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a b s t r a c t

Given the increasing interest in tandem silicon-based solar cells and the recent advances in luminescent
solar concentrators, the luminescent solar concentrators/silicon tandem structure has been proposed as
an option for a four-terminal tandem structure. As part of the evaluation of a new type of solar cell, it is
important to conduct a Life Cycle Assessment to effectively guide research efforts towards cell designs
with minimum environmental impacts. Here, we carry out a process-based Life Cycle Assessment to
assess global warming, human toxicity (carcinogenic and non-carcinogenic), freshwater eutrophication
and ecotoxicity and abiotic depletion potential impacts associated with three luminescent solar con-
centrators/silicon tandem cell structures, considering a bottom layer as being a passivated emitter rear
contact silicon solar cell. The results are based on experimental parameters and show that the increase in
the performance of the cells and modules using the studied tandem structure can produce lower
environmental effects than the passivated emitter rear contact technology (single-junction) for the
impact categories studied. These results encourage the studies on cell and module performance im-
provements using such tandem luminescent solar concentrators/silicon structures.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The continuous development of photovoltaic (PV) technologies
focuses on reducing costs and enhancing efficiencies and stability
for solar cells and modules [1]. Silicon (Si) remains the dominant
commercial PV technology (above 90% share) in the industry [2],
but alternative materials and structures are being reported. PV
single-junction solar cell limiting power conversion efficiency
(PCE), even with improvements, is approximately 30% (depending
on specific assumptions) [3]. Tandem technology makes use of sub-
cells optimized for each part of the spectrum, connected either
electrically in series (two-terminal) or kept electrically separate
(four-terminal), achieving higher efficiencies when compared with
single junction solar cells [4,5]. Researchers have explored different
organic and inorganic materials for tandem solar cells to produce
higher PCEs [6].

Recent advances in luminescent solar concentrators (LSC), for
example, present a method to capture diffuse sunlight and
).
maintain a relatively low manufacturing cost [7], offering a way to
optimise the value of tandem solar cells. The theoretical efficiency
limits of an LSC that is optically coupled to a flat-plate Si cell (LSC/Si
tandem) were explored for a four-terminal tandem structure. This
structure exhibits strong power conversion efficiencies for poten-
tial high-performance PV [8].

An LSC structure consists of a polymer waveguide with
embedded luminophores (photoactive particles), coupled to a PV
collecting material [9,10]. Incident light is absorbed and re-radiated
at down-shifted wavelengths by the luminophores e termed
photoluminescence (PL) e within the polymeric layer. For addi-
tional light trapping, common LSC structures optically encase the
luminophoric waveguide within filters that are designed to reflect
wavelengths of light near the PL center [6]. For such an LSC/Si
tandem module, the design necessitates integration of various
optical and electrical components, as shown in Fig. 1.

The top filter transmits short-wavelength (300e550 nm) and
long-wavelength (700e1100 nm) light for luminophore and subcell
absorption, respectively. The LSC structure employs a one-
dimensional photonic crystal (PC) structure as a top, wavelength-
selective filter, using alternating layers of low/high refractive in-
dex material to achieve the notch-filter reflectance shape. In this
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Fig. 1. Three-dimensional schematics of the tandem LSC/Si structure (fabricated
device).
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analysis we assess two different configurations of LSC cell, which
are differentiated by the top filter layers (dielectrics and polymers).

The dielectric PC consists of SiO2 (low index, ƞavgz 1.45 visible)
and TiO2 (high index, ƞavgz 2.5 visible) and has approximately 100
layers each of varying thickness on the order of 50 nm. Such a filter
can be constructed via sputter deposition and, in this study, is
called top filter “a”.

The polymeric PC uses poly(methyl-methacrylate) (PMA) (low
index, ƞavgz 1.48 visible) and poly(styrene sulfide) (PSS) (high
index, ƞavgz 1.65 visible) and has approximately 1000 layers each
of varying thickness on the order of 50 nm. Polymeric filters such as
this can be fabricated using extrusion and roll-to-roll fashion. In
this study the polymeric PC is called top filter “b”.

Together with the development of advanced technologies and
processes there should also be a concern for the environmental
impacts. Manufacturing a solar cell involves complex process steps
and the use of diverse materials. Each process or resource has its
peculiarities and can come frommany different sources, involving a
specific series of inputs (material or energy which enters a unit
process [11]) and outputs (material or energy which leaves a unit
process [11]). Each one of these processes and the use of every
material has potential environmental impacts. Several tools and
methodologies can be used to calculate those effects. Life cycle
assessment (LCA) is a method used to evaluate potential environ-
mental impacts associated with the production, use and disposal
phases of a product during its lifetime. The depth of detail of an LCA
study varies with each case and depends on the goal, scope defi-
nition and the assumptions made [11].

This LCA study can assist in sustainable technology develop-
ment by focusing on the life cycle environmental consequences of a
fresh technology that is still in the early stages of development. The
advance of PV technologies and structures require comprehensive
LCA studies to guide manufactures and policy makers to the best
environmental choice of technology such as identifying opportu-
nities to improve the environmental aspects of products at various
points in their lifecycle, decision-making in industry, governmental
or non-governmental organisations, selection of relevant indicators
of environmental performance and marketing [11].

This report explores the potential environmental impacts from a
four-terminal tandem LSC/Si solar cell [12], considering a standard
commercially available passivated emitter rear contact (PERC) Si
subcell. To date, the environmental analysis of this structure has not
been reported to the best of the authors’ knowledge. Besides, as
important outcome from this study is the publication of useful
inventories for LCA studies, which are continuously changing for
innovative Si technologies. There may be found one or more pro-
duction steps that dominate the environmental cost of a product, as
has been found for Si PV modules and for all the Si-based tandem
modules studied to date [13e16]. If so, LCA can identify the step(s)
and illuminate the areas where attention should be paid to alleviate
the environmental costs.

LCA is a reliable method to calculate and analyse environmental
impacts and support claims. It provides designers, regulators and
engineers with valuable evidence that help them tomake decisions
about each life stage of materials and products. The importance of
conducting an LCA study in new technologies, such as LSC/Si tan-
dem solar modules, is to identify the environmental hot spots in
this new device in order to improve its environmental performance
before it can be industrialised. LCA is also important during the
development of new products when environmental footprint is
important to the future marketing or cost structure of this product.

2. Methods

The goal of this LCA is to assess global warming potential (GWP),
human toxicity potential - cancer effects (HTP-CE), human toxicity
potential e non-cancer effects (HTP-nCE), freshwater eutrophica-
tion potential (FEuP), freshwater ecotoxicity potential (FEcP) and
abiotic depletion potential (ADP), comparing LSC/Si tandem and Si
solar modules. The reference and characterisation factor for each
environmental impact category is shown in Table 1.

2.1. Global warming potential

The Intergovernmental Panel on Climate Change (IPCC) is the
international body for assessing the science related to climate
change and their data are revised as the models used in the cal-
culations are developed [17]. As solar energy is considered a green
source of energy, GWP is the most common calculated environ-
mental impact for LCAs on PV technologies [16,18,19]. GWP is used
to determine the effectiveness of these technologies in reducing
greenhouse gas emissions during the manufacturing processes, use
and end of life phases [19]. The calculation of GWP impacts based
on the IPCCmethod is reported in the IPCC's 2001 Third Assessment
Report [20], which defines GWP as the ratio of the time-integrated
radiative forcing from the instantaneous release of 1 kg of a trace
substance relative to that of 1 kg of a reference gas, which is CO2 in
this case (Equation (1)):

GWPðxÞ ¼

ðTH
0

ax � ½xðtÞ�dt
ðTH
0

ar � ½rðtÞ�dt
(1)

where TH is the time horizon over which the calculation is
considered; ax is the radiative efficiency due to a unit increase in
atmospheric abundance of the substance (in Wm�2kg�1) and [x(t)]
is the time-dependent decay in abundance of the substance
following an instantaneous release at time t¼ 0. The denominator
contains the corresponding quantities for the reference gas (CO2).

2.2. Toxicity potential (human and freshwater)

The use of heavymetals and other toxic and hazardousmaterials
during these processes should also be assessed, for their impact not
only on human health, but also on fauna and flora. HTP (cancer and
non-cancer effects), FEcP and FEuP are comprehensive indicators
for these impacts [21]. USEtox calculates human toxicity and
freshwater ecotoxicity impacts by assessing how the toxicological
effects of a chemical emitted into the environment affect the
causeeeffect chain that links emissions to impacts, considering



Table 1
Impact categories chosen to be analysed in this LCA.

Impact Category
Characterisation factor

Global Warming Potential (IPCC [17]) kg of carbon dioxide equivalent (kg CO2 eq.)
Human toxicity e cancer effects (USEtox [17]) Comparative toxic units e humans (CTUh)
Human toxicity - non-cancer effects (USEtox [17]) Comparative toxic units - humans (CTUh)
Freshwater eutrophication (EUTREND [17]) kg of phosphorus equivalent (kg P eq.)
Freshwater ecotoxicity (USEtox [17]) Comparative toxic units - ecotoxicity (CTUe)
Abiotic depletion (CML 200217) kg of antimony equivalent (kg Sb eq.)
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environmental fate, exposure and effects. Equation (2) represents
how these impacts are calculated [22].

CF ¼ EF � XF � FF ¼ EF � iF (2)

where CF is the specific characterisation factor (normally in kge-
mitted), FF is the corresponding factors that link the quantity
released into the environment to the chemical masses (or con-
centrations) in a given space, XF is the exposure per person (only
human toxicity), EF are the effects, measured by the quantity taken
in via a given exposure route by a population or organism to the
adverse effects (or potential risk) of the chemical and iF is the
intake fraction matrix, which is the result of the fate and the
exposure matrices combination and describes the fraction of the
emission that is taken in by the overall exposed population [22].
2.3. Eutrophication potential

For the calculation of the eutrophication potential the concen-
trations of total nitrogen and phosphorus are the two basic
assessment parameters. The calculation is shown in Equations (3)
and (4) [23].

TNI¼
X

Wj � TNIj (3)

Wj ¼ r2ij
.X

r2ij
(4)

where TNI is the sum of indices of all nutrient parameters, TNIj is the
TNI of parameter j, Wj is the proportion of j parameter in the TNI,
and rij is the relation of chlorophyll a (Chla) to other parameters.
The available parameters concerned include total nitrogen (TN),
total phosphorus (TP), Chla, dissolved oxygen (DO), chemical oxy-
gen demand by K2MnO4 oxidation method (CODMn), biological
oxygen demand (BOD5), etc [23].
2.4. Abiotic depletion potential

ADP, expressed in kg of antimony equivalents, is the relationship
between the annual production and the reserves of a resource [17].
Since producing solar cells and modules use natural resources, and
the decreasing availability of these natural resources is an impor-
tant concern, we are also calculating this environmental impact.
The calculation of the ADP is shown in Equation (5),[24], which
represents the function of natural reserves (stocks/deposits in the
environment) of the abiotic resources combined with their rates of
extraction. The natural reserves of these resources are based on
concentrations of the elements and fossil carbon in the Earth's
crust.
ADPi ¼
DRi

.
ðRiÞ2

DRref
��

Rref
�2 (5)

where ADPi is the abiotic depletion potential of resource i (in kg Sb
eq/kg of resource i); Ri is the ultimate reserve of resource i (kg); DRi
is the extraction rate of resource i (kg/yr) (regeneration is assumed
to be zero); Rref is the ultimate reserve of the reference resource (Sb
in kg) and DRref is the extraction rate of the reference resource, Rref
(in kg/yr).

2.5. Scope and assumptions

The environmental impacts calculation is based on the area
required for a module to produce 1 kWh of electricity, which is our
functional unit (FU). This LCA is a cradle-to-grave, which means
that the stages within the system boundaries of this study initiate
with the raw materials necessary for the cells' production and
finish at the modules’ end of life (assumed to be disposed to
landfill).

The processes from the raw materials until the cell production,
as well as the end-of-life and landfill scenarios, are described in the
literature [13]. This analysis considers the material and energy
flows of primary processes, together with extraction of raw mate-
rials and, whenever available in the Ecoinvent database and/or the
literature, the intermediate processes. The inclusion or exclusion of
any step can significantly affect the outcome, particularly the end of
life, which might change the results considerably. The main likely
possibilities for end of life of solarmodules are landfill, incineration,
reuse and recycling. The comparison of the environmental impacts
from each of these scenarios have been published by a few authors
[25,26].

Besides the impacts of different ends of life included in the
system boundaries, there are also impacts from the balance of
system (BOS) that might affect the overall results of the LCA.
However, the inclusion of BOS in LCA studies of PV technologies is
not common, and thus, the inventory is scarce. Hence, the BOS is
not considered in this LCA either. If the efficiency is increased, the
necessary quantities of area-related BOS components, such as land
area, mounting frame and cable, decrease to generate the same
amount of electricity. Consequently, the environmental impacts
arising from the BOS generally tends to reduce as well. Hence, we
can argue that exclusion of the BOS from our LCA is likely to lead to
an under-rather than over-estimation of the environmental bene-
fits arising from cell and module efficiency improvement.

This study is assuming a lifetime of 30 years for all modules
(panel manufacturers commonly guarantee that their panels will
produce electricity at 80%e90% of their power output rating at the
end of 25e30 years [27]) and that all the modules go to the landfill
after the end-of-life. However, it is important to notice that the
impacts of disposal may be shown to be significant [28e30].
Possible end of life scenarios for Si-based PV modules, such as
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landfill, incineration, reuse and recycling were assessed and the
results validate the environmental benefits of the recycling pro-
cesses [25]. Similar results can be expected if the impacts from the
LSC/Si tandem are produced mainly from the bottom layer of the
cell (PERC Si).

The materials considered for the module assembly are ethyl
vinyl acetate (EVA) encapsulant, aluminium frame, polymer back-
sheet, cover glass, copper/tin tabbing and lead-containing solder
[31], which are the most common materials for Si-based solar
modules. This LCA assumes that the cell and module production is
located in the United States of America (USA) and uses an electricity
mix for that country, although it is well known that it could occur in
other countries too [32]. The USA electricity mix is mainly based in
fossil fuels, such as petroleum, natural gas, and coal that, combined,
accounted for about 77.6% of the county's primary energy produc-
tion in 2017 [33]. This value is similar to the estimated share of total
final energy consumption worldwide in 2016, which is 79.5% [34].
China remains the biggest producer and customer for Si cells [35]
and its electricity mix is based in approximately 72% in fossil fuels
(coal based) [36]. Considering the similarities between USA, the
major producer of solar cells (China) and the average of electricity
mix in the world, the environmental impacts from the use of fossil
fuels described in this study are acceptably representative. How-
ever, the results for this LCA considering the electricity mix from
China are also presented in the SI (Figure SI-1) and discussed in
section 3 Results and Discussion. The inventory is from the Ecoin-
vent database [37] and simulation work [8] using GaBi software
[38], whichmodels a scaled-upmanufacturing process for all layers
of the device (Tables SI-1 and SI-2 in the SI). Ecoinvent lists the
impacts of every element of a product or system and estimates the
impacts of all stages of a product's life cycle [38].

We undertake the LCA for this module by estimating the
necessary energy inputs and processing requirements for each of
the individual components as well as for the full device integration
and assembly. We assemble two variations for PL-trapping, top
filter designs: dielectric and polymeric Bragg stack filters composed
of alternating high/low refrative indexmaterials. Such designs have
shown high tunability and optimized reflectance/transmittance
characteristics [39,40]. Such structures are grown via sputter
deposition (dielectric) or extrusion processing (polymeric). Poly-
meric waveguides are fabricated via doctor blading technology,
wherewe deposit poly(laurylmethacrylate) (PLMA) and cure under
UV exposure. CdSe/CdS QD lumihophores are grown in a colloidal
synthesis [41]. We grow InGaP micro-cells via MOCVD and mesa-
etch in order to isolate micro-cells which are 0.4� 0.4mm in area
[42]. Via pick-and-place machining and screen printing technology,
we arrange and electrically interconnect the micro-cells into a grid
pattern, arranging the cells to lie such that the total waveguide to
cell area (termed the geometric gain) is on the order of 100. We
fabricate the bottom AlSb high contrast grating (HCG) metasurface
filters first by co-sputtering thin films of AlSb from Al and Sb tar-
gets. We then pattern the film into cylindrical pillars in a hexagonal
array via nano-imprint lithography followed by a dry or wet etch
process. The hexagonal array of the pillars generates the desired
optical properties of a reflectance peak centered aroun the QD
emission and transmission in all other wavelength regions [43].

The LSC/Si tandem module is composed of five primary com-
ponents: a polymeric/dielectric top filter, a CdSe/CdS QD wave-
guide, an InGaP micro-cell PV array, a bottom metasurface HCG
filter, and a Si subcell [44]. For the top cell, specifically the LSC layer,
we consider two possible materials for the top notch filter (poly-
meric and dielectric). For the Si cell layer, we adopt the current
industry standard process for passivated emitter and rear cell
(PERC) [5]. It is important to highlight that the results from LCAs
can differ depending on the system boundaries, the functional unit
(FU) and other assumptions [6]. The tandem structures analysed in
this LCA are shown in Fig. 2 and Table 2, where the different top
filters, explained in the introduction section, are shown.

The calculation of the environmental impacts of these technol-
ogies is based on the area required for a solar module to produce
1 kWh of electricity (functional unit). This calculation considers the
module's assumed efficiency and lifetime (Table 3), the average US
insolation condition (assumed to be 1800 kWh/m [2]/year [45]) and
the performance ratio (set as 0.75 16 for all cases in this study). The
final environmental impacts results are highly sensitive to these
assumptions which were chosen carefully to better represent the
majority of LCA studies of PV technologies [46], in order to be
relevant and applicable for further studies.

3. Results and Discussion

The environmental impacts from the PV technologies analysed
are calculated based on the LCA methodology described previously
and the collected inventory (Tables SI-1 and SI-2 in the SI).

Fig. 3 presents the results for GWP, HTP-CE, HTP-nCE, FEuP, FEcP
and ADP of LSC/Si tandem compared to Si (PERC) solar modules.

The analysis of the results (Fig. 3) shows that the tandem
technology's efficiency improvement influences the environmental
outputs positively, due to the lower energy usage to produce the
same amount of solar-derived energy (1 kWh, which is the func-
tional unit of this LCA) during the module's lifetime, at relatively
low environmental costs.

3.1. Global warming potential

The GWP effects show thatmost of the impacts come from the Si
layer of the tandem solar cells, which is in accord with other LCA
studies of Si-based tandem technologies [15,47]. The energy input
is an important factor in terms of environmental impacts, especially
for GWP. The Si that is used in the PV industry has tomeet very high
purity standards and therefore requires energy-intensive refine-
ment techniques. The Si treatment processes, especially the mono
c-Si (Czochralski method [48]) crystallisation process generates
relatively little waste, but the main concern is the energy required
and the amount of argon gas used during this process, which results
in the most significant impacts on this category [48].

As mentioned above, this analysis used the USA electricity mix
in its calculations. Fossil fuel usage accounts for approximately
77.6% of the county's primary energy production, which is similar to
the total final energy consumption worldwide (79.5%). Because
China remains the biggest producer and customer for Si cells, we
also calculate the impacts of the studied cell structures considering
the electricity mix from China, which is presented in the SI
(Figure SI-1). Due to the similarities of the percentage use of fossil
fuels in the electricity mix of the USA and China, the environmental
impact results for these two countries are similar. The GWP impact
is almost the same value, as expected. This category is directly
dependent on the type of energy source used during the production
processes and, because of that, the results are compatible. The other
impacts categories follow this trend and are very similar comparing
the two chosen countries. The impacts would be expected to be
lower in the case of an electricity mix that uses renewable energies
as the primary source of energy such as Iceland, Sweden and
Denmark. However, this is not yet the reality formost of the PV cells
and modules producers (China, Japan, USA, etc).

One possibility to reduce the impacts of the Si treatment is to
use different approaches such as the use of solar grade Si (SGS). The
energy consumption to produce SGS is estimated to be 25e30 kWh/
kg of product, which is a significant reduction, compared to the EGS
production via the conventional Siemens (approximately



Table 2
LSC layer materials (including lower end and upper end), parameters and processes analysed.

Layer Material Parameter Materials Required (g/cm2) Processing

Lower End Upper End

Dielectric Filter SiO2 Layer Thickness 6.63E-04 6.90E-04 Sputtering
TiO2 1.06E-03 1.55E-03

Polymeric Filter PMA 3.00E-03 3.00E-02 Roll-to-Roll
PSS 2.50E-03 2.50E-02

LSC Waveguide CdSe/CdS Concentration 1.05E-06 2.10E-06 Colloidal Synthesis
PLMA Thickness 1.39E-03 2.80E-03 Doctor Blade

Micro-cell Array NOA Adhesive Required 1.29E-04 2.58E-04 Spin Coated
InGaP Geometric gain 7.50E-06 3.75E-05 MOCVD
SiNx 3.80E-07 1.90E-06 Screen Printing
Cu 8.40E-06 4.20E-05
Au 6.00E-06 3.00E-05
Glass Type 1.23E-01 6.99E-01

High Contrast Grating Al Pattern Thickness 1.35E-02 2.70E-02 Nanoimprint Lithography
Sb 3.35E-02 6.70E-02

Fig. 2. Tandem LSCeSi structures analysed (including a 2D breakdown of the dominant fabrication procedure required for each layer). They differ only in the top filter.
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120e160 kWh/kg of product) [49], but at some cost to efficiency.

3.2. Toxicity potential (human and freshwater)

Considering the HTP-CE and HTP-nCE, the most significant
impact results from EGS and mono c-Si processes. As discussed,
these processes require substantial amounts of electricity, when
compared with the other methods considered. These impacts result
from the assumed use of USA electricity mix, based on fossil fuels
(62.7%) [50], as the source of primary energy. The contributions to
this category are mostly from the mining process, plant operation,
and fossil fuels transportation in the USA [51].

The Si PERC cells and module fabrication also present significant
impacts for most of the environmental categories analysed. The
substances that contribute to this category most significantly are
lead, arsenic, and mercury and the concern is their emission to air,
Table 3
Assumed efficiency and lifetime of the solar modules.

Parameter Unit PERC (EGS) Tandem LSC-Si (a) Tandem LSC-Si (b)

Efficiency % 21.2 24.5* 24.5*
Lifetime years 25 25 25
*Average based on computational analyses [8].
mainly generated from the silver paste (conductive metal paste,
used to form the front contact grid), electricity supply (USA elec-
tricity mix) and glass production process for the modules [52]. The
disposal of the PV modules also has a significant impact, since we
assume that all materials go to landfill. Particularly, lead exhibits
high cancer and non-cancer toxicity potential for humans and
freshwater [53]. In the future, improved recycling technologies are
likely to mitigate these costs [54].

Lead is a health hazard, since when inhaled (in the case of
emission to air) is stored in the bones, teeth and blood, and may
damage liver, kidneys and brain affecting the health of children,
unborn babies and adults [55]. The metabolism of arsenic in
humans can result in the formation of dimethylarsenic acid (DMA),
which is carcinogenic to mammals [56]. Mercury emissions from
the coal smoke is the main source of anthropogenic discharge and
mercury pollution in atmosphere [57].

Specifically for the CdSe/CdS layer in the LSC device, there is an
environmental concern with the use of cadmium QDs. Cadmium's
possible toxicity and use in these QDs may be addressed through
organic coatings which may potentially protect the QDs and pre-
vent the release of cadmium to the environment [58]. These im-
pacts are not included in the present study, due to the scarcity of
data, but it will be important to study the environmental impacts of
these substances in various use and disposal scenarios in the future.



Fig. 3. Global Warming Potential (GWP), Human Toxicity Potential e Cancer and non-Cancer Potential (HTP-CE and HTP-nCE), Freshwater Eutrophication Potential (FEuP),
Freshwater Ecotoxicity Potential (FEcP) and Abiotic Depletion Potential (ADP) results for the three technologies studied (PERC Si, LSC(a)/PERC Si and LSC(b)/PERC Si, where “a”
represents the top filter: TiO2/SiO2 Stack Filter and “b” represents the top filter: PMA Stack Filter.
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A case study showed that the impacts from a CdSe quantum dot
solar systems would exhibit lower environmental emission levels
than other types of PV solar systems for a few categories, but there
are significant negative effects of heavy metal emissions and
quantum dots to ecological and public health [59].

Considering assumptions made in this study, it can be seen that
for HTP (CE and nCE) and FEcP the impacts from the tandem
structures are lower compared with the single-junction Si module,
mainly because of the high efficiency achieved by the tandem
configuration.

3.3. Eutrophication potential

The FEuP impacts of the Si are dominated by emissions to air and
freshwater, including nitrogen oxides, phosphate and nitrate dur-
ing the Si treatment and cell manufacturing processes. In the
module production stage, encapsulant, backsheets and aluminium
frame are the main contributors to this impact category because
they emit phosphate and nitrogen oxides during their life cycles.
These excessive nutrients in the water can cause unexpected
growth of water-weeds (phytobenthon), free-floating plant or-
ganisms (phytoplankton) and other plant forms [60].

Emissions in the form of nitrogen oxides and phosphorus with
eutrophication potential also generate some impacts during the
ingot growing, however not as significative as the cell
manufacturing and module production processes.

3.4. Abiotic depletion potential

Materials like glass and aluminium have the most influence on
ADP, through the module production phase, while metals such as
copper and silver are the ones that show the most significant im-
pacts for the cell manufacturing phase (for all structures studied in
this LCA). Silver-based metallization paste was a significant
contribution to ADP. This impact has been addressed and the
quantities of silver per m2 of cell are decreasing considerably [61]
over time with improved cell technology.

Importantly, it has been shown that the recycling and reuse of
metals and other materials from solar cells and panels can
considerably decrease the ADP impacts from the production of Si-
based PV modules [25,29].

3.5. Sensitivity analysis

Compared with the bottom layer (PERC Si) of the tandem
structures analysed, the impacts from the top layer (LSC “a” and
“b”) are very low. However, it is important to understand which
process steps and materials used in the LSC layer have the most
significant environmental effects for this innovative technology.

A sensitivity analysis is essential for the assessment of the
impact from the LSC top cell (shown in Fig. 4), which uncertainties
are due to specific parameters that are different depending on each
layer of the LSC cell. For the top filters, the layer thickness param-
eter controls the overall amount of material required, and this will
change given need for spectral profile control, which entails un-
certainties for TiO2/SiO2 stack filter (“a’) and PMA stack filter (“b”).
The impact of these parameters is more significant for the top filter
“b”, mainly because, comparedwith the polymeric stack filter, more
experiments have been done involving the dielectric stack filter and
now the methods to fabricate this layer structure have been care-
fully optimized, while for the polymeric stack filter, the process
optimization is much harder from a design perspective. The reason
for that is because the index of refraction of each layer (considering
the polymeric stack filter) is limited given that these are polymer
materials. As such, a more substantial error is given for the
thickness of each layer and the numbers of layers altogether of the
polymeric stack filter.

Considering the other LSC layers, for the waveguidematerial the
concentration can be cut in half if there is an excellent high contrast
grating in place, which represents less material use and a reduction
of the environmental impacts. For the micro-cell array layer, the
lower geometric gain (GG) yields (in this analysis we consider
GG¼ 100 for lower end material use and GG¼ 20 for the higher
end), the higher device performance but comes at the cost of
greater amounts of material. For the glass substrate, it is assumed a
value from 0.12500 to 0.02200 Gorilla® Glass substrate. For the HCG
the pitch, radius, and height of the pillars of the grating determine
the amount of material required (in this LCAwe assumed the lower
end¼ 100 mm height, and the higher end¼ 200 mm height).

Fig. 4 shows only the impacts from the LSC layer (including the
sensitivity analysis), not considering the impacts from the bottom
layer (PERC Si). It is important to highlight that the values in Fig. 4
are much slower than Fig. 3, due to the low impact from the LSC “a”
and “b” layers.

From Fig. 4 it can be seen that, due to the higher use of elec-
tricity, the impacts are more significant for (a) than (b). Compared
with the polymeric process, the dielectric process uses more elec-
tricity. These results are expected, as it has already been reported in
the literature that tools and equipment used in a roll-to-roll process
usualy use less energy per unit area of manufactured product,
which included solar cells, for a shorter duration relative to con-
ventional manufacturing processes, such as the sputtering process.
Benefits of the roll-to-roll technology include the reduced con-
sumption of materials and the reduction of equipment size and
floor space (lower-cost), compared with other technologies [62].

The use of InGaP, copper, gold and antimony results in higher
HTP-nCE impacts when compared with the other materials,
because these metals can cause various health problems to humans
related to their mining processes and/or use (eg., problems related
to the nervous system, bones, intestine, cardiac and liver) [63].
Some of these metals, such as gold and indium, also impact on the
ADP because they are not very abundant.

4. Conclusions

An LCA of LSC/Si (PERC) tandem solar modules was conducted to
guide researchers, manufacturers and policymakers to the possible
environmental impacts related to this new technology. A set of six
environmental impacts, considered by the authors to be the most
relevant for the studied product and materials, were analysed:
GWP, HTP-CE and HTP-nCE, FEuP, FEcP and ADP. The results
demonstrate that the increase in the efficiency of the cells and,
consequently, of the modules caused by the use of LSC/Si (PERC)
tandem structure generates lower environmental impacts when
compared with a single junction Si (PERC) technology, considering
the categories studied. This result is expected since the processes
involved to create the top layers of the tandem solar cell demand a
low quantity of energy andmaterials input, and energy is here, as in
other Si-based photovoltaic modules [15,47], the dominant source
of environmental costs.

In particular, the use of electricity is the major cause of most of
the environmental impacts assessed. This contribution is mostly
from the mining process, plant operation, greenhouse gases emis-
sions and transportation. During the Si treatment process (Czo-
chralski method [48]) there is an intensive use of energy, which
affects most of the impacts, particularly global warming and human
toxicity effects, where it can be seen that the Si (PERC) layer pre-
sents the most important impacts.

Besides electricity supply, the Si PERC cells and modules fabri-
cation also present some significant impacts for all categories



Fig. 4. Global Warming Potential (GWP), Human Toxicity Potential e Cancer and non-Cancer Potential (HTP-CE and HTP-nCE), Freshwater Eutrophication Potential (FEuP),
Freshwater Ecotoxicity Potential (FEcP) and Abiotic Depletion Potential (ADP) results for the LCS layer only, not considering the bottom layers included in Fig. 3 (PERC Si). Where “a”
represents the top filter: TiO2/SiO2 Stack Filter and “b” represents the top filter: PMA Stack Filter.
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because of the use of metals (including lead and the silver), and
glass production process for the modules. Particularly for ADP, the
use of non-renewable resources, such as glass, copper, silver and
aluminium have the most influence, through the module produc-
tion and cell manufacturing phases (for all structures studied in this
LCA). Our results encourage cell and module performance im-
provements using tandem structures and new materials and
processes and are in accordance with other published studies in
this area.

Mostly because of the assumption that all the end-of-life ma-
terials go to landfill, the disposal of the PV modules also has some
significant impacts. Particularly, lead exhibits high toxicity poten-
tial for humans and freshwater and the use of QDs may raise
toxicity concerns. However, as discussed in the literature
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confirming the environmental benefits of the recycling processes
when compared with other possible end of life possibilities, such as
landfill, incineration and reuse [25,26], changes in the end of life
scenario can affect these environmental outcomes.

It is important to note that all the results presented in this LCA
are based on preliminary studies, since no industry data is available
for the new LSC technologies analysed. Also, as renewables are
penetrating electricity grids over the world, the impacts from
electricity use are expected to fall in future [64]. It should further be
noted that the IEA PVPS inventory of impacts for Si cells was pub-
lished in 2012 and improvements in manufacturing methods since.

In summary, the key finding of this study is that the improve-
ments in the modules’ efficiency using LSC/Si (PERC) tandem de-
vices can result in lower environmental impacts compared with Si
(PERC) technology. This LCA shows that it is possible to increase the
efficiency of solar cells and modules without increasing the envi-
ronmental impacts produced.
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