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Abstract
This pioneering work employs the attributional and comparative life cycle assessment
methodology to evaluate India’s ambitious target of installing 100 GW of solar energy by
2022 and the FRELPmethod to study the circular economy prospects of the substantial PV
waste it is expected to generate. Business as usual projections suggest that the intended
target will be achieved no sooner than 2029. The lower lifetime of polycrystalline PV
modules combined with their lower efficiency is found to severely downgrade their
environmental performance vis-à-vis monocrystalline PV modules. The end-of-life treat-
ment of the projected 6,576 tonnes of solar PVwaste, expected to be accumulated between
2034-59, indicates a recovery rate of 90.7% entailing electricity consumption, GHG
emissions, and monetary cost of 678.6 MWh, 648 tonnes of CO2 eq., and USD 11.8
billion, respectively. Simultaneously, the recovery of aluminum and glass alone leads to a
direct saving of 70.3 GWh of energy by eliminating raw material extraction and process-
ing. Further, the economic value of the recovered material at USD 11.74 billion is found to
have the potential to generate additional solar capacity worth 19 GW. However, making
the end-of-life treatment of PV waste financially feasible would require government
subsidization. A minimum amount that would equate the costs to the benefits is USD
690/MW. The study, therefore, intends to inform potential stakeholders about the envi-
ronmental burden as well as the economic potential of the impending PV waste and
concludes with important policy prescriptions for enabling a sustainable energy transition
through the circular economy approach.
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Introduction

India, one of the largest economies in theworld with a fast-growing population, demands higher
energy security in order to achieve sustainable economic growth. The country’s per capita
electricity consumption has increased from 15.6 kWh in 1950-51 to 1,208 kWh in 2019-20 [1].
The Government of India’s endeavor to provide 24x7 Power for All is in accordance with the
Sustainable Development Goal (SDG) of ensuring access to affordable, reliable, and sustainable
energy for all [2]. With India achieving 100% rural electrification along with rising incomes
over the last few decades, more and more households have access to basic amenities which
require electric power, such as television, refrigerator, and computers [3]. The country is also
committed toward the adoption of cleaner energy sources in its energy mix under the landmark
Paris Agreement, thereby simultaneously contributing to SDG Goal 131. As per one of the
Nationally Determined Contributions (NDCs) under the stated agreement, India is required to
increase its non-fossil fuel share of cumulative power generation capacity to 40% by 2030 [4].
Withmore than 60% of the current installed power capacity being dominated by thermal energy
sources, India plans on meeting this target by embarking upon the world’s largest renewable
energy (RE) capacity expansion program of achieving 175 GWRE installed capacity by 2022.
This target is further split into 100 GW solar, 60 GWwind, 10 GW bio-power, and 5 GW small
hydro [5]. Of the 100 GW solar energy target, 60 GW is to be achieved through utility-scale
ground-mounted PV and 40 GW through rooftop PV.With a potential solar RE capacity of 750
GW and more than 5,000 trillion kWh/year energy incident over the country’s land mass, the
prime importance accorded to solar energy in India’s RE energy mix is in accordance with the
multiple factors favoring its exponential growth [6, 7].

The adoption of Solar Photovoltaic (PV) systems is considered to be a highly sustainable
solution for tackling adverse environmental consequences and has accordingly registered phe-
nomenal growth in the recent past [8]. The solar PV technology itself has matured over time and
currently possesses a wide range of technology options within it. These technologies mainly differ
in terms of the light-absorbing materials used and include wafer-based cells (traditional mono-
crystalline, poly-crystalline, micro-crystalline silicon, or gallium arsenide), commercial thin-film
cells (cadmium telluride, amorphous silicon, and copper indium gallium diselenide), and new
thin-film technologies (perovskites, organic materials, and quantum dots) [9]. The characteristics
of PV module technologies largely remain the same across regions, however, the exact values
vary due to differences primarily in solar-irradiance, module performance ratios, energy require-
ment, as well as the type of PV systems such as ground-mounted PV or rooftop PV. Today, the
crystalline silicon (c-Si) PV technology led by monocrystalline (m-Si) and polycrystalline (p-Si)
PV modules is dominating the solar PV market primarily because of its proven field stability and
high conversion efficiency levels provided by silicon [10, 11].

The positive environmental impact of solar power generation in terms of greenhouse gas
(GHG) emissions reduction has been elaborated extensively in the literature [12–15]. However,
despite its huge potential for emission reduction, solar electricity generation systems are not
actually emission-free technologies as they carry the environmental weight of other phases in the
life cycle [16]. One of the key assessment tool instrumental in directing attention toward this
aspect is the Life Cycle Assessment (LCA) methodology, a technique for assessing various
aspects associated with the development of a product and its potential impact throughout a
product’s life [17]. Ludin et al. [18] review solar PV LCA studies conducted between 2000 and

1 SDG Goal 13 – taking necessary action against climate change and its impact.
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2016 and summarize that GHG emissions for m-Si PV modules range from 29 – 671 gCO2eq/
kWh and from 12.1 – 569 gCO2eq/kWh for p-Si PV modules. Meanwhile, the average energy
requirement levels of c-Si PV modules range from 150 kWh/m2 – 1845 kWh/m2, whereas for
thin-film amporphous PV modules, it ranges from 50 kWh/m2 – 400 kWh/m2 [19]. The
harmonized median estimates for GHG emissions from m-Si and p-Si PV technologies stand at
40 gCO2eq/kWh and 47 gCO2eq/kWh, respectively. Similarly, the harmonized median estimates
by mode of installation amounts to 48 gCO2eq/kWh and 44 gCO2eq/kWh for ground-mounted and
rooftop c-Si PV systems, respectively [20].

One of the major limitations of the previous LCA studies is that while they consider indirect
emissions from upstream processes such as materials extraction, transportation, and plant con-
struction, only a few of them consider indirect emissions from downstream processes such as
plant decommissioning, recycling of materials, and waste disposal. The reason cited for this is that
GHG emissions of solar PVs are heavily weighted toward upstream operation [20]. This is also
the reason why some studies assume that at the end of its technical life the system is landfilled
without any material or energy recovering process [16]. Going forward, however, downstream
processes are poised to become a major cause of concern for the global community. With the
demand for solar PV panels increasing progressively year after year, the volume of
decommissioned PV panels is supposed to rise too. By 2030, the Asian economies, currently
exhibiting higher growth of solar PV, are collectively expected to generate 55.8 MT of solar PV
waste compared to 40.8 MT in Europe by 2040. Thus, ensuring that energy transition is
complemented by a transition to a circular economy through strategies such as reducing, reusing,
recycling, and recovering is a prerequisite for sustainable energy transition. Embedding the
circular economy approach in the solar PV lifecycle can prove to be the most effective way to
improve the modules’ environmental performance by reducing the energy input in the
manufacturing phase of the modules, which is the most energy-intensive phase of the solar PV
lifecycle [21–23].

Nikolau, Jones, and Stefanakis [24] provide a comprehensive overview of the concepts of
circular economy and sustainability at the micro-, meso-, and macro-levels across engineering/
natural sciences and management/economic sciences. With the help of extensive literature review,
the authors find an increasing trend in academic research in this field over the past decade where the
concepts of circular economy and sustainability are found to be mutually inclusive in nature. In
recent studies, higher emphasis has been provided at the macro-level focusing on urban, regional,
and national policies with more studies being conducted in the engineering/natural sciences field.
The notion of circular economy in developing countries was given very little attention previously
due to the lack of knowledge regarding the benefits such as the increase in productivity and
economic growth, employment generation, and curbing ill-effects on the environment [25]. Invest-
ments in product and process technologies for disposal and management of industrial waste
recycling by the private sector and providing funding for innovations and developing product
standards by national and local governments will contribute toward transitioning toward a circular
economy across various sectors. For instance, in the case of solar PV panels, it has been recom-
mended that the preparation for recycling of PVwaste should bemanifested in the production phase
itself where the PV design can be made in such a way that at the end-of-lifetime it is easier to
decommission PV modules for recycling and reuse [26]. Reusing and recycling PV panels at their
end of lifetime can unlock a large stock of raw materials and other valuable components. A 40%
reduction in the environmental burden was documented while investigating the prospects of a solar
energy system based on reused components for developing countries, attributed to the absence of
battery production impacts [27]. Similarly, the potential recovery of silicon from PV waste is
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expected to reduce the cumulative demand for silicon from 17Mt to 13.4Mt by 2040 in Italy, where
the high demand for c-Si technology modules has increased demand for high-purity silicon [28].
Analogously, by 2050, PV waste mining could provide 72 -80% of the raw material required to
manufacture the Spanish demand of PV modules that year [29]. Even in South Korea, with proper
monitoring, collection, and storage of PV waste arranged shortly post-production, the recycling
treatment can yield high commercial value for materials recovered from the 4.4 – 5.8 million tons of
PV waste expected to be accumulated by 2080 [26].

However, the global status of practice and knowledge for the end-of-life management of
crystalline silicon PV modules, especially in the developing countries, is still in its infancy and
demands investment in research and development to reduce recycling costs and environmental
impacts compared to disposal, while maximizing material recovery [30]. Assuming the latest
recycling technology available in Mexico, 75% of 1.2 MT of PV waste expected to be generated
by 2045 can be recovered and reused for PV manufacturing [31]. However, Mexico currently
does not have the capacity to adopt high-end technologies to achieve this target. Similar is the case
for all developing and underdeveloped countries, including India. IEA suggests that by 2050,
global PV panel waste is projected to increase to 60-78 million tons while the recoverable value
from PV waste could cumulatively exceed USD 15 billion, equivalent to the amount of raw
materials needed to produce approximately 2 billion panels, or 630 GW of power-generation
capacity [32]. This suggests that the Solar PV has immense potential for accelerating the transition
from the conventional linear to the new circular economy concept such that energy resources are
retained as available for use in the production cycle for as long as possible, by maximizing
economic benefits and minimizing the environmental impacts [33]. In order to harness such a
huge potential, strategizing comprehensive policies at the national level becomes important. This
would in turn require careful investigation into the dynamics of the solar PV industry to explore
the environmental and economic prospects of recycling practices through techno–economic
analyzes and LCAs to optimize solutions and minimize trade-offs [30].

While all the studies discussed thus far are in the context of other countries, a recent study
analyzing the circular economy potential from solar PV waste in the end-of-life (EoL) phase in
India was undertaken by Gautam et al. [34]. The study uses a forecasting model to project the
amount of waste generated by EoL solar PV panels and its balance of system (BOS) using
Weibull reliability function for panel failure. For this purpose, the study estimates the annual solar
PV installation until 2030. The authors show that 347.5 GW of solar PV installations by 2030 is
expected to generate 2.95 billion tonnes of e-waste between 2020 and 2047 with potential
recovery of critical metals worth USD 452 trillion at EoL. All these elements form a critical
element of the objectives of the present study as well. However, this study goes well beyond its
predecessor to undertake a more comprehensive target-based analysis. The broad objectives and
the accompanying novelties of this study are listed below:

(1) This pioneering work investigates the circular economy prospects of the world’s largest
solar capacity expansion in India throughout its lifetime. The LCA analysis is inclusive of
upstream as well as downstream activities as the exclusion of the latter is a significant
research gap in the literature. To this end, an attributional and comparative LCA is
undertaken, to understand the energy and environmental impact of ground-mounted and
rooftop solar PV installation using m-Si and p-Si PV technologies at the national level

(2) The comparative LCA presented in this study is a novelty in itself, as the literature on LCA
of solar PV technology in India remains scattered, limited to a particular solar PV plant in a
particular region, with no distinction made between different PV technologies [35, 36]. This
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study, therefore, attempts to provide a generalized national level framework for studying the
energy and environmental impact of solar PV for power generation

(3) The study presents a timeline for the probable achievement of the intended target based on
which the projections of impending PV waste from the proposed capacity expansion are
made. In doing so, this study provides an update to the projection made by IRENA and
IEA PVPS [32] by factoring in the impact of the COVID-19 pandemic. Furthermore, an
extension is provided to this study, and other studies estimating the annual and cumulative
PV waste generation [37, 28, 31, 34, 38] by estimating the financial costs of recycling as
well as the economic value of recovered materials, thereby assessing the PV capacity
which can be installed with the help of resale of recovered materials in the Indian context

(4) The work comparable to this study is a recent collaborative report on PV waste manage-
ment in India [39]. While the report provides insights into the recycling rates of various
PV waste materials at the end-of-lifetime, the cost of recycling these materials across
various stages considers only private costs in terms of transportation, treatment, landfilling
costs, etc. The present study goes beyond this constraint to include the external costs in
terms of negative environmental impact from the recycling process

(5) Additionally, the cumulative breakdown of the type of materials which can be recovered
and reused at the end-of-lifetime as well as the energy and environmental gains from
substituting virgin material manufacturing with recovered material is estimated

(6) Finally, based on the cost-benefit analysis of the PV waste recycling process, the study
proposes a minimum threshold for subsidizing PV waste recycling that the policymakers
should consider in order to make the process financially viable in India

Thus, this study provides a comprehensive evaluation of the circular economy prospects of solar
photovoltaic compared to the existing studies in literature.

The rest of the paper is organized as follows: First, the Materials and Methods section briefly
describes the Indian solar PV industry and the trend of solar PV deployment followed by defining
the goal and scope of the LCA study along with the Life Cycle Inventory (LCI) analysis. Next, the
study provides the Life Cycle Impact Assessment (LCIA) across the economic, energy, and
environmental dimensions. This is followed by the interpretation of these results and the conclusion
and policy recommendations at the end of the paper.

Materials and Methods

The Indian Solar PV Industry

Evolution of Installed PV Capacity in India

The development and incorporation of solar PV technology were discussed for the first time
among Indian policy-makers as early as the 3rd Five Year Plan (1961-66) [39]. Since it was a
completely new technology at that time, its incorporation in the Indian power sector was not a
natural development. It was only twenty years later in the 6th Five Year Plan (1980-85) that the
implementation of solar power capacity for electricity generation was discussed and a Commis-
sion for Additional Sources of Energy (CASE) was set up. Soon, the National Solar Photovoltaic
Energy Demonstration Program (NASPAD) was implemented under which manufacturing of
solar PV cells andmodules of 10.35 kW, 21.07 kW, and 31.75 kWwas achieved for the first time.
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In 2010, the government announced the Jawaharlal Nehru National Solar Mission
(JNNSM) under the National Action Plan on Climate Change (NAPCC-2008) under which
a target of 22 GW of grid-connected and off-grid power plants was expected to be achieved by
2022 [39]. Though a very conservative target, this was the first national-level solar capacity
installation program pursued by the government. Subsequently, the new government in 2015
increased the solar capacity installation target to 100 GW to be achieved by 2022.

By 2014, the cumulative solar installation in the country could reach 3.2 GW only [41].
However, following the announcement of the national RE expansion program in 2015, solar
installations saw exponential growth, as demonstrated in Figure 1.

The highest increase in solar installations of 9.7 GW was witnessed in 2017 which
corresponded to a 123% year-on-year increase. Since then, the solar industry has witnessed
a negative capacity installation growth rate, which can be attributed to the economic slow-
down, liquidity crunch, as well as the COVID-19 pandemic [45].

As of December 2020, only 38.4 GW of the 100 GW target was achieved, implying that by
the end of 2022, a total of 61.7 GW or approximately 30 GW installations per year is required.
Table 1 gives the share of rooftop PV and ground-mounted PV installation yet to be achieved.

With an average of 6.5 GW installation achieved in the last five years and the slowdown
induced by the current pandemic, meeting this target in the given period of time seems unrealistic.
Accordingly, the next section presents a projection for the probable achievement of the cumulative
PV capacity, keeping in mind the past trend.

Projection of the Installed PV Capacity to Achieve the RE Capacity Expansion Target

The c-Si PV technology currently dominates the solar PV market, constituting 95% of the global
market, while the share of thin amorphous technology remains minimal with limited information
on its LCI [11]. This study, therefore, analyzes the share of the proposed capacity expansion based
on c-Si PV technology only. In the absence of market share information of solar PV technologies
in the Indian context, the study uses the global market share as a proxy for the Indian solar market.
Accordingly, the projection is made for 95 GW of c-Si PV module capacity expansion,
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corresponding to 95% of the proposed 100 GW solar capacity expansion to be achieved by 2022.
The projection of installed capacity is made using the E3-India model, an impact assessment tool
developed from the internationally recognized E3ME global model framework.

The model is used to simulate the effects of economic and energy policies in India. Based on the
Keynes-Leontief-Klein framework, themodel is designed to provide policymakers amultidimensional
policy impact analysis to assess the merits of a policy from the Economy-Energy-Environment
standpoint. The feedback mechanism between these three dimensions is shown in Figure 2.

The economy module of the E3-India model provides the measure of economic activity and
general price levels to the energy module. The energy module is constructed for each of the 21
energy users, disaggregated by five energy carrier for each region (see Table 11 in the Appendix).
Based on the power generation technology and disaggregated energy user data, CO2 emissions
are estimated in the environment (emissions) module.

Given the importance of data quality for econometric models, E3-India model’s database has
been compiled with substantial effort. The baseline or the Business as Usual (BAU) scenario has
been constructed by an extrapolation of previous sectoral growth rates compiled in the E3-India
model’s database. The model further adopts a method of calibration for scaling the forecasted
values such that the model baseline is consistent with the constructed baseline.

Table 1 Total solar installations commissioned and to be achieved by 2022 (in GW). Source: [40–45] and
Authors’ calculation

Sr.
no.

PV system Installations (in GW)
(as of Dec. 2020)

Target
(in GW)

Balance to be
achieved (in GW)

Balance to be
achieved (in %)

1. Rooftop PV 5.3 40 34.7 86.7%
2. Utility-scale

ground-mounted
PV

33.0 60 27.0 45%

Total installations 38.4 100 61.7 61.7%

Fig. 2 E3-India model structure. Source: [46]
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The projected timeframe for the completion of the intended solar PV capacity target, along with
the annual capacity addition, as suggested by the BAU baseline of the E3-India model, is presented
in Figure 3. For 2029, only the net capacity addition required to meet the 95 GW target is shown.

Figure 3 indicates that the proposed installation of 95 GW of c-Si PV modules will be
achieved by 2029. This is an important result, highlighting the large degree of variation in the
year of completion of solar installations vis-à-vis the official target year of 2022. The break-up
of the forecasted yearly installations according to the PV system (Rooftop and Ground-
mounted PV) and PV technology (m-Si and p-Si) is presented in Table 12 in the Appendix.
For this purpose, the share of m-Si and p-Si PV technologies in the c-Si solar PV market in
India is assumed to be at par with their global share, i.e., 69.37% and 30.63% [11].

With a reliable timeframe for the achievement of the 95 GW capacity target, the next
section lays out the goal and scope definition for performing a LCA of the intended solar
capacity expansion.

LCA Goal and Scope Definition

This study deals with the attributional and comparative LCA of the 95 GW c-Si solar capacity
expansion in India. The attributional LCA is conducted to measure the direct energy and
environmental impact of the capacity expansion for ground-mounted PV and rooftop PV systems
throughout its lifetime, and the comparative LCA is conducted to compare this impact across m-Si
and p-Si PV technologies.

For this analysis, the total effective area of a 1 kWm-Si or p-Si PV system is assumed to be 10m2

[35, 47]. Some of the harmonized characteristics defined for the purpose of this analysis are given
below.

i. Solar irradiation – the amount of energy received from the sun per unit area of solar PV
panel is assumed to be 1700 kWh/m2/year in India [48]

ii. Performance ratio – the ratio of the actual electrical energy generated by PV plant to the
theoretically possible electrical energy generated by the PV plant is assumed to be 0.75 in
India [20]

iii. Module efficiency –the percentage of sunlight on the panel that is converted into
electricity is assumed to be 14% for m-Si and 13.2% for p-Si PV technology in India [49]
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iv. Lifetime – the c-Si-based technology used in m-Si and p-Si technologies are assumed to
have a life time of 30 and 25 years, respectively [50, 51]

The phases considered for the analysis range from resource extraction until EoL treatment,
whereby the energy and environmental assessment of the production, construction, and opera-
tional phases is explained using LCA indicators such as Energy Pay Back Time (EPBT), Energy
Return on Investment (EROI), and GHG Emission Rate, while the EoL assessment is done using
the Full Recovery End-of-Life Photovoltaic (FRELP)method to incorporate the circular economy
approach. The distinction also arises due to the variability in the functional unit reported in the
literature for the respective phases, where the energy requirement for EoL is measured in per
tonnage rather than in per m2 terms, as is the case for the first three phases.

Life Cycle Inventory

The LCI step entails data collection and compilation for inputs (such as energy requirement and
raw materials), intermediate processes, and outputs (such as GHG emissions and solid/liquid
waste) for all the phases included in the study. This study takes into account energy and emission
flows over four distinct phases in the process of electricity generation by means of photovoltaic
panels. These include the production, construction, operation, and EoL phases, discussed in the
following sections. The per-unit energy requirement (embodied energy) as inputs across the first
three phases has been compiled for m-Si and p-Si PV technology with respect to the Ground-
mounted PV and Rooftop PV systems, and is summarized in Table 2. For the national level
analysis, the LCI has been compiled from the latest secondary sources available with sufficient
geographical and technical correlation. The reason behind this approximation is the paucity of
data due to the absence of macro-level LCA of solar PV in the Indian context. Thus, in order to
undertake this novel analysis, the study has to rely on the more comprehensively documented
European solar PV LCA studies for preparing the LCI. The LCI for the EoL phase is collated
using the FRELPmethod. The recoveredmaterials from PVwaste at the EoL phase are quantified
to measure the circular economy prospects in terms of the potential savings in energy and GHG
emissions in the forthcoming production phase by substituting virgin materials with recovered
materials.

Accordingly, the system boundaries of this study is schematised in Figure 4, consisting of
the four phases of the 95 GW c-Si solar PV systems, based on the Circular Economy approach.

Production Phase

In this stage, the silicon feedstock is procured as raw material which then goes through a series of
scientific procedures [18, 34]: First, the metallurgical-grade silicon (MG-Si) is prepared by
carbothermic reduction of silicon-oxide (SiO2) or silica from quartz sand. Second, the electronic
grade-silicon (EG-Si) is produced fromMG-Si which is a highly purified version and will be used
in silicon wafers. Third, for m-Si PV, the EG-Si undergoes the highly energy-intensive
Czochralski Process (Cz process) which operates at temperatures of 1100-1200°C and crystallizes
the silicon to form a single crystal ingot of silicon. On the other hand, the p-Si PV does not require
Cz process, hence, its energy requirement is always lower thanm-Si PV. Next, the cell fabrication
undergoes high-temperature diffusion, oxidation, and deposition after which the solar cells are
interconnected with copper ribbon, encapsulated layer, and assembling of aluminum frame and
tempered glass to form a PVmodule. The stepwise procedure for this phase is shown in Figure 5.
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The transformation of metallic silicon into solar silicon and the panel assembling is considered
as the most energy-intensive steps in the manufacturing of solar panels due to the great electricity
consumption in the former (even when the most efficient conversion technology is considered)
and the use of highly energy-intensive materials like aluminum frame and glass roofing in the
latter [22]. However, since LCA study on solar PV is minimal in the Indian context, the embodied
energy LCI is not available for PV module manufacturing in India. Thus, this study relies on data
collected from European studies. The embodied energy requirement for this entire phase is
reported as 1083 kWh/m2 for m-Si PV and 836 kWh/m2 for p-Si PV module manufacturing

Table 2 Phase-wise embodied energy ground-mounted and rooftop m-Si and p-Si PV modules. Source: [35, 49, 52]

Sr. no. Stages Ground-mounted PV (kWh/m2) Rooftop PV (kWh/m2)

m-Si p-Si m-Si p-Si

1. Production phase 1083 836 1083 836
1.1 Silicon feedstock 342 340 342 340
1.2 Czochralski process 399 0 399 0
1.3 Wafer process 85 183 85 183
1.4 Cell production 86 94 86 94
1.5 Module assembly 171 219 171 219

2. Construction phase 533 533 233 233
2.1 Foundation and support structure 500 500 200 200
2.2 Inverter 33 33 33 33

3. Operational phase 155 155 125 125
3.1 Over all operation and maintenance,

electronic components, cables, and
miscellaneous, etc.

155 155 125 125

Total 1771 1524 1441 1194

Fig. 4 System boundaries of the LCA study Source: Designed by Authors

516



Circular Economy and Sustainability (2022) 2:507–534

[49, 52]. As the European nations are technologically more advanced than India, the values
reported by these studies can serve as the minimum thresholds in the Indian context.

Construction Phase

The ground-mounted PV, which is installed in large open areas, has higher levels of sophistication
per kW of PV panel compared to rooftop PV construction, owing to factors such as preparation of
foundation, land leveling, and fencing. Thus, the energy requirement in general will be higher for
ground-mounted PV compared to rooftop PV. In the absence of national level estimates of
embodied energy requirement for this phase, the study relies on the estimates proposed by a
sub-national LCAwhich reported the respective values to be approximately 533 kWh/m2 and 233
kWh/m2 for ground-mounted and rooftop PV systems, respectively [34]. Since the main differ-
ence between m-Si and p-Si PV systems lies in the cell fabrication, the embodied energy for these
two technologies is assumed to be the same across construction and operation phases.

Fig. 5 Stages of mono-crystalline and poly-crystalline silicon module manufacturing. Source: Designed by
Authors
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Operational Phase

The operational phase constitutes cleaning of panels, repair, or replacement of any electronic/
electrical component throughout the PV system’s life-cycle. Here again, due to the larger scale of
installation and supporting structures for ground-mounted PV, it has higher embodied energy
requirements compared to rooftop PV. The embodied energy estimates for this stage are also
based on the sub-national LCA discussed in the construction phase. For this phase, the respective
energy requirement was reported as 155 kWh/m2 and 125 kWh/m2 for ground-mounted and
rooftop systems, respectively [35].

The per-unit phase-wise embodied energy requirement is summarized in Table 2.

End-of-Life Phase—Circular Economy Approach

The EoL treatment of solar PV waste varies by the technology used. While clear differences
have been highlighted between the EoL treatment of c-Si and thin-film amorphous panels, not
much distinction has been made between the energy requirement for recycling of m-Si and p-
Si PV modules [53, 54]. Thus, this paper evaluates the EoL treatment of c-Si technology PV
waste for m-Si and p-Si PV modules combined.

As of now, India does not have any regulations for EoL recycling treatment designed
specifically for PVwaste. In fact, it is only the European Union which has a legislative framework
in place for the recycling and disposal of PV waste materials as part of the producers’ responsi-
bility [55]. The EU solar industry has also established “PV CYCLE,” an initiative to study
innovative business models to undertake PV recycling systems more efficiently. The Full
Recovery End-of-Life Photovoltaic (FRELP) method, prepared by an Italian PVWaste recycling
company, SASIL S.p.A, in collaboration with PV CYCLE is considered to be the most advanced
PV recycling system till date, expected to decrease lifetime environmental impact by 10-15%
compared to other recycling methods [53]. The EoL treatment of PV waste using FRELP method
is broadly covered in fifteen steps, demonstrated in Figure 6.

The FRELP method indicates that the embodied energy requirement for the entire EoL
treatment of c-Si PV modules is 113.55 kWh/tonne of PV waste. The standard composition of
a c-Si PV panel (per tonne) and the amount of materials that can be recovered from the same, as
suggested by the FRELP method, is presented in Tables 13 and 14 in the Appendix. These tables
reveal that 88.5% of the total materials in a PV module is composed of aluminum and glass, with
almost 98% of both being recoverable.

Furthermore, the net monetary cost of PV recycling or EoL treatment using the FRELP method
can be estimated as the difference between the total cost incurred during recycling, transportation,
and disposal and the benefit gained from thematerials and energy recovered during the process. The
total cost can further be divided into private costs (investment, processing, and transportation fuel
costs) and external costs (air, water, and land pollution) [54]. The total cost breakdown of the FRELP
method is presented in Table 15 in the Appendix. The table indicates that a net benefit of USD 1.19/
m2 is registered from PV recycling, even after the external costs are considered [54].
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Life Cycle Impact Assessment

Energy and Environmental Implications Using Attributional and Comparative LCA

The energy and environmental indicators reported in this section are with reference to the
production, construction, and operational phases. The end-of-life or decommissioning phase is
analyzed separately in the next section due to disparity in the documentation of data as the energy
requirement for the end-of-life phase is available in tonnes of PV waste while the energy
requirement for the first three lifecycle phases, namely, production, construction, and operation
phases, is reported in kwh/m2 of PV modules.

The parameters presented in this section include the Energy Pay Back Time (EPBT),
energy return on energy investment (EROI), and GHG emission rate.

Fig. 6 Steps in c-Si PV module waste treatment based on FRELP. Source: Designed by Authors
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Energy Pay Back Time (EPBT)

EPBT is defined as the time required for the solar PV system to generate the same amount of
energy used in its entire life cycle. The formula for calculating the same is given by Eq. 1.

EPBT yearsð Þ ¼ CED
Eagen=ηG
� �

−EO&M
ð1Þ

Source: [56]
Where, i) CED: Cumulative Energy Demand of a PV system, calculated as a sum of the

embodied energy starting from raw materials extraction up to construction, and the
decommissioning phase. Excluding the decommissioning phase due to the disparity in data
units, the CED will comprise of the embodied energy in the production and construction phase
only.

ii) Eagen: Annual electricity generation, given by Eq. 2

Eagen ¼ irradiation� performance ratio�module efficiency ð2Þ
Source: [56]

iii) EO&M: Embodied Energy for Operational Phase
iv) ηG: Conversion efficiency, i.e., the average life-cycle primary energy to electricity

conversion at the demand side. It is assumed to be 20% [57].
Based on the embodied energy inventory presented in Table 2, the EPBT for m-Si and p-Si

PV technologies for ground-mounted PV and rooftop PV is presented in Table 3.

Energy Return on Investment (EROI)

EROI is defined as the ratio of the usable energy returned during a system’s operating life, to all
the energy needed to make this energy usable. Higher EROI implies higher efficiency in terms
of producing economically useful energy output. Moreover, as a dimensionless ratio, EROI can
be used for analyzing and comparing different types of technologies [58]. Thus, EROI helps to
evaluate the long-term viability of a PV system by looking at the overall energy performance
over its entire lifetime [47]. It can be calculated using Eq. 3.

EROI ¼ lifetime
EPBT

ð3Þ

Source: [49]
The resulting EROI are presented in Table 4.

Table 3 EPBT for ground-mounted and rooftop PV system for different PV technologies. Source: Authors’
calculations

Sr. no. PV system PV technology EPBT (in years)

1. Ground-mounted PV m-Si 2.2
p-Si 2.0

2. Rooftop PV m-Si 1.7
p-Si 1.5
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GHG Emission Rate

The GHG emissions rate is a useful index for evaluating the effectiveness of a PV system in
the context of global warming. This can be calculated by determining the total GHG emissions
during a life cycle divided by the total amount of annual power generation over its lifetime, as
presented in Eq. 4 [18].

GHG emission rate
gCO2
kWh

� �
¼ Total GHG emission during life cycle

Eagen X Lifetime
ð4Þ

Source: [18]
Where total GHG emission during lifecycle can be calculated on the basis of lifetime embodied

energy, presented in Table 2. Assuming that the embodied energy throughout the life-cycle of
solar PV will be met from coal-fired thermal power plants (TPPs), the total GHG emissions
generated throughout the life-time of the m-Si and p-Si PV systems can be calculated using Eq. 5.

Total GHG emissions during lifecycle ¼ Lifecycle Embodied energy

� Avg CO2eq intensity for electricity generation from coal

ð5Þ

The electricity generation from coal-based TPPs in India leads to an average GHG emission of
0.957 kgCO2/kWh [59].

Replacing Eq. 5 in Eq. 4, the GHG emission rate across PV technology and PV systems can
be found. The result for the same is presented in Table 5.

Cumulative Energy and Environmental Burden

Based on the LCI for embodied energy presented in Table 2, the phase-wise lifetime embodied
energy of 95 GW capacity of m-Si and p-Si modules for ground-mounted PV and rooftop PV can
be calculated. For this purpose, the unit of measurement was converted from kWh/m2 to kWh/

Table 4 Energy Return On Investment for ground-mounted PV and rooftop PV system for different PV
technologies. Source: Authors’ calculations

Sr. no. PV system PV technology EROI

1. Ground-mounted PV m-Si 13.7
p-Si 12.5

2. Rooftop PV m-Si 17.5
p-Si 16.8

Table 5 GHG emission rate for ground-mounted PV and rooftop PV system for different PV technologies.
Source: Authors’ calculations

Sr. no. PV system PV technology GHG emission rate
(gCO2/kWh)

1. Ground-mounted PV m-Si 316.5
p-Si 346.6

2. Rooftop PV m-Si 257.5
p-Si 271.5
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10m2 to measure the energy flows per kW of solar PV capacity. This was then used to calculate
the embodied energy for 95 GW solar capacity and the results are presented in Table 6.

Based on the cumulative embodied energy, the total GHG emission during lifecycle for 95
GW capacity can be calculated using Eq. 5. The results for the phase-wise lifetime GHG
emissions from 95 GW m-Si and p-Si solar PV modules are presented in Table 7.

The cumulative embodied energy and GHG emissions are calculated on an annual basis as
well, based on the yearly installations presented in Table 12 in the appendix. The result for the
same is presented in Table 16 in the Appendix. The annual GHG emissions have been
calculated using Eq. Eq. 6.

Annual GHG emissions

¼ Embodied energy� Avg CO2eq intensity for electricity generation from coal

Lifetime of PV System
ð6Þ

Source: [35]
Having evaluated the energy and environmental implications during the first three phases of

solar PV in this section, the next section evaluates the prospects of the circular economy
approach in the EoL phase.

FRELP Analysis for End-of-Life Phase

The 95 GW worth of c-Si PV modules will generate approximately 6,576 tonnes of waste at its
EoL2. However, the total 6,576 tonnes of PV waste will not be generated all at once. With a life
time of 30 and 25 years for m-Si and p-Si modules, respectively, PVwaste will start accumulating
annually once the solar modules reach the end of their life time. This timeframe ranges between
2034 and 2059 for the 95 GW capacity installed until 2029. Figure 7 presents the annual and
cumulative waste generation which is expected to accumulate from 2034 onward. The annual PV-
waste generation segregated by PV system and technology is presented in Table 17 in the
appendix.

Based on the composition of one tonne of PV waste presented by Latunussa et al. [53] (see
Table 13 in the appendix), the material-wise composition of the 6,576 tonnes PV waste is
calculated and presented in Table 8.

Using the material recovery information from the FRELP method presented in Table 14 in
the appendix, the expected material recovered from 95 GW or 6,576 tonnes of PV waste is
shown in Table 9.

As per the FRELP method, approximately 90.7% of PV materials can be recovered from
6,576 tonnes of PV waste with the process entailing electricity consumption and GHG
emissions of 678.6 MWh and 648 tonnes of CO2 eq., respectively.

With the help of the cost benefit analysis presented by Markert, Celik & Apul (2020) (see
Table 15 in the appendix), the total private and external costs of recycling 95 GW of c-Si PV
waste and the commercial value of recovered materials (aluminum, glass, silver, silicon, and
copper) are calculated and presented in Table 10. Private costs include the cost of investment,
processing, transportation, and disposal while the external costs are from Cumulative Energy
Demand, Global Warming potential, acidification, freshwater toxicity, particulate matter, etc.

Thus, the EoL treatment of 95 GW c-Si modules will entail a net loss of USD 65 million.

2 1 GW of solar PV modules weighs approximately 69.2 tonnes [38]
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Discussion

The study reports the energy requirement levels of a crystalline-silicon PV module to range from
1194 –1771 kWh/m2, varying by the PV technology and mode of installation, which is in line
with the broad range of crystalline-silicon PV module energy requirement levels of 150 – 1845
kWh/m2 reported in the literature [19]. The study also finds the more efficient monocrystalline PV
modules to be more energy and emission intensive with higher EPBT than polycrystalline PV
modules for each mode of installation, a finding that has been extensively documented in the past
[18]. Moreover, the study adds to the literature through two novel findings. First, by
distinguishing the PV technology by mode of installation, the study finds that ground-mounted
polycrystalline PV systems are more energy and emission-intensive than rooftop monocrystalline
PV systems, as indicated by the higher EPBT of the former. The mode of installation, therefore,
becomes an important factor influencing the environmental performance of the two PV technol-
ogies as ground-mounted PV systems entail higher energy requirement. Second, the study finds
that the advantage that polycrystalline PV systems have over monocrystalline PV systems in
terms of environmental performance vanishes when the lower lifetime of the former is accounted
for along with its lower efficiency. This is shown by the lower EROI and higher GHG emission
rate of polycrystalline PV systems for each mode of installation. Thus, the lower efficiency of
polycrystalline PV technology does not hurt its environmental performance as much as its lower
lifetime. Given that GHG emission is inversely proportional to the lifetime [18], increasing
polycrystalline lifetime from 25 to 30 years can reduce its GHG emission rate from 346.6
gCO2eq/kWh to 288.9 gCO2eq/kWh for ground-mounted systems and from 271.5 gCO2eq/
kWh to 226.3 gCO2eq/kWh for rooftop systems, at the same module efficiency of 13.2%. This
will also make polycrystalline PV systems regain its competitive edge over monocrystalline PV
systems in terms of environmental performance. Similarly, assuming a lifetime of 30 years for
bothmonocrystalline and polycrystalline PVmodules, Yue et al, [49] report the EROI for the later

Table 7 Phase-wise GHG emissions from 95 GW ground-mounted and rooftop m-Si and p-Si PV modules (in
million kgCO2e). Source: Authors’ calculations

Sr. no. Stages Ground-mounted PV Rooftop PV

m-Si p-Si m-Si p-Si

1. Production phase 410.4 139.2 273.6 92.8
2. Construction phase 202.0 88.8 58.9 25.9
3. Operational phase 58.7 25.8 31.6 13.9

Total 671.2 253.8 364.1 132.5

Table 6 Phase-wise life time embodied energy for 95 GW ground-mounted and rooftop m-Si and p-Si PV
modules (in GWh). Source: Authors’ calculations

Sr. no. Stages Ground-mounted PV Rooftop PV

m-Si p-Si m-Si p-Si

1. Production phase 428868 145464 285912 96976
2. Construction phase 211068 92742 61512 27028
3. Operational phase 61380 26970 33000 14500

Total 701316 265176 380424 138504
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to be higher than that of the former. However, by accounting for the shorter lifetime of
polycrystalline PV technology, the study demonstrates the impact of lifetime of a PV system
on its long-term environmental viability.

In terms of phase-wise energy and emission intensity, the production phase accounts for 55-75%
of the total embodied energy requirement and GHG emissions, depending on the PV technology
and mode of installation. This can be attributed to massive electricity consumption in transforming
metallic silicon into solar silicon and the use of highly energy-intensive materials like aluminum and
glass in panel assembling [22]. The most effective way, therefore, to improve the modules’
environmental performance is to reduce the energy input in themanufacturing phase of themodules,
provided other parameters remain constant [21]. For this reason, incorporating the circular economy
approach in the solar PV lifecycle becomes inevitable. With the help of FRELP analysis, the study
finds that 90.7% of the PVwaste resulting from 95GWworth of solar PV systems can be recovered
at EoL. This includes a substantial portion of the most energy-intensive components of a solar PV
module, aluminum, and glass. In terms of the proportion of PV waste that can be recovered at EoL,

Table 8 Crystalline-silicon-based PV panel composition for solar PV system of 95 GW. Source: [53] and
Authors’ calculations

Sr. no. Materials Quantity (in tonnes)

1. Glass 4,603
2. Aluminum frame 1,184
3. Copper connector 66
4. Polymer-based adhesive (EVA) encapsulation layer (from cables) 335
5. Back-sheet layer (based on polyvinyl fluoride) 99
6. Silicon metal solar cell 240
7. Silver 3
8. Aluminum, internal conductor 35
9. Copper, internal conductor 7
10. Various metal (tin, lead) 3

Total 6,576
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this study provides an update to the proportion reported by Gautam et al, [34], which estimates only
70% of the PV waste to be recoverable. Furthermore, going beyond the economic savings reported
byGautam et al. [34], the present study incorporates the corresponding energy and emission savings
from the recovery of rawmaterials at EoL. The amount of aluminum and glass recovered at the EoL,
as shown in Table 9, will lead to a direct saving of 51.53 GWh and 18.8 GWh of energy,
respectively. Correspondingly, the savings in CO2 emissions will amount to 9.8 tonnes CO2 and
3.8 tonnes CO2, respectively3.

The cost-benefit analysis of the EoL treatment presented in the study reports a loss of USD
65 million. However, when viewed as a proportion of the total cost, this loss amounts to less
than 1%. On the other hand, the cost of purchasing virgin rawmaterials is nearly seven times the
cost of recovering them through recycling [54]. The significant difference between the costs can
be attributed to the energy and cost-intensive extraction of rawmaterials that their recovery does
not entail. For instance, 94.3% of the most expensive component of a PV module, silver, is
recovereable through EoL treatment. Prioritizing its recovery can bring down the private and
external cost of PV module manufacturing substantially. Similar is the case of silicon, which
has a recovery rate of 95%. Thus, despite the loss, recycling of the PV waste is a more
economical option vis-à-vis manufacturing virgin material. However, the upfront loss is bound
to discourage manufacturers from opting for EoL treatment. In such a situation, the onus is on
the government to undertake subsidization of EoL treatment to make it financially feasible.
While the Government of India has allocated 30% of the project cost as subsidy with an
intention of promoting investment in domestic solar equipment manufacturing to counter
cheaper imports from China [60], no fiscal incentive has been provided for the downstream
processes. A forward-looking strategy, however, requires immediate attention to be directed
toward enabling EoL treatment to manage the impending PV waste accumulation, which will
be generated irrespective of whether manufacturing is indigenised or not. A subsidy would in
effect reduce the private cost of recycling by an equal amount. Thus, a breakeven point is to
equate the subsidy to the loss i.e. USD 65 million. However, the entire PV waste evaluated in
the study will not be treated at once, so an equivalent amount would be equal to USD 690/MW.

3 The embodied energy associated with manufacturing virgin aluminum and glass is 155 MJ/kg and 15 MJ/kg,
respectively. The corresponding value for embodied carbon is 8.24 kgCO2/kg and 0.85 kgCO2/kg, respectively
[62].

Table 9 Materials recovered and energy saved from recycling 6,576 tonnes of PV waste. Source: [53] and
Authors’ calculations

Sr. no. Primary materials recovered Quantity (in tonnes) % of recovered
material

1. Primary aluminum 1,196.9 98.0%
2. Raw materials for the production of

primary white glass for packaging
4,511.2 98.6%

3. Primary copper 28.8 43.8%
4. Primary metallurgical-grade silicon

metals (MG-Si)
228.1 95.0%

5. Primary silver 3.3 94.3%
Energy content

(in MWh)
6. Produced by the incineration of PV

encapsulation, back-sheet layer,
and polymers

Electricity production 454.5
Thermal Energy 918.5
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Moreover, incentivizing investment in EoL treatment will require a profit margin for the
investors. Therefore, this break-even amount is the minimum threshold and the point of
reference that the government should look at while deciding the extent of the subsidy. Another
way to highlight the positive environmental impact of the EoL treatment is to look at the
potential capacity that can be installed from the economic value of the recovered materials. The
study finds that the economic value of recovered materials from 95 GW c-Si PV waste is
approximately equal to USD 11.74 billion as shown in Table 10. With an installation cost of
USD 618/kW in India which is currently the lowest in the world [61], approximately 19 GW of
solar capacity can be installed from the economic value of the recovered materials.

Conclusion

In an attempt to achieve the twin objectives of energy security and energy sustainability, India
has undertaken the world’s largest RE capacity expansion program of which solar energy is the
largest component. The target is to achieve 100 GW of installed solar capacity by 2022. With
nearly 40% of the target achieved so far, meeting the target by 2022 seems unlikely. To address
the uncertainty about the probable achievement of the target, the study presents a timeframe for
the same, according to which the target is likely to be achieved by 2029. In stating so, the study
counters the projections provided by Gautam et al. [34], which estimates the installed solar
capacity to reach 347.5 GW by 2030. However, given that the study does not take into account
the slowdown induced by the COVID-19 pandemic and its anticipated prolonged impact, this
projection seems highly ambitious. Furthermore, the study undertakes the attributional and
comparative LCA to evaluate the energy and environmental impact of solar PV installation
using m-Si and p-Si PV technologies in India and reports its findings through indicators such as
EPBT, EROI, and GHG emission rate. The study relies on comprehensively documented
European data sources since, to the best knowledge of the authors, the macro-level solar PV
LCA studies have not been conducted thus far in the Indian context. The results highlight an
important finding: the extant literature claiming the superiority of polycrystalline PV technol-
ogy over monocrystalline technology in terms of environmental performance needs to be
assessed critically in the context of the mode of installation and difference in lifetime.

Next, the study projects the amount of PV waste that will accumulate at the end-of-life time
from the capacity expansion, expected to accumulate 2034 onward. By incorporating an in-depth
analysis of the end-of-life phase using the FRELP method to understand the circular economy
prospects of the Indian Solar Industry, this study provides a novel extension to existing LCA
studies, unparalleled in literature. Results indicate that the energy recovery from PV waste

Table 10 Cost benefit analysis of 95 GW c-Si technology PV waste. Source: [54] and Authors’ calculations

Sr. no. Particulars Value (USD billion)

1. Private costs a 6.38
2. External costs b 5.42
3. Commercial/economic value of recovered materials c 11.74
4. Net benefit (Sr. no. 3 - 1 - 2) -0.065

Note: a private costs include the cost of investment, processing, transportation and disposal; b external costs are
from Cumulative Energy Demand, Global Warming potential, acidification, freshwater toxicity, particulate
matter, etc.; c aluminum, glass, silver, silicon, and copper
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recycling is tremendous which will remain unutilized if such downstream operations are not
prioritized. Moreover, the reuse of recovered aluminum, glass, silver, and silicon in the manu-
facture of PV modules can be significantly beneficial not only from the energy-environment
standpoint but also from the economic perspective as the economic value of the recovered
material can help in installing approximately 19 GW of additional solar capacity. At the same
time, there are some materials such as lead and tin which cannot be recovered and are disposed of
as solid/liquid waste at the end-of-life time. Thus, responsible handling of PV waste is crucial to
minimize the harmful impact on the environment as well as on human health. This in turn requires
a comprehensive legislative framework, currently missing in India. Furthermore, there is no
accountability or delineation of responsibilities among the producer or governmental institutions
for PV waste recycling which can further delay the process. In this direction, the study presents a
cost-benefit analysis of the end-of-life treatment of the cumulative PV waste to inform the
policymakers of the likely cost to be incurred. The results indicate a net loss of USD 65 million
from the process, however, when evaluated in context of the energy and environmental benefits
and compared with the cost of virgin materials, recycling turns out to be the preferred option. In
order to make this financially feasible, it is suggested that the government considers subsidization
of the end-of-life treatment of PV waste. No loss-no gain scenario would require a subsidy of
USD 690/MW, however, keeping the incentive for investors in mind, the study suggests that the
actual subsidy should be greater than this break-even value. Determining the optimal amount of
this subsidy can be a subject for future research. Meanwhile, by presenting a national energy and
environment framework constituting LCA and circular economy approach for the c-Si PV
modules, this study intends to serve as a reference for future studies with focus on policy
implications.

A possible limitation of the study lies in the exclusion of the energy and environmental burden of
manufacturing of selected raw materials4 from the raw material acquisition phase of the LCA.
Inclusion of this aspect will result in higher energy and environmental burden than reported in this
study. A precise estimate of the extent of this impact is a potential avenue for future research.
Another opportunity for future research lies in extending the current study by conducting a
consequential LCA of solar PV installation using the input-output approach.

Funding The authors did not receive support from any organization for the submitted work.

Data Availability Not applicable.

Code Availability Not applicable.

Declarations

Competing Interests The authors declare no competing interests.

4 Due to paucity of data for embodied energy and embodied carbon for copper, aluminum, glass, and silver, their
energy and environmental burden could not be added in the rawmaterial acquisition phase of the LCA. However,
the same has been included for silicon, which alone makes production the most energy and emission intensive
phase of solar PV LCA.

527



Circular Economy and Sustainability (2022) 2:507–534

Appendix

Table 11 E3-India energy classifications

Fuel users Fuels Power technologies

1 Power own use and trans. 1 Coal 1 Nuclear
2 Other energy own use and transformation 2 Oil 2 Oil
3 Basic metal 3 Natural gas 3 Coal
4 Metal goods 4 Electricity 4 Coal + CCS
5 Chemicals 5 Biomass 5 IGCC
6 Non-metallic minerals 6 IGCC + CCS
7 Food, drink, and tobacco 7 CCGT
8 Textile, leather, and clothing 8 CCGT + CCS
9 Rubber and plastics 9 Solid biomass
10 Paper and publishing 10 S biomass CCS
11 Engineering etc. 11 BIGCC
12 Other industry 12 BIGCC + CCS
13 Construction 13 Biogas
14 Rail transport 14 Biogas + CCS
15 Road transport 15 Tidal
16 Air transport 16 Large hydro
17 Water transport 17 Onshore
18 Households 18 Offshore
19 Services 19 Solar PV
20 Agriculture and fishing 20 CSP
21 Non-energy use 21 Geothermal

22 Wave
23 Fuel cells
24 CHP

Source: [44]

Table 12 Business-as-usual scenario

Monocrystalline PV Polycrystalline PV

Sr.
no.

Year Rooftop
PV

Ground-
mounted

Rooftop
PV

Ground-
mounted

Cumulative
installation

1 2009 0.0 4.0 0.0 1.7 5.7
2 2010 0.0 7.9 0.0 3.5 17.1
3 2011 14.5 99.0 6.4 43.5 180.5
4 2012 19.8 638.9 8.7 280.7 1128.6
5 2013 62.0 627.0 27.3 275.5 2120.4
6 2014 67.3 582.8 29.6 256.1 3056.2
7 2015 118.8 1407.8 52.2 618.6 5253.5
8 2016 289.1 2557.5 127.0 1123.8 9350.9
9 2017 656.7 5698.4 288.6 2503.9 18498.4
10 2018 1092.3 4410.8 480.0 1938.1 26419.5
11 2019 728.6 4119.7 320.2 1810.2 33398.2
12 2020 474.5 1663.2 208.5 730.8 36475.3
13 2021 (F) 1094.1 1641.1 480.7 721.1 40412.2
14 2022 (F) 1496.6 2244.8 657.6 986.4 45797.6
15 2023 (F) 1732.0 2598.0 761.0 1141.5 52030.2
16 2024 (F) 1727.6 2591.4 759.1 1138.6 58246.9
17 2025 (F) 2149.1 3223.7 944.3 1416.5 65980.5
18 2026 (F) 2282.0 3423.0 1002.7 1504.0 74192.2
19 2027 (F) 2373.2 2061.0 1042.8 905.6 80574.8
20. 2028 (F) 6355.2 0.0 2792.4 0.0 89722.5
21. 2029 (F) 3666.5 0.0 1611.0 0.0 95000.0
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Table 13 Crystalline-silicon based PV panel composition (per tonne)

Sr. no. Materials Quantity (in kgs) Share of total (in %)

1. Glass 700 70.0
2. Aluminum frame 180 18.0
3. Copper connector 10 1.0
4. Polymer-based adhesive (EVA) encapsulation

layer (from cables)
51 5.1

5. Back-sheet layer (based on polyvinyl fluoride) 15 1.5
6. Silicon metal solar cell 36.5 3.7
7. Silver 0.53 0.1
8. Aluminum, internal conductor 5.3 0.5
9. Copper, internal conductor 1.14 0.1
10. Various metal (tin, lead) 0.53 0.1

Total 1000 100

Source: [51]

Table 14 Materials recovered and energy saved annually in the recycling process (1 tonne PV waste)

Sr. no. Primary materials recovered Quantity Unit % of recovered
material

1. Primary aluminum 182 Kg 98.0%
2. Raw materials for the production of

primary white glass for packaging
686 Kg 98.6%

3. Primary copper 4.38 Kg 43.8%
4. Primary metallurgical-grade silicon

metals (MG-Si)
34.68 Kg 95.0%

5. Primary silver 0.50 Kg 94.3%
Energy

content/ kg
6. Produced by the incineration of PV

encapsulation, back-sheet layer,
and polymers

Electricity production 69.12 kWh
Thermal energy 139.67 kWh

Source: [52]

Table 15 Per unit cost benefit analysis of 1 kWh/m2 c-Si PV module

Sr.
no.

Particulars Value (in
USD)

1. Private costs (transportation, landfilling/disposal, electricity consumed materials, etc.) 6.72
2. External costs 5.71
3. Commercial/economic value of recovered materials (aluminum, glass, silver, silicon,

and copper)
13.62

4. Net benefit (Sr. no. 3 – 1 - 2) 1.19

Source: [52]
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Table 16 BAU scenario: annual embodied energy and CO2 emissions from production, construction, and
operational phases

Sr.
no.

Year m-Si technology p-Si technology

Annual
installation
(in MW)

Embodied
energy (in
GWh)

GHG emissions
(in thousand
tonnes)

Annual
installation
(in MW)

Embodied
energy (in
GWh)

GHG emissions
(in thousand
tonnes)

1. 2009 4.0 70.1 2.2 1.7 26.5 1.0
2. 2010 7.9 140.3 4.5 3.5 53.0 2.0
3. 2011 113.5 1962.5 62.6 49.9 739.1 28.3
4. 2012 658.7 11599.9 370.0 289.4 4382.1 167.7
5. 2013 689.0 11998.2 382.7 302.8 4524.1 173.2
6. 2014 650.1 11291.1 360.2 285.7 4255.7 162.9
7. 2015 1526.6 26643.7 849.9 670.8 10050.3 384.7
8. 2016 2846.6 49459.0 1577.7 1250.8 18642.6 713.6
9. 2017 6355.1 110382.4 3521.2 2792.4 41604.1 1592.6
10. 2018 5503.1 93855.0 2994.0 2418.0 35266.8 1350.0
11. 2019 4848.4 83459.9 2662.4 2130.3 31409.9 1202.4
12. 2020 2137.7 36293.4 1157.8 939.3 13627.0 521.6
13. 2021

(F)
2735.2 44829.5 1430.1 1201.8 16729.3 640.4

14. 2022
(F)

3741.4 61321.7 1956.2 1644.0 22883.8 876.0

15. 2023
(F)

4330.0 70968.6 2263.9 1902.6 26483.8 1013.8

16. 2024
(F)

4319.0 70788.0 2258.1 1897.7 26416.4 1011.2

17. 2025
(F)

5372.9 88061.2 2809.2 2360.8 32862.4 1258.0

18. 2026
(F)

5705.0 93504.5 2982.8 2506.7 34893.7 1335.7

19. 2027
(F)

4434.2 70698.3 2255.3 1948.4 26251.9 1004.9

20. 2028
(F)

6355.2 91578.5 2921.4 2792.4 33341.7 1276.3

21. 2029
(F)

3666.5 52834.2 1685.4 1611.0 19235.8 736.3

Source: Authors’ calculation
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