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ABSTRACT: A review on the design and performance aspects of low concentration photovoltaics is presented in 
this work. In Physics Department at University of Patras, Greece optical and thermal performance of low 
concentration configurations have been studied regarding their effect to the electrical output. The experimental 
study confirms that the non-uniform distribution of solar radiation on the PV surface of concentrating photovoltaics 
reduces the electrical efficiency of them. This effect can be overcome combining the photovoltaics with low 
concentration devices that achieve uniform distribution of solar radiation on cell surface. The simpler and of lower 
cost mode is to apply diffuse reflectors instead of specular reflectors. The PV temperature reduction is also a factor 
for the electrical efficiency reduction and several modes for heat extraction can be applied according to the 
application requirements, using water or air cooled hybrid photovoltaic/thermal (PV/T) solar systems.  
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1 INTRODUCTION 

 
Several investigations result to lower the cost of 

photovoltaics increasing also their electrical efficiency, 
but their payback time has not been reduced enough to be 
considered cost effective. The combination of solar 
radiation concentration devices with PV modules is up to 
now the most viable method to reduce system cost, 
replacing the expensive cells with a cheaper solar 
radiation concentrating system. Besides, concentrating 
photovoltaics present higher efficiency than the typical 
ones, but this can be achieved in an effective way by 
keeping PV module temperature as low as possible. For 
PV cooling, a water or air circulation mode can be 
applied to extract the heat from it, avoiding the efficiency 
reduction due to the PV module temperature increase. 
The extracted heat can be rejected to the ambient or can 
be used to cover thermal needs of the application and 
these devices are the hybrid photovoltaic/thermal (PV/T) 
solar energy systems. 

The concentrating solar systems use reflective (flat 
or curved mirrors) and refractive (mainly fresnel lenses) 
optical devices. These solar energy systems are 
characterized by their concentration ratio (CR) and can 
be combined with “linear focus” (2D) or “point focus” 
(3D) absorbers for low (CR<10X), medium (CR<100X) 
or high (CR>100X) CR, respectively. Concentrating 
systems with CR>2.5X must use a system to track the 
sun, while for systems with CR<2.5X, stationary 
concentrating devices can be used. The low concentrating 
ratio systems (CR<10X) are of particular interest for the 
photovoltaics as they are of linear geometry and thus one 
tracking axis is enough for their efficient operation.  

The distribution of the solar radiation on the 
absorber surface (PV module) and the temperature rise of 
it are two problems that affect the electrical output. The 
uniform distribution of the concentrated solar radiation 
on the PV surface and the application of a suitable 
cooling mode contribute in all cases to an effective 
system operation, considering the achievement of the 
maximum electrical output. In this paper a review on low 

concentration photovoltaics is presented regarding the 
design and performance aspects of them. The experience 
from the research activities of Physics Department at 
University of Patras on low concentration solar energy 
systems is presented, discussing the results that are taken 
from laboratory experiments. 

 
2 LOW CONCENTRATION PHOTOVOLTAICS 

 
Among the first works on low concentration 

photovoltaics are the publications of Ralph [1] and Roy 
[2], with Luque [3] studying the advantage of static 
concentrators and Stacey and McGormick [4] giving 
performance results for low concentration photovoltaics. 
In the following, many works have been presented, which 
can be grouped regarding the used mode of concentration 
in V-trough reflectors, CPC (Compound Parabolic 
Concentrators) type reflectors, refractive concentrators 
and linear fresnel lenses, other concentrating systems and 
also systems with bifacial PV modules. 

Regarding the V-trough reflectors, many works are 
referred to one or two tracking axis [5-15] using flat 
mirrors. The planar reflectors are used to increase solar 
radiation on PV module surface, with sun tracking to 
result in a uniform distribution of solar radiation on it. 
They are simple devices, achieving concentration ratios 
up to about two with east-west or north-south orientated 
reflectors. Low concentration CPCs is another category 
of devices that are coupled with PV modules [16-23], 
most of them are static concentrators (no movements to 
track the sun), but suffer from the non-uniform 
distribution of solar radiation on the surface of cells.  

Bifacial cells are used [24-28] in order to adapt 
concentrating system geometry, reducing in this way cell 
material. Refractive concentrators [29-34], fresnel lenses 
[35,36] and colored diffused reflectors [37] are also 
optical devices that have been suggested for low 
concentration photovoltaics. In these systems the 
transparent refractive components are placed above cells 
and this results to optical losses by reflection and 
absorption of the incoming solar radiation. 
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3 LOW CONCENTRATION PV AND HYBRID 
PV/T SYSTEMS 
 
Most of the absorbed solar radiation by solar cells is 

not converted into electricity and this has as result the 
increase of their temperature and the decrease of their 
electrical efficiency. The reduction of cell temperature 
can be combined with effective heat extraction by the use 
of the hybrid Photovoltaic/Thermal (PV/T) type systems, 
which convert simultaneously the solar radiation into 
electricity and heat. PV/T systems consist of PV modules 
and heat extraction devices mounted together, by which a 
circulating fluid of lower temperature than that of PV 
modules is heated by cooling them. Air heat extraction is 
considered a low cost mode and can be used for space 
heating of buildings mainly in medium and high latitude 
applications. Heat extraction by water circulation is more 
expensive, but it can be used for water preheating in low 
and medium latitude applications almost all year. 
Ambient air over 20oC is less efficient in PV cooling and 
this limits the application of air type PV/T systems, 
mainly applied for natural ventilation of buildings and air 
preheating in agricultural and industrial processes.  

Main concepts on hybrid PV/T systems have been 
presented in several works regarding heat extraction by 
water or air circulation [38-54]. The electrical and the 
thermal output of hybrid PV/T systems can be improved 
by using low concentration devices. In this field, have 
been presented words by Mbewe et al [55], Sharan et al 
[56,57], Al-Baali [58], Garg et al [59], Garg and Adhikari 
[60], Brogren et al [61,62], Fieber et al [63] and 
Helgesson et al [64]. 

Monocrystalline or polycrystalline silicon (c-Si or 
pc-Si) PV modules are almost double the cost per system 
aperture area than amorphous silicon (a-Si) PV modules. 
Therefore, the addition of the thermal unit is of lower 
relative cost for PV/T system based on c-Si or pc-Si 
(about 8%-10%) than of a-Si PV modules (about 15%-
20%) of same size. In addition, the additional cost of the 
thermal unit must be offset by the corresponding increase 
in electrical efficiency and thermal output in order to 
make the PV/T system cost effective. 

The PV/T systems can be characterized according to 
their operating temperature. The PV/T systems of very 
low operating temperature are referred to applications up 
to 30°C to 40°C, that are associated with air or water 
preheating, natural air ventilation, space heating, heating 
of swimming pools and heat pump applications. The 
plain and the low concentration PV/T systems can 
produce water or air of temperatures in the range 40°C to 
60°C, and in medium temperatures between 60°C and 
100°C for domestic water heating, space heating and 
cooling and other thermal needs. The low concentration 
PV/T systems can also provide heat above 100 °C for 
high temperature loads as desalination, cooling, steam 
production and other thermal applications, but so far 
there is no such known application.  

The addition of a glazing increases significantly the 
thermal efficiency for a wider range of operating 
temperatures, but the additional optical losses from it 
reduce the electrical output of the PV/T systems. The 
electrical output is in most cases more useful than 
thermal output, as the cost of PV modules is several 
times higher than the thermal unit. In some applications 
where heat is a result of electricity then both electrical 
and thermal output are of equal value.  

4 SEL ACTIVITIES ON LOW CONCENTRATION 
PHOTOVOLTAICS 
 
In Solar Energy Laboratory (SEL) of Physics 

Department at University of Patras, Greece, low 
concentration photovoltaics using a-Si and pc-Si PV 
modules are studied. The work is mainly focused on the 
hybrid PV/T systems with water or air as heat removal 
fluid, aiming to improve their performance. The studies 
for air type PV/T systems [65,66] include several modes 
for the improvement of the air heat extraction from the 
PV modules. New PV/T system design based on dual 
(both water and/or air) heat extraction operation [67] 
have been proposed. Economical [68] and LCA [69] 
analysis comparing PV/T systems with standard PV and 
thermal systems give an idea about the cost and 
environmental benefits of concentrating PV/T systems.  

Aiming to determine the effect of the additional 
solar radiation from the concentrator to the PV module 
surface we performed several tests using a module of a-Si 
cells. We tested outdoors the module to extract the I-V 
curve and to calculate the maximum power from it for 
several cell illumination modes due to shadow. We did 
experiments with variable shadow percentage, using for 
comparison a second same module without shade. The 
tests were performed for the two shading modes of the 
PV module according the geometry configuration of the 
cells and the obtained results were in a good agreement 
with those presented in study [70]. 

The electrical efficiency of the shielded module was 
reduced enough due to the non-uniform distribution of 
solar radiation on its surface. We tested also the PV 
module with a frame consisting of mesh type shield to 
have a smoother shadow and the results confirmed again 
the efficiency reduction, which now followed the mesh 
density.  

Apart of PV shading we tested the a-Si PV module 
under concentrating solar radiation conditions, using low 
concentrating devices of reflective (flat and CPC curved 
mirrors) and refractive (linear fresnel lenses) type. These 
experiments showed that the electrical efficiency is also 
reduced, although the solar radiation intensity is 
increased on the module surface. This effect was more 
intensive in the case of CPC reflectors and fresnel lenses 
as higher peaks of flux were observed. 

Considering the above results we estimated that is 
preferable (mainly by the cost side of view) and more 
effective (by the performance side of view) to use diffuse 
reflectors instead of specular reflectors and comparative 
outdoors tests showed the positive effect of them to the 
electrical behaviour of the used photovoltaics.  

 
5 DIFFUSE REFLECTORS 
 

In the concentrating solar devices the geometrical 
concentration ratio CR is determined by the ratio of the 
system aperture area to the absorber surface area. The 
increase of the electrical energy output of PV modules 
can be achieved by using diffuse reflectors as boosters, 
which give an almost uniform distribution of the reflected 
solar radiation on PV aperture surface [66,71]. The 
diffuse reflectors, in contrast to the specular reflectors 
that have to track the sun, can be stationary and are 
suitable mainly for PV module installation on horizontal 
building roof or ground plane, using effectively the space 
between the parallel rows of PV modules [66]. 
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In SEL we have been involved in studying booster 
diffuse reflectors in combination with PV and PV/T 
systems. The tests are concerned with variable percentage 
of the additional reflected solar radiation on cell surface, 
with respect to its electrical efficiency as a function of the 
temperature. We notice that the additional solar radiation 
is not 100% uniformly distributed on the PV module 
surface and we can consider an effective concentration 
factor CR that corresponds to the solar radiation profile 
from the bottom to the top of the PV module surface.  

We measured the effective concentration factor CR 
of a usual diffuse reflector (aluminium sheet) for several 
angles φ between the plane of the reflector and the plane 
of the PV module, as a function of the angle of incidence 
θ of solar radiation on the diffuse reflector. The angle 
φ=120° was observed that is an upper effective limit of 
the tested angles. The obtained results [66] depend on the 
used reflecting material and give an idea about the 
uniformity of the illumination. Values of CR>1.5 are not 
usually achieved in practice for stationary diffuse 
reflectors, because large size reflectors - compared to the 
PV module dimensions - are necessary. The booster 
diffuse reflectors are efficient mainly from spring to fall 
and are suggested to increase PV/T system total energy 
output (electricity and heat), using low cost additional 
system elements (cheap diffuse reflectors)  

In case of PV/T systems with additional glazing, the 
negative effect of the reduction of the transmitted solar 
radiation on PV surface from reflection and absorption 
from the transparent cover, is balanced with the positive 
effect of the increased solar radiation input from the 
diffuse reflector.  
 
6 CONCLUSIONS 
 

Low concentration solar energy configurations 
combined with photovoltaics, as the flat or V-trough 
reflectors, the CPC reflectors and the fresnel lenses were 
reviewed regarding their effect to the PV electrical 
output. The non-uniform distribution of solar radiation on 
the PV surface of concentrating photovoltaics reduces the 
electrical efficiency of cells and this undesirable effect 
can be overcome applying simple and of lower cost 
diffuse reflectors instead of using specular reflectors. In 
addition, the increase of the absorbing solar radiation 
from the concentrator reduces cell electrical efficiency, 
but several modes for efficient and cost effective heat 
extraction can be applied and one can select the most 
appropriate according to the application requirements. 
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