Abstract
Transitioning to renewable energy is essential for a sustainable future, and nations set
ambitious targets to decarbonize their energy systems. Among the renewables, solar energy has
seen remarkable growth, with India now ranking fifth globally in solar power capacity and

aiming for 100 GW of installations.

Despite this progress, the solar photovoltaic industry faces several challenges pertaining to
technology, economics, environments and installation. Effective photovoltaic deployment
requires thorough resource assessments, as surface solar radiation—the key factor for
photovoltaic system—is influenced by atmospheric aerosols. These aerosols can attenuate
incoming solar radiation or accumulate on the panels, thereby reducing photovoltaic
generation. Regions like China, India, and the Middle East, which have high particulate matter
pollution, are witnessing booming investments in solar energy, making it crucial to address
aerosol impacts on solar potential. Further, the solar radiation undergoes significant long-term
variations through the change in aerosols and clouds, known as 'global dimming and
brightening," which affect photovoltaic production. Understanding these changes and their
impact on the growing photovoltaic sectors is vital, especially for India's national-scale
deployment, which must consider appropriate land type, ecosystem preservation, and

environmental factors.

Additionally, the expansion of solar energy requires a thorough evaluation in the context of
climate change to demonstrate its potential for a low-carbon economy. The electricity
generated by photovoltaic panels is influenced by the amount of sunlight received on the
surface, while the efficiency of the panels is affected by climatic factors including ambient

temperature and surface wind speed. Furthermore, changes in cloud and aerosol patterns are



anticipated to modify the radiation, posing new challenges for the long-term planning and

management of solar energy resources.

On the light of above research gaps, the current thesis aims to assess the impact of air pollution
on solar energy resources over India as a case during present and future climates, using

satellites, climate models, and in-situ data.

Firstly, the thesis identifies 60% of the Indian landmass as an effective solar-rich area based on
the 18 years (2001-18) of annual global horizontal irradiance availability. However, India lost
29% of its resources due to the staggering air pollution between 2001 and 2018. Furthermore,
the loss in photovoltaic output across the different panel configurations ranges from 12% to
41%, resulting in a loss of 245-835 million USD annually. Additionally, the successful
implementation of clean air policies would allow India to generate 6—16 terawatts of surplus
energy per year, translating to 325-845 million USD, equivalent to the cost of these policies.
Furthermore, mitigating air pollution would accelerate India's progress towards achieving its
solar energy target at a lower installation capacity, avoiding additional expenditure for solar
energy infrastructure expansion. The 2" part of the thesis also reports that 29.3% of the Indian
landmass is suitable for effective photovoltaic deployments based on the appropriate land
constraints on top of the radiation availability. However, this resource is declining at -0.21%
per year, causing a cumulative loss of 50 gigawatts of solar potential, equivalent to 75 terawatt-
hours of generation. Finally, this thesis explores the future potential of solar energy resources
in India around mid-century, based on two plausible scenarios that account for varying degrees
of air pollution mitigation and climate actions. Both scenarios predict a decline in photovoltaic
potential, with a national average decrease ranging from -2.3% to -3.3%. The reduction in
potential is expected to be more pronounced in the scenario with moderate air pollutant

mitigation and climate action compared to the scenario with strong air pollutant mitigation but



weaker climate actions. This future decrease in potential is primarily attributed to changes in
solar radiation, followed by changes in temperature and wind speed. Additionally, rising
ambient temperatures in both scenarios will increase cell temperatures, thereby reducing cell
efficiency and overall performance. Higher cell temperatures are projected under the weak

climate action scenario compared to the intermediate climate action scenario.

This dissertation is an attempt to bridge the gap between atmospheric and renewable energy
sciences by considering India as a case. Firstly, the thesis addresses the impact of air pollution
on solar energy resources at Indian power grid scale and highlights the key benefits in-terms
of surplus electricity India could have anticipated by implementing clean air policies with the
solar expansions. This additional energy, coupled with health benefits from air pollution
reduction, suggests a significant 'win-win' opportunity. Secondly, the thesis maps the Indian
solar resources based on surface solar radiation and land availability criteria and estimates the
impact from persistent dimming on photovoltaic generations. It also distinguishes key regions
(and the existing solar parks) within the Indian landmass that are sensitive to either aerosols or
clouds linked with the observed trend. Finally, the work investigates the promise of future
photovoltaic potential during mid-century by considering two plausible future scenarios for
India. It stresses the impact of change in radiation for the drop of potential and reports the
negative influence of increasing temperature on cell efficiency and hence performances.
Overall, these findings offer valuable insights for site selection, managing weather and climate
variability, energy storage, and selecting cell materials, aiding energy planners and
policymakers in maximizing power generation. However, the thesis can be extended to
quantify the valuable information using high resolution spatio-temporal data to estimate
energy-surplus and deficit at desired scale. In conclusion, the outcomes of the thesis and the

continued efforts in this field will be beneficial for transitioning to low carbon society in future.
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