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Abstract: Worldwide electricity consumption increases by 2.6% each year. Greenhouse gas emissions
due to electricity production raise by 2.1% per year on average. The development of efficient
low-carbon-footprint renewable energy systems is urgently needed. CPVMatch investigates the
feasibility of mirror or lens-based High Concentration Photovoltaic (HCPV) systems. Thanks to
innovative four junction solar cells, new glass coatings, Position Sensitive Detectors (PSD), and
DC/DC converters, it is possible to reach concentration levels higher than 800× and a module
efficiency between 36.7% and 41.6%. From a circular economy’s standpoint, the use of concentration
technologies lowers the need in active material, increases recyclability, and reduces the risk of material
contamination. By using the Life Cycle Assessment method, it is demonstrated that HCPV presents a
carbon footprint ranking between 16.4 and 18.4 g CO2-eq/kWh. A comparison with other energy
means for 16 impact categories including primary energy demand and particle emissions points out
that the environmental footprint of HCPV is typically 50 to 100 times lower than fossil fuels footprint.
HCPV’s footprint is also three times lower than that of crystalline photovoltaic solutions and is close
to the environmental performance of wind power and hydropower.

Keywords: Life Cycle Assessment (LCA); Energy Payback Time; four-junction cells; photovoltaic;
carbon footprint; HCPV; multi-criteria; achromatic lens; recycling; circular economy

1. Introduction

The total amount of consumed energy on earth has raised by 13.7% between 2007 and 2016 [1].
During this time period, electricity production has continuously risen, with an annual increase of 2.6%
on average due to the increase of electricity share of 1.8% in the total energy demand [1]. In the end,
electricity production from burning fossil fuel increases annually by 2.1% on average. Data from the
year of 2016 indicates that 16 million GWh of electricity came from fossil fuels (which represented
65.06% of the electricity mix) [1]. In the last 10 years, the amount of fossil fuels burnt to electricity has
been growing. Thus, despite the increase of the share of renewable energy in the world’s electricity
mix (0.55% per year for 10 years), the overall carbon footprint of electricity production on a global level
has been increasing continuously.

At the same time, world temperature is increasing because of greenhouse gas (GHG) emissions.
Consumed Energy is responsible for 65% of GHG emissions. Amongst it, electricity is responsible
for 36.8% of these emissions in 2015 (Appendix A). Despite the efforts of numerous states engaged in
international agreements such as the Paris Agreement during COP21, the carbon footprint of world
electricity production has grown by 19% between 2007 and 2016. Concerning the environment, global
warming is clearly a major challenge as far as future electricity production is concerned. Nevertheless,
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it is just one of the issues linked to the burning of fossils fuels. Beyond this issue, our society
is facing several environmental challenges which are reflected by other impact categories. High
exposure to small particles (PM2.5) on earth represents the main global health disease, causing 4.6
million deaths [2], corresponding to 8% of all deaths worldwide. Other environmental issues are
associated with the large deployment of renewable energies, especially solar energy. Land use, for
example, is a tricky issue. Energy production from the sun requires large surfaces, because conversion
efficiency of existing technologies for solar photovoltaics is too small to satisfy the needs of developed
countries [3,4]. However, concurrently, the world population requires more and more cultivated area
for food production. This competition for land use shall be handled using a multi-criteria approach,
considering this impact category. Moreover, threats to biodiversity is also a crucial issue in our society.
It is now largely accepted that human activities are causing the sixth mass extinction of species [5,6].
Part of these impacts are from direct emissions in the environment, such as toxic or eutrophying
substances. Impact categories such as ecotoxicity [7–9], eutrophication [10], and acidification [11,12]
enable addressing the impact on aquatic biodiversity [10,13].

The deployment of renewable energy is currently based on several potential resources for energy
production, including wind, hydropower, biomass, geothermal, and solar energy. Amongst these,
wind power, hydropower, and solar power are particularly promising. Hydropower presents a small
carbon footprint [14,15] and allows a flexible production over time. Nevertheless, production facilities
are often not located close to areas of important electricity needs and their exploitation for energy is
not easily compatible with other water uses or ecological objectives. Wind power also presents a small
carbon footprint [16] and is largely available. Nevertheless, wind power production is not flexible, has
low predictability, and requires an important electric network. Concerning solar energy, availability
is high; the sun is almost everywhere and is not facing ecological issues. Nevertheless, the carbon
footprint is typically higher than other types of renewable electricity, and competition with other land
uses has to be managed. Its huge potential and fast growth in the last decades are promising [17,18]
and suggest exploration of new technologies which reduce both carbon footprint and land occupation.
Solar energy is indeed a land-intensive technology [19,20]. This important impact on land occupation
is a matter of concern for European countries facing strong pressure on the use of available area. Solar
energy in competition with agriculture and ecosystem equilibrium can limit PV growth in the next
decades [21].

Given a growing energy demand and the pressure on land resources, concentrating solar energy is
a promising solution. Concentrated solar power (CSP) plants have been investigated through several
case studies [22–24], but further developments—mainly on the conversion efficiency from thermal to
electrical energy—must be carried out. This solution is limited by its high technological requirement and
a complex infrastructure. This limits the installation of CSP plants to the solar belt area. An alternative
technology with concentration is explored with solar Concentrated Photovoltaics (CPV) and High
Concentrated Photovoltaics (HCPV) technologies. Recent researches are focusing on concentration
ratio, cell, and module efficiency based on the improvement of multi-junction cells and modules.
These parameters are evaluated within the framework of the project with three technologies. One
mirror-based and two lens-based HCPV modules [25,26] mounted with III-V four-junction cells [27],
working at a concentration of 800× and 320×, respectively. These technologies are assessed in terms of
environmental performance by using the Life Cycle Assessment (LCA) method. The purpose of this
article is to assess the environmental performance of HCPV technologies and to identify the potential
environmental benefits/limitations of this technology.

2. High Concentration Photovoltaic Technologies

Several LCA studies are already available for assessing CPV and HCPV technologies and
plants. These studies specially focus on carbon footprint and are often based on very different
assumptions. A study relating to a plant in Morocco [28] reports, for example, a carbon footprint
of 53.3 g CO2-eq/kWh for a 1.008 MW HCPV plant. In this case, III-V multi-junction solar cells are
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mounted with polymethylmethacrylate (PMMA) Fresnel lenses on modules. Raw material extraction
and component manufacturing, considering steel and aluminum, contributed the most to the impact.
The ‘Apollon CPV module’ LCA evaluation revealed that aluminum and electronic components were
the most impacting processes [29]. The carbon footprint of the system mounted on a two-axis tracker
in Catania was estimated at 20 g CO2-eq/kWh.

De Wild-Scholten [30] determined greenhouse gas (GHG) emissions for a SolarTec based on a
Fresnel lens and CPower mounted with a mirror that concentrates the light on monocrystalline silicon
and III-V solar cells. They reported GHG emissions of 35 g CO2-eq/kWh for a CPower module on
an optimized tracker operating in Catania, Sicily. However, in the same study and under the same
conditions, a SolarTec module presents an actual performance of 42 g CO2-eq/kWh.

The nature of the consumed electricity mix for HCPV module manufacturing highly influences
the climate change impact. Fthenakis V.M. [31] reported 27 g CO2-eq/kWh over a 30 year operation for
the Ammonix 7700 26-kW HCPV system equipped with single-crystal Si cells installed in Phoenix, AZ,
USA. The tracker and the module accounted for the largest part of its life cycle energy use and emissions.
A previous study in 2007 [32] made very similar conclusions. However, it reported 38 g CO2-eq/kWh
for the 24 kW-Ammonix concentrator PV system with single-crystal Si cells. Also, a study presenting
FLATCON results, with a HCPV system, also presented similar results with 30 CO2-eq/kWh [33].

A novel wafer-bonded four-junction solar cell was developed for better spectral matching by
European research institutes and industrial partners using new processes and materials. This III-V
multi-junction solar cell [GaInP/GaAs//GaInAs/Ge] presents a high potential in matching the entire
spectral light. Those semiconductor materials allow the absorbance of a larger range of wavelengths.
Added nano-structured coatings [34] improved light trapping and therefore solar cell efficiency.
Catching more solar energy with an identical surface is then possible. DC power optimizers [35] present
higher conversion efficiencies when facing mismatch issues due to misalignment between the optics
and receivers. In high concentrating photovoltaic (HCPV) systems, lenses [32] or mirrors can be used
to concentrate solar radiation on these multi-junction cells. Higher efficiency of modules was recorded
at 38.9% [36]. These systems can reach a concentration higher than 800× with solar cell efficiency
of 44%, potentially reaching 48% in the coming years. Light concentration through optics (mirrors
or lenses) allows the use of 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.

3. Methods

3.1. Research Methodology

The research work was required to fulfill ISO 14040-44 standard requirements and is expected to
provide responses to the project CPVMatch supported by the European Framework Programme for
Research (H2020). This project involved several industry partners who actively contributed to data
collection. Data collection aimed at enabling a transparent appraisal. Partners provided exhaustive
inventory data coherent with industry practices. In spite of the iterative efforts in collecting data and
the continuous collaboration with partners, it was sometimes necessary to fill in data gaps. In that
case, literature data was used after being validated by partners. Irradiance was another key point; the
calculation of Direct Normal Irradiance with a two-axis tracker stems from PVGIS’s website (2016).
HCPVs aim at being produced in Europe, therefore the environmental footprint of electricity mixes, was
fully modeled using recent statistics [37]. We modeled transportation steps based on expert knowledge,
and details are presented in the life cycle inventory section. The two-axis tracker inventory is taken
directly from the literature [38]. All life cycle inventory data is directly accessible either in the references
or in the supplementary materials. A sensitive point concerns the life expectancy of the components
of the HCPV modules. For the HCPV module itself, the life expectancy is 30 years (as well as for
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the two-axis tracker), while the inverters’ life expectancy is 10 years. Finally, the End-Of-Life (EOL)
inventory data is completed with existing publications, as mentioned in the life cycle inventory section.

3.2. Life Cycle Assessment Presentation

Life Cycle Assessment (LCA) considers the entire life cycle of a product, from raw material
extraction to the end-of-life, including energy consumption, material production, manufacturing,
use, and end-of-life treatment. Based on this holistic vision of the product, technical data related
to material and processes are converted in environmental performances in a multi-criteria analysis
covering very diverse impact categories. LCA is well adapted for products with a long lifespan and
used manufactured components in different countries. Indeed the impacts reflecting the environmental
performances of the products are integrated over time and averaged over space [39].

An LCA study can be divided into four steps as described in the ISO 14040-44 standard [40,41].
The first step concerns the objectives of the study and the target audience. Then, it should define the
scope and goal definition with the function, the functional unit, and the description of the system’s
boundaries. This steps also presents all the assumptions used to model the system. The second step
covers the life cycle inventory. It is necessary to identify all inputs and outputs linked to the functional
unit. Assumptions related to primary and secondary data should be clearly stated for transparency.
The third step concerns the life cycle impact assessment. It allows the conversion of elementary to
flow (the list of all the resources used and all the emissions in the air, water, and soil) into impact
results for each of the considered impact categories. Finally, the interpretation step is required. At this
stage, all assumptions and modeling decisions which can affect the conclusions are tested in order to
check how far the corresponding data question the conclusion. LCA is an iterative work; indeed, the
interpretation can lead to the revision of assumptions and the recalculation of the results.

The methodological framework used for the LCA study is based on ISO 14040-44 standards. The
International Reference for Life Cycle Data (ILCD) handbook [42] and the Product Environmental
Footprint (PEF) guidance version 6.3 [43] are also considered. The ILCD Midpoint 2011 methodology
was used to quantify the potential environmental impacts of the three HCPV scenarios. SimaPro 9.0.0
was used for the calculations.

4. Scope and Goal Definition

4.1. Function and Functional Unit

The functional unit describes the function performed by the system. The functional unit allows a
comparison of different scenarios. Impact results are divided by the electrical energy which is exported
to the grid during the system’s lifespan.

As mentioned by Udo de Haes [44], the main specificity of the LCA is the notion of functional
unit. This requires describing the service, as well as the function, and comparing the scenarios on
a reference unit related to this function also called “Functional Unit”. Several LCA studies on PV
systems [45,46] defined their functional unit as 1 kWp of modules. Nevertheless, a conversion into
energy unit (kWh) considering the solar irradiation is necessary to compare it with other electricity
sources or other studies. As what is done in numerous studies such as [28,30,31,47–49], the functional
unit is the production of 1 kWh of electricity exported to the grid.

The functional unit refers to the production of 1 kWh of electricity exported to the grid by a CPV
module mounted on a two-axis tracker installed in Catania, Sicily, Italy during 30 years.

4.2. The Three Different Scenarios Under Study

In this article, three different concentrating photovoltaic modules are compared, each one using
different concentrating technologies. One mirror-based module, one Fresnel lens, and one Achromalens
HCPV module. Their characteristics are presented in the Table 1.
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Table 1. Set of parameters for the three HCPV prototypes.

Scenario Mirror Fresnel Lens Achromalens

Nominal power Wp 361.86 117.44 117.44
Module efficiency % 36.7 36.7 36.7

Concentration ratio 800 320 320
Aperture area m2 0.986 0.32 0.32

Modules on tracker Pc 72 210 210

The two-axis tracker may have a different number of modules mounted depending on the
technology. The system uses novel four-junction cells (FJCs) [GaInP/GaAs//GaInAs/Ge] grown on a
Germanium substrate.

4.3. System Boundaries

We collected the detailed inventory data for the component manufacturing. It includes energy
and heat consumption, as well as transportation and elementary flows into the environment. Figure 1
presents the perimeter of the study.
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Figure 1. Life cycle of the High Concentration Photovoltaic (HCPV) system. It is a cradle-to-grave
approach. Solar cells, HCPV modules, electronic components, and the two-axis tracker manufacturing
are taken into account. Transportation is included between extraction and manufacturing, installation,
use, dismantling, and end-of-life. A factory is considered for the manufacturing of four-junction
cells (FJCs), receivers, and modules. However, only energy inputs (diesel, electricity) are included
for dismantling and component separation. The boundary between the system and the ecosphere
is represented as the green dashed line, which thus represents the limits of the technosphere. The
boundaries between background and foreground system is represented with the dark dashed line.

Concerning the infrastructure, the factory is included but not the machines. Direct emissions,
waste, and packaging are not included at all life cycle stages except for the CPV wafer packaging.

At the end-of-life, the HCPV system is dismantled. Foundation of the tracker is not included
at the end-of-life. Then, each component is allocated to a specific treatment. Table 2 presents the
detailed allocation.
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Table 2. End-of-life processes for materials and corresponding unit flows selected in ecoinvent.

Materials End-of-Life Process Names

Electronic components
DC-DC converter, printed wiring boards

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

Glass
Glass plate, solar glass

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

Metals recycled part
Copper, gold, silver

Electricity, medium voltage, RER (0.65 kWh/kg)
with output material [name of metal], {GLO}| market
for | Alloc Def, U

Others
Silicone product, glass fiber, copper waste, diode,
cadmium, butyl acrylate, bisphenol A powder,
tetrachlorosilane, epoxy resin

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

Plastics
Polycarbonate, Nylon 6-6, vinyl acetate

Disposal, plastics, mixture, 15.3% water, to municipal
incineration/CH Uand Steam, in chemical industry
{GLO}| market for | Alloc Def, U

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

Steel Steel and iron (waste treatment) {GLO}| recycling of
steel and iron | Alloc Def, Uand Steel, low-alloyed
{GLO}| market for | Alloc Def, U (output to
technosphere)

4.4. Modeling Assumptions

The study was conducted based on the requirements of the ILCD handbook. It resulted in the
decision to conduct an attributional LCA.

The overall electricity consumption throughout the entire life cycle is taken as European electricity
mix [37]. The output voltage of the HCPV system is 1500 V and transmission and distribution losses
on the grid are not taken into account.

Transportation of solar cells to module unit receivers, as well as transportation of unit receivers to
module assembling site and modules from assembling site to installation site, is 1000 km. Transportation
from the installation site to the dismantling site is 200 km, and 100 km from the dismantling site to
end-of-life for all scenarios. A factory is considered for both solar cell manufacturing, and module,
receiver, and CPV module manufacturing. Its lifetime is 25 years with an annual production of 10,000
pieces. The production volume is considered the same for both mirror and lens modules.

Metals and electronic components: One piece of DC-DC converter is necessary for five mirror
modules (for an equivalent of 1.809 kWp). For each CPV module (either Fresnel lens, Achromalens,
or mirror), one PSD sensor is used per module. A similar amount of cables is considered per Wp.
We considered that cables are transported by ship from China. Aluminum is modeled with 5% from
primary ingot and 95% from secondary aluminum, assuming an efficient closed loop recycling at the
end-of-life. The aluminum used for the modules is manufactured with an extrusion process.

Packaging: The packaging of the different components is not included in this study, except the
one used for the solar cells wafer.

The end-of-life phase modeling is managed in accordance with Table 2. The copper recycling rate
of 40% is directly taken from the literature [38]. All the material is collected at the end-of-life.

Life cycle inventory and data quality: The study is based on primary data, directly linked to
parameters used to model the system (amount of material, distance of transportation, etc.) and
secondary data, and existing life cycle inventories come from the EcoInvent database. Primary
data collection is from project partners and hypotheses based on the literature. It ensures both the
exhaustiveness and the relevance of the data which is used. The ISO standard requires sensitivity,



Energies 2019, 12, 2916 7 of 24

completeness, and a consistency check after elaboration of the inventory. The study of the sensitivity
check is based on the questioning of experts in the field of solar-concentrated photovoltaics about the
system boundaries. In accordance with the ISO 14040-44 standard, a completeness evaluation is carried
out. All the environmental impacts of the ILCD Midpoint+ 2011 version 1.9.6 are covered in this
study. The evaluation of the consistency check is conducted. We consider that assumptions, methods,
and data issued from project partners (industrials and laboratories) or selected existing publications
are valid data sources for the study. However, if data comes from assumptions, we pay attention
to them in the interpretation part and check their influence on the overall results. We evaluate the
time-related coverage of the data. Primary data corresponds to the time frame of the project. Secondary
data should be taken in a database updated less than five years since the beginning of the project.
Geographical data’s validity is questioned for each system’s sub-process. Technological coverage is
correctly managed thanks to the expertise of the project partners. The representativeness evaluation
is conducted through geographical, time, and technological coverage. We mainly focus on where
the cut-off and allocation rules are applied uniformly on all the system’s components. Moreover, we
ensure that all data sources are mentioned and are completely transparent. Feedback of the project
partners on the Life Cycle Inventory ensure no crucial data are left out.

Life cycle impact assessment: The 16 environmental impact categories of the ILCD midpoint 2011
method are evaluated in this study. Climate change [50], particulate matter [51], and land use [52]
are particularly presented and discussed, since these impact categories are of special interest for the
project. An analysis of the impact on aquatic biodiversity is done based on partial weighting. It gathers
the freshwater ecotoxicity [7,8], the marine eutrophication, and the freshwater eutrophication impact
categories [10].

5. Life Cycle Inventory Analysis

5.1. Material Manufacturing and Assembling

In order to ensure the complete coherence of the background database, all materials and processes
are modeled using the EcoInvent 3.3 Alloc Def database.

We collected component manufacturing data from project partners. Detailed energy, raw materials,
and chemicals inputs are gathered. Also, direct emissions in the environment are considered.

The cell manufacturing process starts with the extraction of Ge and GaAs substrates. Semiconductor
layers growing on Ge substrate through metal-organic vapor-phase epitaxy (MOVPE) are used
to produce the four-junction cells. Organometallic substances, such as trimethylaluminium or
trimethylgallium (used as precursor gases), are modeled with metal LCA data (aluminum alloy, gallium).

Detailed precursor gases, chemicals, products, and energy inputs for manufacturing the
III-V four-junction cells are investigated. Emissions and energy inputs for similar data are
assumed for inventory items that are not available in the EcoInvent database. For example, NMP
(N-méthyl-2-pyrrolidone) LCA data is used to replace DMSO (diméthylsulfoxyde) in the III-V solar cell.
Other proxy data are presented with an asterisk in the supporting information. The production of cells
presents losses of 18% during the process of solar cell production and dicing. The complete inventory
of the two-axis tracker is detailed in the inventory and can be found in the supporting information.

5.2. Transportation and Factory

The different components of the CPV modules are considered to be produced in a standard
European photovoltaic factory and shipped to the installation site.

We chose to implement the five transportation steps that are presented in the key assumptions.
The mirror, Fresnel lens, and achromatic lens modules’ weights are respectively 38.27, 8.02, and 9.59 kg.
Trucks transport the different components between the different life cycle stages.
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5.3. Use Phase

As described in the scope and goal definition, the CPV plant is assumed to be located in
Catania, Italy.

Maintenance assumptions are reported for one square meter and are based on proxy data from the
literature [31]. It concerns the cleaning of panels, the replacement of hydraulic and lubricating oil, and
other components. Electricity needed during the maintenance is assumed to be directly from HCPV
system production. Maintenance is identical for lens and mirror modules. The replacement of the
inverter every 10 years is taken into account [38]. We consider the occupation of land (21,108 m2y) by
the two-axis tracker in the plant. The amount of electricity exported to the grid is calculated as follows:

Eexport = E− Emaintenance (1)

where Eexport is the electricity exported to the grid, E is electricity production, and Emaintenance is the
electricity consumed during maintenance.

5.4. End-Of-Life and Final Disposal

The end-of-life of CPV modules mounted on a two-axis tracker includes the dismantling of
the system and its transportation to the treatment site. The dismantling of the foundation is not
included in the system. The energy consumed for recycling PV materials is taken from the recycling of
crystalline silicon panels [53]. We consider that the quantity of energy required to shred and separate
the components is 0.34 MJ/kg [54]. The different parts of the metals being recycled come from the
literature [38], assuming an energy consumption for melting is 0.65 kWh/kg of metal [55]. A system
extension is assumed to assess the benefit of the recycled metal.

The end-of-life of aluminum is considered until the scrap’s availability. It is assumed that
dismantled components that end either in sanitary landfills or in municipal waste incineration plants
are transported over a 100 km distance. Detailed information about the HCPV system’s EOL is
described in the supporting information.

6. Results

6.1. Electricity Generation Over its Entire Lifespan

We determine the electricity generation of the tracking system based in Catania where the Direct
Normal Irradiation (DNI) with a two-axis tracker is 2400 kWh/m2/year. The irradiation (I) for a two-axis
tracker is 3040 kWh/m2/year (Global Normal Irradiance, GNI) taken from the PVGIS website [56].

The evaluation of a variety of losses of the modules is assessed in accordance with the
literature [30,31]. This origin of the losses yields to: Converter losses (5%), dust deposition (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%.

The generation of electricity (E) can be expressed in Equation (2).

E =
30∑

n=1

I ∗A ∗ ηmod∗ηsystem ∗ (1− d)n−1 (2)

where I is the irradiation, A is the total module area, ηmod is the module efficiency, ηsystem is the system
efficiency (80%), and d is the annual degradation (0.7%).

In accordance with Equations (1) and (2), the mirror and the two lens systems’ electricity amount
exported to the grid over 30 years is respectively 1.71 and 1.62 GWh. For each impact category, the total
impact of the system is divided by the electricity production in order to calculate the impact per kWh.
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6.2. Climate Change

Impact assessment on climate is based on IPCC 2007 characterization factors. Figure 2 presents
the climate change process impact distribution for both the mirror and the achromatic lens systems.
The electricity considered represents the consumption during the module’s manufacturing phase. In
addition, the electrical system is modeled including the DC-DC converter, electrical cables, and both
the inverter and the transformer needed for the two-axis tracker. The “Others” category gathers all
material inputs with a specific contribution included in the production and the assembly of the CPV
modules. As presented in Figure 2, the results are expressed in g CO2-eq/kWh. Hence, we divided the
total climate change impact by the total electricity exported to the grid (Eexport).
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Figure 2. The results of impacts on climate change are expressed in g CO2-eq impact per process
distribution. The sum of all processes for mirror and Achromalens systems corresponds to 16.4 and
18.4 g CO2-eq/kWh, respectively. All processes contributing to more than 5% are detailed. Smaller
processes are gathered in “Others”.

Following the LCA rules indicated in the ILCD handbook, the greenhouse gas emissions of the
three CPV systems are evaluated as an equivalent of CO2, over a time horizon of 100 years.

The climate change impact ranges from 16.4 g CO2-eq/kWh for mirror modules to 18.4 g
CO2-eq/kWh for Achromalens modules. The Fresnel lens system is lowered by 8% compared to the
achromatic lens system due to the smaller impact of Fresnel lenses. Mirror modules are about 10%
lower than Achromalens ones. Considering the early stage of the design of the technologies, this result
of 10% of difference looks rather small and does not allow us to ensure that one technology will be
better than the other one in the end. Nevertheless, the disaggregation of the results at process level
allows us to identify the most impactful processes. Tracking and concentrating equipment is the main
contributor to this category. Significant GHG emissions are related to the tracker (31%) and composite
(13%) for the mirror scenario.

Due to a higher cell concentration per module area unit, the four-junction cell contribution is
significant (21%). Electricity consumption for assembling the components of the module (11%) and
Achromalens (7%) are also responsible for the damage.

Carbon dioxide (>90%) and methane (about 6%) emissions in the air are the most significant
impact in this category for all scenarios.
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6.3. Particulate Matter

The impact due to the emissions of particulate matter is calculated using the Rabl and Spadaro
model [51]. Figure 3 presents impacts from particles with detailed contribution per process.Energies 2019, 12, x FOR PEER REVIEW 10 of 23 

 

 
Figure 3. Impact on human health due to small particle emissions. Most impacting are the mirror and 
Achromalens module components’ and life cycle stages’ contribution to particulate matter. All 
processes contributing to more than 5% are detailed. Less significant contributors are gathered in the 
“Others” category. The total impacts potential is 11.8 and 12.4 mg PM2.5-eq/kWh, respectively, for the 
mirror and the Achromalens systems. Environmental benefits due to system extension thanks to 
metal recycling are responsible for the negative impacts. 

The emissions of 11.8 mg PM2.5-eq/kWh for the mirror scenario is attributable to processes 
belonging to the extraction and materials phases. Tracker (25%), composite (17%), and copper (16%) 
are the most important contributors. Concerning the achromatic lens system, contributions come 
mainly from the tracker (25%), electrical systems (15%), solar cells (14%), and the glass plate (12%). 
The smaller surface of lens modules per tracker explains the small difference with the mirror 
scenario (67.20 versus 70.99 m2). 

Moreover, heavier mirror modules explain the different impact of transportation with the two 
lens systems. The higher cell number per unit area for lens systems due to a lower concentration 
factor is responsible for the higher contribution of this sub-system. The greater impact of the 
achromatic lens compared to the Fresnel lens system (+7.5%) is due to the important amount of 
polycarbonate in achromatic lenses. Composite material (polycarbonate with glass fiber used for 
mirror support) can have a significant contribution. 

The benefits of recycling metals such as copper, gold, and silver are important in the end-of-life 
phase, which has a positive contribution (negative impact) on this category for the three scenarios.  

Particulates with a diameter less than 2.5 µm (>60%) and sulfur dioxide (about 30%) are the 
most emitted emissions in this category for every scenario. 

6.5. Land Use 

Land use is modeled using the characterization models of Mila I Canals [52] with 
characterization factors published by ILCD 2011, as presented in Figure 4. 

Figure 3. Impact on human health due to small particle emissions. Most impacting are the mirror
and Achromalens module components’ and life cycle stages’ contribution to particulate matter. All
processes contributing to more than 5% are detailed. Less significant contributors are gathered in the
“Others” category. The total impacts potential is 11.8 and 12.4 mg PM2.5-eq/kWh, respectively, for the
mirror and the Achromalens systems. Environmental benefits due to system extension thanks to metal
recycling are responsible for the negative impacts.

The emissions of 11.8 mg PM2.5-eq/kWh for the mirror scenario is attributable to processes
belonging to the extraction and materials phases. Tracker (25%), composite (17%), and copper (16%)
are the most important contributors. Concerning the achromatic lens system, contributions come
mainly from the tracker (25%), electrical systems (15%), solar cells (14%), and the glass plate (12%).
The smaller surface of lens modules per tracker explains the small difference with the mirror scenario
(67.20 versus 70.99 m2).

Moreover, heavier mirror modules explain the different impact of transportation with the two
lens systems. The higher cell number per unit area for lens systems due to a lower concentration factor
is responsible for the higher contribution of this sub-system. The greater impact of the achromatic
lens compared to the Fresnel lens system (+7.5%) is due to the important amount of polycarbonate in
achromatic lenses. Composite material (polycarbonate with glass fiber used for mirror support) can
have a significant contribution.

The benefits of recycling metals such as copper, gold, and silver are important in the end-of-life
phase, which has a positive contribution (negative impact) on this category for the three scenarios.

Particulates with a diameter less than 2.5 µm (>60%) and sulfur dioxide (about 30%) are the most
emitted emissions in this category for every scenario.
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6.4. Land Use

Land use is modeled using the characterization models of Mila I Canals [52] with characterization
factors published by ILCD 2011, as presented in Figure 4.Energies 2019, 12, x FOR PEER REVIEW 11 of 23 
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Figure 4. Land-use impact distribution for the mirror and the achromatic lens systems. The mirror
system impact is 131.3 g C deficit. However, the achromatic system impact is 147.8 g C deficit. All
processes contributing to more than 5% are detailed. Less significant processes are gathered in the
“Others” category. Small benefits from recycling metals (gold in particular) explain the negative impact
from the modules’ end-of-life.

We assess land use in the life cycle of the three HCPV scenarios. Both the achromatic and the
Fresnel lens scenarios have a more significant potential impact compared to the mirror scenario. The
results of the two lens systems are quite similar (+1% for the achromatic system due to the presence of
polycarbonate in the lens).

The greater impact of the factory for the lens system is explained by the identical volume
production assumption. Moreover, the less important electricity amount exported to the grid by the
two lens systems due to a lower aperture area explains the higher ‘land use impact’ of the use phase
and the tracker.

Occupation of grassland is the most impactful elementary flow in this category for all scenarios.

6.5. Aquatic Biodiversity

We assessed the impact of the three HCPV modules on aquatic biodiversity through three impact
categories. Freshwater ecotoxicity, and marine and freshwater eutrophication impact results are
normalized and weighted. The weighted impact (WIIC) is calculated as follows:

WIIC =
IPIC∗WFIC

NFIC
(3)
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where WIIC is the weighted impact, IPIC is the impact potential, NFIC and WFIC are, respectively, the
normalization and weighting factors for an impact category [43].

The weighted impact from Freshwater ecotoxicity, and marine and freshwater eutrophication are
presented in Figure 5 and can also be called weighted results.Energies 2019, 12, x FOR PEER REVIEW 12 of 23 
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Figure 5. The most impactful module components and life cycle stages to aquatic biodiversity weighted
results. Mirror and Achromalens systems’ total results are, respectively, 4.67 × 10−4 and 5.48 × 10−4 pts.
All processes contributing to more than 5% are detailed. Less significant processes are gathered in the
“Others” category. Benefits from modules’ end-of-life (EOL) stage are due to the recycling of metals
(copper, gold, and silver).

Both achromatic and Fresnel lens HCPV systems’ impact on biodiversity are more important than
that of the mirror one. After weighting, freshwater ecotoxicity is the greatest contributor to the total
impact (>90%). The higher amount of metals and the higher number of solar cells (gold and electricity
consumption) are highly responsible for this difference.

Copper (65%) and zinc (22% on average) emissions in water are the most impactful elementary
flows. Copper in water mainly comes from copper waste ending as scrap. Zinc emissions in water
yield to gold extraction and production processes.

6.6. Single Score Results

The single score results are obtained with normalization and weighting factors from the PEFCR
guidance [43] with toxicity categories. The single score result (S) for a HCPV system is obtained with
the following equation:

S =
16∑

n=1

WIIC,n (4)

where S is the single score result and WIIC,n is the weighted impact (Equation (3)) of impact category n.
Figure 6 presents the single score results (without mineral, fossil, or renewable depletion weighted

impact potential). The normalized and weighted results do not include the mineral, fossil, or renewable
resource depletion. Indeed, this impact is driving all the results with only one substance: Germanium
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from land. Existing studies show that this is likely due to outdated and missing characterization
factors [57–59].Energies 2019, 12, x FOR PEER REVIEW 13 of 23 
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Figure 6. Weighted results excluding the mineral depletion category. Mirror, Fresnel lens, and
Achromalens results are, respectively, 0.169, 0.166, and 0.179 pts. The particulate matter impact category
domination represents 98%.

The Achromalens system’s weighted results are more important than those of the mirror ones.
Particulate matter is the most impacted category on Figure 6. The Fresnel lens impacts are higher than
the mirror system’s impacts, except for the particulate matter category. Nevertheless, the difference
between the two systems for this category is significant enough to explain the higher weighted results
of the mirror system compared to the Fresnel lens system.

PM2.5 and sulfur dioxide emissions in the air are by far the most impacting elementary flows in
the environment.

7. Discussion

We investigated three HCPV modules mounted with III-V four-junction cells (FJCs) during the
CPVMatch research project. In this study, the role of concentration factors, glass coating, FJCs, and
module efficiency are especially studied. The discussions below reflect the interpretation of the LCA
study and cover the three perspectives.

7.1. Discussing How Key Environmental Parameters Affect the Results

How does a change in cells and module efficiency affect the overall performance of the system?
The assumptions and the possible improvements of the design of the modules is the first

perspective. It especially relates to the influence of the life duration of the modules and their efficiency,
the choice of materials, the end-of-life and recycling phases, and the influence of the electricity mix of
the production phase. The efficiency of high performance modules and four-junction cells reached
36.7% for the mirror module and 41.4% for the full glass Achromalens module. These results are
promising and represent the top performance of the modules, and their lifetime is expected to be
30 years. We have a direct relationship between the performance of the modules and these two aspects.
An increase of 5% of the efficiency of the module will reduce the impacts by 4%. While cell efficiency is
still the focus, the module as a whole shall be considered.

How is the overall impact of the system is affected by an extended life span?
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At the same time, an increase in the life duration allows the reduction of all impacts associated
with the production and the end-of-life phases. These life cycle stages dominate all impact categories
(with the exception of the land use impact category). A sensitivity analysis on the parameter indicates
that when the system’s lifespan increases from 30 to 50 years, the damages reduce by 25% for nearly all
impact categories. When the two-axis tracker life service is doubled, the damages reduce between 10%
and 20% depending on the impact category.

How do module materials affect environmental impacts?
The choice of material also affects the impact of the system; the first priority is indeed to reduce

the weight of the module with adequate materials and technologies. Nevertheless, as we can see in the
results, the polycarbonate damage for climate change and particulate matter presented in the mirror
module scenario is important. Other lightweight materials can reduce the impact [60].

Can modules’ end-of-life be optimized?
Another key aspect is the end-of-life phase of the modules. Thanks to the efforts made to

concentrate the rays of the sun, only a small surface of active material is needed, using smaller
quantities of potential contaminants such as indium or germanium. At the same time, the system has
less components with a lower level of integration and thus is more prone to dismantling. Optimization
of waste recycling requires optimizing three parameters: Reduce contamination, facilitate waste
collection, and allow efficient dismantling. The technologies explored for the HCPV modules present
promising perspectives for these three parameters which highly encourage recycling. Nevertheless,
the amount of aluminum used in the production is high, and it is therefore important to foster the use
of recycled aluminum. We consider that the recycling rate of aluminum for the modules is nearly 95%
at its end-of-life. We therefore assume that aluminum is based on a rate of 5% virgin material and 95%
recycled material. An alternative scenario with a 50% recycling rate only is tested during a sensitivity
analysis. This increases the climate change impact by 27% for the mirror system and 4% for the two
others scenarios.

How does the location of the installation influence the overall impact of the system?
The last key parameter identified is the location of the production of the modules. Indeed, the

climate change category can be highly influenced by the manufacturing location of both the modules
and the solar cells. Current calculations are performed based on a 2016 EU electricity mix. Nevertheless,
a production located in a country with low carbon electricity (such as Sweden, Norway, or France)
can decrease the carbon footprint by 20 to 35%. However, if a country with a high carbon footprint
produces the module, the climate change impact can raise by 30 to 50%.

7.2. Important Aspect and Sensitivity Analysis Related to Impact Assessment Models

Applying a sensitivity analysis of impact assessment on aquatic biodiversity.
The modeling of the impacts is also important in the interpretation of the results. Special attention

needs to be paid to the way aquatic biodiversity is calculated. Impact categories affecting aquatic
biodiversity are less mature than other categories such as climate change. Nevertheless, such an
evaluation is needed in the interpretation as it is an important concern for society. Several sensitivity
analyses are performed for interpreting the results. The questions addressed with these analyses are
detailed here after:

Do damage modeling methods present different results? Indeed, since weighted results do not
necessarily reflect damage, a comparative sensitivity analysis is conducted with two different damage
life cycle impact assessment (LCIA) methods: RECIPE [10] and IMPACT 2002+ [61]. Even if the impact
values may change (since the units can be different), the impact ranking and ratios between scenarios
present the same pattern as weighted results. The aquatic biodiversity evaluation is consistent with the
results from existing life cycle impact assessment methods [10,61].

Do we have a bias in the assessment due to an impact overestimation of metals? Metals such
as copper and zinc are the most impacting substances in this category. The USEtox method should
be considered carefully. Complexation and speciation mechanisms are not taken into account in this
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LCA method [7–9]. Existing studies underline an important overestimation of metals’ characterization
factors [62–64]. Following the suggestions from these publications, we recalculated the ecotoxicity
impact on freshwater, dividing by 100 the characterization factors of metals emitted in water, air, and
soil. This leads to a different ranking of impact categories’ contribution. While freshwater ecotoxicity
is driving the impact in the first case, eutrophication in freshwater becomes the most important
contributor in this sensitivity analysis. Switching from ILCD Midpoint+ to a reduced impact of metals,
Freshwater ecotoxicity’s contribution changes from 93% to 12%, freshwater eutrophication from 6% to
70%, and marine eutrophication from 2% to 19%.

Figure 7 presents these results, comparing two ways of addressing impacts on aquatic biodiversity.
Figure 7a presents the results of the calculation based on normalized and weighed impacts, following
ILCD midpoint and PEF guidance indications. Figure 7b presents the results based on damage modeling.
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Figure 7. Normalized and weighted results of substances emitted in the environment for the three
scenarios. (a) The left bars the results of the ILCD Midpoint+ method; (b) The right bars represent the
results with metals freshwater ecotoxicity’s weighted results divided by 100. The results differ by a
factor of 10. From left to right, the total results are 4.66 × 10−4, 5.46 × 10−4, and 5.47 × 10−4, and 4.46 ×
10−5, 4.76 × 10−5, and 4.76 × 10−5 pts.

Exploring the optimization of land use with CPV.
Impact on land use needs additional attention. The occupation of arable land (by the plant) plays

an important role on the use phase [65]. Thanks to its high efficiency, a combination of both agriculture
and concentrating photovoltaics can be explored [66,67]. This may reduce the competition between
food production and solar electricity.

Relevance of resource depletion impact category.
Impact assessment on mineral resources depletion allows limited interpretation for the time being.

Only one material (germanium) is driving 99% of the impacts and the CML method (used for resource
modeling) lacks some key characterization factors and has not been updated for many years. Before
going more in depth with this impact category, the method needs to be updated and its coherence with
the critical materials list [68] explored. Normalization and weighting allowing the presentation of the
results in a single score is always disputable. This is an optional step of the ISO standard of LCA, no
consensus exists on this issue and the results strongly depend on background assumptions (location
for normalization and method for weighting). Nevertheless, single scores are very consistent with
all impact categories. The mirror system’s normalized and weighted results present three times less
impacts than the two lens prototypes.

7.3. Comparing Environmental Performances of HCPV with Other Energy Sources

Beyond discussions on module design and impact assessment, HCPV technology ought to be
compared with other electricity sources like fossil fuels and low-carbon-footprint electricity sources.
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First, we compare HCPV’s performance with the most widely used fossil resources and then
with the current renewable energy sources. Table 3 presents the environmental performance of HCPV
mirrors compared to oil and coal electricity production in different countries.

Table 3. Environmental impact assessment results for 1 kWh stemming from different energy sources.
The first three categories are obtained with the ILCD Midpoint+ 2011 method and the last one with the
Cumulative Energy Demand version 1.0.9 [69] method. ES, SE, PL, and CN represent, respectively,
Spain, Sweden, Poland, and China. Impact of fossil resources are calculated using the EcoInvent
database [70].

Category Unit HCPV Mirror Oil ES Coal PL Coal CN

Climate change g CO2-eq 16.4 970.9 1151.1 1409.9

Particulate matter mg PM2.5-eq 11.8 524.9 405.5 3320.7

Land use g C deficit 131.3 3017.2 586.5 773.4

Non-renewable primary
energy demand MJ 0.2 13.6 13.5 12.1

The environmental impact of electricity from HCPV systems is in-between 50 and 100 times lower
than fossil fuels for all impact categories. The climate change impact of fossil fuels ranges from 970 g
to 1410 g CO2-eq/kWh (see Table 3). The difference between fossil fuels is due to the ratio of H/C
which is higher for oil than for coal. Coal quality also influences carbon dioxide emissions. Concerning
particles, current electricity production from coal in China features a significant difference compared to
other sources. This is due to the power plant technology. Land use presents surprising results: Its
impact is higher for fossil resources, especially for oil. This is due to land occupation of pipelines. In
terms of non-renewable energy demand per kWh, all fossil resources present similar patterns, with on
average 50 times more impact than HCPV.

A comparison is also conducted with low carbon energy sources. Figure 8 presents the positioning
of six low carbon electricity means as for three parameters like carbon footprint, small particle emissions,
and non-renewable primary energy demand.
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methodology. From left to right in the legend, energy demand is, respectively, 0.2, 11.6, 0.2, 0.05, 0.8, and
1.3 MJprim/kWh. HCPV results are compared with EcoInvent data for low carbon electricity sources.
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HCPV performances are promising. Both in terms of carbon footprint and particle emissions,
HCPV modules are in the low part of the curve with respectively less than 20 g CO2-eq/kWh, about
12 mg PM2.5-eq/kWh and 0.2 MJprim./kWh. This is just above very efficient renewable energy means,
such as wind power and hydropower. Results are far lower than BIPV installed in Spain and Sweden,
modeled with EcoInvent assumptions. Results can be smaller with open ground PV plants. The
comparison between HCPV and nuclear power presents a similar range of results for greenhouse gas
emissions (16 g and 10 g of CO2-eq/kWh, respectively) and particle emissions (12 and 19 PM2.5-eq/kWh,
respectively). Nevertheless, compared to nuclear power, results for non-renewable primary energy
demand is 50 times lower for HCPV. As what was done for fossil fuels, we also compared the
performances of HCPV with other electricity sources for land use. The comparison with hydropower
and nuclear power is, respectively, 4.2 and 19.9 g C deficit/kWh. This is respectively 30 times and six
times lower than the CPV mirror. The comparison between HCPV and wind power presents very
similar impacts on land use with, respectively, 131.3 and 132.2 C deficit/kWh.

7.4. Exploring the Possible Interest of HCPV Modules in a Circular Economy Perspective

Important environmental issues are now addressed with the emergence of the circular economy
concept. There is not yet a world consensual definition of circular economy but the ADEME (French
EPA) defines it as follows: “Circular economy can be defined as an economical system which aims at
enhancing resources’ use efficiency, reducing environmental burdens, and improving human welfare
for each parts of the life cycle of product and services” [71]. Based on this definition, it is interesting to
investigate to which extent a novel technology or innovative product can meet circular economy’s
expectations. Considering the HCPV technologies addressed in this article, several aspects can be
further explored. In terms of efficient use of resources, thanks to the sun concentration and the high
efficiency of cells, a reduced amount of material could be used per kWh produced. In terms of reduction
of environmental burdens, the small surface of easily separable cells can support a more efficient
material sorting at the end-of-life. This can allow higher recycling rates with lower contamination
of recycled material. Recycling rates could therefore reach 90 to 95% based on existing recycling
technologies with lower level of contamination of recycling material. As an example, current recycling
of silicon PV only allows 80% of recycling rate (only glass and part of metals), and is impeded by a
high level of contamination of EVA and silicon residues.

8. Conclusions

This article presents the main results of the environmental performances of HCPV innovative
technologies. Beyond the improvement of the technological performances of HCPV, thanks to module
efficiency, sun concentration and four-junction cells’ environmental performance is demonstrated in
this article, which details the potential environmental impacts of three HCPV module prototypes. The
results underline the potential of CPV toward the energy transition. In terms of climate change, results
indicate that emissions per kWh of such systems can range from 16.4 to 18.4 g CO2-eq/kWh. This is
close to wind energy (around 13 g CO2/kWh in the EcoInvent database). While this work enables the
optimization of the cell and the modules, the results point out that the tracker should also be optimized.
Exploring a possible downsizing of the trackers with lighter modules is also promising.

Another area of optimization is electricity consumption for producing the cells and the modules.
Producing these systems in areas with low carbon electricity would strongly augment the environmental
performances of HCPV modules.

Even assuming an average European electricity mix, the Energy Payback Time (EPBT) of the
three systems ranges from 0.74 to 0.98 years and the Carbon Payback Time (CPBT) ranges from 0.98 to
1.1 years. However, the study is not limited to energy and carbon, and the 16 impact categories of the
ILCD handbook are presented in Appendix B.

HCPV’s environmental performances are comprehensively examined and compared with the
environmental burdens of electricity originating from oil and coal. As for the four impact categories
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considered, the environmental performances are improved on average by a factor ranging from
50 to 100. When the comparison is extended to renewable energy sources and nuclear power, the
results show that HCPV lies within the range of low carbon emissions technologies, a little bit higher
than wind power, hydropower, and nuclear power. Still, the difference in terms of primary energy
needs per produced kWh highlights the performances of HCPV compared to nuclear power (about
50 times lower).

Also in terms of circular economy, as discussed above, HCPV technology requires a low surface of
active material and a lower level of integration compared to other PV technologies. This is promising
from a circular economy perspective, since it requires less semi-conductor materials during production
and opens the way to a dismantling and a lower contamination by toxic substances during the end-of-life
phase. Yet, since HCPV technology was not originally designed from a circular economy perspective,
it necessitates further research works and improvements to fully demonstrate better performances.
Nevertheless, as mentioned below, a higher efficiency and lower integration of components bring
about promising perspectives such as lower environmental burdens, increased recyclability, and
improved reparability.

Beyond these promising aspects, several points require further investigation. The resource’s
impact category cannot be interpreted, although it is a crucial issue in terms of circular economy
perspective. The current method available for modeling resource depletion [69] in LCA is outdated and
does not cover all the materials used for producing PV semi-conductors and electronic components [59];
neither does it address the issue of critical materials [58,68]. It is, indeed, also crucial to look at this
impact category, even if it requires research efforts so as to ensure the coherence between criticality and
mineral depletion. The impact of fine particles shall also be explored more in depth. Indeed, particle
emission reduction seems obvious from fossil fuels to HCPV, but the current impact of particles at
global level is considerable (around 8% of deaths in the world) [2], so two important points should be
investigated: First, life cycle inventory (LCI) data reliability (ensuring that particle emission reduction
can occur during the production phase of the modules); secondly, estimation of the external cost of
particles emissions on health (in order to better reflect the benefits of HCPV modules). We can also bear
in mind that all renewable energy technologies are quickly changing over time. HCPV cost is likely to
decrease with time; optimizing HCPV’s environmental performance and simultaneously reducing the
costs is likely to pave the way for innovative solutions. HCPV technology is currently limited to the
sunbelt area, but further cost reduction may foster installations in other areas, opening the market to
new technologies with a small environmental footprint.

Supplementary Materials: Detailed Life Cycle Inventories used in this study are available online as unit processes
at http://www.mdpi.com/1996-1073/12/15/2916/s1 supplementary materials_Life cycle assessment of new high
concentration photovoltaic modules (HCPV) and multi-junction cells-Detailed Life Cycle Inventories analysis.
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Glossary

Alloc Def Allocation default
BIPV Building Integrated Photovoltaics
EPBT Energy Payback Time
EVA Ethylene vinyl acetate
CH Switzerland
CN China
CPBT Carbon Payback Time
CPV Concentrated photovoltaics
EOL End-Of-Life
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FJCs Four-junction cells
Ge Germanium
GLO World
HCPV High concentrated photovoltaics
IEA International Energy Agency
ILCD International Reference for Life Cycle Data system
kWh Kilo-Watt per hour
kWp Kilo-Watt peak
LCA Life Cycle Assessment
LCI Life Cycle Inventory
LCIA Life Cycle impact Assessment
MA Morocco
MJprim Megajoule primary
PEF Product Environmental Footprint
RER Europe
RoW Rest of World
U Unit process
US United States of America

Appendix A

Table A1. World electricity modeling with EcoInvent data [70] in accordance with International Energy
Agency [1] information.

EcoInvent 3.3 Process 2007 2016

Electricity, hard coal, at power plant/CN U 41.2% 38.3%
Electricity, oil, at power plant/FR U 5.5% 3.7%
Electricity, natural gas, at power plant/US U 21.2% 23.1%
Electricity, low voltage {CH}| treatment of biogas, burned in micro gas turbine
100 kWe | Alloc Def, U 1.0% 1.8%

Electricity, production mix photovoltaic, at plant/CH U 0.01% 1.3%
Electricity, at wind power plant 800 kW/RER U 0.9% 3.8%
Electricity from waste, at municipal waste incineration plant/CH U 0.3% 0.4%
Electricity, nuclear, at power plant/CH U 13.7% 10.4%
Electricity, hydropower, at power plant/FR U 15.9% 16.7%
Electricity, high voltage {RoW}| electricity production, geothermal | Alloc Def, U 0.3% 0.3%

Table A2. World primary energy supply modeling with EcoInvent data [70] in accordance with
IEA [1] information.

EcoInvent 3.3 Process 2007 2012 2016

Hard coal, burned in power plant/CN U 27.5% 29.0% 27.1%
Heavy fuel oil, burned in power plant/FR U 33.7% 31.7% 31.9%
Natural gas, burned in power plant/US U 20.8% 21.4% 22.1%
Electricity, low voltage {CH}| treatment of biogas, burned in micro gas turbine
100 kWe | Alloc Def, U 9.4% 9.5% 9.8%

Electricity, nuclear, at power plant/CH U 5.8% 4.8% 4.9%
Electricity, hydropower, at power plant/FR U 2.2% 2.4% 2.5%
Electricity, high voltage {RoW}| electricity production, geothermal | Alloc Def, U 0.7% 1.1% 1.6%
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Table A3. 2012 World final consumption modeling with EcoInvent data [70] in accordance with
IEA [1] information.

EcoInvent 3.3 Process Repartition

Hard coal, burned in power plant/CN U 12.1%
Heavy fuel oil, burned in power plant/FR U 39.8%
Natural gas, burned in power plant/US U 15.1%
Electricity, low voltage {CH}| treatment of biogas, burned in micro gas
turbine 100 kWe | Alloc Def, U 11.3%

Electricity, production mix photovoltaic, at plant/CH U 0.3%

Other processes

Electricity 17.9%
Heat 3.2%

Appendix B

Table A4. Impact assessment results (per kWh).

Category Unit Mirror Fresnel Lens Achromalens

Climate change g CO2-eq 16.4 17.1 18.4
Ozone depletion µg CFC-11-eq 1.69 2.01 2.06
Human toxicity, non-cancer effects CTUh 3.59 × 10−8 4.85 × 10−8 4.87 × 10−8

Human toxicity, cancer effects CTUh 2.46 × 10−9 2.88 × 10−9 2.92 × 10−9

Particulate matter mg PM2.5-eq 11.9 11.6 12.5
Ionizing radiation HH Bq U235-eq 3.51 5.05 5.13
Ionizing radiation E (interim) CTUe 8.49 × 10−9 1.10 × 10−8 1.12 × 10−8

Photochemical ozone formation mg NMVOC-eq 55.0 62.1 65.0
Acidification mmolc H+-eq 1.16 × 10−1 1.31 × 10−1 1.36 × 10−1

Terrestrial eutrophication mmolc N-eq 1.90 × 10−1 2.22 × 10−1 2.31 × 10−1

Freshwater eutrophication mg P-eq 22.1 30.4 30.5
Marine eutrophication mg N-eq 57.5 86.3 88.0
Freshwater ecotoxicity CTUe 2.68 3.10 3.11
Land use g C deficit 1.31 × 102 1.46 × 102 1.47 × 102

Water resource depletion mL wate-eq 44.8 1.05 × 102 1.06 × 102

Mineral, fossil & ren resource depletion g Sb-eq 3.57 16.3 16.3

Table A5. Life cycle expectancies of HCPV system components.

Component Life Cycle Span (Years)

Two-axis tracker 30
HCPV module 30

Cables 30
Manufacturing plant 30

Inverter 15
Transformer 10
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