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Growing solar and wind will lower coal generation
and push up its tariffs, making renewables with
storage optimal for cost-effective, reliable power
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About

This report assesses how India’s progress toward NEP-2032 generation and
storage targets reshapes coal’'s role and cost competitiveness. It analyses
operational shifts in the fiscal year (FY) 2031-32—such as lower plant load factors
(PLFs) and greater part-load cycling—and quantifies the resulting impact on
coal’s effective costs relative to firm, dispatchable renewable options.

Key highlights

0 55% 25%

No new coal projects are Average coal PLF by FY Increase in effective coal
required beyond what is 2031-32, reduced from ~69% cost due to lower PLFs,
already under construction in FY 2024-25 as coal shifts part-load operations, and
from baseload to flexible higher O&M.
balancing.
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Executive summary

Coal is becoming uneconomical
as India’s electricity transition
gathers pace

India’s power system is entering a new phase of transition. As renewables and
storage gain a bigger share of the country’s generation mix, coal’s role is
changing to a flexible balancing resource from being a baseload provider. Its
new role makes coal-based power costlier while firm and dispatchable
renewable options become more cost-competitive. In such a scenario,
building coal capacity beyond the existing targets of the National Electricity
Plan (NEP) 2032 targets is no longer economical for the country.

India is broadly on track to meet the NEP-2032 generation-mix targets for solar,
coal and hydro. Wind targets require higher annual growth rates. For storage, the
country needs rapid expansion in both pumped-storage hydropower (PSP) and
battery energy storage systems (BESS), which appears feasible. The only
technology likely to miss the target is nuclear.

As the generation mix changes, coal is likely to go from being the pillar of the
power system and its baseload provider to a flexible balancing resource that
supports growing variable renewable energy. This change has profound
implications for its cost-competitiveness. By the fiscal year (FY) 2031-32, our
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analysis finds that coal-based electricity will be roughly 25% costlier than FY
2024-25.

Using a chronological, least-cost operations model of the Indian power sector
(PyPSA-India), we compare how the coal fleet operates today (FY 2024-25)
versus FY 2031-32, under the NEP scenario. The analysis shows that in FY 2031-32,
the power system will need coal plants far less than in FY 2024-25 during the day.
The higher solar in the system will mean coal plants will need to operate closer
to their minimum technical limits. The fleet will routinely swing by 70-80
gigawatts (GW) between morning and midday, operating with only ~7 GW of
headroom above its technical minimum.

This increasing flexibility requirement is what will keep making coal-based
electricity costlier. As Plant Load Factors (PLFs) fall to around 55%, fixed costs will
spread over fewer units of generation, driving up the effective cost of coal power.
Additional part-load inefficiencies, higher auxiliary consumption, and retrofit
needs will further raise generation costs — together leading to the
aforementioned 25% rise in the effective tariff of coal-based electricity.

By contrast, firm and dispatchable renewable energy (FDRE) options —
renewable energy coupled with battery storage — are becoming increasingly
competitive, with tariffs between INR 4.3-5.8/kilowatt-hour (kwh) and proven
ability to meet availability and performance obligations. India can now achieve
reliability and flexibility without resorting to new coal builds.

India’s next phase of power sector planning should focus on enhancing system
flexibility through storage, operational reforms, and selective retrofits, rather than
expanding coal capacity. Doing so will not only align with NEP-2032 objectives
but also ensure a more economically efficient, resilient, and sustainable power
system.
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No new coal beyond current pipeline needed if renewable targets
are met

India can meet its 2032 power needs without adding coal beyond the ~35 GW
already under construction. If renewable energy and storage targets are delivered,
the existing coal pipeline is sufficient for reliability and peak coverage. Results
indicate that ~10% of additional coal units would be entirely unutilised by FY 2031-32,
while ~25% of the fleet would be heavily under-utilised—further evidence that new
coal beyond the current pipeline is neither necessary nor economical.

02

Renewables with storage are emerging as more cost-effective
options

New coal plants in India are increasingly uneconomic, with tariffs nearing INR 6/kWh
(USD 68/MWh)—higher than that of Firm and Dispatchable Renewable Energy at INR
4.3-5.8/kWh (USD 49-67/MWh) and solar-plus-storage at INR 2.9-3.6/kWh (USD
33-41/MWh). With falling utilisation pushing costs higher, thermal power is no longer
even close to the least-cost option for dispatchable power.

03

Policy focus should shift toward flexibility and storage

Rather than expanding coal capacity, India should prioritise accelerating storage
deployment, retrofitting select thermal plants for deeper flexibility and
strengthening dispatch and reserve frameworks to support renewable integration
at least cost.
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The grid batteries of today look nothing like the grid batteries of even
just 12 months ago. Their lifetime now runs into decades, they are
mostly plug-and-play so can be installed quickly and easily, the fire
risk is all-but eliminated, and the latest sodium ion batteries use zero
critical minerals. Already India’s auctions are incorporating more
hours of battery, and ultimately batteries will work with solar to make
24/365 electricity.

There's no reason why India can't copy its success from solar
manufacturing to become self-sufficient in battery manufacturing,
and so energising India with home-grown solar and battery.

Dave Jones
Chief Analyst, Ember
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Chapter 1: India’s power generation capacity additions

Momentum in renewable additions
keeps India on course for 2032
targets

India is broadly on track to meet the National Electricity Plan (NEP) 2032
capacity mix: solar is scaling fast, hydro is likely to meet or exceed its target,
and coal capacity has a strong pipeline of projects. Wind must
accelerate—especially onshore—to align with targets. Nuclear remains the
most uncertain due to long build times and a limited near-term pipeline.

India is experiencing record renewable energy expansion, with solar leading
through 20+ gigawatts (GW) of annual additions and strong distributed
deployment. This makes the NEP 2032 target of 365 GW attainable despite
possible bottlenecks. Wind additions need to accelerate significantly to meet
targets, while large hydro is on track to slightly exceed its goal. Coal capacity will
easily reach NEP targets, but nuclear is set to miss its mark due to slow project
initiation and construction.

Crucially, battery storage is rapidly expanding, with a robust project pipeline

making the ambitious 236 gigawatt-hours (GWh) NEP target achievable, while
pumped hydro storage is near its goal with substantial projects under execution
and investigation, ensuring critical support for renewables integration.
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The additional capacity required for India to meet the FY 2031-32
NEP targets is largely within reach

Technology deployment by status (GW or GWh)
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1.120 GW+ annual addition is becoming the new norm for
solar

India is witnessing an unprecedented surge in solar capacity additions. The fiscal
year (FY) 2024-25 alone saw a record 23.8 GW of new installations — the highest
ever. The momentum continued into FY 2025-26, with another 22 GW already
commissioned within half a year, (untilSeptember 2025). This rapid build-out
reflects several converging factors: the scale and competitive pricing of
renewable energy auctions held in previous years, the rush among developers to
complete projects before the inter-state transmission (ISTS) waiver begins to
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taper, and the strong response of a market that has matured with remarkable
speed.

India surpasses CY 2024 solar capacity addition four months early
Year-to-date solar additions (GW)

30
2025

India surpassed 2024 capacity additions in August

20

0
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Source: MNRE « Capacity is reported AC capacity, including distributed solar

CY stands for calendar year. EMBE R

Solar photovoltaic (PV) has short lead times, so capacity planned for 2032 could
still begin development as late as 2030. India already has 116 GW installed and 86
GW under construction. To reach the NEP target of 365 GW, the country needs an
additional 163 GW, averaging 32.6 GW annually through 2030. Crucially, this
growth will not only come from large-scale parks but also from distributed
deployment in the residential and agricultural sectors.

The government has announced ambitious plans for rooftop and agri-solar
under the Pradhan Mantri Kisan Urja Suraksha evam Utthan Mahabhiyan
(PM-KUSUM) scheme and other state schemes. These could provide a significant
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share of the incremental capacity. Combined with ~30 GW of hybrid solar—-wind
projects in the pipeline, the NEP target looks achievable, though land, grid and
financing bottlenecks could still pose risks.

1.2 Onshore wind capacity additions need to accelerate,
with the enabling conditions already in place

India’s wind growth will be affected by both demand- and supply-side forces.
There is a demand for much higher additions of wind in India. States’
resource-adequacy assessments point to about 100 GW of wind needed by 2030
to maintain reliability, underscoring wind’s role in the generation mix. Corporate
and industrial decarbonisation goals, coupled with rising interest in
round-the-clock (RTC) and peak-power products, are strengthening offtake.
Wind's complementarity with solar—especially its evening output—helps meet
peak demand and lowers the delivered cost of RTC supply. Wind has also earned
higher evening capture prices in wholesale markets, reducing merchant risk for
IPPs.

On the supply side, India’'s manufacturing capacity and strong resource base
provide a solid foundation, and scaling installations to 8-15 GW per year could
trim costs by ~10—-20% through economies of scale.

Taken together, the ingredients for rapid growth are in place. Converting them
into outcomes will hinge on timely grid build-out, stable policies, and smooth
conversion of auction awards into bankable power purchase agreements (PPAs).

Since onshore wind typically takes about two years to build, projects entering the
pipeline as late as 2030 can still support the 2032 target. As of now, India has 52
GW installed and 28 GW under construction (80 GW total) against an NEP target
of 124 GW by 2032, leaving a 44 GW gap—implying average additions of roughly
8.8 GW per year over 2026—2030 (versus ~3.5 GW added in 2024).
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1.3 Hydro is set to meet or slightly exceed its NEP target

Hydro growth has been slow in recent years, and the NEP adopts a conservative
stance, but the drivers for acceleration are in place.

There is a lot of policy support for large hydro, e.g. budgetary support is available
for flood-moderation and enabling infrastructure and mandates for hydropower
purchase obligations (HPOs) for distribution companies.

In terms of the demand side driver, hydro is likely to play a critical role in grid
stability and flexibility, helping to balance the increasing share of variable
renewables such as solar and wind. Its ability to provide peaking power,
frequency regulation, and ancillary services is central to India’s evolving grid
needs.

On the market side, the rising demand for firm and flexible power is boosting
hydropower’s relevance. Hydro's dispatchability and low marginal cost make it o
competitive and reliable complement to variable renewables.

In terms of resource availability, India’s large untapped hydro
potential—especially in the Northeast—remains a long-term growth driver, with @
planned program to evacuate about 76 GW from hydropower projects in the
Brahmaputra basin.

The constraint is time: large reservoir projects typically need 5-7 years. Therefore,
to count for 2032, projects must already have been in the pipeline by the
mMid-2020s. Today, India has about 54 GW installed and 13 GW under
construction, keeping the ~62 GW NEP-2032 target within reach if execution stays
on schedule.
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https://cea.nic.in/wp-content/uploads/psp___a_ii/2025/10/Master_Plan_for_Evacuation_of_Power_from_Hydroelectric_Plants_in_the_Brahmaputra_Basin-2.pdf

1.4 Coal is set to achieve its NEP 2032 capacity goal

Coal will continue to anchor India’s power system this decade, with a large
pipeline already under execution and more units scheduled to commission
steadily between FY 2025-26 and FY 2029-30. As of August 2025, India had ~217
GW of coal and 6.6 GW of lignite installed, with ~35 GW of new supercritical
(sC)/ultra-supercritical (USC) coal plants under construction across 25 projects.
These are predominantly in the central and state sectors. In FY 2025-26, alone
India targets ~10 GW of thermal additions, and multiple units (e.g., Khurja, Buxar,
Ghatampur, Patratu, Yadadri) are slated for trial runs/commissioning, with further
blocks (Lara-Il, Talcher-lll, Sipat-Ill, Singrauli-1l, Nabinagar-Ii, Talabira) stretching
into 2027-30.

The near-term drivers are clear: (i) peak-demand growth and
resource-adequacy needs, (ii) coal fleet replacements with higher-efficiency
USC units, and (iii) firm capacity to complement fast-rising solar.

India’s coal programme also benefits from defined fuel linkages for most
central/state builds and ongoing transmission tie-ins (e.g, 400/765 kilovolt (kV)
evacuations listed for each project).

At the same time, execution risks persist: site and land hold-ups, rail siding
readiness, ash dyke construction, BoP (balance-of-plant) bottlenecks (CHP/AHP
or coal-handling plant/ash-handling plant), EPC (engineering, procurement and
construction) mobilisation gaps, and transmission synchronisation can—and
do—push schedules. The Central Electricity Authority (CEA)notes slippages at
projects such as Talcher-lll, Patratu and Buxar.

Overall, with ~35 GW already in the ground and staggered commercial operation
dates (CODs) through 2030, coal remains well-positioned to meet the NEP-2032
mMix requirement, provided grid evacuation and last-mile BoP works keep pace.
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1.5 Nuclear is likely to fall slightly short of the NEP target

India is positioning nuclear as a strategic pillar of its long-term transition. The
Union Budget 2025-26 targeted 100 GW by 2047 and seeded the Nuclear Energy
Mission with ~ USD 2.4 billion for small modular reactors (SMR) R&D (at least five
indigenous SMRs by 2033), alongside planned amendments to the Atomic
Energy Act and_Civil Liability for Nuclear Damage Act by 2026—-27 to enable
greater private participation and a clearer liability regime.

Near-term capacity is set to rise through a pipeline of Pressurised Heavy Water
Reactor (PHWRs) (including fleet-mode 700 megawatt equivalent (MWe) units),
ongoing JV models (e.g, Nuclear Power Corporation of India Limited
(NPCIL)-NTPC), and in-principle large project approvals. Parallel thrusts on
localising the value chain, leveraging thorium, and bilateral technology
cooperation (including SMRs) aim to accelerate diffusion and reduce import risk.

The medium-term growth thesis rests on three enablers: (i) policy and market
design—stable offtake frameworks, viability funding and market guarantees for
first-of-a-kind projects; (ii) technology pathways—Bharat Small Reactors
(BSRs)/PHWRSs for industrial captive loads and grid-connected baseload, plus
SMRs to repower retiring coal sites and serve remote demand; and (iii) capability
build-out—domestic manufacturing, fuel security (including new uranium finds
and closed-fuel-cycle progress), and internationally benchmarked safety.

Execution risks are material. Nuclear faces long lead times, cost and financing
hurdles (especially for SMRs), exposure to geopolitical/geoeconomic uncertainty,
competition from storage-integrated renewables, potential mismatch with
flexible grid needs, sizable public support requirements, and cyber/kinetic
security considerations. Even with momentum, achieving 100 GW by 2047 implies
more than 4 GW average annual additions for two decades—well above India’s
historical pace—so timelines may slip without sustained reforms and bankable
project structures.
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To contribute to the 2032 targets, any new nuclear projects must already be in
the pipeline by 2022-2026. India has 8.8 GW installed and 6.6 GW under
construction, needing another ~5 GW to reach the 20 GW target. Around ZGW is
in the pre-project phase, but these are unlikely to add to the capacity in 2032.

1.6 Strong storage surge makes NEP target attainable

Battery energy storage systems (BESS) and pumped hydro storage (PHS) are the
backbone of the next phase of India’s transition—smoothening the solar midday
trough, covering evening ramps, and providing reserves and contingency
support.

The growth of storage will impact the growth of renewables, particularly solar.
Utility-scale BESS can typically be built and commissioned in 6-18 months,
mMeaning capacity tendered in FY 2026-28 can still be online well before FY
2031-32. By contrast, pumped hydro usually requires around 8 years to deliver,
given land, water, tunnelling and environmental clearances. This makes storage
the fastest lever to convert India’s growing solar and wind into dependable
evening and peak supply.

Batteries provide essential flexibility for the system (e.g, second-by-second
balancing, and inertia support from grid-forming inverters) and increasingly
offer large bulk storage. There are many batteries globally now installed with 8
hours of storage, which comes close to helping solar and battery alone meet the
demand profile of a consumer.

While only 500 megawatt-hours (MWh) is operational as of August 2025, India’s
battery storage pipeline is sizable, with ~68 GWh across stages. A little less than
10 GWh is under construction. An additional ~38 GWh is in the tendering or
bidding stage. A further ~20.35 GWh has been awarded. If these projects
materialise, the total will be around 68 GWh. Some tenders have been cancelled
as well. Thirty tenders representing ~7.22 GWh, or 9-10% of all BESS capacity ever
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announced, were cancelled. Since most of this growth happened in the last two
years, achieving the NEP target of 236 GWh seems achievable.

As of August 2025, India has 6.7 GW of pumped storage operational with
Pinnapuram and partial Tehri PSS online and 12.11 GW under construction, plus
about 7.1 GW at the detailed project report (DPR) or pre-construction stage. This
brings the executable subtotal to roughly 25.91 GW, which is very close to the NEP
target of 26.7 GW. With around 61 GW in survey and investigation, the growth
potential is strong.
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Chapter 2: Coal fleet’'s changing role in the power system

Next phase of renewables growth
would mean more flexing and
lower utilisation of coal fleet

With more variable renewable energy entering India’s power system, its coal
fleet will need to be more flexible — deeper mid-day turndowns and faster
ramp-ups in the evenings. Utilisation rates will also likely fall. This will
fundamentally change the coal fleet’s role by 2031.

The role of coal-based generation is shifting from steady baseload to flexible
balancing resources as variable renewables expand. This will require greater
operational flexibility from coal units and, over time, a reduction in their overall
utilisation or plant load factors (PLF). Overall utilisation of coal is likely to fall, and
the decline is uneven: higher variable-cost, less efficient units are likely to see the
sharpest drop in run-hours, raising their effective costs and underscoring the
need for operational reforms, flexibility investments, and selective retrofits.

2.1 From baseload to flexibility: changing coal fleet
operations
Recent operations already show deep mid-day turndowns and fast ramps, with

the grid code defining minimum-load and ramping expectations—but in
practice, a handful of centrally dispatched plants shoulder most of the burden
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and often operate near technical limits. Looking toward the NEP horizon,
modelling with the chronological, least-cost operations model of the Indian
power sector (PyPSA-India) indicates coal will need to run even closer to
mMinimum load with steeper, more frequent ramps, otherwise the system leans
on gas or curtails renewables.

2.1.1 Technical coal flexibility limits can be characterised by the minimum
thermal load and ramp rates

Minimum Thermal Load (MTL) — also referred to as the minimum technical limit
— is the lowest output level at which a thermal power plant can operate reliably
over a sustained period, usually expressed as a percentage of its rated capacity.
India’s previous grid codes had recognised the need for flexible operation and
the importance of reaching consensus around MTLs. The latest Grid Code (2023)
formalises this limit at 55%, based on a detailed Central Electricity Authority (CEA)
technical report.

In practical terms, a thermal unit with a rated capacity of 100 megawatts (MW)
should be able to operate at a minimum of 55 MW on a sustained basis. If
required to go below this level, the plant can legally declare unavailability since it
will compromise reliable operations.

The code also specifies ramping expectations of around 1% of rated capacity per
minute, defining the minimum pace at which units should be able to increase or
decrease generation.

Together, these parameters form the operational framework that allows system
planners and grid operators to swing coal generation flexibly — a capability that
has been clearly demonstrated in recent years as India has managed rising
daytime solar generation.
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2.1.2 The coal fleet is already flexing substantially during some periods of
the year

One of the main requirements of coal-based generation flexibility is that units
must stay online at or just above their minimum technical load to be
synchronised and ready for the steep evening ramp. They run low through the
day to accommodate solar peaks. Turning units off at noon means long start-up
times, often hours or even days. It adds thermal stress and wear, raises fuel and
operations & maintenance (0&M) costs, and risks missing reserve margin
targets. Keeping units warm and online preserves ramp capability and
frequency response when solar falls and net load surges.

This flexibility requirement from the coal fleet has increased year-on-year. Coal
plants operated with noticeably greater flexibility in 2025 than in 2024,
significantly ramping down during solar hours and ramping up to meet the
evening peak. This was because of two factors — rapid expansion of variable
renewable energy, especially solar, and slower systemn demand growth owing to
fewer cooling-degree days this year.

The surge in solar was key to the suppressed midday net load and raised the
flexibility required from coal. In 2025 versus 2024, renewables excluding hydro
grew most in the solar window (about 09:00 to 15:00), while late evening and
night saw only modest gains.

At12:00 in January, output rose from 41918 MW to 59,099 MW, a 41% increase.
Across 09:00 to 17:00, generation was up by roughly 30%. At its peak, renewables
excluding hydro reached about 76,401 MW (76.4 GW), roughly 37% of the coal
fleet's capacity (about 205 GW), increasingly offsetting coal during solar hours
and deepening the net load “duck.”

PLFs have dipped to as low as 55% in the past, driven by a surge in coal capacity
additions between 2010 and 2015 and again during the COVID-19 period. But now,
the pattern of utilisation across hours and seasons is now changing
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fundamentally. The system increasingly needs the thermal coal fleet to ramp
more often and operate at lower loads through the day in order to integrate
variable renewable energy into the supply mix.

Coal output at mid-day in India is being pushed lower each
year as solar generation increases

Average hourly output (W) by month and generation source
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As a result, 2025 has recorded the highest level of thermal-fleet flexing to date.
The figure below shows the dispatch pattern for three representative days in
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April 2025, a period characterised by one of the steepest coal ramping
requirements of the year.

During this period, total generation peaked at ~215 GW (with a near-midnight
peak of ~214 GW). Mid-day solar reached ~60 GW, wind contributed up to ~16 GW
despite April not being a high-wind month. While hydro supplied as much as ~24
GW during the morning and evening peaks, coal generation needed to ramp
down sharply.

Between 07:00 and 13:00, coal declined from ~165 GW to ~113 GW, a 52 GW
reduction over six hours—an average ramp-down of 8.7 GW/hour (=145 MW/min).
This pattern underscores both the depth of the midday net-load trough and the
growing need for fast, flexible capacity to manage the evening rebound.

Coal is already flexing noticeably to accommodate growing
solar in India
Electricity dispatched in gigawatts (GW)

Sampled for three consecutive days in April 2025
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With a 113 GW minimum generation from coal, the fleet operated well inside its
theoretical ramping down limit of ~94 GW (see Annexure 1), implying roughly 19
GW of latent downward flexibility. While a portion of this headroom could likely be
committed as downward reserves during solar hours, ramping down close to
technical limits would absolutely become essential to integrate more renewable
energy.

2.1.3 Coal fleet will consistently need to operate flexibly and closer to its
technical limit

By FY 2031-32, the structural role of coal will shift decisively toward providing
residual and balancing energy, especially during solar hours.

The modelled dispatch for the likely mix in FY 2031-32 illustrates the structural
shift expected for coal-based generation in the same period as the 2025
observation. We simulate FY 2031-32 dispatch with a chronological, least-cost
PyPSA model (detailed description in the supplementary material)
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By FY 2031-32, India’s coal fleet will operate consistently near its
technical minimum at noon to accommodate solar

Electricity dispatched in gigawatts (GW)

Sampled for three consecutive days in April 2031
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Source: Results from Ember’s least cost dispatch model for India - Assumes nation-wide optimal
dispatch —
FY stands for Fiscal Year. Others include gas, wind, hydro, nuclear and bicenergy. E M B: R

The model projects maximum demand to peak at around 330 GW in this period,
with coal continuing to play a critical role in balancing solar and wind variability.

Two significant shifts are likely in coal generation. First, coal plants will need to
operate much closer to their technical minimum to avoid solar curtailment and
the use of more expensive gas-based generation. The figure above shows that
solar curtailment occurs, which would not take place if the coal fleet could
hypothetically ramp lower.
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Secondly, even though coal is not generating at its maximum level, we still see
more expensive gas-based dispatch. This happens because the systemis
optimising while considering the need for coal units to ramp down during the
day and the number of units that must remain online to ensure availability for
the evening ramp.

According to the model's results, coal output is likely to peak at about 190 GW
during non-solar hours and ramp down to roughly 112 GW at midday solar
peaks—a ~78 GW daily swing.

A peak dispatch of 190 GW (net) implies ~206.5 GW (gross) online, assuming 8%
auxiliary consumption. At a 55% MTL, this corresponds to ~104.5 GW (net). The
expected midday coal output of 12 GW (net) is, therefore, only ~7.5 GW above the
theoretical minimum (see annexure 2). In other words, the fleet has already
demonstrated close to this but will need to sustain such performance
consistently day after day and across months as solar penetration rises.

Practically, it may not be possible to run the entire fleet at the MTL simultaneously
due to unit-specific constraints. This implies some units may need to turn down
below 50% and potentially toward ~40%, which is currently being planned, to
deliver the required system-wide turndown while keeping enough units
synchronised for the evening ramp.

Further, the model also finds that the morning ramp-down is also significantly
steeper than today. Coal dispatch falls from 190 GW at 07:00 to 12 GW at
10:00—78 GW in three hours—equivalent to ~26 GW/h (= 433 MW/min) or ~13.7% per
hour of the peak online net capacity.

Compared to 2025, the FY 2031-32 system demands much higher levels of
flexibility from coal. To make this workable operationally, many plants will need to
hold around a 40% effective MTL for maintaining sufficient downward (and
upward) reserves during solar hours—minimising reliance on limited gas
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generation and avoiding the perverse outcome of providing reserves via
renewable curtailment.

For the modelled FY 2031-32 system, the 40% gross MTL is ~82.6 GW, which equals
~76.0 GW net. At a mid-day coal output of ~112 GW net, the headroom above this
40% MTL is ~36 GW. This lower effective MTL enables deeper daytime turndown
while keeping enough synchronised units for automatic generation control
(AGC) response and the evening ramp. This would be more than sufficient to
displace the more expensive gas generation and materially reduce renewable
curtailment.

If the coal fleet cannot reduce output sufficiently close to its technical minimum,
the system must lean more on gas during non-solar hours—not because gas is
cheaper, but because coal is deliberately held back to respect unit limits. Once
units are kept onling, they generally must stay online (min-up constraints) and
cannot be turned down below their MTL (typically ~55%). It means the allowable
pre-sunrise coal output is effectively capped by the midday target and the MTL
of individual generating units. If the desired peak exceeds this cap, the excess
appears as gas generation. In our modelling, this shows up as ~10 GW of gas in
the evening/morning shoulders owing to a technical-limit outcome to avoid
forcing the coal fleet below its feasible minimum at the solar peak and triggering
curtailment or infeasible operations.

Considering the scale of the likely problem, there have been multiple piloting
efforts by CEA to understand the technical feasibility and cost economics of
setting MTLs at 40%. Most of the generators chosen for the piloting study have
shown promising results. However, most of them have been newer plants
designed for flexible operations. Several intra-state plants have shown concerns
about extremely low MTLs (below 55%).

Therefore, incorporating an overarching 40% MTL would be far from due in the
grid code. But there would be many newer plants that could go below 55% and
accommodate some of the solar.
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2.1.4 Practical limitations to increased coal flexibility

The above calculations are done at a fleet level and are a simplification to build
a basic understanding. Such flexibility would exist only as long as the entire coal
fleet operates within a centralised dispatch framework. However, in reality, a
handful of central ISGS (Inter-State Generating Station) coal plants — whose
generation tends to be shared by multiple states and whose operations are
overseen by the national grid operator — have been forced to shoulder most of
the flexibility burden. In contrast, intra-state generators, operating within
individual state jurisdictions, remain unresponsive to flexibility needs. As a result,
the burden of adjustment falls disproportionately on a few plants.

In several instances, these ISGS generators have had to ramp down close to — or
even below — their MTL to accommodate rising solar generation. This has led to
events of forced outages, or conversely, over-injection into the grid to stay online
and above MTL — both of which pose significant challenges to grid stability and
reliable operations.

Reserve obligations/participation tighten the noose further. If units are required
to hold reserves (primary/secondary/tertiary), they must keep additional
headroom above their minimum to deliver down regulation on command.
Practically, that means a unit that could have gone down to its technical
minimum (say 55% gross) may have to sit at MTL + reserve headroom (e.g, 55%
+ 2-5%), simply to remain eligible to provide frequency and balancing services.
The same few ISGS plants that already shoulder energy-ramping duties are also
the ones carrying reserves — so they cannot descend to the theoretical
minimum even when the energy balance suggests they should. If AGC
(automatic generation control) participation is concentrated in these units, they
end up “hovering” above MTL to maintain down reserve and response quality,
which reduces the achievable midday turn-down and pushes more curtailment
risk onto solar (or more gas backfill in shoulder hours).
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2.2 Overall coal utilisation falls, with expensive units hit
especially hard

Our model projects the overall utilisation of India’s coal fleet to decline sharply by
FY 2031-32. This will be especially true during solar hours, as solar and wind
displace coal generation, leading to a predicted fall in average PLFs from about
69% (FY 2024-25) to 55%. This reduction will be uneven, hitting higher-cost and
less flexible coal plants the hardest, with some units facing near-complete
idleness and significant financial implications due to fixed costs being spread
over fewer operating hours.

2.2.1 Reduced overall utilisation of the fleet, especially during solar hours

As coal shifts away from baseload operation—with solar displacing generation
during the day and wind during both solar and non-solar hours (particularly in
high-wind months)—the PLF of coal units is projected to fall from about 69% in FY
2024-25 to around 55% in FY 2031-32,as per Ember's modelling).
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Coal utilisation in India falls sharply during solar hours in FY 2031-32
compared to FY 2024-25, assuming NEP targets are met
Utilisation of the thermal fleet (%) by hour and day of year
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The maximum instantaneous utilisation of coal (gross generation) was around
85% of the installed coal capacity (221 GW) in FY 2024-25.

In the modelled NEP 2032 scenario, utilisation similarly peaks at ~85% of a larger
installed capacity of 259.4 GW. However, the instances of high utilisation become
much shorter under the NEP scenario. There also remains sufficient coal capacity
to meet peak demand between April and June during non-solar hours. Outside
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these peak instances, coal utilisation declines even during non-solar hours due
to the growing contribution of wind, hydro and storage resources. The reduction
is much sharper during solar hours as solar generation directly displaces coal.

However, adding more coal capacity may not necessarily guarantee availability
during these hours, since actual availability depends on how many generating
units are online and can be kept synchronised during periods of low generation
within the same day.

FY 2031-32 NEP coal capacity is more than sufficient to meet
India’s generation needs

Coal capacity by status (GW) vs. Optimal maximum generation (GW)
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Source: Central Electricity Authority (CEA), Global Energy Monitor (GEM), Ember
modelling » Maximum generation based on optimal coal dispatch for FY 2031-32 —
NEP refers to India’'s National Electricity Plan for 2023-32. FY stands for Fiscal Year. E M B — R
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2.2.2 Reduction in utilisation is non-uniform across the fleet

While the coal fleet will see an overall reduction in utilisation, the impact will be
uneven across units. Plants with higher marginal costs are likely to be utilised for
less. Conversely, units with lower technical minimums at similar marginal cost
are expected to see higher utilisation.

India’s coal plants with marginal cost 2 INR 3/kWh risk
significant underutilisation by FY 2031-32

Energy charge rate (INR/kWh) vs load factor (%) for all coal units
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Plants with variable costs higher than roughly INR 2.8/kilowatt-hour (kwh) will see
significant reductions in run hours, and those plants with a marginal cost less
than INR 3/kWh will operate for only a few hours per year, risking significant
underutilisation. The fleet is, therefore, relatively cleanly divided into baseload,
flexible and peaker units, with many plants needing to adapt to their new roles.
This shift will have significant technical and financial implications, discussed in
Chapter 3.

2.2.3 Planned coal capacity sufficient to maintain supply-side security

The figure below shows the utilisation of the coal fleet, illustrating the percentage
of plants and their actual utilisation in FY 2023-24 compared to the modelled
utilisation for FY 2031-32. The first clear trend is a significant drop in utilisation for
roughly the second half of the fleet—mainly the higher-cost marginal generators.
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Coal capacity in India expected to comfortably meet demand in
FY 2031-32, leaving 10% idle and 25% underutilised

Plant load factor (%) across the fleet

EEFY 2023-24 QEEFY 2031-32

100%

\ Underutilisation An additional
of 25% of the 10% of the fleet
fleet is not being

utilised

80%

60%

40%

20%

0%
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Plants (%)

Source: Results from Ember's least cost dispatch model for India, CEA

FY stands for Fiscal Year EMBER

About one-third of the total capacity could experience a sharp decline in
utilisation, ranging from a 20% drop to complete non-utilisation. This means that
plants operating with PLFs in the range of 35-40% today may see little to no
operation by FY 2031-32, while even units that currently sustain the overall fleet
average of ~69% may experience their utilisation reduced by half.

The results also indicate that ~10% of additional plants are completely idle in FY
2031-32. Taken together with the under-utilisation described above, these
suggest more than sufficient coal capacity to meet reliability needs. As a result,
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India will not need new coal capacity beyond the 35 GW already under
construction to maintain supply-side security in FY 2031-32.

This trend becomes even more pronounced under an optimised dispatch
framework, where generation is allocated strictly based on cost efficiency. This
approach leads to a more concentrated reduction in output among less
competitive units. It could lead to an increase in the utilisation of units with a
lower marginal cost. While the utilisation of around half of the fleet shows a slight
increase, this reflects an optimised dispatch outcome in the model, which
assumes perfect system efficiency.

In practice, such optimisation is difficult to achieve, but ongoing mechanisms
such as_SCED (Security Constrained Economic Dispatch) and the sale of URS
(Un-Requisitioned Surplus) already help move operations closer to that ideal by
enabling real-time cost-based dispatch and allowing surplus generation to be
sold across states. Moreover, the proposed MBED (Market-Based Economic
Dispatch) framework aims to integrate all generators into a unified national
merit order, pushing the power system even closer to the optimal dispatch
envisioned in the model.
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Chapter 3: Coal power to get costlier

Effective cost of coal power would
increase significantly

The lower utilisation of coal plants will make both their fixed and variable costs
significantly more expensive than they appear on paper. As PLFs continue to
decline, the effective cost of coal power is estimated to rise by nearly 25%
under existing tariff structures. This becomes even more important when
evaluating higher-cost new coal capacity against dispatchable renewable
energy, where the latter already proves to be economically far superior.

India’s average coal PLF is expected to fall to about 55% by FY 2031-32, but
utilisation will vary sharply across plants — low-cost units running more, and
costlier ones facing reduced operation or shutdowns. This would not only make
contracting thermal power expensive for electricity distribution companies
(DISCOMSs) but also question the viability of future long-term thermal contracts.

In India, when a DISCOM procures power from a thermal plant, it pays a fixed
charge to cover capital expenditure recovery and provide the generator an
assured return. It also pays variable (energy) charges to cover fuel and
operational costs when the plant dispatches. Consequently, even if the plant
remains idle, the DISCOM must bear significant fixed costs to retain the capacity
in its portfolio. Over time, both fixed and variable charge components would be
impacted by the declining utilisation of thermal plants.
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3.1. The fixed charge component of thermal power is set to
increase

The fixed charge of coal-power assets will be impacted in the following ways:

e Underutilisation of thermal assets: DISCOMs remain liable for holding assets
that are being used less frequently. The fixed costs — which must be paid
irrespective of actual generation — are, therefore, spread over fewer
operating hours. This makes the effective cost of maintaining such capacity
significantly higher and represents the largest factor affecting the effective
cost for the procuring DISCOM. An in-depth analysis of the state of such
stranded power costs and how it adds to the DISCOMs financial burden can
lbe seen here.

e Capital expenditure on retrofits: Many plants will require one-time retrofits for
sustained operation at their MTL or even lower. Based on various technical
assessments, these retrofits are estimated to cost between INR 100-400
million (USD 115-4.60 million) for a generating unit, depending on factors such
as plant design (subcritical or supercritical) and age.

e Rising operation and maintenance expenses: Consistent operation at lower
loads and steep ramping accelerates equipment wear and tear, leading to
higher failure rates and more frequent component replacements. This, in turn,
increases the fixed charges allocated for operation and maintenance (O&M)
expenses.

3.2. The variable charges are also expected to rise

The variable charges of coal-power assets will be impacted in the following
ways:

e Decline in operating efficiency: Operating at lower PLFs increases the station
heat rate (SHR) — meaning the plant must burn more coal to produce the
same amount of electricity. As PLFs fall from normative levels of around 85%
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to 55%, the SHR typically rises by 7=9%, directly inflating the energy charge
component of tariffs.

Higher auxiliary consumption per kWh: Internal equipment such as pumps,
fans and conveyors tends to continue to operate at or near rated capacity
regardless of the generation level. The auxiliary power consumption (energy
used to operate this equipment), therefore, increases by 2-4% per kWh when
plants run below optimal loading, since the same consumption is spread
across fewer kwh.

Increased restart expenses: Frequent shutdowns lead to higher use of
secondary fuels, such as furnace oil or light diesel oil, which are needed
during plant restarts. The extent of oil consumption depends on the type of
start — hot, warm, or cold — with associated costs varying accordingly.
Restart-related wear and tear can add INR 10-25 million (USD 0.11-0.29 million)
in expenses per generating unit each time a shutdown and revival occurs.

3.3. What this means for coal and the consumer

There are two key insights that emerge from the analysis of thermal power costs
under declining PLFs.

1.

Cost escalation is primarily a result of underutilisation rather than technical
flexing. As PLFs declineg, fixed costs are spread over fewer units of
generation—driving nearly 85% of the effective increase in overall costs. This
underutilisation will weigh most heavily on coal power buyers (DISCOMSs), with
average tariffs expected to rise by roughly 25% over current levels.
Coal-plant flexibility is technically feasible and economically manageable.
Despite earlier concerns, pilot studies and CEA assessments show that the
incremental cost of operating coal plants flexibly is modest—about 10-15% of
the base tariff for newer supercritical units (mostly commissioned after the
late 2000s). In this light, the CEA’s proposal to mandate a statutory 40% MTL
appears justified, provided plant-level technical feasibility is established.
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In India, the biggest driver of cost increase in a flexible coal fleet
is asset underutilisation, not the technical cost of flexing

Effective cost per unit of coal-based power in INR/kWh

Fixed charge Asset underutilisation [l Additional capex [llincrease in R&M Energy charge
Il Poor heat rates [l Restart expenses

Normative cost Effective cost (2024-25) Effective cost (2031-32)

The average fixed and energy charge for the Indian coal fleet are determined at a normative plant load factor

(PLF) of 85%. Fixed cost increases due to additional capital expenditure (Capex) and higher repair and

maintenance (R&M) from extensive flexing, while energy charges rise because of poorer heat rates and

expenses related to restarts.

The distribution utility pays a fixed charge for contracting coal power irrespective of actual utilization levels — —
this is referred to as the increase in effective cost due to asset underutilization. E M B — R

The weighted average cost of the existing coal fleet, including fixed and energy
charges, stands at around INR 4.78/kWh (USD 54/MWh). This figure is relatively
low because many older coal plants were built at cheaper capex and are now
largely depreciated under regulated tariffs, keeping fixed charges minimal.
However, as the average coal fleet operates at 69% (present, FY 2024-25) and
55% (as modelled for FY 2031-32), the effective cost rises to INR 5.43/kWh (USD
62/MWh) and INR 6.05/kwh (USD 70/MWh), respectively.
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To account for the additional expenses associated with flexible operation, tariff
regulations have introduced mechanisms to compensate plants for operating at
lower loads — commonly referred to as part-load compensation. These
provisions apply not only to government-regulated tariff Section 62 generators
but also extend to Section 63 projects procured through competitive bidding,
typically under DBFOO (Design, Build, Finance, Own, Operate) contracts.

Crucially, these mechanisms tend to ‘pass through’ the additional costs,
insulating generators from many operational and financial risks associated with
lower PLFs — on top of the fixed cost recovery already embedded in tariffs. As a
result, the incremental cost of flexibility is effectively transferred to the DISCOMs
and, in most cases, ultimately socialised among consumers through higher
end-user tariffs.

However, with growing renewable penetration and steadily declining PLFs, the
effective cost of maintaining coal capacity within a DISCOM's portfolio has been
increasing — and is expected to rise sharply as utilisation falls further. Lower
generation spreads the fixed cost over fewer units of output, inflating the per-unit
cost of coal power even without any change in tariff structure. This trend is likely
to intensify in the coming years, becoming a growing burden on DISCOMS’ power
portfolios and ultimately on consumers.

3.4. Building new coal beyond NEP targets would be a
strategic misstep

Ember's modelling, aligned with the CEA’s capacity outlook, reaffirms that India
can comfortably achieve its 2032 power sector goals with the ~35 GW of coal
capacity, which is already under construction (including maintaining reserves).
This indicates that no additional coal capacity is required before FY 2031-32, as
the existing pipeline sufficiently meets adequacy needs, along with sufficient
reserves. Planning or approving new coal plants beyond the 35 GW would risk
severe overcapacity.
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Adding capacity beyond this would be unnecessary and counterproductive,
even if justified under the pretext of ensuring “reliable” peak supply. On the
contrary, such expansion would impose severe financial and operational stress
on DISCOMSs by locking them into underutilised, high-cost coal assets, while also
worsening grid stability challenges.

It is evident that the effective cost of owning coal generation assets will continue
to rise as PLFs decline. However, recent years have seen a steady increase in
coal-based tariffs compared to previous periods. Several factors, such as a shift
toward improved plant technologies, the implementation of stricter emission
control norms, and the burden of enhanced regulatory compliance
requirements, are contributing to this upward movement of coal tariffs.

The newer thermal fleet is likely to be technologically more advanced and
designed to operate flexibly — including the ability to reach MTL levels below 40%
and perform two-part operations to respond to system needs. While these
features improve the response to a changing power mix, they also raise capital
and maintenance costs — meaning that the effective cost of holding new
thermal capacity will be considerably higher than that of existing,
already-depreciated assets.

The total tariff — combining both fixed and energy charges (INR/kWh) — for newly
approved or recently built coal plants across India, developed by both public
and private entities, has risen sharply. In several cases, coal power has become
prohibitively expensive, with tariffs above INR 6/kwWh (USD 68/MWh) in Bihar and
around INR 5.85/kWh (USD 66/MWh) in Madhya Pradesh, despite both states
being located close to coal-producing regions. Much of this escalation is driven
by very high fixed costs, often exceeding INR 4/kWh (USD 45/Mwh).

For example, a cost of INR 6/kwWh (USD 69/MWh) can effectively rise to INR
7.25/kwh (USD 83/MWh) for a DISCOM when adjusted for the utilisation levels
reflected in the model. The higher fixed costs further exacerbate the challenge,
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leading to stranded power assets that are seldom dispatched yet continue to
incur servicing obligations.

These coal tariffs are now comparable to, or even higher than, recently
discovered Firm and Dispatchable Renewable Energy (FDRE) tariffs, which range
between INR 4.3-5.8/kwWh (USD 49-67/MWh). FDRE projects are structured to
deliver round-the-clock or assured peak power while maintaining annual
utilisation levels of 70-80%. Through the stringent design of these tenders,
developers are being pushed to make FDRE projects increasingly dispatchable.

Similarly, recent solar and storage tenders in India have also been competitively
priced, with price discovery in the range of INR 2.9-3.6/kWh (USD 33-41/MWh). The
trend is clear: while the cost of dispatchable renewable energy systems
continues to decline through innovation, the cost of fossil-based generation is
expected to increase — a divergence that is likely to become even more
pronounced in the coming years.
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New coal costs more than firm renewables in India; high fixed
charges make it even costlier with low expected utilisation

Cost of recently approved coal tariffs (fixed and energy charge) vs. new-age renewable
projects (range shaded in green), in INR/kWh
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While it is often argued that FDRE, even with dispatchability mandates, cannot
fully match the reliability of coal due to its dependence on weather, two
important counterpoints challenge this assumption. First, India has repeatedly
faced coal shortages during peak demand seasons, mainly driven by mining
disruptions, logistical bottlenecks, and poor stock management at the plant level
— proving that greater coal capacity does not automatically ensure reliable
dispatch. Second, with the rapid decline in battery storage costs, FDRE systems
are becoming increasingly cost-competitive. The reliability advantage, with
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falling costs, stems from the ability to oversize generation and storage, and
continuously integrate technological improvements (for example, breakthroughs
which ensure minimal BESS degradation).

India should not rush into building new coal plants without careful consideration
of the underlying realities. The country has already learned hard lessons from
past episodes of excess and untimely coal build-out that overlooked critical
factors such as realistic demand growth, fuel linkages, etc. It must avoid
repeating that mistake. This time, however, the underlying realities present a
fundamentally different kind of challenge — with cost-competitive, dispatchable
renewable energy emerging as an economically superior alternative to meet
future power needs.
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Chapter 4: Recommendations

Overbuilding coal capacity is not
the solution

The power sector stands at the beginning of a fundamental transformation —
not just in terms of technology mix, but also in how we think about new-age
market design, smarter contracting mechanisms, and stronger contingency
management.

While there are muiltiple pathways to drive this transition, this report focuses on
two that are most relevant to India’s current context: managing existing coal
capacity better without overbuilding, and expanding storage capacity — not just
in quantity, but in ways that deliver the greatest value to the power system.

India needs to improve coal plant flexibility to operate at reduced minimum
loads, prioritise short- or medium-term power contracts connected to demand
peaks, and reform market design to enable more flexible, centralised dispatch of
both central and state-level thermal plants. For storage, the current capacity is
insufficient to support planned solar growth and reliability. Therefore, the country
needs to prioritise tracking storage deployment, with part reserved for ancillary
services. Further, storage needs to be compensated for its superior response
capabilities in grid reserves, requiring policy reforms and careful monitoring.
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4.1 Improve management of current coal capacity

There are a few strategies to better manage the existing coal fleet, while allowing
a greater share of renewables into the system:

e Technical: Regulators and technical authorities should fast-track evaluations
to identify thermal plants capable of flexing down to 40% of their rated
capacity (from the current 55% the benchmark) and establish appropriate
compensation mechanisms that balance the interests of both generators
and power purchasers. Going forward, coal plants should be mandated to
operate flexibly — at least down to 40% MTL as a statutory requirement, with
provisions to enable two-shift operations wherever technically and
economically feasible.

e Contractual and Regulatory Reforms: DISCOMs should avoid long-term,
25-year power purchase agreements (PPAs) amid the rapidly evolving power
sector. Instead, coal-based power should be secured through short- or
medium-term contracts (~3-5 years), which are typically traded on an
energy-charge basis without rigid fixed-charge commitments.

Even where DISCOMs agree to pay a fixed charge over the plant’s life, this
component should be linked to performance during peak demand periods. In
practice, this would mean that supplying power during peak seasons earns
generators higher fixed cost recovery, while lean periods would attract lower
or no fixed payment. Such a structure would ensure that coal plants operate
when they are genuinely needed and have a financial incentive to do so
efficiently. Maintaining a uniform fixed charge throughout the year,
irrespective of system need, risks turning coal contracts into an “expensive
lunch” for the DISCOMs.
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e Improved market design: To effectively absorb the midday solar surge, India
currently relies heavily on central ISGS generators and a limited number of
state-level plants. However, many intra-state generators (operating within
the state) remain unresponsive to system flexibility needs, leaving a narrow
pool of thermal capacity available for balancing solar.

To enable deeper renewable integration, state-level thermal generators must
be integrated into the central optimisation pool, allowing their operations to
be dispatched more flexibly alongside central plants. This would achieve
three key outcomes: (i) a larger pool of thermal capacity available to
balance the midday solar surge, (i) adequate downward reserves for grid
operators during high solar output hours, and (jii) optimised economic
dispatch (SCED), wherein higher-cost plants are backed down and
lower-cost ones prioritised.

This can be done with better adequate incentive mechanisms for the
intra-state plants, developing a part-load compensation framework for these
plants (as done for ISGS plants at the central level) and a push towards more
stable grid operations (for example, making penalties for deviation from
schedule stricter).

4.2 Ramp up storage and reward its benefits

Adequacy of planned storage and monitoring growth in storage addition

Ember’s estimates suggest that the storage volume assumed in the NEP is below
what is required to integrate the planned solar capacity while maintaining
reliability. Additional storage is needed to cover operational reserves during solar
hours and ensure a material share is explicitly available for ancillary services. If
India is to meet the planned solar additions, storage should be procured at no
less than the NEP-indicated level—and preferably higher—with a portion
ring-fenced for ancillary services. Without this, the system risks higher
curtailment.
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We estimate system-wide renewable curtailment of 2.6-3.8% under modelled
operations. Most of this stems from the need to maintain reserves while keeping
enough thermal units online for the evening ramp—about 1.3-2.0 percentage
points of curtailment is due to reserves alone. Storage is not required to drive
curtailment to zero, but this range makes clear that the cost-effective scale-up
of variable renewable energy depends heavily on storage growth. In short, track
storage builds closely—both total volume and the share explicitly available for
reserves.

Market enablers for ancillary participation

While coal units can and should contribute to reserves, they face MTLconstraints
and associated flexibility costs. By contrast, storage can provide faster, deeper,
and more accurate frequency response. However, its cost-effectiveness—though
strong from a system perspective—can be hard to justify under current
Secondary Reserve Ancillary Service/Tertiary Reserve Ancillary Service
compensation levels.

Two near-term entry points for storage are:

e Secondary SRAS, where response quality is explicitly compensated.
e Reduction of emergency TRAS, including instances of negative prices
where generators are paid not to generate.

Policy should explicitly enable and compensate storage for reserve provision,
designed from a system-wide lens with clear products. Storage build-out should
be closely monitored to ensure sufficient volumes are ring-fenced for reserves.
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Supporting materials

Methodology

Methodology to simulate power system operation

e Model & scope: Ember’'s PyPSA-India model, chronological least-cost
dispatch model; one node per state; FY 2031-32, hourly (8,760).

e Capacity: Exogenous & fixed (existing + pipeline with commissioning
timelines+ policy targets aligned with NEP (if plausible)). No endogenous
build.

e Demand: Historical hourly shapes scaled to 20th EPS peaks and annual
energy by state.

e Costs & constraints: Marginal costs (actual where available, assumed for
pipeline and new capacity) and unit limits (ramp, auxiliary, technical
minimums; storage efficiency/SOC/charge-discharge).

e VRE profiles: State-level hourly solar/wind from historical weather and
observed production, consistent with spatial siting.

e Interstate transfers: Fixed limits from Grid-India/NLDC, NEP 2031-32, and
OpenStreetMap (AC from voltage/circuits; HVDC from published ratings).

e Dispatch rationale: All-India least-cost dispatch, solved day-by-day with
2-hour look-ahead at an hourly resolution. Outputs reflect economic
dispatch; real operations may diverge due to PPAs/market rules.

Full documentation can be found here
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Annexure 1: Coal minimum generation calculation (2025)

The calculations below apply only to the three illustrative days shown in the

dispatch figure (actual and modelled), and do not represent annual values.

Metric Value
Net maximum generation from coal 170 GW
Auxiliary consumption 8%
Minimum Technical Load (MTL) 55%

Gross maximum generation

185 GW (=170 / (1-8 %) = 184.78)

Gross MTL @ 55 % of 185 GW

102 GW (=185 x 0.55 = 101.75)

Net MTL @ 55 % of 185 GW

94 GW (=102 x 0.92 = 93.84)

Annexure 2: Coal minimum generation calculation (Modelled 2031)

The calculations below apply only to the three illustrative days shown in the

dispatch figure (octuol and modelled), and do not represent annual values.

Metric Value
Net maximum generation from coal 190 GW
Auxiliary consumption 8%
Minimum Technical Load (MTL) 55%

Gross online at peak

206.5 GW (=190 / (1-8%) = 206.52)
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Gross MTL @ 55% of 206.5GW

113.6 GW
(=206.5 x 0.55 ~ 113.58)

Net MTL @ 55% of 206.5GW

1045 GW (=113.6 x 0.92 = 104.51)

Midday coal generation (observed)

N2 GW

Midday gap above MTL

75GW (=112 -1045 =75)
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