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Abstract: Sustainable development involves the use of Earth resources with the aim of meeting human needs 
while preserving the environment (WCED, 1987). The challenge of renewable energy production is a very 
current topic in environmental sustainability due to the increasing urge to reduce the contribution of fossil 
fuels so as to limit first of all the natural resource depletion and secondary the air pollution. In this context 
the use of high efficiency photovoltaic (PV) systems (i.e. multiple junction PV cells, sun tracking and 
concentrating PV systems) together with micro-cogeneration systems for electric and thermal energy 
production is desirable. In this context this paper presents a Life Cycle Assessment (LCA) of a Fresnel lenses 
solar concentrator prototype, realized for electric and thermal energy micro-cogeneration and equipped with 
prototypal mono-crystalline cells. Aim of the study is the estimation of the global environmental impact of 
this energy generator system in a “cradle to grave” perspective. Different LCA methods are considered in the 
study and an indication of the Energy Payback Time (EPBT) is calculated in order to define the 
environmental and energetic convenience to produce and use the Fresnel lens solar concentrator system. 
Different geographical locations are also assumed for the photovoltaic-thermal concentrator plant installation 
and comparisons with alternative power plants are reported. 
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1 Introduction 

Due to the continuous increase of the fossil fuel cost, of 
the environmental pollution, of the global warming and 
also of the natural resource depletion, diversifying the 
power supply to include more and more renewable energy 
sources is starting to be considered a desirable and widely 
accepted strategy (Tyagi et al. 2012). The European 
Commission intent, which are formalized in the “20-20-
20” climate and energy package, aims at reducing 
greenhouse gas emissions, decreasing primary energy use 
and increasing renewable energy consumption. In this 
context, the sunlight is considered one of the most 
“green” sources, since it represents a virtually unlimited 
supply and its direct exploitation causes no emissions 
(Raugei et al. 2009). Even if the solar technologies, during 
its operational phase, can be considered non-polluting, 
evaluating the production process (as well as the end-of-
life) of solar systems is important, in order to consider the 
emissions and the energy consumption during its whole 
life. For this reason, only a complete analysis can give a 
more correct basis to evaluate the real environmental 
sustainability of these plants. 

There are different technologies that can be employed for 
the solar energy conversion, as well as there are different  
energy types (i.e. electric, thermal, mechanical etc.) that 
can be generated. The hybrid photovoltaic/thermal 
(PV/T) solar systems are an example and provide a 

simultaneous conversion of solar radiation into electricity 
and heat. In these devices, the PV module is integrated 
together with a water heat exchanger that recovers the 
thermal energy chilling the PV cells with a positive effect 
of increasing their efficiency. This advantage is particularly 
appreciated in solar concentrator systems in which, due to 
the converging of solar irradiance on a smaller surface, 
high temperaturecould negatively affect the electric energy 
production (Chemisana et al. 2011). 

In this paper a hybrid PV/T concentrator prototype 
equipped with Fresnel lenses and mono-crystalline silicon 
cells is described. In particular, an environmental impact 
analysis applied to the system is presented. The adopted 
methodology used for this study is the Life Cycle 
Assessment (LCA) analysis, which is focused on 
evaluating the environmental impact of the PV/T system 
during its life cycle. 

This paper is organized as follows: the literature review 
about solar system cogeneration and micro-cogeneration 
and LCA studies applied on PV/T systems is presented in 
the next section 2, while section 3 introduces and 
describes the prototype object of this study. The following 
section 4 presents the related LCA analysis and in section 
5 the Energy Pay Back Time of the system is evaluated. 
The conclusions and the outlooks end the manuscripts. 



2 Literature review 

Since the presented study focuses on a LCA analysis 
applied on a hybrid solar system, different literature 
contributions related to these topics are analysed. For the 
sake of brevity, the whole set of references is 
summarizedand classified by topic in Table 1: 

Topics References 

Micro-
cogeneration with 
renewable energy 

Coventry 2005,Hasan et al. 2010, 
Romero-Alvarez et al. 2007, Rosell 

et al. 2005, Smeltink et al. 2007,Tyagi 
et al. 2012, Zhnag et al. 2012 

LCA of PV/Solar-
Thermal 

modules/systems 

Cavallaro et al. 2006, Celik et al. 
2008, Chow 2010, Cucchiella et al. 

2012, Desideri et al. 2012, Fthenakis 
et al. 2011,Ito et al. 2009, Laleman et 

al. 2011, Mora et al. 2010, Raugei 
2009, Stoppato 2008, 

Tripanagnostopoulos 2005 

LCA of PV cells 
(end-of-life) 

Azzopardi et al. 2010, Fthenakis et 
al. 2008, Jungbluth 2005, Miles et al. 

2005, Shibasaki 2005 

 
Table 1 - Reference list classified by main topic 

2.1 Survey on hybrid PV/T technology 

Some contributions about hybrid PV/T systems (Chow 
(2010) and Hasan et al. (2010)), review the most recent 
improvement sand technology advances in micro-
cogeneration. Tyagi et al. (2012) introduce different hybrid 
solar solutions and applications, demonstrating their 
validity with various examples. Zhang et al. (2012) present 
economic and environmental performance indices, 
through which they compare different PV/T systems. 

2.2 LCA applied to PV systems  

With regard to LCA studies, the most recent 
investigations have to be reported. Fthenakis et al. (2011) 
introduce a large survey on the environmental impact 
analysis of photovoltaic systems. A concentrator case 
study is also included: the Amonix High Concentrator PV 
(HCPV) 24 kWp system. By using different indices, e.g. 
Energy Payback Time (EPBT) and Greenhouse emissions 
(GHG), different PV systems and conventional power 
plants are compared. Greenhouse Gas per kilowatt hour 
(GHG/kWh), Energy Return on Investment (EROI), 
Greenhouse Gas Payback Time (GPBT) and Greenhouse 
Gas Return On Investment (GROI) are the indicators 
defined by Cucchiella et al. (2012) for the environmental 
performance evaluation of a building-integrated 
photovoltaic system located in Italy: a sensitivity analysis 
on different geographical locations is also proposed. 
Sumper et al. (2011) and Desideri et al. (2012) analyse 
large existing plants: the former, 200 kWp PV roof top 
plant, the latter 1778 kWp PV ground-mounted structure. 
Laleman et al. (2011) study the environmental impact of 
PV systems in low solar radiation regions. They introduce 
further performance indices, e.g. Eco-Indicator99 (EI99) 
and Cumulative Energy Demand (CED), through which 

they compare different power plants. In order to obtain a 
well-balanced evaluation, in fact, they recommend the use 
of a combination of various impact assessment methods. 

2.3 LCA applied on HCPV systems 

A Fresnel lenses HCPV system, i.e. FLATCON®, is 
described by Peharz et al. (2005). Its sustainability is 
discussed by the evaluation of EPBT and CED. Mora et 
al. (2010) report a LCA study on a prototype of linear 
solar parabolic mirror concentrator, i.e. CHEAPSE, and 
analyse different design alternatives in order to minimize 
its life cycle environmental impact. 

3 The Fresnel solar concentrator system 

The Fresnel PV/T concentrator prototypeto which this 
paper refers, is designed and realized within the DIEM 
Lab (University of Bologna). The prototype is shown in 
Figure 1. 

 

Figure 1 – Fresnel PV/T concentrator prototype 

3.1 Prototype description 

The system is designed to produce both electric and 
thermal energy. The prototypeis mainly composed by: 
eight solar collectors and receivers (1); support steel 
structure (2); heat recovery hydraulic circuit (3); motion 
transmission system (4). Thanks to the motion 
transmission system and the biaxial solar tracker, solar 
collectors are rotated along azimuthal and zenithal 
coordinates in order to keep the Fresnel lenses orthogonal 
to the sunlight direction. An high concentration ratio (CR) 

is obtainable (max 815x). 0.65	��	is the lens total 
receiving surface. Mono-crystalline PV cells, located at the 
lens focus, are positioned on an heat exchangers through 
which the exceeding thermal energy is recovered by a 
water circuit. The whole system is mounted on a 
galvanized steel structure. 



3.2 System efficiency 

The mono-crystalline PV cells are specifically designed for 
HCPV systems. They are manufactured by the 
Fondazione Bruno Kessler (FBK) research centre. 
Although their rated efficiency is 20% with 160 CR, the 
whole system electric and thermal efficiency still need to 
be accurately evaluated. In this study a system electric 
efficiency of 20% and a thermal efficiency of 30% are 
assumed.  

4 LCA of the Fresnel solar concentrator 
system 

The LCA is a useful tool for the evaluation of the 
environmental impact associated to a specific product life 
cycle. In this study the SimaPro 7.1 software is used and 
the life cycle impact assessment is carried out using three 
methods: Eco-indicator 99(Hierarchical version); IPCC 
2007 GWP 100a; Cumulative Energy Demand (CED). 
The first method focuses on the evaluation of damage on 
human health, ecosystem quality and resource 
preservation. The IPCC evaluates the global warming 
potential due to gas air emissions over a 100-year period 
while the CED method aims to quantify all the energy 
that is consumed during the life cycle of a product. Topics 
and steps of the LCA methodology are regulated by the 
International Organization for Standardization (ISO). 
According to the ISO 14040:2006 (E) the complete LCA 
framework includes four steps: goal and scope definition; 
inventory analysis; impact assessment; interpretation. 

4.1 Goal and scope definition 

The goals of the study are mainly two: the first one is the 
environmental impact assessment of production, usage, 
and disposal of the prototype and the comparison 
between alternatives in the use of the prototype in 
different geographical locations. The second one is the 
comparison between the prototype and other energy 
production systems in terms of their environmental 
impact. System boundaries of the analysis are represented 
in Figure 2. 

 

Figure 2 - System boundaries 

This LCA includes: raw material extraction processes; 
manufacturing and assembling of prototype components; 
transports; PV/T concentrator usage (i.e. electric and 
thermal energy production and electric energy 
consumption); waste treatment and disposal; component 
recycling and reuse. Because of the uncertainty on the 
system reliability (prototype), maintenance activities are 
neglected. In the same way, the environmental impact of 
the life cycle of the equipment used for the prototype 
assembly is not included in the boundary analysis. With 
these hypotheses the presence of a Balance Of System 
(BOS) apparatus is also neglected.  

The functional unit (FU) in the first part of the study is 
assumed to be the life cycle of the prototype, with the aim 
of define its environmental impact, also related with its 
geographical location. In the second part of the study the 
FU is assumed to be the production of 1 kWh of electric 
energy, in order to comparing the Fresnel concentrator to 
other energy production systems. 

4.2 Inventory Analysis 

All the data about environmental impact of 
manufacturing, assembly, usage and disposal processes 
related to the PV/T concentrator life cycle derive from 
SimaPro 7.1 data banks (BUWAL 250, Ecoinvent, ETH-
ESU, IDEMAT 2001, Industry data 2.0). In a few cases, 
in order to limit mismatches between data bank 
information and actual data on employed materials and 
processes, some simplifying hypothesis are made. 

4.2.1 Materials 

The main materials of which the PV/T prototype is 
composed are listed in Table 2: 

Material Weight [Kg] Percentage by weight 

Steel 78.67 61.18% 

PVC 5.6 4.35% 

PMMA 4.144 3.22% 

Aluminium 39.67 30.85% 

Copper 0.026 0.02% 

Brass 0.29 0.226% 

PE 0.18 0.14% 

Silicon 0.0048 0.004% 
Table 2 - PV/T concentrator material composition 

Figure 3 represents the composition of each main 
component of the PV/T system. 

4.2.2 Manufacturing and assembly processes 

Thanks to the use of SimaPro data banks, all the processes 
necessary to extraction and transformation of raw 
materials are considered.All the processes used for the 
PV/T concentrator component manufacturing and 
assembly are included in this study and below listed: 
casting, injection moulding, milling, turning, drilling, 
welding, zinc coating, die casting,  wire drawing, sheet 
rolling. The amounts of energy consumption and 



secondary materials used for manufacturing activities 
isalso evaluated. 

 

Figure 3 - PV/T concentrator material composition 

4.2.3 Transports 

Transportation of raw materials and semi-processed 
products is considered. In case of lack of accurate 
information about their geographical origin, average 
distances are adopted. 

4.2.4 Energy consumption 

For each manufacturing, assembly and disposal process, 
an  energy consumption is associated. In case of lack of 
accurate data on manufacturing process input materials 
and pollutant emissions, the equivalent energy 
consumption is considered. In cell manufacturing process 
the energy consumption of 6.4 kWh per single mono-
crystalline cell (1 cm2) is assumed. During the prototype 
use phase, estimated in 20 years, electric energy is needed 
for supplying tracking instruments, motion transmission 
system and hydraulic circuit: 876 kWh (43.8 kWh/year) of 
Low Voltage (LV) electric energy is the total estimated 
consumption during the use in the whole life cycle of the 
prototype. Environmental impact caused by LV electric 
energy production is calculated by consulting ETH-ESU 
data bank. 

4.2.5 Energy Production 

According to the solar radiation data obtained by the 
Photovoltaic Geographical Information System (PVGIS) 
database, the annual direct irradiation estimation  in 
Bologna (Italy) is 1171[��ℎ ∗ 	
��� ∗ ��]. Considering 
the above mentioned hypothesis on system efficiency and 
assuming a PV cell electric productivity degradation of 1% 
per year, a 0.65 m2 of receiving surface and a total life 
cycle of 20 year, an overall production of 2755 kWh of LV 
electric energy and 4133 kWh of thermal energy is 
estimated for the Bologna location. The energy generation 
by using the PV/T concentrator involves equivalent 
savings in production of LV electric energy and thermal 
energy by consuming conventional energy sources (e.g. 
oil, gas, coal, uranium). Respective pollutant emissions are 
consequently avoided. 

4.2.6 End-of-life 

For each module of PV/T prototype, different end-of-life 
scenarios are considered: reuse; recycling; landfill; 
incineration. Depending on the module material and on 
the degradation during its life, different possible end-of-
life treatments are hypothesized. Table 3 summarizes 
these assumptions:  
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% by weight 40% 39.5% 12% 8.5% 

% of reuse 64% - 26% - 

% of recycling 16% 72% 62% 40% 

% of landfill 15% 18% 21% 31% 

% ofincineration 5% 10% 11% 29% 

Table 3 - End-of-life treatment allocation by weight 

4.3 Life Cycle Impact Assessment 

In this phase, different environmental impact evaluations 
are considered. By using Eco Indicator 99 Hierarchical 
version (EI99H), the environmental impact of PVT 
manufacturing and assembly on human health, ecosystem 
quality and resource preservation are calculated. 

 

Figure 4 - PV/T prototype manufacturing and assembly 
Damage Assessment with EI99H 

Figure 4 shows the Damage Assessment (DA) of 
manufacturing and assembly processes for each module of 
the PV/T concentrator. Positive percentage values 
represent positive environmental impacts, while negative 
percentage values represent the amount of avoided 
environmental impact.  

By using EI99H method, the DA of the whole PV/T 
concentrator life cycle is also evaluated and represented in 
Figure 5. 



 

Figure 5 - Damage Assessment of PV/T prototype life 
cycle with EI99H 

Figure 6 shows the impact assessment of the prototype 
during its life cycle calculated by using the IPCC GWP 
100a method. 

 

Figure 6 - PV/T prototype impact Assessment by using 
IPCC GWP 100a method 

4.4 Interpretation of the results 

In this section some summarizing comments on LCA 
analysis results are reported. Figure 5 and Figure 6 show 
that the prototype life cycle introduces a negative overall 
environmental impact. This is due to the prototype use 
that permits important savings in terms of energy 
production by using conventional systems and, 
consequently, of fossil resource depletion and pollutant 
emissions. The avoided environmental impact widely 
counterbalances the impact caused by manufacturing and 
assembly activities for the PV/T concentrator prototype 
production. The prototype sustainability is furthermore 
increased by the recycling and reuse of a large portion of 
its modules. Referring to the manufacturing and the 
assembly phase of the PV/T concentrator life cycle, the 

prototype modules that involve the greatest 
environmental impact are, as shown in Figure 4, collectors 
and receivers, which are mainly composed by aluminium 
and are subjected to noteworthy processes of welding. In 
addition, the use of PV cells prototype introduces a 
significant consumption of energy associated to their 
production, which could be minimized if cells were 
manufactured on a large scale. 

5 Energy Payback Time 

In order to provide a more exhaustive analysis on the 
prototype life cycle, a sensitivity analysis on its 
geographical installation is conducted. EPBT index is 
calculated to compare the alternative scenarios. EPBT 
value of the PV/T prototype is given by: 

������� =
������
�������

 
(1) 

where ������ is the total equivalent amount of energy 
consumed for manufacturing, assembly and disposal of 
the prototype. It is calculated by using CED SimaPro 
method (weight factor = 1) and its value is 3769 kWh-eq. 

������� is the annual equivalent amount of energy 
production avoided thanks to the use of the PV/T 
prototype. Its value depends on the geographical location 
in which the system is installed. Three different locations, 
with different levels of annual direct irradiation are 
assumed and listed in Table 4: 

Table 4–Annual direct irradiation and yearly Esav for 
Bologna, Roma, Palermo 

Figure 7 represents the ������� 	value for each 
geographical scenario: 3.9 years is the EPBT of the system 
if installed in Palermo; 4.5 years if mounted in Roma; 5.9 
years if the prototype is located in Bologna. 

 

Figure 7 - Sensitivity analysis of EPBT to the variation of 
plant geographical installation 
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6 Comparison between alternative energy 
production systems 

In order to complete this study it is necessary to compare 
the PV/T prototype life cycle with alternative energy 
production system. In Figure 8 the DA caused by the 
production of 1 kWh of electric energyby using different 
systems or technologies (i.e. Fresnel PV/T concentrator, 
conventional Italian LV electric energy production, 
electric energy production by biogas cogeneration and 
mixed photovoltaic electric energy production) is shown: 

 

Figure 8 - LCA comparison between different energy 
production system by using EI99H 

From this comparison it emerges that the PV/T 
prototype is not yet competitive with the other renewable 
energy systems in terms of environmental sustainability. It 
is important to specify that, since the PV/T concentrator 
is a prototype, wide margins of improvement are still 
possible. Indeed, this study aims to guide the development 
of the prototype so that it can have a more sustainable life 
cycle.  

7 Conclusion 

Aim of the study is the evaluation of the environmental 
sustainability of a Fresnel PV/T concentrator prototype 
developed by the DIEM Lab of the Bologna University. 
An LCA analysis on the prototype life cycle is conducted 
and its EPBT value is calculated. Finally, a comparison on 
environmental sustainability between alternative energy 
production system is reported. The LCA analysis 
demonstrates the system environmental sustainability and 
emphasises the life phases that introduce significant 
environmental impacts. Although the prototype 
manufacturing and assembly processes involve an 
important consumption of raw materials and energy, the 

hypothesized end-of-life treatments assure minimal 
environmental impacts. By conducting a sensitivity 
analysis a significant dependence of the system EPBT 
from its geographical installation is demonstrated. The 
environmental impact of the production of 1 kWh of 
electric energy by using the PV/T prototype is calculated. 
This value is compared with the environmental impact of 
the same amount of energy by using alternative systems or 
technologies. The comparison demonstrates that the 
prototype is not yet competitive in environmental 
sustainability with other renewable energy production 
systems. In order to reduce this gap, alternative materials 
and manufacturing processes, together with the selection 
of different PV cells, can be considered. These evaluations 
are left to future studies.  
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