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Abstract: This work deals with the application of femtosecond-laser-inscribed fiber Bragg gratings
(FsFBGs) for monitoring the internal high-temperature surface distribution (HTSD) in solar receivers
of concentrating solar power (CSP) plants. The fiber-optic sensor system is composed of 12 FsFBGs
measuring points distributed on an area of 0.4 m2 , which leads to obtain the temperature map at
the receiver by means of two-dimensional interpolation. An analysis of the FsFBG performance
in harsh environment was also conducted. It describes the influence of calibration functions in
high-temperature measurements, determines a required 10 nm spectral interval for measuring
temperatures in the range from 0 to 700 ◦ C, and reveals wavelength peak tolerances in the FsFBG
fabrication process. Results demonstrate the viability and reliability of this measuring technique,
with temperature measurements up to 566 ◦ C.
Keywords: high-temperature sensing; optical fiber sensor; femtosecond fiber Bragg grating; harsh
environment; concentrating solar power
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1. Introduction
Concentrating solar power (CSP), also known as solar thermal electricity (STE), is
one of the renewable-energy technologies capable of large-scale and dispatchable power
production. Amongst them, Central Receiver System (CRS), or Solar Tower, is considered
to have the highest solar-to-electricity conversion efficiency, since it allows us to achieve
high temperatures. In CRS–CSP plants, moving mirrors or heliostats concentrate direct
solar radiation on a solar receiver located on top of the tower. The concentrated solar
energy is transferred as thermal energy to a liquid medium or heat-transfer fluid. The
hot liquid is used for producing steam and then electricity by means of a Rankine cycle,
or simply stored for future electricity generation according to the demand [1–3]. More
than 1300 MWe of CRS–CSP plants has been installed all around the world, including
countries such as Spain, Israel, United States, China, South Africa, Morocco, or Chile [4].
Figure 1 shows the Crescent Dunes Solar Power Plant under operating conditions and
under maintenance stop.
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1000 ◦ C is currently an available technology [10]. Fiber-based high-temperature sensors are
applied in a wide range of fields, such as combustion (in combustors and gas turbines),
nuclear reactors, and chemical reactors [11–17].
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Fiber-optic sensors have intrinsic advantages, such as passive nature, lightweight,
low loss, small size, fast sensor time response, non-affected by external electromagnetic
fields [18,19], and capability to operate in harsh environments [10]. Additionally, fiber
Bragg gratings (FBG) are wavelength encoded (i.e., the wavelength of reflected light
depends on the grating period of the fiber core refractive index modulation), allowing for
multiplexing capability and thus multipoint-temperature measurements. Conventional
type I photosensitive FBGs are not suitable to operate at high temperature because they
strongly degrade at temperatures higher than 200 ◦ C [20,21]. To overcome this issue,
type II FBG technology offers two main options. The first one consists of Bragg gratings
inscribed in an optical fiber with a femtosecond laser (FsFBG—femtosecond-laser inscribed
FBG) [22–25]; and the second lies in Bragg gratings regenerated by means of a thermal
process (RFBG—regenerated FBG) [26–29]. While FsFBGs exhibit higher refractive index
modulation, RFBGs retain precise phase information along the grating length [30]. It
has been demonstrated that FsFBGs are able to operate up to 1000 ◦ C, whilst RFBG can
withstand temperatures as high as 1295 ◦ C [26–29].
This work reports the use of a fiber-optic sensor system, based on FsFBGs, to monitor
the HTSD of a central receiver prototype installed in a concentrating solar tower facility.
For the measurements, two FsFBG arrays (with six-point sensors each) have been installed
in the central receiver prototype and HTSD maps have been determined for different
irradiance distributions on the solar receiver. Results demonstrate the reliability of the
temperature measurement concept based on fiber-optic sensors in CSP, although there are
several critical aspects of the design for improvement.
2. Experimental Setup
This section presents the design of the fiber-optic sensor system, the description of the
instrumentation in the solar receiver prototype, and their installation and commissioning at
the tower of a CSP facility to monitor the HTSD when heliostats concentrate solar radiation
on it.
2.1. Fiber-Optic Sensor System Design
The fiber-optic sensor system consists of 12 FsFBGs and a FBG optical interrogator
(at which the FsFBGs are connected). The optical interrogator collects and measures
the reflected spectral data from the FsFBGs and transforms the wavelength shifts into
temperatures. The FsFBG-based sensor experimental setup is illustrated in Figure 2. The
optical design and wavelength planning of the FsFBGs are constrained by the spectral range
of operation of the optical interrogator. In this work, a commercial optical interrogator
from HBM (model FS22) is used to record the reflection spectrum from FsFBGs. This device
has a spectral range of 100 nm (between 1500 and 1600 nm, as it is shown in Figure 2),
a resolution of 1 pm, and a sampling rate of 1 sample per second. Due to the limited
spectral range of the optical interrogator, and to prevent spectral overlapping, the number
of FsFBGs in the fiber-optic sensor system was optimized to 12.
The manufacturing of two commercial probes from FemtoFiberTec with 6-FsFBGs
sensors each was considered (instead of only one probe with 12-FsFBGs sensors), since this
choice will ease the future instrumentation process of the central receiver prototype and
will make the sensor configuration more robust against possible breaks and failures. In
the two probes, the FsFBGs were inscribed in the single mode fiber using the femtosecond
point by point FBG manufacturing process using a laser beam from an 800 nm Titanium
Sapphire laser in order to focus tightly into the fiber core [31,32]. FBGs inscribed by infrared
femtosecond lasers are thermally stable at temperatures up to 900 ◦ C [33]. FsFBGs are
designed for temperature measurements up to 700 ◦ C and short-term operation up to
1000 ◦ C. First probe incorporates FsFBG#1–#6 with wavelength peaks located from 1501
to 1538.5 nm, with 7.5 nm spacing, and second probe incorporates FsFBG#7–#12 with
wavelength peaks located from 1546 to 1583.5 nm, with 7.5 nm spacing. Each probe is
packaged with 3 m high temperature stainless steel tube (stable up to 1000 ◦ C) and has 5 m
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Figure 5. Sensor instrumentation of the central receiver prototype: (a) FsFBG assembly in the back of
the front plate; (b) thermocouples assembly in the back of the rear plate; and (c) final arrangement
for the central receiver prototype with the forced air-cooling system.

2.3. Installation in the CSP Plant
The central receiver prototype was installed in the Very High Concentration Solar
Tower (VHCST) facility at IMDEA Energy, Móstoles, Spain. This facility has a solar field
composed by 169 mono-facet heliostats of 3 m2 each (1.6 m × 1.9 m) and an 18 m height
tower with 2 testing platforms [34,35]. The central receiver prototype was placed in the
testing platform located at 12.1 m. In order to guarantee the durability of the equipment
and to avoid possible accidents due to its exposure to high solar fluxes, a thermal shielding
mainly composed of high-temperature ceramic fiber boards was mounted at the front of
the testing platform. Figure 6 shows the details for the installation of the receiver prototype
at the tower, the relative position of heliostats with respect to the solar receiver, and a
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So, Figure 8a depicts the FsFBGs temperature measurements as a function of time with
10 heliostats (from 11:00:21 to 11:10:12), 20 heliostats (from 11:17:16 to 11:29:00), 30 heliostats
(from 11:34:25 to 12:03:26); and 37 heliostats (from 12:14:02 to 12:20:47). From 12:43:29 to
13:00:39, 10, 20, 30, and 37 heliostats are progressively used again. From temperature data,
HTSDs are computed and represented in Figure 8b–e for times 11:10:12, 11:48:38, 12:20:47,
and 13:00:39, respectively. HTSD are represented in relative and absolute terms, that means
scaling the color bar from minimum to maximum at the specific time—upper figure in
Figure 8b–e; and from 0 to 600 ◦ C (lower figure in Figure 8b–e). As can be observed, the
heating process by focusing heliostats leads to a quasi-uniform temperature distribution at
the receiver; Figure 8b shows temperatures from 41 ◦ C at FsFBG#4 to 166 ◦ C at FsFBG#7,
whilst Figure 8e presents temperatures from a minimum of 239 ◦ C at FsFBG#10 to 424 ◦ C
at FsFBG#11. In Figure 8a, it is worth mentioning the heating interruption results and the
ripples in temperature measurements between 11:34:00 and 12:14:03, which were caused
by cloud passages on the solar field. Finally, in Figure 8a, it can be observed how FsFBG#1
only measures temperatures greater than 50.5 ◦ C due to the limited spectral range of the
optical interrogator starting at 1500 nm. A detailed analysis of the FsFBG#1 calibration
function in Figure 3 corroborates this fact.
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The third trial concerned the HTSD acquirement, using a single aiming point strategy
(heliostats redirected sunlight to a single point on the receiver surface). Results for this trial
are represented in Figure 9, where the inset of Figure 9a shows a picture of the prototype
with the concentrated solar spot at its center. Figure 9a also depicts the FsFBG temperature
measurements as a function of time with 6 heliostats (from 15:36:00 to 15:41:17), 8 heliostats
(from 15:40:20 to 15:44:17), 12 heliostats (from 15:46:33 to 15:49:13), and 14 heliostats (from
15:50:29 to 15:55:38). From 15:59:50 to 16:03:36, 14 heliostats are simultaneously focused
on the prototype. From these temperature data, HTSDs are computed and represented
in Figure 9b–e for times 15:41:17, 15:49:13, 15:55:38, and 16:03:36, respectively. Figure 9
keeps the same configuration as Figure 8. In this case, at each specific time, the interval of
measured temperatures is higher since the solar irradiance is concentrated and denser at the
◦
center of the prototype. Figure 9c shows that temperatures are comprised
s 2021, 21, x FOR PEER REVIEW
10 of 13 between 44 C
at FsFBG#4 and 394 ◦ C at FsFBG#2, mainly in the zone delimited by FsFBG#1, #2, and #8.
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4. Discussions
From the above experiments, it can be stated that multipoint FsFBG technology al-
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4. Discussions
From the above experiments, it can be stated that multipoint FsFBG technology allows
a reliable high-temperature measurement in order to obtain the temperature distribution in
CRS–CSP plants. Besides, as it can be observed in Figure 5a,b, it provides a lighter and more
compact solution when compared to the conventional approach based on conventional
sensors, e.g., thermocouples, with a considerable cabling reduction. However, a series of
critical aspects, as well as some points for improvement, have to be taken into consideration
for future implementations.
With regard to the FsFBG-based optical sensor design, four points were revealed as
being critical in the wavelength planning. Firstly, femtosecond laser-inscribed FBGs have
shown a high tolerance in the reference wavelength peaks with respect to the specified
design. As can be noticed in Table 1, absolute errors are higher than 1 nm in the fabrication process of individual FsFBGs, e.g., wavelength peak specification for FsFBG#3
was 1516.000 nm versus 1514.415 nm as wavelength reference for the fabricated FsFBG#3.
Although FsFBGs present a high reflectivity (as can be observed in the reflected spectrum of
Figure 2), FsFBGs do not exhibit precise phase-shift information in the fabrication process,
which translates into elevated tolerances for the reference wavelength with respect wavelength specifications. Second, the spectral interval of 7.5 nm considered for wavelength
shift as a function of temperature is insufficient to measure temperatures in the range from
0 to 700 ◦ C, as shown in Figure 3. Despite considering a measurement spectral interval for
FsFBG#6 from 1522.001 to 1529.600 nm (7.599 nm), this spectral interval only allows the
temperature measurements between 0 and 576 ◦ C. An increment for the spectral interval
of 2 nm is necessary to measure high temperatures up to 700 ◦ C (as shown in Figure 3
by means of the calibration functions). Spectral intervals of 10 nm for each FsFBG sensor
would be desirable. Third, initial ambient temperature measurements showed deviations
around 20 ◦ C. At the initial times of Figure 8a, we can observe ambient temperature measurements between 16.18 ◦ C measured by FsFBG#6 and 35.59 ◦ C measured by FsFBG#12.
Temperatures are obtained from wavelength shifts by the calibration functions (shown
in Figure 3) so that these ones have changed along the time (from date of fabrication to
date of installation). It is important to note that FsFBG sensors are not suffering stress
from bending since the locations for FsFBG sensors are arranged in a straight line. In the
performed experiments, any bending loss was observed in the reflection spectrum due to
the temperature effect. Fourth, the optical interrogator presents a limited spectral range
for operation, which translates into a reduced number of FsFBGs by channel. It would be
desirable to use an optical interrogator with a wider operation spectral range (e.g., from
1460 to 1620 nm) and a greater number of channels (e.g., 2, 4, or 8 channels) with the
objective to increase the number of FsFBG sensors.
With regard to the application of monitoring the HTSD at the central receiver of a CSP
tower system, the set of 12 FsFBGs to obtain the HTSD has proved to be insufficient to
provide a suitable resolution. In this work, each FsFBG covers 256 cm2 in area. This area is
too large to provide an appropriate resolution with respect to the temperature gradients
resulting from the heating process. In the prototype receiver, only 12 FsFBG-sensors-based
measurement points were implemented in performed tests, since the optical interrogator
has only one available channel. It is known that, the more measurement points that are
on the prototype panel, the greater the resolution will be in the temperature map. As
shown in Figure 7, there is a considerable difference between temperature maps obtained
from 12 and 24 measurement points, which corresponds to FsFBGs and thermocouples,
respectively. Thus, if the application needs a higher resolution, and so, a higher number
of FsFBG sensors with 10 nm each as minimum measuring spectral interval, an optical
interrogator with a wider spectral range and a greater number of channels will be required.
5. Conclusions
In conclusion, a fiber-optic sensor system was proposed for monitoring the temperature surface distribution in central receivers of CSP plants. The concept was successfully
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tested in a prototype specially designed for this purpose. The sensor design is based on a
set of 12 FsFBGs for temperature measurements up to 700 ◦ C. FsFBGs were inscribed in
single-mode fiber and packaged with a high-temperature stainless-steel tube (stable up to
1000 ◦ C). A central receiver prototype was developed “ad hoc” for the experiments. The
prototype was instrumented with the set of 12 FsFBGs and installed at the central tower of
a CSP research facility. When the central receiver prototype was exposed to different solar
radiation fluxes from heliostats, characteristic temperature maps were observed. Results
demonstrated the viability and reliability of the measuring technique, with temperature
measurements up to 566 ◦ C. The analysis of the design and performance of FsFBGs for
high-temperature measurements showed the high tolerances in the wavelength peaks
when fabricated, a minimum spectral interval of 10 nm for wavelength shifts to measure
temperatures in the range of 0 to 700 ◦ C, and the importance of calibration functions in the
design and measurement processes. Upcoming investigations and future work will focus
on the following: (1) analyzing the performance of regenerated FBGs as sensor element
(instead of FsFBGs) to measure higher temperatures at the central receiver prototype; (2)
increasing the number of sensor elements (measurement points) to improve the spatial resolution; and (3) analyzing FsFBG and RFBG calibration functions prior to the wavelength
planning for multiplexing the fiber-optic sensor systems. High-temperature monitoring
with FsFBG is a promising technology in many industrial areas, such us aerospace vehicles,
nuclear plants, oil and gas explorations, and advanced robotics in harsh environments.
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