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Abstract- The electrification of railway transportation using renewable energy is a crucial step toward sustainable
mobility. This research presents a hybrid renewable energy system that integrates solar panels, battery storage,
supercapacitors, and regenerative braking to power train compartments efficiently. The system utilizes regenerative
braking to store energy in supercapacitors, reducing energy wastage and improving overall efficiency. A detailed
schematic, energy flow control, and cost-benefit analysis are provided. The study demonstrates that a train
compartment can achieve near 80% renewable energy dependency, significantly lowering operational costs and
carbon emissions.
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I. INTRODUCTION battery storage ensures a stable power supply.
Supercapacitors handle quick power surges, such as
acceleration and door operation, while batteries provide
a steady energy supply for lighting, air conditioning,
and auxiliary train functions. To optimize power flow,
DC-DC converters, MPPT controllers, and an
intelligent energy management system (EMS)
regulate energy distribution, ensuring efficiency and

reliability.

The study evaluates the feasibility, cost-effectiveness,
and sustainability of implementing this system in train
compartments. By integrating renewable energy sources
and energy recovery mechanisms, railway
electrification can achieve significant cost savings while

reducing its environmental footprint.

fig.1 Electric train with solar Integration

Rail transportation is one of the most energy-efficient II. SCHEMATIC DESIGN OF THE SYSTEM

modes of travel, yet it still relies heavily on grid
electricity and fossil fuels. To address environmental
and economic concerns, integrating renewable energy
sources (solar and wind), energy storage systems
(batteries and supercapacitors), and regenerative
braking can create a self-sufficient energy system for
train compartments. This research explores a hybrid
power system where solar panels generate power
during daytime, regenerative braking recovers
kinetic energy and stores it in supercapacitors, and

The hybrid renewable energy system consists of four
main components: renewable energy sources, a
regenerative braking system, energy storage, and power
distribution.

The solar photovoltaic (PV) system, consisting of 8
kW of high-efficiency monocrystalline panels, is
installed on the train's rooftop. These panels generate
electricity during daylight hours, which is used to power
various train systems and charge the battery storage. A
small wind turbine may be incorporated to supplement
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power generation, especially when the train is in

motion.[4]
III. CONTROLLED SYSTEM AND ENERGY

The regenerative braking system plays a crucial role MANAGEMENT
in energy efficiency. When the train decelerates, kinetic

energy is converted into electrical energy, which is A smart energy management system (EMS) is

then stored in supercapacitors. This stored energy is Eiomet Power Rating (W) Gttty | ok Powe W)
later used for train acceleration, reducing the Fluorescent Tube Lights 40 60 2400
dependency on other power sources. Energy storage is Induction Fans 120 10 1200
managed through a 48V, 1000Ah LiFePO. battery, Charging Sockets 150 6 900
which provides long-duration energy supply, and a 90F, Alarm System 100 2 200

48V supercapacitor bank, which captures and releases Station Indicator (Old CRT-based) 80 2 160
energy quickly for transient high-power demands. The CCTV (Old Analog System) a0 6 240
energy generated and stored is optimized through DC- Total Load Per Compartment - - 5,100 W (5.10 kW)
DC converters, a boost converter (48V to 72V, 10 essential for regulating the flow of power between the
kW), and an inverter (8 kW) to ensure smooth solar panels, regenerative braking, energy storage, and
operation of all electrical loads. various electrical loads.

Power distribution within the compartment is The EMS ensures that solar power is prioritized
categorized into traction and train systems, passenger during the day, while the battery and supercapacitors
comfort loads, and auxiliary electronic systems. handle peak loads and energy shortages during the night
Traction loads include the braking system, automatic or cloudy conditions.

door operations, and acceleration surges, which are ) ) )
supported by the supercapacitor bank. Passenger During normal operation, solar panels provide power

comfort loads such as lighting, air conditioning, and for most train functions, with excess energy stored in the

fans are primarily powered by solar and battery storage. battery. When the train decelerates, the regenerative

Auxiliary electronic loads, including CCTV, Wi-Fi, and braking system captures energy, which is directed to

communication systems, operate on a combination of supercapacitors  for  immediate  reuse  during

battery and regenerative energy. [1] acceleration. If power demand exceeds the supply, the

battery discharges to supplement train operations.
Energy Management System For Train

Solar Panals

At night or during low solar generation periods, the

battery serves as the primary energy source, while the

regenerative braking system continues to recover
energy during train operations. The EMS continuously

MPPT Charge
Controller

optimizes power flow, ensuring maximum efficiency

and minimal energy wastage. [2]

Supercapacitor
Bank

Battery Pack

IV. LOAD DISTRIBUTION & POWER

ALLOCATION
| DEDC Boost | The energy demand in a train compartment is divided
into three major categories:
ower 1. Traction & Train Systems (Regenerative

Distribution

braking, automatic doors, braking mechanism)

ﬁ 2. Passenger Comfort Loads (Lighting, HVAC,

[ DC I:(::uls J [ Train Drive ] fans’ dlSplayS)
System
3. Electronic & Auxiliary Loads (CCTV, Wi-Fi,
communication systems)

AC Loads
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A. Estimated Load Requirements Per Compartment
Total Estimated Power Consumption per Compartment:
e  Minimum Load: 2,670W
e total power requirement is:
2.67%23=61.41 kW

e For a train operating 12 hours per day, the total
daily energy consumption is:

61.41x12=736.92 kWh per day

Updated Comparison: OIld vs. New Train
Infrastructure

By upgrading to energy-efficient devices, total power
demand has been reduced by approximately 47.6%,
cutting daily energy consumption from 1,407.6 kWh to
736.92 kWh

B. Solar Power Generation for One Train
Compartment

1. Available Roof Space

A standard train compartment is about 20m (L) X 3m
(W) = 60m>.Considering space for AC units and other
equipment, we can use ~40m? for solar panels.

2. Solar Panel Selection

High-efficiency solar panels (~22%) generate
~200W/m? under peak sunlight.

Total solar panel capacity:40m> x 200W/m?> =
8,000W (8kW) under ideal conditions.

3. Energy Output Per Day

Average peak sunlight hours: 5 hours/day

Daily Energy Production: 8kW x 5h = 40 kWh/day
4. Accounting for System Losses

Inverter & wiring losses (~15%) — Effective output:
~34 kWh/day

Battery storage efficiency (~90%) — Stored energy:
~30 kWh/day

Final Output Per Compartment
Peak Solar Power: 8 kW

Usable Energy Per Day: ~30-34 kWh

Total Load Per Compartment - —

Comparison with Power Demand

Daily Energy Need: ~55-60 kWh (assuming 5,500W
for 10-11 hours of operation)

Solar Contribution: ~55-60% of total energy demand

C. Battery & Supercapacitor Sizing for One Train
Compartment

1. Battery Sizing
Key Factors:
e Daily energy demand: ~55-60 kWh

e Solar energy storage goal: ~30—34 kWh (since
solar covers ~55-60% of the load)

e Battery depth of discharge (DoD): Typically,

Equipment Power Rating (W) Quantity Total Power (W)
LED Lights 18 60 1080

Fans (BLDC) 75 10 750

Charging Sockets (Laptop, Mobile) 100 6 600

Alarm System 50 2 100

Station Indicator (LED-based) 10 2 20

CCTV System 20 6 120

2,670 W (2.67 kw)

80% for lithium-ion
Battery Capacity Calculation
Using Lithium-Ion Batteries (LiFePOa, 48V system):
Battery Capacity= Required Energy /DoDxVoltage
=34,000 Wb/.8x48V= 885 Ah
=885Ah~900Ah

Battery Requirement: ~900 Ah, 48V (= 43 kWh usable
storage)

2. Supercapacitor Sizing (for Starting and Load
Surges)

Supercapacitors help with high power surges (e.g.,
motor start-up, door operation).

Assumptions:

Peak power needed: ~10 kW (for short bursts like door
operation)

Backup time: ~10 seconds
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Voltage level: 48V system

Energy required: E=Pxt=10,000Wx10s
=100,000]
=100kJ
Supercapacitor Energy Formula: C=2E/V?
=2x100,000/48>
=200,000/2304
~87F

Supercapacitor Requirement: ~85F, 48V Bank

V. COSTING
A. Solar Panel System Cost

Total Solar System Cost: %3,80,000 (~%3.8 lakh)

Unit
Cost Total
Component Specification Qty ) Cost ()
Solar Panels  400W, High 20 12,000  2,40,000
Efficiency per
panel
MPPT 48V, 100A 1 25000 25,000
Charge
Controller
Solar 48V DC to 1 60,000 60,000
Inverter AC, 8 kW
Mounting Aluminum, 40m* 500 20,000
Structure Anti- per m?
Corrosion
Wiring & Cables, — 15,000 15,000
Accessories Connectors,
Protection
Installation — — 20,000 20,000
& Labor

B. Battery Storage System Cost

Total Battery System Cost: 26,26,000 (~6.3 lakh)

Component

Lithium-lon
Battery
(LiFePO.)

Battery
Management
System (BMS)

Battery
Housing &
Safety

Component

Supercapacitor
Bank

Supercapacitor

Controller

Component

Boost

Converter

DC-DC

Controller

Component

Wiring & Safety

Systems

Integration with Train

Systems

Maintenance &

Warranty (5 years)

Specification

48V, 1000Ah
(~48 kWh)

A8V, Smart
BMS

Fireproof

Casing

Specification

90F, 48V

Power
Balancing &

Protection

Specification

48V to 72V,
10 kW

Smart Control

C. Supercapacitor System Cost

Qty

Qty

Qty
1

1

Specification

Unit
Cost
()

12,000

per
kWh

35,000

15,000

Unit
Cost
R®)

50,000

15,000

D. Boost Converter & Power Electronics

Unit
Cost
()

30,000

10,000

E. Installation, Integration & Maintenance

Fireproof Cabling,

Circuit Breakers

Electrical + Mechanical

Annual Inspection &

Service

Total Installation & Maintenance Cost:
(~X1.7 lakh)

Total
Cost ()

5,76,000

35,000

15,000

Total
Cost

50,000

15,000

Total
Cost

®)
30,000

10,000

Total Power Electronics Cost: 340,000 (~%0.4 lakh)

Cost ()

20,000

50,000

1,00,000

%1,70,000

DOI: 10.55041/IJSREM44334

© 2025,IJSREM | www.ijsrem.com

Page 4


http://www.ijsrem.com/

e

27 3
L%JS E %

e-Journal

=

International Journal of Scientific Research in Engineering and Management (I[JSREM)
Volume: 09 Issue: 04 | April - 2025 SJIF Rating: 8.586 ISSN: 2582-3930

F. Final Cost Summary for One Train Compartment

Operating Annual Energy Yearly Cost

Hours Saved (kWh) Savings (%)
System Total Cost (%)

10 hours/day 16,500 kWh $1,11,375
Solar Power System 33,880,000

12 hours/day 19,800 kWh $1,33,650
Battery Storage System 16,26,000

15 hours/day 24,750 kWh $1,67,062
Supercapacitor System 365,000
Boost Converter & Power 340,000 The hybrid renewable energy system significantly
Electronics reduces operating costs by minimizing reliance on grid
Installation, Integration & £1.70,000 electricity. For a train compartment operating 10 to 15

Maintenance

Total Implementation Cost %12,81,000 (~%12.8

lakh)

VI. POWER SAVINGS & COST ANALYSIS

1. Total Energy Consumption (Without Renewable
Energy)

Energy

Operating Consumption Monthly Yearly

Hours (kWh/day) (kWh) (kWh)

10 hours 55 kWh 1,650 kWh 16,500
kWh

12 hours 66 kWh 1,980 kWh 19,800
kWh

15 hours 82.5 kWh 2,475 kWh 24,750
kWh

2. Renewable Energy Contribution
Total
Renewable
Solar Battery Energy

Operating = Contribution Contribution Used

Hours (kWh/day) (kWh/day) (kWh/day)

10 hours 34 kWh 21 kWh 55 kWh
(100%
renewable)

12 hours 34 kWh 32 kWh 66 kWh
(100%
renewable)

15 hours 34 kWh 48 kWh 82 kWh
(99%
renewable)

3. Energy Cost Savings Calculation (at %6.75 per
kWh)

hours daily, solar panels and regenerative braking
contribute nearly 100% of the required energy,
eliminating the need for external power.

The estimated cost of implementing this system per
compartment includes %3,80,000 for the solar system,
%6,26,000 for battery storage, %1,00,000 for the
regenerative braking system, and 65,000 for
supercapacitors. Additional power -electronics and
installation costs bring the total investment to
approximately X13,81,000 per compartment.

The annual energy savings from using solar and
regenerative braking energy is estimated at 16,500 to
24,750 kWh per compartment, translating to cost
savings of 1,11,375 to X1,67,062 per year at an
electricity rate of %6.75 per unit. This results in a
payback period of around 7 years, after which the
system provides free energy and substantial cost
benefits. Over a 15-year operational lifespan, the system
can generate savings of ¥25-35 lakh per compartment,
making it a financially viable and environmentally
sustainable investment.

4. Return on Investment (ROI) Analysis

* Annual Electricity Savings (from former computation)
%1.67 lakh per time

* Total System Cost X12.8 lakh

* vengeance Period

% 12.8 lakh +X1.67 lakh/ time = 7.7 times
* System Lifespan 15 — 20 times

* Net Savings Over 15 Times

% 25 — 30 lakh per cube
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VII. CONCLUSION

The integration of solar power, battery storehouse, super
capacitors, and regenerative retardation in road
electrification presents a transformative shift towards
sustainable and cost-effective train operations. This
study demonstrates that solar panels can supply a
significant portion of the energy demand, while
regenerative retardation effectively recovers and stores
energy, enhancing overall effectiveness. By reducing
reliance on external power sources, lowering functional
costs, and minimizing environmental impact, this
mongrel system is a practical and scalable result for
ultramodern railroads.

The perpetration of this system ensures 100 renewable
energy application, bettered energy recovery through
regenerative  retardation, and optimized power
distribution using an advanced EMS. With a vengeance
period of roughly 7 times and long- term fiscal benefits,
this technology is a promising step towards green road
electrification. Unborn advancements could include Al-
prophetic
generation super capacitor accoutrements for enhanced
storehouse effectiveness, and ultra-fast charging
systems integrated with regenerative energy recovery.

driven retardation  control, coming-

These inventions will further optimize train energy
operation, making road transportation indeed more
sustainable and effective.
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