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Low Concentrating Photovoltaics (LCPV) for buildings and their 
performance analyses 
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H I G H L I G H T S  

• Three Low Concentrating Photovoltaic (LCPV) systems have been developed for building retrofit. 
• Ray trace simulations are verified with the indoor experimentation. 
• Daily, monthly and seasonal variation of predicted energy output is presented. 
• The effect of cell temperature on energy generation is presented.  
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A B S T R A C T   

Low concentrating photovoltaic technologies (LCPV) for building application offer viable solutions in improving 
the conversion efficiency of solar cells leading to an improved electrical output per unit cell area required when 
compared to conventional solar photovoltaic modules. The current study explores the feasibility of different 
geometrically equivalent LCPVs designed for building application through indoor experimental characterisation 
and analytical investigations. LCPV concentrator geometries were designed and simulated to predict optical 
efficiency at various truncation levels and range of angles of incidence using ray trace module in COMSOL 
Multiphysics version 5.3. The geometric concentration ratios of LCPVs investigated Compound Parabolic 
Concentrator (CPC), V-Trough and Asymmetric Compound Parabolic Concentrator (ACPC) with geometric 
concentration ratios of 1.46, 1.40, and 1.53 respectively. These prototypes were manufactured and their elec
trical conversion efficiency in conjunction with crystalline silicon (c-Si) solar photovoltaic cells were measured 
using OAI Trisol Class AAA solar simulator. Analytical model developed in the present study predicts the annual 
energy output generated and payback period for the LCPVs compared to an equivalent area of conventional flat 
module. Theoretical modeling results have showed that Asymmetric Compound Parabolic Concentrator (ACPC) 
with mono-crystalline silicon cells (m-Si) have generated highest energy output per unit area of 177 kWh/m2 as 
compared to the other configurations which make it economically viable for building retrofit with a predicted 
payback period of 9.7 years.   

1. Introduction 

Buildings account for 40% of Europe’s total energy consumption and 
36% of CO2 emissions [1]. It has been reported that 75% of total existing 
European buildings are energy inefficient with 35% of them over 50 
years old [2]. Hence, harnessing solar energy to generate power using 
wall/roof mounted photovoltaic (PV) systems offer an opportunity to 
enhance their energy efficiency. It also reduces their environmental 
impact for PV panels are noise free and emit no emissions during 
operation. No wonder, the cumulative solar PV installation capacity 

across Europe was 26.77 GW in 2018 and estimated to pick up signifi
cantly from 2019 to 2024 to 50.39 GW [3]. 

The amount of power generated and electrical conversion efficiency 
is dependent on the insolation (type and amount) available on PV cells. 
Optical concentrators can increase radiation intensity on the solar cell 
surface, which can reduce the amount of semiconductor material used in 
manufacturing PV panels, thus reduction in the overall PV module cost. 
High concentrating photovoltaic (HCPV) technologies account for 
>90% of the global installed capacity though all CPV technologies with 
geometric concentration ratio Cg > 10 require solar tracker, which uses a 
proportion of the power generated, substantially increases the capital 
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and maintenance costs and adds weight to the panel structure [4,5]. On 
the contrary, low concentrating photovoltaic (LCPV) technologies with 
Cg ≤ 10 are simpler in design, can harness a large part of solar spectrum 
whilst requiring no or a simple tracking mechanism requiring zero or 
minimum maintenance. The concentrators with Cg ≤ 3 with a capability 
to even harness a significant amount (factor of inverse of Cg) of the 
diffuse solar radiation incident on the aperture are strong candidates for 
deployment in the geographic regions experiencing high diffused solar 
radiation component [6]. Clearly, these are best suited for building 
integration or retrofitting and have been investigated for several years 
by many research groups globally. 

Compound parabolic concentrator (CPC) based CPV systems due to 
their ability to harness diffuse radiation gripped a lot of attention since 
they were first reported in 1974 [6]. Hasan et al. [7] have compared the 
electrical performance of actively cooled CPC PVT collectors using p-Si 
solar cells with a non-concentrating p-Si solar panel. Results have 
showed that CPC with p-Si solar cells produced 62.5% higher than a non- 
concentrating p-Si solar panel. Baig et al. [8] have reported a three- 
dimensional crossed compound parabolic concentrator (3.6x) with flat 
m-Si PV cells, which achieved a power ratio of 2.67 when compared to a 
flat PV panel. A novel mirror symmetrical dielectric totally internally 
reflecting concentrator was reported to achieve a concentration ratio of 
13.45x, for radiation incident within its half acceptance angle, when 
compared to a non-concentrating solar cell [9]. Shaltout et al. [10] 
studied a dual axis tracked V-Trough concentrator in conjunction with p- 
Si and a-Si solar cells. Sangani and Solanki [11] experimentally 

measured a 44% higher electrical energy produced by a seasonally 
tracked 2-sun V-Trough concentrator than a non-concentrating coun
terpart. Baig et al. [12] and Elminshawy et al. [13] have reported water- 
cooled V-Trough concentrators with c-Si PV technology. Recently, 
Hadavinia and Singh [14] through an experimental study reported that 
a CPC with geometric concentration ratio of 2.7 generating 2.4% higher 
power than a geometrically equivalent V-Trough. These studies have 
shown CPC and V-Trough based LCPV systems in conjunction with c-Si 
solar PV technologies have several advantages as compared to the 
conventional flat panel devices in terms of a higher electrical conversion 
efficiency and an effective use of the roof space. However, their high 
performance is limited to within narrow acceptance angles these have 
been originally designed for, sacrificing optical concentration at angles 
of incidence outside this range. 

Zachropolous et al. [15] have reported a comparative three- 
dimensional optical analysis of both symmetric and asymmetric 
dielectric non-imaging concentrators for building applications. Later, 
Mallick et al. [16,17] and Mallick and Eames [18] experimentally found 
asymmetric compound parabolic concentrator (ACPC) with a flat m-Si 
PV module producing 62% more power than a flat PV module. Lu et al. 
[19] reported PCM cooled m-Si solar cells in conjunction with a trun
cated ACPC (2x) producing 10% higher electrical energy than a 
concentrator with no heat sink at rear end. 

This paper presents a validated comparative assessment of energy 
output and payback period for three geometrically equivalent LCPV 
optical concentrator in conjunction with low cost c-Si cells. This 

Nomenclature 

A Area (m2) 
C Concentration ratio 
Cp Specific heat at constant pressure (J/kg K) 
F The view factor between cell and glass 
F Ratio of inner and outer heat transfer coefficient 
FF Fill factor (%) 
g Gravitational constant 
H Height (mm) 
h Heat transfer coefficient 
Isc Short circuit current (A) 
I Irradiation (W/m2) 
k Thermal conductivity (W/m K) 
L Longitude of the location 
LT Thickness of the glass (mm) 
Lg Vertical distance between cell and the glass (mm) 
n Day number 
Nu Nusselt number 
Ra Rayleigh number 
Rb Ratio of beam irradiation on tilted surface to the horizontal 

surface 
ttrue True solar time 
tzone Number of hours of the local time zone 
T Temperature (K) 
V Wind speed (m/s) 
Voc Open circuit voltage (V) 
W Width (mm) 

Abbreviations 
ACPC Asymmetric compound parabolic concentrator 
AoI Angle of incidence 
CPC Compound parabolic concentrator 
CPV Concentrating photovoltaics 
EOT Equation of time 
LCPV Low concentrating photovoltaics 

m-Si Mono crystalline silicon 
p-Si Poly crystalline silicon 
a-Si Amorphous silicon 
c-Si Crystalline silicon 

Greek symbols 
ω Hour angle 
δ Declination angle 
В Tilt angle 
Τ Transmittance 
β’ Volumetric coefficient of expansion 
Θ Angle 
Σ Stefan Boltzmann constant 
Е Emissivity 
η Efficiency 
v Kinematic viscosity (m2/s) 
α Thermal diffusivity (m2/s) 
ρ Density (kg/m3) 

Subscript 
a Acceptance 
conv Convective 
b Beam 
cell Cell 
d Diffuse 
exp Experimental 
ele Electrical 
glass Glass 
g Geometric 
i Incidence 
opt Optical 
r Radiative 
T Total 
w Wind 
z Zenith  
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demands a combined computer and lab test-based investigations into 
geometrically equivalent LCPV geometries in conjunction with low cost 
c-Si technologies focused on building integration or retrofit. 

The measured difference among LCPV performances has been found 
to be a complex phenomenon as it involves several independent pa
rameters that should be considered simultaneously. LCPV designs were 
developed and their optical performance at various angles of incidence 
predicted using ray-tracing tool in COMSOL Multiphysics. Led by the 
optical analysis three concentrator prototypes - ACPC (1.53x), CPC 
(1.46x) and V-Trough (1.40x) - were manufactured and tested in 
conjunction with commercially available c-Si solar cells under simulated 
solar conditions. The daily, monthly and annual energy output and 
payback period of the LCPV modules are presented with a view to 
identify the best CPV module for fitting onto buildings, new or existing, 
by employing an in-house analytical tool developed in the study. 

2. CPV geometries 

2.1. V-trough concentrator 

A V-Trough concentrator consists of two flat reflectors inclined at an 
angle (θT) to the axis normal to the receiver as shown in Fig. 1. Two flat 
mirrors focus solar irradiance incident on the aperture onto the receiver. 
Critical parameters governing the ray acceptance in a V-Trough design 
consist of trough angle (θT), concentration ratio (Cg) and the height of 
concentrator (Hv) [20]. 

2.2. Compound parabolic concentrator (CPC) 

A symmetric compound parabolic concentrator (CPC) consists of two 
parabolic reflectors with equal half acceptance angle (θa) located on the 
both sides of the receiver. This design achieves the highest optical effi
ciencies resulting into the maximum theoretical concentration on the 
receiver provided the solar radiation falls at aperture within acceptance 
angle (±θa). The profile of the CPC between (L) and (M) consists of a 
parabola with the focus at K, as shown in Fig. 2. The equation of any 
parabola in polar coordinates is represented in Eq. (1). 

r =
2f

1 − cosϕ
(1)  

With the origin for Cartesian coordinates at the centre of receiver KM 
and z-axis along the height of concentrator, the parametric representa
tion of CPC can be determined from Eq. (2) and Eq. (3). The angular 
expanse of (r) for a full height CPC (Hcpc) varies from 2θa ≤ ϕ (LM) ≤
Π/2 + θa [21]. Truncating CPC facilitates some rays incident at aperture 
at θi > θa reaching the receiver, without significant loss in the optical 
efficiency. Truncation of side walls reduces reflector material required, 
weight and the height of a CPC to ease its building application [22]. The 
arc length of the reflector wall is determined by the angular position of r 
in relation to θa, which is then rotated at ϕ resulting in the truncated arc 
length L′. 

y =
2a’(1 + sinθa)sin(ϕ − θa)

1 − cosϕ
−

Wr− cpc

2
(2)  

z =
2a’(1 + sinθa)cos(ϕ − θa)

1 − cosϕ
(3)  

2.3. Asymmetric Compound Parabolic Concentrator (ACPC) 

An asymmetric CPC is an exceptional case of symmetric CPC, intro
duced by Rabl [23]. Fig. 3 presents the cross-sectional view of an 
asymmetric CPC with acceptance angles (2θa = θa,l + θa,r). The axis of 
left parabola subtends an angle (θa,l) to the axis of the concentrator with 
its focus on the right parabola (M). In addition, the axis of right parabola 
subtends an angle (θa, r) with the concentrator axis with focus on the left 
parabola (K). 

3. Ray trace modelling 

Optical analysis of LCPV designs in this research involved CPC, V- 

Fig. 1. Cross sectional view of V-Trough concentrator [20].  

ϕ

Fig. 2. Cross sectional view of a CPC concentrator [21].  

Fig. 3. Cross sectional view of ACPC concentrator [23].  
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Trough and ACPC geometries using ray optics module in COMSOL 
Multiphysics. The optical analysis of the LCPV designs have been 
simulated by considering direct irradiation as a function of angle of 
incidence (AoI) on the aperture of the concentrator as the diffused ra
diation is not directional therefore independent of AoI. The design of the 
reflector walls has been simplified by using parametric curve in COM
SOL which solved the critical variables such as ϕ and θi from the Eqs. (2) 
and (3). The number of simulations required to investigate CPV designs 

at different truncation levels, varying AoI, could be very large. For 
instance, investigating a full height CPC varying AoI from 0◦ to 90◦ at 
three levels of truncation requires 91 × 3 = 273 simulations, for a 
specified half acceptance angle θa. This step has been condensed to 3 
simulations using parametric sweep tool which allowed to test a range of 
angular intervals. The ray trace simulations in COMSOL require 
concentrator geometry with an inlet, reflectors and a receiver and op
tical properties of each concentrator component allowing a time 
dependent study. 

The following boundary conditions were employed in this study.  

(i) Ray properties were specified to a wavelength of 550 nm.  
(ii) Reflector walls were inputted with a reflection coefficient of 0.98 

with a primary wall condition of specular reflection.  
(iii) Wall condition for the receiver was set to freeze rays.  
(iv) Number of rays per release were specified to 1000. 

The ray acceptances of full height and truncated concentrators are 
illustrated in Fig. 4. Ray trace simulation showed that all the rays inci
dent at AoI within half acceptance angles (θi < θa) reached the receiver 
of CPC and V-Trough collectors regardless of their level of truncation 
and geometric concentration ratio. However, truncated collectors only 
partially accept rays beyond half acceptance angles (θi > θa), see Fig. 4, 
CPC showed a clear variation with AoI ranging from 0

◦

to 90
◦

. However, 
at full and truncated heights the ACPC showed the highest ray accep
tance only over +θa due to asymmetricity of its half acceptance angles, 
see Fig. 4. Fig. 5 presents an example ray trace graphs of ACPC and CPC 
under AoI ranging from 0

◦

to 60
◦

respectively. 

 (%
) 

AoI (°) 

Fig. 4. Angular acceptance of the LCPV designs investigated at different AoI.  

Fig. 5. Ray trace graphs of ACPC and CPC collectors at AoI ranging from 0◦ to 60◦.  
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3.1. CPC design validation 

A full height CPC concentrator was designed numerically with a half 
acceptance angle of 16

◦

and its ray acceptance was compared to the 
results from the studies reported by Winston et al. [21] and Li et al. [24]. 
The results showed that there is a deviation of 7.8% from the data re
ported, see Fig. 6. 

4. Concentrating collectors and testing 

4.1. CPV systems description and construction 

For optical analysis, all three different LCPV geometries investigated 
were, truncated at different levels whilst keeping the same receiver 
width of 33 mm. For ACPC, a full height concentrator with a geometric 
concentration ratio (Cg) of 2.82 and half acceptance angles (θa) of 0◦ and 
60◦ was considered. The full height ACPC was truncated to one-third 
height, which reduced the geometric concentration by 54.3%. Simi
larly, a CPC with θa = 30◦ and Cg = 2 truncated to 1/3rd of its full height 
with a resulting final Cg of 1.46 was considered. A V-Trough concen
trator with Cg of 1.40 and trough angle (θT) of 20◦ was also studied. 

The geometries with preferred concentration ratios, receiver width 
and aperture width were designed in SolidWorks to facilitate the 
manufacturing phase using CNC milling machine. High-density poly
urethane board was employed as substrate for prototyping these ge
ometries. The reflectors in CPV systems demand high reflectivity with 
minimum optical losses and durability. MIRO-SILVER 4200 AG [25] 
with a total reflectivity of 0.98 in the visible range was employed. 

Concentrator walls were formed by gluing reflector sheets to the sides of 
the substrate, as shown in Fig. 7. 

4.2. Electrical conversion efficiency measurements 

The electrical conversion efficiency measurements of the m-Si, p-Si 
solar PV cells in conjunction with the manufactured CPV prototypes 
were performed using an OAI Trisol class AAA solar simulator. LCPV 
prototypes with solar PV cells were positioned on the tilting table, 
placed on the illuminated area of simulator, allowing testing done at a 
range of AoIs. Regulating the power supply to the solar simulator 
allowed current and voltage measurements of solar cells under variable 
beam intensities. An electronic SCT-110 PV cell Tester was used to 
measure the current and voltage output of the solar cells and the elec
trical conversion efficiency of cell at maximum power output were 
measured. The schematic of the experimental setup and testing V- 
Trough concentrator are shown in Fig. 8a and Fig. 8b. The measured 
properties of the solar PV cells presented in Table 1. 

(%
) 

AoI (°) 

Fig. 6. Comparison of angular acceptance of a full height CPC of half accep
tance angle of 16◦. 

Fig. 7. LCPV prototypes developed and tested under solar simulator.  

Solar PV cell

Solar simulator

Irradiation 

PV cell Tester

CPV panel

Computer+ -

Fig. 8a. Schema of the experimental setup for the electrical conversion effi
ciency measurements. 

Fig. 8b. Testing V-Trough concentrator under OAI solar simulator at 
normal incidence. 

Table 1 
Measured properties of the solar cells studied.  

Cell type m-Si p-Si 

Cell Dimensions (mm2) 98 × 30 98 × 31 
Voc(V)  0.65 0.60 
Isc(A)  1.13 1.05 
ηmax(%)  17.62 15.54 
FF(%)  73 73.94  
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4.3. Optical concentration measurements 

The optical efficiency of the developed prototypes CPC, V-Trough 
and ACPC was measured using OSRAM SFH 203P photo diodes, with a 
spectral range of 400–1000 nm and the radiant sensitive area of 1 × 1 
mm2 [26]. To measure the radiant flux, two photodiodes were placed on 
the receiver and one on the concentrator aperture, see Fig. 9, and the 
generated voltage recorded with digital multi meters. 

The experimental optical efficiency (ηexp,opt) is calculated as a ratio 
of the radiant flux received at the receiver (Ireceiver) to the product of the 
radiant flux incident on the concentrator aperture (Iaperture) and the 
geometrical concentration ratio (Cg); see Eq. (4). 

ηexp,opt =
Ireceiver

Iaperture × Cg
(4) 

The optical concentration ratio (Copt) of the concentrators has been 
calculated using Eq. (5). 

Copt = ηexp,opt × Cg (5)  

5. Annual energy generated by the solar concentrators 

5.1. Model for the electrical power generation 

A computer model has been developed to predict the techno- 
economic viability of the LCPV panels and the flat PV modules. In the 
model, the solar irradiation data (global and diffused) and climate file 
for London has been employed from the design reference year [27]. 
Beam, isotropic diffuse and the diffused radiation reflected from 
neighbouring and received on the aperture of the PV panels have been 
considered [28]. 

The electrical output and thermal resistance of the various solar PV 
technologies were studied numerically by Palencia et al. [29], Orioli 
et al. [30], Lurwan et al. [31]. A novel approach has been developed in 
this study to predict the solar radiation incident on the receiver (PV 
cells) using the measured optical concentration of the LCPV systems 
through indoor experiments. The radiation intensity incident on the 
solar cells determine the electrical output, heat gained and lost by the PV 
cells. The variables inputted to the model are presented in Table 2. Total 
irradiation, IT (W/m2) on a tilted surface (β) for an hour is determined 
using Eq. (6). 

IT = IbRbτb + Id

(
1 + cosβ

2

)

τd + Iρg

(
1 − cosβ

2

)

τd (6)  

where Rb is the ratio of beam irradiation on tilted surface to the hori
zontal surface and is calculated by using Eq. (7). 

Rb =
cos(θi)

cos(θz)
(7) 

The angle of incidence(θi) and the zenith angle (θz) are calculated 
using Eqs. (8) and (9) 

θi = cos1(sinδ sinϕ cosβ − sinδ cosϕ sinβ cosγ + cosδ cosϕ cosβ cosω
+ cosδ sinϕ sinβ cosγ cosω + cosδ sinβ sinγ sinω) (8)  

θz = cos1(cosϕ cosδ cosω + sinϕ sinδ) (9)  

where ω,the hour angle and δ, the declination angle, were calculated 
using Eqs. (10) and (11). 

ω = (ttrue − 12.00) × 15 (10)  

δ = 23.45sin
[

360
365

(284 + n)
]

(11)  

where ttrue is the solar time, determined from the movement of the sun, 
calculated using Eq. (12) and Eq. (13) [32]. 

ttrue = tlocalmean + toffset (12)  

toffest = EOT − 4L+ 60tzone (13)  

where tlocalmean (min) indicates the local time, L is the longitude of the 
location (East > 0, West < 0), tzone is the number of hours of the local 
time zone from the UT (East > 0, West < 0). EOT is the equation of time 
expressed in minutes and is calculated using Eqs. (14) and (15). 

EOT = 229.2(0.000075+ 0.001868cosB − 0.032077sinB − 0.014615cos2B
− 0.04089sin2B)

(14)  

B = (n − 1)
360
365

(15)  

where n is the day number. 
Lastly, the power generated by the solar cells is calculated using Eq. 

(16). 

Pout = ITAapertureCoptηele (16) 

Copt is the optical concentration and ηele is the electrical conversion 

150 mm

20 mm
Solar simulator

Irradiation 

Photodiodes

Multi meter 1 Multi meter 2

CPV panel

Computer

33 mm

Aperture
Receiver

Fig. 9. Layout of the experimental setup for optical efficiency measurements.  

Table 2 
Variables used in the analytical model.  

Variables Value Source 

Tilt angle, β 51.51◦ – 
Latitude of the location,ϕ  51.51◦ N – 

Longitude of the location,L  0.45◦ W – 
Ground reflectivity coefficient,ρg  0.22 [28]  

Fig. 10. Summary of boundary conditions employed in the thermal model.  
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efficiency corresponding to the operating temperature. 

5.2. Model for predicting the thermal performance of the solar panels 

A thermal model for predicting the temperature of the solar PV cells 
has been developed. While predicting the conversion efficiency corre
sponding to the operating cell temperature, it has been assumed the 
boundaries of the concentrator are adiabatic excepting the glass aper
ture and the concentrator is tilted at an angle of 51.51◦ facing south. 
Modes of energy exchange considered at various surfaces on the solar 
panels are shown in Fig. 10. The input parameters used in the thermal 
model are presented in Table 3. 

As the heat transfer between the cell and the glass is due to natural 
convection, so the natural heat transfer coefficient (hconv) is calculated 
by using Eq. (17). 

hconv =
Nukair

LG
(17)  

where Nu is the Nusslet number, kair (W/m.K) is the thermal conduc
tivity at 25 ◦C and LG (40 mm) is the vertical distance between the cell 
and the glass. 

The collector is tilted at an angle so the Nusselt number can be 
calculated by using Eq. (18). 

Nu = 1 + 1.44
[

1 −
1708 (sin1.8β)1.6

Ra cosβ

][

1 −
1708

Ra cosβ

]

+

[(
Ra cosβ

5830

)0.3

− 1
]

(18)  

where Ra is the Rayleigh number and β the tilt angle (51.51◦). 
The Rayleigh number has been calculated by using Eq. (19). 

Ra =
gβ’ΔTL3

vα (19)  

where g (m/s2) is the gravitational constant, β’ is the volumetric coef
ficient of expansion,ΔT (K) is the temperature difference between cell 
and the glass cover, v (m2/s) is the kinematic viscosity and α (m2/s) is 
the thermal diffusivity. 

Furthermore, beside natural convection, the radiative heat exchange 
between the cells and the glass cover was accounted in the model, for 
which the radiative heat transfer coefficient (hr), is calculated using the 
Eq. (20) [33]. 

hr =
σ
(

T2
cell + T2

glass

)(
Tcell + Tglass

)

1− εcell
εcell

+ 1
F +

(1− εglass)Acell

εglassAglass

(20)  

where σ is Stefan Boltzmann constant (5.67 × 10− 8 W/m2.K4), Tglass (K) 
is the glass cover temperature, εcell, εglass are the emissivities of the cells 
and the glass respectively, F is the view factor between cell and glass, 
Acell, Aglass is the cell and glass cover areas respectively. 

The glass cover temperature is critical variable to be analyse because 
the heat gain is mainly due to convective and radiative heat transfer 
between the cell and the glass. The glass temperature (Tg) has been 
calculated by using the Eq. (21) [33]. 

Tg =
(fTc + Ta)

(1 + f )
(21)  

where Ta is the ambient temperature, Tc is the cell temperature and f is 
the ratio of inner (heat exchange between the cell and the inner glass 
cover) and outer (heat exchange between the outer glass cover and the 
ambient) heat transfer coefficient and is calculated by using Eq. (22). 

f =

[(
12 × 10− 8(Ta + 0.2Tc) + hw

]− 1
+ 0.3LG

[
6 × 10− 8(εcell + 0.0028)(Tc + 0.5Ta)

3
+ 0.6LT

− 0.2{(Tc − Ta)cosβ}0.25
]− 1

(22)  

where LT is the thickness of the glass, LG is the vertical distance between 
cell and the glass, hw is the wind heat transfer coefficient due forced 
convection on the top side of the glass cover and ambient and is calcu
lated using Eq. (23) [28]. 

hw = 5.7+ 3.0V (23)  

where V (m/s) is the wind speed. 
The operating cell temperature (Tc2) corresponding to the irradiation 

can be calculated by using Eq. (24). Overall, the energy balance of the 
solar collector, determines the operating cell temperature (Tc2) calcu
lated using the Eq. (24). 

Tc2 =
αabIT + (hconv + hr)Tg + ρcell ∊cellCp,cellTc1

hconv + hrρcell ∊cellCp,cell
(24) 

Finally, the cell conversion efficiency (ηele) has been evaluated by 
using Eq. (25). 

ηele = ηT,ref [1− βref
(
Tc2 − TPV,ref

)]
(25)  

5.3. Payback period calculations 

A spreadsheet-based model has been developed to predict the 
payback period, time required for a capital investment to generate a 
positive cash flow, of LCPV panels and flat PV panels in conjunction with 
m-Si and p-Si solar cells. 

Payback period calculations have considered 12 panels of 340 Wp 
(LCPV and flat PV panel configurations) summed up to a total 4 kWp 
solar PV array installed in London (UK) at a tilt angle of 51.51◦ facing 
south. It has been assumed that solar cell efficiency, measured under 
solar simulator is equal to the module efficiency. Unit price of electricity 
of £0.1174/kWh has been adopted [39]. Table 4 shows the economic 
parameters considered by the model. For predicting the payback period 
calculations, LCPV panels have been assumed to cost 10% higher than 
conventional PV panels. 

Table 3 
Variables used in the thermal model.  

Variables Units Value Source 

Density of the cell (silicon),ρcell  kg/m3 2300 [34] 
Specific heat of the cell (silicon),Cp,cell  J/kg. 

K 
677 [35] 

Absorptivity of cell (silicon),αab  – 0.9 [36] 
Temperature coefficient of the m-Si and p-Si 

solar cells employed,βref  

%/◦C − 0.36, 
− 0.41 

[37,38] 

Emissivity of the cell material, εcell  – 0.1 [36] 
Emissivity of the glass cover, εglass  – 0.9 [36] 
Thickness of the glass, LT mm 3 [36] 
Thermal conductivity of air,kair  W/m. 

K 
0.025 [36]  

Table 4 
Variables used in the payback period calculations.  

Investment Cost (£) Source 

m-Si panel 225 [37] 
p-Si panel 185 [38] 
LCPV panel with m-Si solar cells 250 – 
LCPV panel with p-Si solar cells 204 – 
Supporting structure 2000 [38] 
Installation costs 1000 – 
Spare parts 500 [38,40]  
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5.4. Validation of the energy output model 

The analytical model developed in the current study has been vali
dated through an experimental investigation reported by Hadavinia and 
Singh [14]. The model was inputted with the cell area of 25 mm × 125 
mm, solar radiation (direct and diffuse) measured on 20th September 
and the electrical conversion efficiency 19.4%. From Fig. 11, the power 
output predicted by the energy output model showed a deviation of 
11.3% (highest) from the experimental data. The deviation between 
analytical (current study) and experimentally measured power output 
[14] may have occurred due to the different values of input parameters, 
such as ambient temperature, wind speed and cell temperature, 
employed by the model. Weather data used by the model was sourced 
from the reference year data for London as available in the Energy Plus 
library [27]. 

6. Results and discussion 

6.1. Electrical conversion efficiency measurements 

The measured electrical conversion efficiencies (ηele) of the m-Si and 
p-Si solar cells in conjunction with the CPV prototypes are shown in 

Fig. 12. Performances of solar cells under one-sun condition are also 
shown. Solar radiation intensity of 1000 ± 2 W/m2 supplied by the solar 
simulator were employed for the tests. Cells were tested first under one- 
sun and then in conjunction with the developed optical concentrators. 
Measurements have shown that m-Si cell in conjunction with the CPC 
panel achieved an efficiency of 25.12% with a maximum power (Pmax) of 
0.74 W at 0◦ angle of incidence followed by V-trough, ACPC and non- 
concentrated cell with conversion efficiencies 24.59%, 22.72%, 
18.11% respectively. At 0◦ angle of incidence, p-Si cell recorded an 
electrical conversion efficiency of 21.95% with CPC followed by V- 
Trough, ACPC and non-concentrated configuration at 20.83%, 18.09% 
and 15.54%, respectively. Further, for angles of incidence > 0◦ (from 
10◦ to 60◦ studied), ACPC panels achieved higher electrical conversion 
efficiencies than other concentrator panels for both cells m and p-Si 
cells. For example, ACPC achieved 42.2% higher electrical efficiency for 
m-Si cell than a non-concentrated m-Si cell at AoI 10◦. 

6.2. Effect of short circuit current on electrical conversion efficiency of 
solar cells 

The effect of concentration on the current generated by the solar cells 
is presented in Fig. 13. The short circuit current (Isc) increased with the 
concentration, thus increasing the electrical conversion efficiency of the 
solar cell. As expected, m-Si cells performed better than p-Si cells. The 
measurements have been performed with flash simulator, therefore is no 
rise in cell temperature detailed. In addition, the short circuit current 
generated by the LCPV panels showed a decreasing trend as the AoI 
increased, which is attributed to the cosine effect, see Fig. 14. Cosine 
effect is the reduction in illuminated area on the receiver due the cosine 
angle formed between the direction of sun rays and normal to the 
receiver plane [41]. The reduction of the illuminated area is not 
equivalent in all the concentrators due to the acceptance angle of the 
LCPV geometric configuration. As the AoI increases the shaded area 
increases (see Fig. 14), thereby reducing the power output of the LCPV 
panels. In addition, as AoI increases, the shaded area increases with 
increasing non-uniformity reducing the power produced by the cell and 
causing non-homogenous temperature gradient across the LCPV panel. 
Number of hours for which cell will be shaded (partially or fully) for 
ACPC, CPC and V-Trough geometries have been predicted to be 2555 h, 
2856 h, 3534 h respectively for London. 
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Fig. 11. Power generated by flat PV m-Si solar cell during the testing hours 
from 10:00 to 14:00. 
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Fig. 12. The electrical conversion efficiencies of the developed LCPV systems 
in conjunction with c-Si solar cells at 1000 ± 2% W/m2. 
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Fig. 13. The short circuit current generated by the developed LCPV systems in 
conjunction with c-Si solar cells. 
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6.3. The effect of angle of incidence on the optical concentration of LCPV 
systems 

The developed LCPV panels showed an excellent agreement between 
the experimental and simulated optical concentration, see Fig. 15. The 
experimental characterisation of the optical efficiency of CPC, V-Trough 
and ACPC showed the deviation (highest) of 4.36%, 7.8% and 16.03% 
from the 2-D ray tracing simulation respectively. The optical concen
tration ratio depends on the shape and the reflectivity of the reflector. 
The deviation between the experimental and simulation results can be 
explained by manufacturing defects in the concentrator substrate, 
reflector misalignment, and misaligning the optical sensors at the 
receiver. 

6.4. Global and diffuse irradiation 

In London, in a typical year, out of a total 4399 h of sunlight, 
magnitude of hourly diffuse radiation on a horizontal surface is greater 
than direct radiation for 2963 h [27]. London receives approximately 
996 kWh/m2 of global horizontal irradiation and 556 kWh/m2 of diffuse 
horizontal irradiation, making the latter a critical factor to be accounted 
for when designing CPVs for London. To maximise the use of diffuse 
light, optical designs of three LCPV systems with Cg < 3 have been 
optimised in this study. 

6.5. Comparison of the predicted energy output per unit cell area and the 
operating cell temperatures 

The predicted energy output per unit cell area of the developed LCPV 
configurations and the flat PV modules in conjunction with m-Si and p-Si 
solar cells are illustrated in Fig. 16. An equivalent cell area of 13.32 m2 

Fig. 14. Representation of reduction of illuminated area on the receiver due to cosine effect.  

AoI (°)

Fig. 15. The variation of the simulated and measured optical concentration 
against AoI of the LCPV systems developed. 
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Fig. 16. Comparison of predicted monthly cumulative power generation of 
LCPV concentrators with that of the flat PV panels. 
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Fig. 17. Operating cell temperatures of LCPV panels and flat PV module and 
the ambient temperature of London. 
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was considered for all cases investigated. The cumulative energy output 
of ACPC, per unit cell area, with m-Si cell was 177 kWh/m2 followed by 
V-Trough, CPC and flat PV module at 134 kWh/m2, 125 kWh/m2 and 
101 kWh/m2 respectively. On the other hand, ACPC, per unit cell area, 
with p-Si generated 156 kWh/m2 followed by V-Trough, CPC and flat p- 
Si PV panel with 105 kWh/m2, 99 kWh/m2 and 86 kWh/m2 respec
tively. Results showed that the ACPC with m-Si generated higher energy 
output annually as compared to the other configurations. It can be seen 
from Fig. 16, during the months of May to August, the LCPVs’ perfor
mance decreases due to elevated operating cell temperatures (see 
Fig. 17). When no active cooling was considered, solar cell temperatures 
with ACPC panels were predicted to be consistently the highest among 
all modules considered. 

The operating cell temperature, energy output, AoI and electrical 
conversion efficiency for 21st June (summer solstice) are presented in 
Fig. 18. ACPC achieved the highest optical concentration during 12:00 
to 16:00 among all configurations studied, see Fig. 18(a). The higher 
optical concentration of ACPC resulted into the highest energy output 
and electrical conversion efficiency as compared to the other concen
trators and the flat PV modules, see Fig. 18(b) and Fig. 18(c). 

Furthermore, ambient temperature and the operating cell tempera
tures of LCPV panels are shown in Fig. 18(d). However, the trend of cell 
temperature and solar irradiation is not same, see Fig. 18 (b), as the heat 
loss from the concentrator exists only through the glass cover (as 
concentrator walls and the cells are adiabatic, see Fig. 10). Moreover, 
the effect of cell temperature on the electrical conversion efficiency can 
be understood when the cell temperature is equal to the ambient 

temperature (25 ◦C), the electrical conversion efficiency of the ACPC is 
25.12% at AoI 10◦ (see Fig. 12). However, at same AoI, the predicted 
operating cell temperature is 90 ◦C (ACPC), the electrical conversion 
efficiency reduces to 15.8%, see Fig. 18(c), that indicates the signifi
cance of cooling the solar PV cells. 

Fig. 18. (a) Optical concentration, (b) power output per unit cell area, (c) electrical conversion efficiency, (d) operating cell temperatures of the LCPV panels 
predicted for 21st June. 
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Fig. 19. Electrical conversion efficiency and the energy output of ACPC module 
with active cooling (operating cell temperatures maintained at 25 ◦C) and 
without cooling. 
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The comparison of the generated energy output per unit cell area and 
the electrical conversion efficiency of the ACPC with and without active 
cooling, see Fig. 19. Results showed that generated energy output and 
the conversion efficiency of ACPC with active cooling increased by 31% 
when compared ACPC with no cooling effect. Also, it should be noted 
that the temperature difference (60 ◦C) can be used for the domestic 
heating applications. The main benefit of deploying LCPV panels for 
buildings account higher power generation and the possibility of 
generating heat for domestic applications will reduce building’s energy 
requirements. 

6.6. Payback period prediction of LCPV panels in conjunction with m-Si 
and p-Si solar PV cells 

The payback periods estimated for the LCPVs developed without 
considering any feed-in-tariffs are shown in Fig. 20. Simulations have 
showed that ACPC panel with m-Si solar cells achieved the lowest 
payback period of 9.7 years when compared to CPC, V-Trough and flat 
m-Si PV modules with 13.8 years, 12.94 years and 16 years respectively. 
For p-Si cells, ACPC still showed the shortest payback period of 10.05 
years, see Fig. 20. In addition, results in the previous sections showed 
that truncated LCPV systems could perform higher when hybridised as 
photovoltaic-thermal system (PVT) by generating more power whilst 
simultaneously supplying hot water. This will help them achieving a 
lower payback period benefitting the plant owners and higher profits for 
PV industry. 

7. Conclusions 

In this study, the potential of LCPV panels using low cost c-Si solar 
cells has been analysed by investigating the technical and economic 
performances. 

LCPV concentrator geometries were designed and simulated to pre
dict ray acceptance at range of angles of incidence using ray trace 
module in COMSOL Multiphysics. 

The manufactured prototypes were tested under OAI simulator and 
measurements have shown that ACPC achieved 42.2% higher electrical 
efficiency for m-Si cell than a non-concentrated m-Si cell at 10◦ AoI. 

An analytical model was developed to predict the energy generation 
capacity and the payback period of the LCPVs configurations when 
compared to flat PV modules installed in London. ACPC panel with m-Si 

solar cells generated 177 kWh/m2 with a payback period of 9.7 years as 
compared to flat m-Si PV panels with 101 kWh/m2 with a payback 
period of 16 years respectively. 

Due to the elevated operating cell temperatures during summer the 
overall performance of LCPVs decreases when no active cooling was 
considered. Maintaining cell temperatures at 25 ◦C on June 21st through 
active cooling increased the power produced by 31% by ACPC. 

It can be determined that LCPVs systems can improve the energy 
output and contribute to part of the heating load as compared to a non- 
concentrating PV panel with the same amount of semi conducting ma
terial. Generating higher energy output make the LCPVs for the building 
retrofit more attractive and therefore contribute to nearly zero-energy 
buildings. 
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