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Abstract. An increased energy demand of the world is met by the renewable sources
of energy. In this solar photovoltaic technology has turned out as a major contributor.
In India solar photovoltaic sector has enhanced from 1 GW to 28 GW from 2012 to
2018 and reached 32.627 GW on 30 March 2020 as reported by the MNERA. With
the soaring installations, solar photovoltaic waste has also been increasing. 200,000
million tonne of waste solar photovoltaic will be assembled in India till 2030 and
approximately 1.8 million tonne by 2050. Solar photovoltaic technology includes
crystalline silicon panels, amorphous silicon panels, CdTe, CIGS, GaAs panels.
Among these crystalline silicon panels are used in India on a larger scale upto 93% .
Life cycle assessment methodology is utilised. Environmental effects of c-Si, a-Si,
CdTe, GaAS, CIGS on public health are assessed. Major health effects pertaining to
different human body organs are also mentioned. The article also targets apparently
thriving social, economic influence of the recycled solar photovoltaic panels. Interest
of the society and recycling companies is also mentioned in the paper to highlight
economic benefits that can be availed from the end life of the photovoltaic panels.
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1. Introduction

Solar photovoltaic technology has emerged as a great environment rescuer after the extinction of
fossil fuels and in curbing down the global warming [1]-[3]. As reported by the Ministry of New and
Renewable Energy in 2012 the solar photovoltaic installation was only 1 GW which got hiked to
32.627GW by March 2020 and with this the solar waste accumulation is also escalating high [4]. It is
estimated that 200,000 tonnes of photovoltaic waste will be accumulated by the year 2030 and 1.8
million tonnes by 2050 [5]. Photovoltaic technologies like first generation crystalline silicon panels,
second generation Cadmium Telluride panels and CIS panels, amorphous silicon, Gallium Arsenide
panels etc. and third generation solar cells are considered in this article. The different solar panels
contain variety of elements like Cd, Pb, Sn, In, Se, etc. which are regarded as hazardous. During
operation phase solar photovoltaic technology is completely environmental friendly as it is free of
toxic gaseous emissions and other emissions responsible for greenhouse effect. In manufacturing
phase of solar photovoltaic modules, some hazards are associated to environment, safety and health
[6]. Toxic and flammable elements are used in minute quantities in the photovoltaic industry, which
holds environmental hazards during the panel manufacturing. National Photovoltaic Environment
Health Safety Assistance Centre along with the photovoltaic industry of the United States has taken
wise concern for hazards associated with here mentioned commercial solar panels crystalline silicon,
CIS, GaAs, CdTe, amorphous silicon [7]. The potential risk posed by the photovoltaic panels to
human health is due to exposure through air, water and soil in the industry or nearby inhabited areas
[8]. For risk assessment of hazards caused by the solar photovoltaic panels the mechanism of released
chemicals and their transport through air, water, soil is to be studied. Exposure can be through dermal
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contact, inhalation by respiratory tract during installation and transportation due to damage to the solar
panels [9], [10].

2. Solar panels and their health effects

2.1. Crystalline silicon solar cell
These are the wafer-based solar cells made up of silicon which is of crystalline nature. Chemical

burns are associated with the use of HNO3z HF, NaOH as these are utilised for cleaning wafer and
reactor [11]. Fumes upon inhalation causes irritation to the nasal tract and lungs. The elements used in
the doping procedure in gaseous phase like BoHs, POCI; also pose threat to the respiratory system as
POCI; can produce P,Os and Cl; [12]. Hazards associated with the respiratory tract can be controlled
by adequate ventilation system designing of solar photovoltaic manufacturing firm. The above were
the health issues related to those involved in the occupation of solar photovoltaic panel manufacturing.
In the wafer slicing, etching, cleaning, processing, assembling of the solar cells environmental issues
are into effect due to waste generation in gaseous and liquid state. However, initiatives have been
taken for waste reduction and use of environment amiable materials for solvents and soldiers [2], [13].
Caustic waste can be reduced by the process of etching. Lead is also used in the soldiers that possess
hazardous effects. However, some of the companies are using lead free soldiers by bringing
advancement in their manufacturing technologies.

2.2. Amorphous Silicon solar cells
In the manufacturing of amorphous silicon Silane is used. It also possesses hazards as it is a flammable

gas and its derivatives are used in the deposition of silicon nitride. Silane is liable to spark when
exposed to atmospheric air. The ignition property of Silane depends upon its proportion with the
carrier gas; its concentrations should be from 2-3%. Hydrogen is also utilized in the manufacturing of
Silane and it is explosive in nature. Safety measures are used in the gas handling system so as to avoid
the accidents by the leakage of gas. Safety is also ensured by storing the explosive components in tube
trailers equipped with valves for the restriction of gas flow instead of changing the cylinders. Dopant
gases like AsHs, GeHs, PH; also pose toxic effects upon exposure to environment. Continuous
circumspection is needed to avoid any kind of hazard in the manufacturing firm. Environmental issues
also pertain with the large use of silane in manufacturing of a-silicon [14]. Utmost care should be
taken while handling silane on large scale in the solar panel manufacturing plants, the manufacturing
plants should be away from the habitats to avoid any further hazards.

2.3. Cadmium Telluride solar cell, CdTe
In the manufacturing of the CdTe panels materials like CdS, CdCl, CdTe are used and out of these

cadmium possess risk due to inhaling of its vapours. It can cause edema in pulmonary, pneumonitis
and death in severe cases. The toxicity effects of these materials is due to its inhalation as the lungs
have high efficiency of absorption and further sending it to the gastrointestinal tract. Health risks come
into light during the preparation of the components in the panel manufacturing [15]. Leaking of the
vapours, etching of materials from the panels, cleaning and scrapping of the materials in maintenance
process and also in handling the waste culminated by solar panels during life cycle of the solar power
plant or after its life cycle completion possess greater risk to the workers at manufacturing site. Eye
should be kept upon the hazards posed in manufacturing process and provision of equipment’s for
individual protection should be ensured to maintain the safety at the occupational site for the workers
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[14]. Mask is to be provided for the prevention of adsorbing harmful emissions of cadmium in
respiratory tract of workers and routine health check-up is also to be ensured of the staff so as to
ensure the zero health risks among the workforce [16]. As such no human health issues are in record in
context of CdTe solar panels however the problem arises in disposal and the end life management of
these [7], [17]. Leaching of chemicals like Cd, In, Pb etc. occurs from the broken and decommissioned
solar panels [18]-[20]. The leachate further has its fate from emission to transport as depicted in Fig.
1.

Leaching
through
rainwater
| | | |
Partitioning to Migration to Emission
soil soil water through wind

Fig.1 Fate and transport scheme from emission to exposure stage [19]

2.4. Copper Indium Selenide solar cells

In the manufacturing of CIS solar cells copper, indium, selenium is used in the vapour state, Hg.Se
medium is used for depositing Se. CIS shows very mild effect in terms of toxicity towards the animals.
Though selenium is very toxic on combining with hydrogen it leads to formation of selenium
hydroxide [21]. Selenium hydroxide possesses threat to survival of living beings in the concentration
range of 1 ppm. It is similar to arsine in terms of physical properties but it gets oxidized and it affects
the mucous membrane. An emergency control system is to be used with a scrubber so as to prevent the
chances of any hazards in the depositing system. Proper vigilance is to be taken and control at the
administrative level should be established to safeguard the people in the working area. Health issues
and hazards are associated with the hydrogen selenide storage units henceforth safety measure are to
be taken in by the use of restricting valves which prevent the flow of the gas [22]. Further the hazards
can be prevented by using wet and dry scrubbing in case of sudden emission of the gas. Further
environmental hazards are associated with the disposal and end life management of these solar panels
[23]-[25].

2.5. Gallium Arsenide solar cells
Toxic gases like phosphine, arsine, and hydrides are used as the feedstock gases for making of this

kind of solar cells. Accidental exposures of these can lead to a hazard [26]. AsHs, PHs, metal organics
and hydrogen are used in quantity of 23 metric tons, 0.7 tons, 7 tons and 1500 tons respectively.
Hazards can be avoided by the use of alternative chemicals instead of harmful chemicals. Tertiary
butyl arsine and tertiary butyl phosphine can be used in the manufacturing of these solar panels instead
of above mentioned chemicals. Nitrogen being less reactive in comparison to hydrogen can also be
used to replace it from the solar panels [25], [27]. Table 1 summarizes the overall potential toxicity of
materials utilized in solar panels. Fig. 2 highlights the human health effects from various chemicals
used in solar photovoltaic panels.
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Fig.2 Human health effects from c-Si, CdTe, CIGS, GaAs, a-Si solar photovoltaic panels

2.6. Third Generation Solar Cells

This generation of solar cells is the emerging one in the latest hour in both industry level and research
level. Various types included in this category are:

1. Polymer based solar cell (PSC)

2. Concentrated solar cells (CSC)

3. Dye sensitized solar cells (DSC)

4. Solar cells based on pervoskite

5. Nano crystal based solar cells

3. Methodology

Life cycle assessment is done to study environmental repercussions involved throughout fabrication,
positioning and knocking down conditions. LCA 1is defined as the accumulation and interpretation of
the inputs required and the outcome of the technology during the overall lifetime. LCA is comprised
of three areas - (1) Design & outlook (2) Reservoir assay (3) Effect analysis. On the basis of above
areas an entire outline of the LCA can be shaped as in Fig.3.

Design &
Outlook

Reservoir
assay

Effect
analysis

Fig.3 Outline of Life Cycle Assessment
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The design and outlook of LCA considers the manufacturing stage means from cradle to gate and end
life stage means cradle to grave. Hence LCA speculates the entire stages of life cycle of the product.
All the inputs from the surroundings and the output going to the various other sources like air, water,
land are analysed by the approach of raw material flow. Climate change, human toxicity, depletion of
ozone, eutrophication, depletion of water resources, acidification etc. are all included under the effect
analysis. Life cycle assessment of the solar panel waste based on the end life is essential as it analyses
the product after its life cycle completion when it turns out as waste [28]. Profitable elements like
silver, aluminium, copper etc. can be utilised for making of new solar panels [29]. Life cycle
management based on reduce, reuse, recycle and recovery is to be practiced [30]-[32].

Dumping into land is the least preferred option for the treatment of solar photovoltaic waste [33].
Photovoltaic panels consist of materials like silicon cadmium, selenium, tetrachloride, sulphur
hexafluoride, aluminium, silicon wafers, Indium, Tin, Nickel, Zinc, CdTe filter cake, Silver, plastic,
glass, CIGS filter cake etc. On attainment of end life, the materials can be used again to gain economic
benefit [13], [34]. Recycling is also to be performed on different solar panel to again utilise their
components and materials [35]. Solar panel components are separated by shredding, detaching,
solubilising, chemical bath and material sorting; further recycling can be achieved by processing
panels in dedicated glass [36], [37]. Hazardous and non-hazardous materials are to be recovered which
either can be reused or dumped into land so as to prevent the piling up of the waste.
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Hazard category

Flammable

Explosive

Chemical Utilisation
Asphyxiant
Argon gas Thin film
deposition
Ammonia Antireflective
coating
Diborane a-Silicon
dopant
Helium gas Thin film
deposition
Boron Dopant
trifluoride
Hydrochloric | x-raw material
acid etching and
cleaning
Hydrofluoric | x-cleaning and
acid etching
Hydrogen CIS sputtering
Selenide
Hydrogen gas | a-deposition
Hydrogen CIS sputtering
Sulphide
Nitrogen Si wafer
trifluoride plasma
etching
Methane gas | a-Si & GaAs
manufacturing
Phosphine Thin film
gas dopant
Phosphorous | x-Si dopant
oxychloride
Selenium CIS & CIGS
raw material
Silane gas Intermediate
product in x-
Si production
Silicon X-Si & a-Si
tetrachloride | deposition
Tellurium CdTe & CIS
raw material
Trichlorosila | x-Si & a-Si
ne deposition
Alkali Cleaning

Table.1 Potential toxicity of materials utilized in solar photovoltaic panels [22]

4. End life cycle management of Solar photovoltaic panels

Dumping of waste or burying them into land is the least preferred option for waste treatment [32],

[38].
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Fig. 4 End life cycle management of the solar photovoltaic waste

End life assessment of the solar photovoltaic modules holds importance for recycling companies and
society on below mentioned criteria (Table. 2) as it prevents the environment and enhancement of
economy [13], [39]. USD 15 billion worth raw material can be generated from the 60-78 million tons
solar waste pile up from all over the world by 2050 which will give boon to new employment sector.
Also in India the 1.8 million tons waste generated by 2050 will be of due economic worth to harness
new employment industry [37], [40]. Value can be generated from the solar photovoltaic waste by
their recycling at end life. Recycling techniques needs to be practiced at commercial scale so as to
recover the valuable materials as it will boon the employment sector by establishing recycling industry
and further new industry will be set up to utilize the recycled materials. Construction industry can
utilize the recovered aluminium in making doors, window panes and floor tiles. Automotive industry
can utilise Al, Cu, glass etc. Packaging industry can also utilize the recycled solar panel parts.

Criteria Interest of society (%) | Interest of recycling companies (%)
Valuable materials 5 35
Hazardous materials 5 15
Average weight 0 25
Market share 0 25
Energy efficiency 20 0
Life duration 20 0
Production cost 5 0
Light absorption 10 0
Energy payback time 20 0
Greenhouse gas emission 0.15 0

Table.2 Interest of society and recycling companies [36]

5. Conclusion

Manufacturing of the solar photovoltaic panels requires use of hazardous chemicals that pose threat to
health and safety of the people involved in the solar panel manufacturing. Hazard category of solar
photovoltaic panels is also categorised. This negative impact upon health of the people and
surroundings can be compacted by taking proper safety measures in the manufacturing firm. Further
the use of hazardous materials needs to be replaced by the environmentally amiable substances so as to
eradicate the root cause. Life cycle assessment of solar photovoltaic technology also emphasis on
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environment and human health impact from origin to cradle and is proving to be a great savior in
environmental impact analysis of this emerging technology. Accurately designed working
infrastructure furnished with proper engineering system, imparting proper training to the employees
for safety sustainment can lead to the reduction in the risk at manufacturing level and it will curb the
detrimental effects of the solar manufacturing. Though crystalline silicon panels contain majority of
the safe metals in comparison to CdTe, CIS, GaAs and amorphous silicon panels but the
manufacturing procedure utilises harmful chemicals and further the disposal of these photovoltaic
panels possess greatest risk to the environment. Among all the generations of solar cells health issues
were more reported from CdTe, CIS, GaAs while lesser from c-Si, a-Si. Crystalline silicon panels
though contain fewer amounts of valuable materials other than silver are non- toxic to environment.
Recycling should be taken ahead with focusing on both environmental and economic benefit to attain
sustainability in terms of development. Gaseous emissions released in the environment during
manufacturing also pose harmful impact. This article also highlights comparative recycling interest of
society and recycling companies as solar panel recycled material holds great economic benefit. Utmost
caution needs to be practiced for reducing human health hazards and establish solar photovoltaic
technology as completely eco-friendly.
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