing to measure optical throughput allows us to take into 
account solar divergence as well as wavelength-dependent effects such as non-constant 
refractive index and Fresnel losses. In this work, we present a tolerance analysis for the opto-
mechanical properties of our hybrid thermal-PV solar trough design using a non-sequential 
ray tracing approach. This is an expansion of our previously presented tolerance study [10]. 

 

Fig. 1. Hybrid thermal-PV solar trough system: a) M1 collects the full solar spectrum and 
focuses it at the thermal tube while M2 reflects a fraction of the sunlight to the CPV cells, b) 
secondary concentrating optics module, and c) M2 dichroic design optimized for Tucson, AZ. 

2. Hybrid thermal-PV solar trough 

The hybrid thermal-PV solar trough system consists of a set of concentric cylindrical mirrors 
arranged in a Cassegrain configuration [Fig. 1(a)]. The primary mirror, M1, is a parabolic 
metallic reflector that collects the sunlight and concentrates it towards its focal line, where a 
vacuum insulated thermal tube is placed. The tube carries heat transfer fluid that heats up as 
the system tracks the sun. The secondary mirror, M2, is a hyperbolic reflector with an 
optimized dichroic filter on the front surface [Fig. 1(c)]. The dichroic filter has been designed 
to: (1) reflect the solar spectrum used by integrated dual-junction micro CPV cells and (2) 
transmit the remaining sunlight to heat the thermal tube. The details of the dichroic filter 
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design and optimization algorithms to achieve current-matching in the CPV cells can be 
found in our previous work [11]. To further increase the optical concentration, additional 
optical modules are placed at the secondary focus of M2 [Fig. 1(b)]. Each module tracks the 
solar elevation angle and is composed of a concentrating f/1 Fresnel lens, Ln, a glass plate 
with an anti-reflection coating, and a set of optical glass funnels bonded to the CPV cells [12]. 

The size and dimensions of the collector are scalable. For this design, we use standard 
mirror dimensions utilized in CSP industry. The full aperture of M1 is 5.0 m and the distance 
from its vertex to the thermal tube (the parabola focus, f1) is 1.49 m. The Fresnel lenses are 
made of acrylic glass and have an aperture size of 100 x 230 mm and a 0.5° draft facet angle. 
The exit faces of the glass optical funnels are index matched to 5.0 x 5.5 mm CPV cells. Due 
to shadowing produced by M2, the maximum geometrical concentration ratio at the CPV cells 
is 965, which multiplied by the effective PV band, the PV energy conversion efficiency, the 
collector throughput, and the annualized solar irradiance incident on the collector aperture, 
results in an optical concentration equal to 138x. The average annual collection of Direct 
Normal Irradiance (DNI) by the CPV cells (PV/DNI) is 14.36% while the thermal exergy 
collection is 15.70%. Hence, our thermal-PV design has a total exergy efficiency of 30.06%. 

3. Ray tracing simulations 

For the simulations, the Standard Air Mass 1.5 (AM 1.5) solar spectrum was included in the 
modeled solar source, as well as the sun’s divergence. Non-sequential optical effects were 
considered, including Fresnel losses, total internal reflection, absorption, stray light, and 
additional ray paths from secondary reflections. The collector mirrors were assumed to have 
reflectivity equal to aluminum for the optical collection, and equal to Schott B270 glass, for 
the thermal collection. The reflectivity, refractive index, and absorption values were taken 
from the internal library of Synopsys LightTools, the design ray tracing software used for this 
study. 

In order to quantify the effects of shifting and tilting the mirrors from their ideal position, 
different misalignment scenarios were analyzed. The mirrors were shifted along the z-axis 
and x-axis and tilted by angles α and β about the y-axis and x-axis, respectively [Fig. 2]. For 
determining tracking accuracy, the whole system was rotated by θT about the y-axis. The 
optical surface quality of the mirrors was studied as well. 

For the tolerance analysis, we focused on the collection of solar irradiance rather than on 
exergy and PV conversion. In this paper, the normalized amount of solar irradiance collected 
by the thermal tube is referred to as the thermal efficiency. The normalized irradiance 
received at the top of the CPV cells is referred to as the PV efficiency. Both quantities were 
simulated separately. The thermal tube was modeled as an absorbent cylindrical detector 
while the CPV cells as optical absorbers encapsulated in index-matched material bonded to 
the funnels. 

 
Fig. 2. Angle definitions: α represents the tilt angle about the y-axis while β is that about the x-
axis. The mirrors are shifted along the z- and x-axis. The system is invariable along the y-axis. 

In the thermal simulations, most of the light is transmitted through M2 but a small fraction 
of the DNI is directly reflected from the back of M2 and collected by the thermal tube. The 
normalized thermal efficiency is then defined as 
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where IM1(α,β,θT,x,z) is the irradiance, as a function of tolerance variables, collected by M1 
and transmitted through M2. IM2(α,β,θT,x,z) is the irradiance directly reflected by M2 to the 
thermal tube. The constant C1 is the normalized fraction of the collected PV band over the 
AM 1.5 spectrum and C2 is equal to 1-C1. The constant r is the ratio between the effective 
aperture of M2 and M1, A1/A2. The equation is normalized using the simulated irradiance 
values at ideal positions, IM1(0,0,0,0,0) and IM2(0,0,0,0,0). On the other hand, the normalized 
PV efficiency is simply EPV = IPV(α,β,θT,x,z)/IPV(0,0,0,0,0), where IPV is the irradiance 
concentrated at the top of the CPV cells. 

3.1 Mirror tolerance analysis 

Simulation results for the position of the mirrors along the x-axis and z-axis are shown in Fig. 
3. The PV efficiency is more severely affected than the thermal efficiency is by shifting 
effects due to the fact that for PV the light is reflected twice along the optical path. The 
thermal efficiency has a relatively large shifting tolerance of ± 62 mm and over ± 150 mm 
along the z-axis for M1 and M2 positions, respectively, and ± 60 mm and over ± 200 mm 
along the x-axis. Moving M2 has less effect on the thermal collection than moving M1, as 
most of the light collected by the thermal tube is transmitted through M2 as it is shown in Eq. 
(1). In comparison, the PV efficiency has ± 10 mm tolerance along the z-axis for both M1 and 
M2 positions, as moving M1 up is equivalent to moving M2 down along the optical axis. The 
PV efficiency along the x-axis is symmetric about the cylindrical axis and has a ± 10 mm and 
a ± 12 mm distance tolerance for M1 and M2 respectively. 

 
Fig. 3. Simulation results: a) normalized PV efficiency and b) thermal efficiency as M1 and 
M2 are shifted along the z-axis from their ideal positions and normalized c) PV efficiency and 
d) thermal efficiency as mirrors are moved in the x-direction. 
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In Fig. 4, the thermal and PV efficiencies are further analyzed by tilting the mirrors by α 
and β. As in the shifting case, the thermal efficiency is not significantly affected by 
unbalancing M2. Moreover, tilting tolerances about the x-axis tend to be more relaxed than 
those about the y-axis due to the cylindrical nature of the system. This is shown by having a ± 
1.3° α and over ± 5° β tilting tolerance on M1 for the thermal collection [Fig. 4(b)]. For the 
PV collection, angular deviations due to tilting M1 by α are significantly larger than those 
produced by tilting M2 about the same direction due to the secondary reflection on M2. The 
PV efficiency has a 0.25° α tolerance for M1 and ± 1.2° α tolerance for M2 [Figs. 4(c)–4(d)]. 
For β misalignment, the system has a ± 0.6° tolerance for both M1 and M2, but the effect is 
more visible in the M2 case as only one segment of M1 was tilted in the simulations. In Fig. 
4(d), the PV collection has a larger α than β tolerance. This happens as M2 acts as spherical 
mirror for small angle deviations and keeps focusing the light onto the CPV cells. 

 

Fig. 4. Thermal and PV tolerances: a) ray tracing of M1 segment tilted by α = 2°, b) thermal 
efficiency as M1 is tilted by α and β, PV efficiency as c) M1 and d) M2 are tilted by α and β. 

Losses due mirror surface scattering features were also studied. In an optical surface, the 
reflectance can be described as the addition of a diffuse and a specular component. In our 
simulations, the diffuse reflection was modeled as an ideal Lambertian scatterer while the 
specular reflection was modeled as Gaussian scatterer with a standard deviation m (in 
degrees) [Figs. 5(a)-5(b)]. As m increases, the specular component becomes more isotropic. A 
high specular reflector percentage also means that there is no Lambertian reflectance 
component. Losses due to material absorption were ignored as they are similar for all 
scatterers. 

In Fig. 5(c), the PV efficiency for different scattering functions in M1 surface is shown. 
For low m values, the normalized efficiency is linearly proportional to the amount of specular 
content, thus a 96% near specular mirror will lose 4% of the incident sunlight. The losses 
increase as the Gaussian specular reflection deviates from the ideal specular case. For 
instance, surfaces with m = 0.2° will decrease the PV efficiency by 10% even if there is no 
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Lambertian diffuse component. The surface requirements for M2 are roughly half than those 
for M1 as the optical path is reduced. 

 

Fig. 5. Mirror surface quality: a) reflector with a diffuse Lambertian and a Gaussian specular 
component, b) mirror scatterer modeled in LightTools, and c) PV collection depends on M1 
surface quality; high specular percentage and low m value have low scattering losses. 

3.2 Tracking tolerance analysis 

The solar tracking accuracy was also analyzed. The hybrid thermal-PV solar trough is 
designed to track the sun from east to west by rotating the whole system about the y-axis by 
θT. For these simulations, the system was misaligned by an angular deviation from the ideal 
tracking position. As in the previous cases, the tracking tolerance is tighter for the PV 
collection than for its thermal counterpart with ± 0.3° tracking tolerance for PV and ± 1.4° for 
the thermal collection [Figs. 6(a)–6(b)]. This information determines the tracking 
requirements. 

 

Fig. 6. Tracking accuracy: a) thermal and b) PV efficiency as tracking angle accuracy varies, c) 
solar tracking angle and a 1-min trough tracking rotation for Tucson, AZ on November 15th, 
and d) absolute maximum angular difference between θ and θT for different tracking speeds. 

In traditional east-to-west CSP trough systems, the angle used to track the sun is 
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where φ is the solar azimuthal angle and γ is the sun’s elevation angle [13]. These variables 
depend on the geolocation of the point of measurement, date, and time of the day. During 
winter time, θ changes rapidly since the day is shorter than during summer, and the trough 
must rotate faster to follow the sun’s path. This can affect the tracking accuracy. In order to 
estimate θ for a winter day, standard solar equations were used to calculate φ and γ for 
Tucson, AZ [14]. In Fig. 6(c), the difference between θ and θT, the trough tracking angle, is 
shown. In this case, the trough rotates every minute to follow the sun’s path and then remains 
in that position for a full minute. This generates a maximum tracking error right before the 
trough readjusts itself. 

This maximum angular difference depends on the trough rotation frequency. A trough 
moving every 2 minutes will have larger maximum angular error than one that moves every 
45 seconds [Fig. 6(d)]. The difference is higher at noon when θ changes faster. At noon, a 1-
min trough tracking produces more angular error than the recommended tracking tolerance 
for our hybrid system ( ± 0.3°). A way to solve this issue is by tracking the sun Δt = tr/2 ahead 
of time, where tr is the tracking rotation time of the trough. This way the tracking angular 
difference is distributed and the maximum angular difference is halved. In this case, tracking 
every 1 minute or less assures that the system is within the tracking tolerance. This technique 
can be applied to any single-axis tracking solar collector. 

4. Conclusions 

A summary of the opto-mechanical tolerances is shown in Table 1. The ray tracing 
simulations indicate that our hybrid thermal-PV solar trough system has smaller tilting 
tolerances about the x-axis (θT and α) than about the y-axis (β). The PV irradiance collection 
is more severely affected by tilting and shifting effects in mirrors than its thermal counterpart. 
This is due to the secondary reflection on M2, but also because the CPV collection area is 
much smaller than the thermal tube surface area. Thus our system has tighter mechanical 
tolerances than systems that only utilize one concentrating mirror or have low solar 
concentration. The mirror surface quality was also studied. The presence of a diffuse 
Lambertian component linearly reduces the irradiance collection due to homogenous 
scattering losses. The losses are significantly increased if the specular reflection has a 
Gaussian profile with standard deviation greater than 0.2°. Our hybrid solar trough provides 
high solar concentration with suitable spectrum for multi-junction CPV cells. In order to 
maintain maximum concentration during the day, the system must be within tracking 
tolerances. This is determined by the PV irradiance collection as the thermal collection has 
relaxed tracking tolerances. Nonetheless, the tracking requirements can be relieved by 
tracking the sun ahead of time. 

Table 1. Thermal and PV tolerances for 5.0 m solar hybrid trough system 

 Thermal  PV 
Variable ( ± ) M1 M2  M1 M2 

x (mm) 60 >200  10 12 

z (mm) 62 >150  10 10 

α (°) 1.3 >5  0.25 1.2 

β (°) 5 >5  0.6 0.6 

θT (°) 1.4  0.3 
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