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Cities are key players in the current energy and climate crisis. Not only do they account for two-thirds of global final energy consumption and produce 75% of total greenhouse gas emissions, but they also offer opportunities to respond to these challenges through local actions, such as the installation of rooftop photovoltaic (RPV) systems. However, caution is needed to minimize the socio-environmental impacts that renewable deployment causes as well. This study analyses the implications of RPV in terms of primary extraction material requirements and environmental and social impacts using the city of Vitoria-Gasteiz (Spain) as a case study. Both environmental and social life cycle assessments (LCA) were performed by modeling the potential annual photovoltaic electricity production of 473 GWh found for Vitoria-Gasteiz, and comparing it to the same amount of electricity produced by the conventional Spanish electricity mix. We employed the openLCA software, with the ecoinvent 3.10 database and the soca v3 add-on module. The inventory of ecoinvent for RPV electricity production was updated in order to reflect the per capita primary extraction material requirements and compare them to population weighted global material reserves, resources and in-use stocks. A literature review is included to illustrate the socio-environmental impacts of mining. Results show a very high ratio of primary extraction requirements to reserves for gold (28.5%), silver (29.4%), and tin (56.2%). In addition, the deployment of RPV would increase the in-use stocks of silver by 12%, and the aluminum and tin stocks by 9%. Regarding silicon, despite its reserves being abundant, global polysilicon production capacity should be at least tripled in a 25-year scenario. Hence, recycling activities should be more than doubled to avoid an increase in mining. Environmental-LCA shows a significant reduction for all analyzed impact categories, especially climate change (79%), acidification (71%), and land (70%), and water use (63%). In contrast, social-LCA shows no substantial changes in risk levels, as the economic activity in photovoltaic supply chains remains largely concentrated in developing countries, generating similar social impacts. By acknowledging the socio-environmental trade-offs of renewable energies, cities can foster a fair energy transition that is both materially grounded and ecologically aware.
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1 Introduction

In 2021, more than 85% of the global primary energy supply came from fossil fuels (IEA, 2023). One of the main problems of the current energy system is that it is strongly based on inequality, on top of the energy crisis caused by the depletion of fossil fuels (Wachtmeister et al., 2018) and the unprecedented climate crisis we are facing due to the CO2 emissions associated with the burning of such fossil fuels (IPCC, 2021). Therefore, the need for fossil fuels and raw materials of Northern economies is often met by extractive projects located in Southern countries, which generate global environmental damage, as well as an ecological debt in such countries (Garmendia et al., 2016). In addition, outsourcing of industry results in the hidden energy flows of developed countries representing a large proportion of their energy footprint (Akizu-Gardoki et al., 2021). Therefore, there is a pressing need for an energy transition toward a fair and renewable system. In 2019, cities consumed two-thirds of the world’s final energy and produced 75% of the planet’s CO2 emissions. Hence, they can play a key role in decarbonizing energy systems (REN21, 2021). In the context of a city, many initiatives can be taken, such as the installation of modular renewable systems close to the point of consumption, which favor self-consumption and reduce energy transport losses.

The European Union, in its long-term strategies for decarbonization (European Commission, 2018), considers photovoltaics to be a key carbon-free energy source. Renewables represent more than half the energy consumption in all decarbonization scenarios in 2050 to limit global warming to 1.5°C. Increased electrification takes place in most sectors, and thus, the transport sector is expected to multiply its electricity consumption several times and the residential and industrial sectors are expected to increase it by up to 60% in 2050 compared to 2015, despite the proposal to reduce primary energy consumption between 35 and 50% in 2050 compared to 2005. Therefore, electricity generation renewable sources such as photovoltaics play a key role in any of the decarbonization scenarios. Nevertheless, there are several questions about renewables—and photovoltaics in particular—to be discussed in the literature: land and material requirements, and how much “net” energy can be delivered to society in the form of a given energy carrier (e.g., electricity), after subtracting the energy inputs required to support the supply chain of that same energy carrier. Let us check that.

As regards land requirements, some studies report that a 100% solar mix electricity scenario for most high income economies would require extra area dedicated to infrastructure and settlement of the same or a higher order of magnitude than the current built-up area, in order to meet current electricity consumption (Capellán-Pérez et al., 2017). Accordingly, rooftop photovoltaics offers a clear advantage. However, there is a controversial and wide range of values in the literature regarding its potential contribution to electricity consumption. Highest potentials estimate 27% of global electricity consumption in 2050 (Jacobson et al., 2017), along with the lowest estimate in the case of Spain, for example, of between 2.4 and 8.1% of electricity consumption (Capellán-Pérez et al., 2017). Studies focused on RPV using GIS-based methodologies to assess it in detail—as explained below for the case study of this article—estimate high contributions to electricity consumption (Romero Rodríguez et al., 2017; Tro-Cabrera et al., 2025).

Another topic of debate in the literature concerns the amount of net energy that renewable energies, and photovoltaics in particular, are capable of supplying to society in order for basic human needs to be met and even current levels of social complexity to be sustained, after subtracting the energy inputs needed to sustain the energy system supply chain (Moriarty and Honnery, 2016; Raugei, 2019). The energy return on energy investment (EROI or EroEI) is becoming a key indicator for assessing the quality of energy sources. The EROI is the amount of energy generated per unit of energy invested in a process over its lifetime. As the EROI decreases, more resources and energy must be diverted to the energy sector, rather than to other sectors of the economy. Therefore, there is a minimum average EROI level across energy generation infrastructure that is needed in order to maintain contemporary industrial societies (Hall et al., 2009; Lambert et al., 2014). While there is no consensus as to this minimum value, different authors agree that an EROI below 5 may lead to a cascading decline (Brandt, 2017; King and van den Bergh, 2018; Murphy, 2014). There is a risk of rapid collapse in net energy production below this threshold. Murphy (2014) refers to this threshold as an “energy cliff.” According to the EROI, the capability of renewables and photovoltaics in particular, to surpass the energy cliff and sustain modern complex societies, is a matter of debate in the literature (de Castro and Capellán-Pérez, 2020; Raugei et al., 2017). Renewable potential assessments start to include the net energy efficiency as a constraint (Dupont et al., 2020).

Renewables’ material requirements is also a hot topic. The way in which minerals may limit economic growth and eventually lead the economy to collapse has been studied since the Meadows Report in 1972, and is still in the spotlight (Michaux, 2021). The European Union traces the materials with a high supply risk and of great importance to the economy, known as “critical raw materials,” and has identified that they may threaten the deployment of renewables (Arellano-Yanguas, 2023). According to the scenarios of the EU “Clean Planet for all” report (European Commission, 2018), the additional material consumption for photovoltaics alone in 2030/2050 could be several times higher for several elements compared to EU consumption of the material in all applications; those elements include tellurium, germanium and indium, specifically used in thin-film and multi-junction technologies. Photovoltaics based on the most widely used crystalline silicon (c-Si) solar cells would also involve a 60% higher consumption of silicon than at present (Arellano-Yanguas, 2023); despite it being the second most abundant element in the Earth’s crust in the form of silicon dioxide the real limiting factor is the global industrial capacity to purify it.

Even though the EU did not consider silver as a critical raw material in 2023, this element has long been identified as a limiting factor of c-Si solar cells in the PV field, and the only significant one for some authors (Delucchi and Jacobson, 2011; Feltrin and Freundlich, 2008). From a glass-half-empty point of view, García-Olivares et al. (2012) qualified PV as a “no-go alternative” precisely because of the scarcity of silver and other elements. Although the photovoltaic industry has shown a silver learning rate above 20% over the past 10 years, depending on the specific c-Si technology driven, under a broad electrification scenario PV’s silver consumption could have a high impact on global silver reserves (Hallam et al., 2023). Urbina (2023) checked the material needs for the NET Zero Emissions by 2050: A Roadmap for the Global Energy Sector, of the International Energy Agency (edited in 2021), and found that the materials demand for PV would surpass world production in the case of several elements, such as silver and tin, as early as 2030.

In light of these circumstances, a city must aspire to respond to the global challenges of climate change and energy crisis through local actions such as the promotion of renewable sources, and specifically, the installation of rooftop photovoltaic systems. At the same time, local actions must be limited according to the restrictions imposed by the socio-environmental impacts that renewable sources also cause, for example, impacts related to the extraction of critical materials. In this context, the main goal of this paper is to study the implications of RPV in terms of primary extraction material requirements, environmental impacts and social impacts. Using the city of Vitoria-Gasteiz as a case study, we will analyze the extent to which the primary extraction material requirements become a constraint to RPV deployment. In addition, its contribution to the IPCC 1.5°C target by reducing the greenhouse gas emissions will be analyzed, as well as the reduction (or increase) with respect to the current electricity mix in various other environmental and social indicators.



2 Materials and methods

The life cycle assessment of a case study from previous research by the authors (Tro-Cabrera et al., 2025) was performed in this work. The aforementioned paper calculated the RPV production of the city of Vitoria-Gasteiz (capital of the Basque Country, northern Spain), based on a comprehensive methodology for RPV calculation using GIS tools and the EROI>5 constraint. c-Si solar panels with PERC technology were considered because it is the most widely used technology, it offers a higher EROI (Dupont et al., 2020), and it depends on fewer critical raw materials—with the exception of silver and silicon—than thin film and multijunction technologies do. Taking a conservative approach, disruptive technologies which might help overcoming the material shortages were not considered, as mentioned. According to the study, a total PV power of 460 MW can be installed in the rooftops of the city of Vitoria-Gasteiz. This RPV deployment would annually produce 473 GWh (38% of the yearly average electricity consumption considering years 2018 to 2022), which corresponds to an annual RPV production of 1.92 MWh per inhabitant.

Based on the earlier research, both an environmental (E-LCA) and social (S-LCA) life cycle assessment were carried out in order to establish the consequences of the RPV deployment of Vitoria-Gasteiz in terms of not only environmental impacts, but also of social implications. To the best of our knowledge, S-LCAs of PV electricity production are missing in scientific literature.

The assessments were performed with the software openLCA (Ciroth, 2007). The ecoinvent 3.10 database (Wernet et al., 2016), with the cut-off system model approach, was used for the E-LCA and the soca v3 add-on module (Eisfeldt, 2017) was used for the S-LCA. This module combines social information into the ecoinvent database (from now on called soca-ecoinvent 3.10), allowing both E-LCA and S-LCA to be performed. The soca v3 add-on is based on the PSILCA 3.1 database (Eisfeldt and Ciroth, 2016), which in turn uses the Global Multi-Regional Input–Output database EORA (Lenzen et al., 2012) in order to cover a total of 83 social indicators for almost 15,000 industrial sectors and goods in 189 countries.

E-LCA is governed by the ISO 14040 and the ISO 14044 (ISO, 2006a, 2006b) and S-LCA by the recently released ISO 14075 (ISO, 2024). The methodology followed in order to perform both assessments is detailed bellow.

A literature review of the environmental and social impacts of mining the materials found to be more critical in this study was carried out in order to complement the LCA.


2.1 Goals and scope of the environmental and social life cycle assessment

The main goal of the E-LCA of the RPV deployment in Vitoria-Gasteiz is to assess the primary extraction material requirements, in kg per new MW installed and inhabitant, so as to conduct a comparison with the known global reserves, resources, and estimated in-use material stocks. Furthermore, the goal of both E-LCA and S-LCA is to identify the environmental and social impacts of the annual electricity production that the RPV deployment of Vitoria-Gasteiz would generate (473 GWh), contrasted with the same amount of energy generated by the current Spanish electricity mix (data from the year 2020, reported in the ecoinvent 3.10 database; Wernet et al., 2016). Hence, the scope of this study is the RPV production of the urban areas of Vitoria-Gasteiz, which include adjoining industrial estates, but exclude rural areas outside the city’s Green Belt, as was the case in our previous work (Tro-Cabrera et al., 2025).

A process-based LCA was therefore performed with the following considerations:


	- 3 kWp installations were modeled, as this is the reference installation reported in the ecoinvent database. Inverters, mounting systems, electric installations, and even the energy consumed in the own installation process were taken into account in addition to the fabrication of the solar panels.

	- 3 kWp installations were modeled for both flat and slanted roofs. For accuracy purposes, we have applied the ratio of each type of installation according to the results of the above mentioned previously published paper (Tro-Cabrera et al., 2025).

	- A from-cradle-to-grave approach was applied, i.e., raw material extraction, manufacturing, transportation, replacements, and end-of-life dismantling phases were included in all sub-processes.

	- The functional unit of our analysis was 1 kWh of electricity generated. Therefore, we calculated how much electricity one installation generates over its entire productive life-time of 30 years (including cell-degradation effects), based on our previous results (Tro-Cabrera et al., 2025), so as to determine the proportion of the 3 kWp reference installation that corresponds to the generation of that 1 kWh. Finally, the functional unit of 1 kWh was scaled to the total RPV potential of Vitoria-Gasteiz, 473 GWh.

	- The distribution and storage of the PV electricity generated on the roofs is beyond the scope of this paper.





2.2 Inventory: quantifying material requirements

As mentioned above, a process-based LCA was performed, with the soca-ecoinvent 3.10 database (Eisfeldt, 2017) as primary data source. However, the aforementioned database may be obsolete for some processes due to the fact that the photovoltaic industry has made strived to diminish the material requirements in the last decade. Hence, those processes were modified for this study using more recent publications (Gervais et al., 2021; IEA, 2022; Urbina, 2023). Specifically, we utilized the IEA inventory of PV systems (2022) for remodeling the PV cell and panel fabrication processes, and subsequently adjusted some specific critical raw materials as identified by the EU, as well as other potentially limiting materials highlighted by the photovoltaic sector, such as silver and tin, due to future projections (Urbina, 2023). We therefore used the inventory from the paper by Gervais et al. (2021), where the material requirements for producing mono-Si PV cells are listed, as shown in Table 1. Material losses resulting from the module production are included.


TABLE 1 Specific material requirements of current PERC technology (Gervais et al., 2021), used as inventory to update the starting database soca-ecoinvent 3.10 for LCA.


	Material
	kg/MWp

 

 	Aluminum 	184


 	Silver 	21


 	Copper 	946


 	Silicon 	3,430


 	Tin 	59


 	Aluminum (frame) 	8,768




 

This study is focused on the most widely extended commercial PV technology structure, the PERC (passivated emitter and rear cell), based on crystalline silicon. It is a mature and currently least critical module concept in terms of material requirements. In contrast, material supply risks have already been identified for other PV technologies, such as III-V tandem solar cell on silicon substrate and CIGS (Copper indium gallium diselenide) cells, even for conservative PV capacities (Gervais et al., 2021).

Finally, as regards the inverter, we detected that the average installation of the PV deployment in Vitoria-Gasteiz would be 20 kWp (Tro-Cabrera et al., 2025). Therefore, we modeled an inverter of that power and calculated the proportion that would correspond to the reference installation of 3 kWp.

Once the remodeling had been performed, the material requirements of the entire PV system were assessed using openLCA. This approach accounts not only for the production of PV, but also for the material needs of the inverter, mounting system, electrical connections, and system operation—including upstream stages of mining and metal processing. The ecoinvent processes we rely on for our LCA incorporate material recycling to varying degrees, but we focus on the demand for primary extraction material requirements, identified as “Elementary flows/resource-in-ground” within the LCA methodology. Silicon needs are assessed in a different way, as explained below. Due to the complexity of the multiple processes involved in the installation of a PV system, recycling rates of database soca-ecoinvent 3.10 are assumed in our LCA. However, results are analyzed in the light of more current values as published by the SCRREEN project (BRGM, 2023).

We adjust the quantified primary extraction material requirements for the population share living in Vitoria-Gasteiz. To enable a meaningful comparison between local material requirements and global availability, we adopt a population-weighted approach to estimate global per capita reserves, resources, and in-use stocks. This allows us to contextualize the material demands of the city-scale RPV deployment and to obtain an initial forecast of the increased mining of certain minerals required by PV systems (see Table 2).


TABLE 2 Primary extraction requirements of RPV deployment in Vitoria-Gasteiz compared to known global reserves, resources and in-use stocks (population-weighted), and end-of-life recycling input rates (EOL-RIR) in parenthesis.


	Material
	Primary extraction requirements of mono-Si RPV installations (kg/new MW)
	Primary extraction requirements of RPV deployment in Vitoria-Gasteiz (kg per capita)
	Global reserves
 (kg per capita)
	Global resources (kg per capita)
	Global in-use stocks (kg per capita)

 

 	Aluminum (21%) 	15,086 	28.14 	989.87 	1877.34 	318.00


 	Copper (30%) 	5,334 	9.95 	126.41 	270.87 	130.00


 	Gold (24%) 	1.26 	0.002 	0.01 	– 	0.06


 	Iron (31%) 	27,245 	50.82 	11,350.68 	29,666.55 	11,000.00


 	Manganese (9%) 	559 	1.04 	219.27 	– 	99.00


 	Nickel (16%) 	519 	0.97 	16.77 	45.14 	15.00


 	Silicon* (0%) 	3,430 	6.41 	– 	– 	–


 	Silver (19%) 	13 	0.024 	0.08 	0.11 	0.20


 	Tin (31%) 	163 	0.30 	0.54 	1.51 	3.20





*Polysilicon total requirements according to the inventory from Table 1.
 

Reserves refer to the known amount of materials in deposits that are currently both economically and technologically extractable, while resources are considered to be the known amount of materials in deposits that may be 1 day economically and technologically extractable—both taken from the United States Geological Survey (2025). In-use stocks refer to the quantity of materials present in society put into use, currently providing service, after extraction and processing, and before being discarded. In-use stocks are taken from Watari and Yokoi (2021) for aluminum, copper, iron, and nickel, and estimated from the United Nations Environment Programme & International Resource Panel (2010) for manganese, gold, and tin. Silver in-use stocks are estimated from Gsodam et al. (2014), considering international inequality as analyzed by Watari and Yokoi (2021). With respect to gold resources, country-by-country data use a different reporting code and cannot be aggregated to obtain the world value (BRGM, 2023).

Silicon in the form of silicates constitutes more than 25% of the Earth’s crust, and thus, world resources and reserves are abundant and not limitant. In-use stocks of semiconductor and solar-grade silicon are hard to quantify because they are not even included in USGS statistics, and published data refers to metallurgical-grade silicon mainly used for alloying with aluminum and for production of chemicals, and has therefore not been reported in this article. Limits for PV deployment are related to solar grade silicon (polysilicon) production capacity of manufacturer facilities (IEA, 2022). Therefore, silicon needs for rooftop photovoltaics have been assessed as the total requirements to manufacture polysilicon and obtain a c-Si wafer, while demand from other activities is excluded. Since the EOL-RIR (end-of-life recycling input rate) of silicon is estimated to be low (BRGM, 2023), primary extraction silicon requirements in Table 3 will be the same as reported in Table 1.


TABLE 3 Yearly primary extraction material requirements of RPV deployment in Vitoria-Gasteiz in a 25-year scenario of installation to 2050, compared to current global demand (population weighted).


	Material
	Yearly primary extraction requirements of RPV deployment in Vitoria-Gasteiz to current global demand ratio (population-weighted)

 

 	Aluminum (21%) 	13.45%


 	Copper (30%) 	12.22%


 	Gold (24%) 	24.28%


 	Iron (31%) 	0.90%


 	Manganese (9%) 	1.68%


 	Nickel (16%) 	13.67%


 	Silver (19%) 	27.50%


 	Silicon* (0%) 	343.32%


 	Tin (31%) 	27.80%





Data for global demand: SCRREEN project (BRGM, 2023). EOL-RIR in parenthesis. *Polysilicon total requirements according to the inventory from Table 1.
 



2.3 Lyfe cycle impact assessment


2.3.1 Environmental life cycle impact assessment

Following the Recommendation 2021/2279 provided by the European Union (EU Commission, 2021), environmental impacts have been estimated using the Environmental Footprint EF v3.1 impact assessment method (European Commission and Joint Research Centre, 2022). The EF v3.1 is a methodology that considers 25 significant impact categories including acidification, climate change, land and water use, and material resources (all of which are listed in the first column of Table 4). The E-LCA results, also shown in Table 4, are presented in detail in section 3.2.1.


TABLE 4 Environmental impacts of generating 473 GWh of electricity by RPV deployment in Vitoria-Gasteiz and by the current Spanish conventional energy mix (year 2020), for each of the categories of EF v3.1 environmental assessment method.


	Impact category
	Subcategory
	Unit
	Impact



	Absolute value
	As percentage of conv. mix’s impacts

 

 	Acidification* 	 	mol H+ eq 	1.55·105 	29%


 	Climate change: 	General* 	kg CO2 eq 	2.03·107 	21%


 	Biogenic 	4.73·104 	20%


 	Fossil 	2.03·107 	21%


 	Land use and land use change 	3.64·104 	3%


 	Ecotoxicity 	Freshwater* 	CTUe 	2.60·108 	58%


 	Freshwater, inorganics 	2.16·108 	70%


 	Freshwater, organics 	4.33·107 	32%


 	Energy resources: non-renewable* 	MJ (net calorific value) 	2.93·108 	9%


 	Eutrophication: 	Freshwater 	kg P eq 	1.49·104 	65%


 	Marine 	kg N eq 	2.37·104 	25%


 	Terrestrial 	mol N eq 	2.44·105 	24%


 	Human toxicity: 	Carcinogenic 	CTUh 	0.15 	42%


 	Carcinogenic, inorganics 	0.01 	40%


 	Carcinogenic, organics 	0.14 	43%


 	Non-carcinogenic 	0.75 	37%


 	Non-carcinogenic, inorganics 	0.71 	37%


 	Non-carcinogenic, organics 	0.04 	38%


 	Ionizing radiation: human health 	kBq U235 eq 	3.27·106 	3%


 	Land use* 	 	– 	2.08·108 	30%


 	Material resources: metals/minerals* 	kg Sb eq 	1.97·103 	93%


 	Ozone depletion 	kg CFC-11 eq 	0.98 	50%


 	Particulate matter formation 	Disease incidence 	1.25 	43%


 	Photochemical oxidant formation: human health 	kg NMVOC eq 	8.15·104 	23%


 	Water use* 	 	m3 world eq 	2.30·107 	37%




 



2.3.2 Social life cycle impact assessment

The social impact assessment was carried out using the Social Impact Weighting Method (Eisfeldt, 2017) provided by the soca v3 module, a PSILCA-based add-on for the ecoinvent database, which provides 83 social impact indicators, related to 18 impact categories and arranged in four different stakeholders (Workers, Local community, Society and Value-chain actors). The impact categories and their related indicators are shown in Tables 5–8 for each stakeholder. The results contained in these tables are analyzed in section 3.3.1.


TABLE 5 Social impact categories and indicators for the workers stakeholder.


	Impact category
	Social impact indicator
	Reference value
 (Basque country)
	Short definition [unit]
	473 GWh PV prod.
	473 GWh conv. mix

 

 	Child labor 	Child labor, female 	VLR 	0.29 	% female children aged 5–17 years involved in economic activity for at least 1 h per week [%] 	VLR 	1.26 	VLR 	1.3


 	Child labou, male 	VLR 	0.82 	% male children aged 5–17 years involved in economic activity for at least 1 h per week [%] 	VLR 	1.45 	VLR 	1.6


 	Child labor, total 	VLR 	0.56 	% all children aged 5–17 years involved in economic activity for at least 1 h per week [%] 	VLR 	1.26 	VLR 	1.3


 	Forced labor 	Frequency of forced labor 	VLR 	2.3 	People ‘trapped in jobs into which they were coerced/deceived and cannot leave’ [# of cases per 1,000 persons] 	LR 	5.17 (24.7) 	VLR 	3.92 (28.91)


 	Goods produced by forced labor 	- 	No data 	Sectors for which ILAB is able to document that there is reasons to believe that child/forced labor is used in their production [Technical Conformance Value] 	HR 	2.25 	HR 	2.47


 	Trafficking in persons 	LR 	1 	Tier placements of countries provided by the Office to Monitor and Combat Trafficking in Persons [Tier placements] 	M-HR 	2.02 	M-HR 	2.01


 	Fair salary 	Average living wage (per month) 	HR 	923.4 	A wage that enables workers & their family to meet their needs [USD] 	HR 	744 	MR 	472


 	Minimum wage (per month) 	VLR 	1428.72 	The lowest gross wage a full-time worker can be remunerated [USD] 	LR 	617 	MR 	432


 	Sector average wage (per month) 	VLR 	2.83 	Mean of monthly earnings of all employees in the sector put into relation with living/minimum wage [Salary/Living wage] 	LR 	2.30 	LR 	2.48


 	Working time 	Weekly hours of work per employee 	LR 	36.7 	Mean weekly hours actually worked by employee [h] 	MR 	53.8 	LR 	45.1


 	Discrimination 	Women in the sectoral labor force 	LR 	0.6 	Women employed in sector x (% of active female)/total employed (% of total active) [ratio] 	MR 	0.53 	HR 	0.374


 	Men in the sectoral labor force 	LR 	1.6 	Men employed in sector x (% of active male)/total employed (% of total active) [ratio] 	VLR 	1.26 	VLR 	1.4


 	Gender wage gap 	HR 	9.6 	% of the wage gap between men and women [%] 	VHR 	30.1 	VHR 	31.5


 	Health and safety 	Fatal accidents 	VLR 	2.91* 	Fatal accidents per 100,000 workers every year [#] 	VLR 	3.77 (0.03) 	VLR 	3.76 (0.04)


 	Non-fatal accidents 	MR 	1719* 	Non-fatal accidents per 100,000 workers every year [#] 	VLR 	517 (4.1) 	VLR 	666 (6.78)


 	DALYs due to indoor and outdoor air and water pollution 	VLR 	0.89 	Lost years of ‘healthy’ life per 1,000 inhabitants in the country [#] 	LR 	11.8 (56.2) 	LR 	7.34 (57.1)


 	Safety measures 	MR 	0.02 	Average OSHA violations per 100,000 employees [#] 	MR 	0.0197 	HR 	0.053


 	Violations of mandatory health and safety standards 	HR 	2.11E-6 	Number of violations/labor force in a country [ratio] 	MR 	8.29e-7 	MR 	9.84e-7


 	Workers affected by natural disasters 	VLR 	2.67E-3 	Inhabitants affected by natural disasters [%] 	LR 	1.9 	LR 	1.13


 	Social benefits and legal issues 	Social Security expenditures 	VLR 	28.2 	Average social security expenditures related to GDP [% of GDP] 	HR 	4.13 	MR 	7.63


 	Violations of employment laws and regulations 	LR 	0.2 	Violations of employment regulations per employee per 10,000 employees [#] 	MR 	7.29 (3.48) 	HR 	24.9 (19.38)


 	Freedom of association and collective bargaining 	Trade union density 	VHR 	12.4 	% of all persons in paid employment who is union member [%] 	VHR 	12.85 	HR 	21.03


 	Right of association 	NR 	3 	Assurance of right of association [Ordinal 0–3] 	NR 	2.94 	NR 	2.97


 	Right of collective bargaining 	NR 	3 	Assurance of right of Collective bargaining [Ordinal 0–3] 	NR 	2.92 	NR 	2.93


 	Right to strike 	NR 	3 	Assurance of right to strike [Ordinal 0–3] 	LR 	2.11 	LR 	2.3





Each indicator is followed by the Basque reference value and a short definition. Results and risk levels are provided for the case study (473 GWh of PV production) and for the conventional electricity mix. Values in brackets show the direct impact.
 


TABLE 6 Social impact categories and indicators for the Local Community stakeholder.


	Impact category
	Social impact indicator
	Reference value
 (Basque Country)
	Short definition [unit]
	473 GWh PV prod.
	473 GWh conv. mix

 

 	Access to material resources 	Level of industrial water use (renewable water resources) 	MR 	5.89 	Total actual renewable water resources withdrawal for industrial purposes [%] 	LR 	2.03 	LR 	1.86


 	Level of industrial water use (total withdrawal) 	LR 	19.29 	Total water withdrawal for industrial purposes [%] 	LR 	10.2 	VLR 	9.89


 	Extraction of biomass (related to population) 	VLR 	1.6 	Annual extraction of biomass (related to population) [t/cap] 	VLR 	2.10 	MR 	6.94


 	Extraction of biomass (related to area) 	MR 	487.71 	Annual extraction of biomass (related to area) [t/km2] 	HR 	742 	MR 	483


 	Extraction of fossil fuels 	VLR 	0 	Annual extraction of fossil fuels [t/cap] 	VLR 	5.12 	VLR 	5.24


 	Extraction of industrial and construction minerals 	LR 	3.316 	Annual extraction of industrial and construction minerals [t/cap] 	LR 	2.86 	MR 	9.06


 	Extraction of ores 	VLR 	0 	Annual extraction of ores [t/cap] 	VLR 	2.66 	VLR 	2.73


 	Certified environmental management systems 	HR 	5.607E-4 	Certified EMS per sector every 10,000 employees [#] 	VLR 	0.128 	LR 	0.0862


 	Respect to indigenous rights 	Human rights issues faced by indigenous people 	LR 	4 	Qualitative indicator (describes and assess the legal situation of indigenous people)
 [Ordinal 0–5] 	LR 	3.93 	LR 	3.54


 	Presence of indigenous population 	MR 	1 	Qualitative indicator (verifies if the subcategory is relevant for the country and its industry sectors) [Y = 1, N = 0] 	MR 	0.903 	MR 	0.91


 	Safe and healthy living conditions 	Pollution 	LR 	28.49 	Numbeo index: overall level of pollution in a country, information about the importance of clean economic activities and compensation efforts [index] 	HR 	66.4 	MR 	58.1


 	Sanitation coverage 	VLR 	99.9 	Population have access to an improved sanitation facility [%] 	VHR 	77.6 	VHR 	77.1


 	Drinking water coverage 	VLR 	100 	Population have access to an improved water source [%] 	VHR 	79.4 	HR 	85.1


 	Local employment 	Unemployment 	LR 	7.6 	Percentage of persons unemployed (aged 15–64) [%] 	HR 	15.4 	MR 	14.1


 	Migration 	International migrant workers (in the sector/site) 	- 	No data 	Share of international migrant workers of the total employed population; not processed in our work, as it also depends on difference to migrant stock [%] 	NA 	 	NA 	


 	International migrant stock 	MR 	6.55 	People born in a country other than in which they live [%] 	LR 	3.43 	LR 	3.6


 	Net migration rate 	MR 	7.8 	Difference between number of persons entering and leaving a country during the year per 1,000 persons [‰] 	VLR 	1.46 	VLR 	1.57


 	Immigration rate 	VHR 	0.0269 	Ratio between migrant inflow and total population of a country [ratio] 	MR 	0.0115 	MR 	0.0096


 	Emigration rate 	VHR 	0.0168 	Ratio between migrant outflow and total population of a country [ratio] 	VHR 	0.0151 	VHR 	0.019


 	Asylum seekers rate 	MR 	6.53E-4 	Ratio between asylum seekers and total population of a country [ratio] 	HR 	0.0013 	MR 	0.0010





Each indicator is followed by the Basque reference value and a short definition. Results and risk levels are provided for the case study (473 GWh of PV production) and for the conventional electricity mix. Values in brackets show the direct impact.
 


TABLE 7 Social impact categories and indicators for the society stakeholder.


	Impact category
	Social impact indicator
	Reference value (Basque Country)
	Short definition [unit]
	473 GWh PV prod.
	473 GWh conv. mix

 

 	Contribution to economic development 	Contribution of the sector to economic development 	MO 	17.3 	Monetary contribution of the sector to the country’s GDP (opportunity level) [% of GDP] 	LO 	8.27 	MO 	13.3


 	Public expenditure in education 	HR 	4.23 	Public expenditure on education [% of GDP] 	HR 	4.05 	HR 	4.19


 	Illiteracy rate, female 	LR 	2.30 	Average % of female population > 15 years that cannot correctly read nor write [%] 	VHR 	19.1 	HR 	19.1


 	Illiteracy rate, male 	LR 	1.16 	Average % of male population > 15 years that cannot correctly read nor write [%] 	VHR 	18.6 	HR 	10.5


 	Illiteracy rate, total 	LR 	1.74 	Average % of total population 15–24 years that cannot correctly read nor write [%] 	VHR 	18.8 	HR 	10.6


 	Youth illiteracy rate, female 	VLR 	0.39 	Average % of female population 15–24 years that cannot correctly read nor write [%] 	VLR 	0.65 	VLR 	0.7


 	Youth illiteracy rate, male 	VLR 	0.36 	Average % of male population 15–24 years that cannot correctly read nor write [%] 	HR 	8.68 	HR 	5.47


 	Youth illiteracy rate, total 	VLR 	0.37 	Average % of total population 15–24 years that cannot correctly read nor write [%] 	HR 	8.68 	HR 	5.47


 	Embodied value-added total 	MR 	0.37 	Average value of the difference between the sale price and the production cost in relation to 1 dollar of the output product within various sectors [$/$] 	VLR 	0.618 	LR 	0.497


 	Health and safety 	Health expenditure, external resources 	VLR 	1.03 	External resources for health as % of the total health expenditure [%] 	VHR 	22.3 	VHR 	21.5


 	Health expenditure, out-of-pocket 	MR 	23.82 	Out-of-pocket health expenditure as % of the total health expenditure [%] 	HR 	46.8 	MR 	30.8


 	Health expenditure, domestic general government 	LR 	71.23 	Sum of public health expenditure as % of the total health expenditure [%] 	MR 	40.9 	MR 	54.9


 	Health expenditure, total 	MR 	8.97 	Sum of public and private health expenditure [% of GDP] 	MR 	5.24 	MR 	6.56


 	Life expectancy at birth 	NR 	84 	Years a newborn would live if prevailing patterns of mortality at the time of its birth were to stay the same throughout its life [years] 	MR 	67.5 	MR 	69.5


 	Global Peace Index 	LR 	1.67 	Based on 23 indicators throughout 163 countries in 2018 [index] 	HR 	2.41 	MR 	2.14





Each indicator is followed by the Basque reference value and a short definition. Results and risk levels are provided for the case study (473 GWh of PV production) and for the conventional electricity mix. Values in brackets show the direct impact.
 


TABLE 8 Social impact categories and indicators for the Value-Chain Actors stakeholder.


	Impact category
	Social impact indicator
	Reference value
 (Basque Country)
	Short definition [unit]
	473 GWh PV prod.
	473 GWh conv. mix

 

 	Fair competition 	Anti-competitive behavior or violation of anti-trust and monopoly legislation 	VLR 	0.01 	Enforcement cases in the sector every 10,000 employees [#] 	VHR 	0.57 (0.227) 	VHR 	0.51 (0.21)


 	Corruption 	Active involvement of enterprises in corruption and bribery 	VLR 	1 	Degree of an active involvement of companies in corruption and bribery along their supply chains [%] 	VLR 	2.07 	VLR 	2.52


 	Public sector corruption 	HR 	60 	Corruption perception index (perceived level of public sector corruption: 0–100) [index] 	HR 	57.3 	HR 	61.9


 	Promoting social responsibility 	Social responsibility along the supply chain 	VLR 	114 	Companies belonging to the UN Global Compact Initiative [#] 	MR 	31.6 	MR 	28.2





Each indicator is followed by the Basque reference value and a short definition. Results and risk levels are provided for the case study (473 GWh of PV production) and for the conventional electricity mix. Values in brackets show the direct impact.
 

Working hours, which are related to 1 USD of process output, are the activity variable considered by soca to calculate social impacts. openLCA based on the ratio of unit labor costs to mean hourly labor cost per employee is used for that calculation; the unit labor costs are obtained by dividing the employee compensation by the gross output (both in USD per country, sector and year). All working hours are related to a specific risk level (very low, low, medium, high, very high or no risk) for each social impact indicator. Hence, the results are measured in risk hours. In addition, total social impacts are provided by soca in terms of equivalent medium-risk hours. A factor of 10 is normally applied from one risk level to the next one (e.g., 10 low-risk hours are the same as one equivalent medium risk hour). However, the methodology of Erauskin-Tolosa et al. (2021) is followed in this paper in order to avoid the arbitrariness of these equivalence factors. Each risk level is assigned the central value from the value range considered by PSILCA for each social impact indicator. For example, in the case of forced labor, from 12 to 16 people “trapped in jobs into which they were coerced/deceived and cannot leave” per 1,000 inhabitants is considered a high risk; hence, we assign the high risk a value of 14. This way, by using the number of hours at each risk level and their assigned values, a weighted average of this risk value can be calculated for each indicator. In the case of forced labor, we obtained a risk value of 5.16, which corresponds to a low risk. This value corresponds to what has been called the indirect social impact indicator (Erauskin-Tolosa et al., 2021), which provides information on the socio-economic context of the studied process (i.e., the social footprint). However, the direct impact can be estimated by considering an annual total of 1,800 h per worker. The given example shows a total of 21.42 people in forced labor to produce 473 GWh of RPV electricity as modeled.




2.4 Methodology of the literature review on mining impacts

The bibliographic review followed a traditional non-exhaustive methodology (Codina, 2020). Two bibliographic databases were explored (Web Of Science and Google Scholar) for each of the critical minerals identified in the previous phase of the investigation: copper, silver, gold, tin, silicon and aluminum (we included the impact of coal mining as it appears to be a key resource due to the energy requirement of the transformation of silicon). The search was based in keywords: the mineral + “environmental impacts” or “social impacts” (the “review articles” keywords were added in some searches with too many outcomes). We discarded LCA studies to avoid redundancy with the present study, explored the 20/50 first results of each search and selected the articles related to our study. We also use the snowball technique to track references within the articles found. Finally, we analyzed 47 publications and selected and summarized the most relevant ones for this study.




3 Results


3.1 Primary extraction material requirements

Table 2 sets out the results obtained in kg/new MW, the case of Vitoria-Gasteiz, in kg per capita, and data of known global reserves, resources and in-use stocks, in kg per capita as well. Moreover, end-of-life recycling input rates (EOL-RIR) are also included for each material analyzed.

As illustrated in Figure 1, the ratio of primary extraction material requirements to reserves and resources is below 10% for aluminum, copper, iron, manganese, and nickel. However, the ratio to reserves for gold (28.5%, which is associated with inverters), silver (29.4%) and tin (56.2%) is very high. These values indicate that the large-scale deployment of solar PV modeled will substantially increase demand and pressure for new exploration and mining in the case of gold, silver and tin.

[image: Bar chart showing the ratio of requirements to reserves, resources, and in-use stocks for various metals. Aluminum, copper, gold, iron, manganese, nickel, silver, and tin are compared. Gold, silver and tin have the highest requirements to reserves ratio, while iron has the lowest across all categories.]

FIGURE 1
 Primary extraction requirements vs. reserves, resources and in-use stocks (kg per capita) for RPV deployment of Vitoria-Gasteiz (460 MW installed).


Comparing primary extraction material requirements to in-use stocks provides a complementary perspective. Particularly, results show that the modeled deployment of solar PV would increase the in-use stocks of silver by 12%. In-use stocks of aluminum and tin would also increase substantially, both by 9%.

Whether recycling will be the key to lower the primary extraction material requirements, in order for the pressure for new exploration and mining not to be significant, will depend on several questions. In a 25-year scenario to 2050 of RPV global deployment at the level of the potential of Vitoria-Gasteiz, as shown in Table 3, RPVP deployment would require global production to be significantly increased for all elements, except iron and manganese, in percentages ranging between 12.2% (copper) and 27.8% (tin). In the case of solar-grade silicon (polysilicon), the production capacity would have to increase by more than triple. Therefore, secondary materials from recycling will become a lower fraction of total input requirements, and thus, the EOL-RIR may decrease, unless scrap collection and recovery expand significantly.



3.2 Environmental impacts


3.2.1 Results of the environmental-LCA

Table 4 presents the environmental impacts associated with generating 473 GWh of electricity through RPV deployment in Vitoria-Gasteiz, considering all impact categories defined by the Environmental Footprint (EF) v3.1 impact assessment method. Both absolute values and relative impacts—expressed as a percentage of the impacts from the Spanish conventional electricity mix, which contains only 6.7% of non-open ground PV and 11.2% for total PV (Wernet et al., 2016), for the same amount of energy generated—are provided to facilitate the interpretation of these result. This comparison allows for a clear understanding of the environmental benefits of RPV in contrast with conventional energy sources.

Results confirm that RPV technology has lower impacts across all impact categories when compared to the conventional electricity mix. Metals/minerals material resources, among the most relevant impact categories, presents the highest relative impact, accounting for 93% of the conventional mix impact, primarily due to the significant consumption of metals like gold (which is associated with inverters), silver and tin. The environmental impact of the mining of gold, copper, silver, and tin is summarized in section 3.2.2. This result may seem counterintuitive, since, as shown previously, RPV systems entail substantial primary extraction material demand. However, the high metals/minerals material resources impact in the conventional mix is mainly due to copper mining for distribution infrastructure (including transformation and transport), and while distributed generation—a key advantage of RPV—may reduce such needs, large-scale RPV deployment would still require certain distribution and storage systems, which remain beyond the scope of this study.

In contrast, non-renewable energy resources shows a much lower impact, at only 9% of the conventional mix, highlighting the advantage of photovoltaic systems in reducing fossil fuel dependence. The consumption of fossil fuels, despite being inexistent in the direct PV energy generation, concerns the extraction of raw materials and the manufacture of the different parts of the installations.

With an impact equivalent to 58% of the conventional mix, ecotoxicity is significant too, mainly attributed also to the extraction and processing of raw materials, which is often accompanied by pollution and tailings generation as explained in the review of the following section. In terms of climate change impacts, RPV technology demonstrates significantly lower emissions compared to the conventional mix, with the main contribution coming from fossil emissions (21%). Acidification and eutrophication impacts remain below 30% for all subcategories, with freshwater eutrophication being the most affected (65%), driven by phosphorus emissions related to module production. Land use and water use impacts are relatively noteworthy, at 30 and 37% of the conventional mix, respectively. Human toxicity (40%) and ozone depletion (50%) impacts, although present, remain moderate, and ionizing radiation is instead significantly lower, accounting for only 3% of the impact of the conventional mix.

The seven impact categories marked with an asterisk (*) in Table 4 have been further analyzed to identify their correlation with specific components of the PV system and the geographical location of their occurrence (see Figures 2, 3). These disaggregated analyses enable a deeper understanding of the hotspots within the photovoltaic value chain and potential areas for improvement. Regarding the contribution of the different parts of the RPV installation to the selected impact categories, the environmental impacts corresponding to operating the system are so negligible compared to the other ones that we do no longer refer to them in the environmental LCA.

[image: Stacked bar chart showing the percentage impact across seven categories: acidification, climate change, ecotoxicity, energy resources, land use, material resources, and water use. Each bar is divided into PV panel, mounting system, inverter, and electrical installation contributions. PV panels dominate the impact in all categories, especially in water use at eighty-eight point four percent.]

FIGURE 2
 Relative contribution of the different parts of a RPV installation to the selected environmental impact categories for the case study (473 GWh of PV production).


[image: Stacked bar chart showing percentages of total impact across various categories: acidification, climate change, ecotoxicity freshwater, non-renewable energy resources, land use, metals/minerals, and water use. Categories differentiate impact by region: not defined, outside Europe, Europe, and Spain. Acidification shows the highest impact from Europe at 46%, while water use is heavily influenced by Spain at 63.5%.]

FIGURE 3
 Location assigned to the selected environmental impact categories for the case study (473 GWh of PV production).


Figure 2 illustrates the relative contribution of the different components of the PV system to the total environmental impacts. Among these, the PV panel exhibits the highest contribution in most impact categories, particularly in climate change (62%), non-renewable energy resources (69%), land use (82%), and water use (88%). These impacts are mainly linked to the energy-intensive manufacturing of silicon wafers and the extraction of critical raw materials. Silicon itself accounts for 68% of the impact in water use and approximately 30% in both climate change and non-renewable energy resources. Furthermore, about 50% of the land use impact is associated with the production of wood boards, which are used for manufacturing flat pallets for transporting PV panels. This emphasizes the importance of logistics and packaging in the overall environmental footprint.

The inverter also entails a considerable share in metals/minerals material resources (51%) and in freshwater ecotoxicity (30%), reflecting the environmental burden associated with electronic components and metal use. In particular, the gold factory (which according to openLCA includes the extraction and processing of both gold and silver) is a key contributor, accounting directly for 25% of freshwater ecotoxicity and 48% of metals/minerals impacts. Similar to the inverter but on a smaller scale, the electrical installation also contributes to these two impacts, while additionally being notably relevant in terms of acidification (29%). This is primarily due to the extensive use of copper wiring and other conductive materials, which significantly influence the environmental burden of this component. In fact, the copper industry alone contributes to 28% of metals/minerals and 27% of acidification impacts, and is essential in all conductive elements. Finally, the mounting system plays a secondary but still notable role, especially in acidification (15%) and climate change (19%), due to the use of metal structures involving processes with significant emissions.

Figure 3 provides information on the localization of impacts. The results indicate that the greatest part of the environmental impacts occurs outside Europe, especially in the categories of freshwater ecotoxicity (46%) and non-renewable energy resources (68%). In terms of metals/minerals material resources, it is even more striking, as 100% of the geographically defined impact occurs outside Europe. This reveals a strong dependency on imported materials from regions beyond the continent, with significant environmental consequences.

Within Europe, the most notable impact is in the category of land use (67%). As explained above, a substantial portion of this impact (50%) is related to wood forestry for pallet production, principally linked to Sweden and Germany by the ecoinvent database used. Europe also has a considerable share of impacts related to climate change (30%) and water use (64%). The water consumption is down to the use of water resources for silicon processing. Moreover, this industry demands a significant amount of energy, mainly supplied both by hydropower generation—which further increases water consumption—and by fossil fuels, which substantially contribute to the climate change impact. Lastly, despite being the focus of the photovoltaic deployment raised in this study, Spain shows practically negligible environmental impacts in all categories, with values not exceeding 1%.



3.2.2 Literature review on the environmental impacts of mining

We can trace the environmental impacts of mineral mining for every time stage of the activity. Before the extraction starts, ecosystems and previous land uses are disrupted—particularly in open-pit mining, but also underground due to infrastructure. Luckeneder et al. (2021) found that 79% of global metal ore extraction in 2019 took place in five of the six most species-rich biomes, and half occurred within 20 km of protected areas. Further, 90% of sites are in areas of below-average water availability, with copper and gold mining often situated in water-scarce zones.

Metals such as copper, gold or silver is frequently extracted from sulfide ores, which also applies to some coalfields. A major issue is acid mine drainage, where sulfides exposed to air oxidize and acidify surrounding waters. This not only lowers pH but also dissolves heavy metals like lead, zinc, or nickel, contaminating ecosystems and communities downstream of a metal/coal mine (Pandey et al., 2007).

The generation of tailings in the world today is immense, since only ounces or pounds of metals are extracted for each ton of ore processed. In 2022, it was estimated that more than 14 billion tons of mining tailings were produced in the world (Cacciuttolo and Cano, 2022). For instance, the Xianjiang area is the most polluted area in China due to soil and water contamination by arsenic, partly natural and partly generated by cooper mining and tailings (Karn, 2015). In Northeast India, acid drainage from coal mining has turned farmland into wasteland (Choudhury et al., 2017).

The Ok Tedi mine is a relevant case. Operating in Papua New Guinea since 1984, it is considered a “slow-motion environmental disaster” (Kirsch, 2014). After an earthquake destroyed the tailings dam, 90 million tons of waste were annually dumped into rivers, affecting agriculture, fisheries, and livelihoods (Skrzypek, 2022). Even if operations ceased today, full recovery would take 150–300 years. Similar issues are seen at the Huanuni tin mine in Bolivia, where untreated tailings have polluted rivers, soils, and farmland for a century. The water below Huanuni is so contaminated it cannot support life or be used for irrigation or drinking (Perreault, 2013). In Chile, small-scale mining of copper, silver, and gold—while limited in output—causes significant pollution due to lack of treatment systems and high exposure to toxic materials (Castro and Sánchez, 2003). Acid drainage can persist for decades or centuries and spread over wide areas. Asia’s biggest copper mine (Malanjkhand, India), active since 1882, still shows contamination in water, sediments, and even in local plants and animals despite modern technologies (Pandey et al., 2007).

Tailings and contaminated water are typically collected in dams, but accidents still occur, with devastating effects. Examples include the Mariana (Brazil, 2015), Mount Polley (Canada, 2014), and Ajka (Hungary, 2010) disasters. In the Boac River (Philippines), a 1996 dam failure destroyed river-based livelihoods. Studies show acid leaching from tailings continues to pollute the area (Roche et al., 2017). Although water dam collapses have declined over recent decades, tailings dam failures—due to poor design, lack of oversight, or cost pressures—have become more severe (Roche et al., 2017). Climate change further increases risks to these structures. If companies are not legally bound to maintain post-closure pollution controls, the burden falls on the public, as seen in Summitville (United States), where cleanup cost taxpayers $150 million (Warhurst and Mitchell, 2000).

Certain inputs in mining are highly hazardous, notably mercury and cyanide used in gold extraction. These pose health and environmental risks during regular use and in case of accidents. Cyanide-contaminated water is deadly for wildlife, especially fish, birds, and bats (Eisler, 2004). In Baia Mare (Romania, 2000), a cyanide spill killed 200 tons of fish and harmed protected species (Eisler, 2004). Mining also causes sedimentation in rivers, severely affecting ecosystems. In Brazil, tin mining—legal and illegal—has altered river profiles, destroyed biodiversity, and created irreparable ecological damage (Andrade, 1999).

Aluminum, important in PV panel production, is environmentally damaging during both bauxite mining and smelting. In Malaysia, bauxite mining has caused dust, water and soil pollution, harmed crops, and increased cancer risk among communities (Lee et al., 2017). Aluminum smelting is highly electricity-intensive and closely linked to dam-building, which causes deforestation, habitat loss, displacement, and greenhouse emissions (Fearnside, 2016).

We can expect that the scale of mining’s social and environmental toll increases, as demand rises and lower-grade deposits are exploited, and impacts correlate with the massive volume of mine waste (Mudd et al., 2020; Prior et al., 2012).




3.3 Social impacts


3.3.1 Results of the social-LCA

Tables 5–8 show the social impacts and their associated risk level for the production of 473 GWh of PV electricity, modeled in this work for Vitoria-Gasteiz. Each social impact indicator in Tables 5–8 is followed by its reference value and a short definition. Reference values are those considered characteristic for the Basque Country and have been obtained from the EHU Aztarna project (Erauskin-Tolosa et al., 2021), except for the sectoral values, where the Spanish values of the electricity sector have been obtained from soca (Eisfeldt, 2017). Results are compared to the production of 473 GWh of electricity with the current mix, modeled by ecoinvent for the year 2020 (where fossil fuels have a share of 45.44%, renewable energies 43.45% and the remaining 8.11% comes from imported electricity). Each table shows the results for a different stakeholder: Workers (Table 5), Local community (Table 6), Society (Table 7), and Value-chain actors (Table 8). Direct impacts are also shown in brackets for some indicators. For example, according to the definition of the frequency of forced labor impact indicator (Table 5), the results show that there are 5.2 people “trapped in jobs into which they were coerced/deceived and cannot leave” for every 1,000 persons. However, taking into account the total amount of hours at every risk level, and considering that every person works an annual amount of 1,800 h, we calculated that 24.7 people would be in forced labor. Although that is not reflected in the tables, it is noteworthy that the activity hours are almost 40% higher for the current electricity mix (a total of 14.0 million hours), as compared to PV electricity production (8.6 million hours). Therefore, direct impacts can be greater for the current mix electricity production, even when the risk level is lower. This difference could be explained by the fact that PV system is simpler, as it requires less work after its installation. However, it is worth reminding that the distribution and storage stages are not being considered in this study, which could lead to an underestimation of the total activity hours.

As can be observed in Table 5, overall, the risk level increases when compared to the reference values for the Basque Country. Six out of 44 impact indicators for the Workers stakeholder present a high or a very high-risk level, as opposed to the four reference indicators that present a high/very high-risk level. However, the risk for the conventional electricity mix is even higher (seven high/very high-risk level categories). The risk level increases with respect to the reference for 13 indicators (frequency of forced labor, trafficking in persons, minimum wage per month, sector average wage per month, weekly hours per employee, women in the sectoral labor force, gender wage gap, DALYs due to indoor and outdoor air and water pollution, Social Security expenditures, violations of employment laws and regulations, workers affected by natural disasters and right to strike). As further explained below (see Figure 2), most of the working hours related to the PV electricity production throughout its life cycle are held outside Spain and Europe, probably in countries with a laxer labor legislation. The risk level decreases for three indicators (men in the sectoral labor force, non-fatal accidents and violations of mandatory health and safety standards) and it does not change with respect to the reference for the remaining indicators. Nevertheless, the risk does increase in some cases. For example, the risk level is very low for the child labor impact category in both the reference and the PV production scenarios, but when taking into account the whole life cycle (i.e., for the modeled PV production), the value of the total child labor indicator is more than doubled, as compared to the reference. Once again, the socioeconomic context of other countries where most of the labor activities are taking place gains relevance.

Regarding the Local community stakeholder (Table 6), the risk tends to increase. Seven out of 20 impact indicators present a high or very high-risk level. The number of high-risk-level indicators is greater than for the reference value, but also greater than for the conventional electricity (in both cases, three out of 20 indicators present a high/very high-risk level). In comparison to reference values, the risk level increases for six indicators (extraction of biomass related to area, pollution, sanitation coverage, drinking water coverage, unemployment and asylum seekers rate) and decreases for five indicators (level of industrial renewable water use, certified environmental management systems, international migrant stock, net migration rate, and immigration rate). The activities related to PV electricity production result in a high pollution level of the countries where they take place. As it can be seen from the results, they are countries with a scarce sanitation and drinking water coverage. These results match with some of the problems reported in the bibliographic search, such as the health problems derived from mining pollution. The low-risk levels within the category access to material resources is striking. The only indicator which presents a high-risk level is the biomass extraction related to area, which directly matches the dispossession of forest land, reported in the bibliographic search. Even if it still presents a very low risk level, the extraction of fossil fuels and ores increases with respect to the reference value (which is 0), but the extraction of industrial and construction minerals decreases. The reason is that this impact indicator is dominated by the hard coal mining operation, for the production of electricity consumed by the manufacturing of Si. This impact is located mainly in India, which is one of the main coal producers worldwide, but has a very high population. Hence, the risk level for this indicator, measured in annual t per capita, is very low. However, the social impacts of coal mining in India are not negligible at all as explained in section 3.3.2.

As Table 7 shows, Society is the stakeholder where the overall risk level increases most. Nine out of 15 indicators present a high or very high-risk level, a much higher number than for the reference scenario (where only one indicator presents a high-risk level) and also higher than the one for the conventional electricity mix (seven out 15 indicators have a high/very high-risk level). While the risk level of only one indicator decreases (embodied value-added total), the risk level associated to 10 indicators notably increases. The activities related to the PV production are shown not to contribute to the economic development of the countries where they take place. The contribution of the sector to economic development indicator presents a low level of opportunity, but what is especially noteworthy is the high illiteracy level, both for young people and for the total population. The impacts related to the health and safety category are also risky. While the domestic general government expenditure on health is moderate, the expenditure of households (out of pocket) and from external resources (such as international organizations) are high, which show that public health expenditures are not sufficient to cover health issues (Eisfeldt and Ciroth, 2016). Even if it presents a moderate risk level, the life expectancy at birth (67.5 years) is notably lower than the reference value (84 years). The Global Peace Index, which is related to political stability and the risk of conflicts of a certain country (Eisfeldt and Ciroth, 2016), also shows a much higher risk level than the reference. This matches the repression and violence environment reported in the bibliographic search.

Finally, as shown in Table 8, two out of the four indicators related to the Value-chain stakeholder, present a high and very high-risk level. This number is the same for the conventional electricity mix, but it is lower for the reference value (one out of four indicators). While the risk level of two indicators increases (anti-competitive behavior or violation of anti-trust and monopoly legislation and social responsibility along the supply chain), none of the categories presents a lower risk.

A detailed analysis of 14 social impact indicators is presented in Figures 4, 5. The indicators with highest risk levels and highest increases of the risk level with respect to the reference were chosen. Figure 4 shows the relative contribution to the impacts of the different sub-processes involved in the PV electricity production: panel production, inverter production, mounting system, electrical installation and system operation. It should be clarified that soca allocates a certain amount of activity hours to the modeled process in the form of “direct contribution,” which should be interpreted as activity hours associated to the system operation. The hours related to the system operation are not calculated through an inventory of the activity, but through the ratio of unit labor costs to mean hourly labor cost per employee (section 2.3.2). As stated in section 2.1, all sub-processes were modeled with a cradle-to-grave perspective, from the upstream to the end of life.
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FIGURE 4
 Relative contribution of the different sub-processes to the impacts for the case study (473 GWh of PV production). First column shows the share of the total activity hours.


[image: Bar chart showing the percentage of total impact across various categories, divided by regions: Not defined, Outside Europe, Europe, and Spain. Categories include goods produced by forced labour, trafficking in persons, gender wage gap, and others. Each bar displays region contributions with percentage labels.]

FIGURE 5
 Location of the impacts related to each indicator for the case study (473 GWh of PV production). First column shows the share of the total activity hours.


The first column of the figure is not related to the impacts, but to the activity hours, i.e., it shows the share of each sub-process in the total number of hours involved in the process, regardless of their risk level. 48.2% of the activity hours corresponds to the panel production, 21.9% to the mounting system, 21.5% to the inverter production, 6.2% to the electrical installation and 2.3% to the system operation. 28.5% out of the total activity hours correspond to mining and production of metals. Most of them (20.8% of total activity hours) are related to Al production for the mounting system, followed by PV panel production, where 5.5% of total activity hours is related to metal production. On the other hand, only 3.5% of the activity hours are related to Silicon production, most of them related to the PV panel production.

Returning to Figure 4, the total number of hours of each sub-process was weighted by risk level, as previously performed (Erauskin-Tolosa et al., 2021), in order to account for the contribution of the sub-processes into the impact indicators in the remaining columns. The share of the sub-processes remains similar to what observed in the activity hours in the case of most of the indicators. The main differences arise for unemployment, emigration rate and asylum seekers rate, where system operation gains importance, with a share from 8.9 to 11.9%. Inverter production also increases in importance (28.8–30.7% share), which causes panel production to have a lower share (37.7–42.7%). System operation also shows a raise in importance for the gender wage gap impact (8.5%), where there is a drop in the share of mounting system (12.2%). The opposite occurs with goods produced by forced labor, where the share of system operation is null and the mounting system gains a weight of 29.5%.

Figure 5 shows the location of the impacts related to each indicator: Spain, Europe or outside. In the same way as for Figure 2, the total number of hours of each sub-process was weighted by risk level. The locations “Global” or as “Rest of the world” from the ecoinvent database were considered as not defined. 80.2% of the total activity hours are outside Europe and, with a few exceptions, this trend is more pronounced in the case of the impact indicators. Even though it is not shown in the figure, it is particularly worth noting that most of the high risk and very high-risk hours occur in Global Southern countries such as India, China and African or South American Countries.

The most prominent exceptions are emigration rate and asylum seekers rate. Although impacts related to displacements (high rates of temporary male immigration and accelerated social changes due to immigration) have been reported for the mining regions, results show that only 0.5 and 1.5% are outside Europe, respectively, even if the location of 46.7 and 49.6% of the impacts is not defined. These are followed by gender wage gap, where 36.8% of the impacts occur within Spain and Europe, and by unemployment, where 18.5% of the impacts occur in Spain and Europe. These four indicators are those where direct impact (related to system operation) gains importance. These are the kind of impacts that tend to have the greatest influence on the Global North.

Conversely, 100% of the risks related to goods produced by forced labor occur outside Europe. The highest risk hours are in India, related to gravel, cement and limestone production, and in China, related to hard coal and coke production. This impact is followed by anti-competitive behavior or violation of anti-trust and monopoly legislation, where 98.4% of the impacts are held outside Europe, particularly in India and South Africa, related to the hard coal mine operations. 96.7% of the impacts related to illiteracy are also outside Europe, mostly related to the hard coal mining in India.



3.3.2 Literature review on the social impacts of mining

From a production chain perspective, social impacts and conflicts can start before extraction itself. For instance, problems may emerge due to the access to resources, such as land or water, fostering processes of speculation and dispossession (Bebbington, 2013). This dispossession can be direct (lands bought at low prices or expropriated) or indirect (pollution). In the case of bauxite mining in Adivasi lands of Eastern India, the major impact claimed by communities are the land use changes and the loss of land-dependent rural livelihoods, forest lands, water resources and indigenous sacred hills (Oskarsson, 2017). Mining is the biggest source of displacement in India after dams, with victims potentially numbered in millions (Oskarsson, 2017). In the Bolivian altiplano, water can no longer be used for irrigation or human and cattle consumption, due to more than 100 years of tin mining (Perreault, 2013). Owen et al. (2022) signal that the majority of the world’s mining projects of the transition minerals are located either on or near Indigenous Peoples’ or Peasant lands with adverse conditions for human rights-compatible permitting, consultation, and consent. This can lead to the exacerbation of social inequalities in already vulnerable locations.

Social impacts also occur during mining operation and are related to the health problems derived from mining pollution. For instance, the notorious spill of 151 kg of liquid mercury in Choropampa, near the Yanacocha goldmine in the Peruvian Andes in the 2,000 s, poisoned over 900 villagers and fostered civil resistance (Arana-Zegarra, 2009). Health impacts are also associated with the daily processes of water pollution. An et al. (2004) report on the relationship between tin mining in Yunnan, arsenic contamination and cancer cases. Some 16 million artisanal miners in more than 70 countries, mostly in the Global South, (producing 12–15% of the gold mined worldwide) use mercury to separate gold from the rest of the ore: the harmful health effects of mercury for artisanal miners have been clearly established (Castro and Sánchez, 2003; Nkuba et al., 2019).

When it comes to labor conditions, the case of the region of Xiantiang is relevant. 95% of solar panels worldwide are made up of polysilicon (Department of Labor, 2021) and 35–45% of global polysilicon production and quartz mining takes place in the Xinjiang Uyghur Autonomous Region (Crawford and Murphy, 2023b). Different organizations denounce forced labor and other human rights violations against workers belonging to minoritized groups in the Uyghur region, among others, in the mining and polysilicon production industry (Crawford and Murphy, 2023a).

Other social impacts are related to high rates of temporary male immigration, alcohol problems (James et al., 2021), increased prostitution and male violence against women and children (Mishra et al., 2024), and local conflicts and repression (Arellano-Yanguas, 2023). Social conflicts can lead to community disintegration, repression and violence (EJAtlas, 2025). In Papua New Guinea, the widespread environmental and social impacts of Panguna copper mine resulted in a civil war (Mudd et al., 2020).

In the case of metal mining in Latin America, Arellano-Yanguas (2023) summarizes the main social impacts as follows: “(i) mismatch between expectations and final results; (ii) inequalities between social groups in access to employment and the benefits of mining activity; (iii) co-optation of authorities and distortion of the local political system through support for pro-company candidates in local and regional elections; (iv) growing dependence of society as a whole on the company; (v) accelerated social changes due to immigration; (vi) alcohol and drug abuse; (vii) increased sexual violence and gender inequality as mining activity is highly masculinized; and (viii) when resources are transferred to local governments, they are often accompanied by increased corruption of authorities and the emergence of criminal groups seeking to benefit from these resources”.

Regarding economic benefits, Fearnside (2016) states that aluminum processing fits into the “resource curse” paradigm: the seeming paradox of countries with the greatest natural resource wealth having the highest incidences of poverty and the lowest indices of social wellbeing. According to his study in Brazil, employment and economic benefits of primary aluminum production is very low in comparison to the large socio-environmental impacts (Fearnside, 2016).

Finally, we want to point out to the social impacts of coal mining, because of its relevance in the energy requirements of the transformation of silicon for panels. We focus on India due to the S-LCA results. The greatest social impact of coal mining in India is displacement (Chikkatur et al., 2009; Paltasingh and Satapathy, 2021; Singh, 2008), which implies landlessness/homelessness/joblessness even if resettlement occur (mainly for indigenous people due to their dependency on land and traditional livelihoods), breakdown of family and community structures, greater class and caste conflicts, risk of marginalization worsening of economic situation due to disruption, and cultural breakdown (Chikkatur et al., 2009; Paltasingh and Satapathy, 2021; Singh, 2008). Forceful eviction or involuntary displacement is a violation of human rights according to Paltasingh and Satapathy (2021). In addition, communities adjacent to coal mines suffer from health problems and agricultural impacts derived from air pollution (PM10), water pollution due to acid drainage, diminished water availability and deforestation (Chikkatur et al., 2009; Mishra, 2017), as is the case in Odisha (Hota and Behera, 2015). Water pollution from nearby coal mining can affect drinking water availability and many human activities such as cooking, fishing or swimming and air pollution fosters health problems such as elevated levels of heavy metals in children, birth defects and miscarriages, cancers, heart and kidney diseases and excess deaths (Morrice and Colagiuri, 2013). Other social impacts are related to the changes in population dynamics (rapid and temporary immigration), increased cost of living or addictions (Singh, 2008). It is estimated that up to 70% of India’s current coal work force is employed informally (Banerjee, 2022), leaving aside all the illegal coal scavenging economy. These tasks are primarily carried out by the members from extremely vulnerable Dalit and Adivasi communities (Chandra et al., 2025). Moreover, and given that land ownership and caste hierarchy is often correlated, women from vulnerable communities are often triple burdened with informal casual labor, illegal coal scavenging and social reproductive work (Chandra et al., 2025). Finally, in different locations around the world, difficulty of communities to capture economic benefits and to generate economic alternatives for the future has also been reported (Lockie et al., 2009).





4 Discussion

Large-scale deployment of rooftop solar PV will substantially increase demand and pressure for new exploration and mining. The comparison of primary extraction material requirements with reserves, in-use stocks and current global production leads us to this conclusion. The material constraint is especially relevant in the case of gold, silver, and tin. Silicon is not a limit in terms of available reserves, but there should be a remarkable increase in the world production of polysilicon needed for photovoltaics. Previous studies have proposed material efficiency measures increased module efficiency to overcome the material constraint, including improved material usage, novel module designs and production processes such as silicon epitaxial growth to reduce the amount of polysilicon required, and copper electroplating for metallization to reduce the amount of silver needed (Gervais et al., 2021).

Note that comparisons between material requirements and reported reserves or resources must be interpreted with caution. These figures, often derived from corporate data, primarily serve as signals for investors rather than precise estimates of available stocks. Companies may adjust their reported reserves based on market conditions, exploration investments, and technological advancements. For example, lithium reserves have increased from 17 million tons in 2018 to 26 million tons in 2023, not due to an actual increase in Earth’s lithium content, but rather as a reflection of growing market interest and improved extraction techniques. This variability underscores the difficulty of using reserves data at a given point in time to predict long-term material availability (McNeil et al., 2023).

There are several questions to address as regards recycling as the key to lower the primary extraction material requirements in order for the pressure for new exploration and mining not to be significant. First, solar PV technologies often require materials of very high purity, such as silver, for which recycled sources may not meet the necessary quality standards. Second, the current availability of recycled materials is insufficient to fully meet demand. Consequently, any increase in material requirements for the energy transition will inevitably lead to greater primary extraction—unless material demand is significantly reduced in other sectors. Let us take silver as an example to illustrate the second question. In a 25-year scenario to 2050 of RPV deployment in Vitoria-Gasteiz, the silver primary extraction requirements would annually increase the current global demand by 27.5% (population-weighted). Since the average end-of-life recycling-input-rate for silver is currently about 19% (BRGM, 2023), recycling activities should be more than doubled for the RPVP deployment not to imply an increase in mining. Similar conclusions may be reached for gold and tin, and to a lesser extent for all other materials. Silicon recycling from wafers and photovoltaic panels is in development, but the recycling input rate is estimated to remain low (BRGM, 2023). Recycling activities (scrap collection and recovery) depend on the overall metabolism of the economy and factors such as the amount and lifetime of consumer goods used and discarded annually by the different sectors. A deep analysis of the role of recycling as a factor to avoid increased mining requires a system dynamics methodology, beyond the scope of this study.

Moreover, the modeled deployment of solar PV in Vitoria-Gasteiz would only supply 38% of the city’s electricity consumption. RPV hypothetically achieving 100% of electricity demand would require substantially higher material inputs, as additional solar capacity and energy storage systems would need to be deployed. A defining characteristic of the energy transition may therefore be a significant expansion of in-use material stocks within society. The problem is even more pronounced if all the energy consumption is considered, as the per capita PV production calculated for Vitoria-Gasteiz covering less than a 5% of the total per capita primary energy footprint—41.8 MWh·cap−1·yr.−1 for an average inhabitant from the Basque Country (Akizu-Gardoki et al., 2024).

From an environmental-LCA perspective, the stark contrast between the proposed RPV deployment site and the geographically dispersed nature of the environmental impacts (most of them outside Europe and only 1% in Spain) highlights the ecological debt generated by dependence on external material and energy resources—many of which are sourced from the Global South. As territories such as Spain expand their photovoltaic capacity to transition toward cleaner energy, they inadvertently shift the environmental burden to regions that often bear the social and ecological consequences of extraction and production. This highlights the unequal distribution of environmental impacts between the Global North and Global South, raising critical questions about the sustainability and fairness of energy transitions that depend heavily on global supply chains. Accordingly, it remains crucial to address the upstream environmental impacts linked to mining and metal refining, particularly in the Global South, where these activities entail serious risks such as water contamination, ecosystem degradation, and long-term damage to local communities. The extraction and processing of key metals such as gold, silver, tin, and copper are especially problematic due to their contribution to water pollution and biodiversity loss.

However, despite the challenges associated with material extraction and processing, our findings reaffirm the environmental benefits of photovoltaic systems compared to conventional energy sources. In fact, all impact categories analyzed show significant reductions, particularly in terms of climate change (79%), acidification (71%), and land and water use (70 and 63%, respectively). These results highlight the overall environmental efficiency of rooftop PV systems in urban contexts.

On the contrary, metals/minerals material resources stand out among the most relevant impact categories, accounting for 93% of the conventional electricity mix impact—a consequence of the significant consumption of metals such as gold (mainly linked to inverters), silver, and tin. While PV technology does not drastically reduce this impact compared to fossil-based electricity, it is important to note that this result does not account for distribution and storage infrastructure, which would increase material demand in large-scale RPV deployment.

Regarding social-LCA, the results show a very different trend, as the risk level is higher than the reference value of the Basque Country for every stakeholder. In addition, when comparing PV electricity production with the current electricity mix, the risk level of the PV production is lower than the risk associated to the current mix for the Workers stakeholder, it remains constant for Value-chain Actors, but it increases for the Local community and Society stakeholders. Given that most of the activity hours and their associated impacts occur in developing countries, the socioeconomic context is probably similar regardless of the specific activity (i.e., the impacts associated to mining, or the impacts associated to fossil fuel extraction for electricity production are similar in terms of risk level). Nevertheless, PV electricity production is less intense in terms of activity hours than the current electricity mix production, as the total activity hours related to PV production are almost 40% lower. Hence, even when the risk level increases, total impacts might be lower. However, this could be underestimated from not having considered the distribution or storage of the exceeding PV electricity production.

28.5% of the total activity hours is related to mining and production of metals, but the social impact indicators from soca v3 are too limited to reflect some of the problems generated by the mining activity, as shown in the bibliographic search (e.g., dispossession, community disintegration, increasing dependency from the society to the company, consumption of alcohol and drugs, or increment of prostitution and gendered violence). Hence, both LCA and in situ documentation are complementary and necessary in order to understand the real magnitude of the impacts. In addition, a direct inventory of the analyzed processes could improve the accuracy of the results, as a process-based LCA was performed in this work, where the activity hours were calculated by openLCA based on the quantities of the modeled product and service flows, their prices and the estimates of the labor costs in the economic sectors.

Responsible supply chain management and mitigation strategies must become central pillars of sustainability efforts to fully harness the transformative potential of clean energy technologies. This involves fostering more ethical and transparent mining practices, developing recycling and circular economy infrastructures, and reinforcing global cooperation to reduce socio-environmental burdens, particularly in vulnerable territories.

Our findings demonstrate that the large-scale deployment of rooftop photovoltaic systems in cities like Vitoria-Gasteiz can substantially reduce greenhouse gas emissions, aligning local action with global climate goals such as the IPCC 1.5°C target. Yet, these environmental benefits come with material dependencies that externalize ecological and social costs to distant geographies. In this light, the city must be reimagined not merely as a passive recipient of sustainable technologies, but as an active agent in planetary stewardship. A living, sentient ecosystem that connects the local with the global, and where decarbonization pathways are pursued without detaching from their material and ethical foundations. By acknowledging the socio-environmental trade-offs embedded in the renewable transition, cities can become sites of critical engagement—capable of fostering a fair energy transition that is both materially grounded and ecologically conscious.
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