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Introduction

Hybrid solar systems, which integrate photovoltaic and thermal energy generation, have become
increasingly popular due to their potential for high combined efficiency (Abdelrazik et al., 2023).
However, existing PV/T system designs face challenges, including their high costs due to specialised
PV materials (Crisostomo et al., 2015). To address these challenges, this paper introduces an
innovative hybrid system combining concentrated solar thermal (CT) and unconcentrated silicon
photovoltaic (PV) cells into a tandem CT/PV design (see Figure 1) that leverages concentrated
thermal energy collection with mass-produced silicon PV modules. The proposed system
simultaneously generates heat and electricity, making it suitable for various applications, including
residential and industrial heating.
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Figure 1. (a) CT/PV system schematic, adapted from (Eissa et al., 2024); (b) On-sun
experimental rig.
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Methods

The experimental rig (Figure 1) employs a spot-focus PMMA Fresnel lens to focus incoming solar
radiation onto a thermal receiver located at the lens focal plane. The receiver is an open-ended
stainless-steel tube, insulated with superwool, and positioned between two quartz glass panes.
Circulating water within the receiver acts as a spectral filter, absorbing the infrared portion of the
solar spectrum for thermal capture while allowing the remaining useful wavelengths to transmit to a
17.5-cm-diameter monocrystalline silicon PV disc operated at 1 sun or less. Partial masking was
applied to the Fresnel lens and the PV module position was varied, with sun alignment maintained
by a two-axis tracker.

Inlet and outlet water temperatures (T, T,,:) Were measured using Pt100 RTD sensors installed in
short immersion tees immediately upstream and downstream of the receiver. The mass flow rate (1)
was calculated by multiplying the water density by the volumetric flow rate, which is measured using
a Sonoflow ultrasonic flow meter, while DNI were collected from the UNSW Solar Lab weather
station. The PV Maximum Power Point (PV,e.) Was measured using PLI 612 standard electronic
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load configured in MPP-tracking mode. Tests were performed on clear-sky days with DNI > 800 W
m™2 after allowing the system to stabilise.

Assuming a specific heat capacity of c, for the water, the useful thermal power (Qy) can be
calculated from (Eq. (1)).

ch =m Cp (Tout - Tin) (1)

The thermal efficiency (nth,ap) and electrical efficiency (e 1p), With respect to the Fresnel lens

aperture area (Ag;,), are shown below:

_ PVelec _ Qth
Nel,ap = DNI*A,p (2) Nth,ap = DNI*A,p (3)

To account for the spectral beam-splitting effect of the water layer, two dimensionless correction
factors were introduced: thermal fraction (F,), representing the maximum portion of incident
irradiance that can be absorbed by the water and the PV fraction (F,,) representing the portion
transmitted into the PV-active band (400—1100 nm). The incident solar spectrum S(A) was taken as
the ASTM G-173 AM1.5 direct normal spectrum (280—4000 nm), while wavelength-dependent
absorption coefficients a(A) for water were obtained from Hale & Querry (National Renewable
Energy, 2003) (Hale & Querry, 1973). For an optical pathlength (L), the Beer—Lambert relation (Mills
et al., 1993) gives the spectral absorptance (A, (1)) which defines the absorptance spectrum of the
water receiver.
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Using these fractions, the spectrally corrected thermal and electrical efficiency (ni sp, Nei,sp) are
defined as shown below.
_ TNth,ap _ Tel,ap

Nth,sp = Fy, @) Nel,sp = F,
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Experimental Flux Mapping

Flux-mapping images were acquired using a Sony A7R IV camera fitted with a PolarPro QuartzLine
Neutral Density (ND1000) attenuation filter. A 74.2 mm square Zircar ceramic plate served as the
diffuse Lambertian target for calibration. Images were recorded in RAW at ISO 100 with exposure
bracketing to avoid sensor clipping, and dark-frame subtraction was applied. Geometry correction
was performed via a planar projective transform fit to the plate corners, then pixels were expressed
in physical units on the receiver plane using the plate’s edge. Following the approach of (Baldry &
Taylor, 2017), successive calibration images were captured within 1-2 minutes under clear-sky
conditions to ensure consistent weather conditions. A conversion factor Fc was obtained by
comparing the mean pixel grey-value (DN) of the Lambertian Zircar plate to the simultaneous
weather station measurements. All image processing was conducted in MATLAB, incorporating ND
filter attenuation and exposure timing to generate calibrated flux maps.

Results

Initial tests with ambient-temperature water are shown in Figure 2. For the larger lens aperture of
1452.2 cm? (Figure 2.a), the PV output varies moderately with flow while n, o, rises significantly from

13.3% at 1 g/s to a maximum of 22.3% at 6 g/s, then declines slightly to 20.7% at 10 g/s. When the
lens aperture is masked down to 240.5 cm? (Figure 2.b), Ni,ap SUbstantially decreases, achieving a

maximum of only 15% at 6 g/s and a minimum of 8% at 1 g/s. On the other hand, n) ., demonstrates
moderate variation with flow, ranging between 10.8% and 11.7%. It should be noted that n; 5, could

not be directly compared for the larger aperture because the PV area was considerably smaller than
the lens area, whereas in the other case (240.5 cm?), the PV area matched the lens area, which
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resulted in reasonable ng 5, calculation. An irradiance of ~1 sun was achieved when the PV was
placed approximately 1.725*f from the lens (f= focal length).

The PV’s solar simulator (AM1.5) tested efficiency is 21.5%, referenced to the irradiance incident on
the PV plane (module basis). In this work, the reported electrical efficiency was based upon the
incident aperture area, which includes all upstream optical losses (PMMA absorption, surface
reflections at lens/quartz/water, scatter/defocus, and misalignment). The lower value is therefore
expected and not directly comparable to the module’s nominal efficiency. Flux mapping at the PV
plane will quantify the actual irradiance falling on the PV.
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Figure 2. On-sun performance vs coolant flow. (a) 1452.2 cm? aperture; (b) 240.5 cm?
aperture.

Spectral partitioning calculations yielded an Fy, and Fj, of 0.233 and 0.692, respectively. The
remaining spectral fraction, computed as 1- (Fy, + F,,), includes ultraviolet (<400 nm) and infrared
radiation (>1100 nm) transmitted through the water layer without significant absorption. Based on
these spectral factors, the ny, s, ranges from 95.71% to 34.33% while ng, is around 16.26%.

Table 1 Performance summary for two different apertures at constant flow

Aap cmz m (g/S) Plens(w) ch (W) nth,sp (%) l:’Velec (W) rlel,sp (%)
1452.2 6 136.4 30.42 95.71 2.58 -
240.5 6 20.2 3.03 64.37 2.36 16.9

Flux mapping results are shown in Figure 3. The integrated flux from the flux-mapping images (Py,ap)
was calculated using Eq (9), where E(x,y) is the local irradiance on the target plane, A is the
illuminated area of the target, E;; is the irradiance in pixel (i,j), and AA,, is the physical area
represented by each pixel.

l:)map = flﬂ E(x,y) dA ~ Zi,j Eij AApx €)) Bens = DNI-Aap (10)

The incident power on the Fresnel lens (P,,s) was determined from the measured direct normal
irradiance (DNI) and the geometric lens aperture area (A,p), resulting in 21.76 W. Flux mapping
results obtained from the representative irradiance distribution shown in Figure 3.b yielded a P,,,,, of
19.32 W. Comparing these two values reveals that the P,,,,, is approximately 11.2% lower than Pygps.
This discrepancy aligns with expected optical losses from the PMMA Fresnel lens, along with
experimental uncertainties.
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Figure 3. (a) Camera photo-response curve; (b) 2D flux map at the focal plane with
240.5 cm? aperture.

Conclusions and Recommendations

This proposed CT/PV system introduces a novel method for efficiently generating medium-
temperature thermal energy while utilising cost-effective, non-concentrated silicon PV technology.
Preliminary results show a ng, s, of up to 95.71% and 16.25% of n, ... Overall, electrical performance
is largely insensitive to flow, indicating near-constant irradiance at the PV plane, whereas thermal
performance increases with flow until reaching an optimum value. Comparison of aperture sizes
shows that enlarging the effective Fresnel-lens aperture significantly improves thermal efficiency.

Future work will include a detailed exergy analysis and expand the set of lens-aperture sizes and
co-tune the coolant flow to identify the most effective operating point. Flux mapping will be extended
to the PV plane to measure transmitted irradiance and quantify the distribution of losses between
the thermal receiver and the PV subsystem. Moreover, the flux mapping uncertainty will be assessed
along with using alternative coolants to improve the system performance.
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