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Abstract: This paper analyzes a novel, cost-effective planar waveguide solar concentrator design that
is inspired by cellular hexagonal structures in nature with the benefits of facile installation and low
operation and maintenance cost. A coupled thermal and optical analysis of solar irradiation through
an ideal hexagonal waveguide concentrator integrated with a linear receiver is presented, along with
a cost analysis methodology, to establish the upper limit of performance. The techno-economic model,
coupled with numerical optimization, is used to determine designs that maximized power density
and minimized the cost of heat in the temperature range of 100–250 ◦C, which constitutes more
than half of the industrial process heat demand. Depending on the incident solar irradiation and
the application temperature, the cost of heat for the optimal design configuration ranged between
0.1–0.27 $/W and 0.075–0.18 $/W for waveguide made of ZK7 glass and polycarbonate, respectively.
A techno-economic analysis showed the potential of the technology to achieve cost as low as 80 $/m2

and 61 $/m2 for waveguide made of ZK7 glass and polycarbonate material, respectively, which
is less than half the cost of state-of-the-art parabolic trough concentrators. Overall, the hexagonal
waveguide solar concentrator technology shows immense potential for decarbonizing the industrial
process heat and thermal desalination sectors.

Keywords: waveguide concentrator; cost of heat; solar collector; total internal reflection; thermal
desalination; solar industrial process heat

1. Introduction

Concentrated solar thermal (CST) technology utilizes focused sunlight to heat liq-
uids or gases for process heat or power generation applications. State-of-the-art solar
concentration systems employ flat mirrors (heliostats) or parabolic troughs integrated
with active sun-tracking mechanisms [1–3]. The drawbacks that limit the widespread
implementation of these focusing technologies include tracking errors; high capital, oper-
ational and maintenance costs related to drive systems, support structures, wirings, etc.;
massive form factor of sun-tracking mirrors; and, large land area requirement [4,5]. A
reduction in solar field cost while maintaining high optical efficiency is identified as a
critical path to realizing the technoeconomic targets of the U.S. Department of Energy
(DOE) [1]. Therefore, solar collection technologies based on non-imaging and fixed-optics
are gaining significant attention [6,7].

The total internal reflection (TIR) based approach using waveguides for solar concen-
tration is a promising alternative method. Waveguide concentrators have been investigated
well in the area of concentrating photovoltaics, as it minimizes the quantity of expensive
semiconductor material for a given power density [8–12]; however, the concept is new for
CST applications. Total internal reflection in waveguides concentrator is realized using
(a) luminescent solar concentrators [13–18] or (b) micro-optics based solar concentrators
based on coupling topography [8,9,11,19,20], which is the focus of the present study. In a
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TIR based micro-optics solar concentrator, the incoming sunlight is focused by a micro-lens
onto one or more localized scatterers in the waveguide, which guides the light waves
towards the periphery via TIR, where the concentrated radiation is converted to heat on
the surface of the receiver tube and transferred to the flowing heat transfer fluid. The cost
effectiveness of the waveguide solar thermal concentration approach is primarily attributed
to the reduction or exclusion of tracking cost that makes the system compact, and the flat
planar form factor that enhances land-use efficiency as the collectors can be spaced closely
(with no shading concerns), leading to increased power generation capability for a given
land area. The light weight, simple installation protocol and structural design due to the
flat planar form factor could leverage advances in the photovoltaics market for low-cost
installation. Furthermore, the waveguides could be placed closer to ground, thereby elimi-
nating or minimizing the heavy metallic structures that are currently needed to support
troughs and heliostats against wind loading.

Nithyanandam et al. [21] recently conducted a coupled optical and thermal analysis
on a planar waveguide solar concentrator for CST applications. The study was further
extended for the radial waveguide concentrator [22]. In the present study, the analysis has
been conducted for the hexagonal waveguide solar concentrator coupled to a linear receiver.
The design is inspired by cellular structures in nature that are often hexagonal honeycombs.
Hexagons allow for perfect regular tessellation that fills a flat space and has the least
perimeter-to-area ratio, which minimizes the length of the receiver tubing for maximal
thermal power delivery per unit cost. Further, as compared to other designs (planar or
radial), the hexagonal waveguide decreases the absorption of sunlight in the waveguide
materials by reducing the path of sun rays approaching the receiver surface. Because
the absorption of sunlight is reduced, the heating of the waveguide material is reduced,
which results in increased heat collection efficiency and waveguide material lifespan. The
hexagonal waveguide concentrator is a potential solution for a broad range of applications
that comprises industrial process heating, water and space heating, thermal desalination,
etc. [5,23–26]. The aim of the present study is to design and analyze a hexagonal waveguide
concentrator made of different waveguide materials through numerical simulations with
the overall objective of maximizing realizable performance and identifying cost-effective
designs for different process application requirements.

In this study we developed a TIR-based coupled thermal and optical model of an ideal
hexagonal waveguide concentrator system. Numerical simulations have been conducted
based on the developed thermal and optical model to evaluate the temperature distribution
in the hexagonal waveguide concentrator and net solar irradiation reaching the receiver
for the different operating and design parameters. An approach to estimating the cost of
waveguide per aperture area ($/m2) and the cost of heat (COH) in $/W is discussed. The
study has been conducted for two different waveguide materials namely, ZK7 glass and
polycarbonate (PC), based on the design of experiments using standard L16 orthogonal
array [27]. The orthogonal array is used to correlate the waveguide length (Lwg), waveguide
thickness (twg), receiver radius (Rr), solar radiation intensity (I0), and heat transfer fluid
temperature (TF) to the power density (Po) and maximum operating temperature (Tmax)
of the waveguide for both materials. Feasible design and operating windows of the
hexagonal waveguide concentrator system are presented while considering the maximum
operating temperature and maximum thermal stress as constraints in applications. Further,
the study is extended to finding the optimal combination of design parameters of the
hexagonal waveguide concentrator-receiver system that maximizes the power density
and minimizes the cost of heat (COH) for different operating conditions, subjected to
constraints mentioned above.

The article is structured as follows: the optical, thermal, and cost analysis models and
the numerical optimization problem formulation are presented in Section 2; the results of
the parametric study, Taguchi analysis, cost analysis, and optimization study are discussed
in Section 3, and Section 4 concludes with the key findings from the study.
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2. Model Development

Figure 1a (top view) shows the geometric configuration of the hexagonal waveguide
solar concentrator integrated with the receiver. The heat collection element (HCE) con-
sists of a black chrome coated steel receiver pipe carrying heat transfer fluid (HTF). The
dashed box in Figure 1a represents the periodic finite volume domain that is considered
for the numerical simulations. Because of the periodic symmetry in the geometry, only
one-sixth (red dotted line in the lower part of Figure 1a) of the hexagonal waveguide
concentrator domain as shown in Figure 1b is considered for the analytical optical model
derivation in Section 2.1. The length and thickness of the waveguide are denoted by Lwg
and twg, respectively, and the radius of the receiver pipe is represented by Rr as shown in
Figure 1b. An air gap of thickness tg is assumed between the receiver pipe and waveguide
(Figure 1b) to account for thermal expansion during operation. The top and bottom of the
heat collection element are insulated to minimize heat loss to the ambient. In an actual
waveguide-based solar concentration system, the incident solar rays are focused using an
array of cylindrical lenses (not shown in Figure 1) on to a coupling structure engraved on
the bottom surface of the waveguide similar to the configuration that was described by
Karp et al. [8,9]. The rays reflected by the coupling feature at angles exceeding the critical
angle would undergo total internal reflection (TIR), such that it is directed to the heat
collection element positioned at the periphery of the waveguide (Figure 1b). Because of
the compactness and lightweight of the system, sunlight can be focused on the waveguide
throughout the day with just a few centimeters of lateral movement as demonstrated by
Hallas et al. [28,29]. Because the objective of this study is to determine the theoretical
maximum performance of an ideal hexagon waveguide concentrator configuration, it is
assumed that all the incident rays undergo TIR through the perfect focusing of the rays
onto the coupling feature. Further assumptions that were used in the derivation of the
optical and thermal models are discussed below.
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2.1. Optical and Thermal Model

The goal of the modeling is to obtain an upper limit on the performance of the waveg-
uide concentrator that is depicted in Figure 1 for various application requirements. To this
end, the numerical model is developed based on the following assumptions: (1) solar irra-
diation is perfectly focused by the lenses on to the coupling structure; (2) perfect TIR exists
in the waveguide without escape cone losses; (3) during the TIR, no waveguide decoupling
loss occurs because of the propagating rays hitting a coupling feature; (4) thermophysical
properties of the waveguide materials are homogeneous and isotropic over the operating
temperature range; and (5) the incident light is monochromatic, and the optical properties
are invariant of wavelength.

Within the solid waveguide domain, the heat transfer is governed by conduction with
volumetric heat generation corresponding to the absorption of solar energy by the material
of the waveguide. The resulting temperature profile, T(x, y, z), is given by the steady-state
heat diffusion equation with internal heat generation, q′′′ [30].

∇(k∇T) + q′′′ = 0 (1)

where k represents the thermal conductivity of the waveguide material. The volumetric heat
generation, q′′′ , is obtained by considering the irradiation that is absorbed by the waveguide
due to the extinction coefficient of material that attenuates the radiation reaching the HCE.

When considering that rays only propagate along x-direction (Figure 1b) and the
light incident on the waveguide concentrator disperses homogeneously over 0 ≤ φ ≤ π

2

(Figure 1b), the incident solar radiation through an angle dφ is I0

(
2√
3

xdx
)

dφ
π/2 . The in-

tensity of solar irradiation reaching the HCE depends on the path length and absorption
coefficient of the waveguide material. The path length of light incident at x via dx is
λ =

Lwg−x
sin φ . The total irradiation reaching the HCE can then be stated as:

It
2Lwg√

3
twg = I0

∫ φ= π
2

φ=0

∫ x=Lwg

x=0

(
2√
3

xdx
)

e−αλ

(
dφ

π/2

)
(2)

which, when integrated, results in the following expression:

It =
2I0

πLwgtwg

∫ φ= π
2

φ=0

[
Lwg

sin φ

α
−
(

sin φ

α

)2(
1− e−

αLwg
sin φ

)]
dφ (3)

The net irradiation that is absorbed in the waveguide is calculated from the difference
between the total irradiation incident on the waveguide (I0 At) and total irradiation reaching
the receiver (It Ac), where At = L2

wg/
√

3 is the area of the cross-section of the waveguide
at y = 0 and Ac = 2twgLwg/

√
3 is the cross-sectional area at x = Lwg in Figure 1b. It is

assumed that the volumetric heat generation is uniformly distributed within the volume of
the waveguide, and can be expressed as:

q′′′ =
I0 At − It Ac

Attwg
=

I0L2
wg√
3
− 2It Lwgtwg√

3
L2

wgtwg√
3

=
I0Lwg − 2Ittwg

Lwgtwg
(4)

Note that the concentration factor of the waveguide concentrator is the ratio of the
waveguide planar area (At) to the cross-sectional area, where the rays are concentrated (Ac),
which is simply Lwg/2twg. The concentration ratio can be tailored through the appropriate
choice of Lwg and twg. For the range of parameters explored in this study, the concentration
factor ranges from 2 to 100.
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The heat loss from the top surface of the waveguide depends on its surrounding and
sky temperature, and it can be represented as:

k
∂T
∂y

∣∣∣∣
y=0

= (ho + h f )(T(x, 0, z)− T∞) + εσ
(

T4(x, 0, z)− T4
sky

)
(5)

where ho and h f are the natural and forced convection heat transfer coefficient, respec-
tively, obtained using correlations from the literature [30–32], T∞ represents the ambient
temperature and its value is considered as 30 ◦C in the present study, ε is the emissivity
of the waveguide, and Tsky is the sky temperature. The sky temperature depends on
variables, such as altitude, humidity, cloud cover, and the presence of other particles in
the air such dust or pollution, and its value can obtained from the following relation:
Tsky = 0.037536 · T1.5

∞ + 0.32 · T∞ [31]. Similarly, the heat lost from the bottom waveguide
surface to the ground at ambient temperature is given by:

− k
∂T
∂y

∣∣∣∣
y=twg

= (ho + h f )
(
T
(

x, twg, z
)
− T∞

)
+ εσ(T4(x, twg, z

)
− T4

∞) (6)

On the lateral faces of the triangular unit of the waveguide in Figure 1b, symmetry
boundary conditions are imposed, i.e., ∂T

∂n

(
x, y,± x√

3

)
= 0.

At the center of the waveguide, x = 0, the temperature is finite, whereas the boundary
condition at the outer edge of the waveguide segment, x = Lwg, is governed by the heat
transfer between the waveguide surface facing the receiver and the receiver surface, as
given by:

k
∂T
∂x

∣∣∣∣
x=Lwg

= U
(
TF − T

(
Lwg, y, z

))
(7)

where TF is heat transfer fluid temperature, assumed to be nearly constant in the receiver
section within the unit cell, and U is the overall heat transfer coefficient given by:

U =
1

twgLwg
(
RF +Rg +Rrad +Rw

) (8)

in which RF, Rg, Rrad, and Rw are the thermal resistance of the heat transfer fluid,
air present in the gap, radiation heat loss from the HTF tube, and the HTF tube wall,
respectively. The value of these thermal resistances are given by [30]:

RF =
1

hr Ac
; Rg =

tg

kair Ac
; Rrad =

1
hrad Ac

;Rw =
ln(Rr,i/Rr,o)

4πLwgkr/
√

3
(9)

where hr is the convection heat transfer coefficient of HTF flowing in the receiver tube,
tg is the air gap between the receiver and waveguide, Rr,i and Rr,o are, respectively,
the inside and outside radii of the receiver tube, kr and kair are the thermal conduc-
tivity of the receiver tube wall and air, respectively, and hrad is the radiative transfer
coefficient from waveguide edge to the receiver tube that is obtained from: hrad =
εFσ

(
TF + T

(
Lwg, y, z

))(
T2

F + T2(Lwg, y, z
))

, in which F is the view factor given by [33]:

F =
tan−1[twg/2

(
Rr + tg

)
]

twg/2Rr
(10)

The governing equation, Equation (1), and the associated boundary conditions that
are given above, are solved for the temperature profile in the waveguide domain (Figure 1)
using the heat transfer module of the finite element analysis software, COMSOL 5.3 [34].
The computational grid was built of structured four node free tetrahedral elements with
an optimal mesh size, and totaled 625,164 elements, that was determined based on a
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systematic grid refinement study. A residual convergence of 10−6 was used to obtain the
temperature field in the waveguide domain.

Every single receiver segment is attached to two hexagonal waveguides on either side
(Figure 1a), and assuming all of the propagated radiation is transferred as heat to the HTF
in the HCE at a thermal efficiency of ηr, the net thermal power (Pt) delivered to the receiver
in the periodic domain is as follows:

Pt =
24ItLwgtwg√

3
·ηr (11)

where ηr is the receiver efficiency given in terms of the absorptivity of the receiver, β, as:

ηr = β−
U
(
TF − T

(
Lwg, y, z

))
It

(12)

2.2. Cost Model

An economic model was also developed to assess the optimum design configurations
based on minimizing cost per unit aperture area and the cost of heat delivered. The total
cost of the waveguide-receiver system per unit aperture area (C′′ ) can be expressed as:

C′′ =
C′r + C′ins + C′coat + C′r,sup

Lwg︸ ︷︷ ︸
C′′r

+ Cwgρtwg + C′′wg,sup︸ ︷︷ ︸
C′′wg

(13)

where C′r, C′ins, C′coat, and C′r,sup are the cost per unit length ($/m) of the HTF pipe, insu-
lation, black chrome coating, and receiver support, respectively, C′′r is the total receiver
cost divided by the aperture area ($/m2). The HTF pipe was assumed to be made of
carbon steel, which is typically used in industries for steam or hot oil transport and the cost
information was obtained from Ref. [35]. The HTF pipe was assumed to be insulated with
4-inch (tins = 0.102 m) thick foam glass insulation. The insulation cost per unit pipe length
is then calculated as C′ins = 4

(
Rr,o + tg

)
tinsC′′′ins, where C′′′ins is the cost per unit volume of

the insulation, which is estimated to be 356 $/m3 [36]. The black chrome coating cost per
unit pipe length is calculated from C′coat = 2πRr,oC′′coat, where the coating cost per unit
surface area (C′′coat) equals 15.1 $/m2 [37]. The cost of the receiver support structures per
unit pipe length is calculated as C′r,sup = 2πRr,oC′′r,sup, where the cost of receiver support
per unit surface area, C′′r,sup, is assumed to be the same as that estimated for SkyTrough [38],
C′′r,sup = 113.5 $/m2. C′′wg is the waveguide cost per unit aperture area ($/m2) with con-
tributions from the material cost and the cost that is associated with waveguide support
structures (C′′wg−sup). In Equation (13), Cwg is the cost of waveguide material per unit mass
($/kg) and ρ is the density. The cost per unit mass of ZK7 glass and polycarbonate are
taken to be 2.5 $/kg and 4.05 $/kg, respectively [39,40]. The cost of waveguide support
for ZK7 glass was assumed to be the same cost as reflector supports (C′′wg−sup = 5 $/m2)
of the SkyTrough technology [38]. For polymeric waveguides, the support structure cost
was scaled by the ratio of polymer to glass density to account for the cost reduction that is
associated with supporting light-weight elements (C′′wg−sup = 2.4 $/m2).

Additionally, the cost of heat (COH) delivered is assessed to find designs that yield
minimum cost, while simultaneously increasing the net thermal power transport to the
HCE. The cost of heat (COH in $/W) delivered is represented as:

COH =
C′′

ηC · Io
(14)

where ηC is the collection efficiency that is defined as ηC = It Ac/I0 At. It is noted that the
cost of the foundation, motor drives, structures, pylons, etc., which are the main cost ele-
ments of a parabolic trough collector [38], is small for the waveguide concentrator because
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of its closely-packed, lightweight, and potential non-tracking implementation. Conse-
quently, the established model for cost calculation is a reasonably precise interpretation of
a full-scale hexagonal waveguide solar concentrator system.

3. Results and Discussion

The model developed in the previous section couples the analytical optical model
(Equation (3)) to a simple conduction model that solves for the temperature distribution
within the waveguide using commercial computational software. Verification of the an-
alytical optical model predictions is critical to ensure model accuracy. To the authors’
knowledge, there is no investigation of the concept for concentrated solar thermal ap-
plications. Nevertheless, the optical model that was developed in this study was based
on the methodology presented by Nithyanandam et al. [22], which was verified through
a comparison of the analytical results alongside the results that were obtained from the
ray-tracing simulations performed using TracePro [41]. In addition, the analytical solution
obtained for It in Equation (3) is verified with physical consistency checks. For instance,
if there is no volumetric absorption coefficient (α = 0) in the waveguide, then it is ex-
pected that all of the incident irradiation (I0) will be concentrated on the HCE, such that
It =

I0 At
Ac

=
I0Lwg
2twg

. Starting from Equation (3) and defining α∗ = α
sin φ , it can be shown that

the equation reduces to the following:

It =
2I0

πLwgtwg

∫ φ= π
2

φ=0

[
Lwgα∗ − 1 + e−Lwgα∗

α∗2

]
dφ (15a)

In the limit of α→ 0 (i.e., α∗ → 0), and using the L’Hospital rule, the above expression
reduces to the physically expected solution of all incident irradiation reaching the edge of
the waveguide as shown below:

It = lim
α∗→0

{
2I0

πLwgtwg

∫ φ= π
2

φ=0

L2
wge−Lwgα∗

2
dφ

}
=

I0Lwg

2twg
(15b)

Similarly, for very large volumetric absorption coefficient as α→ ∞ , It in Equation (3)
reduces to zero as physically expected, because all incident irradiation will be absorbed
within the waveguide. The verification checks discussed here furnish the assurance to
use the modeling framework for detailed systematic parametric studies of a hexagonal
waveguide concentrator made of different materials.

3.1. Parametric Analysis

Based on the models presented, the study first evaluates the influence of design pa-
rameters, namely, receiver radius (Rr), absorption coefficient (α), waveguide thickness(
twg
)

and waveguide length
(

Lwg
)
, and operating parameters namely, incident irradiation

(I0), HTF temperature (TF), on the steady-state temperature distribution. Further, the influ-
ence of HTF temperature (TF) on net thermal power delivered (Pt), maximum operating
temperature (Tmax), and collection efficiency (ηc) are investigated at different values of I0,
Rr, twg, and Lwg. The gap between the waveguide and receiver (tg) and the convective heat
transfer coefficient of the HTF flow in the receiver (hr) are considered to be 0.003 m and
500 W/m2K, respectively. From the Dittus–Boelter equation [30], the assumed convective
heat transfer coefficient for thermal oil-based HTF flow in the receiver corresponds to a
Reynolds number of ~15,000, which is typically observed in solar thermal systems [42]. The
value for absorptivity (β) of the receiver surface is considered as 0.95 [21,22]. The feasible
design space for waveguide is dictated by the maximum allowable temperature in the
waveguide due to irradiation absorption during operation. The maximum temperature in
the waveguide will be observed when the convective heat transfer loss from the waveguide
to the ambient is at its lowest. Hence, the value of forced convection heat transfer coeffi-
cient

(
h f

)
from waveguide to ambient is assumed as 0 W/m2-K to obtain a conservative
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design, as it represents the worst-case scenario in terms of the maximum temperature that
occurs in the waveguide. The natural convection heat transfer coefficient from the planar
horizontal waveguide to ambient (ho) was obtained from the well-established correlation in
the literature [30] that evaluates to ~2.5 W/m2-K. Further, the thermophysical properties of
the two materials considered in the study, ZK7 and polycarbonate (PC), are given in Table 1.

Table 1. Thermophysical property of waveguide materials [21,43].

Properties ZK7 PC

Thermal conductivity, k [W/m-K] 1.10 0.20
Heat capacity, cp [J/kg-K] 770 1170

Density, ρ [kg/m3] 2490 1190
Thermal expansion coefficient, γ [10–6/K] 4.1 70
Permanent operating temperature, T [◦C] 450 120

Absorption coefficient, α [m−1] 1.4 1

Figure 2 represents the temperature contours in a ZK7 hexagonal waveguide so-
lar concentrator element at different TF and I0 for twg = 0.025 m, Rr = 0.02 m, and
Lwg = 0.25 m. The maximum temperature within the waveguide is governed by vol-
umetric heat generation rate, because of the incident solar irradiation absorption, HTF
temperature that affects the heat exchange between the waveguide edge facing the HCE
and the receiver pipe surface, and the heat loss to ambient in the form of convection and ra-
diation (Equations (5) and (6)). Figure 2a presents the temperature contour for TF = 150 ◦C,
200 ◦C, and 250 ◦C at I0 = 1000 W/m2. The temperature of the hexagonal waveguide solar
concentrator is higher near the HTF tube as the HTF tube loses heat from its outer surface
and transfers to the waveguide by convection and radiation. Consequently, the tempera-
ture of the waveguide increases with an increase in HTF temperature. Figure 2b depicts
the temperature contours of the waveguide at different I0 while considering TF = 250 ◦C.
The waveguide temperature increases with an increase in I0, because higher incident solar
irradiation leads to higher irradiation absorption and higher temperature excursion in the
waveguide. The highest temperatures in the hexagonal waveguide (Tmax) were observed at
the corners, as seen in Figure 2. These maximum values will limit the design of the optimal
waveguide/receiver configurations as discussed later in this section.
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Figure 3a–f present the effect of different operating and design factors on the spatial
distribution of the temperature increase (Twg − T∞) inside the waveguide (ZK7 material).
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The non-dimensional distance is labeled as x∗ = x−0.5Lwg
Lwg

, such that x∗ = 0 represents the
center and x∗ = ±0.5 represents the corner of the hexagonal waveguide, as sketched in
Figure 3e. The temperature increase is calculated at the mid-height (y = −twg/2) of the
waveguide. The default values of I0, TF, Rr, α, twg and Lwg in Figure 3 are 1000 W/m2,
250 ◦C, 0.02 m, 1.4 m−1, 0.025 m, and 0.25 m, respectively, unless specified otherwise. For
all of the parameters, the temperature increase is the highest at the outer edge of the
hexagon as compared to the center of the waveguide, because the waveguide is heated by
the HTF receiver pipe. Figure 3a demonstrates the effects of the incident solar irradiance
on the temperature profile inside the waveguide concentrator. It is observed that an
increase in the incident irradiation increases the magnitude of the steady-state temperature
distribution in the waveguide solar concentrator, because the increase in ray absorption
results in higher volumetric heat generation. The temperature rise for the solar radiation of
250 W/m2 is nearly zero at the center of the waveguide because the heat generated due to
irradiation absorption is compensated by the heat lost to the ambient.

Figure 3b presents the influence of HTF temperature on waveguide temperature rise.
The temperature of the waveguide increases with an increase in HTF temperature, mirror-
ing the trend shown in Figure 2a. Further, Figure 3c depicts the effects of the receiver radius
on the temperature rise of the waveguide. The temperature of the waveguide rises with
an increase in the receiver radius due to an increase in surface area that leads to enhanced
heat transfer interaction between the HTF receiver pipe and waveguide. Further, the study
has been conducted at five different absorption coefficient values, and Figure 3d presents
the obtained temperature rise. The increase in the absorption coefficient of waveguide
materials leads to increased attenuation of rays and results in higher temperature rise, as
contrasted with a lower absorption coefficient. For the absorption coefficient of 0.1 m−1, the
waveguide material absorbs a very small fraction of the incident radiation and, therefore,
the temperature rise of the waveguide is negligible at the center of the waveguide. However,
with an increase in the absorption coefficient, the operating temperature increases consis-
tently. Furthermore, increase in waveguide thickness causes an increase in the temperature
of the waveguide because of the increase in path length for the ray propagation that results
in higher irradiation absorption, leading to higher operating temperature, as shown in
Figure 3e. Figure 3f presents the influence of waveguide length on the temperature rise of
the waveguide. The path length of solar rays to reach the receiver surface increases with an
increase in waveguide length, which leads to increased absorption and results in a higher
temperature rise within the waveguide (Figure 3f). Although the temperature rise at the
center of the waveguide for Lwg = 0.1 m is higher than that obtained for Lwg = 0.25 m, the
maximum temperature rise that is observed at the corner for Lwg = 0.25 m is higher than
that observed for Lwg = 0.1 (Figure 3f).

Figure 4 presents the influence of HTF temperature on the net thermal power delivered
and the maximum operating temperature of the waveguide for different parameters.
Figure 4a depicts the variation of net thermal power delivered and Tmax with TF for five
different I0. The maximum thermal power delivered (Pt) is obtained for the highest
incident solar radiation i.e., 1250 W/m2 because the total irradiation that reaches the end
of the waveguide is directly proportional to I0. The absorbed irradiation in the waveguide
increases with an increase in I0, resulting in higher volumetric heat generation and Tmax
in the waveguide. Further, the net thermal power delivered decreases with an increase in
the HTF temperature because of higher heat loss from the HTF receiver pipe. In addition,
the heat exchange between the HTF receiver pipe and waveguide also increases with an
increase in TF, which results in higher Tmax. The increase in Tmax with an increase in TF
can be observed in all of the plots depicted in Figure 4. Figure 4b presents the variation
of net thermal power delivered and Tmax with TF for five different values of Rr. The net
thermal power delivered decreases with an increase in both the HTF temperature and
receiver radius. The increase in surface area with an increase in receiver pipe radius
leads to higher heat loss from the receiver surface and subsequently, lower net thermal
power delivery. Because part of the heat lost from the receiver surface interacts with
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the waveguide, Tmax increases with an increase in receiver pipe radius (Figure 4b). The
difference in the temperature rise, as well as the net thermal power delivered between
the different receiver radius, is small at a lower HTF temperature. This is explained by
the decrease in temperature difference between the HTF receiver pipe, ambient air, and
waveguide temperature, which limits the heat exchange. As expected, at higher HTF
temperatures, the converse is observed, such that the differences in Tmax and Pt are large
(Figure 4b).
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Figure 4c presents the net thermal power delivered and Tmax as functions of TF for five
different waveguide lengths. The smallest waveguide length delivered a very small amount
of net thermal power to the HCE because of the smaller collection area for incident solar
radiation. For Lwg = 0.1 m and TF = 50 ◦C, a larger fraction of the collected irradiation
in the waveguide is lost as heat to the ambient and, therefore, the net thermal power
delivered is closer to zero, as shown in Figure 4c. The maximum temperature of the
waveguide increases with the length of the waveguide because of an increase in the path
length of light rays in the waveguide that consequently increases the heat generation rate



Energies 2021, 14, 2146 11 of 24

within the waveguide, owing to higher irradiation absorption. Figure 4d shows the effect
of waveguide thickness and HTF temperature on net thermal power delivered and the
maximum waveguide temperature. The net thermal power delivered decreases while the
maximum waveguide temperature increases with an increase in the waveguide thickness.
This is attributed to the longer path length and higher absorption of total internally reflected
light rays that result in lower thermal power output and higher waveguide temperature.
Similar to that observed in Figure 4c, at the lower HTF temperature, the difference between
the net thermal power delivered for different waveguide thicknesses is minor; however, its
value increases with an increase in the HTF temperature.
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Figure 5 presents the variation in collection efficiency with the HTF temperature for
different operating and geometrical parameters of the waveguide solar concentrator. The
collection efficiency decreases with an increase in the HTF temperature for all parameters,
because a higher HTF temperature results in higher heat loss from the receiver surface.
Figure 5a represents the variation of collection efficiency with HTF temperature for different
incident solar radiation. The collection efficiency is higher for higher incident radiation as
the thermal power transferred to the receiver from the waveguide increases with an increase
in the intensity of incident solar radiation. Figure 5b presents the effect of the receiver
radius on collection efficiency. The collection efficiency is higher for a smaller radius
of the waveguide because of lower conductive and radiative heat loss from the receiver
surface. Figure 5c presents the variation in collection efficiency with HTF temperature
for different Lwg. With an increase in the length of the waveguide from 0.25 m to 1 m,
the collection efficiency decreases for all HTF temperature range due to an increase in ray
absorption; however, this behavior is different for an increase in Lwg from 0.1 m to 0.25 m.
As expected, the collection efficiency is highest for Lwg = 0.1 m up to HTF temperature of
135 ◦C, however, beyond that, the collection efficiency decreases and reaches the lowest
value at 250 ◦C HTF temperatures. At high temperatures, the heat loss from the receiver
pipe increases and, since, for Lwg = 0.1 m, the solar collection area and the concentrated
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irradiation intensity are small, the net thermal power that is delivered to the HTF decreases
drastically. For longer waveguides, the magnitude of the concentrated irradiation is much
higher than the heat loss from the receiver that this phenomenon is not observed for the
HTF temperature range studied here. Figure 5d shows the effect of waveguide thickness on
collection efficiency. The collection efficiency of the waveguide solar concentrator reduces
with an increase in the waveguide thickness because of the higher absorption of incident
solar radiation in the waveguide.
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3.2. Design of Numerical Experiments

Figures 3–5 present the effects of the different parameters on the waveguide tempera-
ture and thermal power delivered, by changing one parameter each time. It is of interest to
understand the interactive effects of the different parameters on the power density and the
maximum temperature waveguide, so as to design the waveguide concentrator for maxi-
mizing the power density while limiting the operating temperature to within acceptable
values. To this end, an orthogonal array based design of experiments was conducted, from
which a response surface was derived to obtain a functional relationship for the power
density and the maximum temperature in terms of the governing parameters. For each
waveguide material with its corresponding absorption coefficient (α) specified in Table 1, a
standard L16 orthogonal array constituting the design of numerical experiments that spans
a range of Lwg, twg, Rr, I0, and TF was constructed, as presented in Table 2. For each of
the waveguide materials, numerical simulations were conducted to investigate the power
density (Po) and maximum operating temperature (Tmax) in the waveguide for all of the
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experiments presented in the L16 orthogonal array. Here, the power density is the ratio of
the thermal power delivered, Pt, to the planar area of the waveguide in a unit cell identified

by the dashed rectangle shown in Figure 1a; i.e., Po =
√

3Pt
12L2

wg
.

Table 2. L16 Standard orthogonal array.

Experiment Lwg[m] twg[m] Rr[m] I0[W/m2] TF [◦C]

L1 0.25 0.010 0.0050 500 100
L2 0.25 0.015 0.0075 750 150
L3 0.25 0.020 0.0100 1000 200
L4 0.25 0.025 0.0125 1250 250
L5 0.50 0.010 0.0075 1000 250
L6 0.50 0.015 0.0050 1250 200
L7 0.50 0.020 0.0125 500 150
L8 0.50 0.025 0.0100 750 100
L9 0.75 0.010 0.0100 1250 150
L10 0.75 0.015 0.0125 1000 100
L11 0.75 0.020 0.0050 750 250
L12 0.75 0.025 0.0075 500 200
L13 1.00 0.010 0.0125 750 200
L14 1.00 0.015 0.0100 500 250
L15 1.00 0.020 0.0075 1250 100
L16 1.00 0.025 0.0050 1000 150

Based on the results that were obtained for the power density (Po) and the maximum
temperature (Tmax) from each experiment of the L16 orthogonal array, empirical correlations
were developed for the performance metrics in terms of Lwg,twg,Rr, I0 and TF, which are
expressed in the following general form:

Po, Tmax =


C1 + C2Lwg + C3twg + C4Rr + C5 I0 + C6TF+

C7L2
wg + C8t2

wg + C9R2
r + C10 I2

0 + C11T2
F+

C12Lwgtwg + C13LwgRr + C14Lwg I0 + C15twgRr

(16)

where Ci, i = 1 . . . 15, are the coefficients for each of objective functions namely, power
density, Po, and maximum temperature, Tmax, determined from the Taguchi orthogonal
array analysis, as summarized in Table 3 for the two different waveguide materials. Figure 6
compares the accuracy of the correlations with the numerical simulation results on the
power density (Figure 6a) and the maximum temperature in the waveguide material
(Figure 6b). The presented results cover both materials PC and ZK7 depicted by the circle
and the square markers, respectively. The developed correlations and the simulation
results are in close agreement for both Po (Figure 6a) and Tmax (Figure 6b), where 85%
of predicted power density and the maximum temperature fall within ±10% (dashed
lines) of the line of exact agreement (solid line diagonal to the plot frames) for both of
the waveguide materials. The validated correlation is used to understand the effect of
the various parameters on the power density and maximum temperature and to develop
design windows, as discussed below.

Figure 7a depicts the variation in net thermal power density (Po) delivered to the
receiver as functions of both waveguide length and incident irradiation for the waveguide
concentrator made of ZK7 glass for an application requiring HTF temperature at 100 ◦C,
receiver radius of 0.01 m, and waveguide thickness of 0.02 m. Figure 7a shows that the net
thermal power density decreases with an increase in waveguide length due to an increase
in path length of rays within the waveguide leading to higher attenuation, as explained
earlier. The thermal power density that is collected at the receiver is directly proportional
to the incident irradiation. The same trend is observed for the PC waveguide material in
Figure 7d. For a given incident irradiation, the intensity of rays propagated to the periphery
of the waveguide is higher for PC (Figure 7d) than ZK7 glass (Figure 7a) due to its lower
absorption coefficient. For higher application temperature requirements, the increase in
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thermal losses from the receiver decreases the power density concentration, as observed
from comparing Figure 7a,g. The temperature rise within the waveguide is dependent
on the absorbed irradiation intensity and hence, the maximum temperature follows the
inverse trend of power density (Figure 7b,e,h). Specifically, the maximum temperature in
the waveguide increases with an increase in waveguide length and an increase in incident
irradiation. When comparing Figure 7b,e,h, it is observed that the larger attenuation
coefficient (Figure 7b,e) and higher HTF temperature (Figure 7b,h) increases the maximum
temperature in the waveguide.

Table 3. Values for the coefficients of Taguchi correlations expressed by Equation (16).

Constants
Po Tmax

ZK7 PC ZK7 PC

C1 −58.37 −51.14 22.13 13.33
C2 143.50 164.62 12.25 22.33
C3 −13,041 12,007 −962.2 −2432
C4 −22,116 −20,196.5 −1047.1 −987
C5 1.140 1.137 0.014 0.023
C6 1.356 1.157 0.166 0.360
C7 0.430 −18.10 72.60 376
C8 −72,941 −51,614 −349 −1302
C9 −501,458 −397,740 −5.29× 10−3 −8.07× 10−3

C10 −2.20× 10−4 −1.89× 10−4 94,082 163,405
C11 −4.93× 10−3 −4.26× 10−3 0.0297 0.608
C12 −579 −651.5 2.612 7.056
C13 −367 −838.6 0.359 0.231
C14 −0.324 −0.296 −1.521 −3.803
C15 1,562,108 1,391,251 −3.5× 10−5 −1.08× 10−4

Figure 7c shows the cost of heat delivered (Equation (14)) as functions of ZK7 glass
waveguide length and incident irradiation for application temperature requirement (TF)
of 100 ◦C. For a given waveguide thickness and receiver radius, the cost per unit area
asymptotically decreases with an increase in the waveguide length (Equation (13)). For
smaller waveguide lengths, the COH is high due to the high cost per unit aperture area
of the waveguide-receiver system. The trade-off between the asymptotic decrease in cost
power unit area and the decrease in power density with an increase in waveguide length
results in a critical Lwg (Figure 7c), where COH is minimized. The COH decreases with
an increase in incident irradiation as higher net thermal power is delivered to the receiver.
Similar trends are observed in Figure 7f, which shows the COH for PC. The low cost of
PC polymer combined with their high net thermal power density (Figure 7d) as a result of
their low absorption coefficient leads to a lower COH than ZK7 glass. The COH decreases
with an increase in TF (compare Figure 7c,i) due to a decrease in net thermal power density
delivered. For conciseness, the trends that were observed for PC material at TF = 250 ◦C
are not shown here, but the optimal design for the complete HTF temperature spectrum is
discussed in Section 3.3.
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Figure 7. Variation of power density (Po), maximum waveguide temperature (Tmax) and cost of heat (COH) with waveguide
length (Lwg) at different I0 for (a–c) ZK7 at TF =100 ◦C, (d–f) PC at TF =100 ◦C, (g–i) ZK7 at TF = 250 ◦C. The receiver radius
is 0.01 m and waveguide thickness is 0.02 m.

Figure 8 represents the design windows for ZK7 and PC with maximum permissible
temperature (Tmax) as a constraint. Figure 8a represents the design window for ZK7
waveguide material considering I0 = 1000 W/m2, Rr = 0.01 m, and twg = 0.025 m. For ZK7
glass, the tensile strength constrains the maximum recommended operating temperature
to about 86 ◦C [22], which is shown by the red line depicted in Figure 8a. The solid
lines represent the iso-contour lines for various power density values. The unshaded
area is the feasible design and operation window, such that the operating temperature
of the waveguide is below the critical threshold of about 86 ◦C for any combination of
TF and Lwg. For TF value of 250 ◦C, the maximum permissible waveguide length is
around 0.68 m and, for larger values of Lwg, Tmax exceeds the maximum permissible
operating temperature (Tc). Similarly, the design and operation envelope is plotted for PC
waveguide material in Figure 8b. The maximum permissible operating temperature (Tc)
for PC waveguide materials is 120 ◦C (Table 1). For the selected range of parameters, the
maximum permissible HTF temperature is around 235 ◦C, and its value decreases with
an increase in Lwg. The waveguide lengths for achieving a specific power density can
be determined while using the power density iso-contour lines for various application
temperature (TF) requirements. For a given design configuration and HTF temperature
requirement, the power density with PC waveguide is higher when compared to ZK7
because of its lower absorption coefficient that transfers higher incident solar radiation to
the receiver.
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Figure 8. Design envelopes for permissible waveguide length based on the maximum operating
temperature and minimum power density considerations for: (a) ZK7 and (b) PC waveguide. The
receiver radius is 0.01 m, waveguide thickness is 0.025 m, and incident irradiation is 1000 W/m2.

3.3. Optimal Design of Waveguide Concentrator

The empirical correlations obtained from the Taguchi L16 orthogonal array analy-
sis were further used to determine the optimum design of the waveguide and receiver
configuration for different application considerations. The objective is to establish the
optimal parameters of the waveguide-receiver design for different operating conditions.
In the present study, two different optimization objectives are considered: (1) maximiz-
ing power density (Po) and (2) minimizing the cost of heat (COH) that is delivered for
different combinations of application temperature requirements and incident irradiation.
The optimization is subject to constraints on the maximum permissible temperature in the
waveguide for fail-safe operation. Optimal values are sought for the receiver radius (Rr),
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waveguide thickness
(
twg
)
, and waveguide length

(
Lwg

)
. The optimization problems can

be mathematically expressed as:

max
Rr ,twg,Lwg

Po and min
Rr ,twg,Lwg

COH (subject to : Tmax − Tc ≤ 0) (17)

where Tmax is the maximum temperature in the waveguide that is obtained from the
numerical model and Tc is the maximum permissible waveguide temperature that is con-
strained by either the tensile strength constraint or the maximum operating temperature
constraint. The maximum continuous operating temperature limit constrains the maximum
permissible temperature for PC to Tc = 86.3 ◦C, whereas the tensile strength constrains
the maximum permissible temperature for ZK7 to Tc = 120 ◦C [21,43]. The optimization
problem that is presented in Equation (17) was solved using MATLAB by means of se-
quential quadratic programming [44], a nonlinear programming technique. The functional
relationships in Equation (16) and the related coefficients in Table 3 were used to develop
an objective function. The convergence of the optimization was determined using the
Karush–Kuhn–Tucker criterion [44–46].

Figure 9 shows the optimal design configuration and corresponding performance
metrics obtained from the numerical optimization for the objective of maximizing power
density. The optimization runs were performed using 10 different arbitrarily selected initial
parameter values to avoid solutions in local optima. For both of the objective functions,
the optimal receiver radius and waveguide thickness values were obtained at the lower
bound of 0.005 m and 0.01 m, respectively. Thinner waveguide incurs lower thermal
energy loss due to absorption, while a smaller receiver radius results in lower thermal
losses due to reduced surface area and, hence, the highest power density was obtained
for lower values of Rr and twg. For both of the investigated waveguide materials, the
highest power density (Figure 9a,d) was obtained for applications requiring low HTF
temperature, due to a decrease in heat loss from the receiver. The maximum power density
increases with an increase in incident irradiation, as noted in the previous section. For ZK7
and PC waveguides, the maximum power density was obtained for the lower bound of
waveguide length value (Lwg = 0.25 m) used in the numerical optimizer (Figure 9c,f), as a
smaller waveguide reduces the absorption losses of the concentrated irradiation within
the waveguide. Because the optimal design values for both ZK7 and PC waveguides were
constant for varying TF and I0, the installed cost of the system, C′′ (Equation (13)) was
also constant at 96.1 $/m2 and 79.6 $/m2 for ZK7 and PC, respectively. Hence, the cost of
heat trends shown in Figure 9b,e are only influenced by the power density variations in
Figure 9a,d. The inverse dependence of COH on Po (Equation (14)) is clearly observed in
Figure 9, in that the COH decreases with an increase in incident irradiation and the lowest
COH value was obtained for applications requiring low HTF temperature. The highest
power density was obtained for the PC waveguide as compared to ZK7 due to its low
absorption coefficient.

Figure 10 shows the numerical optimization results for the objective of minimizing
the cost of heat (COH) which represents a combined consideration of maximizing power
density and minimizing cost. The optimal receiver radius and waveguide thickness values
for least COH were obtained at the lower bound of 0.005 m and 0.01 m, respectively, since
power density increases with decrease in Rr or twg and the installed cost also decreases.
In addition, lower Rr and twg result in a lower temperature excursion in the waveguide
(Figure 4), which ensures the maximum temperature in the waveguide does not exceed
the critical threshold for most of the design and operating parametric combinations. The
optimal waveguide length values for ZK7 and PC glass that are shown in Figure 10c,f are
observed to decrease with increase in incident irradiation. The optimal waveguide length
obtained for minimum COH is based on the trade-off between a decrease in installed
cost (C′′) with an increase in Lwg, which is sought to be minimized (Equation (13)), and a
decrease in power density with an increase in Lwg, which is sought to be maximized.
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waveguide for various incident irradiation and application temperature requirement represented by TF.

Because the power density decreases with decrease in I0 (Figure 10b,e), the optimizer
predicts higher waveguide length values to lower the installed cost and compensate for the
decrease in power density. The corresponding cost of heat shown in Figure 10a,d decreases
with an increase in I0 due to higher power output in spite of the increase in installed cost
due to the lower optimal Lwg values predicted for higher I0 (Figure 10c,f). For incident
irradiation between 650–1250 W/m2, it is observed from Figure 10c,f that the optimal
waveguide length value reduces with an increasing TF, owing to the increase in maximum
waveguide temperature with increase in TF that can extend beyond the maximum per-
missible temperature at higher TF (compare Figure 7b,h for ZK7). Hence, the numerical
optimizer predicts a smaller optimal waveguide length for higher TF to ensure the critical
temperature constraint is satisfied, while the COH is minimized. Correspondingly, the
COH for ZK7 and PC waveguide shown in Figure 10a,d is observed to increase with an
increase in TF. The optimal waveguide length ranged between 0.5–1.0 m for ZK7 glass
and 0.62–1.0 m for polycarbonate, depending on the incident irradiation and application
temperature requirement (Figure 10c,f). PC and ZK7 are both applicable for the entire
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temperature range studied here, and PC is superior in performance to ZK7 both in terms of
cost and power density.
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Figure 11 compares the total cost per unit aperture area that was optimized for the least
cost of heat (Figure 10) for the application temperature requirement of TF = 250 ◦C against
the state-of-the-art parabolic trough cost that was obtained from Ref. [38]. Accordingly, the
waveguide length, Lwg used for the cost comparison are 0.49 m and 0.62 m for ZK7 and
PC material, respectively. The waveguide thickness is 0.01 m for both the materials that
represents a concentration ratio of 25 for ZK7 and 31 for PC waveguide. The breakdown of
the receiver (C′′R) and waveguide (C′′w) cost per unit aperture area (Equation (13)) are also
shown. It is observed that the major cost benefits of the waveguide-receiver system result
from the reduction in cost that is associated with the solar collector component, which is
very high for troughs due to massive and heavy form aspects of solar tracking mirrors
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and the associated structures to support them. Among the two waveguide materials
investigated, the PC waveguide has a high potential to surpass the US DOE SunShot target
of 75 $/m2 [1], due to the combination of the low cost of polymeric waveguide material and
low absorption coefficient that leads to high thermal power density transport. Although
the cost comparison is based on some ideal assumptions of the waveguide performance, as
stated in Section 2.1, the concept shows potential to be cost-competitive than conventional
parabolic troughs, especially for low to medium temperature applications.
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glass and polycarbonate polymer against state-of-the-art parabolic troughs.

The results of this study establish the best realizable performance to guide practical
system development. Future studies will focus on the experimental investigation of the
proposed waveguide-receiver thermal and optical performance to validate the model
predictions, and system level techno-economic analysis while considering both capital and
operational expenses to optimize the overall design for different application requirements.
Future work should also consider the long-term durability and stability of the waveguides.

4. Conclusions

A combined thermal and optical transport model for solar concentration inside a
hexagon-shaped waveguide was developed to analyze its feasibility for concentrated solar
thermal applications. The optical model is derived from an analytical framework that is
based on a perfect total internal reflection of incident irradiation within the waveguide
with no optical losses (escape cone loss, decoupling loss) while accounting for ray attenua-
tion due to absorption in the waveguide. Systematic parametric studies for two different
waveguide materials (polycarbonate and ZK7 glass) were conducted to examine the effects
of operating and design parameters on the efficiency of the hexagonal waveguide con-
centrator integrated to a linear receiver. The power density delivered to the receiver was
used as the metric to evaluate the performance and variation in maximum temperature of
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the waveguide during steady-state operation is also analyzed. The results show that the
power density delivered to the receiver decreases with an increase in waveguide length
and thickness primarily due to increased ray absorption in the waveguide. On the other
hand, the power density is increased with a reduction in the receiver radius due to reduced
thermal losses that result from a decrease in the surface area.

An economic optimization analysis was also conducted to derive the optimal design
configuration that minimizes the cost of heat delivered from the hexagon waveguide so-
lar thermal concentrator for different application temperature requirements and incident
irradiation. Optimal values were obtained at the minimum receiver radius and waveg-
uide thickness considered, due to the dual effect of the increase in power density and a
decrease in cost. When optimized for the least cost of heat delivery, the optimal hexagonal
waveguide length was based on the trade-off between decrease in the installed cost and
power density with increase in waveguide length. The optimal waveguide length ranged
between 0.5–1.0 m for ZK7 glass and 0.62–1.0 m for polycarbonate for incident irradiation
in the range of 500–1250 W/m2 and application requiring HTF in the temperature range of
100–250 ◦C. The collection efficiency corresponding to the optimal configuration ranged
between 56–67% for ZK7 glass and 64–74% for polycarbonate waveguide. The study serves
as a design guideline for waveguide-based solar thermal concentrator for applications that
require heat in the temperature range of 100–250 ◦C, which constitutes more than half of
the industrial process heat demand.
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Nomenclature

Ac area [m2]
c specific heat [J/kgK]
C cost [$]
COH cost of heat [$/W]
h convection heat transfer coefficient

[
W/m2K

]
I irradiance [W/m2]
k thermal conductivity [W/mK]
L length [m]
Pt net thermal power delivered to receiver [W]
Rr receiver radius [m]
R thermal resistance [K/W]

t thickness [mm]
T temperature [◦C]
Tc maximum permissible temperature [◦C]
U overall heat transfer coefficient

[
W/m2K

]
x position along the waveguide [m]
Subscripts and Superscripts
* non-dimensional quantity
0 incident
∞ ambient
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C collection
o free natural convection
f forced convection
max maximum
HTF heat transfer fluid
r receiver
t total or top
wg waveguide
Greek Symbols
α absorption coefficient
γ thermal expansion coefficient [K−1]
β absorptivity of receiver glass envelope
η efficiency
ρ density [kg/m3]
λ path length of light [m]
φ angle of incidence [rad]
τ transmissivity of receiver glass envelope
Acronyms
HCE heat collection element
CST concentrated solar thermal
HTF heat transfer fluid
TIR total internal reflection
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