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Abstract: In the ongoing shift towards electric vehicles (EVs) primarily utilizing lithium-ion battery
technology, a significant population of hybrid electric vehicles (HEVs) remains operational, reliant
on established NiMH battery systems. Over the last twenty years, these HEVs have generated a
substantial quantity of NiMH batteries that are either inoperable, experiencing performance
degradation, or approaching the end of their service life. This results in a twofold challenge: a
growing volume of environmentally hazardous waste due to the difficulty of NiMH battery
reclamation, and escalating maintenance costs for HEV owners necessitated by replacement battery
purchases. Patent WO2015092107A1, published in 2015, proposed a "Method for regenerating NiMh
batteries." This method claims the ability to restore NiMH batteries to their original functionality.
However, a comprehensive review of relevant scientific literature fails to identify any empirical
evidence supporting the efficacy of the regeneration technique detailed in the patent. Within this
context, this paper presents a detailed analysis and evaluation of the feasibility of the
aforementioned patented method. To achieve this objective, the authors propose a prototype
constructed utilizing NiMH battery cells sourced from a Toyota Prius. The experimental results
obtained from this prototype demonstrate the potential for battery regeneration using the proposed
method. These findings offer a promising solution for mitigating the challenges associated with
NiMH battery disposal and maintenance within the HEV domain.

Keywords: battery regeneration; battery second life; circular economy.

1. Introduction

During the last years, several authors have analyzed the developments and future of electric
mobility [1-3]. The International Energy Agency (IEA), in the global electric vehicle (EV) outlook 2022
report, analyzed recent developments in electric mobility including an analysis of the supply chain
of batteries for electric vehicles. The results indicated that sales of electric vehicles were growing at
an exponential rate such as in 2021; when they doubled compared to the previous year; being the
main drawback for the sales of electric vehicles the price of materials for the manufacture of batteries.
In [4], it is pointed out that around 230 million EVs will circulate in 2030, whose battery needs can be
reduced through reuse, recycling, circular economy, and improvements in technology. It was
identified a decrease in the price of batteries by 2050 in [5], but the obstacle of increasing the price of
materials due to their scarcity still exists, as was affirmed in [6]. With this scenario of growth in EV
sales and the depletion of materials for the manufacture of battery cells, it can be identified the
following problems: (i) the large number of batteries to be discarded at the end of their useful life, a
number that probably will be growing exponentially as well as the sale of vehicles, (ii) a relevant
waste problem due to difficulties to recycle and reuse. Preeti and Sayali [7] conducted some
considerations regarding the problem of EV recycling batteries. According to the specific literature,
113 publications focused on the recycling of these batteries can be identified. (iii) a problem due to
the lack of materials for the manufacture of batteries.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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It can be found initiatives to extend the useful life of batteries, by using them for lower
demanding services than in vehicles. For example, for the storage of renewable energies, where
batteries that have lost part of their health are still used for this type of storage, not the system being
affected by being a stationary system and not having large space requirements, or to supply during
peak periods of distribution power systems [8]. Other studies describe the feasibility of giving a
second use to lithium batteries from electric vehicles in communications bases, concluding that the
use of batteries in second life reduces processing loads and environmental impact. In [9], it was
analyzed how the EV batteries at the end of their life can serve as emergency storage in high
population places, providing additional grid storage options to the grid under possible disasters. In
this way, [10] estimated a 56% reduction in CO2 emissions compared to supplying that need with
natural gas. In [11], it is concluded through a cascade life cycle analysis (LCA) the potential
decreasing in five main indicators: Global warming potential, photochemical oxidation formation
potential (POFP), particulate matter formation potential (PMFP), freshwater eutrophication potential
(FEP), and fossil-resource depletion potential (FDP)based on the use of EV vehicle batteries in
stationary applications after the end of the useful life of these batteries in vehicles. In [12], and
through a life cycle analysis, it was established that the reduction of greenhouse gases (GHG) in
different types of lithium batteries varied between 2.76 and 4.55 kg CO2/kg of battery depending on
the technology used for recycling, comparing recycled batteries to the production of new ones. Other
contributions, such as [13], analyzed the situation in China, comparing the recycling of electric
vehicles through an LCA, concluding that, if they were recycled at the end of their life, a GHG saving
of 34% could be achieved in comparison to their production processes. Indeed, notwithstanding the
potential extension of battery lifespan, eventual disposal becomes inevitable, categorizing them as
waste materials.

There are numerous contributions describing solutions to give batteries a second life, such as
[14-16] [17,18]. They concluded that reusing the battery is a remarkable option as it would delay the
need for battery recycling. Moreover, it would also allow battery recycling companies to develop cost
and energy efficient processes. In [19], it is noted that the industry is currently not prepared for mass
dismantling of batteries that can generate recycling and a true circular economy. Therefore, it is
necessary to modify the design of batteries by including dismantling and recycling in this criterion.
In most of the proposed solutions, the authors assert the imperative of extending the operational
longevity of batteries, thereby mitigating both economic and environmental ramifications. However,
it is inevitable that they will ultimately deplete and transition into waste material necessitating
recycling measures. Technologies for recycling lead acid type batteries are well known [20]. However,
there is a lack of contributions focused on battery technologies for hybrid and electric vehicles. Recent
contributions can be found in [21-23] [24], mainly evaluating waste treatment processes.
Subsequently, exploring alternative solutions such as battery regeneration becomes imperative.
Rather than disposing of batteries at the end of their lifespan, regeneration offers the prospect of
transforming them back into functional products. Moreover, this approach mitigates the issue of
soaring raw material costs by obviating the need for fresh materials in manufacturing.

Battery regeneration is known and used for a long time in lead acid battery technologies [25].
However, there are minor contributions for battery regeneration purposes applied to other
technologies. In [26], four methods for regenerating NiMH batteries are delineated. One method
necessitates disassembling the battery structure to access the materials for regeneration. Another
method lacks sufficient data for replication. A third method involves a charging technique that
extends battery lifespan more effectively than regeneration. The fourth method, outlined in patent
WO02015092107A1 [27], proposes regenerating batteries comprising multiple cells according to a
specified cycle detailed in the patent. After the patent's publication, no further scientific literature has
emerged either substantiating or refuting its efficacy. Table 1 summarizes these contributions.
Additionally, there a lack of technical services specializing in battery regeneration based on this
patent's method or any other alternative approach. Under this framework, this paper aims to assess
in a practical and suitable manner the regeneration process of NiMH batteries based on the method
outlined in the previous patent. This evaluation is conducted through a prototype developed by the
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authors and through real-test experiment involving the practical application of the method to a
deteriorated Toyota Prius battery. The results provide valuable insights into its feasibility. The
objectives of this work thus include a prototype proposed by the authors to verify the described
patent performance in terms of battery regeneration purposes, which can be extended and used in
other battery regeneration solutions based on charging-discharging controlled cycles.

The rest of the paper is structured as follows. Technical characteristics, electrical diagrams and
components are described in detail in Section 2. In addition, the proposed method to evaluate the
patent performance can be also found in Section 2. Results for this case study are provided in Section
3 and discussed in Section 4. Finally, conclusions are given in Section 5.

2. Materials and Methods

2.1. General Description

Regarding the patent WO2015092107A1, it is described in detail that, for the regeneration of a
battery cell, it is necessary to carry out a series of controlled discharges and charges of the battery at
constant current. With this aim, a standard battery charger or a battery regenerator should be used.
These solutions are commonly used for the regeneration of properly configured lead batteries. As can
be found in the patent, a Toyota Prius battery is preferably used, which included 28 NiMH cells with
a nominal voltage of 7.2 V and a capacity of 6.5 Ah. According to these controlled charging-
discharging requirements, a prototype is proposed and implemented by the authors. It is capable of
charging and discharging in a controlled manner at a constant intensity the group of 28 cells in a
simultaneously manner. The general operation scheme of the proposed methodology can be found
in Figure 1. Based on this operation scheme, Table 2 summarizes the main characteristics and ranges
of the expected prototype. Indeed, and under the development phase of any process or system, it is
crucial to create a prototype to assess its functionality and behavior. Even with a comprehensive plan
or schematic such as Figure 1 depicted, prototyping allows for practical validation and identification
of potential issues that may not have been apparent during the planning stage. By building a
prototype, engineers and designers can test the feasibility of their ideas, identify design flaws or
inefficiencies, and gather valuable feedback from stakeholders and end users. This iterative process
of prototyping and testing enables refinement and optimization, ultimately leading to the
development of a more robust and effective final product or process.

By considering the operational scheme showed in Figure 1, and according to the specific
characteristics for the prototype summarized in Table 2, a general operation of the prototype for both
charging and discharging processes can be found in the Figure 2. Proposing electrical circuit
diagrams based on the previous process diagrams depicted in Figure 2 is essential for ensuring the
successful implementation and operation of processes.

Table 1. Contributions of NIMH regeneration

Year of Published by =~ Method Destructive Reference
publication testing
2004 Paper Current No [28]
Pulses
2005 Paper Ultrasound No [29]
2014 Patent Current No [30]
Pulses

2021 Patent 02 adding Yes [31]
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Figure 1. Operational scheme. General overview.

Table 2. Contributions of NIMH regeneration

Charging values Range
Voltage range 0—30V
Current range 0—5A
Discharging values
Temperature range -10 —+60°C
Voltage range 0—85V
Current range 0—1A
Operating and control
values
Capacity measurement 0 —99999.9 Wh
range
Sample time 1s
Minimum voltage power 75V
supply
Trigger (value for mode ov
change
CHARGING
ADJUSTABLE VOLTAGE AND CURRENT
POWER SUPLY MEASUREMENT NiMH
DISCHARGING
SWITCH POTENTIOMETER
. VOLTAGE AND CURRENT .
NiMH MEASUREMENT

Figure 2. General operation of the prototype.

Moreover, it enables comprehensive planning, precise equipment selection, and effective
integration of electrical systems into the overall process design. Additionally, clear, and detailed
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electrical diagrams facilitate troubleshooting, maintenance, and future modifications, contributing to
the overall efficiency and reliability of the industrial system.

2.2. Prototype Description And Implementation

From the previous operational schemes, Figures 3 and 4 show the proposed electrical diagram
for the charging and discharging processes to be implemented in the prototype. Subsequently, and
from these electrical diagrams, the prototype was implemented by the authors by considering the
following components according to the number of cells to be regenerated. In this case, 28 adjustable
current voltage power supplies were proposed and implemented, see Figure 5, by means of which
the constant charge current at which each cell is to be charged is selected. Each of these power sources
are connected to one of the battery cells, charging independently and providing an independent
process for each cell, as the patent suggested. In addition, 28 potentiometers were selected as well,
see Figure 6, on which each of the cells are discharged to vary their resistance values as the cell voltage
decreases, remaining constant the discharge current. In this preliminary evaluation process, the
variation of the potentiometer resistance is carried out manually based on the values given by the
display on the process.

Vout
Measurement of Voltage,

Intensity and Energy

V+ Vin

Switch
| Relay

(©) Panel terminal
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Figure 3. Electrical diagram of the prototype in charging mode.


https://doi.org/10.20944/preprints202407.0544.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 July 2024 doi:10.20944/preprints202407.0544.v1

Vout
Measurement of Voltage,

Intensity and Energy

Switch V+ Vin 5
Relay
o °

~
(O ) Panel terminal
o,

=3

Potentiometer ‘

ClG)
Switch
o

Terminal

(§> + (§>Terrzunal

Discharge circuit
Control circuit

ClG CH ClE) T o
o o o o

"INMH |
Cell

Figure 4. Electrical diagram of the prototype in discharging mode.

Figure 5. Power supplies for the cells and additional power supply for the process.

Figure 6. Potentiometer.

Figure 7 shows the monitoring system selected to track the voltage, current, and power flow —
both charging and discharging processes —of individual cells within the regeneration battery process.
This display enables a comprehensive assessment of each cell's performance, allowing for an accurate
analysis and comparison throughout the regeneration process of the 28 displays that monitor the
previous parameters of each cell. To streamline the process and eliminate the need for manually
connecting and disconnecting each battery cell to various power supplies and potentiometers across
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multiple cycles, electrical circuits incorporating relays have been devised. As depicted in Figure 8,
these circuits facilitate seamless switching between two previous modes: charging and discharging
processes. A single switch toggles all cells simultaneously between the charging circuit—connecting
power supplies to cells—and the discharging circuit—linking cells to potentiometers.

Consequently, only the battery cells need to be connected to the prototype via their cell
terminals, while all power sources are connected to the prototype through designated terminals. With
the assistance of this switch, the entire battery can transition between charge and discharge modes in
unison, enabling simultaneous regeneration of all battery cells. Additionally, the prototype includes
an individual switch for each of the battery cells, 28 switches in total. These switches serve to isolate
each cell, maintaining them in an open circuit state, thereby disconnecting them from the charging or
discharging processes. This functionality is crucial as the charging or discharging times may vary
depending on the health status of each cell. Figure 9 shows an example of switch. Consequently, as
each cell completes its independent cycle, it must be taken offline to await the completion of the
processes by the remaining cells. Furthermore, each circuit is equipped with protection in the form
of a fuse. Specifically, the discharge circuit is safeguarded by a 1 A fuse, while the charging circuit is
protected by a 1.5 A fuse.

0~300V/0~100A/0~30000W

Battery capacity/DC Power Detector

Figure 7. Display monitoring system.

Figure 8. Example of relays selected.

Figure 9. Example of switch selected.

An auxiliary power source has been integrated to supply power to the displays and relays,
ensuring their seamless operation. To enhance user-friendliness and streamline operation, the
components responsible for displaying data, as well as those facilitating battery and power source
connections, potentiometer adjustment, and switch operation, have been consolidated onto a
dedicated panel, see Figure 10 and 11 accordingly. This arrangement facilitates easier access and
manipulation during usage. Additionally, to optimize organization and functionality, the panel
housing the relays responsible for circuit operation has been segregated onto a separate panel. This
separation ensures clarity and efficiency in the management of the regeneration process.
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Figure 11. Rear panel with relays. Example.

The methodology employed involves initial preparation of the battery, entailing the disassembly
of all protective components until access to the terminals of each individual cell is achieved.
Subsequently, the battery is connected to the prototype detailed in this article using terminals
equipped with crocodile clips at the battery end and banana plugs at the prototype end. Following
this setup, a series of sequential charging and discharging cycles are executed in accordance with the
method described in the patent.

3. Case Study

To assess the functionality outlined in the patent, the initial step involves selecting the cells for
experimentation. To accomplish this, two Toyota Prius batteries comprising a collective total of 56
cells were utilized, and the health status of each cell was meticulously evaluated. Various methods
exist for evaluating cell health, as documented in [32-34] [35]. In this instance, the approach outlined
in [36] was adopted, wherein the State of Charge (SOC) is defined as the percentage of remaining
capacity relative to the maximum available capacity of the battery [37]. This parameter can be
expressed as:

SOC(t) = Cr/Cm X 100%, 1)

where Cr represents the residual capacity available for powering electric devices, while Cm
denotes the maximum storage capacity of the cell, determined by its electrochemical characteristics.
For the cells under consideration in this study, as per manufacturer specifications, each cell has a
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capacity of Cm =46.42 Wh. To ascertain Cr, a series of charging cycles were conducted on each cell,
reaching various charge levels, followed by discharging cycles to evaluate the amount of Wh
discharged.

In the aforementioned literature, various methodologies are established for determining the
State of Charge (SOC) of battery cells, as evidenced in publications such as [38,39]. However, in this
specific investigation, charging and discharging procedures were conducted without adherence to
any methods outlined in scientific literature, in order to replicate the conditions stipulated in the
patent. Initially, each cell was individually charged at a rate of 0.5 A until reaching a voltage of 8V,
considering the nominal voltage of the cells to be 7.2 V. Subsequently, each cell was discharged at a
rate of 0.5 A until reaching a minimum voltage of 2V. It was observed that the discharge of any cell
did not exceed 9 Wh in any instance, indicating a maximum State of Health (SOH) of 19.39%.
Subsequently, a series of charging cycles were conducted with the same intensity as before, while
controlling the amount of energy charged. Following this, the cells were discharged, with the energy
discharged measured to determine the Cc/Cm ratio, where Cc represents the charged energy.
Concurrently, the SOH of each cell was calculated. The findings revealed that increasing the charged
energy, up to 15 Wh, did not proportionally increase the amount of energy discharged, with some
cells discharging up to 10.64 Wh, equivalent to a maximum SOH of 22.92% and a mean SOH of
18.22%. Based on the assessment of the SOH of the battery, it can be inferred that all cells are in a
similar state, and notably, below the 20% SOH threshold, indicative of the end of the battery life, as
can be found in [40].

Following the assessment of battery condition, 21 cells were identified and selected based on
their highest State of Health (SOH) or those deemed to be in suitable operational condition. It is
noteworthy that some cells exhibited sulfated terminals yet were deemed viable for operation after
following the instructions outlined in patent [27]. Subsequently, each of the selected cells underwent
a charging process at a constant rate of 0.5 A, followed by a discharge phase conducted in two stages.
Initially, a rapid discharge was executed at 6.5 A until reaching a voltage of 5.4 V. This was succeeded
by a continuous discharge at a rate of 0.6 A until reaching a cut-off voltage of 2.4 V. Throughout this
procedure, both the energy charged and discharged were meticulously measured to ascertain the
relationship between the two and to determine the SOH of each cell.

According to the patent, the regeneration process outlined entails an anticipated enhancement
in both charge and discharge capacity, as well as an improvement in the SOH of the cell. Nevertheless,
to ascertain the efficacy of the regeneration process, it has been iteratively repeated up to 9 times.
Between each repetition, a predetermined cooling period, as stipulated in the patent, has been
adhered to. This cooling interval ensures that the cells attain a sufficient temperature equilibrium,
thereby preventing premature degradation and ensuring the integrity of the data collected. The
rationale behind this iterative approach is to detect any trends indicative of improving cell
characteristics, thereby gauging the success of the regeneration process, even if complete
regeneration is not achieved in the initial cycle.

4. Results

The outcomes of the regeneration process are depicted in the subsequent graphs. Figure 12
illustrates the energy discharged from one of the cells following nine iterations of the regeneration
procedure. While a discernible trend towards enhanced discharge capacity appears evident with each
successive regeneration, it is notable that the cell's discharge values persist at markedly low levels. In
Figure 13, a comprehensive view of the regeneration process is provided, depicting the discharge
energy for all cells subjected to the regeneration procedure concurrently. The graph allows for a
comparative analysis across multiple cells, offering insights into the collective efficacy of the
regeneration process. While similar trends of marginal improvement in discharge capacity can be
observed across the cells over successive regeneration cycles, it is evident that the overall discharge
values remain persistently low. This collective observation underscores the challenge in achieving
substantial enhancements in cell performance through the regeneration process, despite repeated
iterations. Figure 14 presents the progression of the relationship between discharged energy and
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charged energy throughout each regeneration process for individual cells. It provides a
comprehensive overview of how the discharged energy compares to the energy charged during each
iteration of the regeneration process. Notably, in instances where the regeneration process has been
executed, a noteworthy trend towards unity is anticipated, signifying a consistent ratio between
discharged and charged energy. The convergence towards a value close to unity suggests a potential
stabilization or normalization of the energy balance within the cells following the regeneration
process. This trend underscores the objective of achieving equilibrium between the energy input
during charging and the energy output during discharge, indicative of an optimized cell

performance.
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Figure 12. Energy discharged on cell 3 after each regeneration process.
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Figure 14. Relation between energy discharged and energy charged in every cell on each process.
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Figure 15 shows the dynamic evolution of the SOH across successive regeneration processes for
individual cells. It provides a detailed examination of how the SOH of each cell evolves throughout
the regeneration procedure. In cases where the regeneration process has been effective, a conspicuous
trend towards a value approaching 100% is anticipated. This trajectory would signify a significant
improvement in the health and functionality of the cells, approaching their optimal state. Conversely,
a lack of discernible improvement or a trend towards values significantly below 100% would suggest
limited efficacy of the regeneration process in restoring the cells to their optimal health. By
monitoring the SOH over multiple cycles, valuable insights into the effectiveness and sustainability
of the regeneration process can be gleaned, informing future strategies for battery maintenance and
regeneration purposes.

As a general result, the analysis affirms that the regeneration process has not yielded significant
effects, as evidenced by the failure to achieve SOH values surpassing 23% across all cells.
Additionally, a lack of discernible trends is observed in most cells, suggesting that further iterations
of the regeneration process may not yield substantial improvements in SOH. While a discernible
trend is observable in a select few cells, its clarity is limited, and the overall efficacy of the
regeneration process remains uncertain. Consequently, the data indicates that the current
regeneration methodology may not be sufficiently robust in restoring cells to optimal health levels.
These findings underscore the need for reassessment and refinement of the regeneration approach to
enhance its effectiveness and achieve meaningful improvements in cell performance. Additionally,
further investigation into alternative regeneration techniques or supplementary interventions may
be warranted to address the observed limitations and optimize the rejuvenation of battery cells.

Figures 16, 17, and 18 provide a detailed evaluation of the SOH evolution for cells that have
exhibited comparatively higher SOH values within the overall Case Study cohort. These figures offer
insights into the progression of SOH across multiple regeneration cycles for select cells that have
demonstrated superior performance relative to their counterparts. Notably, a notable improvement
in SOH is observed with each successive regeneration cycle, with enhancements ranging between
47% and 58%. This observed trend underscores the potential for substantial improvements in cell
health through iterative regeneration processes, particularly in cells exhibiting initially higher SOH
values. The consistent upward trajectory in SOH values across multiple cycles suggests a promising
avenue for achieving significant enhancements in cell performance and longevity. However, further
analysis is warranted to discern the underlying factors contributing to the observed improvements
and to assess the sustainability of these gains over extended periods of operation. These findings
underscore the importance of ongoing monitoring and optimization of regeneration processes to
maximize the efficacy of battery maintenance strategies.
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Figure 15. SOH in every cell on each process.
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Figure 17. SOH in cell 11 on each process.
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Figure 18. SOH in cell 3 on each process.
5. Discussion

To further advance this study, it would be imperative to conduct similar tests using battery
cells exhibiting a diverse range of SOH levels. Existing literature, such as [41], suggests that vehicle
batteries are commonly replaced when their SOH falls below 80%, with [42] proposing a replacement
threshold within the 70-80% SOH range. Unfortunately, obtaining batteries with sufficiently high
SOH levels for verification purposes has proven challenging. The absence of suitable batteries
precludes the examination of regeneration efficacy at SOH levels of 70% or higher. Consequently,
while this study concludes that the patent may not be applicable to cells beyond their useful lifespan
or those with severely diminished health, it remains inconclusive regarding the potential
regeneration of cells with higher SOH values. A comprehensive follow-up study should involve a
sizable sample of cells categorized based on their SOH levels, spanning from 30% to 80% at 10%
intervals, to ascertain the feasibility of regeneration across varying health states. Such verification
would necessitate the utilization of an advanced prototype model capable of automation, particularly
in streamlining processes such as automatic readjustment of charging and discharging intensities.
The current manual process is notably slow and requires constant human oversight, making
automation crucial for expediting experimentation and data collection. An ideal prototype for this
purpose could leverage advancements outlined in [43], which presents a battery characterization
system incorporating IoT technology and low-cost hardware. Implementation of such a prototype
would enhance efficiency, reliability, and scalability, thereby facilitating rigorous and comprehensive
experimentation to elucidate the potential and limitations of cell regeneration across a broad
spectrum of SOH levels.

6. Conclusions

This study aimed to assess the effectiveness of a patented method for regenerating NIMH cells.
This evaluation is conducted through a prototype developed by the authors and through real-test
experiment involving the practical application of the method to a deteriorated Toyota Prius battery.
Following the proposed steps outlined in the patent, the initial diagnosis of the cells was conducted
to determine their State of Health (SOH). Subsequently, the complete regeneration process was
applied to 21 selected cells. However, contrary to the expectations outlined in the patent, none of the
cells showed signs of regeneration after the first application of the process. In response to this
unexpected outcome, the process was repeated nine consecutive times, adhering to the specified time
intervals indicated in the patent. Despite these repeated attempts, none of the cells demonstrated any
regeneration. In conclusion, our findings suggest that the regeneration process described in the patent
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is ineffective for cells with very low SOH or those nearing the end of their lifespan. Further research
and development efforts may be necessary to refine the regeneration process and improve its efficacy
in such cases.
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