
Solar Energy Materials & Solar Cells 245 (2022) 111877

Available online 8 July 2022
0927-0248/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

A new configuration of V-trough concentrator for achieving improved 
concentration ratio of >3.0x 

Mohammad Alnajideen a,b, Min Gao a,* 

a School of Engineering, Cardiff University, Cardiff, CF24 3AA, Wales, UK 
b Faculty of Engineering, Mutah University, Al-Karak, 61710, Jordan   

A R T I C L E  I N F O   

Keywords: 
Concentrator photovoltaic 
V-trough concentrator 
Optical efficiency 
Angular response 
CPV system 

A B S T R A C T   

A new configuration of V-trough solar concentrator is proposed, constructed and investigated in an attempt to 
improve the concentration ratio of the V-trough concentrators. The new design consists of two conventional V- 
trough concentrators arranged in a cross, which lead to improvement in concentration ratio and angular 
response. The results of an experimental study show that the concentration ratio of this new configuration 
(referred to as OVSC) is 40%–60% higher than its corresponding conventional V-trough solar concentrator 
(CVSC) with additional benefits. The study reveals that the angular response of this new configuration is better 
than conventional V-tough concentrator with a potential to reduce the cost of concentrators by using less 
reflector materials. Surprisingly, the improvement in the concentration ratio is not accompanied by significant 
reduction in optical efficiency and light uniformity, making it a better alternative for low-cost and low con-
centration applications in future.   

1. Introduction 

Solar concentrators have been widely studied since 1970s [1–10]. 
Concentrator Photovoltaic (CPV) is an alternative system to the 
flat-plate PV module to produce electricity at affordable and competitive 
prices. CPV systems use lenses or mirrors to concentrate the sunlight 
onto a small area of PV cells in order to use less PV materials, increase 
the system efficiency, generate more electrical power, and thereby 
reduce their cost and maintenance [11,12]. Developing 
high-performance concentrators is part of important efforts for 
achieving economically viable PV systems [13–15]. Although significant 
reduction in the price of silicon solar cells in recent years has made CPV 
approach no longer attractive for silicon panels, the concentrator may 
still play a role in improving the economic viability of more expensive 
solar cells, such as GaAs and InP cells, or thermal system. 

V-trough Solar Concentrator (VSC) and Compound Parabolic 
Concentrator (CPC) are non-imaging CPV systems and they have been 
employed as primary or secondary optical element (SOE) [16,17]. In 
recent years, efforts have been reported to investigate CPV systems for 
building-integrated applications [18–20]. One of the research focuses is 
to improve the performance of the CPC [21–28], including a focus on the 
optical efficiency, acceptance angle and light uniformity across the PV 

cell [21–24,28]. The CPC appears to be a preferred choice over VSC 
because its compactness and higher concentration ratio [29,30]. The 
drawback of VSC compared to CPC is the difficulty to obtain the con-
centration ratio that is higher than 3x [31,32]. Nevertheless, the VSC has 
the advantages of (i) the uniform illumination on the absorber area that 
is desirable for PV applications, (ii) simple and easy to design and 
fabricate due to the flat reflector, and (iii) low cost due to the simplicity 
in the structure and fabrication [33–35]. 

Since the proposal of VSC by Hollands [36] in 1971, many works 
have been reported focusing on analysis of its optical performance and 
the potential for energy collection in a particular location over a period 
with or without tracking [37–45]. Experimental works were also con-
ducted to evaluate the optical performance of the VSCs. Fig. 1 shows a 
collection of the experimental works reported over the past 50 years 
[46–51]. The VSCs were all designed with a reflector tilt angle at 60◦. 
The highest concentration ratio obtained experimentally is 1.98x by 
Wang et al. [33] and the highest optical efficiency is 89.9% reported by 
Singh et al. [35]. To our knowledge, no work has been reported to show 
that a concentration ratio of >3.0x can be obtained in V-trough solar 
concentrators. In this work, we report a new configuration of VSC design 
that enables higher concentration ratio while maintaining good optical 
efficiency and angular response. The new design consists of two 
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conventional V-trough concentrators arranged in cross shape. A sys-
tematic investigation was performed to evaluate the characteristics of 
this new design, which include the concentration ratio, optical effi-
ciency, angular response, light uniformity, and the cost of production. 
To demonstrate the advantages and unique characteristics of this new 
design, the study was performed in comparison with conventional VSCs. 

2. Design parameters for VSC 

The basic structure of a conventional VSC consists of two symmet-
rical flat reflectors forming a “V” shape with a PV cell at the bottom part 
as shown Fig. 2. The reflectors concentrate the incoming solar radiation 
on to the absorber area, where a PV cell or thermal receiver is posi-
tioned. A key advantage of VSC is the simplicity in its design and con-
struction. A proper design involves determine the tilt angle, φ, and 
reflectors length, L, based on a well-established theory [36]. The 
geometrical concentration ratio, CRgeo, of a VSC is defined as the ratio of 
the aperture area, A, to the absorber area, a, 

CRgeo =
A
a
=

Wap

Wab
(1)  

where, Wap and Wab are the width of the aperture and the absorber, 
respectively. In the case of the normal light incident (i.e., the angle of 
light incidence α = 0◦) and assuming that the number of light reflections 
is N = 1, the geometrical concentration ratio, CRgeo, can be expressed in 
terms of vertex angle, Ψ [36], 

CRgeo = 1 + 2ρcosΨ (2)  

where, ρ is the reflectivity of the reflector surface. Ψ is related to the side 
wall length, L, the width of the absorber, Wab, and the trough angle, θ, by 
[36]. 

(L /Wab)=
cos Ψ
sin θ

(3) 

Equation (2) indicates that the concentration ratio of VSC is limited 
to 3x for N = 1. This assumption is usually valid when Ψ is large. When 
Ψ is very small, the light may undergo multiple reflections before 
reaching the absorber area. In such case, the number of the light re-
flections is N ≥ 1 and the CRgeo is given by [36]. 

Fig. 1. Experimental results of the concentration ratio and optical efficiency of VSCs reported in recent years. CRgeo and CRexp are the geometrical and experimental 
concentration ratio, respectively and OE is the optical efficiency of the concentrators. 

Fig. 2. Schematic diagram of V-trough solar concentrator.  
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CRgeo ≥ 1+
2 sin(Nθ)cos[(N + 1)θ]

sin θ
=

sin[(2N + 1)θ + α]
sin(θ + α) (4) 

The trough angle, θ, is limited by [38,41]. 

90 − α
2N

≥ θ ≥
90 + α

2(N + 1)
(5) 

Equation (3) in this case can be expressed as [38,41]. 

(L /Wab)=
sin[(2N + 1)θ + α] − sin(θ + α)

2 sin(θ + α)sin θ
(6) 

The optical efficiency, OE, of a practical concentrator is defined as 
[52–54]. 

OE =
CReff

CRgeo
(7)  

where, CReff is the actual concentration ratio determined from the 
experiment. In a perfect case, CReff is equal to the geometrical concen-
tration ratio. In practice, it is smaller than the geometrical concentration 
ratio due to various losses. CReff can be calculated from the short-circuit 
current (Isc) of a PV cell under concentration divided by the corre-
sponding short-circuit current without concentration (i.e., the bare cell). 

The light uniformity, U, of a concentrator is a measure of uniform 
light distribution in terms of the intensity over the absorber area. It can 
be evaluated using [52–54], 

U = 1 −
Imax − Imin

Imax + Imin
(8)  

where, Imax and Imin are the maximum and the minimum irradiances 
detected over the absorber area. 

3. Experimental 

3.1. Concentrator design 

Four conventional VSCs (CVSC) of different concentration ratios 
were designed as the benchmarks for this study. The theory described in 
section 2 was employed to determine the geometrical concentration 
ratio, CRgeo and the aspect ratio (L/Wab) of concentrators for a given φ. 
To simplify the design procedure, this study focuses on the cases of 
operating under normal irradiance of light (i.e., α = 0◦) [52]. Since the 
PV cell to be used in this study has a dimension of 10 mm × 10 mm, the 
width of the absorber of the VSCs was fixed to 10 mm (i.e., Wab = 10 
mm). The appropriate N value was determined using Equation (5). In 
addition, the design needs to consider the restriction of the testing sys-
tem used in this study. The aperture area of the concentrator must be 
smaller than the illumination area of the solar simulator. The height of 
the VSC must be shorter than the distance between the solar simulator 
and testing stage. Table 1 presents the design parameters for four CVSCs 
selected for fabrication. Among them, the concentrator with φ = 60◦ is a 
widely employed design in many published works. The other three an-
gles are selected to increase the concentration ratio, CRgeo. 

An initial attempt to increase the concentration ratio of the V-trough 
concentrators was to follow the configuration of cross compound para-

bolic concentrator (CCPC) but using the flat reflectors. This led to a 
pyramid configuration, which is thereafter referred to as the Pyramid 
VSC (PVSC) as shown in Fig. 3a–I. The design parameters for four cor-
responding PVSCs are also listed in Table 1. Unlike the CVSCs, where the 
calculated CRgeo agrees roughly with the actual measured concentration 
ratio, CReff , the actual concentration ratios of the PVSCs are significantly 
lower than the calculated values. 

Simulation using raytracing software (TracePro) was performed to 
identify the cause for such significant difference between the calculated 
and measured concentration ratios in the PVSCs. The results of simula-
tion (Fig. 3a–II) shows clearly that a significant part of the incident light 
is reflected out of the PVSC, rather than concentrated onto the absorber 
area. The simulation is supported by the experimental observation of the 
reflected light escaped from the concentrator shining on the wall of the 
Faraday cage as shown in Fig. 3b. A detailed inspection of the simulation 
results reveals that the corner areas (i.e., the black area in Fig. 3a–III) in 
the PVSC do not contribute to light concentration to the absorber area. 
The experimental work using light shutters confirms this finding and 
explains a significant discrepancy between the calculated CRgeo (9.36x) 
and the measured CReff (4.70x) for PVSCs. Clearly, these corner areas do 
not contribute to the light concentration but consume more reflective 
materials and resulted in poor optical efficiency of the PVSCs, which is 
significantly lower than that of the CVSCs, as illustrated in Table 2. 

A solution to improve the optical efficiency of the PVSCs is to elim-
inate the “inactive” reflective areas in the PVSCs. This led to a new 
configuration of V-trough concentrators as shown in Fig. 4. The new 
design (Fig. 4a) consists of two V-troughs (golden colour areas) arranged 
in a cross-shape with a common PV cell area in the centre (blue colour 
area). It has the appearance of the Onagraceae flower (Fig. 4b) and 
thereafter is referred to as the Onagraceae V-trough Solar Concentrator 
(OVSC). The CRgeo of the OVSC can be determined using the following 
equations, which are simple modifications of Equations (1) and (4), 

CRgeo =
A
a
=

2Wap − Wab

Wab
(9)  

CRgeo ≥ 1 +
4 sin(Nθ)cos[(N + 1)θ]

sin θ
(10) 

An OVSC uses half of the reflective materials of its corresponding 
PVSC to achieve the same concentration ratio, which is higher than that 
of its conventional VSC counterpart. In addition, a gapless panel can also 
be formed by arranging the OVSCs in a pattern as shown in Fig. 5, even 
though it seems to be difficult at first glance. In order to evaluate their 
optical performance, four OVSCs were designed, which have the same 
tilt angles and aspect ratios to their corresponding CVSC benchmarks. 
Table 3 summarises the design parameters and the resultant geometrical 
concentration ratios of four CVSCs and OVSCs designed for experimental 
investigation. 

3.2. Fabrication of concentrators 

The frames of concentrators were designed using Solidworks® soft-
ware and printed using a Fused Deposition Modelling (FDM) 3D printer 
(ULTIMAKER Extended 2+), which provides accurate and high surface 
finish and robust structures. A black PLA filament (1.24 g/cm3 and 2.85 
mm diameter) was used to construct the frames of concentrators with a 
high-temperature resistance (160 ◦C), resolution of 0.02 mm and for a 
cost of $0.01/cm3. The dimensions of the printed frames were measured 
using a Quick-Vision Microscope (PJ-A3000 Profile Projector, Mitutoyo 
Inst.) to ensure that the dimensions are in good agreement with the 
original CAD design within a small tolerance of ±0.1 mm. 

Four specular thin-film reflectors (MIRO-SUN, MIRO, Vega and 3 M 
Tape) were tested using a spectroradiometer and their reflectance are 
shown in Fig. 6a. It can be seen that the aluminium thin-film reflector 
(MIRO-SUN) has the highest spectral reflectivity (95%) among all tested 
reflectors. It also has high reflectance at high angles of light incidence 

Table 1 
Geometrical and experimental concentration ratios of conventional and pyramid 
VSCs.  

VSC Ψ =

(2θ)
φ (L/Wab) N CRgeo CReff ± 0.01 

CVSC PVSC CVSC PVSC 

VSC-I 60◦ 60◦ 1.00 1 2.00 4.00 1.76 2.47 
VSC-II 50 65◦ 1.52 1 2.29 5.22 2.07 3.17 
VSC-III 44 68◦ 2.01 2 2.51 6.29 2.33 3.68 
VSC-IV 38 71◦ 3.16 2 3.06 9.36 2.87 4.70  
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(AOI) that are preferred in the concentrator design (Fig. 6b). Conse-
quently, MIRO-SUN film was chosen for this study. This reflective ma-
terial is anodized aluminium film, which has water-resistant coating and 
specially designed for solar concentrators. The dimensions of the re-
flectors were drawn using Solidworks® and cut using CNC machine 
(LPKF Laser Machine) to ensure precision. The thickness of the reflector 
films (0.20 mm) was taken into consideration in the design. The reflector 
films were glued on inner surfaces of the printed VSC frames. Fig. 7 
shows the photograph of the fabricated CVSCs and OVSCs used in this 
study. 

3.3. Experimental setup and testing procedures 

To characterise the optical performance of the fabricated concen-
trators, a VSC-PV assembly was constructed. A Laser Grooved Buried 
Contact (LGBC) monocrystalline silicon PV cell (10 mm × 10 mm) was 
mounted on a Direct Copper Bonded (DCB) alumina substrate, which is 
electrically insulating and thermally conducting. The DCB substrates 
were made based on customised design. The substrate has a tin-coated 
copper layer on the top for soldering the front and rear contacts of the 
PV cell. Low-temperature solder was used to prevent the cell damage 
and increase in the series resistance. The VSC-PV assembly was mounted 
on an aluminium water-cooled stage to maintain the temperature of the 
PV cell at 25 ◦C during the test, which can rotate between 0◦ and 180◦ at 
a step of 5◦. This stage was developed for angular response measure-
ments by Al-Shidhani et al. [53]. A type K thermocouple was placed in 
the vicinity of the top surface of the PV cell and another is insisted in a 
groove between the ceramic plate and the water-cooled stage. All gaps 
between interfaces are filled with the heat sink compound (thermal 
conductivity of 2.9 W/m.K, RS217-3835) to ensure good thermal con-
tact. Fig. 8 shows the schematic diagram of the constructed VSC-PV 
assembly mounted on the rotary stage. In this design, the VSC can be 
removed and replaced without affecting other parts, enabling compar-
ative study under the identical condition except for different VSCs. 

The testing setup for evaluation of the fabricated concentrators is 

Fig. 3. (a) PVSC design, raytracing and active and inactive area, respectively and b) a photograph of the PVSC under the light beam.  

Table 2 
Optical efficiency and the surface area of the conventional and pyramid VSCs.  

VSC Optical Efficiency, OE (%) ± 0.01 Area of Reflectors (mm2) 

CVSC PVSC CVSC PVSC 

VSC-I 88.18 61.74 200 600 
VSC-II 90.44 60.72 304 1000 
VSC-III 93.02 58.51 403 1413 
VSC-IV 93.79 50.20 633 2569  

Fig. 4. Schematic diagrams of a new configuration of V-trough concentrator (a) OVSC design, (b) Onagraceae flowers and c) images of raytracing results for 
the OVSC. 
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shown in Fig. 9. The experiments were carried out under a uniform 
illumination of a class ABB solar simulator (Orial LCS-100, Newport 
instrument). Both VSC-PV assembly and solar simulator are placed in-
side a Faraday-cage and the tests were performed at the standard test 
condition (1000 W/m2, AM1.5G, 25 ◦C) and repeated for at least three 
times. The block on the left side of Fig. 9 is used for measuring I–V curves 
of the PV cells under illumination using AUTOLAB I–V tracer 
(PGSTAT302 N). All tests were repeated at least 3 times and the data 
presented is the average value of 3 measurements. The block on the right 
side is used for measuring the spectral response and the light uniformity 
using a spectroradiometer (StellerNet instrument) covering light spec-
trum of 300 nm–1700nm. During the test, the temperatures of the PV 
cell and ambient were monitored and recorded using type K thermo-
couples connected to a computer via a PICO data logger. The tempera-
ture of the PV cell was controlled by a water circulating bath (Thermo- 
HAAKE-B3). 

Two techniques were employed in this study to determine the 
concentrator ratio. The first one is based on the I–V curves of the PV cell 
acquired using the AUTOLAB. The concentration ratio is calculated from 
the Isc of the PV cell with a concentrator divided by that without the 
concentrator (i.e., bare cell). The second one is determined in a similar 
way by using the light intensities measured using the spectroradiometer. 
Simulation was also performed to determine the concentration ratio of 
the concentrators, assuming that the reflectivity of the reflectors was 
95%. This assumption has been chosen to meet the reflectance of the 
candidate reflector measured in this study, see section 3.2. 

The light uniformity on the absorber surface of the concentrators was 
investigated using the spectroradiometer. The absorber area was divided 
into nine equal areas of 1.5 mm2 each in a windowpane pattern. The 
light sensor of the spectroradiometer was positioned in the centre of 
each division for light intensity measurement and the uniformity was 
then calculated using Equation (8). 

The angular response of concentrators was investigated by rotating 
the concentrator under a fixed light source as shown in Fig. 10. The VSC- 
PV assembly can be positioned on the rotary stage in one of the three 
possible directions as illustrated in Fig. 11: East-West (E-W), South- 
North (S–N), and Northwest-Southeast (NW-SE)/Southwest-Northeast 
(SW-NE). During the measurements, the VSC-PV assembly on the rotary 
stage was rotated at a step of 5◦ from 0◦ to ±45◦ and the I–V curves were 
obtained at each rotation. The concentration ratio as a function of AOI 
corresponding to each rotation were calculated. 

Fig. 5. Schematic of an Onagraceae concentrator panel (a) Single OVSC (b) top view of OVSC panel, and (c) isometric view of OVSC panel.  

Table 3 
The design parameters and the resultant geometrical concentration ratios of 
conventional VSCs and Onagraceae VSCs.  

VSC φ (L/Wab) N CRgeo 

CVSC OVSC 

I 60◦ 1.00 1 2.00 3.00 
II 65◦ 1.52 1 2.29 3.57 
III 68◦ 2.01 2 2.51 4.02 
IV 71◦ 3.16 2 3.06 5.12  

Fig. 6. The reflectance of reflectors (a) four different thin-film mirrors; and (b) the reflectance of the MIRO-SUN mirror at different AOIs.  
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4. Results and discussions 

4.1. Optical and electrical performances 

Fig. 12 shows the results of the concentration ratios for the CVSCs 
and OVSCs measured under normal incident irradiance. It can be seen 
that the actual concentration ratios for all concentrators are close to 
their corresponding theoretical values (i.e., the geometrical concentra-
tion ratio). Furthermore, the concentration ratio of OVSCs is approxi-
mately 1.5 times of their corresponding CVSCs of the same φ and aspect 
ratio (L/Wab), demonstrating the advantage of the OVSCs for achieving 
the concentration ratio beyond the limit of conventional VSCs. More 
importantly, the concentration ratio of the OVSCs is increased without 
significant reduction in optical efficiency. It can be seen from Table 4 
that the OVSCs have high optical efficiency (82%–92%), which is only 
slightly lower than that of the conventional VSCs but significantly higher 
than that of pyramid VSCs. The concentration ratio and optical effi-
ciency were determined from measured I–V curves show good agree-
ment with the values determined from the light intensity measurements 
by spectroradiometer. For both CVSCs and OVSCs, the optical efficiency 
increases with increasing concentration ratio. This can be attributed to 
increased tilt angle and reflector length of the concentrators, which 

minimise optical losses. 
As a result of increased concentration, the power output of the OVSC- 

PV assembly is higher than that of the corresponding CVSC-PV assembly. 
Compared to the bare cell, the light intensity is increased by 4.72 times 
when using the concentrator OVSC-VI. This led to the increase in the 
power output by 5.21 times due to the improvement in Isc, Voc and FF. 
Consequently, the efficiency is increased from 12.6% of the bare cell to 
14.0% using the concentrator OVSC-VI, confirming the well-known 
advantage of using concentrator system. 

Fig. 13 presents the light uniformity across the absorber area of the 
fabricated concentrators. The results show that the uniformity is better 
than 95% for all concentrators except for the OVSC-VI. Although the 
uniformity of OVSCs appears to be slightly lower than the conventional 
VSCs, the advantage of good uniformity of the VSCs is essentially 
maintained in OVSCs because of the reduction is very small. The light 
uniformity seems to decrease slightly with increasing the concentration 
ratio and a noticeable reduction was observed in OVSC-VI. Nevertheless, 
its uniformity is still larger than 90%, which is significantly better than 
other types of concentrators such as CPC [53]. 

Fig. 7. A photograph for the fabricated VSCs (a) conventional VSCs (CVSCs); and (b) Onagraceae VSCs (OVSCs).  

Fig. 8. VSC-PV assembly on a rotary stage for optical characterisation (a) schematic diagram of VSC-PV assembly and (b) photograph of the PV setup on rotary stage 
without concentrator. 

M. Alnajideen and M. Gao                                                                                                                                                                                                                   



Solar Energy Materials and Solar Cells 245 (2022) 111877

7

4.2. Angular response 

Fig. 14 presents the experimental results of the angular responses for 
all fabricated concentrators. In general, the concentration ratio de-
creases with increasing the angle of light incidence (AOI) and it de-
creases more quickly for the concentrators with higher concentration 
ratio as shown Fig. 14a. In addition, the results show that the concen-
tration ratio of the CVSCs decreases linearly with the AOI while the 
concentration ratio of the OVSCs decreases slowly initially but becomes 
increasingly fast with the AOI. This trend can be seen clearly in Figs. 14b 
and c for CVSCs and OVSCs, respectively, where the data are normalised 
to the maximum value of concentration ratio. The angular response of 
the bare Si cell is also included for comparison. It can be seen clearly that 
the reduction in the concentration ratio of the OVCSs is much smaller 
than that of the CVSCs within the initial 15◦. This result demonstrates 
that the OVSCs have better angular response than the CVSCs of the same 
concentration ratio. It is to be noted that the data presented in Fig. 14 

was obtained with the concentrators mounted on the rotary stage in the 
S–N direction. The tests were also carried out along the other directions. 
Although the data shows that the angular response is affected by the 
direction (Appendix), the trends and characteristics are very similar to 
those observed in the S–N directions. This is due to the symmetrical 
feature of the VSCs. 

4.3. Reflector area and cost 

This study focuses on the key concentrator components without 
considering the tracking system. Under this assumption, the reflector is a 
major cost in making the solar concentrators. It is therefore necessary to 
minimise the reflector area while maintaining the optical performance. 
Table 5 shows the design parameters for CVSC-IV and OVSC-I. Although 
both concentrators have the similar CRgeo, the total reflector area 
required to achieve this concentration ratio is 632 mm2 for CVSC-IV and 
400 mm2 for OVSC-I. CVSC-IV consumes 58% more reflective material 

Fig. 9. Schematic diagram of the testing setup, consisting of (1) Faraday cage, (2) solar simulator, (3) the VSC-PV assembly, (4)the inlet of cooling water, (5) the 
outlet of cooling water, (6) temperature controlled water circulating bath, (7) PC; (8) AUTOLAB I–V tracer, (9) PICO-data logger, (10) VSC for spectral testing; (11) 
Spectral sensor, (12) Spectroradiometer, and (13) VSC holder for spectral testing. 

Fig. 10. The schematic diagram of the angular test of the VSC-PV assembly.  
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than OVSC-I. Experimentally, the actual concentration ratio is 2.87x for 
the CVSC-IV and 2.47x for OVSC-I. This may be attributed to more op-
tical losses in OVSCs. Nevertheless, it can be seen that even OVSC-II 

(Table 4), which has an actual concentration ratio of 3.17x, uses 4% 
less of the reflector material than CVSC-IV, demonstrating clearly the 
economic benefit of OVSCs. 

Fig. 11. Three possible rotation directions for angular response measurements of CVSCs and OVSCs.  

Fig. 12. The concentration ratios of the fabricated conventional VSCs and Onagraceae VSCs measured under normal irradiance of light.  

Table 4 
The electrical and optical performance of the VSC-PV assembly using conventional VSCs and OVSCs (Voc is the open-circuit voltage, Isc is the short-circuit current, FF is 
the fill factor, Pmax is the maximum power output, η is the conversion efficiency, CR is the concentration ratio and OE is the optical efficiency).  

φ Mode Voc (Volt) Isc (mA) FF (%) Pmax (mW) η (%) ± 0.1% CR (x) ± 0.01 OE (%) ± 0.01 

PV Spectro PV Spectro 

– Bare cell 0.585 26.98 75.86 11.98 12.6 - - - - 

60◦ CVSC-I 0.600 47.59 77.24 22.05 13.2 1.76 1.77 88.2 88.6 
OVSC-I 0.610 66.75 77.67 31.62 13.5 2.47 2.48 82.5 82.7 

65◦ CVSC-II 0.605 55.78 77.43 26.12 13.3 2.07 2.09 90.4 91.4 
OVSC-II 0.615 85.58 77.76 40.92 13.6 3.17 3.19 88.8 89.4 

68◦ CVSC-III 0.607 62.97 77.59 29.65 13.4 2.33 2.35 93.0 93.7 
OVSC-III 0.623 99.34 78.06 48.31 13.8 3.68 3.70 91.7 92.1 

71◦ CVSC-IV 0.610 77.44 78.08 36.88 13.5 2.87 2.89 93.8 94.3 
OVSC-IV 0.629 126.86 78.19 62.39 14.0 4.70 4.72 91.8 92.2  
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Table 6 shows the estimated cost for three conceptual CPV systems 
compared to a commercial flat PV panel (SolarWatt, 320Wp, [55]). The 
CPV systems using CVSC-IV, OVSC-I and OVSC-IV, respectively, were 

arranged to achieve the same nominal power (320 W) of the flat PV 
panel that consists of 60 Si cells. The cost estimation considered the cost 
of the PV cells, materials for making the concentrator frames, aluminium 
reflectors, and electrical wires. The CPV systems using CVSC-IV and 
OVSC-IV have the same reflector tilt angle φ, whereas the systems using 
CVSC-IV and OVSC-I have the same geometrical concentration ratio, 
CRgeo. The use of the concentrators CVSC-IV, OVSC-I and OVSC-IV can 
save about 65%, 65% and 80% of the PV cells, respectively. However, 
only the system using OVSC-I is able to reduce the cost slightly below the 
cost of the flat panel system. It is to be noted that the comparison shown 
in Table 6 is a simplistic case to illustrate the advantages of the new 
design based on the costs involved in this project without considering 
other factors. Particularly, the costs are calculated based on an ideal case 

Fig. 13. The light uniformity of the conventional VSCs and Onagraceae VSCs.  

Fig. 14. The angular response of CVSCs and OVSCs a) concentration ratio as a function of AOI, b) the normalised concentration ratio as a function of AOI for CVSCs, 
and c) the normalised concentration ratio as a function of AOI for OVSCs. Standard deviation between the repeated measurements is less than 1%. The data was 
obtained with the concentrators mounted on the rotary stage in the S–N direction. 

Table 5 
Design parameters of the CVSC-IV and OVSC-I.  

Parameter CVSC-IV OVSC-I 

Aperture area (mm2) 306 300 
Area of reflectors (mm2) 632 400 
VSC height (mm) 29.91 8.66 
Reflector tilt angle, φ 70◦ 60◦

Aspect ratio, (L/ Wab) 3.16 1.00 
Concentration ratio, CRgeo 3.06x 3.00x  
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where the sunlight is perpendicular to the solar cell surface. In practice, 
daily energy production of a photovoltaic system is depended on angular 
response of the system. In general, the angular response of a concen-
trator system is poor compared to a flat panel system. Consequently, the 
estimated costs for the concentrator systems shown in Table 6 are likely 
to be higher than the flat panel system due to additional cost for a 
tracking system or due to less daily energy production without a 
tracking system. Clearly, it is extremely challenging for CPV systems to 
compete with the flat silicon PV systems due to very competitive price of 
silicon solar cells. Nevertheless, such concentrators may find applica-
tions in CPV systems that employ other types of more expensive solar 
cells, such as GaAs and InP cells. 

5. Conclusions 

A new configuration of V-trough solar concentrator, referred to as 
the Onagraceae V-trough Solar Concentrator (OVSC), was investigated 
in comparison with conventional V-trough concentrators. Four OVSCs of 
different concentration ratios, together with four corresponding con-
ventional VSCs, were fabricated and their optical performances were 
characterised. The experimental results from this comparative study 
show that this new configuration enables to achieve higher concentra-
tion ratio beyond the limits of the conventional V-trough concentrators 
of the same tilt angle and reflector length. The higher concentration 
ratio is achieved without significant reduction in optical efficiency (less 
than 2% on average) and light uniformity (~1% on average), which is a 
challenging trade-off in the design of solar concentrators. Furthermore, 

the additional advantages of this new configuration include the 
improved angular response and potential to reduce the cost of the con-
centrators by using less reflector area for the same concentration ratio 
compared to the conventional V-trough concentrators. Clearly, these 
characteristics make OVSC a better alternative for low cost and low 
concentration applications. In addition, the flat surface of the reflector 
area facilitates direct implementation of this configuration for fabri-
cating spectral splitting concentrator using commercially available 
dichroic mirrors. It is worth noting that the potential application and 
economic benefit of this novel design is still unclear. Considering the 
recent dramatic reduction in the price of silicon solar cells, the use of the 
concentrators to improve the economic performance of silicon solar cells 
is no longer considered a viable route. Nevertheless, it is still possible to 
use the concentrators to improve the economic viability of other types of 
solar cells, such as GaAs or InP cells. In addition, the concentrators could 
also be employed to produce concentrated heat for varies thermal 
devices. 
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Appendix 

Table 6 
The estimated cost of conceptual CPV systems producing a nominal power of 
290 W (The calculation is based on an ideal case where the sunlight is perpen-
dicular to the solar cell surface. The angular response of the systems has not been 
considered).   

Flat Panel [55] OVSC-IV CVSC-IV OVSC-I 

PV cell area 156 mm × 156 mm 156 mm × 156 mm 156 mm × 156 mm 
156 mm × 156 mm 

No. of PV cells 60 12 21 21 
Total area of PV 

cells 
1.46 m2 0.30 m2 0.51 m2 0.51 m2 

No. of 
concentrators 

No 
concentration 

12 21 21 

Aperture area/ 
height 

1.66 m2/0.04 
m 

1.50 m2/ 
0.5 m 

1.57m2/ 
0.5 m 

1.54m2/ 
0.16 m 

Reflector area (m2) – 3.70 3.23 2.04 

Cost of PV cells ($) 
[55] 

– 29.87 52.27 52.27 

Cost of reflectors 
($) [56] 

– 205.11 179.48 116.93 

Structure ($) [57] – 119.09 104.21 75.86 
Total Cost $288.90 $354 $336 $245 

(i) The cost of the PV cell is $2.49, (ii) the cost of reflector is $56/m2, (iii) the 
structure cost is estimated from the printer’s CURA software ($0.01/cm3) ma-
terial and power, and (iv) the total costs include the VAT (20%). 
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Fig. A- 1. The angular response of Conventional VSCs.  

Fig. A- 2. The angular response of Onagraceae VSCs.   
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Fig. A- 3. Comparison of the angular response between the CVSCs and OVSCs in the S–N position.  
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