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Abstract: Combining photovoltaic (PV) and photo-thermal (PT) energy collection strategies in a
single system can enhance solar energy conversion efficiencies, leading to increased economic returns
and wider adoption of renewable energy sources. This study focuses on incorporating a commercial
luminescent organic dye (BASF Lumogen F Red 305) into ethylene glycol to explore its potential for
PVT applications. The optical and electrical characteristics of the working fluid were evaluated at
different temperatures under direct solar irradiance. Pristine ethylene glycol reduced the maximum
PV cell temperature by 10 ◦C. The inclusion of luminescent dye at various concentrations further
reduced the maximum temperature, with the lowest concentration achieving a 7 ◦C decrease com-
pared to pristine ethylene glycol. The highest dye concentration (0.50 wt%) resulted in a significant
temperature reduction of 12 ◦C. While electrical conversion efficiencies decreased with increasing dye
concentration, all concentrations exhibited higher fill factors compared to the bare PV cell during the
100-min illumination period. A ray-tracing model was employed to analyze the behavior of the lumi-
nescent dye and quantify transmitted energy for electricity and thermal energy production. Different
concentrations showed varying energy outputs, with lower concentrations favoring electrical energy
and higher concentrations favoring thermal energy. Economic assessment revealed the viability of
certain concentrations for specific countries, highlighting the trade-off between thermal and electrical
energy generation. These findings provide valuable insights for PVT system applications in different
geographical and economic contexts.

Keywords: luminescent down shifting; photovoltaics; thermal energy; photovoltaic thermal; heat
transfer fluid; spectral beam splitting; computational simulation; merit function

1. Introduction

Among the vast categories of renewable energy technologies that are used as a means
of combating both excess carbonization and energy generation, one of the most widely
used is that of solar renewable energy systems. Such systems are used to produce electrical
energy via photovoltaic (PV) systems, which convert incident solar radiation into electrical
energy [1]. The major benefits of solar PV systems come from their lower operational
and maintenance costs compared to those of existing fossil fuel-based energy generation
sources [1–3]. Solar energy systems offer numerous advantages, but before they can capture
a significant share of the global energy generation market, they must overcome challenges.
Quantities of PV installations have been gradually rising over recent years and are expected
to surpass coal by 2027, with over 1 TWh of energy produced in 2022 [4,5].
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These challenges can be grouped into two primary categories: spectral management
and thermal management. Ambient environmental conditions such as temperature, hu-
midity, wind speed, and dust accumulation on the surface of the PV module have been
shown to negatively impact the conversion efficiency of these devices [6]. In situ studies
conducted reported that for every 1 ◦C rise in temperature, there is an efficiency decrease
of 0.50% [7–11]. Aside from the efficiency of the PV cell being reduced, a wide variety of
structural and physical defects can occur within the solar module as the temperature of
the device increases [8,12–14]. Such defects include yellowing or browning of the silicon
within the cell, delamination of the packing layers, and the presence of scorched “hot spots”
on the material [12,14]. Hence, these challenges must be addressed to prevent a rise in
PV exploitation costs that implies purchasing new replacement modules after the damage
has occurred. A secondary issue lies in the downstream management and end-of-life
processing of the PV cells [15–19]. Such cells have issues relating to toxicity due to the
tin-lead plating, which is used as a connection ribbon across the cell surface [16,17,20,21].
Methods of providing cooling to the solar cells in question come in a wide variety. One
innovative solution to enhance the performance of PV systems involves the implementation
of anti-reflection coatings (ARCs) designed not only to reduce optical losses by minimizing
the reflection of visible light but also to effectively manage infrared (IR) radiation. ARCs
play a pivotal role in enhancing the overall energy conversion efficiency of PV modules
by redirecting IR radiation away from the solar cells, thereby preventing excessive heat
buildup and providing cell cooling methods [22–24]. However, ARC can also be used in
conjunction with plasmonic luminescent layers to increase the solar energy conversion
efficiency, as proved in [25,26]. More passive methods of cooling have looked at providing
aluminum heat sink fins attached at the rear of the module as a means of reducing the
overall temperature of the system [27]. Another more complex system comes in the form of
a simple sprinkler, which, when used in this manner, has a dual operational purpose of
reducing the surface temperature of the cell and also removing any dust or debris. This is
causing shading to occur on the surface of the cell [28]. While these methods have shown
enthusiastic results regarding the cooling (and cleaning) of the PV cell in question, the heat
that is ultimately removed from the system is ultimately wasted. The ability to functionally
use this excess heat as a means of providing thermal energy has prompted the combination
of solar thermal systems and photovoltaic systems to form hybrid photovoltaic-thermal
(PVT) systems [29–31]. A standard PVT system combines a typical thermal collection
system (which will normally include a working fluid) and a PV cell [29]. In the classical
approach, to cool the PV, the working fluid flows through a pipe under the PV cell without
being exposed to the solar flux. Recently, a new approach gained the researchers’ attention.
Thus, the working fluid is placed in front of the PV, cell absorbing the heat while still
allowing the illumination of the solar cell. There are a series of advantages to utilizing a
system such as this [31]. The primary advantage lies in its dual energy generation methods,
as such a system is capable of combining electrical conversion and thermal generation,
which can provide an overall solar energy conversion efficiency of >90% [32].

Further enhancement to this combined PVT system is aimed at tackling the second ma-
jor challenge associated with solar-based renewable energy systems, which is the spectral
mismatch of the incident light compared to the operational spectral window of the PV cell.
For a traditional silicon PV cell, this is between 350 and 1100 nm [33–35]. The wavelengths
outside this spectral region will determine if a temperature rise occurs and, hence, the
generation of excess heat. A popular means of altering the incident light for higher conver-
sion efficiencies within a solar cell is through luminescent down-shifting (LDS). Usually,
this employs a luminescent species to be uniformly dispersed through an active medium
such as a solid layer on top of the solar cell or within a working fluid [32,36,37]. Thus, the
implementation of an LDS layer allows for photons of high energy wavelength (<500 nm)
to be harvested for electrical generation and hence increases the electrical efficiency of the
PV device. A common material that is used for these LDS investigations is BASF’s Lumo-
gen F series of commercial dyes. These are perylene [38–40] and naphthalimides [41,42]
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structured dyes which provide good solubility in a range of polymers and fluids whilst
also having a high quantum yield (85–90%) [38]. When the luminescent dye is dispersed in
a solid layer, the thermal component is lost. Dispersing these dyes within the working fluid
placed in front of a solar cell provides the dual benefits of spectral modulation and heat
absorption. This gives rise to a “Spectral Beam Splitting” PVT (SBS-PVT) device [32,43–45].

In this study, a common BASF Lumogen dye, Lumogen F Red 305 (LR-305), will
be dispersed in various concentrations in ethylene glycol, which will act as a base fluid.
This working fluid will then be placed between a solar simulator and an amorphous
silicon cell. As PVT research primarily focuses on the use of monocrystalline silicon (c-Si)
PVs [32,46–51], amorphous silicon (a-Si) was selected as a candidate for this study in an
attempt to expand the scope of current PVT research towards older technologies still in
use that could be retrofitted to enhance their solar energy conversion. The use of a-Si PV
cells is also justified by studies that report that a-Si cells are less sensitive to temperature
fluctuations compared to c-Si cells [52]. The use of a-Si in this experiment is also used to
validate the potential of the ray-tracing model, which was previously used only for c-Si
cells [51]. Thus, the current study will show that adopting PVT technology can provide
a viable method of retrofitting existing a-Si cells to increase their sustainability through
extended usage. This will allow for the evaluation of the (differential) temperature at
various concentrations and the performance of the PV cell over these temperature ranges,
and will permit the assessment of its viability for use in PVT systems. A comprehensive
analysis known as the merit function analysis will be conducted within this study to assess
and compare the economic performance of the PVT system. This analysis serves to evaluate
the cost-effectiveness and competitiveness of the PVT system in relation to standalone
energy generation options that solely provide either electrical or thermal energy. The
merit function analysis considers parameters that influence the system’s performance. Key
parameters considered in the merit function analysis include, ultimately, the solar irradiance
incident on the PVT system, the optical efficiency of the PV cell, the spectral response of
the PV cell, and the absorptivity of the thermal collector. The solar irradiance represents
the intensity of sunlight received by the system and plays a vital role in determining the
overall energy output. The optical efficiency of the PV module relates to how effectively
it converts incident light into electrical energy, while the spectral response characterizes
its sensitivity to different wavelengths of light. Additionally, the thermal absorptivity of
the thermal collector determines the system’s ability to absorb and convert incident solar
radiation into usable thermal energy. These parameters collectively influence the energy
conversion efficiency, overall performance, and ultimately the economic viability of the PVT
system. By considering both the electrical and thermal energy outputs and their associated
costs, the merit function analysis provides a comprehensive framework for evaluating the
economic feasibility and competitiveness of the PVT system.

A combination of a ray tracing model and experimental procedures will be utilized
to analyze the optical properties of the system and to investigate the influence of LDS on
the electrical and thermal power output of the SBS-PVT system, which assists in the merit
function analysis [51,53]. The employed modeling approach is particularly valuable as
it provides detailed information regarding the transmission and absorption as the light
passes through the working fluid, such as the pristine ethylene glycol with Lumogen F Red
305 dispersed throughout. By capturing these characteristics, the model provides insights
into the behavior of the system, either electrically or thermally, by providing the amount of
solar energy that can be either transmitted (for electrical energy generation from the PV) or
absorbed (for thermal energy generation from the working fluid).

2. Materials and Methods
2.1. Preparation of Working Fluids

In this study, Lumogen Red (LR-305) was dispersed in ethylene glycol (see Figure S1)
to create a 0.5 wt% stock solution. This was then diluted to 0.01 wt%, 0.05 wt%, and 0.1 wt%
solutions for testing. To make the initial 0.5 wt% stock solution for LR-305, 0.15 g of dye
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powder was added to 33.3 cm3 of ethylene glycol (anhydrous, 99.8%, Sigma Aldrich/
Merck Life Science LTD, Arklow, Ireland and stirred with a magnetic stirrer for one hour at
room temperature at 1050 rpm in a conical flask.

2.2. Photovoltaic-Thermal System Performance

An investigation into photovoltaic-thermal (PVT) systems was performed using the
experimental setup presented in the schematic in Figure 1a. The illumination source
used for PVT analysis is an Abet 10500 Solar Simulator lamp, which is positioned at a
working distance of 10 cm. This solar simulator is classified as Class A for spectral match
with an AM1.5G air mass filter through a DC Xenon arc lamp. The intensity of this light
was measured using a Kipp and Zonen SP Lite2 pyranometer connected to a standard
multimeter. The distance was adjusted to have an equivalent irradiance of 1000 Wm−2

incident on the pyranometer. A 10 mm path-length quartz cuvette filled with the working
fluid (pure ethylene glycol or ethylene glycol mixed with LR-305 at different concentrations)
is placed in position within the holder, which centers it within the optical path of the solar
simulator. The apparatus was located in a large laboratory that has air conditioning and is
well ventilated to ensure the room temperature is unaffected by the illumination process.

Energies 2023, 16, 6294  4  of  24 
 

 

2. Materials and Methods 

2.1. Preparation of Working Fluids 

In this study, Lumogen Red (LR-305) was dispersed in ethylene glycol (see Figure S1) 

to create a 0.5 wt% stock solution. This was then diluted to 0.01 wt%, 0.05 wt%, and 0.1 

wt% solutions for testing. To make the initial 0.5 wt% stock solution for LR-305, 0.15 g of 

dye powder was added to 33.3 cm3 of ethylene glycol (anhydrous, 99.8%, Sigma Aldrich/ 

Merck Life Science LTD, Arklow, Ireland and stirred with a magnetic stirrer for one hour 

at room temperature at 1050 rpm in a conical flask. 

2.2. Photovoltaic‐Thermal System Performance 

An investigation into photovoltaic-thermal (PVT) systems was performed using the 

experimental setup presented in the schematic in Figure 1a. The illumination source used 

for PVT analysis is an Abet 10500 Solar Simulator lamp, which is positioned at a working 

distance of 10 cm. This solar simulator is classified as Class A for spectral match with an 

AM1.5G air mass filter through a DC Xenon arc lamp. The intensity of this light was meas-

ured using a Kipp and Zonen SP Lite2 pyranometer connected to a standard multimeter. 

The distance was adjusted to have an equivalent irradiance of 1000 Wm−2 incident on the 

pyranometer. A 10 mm path-length quartz cuvette filled with the working fluid (pure eth-

ylene glycol or ethylene glycol mixed with LR-305 at different concentrations) is placed in 

position within the holder, which centers it within the optical path of the solar simulator. 

The apparatus was located in a large laboratory that has air conditioning and is well ven-

tilated to ensure the room temperature is unaffected by the illumination process. 

 

Figure 1. (a) Schematic overview of the PVT experimental setup. An AM1.5G Spectrum is generated 

by a solar simulator, and it falls onto the sample holder, which contains a quartz cuvette with the 

liquid  sample and  the  small amorphous  silicon PV  cell.  IV  curves are acquired using an Ossila 

source meter, while the temperatures are measured with thermocouples connected to the Picolog 

data collector. The temperature of the fluid is gathered from within the liquid sample but not in the 

pathway of the solar simulator incident light, while the temperature of the PV cell is gathered from 

the back of the PV. (b) Simulated AM1.5G spectrum in gray with the spectral response of amorphous 

silicon PV  in blue.  (c) Schematic  representation of  the  four primary events  that can be analyzed 

using the PVTrace model. The simulated experimental data is designed in such a configuration that 

the generated photons are at normal incidence on the liquid optical filter and on the surface of the 

amorphous silicon PV cell. 

Positioned after the quartz cuvette is the SOLEMS a-Si solar cell, whose spectral re-

sponse is represented in Figure 1b as the blue squares. K-type thermocouples connected 

Figure 1. (a) Schematic overview of the PVT experimental setup. An AM1.5G Spectrum is generated
by a solar simulator, and it falls onto the sample holder, which contains a quartz cuvette with the
liquid sample and the small amorphous silicon PV cell. IV curves are acquired using an Ossila
source meter, while the temperatures are measured with thermocouples connected to the Picolog
data collector. The temperature of the fluid is gathered from within the liquid sample but not in the
pathway of the solar simulator incident light, while the temperature of the PV cell is gathered from
the back of the PV. (b) Simulated AM1.5G spectrum in gray with the spectral response of amorphous
silicon PV in blue. (c) Schematic representation of the four primary events that can be analyzed
using the PVTrace model. The simulated experimental data is designed in such a configuration that
the generated photons are at normal incidence on the liquid optical filter and on the surface of the
amorphous silicon PV cell.

Positioned after the quartz cuvette is the SOLEMS a-Si solar cell, whose spectral
response is represented in Figure 1b as the blue squares. K-type thermocouples connected
to a Pico USB TC08 Temperature Data Logger were used to monitor the temperature of the
working fluid and the a-Si solar cell. The I-V curve of the solar cell was collected at 5-min
intervals using an Ossila brand Xtralien X200 source meter with a voltage measurement
uncertainty of ±10 mV and a current uncertainty of ±10 nA.
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Before the base or working fluid was incorporated into the apparatus seen in Figure 1a,
the experiment was performed with no cuvette present to determine the electrical charac-
teristics of the solar cell under the AM1.5G irradiance. Under these conditions, the energy
conversion performance achieved solely by the a-Si PV cell is measured. This also allows us
to determine the PV behavior and the changes in IV curves at various temperatures. Once
this was performed, the a-Si PV cell was allowed to cool down to the ambient temperature
(room temperature). Then an empty cuvette was placed in front of the solar cell, and the
electrical behavior (i.e., the I-V curves) and temperature of the a-Si PV cell were again
acquired. This configuration of the system was tested to investigate the possible influences
that the reflective quartz cuvette (i.e., the housing used to hold the working fluid) could
have on the final results. Finally, the measurements were repeated with the cuvette filled
with base fluid and various working fluids containing LR-305 at various loading concentra-
tions. Between any two consecutive experiments, the a-Si PV cell was allowed to cool down
and reach the initial (room) temperature. Throughout these tests and the illumination cycle,
the temperature of the solar cell (TCELL) was monitored using a K-type thermocouple.

The inclusion of the working fluid in the experiment was done by transferring 2 mL
to the quartz cuvette. An additional K-type thermocouple was placed through a unique
3D-printed cuvette lid to ensure that the container was completely sealed to reduce the
cooling of the fluid under ambient conditions. The fluid temperature could be monitored
(TFLUID). The temperature of both TCELL and TFLUID was gathered at 1-s intervals through-
out the entire exposure and cooling cycle. The principal electrical characteristics that were
investigated were the short circuit density (Jsc), open circuit voltage (Voc), and fill factor
(FF), which could be determined from the collected I-V curves.

2.3. Monte Carlo Raytrace Model

In addition to the experimental investigation that was conducted with the apparatus
schematically described in Figure 1a, a Monte Carlo Raytrace model was also used to
simulate the optical performance of the LR-305-based working fluids and provide additional
information. This model has been thoroughly explained in our previous work (for more
details, see ref. [51] and Figure S2). The spectral properties of this dye are well characterized
in references [54,55] and show stability with temperature throughout the temperature
ranges that were experienced in this study. Therefore, for the model employed, temperature
dependence is not considered. Properties relating to the geometrical design of the apparatus
and the optical properties of the working fluid are the only requirements for beginning
the simulation. The apparatus, which has been previously outlined in Figure 1a, is the
geometrical basis upon which the modeling was performed. Hence, the quartz cuvette
having dimensions of 120 mm × 2 mm × 75 mm, is designed within the model and placed
in the simulated space. An a-Si PV cell is placed at the rear of this quartz cuvette and
has the spectral response outlined in Figure 1b. Optical parameters are also required for
this simulation, namely the absorption coefficient of the working fluid and its refractive
index. Ethylene glycol is used as a base fluid in this simulation, with a refractive index
of n = 1.43. The re-emission of photons from the working fluid towards the light source
is not considered in the results of this study as it will not contribute to energy generation
via electrical or thermal means. However, the percentage of photons that underwent re-
emission after an LDS event and left the system towards the light source is presented in
Figure S3 of the supplemental material.

For the simulation, 100,000 unique photons [56] are generated with a random wave-
length in accordance with the AM1.5G spectrum. Each photon was generated in sequence,
and its initial wavelength (λinitial) and position were recorded. As the photon moved
through the simulated space and was then incident upon the working fluid, a number of
interactions could be recorded based on the final position of the generated photon. This is
shown schematically in Figure 1c. The first of these interactions is the transmission event. In
this event, the photon enters the working fluid with λinitial and is impinged upon the solar
cell with λfinal = λinitial. Another event that can occur is luminescent down-shifting (LDS).
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This interaction occurs when an incident photon interacts with the luminophore present
within the working fluid. Downshifting occurs based on the absorption and emission
properties of the luminophore in question. This event is recorded as λfinal 6= λinitial with
λfinal > λinitial. Absorption events are also recorded. These events are recorded when the
photon’s final location is recorded as being within the cuvette containing the working fluid.
Hence, an absorption event (from Figure 1c) is recorded as a photon that was incident upon
the working fluid yet ended its lifecycle within this location, never impinging upon the
a-Si PV cell. A more advanced form of absorption that can also be recorded is parasitic
absorption. When a photon interacts with the luminophore present and undergoes LDS,
as signalled by its λfinal 6= λinitial, parasitic absorption is said to occur. This interaction
is due to the overlapping of absorption and emission bands, which are characteristics
of the luminophore (referred to as Stokes shift losses). While a photon is successfully
able to undergo LDS, its final wavelength is located within the absorption band of the
luminophore, and (re)absorption occurs. From these four interactions, it is possible to
build a comprehensive model to determine the interactions of photons towards energy
generation within a PVT system such as this [51].

2.4. PVT Energy Conversion Calculation

The working fluids that are investigated within this study will be subjected to an
experimental analysis regarding their merit functions for various loading concentrations
of the luminescent material dispersed through the ethylene glycol. The following method
was used to determine the merit functions of the working fluids and to compare the model
outputs with the experimentally gathered results [32,51,57–59]. The reverse saturation
current density J00 of the modeled a-Si PV cell was determined using Equation (1) [32,59]:

J00 = K′T
3
n exp (−

Eg

mkbTc
) (1)

where K′, n, and m are empirical constants, Eg represents the bandgap energy, kB is the
Boltzmann constant and Tc is the solar cell temperature—the numerical value of these
constants can be found in previous work (see [32,51]). The short-circuit current density JSC
was determined using the following equation:

JSC ( f iltered) =
∫ 2500 nm

280 nm
φ(λ)·SR(λ)·τLIQUID(λ)·dλ (2)

where SR(λ) represents the spectral response of the investigated amorphous silicon cell,
φ(λ) represents the transmitted irradiance that is incident upon the PV cell after passing
through the working fluid [58]. This transmitted irradiance is represented in the model
using the “transmitted” photons (Figure 1c), which are comprised of both unmodulated
(transmitted) and LDS photons that impinge on the PV cell. VOC represents the open circuit
voltage, and it is determined via

VOC =
A′kBTc

e
ln
(

f ·JSC
J00

+ 1
)

(3)

where e is the fundamental unit of charge, f is the concentration factor and A′ is the ideality
factor. The fill factor (FF) is determined by [32,59];

FF =
Vmp

VOC

1−
e
(

eVmp
kBTC

)
− 1

e
(

eVOC
kBTC

)
− 1

 (4)
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where Vmp is the maximum voltage derived at the maximum power point of the I–V
response curve, which can be approximated by

Vmp = k ∗VOC (5)

where k is typically between 0.7 and 0.8. The electrical power output derived by the a-
Si PV cell with an accompanying working fluid can be determined by multiplying the
corresponding Voc and FF for Jsc (filtered), as follows:

PPV = JscVOCFF (6)

The thermal power output of the PVT system when equipped with the working fluid
Pth is attained by determining the outgoing spectrum of light that is directed toward the
solar cell after spectral modulation has occurred within the simulation. This value is
calculated as

Pth = ηcollector

∫ 2500 nm

280 nm
φAM1.5G(λ)·

[
1− τliquid(λ)

]
·dλ (7)

where the absorption of the working fluids is quantified by the 1− τliquid(λ) term. In this
scenario, we assume that absorption is determined by the outward spectrum. Assumptions
are also made relating to the collector efficiency, ηcollector, of the thermal component within
the PVT system, which is assumed to be 67% [32]. The dynamic competition between the
percentage of the solar irradiance partitioned into usable thermal and electrical energy for
each working fluid was revealed through the following expression:

η∗ =
P∗∫ 2500 nm

280 nm φAM1.5G(λ)dλ
(8)

where P∗ represented the thermal (Pth) or electrical (PPV) power output of the PVT system
and η∗ is the energy conversion percentage for this type of energy.

To evaluate whether a working fluid can convert solar energy into electrical and
thermal energy more efficiently within a PVT system, a merit function is implemented.

MF =
w ∗ PPV + PPt

w ∗ PPV(un f iltered)
(9)

where PPV and PPV(un f iltered) is the filtered and unfiltered (i.e., no cuvette) electrical power
output of the silicon cell, a w is the worth factor of electricity to thermal energy.

Classically, heat transfer fluids, such as the ones employed in this study, are eval-
uated using a 3:1 worth factor of electricity to thermal energy [59]. All values used for
Equations (1)–(9) can be seen in previous work [32,51].

3. Results
3.1. Optical Transmittance of the Working Fluids

The optical transmittance of the pristine base fluid and the various working fluids,
which contained LR-305 in various amounts, served as the primary material attribute
through which the performance of the combined PVT system was assessed. The optical
transmittance of the base fluid and all the concentrations investigated are shown in Figure 2.
Undoped ethylene glycol provided >96.7% transmittance over a wavelength range of
400–900 nm.

This ethylene glycol base fluid was doped with increasing concentrations of the
Lumogen F Red 305 organic dye, which absorbs in the region of 300–580 nm [60–62]. This
effect can also be seen for the various concentrations investigated in Figure 2. As the
concentration of LR-305 in the working fluid increased, a reduction in transmittance was
recorded. For the 0.01 wt% (Figure 2—orange square), 0.05 wt% (Figure 2—green circle),
and 0.10 wt% (Figure 2—blue triangle), an expected reduction in transmittance is observed
in the regions of 550–600 nm, which is the wavelength region over which the Lumogen F
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Red 305 dye is particularly active [60–62]. The lowest concentration of LR-305 (0.01 wt%,
Figure 2—orange square) was found to have an average transmittance of 93.9% over a
wavelength range of 400–920 nm. As the loading concentration of LR-305 increased from
0.01 wt% to 0.50 wt%, the transmittance over the same spectral region decreased from 93.9%
to 2.9%. A reduction in transmitted light incident on the solar cell will have a significant
impact on its conversion efficiency. The reduction in light which was observed from these
materials is focused at the 550–600 nm region, which is located within the spectral response
of this PV cell (Figure 1b). Low transmittances such as this have a detrimental impact on
the conversion performance of the a-Si PV cell. Thus, since the transmittance is low, a large
portion of the incoming photon flux cannot penetrate through the working fluid and reach
the active layer of the a-Si PV cell.
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Figure 2. Optical transmittance of the various loading concentrations of the Lumogen F Red 305,
with the pristine ethylene glycol denoted by 0.00 wt%.

3.2. Thermal Response of the PV Cell & the Working Fluid

As the working fluid and the PV cell were subjected to the incident radiation, the
temperature of both the PV cell (TCell) and the working fluid (TFluid) was closely monitored
to assess the potential thermal energy conversion of the working fluid along with the ability
to monitor the changes in the electrical characteristics of the solar cell in relation to the
temperature over time.

The uncovered PV cell reaches a maximum temperature of 68.12 ◦C. Utilizing the base
fluid (i.e., pristine ethylene glycol) as the working fluid in the PVT system resulted in the
temperature of the PV cell reaching a maximum temperature of 58.20 ◦C while the fluid
reached a maximum temperature of 49.70 ◦C during the illumination period. This suggests
that even the base fluid can lead to a decrease in the TCell and, thus minimizing, to a certain
extent, the detrimental effects that the temperature can have on the PV.

By including the lowest concentration of LR-305 (0.01 wt%) when compared to the
base ethylene glycol working fluid, a rise in fluid temperature of 10.01 ◦C was recorded
(Figure 3b). A steady increase in the maximum temperature achieved by the working
fluid was seen over the rising concentrations, with a total temperature difference of 8.97 ◦C
being observed between the lowest and highest concentrations of LR-305 used in this
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investigation. The inclusion of the LR-305 dye has shown direct evidence of reducing the
overall maximum temperature of the solar cell in question (Figure 3c). For the base fluid
of pristine ethylene glycol, the temperature of the a-Si cell was measured to be 58.22 ◦C.
However, even at the lowest concentration of 0.01 wt% LR-305, the temperature dropped
significantly to 51.19 ◦C. As the concentration of LR-305 was increased further to 0.05 wt%,
0.1 wt%, and 0.5 wt%, the temperature continued to decrease to 50.29 ◦C, 48.75 ◦C, and
46.17 ◦C, respectively. Through analysis of the temperature change rate within the system
(as depicted in Figure 3d), it becomes evident that the heating rate in the fluid exhibits a
good linear correlation with the increasing loading concentration of LR-305. Incorporating
LR-305 into the working fluid introduces a certain degree of temperature reduction to
the PV cell; however, the passive cooling effect of the SBS reaches a plateau at a loading
concentration of 0.10 wt%, indicating a limitation in its cooling capabilities.
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Figure 3. The temperature recorded for (a) the a-Si PV cell and (b) the working fluid. The temperature
was allowed to reach its plateau to ensure that the maximum temperature for the PV cell and the
working fluid was accurately determined. (c) A summary of the maximum temperature recorded
for the PV cell and the fluid for each loading concentration of the fluid is presented. (d) The rate of
change per second of the temperatures recorded from (a,b) over the first 15 min of the study.

3.3. Electrical Characteristics of the PV Cell

The recorded electrical characteristics of the a-Si solar cell are reported in Figure 4.
From the IV curves collected every 5 min for 100 min (Figure 4a), the effect of temperature
upon these various characteristics can be recorded. The effect of including the luminophore
in the working fluid can also be investigated.
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Figure 4. Over the course of the investigation, various electrical characteristics of the illuminated
solar cell were evaluated at 5-min intervals. The (a) typical IV characteristics (here presented at room
temperature) allow determination of (b) the open circuit voltage, (c) the short circuit current density,
(d) the maximum power, and (e) the fill factor of the cell. Voltage uncertainty of ±10 mV and current
uncertainty of ±10 nA.

A linear inverse proportionality between the open circuit voltage (Voc) and tempera-
ture can be seen in Figure 4b. For the pristine ethylene glycol and all concentrations of the
included luminophore dispersed through the base fluid, a rise in temperature correlated
with a lower value of Voc. While each of the various concentrations that were investigated
displayed various Voc values, a unifying trend is that of the loss of Voc with a rise in tem-
perature. The pristine ethylene glycol demonstrated a Voc change rate of −29.7 mV/◦C.
However, the incorporation of LR-305 in the working fluid reduced this change. At a
concentration of 0.01 wt%, the rate of change was reduced to −20.3 mV/◦C. Similarly,
the 0.05 wt% concentration yielded a value of −21.8 mV/◦C, the 0.10 wt% concentration
resulted in−24.8 mV/◦C, and the highest luminophore concentration of 0.50 wt% exhibited
a rate of −23.1 mV/◦C.
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The Jsc measurements reported no significant deviation for the PVT system, regardless
of the concentration of the LR-305 compared to the ethylene glycol. All concentrations
were found to have an initial Jsc value of between 21 A cm−2 (Figure 4c—0.05 wt%) and
24 A cm−2 (Figure 4c—0.00 wt%) while at room temperature. For the uncovered a-Si
cell, a significant rise in Jsc was observed from 27 A cm−2 to 38 A cm−2 across the first
5 min of illumination. This rise in Jsc was also associated with a drastic increase in cell
temperature. Beyond this rapid rise, the Jsc values of the uncovered cell remained steady
through increases in temperature.

The maximum power (Pmax) output derived from the a-Si PV cell when equipped with
the different configurations of the working fluid over the illumination period is presented
in Figure 4d. Pristine ethylene glycol exhibits a gradual reduction in the maximum power
output as the temperature of the PV cell begins to increase through the illumination
cycle. Measuring an initial power output of 95.6 µW, this gradually declined over the
remaining 100-min period at a rate of −0.14 µW/◦C. The ethylene glycol also provided
the concentration with the largest Pmax from the working fluids, with 88 ± 4.4 µW. The
remaining concentrations experienced stability throughout this cycle. The lowest Pmax was
observed for the concentration of 0.10 wt%, which saw an average Pmax of 74 ± 3.7 µW,
while the 0.50 wt% provided the largest value at 89 ± 2.3 µW.

Similar to the Jsc values, the fill factor (Figure 4e) observed for each of the LR-305 concen-
trations saw no significant deviations throughout the illumination process yet consistently
surpassed the uncovered cell after the initial measurement. The largest change in FF for each
concentration evaluated occurred during this initial 5-min period. Beyond this region, the
measurements remain stable. The largest fill factor of the working fluids was recorded for the
0.01 wt% at 83.8 ± 1.9%, with the smallest from ethylene glycol at 80.9 ± 3.9%.

3.4. Monte Carlo Raytracing Model

The raytracing model allows evaluation of the events outlined in Figure 1c for the
PVT system. An important comparison performed within this study was to determine
the ability of the computational model to simulate the short-circuit current density of the
a-Si PV cell when placed under the filtered irradiance conditions created by the various
working fluids. This was used as the basis for validating the results that were generated
from the simulation (Figure 5).

Good agreement between the simulated and measured Jsc values can be seen in
Figure 5, with the 0.05 wt% performing particularly well. This concentration was found
to produce a Jsc value that had a difference of 0.9% from the experimental result, high-
lighting the precision available from the model. Modelling of the pristine ethylene glycol
also produced similar results, with only a 1.30% difference between the experimental and
modeled values. Across the concentration range of LR-305 utilized in the working fluid, the
divergence between the predicted Jsc and the Jsc determined under experimental conditions
ranged from 1.4 mA/cm2 to 5.6 mA/cm2. Consequently, this was integrated as an uncer-
tainty when performing the modeling calculations. The results for both the transmission
and absorption events that were recorded from the model are shown in Figure 6.

3.4.1. Photons Incident on Solar Cell

The spectral breakdown of the transmitted photons that were recorded as being
incident upon the a-Si solar cell can be seen in Figure 6a. This irradiance is due to photons,
which were recorded as having no spectral modulation occurring through their lifecycle.
It can be seen that a rise in the concentration of LR-305 corresponds to a decrease in the
transmitted photons. This result is also supported by the recorded transmission spectrum
of each working fluid (Figure 2).
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The spectral irradiance that was incident upon the solar cell within this SBS-PVT
system, which was solely due to photons that underwent transmission (both LDS and
otherwise), provided 5.8% to 71.6% of the total power that was available for PV conversion.
The lowest concentration of 0.01 wt% (Figure 6a—orange square) delivered the largest
portion of power, enabling 589.8 Wm−2 of the incident solar irradiation to reach the front of
the solar cell and become available for PV conversion. Conversely, the largest concentration
of 0.50 wt% (Figure 6a—red inverted triangle) led to 47.72 Wm−2. This was somehow
expected, as at this concentration, large absorption was also present. For the remaining
2 concentrations of 0.05 wt% and 0.10 wt%, 403.1 Wm−2 and 287.5 Wm−2 of spectral
irradiance are impinging upon the a-Si cell, respectively.

As previously mentioned, this model produces 100,000 unique photons and tracks
them throughout their lifecycle. Hence, it is possible to ascertain the number of photons
that underwent this transmission event. For the lowest concentration of LR-305 used in
the working fluid, 0.01 wt%, 71.95% of the photons were transmitted through the fluid.
At higher concentrations, such as 0.05 wt%, a drastic drop in transmitted photons was
observed, with 49.26% of photons being transmitted. For the two largest concentrations of
0.10 wt% and 0.50 wt%, 35.23% and 6.61% photons were transmitted, respectively.

LR-305 will emit photons that are centered at approximately 625 nm, and this can be
monitored by the model (Figure 6b). The lowest concentration, 0.01 wt% (Figure 6b—orange
square) of LR-305 investigated, was found to produce the largest contribution to the overall
transmitted LDS photons, with only 0.6% of the total transmitted photon contribution.
This results in a total of 296 photons undergoing LDS within this concentration and then
interacting with the solar cell in question. A gradual decline in contribution to LDS power
generation can be seen for higher concentrations, with 0.5%, 0.4%, and 0.3% for 0.05 wt%
(Figure 6b—green circle), 0.10 wt% (Figure 6b—blue triangle), and 0.50 wt% (Figure 6b—red
inverted triangle), respectively.



Energies 2023, 16, 6294 13 of 23Energies 2023, 16, 6294  13  of  24 
 

 

 

Figure 6. Optical output results of the ray trace model. The (a) transmission spectra of the various 

configurations of  the LR-305 ethylene glycol-based working fluid, which  interacted with  the  top 

surface of the a-Si PV cell and was available for conversion into electrical power. (b) The integrated 

irradiance of photons that underwent luminescent downshifting within the system before imping-

ing the top surface of the a-Si PV cell. (c) the spectra of photons that underwent all forms of absorp-

tion within the PVT system (both absorption and parasitic absorption). These photons represent the 

total quantity of photons available for thermal energy generation within the PVT system. (d) the 

integrated  irradiance of photons that underwent both  luminescent downshifting and subsequent 

absorption within the system, i.e., “parasitic absorption”. 

3.4.1. Photons Incident on Solar Cell 

The spectral breakdown of the transmitted photons that were recorded as being inci-

dent upon the a-Si solar cell can be seen in Figure 6a. This irradiance is due to photons, 

which were recorded as having no spectral modulation occurring through their lifecycle. 

It can be seen that a rise in the concentration of LR-305 corresponds to a decrease in the 

transmitted photons. This result is also supported by the recorded transmission spectrum 

of each working fluid (Figure 2). 

The spectral irradiance that was incident upon the solar cell within this SBS-PVT sys-

tem, which was solely due to photons that underwent transmission (both LDS and other-

wise), provided 5.8% to 71.6% of the total power that was available for PV conversion. The 

lowest concentration of 0.01 wt% (Figure 6a—orange square) delivered the largest portion 

of power, enabling 589.8 Wm−2 of the incident solar irradiation to reach the front of the 

solar cell and become available for PV conversion. Conversely, the largest concentration 

of 0.50 wt% (Figure 6a—red inverted triangle) led to 47.72 Wm−2. This was somehow ex-

pected, as at this concentration,  large absorption was also present. For the remaining 2 

concentrations of 0.05 wt% and 0.10 wt%, 403.1 Wm−2 and 287.5 Wm−2 of spectral irradi-

ance are impinging upon the a-Si cell, respectively. 

Figure 6. Optical output results of the ray trace model. The (a) transmission spectra of the various
configurations of the LR-305 ethylene glycol-based working fluid, which interacted with the top
surface of the a-Si PV cell and was available for conversion into electrical power. (b) The integrated
irradiance of photons that underwent luminescent downshifting within the system before impinging
the top surface of the a-Si PV cell. (c) the spectra of photons that underwent all forms of absorption
within the PVT system (both absorption and parasitic absorption). These photons represent the total
quantity of photons available for thermal energy generation within the PVT system. (d) the integrated
irradiance of photons that underwent both luminescent downshifting and subsequent absorption
within the system, i.e., “parasitic absorption”.

3.4.2. Absorbed Photons

As previously stated, the simulation is capable of determining the total irradiance
that was incident upon the PV component of the combined system to provide information
on the spectral irradiance that was available for conversion into electrical power within
the SBS-PVT system. The system is also capable of determining the number of photons
that were absorbed within the working fluid and hence contributed to thermal energy
generation. The total absorption information is represented in Figure 6c and is produced
from the combined optical interaction pathways of absorption and parasitic absorption
(Figure 1c). The total power generation from absorbed photons contributed 25.8–89.2%
with an observed trend of a rise in concentration resulting in a rise in absorbed photons.

The most immediate observation is that the largest concentration of the luminophore
present, 0.50 wt% (Figure 6c—red inverted triangle), provides the largest contribution
of irradiance, highlighting a comparatively large quantity of absorbed and parasitically
absorbed photons. The total power that was absorbed within the working fluid for this
concentration (0.50 wt%) was found to be 734.7 Wm−2 with a total of 89.87% of photons
being absorbed within the working fluid to contribute to this total power generation. The
lowest concentration of 0.01 wt% exhibited an absorption contribution of 212.5 Wm−2 from
25.63% of generated photons undergoing absorption.
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Photons that underwent luminescent downshifting also had the probability of being
reabsorbed within the working fluid should their wavelength overlap with the absorption
properties of the LR-305 dye. The integrated irradiance of photons that were subjected to
this form of parasitic absorption can be seen in Figure 6d. The largest concentration of the
luminophore, 0.50 wt% (inset Figure 6d—red inverted triangle), had a noticeable rise in
parasitic absorption.

3.5. PVT Energy Conversion Efficiency and Merit Function Analysis

The functionality of the ray tracing model is used to assess the optical and electrical
parameters of this combined PVT system, yet further analysis can be performed to deter-
mine the overall effectiveness of the combined thermal and electrical energy output of the
system and its real-world implementation potential. A comparison of the solar energy
conversion efficiency achieved by the PVT system at the various loading concentrations of
LR-305 against the base fluid of pristine ethylene glycol can be seen in Figure 7.
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Figure 7. The percentage of solar energy conversion for the PVT system for each concentration of
Lumogen F Red 305. The conversion allowed by the base fluid (here, ethylene glycol) is also included.
The energy generated as electrical (green) and thermal (cyan) energy, along with the electricity
produced by the unfiltered standalone PV system (yellow), are also presented.

In the absence of any working fluid, the standalone a-Si PV cell could deliver a conver-
sion efficiency of 11.76% (Figure 7—unfiltered electricity). As specified in Materials and
Methods, the energy breakdown for electrical and thermal components is provided through
Equations (6) and (7), respectively, using the previously mentioned model [32,51,57–59].
Introducing the base fluid in front of the a-Si cell as the working fluid of the SBS-PVT
system did not decrease the total energy conversion efficiency achieved. However, in the
partitioning of the energy generated by the system into thermal and electrical components,
there is a small decrease in the electricity generated, with the remaining energy being
converted into thermal energy. In comparison, excepting for the 0.01 wt% sample, the
increase in concentration of LR-305 in the working fluid led to an increase in the total energy
conversion efficiency of the PVT system (Figure 7). For example, at a loading concentration
of 0.50 wt% LR-305, the total conversion efficiency of the PVT system reached 40.13%. For
increasing concentrations of LR-305, a reduction in electrical energy conversion can be
seen, while thermal energy conversion is seen to rise. This result is expected due to the
higher quantity of luminophore throughout the base fluid, resulting in lower transmission
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through the fluid to the PV cell (Figure 2). Indeed, this observation is further confirmed
when examining the modeling data presented in Figure 8.
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The proportion of the incident solar irradiance that is converted by the SBS-PVT
system into electrical energy is seen to decrease, as shown in Figure 8a, as the loading
concentration of LR-305 in the working fluid increases. For instance, employing the lowest
concentration of LR-305 in the working fluid resulted in the PV element of the SBS-PVT
system reaching a conversion efficiency of 11.44%, whereas employing the higher loading
concentration of 0.50 wt% yielded a conversion efficiency of only 0.57%. It is noted that
none of the configurations of the LR-305-based working fluid investigated in this study
could provide a higher electrical energy conversion efficiency than that of the unfiltered
standalone PV device shown in Figure 7.

The inclusion of the LR-305 luminophore resulted in a poor contribution to the electri-
cal conversion in each scenario. The downshifting of the incident solar spectrum by LR-305
before its interaction with the a-Si PV cell was found to be responsible for only 0.07% to
less than 0.01% of the electrical power generated under the filtered irradiance conditions
of the working fluids—see Figure 8b. Of all of the LR-305-based working fluids that were
investigated, the concentration of LR-305 that provided the highest contribution (0.07%)
to the overall electrical energy conversion was the loading concentration of 0.01 wt%. A
significant reduction in the electrical conversion efficiency of the a-Si cell was observed for
the 0.05 wt% and the 0.10 wt% configurations of the working fluid. While the 0.05 wt%
was capable of providing 0.04% of the total conversion from the luminophore, the 0.10 wt%
provided only 0.02%. This effect was seen again in the largest concentration of 0.50 wt%,
wherein less than 0.01% of the total conversion was due to the presence of the luminophore.
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Typically, in the pursuit of increasing the combined power output of both collection
systems (i.e., PT and PV), a certain percentage of the electrical conversion efficiency will
be “sacrificed” to achieve the increased thermal power output of the system and, hence, a
larger total conversion efficiency [59,63]. Investigating the thermal power output of the SBS-
PVT system when equipped with the various configurations of the LR-305-based working
fluid (Figure 8b) demonstrates this principle. For instance, as the loading concentration
of LR-305 increased from 0.01 wt% to 0.50 wt% in the working fluid, the thermal power
conversion efficiency of the SBS-PVT system increased from 2.59% to 39.56%, respectively.
In comparison, employing pristine ethylene glycol as the working fluid in the system
resulted in a thermal collection efficiency of just 1.6%.

While these values represent the total thermal energy collection efficiency of the SBS-
PVT system, it is important to consider in the evaluation process the contribution made by
the absorption and parasitic absorptions exhibited by LR-305 (Figure 8d). This is because,
under certain economic conditions, it may be more economically favorable to produce an
excess amount of thermal energy as opposed to electricity. Consequently, the parasitic
absorption exhibited by LR-305 offers a potential pathway to increase the amount of solar
irradiance that is absorbed by the working fluid. Thereby, there is an increased probability
that the thermal collection unit of the system will perform more efficiently.

The contribution of these interactions to the thermal collection efficiency of the SBS-
PVT system is provided in Figure 8b, which demonstrates that the presence of LR-305
accounted for 68.70% to 75.54% of the thermal conversion efficiency achieved by the system.
Such a thermal response from the SBS-PVT system is expected due to both the decrease in
the transmittance observed in Figure 2 and the increase noted in the irradiance absorbed
by the working fluid in the modeling results highlighted in Figure 6c. Consequently,
employing the highest loading concentration of 0.50 wt% LR-305 in the working fluid
produced the largest contribution to thermal energy collection, providing 76% of the total
energy collected. This implies that under this configuration, the LR-305 material was
responsible for achieving a thermal conversion efficiency of 29.88%.

Given the complexity of the different interactions that can occur in an SBS-PVT system
and the geographical variation that exists in the economic incentive to produce different
forms (electricity or thermal energy) of energy, a merit function can be typically used to put
the results presented in Figures 7 and 8 in a real-world application context. However, one
should remember that, based on 2022 economic data, the worth factor can vary in European
countries, e.g., from Denmark (2.85) and Austria (2.93) to Ireland (3.24), Spain (3.42), or
Belgium (3.60) [64,65]. The merit function value of all the working fluids considered in this
investigation is provided in Figure 9 for a worth factor of 3. This compares the economic
viability of the energy produced by the SBS-PVT system under each configuration of
the working fluid, including pristine ethylene glycol. Fitting the a-Si PV cell into a PVT
system with ethylene glycol as the working fluid is economically advantageous, as a merit
function value of 1.04 was determined. Two concentrations of the LR-305 working fluid
were found to exceed this merit function value. These were the 0.10 wt% and 0.50 wt%
LR-305 concentrations, which produced a merit function value of 1.09 and 1.06, respectively.
Contrastingly, the LR-305 concentrations of 0.01 wt% and 0.05 wt% were unable to produce
a merit function value that exceeded 1.0 (Figure 9). This implies that for these loading
concentrations of LR-305, the additional thermal energy captured due to the presence of
the luminophore was not enough to sustain and overcome the losses encountered in the
electrical energy produced by the PVT system under these conditions.
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4. Discussion

An immediate observation that can be made from this study is the effect of including
the LR-305 luminophore in the base fluid on the maximum temperature reached by the
active PV cell. As noted, by including the lowest concentration of LR-305 at 0.01 wt%, a
drastic reduction in the active cell temperature was recorded (Figure 3c). The temperature
difference observed between the pristine ethylene glycol and the 0.01 wt% concentration
was greater than the temperature difference between the lowest and highest (0.50 wt%)
concentrations. This presents an interesting result when analyzing the transmittance that
was recorded for each of the investigated materials. While the pristine ethylene glycol had a
transmittance of 96.7% over the wavelength region of 300–900 nm, the lowest concentration
of 0.01 wt% (Figure 2—orange square) exhibited an average transmittance of 93.2% over
this same region. The inclusion of the dye in the PV cell resulted in a temperature reduction
of 7.01 ◦C at the lowest concentration (0.01 wt%). Increasing the concentration led to
larger temperature decreases, with reductions of 7.92 ◦C, 9.45 ◦C, and 12.03 ◦C observed at
concentrations of 0.05 wt%, 0.10 wt%, and 0.50 wt%, respectively. Hence, the inclusion of
LR-305 in ethylene glycol provides an immediate benefit by keeping the active PV cell in
SBS-PVT applications at lower temperatures.

From the investigation of the electrical properties of the solar cell under active illumi-
nation conditions, it was found that no configuration of the LR-305-based working fluid
was capable of outperforming the pristine ethylene glycol in the majority of characteristics
investigated (Figure 4). This effect makes itself apparent when analyzing the energy path-
ways of each concentration (Figures 7 and 8a), where rising concentrations result in lower
electrical conversion due to the evidently lower transmission, which allows light to interact
with the active solar cell (Figure 2).

Evidence suggests that the reduction in electrical properties ties with the rise in
working fluid temperature, pointing to the greater absorption occurring within the PVT
system. A per-photon analysis is possible in the ray tracing model to determine the
absorption events that are occurring, giving a greater understanding of what is occurring
within the system. This provides evidence of the events that are occurring within the
system. As previously stated, the maximum concentration studied, 0.50 wt% provided the
lowest recorded transmission (Figure 2—red inverted triangles) and hence would result
in a large quantity of absorption to occur. The ray trace model was able to show that this
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concentration in fact absorbed 89.9% of the incident spectrum of AM1.5G light, which
was simulated. The benefit of providing this information is the ability to provide direct
evidence of the parasitic absorption that occurs within the system. This is due to the
model’s ability to directly measure luminescent downshifting events (Figure 1c). Therefore,
a more comprehensive overview of the processes that are occurring with the material can
be performed to determine the contribution of the luminophore in the PVT system.

The inclusion of LR-305 as an active luminophore in a PVT system such as this has been
shown to provide advantageous results for thermal energy generation within the system,
with nearly 30% of thermal energy resulting from the inclusion of the 0.50 wt% luminophore.
However, the contribution towards electrical conversion was severely lacking for the LR-305
luminophore at all concentrations. No concentration measured was capable of providing
more than 0.1% of the contribution towards electrical generation. The included ray trace
model outlined the poor LDS conversion rate within the system across all concentrations
investigated, with evidence providing the information that only 0.6% of incident photons
underwent LDS and then impinged upon the simulated cell, resulting in electrical energy
conversion. While this dye has been a popular inclusion in studies related to solid layers
within polymer structures, its inclusion in a PVT system to generate electrical energy is
insufficient. However, the dual energy generation pathways of a PVT system enable thermal
energy generation as well. This provided enthusiastic results for this luminophore, as it
was capable of delivering nearly 75% of the total thermal energy generated for the 0.50 wt%
configuration of the working fluid. Further investigations into other forms of luminophore
will be able to provide a candidate that can generate a higher electrical conversion.

When determining the economic benefits of each material tested against the merit func-
tion of the pristine ethylene glycol, the 0.05 wt% was the poorest performing concentration
tested, while the 0.10 wt% was considered the most feasible. This concentration was capable
of providing a good balance between electrical and thermal energy generation, favoring
the weighting assigned in the merit function calculations. This presents the opportunity for
this configuration to be implemented in a region of moderate solar irradiance due to the
electrical energy generated while being able to supplement the remaining energy through
thermal power generation. While the highest concentration of 0.50 wt% was also shown
to provide good economic benefit for its implementation, the fact that 98.6% of all energy
generated was thermal limits its application in a region where electrical power production
is significantly more economically incentivized than thermal power.

The merit function calculations shown in Figure 9 are produced in isolation within the
model and thus do not account for implementing these devices in a particular country. The
vulnerability of the worth factor to geographic and economic changes in the interaction
between the abundant availability of electrical and thermal energy could enable a strategic
choice of locations suitable for implementing a full-scale PVT system. To close the gap
between theoretical and isolated laboratory-based research and suggest possible solutions
suitable for practical implementation, a merit function study [32,51,59,66,67] was performed.
By applying this simulation to real-world scenarios, the study aims to offer valuable insights
into selecting optimal sites for PVT installation based primarily on the location’s energy
market and the country’s merit function for electrical and thermal energy generation.

As the value of the worth factor decreases, the economic advantage of capturing
additional energy through adjustments in the spectral properties of the fluids becomes
even more pronounced. In an attempt to determine a location around Europe where the
various concentrations of LR-305 would be economically viable in this configuration, the
work function for various countries was used as an input to the model (Figure 10). From
this analysis, countries that would be seen as favorable to implement a LR-305-equipped
SBS-PVT system can include Sweden (1.14), France (2.45), and Denmark (2.85) since these
countries see a rise in the merit function value across all loading concentrations [64,65].
Employment of this system using the average values available within the EU shows an
increase in merit function values for each of the concentrations used over the original model
results. As mentioned previously in this study, both the 0.10 wt% and 0.50 wt% offered a
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larger merit function value than that achieved with the base fluid, which was calculated at
1.05, while the 0.10 wt% and 0.50 wt% were 1.10 and 1.08, respectively.
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As shown in this study previously (Figure 9), the 0.05 wt% showed the poorest result
in terms of merit function, highlighting its economic infeasibility. However, when applying
the results of this material to different countries, it can be seen that it could offer some
economic advantages. For example, when analyzing this concentration for Sweden, one can
observe that this concentration was capable of outperforming the ethylene glycol, offering
a merit function value of 1.25 compared to 1.11 for the ethylene glycol. This concentration
also exhibited a larger merit function than that of ethylene glycol when compared against
Bulgaria’s cost of energy. For Bulgaria (1.41), the 0.50 wt% saw a merit function of 1.12,
while ethylene glycol produced a merit function of 1.09. For countries such as Ireland and
Germany, the quantity of electrical and thermal energy output proves to be uneconomical,
with all concentrations producing a merit function less than ethylene glycol.

Hence, an important aspect of analyzing the economic potential of PVT systems lies in
implementing their electrical and thermal energy generation potentials in energy markets.
This shows not only the economic feasibility of a system, but due to the inclusion of the
information provided relating to the luminophore, a case study for that luminophore
concentration can be undertaken for a specific nation to determine the ideal configuration
of such a system.

5. Conclusions

In this study, a popular commercial-based luminescent organic dye (BASF Lumogen F
Red 305) was incorporated into a working fluid consisting of pristine ethylene glycol as a
candidate for PVT applications. Optical and electrical characteristics were assessed as a
function of the PV’s temperature in response to direct illumination from a solar simulator’s
irradiance. Throughout the entire study, the temperature of both the working fluid and
the solar cell was measured at intervals of 1 s for 100 min to assess the influence of the
doped working fluid on cooling the active PV cell. The presence of the luminescent dye
across all concentrations was capable of reducing the maximum temperature experienced
by the PV cell, with the smallest concentration of the luminophore reducing the maximum



Energies 2023, 16, 6294 20 of 23

temperature of the active cell by ~10 ◦C when compared to the pristine ethylene glycol.
Thus, signifying the impact of the luminophore on cooling the working solar cell. The
inclusion of the luminophore at its largest studied concentration of 0.50 wt% led to a
reduction in maximum temperature of ~19 ◦C compared to the base fluid.

Analyzing the electrical characteristics of the active solar cell revealed various re-
ductions in certain parameters when the luminophore was included in the base fluid.
Increasing concentrations of the luminophore were found to result in lowered electrical
conversion efficiencies due to the low transmission observed for these materials. However,
all concentrations of the LR-305 produced higher fill factors than the bare a-Si PV cell
throughout the illumination period of 100 min.

The benefit of a hybrid PVT system lies in being able to convert solar energy into
thermal and electrical energy at the same time. By implementing the ray tracing model
(which is capable of producing a per-photon analysis), it was possible to examine the
behavior of the included commercial luminophore at varying concentrations. The inclusion
of the model allows for quantification of the energy that is transmitted to the solar cell
to produce electricity while also monitoring the absorption of photons within the system,
which produces the thermal energy observed in the experimental characterization of the
PVT system. The model allows for accurate implementation of luminophores at varying
concentrations and determines the luminescent downshifting events. This allows for
the analysis of determining the contribution of energy generation by the luminophore
at a specific concentration. The inclusion of LR-305 as a luminophore in a PVT system
demonstrates its significant advantage in thermal energy generation, contributing to nearly
30% of the total thermal energy with a 0.50 wt% concentration. However, the electrical
conversion capability of LR-305 is found to be severely limited, providing less than 0.1%
contribution at all concentrations. The low LDS conversion rate and photon absorption
in the simulated PV cell further confirm the inefficiency of LR-305 in electrical energy
conversion. Future investigations should explore alternative luminophores to achieve
higher electrical conversion efficiency in PVT systems.

While this study was able to determine the quantity of energy derived from electrical
and thermal sources, it was also able to determine the economic benefit of that concentration.
An economical trade-off can be possible due to the large quantity of thermal energy that
could be extracted. Yet, by performing an economic assessment of the PVT systems
produced and comparing them to the worth factors of various E.U. countries, their economic
application can be determined. These findings show that while the 0.05 wt% concentration
of LR-305 can prove uneconomical for regions such as Ireland and Germany, a location
such as Sweden would benefit from it.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en16176294/s1, Figure S1. The absorption (blue squares) and emission
(orange circles) profiles of Lumogen Red 305 (LR-305) were compared to the standard AM1.5G spectrum,
which was used in the ray trace model. Figure S2. Outline of the Panda data frame libraries, which are
used to monitor the lifecycle of photons throughout the simulation and sort the location of their data.
Figure S3. Percentage of photons that underwent LDS (λfinal > λinitial) within the working fluid during
the simulation and were emitted back to their source.
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