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Abstract 

This study presents a detailed Life Cycle Assessment (LCA) of nano Zinc Oxide (ZnO) used in solar 

energy systems, focusing on its environmental impacts throughout its life cycle, from production to 

disposal. Nano ZnO is increasingly integrated into photovoltaic systems to improve efficiency and 

performance. However, its introduction raises specific environmental challenges. The analysis 

encompasses the various stages of nano ZnO’s life cycle, including raw material extraction, 

manufacturing, application in solar panels, and end-of-life management, employing Life Cycle 

Assessment (LCA) methodologies to quantify energy consumption, resource depletion, and emissions.  

The results from the literature review showed that while nano ZnO is the active material in various 

innovative solar cell technologies, including Quantum-Dot Sensitized Solar Cells, Dye-Sensitized Solar 

Cells, Perovskite-Sensitized Solar Cells, Organic Solar Cells, Inorganic Solar Cells, and Hybrid Solar 

Cells, its production does bring about certain environmental issues, including increased energy 

consumption. It can be said that the synthesis of nano ZnO is the key step that affects its LCA results. 

Among various synthesis approaches, such as sol-gel, hydrothermal, solvothermal, controlled 

precipitation, aerosol pyrolysis, and mechanochemical methods, the LCA results indicate significant 

variations in their environmental impacts. Certain techniques, such as mechanochemical milling, 

solvothermal synthesis, and aerosol pyrolysis, tend to have higher environmental burdens due to their 

reliance on toxic solvents, extreme energy demands (e.g., high-temperature calcination and ball milling), 

and the production of hazardous by-products. Conversely, other approaches, including hydrothermal 

synthesis, controlled precipitation, and aqueous-based sol-gel processes, demonstrate lower 

environmental footprints, benefiting from water-based solvents, reduced processing temperatures, 

biodegradable stabilizing agents, and minimal waste generation.  

In particular, the integration of more sustainable synthesis methods may help mitigate some of the 

adverse environmental impacts associated with nano ZnO production, ensuring that its role in the 

development of solar energy technologies remains environmentally viable. These results highlight the 

critical need to optimize synthetic routes to comply with green chemistry principles, thereby enhancing 

the sustainability of nano-enabled solar technologies. 
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Introduction 

Zinc oxide (ZnO) is a promising inorganic material due to its unique optical, electrochemical, and 

semiconducting properties. It is widely used in various fields, including photocatalysis, biomedicine, 

sensor technology, and especially in renewable energy systems. Due to the wide band gap (~3.3 eV), 

high carrier mobility, and resistance to photocorrosion, nano ZnO is widely used in photovoltaic devices, 

such as organic and perovskite solar cells, where it acts as electron transport layers or transparent 

conducting oxides. Its high specific surface area and morphological adaptability enable fine-tuning of 

properties for targeted energy applications (Han et al., 2023). Nano ZnO has garnered considerable 

attention due to its versatile functionalities and adaptability across multiple renewable energy 

technologies. Among these, their role in photovoltaic devices is particularly prominent. ZnO's wide band 

gap facilitates high transparency in the visible spectrum, making it an ideal candidate for electron 

transport layers in perovskite and dye-sensitized solar cells. Moreover, ZnO nanostructures contribute 

to enhanced charge separation and reduced recombination losses, thereby improving overall device 

efficiency (Le et al., 2022). Nano ZnO shows promising potential in the photocatalytic generation of 
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hydrogen, a sustainable energy source. Their photocatalytic activity under the influence of ultraviolet 

light facilitates the water-splitting reactions required for hydrogen production. The efficiency of these 

processes depends largely on factors such as particle size, morphology, and surface defects, which can 

be tuned using controlled synthesis methods (Bakranova & Nagel, 2023). 

Despite the technological advantages of ZnO-based nanomaterials, concerns about their 

environmental and health impacts have become increasingly pressing, especially in terms of resource 

use and emission profiles (Kumah et al., 2023). Therefore, a comprehensive environmental assessment 

is essential, and the life cycle assessment (LCA) method provides a reliable framework to quantify the 

environmental impact from cradle (raw material) to gate (final product) (Oniha & Oyejide, 2024). 

The LCA approach offers a cradle-to-gate or cradle-to-grave view, covering all stages from raw 

material extraction and production to use and disposal. This holistic approach enables stakeholders to 

identify hotspots of environmental burdens and opportunities for improvement. Several studies have 

applied LCA to nanomaterials, highlighting the importance of synthesis route selection, energy sources, 

and waste management strategies in minimizing overall impacts (Kumah et al., 2023; Oniha & Oyejide, 

2024). 

Furthermore, the integration of nano ZnO into renewable energy devices must consider the trade-

offs between performance and sustainability. Optimizing nanoparticle properties for enhanced energy 

conversion efficiency while minimizing environmental costs presents a critical challenge for future 

research. This investigation lays the groundwork for such optimization by providing essential data and 

analysis on the life cycle impacts of nano ZnO production. 

This study presents a “cradle-to-gate” life cycle analysis of 1 kg of nano ZnO performed using 

SimaPro software (PRé Sustainability, 2021). The assessment relies on the CML-IA baseline, ReCiPe, 

and Ecological Scarcity 2021 methodological approaches. The analysis includes a comparison of two 

different nanoparticle synthesis methods, including mechanochemical and controlled precipitation, to 

identify the least resource-intensive and most environmentally friendly approach. The results obtained 

can contribute to the optimization of nano ZnO synthesis technologies and the introduction of more 

sustainable solutions in the renewable energy sector. 
 

Materials and Methods 

The life cycle inventory (LCI) data required for the synthesis of 1 kg of nano ZnO were collected, 

including raw materials, energy consumption, water usage, emissions, and waste. The analysis was 

performed using SimaPro 10.1 software, applying the CML-IA baseline V3.08, ReCiPe 2016 Endpoint 

(H), and Ecological Scarcity 2021 V1.00 methodologies with data sourced from the Ecoinvent 3 

database. The modeling was based on experimental data from Ao et al. (2006) and Lanje et al. (2013) 

(Ao et al., 2006; Lanje et al., 2013). The system boundaries were defined as “cradle-to-gate,” covering 

all processes from raw material acquisition to nanoparticle synthesis. 

The choice of two synthesis methods, mechanochemical and controlled precipitation, was 

determined by their relevance and potential for the production of nano ZnO intended for use in 

renewable energy sources, as well as their various environmental and technological characteristics. 

Mechanochemical synthesis is recognized for its minimal or solvent-free process, reducing hazardous 

waste generation and energy consumption compared to conventional wet chemical methods (Reynes et 

al., 2024). This method involves high-energy ball milling, where mechanical forces induce chemical 

reactions, offering a scalable and environmentally friendlier alternative. 

In contrast, controlled precipitation relies on solution-based chemical reactions under regulated 

temperature and pH conditions to produce nano ZnO with controlled size and morphology. However, it 

generally requires significant solvent use and subsequent purification steps, which contribute to water 

consumption and chemical waste generation (Mohan Kumar et al., 2013). 

For the life cycle inventory (LCI), detailed data on raw material inputs – including zinc salts, 

solvents, and catalysts – were collected alongside energy consumption for operating synthesis 

equipment such as milling machines for mechanochemical synthesis and reactors for precipitation. 

Water use associated with solvent preparation, washing, and purification was neglected due to negligible 

mass or assumed complete recovery. Emissions data encompassed gaseous releases, wastewater 

effluents, and solid waste generation. Data sources combined primary experimental results from Ao et 

al. (2006) (Ao et al., 2006) and Lanje et al. (2013) (Lanje et al., 2013) with secondary data from the 

Ecoinvent database to ensure robustness and reliability. 

System boundaries were defined as cradle-to-gate, encompassing all stages from raw material 

extraction, transportation, and synthesis to the production of 1 kg of nano ZnO ready for application in 
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renewable energy devices. End-of-life scenarios and use-phase impacts were excluded to focus the 

assessment strictly on manufacturing sustainability. 

This methodological framework not only quantifies environmental impacts but also supports 

decision-making toward optimizing nanoparticle synthesis routes. By comparing the two methods under 

the same functional unit and system boundaries, the study identifies key processes and materials 

contributing to environmental burdens, guiding improvements toward more sustainable production of 

nano ZnO. 

Each CML-IA baseline, ReCiPe, and Ecological Scarcity 2021 method has its characteristics and 

scope of application, which allows for obtaining comprehensive results of environmental impacts. 

The CML-IA method (developed by the Centre for Environmental Research at Leiden University, 

the Netherlands) is used for intermediate impact assessment. It classifies and characterizes emissions 

and resources into individual 11 impact categories. This method allows for a quantitative assessment of 

the contribution of individual processes to specific categories of environmental impact (PRé 

Sustainability, 2021; Rybaczewska-Błażejowska & Jezierski, 2024). 

The results of the comparison of 1 kg of nano ZnO synthesized by the mechanochemical method 

and controlled precipitation method based on the CML-IA baseline are presented in Figures 1-3. 

According to the obtained results, there are significant environmental differences between the two 

methods of nano ZnO synthesis, controlled precipitation and mechanochemical methods. The 

environmental impact depends on the type of raw materials used, energy consumption during the 

production stages, and the nature of emissions accompanying the synthesis process. 

As can be seen from Figure 1 (controlled precipitation) and 2 (mechanochemical synthesis), in the 

controlled precipitation, the main source of negative impact is zinc nitrate Zn(NO3)2·6H2O, whereas in 

the mechanochemical synthesis method, the greatest environmental impact is associated with the use of 

ZnCl2. 

The mechanochemical method (Figure 3) shows a higher impact in the categories of “Abiotic 

Depletion (Resources)”, “Abiotic Depletion (Fossil Fuels)”, “Global Warming Potential (GWP100a)”, 

“Human toxicity”, “Ecotoxicity”, “Photochemical Oxidation”, and “Acidification”. This is due to the 

use of reagents with a high ecological footprint and high energy consumption, especially at the 

calcination and ball milling stages (Ao et al., 2006). At the same time, the controlled precipitation 

method (Figure 3) causes a higher impact in the categories of “Ozone Layer Depletion (ODP)” and 

“Eutrophication”, which is due to the use of certain chemicals and the formation of nitrogen-containing 

by-products (Lanje et al., 2013). 

 

 
Figure 1. Analysis results of 1 kg nano ZnO (Controlled precipitation); Method: CML-IA baseline 

V3.08 / AB-25 / characterization  
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Figure 2. Analysis results of 1 kg nano ZnO (Mechanochemical synthesis); Method: CML-IA baseline 

V3.08 / AB-25 / characterization  
 

 

Table 1 presents a comparative assessment of the environmental impact of synthesizing 1 kg of nano 

ZnO using the CML-IA baseline methodology. According to the data, the mechanochemical method 

demonstrates significantly higher impact values for most categories. In particular, the global warming 

value (GWP100a) is 22.8 kg CO2 eq compared to 6.97 kg CO2 eq for controlled precipitation. Similarly, 

the depletion of fossil resources reaches 261 MJ versus 80.8 MJ. Significant differences are also 

observed in the toxicity and acidity categories: human toxicity - 7.3 versus 1.5 kg 1,4-DB eq., acidity - 

0.108 versus 0.0257 kg SO₂ eq. The exception is the category “eutrophication”, where controlled 

precipitation has a higher impact (0.211 kg PO4--- eq.) compared to the mechanochemical method 

(0.0151 kg PO4--- eq), as well as ozone depletion (9.43E-07 versus 6.94E-07 kg CFC-11 eq.). 

 

 
Figure 3. Comparative CML-IA assessment of 1 kg nano ZnO via mechanochemical and controlled 

precipitation synthesis; Method: CML-IA baseline V3.08 / EU-25 / characterization  
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Table 1. Comparative assessment of the environmental impact of the synthesis of 1 kg of nano ZnO: 

controlled precipitation and mechanochemical methods (CML-IA baseline method) 

Impact category Unit 
Nano ZnO (Controlled 

precipitation) 

Nano ZnO 

(Mechanochemical) 

Abiotic depletion kg Sb eq 4.17E-05 0.00191 

Abiotic depletion (fossil fuels) MJ 80.8 261 

Global warming (GWP100a) kg CO2 eq 6.97 22.8 

Ozone layer depletion (ODP) kg CFC-11 eq 9.43E-07 6.94E-07 

Human toxicity kg 1,4-DB eq 1.5 7.3 

Fresh water aquatic ecotoxicity kg 1,4-DB eq 0.0478 0.281 

Marine aquatic ecotoxicity kg 1,4-DB eq 5300 2024 

Terrestrial ecotoxicity kg 1,4-DB eq 0.02 0.0627 

Photochemical oxidation kg C2H4 eq 0.00104 0.00464 

Acidification kg SO2 eq 0.0257 0.108 

Eutrophication kg PO4--- eq 0.211 0.0151 

 

 

The ReCiPe method combines impact assessment approaches at the intermediate and final category 

levels (Rybaczewska-Błażejowska & Jezierski, 2024). The ReCiPe 2016 (Endpoint) method is a modern 

tool for assessing environmental impacts using the LCA methodology. It converts detailed life cycle 

inventory data (lists of all emissions and resource consumption for a process or product) into a limited 

set of integrated indicators of environmental damage (Ntouros et al., 2021). In this way, heterogeneous 

environmental loads (pollutant emissions, energy and raw material consumption, etc.) are combined into 

a single assessment system. The use of the standardized ReCiPe method ensures comparability of 

assessments for different technologies and reproducibility of results during repeated analysis based on 

the same initial data.  

An important advantage of ReCiPe 2016 is its coverage of a wide range of potential environmental 

impacts. The methodology includes 18 intermediate categories (midpoint) and reduces them to three 

integral categories of final damage (endpoint) (Ntouros et al., 2021). In particular, the following key 

areas of damage are taken into account within the framework of the Endpoint assessment: Human health 

impact-the total damage to the health of the population (e.g. in terms of lost disability-adjusted life years, 

DALY); Ecosystem impact-loss of biodiversity and ecosystem functions (measured, for example, in lost 

species-habitats, species-year); Resource depletion-reduction in the availability of natural resources 

(reflected through the deficit of fossil fuels, mineral raw materials, etc.) (ReCiPe 2016 Impact 

Categories | Earthster Knowledge Base, n.d.). 

Thanks to this multidimensional coverage, the ReCiPe method allows us to reflect the impact of a 

technological process on human health, the state of ecosystems, and the resources consumed 

simultaneously (Hennequin et al., 2024). This is especially important when comparing alternative 

technologies, since different methods may have different impacts on certain aspects of the environment 

(for example, some have a greater impact on climate change, while others have a greater impact on biota 

toxicity or water consumption). 



Azizkhanli & Aykac                                                                         9th International Students Science Congress 

437 

 
Figure 4. Comparing 1 kg nano ZnO (Controlled precipitation) with 1 kg nano ZnO 

(Mechanochemical); Method: ReCiPe 2016 Endpoint (E) V1.07 / World (2010) E/A / characterization 

/ Excluding infrastructure processes / Excluding long-term emissions 
 

 

The comparative analysis of different nano ZnO synthesis routes using the ReCiPe 2016 (Endpoint) 

method is shown in Figure 4 and Table 2. The mechanochemical synthesis route, being solvent-free, 

may consume more electricity but avoids liquid waste; precipitation, on the other hand, uses salt 

solutions and precipitants, resulting in wastewater containing by-products. The ReCiPe method will 

reflect these differences: increased energy consumption will be reflected in climate change and fossil 

fuel exhaustion indicators, while emissions and waste of chemical reagents will be reflected in toxicity 

and ecosystem damage indicators. Thus, based on a unified system of Endpoint indicators, the total 

environmental damage of each synthesis method can be directly compared (ReCiPe 2016 Impact 

Categories | Earthster Knowledge Base, n.d.). As shown in Figure 4 and Table 2, the synthesis methods 

of nano ZnO have a significant impact on their environmental profile. According to the results of the 

impact assessment conducted using the ReCiPe 2016 methodology (Endpoint, V1.07 / World 2010 E/A), 

the mechanochemical method is characterized by significantly higher impacts in most categories, 

including global warming, particulate matter formation, toxicity to humans and ecosystems, and 

depletion of mineral and fossil resources. For example, the contribution to global warming in the 

category of “human health” was 2.76×10-4 DALYs for mechanochemical synthesis, which is 3.4 times 

higher compared to controlled precipitation (8.08×10-5 DALYs). Similarly, human toxicity 

(carcinogenic) was 2.81×10-4 DALY versus 1.31×10-5 DALY, and mineral resource scarcity was USD 

0.076 versus USD 0.00227, respectively. The only exceptions are certain categories, such as 

“stratospheric ozone depletion”, where the controlled precipitation method showed higher values 

(3.2×10-8 DALY versus 1.41×10-8 DALY), and “seawater eutrophication” (2.37×10-10 versus 2.27×10-

12 species yr). Thus, the controlled precipitation method demonstrates more favorable environmental 

characteristics and can be considered preferable in terms of the sustainable production of nanomaterials. 
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Table 2. Results of impact assessment by the ReCiPe 2016 method (Endpoint) for 1 kg of nano ZnO 

(controlled precipitation and mechanochemical synthesis) 

Impact category Unit 
Nano ZnO (Controlled 

precipitation) 

Nano ZnO 

(Mechanochemical) 

Global warming, Human health DALY 8.08E-5 0.000276 

Global warming, Terrestrial 

ecosystems 
species·yr 1.62E-7 5.51E-7 

Global warming, Freshwater 

ecosystems 
species·yr 4.41E-12 1.50E-11 

Stratospheric ozone depletion DALY 3.2E-8 1.41E-8 

Ionizing radiation DALY 2.31E-9 1.30E-8 

Ozone formation, Human health DALY 1.35E-8 5.61E-8 

Fine particulate matter formation DALY 8.79E-6 3.43E-5 

Ozone formation, Terrestrial 

ecosystems 
species·yr 1.94E-9 8.02E-9 

Terrestrial acidification species·yr 4.4E-9 1.85E-8 

Freshwater eutrophication species·yr 2.51E-10 1.09E-9 

Marine eutrophication species·yr 2.37E-10 2.27E-12 

Terrestrial ecotoxicity species·yr 8.82E-10 2.13E-9 

Freshwater ecotoxicity species·yr 2.40E-11 1.09E-10 

Marine ecotoxicity species·yr 1.07E-7 2.24E-7 

Human carcinogenic toxicity DALY 1.31E-5 0.000281 

Human non-carcinogenic toxicity DALY 0.000219 0.000566 

Land use species·yr 8.94E-10 4.05E-9 

Mineral resource scarcity USD2013 0.00227 0.076 

Fossil resource scarcity USD2013 0.354 0.884 

Water consumption, Human health DALY 7.51E-8 3.12E-7 

Water consumption, Terrestrial 

ecosystem 
species·yr 5.10E-10 2.05E-9 

Water consumption, Aquatic 

ecosystems 
species·yr 4.79E-14 1.78E-13 

 

 

The Ecological Scarcity method (Swiss method, latest version 2021) is based on the principle of 

ecological scarcity. It assesses impacts based on how much emissions or resource use exceed acceptable 

levels for sustainable development. The results are expressed in UBP impact points, which allow 

different types of impacts to be aggregated into a single scale (Heijungs, 2023). 

A comparative assessment of the environmental impacts of the synthesis of 1 kg of nano ZnO by 

mechanochemical synthesis and controlled precipitation methods, carried out using the Ecological 

Scarcity 2021 method, showed significant differences in the level of impact. For most categories, the 

mechanochemical synthesis method has a higher integrated damage indicator (Figure 5).  
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Figure 5. Comparing 1 kg nano ZnO (Controlled precipitation) with 1 kg nano ZnO 

(Mechanochemical); Method: Ecological Scarcity 2021 V1.00 / Ecological scarcity 2021, eiv3 / 

characterization / Excluding infrastructure processes / Excluding long-term emissions 
 

 

Table 3 shows the results of the environmental assessment of the production of 1 kg of nano ZnO 

performed according to the Ecological Scarcity 2021 methodology. Impact values are given in 

environmental damage points (UBP). The analysis shows that mechanochemical synthesis is 

characterized by a significantly higher environmental impact in most categories. In particular, the 

mechanochemical synthesis method, as assessed by the Ecological Scarcity 2021 method, exhibits 

significantly higher energy consumption (2540 UBP compared to 769 UBP for controlled precipitation), 

substantially greater use of mineral resources (1,690 UBP compared to 64.2 UBP), and a stronger impact 

on global warming (22900 UBP compared to 7000 UBP). It also results in considerably higher emissions 

of major air pollutants and particulate matter (8,540 UBP compared to 2210 UBP), along with elevated 

emissions of heavy metals into the air (3120 UBP compared to 226 UBP) and water (2150 UBP 

compared to 111 UBP). At the same time, the controlled precipitation method demonstrates a smaller 

ecological footprint in almost all categories, except Ozone depletion, where its contribution is higher 

(31.8 UBP versus 18.4 UBP for the mechanochemical method); Water pollution (1,690 UBP versus 290 

UBP, respectively). For other categories, including the formation of radioactive and non-radioactive 

waste, the mechanochemical method also has significantly higher values: for example, the formation of 

non-radioactive waste is 1490 UBP versus 9.01 UBP for controlled precipitation. Thus, the obtained 

results confirm that controlled precipitation is a more environmentally friendly method for obtaining 

nano ZnO, especially in terms of resource consumption and greenhouse gas emissions. 

Mechanochemical synthesis is accompanied by higher energy, as well as a higher level of environmental 

pollution. 
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Table 3. Results of impact assessment by Ecological Scarcity 2021 for 1 kg of nano ZnO (controlled 

precipitation and mechanochemical synthesis) 

Impact category Unit 
ZnO NPs (Controlled 

precipitation) 

ZnO NPs 

(Mechanochemical) 

Water resources, net balance UBP 119 338 

Energy resources UBP 769 2540 

Mineral resources UBP 64.2 1690 

Land use UBP 41 224 

Global warming UBP 7000 22900 

Ozone layer depletion UBP 31.8 18.4 

Main air pollutants and particulates UBP 2210 8540 

Carcinogenic substances into air UBP 99.7 496 

Heavy metals into air UBP 226 3120 

Water pollutants UBP 1690 290 

Persistent organic pollutants into water UBP 22.2 67 

Heavy metals into water UBP 111 2150 

Pesticides into soil UBP 4.72 12.2 

Heavy metals into soil UBP 438 1710 

Radioactive substances into air UBP 0.00136 0.00768 

Radioactive substances into water UBP 2.99 18.6 

Noise UBP - - 

Waste, non radioactive UBP 9.01 1490 

Radioactive waste to deposit UBP 146 908 

Biotic resources UBP 1.36E-14 4.67E-14 

 

Conclusions 

A comparative analysis of the nano ZnO synthesis methods, i.e., mechanochemical and controlled 

precipitation, using the CML-IA baseline, ReCiPe 2016 (Endpoint), and Ecological Scarcity 2021 

methods demonstrated significant differences in environmental impact. Despite the technological 

advantages and the absence of solvents in the mechanochemical method, this method is characterized 

by a higher impact in most categories, including global warming, toxicity, mineral depletion, and 

particulate matter formation. This is due to high energy consumption and the use of chemicals with a 

large environmental footprint, especially at the calcination and mechanical processing stages. 

The controlled precipitation method, on the contrary, showed lower values for most indicators, 

except certain categories, such as ozone depletion and eutrophication, where increased values are 

observed for example, ozone depletion and eutrophication, the increase in which is associated with the 

use of nitrate compounds and the formation of by-products of reactions. as a result of the use of nitrate 

compounds and the formation of reaction by-products. Thus, from the perspective of sustainable 

development and minimizing environmental damage, the controlled precipitation method is more 

preferable for obtaining nano ZnO. The obtained results can be useful for optimizing production 

technologies and implementing more environmentally friendly solutions in the field of renewable energy 

and nanotechnology. 
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