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ABSTRACT

The recycling of silicon solar panels is vital to ensure critical material recovery and to sustain the manufacturing
of new panels in line with the United Nations Sustainable Development Goals. While various recycling methods
based on thermal, chemical, or mechanical separation of the solar panel layers have been studied, a compre-
hensive thermodynamic and environmental analysis is required to allow holistic comparison within the circular
economy framework. Here, such an analysis is performed for four different silicon solar panel recycling pro-
cesses. First, the processes were simulated in HSC chemistry™ to analyse the flows of exergy. Subsequently, a
Life Cycle Assessment (LCA) was conducted to understand the environmental benefits and drawbacks of each
method. Combined Exergy-LCA analysis showed that a slightly less exergy-efficient process, namely pyrolysis can
ultimately has the lowest environmental impact out of the four processes. In contrast chemical treatment of the
encapsulant exhibited comparably worse performance due to its increased resource consumption. On the ma-
terial level, high-value material recovery, if realized, could be thermodynamically and environmentally ad-
vantageous. The recovery methods presented here could be further improved if heat integration or the use of
natural solvents would be considered. These unique findings demonstrate that weighing exergy - Life Cycle
Analysis trade-offs across different recycling approaches could navigate future developments towards more
sustainable solar panel recycling. Therefore, such an approach is recommended over solely focusing on material

recovery.

1. Introduction

Solar panels are becoming an essential part of modern energy sys-
tems, and they are expanding rapidly. Their growth can partially be
attributed to climate mitigation commitments and solar panels have
been shown to be the renewable energy source least affected by climate
change [1]. Simultaneously, their end-of-life (EoL) treatments are
becoming more important [2] as they might cause adverse environ-
mental effects. Sustainable management of materials is advocated for
based on SDGs and e.g. recent EU commitments [3]. Circular economy
frameworks for solar panel materials are discussed broadly [4-7]. For
crystalline silicon solar panels the EoL is particularly important because
the panels contain valuable and scarce materials such as silver and
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solar-grade silicon [8,9] or high-demand aluminium [10]. Broadly
speaking, EoL treatment spans from reuse to landfilling [8]. Recycling,
the process that recovers useful materials and returns them back into the
Technosphere, is the prevailing approach in the EoL treatment
spectrum.

Current experimental research on crystalline silicon solar panel
recycling focuses mainly on the material recovery aspect. Material re-
covery starts with the removal of the frame, followed by separation of
the parts (glass, cells, polymers) or directly with separation for frameless
panels. Separation techniques can be further classified according to the
treatment mechanism as thermal, chemical, or mechanical treatment
[11].

Thermal treatments utilize elevated temperatures to decompose the
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encapsulant to separate glass and cells. First of these methods is pyrol-
ysis — decomposition of the encapsulant in a controlled, oxygen free
atmosphere at 500 °C [12]. Previously the mechanism and products of
Ethylene Vinyl Acetate (EVA), the common encapsulant, pyrolysis were
described [12,13]. Huang et al. [14] studied EVA pyrolysis followed by
hydrometallurgical treatment and they were able to recover 90 wt% of
pure metals and silicon together with around 99 wt% of glass. Similar
recovery is achievable via incineration of EVA followed by hydromet-
allurgical treatment [15]. Both pyrolysis and incineration had the po-
tential to recover intact glass sheets, yet the cells were often cracked [14,
15]. These previous findings have indicated a good promise of the
thermal separation followed by hydrometallurgical treatment to recover
glass and high purity metals and silicon.

Chemical separation of the glass, cell and back-sheet utilizes solvents
to break down the encapsulant. The most promising solvent for EVA is
toluene [16-18]. Significant challenges exist with this method, as
crosslinked EVA swells instead of actually dissolving [19]. Ultra-
sonication has been proposed to speed up toluene penetration and EVA
breakdown [16,18]. This however places further demands on the tech-
nical setup and on the supply of chemicals and electricity. While these
methods allow recovery of intact cells and glass, they require further
treatment to fully separate the encapsulant.

Mechanical separation of the panel parts builds on the traditional
recycling based on comminution, phase liberation and subsequent
sorting. For example, crushing combined with electrostatic separation of
the metals, glass and plastics showed promising results [20,21]. How-
ever, it leads to destruction of glass as well as mixing glass with metals
and polymers. Furthermore, crushing results in direct material losses
through fine dust. On the other hand, it is an established low-cost
method and might be more suitable for panels with already broken
front glass [20]. Another mechanical process utilized electrohydraulic
crushing, which uses high energy pulses in liquids to break down the
panels [22]. Crushed panels were then separated in different particle
size fractions to concentrate materials. Concentration can be done using
screening [22], density separation [17] or electrostatic separation [20].
Lastly, a promising technology for mass separation of glass is so called
hot-knife separation which allows the recovery of intact glass sheet via
cutting through the top encapsulant layer [23].

Research that compares these methods has chiefly focused on re-
covery rates [17,24]. Azeumo et al. [17] studied the ultrasound assisted
swelling of EVA in toluene (UST) as one method and mechanical
crushing combined with density separation as the other. Moreover, au-
thors of the present study previously researched incineration, pyrolysis,
and UST experimentally without any conclusive difference in material
recovery [24].

Nevertheless, material recovery itself has further impacts, such as its
energy consumption and environmental footprint. Minimization of these
impacts is essential in striving for sustainable and circular solutions
[25-27]. There is no argument against the fact that recycling should
recover as much materials as possible and this is reflected in policies [9].
However, from a thermodynamic perspective, the more is recovered the
more resources and energy need to be invested [28]. To navigate this
dilemma in recycling, exergy analysis [29,30] becomes a valuable tool.
Exergy analysis allows description of energy inputs based on their
thermodynamic quality; chemical exergy allows allocation of exergy to
materials in similar fashion [31].

Exergy analysis has already proven to be valuable in optimizing car
recycling [30]. More recently similar approach was used to highlight
exergy losses across the whole solar panel value chain [32,33]. They also
incorporated life cycle assessment (LCA) in a later publication [34] and
demonstrated that closed loop recycling can be environmentally
beneficial.

Environmental impacts of recycling are important to assess as sec-
ondary materials should not bear higher impacts than primary ones.
Thus, LCA of recycling is as important as exergy analysis [6,35]. LCA of
pyrolysis-based silicon solar panel recycling was conducted, listing
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impacts from transportation of EOL panels to metal recovery [36,37] as
well as to simulate process scale-up [38]. Recently an overview of LCA
on silicon solar panel recycling was published, which argued - among
other things - that the main LCA focus of published studies was on the
levels of recycling (e.g. reuse of panels, revival of panel parts or material
recycling) [39]. Heiho et al. [40] presented a comparative LCA for
different mechanical recycling techniques of solar panels in Japan. A
similar approach was taken by Dias et al. [41], focusing on solvent
treatment. Both proved that it is possible to conduct early-stage LCA on
pilot-scale or laboratory-scale methods.

Still, there is a gap in understanding both the thermodynamical and
environmental impacts of thermal, chemical, or mechanical separation
methods. Previous research is limited to evaluating either the thermo-
dynamical or environmental impacts or to one set of recycling or sepa-
ration methods.

Considering the findings presented in this work, its novelty lies in the
comparison of solar panel separation techniques to demonstrate the
importance of evaluating the exergy and environmental impacts
simultaneously while seeking sustainable solutions. Different silicon
solar panel recycling processes are explored - namely incineration, py-
rolysis, ultrasound assisted swelling of the encapsulant in toluene and
mechanical recycling - from the material recovery, exergetic and envi-
ronmental perspective, which has not been done before in one study.
This comparison is done by simulating the four processes in HSC
chemistry™ [42] software, and subsequently using OpenLCA [43] with
Ecoinvent 3.8 [44] to conduct LCA based on the inventory data gathered
in the simulation. The presented theoretical comparison of recycling
pathways provides foundations for future decision making, industrial
actions and studies of social impacts.

In the following section the methodology is outlined. Then, the re-
sults of the detailed exergy analysis for the 4 different processes (one of
which has 2 variants, resulting in total of five analyses) are described.
Next, the LCA is presented and discussed. Finally, general discussion
connects the observations from the exergy analysis and the LCA and
shows the importance of using both techniques in assessing the recycling
processes.

2. Materials and methods
2.1. Process definition

Recycling processes of silicon solar panels were at the core of this
work. Four different separation processes (five in total, when the two
variants of ultrasound assisted swelling of the encapsulant in toluene
(UST) are considered) were analysed and compared based on environ-
mental and exergy footprints.

1. Incineration
2. Pyrolysis
3. UST
a UST-vol. — volume-based toluene consumption (see details in
section 2.6.4)
b UST-exp - experimental-based toluene consumption
4. Mechanical recycling combined with incineration.

Fig. 1 details the analysed processes together with their respective
boundaries. The boundaries and streams are coloured distinctly for each
process with some stages shared between all or some of the processes (e.
g. dismantling and glass separation, respectively). Streams crossing the
boundaries are either end products or emissions to the environment,
except the cell residues which are further processed.

2.2. Quality and recovery assumptions for target materials

The recovered useful products were Ag, Cu, SnO, PbO, aluminium
alloy, solar grade silicon and glass in all the processes. Pure silver and
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copper could be sold for smelting and direct reuse. Acceptance of
recycled solar-grade silicon is yet to be fully studied. However, in
principle it’s reuse is possible [14,45,46]. Glass was assumed as recov-
ered in useful form (un-broken solar-glass sheet) in all processes except
the Mechanical process. Thus, material recovery for each process could
be calculated as follows:

Z My out
> Mijn

Material recovery =

(€8]

Where m;;, and m;,y are the masses of the material in the feed and the
masses of recovered useful products respectively. Detailed feed
composition, composition of recovered useful products, and the
composition of each stream are presented in Supplementary Tables S8
and S9 and Supplementary file 2. For simulation purposes the purity of
recovered silver and copper was assumed to be 100 %, while tin and lead
were recovered in 100 % pure oxide-form. The recovered silicon was
also assumed to be 100 % pure by omitting the residual trace elements in
the recovered solar grade silicon, following the findings of Huang et al.
[14]. Conditions and assumptions for silicon and metal recovery simu-
lations were kept identical for each of the five simulated process vari-
ants, as detailed in section 2.7.5.

2.3. Exergy analysis

Accounting for material degradation and energy expenditure is vital
to understanding the differences between recycling processes. Real
processes usually dissipate some amount of energy and thus the entropy
of real systems increases. Furthermore, entropy increases when mate-
rials get mixed or contaminated.

Therefore, employing a tool which enables the description of mate-
rial transformations together with material and energy losses becomes
useful. Exergy analysis is such a tool. Exergy refers to the useful work
which can be extracted from flows of energy or matter; thus, it is also
known as available energy. Through exergy analysis energy dissipation
during the recycling process can be accounted for [31]. Furthermore,
exergy analysis describes material transformations during recycling and
helps quantify the loss of materials via waste streams [30].

Exergy analysis performed in this work was based on the concept of
chemical exergy introduced by Szargut et al. [31], which had been
implemented in the HSC chemistry™ software:

EXor = Zinibiref + AGY &)

where n; is the number of moles of an element in the species, bi“’f is the
exergy of the reference element, and AG! is the standard Gibbs free
energy of formation. This was used to calculate the exergy of all mate-
rials and chemical streams entering and leaving the system. As the
simulation considered continuous streams (expressed as mass per unit
time), the exergy was expressed as exergy rate (kJ/s, i.e. kW). Finally,
the exergy of heat was based on Carnot’s efficiency:

T
EXpear = Q? 3
0

Where Q is the amount of heat T is the temperature of the stream and T,
is the standard temperature of 298.15 K. The software also accounts for
other forms of physical exergy via enthalpy and entropy changes [47].
Furthermore, exergy of electricity was assumed equal to the electrical
energy supplied and it was assumed to be dissipated as heat to balance
the enthalpy over the unit operations. Details of assumed energy supply
and dissipation are described in section 2.7.

Heat loss further contributed to irreversibility since heat is assumed
to be fully dissipated at the standard temperature of 298.15 K, resulting
in no exergy content by convention. Exergy loss due to mixing was
omitted in this analysis since it was not implemented in the software
used and most of the processes do not primarily mix materials. Thus,
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only the exergies of streams are used for this study, similarly to Refs. [48,
49].

Finally, the irreversibility over each unit operation was calculated
based on:

I= Z Exinput - Z Exoutput (4)

Where I is the irreversibility and Exinput and Exoutput are the values of
exergy (chemical, physical, heat, and electricity) entering and leaving
the unit operation respectively.

2.4. Exergy efficiency

Additionally, the overall exergy efficiency of each process was
calculated as the ratio of the exergy of the recovered target useful ma-
terials and the exergy of all the inputs (end-of-life panels, chemicals,
electricity, heat) [30]. The ratio can be written as:

EX[’ Ver
nEx = ZE E::O ered (5)
input

2.5. Exergy of EVA

Thermodynamic properties of most materials used in mono-
crystalline silicon solar panels were well described in the simulation
software and the exergy content was determined from equation (1). The
major exception was the EVA polymer, for which data were scarce as it is
a complex hydrocarbon. Therefore, the exergy content was determined
based on semiempirical correlations presented by Van Krevelen et al.
[50], similarly to Ignatenko et al. [30]. The detailed approach is
compiled in Supplementary material S1. Based on the chemical structure
of EVA the Gibbs free energy of formation was determined as AGY = —
9058 % This approximation mirrors a single chain long molecule
without crosslinking. Ultimately, this resulted in an Exergy content of
41.96 MJ/kg. Furthermore, empirical correlations were utilized to
validate the assumed exergy content. Based on correlations of Kotas [51]
the EVA exergy content would be 39.36 MJ/kg or 39.39 MJ/kg based on
Tang et al. [52], for details see Supplementary material S1. This vali-
dated the semiempirical approach presented and thus it was imple-
mented in the simulation software.

2.6. Life cycle assessment

The LCAs for the different recycling routes were performed by using
OpenLCA 2.0.3 [43] software and the Ecoinvent 3.8 database [44]. The
goal and scope of these analyses was to compare the environmental
benefits and drawbacks of the five variants of the four processes
(UST-vol and -exp., Incineration, Pyrolysis and Mechanical process) to
identify the least harmful recycling approaches. Furthermore, the
functional unit was determined as: “recycling of 1 ton of silicon solar
panels in Europe” with the defined processes.

The life cycle inventory was compiled on the process level by
drawing the system boundaries in a grave-to-gate approach starting
from the dismantling of solar panels until the end of the neutralisation
step for all processes, as visualized in Fig. 1.

Since solar panels include many different valuable materials that can
be considered as a product at the end of the recycling process, a multi-
functionality problem had occurred for the evaluation of environmental
impacts. This problem was solved by the substitution approach where
the recovered target useful materials (glass, aluminium alloy from the
frame, Ag, Cu, SnO2, PbO, and Solar-grade silicon) were considered as
the replacement of their possible primary production. Consequently, the
recycling of solar panels contributed to avoiding the environmental
impacts of their primary production. Therefore, the recycling benefits
can be observed as negative values which indicate the avoided envi-
ronmental impacts.
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Fig. 1. Process boundaries and unit operations of the simulated recycling processes, (SG-silicon — solar grade silicon). (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)

However, for some of the byproducts (such as copper and tin oxide
recovered by wafer etching), the direct replacements of the recovered
products were not found in the database. Therefore, their mineral
concentrate was chosen as a substitute on a recovered metals-basis. The
details of the product streams selected for the processes together with
the life cycle inventories are given in Tables S3-S7 in the supplementary
material. Upon completing life cycle inventory, impact calculation was
carried out by using the ReCiPe 2016 Midpoint (H) methodology in 16
different categories.

2.7. Process simulation and conditions

Four different processes were simulated to expand on previously
published simulations of incineration-based recycling [32]. This simu-
lation was expanded by introducing pyrolysis, UST or crushing plus
electrostatic separation processes respectively. This expansion was
based on published data for pyrolysis [12,13] and mechanical process
[20]. In contrast, the UST process was based on author’s experimental
data [24]. Initial input of the EoL panels was set at 1000 kg/h to be able
to compare to previously published results [32,36] and the processes
were assumed to run in one batch. Detailed process conditions are listed
in Supplementary Table S10. The electricity consumption for heating
steps (e.g. pyrolysis oven, incineration oven, toluene preheating) was
assumed based on enthalpy balance over the respective unit with the
assumption of no heat losses to the environment.

2.7.1. Incineration

The process including incineration of the polymers was previously
discussed and simulated by Bartie et al. [32], and the process conditions
adopted herein can be found in Supplementary Table S10. Additionally,
the products of the incineration step were assumed to cool-down to 25
°C to account for heat loss.

2.7.2. Pyrolysis

In this study, the process simulation was based on the process
described by Wang et al. [12]. A two-stage process was assumed where
the panel sandwich was first heated to 150 °C to soften the EVA and to
recover the back-sheet while avoiding fluorine release. Here, it was

assumed that 100 wt% of the back-sheet was separated and 100 % of
EVA remained with the cells and carried on to the second stage - py-
rolysis at 500 °C in a nitrogen atmosphere. De-Wen et al. [13] and later
Wang et al. [12] assessed the products of EVA pyrolysis experimentally:
both state that the first reaction step was the deacetylation of the EVA.
During deacetylation acetic acid is released which can subsequently
further decompose into gaseous CH4, CO3, CO and Hy [13]. This
decomposition path was implemented in the simulation together with
the collapse of the initial long chain into smaller molecules based on the
proposed chain scission mechanism [12]. Thus, it was assumed that the
final products of the polymer chain decomposition were CsHg, C3Hg, and
C4H;¢ and these formed the pyrolysis liquor, detailed composition of
which can be found in supplementary material S11. Such a detailed
product description was necessary to accurately estimate the irrevers-
ibility of the pyrolysis stage. The minimum required energy was sup-
plied in the form of electricity and was estimated based on the enthalpy
balance over the pyrolysis oven. The permanent gas, pyrolysis liquor,
and cell residues were cooled down to 25 °C, to allow for the determi-
nation of the heat loss during the process.

2.7.3. Mechanical recycling combined with incineration

For the process of mechanical recycling combined with incineration,
the simulation included panel shredding and electrostatic separation.
Data on copper, silver, silicon, glass as well as polymers recovery and
energy consumption were taken from Ref. [20]. The adopted simulation
data are detailed in Table S12. Shredded panels were assumed to be
separated into conductive and nonconductive fractions through elec-
trostatic separation, as visualized in Fig. 1. Subsequently both fractions
were subjected to incineration to decompose the organic materials. The
conductive fraction containing most of the metals and silicon further
went to wafer-etching to recover metals and silicon (see section 2.7.5.)

2.7.4. Ultrasound assisted swelling of the encapsulant in toluene

The last constructed model simulated the UST process. To construct
this model, experimental data on the consumption of toluene and ul-
trasound power was used [24]. In Fig. 1 Ultrasound swelling (US-swel-
ling) represents the ultrasound bath and its operation. For the UST
process, the main input was electricity, the consumption of which was
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estimated based on the 300 W per 181 of liquid applied in Ref. [24]. The
second input was based on the experimental consumption of 20 ml of
toluene per gram of panel sample (UST-exp) which resulted in a con-
sumption of 16.48 m® of toluene per the mass (824 kg) of treated panels.
Accordingly, the electricity consumption was 302.2 kWh for 1 h of
treatment. As this consumption is excessive a second assumption for
toluene consumption was studied. Assuming a mature process would
optimize the toluene consumption a second variant was simulated. The
second variant assumed immersion of the panel in a volume of toluene
three times the volume of the panel itself (UST-vol). This assumption
resulted in a consumption of 2.945 m® of toluene and 53.99 kWh of
electricity per 824 kg of panels treated (for further details, see supple-
mentary material S7). The fraction of EVA which remained on the cells
was 50 wt% of the initial EVA mass; the rest of the EVA was dispersed in
toluene and was considered as waste. It needs to be stressed that toluene
itself is a hazardous compound [53], and related health risks must be
controlled.

2.7.5. Silicon and metal recovery

The simulation of silicon and metal recovery included silicon wafer
etching to remove metals and the anti-reflection, passivation, and rear-
contact layers of the solar cell, followed by sequential electrowinning of
metals as proposed by Huang et al. [14]. The process sequentially
recovered silver (99 % pure) and then copper (99 % pure) from the acid
solution obtained during etching with recovery rates of 77.4 wt% and
83 wt% respectively. Furthermore, tin precipitates as SnOy and lead
deposits on the counter electrode as PbO,. Roughly 90 wt % of silicon
was also recoverable in the form of solar grade silicon. The residual
etching liquor was neutralized using Ca(OH); in the neutralisation step
[32].

3. Results
3.1. Mass-based material recovery

To illustrate which materials could be recovered, material recovery
was calculated for pure metals, silicon, and glass for the different
recycling technologies using equation (1) (see section 2.1), bearing in
mind the assumed material purities (see section 2.7.5). The results are
presented in Fig. 2, it unveils that UST, pyrolysis and incineration could
achieve the same recovery in the simulated processes. Imperfect re-
covery of metals, especially silver (70 wt%) and copper (78 wt%), was
due to the inefficiency in the wafer etching process. Secondary losses
occurred during the thermal decomposition of the polymers, where part
of the cells was assumed to be lost in ashes or dust. Similarly to metals,

100~ w9798 100gg 1009g 100gg
7 9 9, VA 9 9, 7 94 9, 7
86,38 87, 87 87,
- 80 o 78 78 78
s 0| 0] 70
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260 - 59
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Fig. 2. Mass-based recovery of the target valuable materials. The bars show the
assumed percentage of materials recovered through each of the four simulated
processes. Values on top of the bars show the actual weight percentage of the
initial material input recovered through each process, following equation 1.
(*recovered as culets — not the same quality as other processes).
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silicon was mainly lost during wafer etching, where the emitter layer
was etched off together with the antireflection and passivation layers.
This resulted in a silicon recovery of 87 %, which is still higher than that
of metals. In contrast, the material recovery of aluminium was quite high
(98 wt%) because most of it is contained in the frame which was
recovered as-is in the dismantling step. The remaining aluminium loss
stemmed from wafer etching. Finally, glass is assumed to have a theo-
retical 100 wt% recovery, as it could be recovered as a whole sheet and
processed for reuse during glass separation and US-swelling. However,
further material losses are to be expected during glass treatment, e.g.
through breakage or abrasion. Reuse of glass did not apply to the me-
chanical process where the glass was recovered in culets mixed with
metals and part of it was lost during shredding as well, thus not the same
quality as in other processes.

Furthermore, Fig. 2 shows that the mechanical process achieved the
lowest recovery among all processes. The lower recovery was mainly
caused by the dust loss during shredding (2.95 wt% of the initial mass),
which decreased especially the glass recovery compared with the other
processes. Further losses could be attributed to inefficient material
separation in the electrostatic separator, for instance to metals being
discharged in the nonconductive fraction. The most significant decrease
in recovery occurred for silicon (59 wt% recovered), which was mainly
due to the inefficient electrostatic separation. While the recoveries
presented here are based on literature data and partly assumptions, they
are reasonably accurate for the following exergy and environmental
analysis.

3.2. Exergy flows

The flows of exergy were mapped to establish the exergetic footprint
of the processes. Through this exercise, recovered materials with high
exergy content could be pinpointed, processes that dissipate exergy
irreversibly could be identified, and the proportion of the initial exergy
that ended up in waste streams could be calculated. A Sankey diagram in
Fig. 3 illustrates the flows of exergy in the pyrolysis process — the cor-
responding diagrams for the other processes can be found in Supple-
mentary Figs. S1-S4.

As can be seen, the aluminium panel frame had the highest single
contribution (~1417 kW) of directly recovered materials. A significant
proportion was also recovered in the silicon wafers (235 kW) and the
glass (171 kW). Moreover, metals in form of pure silver and copper
together with SnO5 and PbO, were recovered as well, but with the
lowest contribution to the recovered exergy (5 kW) as the initial content
— and thus the recovered mass — was low. A considerable amount of
exergy (333 kW) was contained in the back-sheet. However, it is unlikely
that this could be reused as-is and further treatment would be necessary.
Overall, the main losses stemmed from the products of pyrolysis — the
condensed fraction (liquor — 724 kW) and the permanent gases (75 kW).
The total irreversibility in the pictured pyrolysis process was 238 kW
and the contributions of each stage are discussed in detail in the
following section. Apart from the EoL panels (3017 kW) most of the
input exergy flowed in with the electricity (140 kW) and heat (40 kW).
Finally, the input of chemicals generally had an order of magnitude
lower exergy content (2-16 kW) as their required mass was low. In
summary, process inputs such as electricity and chemicals lose their
exergetic quality during the operations and thus contribute to
irreversibility.

Supplementary Figs. S1-S4 put on display the flows of exergy of all
the other simulated process variants. A key difference between the
processes was the magnitude of secondary inputs: for instance, UST had
higher exergy inputs via toluene and electricity, and toluene also
constituted a significant waste stream. On the other hand, the me-
chanical process consumed a similar amount of exergy inputs, but there
was a loss of exergy via dust. Finally, incineration had the lowest input
exergy flow, as the oxidation of the EVA itself was exothermic [54], so
no additional input energy was assumed to run the incineration oven,
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Fig. 3. Sankey diagram of the exergy flows for the simulated pyrolysis process. The left-hand side shows the input exergy of EoL panels along all other inputs,
whereas outputs are shown on the right-hand side (useful materials highlighted in green, exergy losses in red and material losses in orange). The figure also shows the
flow of exergy through each stage. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

purely based on the enthalpy balance over the process. Incineration also
dissipated less exergy through waste streams, but the irreversibility was
greater than that for pyrolysis or UST. However, there are more aspects
to exergy losses and irreversibility, and these are now discussed farther.

3.3. Irreversibility analysis

Zooming in to the flows of exergy presented in Fig. 3 and Figs. S1-54,
one could have seen that each unit operation contributed to the irre-
versibility. Fig. 5 visualizes where the irreversibility arose.

Comparing the processes on Fig. 4 makes it evident that the incin-
eration or pyrolysis unit operations contributed the most to irrevers-
ibility in almost all variants. The only exception was the UST-exp variant
where the US-swelling had a higher contribution. It is also clear that the
Mechanical and Incineration processes had a significantly larger pro-
portion of exergy lost during combustion compared with the equivalent
pyrolysis steps of the other three variants. The simulations further
indicated that the incineration dissipated around 35 % of the initial EoL-
panel exergy content while pyrolysis dissipated only around 3 %. This
was because the pyrolysis products had higher exergy content, yet to
obtain these products electricity input was required which contributed
to irreversibility. The larger energy dissipation in incineration could be
attributed to the exothermic combustion reaction which was required to
sustain the incineration unit operation. On the other hand, the mixture
of off-gases and the pyrolysis liquor had no reported use and the most
convenient treatment would have been incineration for heat recovery.
This would increase the irreversibility and bring it closer to the
combustion-based processes, but this was out of this work’s scope.

The second major source of irreversibility were steps which included
chemical reactions. These were wafer etching and neutralisation, where
the products generally had lower exergy content, and the reaction heat
was dissipated. Furthermore, the US-swelling step contributed signifi-
cantly to the irreversibility of the UST processes. Losses during this step
arose from the use of electricity and its dissipation during the unit
operation. As seen from Fig. 4, the scale of the irreversibility loss in UST
was highly dependent on the amount of toluene, which directly influ-
enced the magnitude of electricity consumption.

Similarly, the crushing step contributed notably to the irreversibility
during the mechanical process. Once more, irreversibility arose from the
use of electricity. In contrast the electrostatic separation allowed

[ Electrostatic separation
1201 I Crusher

12009 1456 [ ]Ultrasound swelling
[ Incineration
2] Non-conductive incineration
I Neutralisation
Il Wafer etching
[_]Pyrolysis 2nd step
682 [ Pyrolysis 1st step
. Il Glass separation
E 600 Il Dismantling
Z
5
4
$ 400 -
£
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R S ©
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Fig. 4. Simulated irreversibility breakdown for all processes. The stacked bars
show the contribution of each stage towards the irreversibility, colour coded
according to the legend in the top right corner. On top of each bar is the cu-
mulative irreversibility for each of the process variants. (contributions of some
stages might not be visible due to their small magnitude). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

material separation at low loss of exergy. However, these two are
dependent steps and were further analysed in conjunction.

At this stage it is useful to compare the steps preceding the thermal
treatment (pyrolysis or incineration) as these constituted the major
difference between the five process variants, see Fig. 1. Hence, in a
decreasing order of irreversibility, these processes compare as follows:
US-swelling (75.55 kW or 505.4 kW, UST-vol or UST-exp, respectively),
crushing and electrostatic separation (45 kW and 1.896 kW), and glass
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Fig. 5. Comparison of theoretical exergy efficiencies across the simulated
processes. Values on top of the bars indicate the exact efficiency value.

separation (34.06 kW). This result highlights that UST would have been
the process with the highest exergy destruction and simultaneously
having the highest material inputs. However, UST exhibited the benefit
of back-sheet recovery. In contrast, the assumed hot knife glass sepa-
ration exhibited the lowest loss. Crushing and electrostatic separation
fell in between these two extremes. Despite this, crushing and separation
caused direct material loss, and mixed the glass with other components,
which hinders the material recovery as shown in Fig. 2. In summary,
while Ultrasound swelling, glass separation and crushing served a
similar purpose, the relatively low exergy destruction meant that hot
knife separation of glass was the most beneficial approach, whereas the
use of UST is hard to justify given the high toluene consumption.

Finally, the dismantling step (i.e., the removal of the frame in the
very beginning of the processing) turned out to be an efficient operation
from the exergy point of view. During dismantling only relatively low
amount of electricity was used and the frame was efficiently separated.
In conclusion there are unavoidable irreversible losses in the processes.
However, it is instructive to look at how these translate into process
efficiency in the following section.

3.4. Exergy efficiency

To provide more clarity, the exergy efficiency of the simulated pro-
cesses is presented in Fig. 6. Exergy efficiency was defined as the ratio of
recovered exergy through recovered useful materials and the initial
exergy inputs in EoL panels plus all the needed resources (see Equation
).

From Fig. 5 it becomes evident that the UST processes have the
lowest exergy efficiency among the simulated processes. Hence, from a
thermodynamic perspective only 1.1-6.4 % of the exergy input is
recovered and the rest is lost. In turn Pyrolysis and incineration are
within 2 %pt. from each other, (56.8 % and 58.8 % respectively) sig-
nalling similarly efficient processes. The most profound difference be-
tween these thermal processes is the substantially higher electricity
consumption in the pyrolysis process, which would explain the lower
efficiency. The mechanical process is less efficient (50.8 %) as the glass
is not recovered in its pure form but mixed with metals — thus not
assumed as useful product.
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Fig. 6. Global warming impact potential per each unit operation of the 5
simulated variants based on the ReCiPe 2016H Midpoint methodology. Bars
bellow the x-axis indicate net-avoided environmental impact per given opera-
tion; bars above x-axis indicate net increased impacts. In similar fashion
numbers below and above indicate the cumulative avoided environmental
impact (negative number) or generated (positive number) additional impacts (the
numbers do not correspond with the scale as they depict the sum of all the avoided
and generated impacts).

Focusing on the UST processes, the main reason for such a low effi-
ciency was the high volume of toluene used, which was assumed to be
discharged as waste material. This meant that there was a high chemical
exergy input compared to materials directly recovered. In contrast, the
thermal processes required much less chemicals or process gases and
thus turned out to be more exergy efficient. Subsequently, the me-
chanical process lost the exergy in dust, or the glass mixed with metals,
which is analogous to previous findings [30,55,56]. However, for all the
processes, the highest loss was attributed to the decomposition of the
plastics which initially carried large amounts of exergy. The loss
occurred either through dissipation of electricity or via combustion or
thermal decomposition during incineration or pyrolysis respectively.
Furthermore, the products of pyrolysis or incineration were assumed to
leave the process as losses, thus lowering the efficiency significantly.

3.5. Environmental impacts

Analysis of environmental impacts according to the ReCiPe 2016H
methodology is presented in Table 1 based on the inventory data re-
ported in Supplementary Tables S3-S8. Negative values in the presented
data reveal that all the process variants, resulted in some degree of
avoided environmental impacts, indicating that recovery of the useful
products (Cu, Ag, SnO; and PbO,, aluminium alloy, solar grade silicon
and solar glass), had lower impacts than primary sourcing of such ma-
terials. Only the UST-vol. resulted in increased environmental impacts in
water consumption, fossil resources scarcity, global warming and
freshwater ecotoxicity impact categories respectively, while UST-exp.
could generate additional environmental impacts in fine particulate
matter formation, both ozone formation categories and terrestrial
acidification, possibly due to the high amount of toluene usage and
emission. Detailed summary of impacts per stage for the five process
variants is included in Supplementary Tables S12-S15.

If the focus is shifted to one of the most examined environmental
impact categories —the global warming potential (GWP) — a unit-based
comparison in Fig. 6 reveals that incineration and pyrolysis avoids
more impacts than the mechanical recycling process. Pyrolysis avoids
the most impact (—3114 kg CO; eq.), due to reduced gaseous emissions,
especially COg, from pyrolysis treatment compared to incineration
(—2874 kg CO3 eq.) Even though the incineration process caused direct
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Table 1
LCA impact values based on recycling of one ton of solar panels for the five simulated processes, following the ReCiPe 2016 Midpoint methodology.
Unit Mecha-nical Incine-ration Pyro-lysis UST exp. UST vol.
Fine particulate matter formation kg PM2.5 eq —6.9 —7.4 -7.6 6.7 -5.5
Fossil resource scarcity kg oil eq —-781.2 —888.6 —882.7 18591 1978.6
Freshwater ecotoxicity kg 1,4-DCB -221.0 —235.4 —249.0 1771.6 47.9
Freshwater eutrophication kg P eq -1.6 -1.8 -1.9 -1.8 -1.9
Global warming kg CO, eq —2780.8 —2874.2 -3114.1 20591 310.5
Human carcinogenic toxicity kg 1,4-DCB —436.4 —453.9 —465.2 —191.4 —426.6
Human non-carcinogenic toxicity kg 1,4-DCB —9320.2 —10012 —10212 —8441.7 —9987.0
ITonizing radiation kBq Co-60 eq —318.4 —411.6 —468.7 —478.0 —482.7
Land use m2a crop eq -75.3 —86.9 -90.3 -90.2 -91.0
Marine ecotoxicity kg 1,4-DCB —303.0 -322.9 —342.3 —251.2 —330.5
Marine eutrophication kg N eq —0.1 —0.2 —0.2 —0.1 —0.2
Mineral resource scarcity kg Cueq —82.0 -91.9 -92.3 -91.0 —92.2
Ozone formation, Human health kg NOyx eq —5.4 -9.8 -9.0 25.2 —4.4
Ozone formation, Terrestrial ecosystems kg NOy eq -3.4 -10.2 -8.7 28.2 —-4.0
Stratospheric ozone depletion kg CFCy; eq 0.0 0.0 0.0 0.0 0.0
Terrestrial acidification kg SOz eq -13.9 —15.0 —-15.3 28.3 -9.0
Terrestrial ecotoxicity kg 1,4-DCB —7521.0 —7819.8 —8332.8 —36.6 —7150.1
Water consumption m? —34.3 —39.3 —40.6 451.9 31.0
release of CO, emissions from EVA combustion, the recovery of mate-
rials outweighed the environmental impacts created during the process. 20- &0'?’ {5\\0(\ \\\6\6 R 2 S
. . . . . . N O 4
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Fig. 6 also shows that the layer separation units themselves (crush- .g
ing + electrostatic separation, combustion, pyrolysis and US-swelling) =
resulted in some degree of negative environmental impacts, while the -100
other steps possessed net environmental benefits. Although, in addition

to consuming electricity and chemicals, there was no direct recovery
from the separation steps, they were vital to liberating the materials
contained in the panel. On the other hand, it can be seen from Fig. 6 that
the US-swelling unit operation was disadvantageous compared to the
others. In contrast, crushing and electrostatic separation seems to have
generated less harm, but it also decreased the overall performance of the
mechanical process. Interestingly, the incineration unit of the mechan-
ical process avoided some GWP impacts, while all the other incineration
or pyrolysis steps generated impacts. This can be explained by glass
recovery through the incineration step in the mechanical process, which
outweighed the negative impacts of gaseous emissions.

In addition to global warming potential, mineral resource scarcity
was also examined in detail, as shown in Fig. 7, considering its impor-
tance in assessing mineral resource savings through recycling. From the
comparison in Fig. 7, mechanical separation results in least avoided
impact (—82 kg Cu eq), because of the reduced avoided impact in wafer
etching and increased impact via combustion. This outcome relates to
the direct loss of material connected with crushing — both the dust loss,
which resulted in less recovered materials, and untreated metal residues
after combustion of the non-conductive fraction. Incineration and py-
rolysis had very similar avoided impacts (—91.9 kg Cu eq. and —92.3 kg
Cu eq, respectively). This similarity was expected because the final
metal and silicon recovery were identical, the small difference likely
came from the higher order hydrocarbons recovered in pyrolysis.

Another important aspect visible from Fig. 7 and the bars above the
zero-line is the very similar impact of the separation methods. Except for
US-swelling in UST-vol. all the panel-layer-separation units slightly

Fig. 7. Mineral resource scarcity per each unit operation of the five simulated
variants based on the ReCiPe 2016H Midpoint methodology6 The numbers
below the bars indicate the cumulative avoided environmental impact for each
process (cumulative numbers do not correspond with the y-axis).

increase the global resource scarcity. The explanation for avoided im-
pacts through US-swelling is that solar glass recovery through this unit
outweighed other possible impacts. Furthermore, in all the processes the
wafer etching and dismantling clearly had the highest contribution to
the avoided mineral resources scarcity, because these stages recover
single metallic species like copper, silver, tin oxide and lead oxide, or in
the case of dismantling, the aluminium-alloy frame and the steel screws.

In summary, LCA analysis of the five recycling paths demonstrated
that silicon solar panel recycling could avoid environmental impacts if
the assumed material recovery and quality would have been reached.
For instance, recovery of solar grade silicon was assumed, but if only
metallurgical grade silicon was recovered, less impacts would be avoi-
ded. A similar statement could be made about the recovery of solar glass.
Especially in the mechanical process, such an assumption is too opti-
mistic since the glass is mixed with metals — the assumption was made
nonetheless to enable facile analysis. However, it must be noted that the
final quality of the recovered glass scrap is lower than the glass recov-
ered from the UST and thermal processes.
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4. Discussion

The main aim of this work was to compare different silicon solar
panel recycling methods based on the analysis of exergy and environ-
mental impacts. This helps navigate the development of recycling
practices towards the United Nations Sustainable Development goal 12 —
Responsible Consumption and Production [57] by providing the
necessary background data. First, the mass-based recovery rates of the
five simulated process variants — Incineration, Pyrolysis, UST-exp and
-vol and Mechanical process were established. The material recovery of
all the variants was found to be similar in this work based on the initial
purity assumptions, only the Mechanical process had a slightly lower
recovery rate due to material losses during crushing. However, the
overall exergy efficiency (Fig. 5) of the simulated processes varied,
indicating that exergy analysis is indispensable when comparing recy-
cling approaches [30].

Interestingly, the form of recovered materials seems to matter - direct
recovery of the frame (dismantling unit) or the whole glass (through hot-
knife separation or UST-vol process) becomes exergy favourable, as
evidenced by the exergy flows (Fig. 3) or irreversibility (Fig. 4). The
mixing exergy was omitted in this analysis. However, accounting for it
would have generally lowered the exergy content of mixed streams [31],
thus penalizing especially the mechanical process. Since the irrevers-
ibility was comparable for all the glass liberation steps (shredding,
US-swelling or hot-knife glass separation), it could be argued that
recovering intact glass-sheets is advantageous. Otherwise, silicon, silver
and copper had adequate purity for reintroduction into solar panel
manufacturing [14].

However, the recovery of all or unbroken materials is not possible
and exergy losses occurred. Such losses are unavoidable [28] if the
objective is to recover solar grade silicon, pure metals, or intact glass. In
theory more invested resources could increase the recovery at the given
purity, but it would require thorough analysis to evaluate losses and
benefits, as was done for other processes [30,48,49]. For now, irre-
versibility suggests a theoretical upper boundary for the exergy effi-
ciency, assuming all recovered materials are useful.

Thus, the discrepancy between the exergy efficiency and the irre-
versibility was mainly based on the definition of useful products — in this
study those were metals, the aluminium frame, clean glass, and solar
grade silicon, based on their sufficient purity. The most profound
example is the UST which has low irreversibility, but at the same time
low exergy efficiency. The reason for this decoupling was the assump-
tion that toluene is not a useful product. Similarly, during pyrolysis the
overall efficiency of the process was lower than that of incineration
while the total irreversibility was also lower. This is because irrevers-
ibility only describes the direct process losses through conversion of
energy or chemical reactions, while it does not consider the usefulness of
the process outputs. Therefore, the higher exergy of pyrolysis products
than incineration off-gases results in lower irreversibility for pyrolysis,
but the final efficiency of pyrolysis is lower due to its increased resource
use compared to incineration.

Throughout the results, the encapsulant (EVA) of the solar panel
could be linked with most of the exergy losses (see Figs. 3 and 4).
Compared to metals, the exergy content of polymers is often higher [31],
which resulted in higher irreversibility and higher exergy in waste
streams. Similarly, the pyrolysis and incineration steps generally had the
highest environmental impact, similarly to Latunussa et al. [36] where
they also indicated incineration of EVA as one of the main contributors
to GWP impacts in the recycling process. Such observations are impor-
tant because significant resources are spent to get access to the silicon
and metals. Which is discussed obstacle in silicon solar panel recycling
[5,39]. After the liberation of these materials, all the following stages
have direct useful products. One advantage of solar panels is that it is
possible to access the cells without shredding [12,16,23]. This is
important since the materials do not get mixed and the exergy is pre-
served, in contrast with shredding-based recycling [30,49,58].
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Reiterating the previous observations, it could be argued that it is
vital to use the exergy and LCA analyses in conjunction to understand
the trade-offs in recycling approaches. For instance, in the mechanical
process there was a direct link between lower recovery rate and lower
exergy efficiency and avoided environmental impacts, relative to the
other simulated processes. However, such link was not present for UST,
pyrolysis, or incineration, which hinted that solely relying on the exergy
analysis omits some of the environmental impacts. Exergy and LCA
analysis together allowed to show that high resource consumption, as
for example in UST, led to lower exergy efficiency and lower avoided
impacts. On the other hand, using slightly more resources in pyrolysis
compared to incineration could lead to an environmentally more ad-
vantageous recycling process. Yet gaseous emissions from pyrolysis,
mainly CO - a toxic substance — and methane, a significant GWP
contributor, would need to be treated to avoid significant harm.
Furthermore, the expansion of the exergy analysis with LCA reinforces
that high value recovery is advantageous, in agreement with findings of
Mao et al. [39]. In summary, focusing only on exergy or LCA would fail
to provide the detailed understanding of the differences between the
processes covered in this work.

Contrasting with the work of Dias et al. [41] the path of lowering the
toluene volume employed in this work was not as successful compared
to scaled-up continuous operation. Contreras Lisperguer et al. [37]
argued for solvent delamination to avoid environmental harm, yet
present findings suggest caution when choosing the solvent. Building on
[40], the LCA based comparison was expanded towards other tech-
niques, putting mechanical recycling into broader perspective. The ob-
servations of Lim et al. [59] were further expanded herein by
demonstrating that the adverse impact of recycling could be compen-
sated by the replacement of primary materials, resulting in net avoided
environmental impacts.

The robustness of the assumptions of energy inputs was tested as
well, by considering the variation of exergy efficiency (see supplemen-
tary material section s11). For all the processes, the decrease or increase
of the electricity input caused an exergy efficiency change of maximum
0.5 % compared to the initial efficiency. This shows that the assumptions
about the energy inputs will not affect the outcome significantly. Thus,
larger impact could be made through process optimization, as high-
lighted by the differences between UST-vol. and UST-exp., or by mini-
mizing energy (heat) losses.

Lastly going beyond material recovery becomes important as recy-
cling of solar panels slowly accelerates. Industrial scale recycling based
on solvent swelling [41] seems to require subsidies to be profitable, yet
it has technical potential to be scaled-up. Industrial scale pyrolysis-based
recycling is operating in Europe on a start-up basis [60] and could
become economically feasible [61,62] Mechanical recycling could be
profitable for at least broken solar panels [20] on a large-scale basis.
Thus, considering combined exergy-LCA assessments could be beneficial
in providing additional insights for solar industry stakeholders and
policy makers.

4.1. Pathways for improvement and study limitations

Based on the presented observations, a few pathways for decrease of
energy losses could be sketched. For instance, the heat from the used
toluene could be utilized to preheat the toluene entering the ultrasonic
bath. In pyrolysis, the off-gases containing CH4 and CO could be utilized
for chemical synthesis if further purified; the same applies to the liquor.
Additionally, nitrogen coming into the pyrolysis oven could be pre-
heated using the off-gases from pyrolysis. Where no recycling is possible,
energy recovery would be an option, incinerating the pyrolysis off-gases
and liquor for process heat, although this would increase direct CO,
emissions. Lastly, the high-temperature heat in off-gas streams from
incineration or pyrolysis could be used for preheating in the leaching
and the glass-separation steps.

Another major improvement compared to the methods presented
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herein would be the use limonene instead of toluene [63], because
limonene could be derived from food residues [64]. By offering a lower
chemical consumption of 10 ml/g sample (0.1M solution in ethanol)
[63], this approach would provide a significant improvement in
reducing the reagent’s toxicity. Yet, due to the use of ultrasound, the
impact of electricity consumption would remain. However, the treat-
ment time could be lower for limonene-based swelling [63], offering a
decrease in the total consumption. Thus, further work on the improve-
ment of ultrasound-based techniques is required.

At this point it becomes essential to discuss limitations and possible
improvements. The analysis presented here could benefit from the
implementation of exergy of mixing and more detailed description of the
state of the recovered materials, especially the impurities in recovered
metals. This could also improve the LCA analysis, especially by
including the remanufacturing of solar glass. Moreover, optimization of
toluene use would be crucial to minimize chemical use and waste gen-
eration. All such improvements would likely result in more avoided
impacts, pushing the positive impact of recycling even higher. However,
future research could focus on the complex issue of purity of recovered
materials and a sensitivity analysis with respect to that would expand
the findings of the present work. With all its limitations the presented
research demonstrates that exergy analysis and LCA enable a fair com-
parison of different silicon solar panel recycling approaches on a stage-
by-stage basis.

5. Conclusion

This study set out to investigate how different methods of material
separation from silicon solar panels compare based on theoretical exergy
analysis and life cycle assessment. HSC chemistry™ was used to simu-
late four different separation methods to obtain process data. Using this
data, an LCA analysis was conducted, which, in conjunction with exergy
analysis, resulted in valuable insights.

The first main finding of this work is that despite the similar weight-
based recovery of silicon, metals, and glass, the exergy efficiency and
avoided impacts varied based on the separation method across the
simulated processes. Generally, the direct thermal decomposition of the
encapsulant (either through incineration or pyrolysis) performed the
best out of the 5 process variants (UST-exp and -vol., Incineration, Py-
rolysis and Mechanical processes). In contrast, the solvent based sepa-
ration method exhibited the worst exergy efficiency and the least
avoided impacts. In fact, it even resulted in adverse environmental im-
pacts. However, utilizing natural solvents like limonene could lower
these adverse impacts. In summary, the treatment of the encapsulant
was generally the most resource intensive step based on this analysis.

The second major outcome is the demonstration of the importance of
using exergy and LCA analysis in conjunction to assess the sustainability
of the recycling approaches. For instance, pyrolysis only had the second
highest exergy efficiency, but it resulted in the most avoided impacts out
of the five process variants. This highlights that under certain condi-
tions, a slightly less efficient process might be less harmful overall. On
the other hand, there can be a clear link between material recovery rate,
exergy efficiency and avoided environmental impacts, as was demon-
strated for the mechanical recycling process. The main implication of
these findings is that LCA and exergy analysis together can navigate
towards more sustainable pathways to silicon solar panel recycling.

It is shown that these tools could also be used in the early stages of
designing solar panel recycling process. Thus, it is recommended that
solar panel manufacturers explore design-for-recycling based on the
combined exergy-LCA methodology, facilitated by their access to in-
dustrial scale data. For example, lowering the mass of the encapsulant
would result in lower exergy losses and a decrease in some of the adverse
impacts. Secondly, this study highlights the importance of high-value
material recovery for both policy makers and the industry. Therefore,
this work, provides necessary scientific support for initiatives promoting
sustainable design and r4ecycling practices, such as the EU eco-design
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directive.

Nevertheless, a potential avenue to be explored further is the inclu-
sion of the exergy of mixing. This would add more granularity to the
process understanding. Furthermore, studying the embodied exergy
could bring value in understanding the benefits or losses in recovering
intact materials. Similarly, the LCA could account for solar glass rema-
nufacturing. Finally, this study could be the basis of solar panel designs
that would increase the exergy efficiency of recycling and enhance the
associated environmental benefits. Altogether the present research
expanded the body of knowledge by highlighting the importance of
combined exergy and LCA analysis in solar panel recycling. Such a
combined analysis showed the potential benefits of recovering critical
materials, avoiding unnecessary material destruction and recycling
intact parts of the silicon solar panels.
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