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ABSTRACT

As India navigates the complex "Energy Trilemma" of security, equity, and sustainability, the transition
toward a solar-centric energy regime—termed the "Sunshine Path"—has emerged as a strategic
imperative. This paper critically evaluates the role of solar energy as a primary catalyst for achieving
India’s Sustainable Development Goals (SDGs) and its "Net Zero 2070" commitments. Adopting a
systematic qualitative-descriptive research design, this study synthesizes longitudinal secondary data
(2015-2026) from the Ministry of New and Renewable Energy (MNRE), the International Energy Agency
(IEA), and peer-reviewed academic repositories. A SWOT analysis framework is employed to assess the
socio-technical landscape of India's renewable energy transition. The research identifies that while India’s
solar capacity crossed the 135 GW mark by late 2025 and LCOE reached record lows (%1.99-2.50/unit),
significant bottlenecks remain in grid resilience, specifically the "Duck Curve" phenomenon and the
scarcity of domestic upstream manufacturing for polysilicon cells. However, decentralized applications
such as PM-KUSUM for solar-powered irrigation and rooftop solar for MSMEs are proving transformative
for rural energy justice and socio-economic empowerment. The study concludes that India’s "Sunshine
Path" requires a shift from a "capacity-driven" model to a "storage-centric" and "circular" framework.
Strategic recommendations include the acceleration of Battery Energy Storage Systems (BESS), the
implementation of rigorous Solar E-waste management policies, and the promotion of "Agrivoltaics" to
resolve land-acquisition conflicts. This work provides a roadmap for policymakers to bridge the gap
between technical potential and supply-chain sovereignty.
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Introduction
Background of the Study

India stands at a pivotal juncture in its developmental trajectory. As the world's third-largest
energy consumer and its most populous nation, India faces a pressing "trlemma": balancing energy
security, rapid economic growth, and environmental sustainability. For decades, the Indian economy has
been fueled by domestic coal, which accounts for over 70% of electricity generation. However, the
external costs of coal—ranging from localized respiratory health crises to global climate change—have
rendered the status quo untenable.

The "Sunshine Path" represents a strategic pivot. Leveraging India's unique geographic

advantage—approximately 300 clear sunny days and an annual solar insolation of 5,000 trillion kWh—
this path aims to decouple GDP growth from carbon intensity. By late 2025, India’s total renewable
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capacity surged past the 200 GW milestone, with solar energy acting as the primary driver of this
transition. This paper investigates how this transition is not merely a technical swap of energy sources
but a fundamental restructuring of the Indian socio-economic fabric.

Problem Statement

Despite an astronomical solar potential estimated at 10,830 GW, the actual integration of solar
power into the national grid remains fraught with structural and technical hurdles. The primary challenge
is the "Intermittency Dilemma"; solar power generation peaks at midday, while demand peaks in the
evening, creating the infamous "Duck Curve" that stresses grid stability. Furthermore, the land-intensive
nature of ultra-mega solar parks often leads to socio-legal conflicts over land acquisition in a country with
high population density. Finally, India’s persistent reliance on imported photovoltaic (PV) components,
primarily from China, poses a significant risk to supply-chain sovereignty and "Atmanirbhar Bharat" (Self-
Reliant India) objectives.

Objectives of the Research

The overarching goal of this research is to evaluate the viability of the solar-centric transition
through the following specific objectives:

o Socio-Economic Assessment: To evaluate how solar energy influences the Human
Development Index (HDI) in rural demographics and its role in urban "Green GDP."

° Policy Analysis: To analyze the efficacy of current frameworks such as the PM-KUSUM
scheme, the National Solar Mission (NSM), and the International Solar Alliance (ISA).

° Technological Gap Identification: To identify the missing links in the domestic solar supply
chain, specifically regarding Battery Energy Storage Systems (BESS) and upstream silicon
refining.

° Environmental Foresight: To project the upcoming challenges of solar e-waste and propose a

circular economy framework for decommissioned PV modules.
Research Methodology
Research Design

This study employs a Qualitative-Descriptive Research Design integrated with a Systematic
Literature Review (SLR). Given the rapid evolution of the solar sector in 2025-2026, a secondary data-
driven approach is essential to synthesize a large volume of contemporary reports into a coherent
strategic analysis. This methodology allows for the triangulation of government data, international energy
statistics, and academic critiques.

Data Collection Sources
Data was harvested from high-impact repositories to ensure a 360-degree view of the sector:

o Government Portals: MNRE, NITI Aayog, and Central Electricity Authority (CEA) reports,
specifically looking at "Installed Capacity" and "Quarterly Progress Reports" through FY 2025-
26.

° International Databases: IRENA, World Bank, and IEA World Energy Outlook 2025.

° Academic Repositories: Peer-reviewed journals accessed via Scopus, ScienceDirect, and
Google Scholar, focusing on the keywords "Energy Transition India," "Solar Economics," and
"BESS."

Data Analysis Framework (SWOT Analysis)
The research utilizes a SWOT framework to categorize findings:

° Strengths: High solar insolation, low LCOE, and strong political will.

° Weaknesses: Grid intermittency, lack of domestic polysilicon manufacturing, and transmission
losses.

° Opportunities: Export potential of solar components, job creation in the "Green-collar" sector,

and green hydrogen production.

° Threats: Geopolitical supply chain disruptions, solar e-waste accumulation, and land-use
conflicts with agriculture.
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Ethical Considerations and Plagiarism Control

Strict adherence to the COPE (Committee on Publication Ethics) guidelines was maintained. All
secondary data points are attributed to original authors using APA 7th Edition formatting. The final
manuscript has been processed through Turnitin/iThenticate to ensure a 0% similarity index, maintaining
the highest standard of doctoral integrity.

Literature Review and Theoretical Framework
° The Social Construction of Technology (SCOT)

Scholars increasingly utilize the SCOT lens to interpret India's energy transition. Shrimali et al.
(2022) argue that the "Sunshine Path" is not merely a technical swap of energy sources but a socio-
political realignment. The success of a technology is determined not just by its efficiency, but by how it
integrates with social values. In India, solar energy is being "constructed" as a tool for "Energy Justice,"
where power is decentralized to empower the bottom of the pyramid.

° The Multi-Level Perspective (MLP) on Transitions

The MLP framework posits that transitions occur through the interaction of three
levels: Niches (innovations), Regimes (established rules/infrastructure), and Landscapes (global
climate pressure). India’s coal-based "Regime" is currently under pressure from the "Landscape" of
global climate agreements (COP26/COP28). This paper observes that "Niche" solar innovations—such
as floating solar and agrivoltaics—are now successfully challenging the regime’s dominance.

° The "Lock-in Effect” and Institutional Inertia

A significant portion of the literature (Kumar et al., 2024) focuses on the "Carbon Lock-in" of
India’s thermal power plants. These plants represent trillions of rupees in stranded assets if shifted too
quickly. The literature review identifies that the "Sunshine Path" must address this inertia by proposing
"Hybrid" models where solar and existing thermal plants coexist through a phased transition.

° Energy Justice and Just Transition

Recent studies emphasize that the transition must be "just," ensuring that coal-dependent
communities in states like Jharkhand, Odisha, and Chhattisgarh are not economically devastated. The
literature highlights a gap in current policy regarding the re-skilling of coal miners for the solar sector,
which this paper addresses in its recommendations.

Socio-Economic and Agricultural Transformation
o Impact on the Human Development Index (HDI)

The deployment of solar energy in rural India has a direct correlation with improved HDI metrics.
Beyond basic lighting, solar energy facilitates the Productive Use of Energy (PUE). In rural Prayagraj
and similar districts, solar-powered milling, tailoring, and cold storage allow small-scale entrepreneurs to
operate consistently regardless of grid outages. This reliability is a catalyst for grassroots economic
resilience.

o The Agrarian Paradigm Shift: PM-KUSUM
Agriculture in India has traditionally been at the mercy of seasonal monsoons and erratic grid
supply. The PM-KUSUM Scheme (Pradhan Mantri Kisan Urja Suraksha evam Utthaan Mahabhiyaan)
has revolutionized this. By late 2025, over 20 lakh agricultural pumps have been solarized.
=  Economic Benefit: Farmers who were previously spending ¥40,000—60,000 annually on
diesel for irrigation have seen their operational costs drop to near zero.
= Urjadata Concept: Farmers are no longer just "Annadatas" (food providers) but have

become "Urjadatas" (energy providers), selling surplus solar power back to the grid,
creating a secondary income stream.

° Women’s Empowerment and Solar Micro-grids

Decentralized solar hubs are often managed by local women’s Self-Help Groups (SHGs).
Training programs like the "Surya Mitra" initiative have equipped women with the skills for solar panel
maintenance and digital billing. This has led to a significant increase in financial independence among
rural women, altering the domestic power dynamics in traditional settings.
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Economic Growth, Industrialization, and "Atmanirbhar Bharat"
° The Green GDP and Macro-economic Stability
Solar energy is a primary driver of India’s transition to a "Green GDP" model. By reducing the
import bill for fossil fuels—which reached record highs in previous years—India can reallocate its foreign
exchange reserves toward infrastructure and social welfare. The strategic importance of the "Sunshine
Path" lies in its ability to shield the Indian economy from the volatility of global oil and gas prices.
o The PLI Scheme and Supply Chain Sovereignty
For years, India’s solar ambitions were limited by a 90% reliance on imported PV cells.
The Production Linked Incentive (PLI) Scheme has aimed to rectify this.
=  Manufacturing Surge: Solar module manufacturing capacity in India grew from a meager
10 GW in 2020 to an estimated 125 GW by early 2026.
= Upstream Integration: The current focus is shifting toward "Fully Integrated" plants that
produce everything from polysilicon and ingots to wafers and cells. This upstream
integration is essential to achieve true "Atmanirbhar Bharat" in the energy sector.
o LCOE and Investor Sentiment
The Levelized Cost of Energy (LCOE) for solar in India is now among the lowest globally,
consistently hovering between %1.99 and %2.50 per unit. This cost-competitiveness has turned solar
energy into the most attractive asset class for long-term institutional investors, sovereign wealth funds,
and private equity firms. The "de-risking" of solar projects through government guarantees and SECI
(Solar Energy Corporation of India) auctions has ensured a steady flow of Foreign Direct Investment
(FDI).
Technical Challenges and Grid Resilience
° The "Intermittency Dilemma" and Grid Inertia
As renewable penetration in the national grid nears 50%, the technical challenges of Grid
Inertia become critical. Unlike traditional steam turbines, solar inverters do not provide mechanical
inertia, making the grid more susceptible to frequency fluctuations. To counter this, the Power Grid
Corporation of India (PGCIL) has begun deploying Synchronous Condensers and Statcoms at
strategic nodes to provide "Synthetic Inertia."
° The Duck Curve and BESS
The "Duck Curve" phenomenon occurs when there is a massive oversupply of solar energy
during the day and a sharp ramp-up in demand at sunset.
= Storage Solution: The year 2026 is being hailed as the "Year of Storage." Large-
scale Battery Energy Storage Systems (BESS) are being integrated with solar parks to
"shift" midday energy to evening hours.
= Virtual Power Plants (VPPs): Through cloud-based Al, thousands of rooftop solar units
are being aggregated to function as a single VPP, allowing for real-time load balancing and
demand-side management.
° High-Voltage Direct Current (HVDC) and Green Energy Corridors
A geographical mismatch exists between India’s sun-drenched deserts (Rajasthan, Gujarat) and
its industrial hubs (Tamil Nadu, Maharashtra). The development of "Green Energy Corridors"—utilizing
800kV HVDC lines—is essential to transport massive quantities of solar power over long distances with
minimal transmission losses.
Circular Economy and Solar E-Waste
° The Looming Waste Crisis
A critical gap in current discourse is the management of decommissioned solar panels. PV
modules have a lifespan of 25 years. By 2040, India is projected to generate 1.8 million tonnes of solar
waste. Currently, most modules end up in landfills, where heavy metals like lead and cadmium can leach
into the soil.
. Proposed "Take-Back" Policy

The paper advocates for an Extended Producer Responsibility (EPR) framework, similar to
the one used for electronics. Manufacturers must be mandated to collect and recycle old modules.
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= Resource Recovery: Recycling can recover silver, aluminum, and high-purity glass,
creating a secondary market for raw materials and reducing the environmental footprint of
new panel production.
Conclusion and Strategic Recommendations
Summary of Findings
The "Sunshine Path" is no longer an optional environmental endeavor; it is the definitive
roadmap for India’s survival and growth in the 21st century. The transition has successfully democratized
energy access and lowered costs. However, the move from "Capacity Installation" to "Supply Chain
Sovereignty" is the next hurdle. 2026 marks the beginning of the "Storage Era," where the focus shifts
from generating power to managing it.
Strategic Policy Recommendations

o Mandatory Rooftop Solar for MSMEs: Implementing a national mandate for commercial
buildings above a certain square footage to install rooftop solar, backed by a National Solar
Bank providing low-interest credit.

° Agrivoltaics Standardization: To solve land conflicts, the government should provide
standardized designs for elevated solar structures that allow tractors and farming to continue
underneath.

° Solar-Skilled India Mission: Launching a massive vocational training program in Tier-2 and

Tier-3 cities to create a workforce of "Surya Mitras" capable of managing the upcoming O&M
(Operation and Maintenance) demand.

° Green Hydrogen Integration: Directing excess midday solar power toward electrolyzers to
produce Green Hydrogen, decarbonizing "hard-to-abate" sectors like steel and cement.
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