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Executive Summary

The energy transition is not only renewable generation, but a paradigm shift in grids and storage, which will

be the prime movers for this transition.

he global power system is undergoing a

structural shift, not merely an expansion of
generation capacity, but a fundamental rearchitecture
of how energy is produced, moved and consumed.
Record additions of solar PV and wind are displacing
conventional thermal generation, but variable
renewables introduce challenges that generation
capacity alone cannot solve: lost synchronous inertia,
bidirectional power flows, price volatility and the
constant risk of curtailment when grids are
not ready.

The grid, historically a passive conduit, is now the most
consequential piece of infrastructure in the energy
transition. As RE penetration rises, grids must actively
manage variability, compensate for lost stability
mechanisms and connect increasingly dispersed
generation to demand centres. This requires substantial
and front-loaded investment, global grid capex is
expected to grow from $400bn annually today to over
$600bn by 2050, with transmission, distribution and
digitalisation accounting for the bulk of incremental
spend. Critically, rising grid costs will offset nearly half
the savings expected from falling RE generation prices,
undermining the narrative of cheap renewable energy
at the system level.

Storage, principally battery energy storage systems
(BESS) is the other side of the same coin. Grid-
connected storage capacity is expected to grow 25-fold
by 2060, with Li-ion batteries displacing pumped hydro
as the dominant technology by the mid-2030s. Demand
for grid flexibility will triple over the same period.
Frequency regulation and energy arbitrage represent
the near-term revenue base; as costs fall and grids
evolve, the use cases will expand. The economics of 2—
4 hour BESS are already competitive; longer-duration
technologies and next-generation chemistries such as
sodium-ion remain works in progress.

For investors, the implications are clear. The capital
goods enabling grids and storage will remain in
sustained, policy-backed demand. Asset owners face
large but predictable capex cycles, attractive to yield-
seeking capital provided balance sheet strength is
maintained. In India specifically, the energy transition
cannot be evaluated at the generation level alone the
financial health of state DISCOMs and the adequacy of
transmission infrastructure are the variables that will
determine whether ambitious renewable targets
translate into viable returns.

This article is the second in a three-part series. The first
examined the fundamental differences between RE and
conventional generation. The third will address India's
DISCOMs the distribution utilities whose reform is a
prerequisite for a successful energy transition

at scale.
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Introduction

The energy system is changing faster than the grid can keep up and that gap is where the risk

and opportunity lie.

The period leading up to 2026 saw record additions of
Renewable Energy (RE), especially solar PV. As
renewables expand rapidly, a combination of RE,
nuclear and strategic natural gas is likely to
displace/reduce dependence on coal generation.
Regional paths will differ, but the shared trend is rising
RE penetration: an incremental ~1,000 TWh of RE
generation is expected to enter grids each year from
2026-2030.

A prior article (Deep Dive) outlined the fundamental
differences between RE and conventional thermal
generation. The global power system is shifting from
fuel-driven, centralized plants to geographically
dispersed, inverter-based solar and wind. Falling costs
and rapid deployment have made generation capacity
less of a constraint; system resilience is now the
defining challenge. Variable renewables change power
flows, reduce synchronous inertia and shift many
stability responsibilities from generators to transmission,
distribution, control systems and market design.

Real-world failures underline the stakes. Cascading
outages in Texas revealed risks from isolation, poor
winterization and inadequate reserves. The Iberian
blackout of March 2024 showed how low inertia, weak
Rate of Change of Frequency (ROCOF) protection and
weak interconnections can collapse an inverter-
dominated grid within minutes. In India, regions such as
Rajasthan and Gujarat already face evacuation,
congestion and curtailment, evidence that renewable
capacity can outpace grid readiness and that the
economic returns for independent power producers
(IPPs) are at risk.

STRATEGIC OBSERVATION

Energy storage, especially battery energy storage
systems (BESS) today and longer-duration technologies
tomorrow is therefore essential. Grids and storage are
two sides of the same coin - instrumented,
interconnected, market-enabled grids amplify the value
of storage; strategically deployed BESS and other
flexible resources make high-renewable grids operable
and affordable by providing synthetic inertia, reserves,
congestion relief and time-shifted energy. The sections
that follow unpack the technical mechanisms, economic
trade-offs and policy actions needed to align grid
investment, grid management and BESS deployment so
the transition delivers resilience alongside
decarbonisation.

This article focuses on generation variability and how
grids and storage alleviate it. While many engineering
techniques support grids and storage, we present them
concisely to prioritize the investment opportunities they
create. Demand management is a core part of resilience
and risk management for RE systems, but
implementation at the consumer level, last-mile
connectivity, metering, billing, usage monitoring and
incentives is the remit of distribution and fulfilment
agencies and fall under the purview of the DISCOMs in
India. Therefore, this will be covered in the third article
of this series.

Grids and storage are the indispensable counterparts to renewable generation without them, higher RE penetration

amplifies volatility and system risk rather than delivering reliable, affordable power.
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SECTION |

Energy Supply and Electrification

The defining feature of the energy transition is not only
how much renewable capacity is being added, but also
how much electricity will be consumed, the Total Final
Electricity Consumption (TFEC). Renewable Energy (RE)
penetration introduces both supply-side inflexibility and
variability, with limited ability to match demand
transients. These are not limitations of RE as much as
fundamental characteristics of a flow-based system.
Simultaneously, electrification and demand for
electricity are rising rapidly, which then create demands
for grid solutions and storage. Therefore, it is important
to review both, the supply side scenario and electricity
demand. We emphasize the timeframe out to 2030 but
remain cognizant that 2030 is a milestone on the path
to 2060, where substantial RE penetration and
decarbonisation are likely to be achieved.

Keeping the destination in mind allows to place this
section in context.

We begin with a comparison of energy flows in 2024
versus how this is expected to evolve
by 2060.

The drive toward the 2060 picture of global energy
systems is supported on three pillars:

o Replacement of fossil energy by RE

e Electrification

o Efficiency improvements

Exhibit 1: Comparison of energy flows between 2024 and projected 2060 scenario. 2060 sees substantial increase in electricity generation and

greater use across sectors (Source: DNV Energy transition outlook 2025)

COMPARISON OF ENERGY FLOWS
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Electrification is amplifying demand for grid solutions and storage at the same time as RE supply is growing both

sides of this equation must be addressed for the transition to succeed.
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SECTION 11

From Energy Addition to Energy

Transition

Solar, wind and batteries are now cheap enough to structurally displace fossil fuels, the shift has moved from

possible to inevitable.

The pillars of the energy transition will see RE uptake
increasing from < 5% at present to more than 33% by
2060 and we expect RE supply to begin crossing over
conventional generation (Exhibit 2). In the timeframe out
to 2030, renewable electricity generation is projected to
increase by about 1,000+ TWh each year, with solar PV
accounting for over 600 TWh of that annual rise on
average through 2030 due to rapid adoption and falling
costs. In 2025, solar PV posted its largest year-on-year
gain of 620 TWh up from 450 TWh in 2024.

Solar PV is forecast to surpass wind and nuclear by
2026 and hydropower by 2029. Low-emission sources,
primarily renewables led by solar, plus nuclear are
expected to make up 50% of global electricity
generation by 2030, up from 42% in 2025.

Coal use in the power sector is expected to shift to a
declining trajectory, with its share of the electricity mix
falling to 27% by 2030, from 34% in 2025 (Exhibit 2).

Exhibit 2: Global electricity generation by source till 2030 (Source: IEA Electricity report 2026)
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Exhibit 3: With rapid growth, non-fossil energy is expected to overtake fossil generation in the 2040s-50s timeframe. In the 2025 onwards
timeframe, fossil energy will decline gradually as non-fossil energy accelerates (Source: IEA 2025)

NON-FOSSIL GROWS FAST AND

OVERTAKES FOSSIL IN THE 2050S
Primary energy demand (EJ/yr)

Taking a step back, despite the rapid adoption of RE, it
is important to acknowledge that fossil energy still
represents ~80% of global energy use as it has for over
six decades. Seen in that light, only the foundations of
the energy transition have been laid (Exhibit 3) and the
coming years will see acceleration and a real transition
unfold.

Over the period from the present to 2060, fossil share
of primary energy will decline steadily (v1% a year) to
reach ~35% by 2060.

FROM ENERGY ADDITION TO

ENERGY TRANSITION
Primary energy demand (indexed to 1990)

In the last 35 years, In the next 35 years,

— fossil and non-fossil energy —s+— non-fossil skyrockets, while —/
fossil gradually declines

have grown hand in hand

Therefore, the 2025 timeframe represents a divergence
as energy generation shifts from additions to
transformations (Exhibit 3). It is also important to
acknowledge that Solar PV, onshore wind and batteries,
the three most important technologies needed for the
transition are now so inexpensive (and getting cheaper)
that they outcompete fossil energy in a constantly
growing number of areas accelerating penetration
(Exhibit 4). Accelerated penetration in turn creates
foundational changes to energy infrastructure, which is
accelerated by electrification.

Exhibit 4: The economics of new electricity generation are unfavourable to fossil fuels. (Source: DNV Energy transition outlook 2025)
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Fossil energy replacement by RE is likely to accelerate into the coming decades, with concomitant effects on

energy distribution and total final electricity consumption, which is expected to increase substantially.
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SECTION 111

The Role of Grids

The grid is no longer a back-end — it is the defining infrastructure of the renewable era.

The electricity grid, the primary energy delivery
mechanism is the core physical infrastructure
underpinning electrification and the incorporation of RE
into the energy mix. Returning briefly to our previous
article, in conventional thermal generation, the
generators provide frequency stability, voltage support
and inertia; the grid simply moves power from the point
of generation to the point of consumption. The shift to
variable renewable energy fundamentally changes this
relationship. In a high-RE system, the grid must actively
manage bidirectional flows, absorb volatility in both
generation and demand and compensate for the loss of
synchronous inertia that spinning thermal generators
naturally provide.

The grid evolves from a passive conduit into the single
most critical piece of infrastructure determining whether
renewables can be reliably integrated.

Historically, power grid capacity has grown in line with
peak electrical load. While local factors such as the
spread of demand and load centres, policies,
forecasting uncertainty in supply and demand, cross-
border/interstate connectivity all play a role in the actual
transmission capacity per unit load, the relationship
between transmission capacity and peak electrical load
has largely been linear (Exhibit 5).

Exhibit 5: Transmission growth has started to diverge from peak capacity, as interconnection of dispersed RE takes priority (DNV ETO 2025)
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The linear relationship has been broken in recent years, as shown in Europe as grid capacity is enhanced to better
integrate renewable energy and mitigate intermittency. Before passing from exhibit 5, it is important to note that India
has some of the highest transmission capacity relative to peak load. The reasons for this are summarized in Table 1.
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SECTION Il CONTINUED

Table 1: A comparison of the reasons for India having high grid capacity versus China or Europe despite those regions having higher
peak loads (VQ Analysis)

Factor

Reserve margins & reliability targets

Demand growth uncertainty

Capacity factors / plant utilization

Renewable integration &
intermittency

Transmission & geographic
dispersion

Cross-region interconnection &
balancing

Fuel & supply reliability

Technical & commercial losses

Demand-side flexibility & storage

Extreme weather & seasonality

Population distribution & rural
electrification

Regulatory & market structure

SECTOR DEEP DIVE |

India

High contingency margins,
state-level procurement,
larger local reserves

Rapid, uneven growth »
precautionary overbuild

Lower average CFs (old
coal, peakers, idle plants)

Fast renewables growth,
limited firming/storage =
extra dispatchable backup
needed

Long distances, resource—
load mismatch, weaker
interstate
operationalization

Improving but limited
interstate balancing;
regional self-reliance

Coal logistics, gas
shortages and seasonal
hydro variability cause fuel
risk

Higher T&D losses and
theft (historically ~8-12%
in many states)

Limited large-scale
storage and demand
response; nascent Time
Of Use (TOU)/Daily
Reserves (DR)

Strong cooling peaks,
monsoon-driven hydro
swings = sharp localized
peaks

Dispersed loads, isolated
rural/back-up generation
(diesel)

Fragmented state
procurement, limited
national capacity market

China

Tighter national reserves
via centralized planning
and strategic optimization

Planned, managed growth
with coordinated capacity
additions

Higher CFs from modern
large coal/hydro fleets

Large-scale renewables
with substantial grid
integration, storage,
flexible coal/hydro

Extensive UHV long-
distance links enabling
centralized dispatch

Strong cross-province
transfers under central
control

State-managed fuel supply
chains, rapid fuel-switching
capability

Lower losses due to
stronger network and
enforcement (~5% or lower)

Rapidly growing storage
and demand management
programs

Large geographic
smoothing, firm hydro and
coal flexibility mitigate
seasonality

High electrification density,
integrated supply to rural
areas

Centralized planning,
dispatch, state-backed
investment

THE CONSEQUENCES OF VARIABLE RENEWABLE ENERGY |

Europe

Generally low margins
aided by cross-border
capacity markets and
coordination

Mature, stable demand
=+ leaner capacity
planning

High utilization via
market dispatch and
cross-border flows

High renewables with
strong interconnection,
storage and balancing
markets

Dense, meshed
networks enabling
efficient cross-border
sharing

Dense cross-border
interconnections and
market coupling

Diverse supply mixes
and stronger fuel-
security measures

Low losses overall via
modern grids and
regulation

Advanced DSM,
storage, EV integration
and dynamic pricing

Peaks often smoothed
across countries; milder
extreme impacts per
region

Dense electrification,
centrally served
systems

Integrated markets,
capacity/energy
markets, strong
regulatory coordination

JUNE 2026

Implication

Higher nameplate capacity in
India; China intermediate;
Europe most efficient at sharing
reserves

India keeps more excess
capacity to hedge uncertain
regional demand

Lower utilization in India = more
MW per unit load; China/EU
more efficient

India requires more firm
capacity to back renewables
than China/EU

India needs more local capacity
and redundancy; China/EU
better central balancing

Europe best at sharing reserves;
India relies more on local
overbuild

India holds spare capacity to
hedge fuel-delivery risks;
China/EU less need

More generation required in
India to deliver same end-use
energy

India must over-procure
capacity for peaks; China/EU
use flexibility to reduce capacity
needs

India faces higher regional peak
requirements; needs more peak
capacity

India’s small/standby generation
raises national nameplate
capacity

Policy and procurement drive
higher installed capacity in India
vs China/EU
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SECTION IlIl CONTINUED

Therefore, several systemic issues affect the quality of in greater detail in the following article, reflecting that
grids in India including unclear regulations and the energy transition will require attention at the state
fragmented policy. However, the most important issue level in India with actions to bolster policy and the
remains the health of the state DISCOMs and this topic health of the state DISCOMs.

is addressed

KEY TAKEAWAY

India's grid carries structural inefficiencies overbuild, high losses and fragmented governance that will become
more consequential as RE penetration rises and the cost of grid underperformance increases.
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SECTION IV

The Growth of Power Grids and the
lllusion of Cheap Renewable Energy

Cheap electrons come with expensive wires; grid costs will absorb much of the savings from falling RE
prices.

As RE penetration increases, greater investments will be required for grid robustness as discussed in the first article of
this series. In this section, we will attempt to briefly highlight the various areas where investments might be directed and
the quanta required for the same. Table 2 summarizes some areas of upgrade, their potential timelines and costs.

At present (2025), annual grid investment stands at approximately $400bn, split roughly evenly between capex and
opex. By 2030, an additional $200 — 300 bn is expected over the baseline $400 bn to better integrate renewables and
by 2050, over $ 600 bn will additionally be needed, such that grid length by 2060 is expected to be twice of the present.

These numbers are expected to be much higher in case of a concerted push to net zero. Looking closer into the 2035

timeline, exhibit 6 outlines some of the areas of the grid where additional investments above the 2025 baseline of $400
bn are required.

Table 2: Overview of grid technology upgrades and their characteristics (VQ Data)

Dynamic line rating Low 1-2 yr 165-230 GW
Dynamic transformer rating $ Low 1-2yr 75-115 GW
Topology optimisation $ Med 1-2yr 75-120 GW
Advanced power flow control $$ Med 2-3yr 165-260 GW
Storage as transmission asset $$ Med 2-3yr 95-140 GW
Reconductoring (HTLS) $$% High 3-4yr 255-320 GW
Voltage uprating $$%% High 4-7 yr 360-460 GW
New HV lines $$$%% High 7+yr (baseline)

Notes: Firm capacity refers to the extent to which the estimated capacity increase can be considered reliably available across operating conditions.
Capacity classified as high firmness is largely independent of weather and short-term operational assumptions, while medium and low firmness reflect
increasing dependence on favourable conditions, active system management, or probabilistic availability and may not always be simultaneously available or
under all contingencies.

(Source: IEA Electricity 2026; DNV ETO 2025)
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SECTION IV CONTINUED

Exhibit 6: Additional annual grid investment needed by 2035 vs $400B baseline by technology category (Source: VQ Data)

USD BILLION PER YEAR ABOVE THE CURRENT $400B BASELINE - APS =
ANNOUNCED PLEDGES SCENARIO - NZE = NET ZERO EMISSIONS SCENARIO

@ APS Scenario @ NZE Scenario

Transmission (new lines, HVDC)
Distribution (reinforcement + expansion)

Digitalisation (smart grid, SCADA, DERMS)

Reconductoring & voltage uprating

Grid-enhancing technologies (GET)

Non-firm connection agreements

Storage as transmission asset

~$0B ~$50B ~$100B ~$150B ~$200B

Additional spend above $400B baseline (USD billion / year)

In both the announced pledge scenario and the faster push to net zero, substantially increased grid investments are
needed totalling to between $250 — 300 bn per year till 2035. Looking deeper into the announced pledge scenario
(Exhibit 7) over 80% of grid expenditure will be on distribution, transmission and digitalization.

In the Indian scenario, the concurrent nature of electricity then means that substantial changes must take place at state
level to ensure that the energy transition is successful.

Exhibit 7: Of the annual additional spend over $400 bn, over 80% will be spent between distribution, transmission and digitalisation.
(Source VQ Data)

ADDITIONAL $282B/YR ABOVE THE $400B BASELINE (APS)
«+ USD BILLION/YEAR

“‘ B Distribution (reinforcement + expansion)  $110B  39.0%

B Transmission (new lines, HYDC) $65B 23.0%
B Digitalisation (smart grid, SCADA, DERMS) $55B  19.5%

Reconductoring & voltage uprating $25B  8.9%
B Grid-enhancing technologies (GET) $15B  5.3%
I Storage as transmission asset $10B  35%
I Mon-firm connection agreements $2B  0.7%
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SECTION IV CONTINUED

This discussion highlights that while wholesale prices of
electricity stand to decline remarkably, rising grid
expenditure will absorb most of the benefit from falling
electricity price (Exhibit 8). We estimate that around
three-quarters of this increase is driven by expanded
capacity payments that are needed to ensure stable
revenue streams in systems increasingly dominated by
zero-marginal-cost generation.

This means that nearly half of the cost benefit of
switching to a renewable-based power system will be
offset by rising grid-related charges. The Capex for
creating these grid assets will be expended
substantially in the coming decade.

These discussions highlight that the grid is no longer a
low importance back-end to energy generation but an
important part of the RE solution and will therefore see
investments to maintain robustness of energy supply.

It is also important to note that robust grids will drive
faster integration of variable RE, which will

then lead to higher volatility in prices, constrained by
the inflexible generation profile of RE assets. Exhibit 9
presents a simulation of weekly dispatch in 2025, 2040
and 2060 for an EU power station. The increase in
wholesale price volatility as a larger percentage of RE
enters the grid is evident.

Exhibit 8: Despite reducing wholesale RE prices, grid costs are likely to absorb over half these benefits. (Source: VQ Data)

GRID EXPENDITURES TO MORE
THAN DOUBLE BY 2025S

Average annual grid expenditures by decade (Billion USD/yr)
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RISING GRID CHARGES WILL ABSORB
MUCH OF THE BENEFITS FROM
FALLING WHOLESALE PRICES

Average grid charge globally and by region (USD/MWh)
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Source: DNV Energy Transition Outlook 2025, Figure 3.24 & 3.25. Historical data: DNV estimates based on IEA, GlobalData, ENTSO-E (2025), EIA
(2025), LEA (2024) and local sources. Each bar shows average yearly spending within each decade. Each grey line shows the average grid charge by

region, averaged across residential and industrial users.
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SECTION IV CONTINUED

Exhibit 9: A simulation of the movement of wholesale power prices with increasing RE integration. (VQ Data)

SIMULATED HOURLY DISPATCH IN THE EUROPEAN POWER SYSTEM FOR
WEEK 3 IN YEARS 2025, 2040 AND 2060

The following scenarios highlight the present, the future
and finally a blue sky scenario in the far future to
present context.

In 2025, during calm, overcast hours, gas plants set
the marginal price and can lift wholesale electricity
above USD 120/MWh. When wind and solar conditions
improve, renewable output pushes prices down
towards zero for several consecutive hours. Storage
charges quickly in these troughs. Prosumers also start
to matter. Therefore, shown as demand is the grid-
connected load after prosumer self-consumption. When
rooftop PV output exceeds on-site use, prosumer feed-
in increases supply onto the grid, reinforcing low-price
hours. Overall, prices mostly sit in a USD 0-150/MWh
band, with volatility visible but contained.

By 2040, higher renewable capacity magnifies the
pattern. Hours with surplus wind and solar become
more frequent and prices touch zero far more often.
Prosumers play a larger role in shaping the net load
seen by the grid: self-consumption trims daytime
peaks in grid-connected demand, while feed-in adds
to supply during sunny spells. This would be even
more visible on a summer week. Flexible loads such as
hydrogen electrolysis and EV charging exploit low-price
periods, yet curtailment appears more regularly once
batteries are full.

KEY TAKEAWAY

Mo Tee  Wed  Thu Fri Sl Sen

In weeks with weak wind and muted solar, reliance on
gas sharpens scarcity pricing, with peaks above USD
250/MWh. The price profile is now lower on average
and more volatile, reflecting both abundance and
intermittency.

By 2060, renewables dominate generation. In periods
of low wind, residual demand on the grid remains high
through the day and into the evening, even with
daytime solar and the evening contribution from hybrid
generation (solar + storage). Wholesale prices are
therefore elevated across many hours, not just at the
peak and scarcity spikes occur.

These price signals draw thermal and hydropower
generators to maximise output, providing firmness when
variable renewables are scarce. At the other extreme,
when wind and solar are abundant and storage is filling
or full, wholesale prices sit near zero and at times turn
negative. This also attracts hydrogen producers.
Prosumers shape net load via self-consumption and
feed-in, but the main drivers of extremes are
renewable availability and the response of
dispatchable plants. Curtailment becomes a feature in
very high-renewable weeks.

Hence, as power systems evolve to integrate more
variable renewable energy sources, electricity storage
emerges as a critical enabler of grid stability and
flexibility.

Grid capex is large, front-loaded and structurally unavoidable, investors who treat grid infrastructure as a separate

asset class from generation will be better positioned to capture the returns.
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SECTION V

Energy Storage

Storage is not a nice-to-have, it enables variable renewables by making them available and dispatchable.
Also, there is no one size to fit all needs

Historically, pumped hydro has dominated grid scale energy storage and even in 2024, ~93% of grid-connected storage
capacity was pumped hydro. By 2060, we expect ~ 60TWh of grid-connected battery (electrochemical) storage, up from
about 2.4 TWh in 2024, a 25-fold increase. Annual storage investments are expected to increase from $50 bn to close to

$300 bn in this period.

Exhibit 10 highlights the storage capacity addition and the rising ascendance of battery-based (electrochemical) storage.
(DNV ETO 2025 (capacity, investment, LCOE trajectories, flexibility share); IEA Electricity Grids 2023 & 2026 (SATA value,
congestion management, APS 50% flexibility target)

The investment implications are captured in Exhibit 11, which shows also an increasing trend toward solar collocated with
BESS.

Exhibit 10: Grid-connected energy storage capacity to 2060 — technology mix shift (TWh). Pumped hydro dominant today; Li-ion batteries take over
by 2030s - (Source: VQ Data adapted from DNV ETO 2025)
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Exhibit 11: An estimation of annual battery storage investment (Source: VQ Data adapted from DNV ETO 2025)

ANNUAL BATTERY STORAGE INVESTMENT (USD BILLION/YR)

Standalone + co-located solar + storage « DNV ETO 2025

@ Standalone BESS (USD billion) @ Co-located solar+storage (USD billion)
~$400B

~$300B
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SECTION V CONTINUED

Li-ion batteries will overtake hydropower by 2034. By
2047, batteries in all their forms, utility-scale connected
to the grid centrally, distributed storage with rooftop
solar and EV as V2G will provide 50% of the flexibility
needs. Not only will the sources of flexibility change, but
the absolute demand for flexibility will also increase.
Absolute demand for flexibility is measured by the
extent to which output from dispatchable generation
must change each hour within a day, relative to the
average deviation in output over that day. This hourly
difference from the daily average highlights the level of
operational adaptability required of the system to
sustain grid stability. From the 544 GW of flexibility
needed globally in 2024, flexibility demand doubles by
2035, reaches 1,500 GW by 2050 and settles at three-
fold (1,600 GW) globally by 2060 according to IEA and
DNV (Exhibit 12).

Driven by early, front-loaded deployment of variable
renewables, Europe, North America and China are
expected to lead the charge to deploy storage into the
2040s, with the rest of the world following. By 2060, Li-
ion batteries become the dominant source of flexibility
across all regions, replacing declining thermal capacity,
which is expected to rapidly fall after 2035.

The storage situation and the type of storage is affected
by a combination of:
e Duration of storage
e Cost
e Technological maturity and manufacturability of a
given technology

This situation is shown in Exhibit 13, which shows
combinations of discharge time, frequency and
levelized cost and the regions where each technology
may be advantageous.

Exhibit 13 shows clearly that long term storage,
combined with frequent charge cycles still favour
pumped hydro, although the infrastructure needed for it
can be prohibitively expensive including large land
banks for the construction of reservoirs. Exhibit 14 also
shows that for the typical 2-4 hour duration with 1-2
charging cycles in a day, Li-ion is competitive. Also, it is
important to note that the rapidly falling cost of Li-ion
batteries, motivated by high production rates for EVs
means that this technology is eating into the domain
where flow batteries were previously competitive.
Finally, the upper corner of exhibit 13 shows that
hydrogen and derivatives such as ammonia will replace
the role of chemical (hydrocarbon fuels) and serve as
repositories of energy, but a discussion on those is
beyond the scope of the present article.

Exhibit 12: Li-ion batteries are likely to become the de-facto storage choice around the world, although adoption rates may vary. (Source: DNV ETO

2025)
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SECTION V CONTINUED

Technologies with the lowest levelized cost of storage
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Exhibit 13: Diagram comparing different storage technologies across
a range of discharge frequencies, times and cost. Note that no single
technology dominates indicating a horses-for-courses approach.
(Source: VQ data)

Since Li-ion batteries are likely to increase in deployment till 2030, exhibit 14 collates the potential use cases for batteries
and the potential revenue generated per kW and show that frequency regulation and energy arbitrage form the bulk of

use cases in the 2030 timeframe.

Exhibit 14: Value delivered by use case and revenue potential for the same in the 2030 range (Source: VQ data from DNV ETO 2025 (capacity,
investment, LCOE trajectories, flexibility share); IEA Electricity Grids 2023 & 2026 (SATA value, congestion management)).
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The demand for flexibility will triple by 2060, with Li-ion batteries becoming the dominant source, investors in

storage infrastructure are positioned at the centre of a 25-fold capacity expansion over the coming decades.
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SECTION VI

Falling Prices and Sodium

Li-ion has won the near term; what comes next is a question of cost curves and learning rates

Most of the use cases described in exhibit 14 are enabled by falling cost of storage and present levelized cost of storage
is ~$70/kWh for a 2-hour storage duration, and trending lower in China . The costs of 2-hour and 4-hour BESS are now
competitive to allow the use cases highlighted in exhibit 14. At present, Na-ion based chemistries are under consideration
and some progress has been made by companies such as CATL, but widespread adoption is awaited. In passing, we
note that a BESS requires reliability and predictable degradation to make most financial sense to a project developer. For
a BESS company production lines fungible to develop both Li-ion or Na-ion based cells in backward integration are key
to remaining future proof.

KEY TAKEAWAY

BESS economics are now viable for core use cases, and the manufacturers best placed will be those with flexible
production lines and predictable degradation profiles, reliability is as important as chemistry.
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Conclusion

Grid and storage capex are the structural companions to RE generation, large, front-loaded and investable.

As RE penetration increases, the grid can no longer remain a passive back end and grid robustness becomes
increasingly important to accommodate the inflexible generation profiles of RE. In addition to grids, storage is the other
side of the same coin and aids in supplementing the grid. Therefore, both grid and storage capex are needed to
integrate RE and this capex will absorb a substantial portion of the savings in energy generation costs. For investors,
the capital goods enabling storage and grids are likely to remain in high demand as these investments are front loaded.

Asset owners will see substantial capex, which will be funded through a mix of debt and equity and the predictable
behaviour of the generation end (in terms of degradation and maintenance capex) will make them attractive to yield
seeking investors, provided they maintain the balance sheet strength to continue growing. Therefore, the enabling
infrastructure of the energy transition provides investment opportunities for different investment philosophies.

Finally, in the Indian context, the user end of the electric grid (state DISCOMs) can no longer be ignored. The poor
financial health of these entities can affect the energy transition and endanger the viability of ambitious generation
assets. Therefore, we will investigate India and present the case of the DISCOMs as the last article of this series.
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