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Abstract: The technical and economic sustainability of current photovoltaic (PV) systems is heavily affected 
by the costs and performances of the adopted PV cells. Solar concentrator systems represent an effective 
solution to reduce the solar cell surface and, at the same time, to increase the global conversion efficiency. 
The adoption of high performance multi-junction PV cells, e.g. Triple-Junction Photovoltaic (TJPV) cells, 
leads to this purpose. This paper presents full details about the design, development and field-test of a 
Fresnel lens solar concentrator for the micro-cogeneration of electrical power and thermal energy. Proposed 
plant can operate both stand-alone, to supply remote users non-connected to the national power grid, or as a 
node of the power grid for a distributed and sustainable energy production, i.e. Smart Grid network concept. 
A two axes solar conversion prototype is designed and built integrating several modules to guarantee the 
required plant functions. Basically, TJPV cells allow power production while Water Heat Exchangers (WHEs) 
are installed for both thermal recovery and cell cooling. Tested TJPV cells are InGa/GaAs/Ge on Ge 
substrate while the possible operative concentration factors are up to 1000x. A two axes solar tracker is 
integrated for sun collimation during the whole day. Motion control, together with monitoring of the 
environmental conditions and conversion performances, is provided thanks to a real-time interface developed 
adopting LabView© Integrated Development Environment (IDE).  
A preliminary experimental campaign to field-test the developed prototype is conducted analysing both the 
prototype performances and the parameters that heavily affect the plant conversion efficiency, e.g. solar 
irradiance, concentration factor, cooling water and air temperatures. The obtained results are presented and 
discussed. 
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1. Introduction and literature review 

Photovoltaic (PV) silicon solar cells generally produce 
electricity with a conversion efficiency lower than 26% 
(Green et al., 2010), while multi-junction solar cells, III–V 
components based, reach values close to 42% (Guter et 
al., 2009, Pan et al., 2011) and represent, nowadays, the 
most performing devices to convert sun rays to power 
energy. Unfortunately, due to their high cost, these cells 
are not convenient for standard plane modules. Crystalline 
silicon represents, actually, the standard material adopted 
to produce solar cells for common PV modules. 
Concentrating solar systems allow to reduce the receiver 
surface due to the concentration of sun rays on a small 
area. Consequently, in these energy plants, the adoption of 
multi-junction solar cells becomes feasible and potentially 
profitable (Wenham et al., 2007). Zubi et al. (Zubi et. al. 
2009) present the state of the art of high concentration 
photovoltaics. These energy conversion systems adopt 

parabolic mirrors or lenses to convey sun rays to the solar 
receiver. El Gharbi et al. (El Gharbi et al., 2011) analyze 
and compare these two optical technologies, while Xie et 
al. (Xie et al., 2011) and Chemisana et al. (Chemisana et 
al., 2009) focus and review applications integrating Fresnel 
lenses. Sonneveld et. al (Sonneveld et al., 2011) and 
Chemisana (Chemisana, 2011) review and describe 
building integrated concentrating PV systems highlighting 
the actual state of the art and the possible future 
developments.  

Solar concentration systems generally require a cooling 
circuit to control receiver temperature preventing damages 
to the cells and the decrease of their conversion efficiency 
levels. Chemisana et al. (Chemisana et al., 2011) estimate 
an average decrease of cell electrical performances equal 
to 0.14% per Celsius degree. Even if a cooling hydraulic 
circuit is often necessary, nowadays, few applications 
integrate a thermal recovery unit to solar concentrators. 



Combined heat and power (CHP) solar concentrators are 
not often developed, especially for small size solar energy 
systems, i.e. micro-cogeneration, while a large number of 
contributions consider CHP plants integrated to plane 
modules. Immovilli et al. (Immovilli et al., 2008) focus this 
aspect. Finally, solar concentrators are able to capture only 
the beam fraction of solar radiation. A sun tracking system 
represents a crucial device to increase solar conversion 
efficiency. Aim of this device is to guarantee the best 
collimation between the plant and the sun, from sunrise to 
sunset, so that the solar collector is always orthogonal to 
the direction of sun rays (Rumyantsev et al., 2004). 
Bortolini et al. (Bortolini et al., 2011) describe the design 
and test of a sun tracking system based on a feedback 
control algorithm applied to a Fresnel lens small scale 
module.  

Aim of this paper is to present the design, development 
and field-test of a solar concentrating prototype for the 
distributed micro-cogeneration of heat and power. The 
system integrates a solar collector, to concentrate sun 
radiation, a set of eight receivers, including high efficiency 
triple junction photovoltaic (TJPV) solar cells, for power 
generation, and water heat exchangers (WHEs) for cell 
cooling and thermal recovery. To increase the global 
conversion efficiency, a biaxial solar tracker is installed 
and properly controlled.  

Developed energy system allows to study the electric, 
thermal and global conversion efficiencies varying the 
environmental conditions, e.g. solar irradiance. 
Furthermore, an analysis of the expected manufacturing 
costs highlights the crucial drivers affecting an investment 
in such solar energy plants.  

The reminder of this paper is organized as follows: the 
next Section 2 describes the developed prototype, giving 
full details about its functional modules. Section 3 
introduces the economic analysis of the system 
manufacturing costs, while, in Section 4, the preliminary 
field-test outcomes are discussed. Conclusions are drown 
in Section 5 together with suggestions for further research 
and system improvement. 

2. Solar concentrator prototype description 

The following Figure 1 shows a picture of the developed 
prototype.  

 

Figure 1. Picture of the solar concentrator prototype 

Overall dimensions are, approximately, of 1.6x1.7x2m 
height and the weight is of 120 kg. The solar conversion 
system allows the CHP production due to the refraction 
of solar radiation. A set of eight squared 330×330mm 
Fresnel lenses, fixed on a reticular frame, made of several 
welded aluminum squared profiles, i.e. solar collector, 
concentrates the incident radiation on an equivalent 
number of solar receivers. Each of them includes a high 
efficiency TJPV solar cell installed on a WHE with the 
purpose of both cell cooling and thermal recovery. The 
biaxial solar tracker represents another relevant module of 
the designed prototype. Its purpose is to guarantee the 
highest captation of solar radiation during the day by 
aligning the system position to the direction of the 
incident sun rays. The solar tracker consists of two 
mechanical actuators able to rotate both the collector and 
receiver along the two solar coordinates, i.e. azimuthal and 
zenithal axes of motion, so that the surface of the Fresnel 
lenses, i.e. solar collector, is always orthogonal to the 
direction of the incident radiation. An electronic remote 
controller implements a closed loop algorithm for sun 
tracking. At last, the hydraulic circuit integrated to the 
prototype allows the cooling of the cells and heat 
recovery. 

The main functional modules of the designed solar 
concentrating prototype are, shortly, the following: 

- support steel structure; 
- solar collector and receivers; 
- sun tracking system; 
- real-time motion control and monitoring system; 
- hydraulic circuit for cell cooling and thermal 

recovery. 
Further details are provided in the next paragraphs of this 
Section together with a quantitative description of each of 
them. 

2.1 Support steel structure 

The support structure of the developed prototype is made 
of two elements, both realized with galvanized steel, i.e. 
the support base and the vertical pillar. The first is made 
of four squared 50×50mm tubular profiles welded as 
represented in Figure 2. The base, whose dimensions are 
1.6×1.0m, prevents the tip over of the whole plant. A 



320×320mm galvanized steel plate is screwed in the 
centre of the base and supports a vertical pillar, 1.4m 
height and with a diameter of 140mm. On the pillar is 
located a 1.6m horizontal shaft supporting the reticular 
solar collector, integrating the Fresnel lenses and the 
receivers. 

 

Figure 2. Galvanized steel support structure and pillar 

2.2 Solar collector and receivers 

Designed solar collector detects the incident radiation on 
a wide surface and concentrates it to a smaller area, i.e. 
focus points, where the receivers, including the TJPV 
solar cells, are located. The ratio between the collector and 
the receiver areas is known as concentration factor. The 
developed prototype includes eight different modules 
collector + receiver, each of them realized with a 
330×330mm PMMA Fresnel lens and an aluminium 
WHE integrating, on the surface facing the lens, a 
10×10mm InGa/GaAs/Ge TJPV cell (ηnom = 35% 
measured in standard temperature and irradiation 
conditions). Figure 3 shows a picture of the described 
receiver. The electric and hydraulic connections are in 
series. The maximum lens concentration factor is of 
1000x. 

 

Figure 3. Solar receiver integrating the TJPV solar cell 

Each WHE for thermal recovery and cell cooling has one 
entry and two exits holes and its design increases the heat 
exchange between the cooling fluid and the aluminium 
plate where the cell is fixed. The inlet flow hits 
perpendicularly the portion of the WHE surface where 
the TJPV cell is located while exit holes are laterally 
located. The overall heat exchange surface is, 
approximately, of 64cm2 per each WHE. 

To correctly support both the lenses and the receivers a 
metallic reticular structure is designed. Two frames are 
realized. Each one integrates four modules collector + 
receiver and its dimensions are of 666×666×400mm, 

accordingly to the Fresnel lenses size and their focal 
distance, equal to 350mm (see Figure 4). Finally, a set of 
plastic and metal panels, located on the bottom an lateral 
surfaces of each frame, protects the receivers. 

 

Figure 4. Solar collector frame integrating four Fresnel 
lenses 

2.3 Sun tracking system 

To maximize the captation of solar radiation, the sun 
tracking system guarantees an accurate collimation 
between the prototype and the sun during the whole day. 
Two distinct cinematic mechanisms are developed for the 
biaxial motion of the prototype, i.e. zenithal and azimuthal 
axes. Both mechanisms adopt a stepper motor with an 
holding torque of 3Nm, a phase current of 4.2A DC and 
an angular step of 1.8 degrees. These actuators are 
coupled with a gear reducer (gear ratio equal to 100) and 
to a chain drive motion transmission system (gear ratio 
equal to 4). The global angular resolution is close to 10-3 
degrees per step. The tracking mechanisms are placed in 
two different positions: for zenithal axis of motion the 
tracker is located on a plate on top of the pillar and is 
directly coupled with the shaft that supports the reticular 
frames containing the lenses and the receivers (see Figure 
5). On the contrary, Azimuthal tracker is close to the 
bottom of the vertical pillar and the transmission of 
motion is made thanks to a vertical shaft coaxial to the 
pillar and placed inside it. (see Figure 6). A real time 
remote controller, implementing the closed loop 
algorithm described in the following, manages the motion 
control. Finally, to protect each tracking mechanism from 
the rain and other atmospheric agents two metal capsules 
are used. 

 

Figure 5. Zenithal tracking mechanism 



 

Figure 6. Azimuthal tracking mechanism  

2.4 Real-time motion control and monitoring system 

Developed prototype integrates a real-time remote control 
system for the biaxial regulation and the cyclic measure of 
both the environmental conditions and the energy 
conversion parameters. The control and monitoring 
platform is developed with LabView© Integrated 
Development Environment (IDE) and run on a NI C-
RIO real-time industrial module. The feedback control 
system, represented in the next Figure 7, controls both 
zenithal and azimuthal axes.  

 

Figure 7. Feedback control system diagram 

The remote controller implements an iterative algorithm 
based on the difference between two retroactive current 
signals, transduced by a set of four phototransistors used 
as light sensors, and properly integrated to the sun 
collimator represented in Figure 8. The difference of 
transduced signals expresses the alignment gap between 
the sun rays and the current system position. If the gap is 
out of a given tolerance the system needs to be realigned. 
Consequently, a microstepping driver, modulates the 
power signal of a 24 V DC generator to supply the 
stepper motors, i.e. zenithal or azimuthal actuators, 
rotating the PV system until the alignment gap returns 
into a defined tolerance range. The motion control system 
has an angular resolution close to 10-3 degrees per step 
and assures high accuracy in daily sun collimation. Further 
details about the real-time control strategy are in Bortolini 
et al. (Bortolini et al., 2010).  

 

Figure 8. Sun collimator for biaxial sun tracking 

The controller periodically monitors the most relevant 
environmental and energetic parameters to evaluate the 
plant performances and to calculate the aggregate power 
and thermal conversion efficiencies. The profiles of the 
global and beam radiation, the air temperature, the wind 
speed and direction together with the electrical power, 
cooling water temperatures and flow rate are traced and 
saved. In particular, Figures 9 and 10 show the station 
used to monitor major weather conditions and the 
pyrheliometer adopted to measure the beam fraction of 
solar radiation. 

 

Figure 9. Station to monitor weather conditions 

 

Figure 10. Pyrheliometer to trace solar beam radiation 

2.5 Hydraulic circuit and thermal recovery unit 



The hydraulic circuit, represented in the next Figure 11, 
both cools the TJPV cell and recover thermal energy. The 
circuit mainly deals of two closed loops integrating four 
WHEs each. Cold water, thanks to a magnetic driver gear 
pump, flows through the WHEs cooling the TJPV cells. 
The flow rate is remotely controlled in the range 
500÷5000rpm. The hot water reaches a brazed 14 plates 
heat exchanger (plate surface area of 0.03m2) for heat 
exchange with the water flowing in the second cooling 
loop directly feeding the users thanks to a circulation gear 
pump. In Figure 11, for the sake of simplicity, the users 

are exemplified with a tank. Inlet and outlet temperatures 
for each WHE and for the plate heat exchanger are 
measured through a set of PT100 temperature sensors, 
while the flow rate is measured through a low volume 
rotating vane flow meter. Acquired signals are processed 
by the real time remote control system described in 
previous paragraph 2.4. Finally, the hydraulic circuit 
integrates a two litres expansion vessel, two dearators and 
a safety valve calibrated to prevent the pressure, inside 
WHEs, becomes higher than 1.5 bar. 

 

Figure 11. Hydraulic circuit for cell cooling and thermal recovery 

3. Manufacturing cost analysis 

This Section presents a scheme of the rising costs 
connected to the development of the described solar 
prototype. In particular, a functional cost analysis 
evaluates the impact of the module costs on the full 
production cost. Direct materials and labour costs are 
computed separately. Figure 12 resumes the obtained 
evidences showing the incidence of each cost driver on 
the full manufacturing cost.  
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Figure 12. Functional cost analysis, percentages refer to 
the full manufacturing cost 

The tracking system and hydraulic circuit significantly 
impact on the system global cost. These modules allow to 
track the sun and to recover thermal energy significantly 
increasing the power and thermal conversion efficiencies. 
A trade-off analysis between the performances of flat 
plane PV systems and CHP concentrators is necessary to 
study if the increase of the conversion efficiency and 
energy production justifies CHP plants higher cost. This 
analysis represents a possible future development of this 
work. 

4. Field-tests and experimental campaign 

A set of preliminary field-tests are conducted in Bologna 
(Italy), latitude 44.51° north, longitude 11.32° east, in June 
and July 2012. During the experimental campaign TJPV 
cells convert the beam radiation to electrical power, while 
aluminium WHEs cool the cells recovering thermal 
energy.  

The first test focuses on the analysis of the energy 
conversion performance of a single TJPV cell integrated 
to the prototype. A significant field-test is done on July 
23. Figure 13 shows the weather conditions of the day. 
The red curve refers to the global radiation on a 
horizontal plane while the blue one shows the beam 
fraction on an optimally oriented surface. Monitored 
parameters also include the air temperature and the wind 
speed and direction. During the test, 31.5°C and light 
wind are measured. 
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Figure 13. Global radiation and beam fraction profiles on 
July 23, 2012 



The graph in Figure 14 shows the obtained I-V and P-V 
curves for a single InGa/GaAs/Ge TJPV solar cell. 
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Figure 14. Obtained I-V and P-V curves for a single 
InGa/GaAs/Ge TJPV solar cell  

The adopted cell extracts a maximum power of 8.7W 
when irradiated with a 800x concentrated solar radiation. 
The average global radiation is of 682 W/m2. The 
obtained conversion efficiency is equal to 15.8%.  

The second field-test investigates the global electric 
efficiency of the plant. Eight TJPV cells connected in 
series are irradiated with an average concentrated solar 
power of 652W/m2. The available Fresnel lens surface 
area is of 0.648m2, while the average experienced electrical 
power is of 65.1W and the correspondent electric 
conversion efficiency is equal to 15.4%.  

These results need to be further validated through other 
tests. In particular, a significant efficiency increase is 
expected by improving the prototype optic features. 

5. Conclusions and further research  

A biaxial solar concentrator prototype for distributed 
micro-cogeneration of heat and power is designed,  
developed and preliminary field-tested. The system allows 
the distributed production of electrical and thermal energy 
from the renewable solar source. Details about the five 
functional modules, integrated to the prototype, are 
provided analysing their economic impact on the total 
manufacturing cost. 

A preliminary set of field-tests, to measure the electric 
performances of the prototype, are conducted evaluating 
the power extracted and the electric conversion efficiency. 
Eight aluminium receivers, integrating 10×10mm 
InGa/GaAs/Ge TJPV cells, are irradiated through 
Fresnel lenses with a concentrated factor of, 
approximately, 800x. In the first test, characterizing a 
single TJPV cell, the generated power of 8.7 W conducts 
to an electrical conversion efficiency of 15.8%. The 
second test evaluates the performances of eight cells, 
connected in series. A global power of 65.1W is 
experienced.  

Prototype thermal performance study represents a 
relevant further analysis of this work together with the 
introduction of a secondary optics to significantly increase 

both the radiation flux uniformity on the cells and the 
electric conversion efficiency. The prototype 
performances need also to be evaluated varying the system 
configurations and the stresses. In particular, the 
introduction of a different cell layout with more than one 
cell per each receiver and the direct monitoring of the cell 
temperature allow to estimate the optimal trade-off 
between the receiver area, the concentration factors and 
the cooling fluid flow rate to maximize the energy 
production level. Finally, the obtained experimental results 
and performances, compared to the manufacturing and 
operative costs and to the incentive schemes proposed by 
many countries to spread renewable energy sources, allow 
to conclude about the technical and economic profitability 
of investing in such concentrating solar energy systems.  
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