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Abstract

:

The rapid deployment of solar photovoltaic (PV) systems underscores their potential as vital clean energy solutions with reduced carbon emissions and increasingly competitive installation costs. This review examines PV waste management from a sustainable perspective, focusing on environmental impacts and technological advancements. Various solar cell technologies, including crystalline silicon, thin-film, and emerging third-generation cells like perovskite and organic photovoltaics, are analyzed for their life cycle and environmental effects. Effective disposal and recycling methods, such as physical separation and thermal and chemical treatments, are critically evaluated to mitigate ecological harm. The study highlights the need for improved recycling processes and sustainable practices to enhance the environmental benefits of PV systems. Future solutions call for better recycling techniques, increased efficiency in renewable materials, and comprehensive life cycle assessments to support the global transition to sustainable energy. This review aims to foster the integration of sustainable practices in the renewable energy sector, ensuring that PV systems contribute to a cleaner and more sustainable future.
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1. Introduction


The deployment of renewable energy sources to utilize affordable, clean, and sustainable energy is a rising issue in many countries. Solar photovoltaic (PV) systems are one of the most promising clean energy technologies among environmentally friendly energy sources due to their significantly reduced one-time expenses and technological improvements [1,2].



As an environmentally friendly solar technology, PVs have become one of the most popular alternatives for generating power and are the third most used energy source after wind and hydropower [3]. Furthermore, PV power sources produce low levels of carbon emissions, which contribute to global warming [4], whereas the carbon emissions from, for example, silicon-based solar panels, have been measured to be negligible [5].



On the other hand, the price of solar PV systems has been reported to have decreased by nearly fifty percent since 2010, making solar PV technologies more prevalent than other clean electrical energy production methods [6,7]. It is anticipated that solar energy will significantly contribute to the energy mix in sectors such as transportation and housing, becoming one of the major clean energy sources in the future. The application of solar PVs has grown rapidly, and the global cumulative installed capacity surpassed 397 GW in 2017 [8].



It is worthwhile to mention that 2017 was a crucial year for the solar PV sector, as the amount of capacity of solar PV facilities installed globally surpassed that of other energy production technologies [9]. Indeed, solar power has added more new capacity than nuclear and fossil fuel energy generation combined. In 2017, with more renewable energy sources such as wind and solar power technologies becoming grid-connected, the capacity of these renewables nearly doubled, with an additional 99 GWh of solar PV energy [9]. Regarding solar forecasting, stationarizing the solar input data has been found to significantly influence the accuracy of forecasting models. This preprocessing step aims to stabilize the statistical properties of the data, thereby improving model performance. Persistence models, which rely on the assumption that future values will resemble past values, do not benefit from stationarizing solar inputs for very short-term forecasts. However, statistical models show an improvement in forecasting accuracy of 0.5 to 2.5 percentage points when solar data are stationarized. This enhancement underscores the value of preprocessing in stabilizing data inputs. Machine learning models that capture non-linear patterns, such as neural networks and support vector machines, also exhibit significant performance gains with stationarized inputs. However, the Random Forest model does not perform as well under these conditions, indicating variability in how different algorithms respond to preprocessing [10].



Recent advancements in solar cell technology have significantly enhanced the efficiency of silicon-based single-junction solar cells. Among the various technologies, bifacial solar cells and Interdigitated Back Contact (IBC) structures have gained prominence. Bifacial solar cells can absorb light from both the front and back surfaces, leading to increased power generation. The review highlights several high-efficiency silicon-based solar cell architectures, including Passive Emitter and Rear Cells (PERC) and Passive Emitter and Rear Locally Diffused (PERL), Heterojunction with Intrinsic Thin-Layer (HIT), and Tunnel Oxide Passivated Contact (TOPCon) cells. PERC have improved efficiency due to their rear passivated layer, while PERL cells further enhance this by having an incorporated P+ passivation layer under the rear metal contact. HIT cells use a combination of amorphous and crystalline silicon for better passivation and lower manufacturing costs. TOPCon cells feature an ultra-thin tunnel oxide layer with a highly doped silicon layer, achieving efficiencies of up to 26.1%. These technologies demonstrate the significant progress in solar cell efficiency, with bifacial structures and advanced passivation techniques playing crucial roles [11].



Significant advancements in enhancing the efficiency of binary and ternary organic solar cells (OSCs) through the strategic selection of materials and structural optimization have also been presented [12]. By simulating three different OSC configurations using an inorganic SnO2 electron transport layer (ETL), one study achieved promising power conversion efficiencies (PCE) of 18.34%, 18.37%, and 19.52% for different device structures. The importance of choosing donor and acceptor materials with complementary absorption spectra was highlighted for improving OSC efficiency. Structural optimizations, such as adjusting layer thickness and incorporating hole-transporting layers, were also discussed to further increase efficiency. The utilization of SnO2 as an effective inorganic ETL was shown to enhance solar cell performance in all tested configurations. The direct ternary OSC configuration demonstrated a high open-circuit voltage (Voc) of 0.89 V and a fill factor (FF) of 82.3%, showcasing high efficiency compared to configurations in the existing literature [12].



Maryland’s efforts to increase its Renewable Portfolio Standard (RPS) target from 25% by 2020 to 50% by 2030 were reviewed in [13], with a particular emphasis on solar energy initiatives. The study presented a multi-stage approach to assess the feasibility of solar farm locations in Westover, Princess Anne, and Eden. In Stage 1, the selection process considered terrain, solar irradiation, property cost and size, and proximity to load centers. Stage 2 involved a technical feasibility study using the NREL System Advisor Model (SAM) and PVWatts to evaluate energy output and efficiency. Stage 3 assessed economic feasibility using the NREL Clean Renewable Energy Estimation Simulation Tool (CREST), focusing on levelized costs of energy (LCOE), payback time, and cumulative cash flows. The results indicated high solar irradiance and promising energy yields in all three locations, with Westover having the highest energy yield and Princess Anne the highest system output. Economically, all locations were profitable within two years, with Westover being the most cost effective due to its high solar irradiation. This study provides valuable insights into the technical and economic viability of solar PV installations in Maryland, aiding decision-making for future renewable energy projects.



Constraints on photovoltaic (PV) capacity in the UK due to siting limitations and the importance of achieving high power conversion efficiencies (PCEs) were explored in [14]. With the aim of achieving a significant 15% contribution to the UK’s energy consumption, the researchers used London as a model city for their analysis. They performed idealized calculations based on optimistic assumptions about future PV technologies, along with data on energy usage, dwelling types, and insolation. The findings revealed that, even with the highest currently available PCE of 23.8%, covering every domestic roof in the UK would only generate up to 9% of the nation’s energy needs. Achieving a 15% contribution would necessitate PV technologies with over 37% PCE, surpassing the theoretical Shockley–Queisser limit. Realistic estimates further increased the required efficiency by 2–3 times. Alternatively, setting up a solar farm with existing PCE levels would require approximately 1200 km2 of new land, equivalent to the area of Greater London—a politically challenging proposition. Consequently, the study concluded that, for PV to significantly contribute to carbon mitigation, PCEs must exceed the Shockley–Queisser limit. While the Shockley–Queisser limit defines the maximum efficiency for single-junction solar cells (33.7%), strategies such as tandem and multi-junction cells, hot carrier solar cells, and intermediate-band solar cells can potentially exceed this limit by capturing a broader range of the solar spectrum or generating multiple electron–hole pairs per photon.



In this study, we first investigate the role of environmental sustainability in solar power systems and compare them to other sources of power, showing that solar systems have the least impact on the environment. In Section 3, various types of solar cells are introduced, followed by a discussion of their environmental impacts in Section 4. We then explore the methods that allow us to recycle old PV panels into new ones. Finally, an overview of future sustainable solutions is presented.




2. Environmental Sustainability Plays a Decisive Role


Solar power is being compared to various conventional methods of generating electricity in terms of expected lifespan and cost efficiency, as indicated in Table 1. It is evident that renewable energy is a more viable option for sustainability, playing a crucial role in the global economy. By 2001, the cumulative global photovoltaic (PV) capacity was growing at a rate exceeding 45% annually, with the ultimate goal of competing with large-scale industrial facilities in future generations. While solar panels typically last around 50 years, the disposal of their constituent materials can have implications for ecological sustainability. Proper disposal of solar cells is a significant consideration, and developing technological solutions to address this challenge may offer opportunities for future research.



Solar cell factories contribute to environmental pollution by emitting higher carbon footprints, causing soil contamination, disrupting delicate ecosystems, generating material waste, and leading to various socio-economic repercussions [17]. While comparisons of energy conversion profiles across different power generation sources have been conducted, the consideration of exergy losses remains an underexplored area [18]. Various exergetic sustainability assessment tools like TCExL are now being utilized to compare electricity generation systems, including solar PV parks as renewable energy sources [19].



It has been observed that the sustainability assessment process is heavily influenced by models, market mechanisms, weighting factors, and subsidies, among other factors, while the downstream effects of exergetic assessments may not be as significant [20]. The manufacturing phases of solar PV power often present complex environmental implications, with assessments of the panel supply chain throughout their life cycle revealing that they are not entirely environmentally friendly or clean, as initially believed [21]. The life cycle of solar cells, which contain various toxic elements like lead, gallium, indium, tellurium, and cadmium, suggests a specialized waste disassembly process for PV cells [22]. Effective recycling methods are crucial, as they facilitate the separation of these materials at the end of a solar cell’s life cycle. However, a comprehensive life cycle assessment encompassing all associated costs and benefits is necessary to ensure a balanced analysis is conducted [23]. The disposal procedures and material toxicity arising from manufacturing processes are significant concerns, underscoring the importance of incorporating life cycle assessment tools with a cradle-to-grave perspective [24].




3. Types of Solar PV Cells


First-generation solar cells were constructed using single- or multi-crystalline silicon, which remains a prevalent technology in many current solar PV systems. Moving to the second generation, we predominantly find thin-film solar cells composed of materials like amorphous silicon (a-Si), cadmium telluride (CdTe), copper indium gallium selenide (CIGS), and gallium arsenide (GaAs). Third-generation solar cells, known as emerging solar cells, utilize less conventional materials and incorporate innovative thin-film technologies such as perovskite, dye-sensitized, organic, quantum dot, and CZTS thin-film solar cells.



3.1. Thin-Film (TF) Solar Cell


Thin-film solar cells, including cadmium telluride (CdTe), copper indium gallium diselenide (CIGS), and amorphous thin-film silicon (a-Si, TF-Si), are utilized across various technologies and classified into different generations based on the active layers responsible for light absorption. In comparison to conventional first-generation silicon solar cells, thin-film cells offer several advantages such as reduced weight and enhanced flexibility, making them well suited for integration into building-integrated photovoltaics and as semi-transparent photovoltaic materials applied to glass windows. Additionally, the manufacturing process for TF solar cells is typically more cost effective than that for first-generation cells, leading to reduced environmental impacts like greenhouse gas emissions in many instances. Thin-film cells outperform both renewable and non-renewable energy sources in terms of electricity generation related to human toxicity and heavy metal emissions [25].



Since 2023, certain single-junction thin-film GaAs cells have achieved efficiencies exceeding 29%, surpassing the previous peak efficiency of 26% for standard single-junction solar cells (first generation). Multi-junction concentrator cells utilizing thin-film technologies have achieved efficiencies of approximately 47.5% since 2023 [25]. Accelerated life testing has revealed that several thin-film technologies exhibit higher rates of degradation and shorter operational lifetimes compared to first-generation cells. On a global scale, thin-film solar cells have held a market share of about 5% since 2023 [26]. Notably, thin-film technology has gained significant popularity in the United States, with CdTe cells accounting for 30% of new deployments, exceeding 1 MW in 2022 [27].



Ongoing research efforts have been carried out within thin-film technologies for commercial purposes to enhance the reliability of industrial manufacturing. A key focus of research has been on using point defects, which can impact the efficiency of thin-film cells, to evaluate the performance of photovoltaic material [28].



The impact of calcination temperature on the properties of nanostructured titanium dioxide (TiO2) thin films, deposited on fluorine-doped tin oxide (FTO) substrates using the sol–gel spin-coating method, was studied in [29]. The critical role of calcination in enhancing the structural, optical, and morphological characteristics of TiO2 thin films for solar cell applications was investigated. Key findings include the identification of 600 °C as the optimal calcination temperature, producing anatase TiO2 with a prominent (101) orientation plane, as evidenced by X-ray diffraction (XRD) analysis. The thin film exhibited high transmittance (80%) in the visible spectrum and a band gap value of 3.45 eV, indicating its suitability for photovoltaic applications. Morphological examination revealed a homogeneous, defect-free film with a dense, compact structure and a thickness of 263 nm. These properties are conducive to efficient electron transport, critical for the performance of solar cells. The study underscores the importance of precise thermal treatment in achieving high-quality TiO2 films with desirable electrical rectification properties, essential for forming effective p-n junctions in solar cells. The sol–gel spin-coating method, combined with optimal calcination, offers a low-cost and effective approach to fabricate high-performance TiO2 thin films for advanced solar cell technologies. This work contributes significantly to the understanding of material processing conditions that enhance the efficiency and durability of solar cells.



Thin-film solar cells, such as cadmium telluride (CdTe), copper indium gallium diselenide (CIGS), and amorphous thin-film silicon (a-Si, TF-Si) cells, find applications across various technologies and are categorized into different generations based on their light-absorbing active layers. In comparison to traditional first-generation silicon solar cells, thin-film variations provide numerous benefits like decreased weight and enhanced flexibility, making them ideal for integration into buildings as building-integrated photovoltaics or as semi-transparent photovoltaic materials applied to glass windows. Moreover, manufacturing processes for TF solar cells are generally more cost effective than those for first-generation cells, leading to reduced environmental impacts, including decreased greenhouse gas emissions in many cases. Thin-film solar cells excel over both renewable and non-renewable energy sources regarding human toxicity and heavy metal emissions.



The open-circuit voltage (VOC) of arsenic-doped CdSeTe/CdTe solar cells has reached 917 mV, with the record cell efficiency continuously increasing. Over the past three decades, VOC has improved by approximately 143 mV, yet it remains about 180 mV below that of the best GaAs cells. This means that it is required to optimize the layer thickness, selenium profile, doping, and grain boundary passivation [30]. The enhancement of photovoltaic performance in dye-sensitized solar cells (DSSCs) and dye-sensitized photoelectrochemical cells (DSPECs) through the use of plasmon-coupled donor–acceptor organic sensitizers was investigated in [31]. A novel hybrid photoanode, consisting of gold-decorated TiO2 nanoparticles and an organic sensitizer (RK1), was investigated, and significant improvements in light absorption, charge separation, and reduced recombination rates were demonstrated. The localized surface plasmon resonance (LSPR) of gold nanoparticles was leveraged to achieve enhanced energy transfer and broader spectral harvesting capabilities, particularly in the visible and near-infrared (NIR) regions. The potential of combining organic sensitizers with plasmonic materials to advance solar energy conversion technologies is highlighted, offering a green and efficient approach to solar energy harvesting.



The performance of dye-sensitized solar cells (DSSCs) under various indoor light conditions was explored in [32]. By employing a highly responsive organic dye (D-Dye) and optimizing the thickness of the TiO2 photoactive layer, significant improvements in power conversion efficiency were achieved. The study revealed that the D-Dye demonstrated a high response to the indoor T5 irradiance spectrum, contributing to enhanced efficiency under low-light conditions. Additionally, reducing the thickness of the TiO2 layer effectively suppressed charge recombination, further improving cell efficiency. The maximum efficiency recorded was 20.98% for an 8 μm TiO2 layer under 6000 LUX illumination, showcasing the potential of DSSCs for efficient indoor energy harvesting. This research highlights the importance of dye selection and photoactive layer optimization in maximizing the performance of DSSCs for indoor applications.



The impact of different quantum structures within the intrinsic region of a GaAs p-i-n junction solar cell on its optical and electrical properties was investigated in [33]. The study compared solar cells incorporating Stranski–Krastanov (SK) quantum dots, quantum wells (QW), and submonolayer (SML) quantum dots (QDs) with varying InAs coverage. It was found that solar cells with SML-QDs, particularly with 0.25 ML InAs deposition, exhibited the highest efficiency improvement, achieving a nearly 23% relative efficiency increase over the reference solar cell without any quantum structures. This enhancement is attributed to the higher uniformity, smaller size, and higher density of SML-QDs, which reduce carrier trapping and allow better carrier extraction compared to larger SK-QDs. The findings suggest that SML-QDs provide a promising alternative to traditional QD structures for enhancing solar cell performance, particularly by effectively utilizing sub-band gap photon absorption for increased short-circuit current and overall efficiency.




3.2. Organic Photovoltaics


The solution-processable molecules used in producing organic solar cells are inexpensive, which reduces production costs for large-scale manufacturing [34]. Since these organic molecules are flexible in their structures, organic solar cells made from them are cost effective for applications in PV solar cells [35]. Molecular engineering, such as altering the functional groups of polymers, can change the energy gap, allowing the molecules to be electronically tunable. The optical absorption coefficient of organic molecules is very high. Therefore, a small amount of material, around 0.5 μm thick, can absorb a large amount of sunlight. However, the significant disadvantages of organic photovoltaic cells include low stability, low efficiency, and low mechanical resistance compared to inorganic solar cells, such as those made of silicon.



Polymer solar cells are much lighter than silicon-based solar cells, making them suitable for small sensors. They are also disposable and inexpensive to manufacture, flexible, and adjustable at the molecular level, and potentially have a less adverse environmental impact. Additionally, polymer solar cells are transparent, which allows them to be used in window glass, flexible electronics, and other applications. However, it is important to note the disadvantages of polymer solar cells. They offer nearly one-third the efficiency of rigid materials, and the photochemical degradation is, unfortunately, significant [36].



The issues with the stability of polymer solar cells [37], together with their promising low costs [38] and increasing efficiencies [39], have reportedly caused them to become popular among other types of solar cells. In 2015, polymer photovoltaics achieved efficiencies of over 10% through a tandem structure [40]. In 2023, Hong Kong Polytechnic University set a new record with an efficiency of about 19.5% [41].



The environmental and health hazards posed by lead leakage from perovskite solar cells (PSCs) were investigated in [42]. The issue of lead toxicity poses a considerable barrier to the widespread adoption of PSCs. The mechanisms of lead leakage, identifying both internal and external factors that compromise the stability of PSCs, were discussed. Internal factors include the perovskite structure, ion migration, and degradation of transport layer materials, while external factors encompass environmental conditions such as moisture and oxygen exposure. The authors explored various strategies to mitigate lead leakage, such as encapsulation techniques and chemical adsorption methods, yet they acknowledge the limitations of these approaches in fully preventing lead contamination. The review concludes with a call for the development of lead-free perovskite materials as a long-term solution to address the environmental and health concerns associated with PSCs, thereby ensuring their safe and sustainable commercialization.




3.3. Perovskite Solar Cells


A perovskite solar cell (PSC), with a perovskite-structured compound, is a type of solar cell made from a hybrid organic–inorganic lead or tin-halide-based material that serves as the light-harvesting layer [43,44]. Perovskite materials, such as methylammonium and cesium lead halides, are inexpensive and easy to produce.



The efficiency of lab-scale solar cells made from these materials has seen considerable growth, increasing from approximately 4% in 2009 [45] to 26% in 2021 for single-junction structures [25,46], and up to 30% for silicon-based tandem cells [25,47], which exceeds the maximum efficiency obtained in single-junction silicon solar cells. Perovskite photovoltaics have been advancing rapidly since 2016 [43]. The numerical modeling and simulation of a lead-free perovskite solar cell using Cs2AgBi0.75Sb0.25Br6 as the absorber layer and single-walled carbon nanotubes (SWCNTs) as the transport layer (ETL) were studied in [48]. The integration of SWCNTs with metal oxides such as TiO2, ZnO, and SnO2 to enhance device performance was investigated. Systematic optimization of various parameters, including thickness, band gap, and defect density, revealed that the proposed configuration could achieve an impressive efficiency of 29.06% with a current density of 35 mA/cm2 and an open-circuit voltage of 1.102 V. The influence of controlled humidity conditions and nickel oxide (NiOx) composition on the efficiency of inverted perovskite solar cells was explored in [49]. The study demonstrates that manipulating the humidity during NiOx film preparation can significantly reduce interface defects and energy losses, thereby enhancing the power conversion efficiency (PCE) of the solar cells, leading to an improvement in PCE from 17.44% to 20.23%. These types of photovoltaics have the potential to achieve higher efficiencies and lower production costs. Perovskite solar cells are economically and commercially attractive, but their main problems include short- and long-term stability [50,51].



In addition to conventional photovoltaic technologies, Ruthenium-based dye-sensitized solar cells (DSSCs) and lead perovskite-based solar cells present significant environmental challenges due to the toxic nature of their materials. The recycling procedures for these solar cells must focus on the safe extraction and recovery of the Ruthenium and lead, as well as the containment of any hazardous waste. Current recycling methods, such as chemical leaching and advanced thermal treatments, are being developed to handle these materials effectively. Furthermore, research into less toxic alternatives and closed-loop recycling processes will be essential to mitigate the environmental impact of these high-efficiency solar cells.




3.4. Quantum Dot Photovoltaics


A solar cell known as a quantum dot solar cell (QDSC) utilizes quantum dots within its structure as a captivating photovoltaic material. Traditional bulk materials like silicon, copper indium gallium selenide (CIGS), and cadmium telluride (CdTe) have been supplanted by quantum dots. Quantum dots offer adjustable energy gaps spanning a wide range of energy levels which can be tailored by altering their size. The ability to tune the band gap in bulk materials through appropriate material selection [52] renders quantum dots a viable option for multi-junction solar cells, where various materials are employed to enhance efficiency by capturing multiple segments of the solar spectrum. These solar cells have achieved efficiencies surpassing 18% since 2022 [25]. Quantum dot solar cells have the potential to elevate the maximum achievable thermodynamic conversion efficiency of solar photon conversion to approximately 65% by leveraging hot photo-generated carriers to produce increased photocurrents or higher photovoltages [53].





4. Environmental Impacts


4.1. Greenhouse Gas Emissions


Compared to the well-established first-generation monocrystalline silicon photovoltaics used as a benchmark, certain thin-film solar cells are recognized for their lower environmental impacts relative to other factors. However, the environmental consequences of emerging technologies may surpass those of first-generation cells due to their lower efficiencies and shorter lifespans. The greenhouse gas emissions associated with various thin-film materials are depicted in Figure 1, showing a standardized measure of CO2 (in grams) equivalent emissions per kilowatt-hour for electricity generation, with crystalline silicon included for comparison [54,55,56].



PV systems, including newer technologies like quantum dot photovoltaic (QDPV) modules, are generally viewed as low greenhouse gas (GHG) emitters compared to fossil-fuel-based energy sources. As shown in Figure 1, QDPV technology has the lowest global warming potential (GWP) and distributed solar PVs have the highest GWP. While the global warming potential (GWP) of QDPV modules is lower than that of traditional carbon-based sources like coal, oil, or natural gas, it remains higher than that of other renewable energy sources such as wind and hydropower. This suggests that, while QDPV technology offers a significant advantage in reducing GHG emissions during the use phase, there is room for improvement, particularly when compared to these renewables. The energy payback time (EPBT) of QDPV modules is longer than that of wind and hydropower, which translates to a higher environmental footprint over their life cycle. This discrepancy stems from the energy-intensive processes involved in manufacturing the advanced materials used in QDPVs, particularly quantum dots made from compounds like cadmium selenide (CdSe). While the operational emissions are minimal, the production phase generates notable environmental impacts, which are often overlooked in superficial assessments of solar energy’s environmental benefits. The choice of disposal method (incineration vs. landfilling) influences GHG emissions. Incineration of OPVs can lead to higher GHG emissions due to the combustion of plastic components in the panel, while landfilling results in lower emissions. The impact of the system design, such as the presence or absence of a mounting structure, significantly affects GHG emissions. Removing the mounting structure in the rooftop system reduces GHG emissions. The efficiency of the OPV panel is a crucial factor in determining GHG emissions. Higher-efficiency panels generally lead to lower overall emissions due to smaller panel size and reduced material consumption [54,55,56].



The two most prevalent thin-film photovoltaic technologies, specifically those constructed from amorphous silicon and cadmium telluride (CdTe), exhibit significantly reduced global warming potential (GWP) in terms of greenhouse gas emissions compared to monocrystalline silicon photovoltaics. GWP quantifies the amount of energy that the emissions of a gas absorb over a specified timeframe in relation to the emissions of one ton of CO2. Amorphous silicon panels demonstrate a GWP approximately one-third lower, while CdTe panels show a GWP nearly one-half lower than monocrystalline silicon [55,57]. On a positive note, organic photovoltaics boast the lowest GWP among various thin-film photovoltaic technologies, with GWP values that are over 60% lower than those of monocrystalline silicon [58].



However, this does not hold true for all thin-film materials. Subpar efficiencies and abbreviated lifespans could lead to substantial spikes in environmental ramifications for numerous emerging technologies. Elevated global warming potential in comparison to that of monocrystalline silicon is associated with both nascent chalcogenide technologies (comprising compounds with chalcogen elements like sulfur, selenium, and tellurium) and established chalcogenides such as CIS and CIGS, along with dye-sensitized and quantum dot solar cells. Concerning antimony (Sb)-based chalcogenide cells like Sb2S3 and Sb2Se3, while the utilization of less harmful materials during production is beneficial, the key driver for escalating environmental impact lies in the low efficiencies and, consequently, the augmented area requirements for establishing solar cell facilities. Nonetheless, chalcogenide cells with moderately ameliorated efficiencies hold the promise of outperforming monocrystalline silicon across various related environmental impact metrics. Therefore, enhancing efficiencies for these chalcogenide cells demands further prioritized research [59]. Despite the potential for these materials to exhibit multiple exciton generation (MEG) from a single photon, a phenomenon that could significantly heighten the energy conversion efficiency of nanocrystal-based photovoltaics, the predominant factor contributing to the relatively heightened global warming potential of quantum dot photovoltaics is their low efficiencies.



Carrier multiplication occurs when a single photon absorption results in the excitation of multiple electrons from the valence band to the conduction band. Typically, each photon can only excite one electron across the semiconductor’s band gap, with any additional energy being lost as heat. However, in materials exhibiting carrier multiplication, high-energy photons can excite more than one electron across the band gap, allowing the solar cell to produce more useful work. In quantum dot solar cells, the excited electron in the conduction band interacts with the hole it leaves behind in the valence band, forming a neutral entity known as an exciton. This phenomenon in quantum dots is referred to as multiple exciton generation (MEG). Despite the challenge of extracting energy due to the short lifetimes of multiexcitons, MEG has the potential to greatly enhance the energy conversion efficiency of nanocrystal-based photovoltaics.



Using a thinner active layer without compromising efficiency reduces costs, material usage for quantum dots, and emissions from encapsulation materials. Given this potential, increasing efficiency is crucial for minimizing the environmental impact of these cells [54]. For organic solar cells, their short lifetimes significantly influence their global warming potential (GWP). Despite the overall promising performance of organic photovoltaic (OPV) solar cells compared to other solar technologies, considering the cradle-to-gate GWP—which includes only the material extraction and manufacturing processes that shorten the cells’ useful lifetime—OPV solar cells show about a 97% reduction in greenhouse gas (GHG) emissions compared to monocrystalline silicon and a 92% reduction compared to amorphous silicon thin films. These reductions are much greater than the previously understood 60% reduction compared to monocrystalline silicon, highlighting the importance of extending OPV cell lifetimes to reduce their environmental impact [58].



For perovskite photovoltaics, their short lifetimes of about five years make their environmental impact even more significant. Perovskite solar cells, which are not included in the chart, generally have a much higher global warming potential than other thin-film materials in cradle-to-grave life cycle assessment (LCA), around 5 to 8 times worse than monocrystalline silicon at 150 g CO2-eq/kWh. However, in cradle-to-gate LCA, perovskite cells have a 10% to 30% lower GWP than monocrystalline silicon, highlighting the increased environmental impact when considering the need to manufacture and dispose of multiple perovskite panels to produce the same amount of electricity as a single monocrystalline silicon panel due to their short lifespan. Therefore, extending the lifetime of perovskite photovoltaics is crucial for reducing their environmental impact [57]. Perovskite solar cells (PSCs) currently have an average operational lifespan of around 5 years. Extending their lifetime through improved encapsulation, more stable perovskite materials, optimized interfaces, and lead-free alternatives is crucial for reducing their environmental impact. It is also worth noting that other renewable energy sources, such as wind, nuclear, and hydropower, may achieve a smaller GWP than some PV technologies [54].



Although emerging thin-film materials do not surpass monocrystalline silicon cells in terms of global warming potential (GWP), they still produce significantly lower carbon emissions compared to non-renewable energy sources. These non-renewable sources have GWPs ranging from about 515 g CO2-eq/kWh for relatively clean natural gas (CH4) to over 1100 g CO2-eq/kWh for the dirtiest lignite coal. Additionally, thin-film cells perform better than the typical energy mix, which usually falls between 400 and 800 g CO2-eq/kWh [55].



The most significant contributor to various impact factors, including global warming potential (GWP), is the energy consumed during the production process, which greatly surpasses other environmental impact sources such as material sourcing and transportation costs [55]. For example, over 95% of the GWP for CIGS cells is primarily due to the manufacturing of the absorber layer [59]. This represents a significant environmental concern for processes involving metal deposition [60]. Additionally, for quantum dot PV cells, disposal of hazardous waste from the solvents used in production is also a critical factor [54]. The GWP associated with electricity use can vary depending on the manufacturing location, particularly the ratio of renewable to non-renewable energy sources in the local energy mix [55].




4.2. Heavy Metal Emission and Human Toxicity


Although material selection and extraction do not significantly impact global warming potential (GWP), where electricity usage in manufacturing is the primary contributor globally, they do influence other important environmental factors, such as human heavy metal emissions, toxicity, acidification potential, and ozone depletion. Heavy metal emissions and human toxicity are particularly concerning in thin-film solar cell manufacturing due to the environmental and health risks associated with cadmium. This concern has been present since the 1990s, in the use of CdTe cells, when the dangers of cadmium-containing compounds like cadmium sulfide (CdS) were not well understood [61]. Public anxiety about CdTe solar cells has persisted as they have become more prevalent [62]. Cadmium is a highly hazardous material [63] that can cause bone, kidney, and lung damage and is believed to increase cancer risk [64]. All cadmium-containing compounds have been classified as hazardous, although it is now known that, despite Cd and Te being independently hazardous, CdTe is a stable chemical compound [25] with low solubility and minimal risk to human health [61].



Raw materials such as cadmium (Cd) and precursor materials like cadmium sulfide (CdS) pose significant risks. Cadmium acetate, often used in other solar cells, also contributes substantially to environmental impact factors like heavy metal emissions and human toxicity [59]. These effects are particularly pronounced in nanofabrication processes that generate Cd ions in solution, such as the production of quantum dot photovoltaics [54]. Due to these effects, CdTe photovoltaic manufacturing has been found to have lower heavy metal emissions compared to other thin-film solar production methods. In fact, CdTe production emits less cadmium than the manufacturing of monocrystalline and multicrystalline silicon, ribbon silicon, or quantum dot PV cells. CdTe solar cells also have lower emissions of nickel, mercury, arsenic, chromium, and lead [54]. Among PV materials, quantum dot solar cells have the highest total heavy metal emissions, at nearly 0.01 mg/kWh. However, this total heavy metal emission is still lower than that of any other renewable or non-renewable electricity sources.



The environmental risks associated with the disposal of thin-film solar panels (TFSPs) can be significant. These panels, often treated as construction waste, contain various metals such as zinc (Zn), copper (Cu), nickel (Ni), and lead (Pb), which pose pollution risks when TFSPs corrode or degrade. Metal leaching by acid extraction and burial in different soil types was studied in [50] to assess the potential release of these metals. The results showed that increased exposure to acid leads to higher concentrations of dissolved metals. Furthermore, burial experiments demonstrated that heavy metals are released into the soils, with the release rates depending on the soil type and the quantity of TFSPs. Factors such as soil properties, acid concentration, and the type of metal play crucial roles in the extent of contamination. The findings emphasize that, under acidic conditions, which can be naturally present or induced by acid rain, the corrosion of TFSPs accelerates, resulting in more rapid metal release. Research conducted at the Kyungpook National University Eco-Friendly Agriculture Research Centre between 2022 and 2023 examined the presence of heavy metals in different agricultural fields where fence-type solar PV systems were installed. The results indicated fluctuating concentrations of these metals, with a notable increase in cadmium levels across different sites. The research highlighted the necessity of continuous monitoring of soil quality to prevent contamination in agricultural areas where solar systems are deployed, particularly focusing on the importance of maintaining soil health to ensure sustainable agriculture [65]. While fence-type solar PV systems present opportunities for clean energy generation and optimized land use, the release of metals like Cd, Pb, and Zn due to corrosion, damage, or improper disposal can lead to significant environmental concerns. The study identified that some metals, especially cadmium, exhibit significant increases, which underscores the importance of implementing best practices in the design, installation, and decommissioning of PV systems. This is critical in preventing heavy metal leaching into the soil, thus ensuring that the environmental benefits of solar energy are not offset by unintended contamination of vital agricultural ecosystems.



The public’s increasing tendency to reduce safety concerns about cadmium, and specifically CdTe solar cells, has led to the development of other chalcogenide solar cell materials that are non-toxic or less toxic, such as antimony-based chalcogenides. In these emerging chalcogenide photovoltaics, the use of CdS is the primary contributor to metal depletion and human toxicity. Stainless steel also significantly impacts these and other solar cell materials. For example, in CIGS cells, stainless steel accounts for 80% of the total toxicity related to solar cell manufacturing and plays a significant role in accelerating ozone depletion [59]. Another impact factor in solar cell production is the potential for acidification, which involves the emission of sulfur and nitrogen oxides that contribute to the acidification of freshwater, soil, and the ocean, resulting in harmful environmental effects. Quantum dot photovoltaics (QDPV) have the lowest emissions in this regard, with CdTe cells having the second lowest [54].





5. What Can Be Done with Old Panels


Novel solar panels sometimes exhibit minor defects, such as small erosions (0.5–5%), poor design, and manufacturing flaws [66], as shown in Figure 2. Other panel failures are mainly due to issues with electrical components like charge controllers, fuse and junction boxes, and cabling [67,68]. Initially, solar panels faced problems with degrading anti-reflective coatings, which were made of colorless ethylene vinyl acetate (EVA) and applied to the glass surface, as well as incoherent cracked solar cells [69]. After more than ten years of use, failures were often caused by repeated wind or snow load cycles and temperature changes, leading to degradation, glass breakage, and burst frames [70]. Research has shown that 40% of PV panel failures were due to microscopic cracks [70]. The production of thin cell panels began in 2008, and these types of failures have been most common in these panels [70]. Various methods are employed to address and repair panels with defects.



As solar energy adoption continues to grow, the global cumulative installed capacity surpassed 971 GW by 2021, with projections suggesting that, by 2050, PV waste could reach up to 78 million tonnes. The need for recycling is not only to address the environmental risks posed by solar panel waste but also to recover valuable materials, reduce carbon footprints, and promote a sustainable circular economy. Recycling technologies such as mechanical, thermal, and chemical processes can be used to recover key materials like silicon, aluminum, and precious metals from PV panels. Recycling old solar panels is a sustainable way to manage waste and recover valuable materials. Many components of solar panels, such as glass, metals (like aluminum and copper), and silicon, can be reclaimed and reused. Specialized recycling facilities can process these panels, ensuring that hazardous materials are handled safely and that the environment is protected. A recent report revealed that Toshiba Environmental Solutions will need about 19 years to process all the solar waste generated in Japan by 2020. By 2034, the annual amount of solar waste is expected to increase 70 to 80 times compared to 2020. China, which has a large number of solar installations, currently operates approximately twice as many solar panels as the U.S., but has no formal plans for managing the disposal of aging panels [71].



5.1. Physical Separation


Panels are initially disassembled by removing the aluminum frame, junction boxes, and cables [68,69]. The individual components of the PV modules (panel, junction box, and cables) are then cut into strips and crumpled to monitor both the individual and total toxicity of the module for final disposal [68]. The aluminum frame can be recovered through secondary metallurgy once it is separated from the module. Other elements such as silicon, iron, and nickel, present in small quantities, are mostly components of aluminum alloys [72]. To check and repair junction box faults, two types of processes are used. Properly repairing junction box faults increases the output power of older solar panels. However, this method can only be applied to external junction boxes located outside the solar panel.




5.2. Thermal and Chemical Treatment


In a study by Fiandra et al. [73], thermal treatment was applied to recover the polycrystalline silicon by heating it to a high temperature inside a Lenton tubular furnace. A PV module was used for taking samples by manually removing the exterior aluminum frame. The samples were cut into 10 × 10 cm pieces using a glass diamond blade. Different ratios of nitrogen/oxygen mixtures were flowed and controlled by two flow meters as the required gas supply for the furnace. The gas flow rate was nearly equal to 24 L/h. The furnace was then heated up to the process temperature of about 500 °C. The heating rate was 450 °C/h, and the temperature was maintained for one hour [74]. A mechanical crushing method was introduced by Pagnanelli et al. [75] to reduce the size of the glass pieces to slightly greater than 1 mm, and the crushing process continued to produce glass fractions smaller than 1 mm. Glass and metal fractions were recovered by thermal treatment using an air flux of about 30 L/h. At a heating rate of 10 °C/min, the temperature increased gently, and when it reached 650 °C, the furnace was held at this temperature for one hour. The glass recovery rate was about 90% in this process. In a study by Orac et al. [76], a thermal pretreatment was used to retrieve tin and copper elements from circuit boards by acid leaching. A recycling method for 60 multi-crystalline Si wafers produced in South Korea was applied by Shin et al. [5]. The layers of the solar panels were first separated by thermal treatment [77,78]. The wafers were coated with a phosphoric and acidic pasty mass and then heated for two minutes at temperatures ranging from 300 °C to 400 °C. The recovered wafers from the recycling process were successfully used to produce solar panels, and they were found to have the same efficiency as that of the original product. Different organic solvents were applied to crystalline silicon solar panels by Doi et al. [79] to remove the EVA layer, which was found to be melted by different types of organic solvents, among which trichloroethylene was the most effective.





6. Future Sustainable Solutions


Total solar photovoltaic (PV) power capacity in the world increased to 600 GW by 2023, compared to 390 GW in 2017 [80]. Research shows that solar PV capacity installations are more frequent than those of other renewable energy technologies and inventions. China, holding almost 40 percent of the global installed PV capacity in 2023, remains the clear leader in solar PV energy [80]. The United States has the second largest growth in the solar PV market. The renewable energy capacity in India, with its rapidly emerging economy, has quadrupled, placing the country in third position. For future cost effectiveness and sustainability of PV performance, four significant factors have been suggested: reduction of materials costs, increase in conversion efficiency, suitable energy storage methods, and the development of integrated models [81]. Other factors for commercializing PV solar systems, such as payback time, module cost, and cost balance, need to be investigated with advanced technologies. To address the relevant challenges, industrial power, new concept electronics, solar forecasting, optimized operation, integration of energy storage, data analytics, and research on techno-economic solar integration need to be revisited from a critical perspective [21,80].



The main issue with recycling silicon PV panels is the significant expense, which is currently up to USD 1000 per ton, not accounting for material revenue. Reducing this cost to a maximum of USD 400 per ton is crucial for making the recycling process economically sustainable. To decrease recycling costs, it is important to develop innovative and energy-efficient methods. These include techniques such as delamination, automated material selection, and optimized thermal and chemical treatments. Additionally, enhancing the recovery of silver (Ag) and minimizing waste are essential. Some current chemical and thermal treatment processes either cannot be applied to damaged solar silicon PVs or significantly increase overall treatment costs [82].



In addition to improving efficiency and reducing costs, future sustainable solutions for photovoltaic systems must prioritize effective waste management. This includes advancing recycling technologies to recover valuable materials like silicon, silver, and rare metals from end-of-life panels, implementing chemical and thermal treatments to minimize environmental impact, and establishing policies for responsible disposal and material recovery. Research should also focus on developing eco-friendly materials that are easier to recycle, further reducing the environmental footprint of photovoltaic systems. With an average lifespan of 25 years, a considerable amount of PV waste is expected to accumulate in the coming decades. This waste presents a socioenvironmental challenge due to the presence of hazardous materials like lead, cadmium, and arsenic used in panel production. Different types of PV modules, such as crystalline silicon (c-Si), cadmium telluride (CdTe), and copper indium gallium selenide (CIGS), require distinct recycling processes. This complicates efforts to standardize recycling methods across various PV technologies. For c-Si modules, the main focus is on recovering glass, silicon, and metals, while CdTe and CIGS modules involve specific processes due to toxic elements like cadmium. Both mechanical and chemical techniques are used for disassembly, sorting, and material recovery. In many regions, recycling regulations for PV modules are underdeveloped, leading to inefficiencies in waste management. Governments can help improve the profitability of PV recycling by providing subsidies for low-cost recycling efforts and enforcing penalties for high-cost recycling investments. Countries like China, the U.S., Japan, India, and Germany, which are expected to produce large amounts of PV waste by 2050, must adopt comprehensive frameworks for managing PV waste. The European Union has made significant strides in PV recycling through directives like WEEE (Waste Electrical and Electronic Equipment) that mandate specific recycling targets for PV modules, setting an example for global initiatives. To ensure effective recycling policies, countries need data on the quantity and location of PV waste. Keeping track of where solar installations are located and how much waste they generate is crucial for planning waste management and recycling industries. Public awareness and education campaigns are also vital to change consumer attitudes toward the reuse of recycled PV panels, which are often wrongly assumed to have lower efficiency [83].




7. Conclusions


This review highlights the critical importance of managing photovoltaic (PV) waste to ensure the sustainability of solar energy systems. As solar PV deployment continues to grow globally, addressing the environmental impact of PV waste is crucial. Among the various PV technologies examined—crystalline silicon, thin-film, and emerging third-generation solar cells—each has distinct advantages and disadvantages. Thin-film technologies, particularly those made from amorphous silicon and cadmium telluride, are noted for their lower global warming potential (GWP) compared to traditional crystalline silicon panels. However, emerging technologies like perovskite and organic photovoltaics, while promising higher efficiency, face challenges such as shorter lifespans and potential environmental risks.



When it comes to recycling, a combination of physical separation, thermal, and chemical treatments is currently the most effective approach. These methods allow for the recovery of valuable materials and reduce the environmental footprint associated with PV waste. Advanced recycling technologies, such as those utilizing specific chemical treatments to recover metals and other components, are essential for improving the sustainability of PV systems.



Moving forward, it is important to continue developing and optimizing recycling processes, increase the efficiency of renewable materials, and conduct comprehensive life cycle assessments. By integrating these sustainable practices, the solar energy industry can enhance its environmental performance, ensuring that PV systems contribute to a cleaner and more sustainable future.
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