Minimising dead zones for a novel
concentrated solar thermal/non-concentrated
photovoltaic module
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Global Energy Consumption [2]

Net Zero Goal?

 Electricity is decarbonizing rapidly with PV, but
industrial energy consumption is lagging [1].

* Industry consumes ~40% of global energy [2].

77%
« Challenge: How to get renewable heat into
industry to have a chance at net zero?
Renewable Energy Production in 2023 [4] Industry = Others Non Electricity = Electricity

Industrial Process Heating Temperatures [3]

399, ~— The low hanging fruit?

Low and medium temperature
= High temperature

Solar PV = Others
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The Opportunity
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> Visible light ~50% of the solar spectrum [5].

> Standard PV panels capture 18% of the solar spectrum

[5].

> PV/T can utilize the full spectrum with the same
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Solar spectrum highlighting the portion suitable for
PV cells and the heat portion [6]

[5]. SRIPADMANABHAN INDIRA, S., VAITHILINGAM, C. A., CHONG, K.-K., SAIDUR, R., FAIZAL, M., ABUBAKAR, S. & PAIMAN, S. 2020. A review on various configurations of hybrid
concentrator photovoltaic and thermoelectric generator system. Solar Energy, 201, 122-148.

[6]. Huang, G., K. Wang, and C.N. Markides, Efficiency limits of concentrating spectralsplitting hybrid photovoltaic-thermal (PV-T) solar collectors and systems. Light Sci Appl,
2021. 10(1): p. 28.
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> High costs of concentrated PV/T systems. Cost/Complexity

* Few non-concentrated PV modules with concentrated thermal subsystems.

» Underutilization of Fresnel lenses for decoupled systems.

> Understanding of transparent thermal receivers.

> Lack of dead zone analysis in thermal receiver design of CPV/T systems.

[7]. Zhao, J., et al., Solar radiation transfer and performance analysis of an optimum photovoltaic/thermal system. Energy Conversion and Management, 2011. 52(2): p. 1343-1353.

[8]. Mojumder, J.C., et al., Numerical investigation of the effect of nanoparticle aggregation on the performance of concentrated photovoltaic-solar thermal collectors with spectral filtering. Applied Thermal Engineering, 2024. 239.
[9]. Ben Youssef, W., et al., Assessment viability of a concentrating photovoltaic/thermal-energy cogeneration system (CPV/T) with storage for a textile industry application. Solar Energy, 2018. 159: p. 841-851.

[10]. Abdelhamid, M., et al., Novel double-stage high-concentrated solar hybrid photovoltaic/thermal (PV/T) collector with nonimaging optics and GaAs solar cells reflector. Applied Energy, 2016. 182: p. 68-79.

[11]. Widyolar, B., et al., Theoretical and experimental performance of a two-stage (50X) hybrid spectrum splitting solar collector tested to 600 °C. Applied Energy, 2019. 239: p. 514-525.




Conceptual Proposed Design
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Optical Simulations
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(a) Ray tracing simulation, (b) Incident irradiance vs the normalized distance

» Monte Carlo ray tracing using TracePro.
> Irradiance and absorption coefficient fed to the thermofluid simulations.
> Electrical efficiency of 12.4%’

T calculated based on the total solar energy incident on the concentrator.




Fluid Simulations (Without Heat Transfer)

> Minimise dead zones in the thermal receiver to avoid hot spots
and enhance heat transfer [12].

> Laminar flow model.

> Design Parameters Studied:

v" Relative Position Angle (RPA): 0° to 180°.
v" Inlet Angle (IA): 0° to 60°.

v Angle of Attack(AOA): 0° to 18°. C"

Angle of
Attack (AOA)

Key flow design parameters of analysis
in the thermal receiver: RPA, IA, and AOA

[12]. GU, X., CHEN, W., FANG, Y., SONG, S., WANG, C. & WANG, Y. 2020. Analysis of flow dead zone in shell side of a heat exchanger with torsional flow in shell side. Applied
Thermal Engineering, 180.




Dead Volume Analysis

Dead Volume (V;): Volumes that have a residence time more than twice the theoretical residence
time (t,;,) [13].

V
ten = =

Q

where (V) is the total volume of the receiver and (Q) is the volumetric flow rate.
Dead Volume Fraction (V):

v =2, 1000
r =7 *100%

[13]. SAHAI Y. & EMI, T. 1996. Melt Flow Characterization in Continuous Casting Tundishes. ISIJ International, 36, 667-672




Thermofluid Simulations (With Heat Transfer)
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Conjugate heat transfer.

Energy equation.

Discrete Ordinates (DO) radiation model.
Laminar flow model.

Natural convection within the thermal receiver.
Heat exchange between glass and the
environment by radiation and convection.

Adiabatic stainless-steel receiver.
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Cross-sectional schematic of the thermal receiver and the

heat transfer mechanisms




Meshing and Operating Conditions

Elements
Number

1.2*¥1076
904*10”3
623*1073

Q.050 (rmy

% Dead Volume % Elements
Fraction Change Number
8.0% -2.3% 407*10"73

8.2% 4.8% 240*1073

7.8% -10.4% 163*1073

> Inlet Temp: 52-107°C.
> Inlet Velocity: 0.051 m/s.

% Dead Volume
Fraction

8.7%
5.6%
4.4%

> Direct Normal Irradiance (DNI): 850 W/m?2.

> Ambient Temperature: 300k.

> System Gauge Pressure: 3 bar (to prevent boiling).

Table 1 Mesh independence study when (RPA, AOA, Z-Angle) = (60, 60, 0) and flow rate of 1g/s.

%
Change
56.5%
27.3%
24.8%




Results — Flow Only
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(a)
(a) contour plot for IA and RPA without heat transfer; (b) default case for dead volume

fractions (grey volumes indicate dead volumes) without heat transfer; (c) modified case
for dead volume fractions (grey volumes indicate dead volumes) without heat transfer

Key flow design parameters of analysis in

the thermal receiver: IA, RPA



Results — Heat Transfer
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Analysis results with and without heat transfer (at 52°C inlet temperature): (a) dead volume fraction Key flow design parameters of
versus angles, using default values of RPA = 180°, IA = 0°, AOA = 0° when not varied; (b) default case for analysis in the thermal receiver:
dead volume fractions with heat transfer; (c) improved case for dead volume fractions with heat transfer AOA

> 30.5% thermal efficiency @ ~120°C




Conclusion

> The proposed concentrated solar thermal/non-concentrated photovoltaic (CT/PV) system
demonstrates significant potential for industrial applications:
« Achieves a primary energy saving efficiency (npes ' [14]) of 61.5%, while producing a
medium-temperature process heat output (~120°C).
* Reduces costs by utilising inexpensive standard PV modules.
> Dead zones in the thermal receiver are minimised through strategic design modifications

such as adjusting AOA which reduces dead volume fraction to nearly 3%.

1 — Nele

NMpes = o4 T Ntn
[14]. COVENTRY, J. S. & LOVEGROVE, K. 2003. Development of an approach to compare the ‘value’ of electrical and thermal output from a domestic PV/thermal system. Solar
Energy, 75, 63-72.
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Future Work

% System Efficiency Enhancement:
Investigate advanced heat transfer fluids, such as nanofluids, to improve thermal conductivity and

energy absorption.

% Economic Analysis:
Perform a detailed cost-benefit analysis to assess feasibility in industrial and commercial applications.

Compare the proposed system against alternative renewable heating solutions.

“ Experimental Validation:

Conduct real-world experiments under varying environmental and operating conditions.
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