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ABSTRACT

Nepal’s electricity system is dominated by Run of River (RoR) hydropower which leads
to significant seasonal imbalances and transmission and distribution networks are also
operating with congestion due to not having effective implementation of transmission
and distribution expansion plan. Conventional grid reinforcement options such as line
upgrading or new transmission construction has many limitations like high capital
costs, long implementation periods and environmental and social challenges. In this
scenario, Battery Energy Storage Systems (BESS) could be a promising alternative for

enhancing grid flexibility and reliability.

This study highlights a techno-economic analysis of BESS placement at the Chanauli
33/11 kV substation in Nepal. The analysis is based on actual hourly load data obtained
from the Nepal Electricity Authority, projected load growth and transmission line
loading limit. MATLAB based iterative optimization approach is used to determine the
optimal BESS power and energy capacity considering operational constraints and
battery degradation over a two year planning horizon. The results shows that a BESS
with rated capacity of 1.9 MW / 9.1 MWh is sufficient to mitigate projected summer
peak overloads through effective peak shaving within depth of discharge and state of
charge design limits for the Chanauli Substation considering next two years load

growth.

A comparative financial evaluation between BESS and diesel generation is conducted
using financial parameters such as Net Present Value, Cost Benefit Ratio, Payback
Period, Internal Rate of Return and Levelized Cost of Storage/Energy. Although the
BESS requires higher upfront capital investment (NRs. 159.49 million) compared to
diesel generation (NRs. 44.71 million), it demonstrates significantly lower operating
costs over the project lifetime. The total operating expenditure of BESS is estimated at
NRs. 215.44 million, whereas diesel generation incurs a substantially higher OPEX of
NRs. 7,630.37 million, mainly due to escalating fuel costs. The LCOS of BESS is
around NRs. 12.75/kWh, which is less than half of the diesel LCOE of about NRs.
30.74/kWh. The findings show that BESS has lower lifecycle costs and improved long
term economic performance compared to diesel based alternatives. The study concludes
that BESS placement at distribution substations is a technically feasible and
economically viable solution for congestion management in transmission/distribution

lines.
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CHAPTER ONE: INTRODUCTION

1.1. Background

Nepal's energy sector is endowed with immense hydropower potential, estimated at
over 83,000 MW, yet its electricity generation remains dominated by seasonal Run-of-
River (RoR) hydropower plants (NEA, 2025). While RoR plants provide substantial
energy during monsoon season they are not capable of meeting dry season demand and
peak load requirements, leading to a pronounced seasonal supply demand imbalance
(Narayan Shrestha, 2023). This seasonal imbalance in hydropower generation, coupled
with growing electricity demand and increasing integration of variable renewable
energy sources, has highlighted the need for energy storage systems that can enhance

grid stability, reliability, and flexibility.

Furthermore, Nepal's transmission and distribution infrastructure faces significant
stresses as many lines are designed and built decades ago and are operating near or
beyond their thermal and stability limits, especially during seasonal agricultural peaks
when irrigation loads surge (NEA, 2025).Upgrading this infrastructure through
conductor upgradation, new lines construction, or circuit addition is often a capital
intensive, time-consuming process fraught with logistical, environmental, and social
challenges. In such scenarios, non-wire alternatives like BESS offer a compelling

strategic option.

As global energy landscape is undergoing a profound transformation to decarbonize
power systems and enhance grid resilience. Within this context, Electrical Energy
Storage (EES) has emerged as a critical enabling technology, facilitating the integration
of renewable energy sources, improving grid stability, and optimizing power

delivery(Luo et al., 2014)

Among EES technologies, Lithium-ion Battery Energy Storage Systems (BESS) have
gained significant commercial traction due to their declining costs, high energy density,
rapid response times, and modular scalability (Hesse, 2017). BESS applications span
from utility-scale frequency regulation and renewable firming to behind-the-meter peak
shaving and backup power, demonstrating their versatility in modern power grids

(Nehrir et al., 2022).



By storing electrical energy in chemical form and releasing it when needed, BESS can
effectively balance supply and demand, provide frequency regulation, and support peak
load management. In the context of Nepal, where hydropower is the backbone of the
electricity system, BESS presents a strategic opportunity to complement existing
generation, ensure energy security, and support long-term power sector planning. The
proposed study focuses on the installation of a Battery Energy Storage System (BESS)
at the existing Chanauli 33/11 kV substation operated by the Nepal Electricity Authority
(NEA), a power hub for the south west of Chitwan district. Through a comprehensive
techno-economic analysis, the thesis aims to evaluate the technical feasibility,
economic viability, and operational benefits of implementing BESS at this strategic
location. Key parameters to be assessed include battery sizing, energy storage capacity,
round-trip efficiency, capital and operational expenditures, and the Levelized Cost of
Storage/Energy (LCOS/LCOE). The findings of this research are expected to offer
valuable insights for policymakers, system planners, and investors, supporting Nepal’s

transition toward a more resilient, flexible, and sustainable power system.

1.2.  Problem statement

Despite Nepal's significant hydropower potential, the dominance of run-of-river plants
in its energy mix leads to seasonal and daytime supply-demand mismatches. During dry
seasons and peak demand periods, the country experiences power deficits, forcing it to
rely on imports or expensive alternatives. Moreover, as Nepal aims to integrate more
renewable sources and expand its electricity export potential, the need for grid
flexibility and energy storage becomes more urgent. Battery Energy Storage Systems

(BESS) offers a proven solution for energy storage and grid balancing.

While the technical potential of BESS for peak shaving is well established in
international literature its application in the specific context of Nepal's distribution
network characterized by radial topology, seasonal hydrology and constrained
infrastructure remains critically understudied. There is a significant knowledge gap
regarding the techno-economic feasibility of BESS as a solution to improve
transmission congestion and prevent load shedding in scenarios where conventional

grid reinforcement is not immediately feasible.

NEA, Chanauli 33/11 kV substation is a distribution substation with its capacity of total
24 (8+16) MVA. One circuit of 33 kV transmission/distribution line with ACSR DOG



conductor is feeding power to this substation from Bharatpur 132 kV grid substation.
One 33 kV line is also leaving towards Madi 33 kV substation through this
Chanauli33/11 kV substation. At present, the load demand in summer season is nearly
its line loading capacity. Considering the load growth as per NEA present scenario, this
existing line could not fulfill the projected load during summer in the next two years.
Similarly, the upgradation of this single circuit with its equivalent High Temperature
Low Sag (HTLS) conductor will take substantial shutdown time and the construction
of new 33 kV line will also take around 2-3 years from now. Therefore, Chanauli 33/11
kV substation is identified as a potential location for mobile type BESS which is
immediate solution to mitigate above problems in the next two years until grid
reinforcement. A detailed assessment of BESS's technical parameters, economic
performance, and system integration potential has yet to be conducted. Hence, a
comprehensive techno-economic analysis of the implementation of BESS in
comparison with Diesel Generator at Chanauli 33/11 kV substation is crucial to
determine whether it is a viable and strategic solution for addressing Nepal's current

and future power system challenges.

1.3.  Objectives

The main objective of this study is to conduct a techno-economic analysis of the
implementation of BESS at Chanauli 33/11 kV substation in Nepal to overcome the
transmission line congestion and prevent from load curtailment. Specific objectives of

this dissertation are:

% To determine the optimal size of Battery Energy Storage System (BESS)
regarding charging and discharging schedules based on the load profiles of
assigned substation to reduce transmission line congestion.

% To conduct a comprehensive financial analysis of the BESS placement,
considering optimized seasonal operations, capital and operational
expenditures, and potential cost savings and its comparison with alternative

Diesel Generator.

K/

% To perform the environmental benefit of BESS against diesel generation using

key metrics (toe).



1.4.

1.5.

K/

Scope

This study focuses specifically on the Chanauli 33 kV substation's incomer line
loading.

The technical analysis utilizes MATLAB based iterative modeling for BESS
sizing based on historical load curves.

The economic analysis considers current market data from global BESS
manufacturers and local diesel fuel price trends in Nepal.

The analysis focuses on Lithium-ion BESS technology due to its market
dominance and suitability for peak-shaving applications.

The technical study period spans a 15 year operational horizon to adequately

account for battery degradation.

Limitations

The study relies on secondary load data obtained from NEA records. While
deemed accurate, the absence of real-time SCADA data may introduce minor
uncertainties in the load profile's resolution.

Battery cost, performance, and degradation parameters are based on global
manufacturer datasheets and literature, as locally verified data for utility-scale
BESS in Nepal is scarce. Economic results are therefore sensitive to these input
assumptions.

The analysis assumes a standalone BESS performing peak shaving as its
primary service. Potential revenue streams from ancillary services (e.g.,
frequency regulation) or multi-use applications are not monetized in the base-
case financial model, potentially understating the BESS's value.

Detailed Environmental and Social Impact Assessments (ESIA), site-specific
geotechnical investigations, and minute engineering design details (e.g., exact
footprint, cooling system design) are beyond the scope of this planning-level
feasibility study.

The findings are specific to the load patterns, grid topology, and constraints of
the Chanauli case. While the methodology is transferable, direct generalization

to other substations in Nepal requires careful re-application with local data.



1.6. System under consideration

The system under consideration is a BESS at the proposed Chanauli 33 kV substation.
The primary function of a BESS is to store excess electrical energy during off-peak
periods and discharge it during peak demand hours to support the grid. This enables

effective load balancing, enhances grid reliability.
Key components of the system include:

¢ Battery Modules (e.g., Lithium-ion, LFP, or other chemistries)
% Power Conversion System (inverters and converters)

% Battery Management System (BMS)

¢ Energy Management and Control Systems

% Cooling and Fire Protection Systems

¢ Switchgear and Protection Equipment

+* Grid Interconnection Infrastructure

The system is designed to operate on daily or hourly cycles, providing services such as
peak shaving, load leveling, frequency regulation, and renewable energy integration. In
the context of Nepal’s evolving power sector, BESS offers a scalable and flexible
solution to enhance grid stability, improve power quality, and support a more resilient

and sustainable energy future.
1.7.  Report structure

The remainder of this thesis is organized as follows:

Chapter 2: Literature review provides a critical review of relevant literature on
transmission line loadability, energy storage technologies, BESS applications,

degradation modeling and techno-economic analysis methods.

Chapter 3: Methodology details the data sources, the analytical and iterative

optimization framework for BESS sizing and the financial analysis model.

Chapter 4: Results and discussion presents the optimized BESS size, the simulation

results of its operation and the comprehensive financial metrics.

Chapter 5: Conclusions and recommendations summarizes the key findings, states the
conclusions regarding the feasibility of BESS at Chanauli and provides

recommendations for NEA, policymakers and future research.



CHAPTER TWO: LITERATURE REVIEW

This chapter reviews existing literature relating to BESS for grid applications,
transmission line limitations, and techno-economic analysis methods. The review is
structured to provide background on key concepts, assess current research, identify gaps
in knowledge regarding BESS placement in Nepal’s distribution networks, and clarify

this study’s contribution.

2.1. Line parameters of transmission line

Any transmission line has four parameters- Resistance, Inductance, capacitance and
Shunt conductance. Shunt conductance is leakage current which is very small so can be
neglected. Resistance is responsible for power loss and inductance is the one which
govern capacity of line. The shunt capacitance causes the charging current to flow in

the line and is significant for medium and long lines i.e. line of length more than 80 km.

Line resistance: Resistance is proportional to the resistivity of the conductor which
depends upon nature of the element. It is depended upon length, area, temperature and
frequency applied to the conductor. In most case, DC resistance is specified at standard
temperature. DC resistance at higher temperature can be calculated by using this

relation:

Rge = Ry(1 +4 t) Equation 2-1
Where,

Rqc 1s the resistance at any temperature

Ro is the resistance at specified temperature

o is the temperature coefficient of resistance

And t is the temperature at which Rg. has to be calculated
At 50 Hz, the resistance can increase from 3-5%(B. R. Gupta, 2016).
In most cases, conductor manufacturer specifies the Rqc and Rac at standard temperature.

Line Inductance: Inductance is due to magnetic flux linkage created due to flow of
current. It depends upon the line spacing and diameter of the conductor. The inductance

per phase per km is given by the relation:



L=2x10"In (?‘472)

H

Shase /m Equation 2-2

Where GMD is geometric Mean Distance given by

Doy = ¥YD.m.D.m.2.D.h Equation 2-3
And

GMR is Geometric Mean Radius given by

D, = [r'*/?.n1/3, p1/6] Equation 2-4

And r’=0.7788.r

Figure 2.1: Spacing between conductors in double circuit line
Line capacitance: Capacitance is the due to charge in the conductor which also

depends upon line spacing and line height. It is given by

_ 2TE
" In(GMD/GMR,

F/m Equation 2-5
GMR=GMR but in this case r is used instead of r’ in above formula of inductance.
Inductive Reactance of the line is calculated by using inductance which is given by:
X, =2nfL Equation 2-6
where f is the power frequency.

Impedance can be calculated as:

Z =R+ jX; Equation 2-7

where Z is the impedance of the line



Similarly, Admittance is calculated which is given as:
Y =j2nfC Equation 2-8
Where Y is the admittance of the line.

So using above parameter voltage and current calculation of line can be done which is

given by:
(‘I/:: ) - [2 g] ' (E) Equation 2-9

Where A= 1+Z2Y/2
B=7
C=Y(1+ZY/4)
D=1+ZY/2
For short lines, ZY/2 and Y(1+ZY/4) is almost equals to zero.

(Gupta, 2006)

Voltage Regulation =~k 4 100% Equation 2-10

TFL
That becomes

Voltage Regulation = @ * 100% Equation 2-11

T

2.2.  Loss in transmission line

The transmission line has its resistance which is responsible for line loss. This loss is

given by:
Pioss = I*Rg Equation 2-12
Where Pioss is power per phase and has to be multiplied by 3 for 3 Phase

I is the current flowing in the line and

R.c 1s the effective resistance of the line.

This loss depends upon load current. The load of the system cannot remain constant.



So, the average load has to be calculated. The average load can be calculated by using

this formula(J. Duncan Glover, Mulukutla S. Sarma, 2011):

Average Demand

Load factor = Equation 2-13

Maximum Load

Similarly, loss factor also known as loss load factor is given by:

Lossgyg

Loss Load factor = Equation 2-14

LOSSpeak
In case, only load factor is known, it is given by:

LLF =a X LF + (1 —a) X LF? Equation 2-15
Where LLF is loss load factor,

LF is load factor and.

a is the constant whose value is are 0.3 for sub transmission line, 0.2 for medium

voltage feeders and distribution substations(Baitch, 2004).

2.3.  Factors affecting transmission line

According to (Gonen Turan, 2014), following factors affects EHV transmission line

design:

1. Voltage level: The choice for a particular type of line or voltage level depends
on the amount of power to be transmitted over the line. Power transmission is
usually done through AC systems at high voltage to minimize the transmission
losses. The power transfer capability of the line increases and the transmission
losses are minimized as the transmission voltage level is increased. This is one
of the obvious reasons which are in favor of the utilities aiming for higher
transmission voltages. While there are several advantages of preferring high
voltage for transmission such as reduced line losses, increased transmission
efficiency and better voltage regulation, there are also some parameters which
limit higher voltage level. These are increase in insulation required between the
conductors and the earthed tower, increase in clearance required between
conductors and ground resulting in increased height of towers and increase in
distance required between the conductors resulting in requirement of longer
cross-arm, all of these contribute in escalating the construction cost of the line.
Every transmission line possesses a superior limit fixed for the voltage level to

be employed, beyond which it is not economical(Kishore & Singal, 2014).
9



2. Conductor type and size: It is responsible for different line parameters like
Inductance, capacitance and resistance which are very important in line design.
Different Types of conductors are available in which ACSR is mostly used
conductor. Line parameters are also affected by line spacing and their
configuration.

3. Line regulation and voltage control : Voltage regulation is the rise in voltage

when full load is removed and is given by:

Voltage Regulation = %or

T

Voltage Regulation = M * 100 Equation 2-16

T7FL

4. Corona and losses, Proper load flow and system stability, Grounding, System

protection, Insulation coordination, Mechanical design and Structural design

2.4.  Loadability of transmission line

According to (Bstract, 1979), transmission line loadability depends upon following

factor:

1. Thermal limitation

2. Line voltage drop limitation

3. Steady state stability limit
Thermal capacity is the ultimate capacity of a line, corresponding to its capability to
withstand the heat generated due to line loss. It depends on the type of conductor,
maximum permissible conductor temperature, ambient condition and other
environmental factors(Nayak et al., 2006). This thermal capability is significant only
for very short lines less than 50 miles at 138-kV and below. For EHV and UHV
transmission lines of length longer than 50 miles (80m), the only practical limitations
to line loadability are provided by line-voltage-drop and by steady-state-stability

considerations.

Equation 1 can be written as(B. R. Gupta, 2016):

I R cos@+I, X sin®
Vr

Voltage Regulation = Equation 2-17

Where I; is Receiving end current
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R is resistance of line.

From above, voltage drop in the line depends upon current flowing in the line which
increases as the load increases, resistance and reactance of the line. The limitation in
the allowable voltage drop is voltage drop limitation which is determined to be 5%
which adequately represent the condition of a carrying heavy line. It is the controlling
factor for line upto 200 miles. For line longer than 200 miles, stability limit governs its

loadability which can be seen in Figure 2.2(Bstract, 1979).

Stability Margin= mex—PRrated y 10 Equation 2-18

max
_ llvsl . .
Where P= — sind Equation 2-19

(B. R. Gupta, 2016)Where

V: is receiving end bus voltage
Vs is sending end bus voltage

X is Reactance of the line

0 is angular displacement called power angle from Figure 2.2.

Power Angle Curve
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Figure 2.2: Power angle curve

Pumax is P when 0O is 90° and Prated is value of P corresponding to O is 44 ° for American

power system and 30°for Nepalese and Indian power system.
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This margin is chosen so as to provide for stable system operating performance
following a variety of credible contingencies which may cause steady state and or
transient increases in a given line loading. Such changes in loading may be caused by
line switching operations, by changes in generation-dispatch, and by transient

disturbances such as temporary faults or loss of generation(Bstract, 1979).

Transmission line loading is limited by thermal, voltage, and stability constraints. For
distribution-level lines like the 33 kV feeder to Chanauli, the thermal limit of the
conductor often governs maximum power transfer. Studies by (Bstract, 1979) and(J.
Duncan Glover, Mulukutla S. Sarma, 2011) establish methods for calculating these
limits, noting that exceeding them necessitates either load shedding or infrastructure
upgrades. In contexts where traditional upgrades are infeasible due to cost, terrain, or
operational constraints non wire alternatives such as energy storage become relevant
(Kishore & Singal, 2014) .Research in this area, however, has largely focused on
transmission-level solutions in developed grids, with limited attention to distribution-

level congestion in developing countries like Nepal.

2.5.  Electrical energy storage

Electrical Energy Storage (EES) technologies include pumped hydro, flywheels,
compressed air, and various battery types. Among these, lithium-ion batteries have
emerged as a leading solution for grid-scale storage due to their declining costs, high
efficiency, and scalability (Luo et al., 2014). Cost analyses by (Kendall Mongird,
Vilayanur Viswanathan , Patrick Balducci , Jan Alam, Vanshika Fotedar, 2020) show
that lithium-ion battery prices have fallen dramatically, making them increasingly
viable for peak shaving and grid support. Stationary BESS design considerations such
as system architecture, power conversion, and thermal management are detailed by
(Hesse, 2017). While global adoption is growing, specific studies on BESS in Nepal’s

hydropower-dominated, seasonally constrained grid remain sparse.

2.5.1. BESS applications

BESS can provide multiple grid services, including peak shaving, frequency regulation,
voltage support, and renewable integration. (Hesse, 2017) demonstrate that BESS used
for combined peak shaving and frequency regulation can yield greater economic
benefits than single-service operation. In developing contexts, simpler applications like

daily peak shaving charging during off-peak periods and discharging during peaks have
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proven effective in reducing demand charges and deferring network upgrades (Hoon &
Hkn, 2020) Studies by (Srujan et al., 2019), (Engels et al., 2020)also show BESS
supporting solar PV integration and microgrid stability evaluated combined peak
shaving and frequency control using battery storage and concluded that stacking
multiple services substantially enhances financial returns, provided operational
constraints are properly modeled. However, most applications assume advanced market

structures or control systems not yet present in Nepal.

2.5.2. BESS sizing and degradation modeling

Determining the optimal size (power and energy) of a BESS is critical for economic
viability. Methods range from rule-based approaches to sophisticated stochastic
optimization that accounts for forecast uncertainty (Baker et al., 2016),(Ravichandran
et al., 2016)Equally important is modeling battery degradation over time, as capacity
fade affects long-term performance and economics. (Xu et al., 2018) provide a
comprehensive degradation model that considers calendar and cycle aging. Despite
advances, few studies apply degradation aware sizing to distribution level congestion

problems in settings with limited data.

(Nick et al., 2014) presented an optimization framework for allocating battery energy
storage in active distribution networks and demonstrated that properly sized storage can
reduce network losses and defer infrastructure upgrades, leading to measurable

operational cost savings and improved investment justification.

(Yang et al., 2014)investigated optimal sizing of battery storage for peak shaving and
voltage regulation and showed that economically optimal storage capacity strongly
depends on load profiles, highlighting the financial benefits of load-based sizing

strategies in distribution substations.

(Pandzi¢ et al., 2015)developed a near-optimal method for siting and sizing storage in
transmission networks and demonstrated that congestion relief and deferred
transmission expansion can significantly improve the economic viability of grid-scale

BESS.

(Mohsenian-Rad, 2016)analyzed optimal scheduling and market participation of
battery storage and showed that revenue from energy arbitrage and optimized dispatch
plays a key role in recovering capital investment and improving long-term financial

performance.
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2.6.  Financial and economic evaluation

Economic assessment of BESS projects typically uses metrics such as Net Present
Value (NPV), Internal Rate of Return (IRR), and Levelized Cost of Storage (LCOS).
Comparative analyses against alternatives like diesel generators are common, with
findings indicating that BESS can be cost-competitive when considering lifetime fuel
and maintenance costs(Nair et al., 2021). Sensitivity analyses on cost, electricity prices,
and degradation rates are essential for robust conclusions. However, most financial
models rely on generalized cost assumptions and do not account for location-specific
factors such as Nepal’s import duties, local labor costs, or the socio-economic value of

avoided load shedding.

(He et al., 2016)proposed an optimal bidding strategy for battery storage considering
battery degradation and cycle life, emphasizing that degradation-aware operation is

essential for realistic financial evaluation and lifecycle cost minimization.

(Gantz et al., 2015)studied multi-use energy storage systems and demonstrated that
partitioning storage capacity across multiple services improves overall project

profitability compared to single-service operation.

(Wen et al., 2015)presented an economic allocation model for energy storage in systems
with renewable variability and showed that optimal storage operation reduces system

operating costs, particularly under seasonal generation and demand variations

(Akhavan-hejazi et al., 2014)analyzed optimal operation of storage in energy and
reserve markets and highlighted the importance of coordinated scheduling for

maximizing revenue while maintaining acceptable operating costs.

2.7.  Nepal’s energy context literatures

Nepal’s electricity sector is characterized by seasonal hydropower generation, growing
demand, and transmission bottlenecks. Reports by (NEA, 2025) and (MoEWRI, 2025)
highlight dry-season deficits and the need for storage solutions. Academic research
within Nepal has begun exploring BESS, primarily for solar PV integration (Narayan
Shrestha, 2023)or theoretical feasibility studies. However, a detailed, case-based
techno-economic analysis of BESS for distribution-level congestion relief considering
real load data, line constraints, battery degradation, and comparative economics has not

been conducted. BESS can be categorized based on their chemical composition, with
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common types including lithium-ion, Sodium-Sulphur, and lead-acid batteries. Each

type of battery comes with unique characteristics such as cost, performance, lifespan

and safety. Out of these LI-ion batteries are often the preferred choice for BESS due to

their high energy density, long lifespan, rapid charge and discharge rates, low

maintenance requirements, and environmental advantages.

2.8.

R/
L X4

2.9.

Identified research gaps

Limited studies on BESS for distribution level congestion relief in developing
countries particularly in hydropower dominated grids like Nepal where radial
distribution feeder reached congestion level.

Most BESS sizing studies use complex stochastic optimization requiring
extensive data so simple and robust method suitable for data scarce
environments are underexplored.

Lack of localized financial analyses comparing BESS against realistic
alternatives (e.g., diesel generators, continued load shedding) using Nepal
specific cost and tariff data.

Few studies integrate battery degradation constraints explicitly into sizing for

long-term reliability in peak shaving applications.

Methodology and contribution

This thesis addresses these gaps by:

K/
L X4

K/
L X4

Conducting techno-economic analysis of BESS for the Chanauli 33 kV
substation, using actual load data and line parameters.

Developing a practical, iterative BESS sizing methodology in MATLAB that
accounts for load growth, line limits, and battery degradation.

Performing comparative financial analysis between BESS and DG using
economic metrics (NPV, IRR, Payback Period and LCOS/LCOE).

Providing actionable recommendations for NEA on BESS placement as a non-
wire alternative for congested distribution feeders.

Suggesting NEA for implementation of Mobile BESS that can be rapidly
deployed, relocated and connected to different distribution/transmission

substation to provide temporary grid support.

15



CHAPTER THREE: METHODOLOGY

This chapter delineates the research framework employed to achieve the techno-
economic optimization of Battery Energy Storage System (BESS) at the Chanauli 33
kV substation. The methodology integrates load data processing, MATLAB based
iteration for battery and converter sizing, and a comprehensive financial modeling
approach to compare BESS against traditional Diesel Generator (DG) solutions. The

overall methodology is shown below.

y

Literature Review & Data Collection
=  Substation load data
* 33 kV line data and loading limit (P, )

* Load deficit (P, >P,, ) analysis

BESS sizing

* Obj: Minimize cost

* Constraints
(Power & Energy Adequacy, Lifetime
Canacitv and Minimum Size)

I

Financial Modeling

= Input: BESS size & Capacity
= (Calculate: LCOS, NPV, IRR
= Data: market prices, fuel cost

Comparative Financial Analysis

v v
Case |: Diesel Case Il:
Generator BESS

Conclusions,
End / Deliverables

Figure 3.1: Methodology flowchart
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3.1.  Data collection and processing

3.1.1. Chanauli 33 kV Substation

This substation is distribution substation situated in south west of Chitwan district with
its total capacity of 24 (16+8) MVA. One circuit of 33 kV transmission/distribution line
is feeding power to this substation from Nepal Electricity Authority existing high
voltage grid substation namely Bharatpur 132 kV substation with its capacity of 60
MVA of 132/33 kV and 45 MVA of 132/11 kV. From Chanauli 33/11 kV substation,
one 33 kV line is also leaving towards Madi 33 kV substation. The power demand in in
the summer in the Chanauli substation exceeds its line loading capacity. As per the
record of existing substation data, the maximum loading of Bharatpur-Chanauli 33 kV
line is 297 A (2082/04/06 & 7) which is maximum limit for existing ACSR DOG

conductor. The single line diagram of existing Chanauli 33 kV substation is as follows

Chanauli 33711 kV Substation

| ! 1
) aj EE
o = !lw-w =
2 2 o "]
T s
p = e
B3 3 = L
vr L= gq_ pum— Ly g’l
A
POVER TRANSFORER COVER T
BOG Conducter @0 g5 3 KV 16 MVA ®n =
V
Bharatpur Madl

Figure 3.2: SLD of Chanauli Substation

3.1.2. Load profile data

Historical hourly load data for Chanauli 33/11 kV substation was obtained from Nepal
Electricity Authority (NEA) operational records spanning fiscal year 2080/81
(2023/24). The dataset comprises 8,760 hourly measurements, enabling detailed

analysis of daily, weekly, and seasonal patterns
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3.1.3. Transmission system parameters
Technical specifications of the existing 33 kV transmission line were extracted from

NEA design documents and operational manuals. Key parameters include
< Conductor type: ACSR DOG (6/1/3.35 mm)
<  Maximum current rating: 280 A
< Line length: 21 km
< Resistance: 0.2732 Q/km at 20°C

< Reactance: 0.401 Q/km

3.1.4. Economic data

Cost parameters were collected through:

0,

¢ ADB report and Manufacturer/Supplier data
% NEA tariff data

% Local supplier data for diesel generator systems

3.1.5. Technical parameters
Battery performance characteristics were obtained from technical datasheets of
commercial LFP (Lithium Iron Phosphate) battery systems, including efficiency curves,

degradation profiles, and operational limits

3.1.6. Growth projection

Future load profiles were developed by applying a compound annual growth rate
(CAGR) of 8%, derived from NEA’s historical demand growth trends, which reflect
past load evolution driven by population growth, urbanization, economic activity and
appliance penetration. The temporal (daily) load shape of the base year was preserved
to maintain consistency with observed consumption behavior. However, this growth-
based extrapolation represents conventional demand expansion only and does not
explicitly account for additional policy-driven loads, such as the rapid deployment of

electric vehicle (EV) charging infrastructure.
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3.2.  Technical analysis framework

3.2.1. Transmission line capacity analysis
The maximum power transfer capacity of the existing transmission line is calculated

using standard power system equations:

Pyax :\/g*VLL*IMax*COS(p 3-1

Where,

V1L=33 kV (line-to-line voltage)

IMax=280 A (maximum continuous current for ACSR DOG)

cos¢=0.95 (assumed power factor based on NEA operational standards
Pmax=V3 * 33 * 280 % 0.95/1000 = 15.2 MW

Smax=V3 * 33 % 280 */1000= 16 MVA

This establishes the baseline constraint against which load profiles are evaluated.
3.2.2. BESS power rating determination

The minimum power rating required from the BESS is determined by analyzing the

maximum instantaneous power deficit:

Pdeficit (t) = Max (0, Poaa(t) — Puax) 3-2
P]i‘v][EISI\IS = I?E%X Pdeficit(t) 3-3

Where T represents the entire study period (typically one year of hourly data).

3.2.3. Energy storage requirement calculation
The daily energy storage requirement is computed by integrating the power deficit over

time

24
D it
EDslfli/a = Z Paeficit (t) = At 3-4
t=1

Where At=1 hour

Considering system efficiency and operational constraints
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Defecit
Daily 3-5
EBase —
BESS Nre * DoDpyay

Where:
e M=0.85 (round-trip efficiency)

e D0Dmax=0.80 (maximum depth of discharge)

3.2.4. BESS optimal sizing

This study uses iterative sizing approach that explicitly accounts for battery degradation
over the project lifetime. Unlike conventional methods that size for initial conditions
only, this approach ensures the BESS remains capable of performing its intended
function throughout its design life. The optimization function is a loop that performs a
forward simulation and degradation analysis, manually increasing the energy size until
the lifetime capacity constraint is satisfied. It finds the smallest BESS (starting from a
theoretical minimum) that is feasible across all constraints, with the degradation
constraint being the active one that drives the size up from the base case. The block

diagram is as per figure.

The core optimization logic, its objective, variables, constraints, and the algorithm is as

following.

3.2.5. Optimization objective
The primary goal is to find the smallest (cheapest) BESS that satisfies all operational

constraints, primarily:

< Power Constraint: It must be able to supply enough power to shave the peak
load down to the transmission line limit for the present and future load demands

until the designed year.

< Energy Constraint: It must have enough energy capacity to perform this peak
shaving throughout the day, considering its efficiency and maximum Depth of

Discharge (DoD) for considerable time.

< Lifetime Constraint (The Key Sophistication): Its size must be large enough
so that after degrading until the designed year will still have at least the
minimum BESS health of its original capacity remaining to perform its job as

specified by the designer.
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Figure 3.3: Optimization methodology

Therefore, the implicit objective is to minimize the BESS cost function:

Minimize Cost = Invertercost * Power + Batterycost * Energy

subject to the constraints below.
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Design variables
The algorithm searches for two optimal variables:

1. BESS size in MW (Power Capacity in MW)
2. BESS capacity in MWh (Energy Capacity in MWh)

Constraints
The solution must adhere to these hard constraints:

1. Power adequacy: BESS size in MW >= maximum load above the transmission
limit
2. Energy adequacy (Initial): BESS capacity in MWh >= (total deficit energy) /

(maximum DoD * charging n?)

3. Lifetime capacity: Remaining Capacity for the design year >= minimum
capacity at design year specified by the designer.

4. Minimum size: Power >= 0.5 MW, Energy >= 1.0 MWh (to avoid trivial
solutions).

Optimization algorithm
The function uses a manual iterative search with an "oversizing factor':

1. Calculate Initial "Base" Size:

< Required power = max (design load for 24h — MVA of the line) for any
year in the designed period.

+ Base energy = total deficit energy / (max DoD * charging %)

This is the smallest BESS that could theoretically handle one day without any

degradation.

2. Enter the Iterative Loop (up to 20 iterations):

a. Propose a Candidate BESS: Start with the base size (oversizing factor =
1.0). i.e 100% of base energy value is taken initially.

b. Simulate Operation: Perform the simulation for the required period with the
candidate size. This returns key performance data, most importantly the number
of cycles the BESS would undergo to oversee if the capacity is enough or not

for multiple days.
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c. Forecast Degradation: Using the results from the simulation (cycles per
day/year), project the total degradation for the design year using the
multiplicative model:
Remaining BESS capacity = (1 — calendar degradation)®¥**D * (1 — cycle
degradation)otalcyeles
d. Check the Key Constraint: Compare the forecasted remaining capacity to
the required minimum capacity for the design year.
e. Decision:
* If Constraint Met (remaining BESS capacity >= minimum capacity required
for the designed year input by the user): Exit the loop. The current candidate
size is the optimal solution.
* If Constraint Not Met: Increase the oversizing factor ( by 10%). The energy
capacity is recalculated as base energy * oversizing factor. A larger battery will
degrade more slowly on a per-cycle basis, thus meeting the lifetime
requirement. The loop repeats with this new, larger candidate.
3. Termination: The loop exits when the constraint is met or the oversizing
factor hits a safety cap (the value taken is 3.0). This means the loop terminates

if the Battery sizing 300% of base energy and issues warning to the user.

The results of battery and converter sizing is provided in Chapter 4: Results and
Discussion. With the objective to minimize the BESS cost function and the limitation
of Power Constraint, Energy Constraint and Lifetime Constraint (degradation), the

minimum size of BESS was computed.

Further, considering the uncertainties of load growth, BESS size was calculated at +
10 % of the assumed growth rate i.e 7.2% and 8.8%. The BESS size in MW, MWh,
remaining capacity, LCOS and cost of BESS for the abovementioned load growth was

compared to the original load growth projection of 8 %.

3.3.  Technoeconomic evaluation framework

The analysis utilizes optimal sizing parameters derived from MATLAB simulations
based on an 8% load growth projection. Considering market availability, the
corresponding BESS power and energy capacity were selected for the study. This BESS

configuration is used for the economic evaluation and a multi-year cash flow model
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over a 15 year project lifecycle is developed. The financial performance of the BESS is

then compared with that of a diesel generator providing equivalent grid support.

3.3.1. Input data and cost assumptions

To ensure a high fidelity report the framework utilizes realistic cost data sourced from
global BESS manufacturers, local equipment suppliers, and Nepal Electricity Authority
(NEA) tariff structure

% CAPEX (Capital Expenditure): Includes the total upfront investment required
for the system. This encompasses the cost of Lithium-ion battery modules
(LFP), the Power Conversion System (PCS/Inverters), the Battery Management
System (BMS), site preparation (civil works), and grid interconnection costs at
the Chanauli 33 kV bay.

% OPEX (Operating Expenditure):

Represents the ongoing costs to maintain and operate the system.

= Charging Cost: Calculated using the NEA Time-of-Day (ToD)

= Tariff. The system is modeled to charge during the "Off-Peak" window
(11:00 PM - 5:00 AM) to minimize energy input costs.

= Maintenance: Annual fixed O&M costs (typically 1.5-2% of CAPEX).

% Revenue Streams:

= Avoided Diesel Fuel Cost: The primary economic benefit is the
displacement of high-cost diesel generation.

= Energy Arbitrage & Sales: Value of energy units (kWh) served during
peak hours that would otherwise be curtailed due to line limits.

3.3.2. Financial performance indicators
The evaluation benchmark for BESS and Diesel Generator is established through four

key financial metrics, calculated using a Discounted Cash Flow model.
a. Levelized Cost of Storage/Energy (LCOS/LCOE)

LCOS/LCOE represents the average cost per kilowatt-hour of electricity discharged
from the storage system over its entire operational lifetime, incorporating all capital and

operational expenditures discounted to present value
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T t
2i=0 1+t

T EDischarge (t)
=0T (T )t

LCOS/LCOE =

LCOS/LCOE enables direct comparison between storage technologies with different
cost structures, lifetimes, and performance characteristics. For BESS, it captures the
critical impact of battery degradation on usable energy output over time. A lower LCOS
indicates more economical storage delivery, crucial for justifying BESS investments

against conventional alternatives in Nepal's cost sensitive energy sector.

b. Net Present Value (NPV)

NPV quantifies the net economic value created by a project by discounting all future

cash flows to their present value and subtracting initial investment

CF,
=y ——t_ 3-7
NPV ZO (1+1)t

Where CFo=—Co(initial investment) and CF; are net cash flows in subsequent years

Positive NPV indicates that the BESS project generates value exceeding its costs when
considering the time value of money. For the Chanauli application, NPV measures
whether the combined benefits of avoided load shedding, deferred infrastructure
investment, and energy arbitrage outweigh the substantial upfront cost of battery
technology, providing a clear go/no go decision criterion for NEA investment

committees
C. Internal Rate of Return (IRR)

IRR is the discount rate that makes the NPV of all project cash flows equal to zero,

representing the project's effective annual return on investment.

T
3-8
tz 1+ IRR)t

IRR provides a percentage-based measure of investment efficiency, allowing
comparison across different project types and scales. For BESS projects with high

initial costs and long term revenue IRR must exceed NEA's minimum required rate of
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return to justify capital investment. The parameter is particularly sensitive to battery
degradation rates and electricity price differentials making it a critical indicator of

BESS economically viable.
d. Payback Period

Payback Period measures the time required for cumulative project cash inflows to

recover the initial investment.

Pavback Total CAPEX 3.9
YDA = A nnual Net Cash Inflow

In Nepal's capital-constrained electricity sector, payback period indicates investment
risk and liquidity recovery speed. Shorter payback reduces exposure to long-term
uncertainties like technological obsolescence or regulatory changes. For BESS with
substantial upfront costs, achieving reasonable payback requires optimized operational
strategies and may benefit from policy support mechanisms during early market

placement

3.3.3. Decision framework

K/
*

% If NPVBess > NPVpg > 0 then BESS is economically superior

% 1f NPVps > NPVgess > 0 then DG is economically superior

‘0

If both NPV < 0 then Neither viable; reconsider project
If LCOSgEss < LCOSpgthen BESS delivers cheaper energy

L)

X/
o

Additional considerations

< Environmental benefits (zero emissions for BESS)
< Operational flexibility (fast response for BESS)

< Noise pollution (silent operation for BESS)

< Fuel dependency (import risk for DG)

This techno-economic framework provides a rigorous and transparent methodology for
evaluating BESS placement at Chanauli substation enabling the decision maker for the

investment with financial returns.
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CHAPTER FOUR: RESULTS AND DISCUSSION

This chapter discusses the results obtained from the techno economic assessment of
Battery Energy Storage System (BESS) integration at the Chanauli 33 kV Substation.
The analysis is based on actual substation load data, projected demand growth, and
network capacity constraints. MATLAB based analytical and iterative techniques are
employed to determine the optimal BESS size and operating strategy. The chapter
further evaluates the technical effectiveness of BESS in mitigating peak load violations
and compares its economic feasibility against a diesel generator alternative using

standard financial indicators.

4.1.  Load profile analysis

The daily load curve of 24 hours for last one year was obtained from the existing
substation record book of Nepal Electricity Authority, Chanauli Substation. The

baseline of this study is the current operational state of the Chanauli substation.

4.1.1. Daily and seasonal load profile
This section presents the measured load curve of the Chanauli 33/11 kV substation

under current operating conditions.

The load curve of summer in the month of Shrawan 02, 2082 when the summer peak

was recorded and is plotted as follows;

Daily Load Curve Summer
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Figure 4.1: Typical load curve during summer
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Similarly, the winter load curve of Mangsir 13, 2081 when the substation experience

minimum load compare to other months of winter and plotted as follows;

Daily Load Curve Winter (Mangsir)
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Figure 4.2: Typical load curve during winter

Likewise, the log sheet data of each months of winter and summer seasons of Chanauli
33 kV Feeder is processed in spreadsheet. The maximum winter and summer season

loading is plotted as follows:

Load Curve of Summer and Winter
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Figure 4.3: Load curve of summer and winter

From the above load curve, the existing Chanauli 33 kV line is operating in its almost

full load capacity during summer season due to the high residential and irrigational
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loads. But, during the winter season, load is found to be below the line loading capacity

of 16 MVA.

4.2.  Load growth projection and future congestion

From substation obtained log sheet data, the load growth of next one year and next two
fiscal years is forecasted with load increment of eight percent each year as per current
load growth scenario of Nepal Electricity Authority data. The summer and winter load

curve for next one year is plotted as follows;

Projected Load Curve Summer
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Figure 4.4: Projected load curve summer for one year

Projected Load Curve Winter
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Figure 4.5: Projected load curve winter for one year
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Similarly, the load for next two fiscal years is forecasted with load increment of eight
percent each year as per current load growth and the summer and winter load curve is

plotted as follows;

Load Curve Summer
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Figure 4.6: Projected load curve of summer for two year
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Figure 4.7: Projected load curve of winter for two year
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From the above load curve, it is observed that the existing line can fulfill the winter
peak in the next two year also but the summer peak will not be fulfilled from the existing
line. For summer season, the peak load begins to touch the 16 MVA line limit during
peak irrigation hours in the projected year 1. Furthermore, demand consistently violates
the 16 MVA line limit, indicating that without BESS or line upgradation or addition of

new line, the NEA must implement mandatory load shedding.

Upgradation of existing 33 kV line with equivalent new HTLS conductor will take
significant time of power curtailment for reconductoring of HTLS conductor and
construction of new line will take more than two years of time as Initial Environment
Examination (IEE) or Environment Impact Assessment (EIA) is mandatory for the line
route passes through conservation area and social issues regarding Right of Way (RoW)
clearance. Furthermore, the substation is supplied via single circuit transmission line,
hence upgrading the line means cutting the power for whole day which is not possible
given the importance of the load center. Therefore, alternative to address the above issue
is the implementation of mobile Battery Energy Storage System (BESS) or Diesel

Generator for supplying power during summer season.
4.3. BESS sizing and configuration results

4.3.1. Optimization input parameters

The following table summarizes the key technical, operational and economic input
parameters used for the BESS modeling and analysis. These parameters define the
system design limits, cost assumptions, degradation behavior and planning horizon
considered in the study and serve as the basis for simulating BESS performance under

future load and network constraints.

Table 4-1: Input parameter for BESS design

S.N. | Parameter Input Value
1 Enter no. of days for Plot (1-31) 31/5/1
2 BESS DC voltage (kV) 1.2

3 Max Depth of Discharge (80-20) (%) 80

4 Transmission capacity (MVA) 16
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5 Battery cost ($/kWh) 84
6 Inverter cost ($/kW) 31
7 Discount rate to calculate present value (%) 10
8 Total service life (years) 15
9 Annual calendar degradation rate (%) 0.5
10 Cycle degradation rate (% per full cycle) 0.01
11 Which year to design for (1-15) 2
12 Minimum remaining capacity in design year (90-30) (%) 60

4.3.2. Optimal BESS sizing results
The input load curve for the summer of 31 days resulted in the BESS size (MW) and
Capacity (MWh) as following table;

Table 4-2: Result with BESS size and capacity

S.N. Parameter Output Value
1 Optimized Power (MW) 1.9
2 Optimized Energy (MWh) 9.1
3 Actual DoD achieved (%) with accounting battery 80

degradation at the designed year.

4 Current Capacity in Year 2 (MWh) 8.88 (97.5%)

The output of optimum BESS sizing for the least cost as the optimizing function and
the given constraints was obtained. The results provided the cheapest BESS which
fulfills the job without load curtailment in next two years for the Chanauli 33kV

substation accounting for load growth projection of 8 %.

4.3.3. Operational dynamics

The simulation starts with the consideration that the battery is initially fully charged.
The output curve for BESS optimization with load curve Battery Charge/discharge
cycle and Battery state of charge for 31 days considering the design period of 2 years
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and the size of BESS accounting with battery degradation, remaining capacity, and

allowed DOD is as per following figure;

Optimized BESS [1.9 MW/9.1 MWh]
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Figure 4.8: BESS optimization curve for 31 days in designed year

For the better observation purpose, the output curve for BESS optimization with load
curve Battery Charge/discharge cycle and Battery state of charge during operation for

5 days is as per following figure;
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Figure 4.10: BESS optimization curve for 1 days in designed year

The above figures 4.8, 4.9 and 4.10 illustrate the operational performance of the
optimized 1.9 MW / 9.1 MWh BESS in mitigating transmission or substation
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congestion while maintaining feasible battery operation. The top panels show that the
original load periodically exceeds the 16 MVA transmission limit, whereas the BESS
effectively flattens the load profile by shaving peaks and keeping the net load within
the allowable limit. The middle panels depict BESS power flow, where positive power
indicates charging during low-load periods (off peak) and negative power indicates
discharging during peak demand, demonstrating a consistent peak-shaving strategy.
The bottom panels present the state of charge (SOC), confirming that the BESS operates
within defined SOC bounds and cycles regularly without violating minimum capacity
constraints. Overall, the above figures demonstrate that the optimized BESS size is
sufficient to relieve congestion, smooth load variability, and sustain reliable operation
over daily to monthly time scales.

The component wise battery degradation and absolute capacity consumption over
design period is per the following figure;
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Figure 4.11: Battery degradation and absolute capacity for designed year

This figure illustrates battery degradation over time in two parts. The top panel shows
capacity loss percentage from calendar and cycle aging with total capacity declining
until it meets the minimum requirement. The bottom panel displays absolute capacity
in MWh, using specific yearly cycle counts and degradation rates to quantify the loss.
At Year 2, the battery retains 8.88 MWh, or 97.5% of its original capacity. Together,

these panels help visualize both relative and absolute battery health across its lifespan.

From the above output figure and result, we can conclude that the BESS is sized such
that it does not violate the maximum allowable depth of discharge (DOD) and maintains

the minimum required state of charge (SOC) for the designed operating period. This
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type of mobile BESS serves as a temporary solution and is installed at substations
supplied by overloaded transmission lines or at substations expected to experience
overloading in the near future. The mobile BESS provides the utility with sufficient
time to construct a new transmission line after which the BESS can be relocated to

another substation facing a similar constraint.

4.3.4. Sensitivity analysis

A sensitivity analysis of BESS sizing under different load growth projections to account
for future demand uncertainty at the substation. Load growth of £10% of assumed load
growth of 8% i.e 7.2% and 8.8% along with assumed load growth projection of 8% are
considered to represent low, medium and high demand expansion scenarios. For each
scenario, the required BESS power and energy capacities are reassessed to ensure
effective mitigation of peak load violations and line congestion. The analysis highlights
how increasing load growth directly influences the optimal BESS size, cost and LCOS.

The results are summarized in the following table to facilitate comparison across

scenarios.
Table 4-3: Sensitivity analysis of BESS
7.2% 8.0% 8.8%
S.N. | Parameter Load Load Load
Growth Growth Growth
1 Optimized Power (MW) 1.7 1.9 2.2
2 Optimized Energy (MWh) 7.1 9.1 11.0

6.78 8.88 10.74

3 Current Capacity in Year 2 (MWh)
(97.5%) (97.5%) (97.7%)

Total Cost (CAPEX & OPEX)
4 273 344 413
(M NRs.)

5 LCOS (NRs./kWh) 13.05 12.86 12.76

The above analysis evaluates three BESS configurations sized for 7.2%, 8.0%, and
8.8% annual load growth. Larger systems support higher power and energy needs, with

optimized capacities ranging from 7.1 MWh to 11.0 MWh. While upfront costs increase
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with size, LCOS slightly decreases, indicating better long-term economics for larger
installations. All systems maintain high capacity retention in Year 2 (~97.5-97.7%),
supporting reliable long-term operation. The results suggest that scaling BESS size with

load growth improves cost efficiency and system viability over time.

4.4.  Financial and economic analysis

The optimal BESS size of 1.9 MW and 9.1 MWh, derived from MATLAB simulations,
was reconfigured to 2 MW and 10 MWh based on market availability for the purpose
of economic evaluation. A multiyear cash flow model over a 15 years project lifecycle
was developed for this BESS configuration and compared with a diesel generator of
equivalent power and energy capacity. The financial evaluation framework was
established using cost and performance inputs from ADB reports, manufacturer and
supplier data, NEA tariff data as well as published studies from EMBER and IRENA

etc.

4.4.1. Cost assumptions and input parameters

The table 4.4 presents the key cost, revenue, and financial parameters used for the
comparative techno-economic evaluation of the Battery Energy Storage System (BESS)
and the diesel generator (DG) alternative. The capital expenditure (CAPEX)
components capture major equipment, installation, land, and miscellaneous costs based
on NEA practice, supplier data, and international reference reports. Operational
expenditure (OPEX) assumptions include routine operation and maintenance,
insurance, fuel consumption and escalation rates to reflect long-term cost behavior.
Revenue parameters are derived from prevailing NEA electricity tariffs for energy
charging and selling. Common financial assumptions such as discount rate, project life,
and exchange rate, ensure a consistent basis for comparing the economic performance

of BESS and DG options.
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Table 4-4: Financial input parameters

Parameter BESS DG Unit Source
CAPEX
3?;%%* 84 i USD/kWh | ADB Hand Book
Report and EMBER
Report and Supplier
cml\s/[ {8{] )Inverter 31 i USD/KW Data
MV
Transformer 3 .
MVA 65625 Set (USD) NEA Practice
(0.4/33 kV)
Storage
Container for Per ADB Hand Book
Battery (2 21000 Container Report and EMBER
MWh per (USD) Report and Supplier
Container) with Data
PCS
Supplier/
Generator Set - 125 USD/kVA Manufacturer Data
Transportation, Lump sum
Construction & 10726 39750 (US]l)D) NEA Practice
Installation
Land Cost for Lump sum .
BESS Container 17143 (USD) NEA Practice
Miscellaneous Lump sum .
Cost 38705 3975 (USD) NEA Practice
OPEX
I?Az?;?;f;lnfce 10% of 10% of % Maintenance contracts
(1]
costs CAPEX CAPEX
Increment in 2.00% 2.00%
O/M cost per per % NEA Practice
annum annum
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Parameter BESS DG Unit Source
m O & m O &
M cost M cost
0.1% 0.1%
Insurance of of % NEA Practice
CAPEX CAPEX
1% of
Periodic CAPEX
Maintenance every % NEA Practice
Cost five
years
1% per
Increment in annum 0 )
Fuel Cost in Fuel % NEA Practice
Cost
Fuel Cost - 146 NRs./Ltr. NOC price
Fuel . 0.195 Ltr/kWh Supplier/Manufacturer
Consumption Data
Revenue
Parameters
Selling Rate 13.5 13.5 NRs./kWh NEA Tariff
. NEA Tariff for
Charging Rate 7.15 NRs./kWh Off Peak
Financial
Parameters
Discount Rate 10 10 %
Economic Year 15 15 years Analysis period
Exchange Rate 140 140 NRs./USD NRB Rate
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4.4.2. Capital and operational cost comparison
The following table 4.5 compares the capital (CAPEX) and operational (OPEX) costs
of a BESS and a diesel generator.

Table 4-5 : Cost structure comparison

Cost Component BESS DG Remarks
CAPEX (MUSD)

Battery Pack (10 MWh) 0.84

PCS & Inverter (2 MW) 0.06

MYV Transformer 3 MVA

(0.4/33 kV) 007

Storage Container for Batt.ery 011

(2 MWh per Container) with PCS

Generator Set 0.31
;l"nr;r;{)a(;gi[ion, Construction & 0.01 0.01
Land Cost for BESS Container 0.02

Miscellaneous Cost 0.04 0.001
Total CAPEX (M USD) 1.14 0.32
Total CAPEX (M NRs.) 159.49 44.71
OPEX (M NRs.)

Battery Charging Cost 210.29

Qperati'on & Maigtenagce costs 276 11
(including Periodic Maintenance)

Insurance 2.39 0.67
El(l)e;)COSt (including Increment in Fuel 7627.59
Total OPEX (M NRs.) 215.44 7630.37
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The cost comparison shows that the BESS requires a more upfront capital investment
than the diesel generator, with a CAPEX of NRs. 159.49 million compared to NRs.
44.71 million. The most significant difference arises in operating costs, where the BESS
incurs a total OPEX of only NRs. 215.44 million, while the diesel generator’s OPEX
escalates to NRs. 7,630.37 million, mainly due to high and increasing fuel costs. In
addition, operation and maintenance expenses for the BESS are considerably lower,
while insurance costs remain comparable for both options. When lifecycle costs are
considered, diesel generation becomes economically unsustainable for frequent or long-
term operation. Overall, the mobile BESS emerges as a far more cost-effective, reliable,

and flexible solution for temporary grid support at overloaded substations.

4.4.3. Financial results parameter

The following table 4.6 presents a financial evaluation of a BESS and a diesel generator
under different energy selling rates. Key metrics include simple payback period, net
present value (NPV) of benefits and costs, benefit-cost ratio, internal rate of return
(IRR), and levelized cost of storage/energy (LCOS/LCOE). This comparison illustrates
how varying the energy selling price impacts the economic viability of each technology,

highlighting trade-offs between upfront investment, long-term returns and cost-

effectiveness.
Table 4-6: Financial performance parameter
Parameter BESS @ Energy Diesel Generator (@ Energy Selling
Selling Rate Rate (NRs./kWh)
(NRs./kWh)
13.5 18.0 13.5 18.0 30.5
Simple Payback 13.06 7.05 - - 4.37
Period (Years)
NPV Benefits 183.03 244.04 1,553.67 2,071.56 | 3,510.15
(M NRs.)
NPV Cost 244.26 244.26 3,497.95 3,497.95 | 3,497.95
(M NRs.)
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Parameter BESS @ Energy Diesel Generator @ Energy Selling
Selling Rate Rate (NRs./kWh)
(NRs./kWh)
13.5 18.0 13.5 18.0 30.5
NPV Benefits- (61.23) (0.22) (1,426.38)] 12.20
Cost (1,944.27)
(M NRs.)
Benefit cost 0.75 1.00 0.44 0.59 1.00
ratio
IRR 1.67% 9.97% - - 6.4%
(LCOS/LCOE) 12.75 12.75 30.74 30.74 30.74
(NRs./kWh)

The financial evaluation compares BESS and diesel generation under different energy
selling rates and shows that BESS performance improves as the selling tariff increases.
At an energy selling rate of NRs. 13.5/kWh, the BESS project is not financially viable,
with a negative NPV and IRR of 1.67%. For the viability of BESS with benefit cost
ratio to be 1, the energy selling rate to be increased to NRs. 18/kWh, the BESS achieves
a positive IRR of 9.97% with a simple payback period of about 7 years, although the
NPV remains slightly negative. In contrast, diesel generation shows very high NPV
benefits due to higher energy revenues but also extremely high costs, resulting in
strongly negative net NPVs at lower tariffs. Even at a high tariff of NRs. 30.5/kWh, the
diesel generator only approaches breakeven, with a benefit—cost ratio close to unity and
a marginal IRR of about 6.4. The benefit—cost ratio of BESS remains higher than that
of diesel at comparable tariffs, indicating better relative efficiency. The LCOS of BESS
is around NRs. 12.75/kWh, which is less than half of the diesel LCOE of about NRs.
30.74/kWh. Overall, while both options struggle to achieve strong financial returns at
NEA present tariffs, BESS demonstrates lower lifecycle cost, better economic

resilience, and superior long-term viability compared to diesel generation.
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4.5.  Tonne of Oil Equivalent of BESS

Tonne of Oil Equivalent (toe) of BESS is a way to express the energy delivered or
displaced by a Battery Energy Storage System in terms of equivalent fossil fuel energy,
specifically oil.

The toe associated with a BESS is usually calculated based on the net electrical energy

supplied or diesel generation displaced:

Annual energy discharged by BESS (kWh)
11630

toe =

=1.96*1000000/11630

=168.6
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CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

This study evaluated the techno-economic feasibility a BESS placement at the NEA,
Chanauli 33/11 kV Substation to mitigate transmission/distribution line congestion.
Based on detailed analysis of substation load data, seasonal load variation and projected
demand growth of 8% increment in load, the existing 33 kV transmission line operates
near its thermal limit during summer peak periods and will frequently violate the 16
MVA line limit constraint within the next two years challenging reliability and energy

security if NEA does not take any corrective measures immediately.

Using MATLAB based iterative optimization an optimal BESS size of 1.9 MW / 9.1
MWh was determined which also satisfies battery's maximum depth of discharge
constraints and minimum state of charge requirements considering battery degradation
over the design period of 2 years. The optimized BESS effectively shaves peak demand
during critical summer hours by charging during off-peak periods and discharging

during peak demand and preventing line overloading without any curtailment of load.

From an economic point of view, the BESS placement demonstrates a clear lifecycle
cost advantage over the diesel generator alternative. Even though both options require
high capital investment, the diesel generator incurs extremely high operating costs due
to fuel consumption and fuel price escalation. However, the BESS exhibits significantly
lower and more predictable operating costs. The LCOS of the BESS is approximately
NRs. 12.75/kWh which is less than half of the diesel generator’s LCOE i.e NRs. 30.74/
kWh. Financial analysis further indicates that while BESS profitability is sensitive to
energy selling tariffs, it performs better than diesel generation under all comparable

tariff scenarios.

Moreover, the BESS also contributes to fuel displacement equivalent to approximately
168.6 tonnes of oil equivalent (toe) annually emphasizing its role in reducing fossil

fuel dependence, emissions and fuel import.

Overall, the results confirm that mobile BESS provides a technically effective,
economically robust and environmentally sustainable temporary solution for
transmission line congestion management at the Chanauli Substation until permanent

network reinforcement measures are implemented.
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5.2. Recommendations

Based on the findings of this study, the following recommendations are made:

1.

Nepal Electricity Authority may implement the proposed 2 MW / 10 MWh mobile
BESS as per the market availability at Chanauli Substation as an immediate

mitigation measure to address summer peak congestion and avoid forced load

shedding.

. BESS should be treated as a means that can be implemented and relocated to other

substations facing similar transmission constraints once permanent line upgrades or

new transmission lines are commissioned.

. Diesel generators should be avoided for daily or long duration grid support due to

their high operating cost, fuel price escalation and environmental impact. BESS

offers superior long term economic and operational performance.

. For the financial viability of BESS, NEA should consider suitable tariff mechanisms,

peak-shaving incentives or ancillary service compensation for BESS placement.

. Additional analysis on network losses reduction, voltage regulation benefits and

ancillary services such as frequency support may further strengthen the case for

BESS placement at distribution substations.

. The methodology adopted in this study can be replicated for other constrained

substations within the NEA network to systematically identify locations where
mobile BESS as an immediate solution to mitigate the line overloading constructing

new line is not feasible.

. Future studies should assess the integration of BESS with local renewable energy

sources such as solar PV to further reduce charging costs and enhance system

sustainability.
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Feasibility Analysis of Battery Energy Storage Systems in Nepal: A
Techno-Economic Case Study of Chanauli 33 kV Substation
Shiva Ram Tamrakar ' *, Ajay Kumar Jha' *, Jeetendra Chandhary”

! Department of Mechanical and Aerospace Engineering, Institute of Engineering. Tribhuvan University
* Department of Electrical Engineering, Institute of Engineering, Tribhuvan University

Abstract

Mepal's electricity system is dominated by RoR hydropower which leads to significant seasonal imbalances and transmission
and distribution metworks are also oper-ating with congestion due to not having effective implementation of transmission
and dis-tribution expansion plan. Conventional grid reinforcement options such as line upgrading or new transmission
construction has many limitations like high capital costs, long imple-mentation periods and environmental and social
challenges. In this scenario, Baitery Energy Storage Systems (BESS) could be a promising alternative for enhancing grid
flexibility and relishility. This study highlights a wechno-economic analysis of BESS placement at the Chanauli 33711 kV
substation in Mepal. The analysis is based on actual hourly load data obtained from the Nepal Electricity Authority, projected
load growth and ransmission line loading limit. MATLAB based iterative optimization approach is used to determine BESS
Size and capacity considering operational constraints and battery degradation over a 2 year planning horizon. The resulis
dermonstrated that BESS with rated capacity of 1.9 MW /9.1 MWh is sufficient enough to mitigate projected summer peak
overloads through effective peak shaving within depth of discharge and state of charge design limits.

Keywords: Banery Energy Storage System, overload mitigation

L. Introduoction signed decades ago and now operates near thermal and voli-

age stability limits, particulary during seasonal agricultural

Mepal's energy sector is endowed with substantial hy-
dropower resources, with an estimated theoretical potential
exceading 83,000 MW, Nepal Electricity Authoriny {2025)
report that, despite this abundance, electricity generation
is dominated by seasonal run-of-river (RoR) hydropower
planis. While these plants produce significant energy dur-
ing the monsoon, limited storage constraing dry-season gen-
eration, cansing pronounced seasonal supply—demand im-
balances and difficulties in meeting peak load requirements
{Shrestha, 2027, Rising electricity demand further high-
lights the need for flexible system resources capahle of en-
hancing operational resilience and reliability.

The country’s transmission and distribution infrastruc-
tre faces increasing siress. Muoch of the network was de-
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Department of Mechsical sd Aerospace Enginssring.
1 of Engi g T Usiversity

Email: akjha@ivesdu.np
{Received:, Accepiad: to be flled by Ediscerial Board)
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peaks (Mepal Electrcity Authority, 2025). Conventional re-
inforcement measures, such as conductor uprating of new
rransmission lines, are capital intensive, tme consuming,
and often constrained by geography, environmental con-
cemns, and social factors (Kishore and Singal, 2004). In
this context, non-wire alternatives (NWaAs), including Bat-
tery Energy Storage Systems (BESS), offer a promising ap-
proach o relieve network congestion and defer costly up-
grades.

Electrical Energy Storage (EES) encompasses technolo-
gies such s pamped hydro, fywheels, compressed air,
and bateries. Among these, lithium-ion batteries have
emerged as a leading solution for grid-scabe applications
due to declining costs, high efficiency, and modular scala-
bality {Hesse, 20107; Luo et al., 2004, Mongird et al_, 2020).
Stationary BESS design considerations—including sys-
tem architecture, power comversion, and thermal manage-
mient—are critical for safe and reliable operation {Mehrir,
2022 Despite growing global sdoption, studies on BESS
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deployment in Nepals hydropower-dominated, seasonally
constrained grid remain limited.

BESS can provide muliple services, including peak
shaving, frequency regulation, voltage support, conges-
tion management, and renewable integration. Multi-service
operstion generally yields grester economic benefits than
single-service applications (Engels et al., 2020 Nick et al.,
2004 PandFié etal., 2005 Yang et al_, 2014y, while simpler
strategies—charging off-peak and discharging during peak
hours—can effectively redwee demand charges and defer
network upgrades (Hoon and Hkn, 2020 Shrestha, 20275
Srojan et al., 2019). Stacking services further enhances fi-
nancial retums when operational constraints are properly
modeled (Gantz et al., 2005, He, 2000, Mohsenian-rad,
2016, Nair et al, 2021).

Optimal BESS sizing, considering both power and en-
ergy capacity, is critical for economic viahility and can em-
ploy mle-based or stochastic optimization accounting for
load and renewable uncerainties. Battery degradation, in-
cluding cabendar and cycle aging, impacts long-term per-
formance and lifecycle costs. Other emerging sirategies.
such as continuous-time distributed unit commitment, have
also been explored fo coordinate generation and storage
undier variable renewahle output and seasonal constraints
{Lamichhane et al., 2025). Degradation-aware sizing has
been shown to improve operational reliability, reduce net-
work losses, and defer infrastruc wre invesiments.

Economic evaluation of BESS typically relies on metrics
anch as Met Present Valoe (NPV), Inernal Rate of Bewrm
{IRR}, and Lewvelized Cost of Storage (LCOS), with com-
parisons to conventional alternatives like diesel generators
{Shrestha, 2023). Sensitivity analyses on cost, electricity
prices. and degradation rates are critical, particularly when
accounting for Mepal-specific factors such as import duties,
local labor costs, and socio-economic benefits of avodded
load shedding.

In hydropower-dominated systems like Nepal's, BESS
provides a strategic opporiunity 1o complement existing
generation, mitigate seasonal variability, and support peak
load management. Motivated by this potential, this study
investigates the deployment of a lithium-ion BESS at the
Chanauli 33711 kV substation operated by the Mepal Elec-
tricity Aunthority, a critical power hab for southwestern Chit-
wan. Technical feasibility, economic viability, and opera-
tional benefits are evaluated using key performance indica-
tors including optimal power and energy sizing, round-trip
efficiency, capital and operational expenditures, and lev-
elized cost of storagefenergy (LCOS/LCOE).

2. Methodology

This section delinestes the research framework em-
ploved o achieve the techme-economic optimization of Bat-
tery Energy Storage System (BESS) at the Chanauli 33 kV

substatbon. The methodology imegrates load data process-
ing. MATLAR bhased iterative sizing, and a comprehensive
financial modeling approach to compare BESS against tra-
ditional Diesel Generator (DG solutions.

2.1. Data Collection and Processing

Chanauli Substation is distribution substation sinated
in south west of Chitwan district with its wotal capac-
ity of 24 MVA (16+8). One circoit of 33 KV ransmis-
sionfdistribution ling is feeding power 1o this substation
from Mepal Electricity Authority existing high voltage grid
substatbon namely Bharatpar 132 kW substation with its ca-
pacity of 60 MVA of 13233 kW and 45 MVA of 13211 kV.
From Chanauli 33/11 kV substation, one 33 kY line is also
leaving towards Madi 33 kV substation. The power demand
in in the surnmer in the Chanauli substation exceeds its line
loading capacity. As per the record of existing substation
data, the maximum leading of Bharatpur-Chanauli 33 kV
lime is 297 A (208204706 and Ty which is maximum limdt
fior existing DOG ACSRE conductor.

Historical hourly load data for Chanaoli 33/11 KV sub-
station was obtained from MNepal Electricity Authority
(NEA) operational records spanning fiscal year 2080VE]
(223724, The dataset comprises 8760 hourly measure-
ments, enabling detailed analysis of daily, weekly and sea-
sonal patberns.

Technical specifications of the existing 33 kW transmis-
sion line were extracted from NEA design documents and
oper-ational manuals. Key parameters include:

= Conductor type: ACSE DOG (6/1/3.35 mm)

= Maximum current rating: 280 A

+ Line Lingth: 21 km

= Resistance: 0.2732 Ohm'kom st 20 degree Celcius

= Reactance: 0401 Ohmkm

Cost parameters were collected through ADB Report
and Manufacturen/Supplier data, NEA tanff Data and Lo-
cal supplier data for diesel gemerior systems. Battery
performance charscteristics were obtained from techni-
cal datasheets of commercial LFP (Lithium Iron Phos-
phate) battery systems, inclading efficiency curves, degra-
dation profiles and operational limits. Funore load profiles
were generated by applying compound annual growth rates
(CAGR) of #% based on NEA' historical demand growth
trends, while preserving the underlying daily load shape.

2.2, Technical Analysis Framework

The maximom power transfer capacity of the existing
transmission ling is calculated using standard power system
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relationships:
R

Vg Iy, coB g i1)

where Vip = 33 kV is the line-to-ling voltage, fne. =
280 A is the maximum continuous current rating of the
ACSR DOG conductor, and cos ¢ = 0.95 is the assumed
operating power factor based on NEA standards. Using (1),
the maximum active and apparent power transfer limits are

Pope = 152 MW, Hne = 16 MVAL (2)

These values establish the baseline transmission constraint
against which load profiles are evaluated.

211 BESS Power Rating Determination
The instantaneous power deficit at tme § is defined as

Flarlt) = mas (0, Fgglt) — Fraz) (3

where Puea(t] is the system load. The minimum requirsd
BESS power rating is then obtained as

FiEds = may Fuerlt). )

with T representing the entire study period (typically one
year of hourly data).

212 Energy Storage Requirement

The daily energy deficit is computed by imegrating the
power deficit over a 24-hour period:

Y
Eﬂr =ZPH{:;|A.:. (5}

=l

where Af = 1 hour.

Accounting for round-trip efficiency and operational
depth-of-discharge limits, the base BESS energy capacity
is calculated as

.E%-E‘:_;=—Mr—. 1]

where f = .85 15 the round-irip efficiency and DoDyyae =
(.30 is the maximuom allowable depth of discharge.

This study uses iterative sizing approach thar explicitly
accounts for battery degradation over the project lifetime.
Unlike conventional methods that size for initial conditions
only, this approach ensures the BESS remains capable of
perform-ing its intended function throughowt its design life.
The optimization function is a loop that performs a forward
simulation and degradation analysis, manually increasing
the energy size until the lifetime capacity consiraint is satis-
fied. Ii finds the smallest BESS (starting from a theoretical

minimum) that is feasible scross all constraints, with the
degradation constraint being the active one that drives the
size up from the base case. The block diagram is as per
figure. The core optimization logic, its objective, varizhles,
constraints, and the algorthm is in following section.

23, BESS Optimization Objective and Sizing
Methodology

The objective is o determine the minimum-cost battery
energy storage system (BESS) that satisfies power, energy,
and lifetime constraints over the design horizon.

131 Optimization Constraints
The BESS sizing is subject wo the following constrainis:
* Power constraint:

Fypss » max (Loads , — Transmission Limit) (7)

* Energy constraint:

Esticit
By & ——
Epss = Dol . = iy &
= Lifetime constraint:

* Minimum sizing constralnts:

Fhess = 05 MW,  Fgss > LOMWH  (10)

132 Ohjective Function
The implicit opiimization problem is formulated as
min Cost = e PrEss + One EREss, {1}

where e, and 0y, denote the inverter and battery energy
costa, respectively. The decision variables are Paess and
Epggss.

233 [lterative Energy Oversizing Approach

Due to the coupling between operational dispatch and bat-
tery degradation, a direct analytical solution is not pur-
sued.  Instead, an ierative energy-oversizing approach is
employed. The base energy requirement is computed as

Eetic
Eie = T D wm’ {12y
which represents the minimum theoretical energy capacity
neglecting lifetime degradation.
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Starting from Feess = Fiuse, ime-domain simuolations
are performed to estimate the wtal nomber of charge—
discharge cycles over the evaluation period. The remain-
ing usahle capacity at the design year is projected using a
multiplicative degradation model:

:In'.._...-n {1— D‘:,::.:IN“""' )

(13)
where Diendar and Do represent calendar and per-cycle
degradation rates, respectively.

If the lifetime constraint in (9) is violated, the emergy ca-
[pacity is increased by a fixed oversizing factor of 105, and
the procedure is repeated. The amallest BESS size satis-
fying all constraints is selected, with the oversizing factor
capped at 3.0 1o ensure practical and economically reason-
able designs.

24. Techno-Economic Evaluation Framework

A techno-economic evaloation framework is developed
o assess the feasibility of deploying a Banery Energy Stor-
age System (BESS) at the Chanauli 33 kV substation. Op-
timeal sizing resulis obtained from MATLAB simulations
{19 MW 7 159 MWh) are converted into a discounted cash
flow model over a 10-year project lifecycle.

The financial model incorporates realistic cost and tar-
iff assumptions derived from global BESS suppliers, lo-
cal equipment vendors, and the Nepal Eleciricity Authorty
{MEA) The key economic components considered in the
analysis are summarized as follows:

Creensising = (1 — Dicatmate

= Capital Expenditure (CAPEX): Battery modules
(LFP), power conversion system, balance-of-plant,
civil works, and grid imerconnection at the Chanaoli
33 kV bay.

= Operating Expenditure (OPEX): Off-peak charging
costs based on NEA Time-of-Day tariffs and annual
operation and mainienance cosis.

« Revenue Streams: Avoided diesel generation costs
and valoe of energy supplied during peak howrs con-
atrained by line limits.

Project viability is evaluated using standard discounted
cash flow—based financial performance indicators, enabling
direct comparizon between the BESS and a diesel genera-
tion allernative:

= Levelized Cost of Storage/Energy (LCOSTL.COE):
Measures the average cost of delivered energy over the
system lifetime, accounting for battery degradation.

= Met Present Valoe (WFV): Indicates the net economic
value created by the project considering the time valoe
of money.

Liad Curvn of Summer and Winter

— M ——faEwee PO

Figure l. Represemiative daily load profile of the Chamauli
3311 kV subslation.

= Internal Rate of Return (IRR): Represents the effiec-
tive annual refurn on investment.

= Payback Perbd: Estimates the time required to re-
cover the initial capital investment.

A comparative decision framework is adopted 1o deter-
mine sconomic preference between BESS and diesel gener-
ation based on NPV and LOOS, supplemented by gualita-
tive considerations such as emissions, operational flexibil-
ity, and fuel dependency. This framework provides a rans-
parent and consistent basis for investment decision-making
fior grid-scale BESS deployment in Nepal's distribation net-
work.

3. Results and discussion

This section presents the resulis of the techno-economic
asspssment of Battery Energy Storage System (BESS) inte-
gration at the Chanauli 33411 k% substation, based on mea-
sured substation load data, projected demand growth, and
existing network capacity constraints. MATLAB-based an-
alytical and iterative methods are employed to analyze sea-
sonal load behavior, identify congestion periods, and eval-
uate the suitability of BESS as a non-wires aliermative 1o
conventional network reinforcement.

Analysis of historical operating data shows a pronounced
seasonal variation in demand. During the summer sea-
son, driven mainly by residential and irrigation loads, the
Chanauli 33 kV feeder operates close to its thermal limdt
of 16 MVA for extended periods, whereas winter demand
remsaing significantly below the line capacity. A represen-
tative daily load profile illusirating this seasonal disparity
is shown in Fig. |. This contrast establishes the baseline
operating condition of the substation and highlights the in-
efficient utilization of network ¢ apacity across seasons.

Future load projections sssuming an annoal growth rate
of 8% indicate that while the existing feeder can continue to
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Projected Load Curve Winter
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Figure 2. Projected summer peak load under 8% annual demand
growth.

satisfy winter peak demand over the next two years, sum-
mer peak demand increasingly violates the 16 MVA line
limit. As illustrated in Fig. 2, congestion first appears dur-
ing peak irmigation hours in the first projected year and be-
comes persistent thereafter. Considering the long imple-
mentation timelines, environmental clearance requirements,
and right-of-way challenges associated with line upgrada-
tion or new line construction, these results demonstrate the
technical necessity of deploying BESS to mitigate summer
peak congestion and avoid mandatory load shedding.

3.1. BESS Sizing and Configuration Results

The optimal BESS size is determined using an itera-
tive techno-economic sizing algorithm based on summer
peak load conditions, projected demand growth, and bat-
tery degradation constraints. Key input parameters include
transmission capacity, allowable depth of discharge. battery
and inverter costs, degradation rates, discount rate, and the
target design year. These parameters are selected to reflect
realistic operating conditions and economic assumptions for
utility-scale BESS deployment at the Chanauli substation.

Using a representative 31-day summer load profile, the
optimization yields an optimal BESS rating of 1.9 MW with
an energy capacity of 9.11 MWh. The solution satisfies all
operational constraints, including an allowable depth of dis-
charge of 804 and a minimum remaining capacity require-
ment of 60% in the design year. Accounting for both calen-
dar and cycle degradation, the available energy capacity in
the second year remains above 97% of the nominal value,
confirming adequate margin for reliable operation. The op-
timized configuration represents the least-cost solution ca-
pable of mitigating projected summer congestion without
load curtailment over the planning horizon.

The operational behavior of the optimized BESS is il-
lustrated through simulated charge—discharge profiles and
state-of-charge (SOC) trajectories for different time win-
dows. Fig. 3 presents the BESS operation over 31 days in
the design year, while Fig. 4 and Fig. 5 provide zoomed-in

T

%\W‘h\ NWH\\"HWMW‘M i

'v/!v/"' .'\/\'.\/l\//\l,;\/g"

-

Figure 4. BESS optimization curve for 5 days in designed year

views over S-day and 1-day periods, respectively. The re-
sults show that the BESS coansistently charges during NEA
off-peak hours and discharges during moening and evening
peak demand periods, effectively reducing transmission
congestion without violating SOC or depth-of-discharge
limits. Battery degradation trends and absolute capacity re-
duction over the design period are shown in Fig. 6, confirm-
ing that degradation remains within acceptable limits.

Overall, the results demonstrate that a properly sized
mobile BESS can serve as an effective non-wires alterna-
tive for congestion relief at substations supplied by over-
loaded transmission lines. Such a solution provides opera-
tional flexibility and sufficient lead time for permanent net-
work reinforcement, after which the BESS can be relocated
to other constrained substations within the distribution net-
work.
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-

Figure 6. Battery degradation and absolute capacity for designed
year

3.2, Financial and Econsmic Analysis

The optimized BESS configuration is evaluated using a
discounted cash flow—based financial model incorporating
cost data from imernational reporns (ADE. IRENA, EM-
BER), manufacturer quotations, and Nepal Electricity Au-
thority (WEA) tariff stroctures. The analysis compares the
economic performance of the BESS against a diesel gener-
ator (DG alternative over a 1 5-year project horizon using a
discount rate of 10%.

Capital and operating cost comparisons indicate a
clear economic distinction between the two technologies.
While the BESS mequires a higher upfront investment
(NRs. 15949 million) compared to the diesel generator
({MRs. 4471 million), the most significant difference arises
in operating costs. The BESS incurs relatively low lifecycle
operating expenditune, primarily associated with off-peak
charging and routine maintenance, whereas the diesel gen-
erator exhibits extremely high OPEX driven by fuel con-
sumiption and fuel price escalation. As a resolt, diesel gen-
eration becomes economically unsustainable for frequent or
long-term operation.

Financial performance indicators further reinforce the
comparative advantage of BESS. At the prevailing NEA en-

Table 1. Lifecycle Cost Comparison

Cost Component BESS  Diesel Generator
Total CAPEX (M NRs.) 159.49 44.71

Total OFEX (M MEs.) 215.44 T.63037
LCOS/LCOE (NEsJ/kWh) 1275 30.74

ergy selling rate of NRs. 13.5/&Wh, the BESS project shows
marginal financial viability with a low IRE. while diesel
peneration exhibits large gross revenues but strongly nega-
tive net NPVs due to excessive fuel costs. As the selling tar-
iff increases, the BESS performance improves significantly,
achieving an IRE of 9.97% and a simple payback period
of approximately 7 years at NRs. 18.0/%&Wh. In contrast,
the diesel generator approaches breakeven only at very high
tariffs and remains highly sensitive to fuel price volatility.

In addition to direct financial metrics, the BESS provides
substantial energy displacement benefits. The annual en-
ergy delivered by the BESS comesponds to approximately
168.6 tonnes of o1l equivalent (ioe) of avoided diesel con-
surmption, highlighting its contribation 1o fuel import reduwe-
tion and emissions mitigation. Overall, the results demon-
strate that while both technologies face tarff sensitivity,
the BESS offers significantly lower lifecycle costs, superior
economic resilience, and stronger long-term viability com-
pared to diesel generation for grid suppon applications in
Mipal.

4. Conclusion and Recommendations

4.1. Conclusion

This study assessed the echno-economic feasibility of
deploying a Battery Energy Storage System (BESS) at the
MEA Chanauli 33/11 kV substation to mitigate present and
future transmission congestion. Analysis of historical load
data and projected demand growth of 8% per annum indi-
cates that the existing 33 kV feeder operates close w iis
thermal limit during summer peak periods and is expected
o violate the 16 MVA constraint within the next two years
without corrective action. despite adequate winter capaciny.

Using a MATLAB-hased iterative optimization frame-
work, an optimal BESS size of 1.9 MW /9.1 MWh was
wdentified, satisfying depth-of-discharge and state-of-charge
constraints while sccounting for battery degradation over
the design horizon. The optimized BESS effectively miti-
gates summer peak congestion by charging during off-peak
howrs and discharging during peak demand, thereby pre-
venting line overloading without load curtailment. The op-
erational behavior closely resembles that of pumped stor-
age, enabling efficient energy shifting without increasing
IFAMSMALLion siress.

Economic analysis demonsirates that BESS offers a clear
lifecyecle cost advantage over the diesel generator alterna-
tive. Although both options require significant upfront in-
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vestment, diesel generation incurs extremely high operating
costs due to fuel consumption and price escalation. The
BESS exhibitz substantially lower and more predictable op-
erating costs, with a levelized cost of storage of approxi-
mately NRs. 12.75/kWh, less than half of the diesel gener-
ator's levelized cost of energy. In addition, the BESS dis-
places approximately 168 tonnes of oil equivalent anmually,
contributing to reduced fuel imports and emissions. Owver-
all, the results confirm that mobile BESS provides a tech-
nically effective, sconomically robuast, and environmentally
snstainable interim solution for congestion management at
constrained substations.

4.2. Recommendations

Based on the findings of this study, the following recom-
mendations are proposed:

* MEA should deploy a mobile BESS of approximately
2 MW /10 MWh at the Chanauli substation as an im-
mediate mitigation measure o address summer peak
congestion and avoid forced load shedding.

BESS should be treated as a relocatable, iemporary as-
a2t that can be redeployed to other substations facing
similar constrainis once permanent ransmission op-
grades are completed.

Diezsel generators should be avoided for routine grid
support due o high operating costs, fuel price volatil-
iy, and environmental impacts.

Appropriate tariff mechanisms, peak-shaving incen-
tives, of ancillary service compensation should be con-
sadered to improve the financial viahility of BESS in-
WESImEnis.

Future studies should investigate co-optimization of
BESS with renewable energy sources, such as solar
PV, and evaluate additional system benefits including
voltage regulation, loss reduction, and ancillary ser-
ViCEs.

The methodology presented in this study can be read-
ily replicated across other constrained substations within
the NEA netwaork to systeratically identify locations where
mobile BESS deployment can defer costly transmission in-
frasiructure investments.
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Appendix 11: System load curve (maximum demand)

Ashadh 17, 2082 (July 1, 2025) Tuesday
)

Load Dispatch Center
System Load Curve l Annual System PeakLoad 2900.88 MW at 19:40 hr

| National Peak Load 2213.88 MW at 19:40 hr
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Monthly Peak Demand, MW

Appendix 12: Capacity balance (MW) in FY 2081/82 (2024/25)

Capacity Balance (MW) (FY 2081/82, 2024/25)
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Appendix 13: Energy balance in GWh of 2081/82 (2024/25)

Energy Balance (MWh) (FY 2081/82, 2024/25)
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Appendix 14: Current and projected load profile of summer Season

Time/ | Current Summer Summer Max Next One | Summer Max Next Two
Day Max (MVA) Year (MVA) Year (MVA)
1:00 11.9 12.87 13.90
2:00 11.7 12.63 13.64
3:00 115 12.41 13.40
4:00 115 12.46 13.46
5:00 12.2 13.22 14.28
6:00 13.8 14.89 16.08
7:00 15.4 16.61 17.94
8:00 14.9 16.13 17.42
9:00 14.2 15.37 16.60
10:00 14.0 15.16 16.37
11:00 135 14.59 15.76
12:00 13.3 14.41 15.57
13:00 12.8 13.88 14.99
14:00 13.3 14.34 15.49
15:00 135 14.62 15.79
16:00 12.6 13.58 14.67
17:00 14.8 16.00 17.28
18:00 14.8 16.00 17.28
19:00 14.8 16.00 17.28

20:00 15.2 16.38 17.69

21:00 14.0 15.15 16.36

22:00 135 14.61 15.78

23:00 13.0 14.00 15.12
0:00 12.6 13.64 14.73
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Appendix 15: Current and projected load profile of winter season

Time/ | Winter Max Winter Max Next One Winter Max Next Two
Day (MVA) Year (MVA) Year (MVA)
1:00 6.6 7.10 7.67
2:00 6.4 6.91 7.47
3:00 6.2 6.67 7.20
4:00 6.8 7.36 7.95
5:00 9.4 10.19 11.00
6:00 7.7 8.32 8.99
7:00 11.0 11.90 12.85
8:00 11.3 12.23 13.21
9:00 11.2 12.06 13.03
10:00 11.9 12.81 13.83
11:00 10.4 11.25 12.15
12:00 10.4 11.19 12.09
13:00 10.4 11.19 12.09
14:00 10.4 11.25 12.15
15:00 9.0 9.76 10.55
16:00 9.7 10.49 11.33
17:00 9.9 10.66 11.52
18:00 11.7 12.69 13.71
19:00 11.7 12.59 13.59
20:00 9.7 10.50 11.34
21:00 8.5 9.22 9.96
22:00 7.2 7.82 8.45
23:00 7.3 7.90 8.53
0:00 6.9 7.48 8.08
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Appendix 16: BESS cost estimate

S.N. | Item Description | Unit | Qty. | Unit Cost (USD) | Total Cost (USD)
1 Battery (1.2 kV) | MWh 10 84,000 840,000.00
2 Power Control MW 2 31,000 62,000.00

System (PCS)
3 MV Transformer Set 1 65,625 65,625.00
3 MVA
(0.4/33 kV)
4 Storage Container | No. 5 21,000 105,000.00
for Battery (2
MWh per
Container) with
PCS
5 Transportation, LS 1 10,726 10,726.25
Construction &
Installation
6 Land Cost for LS 1 17,143 17,142.86
BESS Container
7 Miscellaneous LS 1 38,705 38,705.00
Cost
Total Cost (USD) 1,139,199.1

Total Cost (NRS)

159,487,875.00
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Appendix 17: BESS financial parameter

BESS Size 2 | MW

BESS Capacity 10 | MWh

Economic Year (Balance of 15 | Years

Plant)

Daily Battery Cycling 0.57 | Cycles

Depth of Discharge (DOD) 08| %

Round Trip Efficiency 0.85| %

Useful Life (Battery Cells) 15000 | Cycle

Annual calendar degradation rate 05| %

Cycle degradation rate 0.01 | %

ENERGY PRODUCTION

Annual Energy Production 1.96 | GWh

Annual Energy Discharge 1.96 | GWh

ENERGY SALES

Energy Selling Rate = 18 | NRs/kWh

Battery Charging Rate 7.15 | NRs/kWh

Discount rate = 10.00%

CONSTRUCTION

SCHEDULE

Construction start year = 2025 | Year

Operating start year = 2026 | Year

CAPITAL COST

Cost in NPR = 159.487,875.00 NRs.

ANNUAL COST

Operation & Maintenance costs | = 0.10% | of total cost, annually

Increment in O/M cost = 2.00% gggtannum nO&M

Insurance cost = 0.10% | of total cost, annually
OUTPUT FOR ECONOMIC INDICATORS

Simple Payback Period = 7.05 | Year

NPV benefits =| 244,043,962.80 | NRs.

NPV cost =] 244,259,897.09 | NRs.

NPV benefits-cost = (215,934.30) | NRs.

Benefit cost ratio 1.00

IRR on the project = 9.97%

Levelised Cost of Storage 12.75

(LCOS) g = NRs./kWh
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Appendix 18: DG cost estimate

S.N. | Item Description | Unit | Qty. | Unit Cost (USD) | Total Cost (USD)
1 | Diesel Generator MVA | 25 125,000 312,500.00
Transportation,
2 | Construction & LS 1 6,250 6,250.00
Installation
3 | Miscellaneous Cost | LS 1 625 625.00
Total Cost (USD) 319,375.00
Total Cost (NRS) 44,712,500.00
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Appendix 19: DG financial parameter

DG Size 1.9 MW
DG Capacity 2.5 MVA (Pfis 0.8)
Economic Year (Balance of 15 Year
Plant)
Annual Operating Hour 8760 Hr
Fuel Consumption 0.195 Ltr/kWh
Fuel Price 146 NRs./Ltr
ENERGY PRODUCTION
Annual Energy Production 16.64 GWh
ENERGY SALES
Energy Selling Rate = 30.5 NRs/kWh
Discount rate = 10.00%
CONSTRUCTION
SCHEDULE
Construction start year = 2025 Year
Operating start year = 2026 Year
CAPITAL COST
Cost in NPR =| 284,371,500.00 | NRs.
ANNUAL COST
Operation & Maintenance costs | = 0.10% of total cost, annually
Increment in O/M cost 2.00% per annum in O & M cost
Insurance cost 0.10% of total cost, annually
Periodic Maintenace Cost = 1.00% of total cost, every five
years
Increment in Fuel Cost = 1.00% per annum in Fuel Cost

OUTPUT FOR ECONOMIC INDICATORS

Simple Payback Period = 4.37 Year
NPV benefits =| 3,510,150,375. | NRs.
22
NPV cost =| 3,497,947,043. | NRs.
28
NPV benefits-cost =| 12,203,331.94 | NRs.
Benefit cost ratio 1.00
IRR on the project 6.40%
Levelised Cost of Energy = 30.74 NRs./kWh

(LCOA)
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