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Abstract: Photovoltaic systems represent a leading part of the market in the renewable energies
sector. Contemporary technology offers possibilities to improve systems converting sun energy,
especially for the efficiency of modules. The paper focuses on current concentrated photovoltaic
(CPV) technologies, presenting data for solar cells and modules working under lab conditions as well
asin a real environment. In this paper, we consider up-to-date solutions for two types of concentrating
photovoltaic systems: high-concentration photovoltaics (HCPV) and low-concentration photovoltaics
(LCPV). The current status of CPV solar modules was complemented by the preliminary results
of new hybrid photovoltaic technology achieving records in efficiency. Compared to traditional
Si-PV panels, CPV modules achieve greater conversion efficiency as a result of the concentrator
optics applied. Specific CPV technologies were described in terms of efficiency, new approaches of a
multijunction solar cell, a tracking system, and durability. The results of the analysis prove intensive
development in the field of CPV modules and the potential of achieving record system efficiency. The
paper also presents methods for the determination of the environmental impact of CPV during the
entire life cycle by life cycle assessment (LCA) analysis and possible waste management scenarios.
Environmental performance is generally assessed based on standard indicators, such as energy
payback time, CO, footprint, or GHG emission.

Keywords: photovoltaics; concentrating photovoltaics CPV; life cycle assessment LCA; end-of-
life CPV

1. Introduction

The limited resources of fossil fuels and the increasing consumption of energy are not
compatible. To meet the growing needs of the world, the global energy supply system
must be transformed [1,2]. In today’s society, renewable sources are becoming more and
more common in the energy market. Although the reduction of environmental pollution is
a key driver, energy transition brings a wide range of other benefits (e.g., health, economic,
and technological) [3,4]. The potential of solar energy is effectively used in photovoltaic
(PV) technology at present, where solar radiation is directly converted into electricity. The
second type of solar power system is the generation of electricity in an indirect way, by
first converting solar energy into heat. In this technology, referring to concentrated solar
power (CSP), sunlight focused on optical collectors is the origin of heat that drives an
electrical power generator [5,6]. To eliminate disadvantages and highlight the advantages
of solar power systems, concentrated photovoltaic (CPV) as a hybrid technology has been
developed [7]. In comparison to conventional PV systems, the CPV is still a young and
small player in the market for solar electricity generation, with a relatively small number
of research works and operating installations [2]. CPV systems improve the utilization
and efficiency of solar energy, close to 40% [8], which previous systems could not provide.

Energies 2021, 14, 3143. https:/ /doi.org/10.3390/en14113143

https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-5380-8079
https://orcid.org/0000-0002-4285-8350
https://doi.org/10.3390/en14113143
https://doi.org/10.3390/en14113143
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14113143
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14113143?type=check_update&version=3

Energies 2021, 14, 3143

2 of 20

Additionally, CPV enables cost savings by replacing expensive materials used in classical
PV systems with affordable mirrors or lenses [9].

The environmental aspect is one of the crucial challenges of solar energy management.
Although photovoltaic technology is considered to be an environmentally friendly technol-
ogy, a growing number of solar panels at the end-of-life stage raises concerns about further
accumulation as waste [10]. Following a report published by the International Renewable
Energy Agency (IRENA), the volume of PV panel waste could globally yield a value of
up to 60-78 million tons by 2050 [11]. Therefore, the goal is to strive for technology to
minimize the environmental impact of the product in all phases of its life cycle, and, in
particular, in the phases in which this impact is the greatest. Life cycle assessment (LCA) is
now a standardized tool to evaluate the environmental impact of photovoltaic technologies
from the cradle to the grave [12,13]. The process of performing LCA is described in two
international standards: ISO 14040 [14] and ISO 14044 [15]. According to the norms, the fol-
lowing steps of LCA are referred to: goal definition and scoping, inventory analysis, impact
assessment, and interpretation of the results [16]. An important step is to collect the input
and output data that are included in the life cycle inventory (LCI). The inventory analysis
is a step determining the accuracy of LCA, where all the material and energy flows, as well
as all the waste released into the environment over the entire life cycle, are identified and
quantified. Most data should be collected from manufacturers to ensure reliable results, but
available databases and expert estimates are also frequently used [17]. The environmental
profile of a solar module is a result of LCA, which enables the assessment and comparison
of different technologies. LCA enables quantitative results to be expressed as different
indicators, such as energy payback time (EPBT) or greenhouse gas emission [18]. Most of
the LCA analysis deals with conventional flat-plate PV, e.g., [10]; however, due to the rapid
development of concentrated photovoltaic technology, the environmental impact of CPV
technologies has become an extensively studied topic.

The paper presents the current state of CPV technologies working under real and
laboratory testing conditions, highlighting their market value and environmental impact
of individual technologies based on the LCA methodology.

2. Historical Perspective and Development of the CPV Technology

The key principle of CPV is the use of cost-efficient concentrating optics that signif-
icantly reduce the cell area, allowing for the use of more expensive, high-efficiency cells
and potentially a levelized cost of electricity (LCOE) competitive with standard flat-plate
PV technology in certain sunny areas with high direct normal irradiance (DNI) [19]. CPV
is of most interest in power generation in sun-rich regions with DNI values of more than
2000 kWh/(m?a). The systems are differentiated according to the concentration factor
of the technology configuration. Two broad segments of CPV, differentiated by the con-
centration factor: low-concentration PV (LCPV) with a concentration factor to 30-40 and
high-concentration PV (HCPV), where concentration is greater than 300 [8,20]. The LCPV
designs use silicon or thin-film PV cell approaches and linear concentrating optics with
one-axis tracking. The latter requires higher efficiency and is more expensive despite using
the same multijunction cells, which might need cooling during operation. The HCPV takes
advantage of the two-axis sun tracking system. The price and efficiency have been the main
driving force for developing technical approaches of CPV over the past years. The origins
date back to the 1960s when Eugene L. Ralph published the concept of concentrated sun-
light and demonstrated conical reflectors onto Si cells [21]. The first lens-based system was
presented by Sandia National Laboratory [22]. Based on this project, the Martin Marietta
Corporation installed the Fresnel-lens CPV system in Saudi Arabia (350 kW) and Arizona
(225 kW) [23]. To address a need for an appropriate solar cell compatible with concentrating
optics, the advanced Si and then multijunction solar cells (MJSC) were developed. First,
two-junction solar cells were deployed (e.g., GaInP/GaAs), and then they became the basis
for the modern three-junction cell (GaInP/GaAs/Ge). In 2001, Amonix (now Arzon Solar)
installed the first commercial HCPV at the Glendale Airport in Arizona [8]. One of the first



Energies 2021, 14, 3143

30f20

concentrator module technologies was the FLATCON® developed by the Ioffe Institute in
Saint Petersburg and Fraunhofer Institute in Freiburg (Germany) [24]. In the FLATCON®
technology, the solar radiation is concentrated by silicone-on-glass (S0G) Fresnel lenses and
focused on high-efficiency multijunction solar cells. Over the years, this technology has
been improved mainly by adapting the cell and lens design, which has finally increased
module efficiency [25]. Most of the technology installed prior to 2015 is constructed as
HCPYV with dual-axis tracking and MJSC based on III-V semiconductors. Nowadays, the
CPV market is still small compared to conventional PV systems and accounts only for 0.1%
of the total PV deployment [26]. Despite there not being any single dominant architecture
for CPV, countless different technology solutions have been created in recent years. The
importance of particular CPV technologies in the energy generation market worldwide will
be dependent on several key issues, especially the growth of production costs. The major
concern for manufacturers is the long-term reliability of a PV module, its cost-effectiveness,
and commercial success [27,28]. Considering the aspect of deployment of photovoltaic
modules, low capital expenditures (CapEx) give CPV an advantage over the flat-panel
PV [8]. With an increasing demand to produce cleaner energy with a higher reduction of
CO; emissions, a potential improvement of CPV systems would be required; however, the
costs associated with industrial-scale production are still too high. The consequence of
this was the launch of an investigation into the possibilities of improving CPV modules.
The most promising results were obtained due to changing the cell size and the number of
junction cells in a module.

3. Characterization of the CPV Technologies
3.1. Efficiency

The amount of absorbing solar irradiation is crucial for the efficiency of photovoltaic
modules. The idea of CPV systems is based on the use of optical devices to focus sunlight
into small solar cells responsible for converting solar energy into electricity. In the past
years, several CPV models were designed with different kinds of solar concentrators, such
as Fresnel lenses or mirrors. Importantly, a solar cell structure is another factor affecting
PV efficiency. Today, the standard is a multijunction solar cell that is capable of operating
under high concentrations. The cells are called III-V solar cells because they are based
on particular elements of IIl and V groups in the periodic table. Efficiency is key for the
return-on-investment, as it would ultimately decrease the cost of the kWh. The efficiency
of the p-n junction solar cell in converting solar energy into electricity depends on the
energy bandgap of the specific solar cell material. The efficiency of solar cells increases as a
function of bandgaps. The operating temperature is not without significance; according to
Friedman’s work, a typical magnitude for efficiency multijunction cell decrease is nearly
0.06% per °C (absolute) [22]. The cooling cell is necessary in either an active or passive
way, depending on the solar cell; a comprehensive survey of cooling systems for CVP is
delivered in [29]. In general, the maximum efficiency of a multijunction solar cell is almost
10% higher compared to a single-junction construction [22]. Among different technological
solutions, the efficiency of the MJSC can reach from 30% [30,31] to 40—41% of the three-
junction concentrator cell (GaInP/Ga(In)As/Ge) presented by Boeing-Spectrolab’s [32],
or even near 45% [33] for more developed modules. Unfortunately, the relatively high
efficiency is limited because the three-junction cell bandgap combination compromises the
ideal solar spectrum splitting in favor of the sub-cell material quality; however, efficiencies
close to 60% are achievable in principle by four or more junction concentrator cells [34].
Currently, no other cell architecture allows obtaining as high and still increasing efficiency,
even though around 5% of potential efficiency is lost due to heating. This might be excluded
by testing smaller cell sizes [35].

It is important to notice that the conversion efficiency of the bare cell, photovoltaic
module, and system may be divergent. The differences follow from the optical efficiency
of the lens, spectral conditions, cell temperature, and different illumination profiles [36].
Hence, the main objective of researchers is to increase efficiency at all levels, from solar
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cells to modules; therefore, new approaches are needed to break the efficiency ceiling and
enable photovoltaic technology to become an even more competitive source of energy in a
variety of settings and regions. This is a market opportunity for new module architectures
and manufacturing processes; thus, European R&D is well-positioned to deliver the next
generation of modules and reduce the cost of solar electricity (LCOE) [37].

3.2. Tracking System

To obtain high efficiency and conversion of energy, modules need to be constantly
pointed precisely at the sun. Positioning of CPV modules towards the sun rays allows for
an efficient energy yield throughout the day. For this purpose, mechanical structures (sun
trackers) are used. Depending on the number of mobile axes, sun trackers can be classified
as single- and two-axis trackers. Detailed descriptions of different kinds of sun trackers are
presented in Table 1. In the case of LCPV, the tracking system is optional; HCPV requires
high-accuracy two-axis trackers due to its narrow acceptance angle [38]. Currently, the
two-axis sun tracking system is the most used on the market, and it can be based on three
methods: photoelectric, astronomical (based on tracking programs), and a hybrid tracking
system [39,40]. At present, the hybrid tracking system is most used, which is a combination
of program and photoelectric sensor tracking modes. Planar optical micro-tracking enables
the use of multijunction solar cells that apply concentrating PV principles.

Table 1. Types and characterization of sun trackers for CPV according to Fernandez et al. [38].

Single-Axis Trackers Two-Axis Trackers

Tracking the sun by rotation in one axis
Advantage: simple construction and lower costs

Tracking with two rotational axes, which
angles CPV modules perpendicularly to
the sun rays

Characterization Disadvantage: impossible to set collector’s aperture - .
. . - . Advantage: flexibility, higher energy
perpendicularly to the sunlight all the time—collection of outout
solar energy is insufficient to maintain the maximum P . .
Disadvantage: mechanical complexity
Horizontal axis—parallel to the ground; oriented along Two-axis tracker for point-focus CPV
East-West or North-South direction dish (a)
) Vertical axis—collinear with the Zenith Two-axis tracker for point-focus CPV
Options module:

Inclined axis—inclined to the ground; oriented along
North-South direction

—Pedestal-mounted tracker (b)
—Carousel (rotate-and-roll) tracker (c)
—Tilt-and-roll tracker (d)

(a)

“ o~ 4

(d)

This system provides high-precision tracking of the solar position at different seasons
and weather conditions [41]. There are also obstacles due to the weight of CPV modules
and other outdoor parameters (e.g., wind) that determine CPV market value more than
their efficiency [42].

3.3. Durability

The key parameter determining the position of CPV on the market is durability. On
average, the life of an entire module is assumed to be 25-30 years, depending on the
conditions and quality of materials used for producing a particular component [8,42].
The reliability of a CPV module under real climate conditions can be assessed based on
qualification standard IEC 62,108 [43]. All modules that received certification based on
that standard did not show degradation effect during a nearly eight year-experiment (ex.
Soitec’s or Daido’s CPV module) [42]. Testing is always carried out on the component level
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by accelerated aging conducted in the climate chambers [8]. Due to the high temperature
of working conditions of the modules, it is also reasonable to conduct a thermal test.
Results of thermal analyses are the basis for determining the ability of the receivers to
withstand thermal mismatch, fatigue, and other resulting changes in temperature [44].
Other environmental factors, such as humidity, mechanical stress, and high irradiation
level, are also tested to evaluate the behavior of the module following outdoor exposure [8].
The most important parts that are subject to testing are lenses and glass parts of CPV [45],
but also inverters and transformers due to their shorter lifetime. The comparison of life
cycle expectancies of individual HCPV components is presented in Table 2.

Table 2. Life expectancies of HCPV system components [12].

Component Life Cycle Span (Years)
Two-axis tracker 30
HCPV module 30
Cables 30
Manufacturing plant 30
Inverter 15
Transformer 10

4. Up-To-Date Solutions for CPV

CPV modules can achieve efficiency far beyond what is possible with traditional flat-
plate technology and have space to push efficiencies even higher in the future, providing a
potential pathway for reductions in systems costs. Nowadays, economic problems are the
main limitations to find funding to continue the research and production of new CPV mod-
ules. Since many investors cannot sufficiently support that kind of project, the industry has
started looking into ways of reducing production costs. The promising solutions consider
novel module architectures related to the reduction of cell size. One of the alternatives is
micro-CPV, where the cell area is miniaturized to 1 mm? [8,35,46]. The idea of micro-CPV
was to gain as many as possible benefits at the expense of introducing some manufacturing
challenges. Semprius and Panasonic, both high-tech companies, are among the first to
obtain the highest efficiency of modules in micro-HCPV (about 35%). Panasonic [46,47]
used lenses made of polymethyl methacrylate (PMMA) in two combinations: either directly
attached to the solar cell (edge length 970 um) or with secondary optics where the solar cell
area was 0.672 mm?. In contrast, Semprius [48] used silicone-on-glass technology lenses
with solar cells of 600 um. Another big achievement of micro-CPVs is the reduction of
heat concentration on each cell by reducing module thickness [46] that creates a more
homogeneous heat distribution on its backplane. Consequently, the module generates less
amount of heat and can exploit low-cost substrates without using any heat sink. The idea
of micro-CPV was to gain a wide range of benefits, such as reduction of the bulkiness of
CPV modules and thus material intensity, improvement of cell thermal dissipation as well
as reduced costs of installation and transportation [49]. On the other hand, manipulation
at the micrometric scale and precision of micro-optics are the biggest challenges requiring
a high cost of cell assembly [35]. The cost-effective solution may be transfer printing, also
used in LED lighting, addressed to commercialization. Additionally, the CPV technology
only utilizes direct radiation; comparing the standard spectrum, the value of AM1.5 global
utilized in flat modules is 1000 W/m?2 while AM1.5 is 900 W/m?2 when used as the resource
for the CPV module. Thus, diffuse radiation is lost, and the use of conventional CPV on
the area of low and medium direct normal irradiation (DNI) is not very profitable [50].
To capture diffuse radiation, new CPV technological solutions have been developed in
recent years. Yoon et al., 2006 [51] proposed a novel CPV system with a planoconcave
lens as a secondary optical element (SOE) and a multijunction solar cell surrounded by
the additional Si low-cost solar cell to capture diffuse solar radiation. Results based on the
simulation model showed that the optical power ratio of the proposed model increased
by about 17.12% compared to CPV without an additional cell. The cost of the system
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presented by Tien and Shin [52] is not much higher compared to a conventional CPV
module, but it can be more cost-effective by generating more electricity. In the literature,
the systems are often referred to as the “hybrid CPV”. In general, hybrid CPVs are based
on the combination of expensive MJSC with a minimal cell area and a low-cost cell with a
large area to convert diffuse sunlight [53].

Future development of CPV modules can be possible through cell size reduction,
increasing the number of layers in the junctions, or by changes in construction material.
The most promising result for efficiency growth is increasing the number of junctions in
the structures of cells that allow for obtaining a 46% efficiency value. It should also be
considered that all future options involve an increase in production costs.

5. LCA of CPV Modules

The concentrated photovoltaic system offers many benefits compared to conventional
photovoltaic technology, such as relatively high conversion efficiency, reduction of the costs
by replacing expensive components, and elimination of toxic materials, especially involving
the solar cell [54,55]. The rapid development of CPV technology brings benefits mainly by
increasing the efficiency of systems, but it also requires environmental impact assessment.
For this purpose, LCA has been successfully applied and CPV modules can be compared
based on the LCA results. The standard stages of LCA for the photovoltaic technology
are presented in Figure 1, according to Fthenakis [56]. The life cycle of photovoltaic
panels consists of the following stages: production and acquiring the materials, as well as
production, installation, operation, maintenance, and disposal/recycling of a particular
module component. The collection of inventory data is one of the most time-consuming
stages and largely affects the accuracy of LCA results. The inventory data can be collected
from commercially available databases, e.g., Ecoinvent [57] or U.S. Life Cycle Inventory
Database [58]. The results of LCA are useful for manufacturers and users to identify the
competitiveness of CPV technologies available on the market. Basic parameters and LCA
impact indicators for photovoltaics technology are summarized in Table 3.

v

v

v

v

v

Raw Material Material Component Assembly Operation R
Acquisition Production Manufacturin, 20 anc Disposal
. g Installation Maintenance
v v v v v
E E E E E
Recycling
A :
: v
|: Inputs (material, energy) | E

E: Effluents (water, solid, air)

Figure 1. Stage of LCA analysis for photovoltaic modules [55].
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Table 3. Selected coefficient of the environmental impact assessment method.

Parameter

Definition Reference

FU

Functional Unit—A quantified measure of the system performance;
generally, 1 kilowatt-hour (kWh) of produced electricity from [59]
converted solar irradiation (defined in stage 1 of LCA)

EPBT

Energy Payback Time—A period required for a renewable energy
system to generate the same amount of energy that was used to [60]
produce the system itself

GHG

Green House Gas emission during the life cycle stages of a PV
system is estimated as an equivalent of CO, using an integrated
100-year time horizon using the most recent global warming
potential factors published by the IPCC

GPBT

Greenhouse Payback Time—A measure of the years needed, e.g.,
for a PV system to balance the emissions of greenhouse gases

CED

Cumulative Energy Demand describes the consumption of fossil,
nuclear and renewable energy sources along the life cycle of a [60,61]
product or a service

PR

Performance Ratio percentage of real converted solar energy from

theoretically possible under standard testing conditions 591

EROI

Energy Return on the Investment—Calculated as system lifetime to
EPBT ratio; it shows how easy (in energy terms) it is to exploit the
available primary energy sources by investing a given amount of
energy which one already has at own disposal

ERF

Energy Return Factor—Calculated as a sum of total primary energy
output produced during the entire lifetime of the system to the [63]
CED ratio

5.1. LCA of HCPV Modules

More than 90% of the CPV capacity that has been publicly documented to be installed
through the end of 2016 is in the form of high-concentration PV with two-axis tracking [64].
One of the first HCPV modules developed in 2005 was FLATCON. The optics system based
on Fresnel lenses and a multijunction solar cell (GaInP, GalnAs, and Ge) were used. The
module operates for 500 x concentrations, which allows achieving an efficiency near 26%
with an optical aperture area of 25.6 m?. To evaluate the environmental impact, CED and
EPBT were calculated for a FLATCON module installed in Spain. According to the results,
the tracker production had the largest contribution to the CED and zinced steel, as their
components had the most important energy factor of the system (embodied energy of about
29 MJ/kg). The EPBT was calculated in values between 8 to 10 months and was dominated
by steel and glass elements of the module. Changing the FLATCON location would be
unfavorable, and for installation in Germany, the EPBT increased to 12-16 months [60].
Minassians et al. [65] investigated the environmental impact of SolFocusGenl HCPV sys-
tems installed in the United States. The optical design employed in the module consists of
a concave primary mirror and a convex secondary mirror to concentrate sunlight onto the
cell (500x) via a tertiary optical rod. The environmental impact of SolFocus technologies
was produced mainly by steel elements in the tracking system. According to the LCA
results, transportation of parts from New York to California accounted for a significant
part of the total system environmental load; CED = 25%. The calculated EPBT was 1.3 and
1.5 years, for installation in Arizona and California, respectively, and could be lowered by a
reduction in shipment distance [66-69]. Completed in 2013, the European project Apollon
developed a new mirror-based HCPV module [70]. The supplier of the module was SolTec
International. The optic elements were made from aluminum foil [68]. The optimization of
the module was tested between 500 and 750 x concentrations where the biggest challenge
was the tracking system and materials used in the module. The first results of environ-
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mental impact analysis showed a carbon footprint between 18-45 g CO,.eq/kWh with
0.8-1.9 years EBPT [55]. At the final stage of the project, the EPBT was calculated for 1 year
with 30% efficiency and a 30-year system lifetime with a power rating of 850 W/m?. The
greatest environmental impact was found for aluminum, contributing 63% of the CED
and 64% of the GHG emissions. This material also generated the biggest impact on the
EPBT value. Finally, the carbon footprint was determined to be 20 g CO;.eq/kWh [70].
For several years, the leader in the HCPV industry in the USA and Europe was Amonix
7700 (now Arzon Solar) [56]. This system is based on seven concentrating units mounted
on a two-axis tracker. Amonix 7700 had 7560 multijunction solar cells at a 500 x concen-
tration ratio. Solar cells were produced by Spectrolab using metal-organic vapor phase
epitaxy (MOVPE) grown on a germanium substrate. Information about environmental
impact based on the LCA methodology for Amonix 7700 was published by Fthenakis and
co-workers [24,56,71]. As in the case of the FLATCON, it operates for 500 x concentration,
and its EPBT is close to 0.9 years. According to the LCA results, the solvents and MOVPE
are materials responsible for great electricity consumption among all components of the
solar cell. The highest GHG was calculated for tracker (28.4%), heat sink (28.2%), and frame
(15.2%) [56]. Compared to the previously presented modules, Amonix 7700 generated the
highest carbon footprint value, between 26-27 g CO,.eq/kWh, depending on the module
location. Interestingly, Nishimura et al., based on LCA, determined the effect of HCPV
location and PV type (HCPV versus flat-plate PV) on environmental load [72]. The results
showed that EPBTs for HCPV with multijunction solar cells located in the Gobi Desert and
Toyohashi (Japan) were 2 and 2.64 years, respectively. In the case of allocations of HCPV
modules, manufacturing processes had the highest impact on the life cycle. Comparing
HCPYV flat-plate technologies with ms-Si PV (multi-crystalline silicon photovoltaic power
generation system) in the Gobi Desert, surprisingly, the energy recovery characteristic
of mc-Si PV is better (EPBT = 1.73 years). For the analyzed locations, the energy recovery
characteristic of the mc-Si PV is better than that of HCPV, and these results are supported
by the fact that mc-Si PV uses global solar radiation, whereas HCPV uses only direct solar
radiation. The environmental impact of HCPV modules produced by Fullsun Photovoltaics
Ltd. was determined by Sandwell et al. [68]. Compared to previous systems, the module
construction is thinner and more lightweight, with dimensions close to conventional flat
PV systems. The relatively low materials usage results in a low value of CED (4.3 MJ/Wp)
in relation to the other technologies presented in Table 4. Moreover, the location of the
modules has a major impact on economic aspects. The most favorable location was Calama
($0.037/kWh), where LCOE was significantly lower even compared to flat-plate PV mod-
ules. The LCA methodology was also used to determine the environmental impact of
commercial 1.008 MWp HCPV plants in Morocco [73]. The conversion efficiency of the
plant, which consists of 3600 modules, was close to 27.2%. The results showed emission of
CO; on the level of 53.3 kg CO, eq/MWh, where raw material extraction and manufactur-
ing are responsible for substantial emissions. Authors proved that by extending the lifetime
of the HCPV plants from 20 to 30 years, the environmental impact of the system could be
reduced by 23-31%. Based on LCA analysis, Payet and Greffe [74] compared three different
prototypes of HCPV modules: mirror-based, Fresnel lens, and Achromalens. The climate
change impact (expressed in g CO;-eq impact per process distribution) for the mirror-based
optical design module was about 10% lower than the Achromalens modules. The main con-
tribution to the environmental load was tracking and focusing optics equipment. The EPBT
and CPBT for the prototypes range from 0.74-0.98 and 0.98-1.10 years, respectively. Re-
cently, in the HIPERION project (hybrid photovoltaics for efficiency record using integrated
optical technology) [75,76] novel, highly efficient solar modules (>30% STC—standard
test conditions for solar module evaluation) based on planar optical micro-tracking that
concentrates sunlight on multijunction solar cells mounted on top of a conventional sili-
con backplane have been developed. The panels work as silicon modules under diffuse
sunlight, and provide an absolute record of energy generation per m?, with up to 50%
gain in Central Europe and even 80% in Southern Europe. Figure 2 presents the results
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of LCA calculations regarding CO, emissions and the contribution of the elements to the
environmental load associated with the module production process. The figure illustrates
a reduced process tree (only elements with a contribution higher than 0.5% are presented)
showing the emission of CO; eq. of individual materials used to manufacture the module.

The biggest load was generated by the production of PMMA (47%), the material of
the panel, which concentrates solar light on solar cells, aluminum alloy (21%), and solar
glass (11%). The total CO, emission per HIPERION module was 125 kg eq, which results
in low emission of CO, g eq/kWh from 11 to 14.9 over the lifespan (25 years) (Table 4) [76].

With novel module architecture and manufacturing processes, HIPERION has the
potential to reduce solar electricity costs by significantly boosting the efficiency and the
energy yield per unit area well beyond the capabilities of crystalline silicon.

From the overview of available HCPV (Table 4), several conclusions can be drawn. The
concentration ratio is around 500 x, and most of the modules are based on a multijunction
solar cell. The declared efficiency did not exceed 40% in any case. For the investigated
HCPV modules, the EPBTs were around 1-2 years, and most of them had a CO, footprint
expressed as GHG less than 30 g CO;-eq./kWh. The tracking system had the biggest
impact on the environmental life cycle among all HCPV components. Among the materials,
aluminum, steel, and cement constitute the main source of GHG for Amonix 7700 [24]
and HCPV by INER [77]; therefore, replacement with materials that have a lower carbon
footprint could improve the environmental impact of HCPV modules.

5.2. LCA of LCPV Modules

Low-concentration photovoltaics (LCPV) compared to HCPV are a less common
technology in the domain of CPV systems. However, LCPV has many underrated features.
A significant advantage of using low-concentration photovoltaic systems rather than high-
concentration is the higher angle of optical acceptance and the possibility of using cheaper
trackers. LCPV modules also provide a wider range of materials that can be used for
construction without any apprehension for solar degradation [80]. Importantly, compared
to HCPV, LCPV systems can be deployed in more countries as they can work with lower
direct normal irradiance (DNI). However, this feature can also be a drawback of LCPV
systems, especially on a cloudy day where the trackers can easily become lost. As a
consequence of low DNI values, trackers can be mistakenly focused on bright clouds rather
than the sun rays. In comparison to the conventional PV modules, LCPV systems can
achieve similar results on a yearly basis, which proves that they can be used interchangeably
as building energy sources [55,81-83]. Moreover, a large number and variety of LCPV
modules are technological solutions for building integrated concentrated photovoltaics
(BICPV) [54]. In 2015, Lamnatou et al. [62] presented the studies of BICPV systems with
a mono-crystalline solar cell. The environmental impact of the system was evaluated
based on the carbon footprint (expressed as the GPBT) and the EPBT. The module was
examined in five locations: Exeter, Barcelona, Madrid, Dublin, and Paris. For the GPBT,
the highest values were obtained for modules working in Paris (27.2-33.1 years) that may
be related to the low CO; emission of France’s electricity mix and the lowest in Dublin
(3.3-4 years). Taking into account the EPBT, the value obtained by Madrid and Barcelona is
near 2.4 years, whereas by Paris, Exeter, and Dublin, the value was around 3.2-3.5 years.
It was also found that the use of reflective film reduces the values by around 11-12% of
the EPBT and GPBT [61]. Menoufi et al. [63] compared conventional BICPV to a novel
low-concentration building added concentrating photovoltaic (BACPV). The modification
of the previous system consisted of integrating reflectors to a building as a shading system
with an inclination of 50° with respect to the horizontal plane, which reduced the EPBT to
1.0 years (2.2 years for BICPV). Energy ERF was also calculated for both technologies and
was more than two times higher for BACPV.
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Figure 2. Reduced process tree showing emission of CO, eq of individual materials used to manufacture the module for HIPERION.
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Table 4. Review of life cycle assessment of HCPV and LCPV modules.
. . CO; Footprint GHG
Technology Location Solar Cell CR AD;ISE?:X?e/a E fﬁ}\c/[i(e)g]cﬂe[“ %] Emissions EPBT In f(())r::::ion Year Source
P yie [g CO5-eq./kWh]
HCPV
. -CED 5.8 MJ/Wp
_ 2 _
FLATCON Spain I-V MJSsC >500x 25.6 (28.8) m 26.0 18.0 8-16 months _DNI 2093 kWh/m? 2005 [60,68]
Berkeley (B), -CED 12.9 M]/Wp
California 1.5 years (C)
SolFocusGenl . 1I-V MJSC 500 x na 25.0 na -Energy return 2006 [65-69]
Phoenix (P), 1.3 years (A)
. factor (ERF) 33.2
Arizona
-CED 8.3 MJ/Wp
Apollon Italy -V MJSC  500-750x na 34.0 20.0 12 months -DNI 1794 2008 [68,70]
2093 kWh/m?2
-DNI 2600 kWh/m?
(LV) 2480 kWh/m?
Las Vegas (LV) 2
Amonix Phoenix (P) -V MJSC 500 % 267 m? 37.0 26.0 (LV) 0.9 years (), BOKWR/M™(G) 5509 24,5671
27.0 (P.G) (~11 months) -system life
Glendale (G) .
time—30 years
-CED 11.8 MJ/Wp
-comparison of
) HCPV technology
Gobi Desert (G) : o 5 18.8 (G) 2 years (G) . P
Sharp Toyohashi (T) I11-V MJSsC 90.7% 109 m 18.0 (T) na 2.64 years (T) Ewth ms-Si PV 2010 [72]
ased on
LCA results
-grid transmission
loss 3.74%
75);}%1(;11:\/ Taoyuan, Japan II-V MJSC 476 % 34.56 m? 30.0 107.69 2.61 years -system 2016 [77]

lifetime—30 years
-DNI 909 kWh/m?
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Table 4. Cont.

. . CO; Footprint GHG
Technology Location Solar Cell CR ADm:ensi:n/ E fﬁ}\/[.odulelo/ ] Emissions EPBT I fOthe:. Year Source
perture Area ciency [% [g COy-eq./kKWh] nformation
-system
lifetime—30 years
-CED 4.3 MJ/Wp-
DNI 2482 (P),
Phoenix (P), USA 2278 (S), 2668 (T),
Seville(S), Spain 9.0 (P) 0.30 year (P) 2409 (H), 2668 (AS),
Tabuk (T), Saudi 9.4 (S) 0.32 year (S) 3322 (C) kWh/m? /yr
Fullsun Arabia 450 x 600 x 8.3 (1) 0.28 year (T) -CPBT 0.48 (P),
HCPV module Haixi (H), China M-V MJSC 625x 48 mm/0.27 m? 340 9.8 (H) 0.33 }}Ilear (H) 0.88 (S), 0.30 (T), 2016 [68]
Alice Springs (AS), 8.8 (AS) 0.29 year (AS)  0.35 (H), 0.29 (AS),
Australia 6.5 (C) 0.22 year (C) 0.40 (C)
Calama (C), Chile -LCOE—
the lowest
$0.037/kWh (C),
the highest
$0.055/kWh (S)
-system
lifetime—20 years
-human toxicity
441 kg 14DB eq/MWh
-marine
I}ig(I)’ill\é‘l/ZEt Cﬁgfiﬁ?ga M-VMJSC  820x 3600 m? 28.2 53.7 1457 year  ecotoxicity 120g 2016 73]

1.4-DB eq/kWh
-overall CED
18.83 x 10° MJ
-DNI

1834 kWh/Wp
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Table 4. Cont.

Technology

Location

Solar Cell

Dimension/ Module

CR Aperture Area  Efficiency [%]

CO; Footprint GHG
Emissions
[g COz-eq./kWh]

EPBT

Other
Information

Year

Source

CPVMatch

Catania, Italy

II-V FJSC

>800x (M)  0.986 m2 (M) 36.7% (M)
>320% (FA) 0.320 m? (FA) 41.4% (A)

16.4 (M) 18.4 (A)

0.74-0.98 year

-comparison of
different
concentrating
technology of
HCPV: mirror (M),
Fresnel lens (F)
and

Achromalens (A)

2019

Hiperion

Madrid, Lyon

II-V MJSC

na na 29.0

11-15

na

DNI
2207 kWh/m?

2020

[75,76]

LCPV

Building
Integrated BIPV

Exeter (E)
Barcelona (B)
Madrid (M)
Dublin (D)
Paris (P)

Mono-
crystalline
Si solar cell

1160 x 740 x

2.8x 185 mm/0.036 m?2

11.8

93-101 (MB)

2-4 years (B,M)

-GPBT

27.2-33.1 years (P)
3.3-5.7 years
(E,D,B,M)
-comparison of
two
configurations:
with reflective
film and without

2015

Building
added BACPV

Spain

Single
crystalline Si

48 x 36 mm—
10x CPV cell na
(52 cells in module)

na

1 year

-comparison of
two conventional
BIPV

-ERF 32

2017

[63]

Low
Concentrating
Photovoltaic-
Thermal (CPVT)

Palermo, Italy

Crystalline Si

- 10 m? na

na

0.7 year

-LCPV installed
on the roof
-solar thermal
collectors

2011

[77]
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Table 4. Cont.

Technology

Solar Cell

CR

CO; Footprint GHG
Emissions EPBT
[g COz-eq./kWh]

Dimension/ Module
Aperture Area  Efficiency [%]

Other

Information Year

Source

LCPV 2x

Poly-
crystalline Si

2%

0.156 x 0.156 m?
PV area na 54.0 na
(60 cells in module)

-comparison with
traditional PV
-economic analysis
-ReCiPe

2016

[78]

aCPC-PV

1.74 %

100 x 100 mm? na na 2.82-4.74 years

-environmental
indicators are
calculated for five
cities in China:
Beijing, Hefei,
Lhasa, Lanzhou,
Harbin 2018
-CED 12.2 MJ/Wp
-GWP 1.09 kg
CO2-ef./Wp
-possible
application in
BICPV

[79]

na—No available data.
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6. End of Life and Recycling

Although photovoltaics is a source of renewable energy, the total environmental
impact must be assessed throughout the entire life cycle of the system [84-86]. Photovoltaic
modules at the end-of-life stage constitute an inevitable waste stream. The typical lifespan
for PV modules is about 25-30 years.

This time can be shorter due to damage during the transportation and installation
stages, initial failures after start-up operations, technical and physical failures during
operation caused by severe environmental conditions, and unexpected external factors,
e.g., natural disasters [87]. As the production of modules is sharply increasing, waste
management is an important issue these days. Unfortunately, landfills are the main
waste disposal methods for PV systems [86]. Several studies show the environmental
consequences of improper management of PV waste, mainly due to the release of heavy
metals [79,87-90]. Recycling of PV modules is an environmentally favorable method with
numerous advantages compared to the landfill. It allows the controlled release of hazardous
substances into the environment, saves precious and scarce metals (e.g., Ag, Ga, In), and
alleviates lifecycle resource depletion [86]. Developing an appropriate recycling method of
a particular component of PV modules is a key issue for the environment and can improve
the sustainability of the photovoltaic industry. The majority of PV technologies on the
market are crystalline Si-PV modules [89-91], and most recycling methods are dedicated
to them.

A typical Si-PV panel consists of an aluminum (Al) alloy frame, tempered glass, a
battery piece, EVA (ethylene/vinyl acetate copolymer), and a backboard (TPT, Topotecan
Hydrochloride). Basic information about the materials obtained after disassembly and
extraction of PV is presented in Table 5.

Table 5. Composition of typical crystalline silicon solar panels and recovery methods of raw materials [91].

Component Material Approximate Content Recovery
Frame aluminum 18% aluminum scrap suitable for producing
’ secondary aluminum
Cables tinned wire 2% copper recovery from cable scrap (~97%)
recovery of energy from incineration of
polymer (e.g., PVC) polymer (~2.86 MJ/kg)
glass cullet for glass production
Top surface glass 70% (consumption 25% less energy compared to
normal glass manufacture)
. . o Energy recovery from incineration process
Encapsulation layer EVA, adhesive layer 5% (~3.5 MJ /kg of electricity)
Back-sheet layer Polyvinyl fluoride 1.5% Energy recovery from incineration process
. o recovery rate of silicon ~95% and may
Solar cell Silicon 4% substitute silicon metal
Metallization of modules silver 0.05% recovered through electrolysis or

precipitation in leaching solution

The weight of various resources from a typical solar panel is as follows: glass 54.7%,
Al 12.7%, adhesive sealant 10%, silicon 3.1%, and other 19.5% [91,92]. The most suitable
parts of the modules to recycle are steel and aluminum parts, which constitute above 80%
of the whole composition of the module [42]. Other substances, such as concrete or acrylic,
need additional preliminary processes, such as separating or sorting, before the start of
the main recycling process. For typical PV modules, there are many recycling technologies
studied around the world [92,93] that can also be slowly implemented into CPV systems.
Among them, the most frequently used are shredding and methods using organic solvents,
which allow for the recovery and reuse of many materials. The dismantling of CPV
modules is easier because the constitutive elements are easily separable and are composed
mostly of inorganic material that can be fully recycled. On the contrary, SI-PV cells and
frames are completely bonded to complex, fluorinated plastics, which require advanced
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crushing and thermal treatment for partial recycling. The biggest challenge in the CPV
modules is the recovery of gallium, germanium, and indium as they are hard-to-reach
raw materials, despite the fact that they account for only about 1% of the total mass of the
module. Fthenakis presented end-of-life processing for an Amonix 7700 module [56] based
on the automobile recycling practices in which dismantling, shredding, and transportation
were additionally considered in terms of economic aspects. Solar cells made of III-V
semiconductors were disposed of as hazardous waste or recycled.

The LCA calculations for the HCPV HIPERION module show that waste management
may increase the total carbon footprint of the module by about 5% [76].

7. Conclusions

Compared to conventional PV systems, the CPV is still an emerging technology;
however, the results presented in the paper demonstrate the great potential of CPV systems
to generate a huge amount of clean energy. Concentrated photovoltaics have an advantage
over traditional Si-PVs, as they are nearly three times more efficient. The demonstrated CPV
modules have the potential of reaching more than 30% module efficiency. HCPV and LCPV
technologies differ according to the applied type of solar cells, optics, and concentration
ratio. When comparing their effectiveness, care should be taken to distinguish whether they
are related to cells, sub-modules, or systems. An important indicator of the environmental
performance for PV is energy payback time calculated for particular systems. According to
our survey, the conversion efficiency for HPCV is in the range of 0.22-2.6 years, whereas
for LCPV, it ranges from 0.7—4.7 years with a very diverse distribution (Table 4).

The LCA method is becoming a more and more appreciated and useful tool, especially
for assessing an environmental load of new technologies. Due to the vast diversity of CPV
modules architecture, there is no clear answer to which elements of the module produce
the biggest environmental load. For most of the constructions, the main contribution in
the environmental burden is focusing optics (often more than 50% contribution in carbon
footprint), tracking system, and the frame of the aluminum alloy or steel. Focusing optics
have the most significant effect on the total carbon dioxide emissions, which makes the
substantial reduction of the environmental impact of the CPV modules difficult, as this part
of the panel cannot be replaced; however, due to the high efficiency of energy conversion
of CPV panels, the carbon footprint produced by the module is in the range of 10-30 g
CO,.eq/kWh, depending on the location.

The development of recycling and recovery methods for solar cells made of III-V
semiconductors, currently disposed of as hazardous waste, or recycled, is an important
issue for the environment and can improve the sustainability of the photovoltaic industry.

Comparative studies among CPV modules based on LCA results may support the
choice of design alternatives already at the design stage.
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