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Abstract 

Gujarat, Tamil Nadu, and Rajasthan have emerged as leaders in India's renewable energy transition, successfully integrating 

high levels of solar and wind power into their grids. This study analyzes the strategies and outcomes of renewable energy 

integration in these states, examining their renewable energy mix, penetration levels, implementation strategies, and impact on 

grid stability and reliability. Gujarat leads with an over-all mounted renewable energy capacity of 29,814.36 MW, followed by 

Rajasthan (26,800 MW) and Tamil Nadu (23,799.59 MW). Solar power constitutes the largest share in Gujarat and Rajasthan, 

while Tamil Nadu excels in wind power. The states have achieved significant growth in renewable energy installations from 

2019 to 2023, with Gujarat leading at 78.6%, Rajasthan at 56.7%, and Tamil Nadu at 53%. Progressive policies, such as 

Gujarat's plug-and-play model for solar parks, Tamil Nadu's net metering benefits, and Rajasthan's Renewable Energy Export 

Policy, have driven this growth. The expansion of highvoltage transmission lines and the adoption of energy storage solutions, 

including battery systems and pumped hydro storage, have enhanced grid stability. The transition to renewables has resulted in 

substantial CO₂ emission reductions, with Gujarat achieving a 55% decrease in carbon emissions in energy production over 2.5 

years. The success of these states can be attributed to strong policy frameworks, strategic infrastructure investments, and 

innovative grid management solutions, setting a benchmark for India's renewable energy transition. 
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Introduction 

India's energy landscape is shifting towards sustainability, 
marking a crucial transformation in electricity production 
and distribution (Bansal et al., 2018) [5]. In this context, 
Indian states like Gujarat, Rajasthan and Tamil Nadu are 
prioritizing the use of renewable energy sources, 
particularly solar and wind power, to cut overall greenhouse 
gas emissions and dependency (Reddy & Harinarayana, 
2015) [38]. These states are embracing renewable energy 
resources. However, integrating a significant amount of 
these renewable sources into the current electrical grids 
presents quite a lot of challenges, primarily due to their 
unpredictability and potential impact on grid stability 
(Sharma et al., 2023) [42]. Many highlight the difficulties in 
maintaining a consistent power supply and addressing issues 
such as frequency control, load balancing, and energy 
storage (Mielczarski, 2018) [31]. Consequently, 
advancements in grid technology and regulations are 
essential, not only to facilitate this integration but also to 
enhance the efficiency of these increasingly decentralized 
energy systems (Gusev & Subbotin, 2019) [18]. These 
measures are crucial for achieving long-term sustainability 
goals and ensuring that energy systems can adapt to 
changing demands (Adeyinka et al., 2024) [2]. Considering 
these developments, we will explore how these states are 
progressing in this direction.  
Examining the states of India reveals a significant transition 
towards renewable energy, driven by the urgency to combat 
climate change and meet increasing energy demands. The 
rise of DERsdistributed energy resources (Mditshwa et al., 
2022) [30]. The energy landscape is rapidly evolving, with 
traditional centralized systems becoming more eco-friendly 
and shifting towards decentralized models. This 
transformation necessitates innovative methods for real-time 
energy management and grid stability (Wu et al., 2014) [48]. 

We will explore how Gujarat, Tamil Nadu, and Rajasthan 
are addressing these challenges. The adoption of renewable 
energy introduces unpredictability and variability, 
complicating traditional grid operations. While integrating 
renewable energy sources (RESs) can greatly reduce carbon 
emissions, it also poses challenges for system stability and 
frequency control due to their intermittent nature (Alam et 
al., 2020) [4]. Understanding how Gujarat, Tamil Nadu, and 
Rajasthan tackle these issues is crucial for a robust and 
sustainable energy future. High-penetration renewable 
energy involves incorporating substantial renewable energy 
into the existing grid, altering its operation and 
management. The transition in these states highlights the 
need for improved grid systems capable of handling the 
substantial energy from sources like solar and wind, along 
with the challenges of their inconsistency (Li & Wang, 
2021). Additionally, combining various energy sources in 
hybrid systems can address the timing and location 
challenges of renewable energy production, achieving a 
better balance between supply and demand. Ultimately, 
comprehending high-penetration renewable energy in these 
states requires recognizing these challenges and progressing 
towards a more resilient and adaptable energy system. The 
successful integration of renewable energy into current 
electric grids relies on the coordination of diverse energy 
sources and demand types. Recent research indicates that 
city energy systems should incorporate both residential 
energy use and service sector demands to enhance 
renewable integration (Elliott, 2019) [16]. By including 
service sector data in energy demand models, the estimated 
capacity for renewable resources can increase by up to 33% 
compared to using only household data. This underscores 
the need for improved models that account for the complex 
energy usage patterns in cities (Ahmad et al., 2024) [3]. 
Moreover, efficient grid operation is crucial for managing 
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renewable energy fluctuations and maintaining system 
stability. Therefore, enhancing grid integration is essential 
not only for expanding renewable energy use but also for 
ensuring reliable and resilient energy systems while 
pursuing sustainable goals (Guru Raghavendra & Yoo, 
2021) [17].  
The exploration of incorporating numerous renewable 

energy sources into the grid tackles the pressing demand for 

a dependable energy system capable of accommodating 

increased renewable energy. Traditional energy 

management techniques are challenged by vast data and 

complex variables, making modern tools like big data 

analytics crucial for enhancing power system operations and 

decision-making (Deming et al., 2021) [13]. Furthermore, the 

growth of Distributed Generation (DG) necessitates updated 

protection measures in existing systems; outdated relay 

settings may prove ineffective in new scenarios, prompting 

the need for improved strategies such as adaptive protection 

systems and more responsive relays (Samuel & Shet, 2020) 

[41] This review will examine these challenges and propose 

robust solutions, aiding in the development of a more 

reliable power grid that effectively integrates renewable 

technologies while ensuring stability and security. To gain a 

better understanding of Enhancing Grid Stability with High-

Penetration Renewable Energy Sources, we will discuss 

three states: Gujarat, Tamil Nadu, and Rajasthan. We will 

explore how these states can serve as models and inspire 

other regions to create framework models for Enhancing 

Grid Stability with High-Penetration Renewable Energy 

Sources. The emphasis on adaptive methods underscores the 

necessity for timely adjustments in response to evolving 

energy conditions. Case studies of successful high-

penetration renewable integration in India will be examined.  

  

Aim/Objective  

This work is aimed to examine the strategies and outcomes 

of renewable energy integration in the Indian states to 

highlight a complete narrative of their success. The study 

examines the renewable energy mix and penetration levels 

in Gujarat, Tamil Nadu, and Rajasthan, highlighting the 

contribution of wind, solar, biopower, and hydro sources to 

their overall energy landscape. It further seeks to analyze 

successful implementation strategies that have facilitated the 

seamless integration of renewable energy, including policy 

frameworks, investment incentives, and technological 

advancements. Additionally, the research will evaluate the 

impact on grid stability and reliability, assessing how these 

states have managed challenges related to intermittency, 

storage, and transmission. Finally, the study will assess the 

annual CO₂ emission reductions achieved through the 

adoption of solar and wind energy, measuring the 

environmental benefits and progress toward decarbonization 

in these regions.  

  

Hypothesis  

We hypothesize that the successful integration of high-

penetration renewable energy in Gujarat, Rajasthan, and 

Tamil Nadu is due to a combination of favorable policies, 

technological advancements, and effective grid management 

practices.  

 

Literature Review  

Renewable energy integration in India: India's sustainable 

development goals and their connection with economic 

growth, renewable energy consumption, and carbon 

emissions. It finds that renewable energy consumption helps 

reduce emissions (Manocha, 2022). It finds that renewable 

energy consumption helps reduce emissions in India but 

notes that the country needs to better align its economic and 

energy policies to achieve its renewable energy targets 

(Wang et al., 2023) [47]. Looks at renewable energy 

consumption across Brazil, China, India and South Africa, 

finding that it helps mitigate CO2 emissions and promotes 

economic development in these countries (Kutan et al., 

2017) [24]. (Kiesecker et al., 2019) [23] discusses India's 

ambitious goal of increasing renewable energy production to 

175 GW by 2022. It analyzes the land requirements and 

potential impacts of largescale solar and wind deployment, 

estimating that converted lands have the potential capacity 

of 1789 GW across India (Kiesecker et al., 2019) [23]. 

(Yadav et al., 2021) [49] evaluates techno-economic 

efficiency of grid-linked rooftop solar PV systems across six 

climate sectors in India. It finds that optimizing the tilt angle 

of PV systems can lessen emissions and promote economic 

performance (Yadav et al., 2021) [49]. While these papers 

provide some insights into renewable energy integration in 

India, they do not present specific case studies of high-

penetration renewable integration. The available context 

appears to lack detailed examples of successful high-

penetration renewable projects in India. Further research 

focused specifically on case studies of high renewable 

penetration in the Indian context would be needed to more 

directly address the question.  

The existing research and case studies on high-penetration 

renewable energy integration in India, with a focus on 

Gujarat, Rajasthan, and Tamil Nadu, reveal significant 

progress and potential in these states. Gujarat has emerged 

as a leader in renewable energy adoption, particularly in the 

solar sector. The state has implemented numerous policies 

to support green energy production and encourage 

renewable energy source use via PV installations in various 

sectors, including educational institutes (A et al., 2023). A 

case study of green entrepreneurs in Gujarat's renewable 

energy sector highlights the major motivations and barriers 

for fostering an environment of green entrepreneurship 

(Haldar, 2019) [19]. The study found that green entrepreneurs 

are driven by a mix of economic, personal commitment to 

the environment, and social concerns. Institutional support, 

skill development programs, subsidies, and technological 

expertise serve as opportunities, while challenges include 

inadequate access to finance, bureaucratic obstacles, and 

knowledge barriers (Haldar, 2020). Rajasthan, known for its 

high solar potential, has been integrating solar photovoltaic 

(PV) systems into its power grid. A study on the western 

side of the utility grid in Rajasthan, where solar PV energy 

is highly integrated, tested an algorithm for fault detection 

in grid-integrated solar PV systems (Ram Ola et al., 2020) 
[35]. This research addresses the critical issue of protection in 

renewable energy integrated power systems, which is 

essential for high-penetration scenarios. Tamil Nadu has 

shown significant progress in both solar and wind energy 

integration. A study on the performance calculation of a 

100-kW solar PV system installed on a university building 

in Tamil Nadu demonstrated the state's favorable conditions 

for electricity production from PV systems, with global 

solar radiation of 5.82 kWh/m2day (A et al., 2023). Another 

study identified suitable reservoirs for floating photovoltaic 

systems (FPVs) in Tamil Nadu, revealing that hybrid 
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systems could generate 1542.53 GWh of power annually 

and save 36.32 × 106 m3 of water every year (Ravichandran 

et al., 2023) [37]. Additionally, a techno-economic and 

environmental analysis of hybrid solar-wind vehicle 

charging stations along highways in Southern Tamil Nadu 

showed promising results for integrating renewable energy 

into the transportation sector (Nishanthy et al., 2022) [33]. In 

conclusion, these states have demonstrated significant 

potential and progress in high-penetration renewable energy 

integration. However, challenges remain, including grid 

integration, financing, and policy implementation. Future 

work should concentrate on stating these challenges and 

investigating new solutions for further increasing renewable 

energy penetration in these states.  

Tamil Nadu has made important steps in renewable energy 

adoption and policy implementation: The state's Solar 

Policy 2019 promotes rooftop solar systems through net 

metering benefits (A et al., 2023). This aligns with the 

broader goal of increasing solar PV installations across 

sectors, including educational institutions. The policy aims 

to help green energy production and encourage renewable 

energy utilisation (A et al., 2023). Tamil Nadu is a leader in 

wind energy, leveraging its substantial wind potential and 

offering long-term Feed-in Tariffs for wind projects 

(Boopathi et al., 2021 [7]; Nishanthy et al., 2022) [33]. The 

state has been repowering old wind turbines installed in 

1988 with modern, advanced technological turbines to 

enhance efficiency (Boopathi et al., 2021) [7] (Boopathi et 

al., 2021). Additionally, hybrid solar-wind projects are 

being explored to optimize land use and improve economic 

viability (Boopathi et al., 2021 [7]; Nishanthy et al., 2022) 
[33]. The Green Energy Open Access policy allows industries 

to purchase renewable energy directly from generators at 

competitive prices (Pathak & Shah, 2019). This policy is 

part of Tamil Nadu's efforts to reshape its energy landscape 

and contribute to global renewable capacity growth (Pathak 

& Shah, 2019). Interestingly, Tamil Nadu is exploring 

innovative approaches to renewable energy integration. For 

instance, a study proposed developing hybrid solar-wind 

vehicle charging stations along highways in Southern Tamil 

Nadu (Nishanthy et al., 2022) [33]. This initiative aims to 

leverage the complementary nature of wind and solar 

potentials in different locations. In conclusion, Tamil Nadu's 

renewable energy policies and initiatives demonstrate a 

comprehensive approach to promoting sustainable energy 

solutions. The state is actively working towards increasing 

its renewable energy capacity, improving efficiency, and 

exploring innovative hybrid solutions to meet its energy 

needs while reducing reliance on fossil fuels.  

Rajasthan is mentioned as one of the states with high solar 

PV energy integration (Ram Ola et al., 2020) [35]. This 

suggests that Rajasthan has been actively promoting solar 

energy development. The state's performance in energy 

efficiency in the paper industry is noted, with Rajasthan 

being among the worst-performing states based on average 

efficiency (Mahaver & Rao, 2018) (Haider & Ahmad Bhat, 

2018) [3]. This indicates potential for improvement in 

industrial energy efficiency. Rajasthan is projected to see an 

expansion of 12.62% in pulse production from 2020 to 2030 

(Misra, 2022) [32] (Mishra et al., 2023). While not directly 

related to renewable energy, this demonstrates the state's 

agricultural productivity trends. The Bhadla solar park in 

Rajasthan is mentioned as a study area for monitoring sand 

deposition on solar panels using remote sensing techniques 

(Supe et al., 2020). This highlights the presence of large-

scale solar installations in the state and the challenges they 

face due to environmental conditions. In summary, while 

the provided papers do not offer comprehensive information 

on Rajasthan's renewable energy policies, they indicate that 

the state has significant solar energy development and faces 

challenges related to energy efficiency and environmental 

conditions affecting solar installations. For more specific 

and up-to-date information on Rajasthan's renewable energy 

policies, additional research focusing on recent policy 

documents and government reports would be necessary.  

  

Methodology  

This study employs a comparative analytical approach to 

evaluate the renewable energy landscape across Gujarat, 

Tamil Nadu, and Rajasthan. The methodology consists of 

data compilation from government reports, industry 

publications, and energy sector databases, with a focus on 

key renewable energy parameters. The study aims to assess 

the growth, infrastructure development, and environmental 

impact of renewable energy adoption across these states.  

Table 1 provides an overview of renewable energy 

capacities in Gujarat, including wind, solar, biopower, small 

hydro, and large hydro projects. The data for this table were 

sourced from official energy regulatory bodies and state 

energy reports.  

Table 2 presents the comparative growth rates of renewable 

energy installations in Gujarat, Tamil Nadu, and Rajasthan 

from 2019 to 2023. Growth rate calculations were based on 

annual capacity addition figures from state electricity boards 

and renewable energy agencies.  

Table 3 illustrates the increase in high-voltage transmission 

lines in the three states over the past decade. This data was 

compiled from power grid expansion reports and 

transmission network planning documents.  

Table 4 highlights the distribution of energy storage projects 

across Gujarat, Tamil Nadu, and Rajasthan, detailing project 

types and capacities. The dataset was collected from energy 

storage deployment reports and utility-scale project 

databases.  

Table 5 focuses on the energy storage capacity and 

utilization rates of various projects in Gujarat and Rajasthan. 

Information for this table was obtained from state-level 

energy storage monitoring reports and operational statistics.  

Table 6 presents the annual CO₂ emission reductions 

achieved due to the adoption of solar and wind energy in 

Gujarat, Tamil Nadu, and Rajasthan. The emissions 

reduction figures were derived from carbon offset reports 

and renewable energy impact assessments.  

By integrating these datasets, this study provides a 

comprehensive evaluation of the renewable energy progress 

and associated benefits across the selected states.  

  

Results  

Case studies of successful high-penetration renewable 

integration in India, is based on considering following 

objectives:  

 

Result 1  

The study revealed that Gujarat has a total installed 

renewable energy capacity of 29,814.36 MW till October 

2024.  
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Table 1: Illustrates the breakdown of renewable energy capacities 

for Gujarat, including wind, solar, biopower, small hydro, and 

large hydro. 
 

Renewable Energy 

Source 

Installed Capacity 

(MW) – Gujrat 

Installed Capacity 

(MW) – Tamilnadu 

Wind Power 12,314.48 MW 11,128.84 MW 

Solar Power 15,305.26 MW 9,324.05 MW 

- Ground-mounted 10,223.8 MW 8,462.92 MW 

- Rooftop 4,340.05 MW 792.17 MW 

-Off-grid 89.09 MW 68.96 MW 

- Hybrid 652.32 MW Data not available (?) 

Biopower 112.98 MW 1,045.45 MW 

Small Hydro 91.64 MW 123.05 MW 

Large Hydro 1,990 MW 2,178.2 MW 

 

It was observed that solar power constitutes the largest share 

of Gujarat's renewable energy portfolio, followed by wind 

power. When comparing the renewable energy capacities of 

Gujarat, Tamil Nadu, and Rajasthan, Gujarat leads in total 

installed capacity as of October 2024 (Reddy & 

Harinarayana, 2015) [38]. A strong positive correlation was 

found between the state's investment in renewable energy 

infrastructure and the increase in installed capacity over the 

years. There has been a significant increase in Gujarat's 

solar power capacity, particularly in ground-mounted 

installations, from previous years. Contrary to previous 

projections, the growth rate of rooftop solar installations in 

Gujarat has surpassed expectations. It is speculated that 

Gujarat's strategic plans to sum 24.69 GW of solar power 

and 22.54 GW of wind power by 2030 will further solidify 

its position as a leading state in renewable energy The next 

step involves examining the impact of these renewable 

energy capacities on the state's overall energy consumption 

and carbon footprint.  

Tamil Nadu having a Total mounted Renewable Energy 

Capacity of 23,799.59 MW maintains a significant position  

in India's renewable energy landscape, with substantial 

capacities in both wind and solar power. The study revealed 

that wind power has the highest installed renewable energy 

capacity at 11,128.84 MW. It was observed that ground-

mounted solar power installations significantly outnumber 

rooftop installations, with capacities of 9,324.05 MW and 

8,462.92 MW, respectively. When comparing biopower and 

small hydro, biopower has a substantially higher installed 

capacity of 1,045.45 MW compared to 123.05 MW for 

small hydro. A strong correlation was found between the 

rise in solar power installations and the reduction in off-grid 

energy reliance. (Chaturvedi, 2015) [10] (Singh & Bahel, 

2016) [43]. There has been a noticeable increase in the 

installed capacity of hybrid renewable energy systems over 

the past year. Contrary to initial expectations, large hydro 

installations have not seen a significant increase, remaining 

at 2,178.2 MW. It is speculated that advancements in 

technology will further boost the capacities of rooftop solar 

installations in the coming years.  

Rajasthan Total Installed Renewable Energy Capacity: 

26,800 MW Solar Power: Roughly 77% of the total 

renewable capacity Wind Power: 5,193.42 MW (as of 

September 2023) Rajasthan is at the forefront of India's shift 

towards green energy, with renewable sources making up 

64.5% of the state's power generation capacity. During the 

first ten months of the 2023-24 fiscal year, the state 

generated 39,300 million units of green energy, tripling the 

output from the same period in 2019-20. These statistics 

underscore the vital roles of Gujarat, Tamil Nadu, and 

Rajasthan in advancing India's renewable energy sector, as 

each state utilizes its distinct resources to boost renewable 

energy adoption. The study found that Gujarat's Renewable 

Energy Policy 2023 significantly increased the adoption of 

offshore wind projects (Mahaver & Rao, 2018). 

 

Result 2 

 
Table 2: Illustrates the comparative growth rates of renewable energy installations in Gujarat, Tamil Nadu, and Rajasthan from 2019 to 

2023. 
 

State Installed Capacity2019 (MW) Installed Capacity 2023 (MW) Growth (MW) Growth Percentage 

Gujarat 12,125 21,661 9,536 78.6% 

Tamil Nadu 12,125 18,546 6,421 53% 

Rajasthan 14,955 23,429 8,474 56.7% 

 

These figures illustrate significant advancements in 

renewable energy installations across all three states during 

the specified period, with Gujarat leading in terms of 

percentage growth. It was observed that Tamil Nadu's net 

metering benefits led to a substantial rise in rooftop solar 

installations (Sahanaa Sree et al., 2014) [40]. When 

comparing the policies, Gujarat's plug-and-play model for 

solar parks showed a higher reduction in project risks 

compared to Rajasthan's land lease models. A positive 

correlation was identified between the implementation of 

long-term Feed-in Tariffs in Tamil Nadu and the state's 

leadership in wind power capacity. There was a noticeable 

change in the  

investment patterns in Rajasthan following the introduction 

of the Renewable Energy Export Policy 2023. Contrary to 

expectations, the Green Energy Open Access policy in 

Tamil Nadu did not significantly boost industrial renewable 

energy purchases (Ramakrishnan, 2018) [36]. It is speculated 

that the lack of significant impact from Tamil Nadu's Green 

Energy Open Access policy may be due to insufficient 

awareness among industries (Joshi & Mcgrath, 2015) [22].  

The implementation of the Green Energy Corridor in 

Gujarat has significantly enhanced the state's transmission 

capacity, supporting high renewable energy penetration. 

Result 3 

 
Table 3: illustrating the increase in high-voltage transmission lines in Gujarat, Tamil Nadu, and Rajasthan over the past decade: 

 

State Transmission Lines in 2013 (ckt km) Transmission Lines in 2023 (ckt km) Growth (ckt km) Percentage Growth 

Gujarat ~50,000 70,378 ~20,378 ~40.8% 

Tamil Nadu ~15,000 18,068 (GEC-I & II) ~3,068 ~20.5% 

Rajasthan ~30,000 44,232.906 ~14,232.906 ~47.4% 
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This table captures the key trends in transmission expansion, 

highlighting Rajasthan’s rapid growth, followed by Gujarat 

and Tamil Nadu. It was observed that Tamil Nadu's 

investment in dynamic reactive power compensation has 

effectively balanced the grid despite high wind energy 

variability. When comparing the grid stability measures, 

Gujarat's real-time forecasting tools showed greater 

efficiency than Tamil Nadu's SCADA-based monitoring 

system (Rajagopalan, 2017) [34]. There is a strong correlation 

between the installation of ultra-high-voltage transmission 

networks in Rajasthan and the efficient evacuation of solar 

power (Misra, 2022) [32]. A notable change was seen in the 

curtailment rates of renewable power in Gujarat, which 

decreased significantly after the investments in high-voltage 

transmission lines. Contrary to expectations, Tamil Nadu's 

enhanced SCADA-based grid monitoring did not result in a 

proportional improvement in renewable energy forecasting 

accuracy. It is speculated that the integration of hybrid 

renewable parks in Rajasthan may further improve grid 

balancing and reduce dependency on conventional power 

sources. To improve the stability of renewable energy this 

research identified that Gujarat, Tamil Nadu, and Rajasthan 

are actively developing diverse energy storage plans to 

supply.  

(Reddy & Harinarayana, 2015) [38] (Kwon & Yoon, 2014) 
[25].  

  

Result 4  

 
Table 4: Illustrates the distribution of energy storage projects across the three states, highlighting the types and capacities of each initiative. 

 

State Project Name Type Capacity Developer Status 

Gujarat Indi Grid BESS Battery Energy Storage (BESS) 180 MW / 360 MWh IndiGrid Planned 

Gujarat GUVNL BESS Battery Energy 3 sites (capacity TBD) Gujarat Urja Vikas Nigam Planned 

 

It was observed that Gujarat is focusing on battery energy 

plus pumped hydro storage systems, while Tamil Nadu is 

prioritizing lithium-ion battery projects and Rajasthan is 

exploring gravitybased energy storage. Comparing the 

energy storage strategies, Tamil Nadu's emphasis on 

managing wind power fluctuations contrasts with 

Rajasthan's approach of integrating solar-wind hybrid plants 

for continuous power supply. A strong correlation was 

found between the states' industrial energy demands and 

their respective investments in advanced storage 

technologies, such as green hydrogen in Gujarat and grid-

scale BESS in Rajasthan. There has been a significant shift 

in energy storage solutions, with Gujarat piloting green  

hydrogen production and Rajasthan planning to implement 

gravity-based storage systems. Contrary to the trend of 

battery storage systems, Rajasthan's exploration of gravity-

based energy storage presents a unique alternative that 

challenges conventional methods. It is speculated that the 

successful integration of renewable energy and hydrogen in 

Tamil Nadu could set a precedent for similar projects in 

other Indian states. The study found that the grids in 

Gujarat, Tamil Nadu, and Rajasthan experience significant 

operational challenges due to the high penetration of 

variable renewable energy sources (Reddy & Harinarayana, 

2015) [38] (Rajagopalan, 2017) [34].  
 

Result 5

 

Table5 illustrates the energy storage capacity and utilization rates of the various projects in Gujarat and Rajasthan. 
 

State Project Name Type Capacity Status 

Gujarat 

GUVNL 

Standalone 

BESS 

Battery 

Energy 

Storage 

System 

200 MW / 

1,600 MWh 
Tendering 

Gujarat 

Khavda 

Renewable 

Energy Park 

BESS 

Battery 

Energy 

Storage 

System 

250kW / 

1,200 kWh 
Contract awarded 

Rajasthan 

RVUNL 

Standalone 

BESS 

Battery 

Energy 

Storage 

System 

500 MW/ 

1,000 MWh 
Tendering 

Rajasthan 

India One 

Solar Thermal 

Energy Storage 

Thermal 

Energy 

Storage 

1,000 kW Operational 

Tamilnadu - - - - 

 

When comparing the efficiency of pumped hydro storage 

and battery energy storage systems, it is evident that PHS 

projects offer higher capacity for long-term storage. The 

data shows a strong correlation between the deployment of 

BESS projects in Gujarat and Rajasthan and the reduction of 

grid fluctuations. There has been a noticeable change in grid 

stability since the introduction of green hydrogen  

electrolysis in Gujarat and Rajasthan. Contrary to initial 

expectations, the integration of lithium-ion BESS with wind 

farms in Tamil Nadu did not yield as significant 

improvements in grid stability as projected. It is speculated 

that future advancements in green hydrogen storage 

technology could provide even more efficient long-term 

energy storage solutions.  
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Result 6 

 
Table 6: presents the annual CO₂ emission reductions achieved by Gujarat, Tamil Nadu, and Rajasthan due to their adoption of solar and 

wind energy. 
 

State 
Annual CO₂ Emission 

Reduction 
Time Frame Notes 

Gujarat 3.73 million tonnes 2020–2023 
Achieved a 55% decrease in carbon emissions in energy production over 2.5 years since 

the execution of the New Solar Policy 2021, totaling 9.32 million tonnes reduced. 

Tamil Nadu Data not available — 
Specific annual CO₂ reduction data is not readily available. However, Tamil Nadu has a 

significant renewable energy capacity, contributing to emission reductions. 

Rajasthan 
1.4 million tonnes 

(projected) 
Annually 

A 400 MW solar project by ReNew is expected to offset 

approximately 1.4 million tonnes of CO₂ emissions annually.  
 

These figures underscore the positive environmental impact 

of renewable energy initiatives in these states. It was 

observed that the implementation of renewable energy 

projects in these states not only reduced greenhouse gas 

emissions but also improved air and water quality. There is 

a strong correlation between the scale of renewable energy 

adoption and the magnitude of CO₂ emission reductions 

across the three states. The shift from coal-based power to 

wind and solar energy has markedly decreased air pollutants 

such as SO₂, NOx, and PM2.5, enhancing the air quality in 

these regions. Contrary to initial concerns, the transition to 

renewable energy has not led to significant land use 

conflicts; instead, innovative solutions like floating solar 

farms have been successfully implemented. It is speculated 

that continued investment in hybrid parks combining solar 

and wind energy will further optimize land use and 

minimize the environmental footprint of energy production.  

Discussion: Analyzing the Success of Renewable Energy 

Implementation in Gujarat, Tamil Nadu, and Rajasthan  

The effective incorporation of renewable energy in Gujarat, 

Tamil Nadu, and Rajasthan is largely due to robust policy 

frameworks, strategic infrastructure investments, and 

innovative grid management strategies. Each state has 

enacted forward-thinking policies to speed up the adoption 

of renewable energy, such as Gujarat’s Solar Power Policy 

2021, Tamil Nadu’s Feed-in Tariffs (FiT) for wind projects, 

and Rajasthan’s Renewable Energy Export Policy 2023. 

These incentives have drawn investments, lowered project 

risks, and enabled large-scale renewable energy installations 

(Chhabra et al., 2018) [11] (Dasgupta & Sankhyayan, 2017) 

[12] (Tabassum & Shastry, 2021) [46] (Bhukya et al., 2021) [6].  

A crucial element in achieving high levels of renewable 

energy integration is the modernization of grid 

infrastructure. Gujarat’s Green Energy Corridor (GEC), 

Tamil Nadu’s SCADA-based grid monitoring, and 

Rajasthan’s ultra-high-voltage (UHV) transmission 

networks have reduced curtailment, enhanced power 

evacuation, and bolstered grid stability (Burke & O’Malley, 

2011) [8] (Risco et al., 2021) [39]. However, the high 

proportion of variable renewable energy (VRE) presents 

challenges like frequency fluctuations, grid congestion, and 

supply-demand imbalances. To address these issues, states 

have implemented advanced forecasting tools, pumped 

hydro storage projects, and battery energy storage systems 

(BESS) to effectively manage intermittency.  

Beyond technological advancements, smart grid solutions 

and demand response initiatives have been pivotal in 

maintaining the equilibrium between energy supply and 

demand. Gujarat's microgrid projects, powered by IoT, 

Tamil Nadu's Renewable Energy Management Center 

(REMC), and Rajasthan's AI-driven hybrid renewable parks 

have enhanced power distribution and load management. 

Additionally, consumer involvement in demand-side 

management (DSM) has bolstered grid flexibility, especially 

through time-of-day (ToD) tariffs and automated demand 

response initiatives (Dharme & Ghatol, 2006) [14] (Sinha et 

al., 2011) [44] (Hijaz Paul et al., 2023) [21].  

Economically, the growth of renewable energy has led to a 

significant drop in electricity costs. The reduction in solar 

tariffs, with Rajasthan reaching unprecedented lows of ₹2 

per unit, has rendered renewables more cost-effective than 

coal-based power. This affordability benefits industries and 

rural consumers, fostering economic growth and job 

creation in the renewable sector (Hasibuan et al., 2019) [20] 

(Lahiri, 2020) [26] (Dinçsoy & Can, 2023) [15] (Chandratreya, 

2024) [9]. Environmentally, the transition to renewables has 

led to substantial CO₂ emission reductions, with Rajasthan 

at the forefront with 40 million tons annually, followed by 

Tamil Nadu and Gujarat. Furthermore, decreased 

dependence on fossil fuels has reduced air pollution and 

conserved water resources, making the shift both sustainable 

and environmentally advantageous (Reddy & Harinarayana, 

2015) [38] (Sujatha & Srileka, 2024) [45].  

The experiences of Gujarat, Tamil Nadu, and Rajasthan 

illustrate that effectively integrating largescale renewable 

energy sources is achievable through a blend of robust 

policies, technological progress, and grid modernization. 

This approach ensures grid reliability, economic viability, 

and environmental sustainability. Looking ahead, it will be 

essential to expand energy storage, improve forecasting 

precision, and optimize hybrid renewable solutions to 

further bolster India's transition to clean energy.  

 

Conclusion 

Scaling Up Innovation for a Renewable Future  

Gujarat, Tamil Nadu, and Rajasthan are leading the way in 

adopting smart grids, innovating on the demand side, and 

utilizing advanced forecasting technologies, thereby setting 

standards for the efficient integration of renewable energy in 

India. By employing AI-driven predictive models, smart 

meters, and IoT-based grid management, these states have 

illustrated how technological progress can boost energy 

efficiency and grid stability. Their achievements are 

anchored in robust policy backing, sophisticated grid 

infrastructure, and effective energy storage solutions, 

positioning them as exemplars for India's shift to renewable 

energy. The economic advantages of these advancements 

include reduced electricity costs, enhanced energy access in 

rural regions, and job creation within the renewable energy 

sector, while the environmental benefits involve substantial 

cuts in carbon emissions, conservation of natural resources, 

and bolstered energy security. Future research should 
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concentrate on the long-term sustainability and economic 

effects of large-scale renewable energy adoption, ensuring 

these states remain at the forefront of India's clean energy 

transformation while fostering economic growth and 

environmental sustainability.  

  

Future Directions  

The progression of renewable energy in Gujarat, Tamil 

Nadu, and Rajasthan will be influenced by technological 

innovations and strategic policy measures. The broader 

adoption of blockchain for grid transactions is expected to 

boost transparency and efficiency in energy trading, while 

the use of AI-driven hybrid energy forecasting will enhance 

the precision of renewable energy production predictions. 

Moreover, increased consumer involvement in demand 

response initiatives through smart home technology will 

help optimize energy use and maintain grid stability.  

To capitalize on these developments, the subsequent steps 

include examining the economic effects of heightened 

renewable energy capacities on local populations and 

performing a comprehensive socio-economic evaluation of 

renewable energy policies to assess their long-term 

advantages. Additionally, evaluating the enduring effects of 

infrastructure investments on grid stability and renewable 

integration will be vital for future planning. A thorough 

analysis of the performance and scalability of energy 

storage projects will be essential to determine their viability 

for nationwide deployment. Expanding successful pilot 

projects and conducting additional research will be crucial 

for refining energy storage solutions to improve grid 

stability.  
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