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Abstract: This paper aims to assess the environmental and economic impact when it comes to the
presumed end of life for solar photovoltaic (PV) panels. A recycling option is compared to the reuse of
the PV panels in the two impact categories: costs for the consideration of economic feasibility and global
warming potential (GWP 100) for the consideration of the environmental impact. The evaluation is
carried out with a parametric life-cycle-assessment-based model that was designed to be adaptable for
evaluating different scenarios by changing the parameters to fit the given cost structure or climate zone
in which the panels are being used. The recycling option involves market-established methods for
recycling the old panels and replacing them with new ones. The reuse case involves testing and reusing
the old panels, taking a certain rejection rate into account.

The most significant parameters for the reduction of greenhouse gas emissions are the rejection rate,
the solar radiation and thus the capacity utilization as well as the expected lifetime of the newly
manufactured panels and their greenhouse gas emissions during production. The results indicate that
in most cases greenhouse gas emissions can be saved compared to the recycling option. The costs for
reuse compared to recycling depend on the rejection rate and the expected lifetime for both the panels,
that can be reused and the new panels. The comparison of the costs for reuse and recycling contains
some uncertainties since the testing of panels has yet to be commercially established and automized.
The model developed in this paper allows for the holistic evaluation of individual reuse and recycling
scenarios. The results can thus be used to determine decision-making for better economic and
environmental outcomes.

PV system stops working, often only single
wafers are affected, but due to microcrack
damages not being visible to the naked eye,
often the full strings of multiple panels are being

1. Introduction

Large quantities of solar photovoltaic (PV)
panels are needed for a successful transition
towards renewable energy. Thus, the global

demand for PV panels will continue to increase
with annual capacity additions of 129 - 165 GW
in the mid-2020s (IEA, 2020).

The cost of electricity for PV panels has fallen
sharply in recent years from $8.81/W in 1990 to
$0.38/W in 2019 (Lafond et al, 2017; IRENA
2020). Further price declines are expected in
the future (IEA, 2020) leading to “...] an

increasingly  economically  advantageous
source of electricity over expanding
geographical regions” (Branker et al, 2011,
p.14).

The International Energy Agency (IEA) and the
International Renewable Energy Agency
(IRENA) forecast that by 2050, 60-78 million
tons of PV-waste are being generated
(Weckend et al, 2016). One factor that adds
additional uncertainty to these projections is
early loss. PV panels have a life expectancy of
25-30 years (Frischknecht et al, 2016). When a

disposed of (Tsanakas et al, 2020).

Solutions exist to process this PV waste using
recycling and reuse pathways for the next stage
in the product life cycle. According to the
reduce, reuse and recycling concept for waste
prevention by the United Nations and the
proposals for the end-of-life management of PV
panels by IEA and IRENA reuse is generally
preferred (United Nations, 2004; Weckend et al,
2016). High savings potentials of reused PV
panels in terms of greenhouse gas (GHG)
emissions have been identified in case study
applications (Schelte et al, 2021). However,
there are many parameters to consider, and it
is often unclear if recycling or reuse is the more
sustainable option for individual cases. Hence,
the goal of this paper is to provide a generic
model that makes it possible to compare
recycling and reuse scenarios from an
environmental and economic point of view.
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2. Methodology

An LCA-based approach based on the 1SO
1404/41 standard was utilized to determine the
environmental impact and the costs for the
recycling and reuse of PV panels. A cradle-to-
grave approach is chosen for the LCA. This
means that the entire life cycle is presented with
a focus on the end-of-life phase.

The impact parameters considered are costs
and the GHG emissions contributing to the
Global Warming Potential over a period of 100
years (GWP100) developed by the IPCC
(Forster et al, 2008).

The functional energy unit is 1 kWh of electricity
produced which results in cost and GHG
functional units of €ct/ kwh and g COze/ kWh
respectively.

Figure 1 shows a flow diagram of the processes
for the PV-Panels with a focus on the two
options compared for the end-of-life, where
option 1 is a recycling scenario without testing
and option 2 is a reuse scenario.

The flow diagram is read from top to bottom.
“Other systems” refers to intermediate products
that lie outside the system boundaries and
belong to the environment of the product
system, such as the infrastructure for the
provision of electricity or the excavators used
for material extraction. Within the system
boundary are raw material exraction,
production of the PV panels and their use as
well as their end-of-life.

For this, the first option is the recycling process,
in which the disassembled panels are recycled
without a test procedure on their functionality
and replaced by new ones.

The default assumptions for recycling in the
model are done according to the lifecycle
inventory raised by (Latanussa et al, 2016),
(Weckend et al, 2016), (Directive 2012/19/EU,
2012) and (Tsanakas et al, 2020).

The second option for the end-of-life is a reuse
process. Here, a mechanical electro-
luminescence (EL) test must be performed. The
evaluation then shows whether microcracks or
other damage exists and whether the panel can
be reused. This results in a rejection rate,
indicating the percentage of discarded
defective panels. The defective panels are
recycled and replaced by new ones, and the
intact panels are reused. For all processes
transportation and energy use can be adjusted.
For recycling, there is an additional credit for
thermal and electrical energy use by the waste
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Figure 1. Flow Diagram LCA PV-panels..

treatment, which can also be adjusted
according to the recycling plant used.

All GHG emissions and costs that occur within
the system boundary can be calculated in
relation to the energy output with the model.

3. Model

The model was designed where all parameters
for costs and CO:ze emissions are adjustable.
Table 1 shows a selection of the most important
parameters and their values for a case study
application in Germany.
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Parameters ‘Value ‘Unit ‘Source

Old Panel

Peak Power 200 | Wp example

Annual 05| % Wirth, 2021

Degradation

Annual full 873 | h AEE, 2021

load hours

Service 10 | years | example

lifetime until

1st

disassembly

Service 20 | years | Tsanakas et

lifetime 2nd al, 2020

life-cycle

New Panel

Peak Power 300 | Wp example

Annual 0.5% | % Fraunhofer

Degradation ISE, 2010

Service 20 | years | Frischknecht

lifetime new et al, 2015

PV-Panel

price new 0.62 | € Wp | BSW, 2016

panel (Germany)

GWP new 1| kg Bracquene et

panel COeze/ | al, 2018;

Wp Fthenakis, V.,

Raugei, M.,
2017;
Frischknecht
et al, 2015;
Lauf et al,
2019

Recycling and Reuse

Electricity 0.552 | COz¢e/ | GaBi,

GWP kWh electricity mix
germany
2016

Diesel GWP 0.347 | CO2e/ | GaBi, diesel

kg mix germany

2016

Assembly 20 | €/ Wesselak &

costs panel | Voswincekl,
2015

Disassembly 10 | €/ Wesselak &

costs panel | Voswincekl,
2015

Transport 132 | km Hutter, 2014

route panel (Germany

replacement average)

Recycling

Recycling: 19 | € downscaled

total costs panel | from
Tsanakas et
al., 2020

Transport 132 | km average for

route Germany,

recycling Hutter; 2014
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Reuse

Rejection 50 | % Tsanakas et

rate from EL al, 2020

testing

Transport 132 | km Hutter, 2014

route reuse (Germany
average)

EL-Testing: 20 | €/ Tsanakas et

total costs panel | al, 2020

Table 1. Parameters considered for the model.

The values for the different parameters shown
in Table 1 are retrieved from literature research
but can also be adjusted using on site
experience. For the GWP, models were also
created with the LCA software GaBi by the
developer Sphera, which were then scaled via
the excel model, so that no access to special
software is necessary for changing values of
these parameters (Sphera Solutions Inc, 2021).

The rejection rate is one of the key parameters
with a value of 50% which is a conservative
assumption based on how many functional
panels enter the waste stream (Tsanakas et al,
2020).

As a minimum requirement for a meaningful
result, the parameters annual full load hours
based on the irradiation of the application area,
transport distances, transport costs, costs of
the new panels and their performance should
be considered as well as the lifetime of the old
and new panels.

The model can be fully used in Excel, offering
the possibility to run individual scenarios for
costs and GHG emissions. This can be used to
make both financially and environmentally
sound decisions for reuse and recycling of PV
panels worldwide.

4. Results

To highlight the research results, first a case
study for an example application in Bochum,
Germany is discussed using the values applied
in Table 1.

Then, a Monte Carlo analysis is conducted to
determine the sensitivity of the parameters, and
therefore  which parameters change the
outcome of the results the most in relation to the
case study.

Case study application in Germany - GWP
The first option is the recycling approach, where
the old panels with an output of 200Wp are
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directed to a recycling facility and replaced by
new panels with 300Wp which have a life
expectancy of 20 years. A credit is included for
the recycling of the materials and the thermal
use of the non-recyclable materials. This is
compared to the second option where the
panels undergo an EL test procedure which
results in a rejection rate of 50%. The
malfunctioning panels are directed towards the
recycling facility and replaced by new 300Wp
panels. For the old, functional panels, a reuse
for another 20 years is assumed. In total, a
period of 30 years is considered, in which in the
recycling case all panels are replaced after 10
years by panels that generate electricity for 20
years and in the reuse case the functioning
panels generate electricity for a total of 30 years
and the non-functioning panels are replaced in
the same way as the recycling option.

Figure 2 shows the attributable GHG emissions
measured in g COze/ kWh for the recycling and
the reuse option over the whole time period.
The emissions for the recycling option are 73.5
g COze/ kWh, which is about 22% higher than
the emissions for the reuse option with 60.1 g
CO2e/ kWh. The avoided emissions from the
longer use of the panels far outweigh the
additional efforts for testing and transporting the
panels in terms of GHG emissions.

80
70
60
50
40
30
20
10

0

73.5

g CO,e/kWh

Recycling Reuse

Figure 2. Comparison of the GWP per kWh for the

recycling and reuse option in the case study
application.

The saving potential of GHG emissions
depends especially on the rejection rate. Figure
3 shows that up to a rejection rate of over 98%,
reuse is the GHG-saving option compared to
recycling. Looking into the future less GHG
emissions per Wp are likely due to efficiency
gains (Bracquene et al, 2018). Two alternative
cases with a reduction of the GWP by 20% and
50% compared to the base case were added in
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Figure 3. The reduction in emissions for reuse
and recycling is roughly equivalent. Since reuse
still causes significantly lower emissions, the
intersection shifts only minimally. The additional
emissions for the test procedure are much
lower than the emissions for new panels, even
with the GHG-savings in production.

Base Case

e G\WP new panels -20%
GWP new panels -50%
40

30

20

10

Delta [g CO,e/kWh]

-10

0% 20% 40% 60%

Rejection rate

80% 100%

Figure 3. Difference in GWP per kWh of the reuse
scenario compared to the recycling and reuse in
relation to the rejection rate considering different
scenarios for GWP reduction of a future panel
production.

Case study application in Germany — Costs
Figure 4 shows that the calculated costs of 5.2
€ct per kWh are slightly higher for recycling than
for reuse with 4.9 €ct per kWh.

6

5.18
5 4.95

4

€ct/kWh

Recycling Reuse

Figure 4. Comparison of costs per kWh for the
recycling and reuse option in the case study
application.

Like the GHG emissions, the costs are also
strongly related to the rejection rate, since the
costs for testing all panels are allocated to the
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functioning panels. Figure 5 shows that in this
scenario the reuse process is only financially
worthwhile below a rejection rate of 60%. In the
following years, further cost reductions for PV
panels are expected (Yu & Geoffron, 2020;
IRENA, 2016). To take this into account, further
cases were added in Figure 5 with cost
reductions of new panels by 20% and 50% per
Wp. This shows that in the same scenario, the
reuse option is only more favorable up to a
rejection rate of about 50% in the case of a cost
reduction of 20% and only up to a rejection rate
of just under 20% in the case of a reduction of
50%.

Base Case

e COosts new panels -20%

Costs new panels -50%

2.0
=
; 1.0
=
kS|
@,
i
= 0.0
3 \
-1.0
0% 20% 40% 60% 80% 100%

Rejection rate

Figure 5. Difference in costs per kWh for
recycling and reuse in relation to the rejection
rate considering different scenarios for cost
reduction in the production of new panels.

Sensitivity analysis

A Monte Carlo analysis was carried out to
determine the most important parameters
influencing the costs and the GHG emissions
for recycling and reuse relative to the case
presented in the previous chapter. Monte Carlo
analyses are suitable for quantifying the
uncertainties behind the assumptions for
individual parameters in a life cycle analysis
and showing their impact on the overall result
(Hung & Ma, 2008). 10,000 random based runs
were performed, which is in line with the
widespread practice for Monte Carlo analyses
in the context of LCA (Heijungs, 2020). To
determine the sensitivity, the default
assumptions used in the case study were used
as the median for a normal distribution of the
value ranges with a 20% standard deviation.
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For the rejection rate, a standard deviation of
50% was assumed because of higher
uncertainties, since a  comprehensive
application of test processes has not been
carried out yet (Tsanakas et al., 2020).

The parameters with the highest influence on
the GWP/ kWh are the service lifetime for new
panels, the GWP for producing new panels and
the rejection rate as discussed previously. The
recycling process itself has little impact on the
overall GHG emissions balance.

For the cost comparison, the picture is more
fragmented. For recycling the price of new
panels and their service life are decisive but for
reuse also the service life for the 2™ lifecycle of
the old panel, the rejection rate and the
performance of the old panel have a significant
impact. The costs for EL-Testing, assembly and
disassembly don’t play a high role in this case
application but are more important when the
service lifetime of the 2 life cycle of the old
panels is lower than the service lifetime of new
panels. Thus, more parameters need to be
considered and the economic benefit of reuse
is more difficult to predict as it depends on many
factors.

5. Discussing and Conclusion

The model is suitable for comparing the end-of-
life options for recycling and reuse from an
economic and ecological point of view. The
validity of the model depends on the quality and
availability of information on the most important
parameters. The more detailed and precise this
information is, the more reliable and accurate
the assessment can be regarding which option
is better from a cost and environmental point of
view.

Comparing scenarios in which the lifetime of the
new panels differs from the lifetime in the
second life cycle of the old functional panels, is
methodologically questionable and not
applicable because the allocation cannot be
assigned directly, since the panels that are no
longer functional would then be replaced by
new panels in the period under consideration.
Further research is needed to extend the model
with a more complex allocation assignment.
Considering the increasing quantities of PV
panels that will reach their presumed end-of-life
in the following years, reuse can make an
important contribution to reducing GHG
emissions over the life cycle of PV panels. This
presumes the panels continue to generate
significant amounts of electricity compared to
new panels, which depends especially on the
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decrease of GHG emissions to produce the
compared new panels and their performance.
For an economical implementation the total
guantity of PV panels and the scaling effects
that can be achieved are decisive. Furthermore,
the lifetime of the 2™ life cycle of the reused
panels and the proportion of reusable panels,
described by the rejection rate, is crucial, both
from a cost and an environmental point of view.
Therefore, an individual examination of the
given application is recommended which can
be evaluated with the developed model.
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