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Phase 2: CDT

Step Action Exit Condition | Notes
1 1C CC charge Ve =42V
2 CVholdat4.2V Iy < 50mMA
3 Rest 1h

4 1C CCdischarge Ve <25V
5 Rest 1h

6 1C CC charge Ve =42V
7 CVholdat4.2V Iy < 50mMA
8 Rest 1h

9 C/3 CC discharge Ve <25V
10 Rest 1h

11 C/3 CC charge Ve =42V
12 CVholdat4.2V loer < 50mA
13 Rest 1h

14 C/10 CC discharge Ve <25V
15 Rest 1h

16 C/10 CC charge Ve =42V
17 CVholdat4.2V leer < 50MA
18 Rest 1h

19 C/20 CC discharge Ve <25V
20 Rest 1h

21 C/20 CC charge Ve =42V
22 CVhold at4.2V leer < 50MA
23 Rest 1h

Table 4. Constant discharging test (CDT) protocol. Steps 1-8 are used for preconditioning the cell followed by
CC discharge-CCCV charge at C/3, C/10, and C/20 rates.

Speci cation Value

Peak power 230 kW
Continuous power 122 kW
Peak torque 450 Nm
Continuous torque 209 Nm
Peak current 550 Ams

Table 5. Electric motor speci cations®.

Design TEAGDAETATO08 e screening protocol for Phase 1, as shown in Fig. 1b, consists of a precondition-
ing step followed by a constant-current (CC) C/3 discharge with three 1C pulses at 20%, 50%, and 80% SoC.
Table 3 lists the steps of the screening protocol along with the exit conditions at each step. e capacity, Qc/;, and
pulse resistance, R, . data obtained from the screening protocol is used to select 12 cells. Two selection criteria
are applied in which the rst criterion is used to select 10 out of 12 cells based on the proximity of cell capacity and
cell resistance to their mean capacity, Q, and mean pulse resistance, R, ., of the batch of 45 cells. ~ ese cells were
chosen to represent the pack’s average behavior and to exclude units a ected by manufacturing defects. e sec-
ond selection criterion selects the remaining 2 cells, deemed as outliers, based on the maximum distance from the
mean capacity, Q, and the mean pulse resistance, R,,,,.. With these two additional cells, it is possible to evaluate
how compromised or atypical cells would perform Wlthln amodule. Figure 3 shows Q¢ and R pulse for all 45 cells
along with the mean and standard deviations. 10 cells, shown in green, are the minimum varlatlon cells, and 2
cells, shown in blue, are the maximum variation cells. We limited the detailed characterization to 12 cells to keep
in-line with the testing capability available and the testing time required to perform all the tests in the next phase.

In Phase 2, all tests are conducted at three di erent temperature set points of 5 °C, 25°C,and 40 °C. e cells
undergo CDT, HCGT, and EIS characterization tests as shown in Fig. 2a. e CDT protocol takes approximately
3.5 days to run, and it consists of CC discharge-CCCV charge at C/3, C/10, and C/20 C-rates as shown in Fig. 2b.
Table 4 outlines the steps of the CDT protocol. e HCGT protocol, as shown in Fig. 2c, takes approximately 2
days to run and it consists of pulses at 0.5C, 1C, 2C, 3C, 6C, and 8C in both charge and discharge. To minimize
accelerated cell degradation, the protocol is carefully designed to maintain the cell voltage between 2.5 V and
4.2 V by applying high C-rate pulses during discharge at high SoC and during charge at low SoC. e value of
maximum C-rate pulse in HCGT is determined by conducting an analysis on a real battery pack, with repre-
sentative speci cations shown in Table 5, used in a high-performance racing car with Np,,; modules each
containing Nqre cells in series. e current request at the pack level is taken as lya = 2 e pears Where ley pea
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Phase 2: HCGT

Step | Action Exit Condition Notes

1 1C CC charge Ve =42V

2 CV hold at4.2V loen < 50MA

3 Rest 1h

4 1C CC discharge Ve <25V

5 Rest 1h

6 1C CC charge Ve =42V

7 CVholdat4.2V len <50mMA

8 Rest 1h

9 C/5 CC discharge 15 mins /30 mins | Performed for 15 mins only once to get to 95% SoC

10 Rest 1h

11 C/2 CC discharge 125 Performed at all SoC values

12 Rest 40s

13 C/2 CC charge 125 Performed at all SoC values

14 Rest 30 mins

15 1C CCdischarge 125 Performed at all SoC values

16 Rest 40s

17 1C CC charge 125 Performed at all SoC values

18 Rest 30 mins

19 2C CC discharge 125 Performed at all SoC values except at 15% SoC

20 Rest 40s

21 2C CC charge 12 Performed at all SoC values except at 95% and 85% SoC
22 Rest 30 mins

23 3C CC discharge 12s Performed at all SoC values except at 25% and 15% SoC
24 Rest 40s

25 3C CCcharge 12s Performed at all SoC values except at 95%, 85% and 75% SoC
26 Rest 30 mins

27 6C CC discharge 12s Performed at all SoC values except at 35%, 25% and 15% SoC
28 Rest 40s

29 6C CC charge 12s Performed at all SoC < 50%

30 Rest 30 mins

31 8C CC discharge 12s Performed at all SoC = 50%

32 Rest 40s

33 8C CC charge 12s Performed at all SoC < 50%

34 Goto Step 8 counter =7

35 Rest 30 mins

36 C/5 CC discharge Ve <25V

37 Rest 1h

Table 6. High C-rate pulse with GITT (HCGT) protocol. Steps 1-8 are for preconditioning the cell followed by
C/5 CC discharges for GITT at all SoC values. Pulses are induced at C/2, 1C, 2C, 3C, 6C, and 8C in both charge
and discharge. Details about the SoC at which the pulse is performed are given under Notes. e sequence of
pulses are repeated 7 times to go through the complete SoC range (as indicated in Step 34).

is the peak electric motor current, since there are two electric motors in the car. A high-performance racing
vehicle frequently operates at peak power during rapid acceleration and braking events®. e cell current and
the maximum operating C-rate, based on the nominal cell capacity Qg is as follows:

_ pack
Icell -
Nparallel (3)
| Ipawk
Crate ==l = &
Qcen Nparallel Quell (@)

Given the architecture of the battery pack, the electric motor speci cations, and the cell characteristics, the
resulting maximum operating cell C-rate is approximated to be 10C. To ensure safe cell operation in our exper-
iments, we limit the maximum C-rate to be 8C in the HCGT protocol, in line with the manufacturer’s speci -
cations. e pulses are executed at 95%, 85%, 75%, 65%, 50%, 35%, 25%, and 15% SoC values. At the start of
each SoC, a C/5 GITT pulse is also induced. Details about the steps in the HCGT protocol are given in Table 6.

SCIENTIFICDATA|  (2025)12:1506 | https://doi.org/10.1038/s41597-025-05725-y 7


https://doi.org/10.1038/s41597-025-05725-y

Dataset_Molicel_P42A

phase_1
phase_2
r  — 5degC
—— CDT — — 25degC
- — 40degC
r — 5degC
—— EIS —T — 25degC
- — 40degC
r — 5degC
HCGT —+ — 25degC
- — 40degC
Fig. 4 Dataset folder structure.
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Fig. 5 Cell voltage as a function of capacity at di erent C-rates and temperatures. Discharge voltage from
CDT protocol is plotted against capacity with histograms of the nal cell capacity shown in the inset. Cells at
25 °C show a higher average capacity than cells at the other two temperatures with nal cell capacities reaching
4 Ah. Cells discharged at 5 °C and 40 °C show a capacity of less than 3.9 Ah. At all operating conditions, the
cell voltage shows a linear trend until approximately 3.4 V followed by a knee-point. Based on the standard
deviation o, the capacity deviation is the largest for cells at 25 °C at all C-rates.
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Fig.6 ElSdataatdi erenttemperatures and SoCs, and the distribution of high-frequency resistance R,.

(@)

e EIS curves shrink as temperature increases. Across SOC, there is little variation except for EIS of cells

at 5 °C which show signi cant variation. EIS data for A13 and A37 are shown in red boxes to indicate that they
are the two outlier cells. (b) Histogram of R, at 20% SoC shows a large spread around the average R, for all
temperatures. (¢) Histogram of R, at 50% SoC with a high frequency of R, concentrated near the average.

(d) Histogram of R, at 80% SoC with a right-skewed distribution.

Lastly, EIS is conducted at 20%, 50%, and 80% SoC within a frequency range of 10 mHz to 10 kHz at all three
temperatures, and impedance data is collected at seven frequency points per decade totaling 42 points per EIS
test. Due to issues with voltage limits at 5 °C and 25 °C set points, Galvanostatic EIS was performed at these two
temperatures while Potentiostatic EIS was performed at 40 °C.

Data Records

e dataset is available on the Open Science Framework (OSF) at https://doi.org/10.17605/OSF.10/9CEAV3
consisting of a combination of comma-separated values (CSV) and Microso Excel Spreadsheet (XLSX) les.
Phase 1 data at 25 °C consists of 45 CSV  les corresponding to 45 cells in which the ‘time/s’ ‘Ecell/V’ and ‘I/mA
columns represent test time, voltage, and current, respectively. Phase 2 data is divided into CDT, HCGT, and
EIS folders, and each folder consists of three subfolders corresponding to 5 °C, 25 °C, and 40 °C temperatures
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Fig. 7 Comparison of pulse resistance R,y atdi erent temperatures and C-rates. (a—f), Box plots of Ricer,
in charge and discharge at (a) C/2, (b) 1C, (c) ﬁC (d)3C, (e) 6C,and (f)8Cat5°C,25°C,and40°Casa function
of SoC. 5 °C resistance box plots are consistently higher than at other two temperatures, but the spread and
resistance value decreases as C-rate increases. For high and low SoC, the resistance box plots at all three
temperatures are higher than the ones at middle SoC.

set points. For the CDT and HCGT data les, the XLSX les consist of ‘Test_time(s)’ ‘Voltage(V); ‘Current(A)’
and ‘Aux_Temperature(°C)’ columns representing the test time, voltage, current, and cell surface temperature,
respectively. edi erence in column names stems from the use of BioLogic cycler in Phase 1 and Arbin cycler
in Phase 2. In the EIS folder, the XLSX les have impedance data in ‘Freq;, ‘Zmod; and ‘Zphz’ columns repre-
senting the frequency, amplitude, and phase of the impedance, respectively. At each temperature, EIS data is also
collected at 20%, 50%, and 80% SoC, which is indicated in the XLSX lename. For example, '20240427_A9_EIS_
SOC50_5degC_Channel_1.xlIsx” isan XLSX le with EIS data for cell A9 collected at 5 °C temperature set point
and 50% SoC. e current convention in the provided data les is negative current for discharge and positive
current for charge. e dataset folder structure is shown in Fig. 4.

4/3\AE~I,EAA\AVI GAIEAAQETL I

#ADAAROUR DOI0A 0AOFOOATAAR ATA %)3 0AOEO0ATAAS e CC discharge portions of the CDT protocol at
di erent C-rates are used to extract the discharge capacity of the cells. Figure 5 shows the variation in capacity
with temperature (increasing to the right) and C-rates (decreasing downwards). e variation of capacity across
di erent C-rates for all three temperatures is linear until approximately 3.4 V (or 20% SoC). e variation below
3.4V shows a divergence across cells as shown in the histogram in the inset. Cells at 25 °C, at all C-rates, show
a relatively higher average capacity 1 (1 and o are used as generic notation in this gure to represent mean and
standard deviation of capacity in each subplot) of approximately 3.9 Ah compared to the average capacity of the
cellsat5 °C and 40 °C, which is around 3.8 Ah. Furthermore, the standard deviation g is approximately 0.06 Ah
for cells at 25 °C, which is larger than the o of cells at the other two temperatures. Across all three temperatures,
decrease in C-rate does not have a signi cant impact on the discharge capacity.  is suggests that, for fresh cells,
the in uence of temperature is stronger on cell capacity than the C-rate.
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Fig. 8 Comparison of C/3 capacity from cell screening protocol with C/3 capacity from CDT protocol.

(a) Percentage change in CDT C/3 capacity with reference to the cell screening C/3 capacity shows 6 out of 12
cells had a capacity loss of up to 4.25% and 2 cells had a capacity gain of up to 0.66%. Notably, the maximum
increase in capacity is observed for the outlier cell A13 and the maximum decrease in capacity is observed for
the outlier cell A37, both of which are highlighted in red. (b) Histogram of C/3 capacity from cell screening
shows a large peak around 3.98 Ah, but it transforms into a bimodal distribution for the CDT protocol. e bars
on the ends of the CDT histogram consist of the outlier cells A13 (showing maximum capacity increase), and
A37 (showing maximum capacity decrease). e C/3 percentage change in a and distribution transformation in
b re ects the increase in cell-to-cell variations among the cells compared to their fresh cell state despite similar
testing conditions.

For data collected using EIS, the respective plots in Fig. 6a show the impedance curves with respect to both
temperature and SoC. e impedance curves at 5 °C set point at all SoCs show large semicircles and long tails
that correspond to charge transfer and di usion resistances, respectively. e impedance curves at 40 °C set
point are the smallest with minimal variation due to SoC. Across di erent cells, the EIS plots show di erent
impedances owing to the cell-to-cell variation present in this dataset. Figure 6b shows the distribution of the
high-frequency resistance R, (which is obtained from the intersection of the EIS curve with the real impedance
axis) at 20% SoC. e R, of all the cells is well distributed around the average with one outlier close to 0.012 Q.
Similarly, in Fig. 6¢,d at 50% and 80% SoC, majority of the values are still around the average; however, for 80%
SOC, the distribution is skewed towards the right. Additionally, during the 5 °C EIS experiments, the ambient
temperature inside the Amerex thermal chamber did not consistently stay at the 5 °C set point. For approxi-
mately 20% of the tests, inadequate regulation led to recorded temperatures in the range of 8-10 °C. A er the
issue was addressed, temperature control was signi cantly improved, and the remaining EIS experiments were
carried out with chamber temperatures stabilized between 5-7 °C.

For the HCGT protocol, the pulses at varying C-rates are used to calculate resistance values using Ohm’s law
given by

AV
Rucer, =

Vier = Vi
St Wl ey

v — |

cjd cia Q)

wherec {C/2, 1C, 2C, 3C, 6C, 8C} denotes the C-rate of the pulse,j {ch, dis} denotes charge or discharge, q

{15, 25, 35, 50, 65, 75, 85, 95}% is the SoC, and i is the index of time at which the pulse is applied. For all pulses,
I; = 0 since the pulse is applied from rest, and I;,; = Q. < ¢ is dependent on the C-rate. Hence, RHCGTC,q is the
pulse resistance from HCGT at a C-rate ¢, applied in jatan SoC of g. e sampling time At between time index
i+landiis0.01s. ecomparison of RHCGT”_q atdi erent temperatures across SoC is shown in Fig. 7a,f for
di erent C-rates. e box plots show the spread of RHCGT”_ . for all cells at di erent temperatures in charge and
discharge as a function of SoC. It should be noted that for most of the cases, the charge and discharge box plots
at one SoC value overlap. As the C-rate increases, the resistance decreases as indicated by the downward shi  of
the box plots. At 5 °C, there is a large spread in the resistance; however, as the temperature increases, the box
plots become smaller indicating less variation in resistances across cells. It should be noted that the values of
pulse resistances is sensitive to the inherent measurement accuracy of the testing equipment. Due to this, it is
important to ensure that the same equipment or hardware should be used during such experiments to have
comparable results for resistance.

#ANZOTZAAT OACEACETTO8  In this dataset, cells are only tested to collect characterization data and no cycling is
conducted to age the cells. Nevertheless, in Fig. 8a, by comparing the C/3 capacity percentage change between
CDT protocol compared to the cell screening protocol, we observe di erences in capacity for various cells. As
shown previously in Fig. 3a, all the 12 cells in Phase 2 had a C/3 capacity close to 4 Ah. Furthermore, during the
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selection of 12 cells, 10 cells were selected with minimum variation in both capacity and resistance as compared
to Q andR,,,,.- From Fig. 8a, 6 out of 12 cells had a drop in capacity between 1.85-4.25% while cells A11 and A13
experienced an increase in capacity of 0.55-0.66%. Only cells A6, A8, and A9 had an in nitesimal change in
capacity. e outlier cells A13 and A37 experienced the largest increase and decrease in capacity, respectively. e
distribution of C/3 capacity from cell screening and CDT is shown in Fig. 8b. e capacity distribution for cell
screening protocol shows cells to be concentrated around 3.98 Ah with two outliers on the right (A13 and A37).
However, capacity collected from CDT shows a bimodal distribution even though the cells were initially selected
to be similar based on Qs and Ry,. € ends of the histogram contain the outlier cells.  ese observations high-
light that despite ensuring similarity among cells in terms of capacity and resistance, and testing them using the
same design of experiments, the cell capacities change stochastically without any consistent trend among them.

ese observations highlight the importance of accounting for parameter variations in battery models, and this
dataset is useful for developing models that are stochastic and capture the parameter uncertainties, and their
impact on the model output.

Usage Notes
is dataset can be used with any programming language of choice e.g., Python, MATLAB, Julia, etc. All data
les are provided in their raw format of CSV and XLSX as outputted by the battery cyclers to ensure that users
can utilize the original data according to their desired applications. is dataset can be employed to perform
stochastic modeling (e.g., empirical, physics-based, hybrid) of fresh lithium-ion batteries. e presence of
cell-to-cell variation can also be leveraged to develop module-level battery models.

Code availability
e custom scripts used to generate the plots in the paper are provided in the data repository along with the
dataset.

Received: 19 March 2025; Accepted: 30 July 2025;
Published online: 28 August 2025
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