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Regular-loss scenario

Early-loss scenario

Estimated cumulative global waste volumes of end-of-life PV modules 
Regular-loss Scenario assumes a 30-year lifetime for solar panels, with no early attrition, while Early-loss Scenario takes account of “infant”, 

“mid-life” and “wear-out” failures before the 30-year lifespan. Source: Adapted from IRENA (2016).



Cradle-to-grave: Simplified linear flow of 

materials



The simplified closed-loop material cycle outlined in this research.

The arrows show the sequence of the flow of mass through the system; u: represents the average velocity of the flow of materials and/or a 

product; E: represents the energy transfer in and out the system; M: represents the mass losses in an open cycle



Today’s C2G operations versus those striving for a C2C 

approach 



Redesigning crystalline PV panels is an essential step to consider in the implementation of a CLMC 

approach for its production based on C2C principles. Every aspect of design, materials and the entire 

panel life-cycle would have to be carefully studied for the PV panel to become part of a closed-loop 

continuum. The main goal is to design a panel that eventually, at EoL, becomes a resource again, 

linking every process involved in the life cycle of this technology. 

C2C principles, translated into the C2C Certified™ should guide its overall life-cycle design 

complemented by the LCA tool. Based on the above the following main guidelines have been 

outlined:

•Based on the principles outlined in the subsection 3.5, we will look at industrial material flow like a 

natural process, such as a biological metabolism, where the materials used remain safe and healthy 

for the eco-system in different cycles, increasing overall system efficiency (Braungart et al., 2007). 

This should increase the recovery yield in up-cycling and re-use. Additionally, the use of the LCA tool 

during the design phase will provide a view of potential impacts over the complete life cycle of a PV 

panel, creating a virtual cycle for panel materials. 

•In accordance with the C2C approach, we propose re-thinking the extraction of raw material, as well 

as design and manufacturing processes, for solar PV panels. Toxic materials should be replaced in 

panel manufacturing whenever possible, or else, encapsulated for subsequent re-use, aiming to 

minimize environmental pollution and the depletion of non-renewable abiotic materials. 



Spatial and time scales

ELC: Electronic (international 

distribution), e.g. computers; 

LHC: Local household 

appliances; IHC: International 

household appliances; LM: 

Local media (paper-based); 

IM: International media 

(paper-based); LFP: Local 

food packaging; IFP: 

International food packaging 

and PV: Crystalline 

Photovoltaic Panels 

(international distribution)



C2G case:

work needed to separate the materials from a non-C2C product due to the randomly 

intermixed of materials, where the minimum work needed is given by 𝑊𝑚 = 𝑅𝑇 𝐿𝑛
1

𝑥

(Gutowski 2008).

The method employed here seeks to establish that there is a possibility to reduce the energy 

needed to separate the materials that constitute a C2C product is:

𝑊 = 0

*consider the reversible equation for a total isothermal work for a non-reactive system, it can be written as follows for two components:

𝛿𝑊𝑟𝑒𝑣 =
𝜕𝐴

𝜕𝑃
𝑑𝑃 +𝜇𝑝𝑖 𝑑𝑁𝑖 +𝐴𝑖

𝑜 𝑑𝑁𝑖

C2C case:



Modeling a C2C system:

The 1D version of equation observed in Tc can be written as
𝜕 ҧ𝜌

𝜕𝑡
+ 𝑢 Ƹ𝑖

𝜕 ҧ𝜌

𝜕𝑥
= 0

𝑇𝑐 = 𝑇𝑖𝑛𝑑 + 𝑇𝑑 + 𝑇𝑟𝑟 + 𝑇𝑟𝑠

• Industrial time (Tind) measures the length of time from the extraction of the non-renewable abiotic resource, through material 

transformation and processing, through to the end of manufacturing and sale to the consumer. 

• Dwelling time (Td) describes the time the finished product stays with the consumer, before being returned to the technical 

cycle as a primary resource. In the case of C-Si PV panels, Td represents the operational lifespan of the panel. 

• In addition, we need to consider the time needed for removal and recovery (Trr) and the time materials will spend at the 

reservoir (Trs) 



Results:



The simplified closed-loop material cycle outlined in this research.

The arrows show the sequence of the flow of mass through the system; u: represents the average velocity of the flow of materials and/or a 

product; E: represents the energy transfer in and out the system; M: represents the mass losses in an open cycle



Many thanks!!!
Ruben Contreras Lisperguer

Ruben.Contreras@un.org


