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This paper presents a low-cost fiber Bragg grating (FBG) temperature sensor with a
polypropylene substrate for real-time thermal monitoring of photovoltaic (PV) panels
under harsh environmental conditions. The sensor exhibits thermal sensitivities of 70
pm/°C under simulated solar irradiance (*1000 W/m?) and 74 pm/°C under laboratory
conditions, representing a sevenfold improvement over bare FBG sensors (11 pm/°C),
while remaining fully compatible with standard epoxy bonding methods. Over the
operational temperature range of 55-80 °C, the sensor demonstrates excellent linearity
(R? > 0.99), enabling reliable real-time measurement during PV panel operation. The
potential of this technology in harsh environments, where the panel temperature can reach
up to 75 °C and the ambient temperature reaches an even higher value as well, can be used

in Middle Eastern climates, such as Iraq, where the ambient temperature is 50 °C or more,
and the panel surface temperature is 80 °C or more.

1. INTRODUCTION

Photovoltaic (PV) generation is one of the most important
renewable electricity supply options, particularly relevant for
Iraq with its high solar irradiation levels. The global PV
market is projected to reach the multi-terawatt scale by 2030,
with silicon-based technologies expected to remain dominant
[1]. However, an increased temperature of operation greatly
reduces the efficiency of PV panels, in which performance
decreases between 0.4 and 0.5% per °C above standard test
conditions (25 °C) [2, 3]. Recent field studies on aged PV
modules in harsh climates report annual degradation rates of
0.5-0.8% [4, 5], with thermal stress contributing substantially
to long-term performance loss [4, 6]. However, maintaining
PV systems under locally specific conditions is a great
challenge to overcome, particularly in the Iraqi context, where
maximum surface temperatures of >75 °C (tempered glass)
and ambient temperatures exceed 50 °C [7, 8].

UV-induced solar cell damage and optical degradation
dynamically shift thermal spots within field-modules, which
also affects the long-term performance loss of modules in
harsh desert climates [8, 9], and 23.3% reduction in maximum
power is observed at full relevant environmental variation
range after complete degradation analysis over a period of 25
years [10]. Combined impact of temperature and solar
radiance leads to complex degradation phenomena, which
must be monitored continuously to ensure optimum
performance of the systems [11, 12]. The traditional
temperature measurement technologies used in PV systems are
susceptible to electromagnetic interference for conventional
temperature sensing devices of PV monitoring were
susceptible to harsh outdoor environment, and ultraviolet
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(UV) attacks will degrade their performance over time, as well
as calibration drift problems [13]. Fiber Bragg grating (FBG)
sensors possess distinguished characteristics like resistance to
electromagnetic interference, high sensitivity, multiplexing
capabilities, and long-term stability. Several recent
comprehensive reviews have highlighted their broad
applicability in structural health monitoring (SHM), aerospace
and harsh environment sensing [14]. FBG-based temperature
sensors are being developed with enhanced sensitivity by the
design of a polymer-coated, substrate-assisted configuration
[15]. The use of polymer encapsulation has been shown in
several studies to significantly enhance the thermally induced
strain transferred to the grating region. EpoCore-coated FBG
sensors, for instance, have reached a sensitivity of up to 90.45
pm/°C by optimizing UV exposure and post-curing conditions
[16].

Polymer-coating FBGs have also been reported for
cryogenic temperature monitoring, showing sensitivity of 48
pm/°C [17]. Also, thermosetting epoxy systems tuned to the
aerospace environment led to a sensitivity of 26.6 pm/°C [18].
Moreover, flexible polymer materials like PDMS have
facilitated mechanically compliant FBG sensors, culminating
in tensile displacement sensitivities of up to 3.69 nm/mm for
potential uses in wearable and gesture-recognition
applications [19]. But most sensitivity optimization techniques
depend on complex fabrication processes and specific
infrastructure, like UV curing systems or precision tapering
setups, along with numerical optimization tools like ANSYS
(commercial simulation software for thermal and structural
analysis), which make the process much more expensive and
challenging in large-scale implementation. Nonetheless,
despite these technical difficulties, recent research has
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validated the robustness of FBG sensors in extreme operating
conditions. For example, embedded FBG sensors inside
Carbon Fiber Reinforced Polymer (CFRP) optical bench
structures were shown to perform consistently in space-
relevant operating conditions [20]. Likewise, there are large-
scale road surface monitoring applications in which distributed
and multi-point FBG arrays have successfully been
implemented [21, 22]. Importantly, in extreme environments,
temperature measurement is vital for PV systems; yet
conventional sensing techniques suffer to some extent from
electromagnetic interference, calibration drift and UV-induced
degradation. Although FBG sensors are mature technology
with electromagnetic interference immunity and inherent
thermal stability, the low optical response ~11 pm/°C [23] still
needs precise methods to enhance the sensitivity. The
polymer-enhanced FBG sensors presently developed have
exhibited increased sensitivity; nevertheless, they require
complicated fabrication processes with specialist equipment
like UV curing machines, precision taper making systems and
numerical optimization tools that would be difficult to utilize
on-site at scarce resource locations. Results are increasingly
supporting the fact that FBG-based sensing is mature enough
for deployment in harsh environments. However, efficient
low-cost and sensitive FBG temperature sensors suitable
specifically for PV monitoring in extreme climate applications
and production process simplicity that is compatible with mass
production are still required. Here we fill this gap by
demonstrating that bond formation on polypropylene
substrates using proven epoxy adhesive can yield competitive
thermal sensitivity (74 pm/°C) while leveraging already
established fabrication infrastructure.

The applied nature of this work is where the incremental
contribution lies. It specifically investigates the application of
FBG sensors for monitoring temperature and assessing the
condition of PV panels instantaneously. In this regard, the
present contribution goes beyond a standard application of
FBG as a temperature sensor and proposes its adoption as an
integrated sensing element that improves monitoring
performance and operation reliability of PV systems. The
suggested  implementation is  cost-effective  and
straightforward from a practical point of view. Then, the
polypropylene substrates have an approximate mass of about
0.7 g. Also, there was used in a small quantity (less than 1 g)
of epoxy adhesive was used. The unit cost of the proposed
system modifications is around 0.04 USD. In addition, the
design process is simple (approximately 4 minutes) and does
not impose any complexity, thus reflecting on both feasibility
and ease of deployment for the proposed approach.

The rest of the paper is structured as follows: Section 2
provides theoretical background; Section 3 describes
experimental methodology; Section 4 presents the results and
discussion, including subsections on bare FBG response, PP-
bonded FBG characterization, repeatability, and comparative
analysis. The conclusion is drawn in Section 5.

2. THEORETICAL BACKGROUND

The subject of this work is based on two pillars that
constitute the theoretical background: the PV cells’
temperature dependence and the theory of operation of FBG
sensors and their enhancement mechanisms. The increased
intrinsic carrier concentration and decreased open-circuit
voltage according to the relation VOC(T) = VOC(T,) —
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BVOC (T — Ty), where BVOC is the voltage temperature
coefficient (ranging from 2.2 to 2.4 mV/°C per cell), T is the
operating temperature of the solar cell and T, is the reference
temperature. This results in efficiency reductions of 0.3-0.5%
per °C above 25 °C and an approximately 15% power loss at
60 °C [24, 25]. FBG sensors are wavelength-selective
reflectors that are created by a periodic modulation of
refractive index along the direction of the fiber core [26], with
the Bragg wavelength defined as 15 = 2n.¢f A [27], where
Ap is the nominal Bragg wavelength (nm), n.sr is the
effective refractive index of the guided mode, and A is the
grating period. The thermally induced wavelength shift is
expressed as Adg / Ag = (af + &) AT, where of = 0.55 x
1076 °C! is the thermal expansion coefficient describing the
physical elongation of the fiber with temperature [28], and & =
6.67 x 1076 °C"! is the thermo-optic coefficient describing the
change in refractive index with temperature [29]; together
these yield a baseline sensitivity on the order of 10—11 pm/°C
for a bare FBG centered near 1550 nm [30], when a tension is
exerted from the outside, we add a photo-elastic correction
term and then obtain the full fractional shift as AA; / Az =
(1 — Pe)de + (af + &) AT [31], where Pe = 0.22 is the
effective photo-elastic coefficient of silica, accounting for the
portion of the refractive index change induced by mechanical
strain, and A¢ is the applied mechanical strain. When the FBG
is bonded to a substrate whose thermal expansion coefficient
asub significantly exceeds that of silica, such as polypropylene
with aPP = 100-150 x 1076 °C"' [31], the substrate expands
more rapidly upon heating and applies an additional elastic
strain to the fiber, yielding a net temperature sensitivity of
Ag /AT = AB [(af + &) + (1 — Pe)n (asub — af)]

[32, 33], where asub is the thermal expansion coefficient of
the substrate material, and n (0 < n < 1) is the strain
transfer efficiency from the substrate to the fiber, which
approaches unity when a stiff, thin adhesive layer is used.
Consequently, the greater the mismatch (asub — af), the
higher the achievable sensitivity enhancement. This principle
governs the polypropylene-bonded FBG sensor configuration
investigated in this study, which achieved a sensitivity of
approximately 70-75 pm/°C.

3. EXPERIMENTAL METHODOLOGY

As shown in Figure 1, a laboratory-scale optical, thermal,
and PV measurement system was built using commercial
fiber-optic instruments and a custom solar simulator designed
to replicate harsh climatic conditions, such as natural Iraqi
sunlight.

Optical excitation of the FBG sensor was provided by a
broadband amplified spontaneous emission (ASE) source
(HITASE-M-C-20-N-FA) operating in the C-band spectral
range of 1528—1566 nm with a stable output optical power of
20 mW, delivered through single-mode fiber terminated with
FC/APC connectors to suppress Fresnel back-reflections.

Optical signal routing between the light source, the FBG
sensor, and the detection unit was achieved using a three-port
optical circulator (PICIR-3-1550), optimized for 1550 nm
operation with a £30 nm bandwidth, insertion loss below 2 dB,
isolation exceeding 28 dB, and full compatibility with SMF-
28 fiber and FC/APC interfaces. This arrangement provided
for one-way light travelling to the sensing element, and direct
redirection of the reflected Bragg signal with low directivity
to the interrogating head with minimal optical feedback.
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Figure 1. Schematic diagram of the laboratory-based solar simulation system showing the arrangement of 6000 K lamps, halogen
source, and photovoltaic (PV) cell with fiber Bragg grating (FBG) sensor attachment and thermal chamber

The reflection FBG spectrum was acquired by an optical
spectrum analyzer OSA (HITOSA-M-C-FA), providing a
wavelength measurement of 1527 nm to 1565 nm, wavelength
repeatability of +2 pm, spectral resolution of less than 2 pm,
and detectable =75 dBm to +5 dBm. The device can detect
very small thermally induced Bragg wavelength shifts.

To assess sensors' performance under simulated outdoor
conditions, a laboratory-size solar simulator was assembled by
using three high-luminance white LED6000 K (for two lamps)
and a single halogen lamp of 2000 W/220 V, following
standard solar simulator development practices. The system
was modified to simulate Earth’s diffuse ambient radiative
flux, giving an irradiance of 1000 W/m? and an illumination
level of about 110,000 lux, measured by a calibrated digital
illuminometer (LX-1010 B).

The PV under consideration was a polycrystalline silicon
solar cell with dimensions of 13 cm x 25 cm. Its electrical
performance was measured with a precision digital multimeter
to record PV output voltage under different irradiance and
temperature values. Surface temperature was monitored using
a calibrated digital thermometer and an STC-1000 temperature
controller.

For controlled thermal characterization, the FBG sensor
assembly was evaluated inside a thermal chamber regulated by
the same STC-1000 controller and a 100 W tungsten lamp heat
source, with temperature varied from 55 °C to 80 °C in 5 °C
increments and independently verified using a calibrated
thermocouple with an accuracy of £0.5 °C.

Commercial short-period FBG sensors were employed,
featuring a nominal Bragg wavelength of 1550 + 0.3 nm, a full
width at half maximum below 0.3 nm, a side-mode
suppression ratio exceeding 15 dB, reflectivity greater than
90%, and a grating length of 10 mm. The gratings were
inscribed in standard SMF-28e single-mode optical fiber with
intact acrylate coating over the grating region and a total
pigtail length of 2 m.

For enhanced thermal strain transfer, as shown in Figure 2,
the FBG sensor was bonded to a polypropylene substrate with
dimensions of 4 cm X 0.5 cm X 4 mm using a fast-curing two-
part epoxy adhesive (4-minute epoxy, 1:1 mixing ratio),
achieving full mechanical curing after 24 hours and forming a
stiff, stable joint that ensured efficient strain coupling between
the substrate and the FBG sensor. Despite the low intrinsic
thermal conductivity of polypropylene, the resulting sensor
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assembly provided reliable, repeatable, and consistent
temperature measurements under both controlled and
simulated outdoor operating conditions.

Epoxy Region

\ .

FBG Grating Region

Figure 2. Fiber Bragg grating (FBG) sensor bonded to a
polypropylene substrate

4. RESULTS AND DISCUSSION
4.1 Bare FBG thermal and photovoltaic response

As seen in Figure 3, the thermal response of a bare
(unbonded) FBG, serving as a reference baseline the Bragg
wavelength exhibits a linear variation with temperature,
ranging from 1550.188 nm at 45 °C to 1550.530 nm at 75 °C,
resulting in a correlation coefficient of R* = 0.99929 and
approximately a temperature sensitivity of approximately 11
pm/°C, which confirmed impressive linearity and
reproducibility of thermal response of proposed FBG. This
change is attributed to the combined action of thermo-optic
effect (change in index of refraction with temperature) and
thermal expansion of the silica, which increases the effective
period of the grating and consequently its Bragg reflected
wavelength.

Figure 4 presents the variation of PV voltage (V, volts)
versus temperature (T, °C), all under the same experimental
conditions. The photo-voltaic voltage shows a clear inverse



relationship with temperature, decreasing in a linear form from
7.54 V at 45 °C t0 6.89 V at 75 °C (linear fit: R*=0.99929 and
the slope is -0.0213 V/°C, indicating that open-circuit voltage
decreases with an increase in temperature, which is already a
well-known thermal characteristic for silicon-based solar
cells).
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Figure 3. Temperature dependence of Bragg wavelength and
photovoltaic (PV) of the bare fiber
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Figure 4. Variation of photovoltaic (PV) voltage with
temperature for the bare fiber
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Figure 5. Thermal response of a polypropylene-bonded fiber
Bragg grating (FBG) sensor in a controlled thermal chamber
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4.2 PP-bonded FBG in thermal chamber

Figure 5 shows the thermal behavior of an FBG sensor
attached to a polypropylene substrate and measured in a
thermal chamber. The Bragg wavelength is linearly red-shifted
with the temperature, attributed to the thermal expansion—
induced thermo-optic effect of the silica fiber together with
that induced by the strain from the polymer substrate. The
extracted thermal sensitivity of 74 pm/°C corresponds to its
intrinsic effective sensitivity from an FBG—polymer system
under homogeneous and stationary thermal conditions. The
high linearity, which is verified by the Pearson correlation
coefficient and the determination factor (R?), indicates good
strain transfer and excellent sensor output, offering a well-
calibrated baseline.

4.3 PP-bonded FBG on operational solar cell

Figure 6 demonstrates the thermal performance of the same
polypropylene-bonded FBG sensor when attached to a solar
cell. When compared to the sensitivity obtained in a thermal
chamber environment, the measured value decreases to ~70
pm/°C, mirroring practical effects. These effects include actual
thermal interface resistance and some strain relaxation within
the adhesive—substrate—cell assembly, where it is confined to
one location.
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Figure 6. Operational thermal monitoring of a solar cell
using a polypropylene-bonded fiber Bragg grating (FBG)
sensor

Figure 7 shows the reflection spectra of the FBG sensor
measured at 60 °C, 70 °C, and 80 °C. A clear red shift of the
Bragg wavelength is observed with increasing temperature,
indicating a linear thermal response of the FBG sensor. This
wavelength shift is attributed to the combined thermo-optic
effect and thermal expansion of the fiber, confirming the
suitability of the sensor for temperature monitoring.

4.4 Repeatability and measurement uncertainty

We performed three independent measurements of
alternating heating-cooling cycles for each case (thermal
chamber and solar simulator) to assess repeatability and
stability of the measurements. The Bragg wavelength was
measured at each temperature setpoint and the temperature
sensitivity was derived from linear regression of Ap against
temperature for each cycle. The measured sensitivities were
the average + standard deviation of the sensitivities obtained



from the three cycles. The average sensitivity recorded in the
thermal chamber was 74 + 1 pm/°C and under the solar
simulator, it was 70 = 2 pm/°C. The small standard deviation
reflects the stability of the measurement, with less than 3%
variation from cycle to cycle. The measurements were
performed using a single FBG sensor sample, and the reported
values are the average performance of this device over
multiple measurements. The results are illustrated in Figures 5
and 6.
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Figure 7. Reflection spectra of the fiber Bragg grating (FBG)
sensor at different temperatures
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Figure 8. Current-voltage (I-V) characteristics of the solar
cell at 30 °C under 1000 W/m? irradiance

The experiment was set up with an ammeter in series with
the solar cell and a variable resistor (10200 Q) and a
voltmeter across the cell terminals. The solar irradiance was
kept at around 1000 W/m? by using a lux meter and the
temperature was kept at 30 C by using an STC-1000 controller
to maintain a constant condition. The operating point was
changed by changing the load resistance every ten degrees, to
be close to short-circuit conditions (high current, low voltage)
to open-circuit conditions, at which point the voltage was 7.45
V and the current was near zero. The current measured at 0.538
A at 10 Q dropped to 0 A at no load. Using these
measurements, a representative current-voltage (I-V) curve
was obtained, which has the desired nonlinear behavior with a
distinct maximum power region. The highest recorded output
power was about 3.04 W with a load resistance of 10 Q. The
derived I-V curve is a sufficient model of the electrical
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performance of the PV cell under controlled conditions and is
adequate to the extent of this study, as shown in Figure 8.

As shown in Table 1, the polypropylene-bonded FBG has
higher sensitivity and good linearity.

Table 1. Experimental results summary of polypropylene-
bonded fiber Bragg grating (FBG) temperature sensor

Polypropylene-
Bare Bonded FBG T olyPropylene-
Parameter Bonded FBG
FBG (Thermal
Chamber) (Solar Cell)
Temperature
Range (°C) 45-75 55-80 55-80
Sensitivity
(Pm/o(,:) 11 74 £ 1 70£2
Linearity 5 99959 >0.9918 >0.99
(R?)
Enhancement 1x
Factor (baseline) 7 6.4
Testing Thermal Thermal ggigg;s;gr
Condition chamber chamber
(1000 W/m?)

4.5 Discussion

The linearity of the response throughout the whole
measurement range was verified by a high coefficient of
determination (R? > 0.9918), proving that the polypropylene-
bonded FBG substrate sensor has linear behavior and stable
performance, which is suitable for PV applications in practice.

The slight decrease in sensitivity observed under
operational conditions underscores the importance of
calibrating all measuring instruments under controlled
conditions before field deployment, while also confirming that
polymer-bonded fiber grating sensors are capable of detecting
temperature changes and heat build-up in solar cells. The
wavelength response of the FBG-polypropylene sensor was
found to be a linear function of temperature across the full
measurement range. The thermal chamber measurements were
done in the range of 55-80 °C, which was chosen to simulate
real operating conditions for PV panels in the Iraqi
environment where ambient temperatures can be greater than
50 °C and the solar cell surface temperature exposed to a direct
solar irradiance can reach up to ~75 °C; this range is suitable
for initially capturing thermal anomalies that commonly occur
with devices placed in operations such as cell degradation
hotspots associated with areas of partial shading or junction
breakdown. In addition to that, this range guarantees the
thermal stability of epoxy-polypropylene bonding while also
providing a broad linear operating interval that can be
considered as an effective but dependable one. Under
laboratory conditions, a 74 pm/°C sensitivity was obtained
with R? > 0.9918 linearity coefficient upon being assessed
against an operational solar cell at irradiance levels ~1000
W/m?, the identified sensitivity was recorded to be 70 pm/°C,
or a decrease of 5.4% owing to thermal interface resistance and
localized heat dissipation occurring within the assembly of
cell-substrate. The obtained sensitivity of 74 pm/°C is an
excellent 7-fold improvement over the theoretical baseline
performance limit of bare FBG sensors, which has been
estimated to be 11 pm/°C. Such enhancement is attributed to
the large thermal expansion coefficient of polypropylene
(100-150 x 107¢ °C!') that aids in transferring thermally
induced stress into the optical fiber through the epoxy adhesive
layer. Excellent linearity and repeatability over several



thermal cycles provide evidence for the mechanical stability
of the epoxy-substrate-fiber assembly, supporting its
suitability for long-term operation under load.

Table 2 presents a comprehensive comparison of the
polypropylene-enhanced FBG sensor developed in this study
with recent polymer-based enhancement methods reported in
the literature. The analysis shows that while certain methods
achieve higher absolute sensitivity, such as EpoCore-coated
FBG sensors reaching 90.45 pm/°C the proposed
polypropylene-epoxy approach offers a favorable tradeoff
between thermal sensitivity and practical applicability,
requiring no specialized fabrication equipment. The sensitivity
of 74 pm/°C was achieved using standard fabrication

techniques, making it accessible with common materials and
can be processed at room temperature.

Unlike dedicated tools, such as UV cure tools, precision
tapering and cryogenic testing facilities, the new sensor can be
fabricated easily from readily available parts and cured at a
much higher temperature than conventional epoxy bonding,
making it well-suited for widespread use in resource-
constrained environments. Operational validation with
simulated solar irradiance (1000 W/m?) retaining a sensitivity
of 70 pm/°C, at the same time, proves that it is fit for use under
harsh conditions. PV monitoring operations outside, especially
at high temperatures and UV irradiation, require both good
performance properties and long-term reliability.

Table 2. Comparison of polymer-enhanced fiber Bragg grating (FBG) temperature sensors

Polymer Material Sensitivity Temp. o s
(pm/°C) Range (°C) Application Fabrication Key Features Ref.
. UV + thermal .
EpoCore, 2025 90.45 —20-100 Power equipment cure 9x bare, insulated [16]
Polymer (PCFBG), 2018 48 -196-25 Cryogenic composites lz%zri?legr 10x bare FBG [17]
. . Capillary ”_ . .
Epoxy Thermosetting, 2024 26.6 80-270 Aerospace cryogenic recoating R?=0.997 linearity [18]
3.69 e Gesture recognition, Embedded in Biocompatible,
PDMS (Wearable), 2024 nm/mm 45-200 health monitoring an elastomer <6% hysteresis [19]
o . Space- Strgctl}ral health Embedded in Thermal ostab1l1ty up
Polyimide, 2023 11 pm/°C relevant monitoring (SHM), to 300 °C, space- [20]
> CFRP :
range humidity qualified
Polypropylene + Epoxy 3 _ Standard +
(this work), 2025 74/70 55-85 Solar panel monitoring epoxy 7% bare, low cost Proposed

5. CONCLUSIONS

This paper presents a low-cost, high-sensitivity FBG
temperature sensor constructed on a polypropylene substrate
for PV panel temperature monitoring under extreme
environmental conditions.

The main results and contributions are as follows:

e A substantial enhancement in thermal sensitivity was
demonstrated under both controlled and operational
conditions, representing a seven-fold improvement
over a bare FBG sensor (11 pm/°C).

e Excellent linearity (R*> > 0.99) was obtained over the
temperature range of 55-80 °C, making the sensor
suitable for transient measurements.

e The sensitivity exceeds or is at least comparable to that
of previously reported polymer-enhanced FBG sensors.

e Fabrication complexity is reduced by using common
materials and room-temperature processing methods,
making the sensor suitable for mass production.

The demonstrated performance positions this sensor for
several promising applications, particularly in PV plants
located in harsh climatic regions where ambient temperatures
exceed 50 °C and panel surface temperatures can reach above
75 °C. Additional potential uses include cost-effective outdoor
monitoring in underdeveloped areas, the deployment of
distributed sensor arrays to obtain accurate thermal maps
across entire PV plants, and integration into early warning
systems for hotspot detection (as future work). Key directions
for future work comprise long-term field validation over 12
months and under more than 1000 thermal cycles; assessment
of UV resistance and development of a protective coating;
investigation of alternative high-temperature substrates to
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extend the operating range beyond 80 °C; multiplexed
nano-based sensor array mapping; wireless connectivity for
autonomous operation; and establishment of manufacturing
protocols and calibration standards.

These results bridge the gap in PV temperature sensing
technology by demonstrating that ultra-high sensitivity can be
achieved through simple and low-cost fabrication methods,
potentially enabling widespread adoption of fiber optic
sensing in large-scale renewable energy systems, particularly
in developing regions where harsh environmental conditions
and limited resources call for practical, reliable and affordable
monitoring solutions.
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