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 This paper presents a lithium-ion battery management system (BMS) aimed 

at improving battery longevity through hardware and software optimization. 

The system targets enhancing energy efficiency in heating devices like 

burners, commonly used in industrial and domestic applications. A key 

innovation is the modification of the Arduino Pro Mini 8 MHz 3.3 V 

microcontroller to reduce power consumption during sleep mode. The study 

evaluates two iterations of the system: an initial manually soldered prototype 

using the Arduino board and a second iteration with a robust printed circuit 

board assembly (PCBA). The transition to the PCBA improved system 

efficiency and eliminated connection issues. The development integrates 

conventional circuitry and modern software strategies for efficient battery 

charge/discharge management. Results from both prototypes demonstrate 

significant improvements in battery life, offering a sustainable solution for 

energy-efficient applications. 
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1. INTRODUCTION 

The rapid advancement of energy storage technologies is essential for addressing the multifaceted 

challenges of the modern energy landscape [1], [2]. As the global demand for efficient, safe, and cost-

effective energy management solutions continues to rise [3], optimizing energy storage systems has become a 

critical priority [4], [5]. Batteries, as the cornerstone of these systems, are integral to a variety of applications, 

from portable consumer electronics to large-scale industrial systems and renewable energy storage [6], [7]. 

Despite their importance, batteries often present limitations in energy systems, including constraints on 

autonomy, energy capacity, and high storage costs [8], [9]. A major challenge in battery technology is 

balancing the need for maximum energy output with the goal of extending battery lifespan [10], [11]. 

Monitoring charge levels is a key component of any battery management system (BMS), as it directly 

impacts the efficiency and longevity of the battery [12], [13]. This is especially important in the context of 

global energy challenges, where optimizing battery performance can help reduce waste and improve the 

sustainability of energy systems [14], [15].  

This paper explores a lithium-ion BMS designed to optimize battery life by integrating hardware and 

software enhancements. The focus is on energy-intensive applications such as burners, commonly used in 

boilers, water heaters, industrial furnaces, and domestic heating systems [16]-[18]. The integration of advanced 

energy management systems in these burners is not only crucial for improving their operational efficiency but 

also for enhancing the sustainability of energy use in these systems [19], [20]. To validate the proposed BMS, 

two prototypes were developed: an initial model using traditional soldered components and a refined version 

https://creativecommons.org/licenses/by-sa/4.0/
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based on a printed circuit board assembly (PCBA). These prototypes demonstrate improvements in battery 

performance through intelligent energy management, addressing both economic and environmental concerns 

associated with energy storage. This study highlights the potential for significant advancements in battery 

management through the integration of advanced technologies [21]. By focusing on both hardware and software 

aspects of BMS, this paper seeks to find solutions that extend the operational life of batteries in energy-intensive 

applications while addressing both economic and environmental concerns related to energy storage [22]. The 

subsequent sections are organized as: i) Section 2 outlines the hardware and software integration within the 

BMS framework; and ii) Section 3 presents the results of energy optimization techniques and battery life 

estimation; and the conclusion summarizes key findings and their implications for improving the sustainability 

and efficiency of energy storage systems. 

 

 

2. METHOD  

2.1.  Prototype description 

We employed low-power electronic components to effectively extend the battery's lifespan and 

achieve practical and logical results. This study enables us to analyze the impact of these optimization 

methods on the battery's longevity. As shown in Figure 1, the prototype of our system is presented. 

This prototype comprises several key components, including a modified Arduino Pro Mini board 

operating at 3.3 V and 8 MHz, a pump, a high-voltage generator, a liquid crystal display (LCD) and/or 

organic light-emitting diode (OLED) display, a potentiometer for adjusting the startup temperature, a 

temperature sensor, and a metal-oxide-semiconductor field-effect transistor (MOSFET) transistor. Before 

proceeding further with our study, it is crucial to outline the criteria that guided the selection of the Arduino 

Pro Mini board, specifically the version operating at 3.3 V and 8 MHz [23]. 
 

 

 
 

Figure 1. The prototype of the system was used 
 

 

2.2.  Comparison between Arduino (ATMEGA) and STM32 microcontrollers 

In this study, the Arduino Pro Mini 8 MHz 3.3 V microcontroller, based on the ATMEGA328P 

architecture, was initially considered for its simplicity, low power consumption [24], and the large 

community support it offers for rapid prototyping. However, to expand the range of potential microcontroller 

solutions, a comparison was made between the Arduino/ATMEGA and the STM32 microcontroller. While 

the ATMEGA328P offers an adequate balance of performance and energy efficiency for small-scale 

applications, it lacks some of the advanced features provided by the STM32. The STM32 microcontroller is a 

more powerful option, offering superior low-power modes, advanced processing capabilities, and better 

optimization for complex tasks, making it suitable for more demanding battery management applications. 

Despite the advanced features of the STM32, the Arduino/ATMEGA was selected for this study due to its 

simplicity, ease of use, low cost, and its ability to meet the specific needs of the prototype. Future research 

may consider implementing the STM32 microcontroller for more complex systems to fully leverage its 

energy efficiency and processing power in energy-constrained applications. 

 

2.3.  Selection of processing board 

The selection of the processing board prioritized two operational modes to minimize power 

consumption: 
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i) Active mode: The microcontroller operates fully, executing code, managing inputs/outputs, and 

utilizing peripherals such as timers and serial communication. This mode has the highest power 

consumption. 

ii) Sleep mode: Components are selectively disabled to conserve energy. Key modes include: 

- Idle mode: Central processing unit (CPU) is halted while peripherals remain active. 

- Analog-to-digital converter (ADC) noise reduction mode: Keeps the ADC active for efficient 

analog-to-digital conversions. 

- Power-down mode: Essential functions like timers or interrupts remain active while most 

components are off. 

- Standby mode: Combines low power consumption with rapid wake-up capabilities. 

The evaluation of boards led to the selection of an optimized Arduino model, detailed in the next section. 

 

2.4.  Comparison of Arduino boards 

Various Arduino models were evaluated for their power consumption in both active and sleep 

modes, as summarized in Table 1 [22]. Key findings include:  

i) Power variance: Pro mini models exhibit superior energy efficiency, with modified Pro Mini 8 MHz 

achieving only 1.5 µA in sleep mode. 

ii) Voltage regulator and light-emitting diode (LED) impact: Voltage regulators and LED diodes 

significantly increase power draw. For example, LEDs add 180–380 µA, depending on the resistor. 

iii) Optimizations: Removing the voltage regulator and LEDs drastically reduces consumption, making the 

modified Pro Mini 8 MHz an ideal choice for energy-sensitive applications. 

 

 

Table 1. Power consumption of Arduino boards 
Power supply type Card type 

UNO NANO Pro Mini 16 MHz 

(5 V) 

Pro Mini 8 MHz 

(3.3 V) 

Pro Mini 8 MHz 

modified (3.3 V) 

Awake Sleep Awake Sleep Awake Sleep Awake Sleep Awake Sleep 

USB 38 mA 20 mA 29 mA 13 mA       
Pin 5 V or 3.3 V (for 

Pro Mini 8 MHz) 

25 mA 6 mA 27 mA 7.5 mA 24 mA 3.2 mA 5.6 mA 1.4 mA -- 1.5 

µA 

JACK or VIN Pin  
(7 V) or RAW in 7.5 V 

30 mA 11 mA 32 mA 12.5 mA 28 mA 3.22 mA 5.7 mA 1.5 mA -- -- 

 

 

2.5.  Comparison with existing BMS designs 

This study employed a classical BMS as a baseline for exploring the energy efficiency impact on 

battery lifespan in industrial settings. The system demonstrates the feasibility of optimizing battery longevity 

using low-power electronic components. Future work will integrate advanced machine learning techniques, 

including a hybrid approach combining convolutional neural networks (CNN), long short-term memory 

(LSTM) networks, and deep neural networks (DNN) [2]. These algorithms aim to enhance battery health 

predictions and adapt charge-discharge cycles in real time, offering significant performance improvements 

over the classical method. While this study does not directly compete with advanced BMS designs, it 

provides a foundational step toward energy-efficient solutions. Subsequent research will incorporate machine 

learning strategies to further optimize battery performance and longevity in industrial applications. 

 

2.6.  Results 

The study identified several measures to optimize power efficiency: 

i) Hardware modifications: 

- Desoldering the Power light-emitting diode (PWR LED) and voltage regulator on Arduino Nano 

reduced standby consumption to 90 µA. 

- Replacing Nano with a modified Pro Mini 8 MHz (3.3V) reduced standby current to 1.5 µA. 

- Switching to low-dropout regulators (LDOs) further minimized energy consumption. 

ii) Software optimizations:  

- Implementing sleep modes during idle periods and specific operations (e.g., temperature readings). 

iii) Battery improvements: 

- Using high-performance batteries optimized for low-temperature operations. 

- Properly sizing batteries to the system’s requirements. 

iv) Charging circuit integration:  

- Including a TP405 charging circuit for efficient battery management. 
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In conclusion, the modified Arduino Pro Mini achieved a minimal standby current of 1.5 µA, significantly 

extending battery life. Subsequent chapters present theoretical and practical validations of these results. 

 

 

3. EXPERIMENTAL RESULTS 

3.1.  Power consumption assessment: theoretical study 

In this study, we analyzed the power consumption of the Arduino-based system when powered by a 

battery or a cell. Power consumption plays a critical role in determining the system's efficiency and 

autonomy. The system is designed to activate the burner automatically based on temperature conditions. 

Table 2 presents the hardware components of the system along with their power consumption in both active 

and standby modes. 

To achieve autonomous operation for 3 months with 10 activations triggered by critical temperature 

days, the following conditions were considered: 

- Active mode duration: 17 seconds per activation (8 seconds for the pump and 9 seconds for the high 

voltage generator), and 27 seconds for the microcontroller. 

- Total active time: 10 activations over 3 months. 

- Sleep mode duration: The remaining time of the period (~2160 hours). 
 

 

Table 2. Power consumption of system components in active and sleep modes 
Component Active mode Sleep mode 

High voltage generator 3 A Not Active 

Pump 200 mA Not Active 

LCD 16×2 2.5 mA 1 µA 

LM2596s 300 µA 250 µA 
DS18B20 4 mA 1 µA 

Arduino Nano (5 V, 16 MHz) 23 mA 9 mA 

Arduino Pro Mini (3.3 V, 8 MHz) 5.7 mA 1.5 mA 
Modified Arduino Pro Mini (3.3 V, 8 MHz) 5.7 mA 1.5 µA 

Total 3.2125 A 253.5 µA 

 

 

We analyzed the total power consumption of various Arduino models over 3 months to determine 

their battery requirements. The calculations were based on a standard battery capacity of  

2,600 mAh, ensuring consistency across all models. The findings are presented in Table 3, which summarizes 

the power demands and corresponding battery needs for each Arduino variant. 

This analysis provides valuable insights into the energy efficiency of different Arduino boards. By 

comparing their power consumption, users can select the most suitable model for long-term projects. 

Additionally, the results highlight the importance of choosing the right battery capacity to ensure 

uninterrupted operation.  

The study highlights that using a modified Arduino Pro Mini (3.3 V, 8 MHz) dramatically reduces 

total power consumption to 628.5 mAh over 3 months. This reduction means the system can operate with just 

one 2,600 mAh battery, significantly improving efficiency and autonomy. While theoretical calculations 

provide an initial understanding of power requirements, practical experimentation offers deeper insights into 

real-world performance. The following section presents experimental results. 

 

 

Table 3. Summary of power consumption and battery requirements 
Case Arduino model Total energy consumption  

(3 months) 
Battery requirement  
(2,600 mAh each) 

1 Arduino Nano (5 V, 16 MHz) 19520.94 mAh 8 batteries 

2 Arduino Pro Mini (3.3 V, 8 MHz) 3865.26 mAh 2 batteries 

3 Modified Arduino Pro Mini (3.3 V, 8 MHz) 628.5 mAh 1 battery 

 

 

3.2.  Power consumption assessment: practical study 

To validate the theoretical findings, practical measurements were carried out using a multimeter and 

a DC power supply. The results showed that the power consumption of both the high-voltage generator and 

the pump varied proportionally with the input voltage, confirming the expected relationship. These 

measurements are documented in Table 4 for reference. Additionally, the system components were 

configured to operate at 5 V to assess their power requirements under standard conditions. The corresponding 

consumption data, including detailed readings for each component, are summarized in Table 5. 
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Table 4. Power consumption of high voltage generator and pump at various voltages 
Voltage High-voltage generator Pump 
3 V 0.87 A 70 mA 
3.3 V 0.98 A 90 mA 
3.7 V 1.17 A 100 mA 
4 V 1.25 A 100 mA 
4.5 V 1.42 A 100 mA 
5 V 1.63 A 100 mA 
5.5 V 1.82 A 110 mA 
6 V ~2 A 110 mA 
6.2 V 2.10 A 110 mA 

 
 

Table 5. Power consumption of system components at 5 V 
Component Active mode Sleep mode 

High voltage generator 1.63 A Not active 

Pump 100 mA Not active 

LCD 16×2 2.5 mA 1 µA 

LM2596s 300 µA 250 µA 

DS18B20 4 mA 1 µA 

Arduino Nano (5V, 16 MHz) 23 mA 9 mA 
Arduino Pro Mini (3.3V, 8 MHz) 5.7 mA 1.5 mA 

Modified Arduino Pro Mini (3.3V, 8 MHz) 5.7 mA 1.5 µA 

Total 1.7425 A 253.5 µA 

 

 

During system startup, the power consumption is calculated as follows: 

- Pump operation (8 seconds): (8/3600) × (0.1+0.0125) A = 0.25 mAh 

- High voltage generator operation (9 seconds): (9/3600) × (1.63+0.0125)A = 4.10 mAh 

- Arduino Pro Mini operation (27 seconds, without pump and high voltage generator):  
 

(27/3600) × 0.0125A = 0.09375 mAh 
 

Based on these operational parameters, the power consumption over a 3-month period, assuming 10 system 

startups for the modified Arduino Pro Mini, is calculated as follows: 

- Energy consumption in standby mode = (total time (3 months) - total active time) × current consumption 

= 547.56 mAh 

- Energy consumption in active mode: 44.4375 mAh 

- Total energy consumption over 3 Months: 592 mAh 

This total energy consumption of 592 mAh over 3 months is equivalent to using one rechargeable 18650 

battery (2600 mAh capacity) or one alkaline battery (2800 mAh capacity). This assessment confirms that the 

modified system can operate efficiently with minimal battery requirements. 
 

3.3.  Validation and quantifiable metrics 

To substantiate the claims made in this study, we introduce quantifiable validation metrics to assess 

the system's performance in real-world conditions. These metrics include energy consumption (measured in 

watts over time), temperature accuracy (comparison with a calibrated reference sensor with an acceptable 

error margin of ± 0.5 °C), burner activation frequency (number of activations over 3 months), and overall 

system efficiency (measured as the ratio of useful energy output to total energy consumed). Specifically, 

energy consumption will be tracked over a defined period to measure the system's ability to optimize power 

usage. Temperature accuracy will be evaluated by comparing the system’s readings with calibrated sensors 

under varying conditions. Burner activation frequency will be logged over a 3-month period to assess the 

system's long-term responsiveness to temperature variations. Data collected from these metrics will be 

analyzed to validate the system’s operational efficiency and performance, ensuring that the design meets the 

expected goals before proceeding to the battery life estimation. 
 

3.4.  Estimation of battery life for a real system (printed circuit board assembly) 

This section evaluates the system’s current consumption based on the power requirements of its 

functional blocks [25]: 

- Input filter: Stabilizes power supply. 

- Microcontroller: Core processing and decision-making. 

- Communication interfaces: Data exchange between components. 

- Power outputs: Controls the pump and high-voltage generator. 

- LED Indicators: Displays battery status. 

- Battery life estimation: Predicts system longevity based on power consumption. 
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3.4.1. Power consumption estimation 

The system manages burner activation using a flowchart as shown in Figure 2. It calculates the 

correct measured temperature (CMT) by adjusting the measured temperature (MT) with a tolerance factor 

and compares the temperature difference (DeltaTemp) to a threshold (THT). The burner activates when 

DeltaTemp ≤ 0 or enters sleep mode, otherwise, optimizing energy use. 

a) Two battery packs are proposed: 

- Duracell DL2032: Powers the microcontroller. 

- Duracell AA Alkaline Batteries: Power high-power components. 

b) Microcontroller power assumptions 

- Operating conditions: Consistent ambient temperature of 25 °C. 

- Low-power configuration: Deep sleep mode activates after tasks, leaving critical functions active 

(e.g., GPIO, ADC, INT0, LEDs). 

- Operational schedule:  70% of the time: 60 minutes of deep sleep 

   15%: 30 minutes of deep sleep. 

   7.5%: 10 minutes of deep sleep. 

   7.5%: 5 minutes of deep sleep. 

- Total active time: The system activates eight times over 3 months. 

This configuration prioritizes energy efficiency, ensuring reliable operation over the expected period. 

c) Current consumption calculation 

Based on these considerations, the total current consumption (Icc_total) for the microcontroller is 

calculated as: 
 

𝐼𝑐𝑐_𝑡𝑜𝑡𝑎𝑙 =  9𝑚𝐴 ∗  (1 + 0.15 + 0.09) + 0.3𝑚𝐴 =  0.0115 𝐴 (1) 
 

𝑇𝑜𝑡𝑎𝑙_𝐿𝑜𝑎𝑑 =  3.3𝑉/ 𝐼𝑐𝑐_𝑡𝑜𝑡𝑎𝑙 =  287.96 Ω (2) 
 

 

 
 

Figure 2. Flowchart of the power consumption estimation process 
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The system operates in a specific mode where both the pump and the high-voltage generator are 

active when the system is in the 'ON' state. Since there are two connected loads, their conditions are 

combined during system activation, as illustrated in Figure 3. In the next section, the operational modes of 

the ATMEGA328p microcontroller [11] will be further explored, with an emphasis on the practical 

application of these power-saving strategies in the real-world system. 
 

 

 
 

Figure 3. Automatic operating mode for Atmega328p 
 

 

3.5.  Estimation with system OFF (only the microcontroller is operational) 

When the system is OFF and only the microcontroller (µC) is operational, the parameters and 

conditions considered in this state are summarized in Table 6. The estimated battery autonomy is calculated 

as (3). 
 

𝐴𝑢𝑡𝑜𝑛𝑜𝑚𝑦𝐴𝑢𝑡𝑜 =  
 𝐵𝑎𝑡𝑡𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑒

𝑇𝐴𝑢𝑡𝑜𝐿𝑜𝑎𝑑

 =
 2800 𝑚𝐴ℎ 

927.23 𝑚𝐴ℎ
= 3.02 (3) 

 

With the system primarily in deep sleep mode and only the microcontroller active, the estimated battery life is 

approximately 3 years, assuming ideal battery conditions and that the batteries are replaced every 3 years. 
 

 

Table 6. Parameter definitions for the microcontroller (operational mode only) 
Parameter Value Description 

Batt_Alkaline 2800 mAh Capacity of the alkaline battery. 

Current_Spark 2.6 A Current consumed by the spark generator. 
Current_Pump 0.23 A Current consumed by the pump. 

Deep_sleep 0.422 mA Current in deep sleep mode. 

Total_Current_ON 2.84 A Total current in active mode (ON). 
T_OP 2160 hours Total operation time over 90 days (3 months). 

T_OP_60min 1512 hours Operation time during 60 minutes (70% of total time). 

T_OP_30min 324 hours Operation time during 30 minutes (15% of total time). 
T_OP_10min 162 hours Operation time during 10 minutes (7.5% of total time). 

T_OP_5min 162 hours Operation time during 5 minutes (7.5% of total time). 

Status_time 
1 second = 0.000278 
hour 

Duration during which the microcontroller is operational with the burner 
off. 

Times_ON_Loop1 1512 cycles Number of cycles during 60 minutes of operation. 

Sec_ON_Loop1 0.42 hour Total time in active mode during 60 minutes of operation. 
Sec_OFF_Loop1 1511.58 hours Total time in sleep mode during 60 minutes of operation. 

Times_ON_Loop2 648 cycles Number of cycles during 30 minutes of operation. 

Sec_ON_Loop2 0.18 hour Total time in active mode during 30 minutes of operation. 
Sec_OFF_Loop2 323.82 hours Total time in sleep mode during 30 minutes of operation. 

Times_ON_Loop3 1012.5 cycles Number of cycles during 10 minutes of operation. 

Sec_ON_Loop3 0.28 hour Total time in active mode during 10 minutes of operation. 
Sec_OFF_Loop3 161.72 hours Total time in sleep mode during 10 minutes of operation. 

Times_ON_Loop4 1951.81 cycles Number of cycles during 5 minutes of operation. 

Sec_ON_Loop4 0.54 hour Total time in active mode during 5 minutes of operation. 
Sec_OFF_Loop4 161.46 hours Total time in sleep mode during 5 minutes of operation. 

Total_Auto_Load_ON 16.31 mAh Total power consumption in active mode. 

Total_Auto_Load_OFF 910.92 mAh Total power consumption in sleep mode. 
Total_Auto_Load 927.23 mAh Total power consumption (sleep + active). 

 

 

3.6.  Estimation with system ON (normal operation) 

The estimation assumes that each part of the system activates up to 8 times within a 3-month period. 

During these activations, the components draw power to perform their functions, contributing to the overall 

energy usage. The system remains in sleep mode for the remaining time, significantly reducing power 

consumption when not in operation. 
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Table 7 provides the corresponding power consumption estimates for this operational pattern. These 

calculations account for both the active and sleep phases, ensuring an accurate representation of energy use. By 

analyzing these figures, stakeholders can better understand the system’s efficiency and optimize its performance. 

The estimated battery autonomy is calculated as (4). 

 

𝐴𝑢𝑡𝑜𝑛𝑜𝑚𝑦𝐹𝑈𝐿𝐿 =  
𝐵𝑎𝑡𝑡_𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑒

𝑇𝑜𝑡𝑎𝑙_𝑆𝑦𝑠𝑡𝑒𝑚_𝐿𝑜𝑎𝑑
=

 2800 mAh 

3737.63mAh
 = 0.75 (4) 

 

With the system in normal operation mode, including up to 8 activation cycles within 3 months, the estimated 

battery life is approximately 9 months. This estimation assumes ideal battery conditions, with the batteries needing 

to be replaced every nine months. The results from both prototypes clearly show the advantages of the printed 

circuit board assembly, confirming its potential for improving battery life in energy-constrained applications. 

 

 

Table 7. Parameter definitions for normal operation 
Parameter Value Description 

Time_Pump_ON 4 s = 1.11 * 10⁻³ hours Duration for which the pump is active. 

Time_Spark_ON 4 s = 1.11 * 10⁻³ hours Duration for which the spark is active. 

Total_time_OFF 6600 hours Total time the system remains off. 
Time_Wait_Spark 0.5 s Wait time before the spark ignites. 

Time_µC_ON 1.5 s Duration for which the microcontroller is on, including status and wait time. 

Total_Pump_Load 2.05 mAh Total power consumption by the pump during the 8 cycles. 
Total_Spark_Load 23.11 mAh Total power consumption by the spark generator during the 8 cycles. 

Total_µC_Load 0.04 mAh Total power consumption by the microcontroller during the 8 cycles. 

Total_µCsleep_Load 2785.2 mAh Total power consumption in sleep mode while the system is off. 
Total_System_Load 3737.63 mAh Total power consumption of the system, including all loads. 

 

 

4. CONCLUSION 

This paper successfully demonstrates the development of an innovative lithium-ion battery 

management system that significantly enhances battery longevity by reducing power consumption through 

hardware modifications and software optimizations. The experimental results validate the effectiveness of the 

proposed system, highlighting its potential for energy-constrained applications. The findings contribute to the 

broader field of energy efficiency, providing a practical solution for extending battery life in real-world 

applications. Looking ahead, the research paves the way for further advancements in battery management, 

particularly in enhancing system adaptability and exploring renewable energy integration. In the next steps, 

we will implement a more advanced BMS incorporating machine learning techniques. Specifically, we plan 

to apply a remaining useful life (RUL) assessment method for lithium-ion batteries using a CNN-LSTM-

DNN hybrid approach, which aims to improve the accuracy of battery life predictions and optimize battery 

usage. 
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