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Introduction 

End-of-life (EoL) solar photovoltaic panel (PVP) recycling has undergone significant technological 
development in recent decades. Initially, recycling of EoL PVP prioritised mass-based bulk material 
recovery. Later, focus has been shifted to high-purity value-based recovery by more elaborate 
recycling technologies to reclaim secondary constituents such as silicon and silver. Recycling of 
EoL PVP has been an open loop, which follows the conventional linear economy model 
(Contreras-Lisperguer et al., 2020). In this model, material flow is linear from extraction, 
manufacturing, to waste disposal in a landfill and it is named cradle-to-grave (McDonough & 
Braungart, 2002). Large scale closed-loop recycling of EoL PVP is not yet technically and 
financially viable. It is mainly due to low purity of secondary materials recovered, lack of scalability 
and profitability of the existing processes, and unreliability of waste feedstock availability because 
of the longevity of the product (Deng et al., 2019; Tao et al., 2020). The aim of this work is to 
analyse three simplified life cycle impact-derived parameters on material circularity indicator (MCI). 
And to use the result to compare open and closed-loop recycling of EoL crystalline silicon-based 
PVP. 

Methods 

Three recycling technology scenarios are compared for open-loop and closed-loop recycling. 
Simple recycling is a purely mechanical separation combined with incineration and landfill which 
recovers 86% of overall waste by mass (Latunussa C et al., 2016a). Full Recovery End-of-Life 
Photovoltaics (FRELP) is a combination of mechanical, thermal, and chemical process which can 
recover silver and other trace constituents (SASIL Srl, 2014). It recovers 90% of recoverable 
materials. Modified FRELP, which focuses on high purity silicon rather than silver, recovers close 
to 89% overall waste. The analysis focuses on some key recoverable materials, as stated in Table 
1. 

A comprehensive (material-by-material) approach to Material Circularity Indicator (MCI) (Eq. 1-3) 
(Ellen MacArthur Foundation, 2019) is deployed for functional unit (𝐹𝑈) of 1000 kg of recycled 
crystalline-silicon based EoL PVP. Input data for PVP composition are taken from Latunussa C et 
al. (2016a). Financial and energy data and technical details of recycling technologies analysed 
may be found in Suyanto et al. (2023). 

𝑀𝐶𝐼 =  1 − 𝐿𝐹𝐼  𝐹(𝑋) where (𝐹𝑢𝑙𝑙𝑦 𝑟𝑒𝑠𝑡𝑜𝑟𝑎𝑡𝑖𝑣𝑒 𝑀𝐶𝐼 = 1, 𝑓𝑢𝑙𝑙𝑦 𝑙𝑖𝑛𝑒𝑎𝑟 𝑀𝐶𝐼 = 0) Eq. (1) 
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     Eq. (2) and (3) 

𝑉 = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑣𝑖𝑟𝑔𝑖𝑛 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙;  𝑊 =  𝑡𝑜𝑡𝑎𝑙 𝑤𝑎𝑠𝑡𝑒;  𝑀 = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡; 𝑊𝑓 = 𝑤𝑎𝑠𝑡𝑒 𝑓𝑟𝑜𝑚 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 𝑟𝑒𝑐𝑦𝑐𝑙𝑒𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 ; 𝑊𝑐 =
𝑤𝑎𝑠𝑡𝑒 𝑓𝑟𝑜𝑚 𝑟𝑒𝑐𝑦𝑐𝑙𝑖𝑛𝑔; 𝐿 = 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒;  𝐿𝑎𝑣 = 𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒; 𝑈 = 𝑢𝑠𝑒; 𝑈𝑎𝑣 = 𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑢𝑠𝑒; 𝐹𝑅 =
𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑟𝑒𝑐𝑦𝑐𝑙𝑒𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡;  𝐸𝑐 = 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑟𝑒𝑐𝑦𝑐𝑙𝑖𝑛𝑔; 𝐸𝑓 = 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑟𝑒𝑐𝑦𝑐𝑙𝑒𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔.  

In this work, recycling is the only circular economy strategy considered. EoL PVPs are collected for 
recycling and no landfill (i.e. 𝐶𝑟 = 1). In open-loop recycling, PVP uses 100% virgin material input. 
In closed-loop recycling, everything recovered through recycling is used to replace virgin materials 
in new PVP production (i.e. 𝐸𝐶 = 𝐸𝐹). 

Literature suggests that up to 90% of recovered materials from state-of-the-art recycling 
technology such as FRELP can be re-injected into new PVPs (Fthenakis, 2000; Latunussa et al., 
2016b; Maceno et al., 2022). Hence, closed-loop recycled content for all materials is assumed to 
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be 𝐹𝑅 = 0.9𝐸𝐶. Lifetime is assumed to remain the same as the industry average despite recycled 

content, i.e. 𝑋 =
𝐿

𝐿𝑎𝑣
= 1.  

The original MCI does not consider that different material composition has lower economic value 
and embodied energy. MCI guideline allows further refinement to the original equations. Three 
allocation factors are selected to account for the original MCI’s bias towards mass-based recovery. 
They weigh each material’s contribution to circular economy performance based on mass, 
financial, and energy proportion in the recycling of 1000 kg PVP. 

Mass-based allocation acts as the base case.  

𝛼𝑥 =
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑥 𝑖𝑛 𝐹𝑈 (𝑘𝑔)

𝑇𝑜𝑡𝑎𝑙  𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑖𝑛 𝐹𝑈 (𝑘𝑔)
       Eq. (4) 

Economic allocation factor 𝛽𝑥 represents the actual revenue from secondary material 𝑥 resale in 
each recycling scenario compared to total possible resale revenue.  

𝛽𝑥 =
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑥 𝑖𝑛 𝐹𝑈 (𝑘𝑔)  𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑥 𝑢𝑛𝑖𝑡 𝑟𝑒𝑠𝑎𝑙𝑒 𝑝𝑟𝑖𝑐𝑒 ($)

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑟𝑒𝑠𝑎𝑙𝑒 𝑟𝑒𝑣𝑒𝑛𝑢𝑒 𝑖𝑛 𝐹𝑈 ($)
     Eq. (5) 

Energy recovery-based allocation 𝛾 represents the avoided energy burden from raw material 
extraction and production owing to material recovery. It is compared to total possible avoided 
energy in 1000 kg of waste. 

𝛾𝑥 =
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑥 𝑖𝑛 𝐹𝑈 (𝑘𝑔)  𝐸𝑚𝑏𝑜𝑑𝑖𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 (𝑀𝐽/𝑘𝑔) 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑒𝑚𝑏𝑜𝑑𝑖𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝐹𝑈 (𝑀𝐽)
      Eq. (6) 

The final weighted MCIs are linear combinations of individual material mass-based MCI. An 
example for economic allocation is shown in Eq. (7). 

𝑀𝐶𝐼 = 𝛽𝐺𝑙𝑎𝑠𝑠𝑀𝐶𝐼𝐺𝑙𝑎𝑠𝑠 + 𝛽𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑥𝑀𝐶𝐼𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑥 … + 𝛽𝑆𝑖𝑙𝑣𝑒𝑟𝑀𝐶𝐼𝑆𝑖𝑙𝑣𝑒𝑟     Eq. (7) 

Results 

Table 1 summarises the allocation factors for five key recoverable materials. Economic allocation 
puts the greatest importance on the recirculation of silicon and silver. Embodied energy allocation 
puts the greatest emphasis on aluminium. As opposed to base case allocation, which is dominated 
by glass (70% of PVP mass). 

Table 1 Three simplified allocation factors for comprehensive computation of MCI 

 

A summary of all 18 different scenario combinations in this analysis is given in Table 2. 

Table 2 MCI computation of all recycling technologies in open and closed-loop 

 

FRELP which is the most elaborate recycling technique, yields the highest MCI, followed by 
Modified FRELP and Simple recycling in both open and closed-loop cycles. The magnitude of the 
MCI change is the lowest in mass-based allocation and the highest in financial allocation with 
varying technologies. Closing the recycling loop improves each recycling technology’s MCI by on 
average 0.39, 0.22, and 0.36 for mass, financial, and energy-based allocation, respectively.  

Allocation basis Factor Glass Al Cu Si Ag

Mass α 0.75 0.19 0.02 0.04 1E-03

Economic value β 0.01 0.15 0.07 0.40 0.37

Energy γ 0.23 0.60 0.06 0.09 0.02

Mass 

allocation

Economic 

allocation

Energy-

based 

allocation

Mass 

allocation

Economic 

allocation

Energy-

based 

allocation

Simple Recycling 0.51 0.17 0.46 0.89 0.25 0.80

Modified FRELP 0.53 0.34 0.51 0.92 0.54 0.87

FRELP 0.54 0.52 0.52 0.93 0.90 0.91

Technological 

Scenario

MCI open-loop MCI closed-loop
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Figure 1. Sensitivity of closed-loop FRELP case (a.) financial allocation factor 𝜷𝒙 to 
individual material price change (b.) individual material price change  

It is crucial to investigate the influence of material price fluctuation on the circularity evaluation. 
Individual material price fluctuation is simulated using scalar multiplication factor from 0 to 15 with 
0.25 increments. In Figure 1(a.), the effect towards each material’s 𝛽 is depicted. 𝛽 for material with 
higher economic value such as silver (815.08 AUD/kg) increases faster than lower value material 
such as glass (0.04 AUD/kg).  

Figure 1(b.) (a.) financial allocation factor 𝜷𝒙 to individual material price change (b.) depicts the 
influence of commodity price fluctuation towards the overall MCI (Eq. (7)). Price change in material 
𝑥 brings overall MCI to converge towards respective material’s unweighted mass-based MCI. As a 
result, in all but one case, price increase for one material at a time increases the overall MCI. For 
instance, MCI convergence towards 0.94 for glass, aluminium, and silicon as well as 0.92 for silicon. 
Contrarily, as copper price increases, MCI decreases towards its unweighted mass-based MCI of 
0.45 as the limit of convergence. Most copper in PVP is mostly flowing linearly, hence it has the 
lowest MCI out of all five assessed materials. 

The lower the 𝛽, the slower the convergence towards individual material unweighted MCI. A linear 

rate of convergence is found for glass, which is allocated 𝛽𝑥 of 0.01. Whereas third-degree 
polynomial relationship is found for aluminium and copper. Fourth-degree polynomial relationship is 
found for silicon and silver, which dominates the overall 𝛽.   

Discussion 

Including economic and energy allocation factors allow for circularity performance comparison 
beyond just material quantity. For both open and closed-loop, mass-based recovery still dominates 
final circularity score. Allocation factors managed to ameliorate the bias towards recovered material 
quantity by adjusting the rate of convergence towards mass-based scores. This also means that, 
price increase of a material is not incentivised if most of the material quantity is still flowing linearly. 
However, ranking between scenarios may change with higher order of magnitude commodity price 
fluctuations.  

𝛽 is highly sensitive to material unit price change. This is expected because of their direct correlation. 
While material embodied energy does not vary, these observations can inform about energy 
allocation factor 𝛾. When material with higher embodied energy is used, the final MCI will be 
influenced more significantly by the mass-based recovery of that respective material. Future work 
can implement a quality factor that can outweigh recovered material quantity.  

Findings in this work agree with literature’s techno-economic strategy that improving recycling 
technology efficiency and recovering trace valuable constituents remain paramount for viability and 
circularity (Granata et al., 2022). Only mass-based MCI can be compared to that of reported in the 
literature. Zubas et al. (2022) conducted a similar study using LCA and MCI, focusing only on 
silicon feedstock considering FRELP for recycling. MCI was 0.54 for no silicon recovery case, 
which is the same as mass-based MCI in this work for open-loop FRELP. Whereas silicon recovery 
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case yields MCI of 0.80. Which is 0.13 point lower than that of mass-based MCI in this work for the 
closed-loop FRELP. Some limitations are that circular economy tools such as MCI are meant to be 
heuristics tool (Brändström & Saidani, 2022; Saidani et al., 2019) and it is not appropriate to obtain 
full quantitative answers. 

Conclusions 

Base case MCI is heavily influenced by glass recovery. MCI is also the most sensitive to recycling 
efficiency, restorative material share, and utility variations. Incorporating simplified life cycle 
impacts-derived allocation factors to MCI broadens its evaluation. In general, the lower the 
allocation for a material, the slower the convergence towards unweighted MCI of individual 
material. Financial allocation MCI (using 𝛽) is the most conservative because valuable materials 
are only present in trace fractions. It puts the greatest importance on the recirculation of silicon and 
silver. The energy allocation factor emphasises the contribution of aluminium. With closed-loop 
recycling, increases in MCI are 0.39, 0.220, and 0.36 for mass, financial, and energy-based 
allocation, respectively compared to open-loop counterparts.  

This work is distinctive because it provides a simple way to consider key life cycle impact indicators 
integratively from the circular economy perspective. Including allocation factors can help decision 
makers to prioritise which materials to focus on in recycling without a full life cycle analysis. A 
global sensitivity analysis for varying the amount recovered for each material is recommended. 
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