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Abstract 

A hybrid photovoltaic-thermoelectric (PV-TE) system employing a novel solar concentrator is designed and 

constructed to demonstrate the feasibility of improving the overall efficiency of light-to-electricity conversion based 

on spectral splitting strategy. The concentrator consists of four rectangular dichroic mirrors arranged in a crossed 

V-trough configuration that reflects and concentrates the visible spectrum onto a photovoltaic cell in the centre 

while passes the infrared spectrum onto a thermal absorber to produce heat for a thermoelectric generator. The 

experimental results show that the overall efficiency of the hybrid PV-TE system is 16.9% compared to 15.9% of 

the same configuration except for using specular aluminium mirrors. An increase in the overall efficiency by 6.3% 

was achieved due to thermoelectric harvesting of the light energy in infrared spectrum. The results also show that 

a significant increase in the power output from 12.41 mW in the bare cell to 62.04 mW of the same cell in the 

concentrated system, indicating the advantages of using concentration system, particularly beneficial to high-cost 

solar cells, such as GaAs and GaInP. 
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Nomenclature 

𝜆𝑐 Cut-off wavelength PV Photovoltaic 

AL Aluminium mirror P-V Power – voltage (curve) 

DM Dichroic mirror R Resistance 

I-S  Impedance spectroscopy (curve) TE Thermoelectric 

Isc Short-circuit current Voc Open-circuit voltage 

I-V Current- voltage (curve) VSC V-trough Solar Concentrator 

OVSC Onagraceae V-trough Solar Concentrator ZT Figure-of-merit 

Pmax Maximum power output ΔT Temperature difference 

 

1. Introduction 

Solar energy can be harvested using numerous types of technologies, the most popular types are solar 

thermal collectors (STC) and photovoltaics (PV) [1]. Solar thermoelectrics (STE) are one of the possible 

technologies that are currently under investigations [2, 3]. The main challenge facing those technologies is to 

convert solar radiation efficiently and cost-effectively. STCs and STEs convert less than 25% and 5%, respectively, 

of sunlight to electricity [2, 4], whereas commercial PV cells can convert about 10-25% (or 10-47% for laboratory 

cells) of sunlight to electricity [1, 5]. It is possible to combine PVs with thermal or TE generators as hybrid energy 

systems to increase the conversion efficiency of sunlight [3]. Additional benefits from hybrid PV-TE systems can 

be achieved by using solar energy concentrators, aiming to increase the power output and reduce the materials 

cost [2, 5]. 
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There are several factors that degrade the efficiency of solar energy conversion including optical, thermal, 

mechanical and electrical losses [6]. A major factor for energy loss in PV cells is the spectral mismatch between 

the solar spectrum and the PV bandgap energy [7], which often turns into heat [8, 9]. Therefore, integrating them 

with thermal receivers is a possible solution to extract heat generated by PVs to be converted into useful energy 

[10, 11]. In conventional tandem PV-TE systems, the sunlight strikes the PV cells, which partially converts into 

electricity and partially into heat [12]. The heat can be collected by a TE generator underneath the PV cell and 

convert it into electrical power [13]. However, the thermal coupling between the PV and TE is a big challenge. 

Using a TE with longer legs will lead to an increase in the PV temperature but using shorter legs will reduce the 

temperature difference across the TE generator and hence the power output from the TE [3, 12]. In addition, the 

geometry of the TE generator is a trade-off between the materials consumption and the conversion efficiency [14, 

15]. 

Spectral splitting is a promising approach for efficient utilization of sunlight. The basic principle of spectral 

splitting is to divide the solar spectrum into two or more spectral bands and allocate each band to the most efficient 

energy convertor. This approach has the potential to address the issues of spectral mismatch in PV cells [16, 17] 

and thermal coupling between PV and TE in conventional tandem systems [18, 19]. In addition, it can mitigate the 

temperature increase in PV cells, especially when using solar concentration, and consequently improve the PV 

lifetime [20, 21]. Spectral splitting can be achieved by using various types of optical [22-24] and fluid-based filters 

[25-27]. An efficient and readily available approach is to employ commercial interference optical filters known as 

the dichroic mirrors (DMs) [28-30]. The DMs are made from non-absorbing materials, which have high-optical 

performance and suitable for a wide range of PV technologies and PV-T hybrid configurations [31-33]. Commercial 

DMs are only available in flat architecture with two angles of incidence (0˚ and 45˚) [34-36] and their cost depends 

on the complexity of production, optical and material specifications [37-39]. The DMs have been employed to 

increase the conversion efficiency of PV systems using single or tandem structures [40-42]. Light concentration 

has also been proposed to fit in front or behind spectral splitting for further improvement [43, 44]. 

It has been reported that the applicability of DMs for solar energy conversion is questionable [28, 45]. To 

date, there is no successful demonstration of simultaneous beamsplitting and light concentration using flat-surface 

DMs and there are no experimental studies on the performance of such hybrid PV-TE system based on spectral 

splitting [19-50]. In addition, the use of commercial flat mirrors makes it impossible for direct adoption of the 

configuration of crossed compound parabolic concentrators (CCPC) [31, 51, 52]. Consequently, the structure of 

a modified V-trough solar concentrator (VSC) is employed, which is referred to as the “Onagraceae VSC” (OVSC) 

because its double-trough configuration looks like Onagraceae flowers [53]. In this work, we report a novel PV-

TE hybrid system based on dichroic-mirror OVSC to concentrate the visible light to a PV cell and infrared radiation 

to a TE generator.  Experimental investigations were carried out to evaluate the performance of this hybrid PV-TE 

system. 

 

2. System Description and Experimental Setup 

Fig. 1 shows schematic diagram of the novel hybrid PV-TE system. The structure of the concentrator is the 

same as the OVSC described in [53], except that the aluminium (AL) mirrors are replaced with dichroic mirrors 

(DM), which enables light splitting. By using such a DM concentrator, the sunlight in the visible spectrum will be 

directed to a PV cell by reflection and the infrared spectrum will pass through and fall on a thermal absorber that 

converts light into heat for a TE module, enabling efficient utilization of solar energy over its full spectrum. 
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Compared to a conventional concentrator PV system using AL mirrors, the key advantage of the hybrid system is 

that the infrared radiation that has no use for the PV cell is now separated and utilized by the TE module, resulting 

in an improvement in system efficiency. The performance of the proposed hybrid PV-TE system depends on i) the 

spectral performance of the DM, ii) the effectiveness of the concentrator design, iii) the conversion efficiency of 

the PV cell and TE module, and iv) appropriate system integration. 

 

Fig. 1: The schematic diagram of the novel hybrid PV-TE system. 

Following the conceptual design shown in Fig. 1, a prototype hybrid PV-TE system was constructed. Fig. 2 

shows photographs of the constructed prototype and experimental setup. The angle of the dichroic mirrors in the 

OVSC concentrator is 71˚, which was selected based on a trade-off between higher concentration ratio and 

minimum optical loss described in [53]. Four dichroic mirrors of 32 mm x 10 mm were cut from a large sheet of 

101 mm x 127 mm  [54], cleaned using the IPA solution in an ultrasonic bath and glued onto a 3D-printed frame 

as shown in Fig. 2b-1. This concentrator is referred to as the dichroic concentrator, “DM-OVSC-71”. 

A single-junction GaInP PV cell [55] was used to achieve the best spectrum match with the chosen dichroic 

mirror, as discussed in section 3.2. The PV cell (10 mm x 10 mm) was mounted on a direct-copper-bonded (DCB) 

alumina substrate [56]. The DCB alumina substrate has excellent electrical insulation and thermal conductivity 

(24-28 W/m.K). A printed-circuit-board (PCB) was designed and fabricated to ensure secured electrical connection 

to the PV cell, which is located on the top of the heat exchanger. Fig. 2b-2 shows the photograph of the fabricated 

PV cell assembly. It is worth mentioning that the small solar cells were used in this design due to their availability 

(particularly, GaAs and GaInP cells) and the limitation of solar simulator area (60 mm x 60 mm) available for the 

tests. However, we believe that there are no fundamental barriers to scale-up of the system that can accommodate 

the large size (e.g., 150mm x 150mm) solar cell, which could cause degradation in the performance.  

A thermal absorber was placed at the bottom to collect the infrared radiation that passes through the 

dichroic mirrors. The absorber was made from a copper plate in a cross shape using a CNC machine. The top 

surface of the plate was cleaned using IPA solution and painted with a black high-temperature PNM paint [57] to 

improve light absorption, except for the central area (10 mm x 10 mm), where a TE is mounted on the top of it. 

The cross plate consists of five equal squares (four painted and one unpainted) and five tiny holes were made by 

drilling from the sides of the cross plate (i.e., absorber) to reach the centre of each square. Five K-type 

thermocouples [58] were inserted inside the holes for monitoring the temperature distribution of the plate. The 
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edge of the plate (i.e., thermal absorber) was rested on the wooden supports inside the wooden box with a gap 

of 6 mm between the absorber back-surface and the inner surface of the box to minimize conductive heat loss 

from the thermal absorber. The absorber was surrounded by wooden fingers to prevent it from potential slide. A 

TE module was sandwiched between the thermal absorber and a heat exchanger, which is shared with the PV 

cell. The hot side of the TE module was positioned on the top of the central area of the absorber (Fig. 2b-4) and 

the cold side was in contact with the shared heat exchanger. All gaps between interfaces were filled with the heat 

sink compound [59] to ensure good heat transfer across the interfaces. 

 

Fig. 2: The photograph of the a) characterization system and b) the experimental novel hybrid PV-TE system, 1) dichroic 
concentrator, 2) the PV cell assembly, 3) the assembly of the dichroic concentrator, PV and heat exchanger, 4) TE mounted 
onto a thermal absorber and 5) the full assembly of the hybrid PV-TE system. 

The water-cooled heat exchanger can be seen in Fig. 2b-3, which consists of a copper plate and tube 

assembly. It removes the heat from the PV and TE, which are in contact with a copper plate on the top and from 

the bottom, respectively, and dissipate it into the water. The copper plate was cut into a square shape with four 

rectangle holes arranged around the central part. The rectangle holes allow the infrared light to pass through and 

reach the thermal absorber. The uncut central area of 10 mm x 10 mm is for mounting the PV and TE. A copper 

tube was configured to a square shape and was soldered on the top of the copper plate, close to its edges. The 

inlet and outlet of the copper tube were connected to a silicon tube with the inlet connected to tap-water and the 

outlet left open to drain in a sink. Two channels were made on the heat exchanger close to the centre to 

accommodate K-type thermocouples for measuring the temperatures of the PV and TE on its cold side. In addition, 

two thermocouples were placed inside the copper tube at the inlet and outlet, respectively for measuring the water 

temperatures. All gaps were filled with heat sink compound [59]. The bottom surface of the heat exchanger was 

insulated using a Kapton film (except the uncut central area for mounting a TE) to minimize the heat convection 

between the heat exchanger and the thermal absorber. A thermocouple was placed inside the Faraday cage 

(close to the testing area) to measure the temperature inside the box and the ambient. 

The whole setup is mounted inside a wooden box, which was made of birch plywood to provide good 

thermal insulation. The apertures for incident light were cut using the laser machine and the inner and outer 

surfaces of the box were painted black. The dimension of the overall system is approximately 140 mm x 140 mm 

x 40 mm). A similar concentrator using high-reflective thin-film aluminum (AL) mirrors [60] instead of the dichroic 

mirrors (DM) was also fabricated for comparative study, which is referred to as AL-OVSC-71. 
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The performance of the PV cells, TE modules, thermal absorber, aluminum concentrator and the hybrid 

PV-TE system were characterized using the testing setup illustrated in Fig. 2a. The key facilities of the testing 

setup are i) a class ABB solar simulator [61] as the light source, ii) an AUTOLAB Instrument [62] for Current-

Voltage (I-V) and Impedance Spectroscopy (I-S) measurements, iii) a Spectroradiometer [63] for light spectrum 

determination, iv) a Pyranometer [64] for light intensity measurement, v) a computer for data acquisition and 

control. The solar simulator and the test assembly were placed securely inside a Faraday cage to prevent any 

external light/electromagnetic interferences. The measurements were carried out under the standard testing 

condition of one sun irradiance (1000W/m2), AM1.5G and 25˚C. 

 

3. Results and Discussion 

3.1. Optical Performance of Dichroic Mirror 

The reflection and transmission coefficients of the dichroic mirror used in this work were measured as a 

function of wavelength for different angle-of-incidence (AOI) from 0˚ to 85˚ in a step of 5˚ to study the influence of 

the AOI on the performance of the mirror. The results are shown in Fig. 3, providing useful information for the 

design of the optical component of the system. For clarity, Fig. 3 only shows the data of three representative AOIs 

and the data for other AOIs are available in Appendix-A (Fig. A-1). Fig. 3a also includes the reflection coefficient 

of the aluminium mirror (AL) [60] for corresponding AOIs. 

 

Fig. 3: The spectral response of the dichroic mirrors employed for this study for different angle-of-incidence. a) the 
reflectance of the dichroic mirror (DM) and aluminum mirror (AL), and b) the transmittance of DM and AL. 

It can be seen that the AL mirror shows high reflection for all measured AOIs and wavelengths, except for 

the UV range. The dichroic mirror shows high reflection over the UV-VIS range and high transmission over the IR 

range with the cut-off wavelength, 𝜆𝑐, at 740nm, 712nm and 700nm for AOIs of 45˚, 60˚ and 71˚, respectively. This 

result indicates that the optical performance of the dichroic mirror is sensitive to the AOI, which raises a challenge 

in the design for practical operation, where the angle of the incident sunlight changes with time. In this work, only 
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the ideal operating condition was investigated (i.e., the incident light is perpendicular to the aperture surface of 

the concentrator). In the design, the concentrator angle of 60˚ and 71˚ were selected because the tilt angle of the 

mirror in the proposed solar concentrator must be in the range of 60°-75° as required by OVSC design, whereas 

45˚ is a reference angle of the commercial dichroic mirror. The spectral range reflected by the dichroic mirror 

represents the PV-band for solar cells while the spectral range transmitted through the dichroic mirror represents 

the TE-band for thermoelectric generators. 

3.2. PV Cell Characterization 

The PV cells were illuminated using a solar simulator under one sun (full spectrum) to characterize their 

electrical performance as the reference for studying their performance when illuminated under the partial 

spectrum. The I-V curves of the cells were acquired using the AUTOLAB before and after spectral splitting using 

the dichroic mirror at the standard angle-of-incidence of 45˚ and the angles of 60˚ and 71˚, which are the angles 

used in the OVSC concentrators. Fig. 4 presents the I-V curves of the Si, GaAs and GaInP cells measured under 

the full spectrum and partial spectrum. The photocurrent, voltage and power output of the solar cells are 

decreased under the partial spectrum using a dichroic mirror (compared to the values obtained under the full 

spectrum of the same light intensity). The level of reduction varies depending on the type of the PV cells and the 

angle-of-incidence of the mirror. 

 

Fig. 4:  I-V curves obtained under full spectrum illumination (Ref) and partial spectrum illumination (DM) for three different angle-of-
incidences. a) Si cell, b) GaAs cell, and c) GaInP cell; and d) the ratio of the Isc and Pmax of the PV cells under partial spectrum illumination 
to that under full spectrum and the ratio of the actual light intensity reflected onto the PV cells to the expected light intensity available 
over their respective wavelength ranges for Si, GaAs and GaInP cells.  

It can be seen that the short-circuit current (Isc) decreased significantly while the open-circuit voltage (Voc) 

is reduced slightly when the PV cells were illuminated by the partial spectrum of the reflected light, compared to 

full spectrum illumination without the mirror. This is because the Isc is dependent on the light intensity linearly, 

whereas the Voc is dependent on the light intensity logarithmically. The reduction in Isc can be explained based on 

the spectral response of the mirror shown in Fig. 3a and the measured EQE data of the PV cells shown in Fig. A-

45° 60° 71° 45° 60° 71° 45° 60° 71°

20

40

60

80

100

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0

5

10

15

20

25

30

 Ref.

 DM-45° 

 DM-60°

 DM-71

Voltage (Volt)

C
u
rr

e
n

t 
(m

A
)

a) Si cell

0.0 0.2 0.4 0.6 0.8 1.0

0

5

10

15

20

25

 Ref. 

 DM-45° 

 DM-60°

 DM-71°

Voltage (Volt)

C
u
rr

e
n

t 
(m

A
)

b) GaAs cell

0.0 0.2 0.4 0.6 0.8 1.0 1.2

0

5

10

15

 Ref.

 DM-45°

 DM-60°

 DM-71

Voltage (Volt)

C
u
rr

e
n

t 
(m

A
)

c) GaInP cell  I'sc   P'max  % Irradiance

P
e
rc

e
n
ta

g
e
 (

%
)

Si cell                    GaAs cell                   GaInP cell

d)



- 7 - 
 

2 (Appendix) The Si cell responds to the spectral range of 300nm – 1200nm, but the spectral energy reflected 

onto the Si cell by this mirror only covers a wavelength range from 300nm to 740nm for the case of AOI at 45˚. 

Considering an average reflectance of approximately 95% of the mirror, this represents more than 40% reduction 

in the light intensity illuminated on the Si cell, leading to a decrease of 38% in Isc. For the cases of AOI at 60˚ and 

71˚, the corresponding reduction in Isc are 44% and 46%, respectively. The maximum power output, Pmax, exhibits 

a further 10% reduction due to a noticeable decrease in the Voc of the Si cell after spectral splitting. 

The GaAs cell has a response range between 300nm and 900nm. However, the cut-off wavelength of the 

mirror is around 700nm. As a result, the light over the range of 700nm – 900nm will pass through the mirror, 

instead of being reflected on the GaAs cell. This leads to a reduction in Isc by 24%, 29% and 33% for the AOI at 

45˚, 60˚ and 71˚, respectively. The corresponding reduction in Pmax is 27%, 31% and 35%, respectively. The level 

of reduction in Pmax of the GaAs cell is smaller than that of the Si cell because the spectral mismatch in the GaAs 

cell is less severe than that of the Si cell. 

The Isc and Pmax of the GaInP cell obtained under the partial spectrum are very close to these obtained 

under the full spectrum. This is because the dichroic mirror used in this study offers good spectral match to the 

GaInP cell. Compared to the full spectrum data, Isc of the GaInP cell decreased by only 4%, 8% and 11% for the 

AOI at 45˚, 60˚ and 71˚, respectively. The reduction in Pmax is almost the same as that in Isc due to a negligible 

reduction in the Voc of the cell. Fig. 4d illustrates the correlation between the spectral characteristics of the dichroic 

mirror and the electrical performances of the PV cells under the full and partial spectrum irradiances. Among the 

three types of PV cells tested, the GaInP cell offers the best match to the dichroic mirror employed in this study. 

The results confirm that the solar energy outside the matched spectrum of the PV cells does not contribute to 

electricity generation. Clearly, in the case of GaInP cells, the energy over the wavelength range of 700nm - 

2500nm can be exploited for other utilizations, such as producing heat.  

 

3.3. TE Geometry Optimization 

3.3.1. Determination of Thermal Input 

Using the system described in section 2, the light with wavelength of >700nm will pass through the dichroic 

mirror to reach the thermal absorber, which converts the light into heat to drive a TE module. In order to select the 

most suitable TE module, an experimental investigation was performed to determine the amount of thermal energy 

absorbed by the absorber. The temperature of the thermal absorber was measured continuously during heating-

up when the absorber was exposed to the light (Appendix-A, Fig. A-3). In this experiment, the thermal absorber 

was isolated, i.e., disconnected from the TE module and heat exchanger. After reaching the steady state, the 

average temperature of the five locations distributed over the thermal absorber was found 73.2˚C and 57.8˚C for 

one-sun illumination without and with the dichroic mirror, respectively. The uniformity of temperature across the 

absorber is 96.8%. The amount of heat absorbed by the thermal absorber can be calculated using the slope 

technique [65] at an initial heating-up period (the first 10 seconds in this study). The rate of heat absorption was 

found to be 398mW and 218mW corresponding to the full and partial spectrum illumination, respectively. The 

results indicate that only 45% of solar energy is allocated to the GaInP cell while 55% of solar energy to 

thermoelectric generator.  

The incident light power was also measured using the pyranometer and the spectroradiometer. The results 

were found 400mW and 220mW, respectively, which indicates the absorber efficiency is approximately 98%. The 

slope technique is only valid when the heat loss is negotiable, i.e., in the case of a very small temperature 
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difference between the absorber and the ambient. When the temperature of the thermal absorber increases, the 

heat loss becomes significant. The heat retained by the thermal absorber decreases with increasing the 

temperature of the absorber due to increased heat loss. This decrease will continue until reaching a steady-state 

value, where the heat absorbed is equal to the heat lost. 

 

3.3.2. Characterization of TE Modules 

Selection of appropriate TE module is crucial to achieve the maximum power output from the given thermal 

input. Six commercial TE modules of varied sizes [66] were investigated experimentally in order to identify the 

most suitable module for integration into the hybrid PV-TE system. Since the central area of the thermal absorber 

in the hybrid system is 10mm x 10mm, a convenient size of the TE module for integration should be equal or 

smaller than 10mm x 10mm. The geometrical parameters of the TE modules investigated are listed in Table 1. 

The theoretical outline for calculating the power output and conversion efficiency of the TE modules can be found 

in refs [67-69]. 

Table 1: Geometrical parameters of the TE modules (L, W and H are the length, width and height of the modules. N is the 
number of thermocouples, 𝑙𝑇𝐸  is the length of the TE element, 𝐴𝑐 is the cross-sectional area of a single TE element and 𝐴𝑇𝐸 
is the total cross-sectional area of all TE elements in a module). 

TE 
Dimensions 

L (mm) x W (mm) x H (mm) 
𝑵 

𝑨𝒄  

(mm2) 

𝒍𝑻𝑬  

(mm) 

𝑨𝑻𝑬  

(mm2) 

(𝑨𝑻𝑬/𝒍𝑻𝑬)  

 (mm) 

M-I 6.00 x 4.00 x 3.00 11 0.25 1.50 5.50 3.67 

M-II 8.00 x 8.00 x 3.80 7 1.00 1.50 14.00 9.33 

M-III 4.00 x 4.00 x 3.00 7 0.25 1.50 3.50 2.33 

M-IV 6.00 x 6.00 x 3.80 7 0.64 1.50 8.96 5.97 

M-V 4.00 x 4.00 x 2.70 7 0.36 1.10 5.04 4.58 

M-VI 10.00 x 10.00 x 3.20 17 1.00 1.60 34.00 21.25 

 

Each TE module was integrated into the concentrator system as shown in Fig. 1 and evaluated under the 

full spectrum (without the dichroic mirror) and the partial spectrum (using the dichroic concentrator DM-OVSC-

71). The I-V, P-V and P-R curves of the modules are presented in Fig. 5. The temperatures measured across the 

TE modules after the steady state was reached are listed in Table 2. It can be seen from Fig. 5 that the voltage, 

current and power outputs were reduced on average by 40%, 40% and 65%, respectively when the light intensity 

was changed from full spectrum to partial spectrum. It can also be seen that the power output of the TE modules 

varies significantly with the size. The power output of module VI is about 5 times as big as module III, 

demonstrating the importance of selecting the appropriate module for the specific application. The power output 

appears to increase with increasing the 𝐴𝑇𝐸 , with the largest power output being obtained in module VI. This trend 

is true for both cases under full-spectrum and partial spectrum irradiance. 

Table 2: The steady state temperatures difference (∆𝑻) between the hot and cold side of the TE modules and the 
temperature difference (∆𝑻w) between the inlet and outlet of the cooling water. 

TE 

𝑻𝒉 ± 0.9 ˚C 𝑻𝑪 ± 0.8 ˚C ∆𝑻 (˚C) ± 1 ˚C ∆𝑻w (˚C) ± 0.5 ˚C 

Full 

Spectrum 

Partial 

Spectrum 

Full 

Spectrum 

Partial 

Spectrum 

Full 

Spectrum 

Partial 

Spectrum 

Full 

Spectrum 

Partial 

Spectrum 

M-I 37.5 27.5 17.1 15.6 20 12 2.1 1.5 

M-II 34.8 26.8 18.2 16.3 16 11 2.2 1.6 

M-III 36.2 27.1 15.6 15.0 21 12 2.1 2.0 

M-IV 35.6 25.8 16.7 14.6 19 11 2.0 1.2 

M-V 35.6 27.5 16.7 16.2 19 11 2.2 1.5 

M-VI 30.9 25.1 17.3 16.1 14 9 2.2 1.6 

 

Among small modules (I, III, IV and V), module IV generates the largest power output because its 𝐴𝑇𝐸  is 

bigger than that of module I, V and III. The power output from module V is smaller than that produced by module 
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I, not only because its smaller 𝐴𝑇𝐸  but also a shorter length. Module III has the smallest 𝐴𝑇𝐸  and generates the 

lowest power output. Although this trend agrees with the theory, the power reduction in small modules is much 

more significant due to considerable heat loss occurred in the thermal absorber. For a given heat input, the TE 

modules with a small 𝐴𝑇𝐸 /𝑙𝑇𝐸 will result in a larger ΔT and higher temperature on the hot side (if the cold side 

maintained at a fixed temperature). However, the temperature difference obtained from the experiment of this 

work (Table 2) for small modules are significantly smaller than the calculated values without heat loss, confirming 

that the heat loss from the thermal absorber is the main factor that is responsible for the significant reduction of 

the power output in small modules. If the heat loss can be minimized, the power output of small modules can be 

significantly improved. Since the heat loss from the largest module (Module VI) is much small, the experimental 

value agrees roughly with theoretical calculation. However, due to the temperature difference across the large 

module are relatively small, the uncertainty of the temperature data is increased to about 10%. Nevertheless, the 

reliability and accuracy of the data is still sufficient.   
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Fig. 5: TE modules testing results. a) I-V curves under full spectrum illumination, b) I-V curves under partial spectrum 
illumination, c) P-V curves under full spectrum illumination, d) P-V curves under partial spectrum illumination, e) P-R curves 
under full spectrum illumination, and f) P-V curves under partial spectrum illumination. 

It can be seen that the maximum power outputs determined using I-V curves (Fig. 5c andFig. 5d) are in 

reasonable agreement with these obtained from the matched-load tests (Fig. 5e and Fig. 5f). The Seebeck 

coefficient of the TE materials (𝛼) can be estimated using the open-circuit voltages and corresponding temperature 

differences measured across the TE modules. The internal resistances of the TE module (𝑅𝑇𝐸 ) were determined 

experimentally using three methods: the I-V curves of Fig. 5, the I-S curves (Appendix-A, Fig. A-4) and the P-R 

curves corresponding to the matched-load (Fig. 5). The dimensionless figure of merit of the TE modules (𝑍𝑇) were 

determined from impedance spectroscopy [70]. The results are shown in Table 3. 
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Table 3: The material parameters of the TE modules. 

TE 
𝜶 

(𝝁𝑽/𝑲) ± 1 

ZT 

± 0.1 

I-S curves ± 0.02 Ω I-V curves ± 0.01 Ω Matched load Ω ± 0.05 Ω 

𝑹𝑻𝑬 (Ω) Full Spectrum 𝑹𝑻𝑬 (Ω) 
Partial Spectrum 

𝑹𝑻𝑬 (Ω) 

Full Spectrum 

𝑹𝑻𝑬 (Ω) 

Partial Spectrum 

𝑹𝑻𝑬 (Ω) 

M-I 208 0.7 1.65 1.50 1.61 1.25 1.15 

M-II 220 0.7 0.24 0.26 0.27 0.35 0.40 

M-III 170 0.6 1.06 1.12 1.28 0.65 0.60 

M-IV 200 0.7 0.37 0.40 0.40 0.40 0.35 

M-V 175 0.7 0.48 0.50 0.52 0.50 0.50 

M-VI 210 0.7 0.56 0.59 0.67 0.60 0.65 

 

In general, the selection of appropriate TE modules is guided by achieving the best performance at 

minimum cost. In this research, the maximum power output is a priority and can be met by using module VI, which 

has the largest 𝐴𝑇𝐸  at a slightly higher cost. It reduces the area between the thermal absorber and the ambient, 

resulting in less heat loss due to convection and radiation. In addition, a larger area provides a mechanically 

stable mounting with the thermal absorber and heat exchanger. 

 

3.4. Performance of Prototype Hybrid PV-TE System 

3.4.1 Optical Characteristics 

Fig. 6 presents the reflection and transmission spectra of the dichroic mirror at 71˚. The reflected spectrum 

is directed onto the PV cell (blue line) and the transmitted spectrum is shone on the thermal absorber for the TE 

module (red line). The spectra were measured using a spectroradiometer over the wavelength range of 300nm - 

1700 nm, which account for more than 95% of light energy in the whole solar spectrum. The spectral splitting 

strategy of using the GaInP cell and thermal receiver is also shown in the figure. The blue area represents the 

ideal spectrum for the GaInP cell and the red area for the thermal absorber. Clearly, the measured spectra for the 

PV cell and TE module are very close to the design requirement within about 10% difference. It is to be noted that 

Fig. 6 shows the results of the experiment using a single dichroic mirror (i.e., no concentration).  

The same experiment was repeated using the developed concentrator described in Fig. 1 and the results 

are displayed in Fig. 7, where the DM-OVSC-71˚ represents a concentrator fabricated using the dichroic mirrors 

as its reflective surfaces and the AL-OVSC-71˚ represents the same concentrator but using the aluminium foils 

as its reflective surfaces. It can be seen from Fig. 7a that the spectrum obtained using the dichroic concentrator 

is very similar to that obtained using the aluminium concentrator over the PV-band of the GaInP cell. However, 

the aluminium concentrator concentrates almost the entire solar spectrum onto the PV area, whereas the dichroic 

concentrator concentrates only the useful part of the spectrum (300nm - 700nm) onto the PV area while the 

majority of light beyond 700 nm are transmitted to the thermal absorber as shown by Fig. 7b. Ideally, a dichroic 

concentrator for the GaInP cell should only reflect the light within 300nm-700nm onto the PV cell area. In practice, 

the dichroic concentrator still reflects a small portion of the light in the spectrum range of >700 nm onto the PV 

cell. Nevertheless, it is significantly less than that by the aluminium concentrator. The results in Fig. 7 represent 

the average irradiances measured across the receiver area (i.e., PV cell, thermal absorber), with a 95% uniformity 

across the receiver. 
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Fig. 6: The measured spectral irradiances of the reflected light (blue) and transmitted light (red) by a dichroic mirror. The 
inset is measured reflectance and transmittance of the dichroic mirror. 

The concentration ratio of concentrators can be determined by direct measurement of light irradiance on 

the PV area using the spectroradiometer. Since the dichroic mirror only reflects the light over the PV band, the 

concentration ratio is determined from the total irradiance within the wavelength range of 300nm - 700nm using a 

concentrator divided by the total irradiance over the same wavelength range without a concentrator. Using the 

data presented in Fig. 7a, the total irradiances can be calculated by numerical integration of the areas below the 

measured spectral profiles. The concentration ratio of the concentrators investigated are 4.73x and 4.60x for the 

aluminium and dichroic concentrators, respectively. 

 

Fig. 7: The spectral irradiances measured using spectroradiometer. a) the reflected spectra by the dichroic and aluminum 
concentrators (the spectrum of one-sun reference is included for comparison), and b) the transmitted spectrum through the 
dichroic concentrator.  

3.4.2 PV Performance  

Fig. 8 presents the I-V and P-V curves of the GaInP cell measured under one sun without concentration 

and with concentration using the dichroic and aluminium concentrators. The results show that the GaInP cell 
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produces similar power outputs for both dichroic and aluminium concentrators, with a slightly lower value for the 

dichroic concentrator (by 2.8%). The Isc and Pmax of the cell using the dichroic concentrator were 4.60 and 5.00 

times of the cell without concentration (bare cell). The PV cell efficiency using both concentrators is almost the 

same, which is 15.9%. Compared to the efficiency of 14.6% without concentration (i.e., the bare cell), the efficiency 

of using the concentrators is increased by 8.9%. 

 

Fig. 8: The I-V and P-V curves of the GaInP cell using the aluminium and dichroic concentrators compared to the bare cell.  

The concentration ratio of a concentrator can also be determined from I-V measurement. It is the ratio of 

the Isc of a PV cell measured using the concentrator to that measured without the concentrator (i.e., bare cell) 

[53]. The result is the same as that measured using the spectroradiometer, which is 4.60x. The concentration ratio 

of the aluminium concentrator measured using the PV cell is (4.73x) is slightly lower than that using the 

spectroradiometer (4.75x). The difference is probably due to the fact that the small gap exists between the PV cell 

and the aluminium reflectors to avoid electrical fault. 

The results above demonstrate that a high-performance dichroic solar concentrator can produce similar 

performance to conventional specular aluminum concentrators for the GaInP cells. It is to be noted the reflectivity 

of the thin-film aluminium reflectors employed in this study is already very high (95%) [60]. This indicates that the 

dichroic concentrator is likely to be better than commercially available concentrators that use the most common 

reflective materials that have an average reflectivity of 80%-90% [71-75]. It is worth mentioning that the dichroic 

mirror at an angle of 71˚ is selected rather than 60 ˚ for this study because the geometrical concentration ratio of 

the OVSC at this angle is 5.12x, whereas it is 3.00x for the concentrator with a tilt angle of 60 ˚. This means a 

higher solar concentration ratio can be obtained at a larger title angle. More details are available in ref [53].  

3.4.3 Overall Performance of the Hybrid PV-TE System 

The prototype hybrid PV-TE system that consists of a dichroic concentrator (DM-OVSC-71), GaInP cell and 

TE module VI was characterized using the experimental setup shown in Fig. 2a. The power output from the PV 

cell and TE module were measured separately initially and then they were connected in series and measured as 

one unit. Fig. 9 illustrates the I-V, P-V and P-R curves for the PV cell, TE module and the hybrid PV-TE system, 

respectively. The key performance data are also listed in Table 4. It can be seen that the power output of the 

hybrid PV-TE system is higher than that of the PV cell alone by 6.3% owning to the contribution from thermoelectric 

generator, demonstrating clearly the advantage of the hybrid system. It is to be noted that the extra power from 

thermoelectric generator was obtained from IR spectrum without any adverse reduction in the power output from 
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the PV cell due to appropriate design of dichroic concentrator. Furthermore, the total power output from the hybrid 

system is 5.3 times as large as the power output from the bare PV cell, providing experimental confirmation of 

using the dichroic mirrors for simultaneous spectral splitting and bean concentration.  

 

Fig. 9: The power output of hybrid PV-TE system. (a) I-V and P-V curves of the PV cell only, (b) I-V and P-V curves of TE 
module only, (c) I-V and P-V curves of PV-TE in series, compared with the PV cell only, (d) P-R curves of PV-TE in series, 
compared to PV cell only.  

The results also show that the power output from TE module is very small compared to the power output 

from the PV cell due to small temperature difference across the TE module. Since the power output of the TE 

module is proportional to the square of temperature difference across the TE module, it is anticipated that power 

output of TE module can be increased by increasing the light intensity. Consequently, the hybrid PV-TE system 

was tested under a higher concentration of 1.5 sun (1500W/m2), which is the highest light intensity available in 

the solar simulator employed. The results of the tests are listed in Table 4, together with those under 1.0 sun for 

comparison. The I-V, P-V and P-R curves for the PV cell, TE module and the hybrid PV-TE system under 1.5 sun 

are available in Appendix-A (Fig. A-6). 

Table 4: The electrical parameters of the PV, TE and the hybrid PV-TE system under 1.0 sun and 1.5 sun. 

Incident light System 
Voc Isc FF Pmax η 

(± 0.002 Volt) (± 0.02 mA) % (± 0.01 mW) (%) 

Ref.  Bare PV cell 1.280 12.74 75.81 12.41 14.6 

1.0 sun 

PV 1.370 58.59 77.00 62.04 15.9 

TE 0.050 81.33 26.03 1.16 0.5 

PV-TE 1.430 60.52 76.48 65.96 16.9 

1.5 sun 

PV 1.380 89.54 78.23 96.75 16.2 

TE 0.060 94.73 25.06 1.50 0.5 

PV-TE 1.440 91.03 75.82 99.65 17.3 

 

It can be seen that the power outputs of the PV cell, TE module and PV-TE system are significantly 

increased. The overall efficiency of the PV-TE system is increased from 16.9% at 1.0 sun to 17.3% at 1.5 sun. 

Although the power output of the TE module is increased, the degree of increase is less than that of the PV cell. 
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This indicates that the heat loss from the thermal absorber becomes significant with increasing light intensity. In 

order to achieve the maximum benefit of increased light intensity, it is crucial to design more effective thermal 

absorber that can minimize the heat loss. 

It is interesting to note that the power output generated by the hybrid PV-TE system, where the PV cell and 

TE modules are connected in series, was slightly higher than the sum of the power outputs from the PV cell and 

TE module measured separately. Numerical simulation based on the I-V data of the PV cell and TE module 

obtained from this experiment confirms this observation. However, the exact mechanisms responsible for this 

difference are not fully understood. Further investigation is needed.  

 

4. Conclusions 

A concentrated PV-TE system was designed and constructed using the dichroic mirrors for both spectral 

splitting and beam concentration to improve the efficiency of solar energy conversion by additional harvesting the 

“unused energy” in infrared spectrum. The performance of this hybrid system was investigated under the standard 

one-sun testing condition. The results show that the total efficiency of the hybrid system is 16.9% compared to 

15.9% of the same configuration except for the reflecting surfaces of the concentrator being aluminium mirror. An 

increase in the overall efficiency by 6.3% was achieved by thermoelectric harvesting of the light energy in infrared 

spectrum. Compared to the bare cell that generates 12.41 mW, the same cell in the concentrated system produces 

62.04 mW, indicating the advantages of using concentrator, particularly beneficial to the high-cost solar cells such 

as GaAs and GaInP. The hybrid system was also tested under the increase intensity of 1.5 sun, resulting in a 

further increase in the efficiency to 17.3% due to light concentration. 

The experimental results show that the power output of the PV cell using a dichroic concentrator is as high 

as using a high-quality specular aluminum concentrator. This is achieved in an appropriately designed system, 

involving proper spectral allocation, careful selection of dichroic mirror, PV cell and TE module, and optimal design 

of the optical and thermal components. The study of the dependence of the power output on the geometry of TE 

modules shows that the size of the TE module plays an important role in minimizing the heat loss from the thermal 

absorber. Furthermore, it is possible to further increase the power output from TE module by improved design of 

thermal absorber. 

It was found that the power output of the hybrid system measured by connecting the PV cell and TE module 

in series is higher than the sum of the power outputs measured separately from the PV and TE, respectively under 

identical testing conditions. Numerical analysis confirms this finding but the mechanisms responsible for this 

increase remains to be understood. An enhanced understanding of this effect could lead to further improvement. 
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Appendix 

 

Fig. A-1: Spectral characteristics of the DM at different AOIs; a) the spectral reflectance; and b) spectral transmittance. 

 

Fig. A-2:  a) Experimental results of external quantum efficiency (EQE) for Si, GaAs and GaInP cells.  b) Experimental 
results of the spectral response (SR) for Si, GaAs and GaInP cells. 
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Fig. A-3: The heating profile of the thermal absorber of the PV-TE system (isolated, not connected to TE). The black curve 
shows the temperature increase of the absorber under full spectrum illumination while the red curve shows the temperature 
increase of the absorber under partial spectrum illumination using the dichroic mirrors. 

 

Fig. A-4: Nyquist plot (Impedance spectroscopy) of the TE modules. 
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Fig. A-5: The temperatures across the TE module in the hybrid PV-TE system under a) one sun irradiance; and b) increased 
light irradiance of 1.5 sun. Th, Tc, ΔT are the temperatures of the hot, cold and the difference between them. Tw,in, Tw,out and 
Tamb are the temperatures of the water inlet and outlet and the ambient. 

 

 

Fig. A-6: The power output of hybrid PV-TE system under increased light irradiance of 1.5 sun. (a) I-V and P-V curves of the 
PV cell only, (b) I-V and P-V curves of TE module only, (c) I-V and P-V curves of PV-TE in series, compared with the PV cell 
only, (d) P-R curves of PV-TE in series, compared to PV cell only.  
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