Journal of Mathematical &
Computer Applications

Research Article

ISSN:2754-6705

SCIENTIFIC

Research and Community

\

v
Open @ Access

Enhancing Sustainable School Bus Transportation through Vehicle-
To-Grid Integration: A Comprehensive Energy Efficiency Analysis

Aditya Kumar Sharma

Zum Services Inc. Redwood City, California, US

ABSTRACT

This research paper delves into the transformative potential of Vehicle-to-Grid (V2G) technology in the context of school bus transportation, focusing on
enhancing energy efficiency and operational dynamics. The study addresses the pressing need for sustainable alternatives in student transportation. The
integration of V2G technology in electric school buses offers a bidirectional energy flow, allowing these vehicles not only to efficiently charge but also to
contribute surplus energy back to the grid during idle periods. Against the backdrop of conventional fossil fuel reliance in school bus fleets, this research
conducts a meticulous examination of critical parameters, including battery state of charge, energy consumption, charging dynamics, and overall system
efficiency.

The objective is to contribute empirical evidence to the discourse on sustainable transportation by analyzing the performance of a V2G-enabled school
bus under diverse driving and charging scenarios. The paper presents a detailed literature review, introducing the evolution of V2G technology and
its applications in the realm of electric buses. Methodologically, mathematical models are employed to calculate energy consumption, charging time,
and bidirectional power flow, providing a nuanced understanding of the system's intricacies. The results and discussion section offers insights into the
observed trends and implications, while the conclusion outlines key takeaways, future considerations, and recommendations. By shedding light on the
transformative potential of V2G-enabled electric school buses, this research contributes to the ongoing efforts to create sustainable and energy-efficient

transportation solutions for the next generation.

*Corresponding author

Aditya Kumar Sharma, Zam Services Inc. Redwood City, California, US.

Received: July 18, 2023; Accepted: July 27, 2023, Published: August 01, 2023

Keywords: Vehicle-to-Grid (V2G) Technology, Sustainable
School Bus Transportation, Energy Efficiency Analysis, Electric
School Buses, Bidirectional Energy Flow, Battery State of Charge,
Charging Dynamics, Overall System Efficiency, Transformative
Potential, Grid Integration

Introduction

In the pursuit of sustainable and environmentally conscious
transportation solutions, the integration of Electric Vehicles
(EVs) and the groundbreaking concept of Vehicle-to-Grid (V2G)
technology have emerged as transformative forces. Among the
various applications of V2@, its integration into school bus
fleets holds immense promise for revolutionizing traditional
modes of student transportation. This research paper embarks
on a comprehensive exploration of the energy dynamics and
operational efficiency of V2G-enabled electric school buses,
focusing on critical parameters such as battery state of charge,
energy consumption, charging dynamics, and overall system
efficiency.

The imperative for greener school bus fleets arises from the
environmental challenges posed by conventional fossil fuel-
based transportation. Electric school buses equipped with V2G
capabilities not only offer a sustainable alternative but also present
an opportunity for these vehicles to actively participate in the
energy ecosystem. This research aims to fill a critical gap in the

literature by conducting an in-depth analysis of a V2G-enabled
school bus under varying driving and charging scenarios. By
scrutinizing the battery state of charge, energy consumption
patterns, and bidirectional power flow, our study seeks to
provide actionable insights for policymakers, school districts, and
stakeholders invested in the transition towards energy-efficient and
environmentally responsible school transportation. As we navigate
this exploration, the paper illuminates the transformative potential
of V2G technology in school buses, contributing to the discourse
on sustainable transportation solutions for the next generation.

Peak Shaving

Figure 1: Diagrammatic Representation of EV School Buses at
V2G Station during Mid-Day
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Concepts Used

Vehicle-to-grid (V2G) is a revolutionary and forward-thinking
concept within the electric vehicle (EV) landscape, redefining
these vehicles from mere energy consumers to active contributors
to the electrical grid. Through bidirectional power flow, V2G
technology allows EVs, including electric school buses, not only to
draw electricity for charging but also to redistribute surplus energy
back to the grid during periods of inactivity. This transformative
interaction turns EVs into mobile energy storage units capable of
aiding grid balancing, managing peak loads, and facilitating the
integration of renewable energy sources. By fostering a dynamic
relationship between EVs and the grid, V2G holds the promise
of creating a more resilient and responsive energy infrastructure,
promoting sustainability, and reducing the environmental impact
of both the transportation and energy sectors.

In the specific context of the school bus industry, V2G emerges
as a game-changing approach to optimizing the energy usage
of electric school buses, especially during their idle periods,
such as mid-day breaks when buses are not actively transporting
students. These buses, traditionally seen as transportation vehicles,
become dynamic contributors to the electrical grid through V2G
technology. During periods of inactivity, when school buses are
parked and not in use, V2G allows them not only to recharge their
batteries efficiently but also to feed surplus energy back into the
grid. This innovative application is particularly impactful in the
school bus industry, where buses often remain stationary for a
significant portion of the day.

The effective implementation of V2G in the school bus industry
unlocks the untapped potential of these vehicles to support grid
stability, manage peak energy demands, and enhance overall
energy resilience. Utilizing the stored energy in electric school
bus batteries during non-operational hours, V2G enables a dual-
purpose functionality — ensuring that buses are fully charged
and ready for transportation while concurrently leveraging their
idle time to contribute to the reliability and sustainability of the
electrical grid. This transformative approach not only maximizes
the efficiency of electric school buses but also positions them
as valuable assets in the broader transition towards smart and
sustainable energy solutions in the realm of student transportation.

As the quantitative investigation begins, it is imperative to define
the terms used in the calculations in this study

1. Battery State of Charge (SOC): Battery State of Charge
refers to the percentage of a battery's total capacity that is
currently filled with stored energy. In the context of electric
vehicles, including V2G-enabled school buses, SOC indicates
how much energy remains in the battery for driving or other
operations.

2. Energy Consumption of the School Bus: Energy
Consumption of the School Bus represents the total amount of
energy used by the bus during a specific period. This includes
the energy required for driving as well as any auxiliary power
usage, providing a comprehensive measure of the overall
energy demands during operation.

3. Charging Time Calculation: Charging Time Calculation
refers to the duration required to replenish the remaining
capacity of the battery. It is determined by dividing the
remaining capacity by the charging power, providing insight
into how quickly the battery can be charged to its full or
desired level.

4. Grid-to-Vehicle (G2V) and V2G Power Flow: Grid-to-
Vehicle (G2V) and Vehicle-to-Grid (V2G) Power Flow
describe the direction of power transfer between the electric
vehicle (school bus) and the electrical grid. G2V represents
the flow of power from the grid to the vehicle during charging,
while V2G signifies power flow from the vehicle back to the
grid during discharging.

5. Energy Efficiency: Energy Efficiency is a measure of how
effectively a system converts input energy into useful output
energy. In the context of V2G-enabled school buses, it is
calculated by comparing the energy delivered to the wheels
(usable output) with the total energy consumed, providing
insights into the overall effectiveness of the energy utilization
process.

With these practical concepts, we will now investigate how they
interact with formulas used in this study.

Formulas
1. Battery State of Charge (SC)

SC(t)=SC(t-1)+(ncharge* Pcharge*

-(ndischarge*Pdischarge*At)/ (Ctotal)

Here,

a) SC(t) - State of charge at any given time t

b) mncharge and ndischarge are are charging and discharging
efficiencies.

c) Pcharge and Pdischarge are charging and discharging power,
respectively.

d) At is the time step.

e) Ctotal is the total battery capacity.

At)/(Ctotal)

2. Energy Consumption of the School Bus

Econsumed=Pdrive * tdrive+Pmisc * tmisc

Here,

a) Econsumed is the total energy consumed,

b) Pdrive is the power for driving.

c) tdrive is the time spent driving.

d) Pmisc is the auxiliary/miscellaneous power (e.g., air
conditioning)

e) tmisc is the time auxiliary/miscellaneous power being on.

3.Charging Time Calculation

tcharge= (Cremaining) / (Pcharge)

Here,

a) tcharge is the time required to charge the remaining capacity,
b) Cremaining is the remaining capacity of the battery.

¢) 4. Grid-to-Vehicle (G2V) and V2G Power Flow:

PG2V=Pcharge-Pdischarge
PV2G=Pdischarge-Pcharge

These equations represent the power flow from the grid to the
vehicle during charging (G2V) and from the vehicle to the grid
during discharging (V2G).

d) Energy Efficiency:

nefficiency=(Edelivered)/ (Econsumed)
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Here, nefficiency is the overall energy efficiency, and Edelivered 6. Energy Efficiency:
is the energy delivered to the wheels.

Assumptions for Calculations

1.

[O8)

The typical battery capacity for an EV school bus is 100 to
200 kWh, which translates to a range of roughly 75 to 150
miles. For calculations in this case, we will go ahead with
an assumption of 100kWh.

Let’s take the charging efficiency to be 90% - ncharge
Let’s take the discharging efficiency to be 85% - ndischarge
The DC fast chargers usually take about 4 to 6 hours to charge
fully, but higher-powered DC fast chargers may be able to
charge fully in as little as two hours. Further, Plug charging
at low power may vary up from 40kW to 125kW, so for the
purpose of running calculations in this scenario, let’s take
50kW as the Charging power - Pcharge

Let’s take the driving power on average to be about 25 % in
a 2-hour drive. Since school buses do two routes daily in the
morning (AM run) from students home to school and one in
the evening from school back to home (PM run), this number
would double up, and the average driving power consumed
would be 50% so 60 kW would be consumed. We can further
factor in auxiliary power usage for AC For the purpose of
calculation, which can be miscellaneous power consumption
for usage such as - Air Conditioning (HVAC) Systems,
Lighting Systems, Infotainment Systems, Power Windows
and Seats, Power Steering, Braking Systems, Pumps and
Fans, Communication Systems, Safety Systems, Auxiliary
Power Outlets. So if 5% power is used on this one side, the
total adds up to 10% on average in a day, considering during
the 2-hour run, this miscellaneous usage is for one hour.
Assume the initial state of battery charge is at 20% of 100kWh
- SC(t)

Calculations

1.

2.

SC(t)=SC(t-1)+(ncharge* Pcharge*
-(ndischarge*Pdischarge*At)/ (Ctotal)
Pdischarge=Pcharge / ndischarge
Pdischarge=5/0.851
Pdischarge ~ 58.82kW
For time step At : 1 hour

At)/(Ctotal)

SOCt=20% (100kWh)+(0.9(90% of 100)x50x1)/ (100)-
(0.85x 58.82 x1)/ (100)

SOCt =~ 19.69 %

Charging time Calculation

Econsumed=25x2(both AM and PM runs)+5x2 (Both AM
and PM runs) = 70kWh (70% of total)

Remaining Capacity = (100-70) kWH= 30kWH

Charging Time Calculation
tcharge=30/50 = 0.6 hours.

Grid-to-Vehicle (G2V) and V2G Power Flow:
PG2V=50-Pdischarge (50-58.82) =-8.82 kW

PV2G=Pdischarge-50 (58.82-50) = 8.82 KW

Edelivered=nchargexPchargextcharge. Edelivered=0.9x50x0.6
=27kWh
nefficiency=(Edelivered)/ (Econsumed)

nefficiency=27/ 70
nefficiency=27/ 70 = 39%

Results

1.

2.

3.

4.

5.

6.

The battery state of charge decreases to approximately 19.69%
after 1 hour of operation and charging.

The school bus consumes a total of 70 kWh during 2 hours
of driving and 1 hour of auxiliary power.

It takes approximately 0.6 hours to charge the remaining 30
kWh of the battery.

During charging, the grid supplies an additional 8.82 kW
(G2V).

During discharging, the vehicle supplies 8.82 kW back to
the grid (V2G).

The overall energy efficiency is approximately 38.57%.

Conclusions of Study

1.

The school bus, equipped with a 100-kWh battery, experienced
adecrease in state of charge (SOC) from 20% to approximately
19.69% after 1 hour of operation and charging. This indicates
arelatively stable SOC under the given driving and charging
conditions.

The school bus consumed a total of 70 kWh during 2 hours
of driving and 1 hour of auxiliary power. Despite this energy
consumption, the overall energy efficiency of the system
is approximately 38.57%. This efficiency encompasses the
charging process, driving, and auxiliary power usage.
Charging the remaining 30 kWh of the battery took
approximately 0.6 hours. This relatively short charging
time suggests a quick replenishment capability, facilitating
the adaptability of the school bus to tight schedules and
demanding routes.

During charging, the school bus draws an additional 8.82
kW from the grid (G2V). Simultaneously, when discharging,
the vehicle contributes 8.82 kW back to the grid (V2G). This
bidirectional power flow underscores the potential for the
school bus to function as a flexible energy asset.

Decision-Making Implications

1.

The stable SOC and relatively short charging time imply
that the V2G-enabled school bus can maintain operational
stability with minimal disruptions, making it a reliable choice
for daily transportation needs.

While the overall energy efficiency is at 38.57%, there may
be opportunities to optimize efficiency further through fine-
tuning parameters such as driving patterns, auxiliary power
management, and charging schedules.

The positive contributions to the grid during both the charging
and discharging phases highlight the school bus's potential as
a sustainable and interactive element in the broader energy
ecosystem. This capability aligns with green energy initiatives
and grid support programs.

The quick charging dynamics suggest that the school bus can
efficiently adapt to tight schedules and demanding routes,
providing a practical solution for transportation needs without
compromising on charging times.
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Future Considerations

5. Investigate the integration of advanced battery technologies,
such as solid-state batteries or improved energy storage
solutions, to enhance the overall performance and energy
density of electric school bus batteries. This could potentially
lead to longer driving ranges and more efficient energy
utilization.

6. Explore the development and implementation of dynamic
charging infrastructure for school bus fleets. Dynamic
wireless charging systems could be strategically placed along
bus routes or at key locations, enabling seamless charging
without disrupting the operational schedule.

7. Develop and refine V2G algorithms to optimize bidirectional
power flow based on real-time grid demands and energy
pricing. Adaptive algorithms could maximize the economic
benefits for both the school district and the energy grid while
ensuring the reliability of the school bus fleet.

8. Investigate the feasibility of integrating V2G-enabled school
buses with renewable energy sources, such as solar or wind
power. This would contribute to the sustainability goals of the
transportation system and further reduce the environmental
impact of school bus operations.

9. Implement data analytics and predictive maintenance
strategies to monitor the health of the electric school bus
components. By analyzing performance data, it becomes
possible to anticipate potential issues, optimize maintenance
schedules, and prolong the lifespan of key components like
batteries and electric drivetrains.

10. Advocate for and participate in the development of
standardized protocols for V2G interactions. Establishing
common standards will facilitate interoperability between
different V2G-enabled vehicles and charging infrastructure,
promoting a more cohesive and scalable integration of this
technology.

11. Launch educational outreach programs to inform and engage
school communities, parents, and students about the benefits
of V2G-enabled electric school buses. Building awareness
and understanding can foster greater acceptance and support
for the adoption of sustainable transportation practices.

12. Work collaboratively with policymakers and regulatory
bodies to establish supportive frameworks for the widespread
adoption of V2G technology in school buses. This may
involve incentives, regulations, or subsidies that encourage
schools and transportation authorities to invest in electric and
V2G-enabled fleets.

In conclusion, the calculated results indicate a promising
foundation for the integration of Vehicle-to-Grid technology in
school bus transportation. The findings support informed decision-
making for optimizing operations, improving energy efficiency,
and contributing positively to the broader energy grid.

Conclusion

In conclusion, this comprehensive study illuminates the
transformative potential of Vehicle-to-Grid (V2G) technology
within the school bus industry, particularly focusing on electric
school buses. The analysis, grounded in mathematical models
and empirical calculations, has shed light on critical parameters
such as battery state of charge, energy consumption, charging
dynamics, and bidirectional power flow. The integration of V2G
technology emerges as a groundbreaking solution to optimize
energy utilization during idle periods, effectively transforming
electric school buses into active contributors to the electrical
grid. By harnessing the untapped potential of these vehicles, the

study underscores their role as not just transportation means but
as dynamic assets that can enhance grid stability, manage peak
energy demands, and contribute significantly to overall energy
resilience [1-12].

Furthermore, the findings advocate for the continued exploration
and adoption of V2G technology in the school bus industry,
emphasizing its potential to drive sustainability, reduce
environmental impact, and bolster the efficiency of student
transportation. As we navigate the transition towards smart and
sustainable energy solutions, electric school buses equipped with
V2G capabilities stand at the forefront, representing a paradigm
shift towards a more resilient, responsive, and eco-friendly
transportation ecosystem. This study contributes to the ongoing
discourse on the intersection of electric vehicles, renewable energy,
and grid management, providing valuable insights and paving the
way for informed decision-making in shaping the future of school
bus transportation.
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