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Abstract

The development of lithium-ion batteries for electric vehicles and other applications re-
quires numerous complex and time-consuming research efforts. Numerical modeling can
significantly reduce both the scope and duration of laboratory testing by enabling rapid pre-
diction of cell behavior under various operating conditions. In this study, it is demonstrated
that the parameters of the Newman–Tiedemann–Gu–Kim (NTGK) battery model can be de-
termined using only extreme discharge current values, omitting intermediate currents. This
approach increases the average voltage error by 0.23% but reduces the average temperature
error by 0.22%. Additionally, the use of limited experimental data leads to extrapolation
errors at an 8 A discharge current from 1.20% to 0.65% for voltage and from 7.04% to 5.78%
for temperature. Furthermore, the proposed model enables accurate prediction of the state
of charge (SoC) and battery temperature evolution without additional measurements under
realistic driving conditions, such as the Worldwide Harmonized Light-Duty Vehicle Test
Cycle (WLTC).

Keywords: Li-ion battery; battery testing; NTGK model; battery simulation; temperature
variation; driving cycle

1. Introduction
The number and diversity of large batteries used in modern light-duty, heavy-duty,

and L-category vehicles have increased dramatically over the past decade. Battery design,
R&D, and performance and validation testing, as well as durability and safety analysis,
have become critical elements of the product development cycle for passenger cars (PCs)
and other vehicle categories. In the case of passenger cars, more than 50% of new vehicles
sold in the EU are now electrified (BEV, PHEV, or HEV), while most L-category vehicles are
of the BEV type [1,2].

Battery testing is a broad and evolving field that encompasses basic and advanced test
methodologies. Such testing is generally divided into two categories based on its purpose:

(1) Tests performed according to procedures developed by battery manufacturers and
international standards such as the ISO 16750 series [3], ISO 12405-4 [4], and
ISO 6469-1 [5], aimed at verifying performance, reliability, and safety under defined
operating conditions;
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(2) Certification and regulatory compliance tests conducted to confirm durability and
safety for transport and market approval.

The transport of lithium batteries is regulated by national and international authori-
ties such as the United Nations (UN), the International Air Transport Association (IATA),
and the United States Department of Transportation (DOT). The tests are typically cate-
gorized as environmental, mechanical, thermal, or electrical. UN 38.3 of the Manual of
Tests and Criteria establishes mandatory safety standards for transporting lithium cells
and batteries—both lithium-ion and lithium-metal types—ensuring that they can with-
stand vibrations, shocks, and temperature variations during shipment to prevent fires or
explosions. Manufacturers must also provide detailed test summaries for compliance [6].
In the United States, lithium primary and rechargeable batteries are regulated under the
Code of Federal Regulations (49 CFR Parts 171–180), where most lithium batteries packed
with equipment are classified as Class 9 hazardous materials and must comply with UN
38.3 testing requirements [7,8].

Certification (type-approval) tests are performed in accordance with Regulation UN
No. 100 [9], which verifies battery safety and durability and authorizes products for market
release. Test results are further used in certification processes for market approval and
as input data for CO2 emission declarations for light-duty (LD) and heavy-duty (HD)
vehicles. The EU’s CO2 emission regulations mandate substantial reductions compared
with 2021 levels: 15% by 2025, 55% for PCs and 50% for LCVs by 2030, and a full phase-out
of internal combustion engines (ICEs) by 2035 [10,11].

Battery performance evaluation typically follows international standards such as ISO
12405-4 (Electrically Propelled Road Vehicles—Test Specifications for Lithium-Ion Traction
Battery Packs and Systems—Part 4: Performance Testing) [3] and OEM-specific standards
that adapt international procedures to product-specific characteristics. Recent research
has introduced additional diagnostic approaches [12] that estimate the state of health of
lithium-ion cells using acoustic emission techniques, allowing real-time monitoring of
mechanical degradation inside batteries. Other studies have explored thermal management
improvements, such as the use of Tesla valves to maintain optimal cell temperatures in
electric vehicles [13].

This article focuses on testing battery performance and durability. The basic tests
performed on such components include the following:

− Preconditioning of the device under test (DUT);
− Measurement of energy and capacity at room temperature and under various

discharge rates;
− Power and internal resistance evaluation;
− Assessment of state-of-charge (SoC) loss under no-load and storage conditions;
− Cranking power tests at low and high temperatures;
− Energy-efficiency measurements during normal and fast charging;
− Cycle-life testing.

For compliance with the standards, the testing setup must include a climatic chamber
capable of regulating temperatures from −30 ◦C to +50 ◦C (Figure 1) and bidirectional
power sources (Figure 2), allowing cell and battery tests with voltage ranges up to 5 V DC
for single cells and up to 1200 V DC for battery packs with current capacities from several
amperes up to 1000 A.

The overall accuracy of externally measured or monitored values relative to specified
or actual ones must remain within the following tolerances: voltage ± 1%; current ± 1%;
temperature ± 2 K; and time ± 0.1%.
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Figure 1. Climatic chambers—BOSMAL Battery Testing Laboratory.

 
Figure 2. Bidirectional power sources—BOSMAL Battery Testing Laboratory.

Numerical modeling can significantly reduce the time and scope of laboratory testing
of lithium-ion cells and batteries, enabling rapid and reliable predictions of their behav-
ior under various operating conditions. A modeling approach based on the equivalent
circuit model (ECM) combined with a CFD-based thermal model has been proposed to
predict the electrical performance and thermal characteristics of batteries [5]. Comparisons
between ECM and physics-based models (PBM) for 60 Ah prismatic graphite/LiFePO4

batteries [6] indicate that ECMs are computationally efficient and reasonably accurate for
low-to-moderate current intensities, whereas PBMs offer higher fidelity under high-rate or
near-limit operating conditions close to full charge or discharge of the cell.

Thermal modeling approaches are typically divided into three categories: lumped,
CFD, and physics-based electrochemical models. Lumped models approximate a cell
as a homogeneous body, which makes them computationally efficient and suitable for
real-time Battery Management System (BMS) applications [14]. However, such mod-
els cannot accurately capture internal temperature gradients at high C-rates. Thermal
RC-network models, representing cells as an array of heat-capacity and resistance elements,
predict bulk temperature under various loads but are unable to determine internal gra-
dients at high C-rates [15,16]. CFD models, on the other hand, provide detailed two- and
three-dimensional (2D/3D) spatial temperature distributions, which are invaluable for
battery thermal management system (BTMS) design—especially for complex cooling so-
lutions such as air channels, cooling plates, heat pipes, or immersion systems [17–19].
Nevertheless, CFD models are both computationally expensive and sensitive to parameter
calibration. Physics-based electrochemical models, such as pseudo-two-dimensional (P2D)
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formulations, describe ion transport, charge conservation, and reaction kinetics to yield
accurate estimates of heat generation [20,21]. Their reduced-order variants, including
the Newman–Tiedemann–Gu–Kim (NTGK) model, achieve a favorable balance between
physical accuracy and computational efficiency, though they remain highly sensitive to the
selection of model parameters under dynamic current profiles [22,23]. Incorrect parameter-
ization can significantly reduce predictive accuracy, especially when extrapolating across
wide temperature or depth-of-discharge ranges [24,25]. Accurate determination of the heat
generated within batteries is essential, since this energy directly affects thermal behavior
and may also be recoverable for secondary applications [26,27].

Numerous computational tools are currently available for lithium-ion cell simulation,
ranging from open-source to commercial packages offering capabilities that allow users to
perform purely electrochemical simulations based on the Doyle–Fuller–Newman model
or simulations combined with thermal/mechanical physics, which are described in [28].
However, a more detailed description of the processes occurring inside the cells requires sig-
nificantly more experimental input data, and the computational algorithm is much longer.
Therefore, simplified models such as NTGK remain widely used in engineering practice
due to their reasonable accuracy and low computational cost. Despite the vast literature
dedicated to experimental and numerical investigations of lithium-ion batteries, relatively
few studies address how simulation can reduce the amount of necessary laboratory testing.

The present work aims to demonstrate that the NTGK model can effectively minimize
the required experimental dataset while retaining high predictive accuracy, thus shortening
the overall validation process for lithium-ion cells.

2. Mathematical Model
The transient thermal field inside a cylindrical lithium-ion cylindrical cell is governed

by the following differential Equation (1):
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∂T
∂t

=
1
r

∂

∂r

(
rkr

∂T
∂r

)
+

1
r2

∂

∂θ

(
kθ

∂T
∂θ

)
+

∂

∂z

(
kz

∂T
∂z

)
+

.
qV (1)

The active zone is usually orthotropic, kr ̸= kθ and kr ̸= kz, but the anode and the
cathode can be assumed to be isotropic, k = kr = kθ = kz.

To uniquely solve this equation, the initial condition

T(r, t)|t=0 = T0(r) (2)

and a boundary condition, often in the form of a third-order condition on the outer surface
of the cell,

−(k∇T · n)|A = h(rA, t, TA)
[

T(rA, t)− Tf

]
, (3)

are needed. In the last equation, h is the heat transfer coefficient to the environment at
temperature Tf. Both of these quantities can change over time.

It is assumed that the cell is operated without an internal short circuit and there are no
thermal runaway reactions. In such a case,

.
qV in Equation (1) represents a volumetric heat

source due to current transfer and electrochemical reactions:

qV = rpi2p + rni2n + jECh

[
U − V − T

dU
dT

]
(4)

where rp and rn are the electrical resistivity [Ω m] of the positive and negative electrodes,
and ip and in are current density vectors [A/m2]. If internal short circuit or thermal
runaway phenomena do occur, the proposed model is unable to take them into account,
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and the voltages and temperatures determined from it may differ significantly from those
measured experimentally.

In this work, NTGK model [29] is used to formulate the volumetric current transfer
rate j due to electrochemical reactions:

jECh =
Qnominal
Qre f Vol

Y[U − V] (5)

where Vol is the active volume of the cell; V is the battery cell voltage; Qnominal is the
battery’s total electric capacity [Ah]; and Qref is the capacity of the battery that is used in
experiments to obtain the model parameters U and Y.

U [V] and Y [A/V] and are functions of the battery depth of discharge DoD.

DoD =
Vol

3600 Qnominal

t∫
0

j dt (6)

U =

(
5

∑
n=0

an(DoD)n

)
− C2

(
T − Tre f

)
(7)

Y =

(
5

∑
n=0

bn(DoD)n

)
− exp

[
−C1

(
1
T
− 1

Tre f

)]
(8)

The coefficients an and bn in the functions U and Y can be determined from experi-
mentally measured discharge rate characteristics for selected current intensities. For this
purpose, a module in ANSYS software [30] can be applied. To obtain more accurate results,
the algorithm proposed in [24] is used.

3. Materials and Methods
In this study, simulations are performed for a cylindrical 18,650 lithium-ion cell with a

height of 65 mm and a diameter of 18 mm, whose specifications are listed in Table 1 [22].
The cell is of wound construction, consisting of alternating cathode and anode layers
separated by a porous separator, impregnated with liquid electrolyte, and enclosed in a
tubular metal casing. Within the NTGK framework, the detailed internal geometry (anode,
cathode, separator, and electrolyte) is not represented explicitly; instead, it is homogenized
into effective lumped parameters [30]. A simplified three-dimensional geometric model is
developed that comprises three regions: the active zone, the anode, and the cathode, with
the dimensions shown in Figure 3. All regions are discretized using hexahedral elements in
the active zone and tetrahedral elements in the positive and negative zones.

Table 1. Specifications for NCR18650GA.

Specification

Capacity Minimum
Typical

3350 mAh
3450 mAh

Nominal voltage 3.6 V

Charging Voltage
Current

4.2 V
1475 mA

Weight (max.) 48 g
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Figure 3. Battery model and its mesh structure.

Material properties in Equations (1) and (3), such as specific heat (cp), density (ρ),
and thermal conductivity (k), of the active, negative, and positive zones are presented in
Table 2 [17]. They are assumed to be temperature-independent; the thermal conductivity
in the active zone is orthotropic and isotropic in the cathode and the anode. Analysis
taking into account the temperature-dependent material properties showed, similarly
to [31], slight changes in the calculated temperatures in relation to the assumption of
temperature-independent properties: an average difference of 0.07 ◦C, with a maximum
deviation of 0.1 ◦C. The electrical resistivity rp and rn of the positive and negative electrodes
in Equation (4) are 2.82 × 10−8 and 1.20 × 10−7 [Ω m]. The volumetric heat source due
to electrochemical reactions in the active zone is calculated by the NTGK model based
on Equations (4)–(8). To determine the coefficients in Equations (7) and (8), the results of
laboratory tests related to battery discharge at selected flow currents in the external circuit
are required. The first simulation uses all the measured values shown in Figure 4, i.e., the
recorded cell voltage waveforms for the current flow during discharges of 2, 4, and 6 A [32].

 
Figure 4. Manufacturer’s discharge rate characteristics.
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Table 2. Materials and properties of active, negative, and positive zones.

Zone Material k [W/mK] Cp [J/kg K] ρ [kg/m3]

Active NCA/(Graphite + SİOx)
kr = 0.25

kΘ = kz = 30 1261 2500

Positive aluminum 202.4 871 2710
Negative steel 16.27 502 8930

The coefficients in functions U and Y are evaluated based on the algorithm [17], which
is applied in MATLAB R2023b software. The calculated values are presented in Table 3,
and functions U and Y in Figure 5.

Table 3. The estimated coefficients of the U and Y parameters based on (2, 4, 6 A) discharge
rate characteristics.

U coefficients:
a0 a1 a2 a3 a4 a5

4.1571 −1.6848 6.6378 −23.2303 34.0844 −17.4104

Y coefficients:
b0 b1 b2 b3 b4 b5

18.5444 58.6010 −152.6336 26.6175 240.3473 −188.0944

  

Figure 5. The estimated functions U and Y for NTGK model based on the manufacturer’s discharge
rate characteristics for 2, 4, and 6 A.

The initial temperature in the condition described by Equation (2) is assumed to be
25 ◦C. In the boundary condition defined by Equation (3), h = 20 W/m2K and the ambient
temperature Tf = 25 ◦C are assumed. Calculations are performed with a time step of 1 s.
A mesh ensuring sufficient accuracy while reducing the computational cost is applied
(element size of 1 mm, resulting in 69,605 elements). To avoid numerical inaccuracies, the
influence of mesh refinement on the obtained results is examined. The element size is
reduced to 0.5 mm, yielding 458,043 elements. The average temperature difference between
the resulting temperature profiles is only 0.021 ◦C, while the maximum deviation reaches
0.027 ◦C. Reducing the element size significantly increases analysis time. Calculations for
1 mm and 0.5 mm meshes on a Dell-P7540 Intel i9-9980HK CPU @ 2.40 GHz computer
take 21 min 15 s and 144 min 27 s, respectively. For this reason, all further simulations are
performed for a finite element size of 1 mm and a time step of 25 s.

The developed numerical model allows for the determination of cell discharge curves
at constant current values in the external circuit of 2, 4, and 6 A. Due to the previous
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measurements of these values made by the manufacturer, it is possible to compare the
simulated values with the measured ones, which is shown in Figure 6. The upper cutoff
voltage is 4.2 V, while the lower cutoff voltage is 2.6 V. The simulated voltages closely
represent the actual data in the initial stages of discharge, but deviations occur later.

 
Figure 6. Comparison of voltages at 2 A, 4 A, and 6 A for constant current loads.

Additionally, the temperature distribution in the tested cell is simulated. Figure 7
presents the space temperature distribution for selected time steps when the current is set
to 6 A.

 

Figure 7. Space temperature distribution for selected time steps.

The determined transient temperature distributions can also be verified with the
temperature curves of the outer cell surface, which is available from the manufacturer [22].
The obtained comparison is presented in Figure 8. Some differences are visible in the later
stages of discharge for a current of 6 A. Worse accuracy towards the end of discharge is
characteristic of the simplified NTGK model when the cell behavior becomes strongly
nonlinear and transport-limited, which is not accounted for in this model.
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Figure 8. Comparison of simulated and measured cell surface temperature.

The accuracy of the obtained voltage and temperature waveforms is also assessed
quantitatively. Among the many error metrics used to assess the accuracy of numerical
models such as the Maximum Absolute Error and Coefficient of Determination, the most
frequently used are Root Mean Square Error and Relative Percentage Error:

s =

√√√√√ N
∑

i=1

(
xnum

i − xneasured
i

)2

N
(9)

δ =
s

N
∑

i=1
(xnum

i )

N

· 100% (10)

where N is the number of time steps. For the voltage curves at currents 2, 4, and 6 A, the
errors obtained are 0.04 V, 0.07 V, and 0.06 V, and 0.65%, 1.03%, and 1.22%, respectively. For
the temperature curves at currents 2, 4, and 6 A, the errors obtained are 0.21 ◦C, 0.29 ◦C,
and 1.40 ◦C, and 3.37%, 0.76%, and 1.22%, respectively.

The NTGK model is then calibrated based on incomplete measurement data. We
decided to use discharge curves only for the extreme currents in the external circuit, i.e.,
2 and 6 A, while omitting the 4 A curve. The coefficients for the U and Y functions were de-
termined using the same program in the MATLAB environment as for the full measurement
data. Table 4 presents the calculated coefficients for incomplete measurement data.

Table 4. The estimated coefficients of the U and Y parameters based on (2, 6 A) discharge
rate characteristics.

U coefficients:
a0 a1 a2 a3 a4 a5

4.1527 −1.7291 7.1055 −24.9623 36.6270 −18.7123

Y coefficients:
b0 b1 b2 b3 b4 b5

18.8830 60.5185 −164.6626 69.4136 174.0340 −151.9440
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As before, the cell discharge is modeled for three currents in the external circuit, and
the calculated voltage and temperature curves are presented in Figures 9 and 10.

 

 

Figure 9. Comparison of voltages at 2 A, 4 A, and 6 A for constant current loads using full-data (2, 4,
6 A) and reduced-data (2, 6 A) calibration.

Despite the limitation of the measurement data, the results obtained during cell
discharge agreed with the values measured by the manufacturer and did not differ from
those obtained for the full measurement data. For the voltage curves at currents 2, 4, and
6 A, the errors obtained were 0.08 V, 0.08 V, and 0.06 V, and 1.20%, 1.20%, and 1.17%,
respectively. For the temperature curves at currents 2, 4, and 6 A, the errors obtained were
0.17 ◦C, 0.17 ◦C, and 1.05 ◦C, and 2.52%, 0.45%, and 1.17%, respectively.

Using limited data can lead to increased extrapolation errors outside this range. To
verify this, calculations were also performed for a discharge current of 8 A. The calculation
results using full and limited measurement data were compared with the measured data
in Figures 9 and 10. The errors obtained for voltage were 1.20% and 0.65%, and for
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temperature, they were 7.04% and 5.78%, respectively. The use of limited data therefore
reduced extrapolation errors.

 

Figure 10. Comparison of simulated and measured cell surface temperature using full-data (2, 4, 6 A)
and reduced-data (2, 6 A) calibration.

4. Dynamic Battery Simulation
Additionally, the battery was analyzed under dynamic loading scenarios. The variable

current profile was first generated based on an electric vehicle operating in the World-
wide Harmonized Light-Duty Vehicle Test Cycle (WLTC) [33], and the maximum current
was scaled to 6.0 A, without recuperation. The speed and current curves are shown in
Figures 11 and 12, respectively.

 

Figure 11. Worldwide Harmonized Light Vehicle Test Cycle (WLTC).
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Figure 12. Scaled current profile under the WLTC-class 2.

The NTGK model calibrated based on incomplete measurement data, i.e., for 2 and
6 A, was used for the calculations. It enabled the prediction of both electrical and thermal
characteristics. To validate the model, the temperature curve obtained from the simulation
was compared with results available from the literature [24]. Figure 13 also presents the
SoC to which the battery is subjected in the simulation.

 

Figure 13. Calculated, taken-from-the-literature [24] outer cell temperature and SoC during a
single cycle.

The proposed model allows for the determination of the changes in SoC and battery
temperature without the need to conduct measurements for a selected realistic drive cycle,
such as WLTC. The model can also be used for long-term multi-cycle driving modes.
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Despite the use of incomplete data to calibrate the model, the obtained results are very
similar to those obtained for the model based on full data.

5. Conclusions
The analyses presented in this study demonstrate that numerical modeling substan-

tially reduces both the scope and duration of laboratory testing for lithium-ion cells and
batteries, enabling rapid predictions of their behavior across diverse operating conditions.
The Newman–Tiedemann–Gu–Kim (NTGK) model, when properly calibrated, delivers
accurate voltage and temperature predictions over a wide range of discharge currents.

Key findings include that NTGK model parameters can be reliably identified using
only extreme discharge current values (2 A and 6 A), omitting intermediate currents (4 A).
This reduced calibration approach yields a modest 0.23% increase in average voltage
error but achieves a 0.22% reduction in average temperature error. Moreover, it lowers
extrapolation errors at an 8 A discharge current from 1.20% to 0.65% for voltage and from
7.04% to 5.78% for temperature.

The proposed model further enables accurate determination of state-of-charge (SoC)
evolution and temperature profiles without additional experimental measurements under
realistic driving cycles, such as the Worldwide Harmonized Light-Duty Vehicle Test Cycle
(WLTC). The predicted temperature rise over a single WLTC aligns closely with data in the
literature, confirming the model’s robustness even with limited calibration data.
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Abbreviations
The following abbreviations are used in this manuscript:

BEV Battery Electric Vehicle
BMS Battery Management System
BTMS Battery Thermal Management System
CFD computational fluid dynamics
DC direct current
DOT(US) Department of Transportation (US)
ECM equivalent circuit model
EVs electric vehicles
HEVs hybrid electric vehicles
ICE internal combustion engine
ISO International Standards Organization
LCV light commercial vehicles (vans)
MSMD multi scale multi domain
NTGK The Newman–Tiedemann–Gu–Kim
PC passenger car

https://doi.org/10.3390/en19020312

https://doi.org/10.3390/en19020312


Energies 2026, 19, 312 14 of 15

PHEV plug-in hybrid electric vehicle
PBM physics-based model
RC resistor–capacitor
REESS rechargeable electric energy storage system
SoC state of charge
SOH state of health
UN United Nations
WLTC Worldwide Harmonized Light-Duty Vehicle Test Cycle
WLTP Worldwide Harmonized Light-Duty Vehicle Test Procedure
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