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Cumulative solar PV capacity is expected to grow sixfold

Source: IEA PVPS Trend Report 2025 by 2030, with a CAGR of nearly 9% up to 2050
Global market outlook for solar power 2025-29
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India 162 GW MNRE as of May 2026
Pakistan ~38 GW (51 GW) Renewables First, Pakistan Electricity Review, March 2026
Bangladesh ~1.51 GW SREDA | National Database of Renewable Energy
Sri Lanka ~1.70 GW The Ceylon Electricity Board (CEB)
Nepal ~0.18 GW (0.96 GW proposed) The Nepal Electricity Authority (NEA)
Afghanistan ~0.18 GW Mostly decentralized and donor-supported projects.
Bhutan ~0.12 GW DGPC/DOE - Utility scale and rooftop




CHALLENGES IN SOLAR POWER INTEGRATION TO THE GRID




Challenges 1n grid integration of solar power

Technical challenges

1. ISSUES DUETO
VARIABLE POWER
GENERATION

2. ISSUES DUE TO

GENERATOR (INVERTER)
CHARACTERISTICS

3. DEMAND AND
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Frequency stability
Voltage stability

Grid failure

Impact on system inertia
Harmonics

DC injection

Reactive power
Flickering

Reverse power flow

Overloading of grid assets
(conductors, transformers)

Voltage rise
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Challenges with variable solar energy integration to the grid

Diurnal cloud coverage

Diurnal cloud coverage
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Challenges with variable solar energy integration to the grid @SES

Seasonal variation of solar radiation (Example)
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Challenges with variable solar energy integration to the gri

Daily variation and intermittency (Example)
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Challenges with variable solar energy integration to the grid @SES |5

Average generation vs typical daily generation profile of solar power plant

Average PV generation profile vs. typical daily PV generation profile
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Challenges with variable solar energy integration to the grid %SES

Frequency and voltage stability
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Challenges with variable solar energy integration to the grid /@SES

Impact on system inertia

Generation 50
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System Frequency

N 49.7
I
System Operator <:I =
49.6 ——System inertia ~ 3 GWs
. Demand —System inertia ~: 1.5 GWs
' 49,5 ——System inertia = 0.75 GWs| -
49.4 -
493 Increasing non-synchronous generation
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Challenges with variable solar energy integration to the grid @SES
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Reverse Power Flow — impact and control

The basic equation to define Reverse Power Flow is —

Reverse Power Flow (P, erse) = Ppy max — PLOAD min

Possible Impact on the grid:
1. Excess heating of Grid Asset (s)

2. Reduced life of Transformers

3. Permanent failure of Power Cables LOAD

4. Voltage rise at the point of common coupling

Vk




Challenges with variable solar energy integration to the grid /@SES B

Reverse Power Flow — impact and control

Distance from substation L

* Integrating PV may cause voltage
rise in long distribution feeder
circuits that serve rural or
developing areas if the load and
PV generation are not closely @—G

S n

matched.

Circuit without PV

&
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Circuit with High PV Penetration

» The figure on the right illustrates | _____________. Voltage with PV out of
. . acceptable limits

the increased voltage range in

systems with high PV penetration.

Voltage
z
o
3
5

Illustration/Source credit: NREL
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Use of batteries for power system management

GRID SERVICES AT

CONSUMER LEVEL
TRANSMISSION AND DISTRIBUTION LEVEL

(Behind the Meter applications)

Power quality management
Improve power quality and reliability for

Stabilise solar power variation
Smooth out fluctuations and ramp rates from solar generation.

<
sensitive loads. Voltage and frequency management
Support voltage and frequency regulation for grid stability.
/./‘ Peak demand management = p:: - i el g i
Reduce peak demand charges by shifting - eak demand management
'III and controlling load. Reduce system peak demand and associated costs.
i . Support to reduce network congestion
- Energy arbitrage for ToD tariff benefit Relieve congestion and defer costly network upgrades.
@ Store energy when tariffs are low and use “—» St : 3 7
when tariffs are high. rovide extra capacity to meet deman
Add firm capacity to meet growth and peak requirements.
‘@ :Iaximising sellf-consumpt;on of solar power et Spinning and non-spinning reserve
tore excess solar energy and use it Provide operating reserves to maintain system reliability.
when solar is not available. BESS
Energy Storage LN o | Black start
e Uninterrupted/back-up power supply &2l & System Restore power to the grid after a complete blackout.
Ii' Provide reliable back-up during power » L e I A2 Minimise thermal unit ramping
outages and disruptions. [ Reduce ramping requirements and improve plant efficiency.
.| . : Reduce renewable energy curtailment
o Diesel genset replacement « -4» 0 m: & . e -
ﬁ' Reduce fuel consumption and emissions by tore excess renewable energy and inject when required.
replacing diesel generators. @ = Deferral of capital expenditure

Defer investments in generation, transmission and distribution assets.

© 2026 GSES
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Use of batteries for power system management /@SES

BESS for Tariff Arbitrage with RE Integration
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Use of batteries for power system management

Voltage control with battery storage

The electricity generation exceeds the load
demand between 08:00 to 14:00

* Excessive reverse power flow at the substation
and resulting in overvoltage issues.

» BESS system can be charged during this
period.

* Between 19:00 to 21:00, the peak load causes
under-voltage issues when BESS can be
discharged to mitigate undervoltage
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Use of batteries for power system management /@SES

BESS for Frequency Regulation

Frequency regulation needs constant second-by-
second adjustment of power to maintain system
frequency at the nominal value (50 or 60 Hz).

If demand exceeds supply, the system frequency
falls, causing blackouts.

If utilities generate more power than consumers
demand, the system frequency increases, possibly
damaging all connected electrical devices.

Battery energy storage can provide regulating
power with sub-second response times. This
makes it an extremely useful asset for grid-
balancing purposes.
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Figure 3.2: Frequency Containment and Subsequent Restoration®
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* Following a contingency such as an outage at a large power station.
Source: Sandia National Laboratories (2013).
Sandia National Laboratories, “DOE/EPRI 2013 Electricity Storage Handbook in Collaboration with NRECA,” DOE, 2013,




OPTIMISATION OF THE BATTERY ENERGY STORAGE SYSTEMS




Optimisation of Battery Energy Storage Systems

OVERSIZED BATTERY RIGHT-SIZED BATTERY UNDERSIZED BATTERY

More Capacity than Required

Excess Energy
! (Underutilized) N

5
©
®
X

Noon

Morning
Solar Generation

Evening

Night
—— Load Demand D Battery Usage
High Capital Investment

Higher upfront cost and larger system size.

Low Utilization
Battery remains underutilized for long periods.

Longer Payback Period
Higher cost leads to lower financial returns.

Underutilized Asset
Excess capacity adds no additional value.

Optimal Capacity for the Application

+ M| |4

Qe

Power i
(kW) FE 3 N %
EncreyUsed.
. (Optimized) '+,
Morning Noon Evening Night
---- Solar Generation ~ —— Load Demand EleeryUmge

High Utilization
Battery is used effectively during peak need.

Optimal Performance
Meets backup, peak shaving and grid support needs.

Best Economic Returns
Lower lifecycle cost and higher ROIL

Improved Reliability
Better system performance and longer battery life.

Less Capacity than Required

Morning

Noon

Night

---- Solar Generation ~ —— Load Demand D Battery Usage

Lower Initial Cost
Smaller battery reduces upfront investment.

Frequent Full Discharge
Higher depth of discharge reduces battery life.

Unable to Meet Demand
Insufficient backup and peak support.

Reduced Performance
Solar curtailment and lower reliability.

®
®
(A
®

0 NOT COST-EFFECTIVE

Q OPTIMAL SOLUTION

Q POOR SYSTEM PERFORMANCE
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Optimisation of Battery Energy Storage Systems P SES | S

nnnnn

SYSTEM PERFORMANCE Vs. BATTERY CAPACITY

o- - - e
A : :
<4———— Optimal Point
100% Maximum Performance
; with Optimal Capacity
s 9% i
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g :
g & 8% i
@ S |
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70} ( o I
5 |
60% Q :
ﬁ | ~
50% S : /;\ »
o !
Small Right Size Large
(Undersized) (Optimal) (Oversized)
Battery Capacity

Maximum Benefit



KEY FACTORS INFLUENCING BATTERY SIZING
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Key Factors Influencing Battery Sizing @GSES

INDIA
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Objectives or Load or Power Solar Generation Tariff Structure & Frequency of Power Battery Round-Trip
Purpose of Use Demand Profile Profile & Variation Time-of-Day Tariff Outage & Duration Efficiency &
of BESS of Back-up Degradation

& | il

+ Define primary use case = Analyze load pattern + Understand solar output » Evaluate tariff rates + Assess reliability = Consider round-trip
(e.g., backup power, (daily, weekly, seasonal) pattern (hourly, daily, ‘ across different times requirements efficiency (AC-DC-AC
Pt davig Dy + Identify peak demand, seasongl) + Identify cost-saving + Determine how long IR
arbitrage, e‘me;lce}( base load and critical + Consider variability due : opportunities (e.g., the system must + Account for capacity
SUPPOIT, renews loads to weather, shading charge during low provide backup during fade over i
integration) . and orientation tariff, discharge during Sutages .

+ Determines depth of * Helps determine . E — high tariff) € - Ensures accurate sizing
discehr:Igneesautonomy Bquirad powes (ViY) st?;l;:es ; ;g;:ce impacts economic + Drives energy (kWh) for desired lifetime

" and energy (kWh * i i
and performance needs capacity gy (kWh) supply and demand viability and ROI capacity for autonomy performance
\ A N Fa ) AN

~
RIGHT SIZE. RIGHT BENEFITS.
Balance power, energy and
economics for long-term success.

OUTCOME OF
PROPER SIZING

9 Lower Cost Reliable Power ’ Optimal Battery /’ Extended Battery ‘0 Sustainable &
& Higher ROl & Resilience Utilization Life @ Future Re
A i ull { ol




STRATEGIC PLACEMENT OF BESS WITHIN SOLAR
POWER SYSTEMS




POSSIBLE PLACEMENT OPTIONS

At PV Plant

(DC or AC Coupling)
Paired with solar plant
to store excess energy
and shift generation.

At Substation
(Utility Scale)
Supports grid operations
and stability at the
substation level.

At Feeder / Distribution
Network

Supports local network,
reduces losses and
manages congestion.

Behind-the-Meter
(C&I / Commercial)
Installed at customer site
to manage encrgy cost
and ensure backup.

Off-Grid / Microgrid
Applications

Ensures reliable power in
remote or islanded
locations.

Key Benefits
« Increases self-consumption
« Reduces curtailment
« Improves revenue
« Provides backup

Key Benefits
« Peak shaving
» Frequency & voltage support
« Defers grid upgrades
« Improves reliability

Key Benefits
= Reduces line congestion
« Voltage regulation
+ Improves power quality
« Enhances reliability

Key Benefits
« Reduces energy bills
« Demand charge management i
» Backup during outages

« Energy independence

Key Benefits
« Reliable power supply
= Supports critical loads
« Enables renewable penetration |
* Reduces diesel dependency

Strategic Placement of BESS within Solar Power Systems

SOLAR POWER SYSTEM - PLACEMENT OVERVIEW

\
'
'
|
'
‘
'
'
'
'
'
i
1

’

~ il -

Transformer

Commercial /
Industrial Loads
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PLACEMENT IMPACT

Improved Energy Utilization
Store excess solar energy
and use it when needed.

Enhanced Grid Support

Provides stability, voltage
support, and reduces
congestion.

Economic Benefits

Reduces peak demand,
defers infrastructure
upgrades, and improves ROL

Increased Reliability

Ensures backup power and

OE'G“"']_ / continuous operations

3 _M'_cf@d_ s during disturbances.
Sustainability
ﬁ 3 ﬁ Enables higher renewable
o ' penetration and reduces
Remote / Off-Grid emissions.
Loads
© 2026 GSES




OPTIMIZATION METHODOLOGIES FOR BESS PLANNING
AND OPERATION




Optimization Methodologies for BESS Planning and Operation

WHY OPTIMIZATION?

Maximize solar energy utilization
Capture and use more clean energy
from your solar system.

Minimize energy curtailment
Store excess energy instead of
wasting it.

Reduce operating cost

and maximize ROI

Lower energy bills and improve
financial returns.

Improve grid reliability

and power quality

Provide stability, backup and support
to the grid.

Extend battery life

through optimal operation
Reduce stress and degradation for
longer battery lifespan.

N ZIE

Power
Converter
Rating
/
Operating 9 System
Strategy Ry y i a Configuration
(Charge/ = i
Discharge)
[
State of Charge
(SoC) Limits

.

(™M) (i

.

f,o Al / Machine Learning Approaches

—

o°

WHAT IS OPTIMIZED? COMMON OPTIMIZATION METHODS

Battery Size
(kW / kWh)

global
sustainable energy
solutions

Rule-Based / Heuristic Methods
Simple rules and engineering judgment
based on experience.

Analytical / Mathematical Methods
Use mathematical models to derive
optimal solutions.

Simulation-Based Optimization
Evaluate performance using time-series
simulations and iterate to optimize.

Data-driven techniques to predict,
optimize and adapt in real time.

© 2026 GSES



EcoNoMIcS AND BUSINESS MODELS OF BESS DEPLOYMENT
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Global cost trend of BESS %SES

Global Average Lithium-Ion Battery Pack Price Trend (2013-2025)
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Source: BloombergNEF Battery Price Surveys (2024 & 2025).




Key Factors Affecting the Economic and Financial Viability of BESS

FACTOR

1. COST OF STORAGE

«9(

2. NETWORK
REINFORCEMENT COST

N
\
\

‘/' R “‘) 3. COMMERCIAL
D SERVICES

4. POLICY
DEVELOPMENTS

Source: Asian Deii|iiment Bank.,” Handbﬁ On Battery Energy S

@SES|

IMPACT ON PROJECT VIABILITY

©

©

Battery costs, while falling, are still the most significant driver of project viability.
Costs depend on the MW/MWh ratio of the battery. The terminal value at the end of
the project's economic life also has a bearing, with a higher terminal value improving
project economics.

Higher conventional network reinforcement costs increase the value of deploying
storage as an alternative, improving project economics (and vice versa) directly for
distribution network operators and third-party projects with a contract for peak
shaving with a DNO.

Increased access to and higher value from the provision of commercial services
(for example, ancillary service markets, the wholesale market, the capacity market)
increase project revenue streams, improving project economics (and vice versa).

It is generally accepted that value streams will need to be stacked to increase the
economic viability of BESS projects.

Removing barriers to storage or creating a more favourable environment for
investment enhances the realisable value of a project, improving project economics

(and vice versa).
System”, 2018 |.|

© 2026 GSES



BESS Economics Cost Benefit Analysis - Key Components

MAJOR COSTS

£ . 1. CAPITAL COSTS

1. ENERGY ARBITRAGE

‘/ ( \ ¢ |nitial investment required for the installation of BESS,

\ @. / including equipment, infrastructure, and technology.
/

* Buying electricity at low prices and selling it at higher prices,
capitalizing on market price fluctuations.

when needed, enhancing revenue stability.

Balancing costs with diverse revenue streams w
is key to maximizing the value and viability 3

of BESS projects.

\\ / * |nfluenced by factors such as battery technology, scale
— of deployment, and market conditions.
2. ANCILLARY SERVICES
///_\ . * Providing services such as frequency regulation and
/ N 2. OPERATIONAL COSTS voltage support, which can generate additional revenue.
[ ¢ Ongoing expenses related to maintenance, management,
| —
‘\ \ ) and energy consumption during operation. @ : 3. CAPACITY PAYMENTS
\_ / * Includes costs associated with labor, insurance, and ‘ & RecatinE ATt for B sSlEblaAs chovidiisowes
— regulatory compliance. Iv g ¢ P P

Build a Sustainable ‘
Energy Future

Source: Asian De ment Bank.,” Handb On Battery Energy S System”, 2018 T —

Optimize Costs Maximize Revenue Enhance Stability
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Business Models for BESS @SES

INDIA

€ UTILITY-OWNED MODEL © 1PP-OWNED MODEL © THIRD-PARTY OWNERSHIP @ CUSTOMER-OWNED MODEL

Third party owns, operates, and
maintains the BESS.

Contractual agreements for End-users own BESS for
specific storage services. self-consumption, backup power,

IPPs own BESS as part of their
generation portfolio.

Utilities own and manage BESS.

for grid stability and peak load
management.

Enhances reliability and supports
system operations.

Integrates with existing infrastructure

®006

Provides storage services to
utilities or end-users.

Creates additional revenue streams
and improves portfolio value.

Off-taker holds dispatch rights.

Fixed capacity and variable
operation payments.

or peak demand reduction.

Increases energy independence
and resilience.

Reduces electricity bills and

QOS800

Guarantees availability and efficiency. a operational risks.

© ESCO-OWNED MODEL @ LEASING MODEL @ HYBRID MODEL
Lease payments over time X

(monthly/annual). Utilities IPPs

Customers lease BESS to access
storage without upfront costs.

ESCOs own BESS and offer
performance contracts.

Guarantees energy savings
or performance improvements.

Third Parties

@ Combination of ownership models.
& Collaboration between utilities, IPPs, and third parties.
@ Offers flexibility to allocate risks and optimize returns.

Attractive for managing cash flow
and preserving capital.

Shared savings or agreed
revenue models.

A J

o Project objectives /J Revenue potential Risk allocation ) Financing structure —3 Regulatory and policy .'. Market maturity and
and use case .Il and cash flow and responsibilities 6 and costs H T framework : @@RW stakeholder landscape

Source: Asian Development Bank.,” Handbook On Battery Energy Storage System”, 2018
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KEY CONSIDERATIONS
WHEN CHOOSING A MODEL
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(QUESTIONS AND DISCUSSION




THANK YOU

Contact Details:

Global Sustainable Energy Solutions India Pvt. Ltd. | CIN: U74999DL2012PTC241896 |
Address: A-46, Upper Ground Floor, FIEE Complex, Okhla Industrial Area, Phase - 2, New Delhi — 110020

T+91 11 41040534 | M +91 9560550077 | www.gses.in | info@gses.in

GSES India is an ISO 9001:2015 and ISO 140001: 2015 certified company for renewable energy consultancy & training services




