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Research aims

i. Trends in life cycle impacts of PV sector

ii. Comparison across technology types

iii. Variability of impact scores

iv. Effects of innovation on impact scores

2

Carlos Felipe Blanco, Stefano Cucurachi, Willie J. G. M. Peijnenburg, Alistair Beames, Martina G. Vijver, Are 

Technological Developments Improving the Environmental Sustainability of Photovoltaic Electricity?, 

Energy Technology, https://doi.org/10.1002/ente.201901064 , 8, 11, (2020).



Methods

▪ Harmonization to reduce modeling variability and uncertainty:

• Selection and screening (PRISMA)

• Harmonization (Hsu et al., 2012 NREL LCA Harmonization Project)

▪ Assess technological variability and effects

• Summary statistics

• Comparison with reference system, conventional silicon PV modelled before 2010

• Meta-analysis with Random Effects Model
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Methods: harmonization
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NREL (2021)NREL (2012)

Hsu DD et al (2012) Life cycle greenhouse gas emissions of crystalline silicon photovoltaic electricity 

generation. J Ind Ecol 16(S1):S122–S135. https://onlinelibrary.wiley.com/doi/epdf/10.1111/j.1530-

9290.2011.00439.x. 



Methods: harmonization
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Methods: harmonization
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Methods: harmonization
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Methods: harmonization
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Results: studies & LCIA scope
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Results: variability in impact scores (across 
technologies)
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Results: variability in impact scores (within 
technologies)
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Toxicity impacts in LCA

✓ Freshwater ecotoxicity: 6038 chemicals

✓ Human toxicity (cancer): 1024 chemicals

✓ Human toxicity (non-cancer): 3317 chemicals)
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Sala, S., Biganzoli, F., Mengual, E.S. et al. Toxicity impacts in the environmental footprint method: calculation 

principles. Int J Life Cycle Assess 27, 587–602 (2022). https://doi.org/10.1007/s11367-022-02033-0



Toxicity data M.I.A.!
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Gessner, M. O. (2017). Synthetic chemicals as agents of global change. 

Frontiers in Ecology and the Environment. https://doi.org/10.1002/fee.1450



(Lack of) spatial & temporal aspects in LCIA
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Climate change, ozone depletion:

1 compartment, well-mixed

Short transport time, long residence time

Human toxicity, freshwater ecotoxicity
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Toxicity impacts in LCA

Basic checks:

▪ Emissions (environmental flows) included in the inventory?

 Needs case-study specific emission scenarios including 

manufacturing and operation…

 …but also End-of-Life (e.g., incineration and landfilling of 

bottom ash, etc.)

▪ Characterization factors exist for the substances of 

concern?

 With luck, EF3.0 has it

 Otherwise, the additional data collection and modelling 

effort is not trivial and requires considerable expertise 

beyond LCA

 … and this goes for all chemical precursors, it’s “life cycle”!
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Uncertainty and variability

• On data for EfF: “When toxicity data for at least two species were available, the HC20 was directly derived from the 
SSD curve (chronic EC10). However, the fewer data the lower the reliability. In fact, uncertainty is estimated to be of 
4 orders of magnitude when only two species are available” (Van Zelm et al. 2007, in Sala et al., 2022).

• On variability in FF:  “the Kd values can vary over several orders of magnitude for a given metal as a function of soil 
properties…” (Allison & Allison, 2005 in Groenenberg, 2011)

• On overall model uncertainty of USEtox: “…3 orders of magnitude uncertainty on the individual factors (…) means 
that contributions of 1%, 5% or 90% to the total toxicity score can be interpreted as essentially equal, but 
significantly larger than those of a chemical contributing to less than 1 per thousand or less than 1 per million of the 
total score” (Fantke et al., 2017)
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Takeaways

▪ Toxicity impact categories: handle with care!

 Especially for metals

▪ Best practices I’ve collected:

✓ Model operational (yield-related) parameters as best as possible to 

capture potential benefits/drawbacks of the technology in the field 

✓ Include all plausible EOL scenarios, separately: best-case/worst-case, 

break-even analysis, etc.

✓ Combine LCA with chemicals risk assessment, criticality assessment and 

social due diligence, LCC.. especially for metals

✓ Always do uncertainty analysis…

✓ …and global sensitivity analysis

▪ We need more harmonization, based on sensitivity!

17Image: Midjourney AI rendering of “solar” and “probability distribution” keywords
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Thank you.
Carlos F. Blanco
c.f.blanco@cml.leideuniv.nl

This work has received funding from the European Union’s Horizon 2020 research and innovation 
programme within the project SiTaSol under grant agreement No 727497.
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Useful references

• Harmonization of PV LCA

- Hsu DD et al (2012) Life cycle greenhouse gas emissions of crystalline silicon photovoltaic electricity generation. J Ind Ecol 16(S1):S122–S135. https://onlinelibrary.wiley.com/doi/epdf/10.1111/j.1530-9290.2011.00439.x. 

- Carlos Felipe Blanco, Stefano Cucurachi, Willie J. G. M. Peijnenburg, Alistair Beames, Martina G. Vijver, Are Technological Developments Improving the Environmental Sustainability of Photovoltaic Electricity?, Energy Technology, 

https://doi.org/10.1002/ente.201901064 , 8, 11, (2020).

• Global Sensitivity Analysis in LCA

- Cucurachi, S., Blanco, C. F., Steubing, B., and Heijungs, R. (2021). Implementation of uncertainty analysis and moment-independent global sensitivity analysis for full-scale life cycle assessment models. J. Indust. 

Ecol. 1–19. https://doi.org/10.1111/jiec.13194

- Blanco, C. F., Cucurachi, S., Guinée, J. B., Vijver, M. G., Peijnenburg, W. J. G. M., Trattnig, R., & Heijungs, R. (2020). Assessing the sustainability of emerging technologies: A probabilistic LCA method applied to 

advanced photovoltaics. Journal of Cleaner Production, 259, 120968.259. https://doi.org/10.1016/j.jclepro.2020.120968

• Chemical Risk Assessment linked to LCA of PV modules

- Vidal, R., Alberola-Borràs, JA., Habisreutinger, S.N. et al. Assessing health and environmental impacts of solvents for producing perovskite solar cells. Nat Sustain 4, 277–285 (2021). 

https://doi.org/10.1038/s41893-020-00645-8

- I. Celik, Z. Song, A.B. Phillips, M.J. Heben, D. Apul. Life cycle analysis of metals in emerging photovoltaic (PV) technologies: A modeling approach to estimate use phase leaching. J Clean Prod, 186 (2018), 

pp. 632-639. https://doi.org/10.1016/j.jclepro.2018.03.063. 

- Blanco, C.F. (2022)  (especially Chapter 5, although currently under embargo, reach out to the author!) https://www.universiteitleiden.nl/en/research/research-output/science/guiding-safe-and-sustainable-

technological-innovation-under-uncertainty-a-case-study-of-iii-v-silicon-photovoltaics

• USEtox

- Fantke, P., Bijster, M., Guignard, C., Hauschild, M., Huijbregts, M., Jolliet, O., Kounina, A., Magaud, V., Margni, M., McKone, T.E., Posthuma, L., Rosenbaum, R.K., van de Meent, D., van Zelm, R., 2017. USEtox® 

2.0 Documentation (Version 1), http://usetox.org

• EF method

- Sala, S., Biganzoli, F., Mengual, E.S. et al. Toxicity impacts in the environmental footprint method: calculation principles. Int J Life Cycle Assess 27, 587–602 (2022). https://doi.org/10.1007/s11367-022-02033-0
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Backup slide: contribution analysis
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In USEtox v2.0 documentation

Inorganics are all specified as ‘indicative’, reflecting the relatively high uncertainty associated with estimates of fate, exposure and 

effects for this substance group. In contrast to organic compounds, for which the substance-to-substance variations in transport

properties can be attributable to basic chemical properties such as solubility ratios, variations in transport properties for inorganic 

substances depend in complex ways on a range of media properties. The solid/liquid partitioning of inorganic substances in soil 

can depend on several mineral components as well as the pH, redox potential (EH) and cation-exchange capacity. As a result, 

there can be significant variations of chemical mobility over very small geographic scales. Hence, it is difficult to identify the 

appropriate regional “bulk” transport properties for metals, as is done for organic chemicals. In addition, inorganic species are not 

“removed” by chemical reactions in the same way that most organic chemicals are transformed by actions such as 

biodegradation, photolysis, and hydrolysis. The biodegradation of an organic chemical in soil, water, or sediment effectively

removes it from the system, but species such as lead, cadmium, and arsenic can only be truly removed from water, soil, or 

sediment by advection and tend to persist for very long time periods. However, many inorganic species can be effectively 

removed by sequestration in a chemical form that is chemically and biologically unavailable. The magnitude and variability of

this process is often difficult to quantify, but can be very important for both fate and exposure assessment. Finally, relative to 

organic chemicals there are large uncertainties in determining how the variations in observed bioaccumulation and bioavailability 

come about (in both aquatic and terrestrial food webs). There have not been sufficient experiments to provide the data needed to

address the nature and mechanism of the variations of these processes for inorganic species.
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In USEtox v2.0 documentation

3.3.2 Interpretation and use of USEtox characterization factors 

The following recommendations have been published (Rosenbaum et al. 2008) and are reiterated here with some minor updates 

and modifications. The toxicity potentials, i.e. characterization factors, must be used in a way that reflects the large variation of 

more than 15 orders of magnitude (i.e. a factor of 1015 between the lowest – least toxic – and the highest – most toxic –

characterization factor) between chemical characterization factors of all substances currently covered in USEtox as well as the 3 

orders of magnitude uncertainty (see Rosenbaum et al. 2008) on the individual factors. This means that contributions of 1%, 5% 

or 90% to the total toxicity score can be interpreted as essentially equal, but significantly larger than those of a chemical

contributing to less than 1 per thousand or less than 1 per million of the total score. Disregarding the fact that the orders of

magnitude of predicted impacts far outranges the orders of magnitude of the uncertainty analysis has been a major cause of 

complaints about the variability of these factors across impact assessment methods, whereas the most important chemicals were

often the same within a factor 1000 across those methods. In practice, this means that for LCA practitioners these toxicity 

potentials are very useful to identify the 10 or 20 most important chemicals pertinent for their comparative applications, while

implying a motive to disregard hundreds of other substance emissions whose impacts are by far less significant (and likely of

negligible importance for comparative decisionmaking) for the considered products. Toxicity impact scores thus enable the 

identification of all chemicals contributing more than e.g. 1/1000th to the total score. In this context it is usually more meaningful 

and thus recommended to plot and compare toxicity impact scores on logarithmic scales, avoiding the over-interpretation of 

small differences of a factor.
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