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Abstract

The reuse of small-capacity lithium-ion cells recovered from disposable e-cigarettes is lim-
ited by the lack of rapid and low-cost screening methods. This study evaluates a low-
complexity 3-30-3 pre-sorting methodology based on a 30 s DC load pulse and a 3 min
rest period applied to series connected cells under identical current conditions. Generic
13350-type cells with a nominal capacity of approximately 850 mAh were tested, and cell
suitability was assessed from voltage drop, effective direct-current resistance, and stabil-
ity over repeated load cycles. In the tested batch, the coefficient of variation of the effective
resistance reached 28-35%, indicating substantial cell-to-cell variation within this pilot
sample. Repeated loading improved discrimination between stable and degraded cells
and enabled selection of a compatible subset for assembly into a 3S3P battery pack. The
assembled pack operated successfully as a power source for a FlaktWoods 227VM pres-
sure controller in biomass drying monitoring. The proposed method does not replace full
battery diagnostics, but it provides a practical first-stage filter that can reduce testing time
by more than 90% and improve the safety of second-life cell grouping.

Keywords: DC pulse test; 3-30-3 protocol; diagnostic algorithm; small-capacity cells;
e-cigarette waste; effective DC resistance; pre-sorting; circular economy

1. Introduction

Disposable e-cigarettes have become a significant waste-management challenge in
recent years. When they enter mixed household waste streams, the lithium-ion batteries
they contain can cause fires in waste handling facilities and contribute to the release of
heavy metals, plastics, and nicotine residues into the environment [1]. At the same time,
these devices often contain still-functional lithium-ion cells whose reuse potential remains
largely unrealized.

It was estimated that in 2024 approximately 369.1 tonnes of e-cigarettes entered
mixed household waste in Estonia (the average Estonian resident discards about 0.27 kg
of e-cigarettes into mixed household waste annually) [2]. Each of these devices contains a
reusable lithium-ion cell, typically with a capacity of about 500 mAh. Although such cells
are often still functional after single use, their large-scale reuse is hindered by time-con-
suming and costly testing procedures.

Despite the widespread availability of lightly used lithium-ion cells, there is no rec-
ognized standard for their large-scale second-life deployment. Although international
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standards exist for lithium-ion battery testing (e.g., IEC 62660), they are primarily in-
tended for quality control of new cells [3]. Such methods are time-consuming and require
sophisticated laboratory equipment, making them economically impractical for rapid
screening of discarded e-cigarette batteries. Therefore, fast and resource-efficient diagnos-
tic methods are needed to support rapid and inexpensive assessment of waste-directed
cells for reuse purposes.

Methods based on short direct-current pulses offer a potential solution. Because bat-
tery models differ in complexity and application, simplified electrical circuit models are
often preferred for diagnostic and simulation tasks where rapid evaluation is required,
while more detailed electrochemical models are reserved for comprehensive battery anal-
ysis [4]. Previous studies have used such methods to assess battery condition and safety
through longer pulse sequences [5]. In this work, the problem is approached from the
opposite direction: whether a much shorter 30 s load pulse is sufficient to differentiate the
electrochemical condition of used cells and enable rapid pre-sorting. Compared with elec-
trochemical impedance spectroscopy (EIS), DC pulse methods are considerably faster
while still providing sufficient accuracy for comparative battery evaluation [6].

Recent research highlights the growing importance of efficient battery utilization and
energy storage solutions in both electrified power systems and renewable energy integra-
tion, emphasizing the need for rapid, reliable methodologies to assess lithium-ion cells for
second-life applications [7,8]. The growing adoption of second-life lithium-ion batteries in
stationary energy storage and hybrid energy storage systems further emphasizes the need
for reliable, rapid screening methodologies that enable safe cell selection and support cir-
cular economy strategies [9].

The aim of this work is to validate a low-complexity pre-sorting methodology based
on load pulses applied in a series-connected arrangement. The proposed approach ena-
bles comparison of cell voltage behaviour under identical current conditions and assess-
ment of direct-current internal resistance (DCIR) within a short time. The methodology is
not intended as a complete diagnostic method, but rather as an initial filter for identifying
obviously unsuitable cells and reducing the extent of subsequent in-depth testing in prac-
tical second-life workflows. Efficient and accurate sorting is a key prerequisite for the safe
and economical second-life utilization of retired lithium-ion batteries, as it directly influ-
ences battery regrouping, service life, and operational reliability in subsequent applica-
tions [10,11].

The novelty of this work lies not in replacing conventional state-of-health diagnostics
but in addressing a different and underexplored practical challenge: rapid first-stage pre-
sorting of large quantities of small-capacity second-life lithium-ion cells with unknown
usage history. The proposed methodology combines simultaneous series-connected test-
ing, a simple 3-30-3 DC pulse protocol, and experimental validation in a practical appli-
cation, demonstrating that unsuitable cells can be identified within minutes before more
resource-intensive diagnostic procedures are applied.

2. Materials and Methods
2.1. Tested Cells and Device Setup

The study used generic 13350-type lithium-ion cells (3.7 V, approximately 850 mAh)
recovered from disposable e-cigarettes (Table 1). The exact manufacturer and cell chemis-
try were not specified on the recovered cells; therefore, they are treated here as generic
small-format lithium-ion cells. In the initial stage, approximately 40 cells were fully
charged and subjected to a first screening. Approximately 15% of the cells were excluded
because their measured voltage was below 2.5 V. This limit was selected as a conservative
exclusion threshold for deeply discharged lithium-ion cells, for which copper dissolution,
elevated self-discharge, or other irreversible degradation mechanisms may already be a
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concern. About 10% were estimated to be older than four years based on device-genera-
tion information and external markings, and approximately 10% were excluded because
of visible physical criterion made it possible to focus on degradation arising from usage
history and to reduce the effect of calendar ageing. For defining the screening threshold,
a value of 45 m() was defined as the baseline internal resistance for a new, pristine cell of
this specific model, derived from manufacturer specifications and initial benchmark
measurements.

Table 1. Summary of the tested cell type and preliminary exclusion criteria.

Parameter Parameter

Generic 13350-type lithium-ion cell recovered from

Cell format disposable e-cigarettes

Nominal voltage 37V

Nominal capacity Approximately 850 mAh

Baseline internal resistance

(fresh cell) 45 m2

Manufacturer/model Not specified on recovered cells

Chemistry Lithium-ion; exact cathode chemistry not specified
Initial sample Approximately 40 cells

Voltage below 2.5 V, estimated age above four years,
or visible physical damage
13 cells physically connected; 11 channels retained for

Exclusion criteria

Detailed test sample . !
resistance analysis

A series-connected test platform was constructed for the experiment (Figure 1), ena-
bling synchronized data acquisition from up to 14 units. The system consists of three parts:
battery holders, a controllable load circuit, and a microcontroller-based data acquisition
node.

DETAIL

+ - + - + - - -
7
T 1 7 7 7 i
14A 12A 14B 12B 14C 12C 14X 12X
18—
10 |U-shaped plastic holder
12 |Battery cell (13 pcs total)
S 14 [Tinned steel sheet
f_\_] . (connection plate)
/\/\/\’ ESP - voltage
16
measurement device
20 22 18 |Main power cable
20 [Switch S1
22 |Load resistor R1

Figure 1. Schematic circuit diagram and data acquisition system of the rapid diagnostic test bench

for battery cells.

2.2. Data Acquisition and Data Processing

Measurement data were transmitted via Wi-Fi to the ThingsBoard IoT platform at a
recording frequency of 0.1 Hz. Due to the noise sensitivity of the ESP-01 microcontroller
ADC, software smoothing was applied to the readings already at the data generation stage.
To correct irregular timestamps caused by network delays, the data were post-processed
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and normalized to a 10 s time step. Missing data points were filled by linear interpolation,
ensuring a unified time axis for comparison between cells. Based on the calculated voltage
drop (AU), the effective DC resistance of each cell was determined. Because of the limited
sampling frequency, the result is treated as an effective resistance rather than a purely ohmic
component, as it also includes fast polarization processes and reflects the real battery behav-
iour under load. All 13 cells were physically connected during the experiment; however, for
two measurement channels the recorded time series were not of sufficient quality for anal-
ysis. For channel VA, the readings were unstable and noisy, whereas for channel VD no
reliable time series was obtained for most of the test. Therefore, these two cells were ex-
cluded from the effective-resistance calculations and from the summary tables.

2.3. Experimental Conditions

The measurements were carried out in an indoor environment at 22 + 1 °C. Before the
test, all cells were charged to a high state of charge (50C 90-100%, 24.1 V). During the test,
the applied load current was 1.0 A, corresponding to a 1.2 C regime.

2.4. Testing Procedure

A two-stage testing procedure based on repeated load pulses was applied to sort the
cells. This approach enables differentiation between sound cells and those whose param-
eters have begun to degrade. In addition, the methodology makes it possible to assess
effective DC resistance and voltage-drop dynamics (AU) of the cells within a very short
time, making the process scalable for larger quantities. Repeated pulse testing is particu-
larly relevant because cell-to-cell variations in internal resistance and dynamic voltage
response become increasingly important when cells are grouped into battery packs, di-
rectly affecting current sharing and long-term operational stability [12].

The 30 s load phase is derived from the HPPC protocol [13]. A 3 min rest phase was
selected based on the three-stage nature of battery voltage recovery. While ohmic recovery
occurs within seconds and the charge-transfer and double-layer relaxation stabilizes over
a few minutes, ionic diffusion processes may continue for much longer [14]. At the same
time, a 30 s load phase is sufficiently short to avoid significant discharge (approximately
1% SoC reduction) and thermal effects. Given the 0.1 Hz sampling interval, the method-
ology does not allow the ohmic voltage drop and polarization processes to be isolated
from one another, but rather measures their combined effect in a stabilized phase.

Initial Testing Under Moderate Load

In the first stage of the experiments, a 30 s load pulse of approximately 1.2 C (1.0 A)
was applied to the cells. A variable load resistor (maximum resistance 150 (2) was used to
set the load precisely. Considering the total voltage of the series-connected cells (48-54 V),
this ensured the desired current level.

The measurement was carried out according to the 3-30-3 protocol:

e During the first 3 min no-load period, the open-circuit voltage (U0) of the cell is de-
termined, forming the basis for the subsequent voltage-drop calculation.

e During the following 30 s load phase (1.0 A), the voltage dynamics are recorded and
the effective DC resistance of the cell is determined at the end of the 30th second.

e  The process ends with a 3 min recovery period, during which the post-load voltage is
recorded in order to assess recovery dynamics and the electrochemical condition of the
cell.

¢  The measurement cycle was repeated to verify repeatability and result stability by
applying the same time protocol after a short rest interval

3. Results
https://doi.org/10.3390/en19143266
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3.1. Voltage Characteristics of the Load Test

Despite identical loading conditions, clear differences appeared in the voltage curves.
Upon load application, a voltage drop (AU) occurred, directly related to the effective DC
resistance of the cell under the applied pulse. During the 30 s load phase, the voltage con-
tinued to decrease due to electrochemical discharge and polarization. The average voltage
drop among the observed cells ranged from 0.05 V to 0.19 V, as shown in Figure 2.

Voltage Dynamics of Series-Connected Cells Under Pulse Load

4.00
A
el
3.95 — V1
V2
> —— V3 (High Stability)
o 3901 — Vva
o — V5
= — V6
] i
S 385 V7
= — v8
8 —e— V9 (Critical Outlier)
3.80 VB
vC
3.75
370‘ T T T T T T T
0 50 100 150 200 250 300
Time (s)

Figure 2. Voltage changes of 13 series-connected cells during the 3-30-3 test.

3.2. Cell Grouping and Internal Resistance

The effective DC resistance of each cell was determined from the ratio of measured
voltage drop to applied current. Here, Uois the open-circuit voltage of the cell immediately
before load application, Ulad is the voltage under load (here taken as the end value at the
end of the 30 s pulse), and I is the applied current. The result is expressed in m() and reflects
the total resistance response measured under the conditions of the given pulse (ohmic +
polarization component). The obtained resistance values make it possible to perform an in-
itial classification of cells according to their state of health (SoH) and suitability for second-
life use (Table 2).

Table 2. Results of internal resistance calculations during the first loading cycle.

Cell Uo (V) Uload (V) AU (V) Roa (mQ)
V1 3.97 3.86 0.11 110
V2 3.96 3.83 0.13 130
V3 4.01 3.96 0.05 50
V4 3.99 3.87 0.12 120
V5 4.02 3.87 0.15 150
Vo6 3.98 3.86 0.12 120
V7 3.92 3.83 0.09 90
V8 3.97 3.84 0.13 130
V9 4.02 3.83 0.19 190
VB 3.91 3.76 0.15 150
VC 3.94 3.82 0.12 120
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3.2.1. Conclusions from the First Loading Cycle

The initial voltage at 09:06:40 was taken as the moment immediately before the volt-
age began to drop sharply. The end of loading at 09:07:20 corresponds to the point 40 s
later when the voltage had reached its lowest stable point before recovery began (starting
at 09:07:30). The effective DC resistance values calculated from the first loading cycle
ranged from 50 mQ to 190 mQ). Cell V3 stands out due to its low resistance (50 m(2), which
may indicate either a nearly new cell or a sensor offset. Although 13 cells were included
in the experiment, the tables present results for 11 cells because the data from channel VA
were unstable during the relevant interval and channel VD did not yield a sufficiently
reliable time series for analysis. Therefore, both channels were excluded from the effec-
tive-resistance calculations and the tables (Table 3).

Table 3. Results of internal resistance calculations during the second loading cycle.

Cells Uo (V) Utoad (V) AU (V) Rpca (mQ)
V1 3.95 3.84 0.11 110
V2 3.94 3.82 0.12 120
V3 3.99 3.95 0.04 40
V4 3.98 3.86 0.12 120
V5 3.99 3.86 0.13 130
V6 3.98 3.85 0.13 130
V7 3.89 3.82 0.07 70
V8 3.96 3.82 0.14 140
V9 3.98 3.75 0.23 230
VB 3.91 3.74 0.17 170
VC 3.93 3.82 0.11 110

3.2.2. Conclusions from the Second Loading Cycle

The initial voltage at 09:10:10 is the final moment at which the battery voltage had
recovered and stabilized after the first rest period, immediately before the next drop. The
end of loading at 09:10:50 marks the point where the load had been applied for 3040 s
and the voltage had reached its minimum before the second recovery phase began at
09:11:00. Compared with the first test (09:06:40), interesting dynamic changes are visible.
Cells V1, V4, and VC can be considered highly stable. Their effective resistance remained
nearly identical, with a difference of only 0-10 m(), which may indicate high-quality cells
that are less prone to heating under repeated loading.

The behavior of V9 is the most concerning across the two cycles: its effective re-
sistance increased from 190 to 230 mQ), indicating an accelerating polarization dynamic.
Unlike V1 and V4, which remained identical in both cycles, V9 did not stabilize sufficiently
during the three-minute rest period. V3 remained very low at 40-50 mQ. If this is not a
measurement error, it suggests that V3 was the best-performing cell in the sample. The
initial voltages in the second cycle were approximately 0.02-0.05 V lower than in the first
cycle because part of the energy had already been consumed by the first pulse. Consider-
ing that, for a cell with a nominal capacity of 850 mAh, one 30 s pulse at 1.0 A consumes
approximately 8.3 mAh, i.e., about 1% of nominal capacity, a small increase in effective
resistance after two consecutive pulses due to an approximately 2% SoC decrease is ex-
pected. Therefore, the higher resistance measured in the second cycle should not automat-
ically be interpreted as a sign of degradation; however, a clearly larger change, such as
the 40 mQ) increase observed in V9, likely indicates additional polarization effects or in-
ternal instability of the cell.

https://doi.org/10.3390/en19143266
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In addition to the degradation observed in cell V9, cell V7 exhibited a critical voltage
depression under the applied load pulse. While the majority of the cells maintained ter-
minal voltages well above 3.75 V, the voltage of cell V7 dropped sharply to 3.71 V during
the first cycle and further collapsed to a minimum of 3.51 V in the subsequent loading
phase. This represents the lowest transient voltage captured across the entire operational
batch. This behavior indicates an excessively high static internal resistance and severe cell
capacity depletion, making cell V7 equally unsuitable for safe second-life pack integration.
The comparison of the effective resistance changes observed between the two loading cy-
cles is summarized in Table 4.

Table 4. Comparison of internal resistance results across loading cycles.

Cell Cycle1 (Rdci) Cycle2 (Rdci)  Change(m(2) Stability
V1 110 110 0 Excellent
\ Y 130 120 -10 Good
V3 50 40 -10 Exemplary
V4 120 120 0 Excellent
V5 150 130 -20 Good
V6 120 130 +10 Good
V7 90 70 -20 Good
V8 130 140 +10 Good
V9 190 230 +40 Critical
VB 150 170 +20 Satisfactory
VC 120 110 -10 Good

3.3. Analysis of Cell Voltage Dynamics and Resistance Dispersion

Analysis of the graphs shows that the stability of voltage change during repeated
load cycles is an important indicator of cell quality. The 7 min test period, consisting of
two 30 s load pulses separated by a 3 min rest phase, made it possible to identify electro-
chemical stability features that a single test might not reveal.

The results showed that for high-quality cells (e.g., V3), the voltage drop in both cy-
cles was almost identical (+0.01 V), and the voltage stabilized quickly, reaching a steady
level within the first 10 s. This may indicate a cell with low polarization resistance and
stable internal chemistry. In degraded cells (e.g., V9), the second load cycle produced a
significantly deeper voltage drop (approximately 40 m{2 increase in effective resistance).
The increase in dispersion during the second cycle was caused mainly by the sharp re-
sistance rise in one critically worn cell, V9.

Monitoring the entire test period confirmed that defective cells are unable to fully
recover their potential during the 3 min rest period and that each subsequent load pulse
deepens the voltage drop. The difference between stable and degraded cells demonstrates
that a repeated-pulse methodology is necessary for distinguishing between “apparently
healthy” cells and cells with substantial internal wear that could remain undetected in a
single test.

The 3-30-3 methodology can function as a diagnostic algorithm in which effective
resistance calculation is supplemented by monitoring of voltage dynamics under load.
The experimental results showed a large variation in resistance values: the standard devi-
ation was about 35 m(), and the relative dispersion (coefficient of variation) reached 35%.

By comparison, new cells typically show resistance dispersion below 5% owing to
precise manufacturing processes. Within a single production batch manufactured in the
same factory, on the same line, and with the same material supply chain, the variation is
typically in the range of 1-3% [12]. The 35% dispersion observed in the tested cells is a
clear sign of substantial non-uniformity. Without pre-sorting, using such a heterogeneous
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batch in a battery pack would be both unsafe and technically unreasonable, because large
differences in resistance would lead to uneven loading of the cells. In the assembly of new
commercial battery packs, cells with internal-resistance deviations above 2-3% are gener-
ally considered unsuitable [15]. The statistical summary of the effective resistance meas-
urements is presented in Table 5.

Table 5. Statistical summary of internal resistance measurement results.

Cell Cycle 1 (Rpci) Cycle 2 (Rpci) Change

Mean (X) 120.9 mQ 124.6 mQ +3.1%
Standard deviation (s) 35.6 mQ 44.1 mQ +23.9%
Relative variation (CV) 28.8% 34.6% +20.1%

To evaluate whether repeated pulse loading affected the average effective DC re-
sistance, the RDCI values obtained during the first and second loading cycles were com-
pared using a paired Student’s t-test. No statistically significant difference in the mean
RDCI was observed (t(10) = -0.166, p = 0.871). The standard deviation (s) was calculated
as:

Z?:l(xi - f)z

n—1

where:

x; is the resistance of an individual cell;

X is the mean resistance of all cells;

n is the number of analyzed cells (11). Since the statistics were calculated from a sample

rather than an entire population, the denominator (n — 1) was used (Bessel’s correction).
The coefficient of variation (CV) was calculated as:

s
cv =§>< 100%

where:
s is the sample standard deviation;
X is the arithmetic mean of the sample.

Although the average RDCI remained essentially unchanged, the variability in-
creased during the second loading cycle. The standard deviation increased from 35.6 m{)
to 44.1 mQ) and the coefficient of variation from 28.8% to 34.6% (Table 5). This increase
was primarily caused by the pronounced deterioration of cell V9, whereas the majority of
the remaining cells exhibited only minor changes.

These observations indicate that the main practical advantage of the repeated 3-30-3
pulse protocol is not a statistically significant shift in the average resistance, but an im-
proved ability to distinguish stable cells from severely degraded ones. Repeated pulse
loading therefore provides additional diagnostic information that enhances the effective-
ness of first-stage screening for second-life battery applications.

3.4. Test Efficiency and Methodological Analysis

One of the main objectives of this work was to reduce testing complexity and time
consumption while preserving sufficient diagnostic accuracy. The series-connected topol-
ogy can be considered efficient in terms of time reduction. The time savings are substantial
because simultaneous testing of 13 cells in a series arrangement reduced total testing time
by more than 90% compared with individual testing.

https://doi.org/10.3390/en19143266


https://doi.org/10.3390/en19143266

Energies 2026, 19, 3266

9 of 12

A second advantage of the method is the uniformity of testing conditions. In this
configuration, errors caused by fluctuations of the current source or by differences in con-
ductor resistance are excluded, making the comparison of voltage-drop and internal-re-
sistance indicators more reliable.

The hardware simplicity of the method, requiring only a single controllable load cir-
cuit, makes the system easily scalable for the initial sorting of large quantities of cells.
Although the 0.1 Hz data acquisition step in rapid diagnostics introduces some uncer-
tainty compared with laboratory precision measurements, the use of two load cycles to-
gether with statistical dispersion analysis in Table 5 helps mitigate this risk. Cells with
broken circuits or critically low voltage, which could interfere with the series test, are
identified and removed systematically during the initial voltage-screening stage of the
methodology (Section 2.1). This initial matching step is particularly important because
cell-to-cell variations are unavoidable, arising from both manufacturing tolerances and
non-uniform ageing during service, making appropriate cell selection a fundamental pre-
requisite for safe and reliable battery-pack operation [16].

However, it is critical to emphasize that this rapid 3-30-3 pulse screening serves
strictly as a preliminary high-speed filter and is inherently insufficient as a standalone
qualification protocol for second-life battery pack assembly [4]. Short-duration direct-cur-
rent pulses evaluate the immediate effective internal resistance and localized polarization
dynamics, but they remain fundamentally incapable of determining the actual remaining
capacity (Ah) of the cells or detecting latent structural defects such as localized lithium
plating or micro-gas formation [6,12]. To achieve a safe and comprehensive cell qualifica-
tion framework, this first-stage screening must be appended by secondary diagnostic lay-
ers. Specifically, a full galvanostatic charge—discharge cycling test at a conservative 0.2 C
rate remains mandatory to map the absolute capacity fade and ensure accurate capacity
matching within the parallel branches of the 3S3P pack. Furthermore, for high-reliability
second-life deployments, integrating electrochemical impedance spectroscopy (EIS) is
necessary to isolate ohmic, charge-transfer, and solid-electrolyte interphase (SEI) re-
sistance components, allowing for the detection of underlying thermal runaway triggers
that short-duration time-domain pulses cannot uncover [6,12].

3.5. Application Example

To verify the methodology in practice, a battery pack in 3S3P configuration (3 in se-
ries, 3 in parallel) was assembled from the nine cells that showed the smallest and most
mutually consistent voltage drop and effective DC resistance values across two consecu-
tive load cycles. Cell V9 was excluded because of its critical behaviour, and cell VB was
also left out because its stability was borderline and its resistance was higher and less
stable than in the rest of the selected group.

This structure was chosen to achieve a nominal voltage of 11.1 V and a total capacity
of 1.5 Ah, which is optimal for powering low-energy industrial sensors. To ensure safety
and protect the cells against deep discharge, the battery pack was equipped with a battery
management system (3S BMS Balance 10A Li-ion Lithium Battery Charger Protection
Board). This module provides continuous voltage monitoring and protects the internal
wiring and electronics against possible short circuits and overcurrents. This additional
layer of protection is essential to reduce risks that cannot be detected by the primary pulse
test alone. The battery pack was connected to a FlaktWoods 227VM pressure controller
used under real conditions for air-pressure monitoring in the biomass drying process.
During the test period, the system demonstrated good stability and the battery pack was
able to ensure uninterrupted operation of the controller throughout the multi-day obser-
vation period without system failures. The controller’s low current consumption matched
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well with the profile of reused cells, where the aim is long-term and stable discharge be-
haviour. This application example illustrates that cells grouped using the 3-30-3 protocol
offer potential for economically efficient use in autonomous measurement systems.

This approach directly supports the objectives of the European Union Battery Regu-
lation (Regulation (EU) 2023/1542), which prioritizes battery reuse and second-life appli-
cations, thereby advancing the circular economy and reducing the environmental impact
of e-waste [1]. At the same time, safety incidents observed during the experimental series
indicate that, at its current stage, the method should be regarded only as a primary diag-
nostic filter. This confirms the need to combine rapid pre-sorting with continuous voltage
monitoring and hardware-based safety solutions in order to ensure safe secondary-use
applications.

4. Discussion

Although the present study confirms the effectiveness of the 3-30-3 methodology for
rapid grouping of cells based on capacity and internal resistance, it must be emphasized that
the method functions as a primary diagnostic filter rather than a complete solution. As noted
in other studies [5], DC pulses do not detect all hidden safety risks. For example, lithium
plating or gas formation may remain unnoticed and can later lead to cell instability.

A complete cell diagnostic procedure also requires monitoring of the self-discharge
rate. This is important for ensuring balance and stability in battery packs. A single short-
term measurement also does not allow prediction of the remaining useful life of a battery
and does not identify the knee point of the degradation curve, where cell parameters begin
to deteriorate sharply. In addition, rapid testing may fail to detect thermal instability and
lithium plating. These are precisely the main safety risks in second-life applications.
Therefore, the 3-30-3 protocol is a valuable tool for large-scale initial sorting, but in prac-
tical implementations it must operate together with physical protection (BMS) and addi-
tional long-term monitoring procedures. A battery management system (BMS) provides
continuous monitoring of battery parameters together with state-of-charge and state-of-
health estimation, thereby supporting the safe operation of lithium-ion battery packs dur-
ing second-life applications [17].

In this study, a sampling frequency of 0.1 Hz (one reading every 10 s) was used,
which is optimized for low-complexity systems. Within the framework of the present
methodology, the longer time scale employed allows assessment of the total internal re-
sistance (RDCI) of the battery. In practical applications, this value is more informative
because it includes not only ohmic resistance but also chemical polarization and charge-
transfer delays. This approach provides a more realistic picture of battery performance
under sustained load, which is important for cell grouping and for ensuring the long-term
stability of the battery pack.

In addition, the gradual implementation of the European Union Battery Regulation
must be taken into account. Regulation (EU) 2023/1542 provides that, from 18 February
2027 onward, portable batteries incorporated into products must be readily removable
and replaceable by the end user [18]. In the longer term, this may reduce the number of
hard-to-remove cells from small devices, including e-cigarettes, entering the waste stream.
As a result, the application scope of the methodology investigated in this work may nar-
row in the future, specifically in the context of cells recovered from disposable e-cigarettes.
However, this does not make the method irrelevant for the current waste stream or for the
rapid pre-sorting of already available used cells, and the underlying methodological prin-
ciple remains transferable to other small portable lithium-ion cells.

From a regulatory perspective, it should also be emphasized that an operator prepar-
ing a used battery for reuse or repurposing may become a producer under Regulation
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(EU) 2023/1542 and must therefore meet the applicable safety and conformity require-
ments [1]. Consequently, the 3-30-3 pulse test used in this work cannot be regarded as a
complete assessment of SoH, capacity, self-discharge, or safety. The U.S./Canadian stand-
ard UL 1974 [18] addresses the sorting and evaluation of repurposed batteries, modules,
and cells, emphasizing controlled visual and electrical testing [12]. The approximately 1.2
C 30 s pulse used in the present work should therefore be interpreted primarily as a rapid
comparative stress test rather than as a conservative capacity or lifetime assessment pro-
cedure. For cells with unknown use history, such a pre-filter should be followed by lower-
current verification tests, continuous voltage monitoring, and protective circuitry before
the cells are used in a battery pack.

The sample size (n = 13) limits the generalizability of the statistical conclusions. An
interesting direction for future work would be to determine whether the 28-35% variation
observed here is characteristic specifically of e-cigarette batteries as a product category or
whether it reflects a broader pattern across used consumer electronics batteries in general.

5. Conclusions

The wider adoption of reused e-cigarette cells has been hindered by the lack of relia-
ble rapid diagnostic methodologies, making testing costs disproportionately high. This
work shows, within a small pilot sample, that a pulse test applied in a series-connected
arrangement does not replace full diagnostics but can serve as an initial filter. It allows
obviously unsuitable cells to be separated and can reduce the amount of subsequent in-
depth testing required. The use of repeated load cycles proved important. Although a
small increase in effective resistance may already appear in the second cycle solely be-
cause of an approximately 2% SoC decrease, this does not explain the sharp increase in
the resistance of V9 from 190 to 230 mQ or the increase in relative variation from 28.8% to
34.6%. These are precisely the kinds of effects that a single test would not reveal.

The observed effective-resistance dispersion of 28-35% in the tested batch, compared
with the typical variation of below 5% reported for new cells [8], indicates that directing
e-cigarette-derived cells to second-life use without thorough dynamic screening may be
high-risk.

The series connection reduces testing time by more than 90%, but the limited sample
size (n =13) does not yet allow broad generalization of the results.
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