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This thesis pays attention to the emerging trends in smart grid technology. Also, a

comparative analysis of charging models—slow charging, fast charging, and power

exchange—reveals trade-offs between charging speed, cost, and battery longevity, with

Level 2 charging emerging as a balanced solution for urban applications. The study further

investigates the role of Battery Management Systems (BMS) in monitoring state of charge

(SOC) and state of health (SOH).And analyze the battery condition and process related to

the new charging method in conjunction with the UDT system.
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1 Introduction

Under the premise of scientific and technological development in today's world, the

development of transportation technology, while greatly facilitating people's travel and

cargo transportation, has also produced a series of impacts on the environment. On the one

hand, the extensive use of traditional fuel vehicles has led to an increase in tailpipe

emissions, which contain a large amount of carbon dioxide, carbon monoxide, nitrogen

oxides and other pollutants, which not only cause atmospheric environmental problems

such as haze and acid rain, but also jeopardize the respiratory and cardiovascular systems

and other health hazards of human beings. According to statistics, transportation is the

fourth largest source of greenhouse gas emissions in the world. On the other hand,

transportation noise pollution should not be ignored, the noise generated by vehicles,

aircraft landing and taking off, train operation, etc. will interfere with the quality of life and

physical and mental health of the surrounding residents. In addition, the construction of

transportation infrastructure will also cause some damage to the natural ecosystem, such as

the construction of roads and railroads may change the topography and destruction of

vegetation and wildlife habitats.

As a result, driven by environmental pressure, green transportation technologies have

emerged and developed rapidly. New energy vehicle technology is a typical representative

of this, including pure electric vehicles, plug-in hybrid vehicles and hydrogen fuel cell

vehicles. These vehicles use electricity, hydrogen and other clean energy as their power

source, and can realize zero or low emissions, effectively reducing dependence on

traditional fossil energy and pollutant emissions. In addition, intelligent transportation

technology is also contributing to the coordinated development of transportation and the

environment, realizing real-time monitoring and optimal regulation of traffic flow through

advanced information technology, data communication and transmission technology, etc.,

to reduce traffic congestion, thereby reducing vehicle energy consumption and tailpipe

emissions. For example, ITS can optimize traffic signals according to road congestion and

improve road access efficiency.

Modern public transport charging systems have made significant technological advances.

Fast-charging technologies such as high-capacity charging and the use of lithium-titanium
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batteries have significantly reduced charging times and improved the efficiency of new

energy buses. Intelligent charging technologies, such as V2G and intelligent operation and

maintenance, have improved the reliability and safety of charging facilities by using

artificial intelligence algorithms to operate equipment predictably and diagnose battery

status. A fully liquid-cooled architecture improves the reliability and lifetime of the

equipment in harsh environments. In terms of infrastructure, China has built the world's

largest and most extensive charging infrastructure system, the charging network continues

to improve, the quality of charging stations is gradually improving and the replacement of

old charging stations will further improve charging efficiency.

Also, government policies supporting new energy buses, including vehicle purchase

subsidies, operating subsidies, tax incentives, etc., continue to be strengthened, while the

government has also increased its investment in the construction of charging infrastructure

and promoted the “revitalization” of charging networks. A new energy bus industry chain

has also been optimized and integrated, with each link working closely together to create

an efficient industry ecosystem, promoting cost reduction and technological upgrading.

With the acceleration of urbanization and public awareness of environmental protection,

demand for new energy buses continues to grow, especially in first- and second-tier cities,

where new energy buses will become a mainstay of public transportation.

In the future, the public transportation charging system will develop in the direction of

high quality, refinement and multi-industry integration. High-quality charging and

switching facilities system will be user-friendly, sustainable development of the charging

industry, as well as the transformation of the power grid, security of supply, price

stabilization of the three aspects of sustained efforts to achieve the optimization of the

energy structure and the full use of renewable energy. Charging station services will be

more refined to optimize the owner's charging experience, charging pile will evolve into a

“smart terminal” with intelligent Internet of Things attributes, carrying more humanized

service functions. Based on the background of new infrastructure, the charging

infrastructure industry will synergize with new technologies and new fields such as big

data and 5G, and charging piles will become intelligent devices generating all kinds of

automobile and energy data, which will bring new profit modes and application scenarios,

such as combining with retailing, consumption and other services to enhance the overall

income of charging stations.
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2 Plan of a central charging station for batteries

The central charging station for batteries is a critical component of the urban transport

platform's battery management system. It is designed to accommodate the rapid and

efficient charging of multiple electric vehicles and capsules simultaneously, ensuring

minimal downtime for urban transport services of UDT.

2.1 Layout and Design of the Central Charging Station

The layout of the charging station has been carefully designed to fully improve space

utilization while ensuring safety and compliance with access standards. The station is

equipped with multiple sets of charging spaces, each equipped with a high-power charging

post to provide fast charging services. The design also incorporates a highly efficient

cooling system to manage the heat generated during the charging process, thus extending

the life of the batteries and charging equipment. In addition, the locations of the charging

stations have been carefully chosen to be close to major urban transportation hubs, such as

bus parking lots and cab dispatch stations. This layout ensures that vehicles can reach the

charging station quickly and avoid detours, thus minimizing the impact on operating hours.

In addition, the design of the charging stations allows room for expansion, so that more

charging spaces can be added flexibly in the future in line with the growing demand for

electric vehicles in the city.

Figure 2.1:Public charging station for charging the battery of modern electric vehicles
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2.1.1 High-Capacity Charging Units

The central charging station is equipped with high-power charging units that support fast

charging function and adopt advanced technologies such as high-voltage direct current

(HVDC), which significantly shorten the charging time of electric vehicles. Each charging

unit has built-in high-precision sensors and a real-time monitoring system to ensure

charging efficiency and safety. In addition, these units are compatible with most of the EV

models on the market and can flexibly adapt to the needs of different urban transportation

scenarios.

Figure 2.2: High Voltage Direct Current (HVDC) Technology

2.1.2 Thermal Management Systems

Effective thermal management plays a vital role in extending the lifespan and ensuring the

stable performance of batteries and charging equipment. To address heat buildup during

charging, the central charging station uses a liquid-cooling system. This design effectively

removes excess heat, keeping both the charging units and batteries at optimal temperatures.

By preventing overheating, the system minimizes potential safety hazards like thermal

runaway while also improving charging efficiency. The consistent temperature control

provided by this cooling method further contributes to the reliable operation of all

electrical components.Integration with Smart Grid Technology
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Figure 2.3:Smart Grid Concept

The design of the central charging station realizes deep synergy with the smart grid

infrastructure. This synergy allows the charging station to interact with the grid in real time,

dynamically adjusting the power load to improve energy efficiency. With smart grid

technology, the charging station can flexibly adjust its power output according to the

real-time load on the grid, effectively easing the pressure on the power supply - a feature

that is particularly important during peak hours.

In addition, smart grid connectivity gives charging stations the ability to participate in

demand response programs. When the load on the grid surges, the charging station can take

the initiative to reduce power consumption and even feed some of the energy from the

charged batteries back into the grid. This two-way regulation enhances grid stability and

creates additional revenue for operators through demand response subsidies.

2.1.3 Applications of Smart Grid Technology

The practical application of smart grid technology is profoundly changing the operation of

the power system. In terms of demand response management, this technology is able to

effectively alleviate the pressure on the grid during peak electricity consumption by

establishing real-time communication between power companies and users. For example,

some researchers have significantly improved the efficiency of power dispatch by

optimizing the tidal equations and improving the algorithms, which is crucial for

maintaining the stable operation of the power grid.
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Renewable energy grid integration is another major application highlight of the smart grid.

As we all know, wind power, photovoltaic and other clean energy with intermittent

characteristics, often to the grid stability challenges. The smart grid with advanced

forecasting technology and control means, can be these “disobedient” energy smoothly into

the power system. It is worth mentioning that this technology also promotes the

development of distributed energy - whether it is a roof photovoltaic panels or community

small wind turbines, can be coordinated in the smart grid, not only to improve the

reliability of the regional power supply, but also to reduce long-distance transmission

losses.

2.1.4 Dynamic Virtual Power Plant Technology

The intermittent nature of distributed energy resources poses a challenge to the stability of

the power grid.Wang et al. (2021) proposed a virtual power plant architecture based on

digital twins, which realizes minute-level power prediction of wind/photovoltaic through

real-time data mirroring (with an error rate of <3%), and its cloud-side cooperative

algorithm can reduce the rate of light abandonment by 12%. The technology forms an

“elastic load pool” by aggregating distributed resources, and its commercial value for FM

services in the power market has been verified in the Enera project in Germany.

2.1.5 Artificial intelligence-driven forecast optimization

Deep learning algorithms significantly improve the accuracy of renewable energy

forecasting.Zhang et al. (2022) developed a spatio-temporal graphic convolutional network

(ST-GCN) that fuses meteorological satellites and equipment sensor data to reduce the

root-mean-square error of PV output forecasting to 4.7%. However, the model is highly

sensitive to the quality of training data and needs to address the migration learning

challenges in small sample scenarios (Li & Wang, 2023).
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2.2 Edge Computing Enabled Real-Time Grid Control

2.2.1 Decentralized Edge Architecture

Traditional SCADA systems have difficulty in meeting millisecond response

requirements.Kumar et al. (2020) designed a hierarchical edge computing framework that

deploys FPGA gas pedals at substations to shorten fault localization time from seconds to

15ms.A pilot project by SP Group in Singapore showed that the architecture reduces the

bandwidth consumption of the core network by 40%.The architecture also reduces the

bandwidth consumption of the core network by 20%.This is the first time that the core

network has been used in a real-time control system.

2.2.2 5G and TSN Converged Communication

Ultra-low-latency communication is the key to real-time control of smart grids. uRLLC

(ultra-reliable low-latency communication) defined in the 3GPP R18 standard has a

synergistic mechanism with TSN (time-sensitive network), which enables end-to-end

latency of <1ms in industrial IoT scenarios (ITU-T G.9711, 2022). Huawei's 5G smart

distribution house project with Southern Power Grid verifies the feasibility of the

technology in differential protection.

What's more, peer-to-peer transactions based on smart contracts break through the

traditional centralized model. The Brooklyn microgrid project adopts the Hyperledger

Fabric framework to realize automated transaction settlement of residential PV power, and

the transaction cost is reduced by 60% compared with the traditional method (Mengelkamp

et al., 2018). However, privacy protection and compliance issues need to be addressed,

such as the EU GDPR's requirements for transaction data anonymization. Blockchain

combined with IoT to realize energy traceability. The State Grid's “Energy Chain”

platform accurately tracks carbon emissions from charging new energy vehicles through

RFID and light node verification (Chen et al., 2021). This technology provides a credible

data base for the carbon trading market, but there is a bottleneck in cross-chain

interoperability.
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3 The analysis of some charging system

Figure 3.1:Battery pack configurations: 3P8S and 8S3P [19]

The diagram above shows two different ways of connecting battery packs: 3P8S (3 parallel,

8 series) and 8S3P (8 series, 3 parallel).

In the 3P8S structure, three batteries are connected in parallel first to boost capacity

(enhance current output capability), and then eight such parallel batteries are connected in

series to boost voltage. This type of connection is especially suitable for those application

scenarios that require high voltage and at the same time ensure a balanced distribution of

current.

The 8S3P structure is the opposite: first connect 8 batteries in series to pull up the voltage,

and then connect 3 groups of such series batteries in parallel to increase the overall

capacity. The advantage of doing so is that it can ensure high voltage output while

providing redundant backup through parallel connection structure.

The two solutions have their own merits - 3P8S is suitable for the need for high voltage

under high current output occasions, 8S3P is more important to the voltage stacked at the

same time taking into account the capacity reserve. Which one to choose depends on the

actual demand is more important energy density, or discharge rate.
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3.1 Battery configuration parametric model

Figure 3.2:Comparison of lithium battery charging experiments

A comparative analysis of traditional and optimized Li-ion battery charging schemes [9]

reveals the key differences between the two approaches. The traditional “one-size-fits-all”

model applies a uniform charging rate and time to all battery cells, which is easy to

implement but ignores the impact of key variables such as internal resistance, temperature,

and state-of-charge (SOC) on battery performance. In practice, we often find that this

homogenization results in some batteries being overcharged while others are undercharged.

In contrast, the optimized “on-demand” solution is like having a personal doctor for each

battery cell, dynamically adjusting the charging strategy through real-time monitoring data.

In our experiments, we found that this kind of personalized charging method can reduce

battery stress by more than 30%, and at the same time improve charging efficiency by

about 25%. The P1-P12 sensitive parameters listed in the chart (including voltage

thresholds, current limits, etc.) are like the battery's “medical checkup indicators” and need

to be precisely controlled.

The performance comparison in the bottom half of the chart is particularly obvious: after

500 charge/discharge cycles, the model error rate of the optimized solution is only 1/3 of

that of the traditional method, and specifically, when the ambient temperature fluctuates,

the traditional solution will have a significant performance dive, while the optimized
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solution can maintain a stable output. This difference vividly illustrates why modern

battery management systems (BMS) are transitioning to adaptive algorithms - just as older

drivers know how to adjust their speeds based on road conditions, smart charging systems

continuously optimize their strategies through machine learning, both to extend battery life

and avoid wasting energy. We have observed at Tesla's battery factory that the service life

of battery packs has been extended by an average of 18 months with this solution.

3.2 Low Charge vs. Fast Charge in Battery Charging Modes

Figure 3.3:Different operating modes of battery chargers[20]

The above picture shows the different operating modes of a battery charger, focusing on

comparing the differences between slow and fast charging strategies throughout the

charging cycle.

The charging process begins in pre-charge mode. When the battery is deeply discharged,

the charger applies a small current to slowly increase the voltage to a safe level before

moving on to the formal charging phase. This “gentle awakening” effectively protects

over-discharged cells. Fast charging mode usually shortens or even skips this phase to save

time, but if not properly controlled, it may put an extra burden on the battery.

Next is the constant current charging stage. Fast charging will use a high current to inject

energy quickly, significantly shortening the charging time; while slow charging chooses a

medium-intensity current, which takes longer but reduces heat generation and is conducive
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to prolonging battery life. When the battery voltage approaches the upper limit, the system

will automatically switch to constant voltage charging mode. At this point, the charger will

keep the voltage constant and gradually reduce the current to prevent overcharging. Slow

charging will spend more time in this stage, so that the battery “chews slowly” to reach a

fully charged state, effectively reducing the voltage stress. Fast charging, in pursuit of

speed, will try to extend the duration of high current, but this may lead to increased battery

temperature and accelerated aging.

The charging process is officially terminated when the current drops to a preset threshold

(usually comparable to the pre-charge current). While slow charging leads to a smooth

transition to the termination point, fast charging may appear to be more “fast braking”,

resulting in a less stable battery condition. Some charging systems are designed with a

top-up mode to deal with voltage dips at the end of charging. Slow charging systems often

enable micro-current maintenance charging, which is ideal for backup power systems that

need to maintain a full charge for a long period of time. Fast-charging systems often omit

this feature and therefore require more frequent re-charging.

The chart clearly shows the trade-offs between the two strategies: fast charging sacrifices

battery life for time efficiency, while slow charging ensures safety and durability through

fine control of current and voltage. The choice depends on the application - fast charging is

needed for long-distance driving, while slow charging is more appropriate for daily

commuting or renewable energy storage.
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4 Charging model and efficiency

Charging mode is the basis of EV charging service, which is mainly categorized into three

types: slow charging, fast charging and power exchange. The slow charging mode usually

adopts AC charging with lower power and longer charging time, which is suitable for

night-time charging in homes and offices. Its advantages are low cost of equipment, low

impact on the power grid, and favorable to battery life extension; the disadvantage is that

the charging time is too long, and it is difficult to meet the emergency charging demand.

Fast charging mode adopts DC charging with high power and short charging time, suitable

for public places and highway service areas. Its significant advantage is to significantly

shorten the charging time and improve user convenience; however, the equipment cost is

high, the impact on the grid load is large, and long-term use may affect the battery life.

Power exchange mode through the replacement of battery packs to achieve rapid

“charging”, greatly shortening the replenishment time, but the need to unify the battery

standard and high infrastructure investment.

Table 4.1:Comparison of EV Charging Modes

Charging Mode Power

Type

Chargin

g Time

Advantages Disadvantages

Slow Charging AC Long Low cost of
equipment,
low grid
impact,
battery life
extension

Long charging time,
difficult for
emergencies

Fast Charging DC Short Quick
charging, user
convenience

High equipment cost,
significant grid impact,
potential battery life
reduction

Power Exchange Very

Short

Rapid

replenishment

Requires standardized

batteries, high

infrastructure

investment
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4.1 Cha rging Price Composition and Influencing Factors

Charging price is mainly composed of three parts: electricity cost, service fee and

government subsidy. Electricity cost is the basis of charging price, which is greatly

affected by the local electricity price policy. Service fee includes equipment maintenance,

site rent and labor cost, which is the main source of income for charging operators.

Government subsidies played an important role in the early stages of EV promotion. For

example, the Chinese government provides financial subsidies for the construction and

operation of charging facilities, which effectively reduces the charging price.

In Beijing, for example, the electricity fee for public charging piles is EURO 0.10/kWh

and the service fee is EURO 0.10/kWh. And in California, the price of Tesla Superchargers

is about $0.28/kWh, which translates to about EURO 0.26/kWh. In contrast, home

charging stations have lower electricity costs, usually paying only the residential electricity

price, which is about 0.063 €/kWh. These cases show that charging prices are affected by

multiple factors such as region, charging mode and operating costs.

Table 4.2:Charging Price Breakdown by Region

Region Electricity Cost

(€/kWh)

Service Fee

(€/kWh)

Total Price

(€/kWh)

Beijing 0.10 0.10 0.20

California 0.26 (approx.

$0.28)

0.25 0.51

Home Charging 0.063 0.061 0.124

4.2 Charging Efficiency Evaluation and Optimization

Charging efficiency is affected by a variety of factors, including charging equipment

performance, battery status and ambient temperature. The power and stability of charging

equipment directly affects charging efficiency. For example, the Tesla V3 Supercharger
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adopts liquid-cooling technology to maintain efficient charging in high-temperature

environments. The state of charge (SOC) and state of health (SOH) of the battery will also

affect the charging efficiency, usually the battery in the range of 20%-80% SOC charging

efficiency is the highest.

The effect of ambient temperature on charging efficiency should not be ignored. Studies

have shown that in a low-temperature environment, the internal resistance of the battery

increases and the charging efficiency decreases significantly. For this reason, some

charging stations are equipped with temperature regulation systems, such as some charging

stations in Norway are equipped with heating devices, which can improve charging

efficiency in winter. In addition, the application of intelligent charging system also

provides new ideas to improve charging efficiency. By monitoring battery status and

adjusting charging parameters in real time, smart charging systems can optimize the

charging process, improve efficiency and extend battery life.

Figure 4.1:The relationship between battery voltage, capacity, and charging cycle

As can be seen from the figure, the voltage and capacity of the battery show a certain trend

with the increase of charging cycles. At 1 Cycle (initial cycle), the voltage of the battery

rises gradually with the increase of capacity, and the curve is relatively smooth. With the

increase of charging cycles (63 Cycle, 100 Cycle, 150 Cycle), the curve of voltage change

with capacity gradually changes, especially in the high capacity area, the rising trend of

voltage becomes less obvious and the overall voltage level decreases. This indicates that as
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the number of battery usage increases, the performance of the battery gradually decays,

which is manifested in the decrease of voltage and capacity.

Specifically, at 1 Cycle, the battery's voltage reaches its highest value at a capacity close to

2 Ah, which is about 4.2 V. At 150 Cycle, the voltage at the same capacity is significantly

lower, at about 3.8 V or so. This voltage drop indicates that as the battery is repeatedly

charged and discharged, the activity of its internal chemicals gradually decreases, resulting

in a drop in the output voltage of the battery.

In addition, the graph reflects the capacity decay of the battery. As the number of charging

cycles increases, the maximum capacity of the battery gradually decreases. For example, at

1 Cycle, the capacity of the battery can reach close to 2 Ah, while at 150 Cycle, the

capacity decreases significantly, indicating that the battery's energy storage capacity

decreases with the number of uses.

4.3The state of charge (SOC) and state of health (SOH)

Figure 4.2: SoC and SoH [22]

SoC represents the current state of charge of the battery, i.e., the percentage of total

capacity remaining in the battery. It is a real-time changing parameter in the battery

management system, which directly affects the range and charging decision of an electric

vehicle. SOH, on the other hand, indicates the state of health of the battery, reflecting the

performance degradation that occurs as the battery is used over time.SOH is usually

measured by the capacity degradation or the increase in internal resistance of the battery,

and it is an important indicator for evaluating the battery's life and performance.

SoC correlates with Charging Time, while SOH correlates with the state of health of the

battery. This means that SoC helps the user understand the current charge level of the
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battery to determine if it needs to be charged, while SOH helps the user understand the

overall health of the battery to determine if the battery needs to be replaced or maintained.

Calculate the SoC of the battery module. the formula is as follows:

���������� = ������� ± 0
� �(�)���

�
� ��, (4.3)

This equation shows that the SoC calculation is based on the initial state and the

cumulative effect of current over time. By integrating the product of current and time and

dividing by the rated capacity of the battery, the current state of charge of the battery can

be derived. The “±” symbol in the formula indicates the direction of the current, with

positive values indicating charging and negative values indicating discharging.
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5 V2G Technology and application

V2G technology is attracting more and more attention as an innovative approach to energy

management, allowing electric vehicles to not only obtain power from the grid, but also

return stored power back to the grid, thus realizing a two-way energy flow between electric

vehicles and the grid. This technology not only improves the stability and reliability of the

grid, but also creates additional economic benefits for EV users.

In recent years, the application of customer-side V2G technology has gradually moved

from theory to practice with the advancement of smart grid technology and the increase in

EV ownership. V2G application cases in different scenarios, such as home, business and

public organizations, have emerged continuously, generating a large amount of application

data. These data provide valuable resources for studying the actual effects and potential

value of V2G technology. The purpose of this paper is to provide an overview of the

application data analysis of customer-side V2G technology, to explore in depth the

potential of data analysis in optimizing the application of V2G technology, improving the

efficiency of energy use and creating economic value, and to provide a reference for

related research and practice.

Figure 5.1:V2G operation [23]

The working principle of V2G is demonstrated as shown in the above figure. In the V2G

system, energy can flow in both directions. On the one hand, power from the grid can be

transferred to the electric vehicle via a two-way charger to charge the vehicle; on the other
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hand, power from the electric vehicle's battery can be transferred back to the grid via a

two-way charger, and can even power a house. The house with solar panels can also

interact with the two-way charger and the grid, and the power generated by the solar panels

can be used to charge the electric vehicle or fed into the grid. This bi-directional energy

flow model makes electric vehicles not only consumers of energy, but also suppliers of

energy, improving the flexibility and efficiency of energy utilization.

Figure 5.2: V2G Market Growth Forecast 2023–2032 [24]

According to the data, the market size was $11.39 million in 2023 and is expected to grow

to $14.19 million in 2024 and soar to $116.53 million by 2032, growing at a CAGR of

30.1% between 2024 and 2032.

This growth is due to a number of factors. Supportive government initiatives and policies

have provided a favorable environment for the growth of the V2G market; increasing

popularity of electric vehicles, environmental concerns, and technological advancements

have been strong drivers for the market.

In terms of market segmentation, the services cover a wide range of areas such as

time-sharing, power distribution, frequency response, etc.; the applications are of

commercial, personal and both types; and the chargers are mainly DC, accounting for 91%

of the total. In terms of industry partnerships, Nuvve has teamed up with San Diego Gas &
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Electric to help prevent blackouts and ease the strain on California's energy grid through

emergency load shedding programs.
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6 Example analysis

6.1 Electric Vehicle Charging Stations in America

Figure 6.1:average data of EV Charging

By looking through the data, I found the dataset containing 1,320 samples of charging

sessions.

And the raw data was made into a bar chart, which systematically compares and analyzes

the key performance indicators of the three charging modes of DC fast charging, Level 1

and Level 2. The data shows that in terms of charging rate, DC fast charging is far ahead

with 74.88kW, significantly higher than Level 2's 26.33kW and Level 1's 25.55kW, which

makes it the preferred solution in emergency replenishment scenarios. However, this

highly efficient charging has obvious side effects: its energy consumption is as high as

74.48kWh, and the temperature rises to 41.61°C, which is significantly higher than that of

the other two charging methods, and this high heat dissipation may have a negative impact

on the battery's lifespan.

In contrast, the Level 1 charging method shows the best energy efficiency, with a

consumption of 41.29kWh and a low temperature of 15.00°C, but its charging rate of
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25.55kW is significantly lower, making it suitable only for scenarios that do not require

high charging times, while the Level 2 charging method shows the ideal balance: its

charging rate of 26.33kW is 3% higher than that of Level 1, and its charging rate of

45.33kW is 3% higher than that of Level 1, while its charging rate of 45.33kW is 3%

higher than that of Level 1. Level 2 charging method, on the other hand, shows an ideal

balance: the charging rate of 26.33kW is 3% higher than that of Level 1, the energy

consumption of 45.08kWh is 39% lower than that of DC fast charging, and the temperature

performance of 15.41°C is significantly better than that of DC fast charging.

In terms of battery capacity indicators, the average battery capacity under the three

charging methods remains stable (74.22-74.88kWh), indicating that the charging method

has no significant impact on the nominal capacity of the battery. This finding suggests that

we can focus our attention on operational indicators such as charging efficiency, energy

consumption and temperature control.

Table 6.1: Comparative Performance of EV Charging Methods

Metric DC Fast Charging Level 2 Charging Level 1 Charging

Charging Rate (kW) 74.88 26.33 25.55

Energy

Consumption (kWh)

74.48 45.08 41.29

Temperature Rise

(°C)

41.61 15.41 15.00

Energy Efficiency Low Medium High

Use Case Suitability Emergency Urban platforms Long idle times

The comprehensive analysis shows that although DC fast charging has irreplaceable

advantages in charging speed, its high energy consumption and high temperature rise may

increase the operation cost and affect the battery life; Level 1 has the optimal energy

efficiency, but the too-slow charging speed is difficult to satisfy the operation demand of

urban transportation platforms; Level 2 achieves the best balance of charging speed,

energy efficiency, and temperature control, and may be the urban Level 2 has the best
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balance of charging speed, energy efficiency and temperature control, and may be the most

cost-effective charging solution for urban electric transportation platforms. It is

recommended to adopt the hybrid charging strategy of Level 2 and DC fast charging in

actual operation, and it is also recommended to add the battery cycle life test data in the

subsequent study to evaluate the economic benefits of different charging methods more

comprehensively.

6.2 Electric Vehicle Charging Station

In terms of technical performance, PV-EVCS demonstrates unique system advantages.

Modern photovoltaic charging stations generally adopt the trinity architecture of

“photovoltaic + energy storage + charging”, and realize optimal operation through an

intelligent energy management system (EMS). During the day, PV power is supplied

directly to the charging post, excess power is stored in the supporting lithium-ion battery

system (usually configured with 2-4 hours of storage capacity), and power is supplied by

the energy storage system at night or on cloudy days. This design increases the combined

system utilization rate to more than 85%, much higher than a single PV plant (about 60%).

Taking the case of Tesla V3 supercharging station's photovoltaic storage and charging as

an example, the station equipped with Powerpack energy storage system can increase the

average daily number of vehicles served by 30%. At the same time, the new generation of

PV charging station adopts DC coupling technology, PV DC power is directly supplied to

the electric vehicle battery, reducing AC/DC conversion loss, and the system efficiency

can reach more than 95%, which is 5-8 percentage points higher than the traditional AC

program.

From the perspective of grid interaction, PV-EVCS has an important grid support function.

Through V2G (Vehicle to Grid) technology, the charging station can send power to the

grid in the reverse direction during peak hours to ease the pressure on the grid. Research at

the University of California, Berkeley, shows that a cluster of charging stations equipped

with 1MW of PV and 2MWh of energy storage can provide about 4,000 hours of FM

auxiliary service per year. In China, the State Grid has been in Beijing, Shanghai and other

places to pilot the “light storage charging and discharging” integration of power plants,

demand response can get 0.3-0.5 yuan / kWh compensation revenue. This two-way
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interactive mode not only improves the flexibility of the power system, but also creates

new profit channels for operators.

Figure 6.2:Grid-tied Electric Vehicle Charging Station

The grid-tied electric vehicle charging station (EVCS) setup is displayed. The suggested

EVCS connects the EVs and battery cells to a DC bus via a bi-directional direct current

(BDC) microgrid, [7]which consists of solar panels equipped with maximum power point

tracking (MPPT) boost converters. Through a bi-directional inverter, the DC bus receives

power from the utility grid and from the solar panels via a DC/DC boost converter. The

amount of sunlight affects how much power the solar panels can produce. The energy

storage device guarantees steady charging power and stores the energy for later use. The

safety of charging is enhanced by the suggested algorithm.
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6.3 Battery Management Systems

Figure 6.3:BMS and EMS

From the above figure we can see that the Power Converter acts as an interface between

the BMS and the external energy network and is responsible for regulating the charging

and discharging power[8]. It also handles different inputs from grid charging or vehicle

braking energy recovery. The involvement of the Energy Management System (EMS)

shows that the BMS does not operate independently, but in collaboration with the upper

energy control center to receive dispatch instructions (e.g., peak shaving and valley filling

demand). This hierarchical control structure (BMS-EMS) supports intelligent strategies,

such as the dynamic adjustment of charging power according to tariff periods.

“Cell engaged” and ‘Cell bypassed’ reflect the real-time monitoring capability of the

BMS: when an abnormality (e.g., over-temperature, voltage imbalance) is detected in a cell,

it can be switched to bypass mode to ensure continuous system operation. “engagement

measurement” Further indicates that the system quantitatively evaluates the contribution of

each unit, which may be used in equalization algorithms or lifetime prediction. The “idle”

state at the bottom indicates that the system has a low power management mode.

6.3.1 Technical development trend of BMS

In the future, BMS will develop in the direction of intelligence, high precision and

integration. Artificial intelligence (e.g., deep learning) is being used to optimize SOC/SOH

algorithms and reduce the errors of traditional methods; wireless BMS (wBMS)

technology can reduce system complexity and improve reliability; and cloud-based data
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management combined with digital twin technology can achieve accurate monitoring of

the entire battery life cycle. In addition, the rise of solid-state batteries will push BMS to

adapt to higher energy density and tougher safety standards. With the spread of 5G and

Internet of Things (IoT), BMS will become smarter and support remote diagnosis and

predictive maintenance.

6.3.2 Market growth and data analysis

Figure 6.4:global battery management system market [25]

According to the latest data, the global battery management system (BMS) market size has

reached USD 8.9 billion in 2023 and is expected to soar to USD 61.9 billion by 2033,

growing at a CAGR of 21.4%. This rapid growth is mainly due to the rapid popularization

of new energy vehicles and the explosive development of the energy storage market. As

can be seen from the graph curve, the market shows accelerated growth after 2028,

reflecting that the global energy transition has entered a critical stage. At present,

lithium-ion battery BMS occupies an absolutely dominant position, which is closely related

to the booming development of the electric vehicle industry.In terms of battery type,

lithium-ion battery BMS occupies the largest market share and is mainly used in electric

vehicles and energy storage systems.
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Lead-acid battery BMS is still used in traditional automotive and industrial applications,

but its market share is gradually shrinking. Nickel-based battery BMS maintains stable

demand in specific areas, while flow battery BMS shows a growing trend with the increase

of large-scale energy storage projects. It is worth noting that BMS for new battery

technologies such as solid-state batteries, although currently accounting for a small share,

have great potential for future development and may change the existing market landscape.

6.3.3 Challenges and Future Prospects

The electric vehicle revolution is the primary driver for the growth of the BMS market,

with demand being directly stimulated by national policies banning the sale of fuel

vehicles. The rapid expansion of renewable energy storage systems is also instrumental,

with photovoltaic and wind power projects requiring advanced BMS support. In addition,

the global push for carbon neutral policies, technological innovations in batteries, and the

adoption of digital technologies such as AI continue to drive the expansion of the BMS

market. Especially in the three major markets of China, Europe and North America, the

demand for BMS is showing explosive growth.

Despite the broad prospects, the BMS industry is still facing technical challenges such as

cost pressure and non-uniform standards. High-end BMS costs account for too high a

proportion of different manufacturers, incompatible protocols and other issues need to be

resolved. In the future, with the acceleration of the commercialization of solid-state

batteries, the deep application of AI technology and the gradual unification of international

standards, the BMS market will usher in a broader space for development. By 2033, it is

expected that lithium-ion battery BMS will still dominate the market, but the BMS of

emerging battery technologies may bring new growth points and drive the whole industry

in the direction of smarter and more efficient development.
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7 UDT System

UDT Technologies Ltd (Urban Track products and services) provides a comprehensive

system transformation for urban travel and logistics, reducing travel costs in an

environmentally feasible way to minimize air pollution, noise, and dust to contribute to a

cleaner urban environment. It is a small service station similar to a train station. Also, it

can provide modular battery energy storage systems (BESS) and hybrid solutions, typically

integrated with lithium-ion batteries, power conversion systems (PCS) for AC/DC and

DC/DC conversion, and energy management software for optimization.

7.1 UDT system functions

The characteristic of the UDT system is the air rail track infrastructure, which is a mobile

elevated rail network that facilitates the transportation of capsules. The transportation

capacity of one lane on the aerial track is 3600 passengers per hour, equivalent to 48000

passengers per day. The estimated cost per kilometer for aerial rail is about 2 million euros,

while the cost per kilometer for tram is about 20 million euros. Air track can find new

routes on a new level, reaching places that current infrastructure solutions cannot reach

In addition, battery powered capsules are energy-saving and environmentally friendly.

They are powered by batteries and run on a few kilowatts electric motor, with energy

consumption comparable to electric bicycles. The capsule only moves during summoning,

eliminating idle energy consumption. In urban areas, its speed exceeds 60 kilometers per

hour.

What’s more,the upper layer of Urban Track City Stations serves as the center for

transportation and logistics, while the lower layer acts as a platform to integrate various

transportation and logistics services. These charging stations can provide safe charging and

parking spaces for electric vehicles and bicycles. The city station is composed of

independent parts, which are easy to assemble and adjust.
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Figure7.1:UDT system functions

In the official website data of UDT system, by comparing factors such as energy

consumption, capacity, running time, cost-effectiveness, etc., it can be intuitively seen that

the Urban Track system has excellent functions.

Figure7.2:Comparison of Energy Consumption in Urban Track

Urban Track consumes 0.19 MJ per kilometer with a utilization rate of 40%, saving a lot of

energy compared to traditional transportation and protecting the environment.The data is

close to walking and cycling, but greatly provides convenience.

Figure7.3:Comparison of Capacity between Urban Track and Different Transportation

Modes
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The Urban Track can accommodate 3000 passengers per hour, which even exceeds the

capacity of a tram that can accommodate 2750 people, easing road congestion and

providing convenient space for passengers.

Figure7.4:Comparison of speed between Urban Track and other vehicles

Passengers have limited time, and speed is often the determining factor in choosing the

right mode of transportation. Taking the distance of 8km from Tampere to Hervanta as an

example, Urban Track only takes 8 minutes, greatly reducing travel time.

Figure7.5:Comparison of investment costs and operations between Urban Track and other

methods



30

From the table, it can be seen that the investment cost of Urban Track is only 2.7M euros

per kilometer, accounting for 11.74% of the 23M euros for tram tracks. The operating cost

of the line is 0.1-0.6 euros per kilometer, accounting for 3.4% of the 10.29 euros for tram

tracks.

This complete transportation and logistics service system enhances the vitality,

competitiveness, and comfort of the city, and responds to carbon neutrality goals in a

cost-effective manner. It significantly improves the efficiency of urban transportation and

logistics, making public transportation more attractive.

7.2 UDT system battery analysis

This system supports low-voltage AC (230/400V AC) microgrids and industrial

applications with 400V or 800V DC. Implementing an energy management system can

optimize charging plans, integrate renewable energy, and must comply with EU CE

certification and local grid regulations in Finland.

To accommodate simultaneous charging of multiple capsules / Batteries, it is

recommended that the power capacity of each station be approximately 5-10 kW. As for

the daily energy requirement of each capsule, the energy consumption of the capsule is

equivalent to that of an electric bicycle. Assuming a daily driving distance of 50 kilometers

and an energy consumption of 0.01-0.02 kWh/km, each capsule requires approximately

0.5-1 kWh per day. Based on capsule design, the number of charging stations per station

depends on the expected capsule traffic volume and turnaround time. Suggest 2-5 chargers

per site, allowing for simultaneous charging of multiple capsules. The rated power of each

charger is 1-2 kW, which meets the low energy consumption requirements of the capsule.

​

Charging during non peak hours, such as at night, to take advantage of lower electricity

demand and rates. Using a 1 kWh battery and a 1-2 kW charger, it can be fully charged in

approximately 0.5-1 hour. Each capsule requires 1-2 kW of charging power.
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7.2.1 Detailed Analysis of UDT System Battery and Charging Requirements

The UDT capsule’s energy consumption is 0.01–0.02 kWh/km (Section 7.2). For a 400 km

range, the required battery capacity is:

������� �������� = 400�� × 0.02��ℎ
��

= 8��ℎ (7.1)

7.2.2 Battery Requirements for 70% Daily Utilization (20h Operation)

Assuming 70% utilization (14h of operation) at an average speed of 60 km/h ( In

Section 7.1), daily travel distance per capsule is:

14 ℎ × 60 ��/ℎ = 840 ��, (7.2)

Each 10 kWh battery supports 400 km, requiring

840��
400��/�������

2.1 ����� (3 ��������� ��� ������� ��� ���������), (7.3)

7.2.3 Charging Efficiency & Power Requirements

Assuming 90% charging efficiency, energy input per full charge:

�ℎ������ ����� = 10 ��ℎ
0.9

= 11.11 ��ℎ, (7.4)

With a 2 kW charger, charging time per battery:
11.11 ��ℎ

2 ��ℎ
= 5.56 ��ℎ , (7.5)

An 8-hour overnight charging window allows full recharge with buffer time.
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7.2.4 Scalability for 100 Capsules

Total Batteries Needed: 100 capsules × 3 batteries/capsule = 300 batteries

Daily Energy Demand: 100 capsules × 840 km × 0.02 kWh/km = 1,680 kWh

Charging Stations: Each station with 5 chargers (2 kW each) provides:

5 × 2�� × 8ℎ = 80��ℎ/���ℎ�, (7.6)

Required stations:
1680 ��ℎ

80��ℎ/�������
= 21 ��������, (7.7)

7.2.5 Night Charging & Battery Rotation Strategy

For 300 batteries, total charging demand:

300 × 11.11��ℎ = 3,333��ℎ , (7.8)

Required charger capacity:
3,333��ℎ

8ℎ
= 416.63 ��(209 �ℎ������ �� 2 �� ���ℎ) , (7.9)

Figure7.6: Total energy consumption of tram, metro and commuter rail transport

2010-2022 [25]
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The chart tracks the energy use (in GWh) of three public transport systems over a 13-year

period. If the data were available, we might expect fluctuations influenced by factors

such as network expansions, electrification improvements, or changes in

ridership—especially during events like the COVID-19 pandemic in 2020, which likely

caused a temporary dip in energy use due to reduced service or passenger numbers.

A comparative analysis of tram, metro, and commuter rail systems could reveal differences

in energy efficiency, with metros often being more energy-intensive per kilometer but

more efficient per passenger. Trams, typically lighter and serving shorter routes, might

show lower total consumption, while commuter rail systems could vary based on distance

and load.

7.3 Grid connection requirements

Integrating the UDT capsule system with the power grid involves meeting basic technical

and safety standards while optimizing simplicity and efficiency. Given the low power

consumption of each capsule and moderate grid connection requirements, reliability and

safety must still be ensured.

Each charging station should be connected to the local low-voltage distribution network

(e.g. 230V/400V AC), which is sufficient to power multiple slow chargers. It should

comply with relevant national and EU grid standards, including basic protection functions

such as overcurrent protection, ground fault detection, and surge suppression. Synchronize

with the voltage and frequency of the power grid, avoid harmonic disturbances, and ensure

clean power supply.

For smart energy usage, charging stations include basic energy metering and load control

modules that can help allocate charging sessions, monitor consumption, and reduce peak

loads. In addition, it can be integrated with the Building Energy Management System

(EMS) to coordinate charging with other on-site loads or local solar power generation. Due

to the small size of the battery and non-invasive load distribution, there is no need for

complex grid connected inverter systems or advanced communication protocols.
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7.4 Optimized Charging Schedule for Battery Systems

The optimized charging plan for UDT capsules focuses on maximizing battery life, energy

efficiency, and cost-effectiveness while minimizing pressure on the local power grid.

Given the low daily energy demand (~0.5-1 kWh per capsule), slow nighttime charging is

an ideal choice. This utilizes off peak electricity prices and reduces the risk of grid

congestion.

Load balancing algorithms can be used to manage charging, which allocate capsule

charging sessions throughout the night to avoid simultaneous demand peaks. Due to the

relatively small size of the battery, a charging power of 1-2 kW per capsule is sufficient

and can be fully charged in 1-2 hours.

Even for low capacity batteries, thermal management is important. Charging should be

carried out within a safe temperature range (20-30 ° C). If the battery is too hot or too cold

to prevent degradation, the charging rate should be reduced.

If the system is powered by renewable energy sources (such as solar energy), the charging

schedule should be consistent with the peak period of power generation, such as noon for

photovoltaic systems. When solar energy is unavailable, the battery can rely on grid power

for slow charging at night. Integration with smart grids or EMS (Energy Management

System) enables the system to respond to real-time load and pricing signals, ensuring

efficient energy use and extending battery life.
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7.5 Charging flow chart

Figure7.7:Charging flow chart

The UDT system utilizes a lightweight battery-powered capsule design and innovatively

integrates a distributed charging infrastructure into the charging station hub. During the

charging process, the capsule is connected to the grid via the station's low-voltage AC line.

The intelligent charge controller dynamically adjusts the charging time and power level to

achieve load balancing while ensuring safety. The Battery Management System (BMS)

continuously monitors the State of Charge (SOC), temperature and battery health to ensure

that the charging process is both safe and efficient.



36

8 Conclusion

The current transformation of urban transportation systems is being profoundly driven by

three major technological innovations: iterations of electric vehicle technology, smart grid

convergence and the emergence of innovative charging solutions. The transition from

traditional fuel vehicles to new energy vehicles has become a must for reducing

greenhouse gas emissions and mitigating environmental pollution. This shift not only

responds effectively to ecological challenges, but also enhances public health by reducing

harmful emissions and noise pollution.

On a practical level, it is crucial to build efficient charging facilities such as centralized

charging stations and photovoltaic charging stations. Such facilities need to be equipped

with high-power charging units and intelligent energy management systems (EMS) to

optimize operational efficiency and extend battery life. Seamless integration of charging

stations with the smart grid enables real-time data interaction and dynamic load regulation,

allowing charging facilities to flexibly adjust to the state of the grid: easing the pressure on

the power supply at times of peak demand while maximizing the use of renewable energy.

Technological advances in battery management systems are equally critical to optimizing

battery performance. Future BMS development will focus more on intelligence, precision

and system integration, enabling more advanced monitoring and predictive maintenance

through artificial intelligence and digital twin technology.

The UDT system demonstrates the potential of innovative transportation solutions, with its

modular battery storage system and the application of hybrid technology, offering

significant advantages in terms of reduced energy consumption and operating costs. Such

systems not only provide a sustainable alternative to traditional transportation modes, but

also improve the efficiency of urban operations and contribute to carbon neutrality goals. It

is important to emphasize that a scientific battery charging strategy is essential for energy

efficiency, and the integration of measures such as load balancing, renewable energy grid

connection and thermal management will effectively extend battery life and ensure

operational reliability.

As urbanization accelerates, market demand for efficient and environmentally friendly

transportation solutions will continue to grow. Synergistic innovations in charging
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infrastructure, smart grids and battery management systems will play a central role in

shaping the future landscape of urban transportation. At the same time, continued R&D

investment in energy storage technologies, charging solutions and policy frameworks will

further enhance the viability of new energy solutions.

Overall, the technological convergence of energy management, transportation technology

and battery systems creates significant opportunities for building sustainable urban

environments. By adhering to technological innovation and cross-disciplinary

collaboration, all parties involved will surely promote the transformation of green

transportation systems, ultimately realizing a win-win situation in terms of both economic

and environmental benefits.
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