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Highlights

» Au-ZnO/W NFs were synthesized through a reagent-free, cost-effective electrophoretic method.

» Au-concentration, du, tops, and 1 are the performance matrices chosen for Au-ZnO/(W-EG)
NF-based PV/T spectral splitter.

» Au-ZnO/(W-EG)-NF retained 90% absorption (4/4p) for over 100 h, outperforming
ZnO/(W-EG) (<14 h).

> Exceptional 1,,, 1¢;, and 7, , obtained through the designed PV/T spectral splitter are
74.24%, 12.9%, and 81.52%, respectively, under different optimized conditions.

> Increasing MF (~ 12.93 %) alongside a decreasing 17,,,. (~ 11.55%) with rising 7 from 2 to
6 mL/min.

Abstract

Persistent challenges in photovoltaic/thermal (PV/T) systems with nanofluids (NFs) arise from
colloidal instability, reducing optical absorption and thermal conductivity, which this study
addresses through the techno-economic analysis and performance evaluation of a hybrid Au-
zinc oxide (ZnO)/(W-EG) nanofluids as a spectral splitter for enhanced photo-harvesting. ZnO
nanosheets (NSs) and Au nanoparticles (NPs) were synthesised via a reagent-free
electrophoretic method and citrate reduction. The hybrid Au-ZnO/(W-EG) NF, dispersed in a
50:50 W-EG mixture, exhibited a localized surface plasmon resonance (LSPR) peak at 540 nm
and UV absorption at 370 nm, reducing UV transmittance to near zero while maintaining 87-
97% visible transmittance at 5-50 ppm Au-NP concentrations. Stability tests showed the Au-
ZnO/(W-EG) NF retained 90% absorption (A4/A4y) for over 100 h, outperforming ZnO/(W-EG)
(<14 h). In a PV/T system under 1000 W/m? solar irradiance, the NF at 50 ppm achieved a
total efficiency (n,,,,,) of 76.24% (n,,: 64.62%, n,;: 11.62%), a 7.42-fold enhancement over
5ppm (1,,,,: 70.97%), though 7, decreased by 7.19% due to reduced transmission. Increasing
m from 2 to 6 mL/min raised n,, from 51.12% to 62.23% and n,, from 12.01% to 12.06% (fop::
10 mm), while larger Au-NP sizes (20 to 60 nm) reduced 7, ,, by 6.5% at 5 ppm. The merit
function (MF) increased from 1.793 to 2.025 with m, but n, decreased from 15.24% to
13.48%, reflecting a trade-off between energy quantity and quality. Overall, this hybrid NF
offers superior spectral splitting and stability, positioning it as a promising candidate for

advanced photo-harvesting.

Keywords: Au-nanoparticles, Au-ZnO/(W-EG) nanofluids, localized surface plasmon

resonance, solar PV/T spectral beam splitter, ZnO nanosheets.
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Nomenclature
Abbreviations Symbols
BIPVs building-integrated photovoltaics Apv active area of PV cell (m?)
c-Si crystalline silicon Cp specific heat capacity (J kg 'K ™)
EG ethylene glycol dyps nanoparticles diameter (nm)
HTF heat transfer fluid topt optical thickness (mm)
MPP maximum power point G solar irradiance (W/m?)
IR infrared Dnax maximum current (Amp)
-V Current-voltage m mass flow rate (kg/s)
NP nanoparticle MF Merit function
NS nanosheet Tin inlet temperature (°C)
NF nanofluid Tow outlet temperature (°C)
PT photo-thermal Tamp ambient temperature (°C)
PV photovoltaic T nanofluids temperature (°C)
PV-T photovoltaic-thermal max ~ maximum voltage (V)
PVP polyvinylpyrrolidone Greek Letters
PEG polyethylene Glycol Nel PV-T’s electrical efficiency (%)
QDs Quantum dots N PV-T’s thermal efficiency (%)
SBS spectral beam splitting Neotal PV-T’s total efficiency (%)
SPR surface plasmon resonance Moy exergy efficiency (%)
uv ultra-violet 1, pump efficiency (%)
A\ water ® worth factor
54
55
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1. Introduction

The escalating global energy crisis and environmental pollution underscore the urgent need for
sustainable solutions, with solar energy emerging as a cornerstone for addressing these
challenges. Rising energy demands have intensified the push for decarbonization and
renewable energy adoption, appealing to a broad audience ranging from policymakers and
engineers to environmentally conscious communities [1-3]. Among renewable sources, solar
energy stands out due to its minimal environmental footprint, low location dependence, and
unlimited availability, making it accessible and relevant to diverse societal needs [4]. PV
technology, a rapidly advancing and widely adopted method of harnessing solar power, now
dominates renewable energy installations worldwide, driving progress toward carbon neutrality
and sustainable development [5]. However, inefficiencies in utilizing the full solar spectrum,
particularly the loss of infrared (IR) energy as heat, limits PV performance, a challenge that

resonates with researchers, industry professionals, and end-users seeking enhanced efficiency [6].

To address this, PV/T hybrid systems have gained prominence by synergistically combining
electrical and thermal energy generation, offering a versatile solution for residential, industrial,
and commercial applications [7-10]. Spectral splitting, which selectively directs solar
wavelengths, enhances solar energy utilization in these systems by cooling PV cells with a heat
transfer fluid (HTF) while enabling simultaneous PV and photothermal (PT) conversion [11-
13]. Despite their potential, PV/T systems face limitations, such as thermal output constrained
by PV cell operating temperatures, prompting the development of advanced spectral beam
splitters (SBS) like thin-film filters and selective absorbers [14,15]. Thin-film filters, made
from layered dielectric materials, offer precision but suffer from high costs and complexity,
whereas selective absorbers provide cost-effective, integration-friendly alternatives,
particularly for building-integrated PV/T (BIPV/T) applications [16,17]. NF-based SBS, such
as those pioneered by Chendo and Salawu, with a peak n,, of 27.6%, further enhance this
technology by tuning optical properties like spectral transmittance through nanoparticle

diameter (dnps), concentration, and optical thickness (¢p:) [18-21].

Research on NFs has explored a wide range of materials, from oxides (e.g., ZnO, Si0>) and
metals (e.g., Ag, Au, Cu) to hybrids, revolutionizing PV/T performance. The research
highlights the potential of NFs such as polypyrrole/water [22], CuoSs/oleylamine [23],

Fe;Oq/electrolyte [24], ZnO/EG or Ag-ZnO/EG [25,26], and SiO»/water [27]. Among these,
noble metal NFs like silver (Ag) and gold (Au) stand out, leveraging their LSPR for superior
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optical performance. Ag/water-NF showed promise but experienced delamination at higher
concentrations within two weeks. Meanwhile, reduced graphene oxide decorated with silver
(rGO-Ag) offered enhanced optical properties and slow stability degradation, making it a
compelling candidate for advanced PV/T systems [28—30]. In this quest, Hjerrild et al. [31]
demonstrated that Au-nanorods enhanced near-infrared absorption, boosting energy output by
79% for Si-PV cells and 111% for GaAs-PV cells, though Si-PV cells responded poorly to UV-
visible light.

Au-NPs, known for their rich optical properties, biocompatibility, and versatile surface
chemistry, are widely used in displays, photocatalysis, imaging, and photothermal therapy.
Their application as NF-based SBS in solar energy is still emerging [32]. Otanicar et al. [33]
tested Au/ITO-NF outdoors, finding high UV-visible absorption but limited 7, (~ 4%) due to
excessive visible light absorption. Li et al. [34] also optimised Au/water-NF SBS, achieving
n,, of 8.72% and exergy efficiency (n,,) of 13.71% exergy efficiency at 20 ppm level of Au-
NPs and #,p; of 18 mm. Filipe et al. [35] developed a theoretical model optimising parameters
like 7opr and dyps, achieving a merit function (MF) value of 1.30. However, studies often
examined these parameters independently, highlighting the need for integrated optimisation for
PV/T efficiency. In 2021, Chen et al. [36] systematically investigated 13 different plasmonic
materials and identified Cu-SiO> (20-30 nm) as the most efficient and cost-effective nanofluid
for PV/T applications. As Cu alone can easily oxidize in the air or water, a SiO2 coating is
designed around the Cu NP, which consequently enhances solar absorption. Whereas in another
report, they investigated Au-NFs for PV/T performance and showed surface plasmonically
enhanced solar absorption efficiency up to 89.38% for 10 ppm concentration and 70 mm optical

height [37].

Combining plasmonic metal-NPs with semiconducting metal oxides enhances stability and
absorption, leading to efficient PV/T-SBSs. Hjerrild et al. [38] in 2016 conducted pioneering
lab experiments with water-Ag-SiO2/carbon NFs in PV/T systems, reporting a 30%
improvement in 7, ., through thermal energy generation compensating for electrical losses.
Further studies were carried out by He et al. [39] in 2019 which highlighted that the efficacy
of Ag-TiO2-NPs in W-EG mixtures, achieving ann, ., of 83.7% at 1 kW/m? with only 200
ppm concentration. An ef al. [40] in 2018 found that Au-based core-shell nanostructures (Au-
Si02) outperformed silver-based NPs (Ag-SiO), increasing 71, by 6.8% and 4.8%,
respectively. In 2018, Yu and Xuan [41] demonstrated a 96.1% instantaneous photo-thermal

conversion efficiency for CuO/Ag hybrid NFs at 35 °C, attributing the improvement to the
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LSPR of Ag-NPs. Han et al. [42] further optimized short-wavelength absorption using
Ag/CoSO4-NFs, achieving higher solar-to-electrical and thermal conversion efficiencies than
Ag/Si0,-NFs. Moreover, when the optimised Ag/CoSO4 nanoparticles are dispersed within a
propylene glycol [43]. Therefore, low-cost alternatives like ZnO, with its 3.3 eV bandgap, have
also shown promise, increasing solar energy conversion efficiency by 3.8% compared to filter-
less PV systems [44]. These advancements highlight the adaptability of NF-based SBS to
diverse contexts, from high-performance industrial systems to affordable residential solutions.
A subsequent experimental investigation of Huang ef al. [45] revealed silica-coated silver
nanoparticles (Ag@Si0:) nanoparticles, prepared via the hydrolysis of tetraethyl orthosilicate
(TEOS) in the presence of dimethylamine as a basic solvent, exhibited a dense, homogeneous
silica shell with a thickness of 34 nm and an absorption peak at 474 nm, which closely aligns
with the maximum of the solar spectrum. These attributes render the nanoparticles particularly

suitable for integration into spectral splitting photovoltaic/thermal (PV/T) systems.

In parallel, several complementary studies have further advanced the field by exploring
alternative spectral splitting strategies and optimisation techniques. Ju et al. [46] have
demonstrated that a comprehensive analysis and optimisation of multiple parameters can
further refine the performance of nanofluid spectrum splitting PV/T systems. Their work
involved the development and validation of a steady-state numerical model for a double-pass
configuration, facilitating a detailed investigation into the impacts of nanofluid parameters such
as particle size, concentration, and nanofluid channel thickness together with operating
conditions including volume flow rate and concentration ratio. The optimisation results
revealed that lower-concentrated illumination conditions necessitated smaller particle sizes and
higher concentrations compared with non-concentrated scenarios. For systems operating under
low concentration ratios (ranging from 2 to 7), the optimised parameters predominantly
featured particle sizes between 30 and 60 nm, concentrations between 50 and 150 ppm, and
channel thicknesses from 0.005 to 0.01 m. This investigation underscores the critical role of
parameter optimisation in advancing the performance and exergy efficiency of nanofluid
spectrum splitting PV/T systems and thus complements the empirical findings described
previously. Concurrently, Abdelrazik et al. [47] have conducted a numerical investigation into
a hybrid PV/optical filtration (PV/OF) system employing a water/silver nanofluid. Through the
development of thermal, optical, and electrical models—which were validated against existing
experimental data—the study examined the effects of nanoparticle size, loading, channel

height, and flow rate under varying atmospheric conditions and solar concentrations. The
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results demonstrated that the hybrid system outperformed standalone PV modules, particularly
at elevated ambient temperatures and higher solar concentration levels, thereby underscoring
the potential of optical filtration in mitigating PV cell overheating and enhancing overall energy
yield. Elharoun et al. [48] have proposed a novel PV/T design that integrates a compound
parabolic concentrator (CPC) with a selective absorptive fluid-based optical filter. Their
experiments, which evaluated the impact of various air gap widths (1, 3, and 5 cm) between
the filter and the PV cell as well as the tilting of the concentrator, revealed that systems
equipped with the optical filter demonstrated superior 1, of approximately 17% compared to
13.1% for CPC-PV systems without a filter and 7.1% for bare PV cells. Similarly, Xiao et al.
[49] have introduced a hybrid nanofluid containing antimony tin oxide (ATO) and cupric oxide
(CuO) nanoparticles for spectral beam splitting applications. The synergistic combination of
ATQO’s strong infrared absorption and CuO’s pronounced ultraviolet/visible light absorption
facilitates effective spectral regulation. Their findings indicate that a hybrid nanofluid with a
5:5 ATO:CuO mass ratio and a concentration of 200 ppm achieved a merit function value of
1.679 (for a worth factor of 3), highlighting its competitiveness relative to other metal-based
nanofluid systems. Collectively, these studies reinforce the importance of the precise synthesis
of functional nanomaterials and the rigorous optimisation of system parameters in advancing
the performance and viability of spectral splitting photovoltaic thermal systems. The
integration of tailored nanofluids, whether employed as an optical filter or as a component of
the spectral beam splitter, not only improves thermal and electrical efficiencies but also
increases economic value. This comprehensive approach substantiates the multifaceted

benefits of these innovative technologies.

Building on this foundation, this study introduces a novel Au-ZnO/(W+EG)-NF as a highly
efficient SBS for PV/T systems, targeting a wide audience seeking sustainable, scalable, and
cost-effective energy solutions. Unlike previous works that often-optimized parameters like
nanoparticle size or concentration independently (e.g., Li et al.’s [26] Au/water-NF with n,; of
8.72%, or Filipe et al.’s [27] theoretical model with an MF of 1.30) this research integrates
plasmonic Au NPs and semiconducting ZnO NSs in a water + ethylene glycol (W+EG)
suspension. This dual-material design enhances spectral splitting efficiency, stability, and
thermal management, distinguishing it from single-material NFs (e.g., Chen ef al.’s Cu-SiO>
or Au-H>O systems [29]) that face oxidation or cost barriers. On the other hand, nanofluid-
based PV/T systems suffer from colloidal instability, broadband absorption reducing spectral
selectivity, and high costs [22]. This study introduces a hybrid Au-ZnO/(W-EG) NF, leveraging
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Au NPs’ LSPR and ZnO NSs’ UV absorption to achieve >76% efficiency and >144 h stability,
addressing these critical gaps with a scalable, cost-effective solution. Through systematic
analysis of optical properties, particle dispersion, and concentration-dependent behaviour, this
work achieves superior solar energy management, validated by rigorous experimental
assessments of 1, and 17,;. By maximizing solar spectrum utilization, this innovation reduces
fossil fuel reliance, lowers greenhouse gas emissions, and promotes energy equity, aligning

with global sustainability goals and setting a new standard in renewable energy technology.
2. Materials and Experimental Details
2.1. Synthesis of Au-ZnO/(W+EG) NF

The materials employed for the preparation of the Au-ZnO/water nanofluid (NF) is presented
in supplementary materials. The 60 nm = 5 nm Au NPs were specifically chosen due to their
superior balance of LSPR absorption characteristics, spectral alignment, and prolonged
colloidal stability. Unlike smaller nanoparticles (<20 nm), which rapidly aggregate in W-EG
mixtures and exhibit a blue-shifted LSPR (~520 nm), the 60 nm size maintains enhanced visible
transmittance and sustained stability over extended periods (>144 h), aligning closely with

solar spectrum peaks.

o $‘\Ge‘\5
O 2 Pt

—_—
E

Milli-Q Water

Fig. 1. (a) Experimental setup for synthesising ZnO NSs through reagent-free electrophoretic
setup consisting of Zn-pellets and Pt electrode, (b) real-time image of Au-ZnO NF showing
Tyndall effect.

The synthesis of the Au-ZnO/(W-EG)-NF was carried out in two sequential steps. Initially,
ZnO NSs were synthesised through a reagent-free electrophoretic method using a zinc pellet
and platinum wire as electrodes [50]. To ensure optimal performance, the zinc pellet was
polished meticulously to eliminate any surface oxide layers prior to the reaction. Then, these

ZnO-NSs were dissolved in Milli-Q water and EG solvent in 1:1 volume ratio, showing good
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stability of the NF and increased absorption in the UV region, which agrees well with the
literature [51]. Further, pre-synthesised Au NPs were mixed into the ZnO NSs solution in Milli-
Q water and EG solvent system to complete the preparation of Au-ZnO/(W-EG)-NF.

Au-NPs were synthesised via the citrate reduction method introduced by Tyagi et al. [52]. A 2.2
M sodium citrate solution in 150 mL of double-distilled water was heated in a round-bottom
flask with vigorous stirring for 15 min, using a condenser to prevent solvent evaporation. Upon
boiling, I mL of 25 mM HAuCls was added, causing a colour change from golden yellow to
bluish grey, indicating gold seed formation. The solution was cooled to 90 °C, and 1 mL of
HAuCls was injected continuously for 30 min to promote seed growth. Then mixture was
diluted with 53 mL of water and 2 mL of 60 mM sodium citrate, followed by further HAuCly

injection to control NP size. This method yielded monodisperse citrate-stabilized Au NPs in water.

Table 1. Tabulation of the various selected parameters to optimize the electrophoresis synthesis

of ZnO NSs.

Sample Name Vap (V) Imax (nA) Time (h) Electrode Volume
Separation (cm) (mL)
S1 10 105 1 1 27
S2 10 105 1 1.5 40
S3 10 105 2 1 27
S4 10 105 3 1 27
S5 10 923 3 1.5 20
S6 10 105 4 1 27
S7 10 105 5 1 27
S8 10 105 5 2 27
S9 10 105 11 2 27
S10 20 105 1 1 23
S11 20 105 7.6 1 23

The experimental setup shown in Fig. 1(a) was optimised for ZnO NSs synthesis by varying
reaction time (1-11 h), electrode spacing (1-2 cm), and voltage (10-20 V), with parameters
detailed mentioned in Table 1. In electrophoretic synthesis, anisotropic ZnO NSs align with the
electric field due to induced dipole moments, concentrating near electrodes and increasing local
particle density. This promotes van der Waals-driven agglomeration, reducing stability (zeta

potential: -30 mV to -15 mV). Sample S9, synthesized under optimal conditions (11 h, 10V,
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and 2 cm electrode spacing), was selected for further study due to its lowest UV transmittance.
Structural confirmation was achieved via the Tyndall effect (Fig. 1(b)), where light scattering

makes the beam path visible in a colloidal solution, which aligns with the literature [53,54].

2.2. Experimental Setup
A spectral-splitting PV/T system with a rectangular Ag-ZnO/(W-EG)-NF PV/T filter was

designed to study 7,,and 17, as shown in Fig. (2). The setup included a solar simulator, a PV/T

el’
unit, an electrochemical workstation for PV data acquisition, and photo-thermal data
acquisition, temperature sensors and parasitic pumps, etc. The Ag-ZnO/(W-EG)-NF absorbed
solar energy at unused wavelengths, transferring heat to the fluid and allowing suitable light to
reach the PV cell. Temperature sensors monitored the inlet and outlet variations for thermal
efficiency, while current-voltage (I-V) data assessed power output and heat dissipation. The

spectral-splitting PV/T system with an Ag-ZnO/(W-EG) NF absorber operates through a well-

coordinated mechanism to optimise both thermal and electrical energy conversion.

Solar Simulator
P4 -~ b \\\
N SN
{ Au-ZnO/(W-EG)-NF _ g \

Based SBS for PV/T system

Solar
) radiation

Electrochemical Workstation
For PV Data acquisition

1

I

!
Phnto—Thermal /
Data acquisition /

Fig. 2. Schematic experimental arrangement of Au-ZnO/(W-EG)-NF-based SBS system for
PV/T study.

<

The Ag-ZnO/(W-EG) NF selectively absorbs solar energy at wavelengths not utilised by the
PV cell, allowing only the appropriate wavelengths to pass through and strike the PV cell's

surface. This ensures effective utilisation of the solar spectrum. As the NF absorbs excess solar
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energy, its temperature rises, and the heated fluid is pumped into a separate beaker via a
peristaltic pump, isolating the captured thermal energy. To monitor the thermal process, digital
temperature sensors are installed at the inlet and outlet of the nanofluid filter system, measuring
the temperature variation and enabling precise calculation of thermal efficiency.
Simultaneously, the PV cell generates electricity from the transmitted light, and its performance
is evaluated by recording I-V characteristics and operating temperature using an [-V tracer. The
collected data from the temperature sensors and I-V tracer is then used to assess the system's
overall performance, calculating both thermal and electrical efficiencies. This integrated setup
allows the PV/T system to perform dual functions: harnessing thermal energy for heating
applications and converting optimised light into electricity. This synergy of thermal

management and electricity generation enhances the overall energy efficiency of the system.
2.3. Performance Matrices of Au-ZnO/(W-EG)-PV/T System

Electrical (n,,) and thermal (n,,) efficiencies are the dominant parameters for the Au-ZnO/(W-
EG) PV/T System, while exergy efficiency (n,,) gauges output energy quality. An MF with an
adjustable worth factor (@) adapts to different economic conditions, enhancing versatility.
Herein, a few key indices are extracted from the measured data in order to analyse the

performance of the Au-ZnO/(W-EG) NF based spectral splitting PV/T system.

2.3.1. Photothermal Efficiency

Generally, two theoretical models are assessed 1, across different PV/T modules. The key step
involved linking the NFs’ absorbed energy to the filter's accepted radiation. Therefore, an

instant 77, model was used as given by

1 Cp(Tout — Tin)
_ p\Lout in
Nen = Apy G At (1

where, m 1s the mass flow rate (kg/s), C, is the specific heat (J/ Kg K), Ti» and To. are the inlet
and outlet temperatures, 4, represents the active area (m?) of the PV cells, solar irradiation is

given by G in W/m?, and At is the duration of the experiment, respectively.
2.3.2. Photovoltaic Efficiency

The PV cell harnesses a fraction of the spectral photon energy to generate electricity. The light
illuminated by the solar simulator is evenly distributed with gradual decay. Using one sun as
the standard reference irradiance, the maximum power output and 7, were determined as

follows:
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where Lnqx and Vinax represent the current and voltage at the maximum power point (MPP). The

Nyorqr 18 Used to evaluate the performance of the overall system and is given in Eq. (3).

771501:al = nth + 77el (3)
2.3.3. Exergy Efficiency

Exergy efficiency (7,,), derived from the second law of thermodynamics, optimizes energy use
and adjusts distribution in integrated systems. Unlike energy efficiency, it assesses process
irreversibility and energy quality. In PV/T modules, it closely depends on the nanofluid's
operating temperature. Therefore, the electrically induced 7, of passive PV/T system is given

as:
nex (e = 77el (4)

but, for an active PV/T system, the n is revised as the difference between PV power and

ex (el)
necessary pumping power, i.e.,

nex (eD) = r]el - Epump (5)

where Epump 1s the electrical power consumption of the pump and equals to,

: 1 AP
Epump = E (6)
where 1 » is the pump efficiency.
= (1 —Tam
Overall’ nex (total) = nex (eD) + 77ex (th) (8)

2.3.4. Merit Function (MF)

The electrical and thermal outputs impact the system's economic performance. The MF serves
as a key indicator of the hybrid NSS-PV/T system's economic efficiency and is determined as

follows:

MF = W Net + Nth 9)

W MNel0
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where @is the worth factor (ratio of the price of electricity to gas, which is usually considered ~ 3),

and 1, yis the electric efficiency of the PV module without Au-ZnO/(W-EG) filter. The detailed

uncertainty analysis and characterisation techniques are presented in the supplementary material.

3. Results and Discussion
3.1. Morphological and structural Analysis of ZnO NSs and Aueo nm-ZnO composite

The Au-ZnO/water NF was characterised using UV-visible spectroscopy and Transmission
Electron Microscopy (TEM). Transmittance was measured in a 10 mm quartz cuvette at a fixed
concentration using a Perkin Elmer Lambda 950 spectrophotometer with a 2-D detector. TEM
images of ZnO NSs and Au-NPs were captured using a FEI Tecnai G2 F30 S-Twin TEM at 300
kV, and the ZnO NSs crystal structure was analysed via Selected Area Electron Diffraction
(SAED). NFs concentration was determined using a weight-to-volume ratio measured with a

SHIMADZU AUW120D balance.

g 7T
(0110)A(1100>

(1700)™®0170)

(1010)

35 - -
(t) average size of particle = 60 + 0.5 nm

o

100 _nm M Au-particle Size (nm)

0 T :
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Fig. 3. Morphological Analysis of ZnO NSs and Au-NPs including (a-b) TEM images of ZnO
NSs, (¢) SAED pattern of ZnO NSs, (d-e) TEM images of Au-NPs, and (f) particle size
distribution of Au-NPs.

The morphology of the Au-ZnO/(W-EG)-NFs, examined via TEM (Fig. 3), was achieved using
a reagent-free electrophoretic synthesis combining anodic oxidation and electric-field-induced
assembly. This method generates metal oxide quantum dots (QDs) through water electrolysis
at the anode. The QDs, charged and dipolar due to the DC field, align and assemble into

nanostructures near the cathode within ~30 min. For ZnO, 1 nm-thick, 4 nm-diameter QDs
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coalesce into 2-D nanoribbons and further into 2-D atomic nanostructures with high lateral-to-
thickness ratios. The process minimises nonpolar facets, resulting in polar facet-dominated
surfaces. This novel, a stable variant of ZnO NSs is governed by intrinsic surface polarity

during electrophoretic assembly.

Fig. 3(a) and 3(b) depict TEM images of ZnO NSs synthesised via electrophoretic deposition,
showing well-dispersed, sheet-like structures with lateral dimensions of 5-10 um. Their high
surface area enhances buoyancy and NFs stability. Longer synthesis times (> 5 h) lead to web-
like structures under ambient lighting, which can be broken into uniformly dispersed NSs
through 10 min of sonication. The formation of NSs arises from the inherent surface polarity
of ZnO, facilitating their coalescence. Increased applied voltage enhances NF concentration by
amplifying the electric field, promoting greater water ionisation, Zn oxidation, and alignment

of Zn QDs into NSs.

The electrophoretic synthesis of ZnO NSs requires water as the primary solvent, as other
solvents, such as ethylene glycol (EG), do not participate in the process. Electrode spacing
influences NF stability; reducing the spacing from 2 cm to 1 cm increases NF concentration
but causes ZnO NSs agglomeration due to limited dispersion space. ZnO NSs align with the
electric field within the liquid volume, concentrating between electrodes and reducing fluid
stability. While volume impacts overall NF concentration, the rate of NS formation is primarily
governed by applied voltage and electrode spacing. The SAED pattern of ZnO NSs, shown in
Fig. 3(c), confirms their crystalline nature. This pattern is generated when an electron beam of
appropriate energy interacts with the crystal lattice, undergoing diffraction through atomic
planes. Each diffraction spot corresponds to a specific family of lattice planes, providing a
structural fingerprint. The distance of each spot from the centre is inversely proportional to the
d-spacing of the corresponding planes. The SAED analysis, conducted using ImageJ software,
indexed the ZnO NSs to a hexagonal wurtzite-type crystal structure consistent with the JCPDS
card (ICSD collection code 067848). The lattice spacings align with (hkl) indices perpendicular
to (001), as identified in the SAED pattern.

TEM images of Au-NPs (Fig. 3(d) and 3(e)) reveal that they are nearly spherical, with a
calibrated diameter of approximately 60 nm. The size distribution (Fig. 3(f)), plotted after
analysing a large number of particles, follows a Lorentzian fit, yielding an average particle size
of 60 + 5 nm. The images indicate that the Au-NPs are monodispersed, forming a uniform

solution. ZnO NSs, with a lateral dimension of approximately 10 pm, were mixed with the
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spherical Au-NPs (60 + 5 nm) to create a stable composite solution, combining the unique

properties of both materials.

Primarily, X-ray diffraction (XRD) analysis was conducted to investigate the structural
properties, crystallinity, and phase composition of the synthesised ZnO-NSs and the Aueo nm-
ZnO nanocomposite in the 20 range of 20° to 70°. The characteristic XRD diffraction pattern
of the pristine ZnO-NSs shown in Fig. 4 (black) exhibits a series of well-defined and intense
diffraction peaks located at 20 values of 31.86°, 34.39°, 36.20°, 47.48°, 56.59°, 62.86°, 66.35°,
67.92°, and 69.13°, which correspond to the crystallographic planes (100), (002), (101), (102),
(110), (103), (200), (112), and (201), respectively. These reflections are in excellent agreement
with the hexagonal wurtzite structure of ZnO (space group: P63 mc, JCPDS No. 36-1451). The
absence of any impurity peaks confirms the phase purity of the synthesised material. The
sharpness and intensity of the peaks suggest that the ZnO nanosheets are well-crystallised with

preferred orientation along the (101) plane.

— 7ZnO NSs

(100)
(002) (o)

CAu (111)

Intensity (a.u.)

20 30 40 50 60 70
20 (degree)

Fig. 4. Characteristic XRD diffraction patterns of bare ZnO NSs and Au60 nm-ZnO composite

scanned between 20 ranges from 20° to 70°.

Upon incorporation of Au nanoparticles (~ 60 nm), the XRD pattern of the Auso nm-ZnO
nanocomposite retained the characteristic peaks of ZnO, confirming the structural integrity of
the host ZnO NSs. In addition to the ZnO peaks, new diffraction peaks were observed at
approximately 38.19°, 44.46°, and 64.61°, corresponding to the (111), (200), and (220) planes
of face-centred cubic (fcc) Au, matching well with the JCPDS card no. 04-0784. The presence
of these additional peaks confirms the successful decoration of ZnO with crystalline Au

nanoparticles. These observations unequivocally confirm the successful formation of a Aueo
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nm-ZNO heterostructure, wherein both the semiconductor and metallic constituents retain their
crystalline identities. The presence of Au does not introduce any detectable secondary or
alloyed phases, as evidenced by the absence of additional impurity peaks, underscoring the
structural purity of the nanocomposite.

Furthermore, a slight reduction in the intensity of ZnO peaks and marginal peak broadening
was observed in the composite, which could be attributed to surface coverage of ZnO by Au
nanoparticles, lattice strain due to interfacial interactions, or slight agglomeration effects. The
crystallite size of Au calculated from the (111) reflection using the Scherrer equation was found
to be approximately 55-60 nm, which closely matches the expected nanoparticle size,
indicating minimal size distortion post-integration. This coexisting Auso nm-ZnO configuration
is anticipated to facilitate interfacial charge transfer processes due to favourable band
alignment between the ZnO conduction band and the Fermi level of Au. This is crucial for
applications in plasmon-enhanced PV/T spectral beam splitters, where metal-semiconductor

interfaces play a pivotal role.

3.2. Optical Studies of the Au-ZnO/(W-EG) Nanofluids

The synergistic optical properties of the Auso nm-ZnO/(W-EG)-NFs were assessed by measuring
transmission spectra across the 250-1500 nm wavelength range, covering UV, visible, and NIR
regions. As shown in Fig. 5(a), transmittance was influenced by reaction duration, applied
voltage, and electrode spacing. Considering the spectral response of Si (700-1100 nm) and
CdTe (450-860 nm) solar cells, high NF transmittance in these ranges is essential for high
1, [55]. Aueo nm-ZnO/(W-EG)-NFs demonstrated excellent transmittance in the UV and visible
regions, highlighting their potential for solar applications. As visible in Fig. 5(b), the UV
transmittance drop observed in all samples, compared to the water transmission spectrum,
indicates ZnO formation. Among the samples, S9 exhibited the most significant UV
transmittance reduction, followed by S11, though this was accompanied by a decrease in visible
transmittance. Visible transmittance dropping below 80% could be mitigated by lowering the
ZnO-NSs concentration in the Augo nm-ZnO/(W-EG)-NF. Therefore, the S9 parameters were
selected for further synthesis, characterization, and analysis using a water solvent assisted by
enhanced NFs stability. This Aueo nm-ZnO/(W-EG)-NF demonstrated a notable UV transmittance
reduction without affecting visible transmittance, outperforming ZnO/(W-EG)-NFs in UV
blocking efficiency. Moreover, the Auso nm/(W-EG)-NF exhibited a sharp transmittance drop
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below 700 nm, with nearly zero UV transmittance due to strong localised surface plasmon

resonance (LSPR), as shown in Fig. 5(c).

Incorporating Au-NPs into ZnO resulted in a significant reduction in UV and visible
transmittance in the Aueo nm-ZnO/(W-EG)-NF compared to bare ZnO/(W-EG)-NF. An
absorption peak at 540 nm, attributed to the LSPR phenomenon of Au-NPs, was distinctly
observed [56]. Au-NPs alone in water showed very low transmittance within the 250-540 nm
range, making them highly suitable for PV/T spectral splitting applications. Although the ZnO
nanosheets exhibit an expected strong UV absorption below 375 nm, the observed transmission
spectrum shows reduced clarity of this effect due to quantum confinement-induced bandgap
widening and diminished absorption cross-sections arising from the nanosheets' ultrathin
geometry (~5 nm). Moreover, the prominent Au NPs LSPR at ~540 nm significantly influences
and partially obscures ZnO's UV absorption features. However, combining ZnO-NSs with Augo
am-NP suspension slightly increased UV transmittance compared to Auso nm-NPs in water alone.
The Aueo nm-ZnO/(W-EG)-NF spectrum displayed absorption peaks corresponding to ZnO and
Au at 370 nm and 540 nm, respectively.

(a) — Water| (b) Augo nm/(WEG)  — Auzg pm/(W-EG)
100 — S1 100 Aug) pm-ZnO/(W-EG) = Auzg nm-ZnO/(W-EG)
o % - S3 o=
< 80 \ - SS < 80-
= =
= \ =
& 6019 511 & 601
E 1w = =
2 40 2 40
= T | A £
- A -
= 2066 = 201
55
01200 400 600 800 _\ 0 : . . ‘
250 500 750 1000 1250 1500 250 500 750 1000 1250 1500
Wavelength (nm) Wavelength (nm)
(¢) 50 — AU20 nn-ZnOIW-EG) — Augy nm-Zn0iW-£G) | (d) Augy ,-ZnO/(W-EG) — 5 ppm
100 — I5ppm
— i —_ = 30 ppm
E\i 40 °S %0 ‘ - A _soﬁﬂm
= = / : !
e 30 =
z 7 60
E 20+ E
z g 407
g g
= 10- = 204
0 V ‘l‘ 0- f00 450 500 550 600
400 450 500 550 600 250 500 750 1000 1250 1500
Wavelength (nm) Wavelength (nm)

Fig. 5. UV-visible transmission studies in the range of 250 to 1500 nm highlight the effective
utilization of Aueo nm-ZnO/(W-EG)-NFs. (a) the transmission of different NFs for optimization
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study, (b) transmittance of various compositions of the NF such as Auzo nm/(W-EG), Auso nm/(W-
EG), Auzo nm-ZnO/(W-EG), and Auso nm-ZnO/(W-EQG), (c) absorption peak shifting in Auso
m/(W-EG)-NFs after adding ZnO NSs, and (d) transmission spectra of Aueo nm-ZnO/(W-EG)
NFs as a function of varying ppm levels of Au-NPs.

Additionally, Fig. 5(c) shows a ~ 4 nm shift in the LSPR peak between Auso nm-ZnO/(W-EG)-
NF and Au-NPs, attributed to strong interfacial coupling. Electron transfer from ZnO to Au,
due to ZnQO's higher conduction band relative to Au's Fermi level, causes Fermi level alignment
and upward band bending. This alters charge density, broadening and shifting the LSPR peak.
Upon LSPR excitation, hot carriers in Au transfer to ZnO's conduction band and relax to its
valence band via photon emission (~ 3.3 eV), enabling wavelength down-conversion at the
interface and agreeing well with the literature [57]. Further, transmission spectra of Auso nm-
ZnO/(W-EG)-NF were carried out in the wavelength range of 250 to 1500 nm, and shown in
Fig. 5(d). As the concentration of the Au-NPs increases from 5 ppm to 50 ppm, the
% transmission from the Auso nm-ZnO/(W-EG)-NFs is also decreasing from ~ 97% to 87% and

following similar trends.

Higher concentrations of Au-NPs lead to increased scattering of incident light due to their
plasmonic nature. This scattering reduces the amount of light transmitted through the NF-
medium, leading to reduced UV-visible transmission. Simultaneously, Au-NPs exhibit LSPR,
which increases their ability to absorb light at specific wavelengths. Therefore, increasing Au-
NP concentration increases the cumulative absorption within the medium hence reducing the
transmitted light. Higher Au-NPs ppm levels in Aueo nm-ZnO/(W-EG)-NF, also increase the
optical density of the medium, resulting in a longer effective optical path length and more light
interaction with the nanoparticles. Furthermore, at elevated concentrations, there is a possibility
of nanoparticle aggregation, forming larger clusters. These aggregates scatter and absorb light
more efficiently than individual particles, amplifying the reduction in transmission. So,
conclusively for an efficient PV/T spectral splitter, one should use a carefully balanced
concentration of Au-NPs (in the range of 5-30 ppm) combined with ZnO in a water medium.
This composition would provide optimal spectral splitting with high transmittance in the

desired PV response range while ensuring stability and minimising excessive scattering.
3.3. Effect of Au-NP concentration and Solar Irradiance

Auso nm-ZnO/(W-EG)-NF with Au-NP concentrations between 0 and 50 ppm demonstrated
varying heat collection efficiencies due to the LSPR effect of photon energy absorption by Au-
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NPs. Under illumination, the bulk fluid temperature increased at a diminishing rate as heat loss
to the ambient environment rose with increasing temperature difference, eventually stabilising.
This improvement was attributed to enhanced micro-convection and increased thermal
conductivity due to nanoparticle-induced Brownian motion. The effect of the spectral filter on
energy distribution was analysed using UV-visible spectroscopy for Auso nm-ZnO/(W-EG) NF

at various Au-NP concentrations, as shown in Fig. 5(d).

The nanofluids exhibited superior normalised transmission within the Si-PV cell bandgap. The
LSPR absorption peak at ~ 540 nm remained unchanged across concentrations due to uniform
particle size, and minimal scattering was observed due to the even dispersion of small particles
in the fluid. Near-infrared absorption was attributed to water in the NF, while transmittance
between 850 and 1250 nm decreased with higher nanoparticle concentrations due to an
increased extinction factor, enabling greater solar energy storage in the nanofluid. The
transmission properties of Auso nm-ZnO/(W-EG) NF impact the energy reaching the PV module
and its efficiency. While functioning as a selective absorption spectral splitter, Augo nm-ZnO/(W-
EG) NFs are suboptimal for the Si-PV cell bandgap as they absorb energy outside the cell's
response range, reducing PV efficiency. However, they help maintain low operating
temperatures (o) for the PV module. The performance of the Auso nm-ZnO/(W-EG) NF -PV/T
system was evaluated based onn,, 1,,, and ., as a function of the Au-NPs concentration
(Fig. 6(a)). At the constant #,,: 10 mm and 7i: 6 mL/min, the increasing Au-NP concentration
from 0 to 50 ppm improves 7, ., and 1, despite reduced 7,,. At 50 ppm, the system achieved
76.24% N,y 01 My 64.62%, 1¢y: 11.62%), showing 7.42 times enhanced 7, ., as compared to
the 5-ppm concentrated Augonm-ZnO/(W-EG) NF having 7, , .. :70.97% (n,,: 58.45%,
n,;: 12.52%). As the Au-NP concentration increases, transmission decreases (Fig. 5(d)), leading
to better light absorption and enhanced 7,, due to improved heat retention and conductivity.
However, this reduced transmission limits light reaching the PV module, resulting in a
significant decrease in 1, (~ 7.19%). This reflects a trade-off between thermal and electrical

performance in the system.

Alongside, the optimal results of a PV/T system with Auso nm-ZnO/(W-EG) NF type spectral
splitter depends on solar intensity (G), as evidenced by the performance trends across varying
irradiance levels (0.4 to 1 kW/m?), shown in Fig. 6(b). At lower G (400 W/m?), the PV/T
achieves its highest n, . of 77.66%, driven by a high n,, of 67.62% and a modest n,, of

10.04%. This occurs because lower G minimizes heat losses, allowing the Aueo nm-ZnO/(W-
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EG)-NF to effectively capture thermal energy while maintaining PV cell temperatures for

decent electrical output. As G increases to 1000 W/m?, 7 pdrops to 60.31% due to greater heat
losses and elevated temperatures despite the NF’s cooling effect. However, 7, rises to 12.93%,

as the NF mitigates PV cell temperature rise, and higher G pushes the PV cells closer to their

maximum power point.

The n,,,,,» however, decreases to 73.24%, as the n,, decline outweighs the electrical gain. This

indicates that optimal performance, whether prioritizing n,, 1,,,, or 1, ;> changes with G. For

el?
applications needing high thermal output, lower intensities (e.g., 400-600 W/m?) are optimal,
while high electrical output is favoured at higher intensities (e.g., 1000 W/m?). The NE’s role
as a spectral splitter further complicates this dependency, as its heat absorption and cooling
capacity vary with G. Thus, achieving optimal results requires tailoring the system design, such

as adjusting nanofluids 7 or ppm level to the expected G range and the trade-off between

thermal and electrical outputs for specific application needs.

100 — 100
@) | =t MNel ™ Ntotal (b) ™ TNtotal
80 @ 8 < 804 o 2
- 3
k2 - BT -
X S
= 40- = 404
20 204 2 S S
o o —
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Au-NPs concentration (ppm) Solar Irradiance (W/m?)

Fig. 6. Electrical (n,,), thermal (7,,), and total (7,,,,,) PV performances of Auso nm-ZnO/(W-
EG)-NF-based spectral splitters (a) with respect to varying ppm levels of Au-NPs, and (b) under
varying solar irradiance 400 to 1000 W/m?.

3.4. Effect of mass flow rate (m)

Optimising the Au-NPs concentration at 30 ppm and varying the m of Aueo nm-ZnO/(W-EG)
NF from 2 mL/min to 6 mL/min at different #,,, revealed distinct trends in system performance,
as shown in Fig. 7. As  increased, the n,, improved significantly, rising from 51.12% to
62.23% for top= 10 mm and from 45.35% to 60.45% for 7,5, = 30 mm. Simultaneously, the

demonstrated a slight but consistent increase, from 12.01% to 12.06% for t,,: = 10 mm and

Page 20 of 36



©CO~NOOOTA~AWNPE

516

517

518

519

520
521

522
523
524
525
526
527
528
529
530
531
532

533

534

from 9.12% to 9.57% for Zop: = 30 mm. This improvement in 1, with increasing 7h contrasts

with the declining 17, observed during nanoparticle concentration variation.
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Fig. 7. Energy conversion efficiencies in the form of n,,, 1,,, and 1¢y¢q; at varying r of
Auso nm-ZnO/(W-EG) NFs at constant ppm levels of Au-NPs (30 ppm) and two different Zopt’s

of 10 mm and 30 mm.

The rising trend in n,, with increasing m can be attributed to enhanced cooling of the
photovoltaic module due to higher heat dissipation from the nanofluid. Higher 7 reduce the
bulk temperature of the Auso nm-ZnO/(W-EG) NF filter and maintain the PV cell closer to its
optimal 7., improving its electrical performance. Additionally, at a fixed concentration, the
consistent optical properties of the nanofluid ensure sufficient transmittance to the PV cell,
preventing significant spectral losses. The simultaneous increase in 7, is due to more efficient
heat transfer facilitated by higher fluid velocity and greater convective cooling, resulting in
improved overall thermal collection. This contrasts with concentration variation, where
increasing nanoparticle concentration reduces transmittance and adversely affects 7, .

Consequently, reaches 76.24% at 50 ppm and 6 mL/min. However, the exergy efficiency

77total
(n,,) decreases from 15.24% to 13.48%, reflecting lower outlet temperatures and reduced

thermal energy quality, as governed by the Carnot factor (1 - Tamb/Tout).
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3.5. Effect of Au-NPs diameter (d.4,)

Furthermore, the effect of Au-NPs sizes on the energy conversion efficiencies (1,,, 1,;, and

el’
Neorq) Was studied for two different ppm levels (5 ppm and 50 ppm) of Au-NPs at fixed
topr = 10 mm of the Au-ZnO/(W-EG)-NF based PV/T spectral splitter. As shown in Fig. 8, all
the n,,, n,,, and n, ., were substantially decreasing with respect to the increasing Au-NPs
diameter from 20 nm to 60 nm. Specifically, for 5 ppm Au-NPs concentration, the 7,, decreases
~ 6.51% along with a 6.45% decrement in 7, leading to the average 6.5% reduction in the
overall performance. This indicates a significant sensitivity of smaller Au-NP concentrations
to size variations. Similarly, Ausoppm-ZnO/(W-EG) NF exhibits a similar trend as n,,, n,,, and
Neorq deCTEases by 3.07%, 3.10%, and 3.07%, respectively. Therefore, the less pronounced

effect of larger ppm levels of Au-NPs suggests that higher concentrations mitigate the negative

impact of larger particle sizes due to enhanced collective thermal effects.

100

My, N * MNeotal

t,pc 10 mm; Concentration: 5 ppm

75+
50

25

0 1
t,,¢ 10 mm; Concentration: 50 ppm

n (%)

Au-NPs Diameter (nm)

Fig. 8. Energy conversion efficiencies in the form of n,, n,,, and n, . , at varying d (20 nm
and 60 nm) in Au-ZnO/(W-EG) NFs at constant #,,: 10mm and two different concentration

(ppm) levels of Au-NPs which are 5 ppm and 50 ppm.
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Fig. 9. Comparative PV and PT studies of various Au-NP and ZnO-based NFs using distinct

liquid suspensions such as water, glycol, ethylene glycol, and mixtures [34,58,59].

The observed decrease in n,,, 1, and 17, ., with increasing Au-NP diameter (from 20 nm

el’
to 60 nm) can be attributed to the reduced surface-area-to-volume ratio and diminished
plasmonic effects of larger nanoparticles. Smaller Au-NPs exhibit stronger LSPR effects,
enhancing light absorption and scattering in the nanofluid, which improves thermal and optical
performance. As the diameter increases, the LSPR effect weakens, leading to reduced photon

absorption and thermal conductivity, thereby diminishing the overall efficiency.

Further, a comparative study was performed with the available literature and concluded that
this novel Au-ZnO/(W-EG) NF based SBS is the most promising solution for enhancing the
performance of PV/T systems. However, there is no such study available with a similar
composition, so we have compared our results with the literature available for Au, ZnO, or ZnO
composites with other plasmonic materials. In 2023, Han ef al. [58] optimised the Au-NF
parameters for Si-PV cells, focusing on dyps, concentration, and #,y, to improve PV/T system
performance. Surface-modified Au/W and Au/EG nanofluids with PVP or PEG coatings were
prepared and tested for long-term stability under ambient storage, high-temperature heating,
and solar radiation cycling. The optimal Au/W-NF, with d4 of 20 nm, nanoparticle
concentration of 49 ppm, and #,; of 20 mm, achieved a MF of 1.367. Indoor flowing
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experiments showed that the mass flow rate had minimal impact on the PV performance of the

Si-PV cell but negatively affected the n,, of the Aw/(PVP-EG) NF-filtered PV/T system. When

the 1 increased from 2 mL/min to 6 mL/min, the 1,,dropped from 60.24% to 53.55%.

Recently, Li et al. [34] optimized Au/W-NF by controlling the NFs concentration and ¢, for
PV/T application under extreme conditions. The result claims that at 75 ppm concentration and
20 mm f4, solar utilization efficiency was 88.5% with a MF of 2.48. The optimal 20 ppm
concentration achieved 13.71% exergy efficiency. The NSS-assisted PV/T device reached 50 °C
at 18 mm 7oy, with an 7, of 12.77%, higher than at 22 mm due to reduced heat loss. In other
work, the feasibility of using cost-effective ZnO/G-NF in spectral splitting CPV/T systems was
experimentally verified. The ZnO/G-NF-based system showed a 3.8% increase in PV
efficiency compared to the CPV cell. Its efficiency correlation coefficient (0.218) was 0.05
higher than Ag-SiO»/W and 0.218 higher than water-polypyrrole-based systems. Again, 7,,
increased by 47% when ZnO nanoparticle concentration rose from 11.2 ppm to 89.2 ppm [59].

These results were graphically tabulated in Fig. 9 for a fair comparative study.

Moreover, in one of our studies based on plasmonic Ag-ZnO/W-NF SBS for indoor PV/T
spectral splitters, we found that increasing NF-concentration reduced solar flux on the PV-cell,
lowering 1, but improving n,,. The 1, increased with increasing G, while 7, decreased due
to higher heat loss at higher temperature differentials. n,, remained stable with varying
concentrations, G, and o, with n, . dominated by n,, (65 + 5%). Uncertainty analysis
showed minor variations in 7, (~ 2.44%) and n,, (~ 2.07%). The optimal concentrations, G
and t,t for maximum performance were 50 ppm, 800-1000 W/m?, and 30 mm, respectively,

making Ag-ZnO nanofluid filters a cost-effective and sustainable option for PV/T systems.

Hence, Au-based NFs outperform Ag-based NFs in PV/T systems primarily due to their
stronger plasmonic resonance and higher thermal conductivity, which enhance both light
absorption and heat dissipation, leading to superior 1, and 7,,. The higher plasmonic effect of
Au allows better light conversion, while its better heat transfer properties help maintain the PV
cell’s temperature, improving overall 7, . .. In contrast, Ag-based NFs, though still effective,
exhibit lower plasmonic resonance and thermal conductivity, resulting in comparatively lower
performance. Moreover, Au's stability prevents oxidation, ensuring long-term durability,
whereas Ag is more prone to oxidation, potentially reducing the nanofluid's longevity. Au-NPs
are costlier than silver, making Au-based nanofluids a marginally expensive choice, while Ag-

based NFs offer a cost-effective solution with relatively high performance, suitable for
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applications where budget is a constraint. In summary, Au-based NFs provide superior
performance in PV/T systems but at a slightly higher cost, while Ag-based NF offer a more
economical alternative with slightly lower efficiency. The choice depends on the balance

between performance and cost.
3.6. Merit Function (MF) and Exergy Efficiency (,,. )

Further, the overall performance improvement was rigorously investigated through MF and
exergy analysis of the designed PV/T system, as shown in Fig. 10. In the PV/T system
employing Auso nm-ZnO/(W-EG) NF as a spectral splitter, the observed trend of an increasing
MF alongside a decreasing 1, with rising 1 (2 to 6 mL/min) is both physically sound and
experimentally plausible. The MF, often defined as a weighted sum of 1, and n,, (Eq. 9), rises
from 1.793 to 2.025 as the m increases from 2 mL/min to 6 mL/min, reflecting enhanced
system performance. This occurs because higher m improve convective heat transfer, reducing
PV cell temperatures and boosting 1, due to the negative temperature coefficient of PV

materials (e.g., -0.4% to -0.5%/°C for silicon).

Simultaneously, the Aueo nm-ZnO/(W-EG)-NF, acting as a spectral filter, absorbs more thermal
energy from the infrared spectrum, increasing 7,,, though the outlet temperature may drop
slightly due to reduced residence time. The MF, prioritizing total energy output over quality,
benefits from these gains, making its increase consistent with improved cooling and heat
extraction. Conversely, , , which measures the quality of energy output relative to solar input,
decreases from 15.24% to 13.48% over the same flow rate range, revealing a thermodynamic
trade-off. As shown in Eq. (5-8), the n, is calculated as the ratio of n,;, equal to electrical
energy, and 7,,, adjusted by the Carnot factor (1-Tums/Tw) to the solar exergy input. While
higher 71 enhance n,, by lowering cell temperatures, they reduce the nanofluid’s outlet
temperature, diminishing 7,, due to a lower Carnot factor. This shift toward producing more
low-grade thermal energy outweighs the electrical exergy gain, driving the overall 7,

downward. Thus, the data underscores a key distinction: the merit function captures energy
quantity, while exergy efficiency reflects energy quality, with Aueo nm-ZnO/(W-EG) NF based

PV/T systems exhibiting this characteristic divergence as flow rates rise.
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Fig. 10. Merit function and 1, analysis as a function of 1 for Auco sm-ZnO/(W-EG)-NF with

Au-NP size of 20 nm and 50 ppm concentration.

The contrasting trends indicate that while an increased nanofluid 7n enhances overall n7,, and
n,, (reflected in the MF), it reduces the quality of the extracted thermal energy due to lower
temperature gradients. This suggests the presence of an optimal m, beyond which 7

deteriorates due to excessive thermal dissipation and entropy generation.
3.7. Techno-economic Analysis of Au-ZnO/(W-EG) NFs

The production cost of Au-ZnO nanofluid ranges from 7.22-61.75 €/L (lab-scale) to 1.62-11.43
€/L (industrial-scale), primarily driven by Au precursor expenses (475-4750 €/kg).
Stabilization and lifecycle costs contribute marginally (0.475-2.38 €/L and 1.14-9.13 €/L,
respectively). Compared to conventional fluids (9.5%10-*-19.00 €/L), Au-ZnO nanofluid is 10°-

10* times costlier but offers 1.1 - 1.3 times improved thermal conductivity enhancement.

Further, typical synthesis cost, stabilization cost, lifecycle expenses, and comparative analysis
against conventional NF-based spectral splitters are summarized in Table 2. Thus, the hybrid
Au-ZnO/(W-EG) NF outperforms conventional nanofluids by integrating Au’s localized
surface plasmon resonance (LSPR) for tunable UV-vis absorption and ZnO’s wide bandgap
(3.37 eV) photocatalytic properties, enabling an overall 10-20% increase in PV/T system
efficiency through optimized spectral beam splitting, surpassing the thermal conductivity and

optical limitations of traditional fluids such as water, ethylene glycol, or oxide-based nanofluids.
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Table 2. Techno-economic analysis of Au-ZnO/(W-EG)-NF-based PV/T spectral splitters

against conventional nanofluids.

1. Material Synthesis Cost

L. Lab-Scale Cost Industrial-Scale
Components Description
(€E/kg) Cost (€/kg)
ZnO precursor Zn(NO3), or Zn(CH3COO), 4.75-14.25 0.95-2.85
Au precursor HAuCl4 4.75%x10%-4.75%x10° 47.50-475.00
. . 0.475-2.38
Base fluid 50:50 mixture, per L 0.475-2.38 (per L)
(per L)
Co-precipitation, 80-100°C, 0.95-4.75 0.095-0.475
Energy
2-4h
Equipment Reactors, stirrers 0.95-9.50 0.0475-0.475
Labor Technician vs. automation 38.00-190.00 0.095-0.95
Total Sum of components 5.23x10%-5.23x10°  47.50-523.50
2. Stabilization Cost
Surfactants PVP or CTAB, 0.1-1 g/L 0.0095-0.0475 0.0095-0.0475
o 500 W, 1-2 h vs. continuous
Ultrasonication 0.475-1.90 0.0475-0.19
flow
pH Adjustment ~ HCI/NaOH for zeta potential 0.0095-0.0475 0.0095-0.0475
Total Sum of components 0.475-2.38 0.095-0.285
3. Lifecycle Expenses
Production
10 g Au-ZnO per L 5.23-52.30 0.475-5.23
(1% vol.)
Base Fluid Water/EG addition 0.95-4.75 0.95-4.75
) Viscosity checks, re-
Maintenance L 0.095-0.95 0.095-0.475
stabilization
Disposal/Recov  Filtration, waste
0.95-4.75 0.095-0.95
ery management
Total Sum over 1 year 7.22-61.75 1.62-11.43

4. Economic Viability Analysis

e Break-even Scenario: For a 1000 L system, conventional fluids cost 0.95-19,000 €,
vs. 1,620-11,430 € for Au-ZnO nanofluid. A 10% efficiency gain must save >1,620-
11,430 € over 1-3 years.

e Example: Energy at 0.095 €/kWh, 10,000 kWh saved annually (950 €/year), yields
a payback period of 1.7-12 years. Viable in high-energy-cost or niche applications

(e.g., solar, biomedical).
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4. Conclusions

The hybrid Au-ZnO/(W-EG) NF demonstrates exceptional potential as a spectral beam splitter
in PV/T systems, integrating the plasmonic properties of 60 + 5 nm Au nanoparticles (LSPR
peak: 540 nm) and the photocatalytic activity of ZnO nanosheets (UV absorption: 370 nm,
wurtzite structure, JCPDS 067848) to achieve a 10-20% efficiency enhancement over
conventional NFs. ZnO-NSs and Au-NPs synthesized via electrophoretic deposition (10 V,
11 h, 2 cm spacing) and citrate reduction, the NF exhibited an improved thermal conductivity
and maintained colloidal stability for over 144 h (4/49 > 90%), surpassing ZnO/(W-EG)
(<14 h) and Au-NP/W (<14 h). Optical studies revealed a tunable transmittance drop from 97%
to 87% (250-1500 nm) with Au-NP concentrations increasing from 5 to 50 ppm, optimizing
spectral splitting for Si-PV (700-1100 nm) and CdTe (450-860 nm) cells. Performance metrics

under 1000 W/m? irradiance showed Nyorq T1810E from 70.97% (n,,: 58.45%, n,,: 12.52%) at
5 ppm to 76.24% (n,,,: 64.62%,n,,: 11.62%) at 50 ppm, though 7, declined by 7.19% due to
increased absorption. riz optimization (2-6 mL/min) enhanced 7,,, from 51.12% to 62.23% and
n,, from 12.01% to 12.06% (Zop: 10 mm), while larger Au-NP diameters (20-60 nm) reduced
Neorqr PY 6-5% at 5 ppm and 3.07% at 50 ppm, reflecting diminished LSPR effects. The MF
increased by 12.93% (1.793 to 2.025) with increasing 71 from 2 to 6 mL/min, driven by
improved 7,, and n,,, whereas 7, decreased by 11.55% (15.24% to 13.48%), indicating a shift

toward lower-quality thermal energy.

Techno-economic analysis estimated production costs at 6.80-60.38 €/L (lab-scale) and 1.14-
9.03 €/L (industrial-scale), dominated by Au precursors (475-4750 €/kg), compared to
conventional fluids (0.00095-4.75 €/L). A payback period of 1.5-12 years (950 €/year savings,
1000 L system) supports economic viability in high-energy-cost scenarios. Compared to
literature (e.g., AWW-NF: n, .= 88.5%, MF = 2.48; ZnO/G-NF: 3.8% n,, gain), the Au-
ZnO/(W-EG)-NF excels in stability and spectral selectivity, offering a robust, scalable solution
for efficient photo-harvesting in PV/T systems when Au content and sz are optimized. Thus, a
careful balance of nanoparticle concentration, size, and fluid flow rate is essential for
optimising the overall performance of PV/T spectral splitter systems, where thermal efficiency
can be enhanced without excessively compromising electrical output. These findings highlight

the effectiveness of Au-NPs in optimising solar energy utilisation within integrated PV/T systems.
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