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A B S T R A C T

The use of Fresnel lenses for solar energy concentration technology dates back to the 1950 s. These lenses feature
a plano-convex optical design with a series of discontinuous convex grooves. Typically made from materials like
polymethyl methacrylate, Fresnel lenses are lightweight, resistant to sunlight, thermally stable, and cost-
effective.

This study presents a novel Fresnel lens-based solar furnace configuration installed at the Eduardo Torroja
Institute for Construction Science in Madrid, Spain. The novelty of this work lies in the exceptional performance
and operability of the facility. Experimental characterization revealed a record peak irradiance over 7 MW m− 2

for an incident target power exceeding 800 W. Comparison with ray tracing simulations shows good agreement
with experimental results. This setup enables high temperature experiments up to 2000 ◦C with rapid execution
times. A fixed receiver, a shutter system and a closed-loop heliostat tracking control system allow for flexible
operation up to 5000 suns and straightforward maintenance. The concentrator element costs less than 300 USD
(2022) m− 2, offering an economical solution to solar-powered high concentration and temperature applications.
This innovative design overcomes previous operational challenges, providing a robust and economical method
for high-temperature material processing and other industrial applications.

1. Introduction

Research into alternative energy sources plays a crucial role in the
industrial decarbonization. Concentrating solar technologies (CST) can
reduce the environmental impact of numerous processes that require
heat across a broad temperature spectrum, from just above ambient
temperatures to several thousand degrees Celsius [1,2].

Examples of CST include parabolic trough collectors, linear Fresnel
collectors with or without beam-down optics, solar towers, solar fur-
naces, compound parabolic concentrators and Fresnel lenses (FL) tech-
nologies [3–9]. This work is focused on the FL technology that, in
contrast to other technologies, relies on refractive optics rather than
mirrors.

FL based CST dates back to the 1950 s [10]. FLs exhibit a plano-
convex optical design, where the curvature of the lens is split into a
series of thinner, discontinuous grooves resulting in lower weight,
smaller volume, lower light attenuation and therefore significantly in-
crease energy density when compared to non-Fresnel-based designs
[11]. FLs can be designed as line or point focus concentrators. Point
focus FLs can generate very high fluxes and consequently very high
temperatures in compact installations that require minimal maintenance
[8].

FLs are typically made of transparent materials such as glass, silicon
on glass or polymethyl methacrylate (PMMA), also known as “acrylic”.
PMMA is the most used material because of its favourable properties:
lightweight, resistant to UV degradation, thermally stable up to 80 ◦C,
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high transmittance in the solar spectrum with an average refractive
index of 1.49, and ease of manufacture into complex shapes with high
precision. PMMA FLs exist in a wide range of sizes, typically limited by
manufacturing capabilities and FLs are relatively low cost [10,12–14].
The price of 1 m2 of a PMMA FL ranges from 100 to 600 USD
(2004–2021) [12,15,16]. For continuous receiver operations, the FL
must be mounted on a tracking system. The tracker can be manual or
automatic. In the latter case, Cañadilla et al. estimate the total cost of the
facility, with a 1 m2 lens (costing around 600 USD), tracker, control
system, etc., to 7000 USD (2021) [15].

Solar FLs exhibit remarkable versatility for a wide variety of appli-
cations, including solar cooking, water heating, concentrated photo-
voltaics (CPV), metallurgy, sintering of materials, biofuel production,
solar pyrolysis, solar desalination and solar pumped laser, among others
[12,15,17–26].

In the field of CPV, FLs have been coupled with multijunction cells to
enhance efficiency compared to traditional silicon cells [27]. CPV con-
centration factors range from a few to hundreds of suns, necessitating
accurate dual-axis tracking that increases costs [13,28–30]. Spectral
variations of the refractive index of PMMA result in spectral dispersion
and ultimately chromatic aberrations which are important for CPV
systems efficiency [31]. Strong spatial variations of flux are also detri-
mental to CPV efficiency and secondary concentrators, including non-
imaging optic concentrators, are often used [19,30,32]. In thermopho-
tovoltaic applications, Andreev et al. reported a concentration factor of
approximately 4000 suns achieved by adding a secondary quartz
meniscus lens to enhance receiver concentration [33].

Numerous thermal and thermochemical applications of FLs have
been reported in the literature. At the Institute of Chemical Technology
in Matunga, India, a square FL (0.3 m side) with a manual tracking was
used for low temperature (below 100 ◦C) synthesis of palladium and
silver nanoparticles and biodiesel production [34–38]. Michalsky and
Pfromm used a FL (0.93 m by 1.024 m, 7 mm thickness, focal length of
1.03 m) for the synthesis of ammonia through a thermochemical cycle
using metallic chromium and nitrogen as reactants at high temperatures
(up to 1600 ◦C). The lens achieved a maximum concentration factor of
2440 suns with manual tracking [39]. Other FL facilities exist in Mexico,
Brazil, Lebanon and USA [20,25,26,39]. In Spain, at the University of
Castilla La Mancha a circular FL (0.9 m diameter, 0.0317 m thickness,
focal length of 0.757 m, groove pitch of 0.5 mm) was mounted on a two-
axis automatic tracking system and used for high temperature sintering
of different metals, such as steel or aluminum [15,40,41]. This lens was
optically characterized at CNRS-IMP in Odeillo and was shown to
concentrate solar radiation with a Gaussian shape achieving an irradi-
ance peak of 2644 suns [16]. An identical FL was installed at CENIM-
CSIC on an equatorial mount that consisted of an automatic single-axis
polar tracker while the elevation was manually adjusted to keep the
lens always facing the Sun [42]. Morris et al. [21] and Mazo et al. [43]
studied materials for high-temperature applications, exposing them to
thermal shock tests, heated to 1200 ◦C at the highest heating rate. The
same FL was also used to produce alumina [44] and dehydrate gypsum
[45], reaching operating temperatures of over 1200 ◦C in less than a
minute, and to evaluate different ceramic materials for use in solar re-
ceivers [46].

Mounting both a FL and a receiver on a solar tracker can result in two
main drawbacks. First, tracking system inaccuracies can cause signifi-
cant efficiency loss, an effect more prevalent in manual tracking sys-
tems. To address this issue, Zeaiter et al. designed and tested a FL
mounted on a closed-loop two-axis tracking system based on the feed-
back signal from six frame-mounted photo-resistors that resulted in
improved tracking accuracy for catalytic pyrolysis of scrap rubber tires
at 550 ◦C [20,47]. Second, positioning, immobilization and instrumen-
tation of samples in a moving receiver system with an open aperture can
be complex, notably for high-temperature experiments. Both issues can
be remedied by adopting a solar furnace configuration in which an
automated heliostat redirects solar radiation towards a fixed FL that

concentrates energy onto a fixed receiver. This arrangement facilitates
the installation of a shutter to control the amount of radiation trans-
mitted. Recently, Estremera-Pedriza et al. tested this configuration at
Plataforma Solar de Almería, achieving an irradiance peak of 1134 kW
m− 2 (maximum concentration factor of 1300 suns) and a total power of
1.24 kW [48]. Similarly, Zhao et al. tested a FL-based solar furnace (focal
length 0.3 m, groove pitch 1 mm) reaching a concentration factor of
approximately 600 suns [49].

In this study, the design and characterization of a novel FL-based
solar furnace with the following requirements is presented:

1. High flexibility to operate with different receivers/reactors and
perform processes for diverse applications.

2. 2000 ◦C maximum operation temperature.
3. Modulable radiative flux from tens to several thousands of suns,

enabling the execution of both slow processes with controlled heat-
ing and processes with short run times and fast thermal ramps.

The energy and optical performance of the facility are determined
experimentally and verified against theoretical predictions using an
open-source ray-tracing model. Key parameters such as the exact focal
position, the lens concentration factor, the power on the receiver, the
shutter behavior, and the maximum achievable temperature are esti-
mated. While several innovations are presented, the main novelty of this
work resides in the experimental demonstration of a system with
significantly higher optical performance than previously reported at a
relatively low-cost.

2. Methodology

2.1. Facility description

The main components of this FL-based solar furnace include a he-
liostat, a static FL, a shutter, and a receiver. The heliostat redirects the
solar radiation (Ri) through the FL (Rrh), which concentrates the radia-
tion (Rrf ) onto the receiver. A webcam is positioned in front of the he-
liostat to provide a feedback signal for the closed-loop control system
and optimize the mirror’s alignment with the lens. A schematic repre-
sentation of the solar furnace illustrating its main components and di-
mensions is presented in Fig. 1.

The heliostat supports a single flat and square-shaped facet of 1.5 m
side length (lh) with a solar-weighted reflectance (ρh) of 0.94 and two
linear actuators. The heliostat was oversized to ensure full irradiation of
the FL from 10 a.m. to 2p.m. (solar hours).

The solar tracking system combines an open-loop and a closed-loop
control strategy. The open-loop control is based on the solar posi-
tioning algorithm proposed by Reda and Andreas [50] implemented in a
real-time control device with configurable inputs and outputs. This
controller sends signals corresponding to the angles obtained by the
algorithm to the linear actuators of the elevation and tilt axes, main-
taining the incident radiation on the FL during operations. The heliostat
position control in both axes is performed by an accelerometer inte-
grated in the main controller and mounted on the heliostat mirror
support structure. A webcam placed in front of the heliostat mirror
observes the position of the sun as reflected by the mirror (XY centroid)
and provides feedback to refine the open-loop control via a closed-loop
strategy (see Figs. 1 and 2b). Deviation between the theoretical and
observed sun positions (using a fixed reference in the image) is used to
determine the tracking error. With this error, the correction angles for
both axes are obtained and sent to the linear actuators [51].

The Fresnel lens used is made of PMMA and is square with a side
length (hf ) of 1.1 m and a base thickness of 5 mm. The focal length (f) is
approximately 1 m and the transmittance (τl) of the lens is 0.92 ac-
cording to the provider. The f-number (ratio of f to the lens diagonal) is
0.643. The manufacturer did not provide detailed geometrical profile
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data, however, visual inspection showed that the lens is composed of
2200 axisymmetric grooves with a fixed step width of 0.5 mm. The
height of the grooves varies along the profile to obtain the necessary
angle to refract light towards the focal point. This element costs 350 USD
(2022) [52] which is significantly cheaper than typical reflective pa-
raboloid concentrators [53].

The shutter consists of four sliding doors, two on either side of the
lens, that have the twofold function of modulating the radiation received
on the target and protecting the lens by closing the doors when the fa-
cility is not in use.

The receiver is located at the focal point of the FL for maximum flux
operations.

2.2. Experimental setup

Optical characterization is obtained using the standard camera-
image instrumentation, also known as Beam Characterization System
(BCS) when applied to heliostat fields [54]. A water-cooled target,
consisting of two joined rectangular aluminum plates (0.2 x 0.3 m), was
used as a pseudo-Lambertian surface (see Fig. 2a and b). The front face of
the Lambertian target was first subjected to sandblasting to uniformly
roughen the surface and remove contaminants. The surface was then
cleaned with water and painted with a white varnish (commercial high-
temperature spray paint). A water-cooled Gardon-type radiometer
(Vatell TG-1000–1) was inserted through a one-inch diameter hole in the
target plates. The radiometer was connected to a Data Acquisition
(DAQ) system (National Instrument USB-9162) for continuous irradi-
ance recording. A CCD camera (Basler scA 1300–32 gm) was fixed to the
target assembly and aimed back at the characterization target surface to
obtain irradiance distribution maps. The full target-camera assembly
was mounted on a manual two-axis system for target displacement (see
Fig. 2b).

2.3. Experimental characterization

The system characterization was carried out on February 17, 2023,
from 13:01 to 14:12 (CET) at the Eduardo Torroja Institute for Con-
struction Sciences (IETcc − CSIC) in Madrid, Spain, under sunny
weather conditions. During the entire duration of the test, the Direct
Normal Irradiance (DNI) was 980± 7Wm− 2, according to the data from

the closest AEMET meteorological station in Madrid − Ciudad
Universitaria.

The characterization methodology used is identical to previous
studies [48,49,55–58]. The concentrated flux distribution on the Lam-
bertian target was captured with the CCD camera, while the radiometer
measured the received irradiance at a specific point. In a post-processing
phase, the radiometer data and the CCD images were combined to
convert the 8-bit grayscale image information to irradiance distribu-
tions. Owing to the high linearity of CCD sensor response to incident
radiance, a strictly proportional relationship between grayscale and
irradiance is expected. The proportionality coefficient is defined as the
conversion factor (CF) that converts the grayscale values in bits (gsi) of
each “i” pixel of the image into irradiance values (Ii).

At the beginning of the campaign, the pixel size was determined
using a calibration image of the target including a measuring tape
reference. Knowing the pixel area (Apx) and CF, the total power (Q) on
the target was assessed according to equation (1).

Q = Apx⋅
∑

i
Ii = Apx⋅CF⋅

∑

i
gsi (1)

The average concentration factor (Cc) was then assessed for different
circular and concentric areas around the maximum point. To calculate
the average value for one circular region, the equation (2) was used:

Cc =

∑n
1Ii

DNI⋅n
(2)

where n indicates the number of pixels included in the region.
To quantify the theoretical maximum temperature achievable with a

concentrated solar energy facility, the concept of stagnation tempera-
ture is often used [55]. Its value is obtained from an idealized radiative
energy balance (see equation (3)).

Ts =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(q˝/σSB)

4
√

(3)

Where q˝ is the evaluated irradiance and σSB is the Stefan-Boltzmann
constant.

In a second stage of the characterization, the distribution of the
concentrated flux was assessed as the target was moved closer or further
away from the lens. The displacement step between each position was 5
mm, and a total of 20 images were taken: 10 positions closer to the lens

Fig. 1. Layout of the FL-based solar furnace system (dimensions and distances are not scaled).
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and 10 positions farther away from the focal length. This mapping
operation allows for the establishment of a 3D representation of incident
flux isosurfaces.

In a third stage, the target was located again at the focal distance and
the shutter was closed. The shutter doors were then slid into different
positions, increasing the aperture by 10 cm each time, to assess the

radiative power incident on the target.
The theoretical power that reaches the target can be calculated using

equation (4):

Qt = ρh⋅τl⋅DNI⋅Al (4)

where Al is the illuminated surface of the lens. As mentioned earlier, the

Fig. 2. Experimental setup for the solar furnace characterization: (a) schematic layout and (b) actual photograph.

H. González-Camarillo et al.



Applied Thermal Engineering 255 (2024) 124044

5

lens remained fully irradiated during the whole duration of the experi-
ment and Al depends only on the shutter position.

A Loss Factor (LF) was calculated as LF = 1 − Q
Qt

for the different
shutter apertures. This factor takes into account all the energy loss
mechanisms in the system. These include soiling absorption and scat-
tering on both the heliostat and the lens and shading due to the objects in
the radiation path between the heliostat and the target (CCD camera and
webcam for example).

2.4. Uncertainty analysis

Several sources of measurement uncertainty are considered. The
radiometer suffers uncertainty from both the instrument itself (εr) and
the DAQ system precision (εDAQ), as shown in equation (5).

σr =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε2r + ε2DAQ

√

(5)

The uncertainty associated with the grayscale values (σgs) in the CCD
camera images depend on the radiometer’s sensing area which cover
several pixels(see equation (6)).

σrel
gs =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

σrc

gs

)2
√

(6)

Subsequently, equations 7–11 are used to compute the uncertainty of the
concentrated power that reaches the target. Equation (7) estimates the
uncertainty related to the conversion factor CF:

σCF =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑m

i
(Irri − CF⋅gsi)

2

(m − 2)⋅
∑m

i
(gsi − gs)2

√
√
√
√
√
√
√

(7)

where m are the images used for the calibration, Irri is the irradiance
measured by the radiometer when the image “i” was taken, gsi is the
average grayscale value of the pixels corresponding to the radiometer
sensible area in the i image and gs is the mean grayscale value for these
same gsi values. The uncertainty on the pixel area (σApx ) is calculated
with equation (8):

σApx = 2⋅
σpx

px
⋅Apx (8)

where σpx is the pixel side uncertainty, Apx is the pixel area and px is the
mean value of the estimated pixel side. Equation (9) shows the uncer-
tainty related to the sum of the gsi values (σ∑ gsi

), considering the

standard deviation (σgsi ) for each of the n-pixels used for the total power
calculation.

σ∑ gsi
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑
σ2

gsi

√

(9)

The uncertainty on the total power (σQFL ) is then assessed with equation
(10).

σQFL =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

∂Q
∂Apx

⋅σApx

)2

+

(
∂Q
∂CF

⋅σCF

)2

+

(
∂Q

∂(
∑

gsi)
⋅σ∑ gsi

)2
√

(10)

Finally, the uncertainty on the concentration factor (σCc ) was assessed
with equation (11):

σCc =
1
n

⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

∂Cc

∂DNI
⋅σDNI

)2

+

(
∂Cc

∂CF
⋅σCF

)2

+

(
∂Cc

∂(
∑

gsi)
⋅σ∑ gsi

)2
√

(11)

where σDNI is the standard deviation of the DNI values recorded during
the experiment.

3. Results

The target was first located at the theoretical focal length of 1000
mm and then moved until the smallest concentrated flux area was ob-
tained leading to a real focal length of 993 mm. Fig. 3a shows the 8-bit
grayscale image of the flux distribution at the real focal length. Thanks
to the conversion obtained by the linear regression shown in Fig. 3b, the
grayscale intensities were converted to irradiance values. The calculated
conversion factor was approximately 30 kW m− 2 bit− 1 and the R-square
from the linear regression was 0.996. The estimated uncertainties
related to the radiometer εr and the DAQ system εDAQ were respectively
3 % and 1.1 % according to the suppliers’ data.

Fig. 4a was obtained with a pixel size of 0.132 mm and shows a peak
flux of approximately 7 MW m− 2 with a relatively axisymmetric

Fig. 3. (a) Picture of the incident flux in grayscale intensity (8-bit). Size of the axes in pixels. (b) Conversion from grayscale to irradiance.
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irradiance distribution. In Fig. 4b the vertical and horizontal cross sec-
tions of the flux distribution show very similar Gaussian profiles. The
total power (Q) calculated on the target was approximately 820W. Fig. 5
displays the average solar concentration (Cc) and the power contained
inside concentric circles of different radii around the centroid. At the
focal distance, 50 % of the power is included in a 5mm radius circle with
a Cc of about 4500 suns and 90 % in a 13 mm radius circle with more
than 1200 suns. For these concentrations and considering a DNI of 1 kW
m− 2, equation (3) estimates stagnation temperatures of approximately
2700 and 1900 ◦C, respectively.

The theoretical power (Qt) was estimated to 1025 W resulting in a
loss factor of 0.2. As already mentioned, this parameter considers the
losses due to soiling and the presence of objects blocking radiation in the
optical path. Visual inspection showed appreciable levels of soiling and

indicates that a significant improvement in performance could be ach-
ieved if careful cleaning of the heliostat and lens was performed peri-
odically. Nevertheless, the results obtained from the experimental
campaign comply with the initial requirements for the facility. Table 1
summarizes the main parameters obtained during the first stage of the
campaign.

3.1. Flux distributions outside of the focal length

The second phase of the campaign was carried out to determine how
the irradiance distribution changes along the optical axis of the lens, in
the vicinity of the focal point. Fig. 6 shows flux maps obtained at dis-
tances of − 35 mm (closer to the lens) to + 35 mm (away from the lens)
from the focal length, in 5 mm increments. Distributions outside the − 35
to + 35 mm range are not reported because peak irradiance are below 1
MW m− 2 and resolution dropped significantly. As expected, the
maximum irradiance decreases rapidly when the target is defocused. In
addition, the distributions show an asymmetric behavior outside of the
focal plane, with opposite elliptical deformations directions on either
side of the focal plane, which could indicate some degree of optical
misalignment and/or twisting in the heliostat or FL geometry. The small
dark spot visible in many images of Fig. 6 is due to an imperfection on
the target.

The irradiance distributions in Fig. 6 were used to create 3D iso-
surfaces which describe the locus of points with the same intensity.
Fig. 7 illustrates their development around the focal length and reveal
narrow shapes along the x and y axes with more elongation along the z
axis as irradiance drops. This means that the receiver aperture must be
carefully positioned at the focal point if the maximum level of concen-
tration is to be achieved, but there could be some tolerance along the z

Fig. 4. (a) Solar furnace target flux distribution at the experimentally determined focal length. (b) Irradiance profiles along the horizontal and vertical axes passing
through the flux distribution centroid.

Fig. 5. Average solar concentration in concentric circles of different radii
around the irradiance distribution centroid and the corresponding integrated
incident power. The red shading indicates the uncertainty associated to the
power estimation. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 1
Summary of main parameters obtained experimentally.

Parameter Unit of
measurement

Value Uncertainty Relative
error

Focal length mm 993 ± 1 0.1 %
Total power W 820 ±23 2.8 %
Irradiance peak MW m− 2 7.16 ± 0.29 4.1 %
90 % power spot
radius

mm 13.02 ± 0.13 1.0 %

Loss factor − 0.200 ± 0.023 11.5 %

H. González-Camarillo et al.
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Fig. 6. Irradiance distributions in the vicinity of the focal plane, where 0 represents the focal length. The x and y axes are in mm.

Fig. 7. Flux isosurfaces around the focal length position. The z-axis corresponds to the direction parallel to the lens optical axis. The x, y and z axes are in mm.
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position of the receiver aperture if relatively modest irradiance levels are
needed. Such isosurfaces can also be useful in designing receivers with
tailored flux distributions.

3.2. Shutter characterization

In the third phase of the campaign, the influence of shutter operation
on the FL-based furnace was measured. In Fig. 8a the horizontal cross
section of the irradiance profiles obtained with different shutter aper-
tures are depicted. The irradiance peaks vary from 1 MW m− 2, at 9 %
aperture (distance of 100 mm between the two shutter doors), to almost
7 MW m− 2 when the doors are fully open. The flux distribution gets
larger and the peak irradiance higher as the shutter aperture increases.
The total powers were computed by integrating the irradiance distri-
bution in each plane.

Fig. 8b displays the changes in peak irradiance and total power as a
function of shutter aperture. These values are compared with the
maximum power and maximum peak irradiance for the full spot (100 %
aperture). The power exhibits an almost linear relationship to shutter
aperture, while the peak irradiance trend deviates from the propor-
tionality. This discrepancy is due to several factors:

- The areas of the lens that are the furthest away from the optical axis
contribute less to the peak flux at the center of the target than the
central ones and therefore have a lower impact on peak flux as they
get blocked by the shutter.

- The optical efficiency of the lens is not homogenous on the whole
surface due to local thickness variations and deformations which,
compounded with potential chromatic aberrations, may provoke
deviations from a lineal behavior.

- The presence of the CCD camera and its support causes blockage in
the central part of the lens.

- The presence of inhomogeneous soiling on both the heliostat and the
lens.

Finally, the loss factor (LF) varies from 0.15 to 0.23 from the smallest
to the largest apertures, with an average of 0.18 ± 0.02 which indicates
that the central part of the FL, more protected by the shutter door when
the system is not operating, was slightly cleaner than the edges.

4. Modeling and verification of experimental results

A ray tracing model was established to cross-check the experimental
results and increase confidence into the high flux values observed. For
this exercise, the open-source python–based Tracer code was used
(https://github.com/casselineau/Tracer). Tracer is a fully object-
oriented, general-purpose ray-tracer with a wide range of supported
geometries and optical properties. In the absence of detailed information
about several important factors (soiling levels for example), the simu-
lation considers a relatively ideal situation, offering an upper-bound for
performance estimation. The simulations results can then be used to
assess if the experimental results are reasonably close to the model.

The model implements the detailed geometry of the FL, a single facet
flat heliostat and a range of target planes positioned at the same location
as considered in Fig. 6 to simultaneously measure the radiation passing
through all targets in a single simulation. Since the actual shape of the
lens grooves is not known, the theoretical design which is a 1 m focal
length FL composed of 2200 conical teeth, framed in a square-shaped
base is considered in the simulation. The material of the lens is PMMA
and simulations are performed assuming a wavelength of 587.6 nm, in
the region of average energy of the solar spectrum, for all rays for which

Fig. 8. (a) Irradiance profiles along the x-direction for a range of shutter apertures. (b) Percentages of peak irradiance (left axis) and total power (right axis) relative
to the corresponding maximum obtained for the full spot for various shutter apertures.

Fig. 9. Visual rendering of the ray-tracing simulation setup, highlighting the
heliostat, the Fresnel lens, and the stack of flux-mapping targets (in purple).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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the complex refractive index of PMMA is m = 1.49 + i 1.8e-7 [59]. Rays
are deviated at the interface between air, assumed perfectly transparent
with a refractive index of n = 1, and PMMA based on Fresnel’s law of
refraction, neglecting the influence of the coefficient of attenuation on
the refracted angle owing to its small magnitude. For the solar resource,
the simulation assumes a Buie sunshape [60] with 2 % CSR, including
the polynomial correction introduced in [61]. Fig. 9 shows a 3D
rendering of the ray-tracing scene considered.

The comparison between the simulation results and the experiments
shows a relatively good agreement in terms of peak irradiance and
power collected at the focal plane. However, deviations are noted when
looking at the distribution of irradiance outside of the focal plane.
Fig. 10 shows the simulated irradiance distribution at locations identical
to the experimental measurements shown in Fig. 6. Unlike in the
experimental dataset, simulated ideal irradiance distributions remain
axis-symmetrical in all planes. In addition, irradiance reductions away
from the focal plane is less pronounced (see Fig. 10) than in the exper-
imental data (see Fig. 6).

The maximum irradiance is higher in the experimental cases (around
7 MW m− 2) than in the simulated ones (almost 6 MW m− 2) whereas the
Gaussian-like distribution in the experimental results is narrower, as
shown in Fig. 11a. The coefficient of determination, calculated by
comparing the pixel values of the experimental and simulated irradiance
distributions at the focal plane, is 0.90. These discrepancies are notable
and could be due to the shape of the teeth and overall profile of the lens
assumed in the model and which may not correspond to the real device.
Hyperbolic profiles for the lens grooves could potentially increase solar
concentration on the target and narrower distributions.

Furthermore, factors such as soiling, optical errors in the lens and in
the heliostat due to local deformations can alter the results with respect
to the theoretical ones. The spectral response of the lens, as well as the
albedo of the surrounding surfaces, can also modify the irradiance on the
target and these factors have not been taken into account in the simu-
lations. Despite these differences, in the simulations, the total power
received on a target of 100x100 mm located at the different planes is in
good agreement with the theoretical one (approximately 95%) as shown
in Fig. 11b.

In Fig. 11b the experimental and simulated powers incident on a
20x20mm target are also indicated for the planes located at the different

position away from the focal length, while Table 2 shows the absolute
and the relative error obtained by the comparison of those powers.
Results indicate that the power collected on a 20x20 mm target is
approximately 700 W for the planes located close to the focal length in
both the experiments and simulations. The maximum power is found at
different distances in the experiment and in the simulations, however,
the relative error in the total power is less than 3.5 % for the planes from
− 10 to + 10 mm. These small deviations, beyond the optical errors
mentioned above are caused by a mismatch between the experimental
focal length (0.993 m) and the focal length used for the simulated lens
geometry (1 m).

It is worth noting that the incident power on out-of-focus 20x20 mm
targets drops more quickly in the experiments than in the model as the
distance to the focus increases. As mentioned earlier, the model adopted
near-ideal geometries and conditions and was expected to produce such
over-performing results. Moreover, scattering by geometrical imper-
fections and soiling are suspected to cause wider flux distributions and
spillage in the experiments. Overall, the findings of the simulations are
consistent with higher experimental error. In conclusion, the model is
successful in confirming the experimental work while highlighting some
interesting and non-negligible discrepancies for out-of-focus flux dis-
tributions. Further work, outside of the scope of this study, is needed to
understand precisely the source of said discrepancies.

5. Conclusion and future work

The investigation characterized a new Fresnel lens-based solar
furnace at Eduardo Torroja Institute for Construction Sciences in
Madrid, Spain, demonstrating that it meets initial requirements and
resolves many issues found in existing installations. The furnace facili-
tates rapid experimental setup and is flexible, easy to operate, maintain,
and has a low environmental impact. Key findings include:

• Total power of approximately 800 W and an average concentration
of 1.2 MW m− 2 in a 13 mm radius circle (90 % capture ratio).

• Record peak irradiance superior to 7 MWm− 2 for a Fresnel lens solar
furnace, enabling both high-temperature experiments (up to
2000 ◦C) and rapid execution times.

Fig. 10. Irradiance distributions on different planes parallel to the lens. 0 mm represents the focal length. The x and y axes of each distribution are in mm.
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• Linear relationship between shutter opening and total power,
allowing flexible power control over a wide range of irradiances (up
to 5000 suns).

• The closed-loop control implemented in the heliostat tracking system
ensures that solar radiation is always focused on the same point
during operation.

• Ordinary maintenance basically consists of periodic cleaning of the
flat surfaces of the heliostat and the Fresnel lens.

• Low-cost concentrator element at less than 300 USD per square
meter, with easy replacement, making it a cost-effective solution for
high solar flux prototype testing.

This facility will be used for high-temperature treatment of materials
including construction and ceramic materials.
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Thermal Behavior and Heat-Flux Distribution in a Solar Rotary Kiln, in: SolarPaces
Conference, 2017: pp. 1–8. Doi: 10.1063/1.5067157.

[58] J. Ballestrín, M. Casanova, R. Monterreal, J. Fernández-Reche, E. Setien,
J. Rodríguez, J. Galindo, F.J. Barbero, F.J. Batlles, Simplifying the measurement of
high solar irradiance on receivers, Application to Solar Tower Plants, Renew
Energy 138 (2019) 551–561, https://doi.org/10.1016/j.renene.2019.01.131.

[59] X. Zhang, J. Qiu, J. Qiu, J. Qiu, X. Li, X. Li, J. Zhao, J. Zhao, L. Liu, L. Liu, Complex
refractive indices measurements of polymers in visible and near-infrared bands,

Applied Optics, Vol. 59, Issue 8, Pp. 2337-2344 59 (2020) 2337–2344. Doi:
10.1364/AO.383831.

[60] D. Buie, A.G. Monger, C.J. Dey, Sunshape distributions for terrestrial solar
simulations, Sol. Energy 74 (2003) 113–122, https://doi.org/10.1016/S0038-092X
(03)00125-7.

[61] C.-A. Asselineau, Geometrical Optimisation of Receivers for Concentrating Solar
Thermal Systems, 2018.
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