Renewable Energy and Storage

Hydropower as Flexibility
Backbone (Hydropower 2047)

O

Abstract

As India approaches the centenary of its independence in 2047, achieving a resilient, renewable-dominant
power system requires a structural redesign of the water—energy interface. This paper argues that
hydropower, particularly reservoir hydro and pumped storage, must transition from a legacy generation asset
to the strategic backbone of flexibility in India’s future grid. Drawing on national planning data and
international experience, the article examines market design reforms, basin-centric governance, digital
hydrological intelligence and institutional coordination needed to unlock hydro’s system value. It proposes a
Hydropower 2047 framework integrating capacity markets, unified water—energy data architecture and
accelerated project development mechanisms. The paper concludes that hydropower modernisation is central
to ensuring seasonal reliability, renewable integration and climate resilience in India’s 2047 electricity
architecture.
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Introduction

As India approaches the centenary of its independence in 2047, the vision of Viksit Bharat demands more
than incremental infrastructure expansion. It requires structural redesign of the systems that underpin
economic growth, climate resilience and energy security. In the power sector, the coming decades will be
defined not only by the scale of renewable deployment, but by the ability to manage variability, storage,
water stress and grid stability in an integrated manner.

India is transitioning rapidly toward a renewable-dominant electricity system, with solar and wind capacity
expanding at an unprecedented pace. As renewable penetration deepens, the character of the grid is
undergoing a fundamental transformation. The central challenge is shifting from energy adequacy toward
flexibility, balancing and seasonal reliability. In this evolving landscape, hydropower—particularly reservoir
hydro and pumped storage projects (PSPs) must move from the periphery of planning discourse to
the centre of national energy strategy.

Hydropower’s share in the Indian
electricity grid has steadily declined over
the past decade. In the 1990s and early
2000s, hydro accounted for around 25—
40% of installed capacity and roughly 15—
20% of generation. During 2010-2020, its
generation share averaged about 12-13%.
By FY 2023-24, hydro’s share fell to a
record low of around 8-9% of total
electricity generation. Although absolute
hydro generation fluctuates with monsoon
conditions, its relative share in the grid mix
shows a clear downward trend as total
power generation expands much faster.
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The main reasons are structural rather than purely hydrological. Large hydro capacity addition has been slow
due to long gestation periods, environmental clearances, land acquisition issues, and geological risks. At the
same time, solar and wind capacity have grown rapidly because of falling costs and policy push, sharply
increasing their share in the energy mix. Coal-based generation has also expanded to meet rising demand. As
a result, even when hydro output remains stable, its percentage contribution continues to decline in India’s
rapidly diversifying power sector.

Some opine that hydropower has not received the same policy priority in India mainly because it involves long
gestation periods, high upfront capital costs, and significant execution risks. Large hydro projects often take
7-10 years or more due to complex geology, land acquisition challenges, forest and environmental clearances,
and rehabilitation issues. Cost overruns are common, which makes hydro tariffs relatively high in
the initial years. In contrast, solar and wind projects are modular, quicker to install, and have seen sharp cost
reductions, making them more attractive for meeting renewable targets rapidly.

Additionally, environmental and social concerns, such as displacement, ecological impact, and river basin
sensitivities, create regulatory hurdles and public resistance. Climate variability and uncertain water
availability further affect generation predictability. As a result, policymakers have focused more on rapidly
scalable renewables like solar and wind, while positioning hydropower mainly as a grid-balancing and peak-
support resource rather than a primary source for large-scale capacity expansion.

India has a potential of more than 145 GW of identified large hydropower potential and roughly 95 GW of
pumped storage potential. Yet installed capacity remains far below this resource base, and development has
been slow, fragmented and institutionally complex. Achieving a stable, low-carbon and climate-resilient
electricity system by 2047, therefore, requires not merely expanding hydropower capacity,
but modernising its governance, market design and operational integration within the national grid.

From Energy Generation to System Flexibility

Historically, hydropower in India was developed primarily as an energy source, with additional benefits for
irrigation and flood control. Over the coming decades, its most valuable attribute will be system flexibility.
Battery energy storage systems will provide short-duration balancing, while gas-based generation may
support contingency operations. However, only reservoir hydro and pumped storage can deliver multi-hour
balancing, seasonal storage, grid inertia, black-start capability and large-scale renewable integration.

Unlocking this flexibility value requires the evolution of electricity market design. Hydro and PSP investments
require predictable revenue streams that compensate for ramping capability, spinning reserve,
frequency response and standby capacity. Time-of-day tariffs and deep real-time markets are essential for PSP
viability. Without adequate peak—off-peak spreads, pumped storage cannot function as a sustainable
arbitrage resource. Hydro dispatch should increasingly be optimised at the national rather than state
level, recognising reservoir storage as a strategic flexibility asset for the entire grid.

Digital Intelligence and Basin Governance

Hydropower modernisation increasingly depends on digital intelligence and basin-centric governance.
Integration of Al-driven hydrological forecasting combining satellite monitoring, glacial melt modelling and
high-resolution rainfall prediction can transform reservoir operation from reactive to predictive. Digital twins
can optimise turbine ramping, reduce mechanical stress and extend asset life as hydro shifts toward frequent
cycling for renewable balancing.

Hydropower development has often faced delays due to cumulative ecological impacts and geological
uncertainty. A basin-centric planning framework is therefore essential. Integrated basin development plans
jointly prepared by the Central Electricity Authority and Central Water Commission should incorporate
cumulative environmental assessment, sedimentation mapping, climate projections and irrigation demand.
Adaptive reservoir rule curves based on basin-scale modelling can respond dynamically to changing Himalayan
hydrology.
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Institutional Alignment and
Development Reform

A coherent hydropower strategy requires
alignment across planning,
regulation, development and operations. The
Central Electricity Authority should anchor long-
term hydro capacity planning, while the Central
Water Commission leads hydrological modelling
and flood forecasting. NHPC Limited can act as
the anchor execution agency for frontier
projects and large-scale pumped storage
deployment. Regulatory certainty
on storage tariffs and ancillary markets is
essential for investor confidence.

Hydropower projects in India often face
gestation periods of seven to ten years. Upfront
geological investigations, basin-level
risk mapping and digital single-window
clearance systems can reduce uncertainty and
delays. Standardised PSP concession
agreements, advanced engineering methods,
and blended climate finance instruments can
lower costs and accelerate deployment.

International Lessons and
2047 Vision

International experience shows that
hydropower  expansion  succeeds when
governance, markets and basin planning are
integrated. China demonstrates scale through
strategic alignment and state-backed financing;
Norway shows how reservoir flexibility can
be monetised through advanced electricity
markets; Brazil illustrates basin-level
cascade optimisation across water and
power objectives. By 2047, India can
target roughly 120-130 GW of conventional
hydro and 70-80 GW of pumped
storage operating within a digitally integrated
and market-compensated framework.
Hydropower would function as the balancing
spine of a renewable-dominant grid, ensuring
stability during peak demand,
seasonal variability and extreme climate
events.
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Conclusion

Hydropower modernisation is not simply a matter of adding megawatts; it is about re-engineering India’s
water—energy architecture. Integrating flexibility-oriented markets, digital hydrological intelligence,
basin governance and institutional coordination can position hydropower as the stabilising backbone of
India’s 2047 electricity system. The architecture built in the present decade will determine whether India’s
renewable expansion is merely large or truly stable and resilient.
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