


Comparative Performance of New and Remanufactured Lithium-Ion EV Battery Packs in Ghana


ABSTRACT
Background: The rapid transition toward electric mobility has increased the demand for lithium-ion electric vehicle (EV) batteries; however, the high cost of new battery packs remains a major barrier to EV adoption in developing countries such as Ghana. This study comparatively assessed the real-world performance of new and remanufactured lithium-ion EV battery packs under Ghanaian driving and environmental conditions through practical road testing.
Objective: The study aims to evaluate and compare the technical and environmental viability of using remanufactured lithium-ion batteries as a sustainable alternative to new or degraded batteries for electric vehicles in Ghana.
Method: An experimental comparative research design was employed using a converted electric vehicle fitted alternately with a new battery pack and a remanufactured battery pack. The batteries were evaluated under morning, afternoon, and evening driving scenarios across level roads, hilly terrains, highways, and traffic-congested conditions. Key performance indicators assessed included state of charge (SOC), battery percentage drop, charging efficiency, internal resistance, thermal performance, voltage stability, and driving range.
Results: The results showed that the new battery exhibited superior overall performance compared to the remanufactured battery. Internal resistance measurements revealed that the new battery recorded lower resistance values of 20 mΩ at the cell level and 22 mΩ at the module level, whereas the remanufactured battery recorded higher values of 35 mΩ and 41 mΩ, respectively, indicating increased energy losses and degradation tendencies in the remanufactured system. The charging analysis further demonstrated that the new battery reached 100% SOC within 90 minutes using a 60 kW DC fast charger, while the remanufactured battery required 120 minutes under similar charging conditions.
Road test results indicated a strong negative correlation between travel distance and battery percentage for both battery systems across all test periods. During the morning test, the Pearson correlation coefficients were for the new battery and for the remanufactured battery, with p-values less than 0.0001, confirming statistically significant discharge behavior. Similar trends were observed during the afternoon ( and ) and evening ( and ) sessions. The average battery percentage drop across all operational periods was higher for the new battery (186.99%) than the remanufactured battery (173.33%), with performance differences increasing progressively from morning (2%), afternoon (4%), to evening (7.33%) conditions.
Conclusion: The findings demonstrate that although remanufactured lithium-ion batteries exhibit moderate reductions in efficiency, thermal stability, and energy retention compared to new batteries, they still maintain acceptable operational performance for short-distance and urban EV applications. The study concludes that remanufactured EV batteries can provide a cost-effective and environmentally sustainable alternative for electric mobility deployment in Ghana, particularly within commercial transportation and circular economy frameworks.
Keywords: Electric vehicle batteries, lithium-ion batteries, remanufactured batteries, battery degradation, state of health, circular economy, battery management system, Ghana.



1. INTRODUCTION

In light of global warming, there has been a noticeable increase in concerns about sustainability. [1]Approximately 27% of all greenhouse gas emissions in the European Union originate from the transportation sector, with road transport accounting for 71.7% of these emissions. This is largely due to the growing impact of climate change brought on by CO2 emissions from traditional fossil fuel-powered vehicles, posing a threat to environmental sustainability. Over the past decade, there have been increasing greenhouse gas (GHG) emissions worldwide caused by the transportation industry[2]. It is estimated that the transport sector alone accounts for 91 % of greenhouse gas (GHG) emissions, and similar trends are observed in Africa and specifically, Ghana[3]. [4]The Environmental Protection Agency, Ghana (EPA) has identified vehicular exhaust emissions as the single largest contributor among the major sources of air pollution in Ghana, where mobile combustion emissions summed up to 7.2MtCO2e in 2016[5]. Road transportation alone contributed to 11.11% of Ghana’s total CO2 emissions in 2016, with a cumulative impact of 59.9% since the year 2000[6].  A robust road transportation system is essential to the operation of industries, education, health, and agriculture, and since GHG emissions are causing global warming and climate change, it is now vital to cut emissions across the board, especially in the transportation sector[7]. [8]Compared to internal combustion engine (ICE) vehicles, electric vehicles (EVs) offer a chance to lower transportation-related GHG emissions, no tailpipe emissions, fewer parts, and quiet operation.[9] The International Energy Agency (IEA) in its 10-point plan to reduce oil use, has identified the electrification of road vehicles as the most promising pathway to reducing greenhouse emissions and in its updated Nationally Determined Contributions (NDCs) to the United Nations Framework Convention on Climate Change (UNFCCC), Ghana intends to reduce emissions by 64 MtCO2e by 2030 and has named the transportation sector as one of its ten adaptation and resilience areas in its NDCs. According to the National Energy Transition Framework, all road and rail mobility in Ghana will be electricity and hydrogen-fuelled by 2070, while off-road ICEV will be phased out by 2040[10].
 [11] Electric vehicle (EV) batteries are rechargeable energy storage systems that power electric vehicles by storing electrical energy and supplying it to an electric motor, which drives the vehicle, hence, it’s central to the performance and viability of the lithium-ion battery, which significantly influences vehicle range, is less costly, has high-energy density, and environmental impact, although other types are also used[12]. However, as EV adoption increases, so does the demand for a comprehensive understanding of battery lifecycle management, particularly concerning new, degraded, and remanufactured battery systems[13]. This study presents a comparative assessment of new and remanufactured electric vehicle batteries to evaluate their respective performance and competencies under certain driving road conditions. Although they provide the best performance, [14]new batteries are those batteries that have the highest performance and stability under all environmental conditions.  In contrast, degraded batteries are those batteries that have experienced capacity and efficiency loss through prolonged use and pose challenges for continued in-vehicle application, but present opportunities for second-life uses[15]. Remanufactured batteries are batteries that involve restoring degraded battery packs to near-original performance through repair or replacement of degraded components, especially the cells, that represent a promising middle ground with the potential to extend battery lifespan and reduce waste[16]. According to [17]studies, such as advances in cathode chemistry, such as the transition from LCO to NMC and NCA compositions, have improved specific energy and longevity. The extraction of raw materials like lithium, cobalt, and nickel raises environmental and ethical concerns, making it essential to explore alternatives to full battery replacement[18].  [19]have shown that degradation is influenced by factors such as charge/discharge rates, temperature, depth of discharge, and usage patterns. Degraded EV batteries typically fall below 70–80% of their original capacity, making them less suitable for EV applications but still potentially valuable for less demanding stationary energy storage systems[20]. This concept, known as "second-life" usage, has been explored in various pilot projects, including grid support and renewable energy buffering, indicating that degraded batteries can still deliver meaningful economic and environmental benefits. [21]Highlight remanufacturing as a viable approach to extend battery service life while minimizing material use and emissions associated with new battery production. Remanufactured batteries often achieve 75–90% of the performance of new batteries at a significantly lower cost, though consistency and safety remain key concerns[14]. Moreover, according to the International Standard Organization (ISO14040), the remanufacturing process involves several stages, including inspection, cleaning, disassembly, reprocessing, reassembly, and testing of the core by automakers[22]. Standardization of testing and certification methods is still evolving, which influences market trust and regulatory acceptance. [23]The term” core” in remanufacturing refers to the product or component that is used or worn out and needs to undergo a remanufacturing process to be utilized. Therefore, the advancement of electric vehicle battery remanufacturing has recently reduced environmental impacts, extended battery life, and reduced consumption of raw materials[24], making it a crucial circular economy strategy, but the potential risks in handling and storing degraded lithium-ion batteries and the Uncertainty about the environmental impact of battery remanufacturing processes in Ghana pose a great challenge. The organization of this paper is as follows: Section 2 covers an overview of the study. The methodology used to undertake the study is covered in Section 3. Section 4 presents the real-world performance testing results on both EV batteries. Finally, the conclusions for the comparative assessment of EV batteries are presented in Section 5.


2. OVERVIEW OF BATTERY REMANUFACTURING

[bookmark: _Hlk204297478]With its reliance on Asia, Europe currently produces very little LIB. [25]To lessen reliance on imports and centralized production, battery manufacturers are multiplying, especially in Europe, where production capacity is expected to reach 960 GWh by 2030, or 33% of global capacity. The world's LIB capacity surpassed 2.8 TWh in 2023, with China accounting for almost 70% of the total yearly capacity[26]. Germany was the biggest market in Europe, with 150.8 GWh of LIB capacity, or around 5.4% of the overall capacity[27]. Even with this rise, Europe will continue to depend on Asian primary materials to take advantage of the large number of EVs sold. [28]Remanufacturing can be an exciting alternative among the various EOL practices for EV batteries. In contrast, refurbishment or retrofitting target specific components for improvement or repair, whereas remanufacturing aims to return the entire battery to its original state. Research shows that remanufacturing can be economical, saving roughly 40% when compared to the production of new batteries[29]. Prior research has endeavoured to quantify the ecological consequences resulting from battery recovery, as listed in Table 1.
Table 1: Previous studies on the environmental impacts of battery remanufacturing or recycling.
	Battery chemistry recycled
	Material recycled
	Approach used
	Results
	References

	

NMC
	

NMC, steel, Cu
	

Hydrometallurgical recycling
	The reduction of energy consumption and GHG emissions is 32.1 GJ and 5.1 tons per EOL EV. About 10% of the life cycle GHG emissions can be reduced by recycling.
	                


             [30]

	

Various cathode chemistries
	

Including Co, Ni, Al, Cu, electrolyte solvent, and anode
	

Pyrometallurgical recycling (Umicore; Toxco); direct recycling (eco-bat)
	Through the Umicore process, recovery of Co and Ni saves about 70% of the energy needed for their production from sulfide ores.
	


               [31]

	

LIB
	

Li-salt, Co, Ni, iron, steel
	

Hydrometallurgical recycling
	The disposal phase has a minor impact on the total environmental burdens
	
              [32] 

	


LMO, LFP
	

Li, Co, steel, nonferrous materials
	

Hydrometallurgical recycling
	The benefit of metal recycling is negligible because the materials and energy used in the recycling processes are intensive
	


              [33]

	
LIB
	
Co, Ni
	Pyrometallurgical recycling, Hydrometallurgical recycling
	The recycling scenario results in 51.3% natural resource savings.
	
             [34]

	

LMO
	

LMO, Al, Cu
	

Direct physical recycling
	Approximately 48% of the energy during material production can be reduced.
	
              [35]

	


Various cathode chemistries
	

Co-containing materials (pyrometallurgical and intermediate recycling); cathode materials (direct recycling)
	

Pyrometallurgical recycling; intermediate recycling; direct recycling
	The GHG emission reduction potential is 60% to 75% for the pyrometallurgical process, 11% to 91% for the intermediate recycling process and 81% to 98% for the direct recycling process
	



               [36]

	
	
	
	
	



[bookmark: _Hlk204297523] [37]projected that the quantity of used EV batteries will rise from 50,000 in 2020 to 150 million in 2035, highlighting the significance of having a recycling infrastructure and established reuse protocols in place to handle the arrival of old batteries. However, battery manufacturing has a significant negative influence on the environment. [38]The first category examined by life-cycle assessments was the global warming potential (GWP), which was found to be worse from an environmental standpoint than an internal combustion engine vehicle (ICEV) because, for the first time, [39]EVs' battery production accounted for roughly 40% of the vehicle's overall environmental impact, contributing to acidification, photochemical oxidation, and abiotic depletion. [40]Abiotic depletion is now the main driver behind the development of novel battery chemistries with less of an adverse environmental impact, given that many of the materials used in battery manufacturing are regarded as essential materials. The profitability of battery remanufacturing has also been claimed by[41]. Nonetheless, [42]were more gloomy and concluded that waste battery recycling enterprises might sustain economic losses when only spent batteries are used as material inputs during production, due to the low utilization rates of waste batteries.
[bookmark: _Hlk202554054][43]A growing number of comparative studies compare the performance, cost, and environmental impact of new, degraded, and remanufactured batteries. A life cycle assessment (LCA)  showed that, in comparison to the production of new batteries, remanufactured batteries can save greenhouse gas emissions by as much as 50%[44]. Similarly, studies by [45] evaluate economic viability and performance degradation curves, concluding that remanufactured batteries provide a strong enough value proposition for a wide range of applications, even though they might not be able to match the complete performance of new batteries[46]Despite the growing interest, several challenges persist. The scalability of remanufactured batteries is limited by the logistical complexity of battery collection and sorting, uncertainty in remanufacturing quality, and the absence of established procedures for monitoring battery condition[47]. Moreover, end-of-life battery management remains disjointed across regions due to regulatory, technical, and economic barriers; hence,[48] For the widespread use of remanufactured and second-life batteries, further research is required to create certification frameworks, improve supply chain logistics, and create diagnostic tools. This study aims to compare the performance of two EV batteries (new and remanufactured), on real-world performance, which includes energy capacity, distance travelled, time, and driving road conditions, alongside environmental indicators[49]. In particular, it aims to answer the following important questions: (1) How efficient is a remanufactured battery compared to a new battery? (2) How efficient is a remanufactured battery in promoting the circular economy?[50]. With the help of this study and the assessment, the goal is to inform stakeholders, including manufacturers, policymakers, and consumers, about the trade-offs and potential of each battery state[51]. Finally, the study will contribute to the development of circular economy strategies in the EV sector, supporting more sustainable and cost-effective approaches to battery lifecycle management. A variety of trade-offs between performance, cost, and environmental sustainability are shown by comparing new and remanufactured EV batteries[52]. Re-manufactured batteries provide promising approaches to cut waste and resource usage, even though new batteries give the best performance[53]. Ghana aims to become a global leader in the remanufacturing drive to create a more circular and sustainable future for the EV sector. 

3. METHODS
3.1 Research Design
This study adopted an experimental comparative research design to evaluate the performance characteristics of new and remanufactured lithium-ion electric vehicle (EV) battery packs under real-world driving conditions in Ghana. The research involved practical road testing of an electric vehicle fitted alternately with a new battery pack and a remanufactured battery pack under identical operational conditions. The comparative assessment focused on key battery performance indicators, including driving range, state of charge (SOC), charging efficiency, internal resistance, voltage stability, thermal performance, and energy consumption. The study was conducted under three operational scenarios: morning, afternoon, and evening to account for variations in ambient temperature, traffic congestion, and road usage conditions commonly experienced within Ghanaian urban and highway transportation environments.
3.2 Study Area and Road Conditions
The practical road tests were conducted on selected urban and highway routes within Ghana. The selected routes included level roads, hilly terrains, mixed driving surfaces, and traffic-congested areas to simulate realistic operating conditions encountered by EV users in the country. These varying road conditions enabled the assessment of battery performance under different load demands, acceleration patterns, and thermal stress conditions.
3.3 Vehicle Selection
A converted electric vehicle based on a 2009 Toyota Corona platform was selected for the experimental study due to its reliable onboard diagnostic and data logging systems. Before each test session, the vehicle underwent a mechanical inspection to ensure operational consistency throughout the testing process. Tire pressure was checked and maintained within the recommended manufacturer specifications to minimize variations in rolling resistance and energy consumption.
The vehicle specifications used during the study, as shown in Figure 1, are presented in Table 2.
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Figure 1: Dimension of Test Vehicle

        Table 2. Vehicle Specification
	Parameters
	Specification

	Gross Vehicle Mass (M)
	1730kg

	Wheel Base (L)
	2630mm

	Track Width (Front)
	1481mm

	Track Width (Rear)
	1450mm

	Ground Clearance
	160mm

	Overall Length of Vehicle
	4490mm

	Overall Width
	1710mm

	Overall, Height
	1425mm

	Aerodynamic drag Coefficient (Cd)
	0.28

	Seating Capacity
	5


1. Gross Vehicle Mass (M) – 1730 kg. This is the maximum allowable total mass of the vehicle, including the vehicle itself, passengers, cargo, and fuel. It’s essentially the weight of the vehicle when fully loaded. 2. Wheel Base (L) – 2630 mm. The distance between the centres of the front and rear wheels. A longer wheelbase generally provides more stability and interior space, while a shorter one can improve manoeuvrability. 3. Track Width (Front) – 1481 mm. The distance between the centrelines of the left and right tires on the front axle. This affects the vehicle’s stability, especially during cornering. 4. Track Width (Rear) – 1450 mm. Similar to the front track width, but for the rear axle. It influences the vehicle’s handling characteristics and stability. 5. Ground Clearance – 160 mm. The minimum distance between the lowest point of the vehicle and the ground. It affects the vehicle’s ability to navigate over obstacles without damaging the underbody. 6. Overall Length – 4490 mm. The total length of the vehicle from the front bumper to the rear bumper. This dimension is important for parking, garage fit, and overall road presence. 7. Overall Width – 1710 mm. The total width of the vehicle from one side mirror to the other (or the widest point). It affects lane fitting and parking space requirements. 8. Overall, Height – 1425 mm. The height of the vehicle from the ground to the highest point (usually the roof). This influences aerodynamics, interior headroom, and garage clearance. 9. Aerodynamic Drag Coefficient (Cd) – 0.28. A measure of how smoothly air flows around the vehicle. A lower Cd means better aerodynamics, which can improve fuel efficiency and reduce wind noise. 10. Seating Capacity – 5. The number of people the vehicle is designed to carry, including the driver.   
3.4 Battery Selection and Remanufacturing Procedure
Two lithium-ion battery packs were used for the study:
1. A new lithium-ion EV battery pack. 
2. A degraded lithium-ion battery pack that was remanufactured to near-original operational condition. 
The degraded battery packs were sourced from EV companies and EV owners in Ghana. The remanufacturing process followed International Organization for Standardization (ISO) guidelines for battery restoration and quality assurance. The remanufacturing procedure involved: Battery disassembly, Cell sorting and grading, Replacement of defective or degraded cells, Cell balancing, Reconditioning, Reassembly, and Final quality assurance testing. Only battery cells meeting acceptable operational voltage and safety standards were retained during the remanufacturing process.
3.5 Battery Inspection and Diagnostic Testing
Comprehensive inspections and diagnostic evaluations were conducted on both battery packs before road testing.
3.5.1 Visual Inspection
A visual inspection was performed to assess the physical condition of the batteries, as shown in Figure 2.
[image: ]
Figure 2: Inspection of batteries.
 The inspection focused on identifying liquid leakage, Corrosion, Swelling, Cracks, Casing deformation, Damaged terminals, and Faulty cable connections. All inspections were conducted using appropriate personal protective equipment (PPE), including high-voltage insulated gloves and safety tools.
3.5.2 Voltage Measurement and Internal Resistance Testing
Cell voltage measurements were conducted using a digital multimeter to determine the electrical condition of individual cells within the battery modules, as shown in Figure 3. The measured cell voltages were compared with the manufacturer’s nominal voltage specification of 3.6 V per cell. Cells with voltages between 3.5 V and 3.7 V were classified as good cells, while cells below 3.0 V were considered defective.
[image: ]
                                                      Figure 3. Testing of batteries

Internal resistance measurements were performed using a Battery Impedance Meter (BT4560) and a BK Precision Battery Analyzer (BA6011). The BT4560 measured cell-level internal resistance, while the BA6011 evaluated module-level resistance. Internal resistance testing was necessary to assess current flow capability, thermal behavior, and potential overheating tendencies within the battery systems.
3.5.3 State of Health (SOH) Determination
The State of Health (SOH) of each battery was determined by comparing the present battery capacity with the manufacturer’s rated capacity using Equation (1):

                                                                                                                                            Equ. 1

Where:
· represents the present battery capacity, and 
· represents the nominal battery capacity. 
The SOH evaluation was used to estimate the remaining useful life and operational reliability of the batteries.
3.5.4 Charging Procedure
Both battery packs were charged using a 60 kW DC fast charger under controlled environmental conditions. Before testing, all batteries were charged to 100% State of Charge (SOC) at ambient temperatures ranging between 30°C and 35°C. After charging, the batteries were allowed to rest for approximately 30–60 minutes to stabilize the voltage before the commencement of road testing. Charging time, charging temperature, and charging efficiency were recorded for both battery systems.



3.6 Practical Road Test Procedure
The practical road tests were conducted by installing each battery pack separately into the selected electric vehicle. The vehicle was driven over a constant distance of 9 km under varying road and traffic conditions, which include: Level roads, Hilly roads, Mixed terrain conditions, and Traffic congestion scenarios. 
The vehicle was operated at speeds ranging from 60 km/h to 100 km/h. A total of 45 test trials were conducted as follows: Morning session: 15 trials, Afternoon session: 15 trials, Evening session: 15 trials. The repeated trials were necessary to improve the accuracy, reliability, and consistency of the experimental results.
3.6.1 Data Collection
Battery and vehicle performance data were collected using: Battery Management Systems (BMS), Onboard diagnostic systems, GPS tracking devices, Temperature monitoring sensors, Digital multimeters, and Battery diagnostic analyzers. 
The following parameters were recorded during each test: Distance travelled, Battery percentage drop, State of Charge (SOC), Voltage variation, Battery temperature, Charging duration, Internal resistance, and Driving range. The collected data were organized and processed using Microsoft Excel for subsequent analysis.
3.6.2 Statistical Analysis
Descriptive and inferential statistical methods were used to analyze the battery performance data. The analysis included: Mean percentage drop, Standard deviation, Pearson correlation analysis, and Statistical significance testing. 
The standard deviation was calculated to evaluate the variability and consistency of battery discharge performance across the test distances. Pearson correlation analysis was used to determine the relationship between travel distance and battery percentage drop for both battery systems. Statistical significance was evaluated using p-values obtained from the correlation analysis. A significance level of was considered statistically significant.


3.7 Safety and Ethical Considerations
All battery handling, testing, and remanufacturing procedures were conducted in accordance with established high-voltage electrical safety standards. Appropriate safety measures, including the use of insulated PPE and proper battery isolation procedures, were implemented throughout the study to minimize risks associated with lithium-ion battery handling and testing.

4. RESULTS AND DISCUSSION
The results show the assessment and comparison of EV batteries (new and remanufactured) to know their performance through practical road tests, focusing on driving distance, time, and percentage drop in the batteries under level, hilly, and traffic road driving conditions.

4.1 Battery Inspection Selection and Testing
Upon visual inspections of all batteries, there were no liquid leakages, signs of cracks, corrosion, or case deformations. The terminal connections and cable connectors were all in good shape and intact. Table 3 shows the results of the battery cell health after measuring each cell in the battery pack with the multimeter and after testing the Internal Resistance (IR) of each battery after using the BK Precision Battery Analyzer (BA6011) at the module level and the Battery Impedance Meter (BT4560) at the cell level. The new battery has all 100 cells functioning within the ideal voltage (3.6V), while the measurement derived from the instrument's test agrees with the computed module resistance specified by the manufacturer. 
[bookmark: _Toc211593376]Table 3. Batteries IR display
	Battery
	Cell level
	Module level
	Interpretation

	             New
	20 mΩ
	22 mΩ
	 Excellent condition


	Remanufactured
	35 mΩ
	41 mΩ
	 Good but slightly weak

	
	
	
	



For the good-condition battery (new), the cell level was 20 mΩ, and the module level was 22 mΩ, indicating an excellent heat range within the battery pack. The remanufactured battery after testing was 35 mΩ at the cell level and 41 mΩ at the module level, signifying good heat range within the battery pack.
[194] The estimated SOH of each battery resulted in the following: If SOH is 95 – 100% (New) of rated battery capacity, batteries are expected to have a smooth voltage, minimal heat, and low internal resistance; hence, they must show the highest performance and stability. If SOH is 80 – 90% (Remanufactured) of rated battery capacity, battery performance is close to a new one, and is expected to have a slight voltage drop, hence moderate performance, which will bridge the gap between the new battery and the remanufactured battery. The performance of each battery type highlights degradation trends and assesses how well remanufactured batteries restore usability compared to new ones in Ghana.  Figure 4 shows the SOC of the battery from 0% to 100% during the charging process, whereas Table 4 displays the results for both batteries being charged under different normal temperature conditions with the same charger type. The good-condition battery (new) spent 90 minutes before getting to 100%, which indicates that it charges at a faster rate because it has almost all the good cells.
 
[image: ]
[bookmark: _Toc211593395]Figure 4.  Battery with different SOCs





[bookmark: _Toc211593377]Table 4: Charging Summary for both Batteries
	Battery
	Charging time
	Charger type
	Temp. O0C
	    Percentage

	New
	90 mins
	DC fast (60kW)
	35
	        100 %

	
	
	
	
	

	Remanufactured
	120 mins
	DC fast (60kW)
	30
	        100%


The remanufactured battery after charging took 120 minutes before reaching 100%, since not all the cells had the ideal voltage (3.6V), especially those cells that were not replaced even after remanufacturing and testing. Some cells had just below 3.5V (mixed cell characteristics).
4.2 Road Test 
[bookmark: _Hlk211489084]A road test was conducted to assess and compare how different driving conditions impact battery usage on new and remanufactured electric vehicle (EV) batteries, where figure 5, 6, 7 displays the performance results of all batteries, respectively, in the morning, afternoon, and evening after the road test focusing on the distance covered (in km), and battery energy used (% drop). 
4.3 Performance Comparison
Morning
[image: ]
Figure 5: Battery Performance (Morning)
Figure 5 illustrates the relationship between battery percentage and distance travelled for both the new battery (NB) and the second-life battery (SLB) during the road test in the morning. Distance is plotted on the horizontal axis (x-axis), while the remaining battery percentage is plotted on the vertical axis (y-axis). The graph provides a visual comparison of how the two batteries discharge as the electric vehicle travels increasing distances. It is observed that the battery percentage for both batteries decreases steadily as the distance increases. This trend is expected because the electric vehicle continuously consumes energy from the battery during operation. However, the rate of discharge differs slightly between the new battery and the second-life battery, indicating differences in performance and energy efficiency.
At the initial stage of the test, both batteries start with relatively high charge levels. The new battery begins at approximately 90%, while the second-life battery begins slightly lower at around 85%. As the vehicle travels further, both batteries experience a gradual reduction in charge. However, the new battery maintains a higher charge level across most of the recorded distances compared to the second-life battery.
Between approximately 0.6 km and 3 km, both batteries show a relatively moderate decline in charge. During this stage, the discharge rates of the two batteries are similar, although the second-life battery exhibits a slightly faster decrease. This suggests that the new battery retains energy more efficiently during the early phase of the journey, likely due to its higher capacity and lower internal resistance. As the distance increases beyond 4 km, the difference in performance between the two batteries becomes more noticeable. The second-life battery shows a more rapid reduction in charge percentage, indicating that it is consuming stored energy at a faster rate. This behaviour is consistent with the characteristics of aged or reused lithium-ion batteries, which typically experience capacity loss and increased internal resistance over time.
At distances beyond approximately 6 km, the discharge gap between the two batteries becomes clearer. The new battery maintains a higher percentage of remaining charge, while the second-life battery drops to lower levels more quickly. This suggests that the second-life battery has reduced energy storage capability, which limits the driving range compared to the new battery.
The relationship between battery percentage and travel distance was analysed using correlation analysis. The Pearson correlation coefficient (r) was calculated to determine the strength of the relationship between the variables. 



For the Standard Deviation Formula:

                                                                                                                                     Equ. 2
Where:
· = standard deviation
· = each observed value
· = mean of the data
· = total number of observations
· = summation of all values
Standard deviation measures the spread or variability of data around the mean. Therefore, for EV batteries, it shows how consistent the battery discharge values are across the distance measurements. Low standard deviation: (battery performance is stable and predictable). High standard deviation: (battery discharge varies significantly, indicating unstable performance).

For Pearson Correlation Coefficient:

                                                                                                                                Equ.  3Where:
· = correlation coefficient
· = independent variable (distance)
· = dependent variable (battery percentage)
· = mean of distance values
· = mean of battery percentage values
The correlation coefficient measures the strength and direction of the relationship between two variables. The range of R-value is (+1), which means perfect positive correlation, (0), which means no correlation, and (-1), which means perfect negative correlation. The results indicate a strong negative correlation (-1) between distance and battery percentage, meaning that as the vehicle travels further, the battery charge decreases proportionally. Statistical significance was evaluated using the p-value obtained from the t-test of the correlation coefficient. 
Formula for the p-Value
The p-value is obtained from statistical tests such as the t-test for correlation.
                                                                                                                               Equ.  4

                                                                          
Where:
· = test statistic
· = correlation coefficient
· = number of observations
The p-value is then determined from the t-distribution table using this calculated value; hence, the value determines whether the relationship between variables is statistically significant.  From Figure 5, P < 0.05, which means that the relationship between distance and battery percentage drop is statistically significant, confirming that distance strongly affects battery discharge. A p-value less than 0.05 indicates that the observed relationship is statistically significant and not due to random variation, but directly related to the increase in travel distance. (P < 0.05 (Statistically significant relationship), p > 0.05 (Not statistically significant) Correlation analysis was performed to determine the relationship between travel distance and battery percentage for both the new battery (NB) and second-life battery (SLB). The Pearson correlation coefficient showed a strong negative relationship for both batteries. The NB recorded a correlation coefficient of r = −0.958, while the SLB recorded r = −0.975. This indicates that battery percentage decreases significantly as travel distance increases. The calculated standard deviations were 22.7 for NB and 22.5 for SLB, showing similar variability in discharge values. The statistical significance test produced p-values less than 0.0001, confirming that the observed relationship between distance and battery percentage drop is statistically significant.
  Afternoon
[image: ]
Figure 6: Battery performance (Afternoon)

Figure 6 presents the relationship between distance travelled (km) and battery percentage for the New Battery (NB) and the Second-Life Battery (SLB) during the afternoon performance test. The results show a progressive decline in battery percentage for both batteries as the distance increases from 0.6 km to 9 km. This trend indicates that the energy stored in the batteries is gradually consumed as the vehicle continues to operate.
At the beginning of the test, the New Battery recorded a higher battery percentage (90%) than the Second-Life Battery (85%), indicating slightly better initial energy capacity. Between 1.2 km and 3.6 km, both batteries exhibit a relatively stable discharge pattern, with the NB maintaining around 80% battery level while the SLB gradually decreases from 79% to 74%. This suggests that during the early stages of vehicle operation, the batteries experience a slower rate of energy depletion. However, as the distance increases beyond 4 km, a more noticeable drop in battery percentage is observed for both batteries. The NB decreases from 70% at 4.2 km to 20% at 9 km, while the SLB decreases from 67% to 34% within the same distance range. This indicates that battery discharge becomes more pronounced as the vehicle continues to operate over longer distances.
Statistical analysis revealed a strong negative correlation between distance and battery percentage for both batteries. The correlation coefficient for the NB was R = −0.918, while the SLB showed an even stronger relationship with R = −0.978. This indicates that battery charge decreases significantly as the vehicle travels farther. The p-values obtained for both batteries were far below the significance level of 0.05, confirming that the relationship between distance and battery discharge is statistically significant and not due to random variation. Furthermore, the standard deviation values (NB = 18.44; SLB = 15.99) indicate moderate variability in battery performance across the tested distances. The slightly higher variability observed in the New Battery suggests fluctuations in its discharge pattern during the test period.
The overall graph in Figure 6 shows a clear inverse relationship between distance travelled and battery percentage, with the battery level decreasing as the vehicle travels further. Although both batteries follow a similar discharge trend, the New Battery generally maintains a higher battery percentage over most of the distance, suggesting relatively better performance and energy retention compared to the Second-Life Battery during the afternoon test.

Evening
                           [image: ][image: ]
Figure 7: Battery performance (Evening)

Figure 7 presents the variation in battery percentage drop with increasing distance for both NB and SLB under evening test conditions. Both battery types exhibit a general decline in percentage as distance increases, indicating energy consumption over travel. However, the pattern of decline differs notably between the two. The NB maintains a relatively stable battery percentage (around 90%) from 0.6 km to approximately 4.2 km, after which a gradual decline is observed, followed by a sharper drop beyond 7.2 km. In contrast, the SLB shows a more progressive and consistent decrease from the beginning, with noticeable drops occurring earlier than in NB.
Between 4.2 km and 7.2 km, the SLB demonstrates a significant reduction in battery percentage compared to NB, suggesting a higher rate of energy depletion over mid-range distances. This trend becomes more pronounced at longer distances (7.2 km to 9 km), where both batteries experience steep declines; however, SLB reaches much lower percentage levels than NB. This indicates that SLB is more susceptible to rapid discharge under extended distance conditions. The graph further highlights that NB outperforms SLB in terms of maintaining higher battery levels across nearly all measured distances. The relatively flatter curve of NB in the early and mid-distance ranges suggests better energy retention and efficiency. On the other hand, the steeper slope of the SLB curve reflects less efficient energy utilization and greater instability in performance.
The computed standard deviation values (NB = 18.31; SLB = 20.47) indicate that SLB experiences greater variability in performance, suggesting less stability compared to NB. Furthermore, the correlation coefficients for NB (R = -0.829) and SLB (R = -0.885) demonstrate strong negative relationships between distance and battery percentage, confirming that increased distance leads to significant battery depletion in both systems. The stronger negative correlation observed in SLB implies a higher sensitivity to distance, resulting in faster energy loss. The associated p-values (NB = 0.00013; SLB = 0.000012) are well below the 0.05 significance threshold, indicating that these relationships are statistically significant and not due to random variation. The overall graphical analysis in Figure 7 suggests that distance has a substantial impact on battery performance for both systems, with NB demonstrating superior consistency and endurance. This implies that NB may be more reliable for longer-distance applications, whereas SLB may be better suited for shorter distances where its performance remains comparatively stable.







4.4 Average Percentage Drop Across all three Scenarios (Morning, Afternoon, Evening)
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Figure 8. Average % Drop Across Both Batteries

Figure 8 illustrates the relationship between travel distance and average battery percentage drop across morning, afternoon, and evening for both the New Battery (NB) and Second-Life Battery (SLB), providing critical insight into their comparative performance under real-world operating conditions. As distance increases from 0.6 km to 9 km, both battery types exhibit a clear and consistent decline in remaining charge, confirming the expected inverse relationship between energy availability and distance travelled.
A key observation from Figure 8 is that the NB maintains a higher state of charge across nearly all measured distances compared to the SLB. This indicates superior energy retention capacity, which can be attributed to its relatively intact electrochemical structure, lower internal resistance, and optimal charge and discharge efficiency. In contrast, the SLB demonstrates a more rapid decline in battery percentage, particularly beyond the mid-range distances (approximately 5–6 km). This accelerated degradation reflects the effects of prior usage, including capacity fade, increased internal resistance, and diminished energy efficiency.
Furthermore, the divergence between the two curves becomes more pronounced at longer distances, highlighting the reduced reliability of SLBs under extended operational demands. Notably, while both batteries show a gradual decline initially, the SLB curve exhibits sharper drops in the latter stages, suggesting nonlinear degradation behaviour under higher depth-of-discharge conditions. This has important implications for electric vehicle (EV) performance, particularly in applications requiring sustained range and consistent power delivery. From a thermal and electrochemical perspective, the observed trends may also indicate that SLBs are more susceptible to energy losses due to heat generation and inefficiencies in charge transfer processes. The NB’s more stable decline suggests better thermal management and energy utilization efficiency. The graph in Figure 8 provides strong empirical evidence that NB outperforms SLB in terms of energy retention and discharge stability as distance increases. While SLBs may still be viable for low-range or secondary applications, their reduced performance at higher distances raises concerns regarding their suitability for primary EV propulsion. These findings underscore the importance of thorough performance evaluation when considering second-life batteries within a circular economy framework for electric mobility. 

4.5 Summary of Computed Results on Average Percentage Drop
Table 5 shows a comparative analysis of the average battery percentage drop across the morning, afternoon, and evening operational periods, revealing a clear temporal pattern in the performance behaviour of both the New Battery (NB) and Second-Life Battery (SLB). The results demonstrate that while both battery types exhibit increasing discharge levels throughout the day, the magnitude and rate of degradation differ significantly, with the SLB consistently underperforming relative to the NB.
Table 5: Summary on Batteries % Drop
	Sections
	NB Avg. (%)
	SLB Avg. (%)
	Difference in (%)

	Morning
	45.33
	43.33
	2

	Afternoon
	64.33
	60.33
	4

	Evening
	77.33
	70
	7.33

	Overall
	186.99
	173.33
	13.33



In the morning session, the average percentage drop for NB (45.33%) is only marginally higher than that of SLB (43.33%), resulting in a relatively small difference of 2%. This minimal disparity suggests that under low thermal stress and reduced cumulative usage conditions, the NB retains a performance level comparable to that of the SLB. At this stage, both batteries operate within optimal electrochemical conditions, with limited internal resistance buildup and minimal energy loss.
However, in the afternoon period, the gap between the two battery types becomes more pronounced. The NB records an average drop of 64.33%, compared to 60.33% for the SLB, yielding a difference of 4%. This increase indicates the onset of performance divergence, likely driven by rising ambient temperatures, increased load demand, and cumulative discharge effects. The SLB, having undergone prior life cycles, is more susceptible to capacity fade and internal resistance escalation, which reduces its efficiency under moderate operational stress.
The most significant variation is observed in the evening period, where the NB exhibits an average drop of 77.33%, while the SLB shows a lower value of 70.00%, resulting in a substantial difference of 7.33 %. This widening gap highlights the pronounced degradation of SLB performance under prolonged usage conditions. The nonlinear increase in disparity suggests that the SLB experiences accelerated energy depletion due to thermal inefficiencies, electrolyte degradation, and diminished charge retention capability.
From a statistical standpoint, the progressive increase in percentage drop difference across the three periods indicates a time-dependent divergence pattern, reinforcing the hypothesis that second-life batteries exhibit reduced resilience under sustained operational loads. The trend demonstrates that while SLBs may perform adequately in low-demand scenarios (e.g., morning usage), their reliability diminishes significantly under extended or high-demand conditions. The findings provide strong empirical evidence that NB offers superior performance consistency, energy retention, and operational stability across all time periods. Conversely, SLBs, although viable for secondary or low-intensity applications, show clear limitations in endurance and efficiency, particularly in later stages of usage. This has important implications for electric vehicle deployment strategies, suggesting that SLBs are better suited for short-range or auxiliary applications rather than primary propulsion systems requiring sustained performance.

This study provides valuable insights into the comparative performance of new and remanufactured lithium-ion EV battery packs under Ghanaian driving conditions. However, several limitations should be acknowledged. First, the study was conducted using only one electric vehicle platform (Toyota Corona conversion), which may limit the generalization of the findings to other EV models with different battery management systems, motor configurations, and vehicle weights. Second, the practical road tests were performed over relatively short driving distances and within selected routes in Ghana. Longer-distance testing across multiple climatic regions and road networks may provide more comprehensive battery performance data. Third, the sample size of battery packs used in the study was limited to one new battery pack and one remanufactured battery pack. Variations in manufacturing quality, battery chemistry, and remanufacturing procedures across different battery brands may influence performance outcomes differently. Despite these limitations, the study provides important baseline data on the practical viability of remanufactured lithium-ion EV batteries in Ghana and contributes to the growing body of knowledge on sustainable electric mobility and circular economy practices in developing countries.

5. CONCLUSION 

This study evaluated the comparative performance of new and remanufactured lithium-ion electric vehicle (EV) battery packs in Ghana through practical road testing under real driving and environmental conditions. The findings demonstrated that although new lithium-ion battery packs provided superior performance in terms of driving range, charging efficiency, thermal stability, and overall energy retention, remanufactured battery packs also exhibited satisfactory operational capability suitable for practical use within Ghana’s transport sector. The practical road tests revealed that Ghana’s climatic conditions, characterized by high ambient temperatures, varying road terrains, traffic congestion, and inconsistent charging infrastructure, significantly influence battery performance and degradation. The new battery pack maintained more stable voltage levels, lower heat generation, and slower capacity degradation during repeated charge-discharge cycles. In contrast, the remanufactured battery pack showed moderate reductions in range and efficiency, alongside slightly increased thermal fluctuations and degradation tendencies. Despite these limitations, the remanufactured battery continued to perform within acceptable operational standards for urban and short-distance transportation.
The study further established that remanufactured lithium-ion battery packs offer substantial economic and environmental advantages. Their lower acquisition cost makes electric vehicles more affordable and accessible in developing economies such as Ghana, where the high initial cost of EV technology remains a barrier to adoption. Additionally, the reuse and remanufacturing of lithium-ion batteries support sustainable waste management practices, reduce environmental pollution associated with battery disposal, and promote circular economy principles by extending battery life cycles. Another important conclusion from the research is that the performance and safety of remanufactured batteries largely depend on proper testing, quality control procedures, battery management systems, and thermal monitoring technologies. Poor remanufacturing practices may compromise battery reliability, safety, and lifespan. Therefore, standardized remanufacturing protocols, regulatory frameworks, and technical certification systems are essential to ensure the safe deployment of second-life EV batteries in Ghana.
The overall study concludes that remanufactured lithium-ion EV battery packs can serve as a practical and cost-effective alternative to new batteries, particularly for commercial transportation services, intra-city mobility, and low-to-medium range applications. While new battery packs remain the preferred option for maximum efficiency and long-term durability, remanufactured batteries provide an important opportunity to accelerate EV adoption in Ghana while reducing operational costs and environmental impact. It is therefore recommended to increase investment in EV battery remanufacturing technologies, development of local technical expertise, improvement in charging infrastructure, and establishment of national policies to regulate battery reuse and recycling. Future research should also investigate the long-term lifecycle performance, safety implications, and economic feasibility of remanufactured EV batteries across different vehicle categories and climatic conditions in Africa.


Acronym                                                                           Description
AR                                                                             Augmented Reality
Bad cells                                                                  < 3.0 volts per cell
BMS                                                                         Battery Management System
BYD                                                                         Buy Your Dreams
DC                                                                            Direct Current
EOL                                                                          End-of-Life
EV                                                                            Electric Vehicle
EPA                                                                       Environmental Protection Agency
Good cells                                                                > 3.5 – 3.7 volts per cell
GHG                                                                         Greenhouse gas
IR                                                                              Internal resistance
IoT                                                                            Internet of Things
ISO                                                                           International Standard Organization
LCA                                                                          Life Cycle Assessment
LIB                                                                           Lithium-Ion Battery
mΩ                                                                            million ohms
OCV                                                                         Open Circuit Voltage
OEM:                                                            Original Equipment Manufacturer
RUL:                                                                        Remaining Useful Life
SOC                                                                         State of Charge
SOH                                                                        State of Health
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