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EXECUTIVE SUMMARY
Renewable energy is a mandatory issue for a decarbonized society. Solar energy is largely available, the
sun is nearly everywhere and is not facing ecological issues. Nevertheless, carbon footprint is typically
higher than for other types of renewable electricity, and competition with other land uses has to be
managed.
The current project aims at exploring the technical, economical and environmental relevance of a novel
wafer bonded four-junction solar cell for better spectral matching. It is being developed by European
research institutes and industrial partners using new processes and materials. III-V multi-junction solar
cells, GaInP/GaAs//GaInAs/Ge with high efficiency potential have been manufactured. Those
semiconductor materials allow for a more effective usage of a wider range of the sun’s spectrum compared
to Silicon solar cells. Added nano-structured coatings improve the light trapping and therefore solar cell
efficiency. Chances to catch more solar energy with an identical surface are then higher. It has been
proven that these solar cells can work at a concentration level higher than 800x with an efficiency of
44% and above. Light concentration through optics (mirrors or lenses) allows to use a smaller surface of
active materials, nevertheless, such manufacturing processes are more energy-demanding and require
higher quality materials. It is therefore interesting to assess the impact of the production system and to
compare it with existing technologies. Three different scenarios are compared in the study: one mirrorbased module and two Fresnel lens-based modules (one with state of the art Silicone on glass lenses, the
other with achromatic doublet on glass lenses developed within the project). Since such highconcentrating photovoltaic (HCPV) systems can only concentrate direct normal radiation, modules are
mounted on a dual axis tracking system. The elevation and azimuth drive improve by 25% the
irradiance in the receiver plane compared to fixed systems. This study aims to explore which technology
is the most environmentally promising for HCPV modules equipped with multi-junction solar-cells for
different scenarios. We detailed the environmental assessment of 1 kWh of electricity exported to the grid
from each scenario, identifying hotspots and most impacting life cycle stages. The impact calculation
covers the entire life cycle of the product. All background data are based on the ecoinvent 3.3 alloc-def
database. All primary data are from project partners. Inventory data for transport, waste management
and infrastructures are also considered in the study.
For impact assessment, detailed results for each sub-system are presented for the 16 impact categories
presented in the ILCD handbook, including toxic impact categories (human health and ecosystems
quality). A focus on the total emission of carbon dioxide equivalent for 1 kWh of electricity produced and
exported to the grid shows that results range from 16 to 18 g CO2 eq/kWh. Beyond results on climate
change, all impact categories underline the environmental benefit of HCPV except for the resource use
due to the mitigation of germanium resources.
One of the objectives of the project was to assess the total cost of kWhs produced with CPV. However, the
design of HCPV is still at a low TRL. At this TRL level, it is possible to achieve a rather good
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environmental assessment, but the cost assessment is still extremely dependent on the assumptions
considered. In spite of this limitation, a Life Cycle Cost Analysis was done. It shows that even if current
estimations of HCPV costs are very uncertain due to the low TRL (a factor 2 of difference is big in a Life
Cycle Cost study), the margins of cost improvements expected in the coming 10 years can reach a factor
of 10 which is far higher than the uncertainty of the current cost estimation. Even if the LCC is not
accurate enough to allow a direct comparison of technologies, the study shows that cost trends indicate
important cost mitigations. With these perspectives, CPV technology is very promising but is
commercially limited by two factors. First the continuous decrease of the price of PV based on
conventional technologies and second a lack of niche market where high efficiency and high pressure on
land use gives advantage to High Concentration of Photovoltaic systems.
Consequently more emphasis was put on the assessment of the environmental performances of the three
scenarios and their comparison with other renewable electricity sources. Ecoinvent data on mono-Si,
multi-Si, ribbon-Si and a-Si technologies show that carbon footprint performances rank from
70.8 gCO2eq/kWh to 43.3 gCO2eq/kWh depending on the technology. Thus, carbon emissions from
16 gCO2eq/kWh for the mirror based to 18 gCO2eq/kWh for the achromatic lens based HCPV system for
Southern Italy are extremely encouraging. These numbers even start to compete with electricity from
wind power plants (approximately 13 gCO2/kWh in the Ecoinvent database).
These are very promising results, particularly as a major part of the environmental impact is due to the
tracking system and the electricity consumed during its production process. Therefore, further
improvements can be achieved considering the whole system.
This study underlies that HCPV technologies can allow at the same time for high environmental
performances and reduced surface requirements.
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1

Introduction

Renewable energy is a challenging issue for a decarbonized society. Numerous energy resources can be
used to fulfill human needs, such as wind, hydropower, biomass, geothermal and solar energy. Among
these sources of energy, only wind, hydropower and solar have demonstrated their efficiency in
producing electricity. Hydropower is the cheapest per kWh produced. It presents a small carbon footprint
and allows a flexible production over time. Nevertheless, hydropower presents limited availability, only
in a fixed location and restricted due to other water uses or ecological requirements. Wind power is also
relatively cheap. It presents a small carbon footprint, and is largely available. Nevertheless, wind power
production is not flexible, predictability is low, and it requires to have an important electric network.
Concerning solar energy, the availability is high, sun is almost everywhere, and it is not facing ecological
issues. Nevertheless, the price per kWh is still high, carbon footprint is typically higher than other types
of renewable electricity, and competition with other land uses has to be managed.
In spite of these limitations, solar electricity is today the fastest growing energy resource, with nearly 100
GWp produced every year. Indeed, solar power is probably the most reliable renewable source. In most
parts of the world, sun is a renewable, abundant, and predictable source of energy. The exploitation of
this resource is environmentally-promising. However, carbon emissions due to solar panels production, as well
as land availability for the photovoltaic power plant installations are significant issues. Improving the
efficiency of energy conversion can lead to cost effective electricity based on renewable resources. It is
therefore interesting to explore how it is possible to increase renewable energy production with a limited
surface.
New technologies for PV production allowing both reduced land use and lower carbon footprint are now
explored. Among those, multifunction solar cells associated with high concentration systems is a
promising technology. Several studies have already been conducted in that way with a special focus on
the efficiency and environmental performances of the systems. An LCA study achieved in 2016 in
Morocco [2] reported 53.3g CO2 eq/kWh for a 1.008 MW HCPV plant. In this study, III-V
multijunction solar cells were mounted with polymethylmethacrylate (PMMA) Fresnel lenses on
modules. Extraction of raw materials and components manufacturing (considering steel and aluminium)
contributed the most to the impacts. Another LCA study reported 27g CO2-eq/kWh [4] over 30 years of
operation for the Amonix 7700 26-kW HCPV system equipped with single-crystal Si cells in Phoenix, AZ,
USA. The tracker and the module accounted for the largest part of its life cycle energy use and emissions.
From these studies, we can see that Life Cycle Assessment (LCA) considers the entire life cycle of a
product, from raw materials extraction, through energy and materials production and manufacturing, to
use and end-of-life treatment and final disposal [6]. It appraises the system’s environmental impacts. The
operation of a power plant is the most polluting stage in renewable energies. Therefore reducing it
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environmental impact is a key to success for our planet. Increasing solar energy’s contribution to the
renewable electricity portfolio can significantly reduce greenhouse gas emissions. The nature of the
electricity mix consumed onsite highly influences HCPV modules’ climate change impact.
The project explored the technical, economical and environmental significance of a novel wafer bonded
four-junction solar cell for better spectral matching, being developed by European research institutes
and industrial partners using new processes and materials. III-V multijunction solar cells,
GaInP/GaAs//GaInAs/Ge have been manufactured with a high potential in matching the entire spectral
light. Those semiconductor materials allow the absorbance of a larger range of wavelengths. Added nanostructured coatings improved light trapping and therefore solar cells efficiency. Chances to catch more
solar energy with an identical surface are then higher. It has been proven that it can work at a
concentration level higher than 800x with an efficiency of above 44%. Light concentration allows to
produce a smaller surface of active materials, nevertheless, such manufacturing processes are more
energy-demanding and require higher quality materials. It is therefore interesting to assess the impact of
the production system and to compare it with existing technologies.
Three different scenarios are compared in the study: one mirror-based module, one Fresnel lens-based
module and one achromalens-based module. Also since these technologies require a light concentration,
and as the high-concentrating photovoltaic (HCPV) systems can only concentrate direct normal
radiations, modules are mounted on a t w o - axis tracking system. The elevation and azimuth drive
improved by 125% the irradiance matching compared to fixed systems.
This study aims to explore which technology is the most environmentally-promising for HCPV modules equipped
with multi-junction solar cells for different scenarios. We detailed the environmental assessment of 1 kWh
of electricity exported to the grid from each scenario, identifying hotspots and most impactful life cycle
stages. A cost estimate of each alternative is also presented in the appendix.
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2

Scope and goal definition

2.1 Objectives of the CPV Match project
Within the CPV Match collaborative EU Project, the following CPV technologies are d e v e l o p e d :
 Development of a novel wafer-bonded four-junction solar cell for better spectral matching with
an efficiency of 48 % using advanced materials and processes.
 Development of a frontier lattice multi-junction cell with high efficiency potential and low process
cost, comprising nanostructured coatings and innovative lattice-matched materials, obtained by
combing III-V and IV elements.
 Development of innovative Fresnel lens-based HCPV modules
 Development of smart, mirror-based HCPV modules
 Exploring which scenario is the most promising in terms of costs and environment friendliness.
This deliverable especially focused on the last objective.

2.2 Goal definition
This approach is process-based on measured and estimated values for both input and output materials
and energy. The system assessed is a high-concentration photovoltaic module using III-V four junction
cells mounted on a two-axis tracking system for three different scenarios. The first one is mirror-based
modules and the two other ones are lens-based modules.
The central objective of CPVMatch is to achieve HCPV solar cells and modules working at a concentration
level ≥ 800x with an efficiency of 48 % and 40 %, respectively, with a low environmental impact.
The aim of this study is to manage the environmental impact assessment. According to the state of the art,
the environmental evaluation of CPV systems should be done according to electricity production (kWh).
The results of the study are intended to be communicated to the public and will be presented in a
transparent way to allow comparative assertions to be disclosed to the public.

2.3 Scope definition
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2.3.1 The three different scenarios under study
Table 1 presents the 3 different CPV modules that are evaluated for this LCA. An individual assessment is
performed and a comparison is presented in this report.

Table 1: Characteristics of the CPV Modules assessed
Scenario

Mirror

Fresnel lens

Achromalens

Nominal power of each module

Wp

361.86

117.44

117.44

Aperture area of each module

m2

0.986

0.32

0.32

Number of cells per module

pc

135

200

200

System efficiency

%

80

80

80

Assumed module efficiency

%

36.7

36.7

36.7

Aperture area

m2

67.2

70.99

70.99

Number of modules per tracker

pc

72

210

210

Type of cell

GaInP/GaAs//GaInAs/Ge

Two-axis tracker

pc

1

Life expectancy

y

30

Annual degradation

%

0.7

Location
DNI

Catania, Sicily
kWh/m2/y

2400 [14]

In the end, a standard CPV system is composed of a two-axis tracker mounted with CPV modules
connected to the grid. The system efficiency considers losses in the DC-DC converter, electronic
components and the solar glass transmittance.
We can then compare the initial efficiency targets set at the beginning of this project with the real
efficiency for the three CPV module scenarios:
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Table 2: Summary of CPV modules’ assumed performance vs target
CPV Match

Scenario

Mirror

Fresnel lens

Achromalens

Cell efficiency

43%

43%

43%

48%

Module efficiency

36.7%

36.7%

36.7%

40%

Target

The functional unit described the function performed by the system under study. It could be compared
and analyzed through different scenarios. In this study, it is defined as:

The production of 1 kWh of electricity exported to the grid by a
CPV module based in Catania, Sicily during 30 years.
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2.3.2 System’s Boundaries

This LCA study was conducted using a cradle-to-grave approach. This means that we consider the whole
life cycle of one CPV module mounted on a two-axis tracking system. The LCA covered the extraction of
raw materials, the manufacture of components and their assembly to result in a CPV module. It also
a s s e s s e d the installation phase and the use phase followed by the dismantling phase and t h e
components end-of-life phase.

Figure 1: System's boundary description

The system studied is composed as follows:
-

III-V four-junction cells production and their packaging

-

Waste during solar cells manufacturing

-

Module systems manufacturing

-

Two-axis tracking systems production and occupation of land

-

PSD sensors manufacturing

-

Transport of PSD sensors from manufacturing to modules assembling site
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-

DC-DC converters manufacturing

-

Transport of DC-DC converters from manufacturing to modules assembling site

-

Transport of solar cells from their manufacturing site to module unit receivers manufacturing site

-

Transport of module unit receivers from their manufacturing site to modules production site

-

Transport of modules from production site to assembling site

-

Transport of module systems from assembling to installation site

-

Transport of system components (modules and tracker) from installation to dismantling site

-

Transport of system components from dismantling to end-of-life site

-

Factory necessary to manufacture solar cells

-

Factory necessary to manufacture module unit receivers

-

Factory necessary to manufacture modules

The packaging of module components were not considered due to their negligible contribution to
impacts. Direct emissions from E&M phase are also not considered in this study. It is mainly due to
missing data from partners for confidentiality reasons.
The machines used to produce and assemble the solar cells, the PSD sensor, the DC-DC converter and the
CPV modules are not considered in this study. We can consider that related impacts are negligible
compared to the others life cycle steps. No allocation procedures other than those applied in Alloc Unit
Def EcoInvent 3.3 database. ILCD Midpoint+ 2011 version 1.9.6 was used as the LCIA methodology and
we evaluated all the impacts.
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Table 3: Environmental impact categories considered
Category

Unit

Reference

Climate change

kg CO2 eq

IPCC 2007

Ozone depletion

kg CFC-11 eq

WMO 1999

Human toxicity, non-cancer effects

CTUh

USEtox

Human toxicity, cancer effects

CTUh

USEtox

Particulate matter

kg PM2.5 eq

Rabl and Spadaro 2004

Ionizing radiation HH

kBq U235 eq

Frischknecht et al. 2000

Ionizing radiation E (interim)

CTUe

Garnier-Laplace et al. 2008

Photochemical ozone formation

kg NMVOC eq

van Zelm et al. 2008

Acidification

molc H+ eq

Seppälä et al. 2006 and Posch et al. 2008

Terrestrial eutrophication

molc N eq

Seppälä et al. 2006 and Posch et al. 2009

Freshwater eutrophication

kg P eq

ReCiPe version 1.05

Marine eutrophication

kg N eq

ReCiPe version 1.05

Freshwater ecotoxicity

CTUe

USEtox

Land use

kg C deficit

Mila i Canals et al. 2007

Water resource depletion

m3 water eq

Swiss Ecoscarcity 2006

Mineral, fossil & ren resource depletion

kg Sb eq

van Oers et al.2002

We will now investigate what interpretation will be used.

Sensitivity check
The study of the sensitivity check is based on questioning experts in the field of solar concentrated
photovoltaics about the system boundaries.
Completeness check
All environmental impacts of ILCD Midpoint+ 2011 version 1.9.6 will be covered in this study.
Consistency check
The evaluation of the consistency check will also be conducted. We consider that assumptions, methods
and data issued from industrials and laboratories or an existing publication are acceptable for the project.
However, if data come from a simple assumption, we should pay attention to them in the interpretation
part. On another side, the difference in data quality along the product system life or between different
products will be considered during the interpretation step.
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2.3.4 Data quality assessment

Time-related coverage
We will evaluate the time-related coverage of the data. Foreground data can be considered acceptable if
collected during the project. Concerning background processes, they are considered as acceptable if the
reference database was validated less than 5 years since the beginning of the project.

Geographical coverage
The geographical data validity is questioned for each system sub-process.

Technological coverage
The technological coverage is correctly managed thanks to the expertise of the project partners.

Completeness
To appraise the completeness of this study, we present the system boundaries of the different systems to
the CPV Match partners and then record their feedback about the perimeter.

Representativeness
The evaluation of the representativeness will be conducted through geographical, time and technological
coverage.

Consistency
We will mainly focus on where the cut-off and allocation rules are applied uniformly on all system
components.

Sources of data
We will ensure that all the sources of data are mentioned and are completely transparent.

Uncertainty of the information
The section related to uncertainty information will see if the study is fully reproducible.
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Missing data management
Missing data was evaluated after the consortium partners’ feedback to ensure no crucial data are left out.

Critical review
No critical review is planned because this research project is not concerned by commercial competition
between products.

Report requirements
The report’s requirement is that all assumptions are clearly presented and that the study can be
reproduced.

2.3.5 Key assumptions
For all the scenarios in the life cycle inventory, we assume to only consider recycled aluminium. We
assume that one piece of DC-DC converter is necessary for 5 mirror modules, for an equivalent of 1,809
kWp. For each CPV module (either Fresnel lens, Achromalens or mirror), we assume that one PSD sensor
is used.
The overall electricity consumption during the whole life cycle is assumed to be a European electricity
mix [3].
As for the transportation step, 1000 km are considered to transport solar cells to module unit receivers as
well as for the transport of unit receivers to module assembling site and modules from assembling to
installation site.
Transportation from the installation site to the dismantling site is over 200 km; Transportation from the
dismantling site to end-of-life is over 100 km for all scenarios.
We assume that DC-DC converter components’ end-of-life fully ends at treatment of printing wiring
boards and then in municipal sanitary landfill. Due to a too high level of uncertainty on solar cells’ endof-life, considering both the energy consumption to separate the materials and the recycling rate of each
semi-conductor’s materials, we assume that it ends in hazardous waste.

2.3.6 Cut-off criteria
When deriving the impact of the functional unit using a specific method, several processes can
contribute more or less to the concerned category. It may happen that one process will dominate overall
but it can also be caused by a high number of processes.
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Therefore, in order to stay focused on the main contributing processes, a 5% cut-off criteria is set up.
It allows us to neglect environmental impacts from different processes that represent less than 5 % of
the system’s total impacts. This choice of 5% is due to a modelling decision. This cut-off criteria is not
so high and will t h e r e f o r e not hide processes that are damageable. For most environmental
categories, it highlights the most contributing processes by category.
The same value was also be considered for mass and energy cut-off for the whole system.

3

Life Cycle Assessment framework

LCA considers the entire life cycle of a product, a CPV module here, from raw materials extraction and
acquisition, through energy and material production and manufacturing, to use and end-of-life
treatment and final disposal [6]. A functional unit defined the studied system. The process of conducting
an LCA is standardized via ISO 14040-44 which consists of a four-step process including scope and goal
definition, inventory analysis, impact assessment and interpretation. The goal determines the context of
the study, the audience and how the results are attended to be used. The scope of the study aims to present
the system’s boundaries, the functional unit and the geographical, temporal and technological coverage.
Then, the life cycle inventory stage consists of data collection and modeling containing all inputs and
outputs at each process stage included in the system’s boundaries. The life cycle impact assessment
presents the results of potential environmental impacts considered. Characterization factors are used to
calculate the impact of each process within the method. Finally, the interpretation provides
recommendations and conclusions of the study.

Product systems are subdivided into a set of unit processes. Unit processes are linked to one another
by flows of intermediate products and/or waste for treatment, to other product systems by product flows,
and to the environment by elementary flows [6]. A unit process also generates outputs as a result of it
activity. An elementary flow includes the use of a resource and the emission into air, water or land
associated with the system. Interpretation must be done from these data that are related to the scope and
goal definition.
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Figure 2: Process inventory
Inputs flows
• Energy: Various energy sources used during the process
• Chemicals: Any material with a chemical composition
• Raw Materials: Unprocessed material, basic material that is used to produce goods, finished
products, energy or intermediate materials
• Products: Products used during the process

Outputs flows
• Product: The aim of the process
• Emissions: Emission to air, water and soil
• Waste: All elements generated by the product except products and emissions

Mirror-based module
The first scenario established by the CPV Match consortium is the high concentrating photovoltaic
modules equipped with mirrors. The current module design is based on fifteen basic module assemblies
that are connected to an aluminium baseplate. One basic module assembly is composed of a triangular
support, a dissipater plate, a bypass diode, copper lead and unit receiver assemblies.
The triangular support is composed by an extruded bar of recycled aluminium which supports the correct
position of the nine receiver unit sub-assemblies. Each basic receiver assembly is connected in series to the
next: a bypass diode is then required for each basic receiver assembly.
On each basic module assembly, nine unit sub-assemblies are manufactured in parallel. Each unit
receiver is made of one cell substrate. Two connectors are added to allow the electrical connection
between the unit receivers. The fuse links the negative and positive leads. Finally, the secondary optic
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elements made of aluminium allow to focus the light on the solar cell.
A lateral cover is made of one piece of fiberglass and glued to the baseplate. It is used for supporting both
the primary mirror assemblies and the glass. Primary mirror assembly supports are integrated in the
lateral cover.
We assume that one piece of DC-DC converter (processed by Tecnalia) is necessary for 5 mirror based modules and one piece of PSD sensor (processed by RSE) is necessary for one CPV Match
module.

Figure 3: Mirror-based module exploded view (ASSE)
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3.2.1

Lens-based module

The two other CPV Match project scenarios have a similar configuration. We assume that their
performance ratio, their size and their design is identical. The only difference is that we replace the
Fresnel lens with the Achromalens. Then, we can distinguish those two scenarios as one can see in Table
16.

Figure 4: Module assembly view (ISE Fraunofer)

Figure 54: Receiver assembly view (ISE
Fraunhofer)

One can see on Figure 5 the view of one piece of receiver assembly. Then, we can see 200 receivers
assembled in one lens module either with Fresnel lens or Achromalens (Fraunhofer ISE).
We can notice that the receiver assembly piece is composed of one solar cell and a bypass diode, mounted
on a heat spreader (aluminium plate coated with a gold plate). Both the diode and the cell are connected to
the plate with a gold wire by wire bonding.
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4

Life Cycle Inventory Analysis

For confidentiality reasons, only the name of the processes considered in the system, as well as the
granulometry of the modeling are presented in this section. Detailed numbers for each subsystem are
presented in the confidential appendix of this report.
All background data are based on the ecoinvent 3.3 alloc-def database.
All primary data stem from project partners.
Inventory data for transportation, waste management and infrastructures are considered in the study.
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4.1 Mirror-based module
We start with the modelling of the mirror-based module. Data collected are directly from our industrial
partner ASSE. This LCA study starts with the extraction of materials and the manufacturing part. It is
important to note that electricity consumption is from a European electricity mix based on [3].
We should consider the following legend to understand the Life Cycle Inventory graphs.
Logo

EcoInvent 3.3 process

Explanation

Photovoltaic panel factory {GLO} | market for | Alloc Def, U

Assuming a production of 10’000 modules
per year over 25 years.

T

Transport, freight, lorry 3.5-7.5 metric ton, EURO6 {GLO}|

Transport of materials over 1000 km

market for | Alloc Def, U

Figure 5: Mirror system life cycle inventory scheme
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Data collection for the mirror-based module was managed with CPV Match partners. The qualitative and
quantitative description of the unit process mainly depend on data provided by the members of the
consortium. The detailed calculations for the quantitative description of materials, energy, processes and
elementary flows are presented in the annex.
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4.2 Fresnel lens-based module

Figure 6: Fresnel lens system life cycle inventory scheme
Data collection for the Fresnel lens-based module was managed by the CPV Match partners. The
qualitative and quantitative description of the unit process mainly depend on data provided by the
members of the consortium. The detailed calculations for the quantitative description of materials, energy,
processes and elementary flows are presented in the annex.
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4.3 Achromalens-based module

Figure 7: Achromalens system life cycle inventory scheme
Data collection for the Achromalens-based module was managed with CPV Match partners. The
qualitative and quantitative description of the unit process mainly depend on data provided by the
members of the consortium. The detailed calculations for the quantitative description of materials, energy,
processes and elementary flows are presented in the annex.
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The different transportation steps between the various life cycle stages can be described in the following
tables:

Table 4: Mirror scenario detailed transportation for the whole system
Transportation step

Input

Distance

Unit weight

Number of

Transport

(km)

(kg)

pieces

(tkm)

Cell to receiver

Solar cells

1000

1.412 10-5

9720

0.137

Receiver to module

Assembled baseplate

1000

42.130

72

3031.200

Module to installation site

Module

1000

65.819

72

4738.968

Installation to dismantling

Module

200

65.819

72

947.793

Dismantling to EOL

Module

100

65.819

72

542.24*

Table 5: Fresnel lens scenario detailed transportation for the whole system
Transportation step

Input

Distance

Unit weight

(km)

(kg)

Number of pieces

Transport
(tkm)

Cell to receiver

Solar cells

1000

1.412 10-5

42000

0.593

Receiver to module

Module

1000

8.023

210

1684.857

Module to installation site

Module

1000

8.023

210

1684.857

Installation to dismantling

Module

200

8.023

210

1.604

Dismantling to EOL

Module

100

8.023

210

1.686*

Table 6: Achromalens scenario detailed transportation for the whole system
Transportation step

Input

Distance

Unit weight

(km)

(kg)

Number of pieces

Transport
(tkm)

Cell to receiver

Solar cells

1000

1.412 10-5

42000

0.593

Receiver to module

Module

1000

9.597

210

2015.576

Module to installation site

Module

1000

9.597

210

2015.576

Installation to dismantling

Module

200

9.597

210

1.919

Dismantling to EOL

Module

100

9.597

210

1.846*
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*: To the dismantling to end-of-life transportation step, the transport of materials ending in sanitary
landfill (EcoInvent 3.3 process: Disposal, municipal solid waste, 22.9% water, to sanitary landfill/CH U)
over 200 km should be added to obtain the displayed value.
We assume that the receiver assemblies and modules are assembled in the same place. In order to be
consistent with the mirror scenario, we assume that modules are transported to the assembling site and
then transported to the installation site.
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4.4 Use Phase and EOL

Figure 8: Use phase and End-Of-Life inventory scheme

Further details on use phase and end-of-life steps are presented in the section below.
Considering a whole life cycle for CPV Match modules requires to consider a two-axis tracker. An average
active area per tracker results in 73.64 m2 [1].
Transportation from assembly to installation is modelled as modules shipped by truck over 1,000 km. We
chose the EcoInvent 3.3 process “Transport, freight, lorry 3.5-7.5 metric ton, EURO6 {GLO}| market for |
Alloc Def, U”.
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It is expressed here:
Table 7: Transport from assembly to installation site for one piece of module (tkm)
Mirror

Fresnel lens

Achromalens

65.819

8.023

9.597

Then, according to a rectangle shape for the active area on each two-axis tracker, we have:
- 8*9 = 72 mirror-based modules corresponding to 70.99 m2
- 14*15 = 210 lens-based modules corresponding to 67.2 m2
Therefore, the inventory for maintaining 1m2 of HCPV module modelled according to the state of the art
[5].
Table 8: Materials required for maintaining the system over 30 years
Inputs
Energy
Electricity
Products
Water
Lubricating oil
Polycarbonate
Polyester
Polyurethane
Co-polymer plastic
Polyamide
Silica gel
Stainless steel
Glass fiber
Output
Maintenance

Amount
EcoInvent 3.3 Name
kWh
135.06
market for electricity, medium voltage
kg
460,86
market for water, ultrapure
0.108
market for lubricating oil
0.0164
market for polycarbonate
0.329
market for polyester resin
0.0494
market for polyurethane, flexible foam
0.2197
market for polypropylene, granulate
0,005494505
marker for nylon 6-6
0,049450549
market for silica sand
0,038461538
market for steel, low-alloyed
0,038461538
market for glass fiber

Location
RER
GLO
GLO
GLO
GLO
GLO
GLO
GLO
GLO
GLO
GLO

1 m2

Using data from [5], we extrapolated the demand for both materials and energy required for monitoring
and maintaining the system over 30 years. As a result, it includes cleaning lenses or mirrors, changing the
bearing oil and general inspection. We assume that the electricity needed for the maintenance is
directly substituted to electricity produced by the modules.
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4.5

End-of-Life Phase description

The EOL phase considers that transportation from the installation site to the dismantling site is over
200 km. We assume that the necessary energy amount for shredding and separating the different
components of those solar systems is 0.34 MJ/kg [4]. The EcoInvent 3.3 Name used for shredding and
separating components is “market for diesel, burned in building machine” with “GLO” location
Then, we assume that shredded components are transported from the dismantling site to the end-of-life
site over a distance of 100 km. At the EOL site, 0.11355 kWh are necessary to recycle one kg of CPV
materials [8] with a European electricity mix.
Concerning the recycling part of metals, we assume to melt them and then reintroduce them to in the
technosphere. It concerns copper, gold, silver and steel. The recycled aluminium modelled in the tracker
and modules’ manufacture was excluded from this End-Of-Life process. As written in the key assumption
of the scope and the goal definition, we assume a special EOL for the solar cells. Considering that fact,
solar cells’ EOL modelling is hazardous waste (EcoInvent 3.3 process is “Hazardous waste, for
underground deposit {GLO}| market for | Alloc Def, U”) with an assumed weight of 58.9 mg.
Therefore, for the concerned metals, we assumed an electricity consumption of 0.65 kWh per kg of metal
needed to melt it, based on literature [12]. The corresponding amount of metal is then modelled as an
output into the technosphere and mentioned as an avoided material.
A 200 km transportation step was added to materials that end in sanitary landfill, as the EcoInvent
process does not take them into account.
Finally, materials used for producing modules can have different end-of-lifes. The process allocation for
the different module materials’ end-of-lifes can be found in Tables 18 to 22 in the ANNEX.

4.6

LCI summary of the 3 CPV Match modules
Table 9: The three scenarios under study
Components

Unit

Mirror

Fresnel lens

Achromalens

Two-axis tracker

pc

1

1

1

Modules
Maintenance
Transporta
Module EOL
Tracker EOL

kWp
m2
tkm
pc
pc

24.192
70.99

24.66
67.2

24.66
67.2

944.7
72
1

297.4
210
1

363.6
210
1

a: Transportation of modules’ components by truck from the installation site to the dismantling site
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over a distance of 200 km. Transportation from the extraction site to assembling is already considered
in the EcoInvent 3.3 processes.

4.7

Electricity production over its entire lifespan

We then evaluated the electricity production of CPV modules mounted on a two-axis tracking system
exported to the grid. The assumed module efficiency for all scenarios is 36.7%. The appraisal of a variety of
losses of modules was assessed in accordance with the literature [4,10]. This origin of losses yield to:
converter losses (5%), additional soiling (2%), shading (1.5%), mismatch (2%), wiring losses (2%),
availability (3%), light-induced degradation (1.5%), glass absorption (2%) and losses of limit on elevation
angle (1%). Therefore, the ideal generation of one unit of CPV module is lowered by 20%.
We considered different publications to evaluate the losses of the system [4,13,14] and the analysis of the
different choices led us to consider a system efficiency of 80%.
Then, considering a 0.7% annual degradation (d), the same system efficiency (𝜂𝑠𝑦𝑠𝑡𝑒𝑚 ) in accordance with
[13] and a module area (A) and this for all scenarios, the generation of electricity (E) can be expressed in
the following equation:
𝑛−1
𝐸 = ∑30
(1)
𝑛=1 𝐺𝑁𝐼 ∙ 𝐴 ∙ 𝜂𝑠𝑦𝑠𝑡𝑒𝑚 ∙ 𝜂𝑚𝑜𝑑𝑢𝑙𝑒 ∙ (1 − 𝑑)

Table 10: Electricity production (GWh) for lens and mirror modules over 30 years
Parameters

Lens-based module

Mirror-based module

(kWh/m2 year)

3040

3040

Annual degradation (%)

0.7
67.2
1.619

0.7
70.99
1.710

(m2)

Module area
Electricity (GWh)

The difference in electricity generation over 30 years is explained by a different module area on the twoaxis tracker. It is also important to notice the substitution of electricity consumption for maintenance
(4.502 kWh/m2/year) over the system’s entire lifespan. We assume that this energy is directly used from
CPV modules production at the power plant site.
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5

Life Cycle Impact Assessment

The impact assessment of LCA aims at assessing the meaning of potential environmental impacts using
the Life Cycle Inventory results. The ILCD Midpoint+ 2011 method includes 16 midpoint impact
categories that were defined in Table 1. Characterization factors are then defined to evaluate inventory
data impacts in the environment (emissions to water, air and soil).
As requested by the European Commission, the assessment of the 16 ILCD impact categories is
presented. We will see later that data choice and availability during the inventory phase may introduce
subjectivity and uncertainty.
The ILCD Midpoint 2011 impact categories that will be studied are gathered in Table 3.
Later, the Life Cycle Interpretation will consider both LCI and LCIA to deliver results that are
consistent with the scope and the goal definition.

5.1

Mineral, fossil and renewable resource depletion

After normalization, it appears that this category is by far the first environmental category. One can see
on Figure 7 the emission in g Sb eq per kWh of electricity produced and exported to the grid. The three
different scenarios are compared: Achromalens, Fresnel lens and Mirror. The extraction of germanium
from land is the process that dominates at 99.9%. Germanium is used by AZUR SPACE (project partner)
for the manufacturing of the solar cells (see Table 21).
18.00

16.28

16.28

Fresnel lens

Achromalens

16.00

g Sb eq/kWh

14.00
12.00
10.00
8.00
6.00
4.00

3.57

2.00
0.00
Mirror

Figure 9: Mineral, fossil and renewable resource depletion impact
results
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5.2

Freshwater ecotoxicity

Among modules’ life cycle stages, t h e ones contributing for more than 98% to freshwater ecotoxicity
are presented below. Again, a comparison between the three different scenarios is presented here. The
impact of this category is explained in Comparative Toxic Unit for environment per kwh (CTUe/kWh). It
provides an estimate of the potentially affected fraction of species (PAF) integrated over time and
volume per unit mass of a chemical emitted into water (PAF m3.year/kg). We can see that the two lens
modules have a higher impact on this category than the mirror module.
Most of the impacts stem from the two-axis tracker’s end-of-life for all scenarios, based on the
ESPACE 3 report. The two lens modules have a relatively higher impact on this category than the mirror
module. The higher presence of gold can explain this small difference.

Figure 10: Freshwater ecotoxicity impact repartition for the 3 scenarios
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5.3

Human toxicity, non-cancer effects

As for the non-cancer effects human toxicity’s side, we present the different processes contributing the
most to this environmental category. It shows the Comparative Toxic Unit for human (CTUh) per kWh
of electricity produced over t he modules’ lifespans. We chose to highlight where the toxicity is mainly
coming from for the three different scenarios. Further details on the impact origins of the modules for
every scenario can be found in the Annex.

Figure 11: Human toxicity, non-cancer effects impact results
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Adhesive (Unit
receiver
assembly)
4%
Flat plate lead
(Assembled
Baseplate)
4%

Others
16%
Flat plate copper
lead (Basic
Module
assembly)
43%

DC-DC converter
7%
Gold wire (Unit
receiver
assembly)
17%

Gold (CPV Wafer)
9%

Figure 12: Repartition of mirror module components impact on Human toxicity, non-cancer effects
category

Others
18%
Heat Spreader
(Receiver
assembly)
40%
Electrical
terminals (Module
Assembly)
19%

Gold (CPV wafer)
23%

Figure 13: Repartition of the two lens module components impact on Human toxicity, non-cancer effects
category
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5.4 Human toxicity, cancer effects

This category represents the influence on the estimated increase in morbidity in the total human
population per unit mass of a chemical emitted. Its unit is identical to the previous category:
Comparative Toxic Unit for humans (CTUh). In figure 10, one can see the contribution of both
Chromium VI and Arsenic at 95% of the impacts for the three scenarios.

Figure 14: Human toxicity, cancer effects impact results
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5.5

Freshwater eutrophication

Freshwater eutrophication is the expression of the degree to which emitted nutrients reach the freshwater
end compartment (phosphorus considered as a limiting factor in freshwater). This evaluation is valid only
in Europe. Averaged characterization factors from country dependent characterization factors are used to
evaluate the impact on this category.

Figure 15: Freshwater eutrophication impact results at the different life cycle stages

Figure 16 presents the distribution of the different life cycle stages for the three different CPV modules. A
presentation of the most impacting processes in modules manufacturing are presented in figure 17 and
figure 18.
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assembly)
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Solar cell
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Figure 16: Most impacting mirror module components contribution to Freshwater eutrophication (82% of
the total impact)

Gold wire
(Receiver
assembly)
3%

PSD sensor
(Receiver
assembly)
3%

Others
11%
Heat Spreader
(Receiver
assembly)
37%

Electricity
5%
DC-DC
converter
4%
Electrical
terminals
(Module
Assembly)
15%
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Figure 17: Most impacting two lens modules components contribution to Freshwater eutrophication (103%
of the total impact)
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5.6

Marine eutrophication

This category expresses the degree to which emitted nutrients reach the marine end compartment
(nitrogen considered as a limiting factor in marine water). This evaluation is only valid in Europe. As for
the Freshwater eutrophication category, averaged characterization factors are used based on country
characterization factors that have been developed in Europe.
The following figure presents the results for the three scenarios. One can see that module manufacturing is
the most important life cycle stage contributor to the total impact. We decided to go in further details in
figure 20 and figure 21.

Figure 18: Marine eutrophication impact results during the different life cycle stages

The next two figures present the most important processes that contribute to marine eutrophication
during CPV modules’ manufacturing. A detailed analysis of the results will be provided in the Life Cycle
Interpretation step.
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Figure 19: Most impacting mirror module components contribution to Marine eutrophication (73% of the
total impact)
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Figure 20: Most impacting two lens modules components contribution to Marine eutrophication (82% of
the total impact)
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5.7

Particulate matter

Figure 22 presents the shared contribution of the different phases to particulate matter formation during life
cycles. One can see modules and tracker manufacture and installation in Catania, maintenance’s impact over
30 years, transportation of the modules from the installation site to the dismantling site, and finally modules
and tracker’s end-of-life (EOL).

Figure 21: Particulate matter impact assessment
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Figure 22: Most impacting mirror module components contribution to particulate matter (78% of the total
impact)
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Figure 23: Most impacting Fresnel-lens module components contribution to particulate matter (70% of
the total impact)
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Figure 24: Most impacting Achromatic-lens module components contribution to particulate matter (72%
of the total impact)
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5.8 Ionizing radiation HH

The following figure presents the emissions of Bq U235 eq per kWh of electricity produced for each scenario.
This category quantifies the impact of ionizing radiation on the population, in comparison to Uranium 235.

Figure 25: Ionizing radiation Human Health impact results
We present the detailed contribution of modules components to this category for the mirror and the twolens scenarios.
Transport
10%
Others
30%

Electricity (Basic
module assembly)
33%

Injection
moulding (Mirror
assembly)
8%

Solar cell
19%

Figure 26: Most impacting mirror-module components contribution to Ionizing radiation (65% of the total
impact)
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and Module
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Figure 27: Most impacting Achromatic and Fresnel-lens modules components contribution to Ionizing
radiation (75% of the total impact)
Most of the impacts coming from solar cell manufacturing stem from electricity consumption and nitrogen
consumed (90% of solar cells’ impact).
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5.9 Acidification

Figure 29 presents the distribution of life cycle stages on Acidification for the three different
scenarios. Acidification is defined as the accumulated exceedance characterizing the change in the critical load
exceedance of the sensitive area in terrestrial and main freshwater ecosystems, into which acidifying substances
deposit. This impact category is European-country dependent.

Figure 28: Distribution of life cycle stages’ contribution to acidification

5.10 Photochemical ozone formation

For this category, we can see how the most relevant processes contribute to photochemical ozone formation
for the mirror, the Fresnel-lens and the Achromalens scenario. One can see the different contribution of
the modules and the two-axis tracker manufacturing and the maintenance during the use phase, and
finally, the modules and the tracker’s end-of-life.
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Figure 29: Relative impacts at different stages of life cycles on photochemical ozone formation

54

5.11

Climate Change

Figure 31 presents the total emission of carbon dioxide equivalent for 1 kWh of electricity produced and
exported to the grid. One can see that results range from 16.03 to 18.19 g CO2 eq/kWh. Further details on
module components contribution can be found in the ANNEX.
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Figure 30: Distribution of life cycle stages’ contribution on climate change for the
three scenarios
The Climate change impact represents Global Warming Potential, calculating the radiative forcing over a
time horizon of 100 years. The detailed processes distribution on climate change for the three CPV systems
are presented in Figure below.
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Figure 31: Detailed process distribution impact on climate change for the mirror-based scenario
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Figure 32: Detailed process distribution impact on climate change for the Fresnel-lens scenario
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Figure 33: Detailed process distribution impact on climate change for the Achromalens scenario
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5.12

Terrestrial eutrophication

On the Terrestrial eutrophication’s side, one can see in the next figure the emission (in mmolc N eq/kWh)
for the systems studied. The accumulated exceedance characterizing the change in critical load
exceedance of the sensitive area, to which eutrophying substances deposit is evaluated here.
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Figure 34: Terrestrial eutrophication impact assessment
As module contribution represents more than 65% of the system’s total impact for every scenario,
a detailed presentation of the origin of the impacts is presented in the figures below.
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Figure 35: Most impacting mirror-based module components contribution to terrestrial eutrophication
(65% of the total impact)
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Figure 36: Most impacting Fresnel-lens module components contribution to terrestrial eutrophication
(69% of the total impact)
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Figure 37: Most impacting Achromalens module components contribution to terrestrial eutrophication
(70% of the total impact)
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5.13

Water resource depletion

This environmental category is evaluated through the amount of cubic meter of water equivalent
depleted. Water resource depletion impact results are presented in figure 39.
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Figure 38: Distribution of life cycle stages’ contribution on Water resource depletion for the three
scenarios
One can see that modules manufacturing is the most important contributor to this category. It is
responsible for more than 75% of the total impact of the system for each scenario. In the two next figures,
we decided to highlight the most impacting components of CPV modules to water resource depletion.
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Figure 39: Most impacting mirror-based module components contribution to water resource depletion
(76% of the total impact)
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Figure 40: Most impacting two-lens module components contribution to water resource depletion (79% of
the total impact)
One can see that solar cells manufacturing, in particular liquid nitrogen consumed with electricity needed
to manufacture both receiver and module assembly, are mostly responsible for the modules’ total impact.
The higher number of cells per module explains the difference with the mirror-based scenario.
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5.14

Ozone depletion

Concerning the ozone depletion category, figure 17 presents the relative impact on the destruction of the
stratospheric ozone layer over a time horizon of 100 years. We normalized the results according to the
production of 1 kWh of electricity. One can see the number of microgram of CFC-11 eq emitted during few
life cycle stages (i.e. modules manufacturing, tracker manufacturing, use phase, the modules and the
tracker’s end-of-life).
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Figure 41: Breakdown of life cycle stages’ contribution on Ozone depletion for the three scenarios
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5.15

Land use

One can see in this table the contribution to land use of the different life cycle phases for each scenario. It
is explained in percentage of kg Carbon deficit. It distinguishes between the extraction and
manufacturing phase (E&M), the operation and maintenance phase (O&M) and the end-of-life phase
(EOL).

50.00

g C deficit/kWh

40.00
30.00
20.00
10.00
0.00
Mirror

Fresnel lens

Achromalens

-10.00
Module

2 axis tracker

Maintenance

Transport

Tracker EOL

Module EOL

As mirror-based modules represent approximately 59% of the total impact of the system on this category,
we decided to have a look at the most contributing processes during the CPV modules’ manufacturing
stage. One can see that transportation and factory are the most important contributors to land use. The
significant weight of the modules can explain the higher impact of transportation for the mirror-based
modules compared to the two other lens ones.
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Figure 42: Most impacting mirror-based module components contribution to land use (59% of the total
impact)
We also decided to conduct the same assessment for the two lens modules that present similar results. One
can see that the impact of the factory at different life cycle stages is the most important. It includes factory
at the three different steps (solar cells, unit receiver and modules) of modules’ manufacturing.
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Figure 43: Most impacting two-lens modules components contribution to land use (64% of the total
impact)

64

5.16

Ionizing radiation on ecosystems (interim)

Finally, Table 38 shows the impact distribution of module processes on Ionizing radiation on ecosystems.
Comparative Toxic Unit for ecosystems is the unit used to express an estimate of the potentially affected
fraction of species (PAF) integrated over time and volume per unit mass of a radionuclide emitted.

Table 11: Ionizing radiation for ecosystems breakdown over the different life cycle stages related to the
functional unit

Ionizing radiation E (interim)

Total (CTUe/kWh)

E&M

O&M

EOL

Mirror

8,37E-09

99%

2%

-1%

Fresnel lens

1,09E-08

98%

1%

1%

Achromalens

1,12E-08

98%

1%

1%
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6

6.1

Life Cycle Interpretation

General

Life Cycle Interpretation is what follows Life Cycle Impact Assessment. The system was evaluated using a
cradle-to-grave approach. The interpretation will show what are the most contributing processes to the 16
ILCD environmental categories.
We consider that the quality of LCI data is sufficient to conduct the LCIA in accordance with the goal and
the scope’s definition. The definition of the system’s boundary and cut-off rules allow to calculate indicator
results for the LCIA. The environmental relevance of the LCIA results is not decreased due to either the
LCI functional unit calculation, system wide averaging, aggregation or allocation.
All ILCD Midpoint+ 2011 version 1.8.9 impact categories are presented in this study. The category
indicators and characterization models used are from [11].

6.2 Identification of significant issues

We proceed to the identification of significant issues in the life cycle impact assessment in accordance with
the scope and the goal’s definition. A process or elementary flow is considered as a significant issue in life
cycle interpretation when it contributes to more than 80% of the total impact on the concerned category.
We assess this analysis on the 16 environmental categories for the three scenarios.
Table 12: Hotspots analysis (contribution of the process in the concerned category)
Impact category

Hotspot

Mirror

Fresnel lens

Achromalens

Mineral, fossil & ren.

Germanium

99.9%

99.9%

99.9%

resource depletion

EcoInvent proxy*

*: Modified EcoInvent process: ‘‘Phosphate rock, as P2O5, beneficiated, dry {MA}| phosphate rock
beneficiation, dry | Alloc Def, U” as ‘‘Germanium rock, as P2O5, beneficiated, dry {MA}| phosphate rock
beneficiation, dry | Alloc Def, U”, where input from nature “Phosphate, land” is replaced by “Germanium,
land” in the EcoInvent inventory.
It appears that Mineral, fossil and renewable resource depletion is the only category concerned. The
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consumption of Germanium in cells represents 99.9% of the impacts on this category. Further
development of characterizations factors for other rare earth metals in this category would be necessary to
complete the LCA method used in this study.

6.3 Data quality assessment
6.3.1 Completeness check
The completeness of this study can find some limits for both the life cycle inventory and the life cycle
impact assessment steps.
Concerning the E&M phase, in the modules’ manufacturing phase, no direct emissions were
communicated by the partners. This missing data is considered as a “zero” data. Moreover, waste of
energy and materials during the modules manufacturing phase are not complete for both mirror and
lens-based scenarios.
Considering LCI, both the Fresnel lens system and the Achromalens system have the same level of
completeness.

Table 12: Completeness check of the study summary
Unit

Mirror

Complete?

Action

Lens

required

module

process

module

Material prod

X

Yes

X

Yes

Energy supply

X

Yes

X

Yes

Transport

X

Yes

X

Yes

Processes

X

Yes

X

Yes

Packaging

-

No

-

No

Use phase

X

Yes

X

Yes

End-Of-Life

X

Yes

X

Yes

Feedback from
partners

Complete?

Action
required

Feedback from
partners

X: data entry available
-: no data entry available

6.3.2 Sensitivity check
As presented in the scope and goal’s definition, all environmental impact categories of ILCD Midpoint
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2011 version 1.8.9 method will be evaluated in this study.
The choice of electricity mix due to the manufacturing location of the modules, the electronic
components, the solar cells and the tracker can highly influence the results.
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Figure 44: Impact of electricity mix in the entire life cycle on climate change for a
system located in Catania, Sicily

Figure 44 presents the emission of CO2 eq related to the functional unit for the three different scenarios
with a different electricity mix. The potential to increase or decrease this impact is significant. The
detailed influence is presented in the table below. Should the electricity used during the production of
modules come from renewables, the carbon footprint of CPVMatch modules would be similar to wind
energy [22].
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Table 13: Climate change impact with different electric mixes in the life cycle of CPV systems and influence
on the total impact compared to the reference mix (Europe)
Scenario

European mix

Poland vs

France vs

Sweden vs Europe

(g CO2eq/kWh)

Europe

Europe

(%)

(%)

(%)

Mirror

16.03

+34%

-23%

-26%

Fresnel lens

16.86

+48%

-33%

-37%

Achromalens

18.19

+44%

-30%

-34%

Table 14 illustrates the possible increase or diminution of the climate change impact related to the
functional unit linked to the electricity mix. It is also influenced by the amount of electricity consumption
during the life cycle of the system. ? The highest electricity consumption of lens modules (about 22
MWh) explained it higher influence of the total impact than for the mirror module (about 15,7 MWh).
Transport modelling can also influence the results. We studied the sensitivity of the distance between the
different life cycle stages. We chose to double the distance at each step for the alternative scenario.
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5.00
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Mirror

Fresnel lens

Reference

Achromalens

Alternative

Figure 45: CPV systems’ climate change impact regarding the two
transportation scenarios
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The alternative scenario presents the impact of the three systems over their entire life cycle considering
that the transportation distance was doubled. One can see in the following table that the mirror-based
CPV is more impacted than the two others. The reduction of materials density for this CPV module would
be of high interest.

Table 14: Climate change impact assessment with an alternative transport modelling
Scenario

Reference scenario (g CO2 eq/kWh)

Alternative vs Reference

Mirror

16.03

+18%

Fresnel lens

16.86

+8%

Achromalens

18.19

+9%

Assumptions made for processing wires, plates, extrusion of material or cabling have a negligible influence
on the results.
The allocation rules and the system’s boundary have been consistently applied to all product systems. This
also concerns regional and temporal coverage. After reviewing the products’ system life cycle, data quality
is consistent with the scope and the goal of the study.
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6.3.3 Consistency check
There are no main differences between the different scenarios in terms of data accuracy. The same level of
foreground process has been provided by the members of the consortium.
This study covers the difference between technologies. The three prototypes are mounted on a two-axis
tracker. This two-axis tracking system is based on a large-scale technology, as described in [1]. The two
lens modules are based on experimental processes, as it does not precise the nature and the amount of
electronic components that should be modelled. The mirror module can also be considered at the
experimental process even if it presents a more detailed inventory.
Table 15: Results of the consistency check for this study
Check

Mirror

Fresnel lens

Achromalens

Compare

Action

Data sources

Partners

OK

Partners

Partners

OK

Consistent

-

Data

Good

OK

Good

OK

Good

OK

Consistent

-

Data age

1 year

OK

1 year

OK

1 year

OK

Consistent

-

Technology

Prototype

OK

Prototype

OK

Prototype

OK

Consistent

-

Actual

OK

Actual

OK

Actual

OK

Consistent

-

Europe

OK

Europe

OK

Europe

OK

Consistent

-

OK

accuracy

coverage
Time-related
coverage
Geographical
coverage
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6.4 Classification of LCI results
According to the results of the consistency check, no more action is required to investigate the consistent
level of information of this study. All inventory results have been pre-classified for pre-selected impact
categories. The nomenclature of the LCI datasets is ensured by EcoInvent. EcoInvent provides a
correspondence table between the LCI and the LCIA results.
We are working with the default list of elementary flows for which characterization factors have been
developed within the ILCD Midpoint+ 2011 LCA method.
Additional LCI results exclusive to one category or more than one category are presented in the table
below:

Table 16: Classification of LCI results
Origin
Solar cell
inventory

6.5

6.5.1

Elementary flow

Compartment

Sub-compartment

Emission to air

unspecified

Hydrogen
Nitrogen, total
Heat, waste

Characterization evaluation of the three scenarios

Mineral, fossil and renewable resource depletion

The 3.57 g Sb eq/kWh emitted for this category (mirror module) corresponds to the extraction of
germanium from land (99.9% of emissions) belonging to pieces of Ge Substrate in the solar cells. It rises
to 16.20 g Sb eq/kWh for both two-axis tracker equipped with Achromalens and Fresnel lens modules.
Lens modules are smaller than mirror-based modules. A simple comparison of the number of cells per
Watt peak explains this difference. Lens modules require 1.7 pieces of solar cells per Wp whereas mirror
modules need 0.4 pieces (per Wp). Consequently, the impact on mineral resource depletion is more
important with lens-based modules.

The benefit from recycling this material or getting it from zinc fusion industry might have a significant
positive impact (negative impact value). However, the life cycle assessment method as well as unknown
processes for recycling IV semiconductors should be developed.
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6.5.2

Freshwater ecotoxicity

Of the 2.66 CTUe/kWh, more than 65% of the impacts are issued from the tracker’s end-of-life. The
tracker’s end-of-life is also the main contributor concerning both the achromalens and the Fresnel lensbased modules. However, the impact is more important for the Fresnel lens and the Achromalens
scenarios with 3.10 and 3.11 CTUe/kWh respectively, due to the presence of gold in the heat spreader.
The major impact of the tracker’s EOL on this category is easily noticeable. It is mainly due to steel waste
and scrap copper produced. Then, the recycling process for those two metals shall improve the
environmental performance of each scenario on this category.

6.5.3

Human toxicity, non-cancer effects

The actual modelling for the three different modules reveals that the mirror-based module is the least
impacting scenario on this category.
In the mirror-based scenario, it is mainly from metals (copper and gold) that are in the basic module
assembly and unit receivers. 43% of the impact is due to the flat plate copper lead (Basic module
assembly) and 18% from the gold wire (Unit receiver assembly).
Concerning the two lens modules, one can notice that gold in the heat spreader contributes to 40% of
the total impact and copper in electrical terminals.

6.5.4

Human toxicity, cancer effects

The extraction of metals is also responsible for most of the impacts in the human toxicity, cancer
effects category. On the lens modules scenario’s side, the heat spreader and electrical terminals are
responsible for 34% of the impacts. Gold contained in the CPV wafers represents 14% of the system’s
impacts. Considering the mirror-based module, one can see that the copper in the flat plate piece (19%)
and gold wires (7%) are the most contributing processes. However, the tracker’s manufacturing is
responsible for respectively 47% and 40% of the total impact for the mirror and the two lens scenarios.

6.5.5

Freshwater eutrophication
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After normalizing the results to the functional unit, the current mirror-based module system generates
21.18 mg P eq/kWh. 36% of t h e impacts come from copper which is found in cables, electronic
components of the DC-DC converter (6%) and the 2-axis tracking plane and 14% from gold wires.
However, the achromalens system generates 30.40 mg P eq/kWh and the Fresnel lens system 30.29 mg
P eq/kWh. The higher contribution of those two lens modules is due to the higher contribution of
gold. Indeed, this metal is present in the heat spreader pieces and in the CPV wafer. Then, its relative
impact is much more important (about 26% in average) compared to copper (20%).

6.5.6

Marine eutrophication

Most of the two lens modules impact yields to electricity consumption for manufacturing both modules
and solar cells. It represents about 53% of the total impact of the two systems on this category.
73% of solar cells’ impact is from electricity followed by nitrogen (16%). However, in the mirror-based
scenario, the electricity impact contribution is less important (32%). The lower number of cells per module
and a lower energy consumption for manufacturing modules explain this difference. The 53,73 mg N
eq/kWh emitted in this scenario are from electricity, followed by copper, injection moulding and glass
fibre.
6.5.7

Ionizing radiation HH

The emission of

3.29 Bq U235 eq/kWh is originally from the electricity consumption for

assembling basic module assembly and wafer for solar cells concerning the mirror-based module. In
both Fresnel lens (5.02 Bq U235 eq/kWh) and Achromalens (5.09 Bq U235 eq/kWh), the
manufacturing of receiver assembly and wafer for solar cells with electricity consumption is responsible
for more than 50% of the impacts.

6.5.8

Particulate matter

For every scenario, more than 70% of the impacts are coming from CPV modules’ manufacturing. The rest
is from the two-axis tracking system.
Concerning the mirror-based module, transport (25%), polycarbonate (22%) in mirror assembly and
copper (23%) in basic module assembly are the most important contributors to this category. However,
concerning the Fresnel lens module, solar cells (18%), electrical terminals (16%), glass plate (15%) and
electricity consumption for module components (7%) are the most contributing processes. The main
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difference of the Achromatic lens module contribution origin is from the Achromatic lenses (9%), the most
important contributors are the same compared to the Fresnel lens scenario but in different proportions.

6.5.9

Acidification

The E&M phase is also responsible for most of the impacts on this category. Copper (29%) in the flat plate,
followed by transport (8%) and polycarbonate (7%) in mirror assembly are responsible for most of the
damage from CPV mirror modules. Regarding the two lens systems, electrical terminals (18%), solar cells
(18%) and glass plate (7%) are the processes contributing the most. The other part of impacts to the 129,19
(Fresnel lens) and 133,91 μ molc H eq (Achromalens) are from the two-axis tracking system.

6.5.10

Photochemical ozone formation

The 52,75 mg NMOVC eq/kWh emitted in this category correspond primarily to processes belonging to
the E&M phase (which emits 52,58 mg NMVOC eq/kWh) and to the tracker’s EOL (4 mg NMVOC
eq/kWh) in the mirror-based scenario. Transport (11%), copper (10%) and polycarbonate (8%) are the
processes contributing the most in the modules’ manufacturing phase. The benefits of recycling metals
(gold, copper and silver) has a positive contribution (negative impact) on this category of 5,15 mg NMVOC
eq/kWh.
Concerning both Achromatic and Fresnel lens systems, the same conclusions can be addressed for the life
cycle phases’ impact distribution (98% from the E&M phase). However, electricity (13%) consumed for
both modules and cells’ manufacturing, followed by cells materials (11%) (gold and nitrogen mainly) and
glass plate (9%) in module assembly are mostly responsible for modules’ damages. Recycling gold can
allow to have a positive contribution on this category (4,81 mg NMVOC eq/kWh for both).

6.5.11

Climate change

Most of the 16,03 g CO2 eq/kWh for the mirror-based scenario is attributable to the modules and the
two-axis tracker’s manufacturing. It gathers 94% of the climate change impact. Electricity consumption
(module assembly and solar cells manufacturing) as well as polycarbonate (11%) for the mirror
assembly are important contributors. The different transportation steps do not have a negligible impact
(18%). This high contribution is mainly due to the important number of components and their weight
(aluminium).
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The E&M phase is also mostly responsible for GHG emissions for both the Fresnel lens and the
Achromalens modules. But in those scenarios, the contribution is mainly reported on solar cells’
manufacturing. The high number of cells per module unit increases the impact of this component in the
module. Again, electricity consumption for curing receivers is the second most important contributor on
this category. Fresnel lenses have a higher impact on this category than the mirror one with 16.86 g
CO2-eq/kWh as well as the Achromalens one (18.19 g CO2-eq/kWh). The presence of polycarbonate in
the Achromatic lenses as well as a more impacting End-Of-Life explains this difference.

6.5.12

Terrestrial eutrophication

In this category, the emission of 0.18 mmolc N eq per kWh of electricity by mirror-based modules is
mostly attributable to both the modules and the tracker’s manufacturing. The reason why the E&M phase
dominates in this category over all the life cycle stages is due to the use of copper (17%), polycarbonate
(11%) and gold (3%) at the different stages of manufacturing of the modules On the Fresnel lens’ side, the
origin of the impacts is mainly from the tracker (33%), followed by metals (copper and gold) in cells (6%),
electrical terminals (11%) and the heat spreader (13%) as well as glass fibre and epoxy resin in the glass
plate (13%). The 0,23 mmolc N eq/kWh for the Achromalens prototype are also attributable to the same
processes even if Achromatic lenses (mainly due to polycarbonate and solar glass) have a non-negligible
impact (6%).
6.5.13

Water resource depletion

The E&M phase is responsible for most of the impacts on the water resource depletion category. The
106,14 (Fresnel lens) and 107,12 (Achromalens) mL water eq/kWh are mostly coming from nitrogen
(39%) consumed for the manufacturing of the CPV wafers and epitaxial ones. The manufacturing of
the tracker accounts for approximately 17% for the two lens scenarios.
However, the mirror-based HCPV module’s impact amounts to only 49,47 mL water eq/kWh. It is
mainly due to the use of silane modified polymer (31%) in the module and nitrogen consumption for
the manufacturing of cells (16%).

6.5.14 Ozone depletion
The impact of the three HCPV technologies on ozone depletion amounts to 1.79, 1.99 and 2.05 µg
CFC-11 eq/kWh for the mirror, the Fresnel lens and the Achromalens-based modules. These values
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are significantly higher than these reported by

Blanca [2] for a HCPV plant located 20 km South of

Casablanca (Morocco) (10.5µg CFC-11 eq/MWh).

Concerning the mirror-based scenario, copper in basic module assembly and electricity consumption
for the manufacturing of this piece are important contributors (about 23%), followed by transport
and solar cells production. The impact of the tracker’s production is also not negligible on this
category (about 24%).
The two lens scenarios highlight the electricity consumption (26%) for the manufacturing of receiver
assemblies and solar cells as well as copper in electrical terminals (11%). The same conclusion can be
reached for the two axis tracking system with 23% of damage.

6.5.15

Land use

We also assessed the life cycle usages of land considering the three CPVMatch possibilities. For both,
the two-axis tracker’s manufacturing has an important positive impact on land use, as well as
modules. Transport (38%), the DC-DC converter, metals (copper and aluminium) in modules
assembly (13%) and the factory (19%) are the most important contributors for the mirror-based
scenario to this category.

However, the influence of the factory is greater for lens modules (30%) and the one from electrical
terminals smaller (3%). In the life cycle modelling, we assume that the same amount of both mirror
and lens modules could be produced over the factory’s lifespan. As we consider two different systems
with a higher number of modules on the lens-based’ side, its larger contribution can be explained.
The lower impact of electrical terminals on the lens-based systems can be explained by the fact that
the modelling of electronics in lens scenarios is based on an LCA assumption. Therefore, the impact
could be underestimated for these two possibilities. One can see that the contribution of transport to
this category is lower compared to the mirror-based scenario.
The reduction of modules weight is one of the paths to limit the environmental footprint of the
systems studied.

6.5.16

Ionizing radiation E (interim)

Concerning the mirror-based module, the 8.36E-9 CTUe/kwh emitted for this category is mainly due
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to the integrated circuit in the two-axis tracker’s motor, and to a lower extent, to the electricity used
for the basic module assembly’s manufacturing. For the two lens scenarios, the consumption of
electricity is the main contributor. However, the motor of the two-axis tracker has an important
contribution concerning the Fresnel lens module.

6.6 Normalization
We decided to assess normalization. The main objective of normalization is to be able to calculate the
magnitude of the category indicator results relative to reference values where the different impact
potentials and consumption of resources are expressed on a common scale through relating them to a
common reference, in order to facilitate comparisons across impact categories. Normalization and
weighting factors are from [15].
To obtain normalized results, we use the following formula:

𝑁𝑜𝑟𝑚 𝐼𝑃𝐼𝐶 =

𝐼𝑃𝐼𝐶
𝑁𝑜𝑟𝑚 𝑟𝑒𝑓𝐼𝐶

Where 𝐼𝑃𝐼𝐶 is the impact potential for a category and 𝑁𝑜𝑟𝑚 𝑟𝑒𝑓𝐼𝐶 is the normalization reference for a
specific impact category. This normalization reference factor represents the total emissions of EU-27
countries in 2010 related to one inhabitant at this period.

After applying normalization with factors from [15], we obtained the following results that are written
below:
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Table 17: Normalized results for the three scenarios

Category

Mirror

Fresnel lens

Achromalens

Mineral, fossil & ren resource depletion

6,17E-02

2,81E-01

2,81E-01

Particulate matter

1,68E-02

1,79E-02

1,92E-02

Human toxicity, non-cancer effects

9,12E-04

1,26E-03

1,26E-03

Freshwater ecotoxicity

2,25E-04

2,62E-04

2,63E-04

Freshwater eutrophication

8,30E-06

1,19E-05

1,19E-05

Human toxicity, cancer effects

4,71E-06

5,98E-06

6,08E-06

Climate change

2,07E-06

2,17E-06

2,35E-06

Acidification

1,92E-06

2,33E-06

2,41E-06

Marine eutrophication

1,90E-06

3,03E-06

3,09E-06

Photochemical ozone formation

1,30E-06

1,52E-06

1,59E-06

Terrestrial eutrophication

1,01E-06

1,24E-06

1,29E-06

Ionizing radiation HH

7,81E-07

1,19E-06

1,21E-06

Ozone depletion

7,67E-08

8,55E-08

8,78E-08

Land use

2,59E-08

3,20E-08

3,28E-08

Water resource depletion

4,31E-09

9,25E-09

9,34E-09

One can see that four categories are highlighted through normalization. Then, we can distinguish that
three groups of impact categories can be distinguished.

One can see that mineral and metal resource depletion is by far the most impacted category after
normalization. It could be explained by the lowest normalization factor compared to other categories and
the high impact of germanium in this LCA method.
Thus, the four most impacted categories after normalization are the previous mentioned categories
followed by Particulate matter, Human toxicity, non-cancer effects and Freshwater ecotoxicity. We will
pay special attention to those quoted categories in the discussions of this study.

79

6.7 Weighting
We also assessed weighting. Weights are assigned to the different impact categories with a view to reflect
the relative importance they are assigned in this study in accordance with the scope and the goal’s
definition. It highlights the most important categories impacted by the system studied.

𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝐼𝑃𝐼𝐶 = 𝑊𝐹𝐼𝐶 ∗ 𝑁𝑜𝑟𝑚 𝐼𝑃𝐼𝐶
where 𝑊𝐹𝐼𝐶 is the weighted impact potential for a specific impact category. It represents an evaluation of
the relative importance of impacts.
Then, we assessed the weighting for the 15 environmental impact categories and obtained the following
results:
Table 18: Weighted results for the three scenarios

Category

Mirror

Fresnel lens

Achromalens

Mineral, fossil & ren resource
depletion

4,66E-01

2,12E+00

2,12E+00

Particulate matter

1,50E-01

1,60E-01

1,72E-01

Human toxicity, non-cancer effects

1,94E-03

2,68E-03

2,69E-03

Freshwater ecotoxicity

4,32E-04

5,04E-04

5,05E-04

Climate change

4,35E-05

4,58E-05

4,94E-05

Freshwater eutrophication

2,32E-05

3,32E-05

3,34E-05

Acidification

1,19E-05

1,44E-05

1,49E-05

Human toxicity, cancer effects

8,67E-06

1,10E-05

1,12E-05

Photochemical ozone formation

6,21E-06

7,24E-06

7,58E-06

Marine eutrophication

5,62E-06

8,97E-06

9,15E-06

Ionizing radiation HH

3,91E-06

5,96E-06

6,05E-06

Terrestrial eutrophication

3,76E-06

4,61E-06

4,79E-06

Ozone depletion

4,84E-07

5,39E-07

5,54E-07

Land use

2,06E-07

2,54E-07

2,60E-07

Water resource depletion

3,67E-08

7,88E-08

7,95E-08

One can see the three different groups of categories impacted after weighting. Climate change and
Freshwater eutrophication are respectively the fifth and sixth most impacted categories.
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The weighted results excluding toxicity categories are presented in the table below:
Table 19: Weighted results without toxicity categories

Category

Mirror

Fresnel lens

Achromalens

Mineral, fossil & ren resource depletion

4,98E-01

2,27E+00

2,27E+00

Particulate matter

1,60E-01

1,70E-01

1,83E-01

Climate change

4,59E-05

4,82E-05

5,20E-05

Freshwater eutrophication

2,45E-05

3,50E-05

3,51E-05

Acidification

1,27E-05

1,54E-05

1,60E-05

Photochemical ozone formation

6,63E-06

7,73E-06

8,09E-06

Marine eutrophication

5,93E-06

9,46E-06

9,64E-06

Ionizing radiation HH

4,19E-06

6,39E-06

6,48E-06

Terrestrial eutrophication

3,97E-06

4,86E-06

5,05E-06

Ozone depletion

5,18E-07

5,77E-07

5,93E-07

Land use

2,18E-07

2,69E-07

2,76E-07

Water resource depletion

3,90E-08

8,36E-08

8,43E-08

6.8 Energy Payback Time Evaluation
The EPBT defined the period required for an energy system to generate the same amount of electricity that
was used during the cradle-to-grave period of the system. We evaluated the primary energy demand for
the E&M, the O&M and the EOL steps through the CED version 1.04 method on SimaPro.
For a PV system, it is quantified as follows:

𝐸𝑃𝐵𝑇 =

𝐸𝑚𝑎𝑛 + 𝐸𝑖𝑛𝑠𝑡 + 𝐸𝐸𝑂𝐿
𝐸𝑎 𝑔𝑒𝑛 − 𝐸𝑎𝑜𝑝

where 𝐸𝑚𝑎𝑛 is the electricity needed for manufacturing the components (E&M phase), 𝐸𝑖𝑛𝑠𝑡 the electricity
for assembly and installation (O&M phase) and 𝐸𝐸𝑂𝐿 is the electricity consumption for components’ EndOf-Life (EOL). 𝐸𝑎𝑔𝑒𝑛 is the annual electricity generation and 𝐸𝑎𝑜𝑝 is the annual electricity required for
maintenance.
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The annual electricity generation is represented as primary energy based on the efficiency of electricity
conversion at the demand side. We considered a European average energy mix efficiency of 0.31, in
accordance with [20,21].
Table 20: EPBT evaluation for the three scenarios
Scenario

CED

Electricity

EPBT

(kWh/m2

generation

(years)

modules)

(MWh/year)

Mirror

1896.01

57.011

0.74

Fresnel lens

2414.31

53.968

0.94

Achromalens

2523.67

53.968

0.98

One can see that the mirror-based system has a relatively less important Energy Payback Time compared
to the two other lens-based systems. The lower energy consumption during its entire life cycle combined
with a higher electricity generation explains the difference between the scenarios.
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6.9 Discussion

The potential environmental impacts of the 3 HCPV systems were investigated during this study. It
appears that GHG emissions are more important for the Achromalens scenario compared to the two
other ones. Fthenakis and Kim [4] reported the GHG emissions of the Amonix 7700 HCPV system in
Phoenix, Arizona, USA (DNI:2500kWh/m2/year). Fresnel lenses are used to focus solar radiation onto
GaInP/GaInAs/Ge cells. They reported 27 g CO2-eq/kWh and their respective EPBT is 0.9 years. The
estimated greenhouse gas emissions for the Fresnel lens module are 16.86 g CO2 eq/kWh and its
estimated payback time is 0.94 years. The environmental performance is therefore more important
compared to the Ammonix 7700 system located in Phoenix.
The hotspots analysis previously carried out identifies Germanium used in solar cells as the main hotspot
in this LCA. It is responsible, after normalization, for more than 99% of Mineral, fossil and renewable
resource depletion total impact.
However, the mineral, fossil and renewable resource depletion category is much more affected by both
Fresnel lens and Achromatic- lens scenarios. This is an important issue for this LCA study as it is the
most affected environmental category after normalization. Germanium’s availability is very limited
and so its extraction from soil could rapidly face scarcity.
Particulate matter is the second most impacted category after weighting (excluding toxicity categories).
Transport and polycarbonate are the most important contributors concerning the mirror-based scenario.
While solar cells, electrical terminals and glass plates are responsible for most of the damages for the two
lens scenarios.
A non-negligible difference between the first and the two other lens scenarios can be easily noticed for
both Freshwater and Marine eutrophication. The higher presence of gold for those two last ones mainly
increases the emission of phosphate (P) in water for the first category. However, the difference
concerning electricity consumption explains the higher impact to marine eutrophication for both
Achromalens and Fresnel lens than for mirror-based modules.
In the end, the relative limited impact of the mirror-based HCPV module for both Ionizing radiation
Human Health and Water resource depletion is also reflected in this LCA. The higher nitrogen
consumption in modules’ manufacturing by the two different lens modules explains their greater damage
on these categories.

Other PV technologies have been investigated [17-20] and presented, except the CdTe technology, higher
GHG emissions per kWh. Kim H. et al (2013) [17] presented GHG emissions of 38.7, 36.2, 40.4 and 15.1 g
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CO2 eq/kWh for mono-Si, multi-Si, a-Si and CdTe technologies. A more recent publication by Dahiya S.
and Vogt T. [20], evaluated those systems at the same order of magnitude. The GHG emissions of PV
technologies are presented in the table below:
Table 21: Climate change impact (g CO2 eq/kWh) of different PV technologies from literature
Source

mono-Si

multi-Si

a-Si

CIGS

CdTe

38.7

36.2

40.4

-

15.1

40.92

31.27

-

26.15

16.78

Kim H. et al [17]
Dahiya S. et al
[20]

However, the different publications do not present all key assumptions used for their studies. Therefore,
the uncertainty on allocation procedures or LCI modelling do not allow a reliable comparison. We then
decide to have a look at Ecoinvent data on mono-Si, multi-Si, ribbon-Si and a-Si technologies. Their
climate change impact is presented in the table below:

Table 22: Ecoinvent 3.3 process for different PV technologies and their relative GHG emissions per kWh
[Type of cell]

mono-Si1

multi-Si1

ribbon-Si1

a-Si1

CdTe2

g CO2 eq/kWh

70.8

63.7

60.1

72.3

43.3

Legend:
1: Electricity, PV, at 3 kWp slanted-roof, [Type of cell], panel, mounted/CH, U [23]
2: Electricity, low voltage {CH}| electricity production, photovoltaic, 3 kWp slanted-roof installation,
CdTe, laminated, integrated – Alloc Def, U [23]
The low environmental impact of the three CPV technologies evaluated in this study can be compared
with wind turbines energy systems:
Table 23: CPV modules compared to ADEME and Ecoinvent wind turbine power plants’ impact on climate
change
Energy prod.

CPV

CPV Fresnel

CPV

Wind ADEME

EcoInvent Wind 800

system

Mirror

lens

Achromalens

[22]

kW RER [23]

g CO2 eq/kWh

16.03

16.86

18.19

12.72

11.20

Other articles [16,21] present different GHG emissions values for 1 or 2 MW wind turbine power plants.
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The lack of details in the system’s boundary description or key assumptions on the modelling of transport
and end-of-life do not allow the comparison with CPV Match systems presented in this study.
The comparison of the three CPV systems with some case studies in the state-of-the-art revealed the
interesting performance of the systems under study. The GHG emissions per kWh are significantly lower
than other PV technologies evaluated within the same framework (Table 22).
Further discussions and studies would be necessary to evaluate their potential to reach a better
performance (lower climate change impact). A high-scale industrialization of CPV modules may lead this
technology to high climate change performance. Their GHG emissions could be at the same level as wind
turbines (Table 24). The necessary investment to develop such a technology may be discussed accordingly
to the willingness to pay for low carbon energy production systems.
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7

Conclusions

This LCA study was conducted within the CPV Match consortium. In order to evaluate the
environmental performance of the three CPV scenarios, we investigated the 16 ILCD 2011 MidPoint+
environmental indicators. The geographical area is set to Catania, Sicily. The assumed energy
conversion is 36.7% for HPCV modules.
The land use category is not the most impacted category after normalization and weighting. Most of the
impacts are coming from the transportation of modules and the factory. Considering a cradle-to-grave
approach and that the CPV power plant will, at the end of its lifespan, be transformed into arable land,
the impact of CPV systems is limited. Further studies about the integration of such a technology onto
buildings like BIPV could bring an answer to an over-stressed land resources challenge.
The E&M phase is responsible for most of the environmental impacts and this is mainly due to the
electricity consumption for the assembling and the manufacturing of the different components of the
modules.
Mineral, fossil and renewable resource depletion is the most significantly affected category according
to normalization. This is mainly due to the extraction of germanium from land, used to manufacture Ge
substrate in solar cells. These results highly depend on the modelling and on the information provided
by the AZUR SPACE partner.
Climate change is the third most affected category after weighting (without toxicity categories).
Transport, polycarbonate and electricity for manufacturing are the most important contributors in the
mirror-based scenario. On the other side, electricity and nitrogen consumption for solar cells’
manufacturing, followed by transport and electricity for modules’ manufacturing, explained most of the
60% of the total impact. The other 30% are from tracker manufacturing.
In the end, the results suggest that both solar tracker and modules share more than 90% of the impact
on every category except the for Freshwater ecotoxicity (47% in average) category. It rises to 101% for
Water resource depletion and 137% for both the Freshwater eutrophication and the Human toxicity,
non-cancer effects indicators. The environmental contribution of transport and assembling represent
less than 10% of the impacts in every category for the two lens scenarios. However, it has a greater
impact on the mirror-based scenario. It rises to 27% for ozone depletion, 25% for land use, 18% for
climate change and between 10% and 15% for particulate matter, photochemical ozone formation and
ionizing radiation for ecosystems.
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The country of location can significantly affect the impact of the life cycle of the CPV modules. The nature
of the electricity mix consumed for manufacturing the modules and the tracker’s components is a high
sensitivity point concerning GHG emissions. The manufacturing sites in Poland could dramatically
increase their climate change impact however it is more advisable to process it in Spain or France.
The reduction of the weight of the modules is also of high environmental interest. It could represent less
than 10% of damages when having lighter modules (Silicone on glass and achromatic lens).
Finally, due to the high relevance of the recycling processes, further studies and research would be of
high interest considering the large amount of materials used such as aluminium, copper and gold.
Carbon emissions found for the CPVMatch HCPV systems are between 16 and 18 gCO2eq/kWh for a
location in Southern Italy. These numbers are extremely promising and below corresponding numbers
for standard PV which are 70.8 gCO2eq/kWh to 43.3 gCO2eq/kWh depending on the technology. They
even start to compete with electricity from wind power plants (approximately 13 gCO2/kWh in the
Ecoinvent database).
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8

Limitations of the LCA

The present study includes data uncertainties. Difficulties in data gathering prevented us from
investigating both the assembling process and the end-of-life process. It may introduce an
underestimation of the impacts considered. The uncertainty comes mainly from the two lens-based
modules. Electrical components such as the DC-DC converter and the PSD sensor have been included but
their amount in the LCI is based on an assumption. Moreover, we assume that aluminium in the life
cycle inventory is recycled. Further investigation on the use rate of primary aluminium and recycled
aluminium in future CPV modules manufacturing would be of high interest.
In addition, we did not consider the energy inputs for the installation of the system as these
contributions are relatively minor. Finally, data availability on CPV module components’ end-of-life is
very limited. Then, recycling processes for metals and electrical components can have a positive effect
(negative impact) on the environment.
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ANNEX I: Main data for LCA modelling
Table 24: Density values for chemicals in LCI

Chemical

Density (g/cm3)

Chemical

Density
(g/cm3)

Acetone

0.7845

HNO3

1.51

Aluminium

2.6989

Isopropanol

0.786

Ammonia, liquid

0.9

NH4OH, liquid

730

Elastomer

0.95

Nitrogen gas

1.16E-3

Epoxy resin

2.25

Nitrogen liquid

0.313

Ethanol

0.7893

NMP

1.03

Glass

2.5

Phenolic resin

1.1

Gold

19.3

Polycarbonate based on bisphenol Z

1.2

H2 gas

8.98E-5

Indium tin oxide

7.12

H2O2

1.11

Silicon

2.33

HCl

1.19

Vinyl acetate

0.95

HF, liquid

0.99
Table 25: European electricity mix [3]

Country
Belgium
Bulgaria
Czech Republic
Denmark
Germany
Ireland
Greece
Spain
France
Croatia
Italy
Luxembourg

%
2.3
1.4
2.6
1
19.5
0.8
1.5
8.9
17.8
0.4
8.9
0.1

Country
Hungaria
Malta
Netherlands
Austria
Poland
Portugal
Romania
Slovenia
Slovakia
Finland
Sweden
United Kingdom
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%
0.9
0.1
3.3
0.1
4.8
1.7
2
0.5
0.8
2.2
4.9
10.6

Table 26: Summary of materials for one piece of mirror module (equivalent to 361.86 Wp) and their corresponding(s) End-Of-Life Process(es)

Total
Origin

Inventory

Material

Amount of

Unit Treatment Repartition

Material

Mirror
assembly

Mirrorbased

First End-Of-Life process
(EcoInvent 3.3 Name)

Second End-Of-Life
process (EcoInvent 3.3
Name)

Output process
(EcoInvent 3.3 Name)

Disposal, municipal solid waste,
Fiberglass

3024

g

22.9% water, to sanitary

module

landfill/CH U

MirrorPSD sensor

based
module

Screws
Zinc Plated
Steel
Baseplate

Lateral
Cover

Steel

336

g

Steel and iron (waste treatment)

Steel, low-alloyed

{GLO}| recycling of steel and iron

{GLO}| market for |

| Alloc Def, U

Alloc Def, U

Assembled
baseplate
Assembled
baseplate
Mirrorbased
module
Mirror-

PSD sensor

based

Waste

module
Extruded

Basic

Triangular

module

Support

assembly

Aluminium

43401,008

g

65%

Table 14: Solar cell waste inventory

Basic
Dissipater

module
assembly

Secondary
Optics

Unit

Aluminium (waste treatment)

receiver

Recycling

assembly

based

{GLO}| recycling of aluminium
secondary | Alloc Def, U

MirrorPSD sensor

35%

Disposal, municipal solid waste,
Cadmium

0,092

g

22.9% water, to sanitary

module
Gold wire

Unit
receiver

landfill/CH U
Gold

0,135

g

Electricity, medium voltage, RER
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Gold {GLO}| market for
| Alloc Def, U

assembly
MirrorPSD sensor

based

Glass

22

g

Epoxy resin

45,508

g

Disposal glass 0% water to inert
material landfill/CH

module
Unit
Adhesive

receiver
assembly

Adhesive
solution 1

Structural
adhesive

Connector
mirror

Basic
module
assembly
Mirror-

Unit
receiver
assembly

modified

based

polymer

module

Mirror
assembly

Reflective
sheet

Disposal, municipal solid waste,
Tetrachlorosilane

50

g

22.9% water, to sanitary
landfill/CH U

Unit
receiver
assembly
Mirror-

Disposal, plastics, mixture, 15.3%
Polycarbonate

5616,516

g

water, to municipal
incineration/CH U

based

Steam, in chemical
industry {GLO}|
market for | Alloc Def,
U

module
Mirrorbased

Aluminium (waste treatment)
Sheet rolling

2970

g

{GLO}| recycling of aluminium

module
Mirror-

Glass

landfill/CH U

module

Mirror-

mirror

22.9% water, to sanitary

based

Silane

Connector

Disposal, municipal solid waste,

based
module

Safety

Assembled

washer

baseplate

Conductive Assembled
grease

baseplate

Connector

Unit

secondary | Alloc Def, U
Solar glass, lowiron

7800

Inert waste, for final disposal

g

{GLO}| market for | Alloc Def, U

Disposal, plastics, mixture, 15.3%
Nylon 6-6

42,72

g

water, to municipal
incineration/CH U

Steam, in chemical
industry {GLO}|
market for | Alloc Def,
U

Disposal, municipal solid waste,
Silicon product

5

g

22.9% water, to sanitary
landfill/CH U

Copper

2179,609

g

Recycling

40%

Electricity, medium voltage, RER
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Copper {GLO}| market

mirror

receiver

for | Alloc Def, U

assembly
Flat

Basic

copper

module

lead

assembly
Mirror-

PSD sensor

based

Disposal, municipal solid waste,

module
Flat plate

Assembled

lead

baseplate

Basic

Basic

Module

module

Assembly

assembly

Mirror
assembly

Adhesive
solution 1

Waste

60%

22.9% water, to sanitary
landfill/CH U

Disposal, municipal solid waste,
Diode

15

g

22.9% water, to sanitary
landfill/CH U

Mirrorbased
module
Basic
module

Silver

13,2594015

g

0,7425

g

Silver {GLO}| market

Electricity, medium voltage, RER

for | Alloc Def, U

assembly
Unit

Adhesive

receiver
assembly
Unit

Adhesive

receiver
assembly

DC-DC
converter

PSD sensor

Bisphenol A
powder

Disposal, municipal solid waste,
22.9% water, to sanitary
landfill/CH U

Mirrorbased
module

Electronic

Mirror-

components

45,317

g

Disposal, treatment of printed
wiring boards/GLO U

based

Disposal, municipal solid
waste, 22.9% water, to
sanitary landfill/CH U

module
Unit
Fuse

receiver
assembly

Cell

Unit

substrate

receiver

solution 1

assembly

PSD sensor

Mirror-

PWB

249,542966

g

Disposal, treatment of printed
wiring boards/GLO U
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Disposal, municipal solid
waste, 22.9% water, to
sanitary landfill/CH U

based
module
Adhesive
solution 2

Basic
module

Disposal, municipal solid waste,
Butyl acrylate

3

g

22.9% water, to sanitary

assembly

landfill/CH U

Solar cell

underground deposit {GLO}|

Hazardous waste, for
Solar cell

Solar cell

7,9515

g

market for | Alloc Def, U

Table 27: EOL processes summary for one piece of mirror-based modules

End-Of-Life Process (EcoInvent 3.3 Name)

Output process (EcoInvent 3.3 Name)

Total Amount

Unit

Steel, low-alloyed {GLO}| market for | Alloc Def, U

336,00

g

Copper {GLO}| market for | Alloc Def, U

871,84

g

Silver {GLO}| market for | Alloc Def, U

13,26

g

Steam, in chemical industry {GLO}| market for | Alloc Def, U

5659,24

g

Gold {GLO}| market for | Alloc Def, U

0,14

g

Steel and iron (waste treatment) {GLO}| recycling of steel and iron | Alloc Def, U

336,00

g

Aluminium (waste treatment) {GLO}| recycling of aluminium secondary | Alloc Def, U

18160,35

g

Inert waste, for final disposal {GLO}| market for | Alloc Def, U

7800,00

g

Disposal, municipal solid waste, 22.9% water, to sanitary landfill/CH U

4745,97

g

Disposal, plastics, mixture, 15.3% water, to municipal incineration/CH U

5659,24

g

Disposal, treatment of printed wiring boards/GLO U

294,86

g

Disposal glass 0% water to inert material landfill/CH

22,00

g

Hazardous waste, for underground deposit {GLO}| market for | Alloc Def, U

7,95

g

Transport, freight, lorry 3.5-7.5 metric ton, EURO6 {GLO}| market for | Alloc Def, U

7,51

tkm

Diesel, burned in building machine {GLO}| market for | Alloc Def, U

22,31

MJ

Electricity, medium voltage, RER

8,05

kWh
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Table 28: Summary of materials for one piece of lens module (equivalent to 117.44 Wp) and their corresponding(s) End-Of-Life Process(es)

Total
Origin

Inventory

Material

Amount
of

Unit Treatment Repartition

First End-Of-Life process

Second End-Of-Life process

Output process

(EcoInvent 3.3 Name)

(EcoInvent 3.3 Name)

(EcoInvent 3.3 Name)

Material

Diode

Receiver
assembly

Aluminium

Module

wire

assembly

PSD sensor

Module
assembly

Heat

Receiver

spreader

assembly

Gold wire

Receiver

spreader

assembly

Adhesive

Diode

0,23

g

22.9% water, to sanitary
landfill/CH U

Aluminium

705,688

Waste

65%

Recycling

35%

g

Aluminium (waste treatment)
{GLO}| recycling of aluminium
secondary | Alloc Def, U

Receiver
assembly

Heat

Adhesive

Disposal, municipal solid waste,

Gold

0,188

g

94,95

g

Gold {GLO}| market for

Electricity, medium voltage, RER

| Alloc Def, U

Receiver
assembly
Module
assembly

Epoxy resin,
liquid

Glass
material

Module

bottom

assembly

Disposal, municipal solid waste,
22.9% water, to sanitary
landfill/CH U

plate

PSD sensor

PSD sensor

PSD sensor

Receiver

Electronic

assembly

component

Receiver
assembly

Receiver
assembly

Steel

5

12

g

g

Disposal, treatment of printed
wiring boards/GLO U

Disposal, municipal solid
waste, 22.9% water, to
sanitary landfill/CH U

Steel and iron (waste treatment)

Steel, low-alloyed

{GLO}| recycling of steel and iron

{GLO}| market for |

| Alloc Def, U

PWB

5,27

g

Disposal, treatment of printed
wiring boards/GLO U
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Alloc Def, U
Disposal, municipal solid
waste, 22.9% water, to
sanitary landfill/CH U

PSD sensor

Receiver
assembly

Glass

22

Disposal glass 0% water to inert

g

material landfill/CH
Disposal, municipal solid waste,

PSD sensor

PSD sensor

Adhesive

Receiver
assembly

Receiver
assembly

Copper

64,4

g

Cadmium

Silver
particles

0,092

g

0,37

g

Glass

bottom

assembly

Glass fibre

Module

terminals

assembly

DC-DC

Receiver

Electronic

converter

assembly

component

4210,19

g

Cable

671,163

13,08

g

g

Achromalens

Solar glass

2936

g

Achromalens

Polycarbonate

704,64

g

Fresnel lens

40%

Electricity, medium voltage, RER

landfill/CH U

22.9% water, to sanitary

Electricity, medium voltage, RER

22.9% water, to sanitary
landfill/CH U

Electrical

Fresnel lens

Recycling

Disposal, municipal solid waste,

plate

Achromalens

22.9% water, to sanitary

landfill/CH U

Receiver

Module

60%

Disposal, municipal solid waste,

assembly

material

Waste

Vinyl acetate

Solar glass

Silicone
product

140,93

g

2140,8

g

65,92

g

Disposal, plastics, mixture, 15.3%

Steam, in chemical

water, to municipal

industry {GLO}| market

incineration/CH U

for | Alloc Def, U

Disposal, treatment of printed
wiring boards/GLO U

Solar cell

Disposal, plastics, mixture, 15.3%

Steam, in chemical

water, to municipal

industry {GLO}| market

incineration/CH U

for | Alloc Def, U

Disposal, plastics, mixture, 15.3%

Steam, in chemical

water, to municipal

industry {GLO}| market

incineration/CH U

for | Alloc Def, U

Disposal, glass, 0% water, to inert
material landfill/CH U

22.9% water, to sanitary
landfill/CH U

g

sanitary landfill/CH U

material landfill/CH U

Disposal, municipal solid waste,

2.824

waste, 22.9% water, to

Disposal, glass, 0% water, to inert

Hazardous waste, for
Solar cell

Disposal, municipal solid

underground deposit {GLO}|
market for | Alloc Def, U
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Table 29: EOL processes summary for Achromalens-based modules

End-Of-Life Process (EcoInvent 3.3 Name)

Output process (EcoInvent 3.3 Name)

Total Amount

Unit

Gold {GLO}| market for | Alloc Def, U

0,19

g

Steam, in chemical industry {GLO}| market for | Alloc Def, U

1516,73

g

Steel, low-alloyed {GLO}| market for | Alloc Def, U

857,57

g

Disposal, municipal solid waste, 22.9% water, to sanitary landfill/CH U

4433,38

g

Aluminium (waste treatment) {GLO}| recycling of aluminium secondary | Alloc Def, U

246,99

g

Disposal, plastics, mixture, 15.3% water, to municipal incineration/CH U

1516,73

g

Disposal, treatment of printed wiring boards/GLO U

23.36

g

Disposal, glass, 0% water, to inert material landfill/CH U

2958,00

g

Hazardous waste, for underground deposit {GLO}| market for | Alloc Def, U

2.824

g

Electricity, medium voltage, RER

1,11

kWh

Transport, freight, lorry 3.5-7.5 metric ton, EURO6 {GLO}| market for | Alloc Def, U

1,84

tkm

Diesel, burned in building machine {GLO}| market for | Alloc Def, U

3,26

MJ
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Table 30: EOL processes summary for Fresnel lens-based modules

End-Of-Life Process (EcoInvent 3.3 Name)

Output process (EcoInvent 3.3 Name)

Total Amount

Unit

Gold {GLO}| market for | Alloc Def, U

0,19

g

Steam, in chemical industry {GLO}| market for | Alloc Def, U

671,16

g

Steel, low-alloyed {GLO}| market for | Alloc Def, U

12,00

g

Disposal, municipal solid waste, 22.9% water, to sanitary landfill/CH U

4423,01

g

Aluminium (waste treatment) {GLO}| recycling of aluminium secondary | Alloc Def, U

246,99

g

Disposal, plastics, mixture, 15.3% water, to municipal incineration/CH U

671,16

g

Disposal, treatment of printed wiring boards/GLO U

23,36

g

Hazardous waste, for underground deposit {GLO}| market for | Alloc Def, U

2.82

g

Disposal, glass, 0% water, to inert material landfill/CH U

2162,80

g

Electricity, medium voltage, RER

0.93

kWh

Transport, freight, lorry 3.5-7.5 metric ton, EURO6 {GLO}| market for | Alloc Def, U

1,69

tkm

Diesel, burned in building machine {GLO}| market for | Alloc Def, U

2,72

MJ
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ANNEXE II: Detailed Life Cycle Impact Assessment results
For each scenario, the Modules column gathers modules’ manufacturing and transportation from the manufacturing site to the assembly site (500 km by truck). T h e
Tracker column represents the impacts of the manufacturing of the tracker. Finally, the Modules EOL and Tracker EOL columns consider its end-of-life and
transportation from the installation site to the end-of-life site (1,000 km by truck).
Table 31: Mirror-based module impact results (per kWh)

Category

Unit

Total

Modules

Tracker

Use phase

Climate change

Transport Modules EOL

Tracker EOL

g CO2 eq

1,60E+01

9,97E+00

1,13E-01

4,89E-01

2,90E-01

5,17E-02

5,12E+00

Ozone depletion

µg CFC-11 eq

1,79E+00

1,31E+00

1,27E-02

1,33E-01

5,02E-02

-1,46E-01

4,33E-01

Human toxicity, non-cancer effects

CTUh

3,51E-08

2,82E-08

2,06E-11

9,31E-10

7,25E-11

-1,21E-08

1,79E-08

Human toxicity, cancer effects

CTUh

2,24E-09

1,35E-09

9,45E-12

2,33E-10

1,25E-11

-4,43E-10

1,07E-09

Particulate matter

mg PM2.5 eq

1,07E+01

8,36E+00

7,21E-02

4,72E-01

1,22E-01

-1,32E+00

2,97E+00

Ionizing radiation HH

Bq U235 eq

3,29E+00

2,14E+00

1,08E-02

4,59E-02

2,31E-02

-4,73E-02

1,12E+00

Ionizing radiation E (interim)

CTUe

8,37E-09

4,89E-09

3,26E-11

1,69E-10

1,30E-10

-2,12E-10

3,35E-09

Photochemical ozone formation

mg NMVOC eq

5,27E+01

3,38E+01

6,82E-01

4,00E+00

6,27E-01

-5,15E+00

1,87E+01

Acidification

mmolc H+ eq

1,07E-01

8,72E-02

5,58E-04

3,59E-03

9,34E-04

-1,95E-02

3,38E-02

Terrestrial eutrophication

mmolc N eq

1,79E-01

1,17E-01

9,45E-04

1,35E-02

1,68E-03

-2,15E-02

6,77E-02

Freshwater eutrophication

mg P eq

2,12E+01

1,73E+01

2,24E-02

1,55E-01

2,70E-02

-6,96E+00

1,06E+01

Marine eutrophication

mg N eq

5,37E+01

3,93E+01

2,19E-01

7,29E+00

2,16E-01

-1,42E+00

8,11E+00

Freshwater ecotoxicity

CTUe

2,66E+00

6,56E-01

1,02E-03

1,86E+00

2,11E-03

-2,52E-01

3,94E-01

Land use

g C deficit

3,45E+01

2,04E+01

2,20E-01

1,28E+00

8,69E-01

-1,98E+00

1,38E+01

Water resource depletion

mL water eq

4,95E+01

3,76E+01

3,34E+00

3,46E-01

-4,64E-02

-9,34E+00

1,76E+01

g Sb eq

3,57E+00

3,57E+00

3,41E-06

2,51E-05

3,41E-05

-2,47E-03

1,21E-03

Mineral, fossil & ren resource
depletion
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Table 32: Fresnel lens-based module impact results (per kWh)

Category

Unité

Total

Modules

Tracker

Use Phase

Transport

Modules EOL

Tracker EOL

Climate change

g CO2 eq

1,69E+01

1,05E+01

1,13E-01

5,16E-01

1,09E-01

2,56E-01

5,41E+00

Ozone depletion

µg CFC-11 eq

2,00E+00

1,38E+00

1,27E-02

1,41E-01

1,89E-02

-1,44E-02

4,58E-01

Human toxicity, non-cancer effects

CTUh

4,84E-08

4,81E-08

2,06E-11

9,83E-10

2,73E-11

-1,96E-08

1,89E-08

Human toxicity, cancer effects

CTUh

2,84E-09

2,14E-09

9,45E-12

2,46E-10

4,73E-12

-6,88E-10

1,13E-09

Particulate matter

mg PM2.5 eq

1,14E+01

7,97E+00

7,21E-02

4,98E-01

4,60E-02

-3,50E-01

3,14E+00

Ionizing radiation HH

Bq U235 eq

5,02E+00

3,77E+00

1,08E-02

4,85E-02

8,70E-03

-3,56E-03

1,18E+00

Ionizing radiation E (interim)

CTUe

1,09E-08

7,20E-09

3,26E-11

1,78E-10

4,89E-11

-5,64E-11

3,54E-09

Photochemical ozone formation

mg NMVOC eq

6,15E+01

4,04E+01

6,82E-01

4,23E+00

2,36E-01

-3,78E+00

1,98E+01

Acidification

mmolc H+ eq

1,29E-01

9,37E-02

5,58E-04

3,79E-03

3,52E-04

-4,99E-03

3,57E-02

Terrestrial eutrophication

mmolc N eq

2,20E-01

1,51E-01

9,45E-04

1,43E-02

6,35E-04

-1,89E-02

7,15E-02

Freshwater eutrophication

mg P eq

3,03E+01

3,11E+01

2,24E-02

1,64E-01

1,02E-02

-1,23E+01

1,12E+01

Marine eutrophication

mg N eq

8,57E+01

6,99E+01

2,19E-01

7,70E+00

8,16E-02

-7,12E-01

8,57E+00

Freshwater ecotoxicity

CTUe

3,10E+00

1,14E+00

1,02E-03

1,96E+00

7,94E-04

-4,25E-01

4,16E-01

Land use

g C deficit

4,27E+01

2,75E+01

2,20E-01

1,35E+00

3,27E-01

-1,28E+00

1,46E+01

Water resource depletion

mL water eq

1,06E+02

8,36E+01

3,34E+00

3,66E-01

-1,75E-02

3,57E-01

1,85E+01

1,63E+01

1,63E+01

3,41E-06

2,65E-05

1,29E-05

-1,23E-03

1,28E-03

Mineral, fossil & ren resource depletion g Sb eq
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Table 33: Achromalens-based module impact results (per kWh)

Category

Unit

Total

Modules

Tracker

Use phase

Transport

Modules EOL

Tracker EOL

Climate change

g CO2 eq

1,82E+01

1,15E+01

1,13E-01

5,16E-01

1,31E-01

5,19E-01

5,41E+00

Ozone depletion

µg CFC-11 eq

2,05E+00

1,43E+00

1,27E-02

1,41E-01

2,26E-02

-1,17E-02

4,58E-01

Human toxicity, non-cancer effects

CTUh

4,86E-08

4,82E-08

2,06E-11

9,83E-10

3,27E-11

-1,96E-08

1,89E-08

Human toxicity, cancer effects

CTUh

2,89E-09

2,17E-09

9,45E-12

2,46E-10

5,65E-12

-6,80E-10

1,13E-09

Particulate matter

mg PM2.5 eq

1,22E+01

8,82E+00

7,21E-02

4,98E-01

5,50E-02

-3,43E-01

3,14E+00

Ionizing radiation HH

Bq U235 eq

5,09E+00

3,83E+00

1,08E-02

4,85E-02

1,04E-02

6,71E-03

1,18E+00

Ionizing radiation E (interim)

CTUe

1,12E-08

7,39E-09

3,26E-11

1,78E-10

5,85E-11

-3,32E-11

3,54E-09

Photochemical ozone formation

mg NMVOC eq

6,44E+01

4,31E+01

6,82E-01

4,23E+00

2,83E-01

-3,62E+00

1,98E+01

Acidification

mmolc H+ eq

1,34E-01

9,83E-02

5,58E-04

3,79E-03

4,21E-04

-4,89E-03

3,57E-02

Terrestrial eutrophication

mmolc N eq

2,29E-01

1,59E-01

9,45E-04

1,43E-02

7,59E-04

-1,82E-02

7,15E-02

Freshwater eutrophication

mg P eq

3,04E+01

3,12E+01

2,24E-02

1,64E-01

1,22E-02

-1,23E+01

1,12E+01

Marine eutrophication

mg N eq

8,74E+01

7,13E+01

2,19E-01

7,70E+00

9,76E-02

-5,21E-01

8,57E+00

Freshwater ecotoxicity

CTUe

3,11E+00

1,15E+00

1,02E-03

1,96E+00

9,50E-04

-4,22E-01

4,16E-01

Land use

g C deficit

4,38E+01

2,84E+01

2,20E-01

1,35E+00

3,92E-01

-1,23E+00

1,46E+01

Water resource depletion

mL water eq

1,07E+02

8,45E+01

3,34E+00

3,66E-01

-2,09E-02

4,29E-01

1,85E+01

1,63E+01

1,63E+01

3,41E-06

2,65E-05

1,54E-05

-1,23E-03

1,28E-03

Mineral, fossil & ren resource depletion g Sb eq
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ANNEXE III
Detailed modelling of the Life Cycle Inventory of processes
This detailed modelling enables the reproducibility of the results while protecting data’s confidentiality.
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Introduction
This document presents the detailed life cycle inventory for the E&M (extraction of materials and manufacturing)
phase of the three modules studied within the frame of the CPV Match project. It gathers the modelling of:
-

1 piece of two-axis tracker

-

1 piece of DC-DC converter

-

1 piece of CPV mirror-based module

-

1 piece of CPV Fresnel lens-based module

-

1 piece of CPV Achromalens-based module

-

1 piece of solar cell

As this document is public we have decided to exclude the inventory of the PSD sensor in the CPV modules ones. The
coating process used in the three modules manufacturing is not included as already presented in the LCA report [2].
Transportation by truck between the different life cycle stages in the E&M phase is also not included.

DC-DC converter modelling
Table 34: DC-DC converter SimaPro modelling with EcoInvent 3.3 processes

Inputs

Amount

Unit

Capacitor, for surface-mounting {GLO}| market for | Alloc Def, U

0,24813

g

Tantalum, powder, capacitor-grade {GLO}| market for | Alloc Def, U

0,012866

g

Capacitor, film type, for through-hole mounting {GLO}| market for | Alloc Def, U

0,01838

g

12,2806889

g

48,13722

g

24,359014

g

0,141526

g

0,63169763

g

66,168

g

Integrated circuit, logic type {GLO}| market for | Alloc Def, U

5,514

g

Converter, for electric passenger car {GLO}| market for | Alloc Def, U

5,514

g

0,060654

g

38,5

g

1

pc

Diode, glass-, for surface-mounting {GLO}| market for | Alloc Def, U
Tin {GLO}| market for | Alloc Def, U
Polycarbonate {GLO}| market for | Alloc Def, U
Inductor, unspecified, at plant/GLO U
Resistor, surface-mounted {GLO}| market for | Alloc Def, U
Printed wiring board, surface mounted, unspecified, Pb free {GLO}| market for | Alloc
Def, U

Transistor, unspecified, at plant/GLO U
market for printing wiring board, surface mounted, unspecified | Alloc Def, U
Output
DC-DC converter

104

Two-axis tracking system modelling
The modelling of the two-axis tracking system has been assessed based on ADEME’s ESPACE 3 report [1].
Table 35: Two-axis tracker inventory modelled with EcoInvent 3.3 processes

Amount

Unit

Table

176,430928

kWh

-

863,443299

m2a

-

41,237

m2

-

Steel, unalloyed {GLO}| market for | Alloc Def, U

151,030928

kg

-

Polyvinylchloride, bulk polymerised {GLO}| market for | Alloc Def, U

70,9216495

kg

-

159,83

m2

3

Inverter

0,00206186

pc

5

Transformer

0,00034364

pc

6

1

pc

8

43,9475732

kg

-

1,1814433

kg

-

Motor

1

pc

4

Tracker foundation

1

pc

7

1

pc

Inputs
Energy
Electricity, medium voltage, RER
Resources
Occupation, arable, land
Materials
Zinc coating, pieces/RER U

Road

Infrastructure
Copper {GLO}| market for | Alloc Def, U
Aluminium, secondary, from new scrap, at plant/RER U

Output
Two-axis tracker

Table 36: 1 square meter of road in the CPV power plant in Catania, Sicily

Inputs
Energy

Amount

Unit

0,204

kWh

35,33

kg

Diesel, burned in building machine/GLO U

12,1

MJ

Excavation, hydraulic digger {RER}| processing | Alloc Def, U

0,06

m3

Transport, freight, lorry 16-32 metric ton, EURO3 {RER}

1,29

tkm

Steel, low-alloyed {GLO}| market for | Alloc Def, U

0,03

kg

Particulates, > 10 um

0,000423

kg

Particulates, > 2.5 um, and < 10um

0,000108

kg

0,74

MJ

3,22

kg

1

m2

Electricity, medium voltage, RER
Materials
Gravel, crushed, at mine/CH U

Emissions to air

Heat, waste
Waste to treatment
Disposal, inert waste, 5% water, to inert material landfill/CH U
Output
Road
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Table 37: Inventory of the motor used in the CPV power plant

Inputs

Amount

Unit

Integrated circuit, IC, logic type, at plant/GLO U

3

kg

Cable, three-conductor cable, at plant/GLO U

15

m

Ferrite, at plant/GLO U

75

kg

67,5

kg

1

pc

Steel, low-alloyed, at plant/RER U
Output
Motor

Table 38: Inventory of one piece of inverter for the two-axis tracking system

Inputs

Amount

Unit

Aluminium, primary, ingot {GLO}| market for | Alloc Def, U 131

kg

Copper {GLO}| market for | Alloc Def, U

335

kg

Steel, low-alloyed {GLO}| market for | Alloc Def, U

1438

kg

Lubricating oil {GLO}| market for | Alloc Def, U

881

kg

1

pc

Output
Inverter

Table 39: Inventory of one piece of transformer

Inputs

Amount

Unit

4578

kWh

Steel, low-alloyed {GLO}| market for | Alloc Def, U

907,25

kg

Silicone product {GLO}| market for | Alloc Def, U

Energy
Electricity, medium voltage {ES}| market for | Alloc Def, U
Materials
47,75

kg

Copper {GLO}| market for | Alloc Def, U

510

kg

Aluminium, primary, ingot {GLO}| market for | Alloc Def, U

356

kg

Steel, low-alloyed {GLO}| market for | Alloc Def, U

620

kg

Lubricating oil {GLO}| market for | Alloc Def, U

850

kg

53

kg

1

pc

Polyester-complexed starch biopolymer {GLO}| market for | Alloc Def, U
Output
Transformer
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Table 40: Inventory related to one piece of foundation for the tracker

Inputs

Amount

Unit

Excavation, hydraulic digger {RER}| processing | Alloc Def, U

10,8982928

m3

Poor concrete, at plant/CH U

0,35964366

m3

Concrete, normal, at plant/CH U

10,4732594

m3

Steel, unalloyed {RER}| steel production, converter, unalloyed | Alloc Def, U 0,53401635

ton

Output
Tracker foundation

1

pc

Table 41: Inventory of one piece of infrastructure for the two-axis tracker

Inputs

Amount

Unit

Poor concrete, at plant/CH U

0,00921392

m3

Concrete, normal, at plant/CH U

0,26832045

m3

Steel, unalloyed {RER}| steel production, converter, unalloyed | Alloc Def, U 0,01368127

t

Poor concrete, at plant/CH U

0,00727191

m3

Concrete, normal, at plant/CH U

0,21176675

m3

Steel, unalloyed {RER}| steel production, converter, unalloyed | Alloc Def, U 0,01079768
Road {GLO}| market for | Alloc Def, U
Output
Infrastructure
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t

0,00384197

my

1

pc

CPV mirror-based module inventory
Table 42: Modelling of one piece of CPV mirror module with EcoInvent 3.3 processes

Inputs

Amount

Unit

51,35154

kWh

3024

g

Energy
Electricity, medium voltage, RER
Materials
Glass fibre {RER}| production | Alloc Def, U
Steel, unalloyed {GLO}| market for | Alloc Def, U

336

g

43401,008

g

Cadmium {GLO}| market for | Alloc Def, U

0,092

g

Gold {GLO}| market for | Alloc Def, U

0,135

g

Flat glass, uncoated {GLO}| market for | Alloc Def, U

22

g

Epoxy resin, liquid {RER}| production | Alloc Def, U

45,508

g

50

g

5616,516

g

Sheet rolling, aluminium {RER}| processing | Alloc Def, U

2970

g

Solar glass, low-iron {GLO}| market for | Alloc Def, U

7800

g

Nylon 6-6 {GLO}| market for | Alloc Def, U

42,72

g

5

g

2179,609

g

15

g

13,2594015

g

0,7425

g

Electronic component, passive, unspecified {GLO}| market for | Alloc Def, U

5

g

Printed wiring board, surface mounted, unspec., solder mix, at plant/GLO U

244,133477

g

Electronic component, passive, unspecified {GLO}| market for | Alloc Def, U

0,135

g

5,2744887

g

3

g

0,135

g

17

min

1,02159635

m2

5565

g

4,00E-06

pc

1

pc

36

kWh

Aluminium, secondary, from new scrap, at plant/RER U

Tetrachlorosilane, at plant/GLO U
Polycarbonate {RER}| production | Alloc Def, U

Silicone product {GLO}| market for | Alloc Def, U
Copper {GLO}| market for | Alloc Def, U
Diode, glass-, for surface-mounting {GLO}| market for | Alloc Def, U
Silver {GLO}| market for | Alloc Def, U
Bisphenol A, powder {GLO}| market for | Alloc Def, U

Printed wiring board, surface mount, at plant/GLO U
Butyl acrylate {GLO}| market for | Alloc Def, U
Wire drawing, copper {GLO}| market for | Alloc Def, U
Laser machining, metal, with CO2-laser, 2000W power {GLO}| market for | Alloc Def, U
Laminating service, foil, with acrylic binder {GLO}| market for | Alloc Def, U
Impact extrusion of aluminium, 1 stroke {GLO}| market for | Alloc Def, U
Photovoltaic panel factory {GLO}| construction | Alloc Def, U
Outputs
CPV mirror module
Waste
Heat, waste
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CPV Achromalens module inventory
Table 43: Modelling of one piece of CPV Achromalens module with EcoInvent 3.3 processes

Inputs

Amount

Unit

25,497331

kWh

0,23

g

705,688

g

Gold {GLO}| market for | Alloc Def, U

0,188

g

Epoxy resin, liquid {GLO}| market for | Alloc Def, U

94,95

g

Electronic component, passive, unspecified {GLO}| market for | Alloc Def, U

5

g

Steel, unalloyed {GLO}| market for | Alloc Def, U

12

g

5,2744887

g

Energy
Electricity, medium voltage, RER
Materials
Diode, glass-, for surface-mounting {GLO}| market for | Alloc Def, U
Aluminium, secondary, from new scrap, at plant/RER U

Printed wiring board, surface mounted, unspec., solder mix, at plant/GLO U
Flat glass, uncoated {GLO}| market for | Alloc Def, U

22

g

64,4

g

0,092

g

0,37204562

g

Glass fibre {GLO}| market for | Alloc Def, U

4210,19

g

Cable, unspecified {GLO}| market for | Alloc Def, U

671,163

g

Injection moulding {RER}| processing | Alloc Def, U

704,64

g

0,3208782

m2

15,433

tkm

4,00E-06

pc

Wire drawing, copper {GLO}| market for | Alloc Def, U

3,18086252

g

Solar glass, low-iron {GLO}| market for | Alloc Def, U

2936

g

Polycarbonate {GLO}| market for | Alloc Def, U

704,64

g

Vinyl acetate {GLO}| market for | Alloc Def, U

140,93

g

1

pc

Copper {GLO}| market for | Alloc Def, U
Cadmium {GLO}| market for | Alloc Def, U
Silver {GLO}| market for | Alloc Def, U

Laminating service, foil, with acrylic binder {RER}| processing | Alloc Def, U
Transport, freight, sea, transoceanic ship {GLO}| market for | Alloc Def, U
Photovoltaic panel factory {GLO}| construction | Alloc Def, U

Output
CPV Achromalens module
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CPV Fresnel lens module inventory
Table 44: Modelling of the CPV Fresnel lens module with EcoInvent 3.3 processes

Inputs

Amount

Unit

25,497331

kWh

0,23

g

705,688

g

Gold {GLO}| market for | Alloc Def, U

0,188

g

Epoxy resin, liquid {GLO}| market for | Alloc Def, U

94,95

g

Electronic component, passive, unspecified {GLO}| market for | Alloc Def, U

5

g

Steel, unalloyed {GLO}| market for | Alloc Def, U

12

g

5,2744887

g

22

g

64,4

g

0,092

g

0,37204562

g

Glass fibre {GLO}| market for | Alloc Def, U

4210,19

g

Cable, unspecified {GLO}| market for | Alloc Def, U

671,163

g

Injection moulding {RER}| processing | Alloc Def, U

65,92

g

Energy
Electricity, medium voltage, RER
Materials
Diode, glass-, for surface-mounting {GLO}| market for | Alloc Def, U
Aluminium, secondary, from new scrap, at plant/RER U

Printed wiring board, surface mounted, unspec., solder mix, at plant/GLO U
Flat glass, uncoated {GLO}| market for | Alloc Def, U
Copper {GLO}| market for | Alloc Def, U
Cadmium {GLO}| market for | Alloc Def, U
Silver {GLO}| market for | Alloc Def, U

Laminating service, foil, with acrylic binder {RER}| processing | Alloc Def, U 0,3208782

m2

Transport, freight, sea, transoceanic ship {GLO}| market for | Alloc Def, U

15,433

tkm

4,00E-06

pc

3,18086252

g

Solar glass, low-iron {GLO}| market for | Alloc Def, U

2140,8

g

Silicone product {GLO}| market for | Alloc Def, U

65,92

g

1

pc

Photovoltaic panel factory {GLO}| construction | Alloc Def, U
Wire drawing, copper {GLO}| market for | Alloc Def, U

Output
CPV Fresnel lens module
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Solar cell
Table 45: Solar cell inventory

Energy
Electricity, medium voltage, RER

0,16724138

kWh

Materials
Acetone, liquid {GLO}| market for | Alloc Def, U
Ethanol, without water, in 99.7% solution state, from ethylene {GLO}| market for |
Alloc Def, U
Hydrogen peroxide, without water, in 50% solution state {GLO}| market for | Alloc
Def, U

0,13525862

g

0,46134828

g

0,0542069

g

Isopropanol {GLO}| market for | Alloc Def, U

0,47844828

g

N-methyl-2-pyrrolidone {GLO}| market for | Alloc Def, U

1,50948276

g

Hydrogen fluoride {GLO}| market for | Alloc Def, U

0,01194828

g

Compressed air, 800 kPa gauge {GLO}| market for | Alloc Def, U

0,02586207

m3

Nitrogen, liquid {RER}| market for | Alloc Def, U

0,04960862

kg

Natural gas, liquefied {GLO}| market for | Alloc Def, U

0,00051724

m3

Tap water {Europe without Switzerland}| market for | Alloc Def, U

0,00077586

kg

Phenolic resin {GLO}| market for | Alloc Def, U

0,01896552

g

Silver {GLO}| market for | Alloc Def, U

0,00603448

g

Gold {GLO}| market for | Alloc Def, U

0,00051724

g

Nickel, 99.5% {GLO}| market for | Alloc Def, U

0,00034483

g

Arsine {GLO}| market for | Alloc Def, U

0,02586207

g

Phosphane {GLO}| market for | Alloc Def, U

0,00862069

g

Gallium, semiconductor-grade {GLO}| market for | Alloc Def, U

0,00258621

g

Indium {RER}| production | Alloc Def, U

0,00137931

g

Aluminium, cast alloy {GLO}| market for | Alloc Def, U

3,4483E-05

g

Hydrogen, liquid {RER}| market for | Alloc Def, U
Hydrochloric acid, without water, in 30% solution state {RER}| market for | Alloc
Def, U

7,7483E-05

kg

0,02051724

g

Nitric acid, without water, in 50% solution state {GLO}| market for | Alloc Def, U

0,01301724

g

Ammonia, liquid {RER}| market for | Alloc Def, U

0,00775862

g

Copper {GLO}| market for | Alloc Def, U

0,00769655

g

Copper oxide {GLO}| market for | Alloc Def, U

0,00273017

g

Gallium, semiconductor-grade {GLO}| market for | Alloc Def, U
Arsenic rock, as P2O5, beneficiated, dry {MA}| phosphate rock beneficiation, dry |
Alloc Def, U
Germanium rock, as P2O5, beneficiated, dry {MA}| phosphate rock beneficiation,
dry | Alloc Def, U

0,02080172

g

0,01366034

g

0,04563448

g

Polypropylene, granulate {GLO}| market for | Alloc Def, U

1,58413793

g

Polycarbonate {GLO}| market for | Alloc Def, U

0,01420966

g

Polyethylene, high density, granulate {GLO}| market for | Alloc Def, U

0,65184138

g

6,4E-09

pc

0,00001412

tkm

Photovoltaic panel factory {GLO}| construction | Alloc Def, U
Transport, freight, lorry 3.5-7.5 metric ton, EURO6 {GLO}| market for | Alloc Def,
U
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Table 55 continuing

Outputs
Solar cell

1

pc

Emissions to air
Hydrogen

0,07748276

g

Nitrogen, total

0,00647069

kg

Heat, waste

0,03793103

kWh

Gallium, semiconductor-grade {GLO}| market for | Alloc Def, U
Arsenic rock, as P2O5, beneficiated, dry {MA}| phosphate rock beneficiation, dry |
Alloc Def, U

0,01040086

g

0,00683017

g

Copper {GLO}| market for | Alloc Def, U

8,5894E-05

g

Copper oxide {GLO}| market for | Alloc Def, U
Germanium rock, as P2O5, beneficiated, dry {MA}| phosphate rock beneficiation,
dry | Alloc Def, U

3,0469E-05

g

0,02281724

g

Hazardous waste, for underground deposit {GLO}| market for | Alloc Def, U

0,00270999

g

Waste to treatment

REFERENCES
[1] ADEME. « Eco-conception d’un Système Photovoltaïque par l’Analyse de son Cycle de vie et son impact sur
l’Environnement »- Rapport ESPACE 3”. In: (2011), pp. 45–54.
[2] Payet J., Greffe T. "Life cycle assessment of new multi-junction cells and HCPV modules", In:(2018)
[3] Ecoinvent 3.3 database

112

Annex IV: Life Cycle Cost Analysis of the Mirror and Lens based CPV
system
1 Introduction
One of the objectives of the project has been to assess the total cost of kWhs produced with CPV. However,
the project is still at a low TRL. At this TRL level, it is possible to achieve a rather good environmental
assessment, but the cost assessment is extremely dependent on the assumptions considered. For this study the
cost assessment of the mirror-based and lens-based CPVMatch systems is made. Data are partly from partners
for several components of the module itself. In addition several studies are also considered in order to cover the
cost of the whole system. Also the differences in maturity of the technology are observable between the scenarios
studied in the project. This leads to the obligation to use rather different assumptions for modelling the cost per
kWh for both systems. Therefore figures are not directly comparable between the two technologies.
This limitation is also reflected by existing studies. A recent study [2] indicates cost shares of 40 % for the
module, 35% for the tracker (including drive, control unit, air drying unit and other system integration
components), and approximately 25% for foundations, electrical connections, trenching and installation. An
older study [5] presents costs of 27% for the cell, 32% for the rest of module, and 41 % for the rest of the system
including tracker (excluding installation). Obviously these numbers are quite different from each other
highlighting the difficulty in retrieving and interpreting cost data.
More general data indicate module costs lower than 0.7 Euros/Wp [3]. Considering data for the whole
system, existing studies show that cost estimates for CPV systems are ranging from 2.05 to 3.2 Euros/Wp [1],
[4], [5].
In terms of advances by the CPVMatch project, we can bear in mind that increasing the concentration
factor while maintaining the system efficiency (as considered within CPVMatch) lowers the system costs –
however due to the fact that the module corresponds to only approximately 40 % of the system costs and the cell
is only part of the module this impact is not as significant as for standard PV. However the influence gets
stronger when more complex cell structures involving wafer bonding steps as the CPVMatch 4j cell are
considered. Increasing the module efficiency - either by increasing the cell efficiency or the optical efficiency,
both being followed with in the project – has a very positive impact on costs as it lowers area related costs.
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2- Mirror modules
Concerning the scenarios covered in the CPVMatch project, the mirror module refers to a different system
than the one assessed for the environmental impact study. The CPV mirror module considered in the cost study
has an increased size (144 cell mirror pairs) and would have a power of 385 Wp. Cells are adapted and provided
by AZUR SPACE (WP1).
The prototypes are at the moment manufactured at laboratory scale. Currently, no detailed industrial scale
production manufacturing and materials costs are available to calculate the life cycle costs (LCC). Most of the
assumptions concerning the cost share for the components, CAPEX evaluation and assumptions needed to
calculate the Levelized Cost of Electricity are consequently extracted from existing studies.
The estimations are based on using triple-junction solar cells with an electrical efficiency of 45%. The
geometrical concentration is 980x. The cost of the whole system is then estimated to around 2 Euros/WP for
small production scale. In terms of energy cost, the results are assessed for a good CPV location with a DNI of
2,500 kWh/kWp.a (Catania, Italy). For these conditions and considering all the limitations presented above, the
overall cost of electricity production would be around 3.8 cent/kWh considering the whole system lifetime.
Nevertheless, further life cycle cost evaluations are necessary to refine these results since they will strongly vary
depending on the location, the production scale, the concentration, the cell efficiency, etc.
Considering leanings from silicon PV technologies indicate that the price will strongly decrease when the
production volume is increased. We can anticipate a strong decrease in cost due to plant size, upscaling of
production and concentration level (a possible reduction of cell area by nearly a factor of 2 has already been
demonstrated) [11]. This can lead to cost reductions by a factor of 2. From these assumptions, we can consider
that the cost of a system can reach 1 Euro/Wp and below but we have to consider that this value has an extremely
high uncertainty and can vary by a factor of 2.
3- Lens modules
For the lens-based modules, a new lens concept (achromatic doublet on glass, ADG) is investigated that
allows for an increase of concentration without the need for introducing a secondary optics. Compared to the
state-of-the-art technology silicone-on-glass (SoG), the achromatic lens developed in CPVMatch is less sensitive
to changing ambient conditions. As for the mirror based modules, currently, no detailed industrial scale
production manufacturing and materials costs are available to calculate the life cycle costs (LCC).
In a cost estimation in conservative perspective (cell efficiency of 43% and concentration of 460 x,
medium production capacity), the overall expected cost is around 1.5 Euros/Wp. Considering upscaling cost
reductions due to an increase in production capacity, the cost for this scenario can also be reduced below 1
Euro/Wp. Possible gains in efficiency especially with a 4 junction cell and a higher concentration factor can
further help to reduce costs.
4- Discussion
As we can see from the results above, costs calculated in the LCC can vary strongly depending on the
scenario’s assumptions (estimations can vary by more than a factor of 2). This is mainly due to the low TRL level.
Therefore, no direct comparison is possible between the lens and mirror CPV scenarios due to different
assumptions and separate investigations.
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Beyond these limitations, we have tried to estimate expected cost evolutions for CPV technologies.
Existing studies of learning rates for conventional PV indicate a strong relationship between cost of PV in
Euro/Wp and deployment capacity which reflect the production volume. Figures for silicon PV technologies
present a decrease of the electricity price per kWh (€/kWh) of one order of magnitude when the production
volume increases by 2 orders of magnitude [11]. The curve is surprising since it is still right on a 60 years
perspective [13], while production volumes are multiplied by about 100 every 10 years.
These studies allow us to determine that between the year 1980 and 2000, the price of conventional Si PV
decreased from around 20 $/W in the early 1980s, to 6 $/W in the early 1990s and to 4 $/W in the early 2000s.
In the same time period the production capacity grew by 4 orders of magnitude. Surprisingly, recent data shows
that this trend can continue for decades [12] and consequently will lead to very low electricity production prices
per kWh.
Existing studies start from early steps of PV production in 1957, and the price remained high during 10
years before it started to decrease. The decrease in prices went faster and faster for decades. Compared hereto,
CPV is facing three limitations. First there is a limited niche market identified up to now, with the exception of
the “sun belt" which represents locations with DNI above 2000kWh/(m2 year). Second there is an exponential
demand of PV electricity production on the short term which will lead stakeholders to invest predominantly in
installing existing technologies rather than developing new ones. Third there is still a continuous decrease of
conventional PV prices. This is a very challenging environment for CPV.
In spite of these limitations, figures presented above indicate a strong potential for CPV since the learning
rate is faster than for conventional PV for similar production capacity [4] while the price in Euros/Wp for CPV is
far smaller than for conventional PV at similar production capacity. This is illustrated by analyzing the price
decrease per Wp for different times and different production capacities for the two technologies. In 30 years
(between 1980 and 2010), the price of conventional PV in $/Wp decreased from 10$ to 1 $/Wp while the
production capacity was multiplied by 1000 [11]. For CPV, considering existing studies and also the results of the
CPVMatch project, it is possible to assess costs of about 10 $/Wp in 2007 [13] to about 1 $/Wp as presented in
the CPVMatch cost assessment as well as projections from Yole [13]. This cost decrease is similar to the one
achieved by the conventional PV technology in 30 years but could be achieved in 15 to 20 years only with far
lower production capacities (about 1 MWp in 2007 and assuming 1000 MWp in the coming years for CPV).
Also we have to bear in mind that the perspectives presented above are based on assumptions and that
thus the current cost assessment of CPV is strongly dependent on these assumptions such as e.g. the choice of
technology, the level of efficiency and the production volume. We have to bear in mind for example that the
increase of concentration factor influences strongly the system’s costs as cell costs are an important part of the
system. Also the technology of micro-LED displays [6] or more compact mirror technologies may allow
significant cost reduction also for CPV using even smaller solar cells at higher concentrations. Likewise typically
the cost assessments are based on low cost for soil area. For CPV a dual use of the land is possible - in case that
pedestal trackers are used the area between the single trackers can be used for e.g. agriculture. Also cost
assessments up to now do not consider greenhouse gas emissions which as shown in this deliverable are lower
for CPV compared to standard PV. Last but not least another part that cannot be related to costs is local
manufacturing content: Due to the fact that the tracker and installation make up a major part of the system cost
it seems reasonable to achieve high local content in the country of installation. Thinking one step further also the
module assembly could easily be done locally.
5- Conclusion
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In summary we can conclude that even if current estimations of costs for CPV production are related to
high uncertainties due to the low TRL (a factor of 2 of difference is big in a Life Cycle Cost study), the margins of
cost improvements expected in the coming 10 years can reach a factor of 10 which is by far higher than the
uncertainty of the current cost estimation. Even if the current

LCC is not accurate enough to allow for

comparison of technologies, the study shows that cost trends indicate important cost mitigations. With these
perspectives, CPV technology is very promising but is currently commercially limited by two factors. First the
continuous decrease of PV price based on conventional technologies and second a lack of high volume market
entry. However it is important to highlight advantages of CPV that (up to now) cannot directly be related to costs
as the lower CO2 emissions compared to standard PV, the potential dual use of the land and the easily achievable
high local manufacturing content.
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