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ABSTRACT

This article expands upon earlier studies on India’s nuclear electricity generation by examining recent
developments, emerging challenges, and future growth prospects during the period 2014—15 to 2024-25. The
analysis indicates that India’s nuclear power sector has experienced sustained expansion due to strong policy
support, technological advancement, rising electricity demand, and national energy security objectives.
Economic drivers such as reactor capacity expansion, low-carbon energy policies, and government initiatives
aimed at reducing dependence on fossil fuels have significantly strengthened the role of nuclear power within
India’s energy mix. Simultaneously, technological advancements—including the nation’s three-stage nuclear
program, indigenous Pressurized Heavy Water Reactor (PHWR) development, Fast Breeder Reactor (FBR)
initiatives, and emerging interest in Small Modular Reactors (SMRs)—have enhanced self-reliance and
operational efficiency. The increasing demand for stable baseload electricity, coupled with limited domestic
fossil fuel resources and climate commitments, further reinforces the strategic importance of nuclear energy in
India’s long-term sustainable development goals.

Despite these achievements, the sector continues to face several structural and operational challenges. Safety
concerns following the Fukushima disaster, evolving regulatory and liability frameworks, and issues related to
public acceptance remain significant barriers to expansion. Infrastructure and resource constraints—including
uranium supply limitations, shortage of skilled workforce, grid modernization requirements, high capital
investment, and financing challenges—continue to affect project implementation and operational efficiency. In
addition, international factors such as Nuclear Suppliers Group (NSG) membership restrictions, technology-
transfer limitations, and geopolitical considerations still influence India’s nuclear cooperation and technology
access. Nevertheless, recent improvements in international partnerships, policy reforms, and indigenous
technological capabilities demonstrate that India’s nuclear power sector possesses considerable potential for
sustained growth and increased contribution toward national energy security and carbon reduction targets.
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INTRODUCTION

Nuclear power continues to occupy a strategic position in India’s energy policy framework, contributing
significantly to energy security, environmental sustainability, and long-term economic development. As India’s
electricity demand rises due to rapid industrialization, urbanization, and population growth, the need for reliable
and low-carbon energy sources has become increasingly important. In this context, nuclear energy has emerged
as a stable baseload power source capable of supporting the country’s transition toward a cleaner and more
sustainable energy future.

Over the past decade, India has steadily expanded its nuclear power generation capacity through a combination
of indigenous technological advancement, international cooperation, and supportive government policies.
According to recent government statistics, India currently operates 24 nuclear reactors with a total installed
capacity of approximately 8,780 MW. Nuclear electricity generation reached a record level of 56,681 million
units (MU) during 2024-25, compared to 47,971 MU in 2023-24, indicating significant improvements in
operational efficiency, fuel availability, and reactor utilization.

India’s nuclear energy strategy is closely aligned with its national commitment to achieving net-zero carbon
emissions by 2070. As renewable energy sources such as solar and wind are inherently intermittent in nature,
nuclear energy is increasingly recognized as an essential component of India’s diversified energy mix due to its
ability to provide continuous and reliable electricity generation. To strengthen long-term energy security, the
Government of India has announced ambitious plans under the Nuclear Energy Mission, targeting nearly 100
GW of nuclear power capacity by 2047.

India’s nuclear development program is based on a three-stage nuclear strategy designed to maximize the
utilization of the country’s limited uranium reserves and abundant thorium resources. The first stage focuses on
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Pressurized Heavy Water Reactors (PHWRs), the second stage involves Fast Breeder Reactors (FBRs), and the
third stage aims to develop thorium-based advanced nuclear systems. Significant progress has been achieved in
strengthening indigenous reactor manufacturing capabilities, thereby reducing dependence on imported
technologies and enhancing self-reliance in nuclear energy development.

To meet existing and future fuel requirements, India imports uranium from countries such as Kazakhstan,
Canada, Australia, Russia, and Niger. Simultaneously, efforts are being made to expand domestic uranium
exploration and mining activities to reduce external dependence and ensure long-term fuel security. Recent
policy discussions have also emphasized accelerating reactor construction through fleet-mode implementation,
promoting public-private partnerships, improving grid integration infrastructure, and exploring the deployment
of Small Modular Reactors (SMRs) for decentralized and industrial applications.

Despite notable achievements, India’s nuclear power sector continues to face several challenges, including high
capital investment requirements, regulatory complexities, public concerns regarding safety, waste management
issues, and international technology-transfer restrictions. The Fukushima nuclear disaster also intensified
debates regarding reactor safety and environmental risks, leading to stricter regulatory frameworks and
increased public scrutiny. In addition, infrastructure limitations, financing constraints, skilled workforce
shortages, and geopolitical considerations continue to influence the pace of nuclear expansion in the country.

Nevertheless, India’s growing energy demand, climate commitments, technological progress, and strategic
policy initiatives indicate strong long-term potential for nuclear energy development. Against this background,
the present study examines the trends, growth patterns, challenges, and future prospects of nuclear electricity
generation in India during the period 2014-15 to 2024-25.

2. LITERATURE REVIEW

Previous research on the expansion of nuclear power in India highlights the significant role of international
agreements, technological advancements, and supportive policy frameworks in shaping the country’s nuclear
energy sector. One of the most influential developments was the Indo-US Nuclear Agreement, which improved
India’s access to global uranium markets and facilitated international cooperation in civilian nuclear energy.
According to Krishnan and Gupta (2022), the agreement contributed substantially to improved uranium
availability, enhanced reactor performance, and increased operational efficiency in Indian nuclear power plants.

Technological progress has also played a critical role in strengthening India’s nuclear capabilities. Studies by
Mishra, Singh, and Kumar (2022) emphasize advancements in Pressurized Heavy Water Reactors (PHWRs),
which have improved reactor safety, fuel efficiency, and indigenous manufacturing capacity. India’s three-stage
nuclear program, designed to utilize limited uranium and abundant thorium resources, continues to serve as the
foundation of long-term nuclear development. Recent advancements in Fast Breeder Reactor (FBR) technology
further demonstrate India’s commitment toward achieving energy self-reliance and sustainable nuclear growth.

Globally, nuclear energy is increasingly recognized as an important low-carbon energy source capable of
supporting climate change mitigation efforts. The International Atomic Energy Agency (IAEA, 2023) identifies
nuclear power as a key contributor to the global transition toward clean energy systems. Similarly, the
International Energy Agency (IEA, 2023) highlights the importance of nuclear power in achieving net-zero
carbon emissions by 2050, particularly because of its ability to provide stable baseload electricity alongside
renewable energy sources such as solar and wind power.

Recent studies also examine the impact of emerging technologies on the future of nuclear energy in India. Rao
and Menon (2023) discuss the strategic potential of Small Modular Reactors (SMRs), which are considered
safer, more flexible, and economically viable for decentralized energy applications and remote regions. SMRs
are increasingly viewed as an innovative solution capable of complementing conventional large-scale nuclear
reactors while supporting industrial and regional electricity requirements.

In addition to technological advancements, public-private partnerships (PPPs) have gained importance in
accelerating nuclear infrastructure development. Saxena and Reddy (2023) argue that PPP models can help
address financial constraints, improve project efficiency, and encourage greater private-sector participation in
nuclear energy expansion. Such collaborations may play a crucial role in reducing construction delays and
mobilizing investments required for large-scale nuclear projects.

The COVID-19 pandemic introduced new challenges for the nuclear power sector globally and within India.
Singh and Verma (2021) observed that pandemic-related disruptions, including workforce shortages, supply-
chain interruptions, and operational restrictions, negatively affected nuclear electricity generation during 2020—
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21. However, the sector demonstrated resilience and gradually recovered through improved operational
management and policy interventions.

Despite substantial progress, multiple studies identify several persistent challenges facing nuclear energy
expansion in India. Ramanathan and Iyer (2024) emphasize concerns related to public perception, high capital
costs, safety issues, waste management, and increasing competition from renewable energy sources. Public
concerns intensified after the Fukushima nuclear disaster, leading to stricter safety regulations and greater
scrutiny of nuclear projects. In addition, liability-related issues and complex regulatory frameworks continue to
influence investment decisions and project implementation timelines.

Infrastructure and resource limitations also remain major barriers to sustained nuclear growth. Constraints
related to uranium supply, grid modernization, skilled workforce availability, and financing continue to affect
the pace of nuclear expansion. Furthermore, international factors such as Nuclear Suppliers Group (NSG)
membership restrictions, technology-transfer limitations, and geopolitical considerations continue to shape
India’s nuclear diplomacy and access to advanced nuclear technologies.

Overall, the literature indicates that India’s nuclear power sector presents both significant opportunities and
complex challenges. While technological innovation, policy support, international cooperation, and growing
energy demand provide strong momentum for expansion, issues related to safety, financing, public acceptance,
and regulatory frameworks require continuous attention. The future growth of nuclear power in India will
largely depend on how effectively these economic, technological, environmental, and geopolitical factors are
managed within a comprehensive and sustainable national energy strategy.

3. OBJECTIVES
To analyze year-wise trends in nuclear power generation from 2014—15 to 2024-25

To examine the major challenges facing India’s nuclear power sector and suggest strategies for sustainable
growth.

To assess the role of nuclear energy in supporting India’s long-term energy security and climate goals
4. METHODOLOGY

The present study is based on secondary data collected from official Government of India sources, including the
Open Government Data (OGD) Platform, Data.gov.in, and other authorized government publications related to
nuclear electricity generation in India. The study covers the period from 2014-15 to 2024-25 and examines
trends in nuclear power generation, growth patterns, and sectoral developments during the selected timeframe.

A quantitative research approach was adopted to analyze nuclear electricity generation in India. Descriptive
statistical techniques such as annual growth rate, percentage change, mean, and trend analysis were used to
evaluate year-wise variations in electricity generation. These methods helped identify patterns of growth,
fluctuations, and overall performance of the nuclear power sector during the study period.

Time-series analysis was employed to examine long-term trends in nuclear electricity generation. Regression
analysis was further utilized to assess the relationship between time and electricity generation and to evaluate
the growth trajectory of nuclear power in India. The application of these statistical techniques provided insights
into the performance and development of the sector over time.

Data visualization tools, including line graphs and bar charts, were used to present generation trends and
comparative year-wise performance in a clear and interpretable manner. Graphical analysis facilitated a better
understanding of changes in electricity generation and supported the interpretation of statistical findings.

In addition to quantitative analysis, qualitative assessment of government policies, research studies, energy
reports, and published literature was conducted to examine the influence of technological advancements, fuel
availability, regulatory frameworks, infrastructure development, and international cooperation on the growth of
India's nuclear power sector. This approach enabled a broader understanding of the opportunities and challenges
associated with nuclear energy development.

The integration of statistical analysis, forecasting techniques, data visualization, and policy review provided a
comprehensive framework for evaluating the performance, challenges, and future prospects of nuclear
electricity generation in India. The methodology supports an assessment of the role of nuclear energy in
enhancing energy security, promoting sustainable development, and contributing to India's transition toward a
low-carbon energy future.
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5. ANALYSIS AND RESULTS
5.1 Year-wise Trends in Nuclear Electricity Generation in India (2014-1S5 to 2024-25)

The analysis of nuclear electricity generation data reveals a generally positive growth trend in India during the
study period from 2014-15 to 2024-25. Nuclear power generation increased from 35,592 Million Units (MU) in
2014-15 to 56,681 MU in 2024-25, indicating the growing contribution of nuclear energy to the country's
electricity generation portfolio.

The growth pattern was characterized by both increases and periodic fluctuations. Nuclear electricity generation
increased steadily from 35,592 MU in 2014—15 to 38,336 MU in 2017-18. A marginal decline was observed in
2018-19 when generation decreased to 37,813 MU. The highest annual growth rate of 22.90 percent was
recorded in 2019-20, when electricity generation reached 46,472 MU. This increase reflects improved reactor
performance, better fuel availability, and enhanced operational efficiency.

Generation declined to 43,029 MU in 2020-21, primarily due to operational challenges and disruptions
associated with the COVID-19 pandemic. Recovery was observed in 2021-22 with generation increasing to
47,112 MU. A slight decline occurred in 2022-23, when generation fell to 45,855 MU, followed by renewed
growth in 2023-24 and a substantial increase in 2024-25.

Despite temporary declines in certain years, the overall trend remained positive throughout the study period. The
results indicate that India's nuclear power sector has demonstrated resilience and sustained growth, supported by
technological advancements, improved reactor utilization, policy support, and increasing emphasis on clean and
reliable energy sources.

The dataset was organized and analyzed using statistical techniques and visualized through graphical tools.
Python was utilized for data processing, calculation of growth rates, trend analysis, and graphical representation.
The analysis provides valuable insights into the performance of India's nuclear power sector and its contribution
to national energy security and sustainable development objectives.

Details of the year-wise nuclear electricity generation and growth rates are presented in Table 1, while Figure 1
illustrates the overall trend in nuclear electricity generation during the study period.

Table 1: Year-wise Nuclear Electricity Generation in India

Year Generation (Million Units/MU) Growth Rate (%)
2014-15 35,592 —
2015-16 37,456 5.24
2016-17 37,674 0.58
2017-18 38,336 1.76
2018-19 37,813 -1.36
2019-20 46,472 22.90
2020-21 43,029 -7.41
2021-22 47,112 9.48
2022-23 45,855 -2.66
2023-24 47,971 4.61
2024-25 56,681 18.16
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Year-wise Nuclear Electricity Generation in India
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Fig 1: Trends in growth

The growth rate of nuclear electricity generation in India exhibited considerable variation during the study
period. The highest annual growth rate was recorded in 2019-20, when generation increased by 22.90 percent,
rising from 37,813 MU in 2018-19 to 46,472 MU in 2019-20. This substantial increase may be attributed to
improved reactor performance, enhanced fuel availability, and higher plant load factors.

Negative growth was observed in 2018-19 (-1.36%), 2020-21 (-7.41%), and 2022-23 (-2.66%). The decline in
2018-19 was marginal, while the decrease in 2020-21 can be associated with operational disruptions and the
impact of the COVID-19 pandemic on the energy sector. Similarly, the reduction in 2022-23 reflects temporary
fluctuations in generation levels.

Following these periods of decline, the sector demonstrated resilience and recovery. Nuclear electricity
generation increased by 9.48 percent in 2021-22 and 4.61 percent in 2023-24. A significant rise of 18.16
percent was recorded in 2024-25, when generation reached 56,681 MU, the highest level during the study
period.

Overall, the data indicate a positive long-term growth trend in India's nuclear electricity generation despite
periodic fluctuations. The increase from 35,592 MU in 2014-15 to 56,681 MU in 2024-25 highlights the
growing role of nuclear energy in supporting India's energy security, meeting rising electricity demand, and
contributing to sustainable and low-carbon energy development. The trend shown in Figure 1 further confirms
the steady expansion of nuclear power generation in the country over the study period.

6. CHALLENGES AND BARRIERS REGULATORY AND SAFETY FRAMEWORK
Table 3: Regulatory and Safety Concerns

Challenge Impact Severity Mitigation Current Status
Category Measures
Post-Fukushima High Enhanced safety | Ongoing challenge
safety concerns measures, public | affecting public
outreach perception
Regulatory Medium Strengthening of | Continuous process
framework regulatory  bodies, | of improvement
development international
cooperation
Liability issues Medium Civil Liability for | Ongoing
Nuclear ~ Damage | discussions with
Act, international | international
negotiations partners
Environmental Medium Comprehensive Regular part of
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impact assessments studies, project planning
transparency in
reporting

Emergency Medium Development of | Ongoing

preparedness robust emergency | enhancement of
response plans capabilities

Our examination of the five categories of challenges
delineated:

associated with the advancement of nuclear energy

* Impact Severity:

— One challenge was classified as possessing a high impact.

— Four challenges were classified as exhibiting a medium impact.

* Current Status:

— Four challenges were characterized as ongoing.

— One challenge was characterized as a regular component of planning.

* Mitigation Measures: A variety of mitigation measures were cited across the challenges, including:
— The enhancement of safety protocols and public engagement initiatives.

— The fortification of regulatory agencies and the promotion of international collaboration.
— The enactment of legal frameworks (e.g., the Civil Liability for Nuclear Damage Act).

— Thorough environmental assessments and transparent reporting practices.

— The formulation of comprehensive emergency response strategies.

* Challenge Categories: — Concerns regarding safety in the post-Fukushima context.

— The development of a regulatory framework.

— Issues pertaining to liability.

— Assessments of environmental impact.

— Preparedness for emergencies.

We did not identify any challenges classified as low impact. The predominant number of challenges (four out of
five) were characterized as ongoing, indicating that these matters necessitate continual scrutiny and
enhancement within the nuclear energy domain.

Table 4: Infrastructure and Resource Constraints

Challenge Impact Severity Mitigation Measures Current Status
Category
Uranium supply High International agreements for | Ongoing challenge,
constraints uranium import, exploration of | partially mitigated by
domestic resources recent agreements
Skilled  workforce Medium Investment in education and | Continuous process, gap
development training programs between demand and
supply
Grid infrastructure Medium Modernization of grid, | Ongoing upgrades,
integration with smart grid | challenges in  some
technologies regions
Manufacturing Medium Development  of  domestic | Gradual improvement,
capabilities manufacturing,  international | some dependencies
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partnerships remain

Financial resources High Government funding, | Ongoing challenge,
exploration of public-private | particularly for large-
partnerships scale projects

Our analysis of the impact severity and current status of various challenges in nuclear energy development
revealed:

Impact Severity:
2 challenges were categorized as high impact: uranium supply constraints and financial resources

3 challenges were categorized as medium impact: skilled workforce development, grid infrastructure, and
manufacturing capabilities

Current Status:

2 challenges were described as ongoing: uranium supply constraints and financial resources
1 challenge was described as a continuous process: skilled workforce development

1 challenge was described as having ongoing upgrades: grid infrastructure

1 challenge was described as showing gradual improvement: manufacturing capabilities We didn't find any
challenges categorized as low impact or fully resolved in the current status.

Table S: International Relations and Technology Access

Challenge Category Impact Severity Mitigation Measures Current Status
Historical sanctions High Diplomatic efforts, strategic | Significantly improved,
partnerships some restrictions remain
Nuclear Suppliers Group Medium Diplomatic initiatives, | Ongoing efforts, partial
membership bilateral agreements waivers obtained
Technology transfer Medium Separation of civilian and | Ongoing compliance,
limitations military programs, IAEA | international scrutiny
safeguards continues
Geopolitical Medium Strategic diplomacy, | Dynamic situation, requires
considerations diversification of | continuous management
partnerships

Our analysis of the impact severity and current status of various challenges in nuclear energy development
revealed:

Impact Severity:

1 challenge was categorized as high impact

4 challenges were categorized as medium impact

Current Status:

We found varied current statuses for each challenge:

1 showed significant improvement with some remaining restrictions
1 had ongoing efforts with partial waivers obtained

1 showed gradual improvement with some persisting gaps

1 had ongoing compliance with continued international scrutiny

1 was described as a dynamic situation requiring continuous management
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International Relations and Technology Access

The constraints of NSG membership curtail the pathways to nuclear innovation (Krishnan & Gupta, 2022).
Worries about non-proliferation persist in shaping global partnerships (IAEA, 2023). Diplomatic initiatives are
actively seeking to overcome barriers in technology exchange (IEA, 2023). These efforts aim to foster
collaboration among nations while ensuring that nuclear advancements are used for peaceful purposes and
contribute to sustainable development. Strengthening international frameworks and building trust among nations
will be crucial in navigating the complex landscape of nuclear technology, allowing for responsible innovation
that addresses both security concerns and developmental needs. Achieving a balance between security and
innovation will require ongoing dialogue and commitment from all stakeholders involved in the nuclear arena.
The involvement of diverse stakeholders, including governments, international organizations, and civil society,
will be essential in promoting transparency and accountability throughout the process.

This collective approach not only enhances the effectiveness of nuclear governance but also helps in
establishing a shared understanding of best practices and ethical standards that can guide future advancements.

8. CONCLUSION

India’s nuclear power sector has demonstrated resilience amid challenges, with notable growth in recent years.
While the pandemic temporarily impacted the generation, the recovery trend highlights the sector’s potential for
sustained growth. Strategic investments in technology, policy reform, and public outreach will be critical to
achieving long-term objectives (IAEA, 2023). As the country aims to increase its nuclear capacity, collaboration
with international partners and adherence to safety standards will play a pivotal role in ensuring that expansion
efforts are both effective and secure. The focus on developing indigenous technologies and enhancing workforce
skills will further strengthen India's position in the global nuclear energy landscape, fostering innovation while
meeting rising energy demands. This commitment to advancing nuclear technology not only supports energy
security but also positions India as a leader in sustainable development, contributing to global efforts to combat
climate change through reduced carbon emissions. India's strategic approach to nuclear energy development
underscores the importance of balancing growth with environmental responsibility, ultimately paving the way
for a cleaner and more sustainable future. By investing in research and development, India can harness the full
potential of nuclear energy, ensuring that it remains a viable alternative to fossil fuels while promoting
economic growth and job creation in related sectors. This multifaceted strategy also emphasizes the need for
robust safety protocols and public engagement to build trust in nuclear energy, ensuring that communities are
informed and involved in the decision-making process surrounding its implementation. As India continues to
advance its nuclear energy initiatives, collaboration with international partners will be crucial in sharing best
practices and technologies that enhance safety and efficiency. Strengthening regulatory frameworks and
fostering innovation in nuclear technology will further solidify India's position as a leader in the global energy
landscape, paving the way for a cleaner and more resilient energy system.
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