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Motivation

Electricity systems in emerging economies must expand and

decarbonize simultaneously [1].

As variable Renewable Energy (VRE) and electrification grow, supply

and demand become weather-driven and correlated —planning

reserve margin (PRM) alone no longer guarantees reliability [2].

Long-term planning studies overlook reliability risks —leaving a gap

between capacity expansion and resource adequacy.

Research Questions

How reliable are cost-optimal expansion pathways for India’s

rapidly growing, decarbonizing grid?

What PRM levels meet reliability standards, and at what cost?

When, and where do loss-of-load events occur, and how much

Expected Unserved Energy (EUE) do they cause?

Methods

Modeling Platform

GridPath-India (MILP, Pyomo/Gurobi): open-source

capacity expansion (CEM) + production cost model

(PCM) [3].

35 load zones, interstate transmission, planning periods

2020–2050.

CEM: 2 representative days/month (peak + median);

PCM: 8,760 h/yr, linearized unit commitment.

Solar/wind profiles (+1,300): NSRDB + ERA5,

bias-corrected with Global Wind Atlas, validated against

CEA generation.

Demand: PIER v2.0 bottom-up state-level projections,

that incliude agricultural sector solarization and climate

change impacts.

Resource Adequacy Assessment

Sequential Monte Carlo [4]: 18 weather years × 18
thermal outage years (K = 324 full-year simulations).

Each weather year has weather-synchronized demand,

VRE generation, and hydro inflows (machine learning).

Each thermal outage year is drawn from a technology/

state/seassonal distribution (statistical inference).

Capacity credits assigned via Top Net Load Hours,

iteratively informing the CEM planning reserve margin.

12 monthly subproblems with circular horizons, solved in

parallel.

4.

W
ea

th
er

- S
yn

ch
ro

ni
ze

d

34 load zone demand profiles

3.

1.

2.

1,100+ solar PV fixed, tracking & 
rooftop projects

350+ on & off-shore 
wind projects

150+ hydro run-of-river & 
storage projects 

+300x sequential Monte Carlo 
production cost simulations

Resource Adequacy

2023

THERMAL

2000

2023

2000

201420142014

2019

2014

2000

2023 Synthetic

Historical
2020
2019

2017

2020
2019 2019

2017 2017

2019
2018

Se
as

on
al

 O
ut

ag
es

2017
2018

2017

Demand patterns,  economic 
growth and adoption rates

Historical Data

Reliability analysis

Capacity Expansion 
Model

Project-level hourly wind and solar 
capacity factors 

Load zone seasonal random thermal outages

Project-level monthly hydro energy 
constraints 

W
ea

th
er

- S
yn

ch
ro

ni
ze

d

2000

2014

2020

SOLAR
WIND

HYDRO

2000 2000
Weather-Synchronized Time Series

c.

DEMAND

Generation capacity by technology, 
state, and vintage 

18 year of sequential weather-synchronized capacity factors (solar, wind and hydro) and demand profiles

Weather Synchronization

a. b.

Hydro, solar and wind 
projects’ contribution to 

meet peak demand

Capacity Credits for 
Planning Reserve 

Margin

Seasonal thermal outage events

Existing infrastructure

Interstate transmission corridor 
capacity

Demand Projections

Unserved energy drivers

Probabilistic reliability metrics

New generation, storage, 
and transmission capacity

Carbon emission targets 
and planning reserve 

margins

Figure 1. Proposed multi-model Integrated Resource Planning (IRP) framework.

Results

1. Lax reliability standards, not ambitious carbon targets, may cause productivity losses in emerging economies
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Figure 2. Partially decarbonized electricity system of India in 2040.

Clean portfolios (VRE + storage) provide reliability at

similar cost.

A low PRM may comply with the local reliability standard

(NENS≤0.05%).

Higher PRMs reduces EUE and social costs, but at rising

marginal cost.
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Figure 3. (A) Average cost of electricity, (B) total system cost, (C) system cost differences, (D)

Normalized Expected Unserved Energy (NEUE) reliability standards, and (E) the marginal cost of

reliability.

Results

2. Unserved energy events are dominated by short-duration outages in the post-monsoon season
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Figure 4. (A) Distribution of peak-unserved energy, (B) distribution of loss-of-load duration, (C)

month-hours loss-of-load probability, and (D) reliability surface.

Most loss-of-load events (LOLEv) are short (1–2 h), but

some can last up to 18 h.

The largest loss-of-load probability (LOLP) occurs in

Oct–Nov between 5 and 7 pm.

Loss-of-load risk is concentrated in the evening net-load

peak, once solar generation ramps off while demand

remains high.

Solution

The reliability surface maps LOLP against storage

power and duration, pricing reliability improvements

in USD/MWh.

Most LOLEv could be avoided by adding

approximately 40 GW/200 GWh of energy storage to

the system.

This solution would increase the average cost by less

than 0.5 USD/MWh.

This is equivalent to increasing the PRM by 5%.

3. Widespread events in the western grid drive loss-of-load in peripheral load zones
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Figure 5. Loss-of-load hours simultaneity graph.

Co-occurrence probability of loss-of-load is

high (> 50%) among certain states in the NER,

WR, and NR grids.

LOLP and NENS are highest in peripheral

load zones —Jammu, Kashmir & Ladakh

(JKLH) and Dadra & Nagar Haveli.

EUE is highest in Gujarat (GJ) and Punjab (PB).

During outage events, transmission lines

within the WR grid are congested, preventing

available generation from being supplied.

NR lines are not congested during outage

events.

Lines transferring electricity from the WR to

the NR grids are likely to be congested during

outage events.
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Figure 6. Transmission corridor congestion probability and

imports/exports during loss-of-load.

Discussion

Cost-optimal clean portfolios (VRE + storage) can meet India’s

reliability standards without raising average costs.

PRMs alone are poor proxies for reliability in weather-driven

systems —probabilistic resource adequacies are needed.

Targeted short-duration storage additions eliminate most

loss-of-load events at minimal cost.

Reliability standards should weigh the social cost of unserved

energy, not only average system cost.

Weather-synchronized simulation of demand, VRE, and hydro is

essential to capture correlated tail risks.

Limitations and FutureWork

No intrastate transmission: congestion is not represented, potentially

overstating deliverability.

Perfect trading assumption: market frictions (PPAs, liquidity,

scheduling rules) are not modeled.

Incorporate climate change projections to capture shifting demand

patterns, extremes, and resource availability.

Validate weather-syncronized inputs (outages, demand, VRE) against

observed operations to quantify modeled-vs-actual accuracy.
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