
 

 

 
Abstract—Temperature is a critical parameter for lithium-ion 

battery performance, life, and safety. In this study, four commercially 
available 18650 lithium-ion cells from four different manufacturers are 
subjected to accelerated cycle aging for up to 500 cycles at two 
different temperatures (25 °C and 45 °C). The cells are also calendar-
aged at the same temperatures in both charged and discharged states 
for six months to investigate the effect of aging and temperature on 
capacity fade and state of health. The results showed that all battery 
cells demonstrated good cyclability and had a good state of health at 
both temperatures. However, the capacity loss and state of health of 
these cells are found to be dependent on the cell chemistry and aging 
conditions, including temperature. Specifically, the capacity loss is 
found to be higher at the higher aging temperature, indicating the 
significant impact of temperature on the aging of lithium-ion batteries. 
 

Keywords—Lithium-ion battery, aging mechanisms, cycle aging, 
calendar aging. 

I. INTRODUCTION 

S the 21st century progresses, global energy consumption 
and the resulting production of climate-altering stressors, 

such as waste heat, water vapor, and carbon dioxide, continue 
to increase at an alarming rate [1], [2]. To address the growing 
demand for energy while reducing fossil fuel emissions, 
renewable energy sources like solar, wind, and hydropower are 
being pursued as viable alternatives. In addition, the widespread 
adoption of electric vehicles (EVs) in place of gasoline-
powered transportation has the potential to significantly reduce 
greenhouse gas emissions [3]. 

In recent years, there has been a significant push towards the 
adoption of renewable energy sources to reduce greenhouse gas 
emissions and address climate change. One of the key 
technologies that have emerged in this context is the lithium-
ion battery (LIB), which has been widely used in EVs and other 
energy storage applications due to its high energy density, fast 
charging capability, and durability [4]-[6]. As the world 
transitions towards a low-carbon future, understanding the 
performance and limitations of LIBs becomes increasingly 
important. 

LIBs are still facing some barriers that limit their application 
space [7], [8]. One of the major limitations of the technology is 
the impact of temperature. In general, impacts from temperature 
can be divided into two categories: low temperature effects and 
high temperature effects [9]-[13]. At low operating 
temperatures, LIBs show slow chemical-reaction activity and 
charge-transfer rapidity [14], which leads to the decrease of 
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ionic conductivity in the electrolytes [15] and lithium-ion 
diffusivity within the electrodes [16]. Such decrease leads to 
reduction of energy and power capability, and sometimes 
performance degradation. The effects at high temperatures are 
much more complex than those at low temperatures. 

The high temperature effects lead to the aging of the batteries 
and degradation of their performance, including the loss of 
capacity, power, and reducing their lifetime [17]-[19]. In 
general, the aging of LIBs includes cycle aging and calendar 
aging [20], [21]. These two types of aging, however, always 
occur in combination due to the complex composition and 
working process of LIBs. Controlling and decreasing the aging 
process is one of the most critical challenges in advanced 
battery development, which begins by a good understanding of 
the underlying aging mechanisms. 

Cycle aging and calendar aging are two major factors that 
contribute to the degradation of lithium-ion batteries. Cycle 
aging occurs during the charge and discharge cycles of the 
battery, leading to loss of lithium inventory, active material, and 
increased impedance [22]. On the other hand, calendar aging 
refers to the degradation processes that occur over time, 
regardless of the charge/discharge cycles. The impact of 
calendar aging on battery performance is equally significant, as 
it can result in capacity loss and reduced overall health of the 
battery [23]. 

This study aims to investigate the effects of temperature and 
storage state on the aging mechanisms of commercial lithium-
ion cells in the 18650 formats from different manufacturers. 
Specifically, the cells are subjected to cycling at two different 
temperatures (25 °C and 45 °C) for 500 cycles and storage at 
charge (100%) and discharge (0%) states at the same 
temperatures for six months. The capacity loss and state of 
health of the cells are monitored and analyzed to understand the 
aging mechanisms and provide insights for future battery 
design and management. 

II. EXPERIMENTAL SETUP  

Cylindrical commercial 18650 lithium-ion cells (Fig. 1) from 
four different manufacturers are investigated in this study. The 
18650 cell is a cylindrical cell with a diameter of 18 mm and a 
length of 65.0 mm. The specifications and chemistries of the 
cells, obtained from their technical data sheets, are listed in 
Table I.  
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A. Electrochemical Measurements  

Electrochemical measurements are performed using the 
Arbin Instrument battery cycler (model BT-2000) combined 
with the VTL 4003 Votsch Temperature Test System, with two 
pairs of wires used for the charge/discharge cycling process at 
both temperatures (25 °C and 45 °C).  

B. Aging Mechanisms  

All experimental aging studies presented in this work 
followed an identical base structure. Firstly, the cells underwent 
three standard charge and discharge cycles at a C/3 rate. The 
cells are charged using a constant current/constant voltage (CC-
CV) protocol up to 4.2 V, after which the voltage is held at 4.2 
V until the current dropped to 0.01C, and then discharged at the 
same rate down to 2.5 V. 

Accelerated cycling aging tests are conducted at a 1C current 
rate and end after 500 cycles at both 25 °C and 45 °C. In 
addition to cycling aging tests, calendar tests are also performed 
for six months at both 25 °C and 45 °C, for both fully charged 
(100%) and discharged (0%) states. After aging, cells are cycled 
three times using a standard charge/discharge cycle at a C/3 rate 
and at room temperature. 

To assess the reproducibility of the cycle and calendar aging 
measurements, the experiments are conducted on two identical 
cells for each test. 

 
TABLE I 

CHARACTERISTIC PROPERTIES OF THE EXAMINED LITHIUM-ION CELLS 

Cell Type A Type B Type C Type D 

Manufacture Panasonic Sony LG Samsung 

Type 
NCR18650

B 
US18650VT

C5
INR18650- 

HE4 
INR18650-

25R
Nominal Capacity 

(Ah) 
3.35 2.6 2.5 2.5 

Average Voltage 
(V) 

3.7 3.7 3.7 3.7 

Charging Voltage 
(V) 

4.2 4.2 4.2 4.2 

Discharging 
Voltage (V) 

2.5 2.5 2.5 2.5 

Anode Material Graphite Graphite 
Graphite 
+SiOx 

Graphite 

Cathode Material NCA NCA NMC NMC 

 

 

Fig. 1 Cylindrical commercial 18650 lithium-ion examined cells 

III. RESULTS AND DISCUSSION 

A. Characteristics of Li-Ion Battery Cells 

a. Capacity Determination 

The capacity (C) of a battery refers to the total amount of 
electric charge involved in the electrochemical reaction. 
Typically, capacity is measured in ampere-hours (Ah) and 
represents the total number of hours that a fully charged battery 
can provide a specific current under specified conditions. The 
capacity can be calculated using (1): 

 
𝐶 𝐴ℎ  𝐼 𝐴  𝑋 𝑡 ℎ                  (1) 

 
Here, I is the current measured during the charge/discharge 
process, and t is the time taken to fully charge or discharge a 
battery cell. 

b. Energy Determination  

The energy (E) of a battery cell refers to the total amount of 
energy it can store and deliver over its lifetime, and it has a 
significant influence on the battery cell's lifespan. The energy 
can be expressed in watt-hours (Wh) using (2): 

 
𝐸 𝑊ℎ 𝑉𝑎𝑣 𝑉  𝑋  𝐶 𝐴ℎ       (2) 

 
where, Vav is the average voltage value during discharge, 
which is obtained by integrating the discharge voltage over time 
and dividing by the discharge duration. C is the capacity 
measured during discharge. 

c. Power Determination 

The power (P) of a battery cell refers to the total amount of 
power it can deliver, and it is typically calculated using (3): 

 
𝑃 𝑊 𝑉 𝑉  𝑋  𝐼 𝐴                    (3) 

 
Here, V is the voltage of the battery cell, and I is the current that 
it can deliver. The power is measured in watts (W). 

Table II summarizes the charge and discharge performance 
of the four different Li-ion battery cells based on (1)-(3), 
including their charge capacity, discharge capacity, charge 
energy, discharge energy, charge power, and discharge power. 

 
TABLE II 

CHARACTERISTICS OF LI-ION BATTERY CELLS: CAPACITY, ENERGY AND 

POWER DURING CHARGE AND DISCHARGE PROCESSES 

Cells 
Charge 

Capacity 
[Ah]

Discharge 
Capacity 

[Ah]

Charge 
Energy 
[Wh] 

Discharge 
Energy 
[Wh] 

Charge 
Power 
[W]

Discharge 
Power 
[W]

Type A 3.20 3.20 11.84 11.84 3.95 3.95 

Type B 2.55 2.55 9.435 9.435 3.14 3.14 

Type C 2.50 2.50 9.25 9.25 3.08 3.08 

Type D 2.50 2.50 9.25 9.25 3.08 3.08 

 

Cell type A cell showed the highest charge and discharge 
capacity and energy among all types, while cell types B, C, and 
D had similar values of these parameters. Moreover, all four 
cell types had similar charge and discharge power values, 
indicating that they can provide similar power outputs during 
charging and discharging processes. 
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These results suggest that cell type A cell is a high-
performance Li-ion battery, with the highest capacity and 
energy among all types, while cell types B, C, and D can 
provide similar performance.  

The superior performance of cell type A can be attributed to 
the utilization of high-quality materials in its electrode design, 
an efficient manufacturing process, and superior design 
features. Therefore, this cell type is well-suited for high-
performance Li-ion battery applications. 

B. Accelerated Cycling and Calendar Aging 

Aging is typically cycle aging and calendar aging. While 
cycle aging generally comprises the aging mechanisms that 
damage the materials reversibility, calendar aging results 
mainly from interactions between the active materials and the 
electrolyte [24]. 

Calendar aging is strongly linked to electrolyte reduction and 
oxidation and the growth of surface films on the active 
materials. It strongly depends on time, state of charge (SOC), 
and temperature [25]. 

Cycle aging comprises also the mechanisms of structural and 
mechanical changes in the battery components. It is 
substantially more complex than calendar aging and depends 
also on a variety of additional parameters, such as charging and 
discharging currents, cycle cut-off voltage, and charge 
throughput [26], [27].  

Usually, calendar aging and cycle aging are considered as 
additive [24]. In practical aging studies where the cells are 
cycled continuously, it is not possible to measure the individual 
contributions of cycle and calendar aging, as calendar aging 
also occurs during the periods of charge/discharge cycling. 

To evaluate aging, several indicators or metrics are used, 
with actual capacity being the most commonly used indicator. 
It is well known that battery cells suffer from capacity loss 
during cycling and storage at high temperature. The capacity 
loss can be classified as reversible (ΔQr) and irreversible 
capacity loss (ΔQir) [28]. ΔQr is defined as loss that can be fully 
recovered in the subsequent cycles under low-current 
conditions. The origin of ΔQr is still under debate. Extensive 
studies have been performed to investigate irreversible capacity 
loss (ΔQir) [29]-[31]. ΔQir does not originate from a single 
aging process but rather combines various processes and their 
interactions. 

Cyclable Li-ion loss and electrode material decay are the 
most important degradation mechanisms. The irreversible 
capacity loss is typically expressed by (4): 

 

𝛥𝑄𝑖 %      

 
 𝑥 100     (4) 

 
The state of health (SOH) is the most commonly used 

indicator in the literature to quantify the health level of the 
battery. It is generally defined by [29], [30]: 

 

𝑆𝑂𝐻 %   

  
 𝑥 100              (5) 

 
Table III presents the capacity loss of the aged cycle lithium-

ion cells. The cells are subjected to 500 cycles at two different 
temperatures (25 °C and 45 °C) at a 1C rate. After aging, all 
cells are cycled at a C/3 rate for three standard cycles at 25 °C 
to compare their capacity loss and SOH with that of fresh cells. 

 
TABLE III 

CAPACITY LOSS OF THE CYCLE-AGED LITHIUM-ION CELLS, UP TO 500 

CYCLES AT TEMPERATURES OF 25 °C AND 45 °C 

Cells Aging Conditions Capacity Loss (ΔQir, %) 

Type A- Cell#1 500 cycles @ 25°C 8 

Type B- Cell#1 500 cycles @ 25°C 6 

Type C- Cell#1 500 cycles @ 25°C 10 

Type D- Cell#1 500 cycles @ 25°C 13 

Type A- Cell#2 500 cycles @ 45°C 12 

Type B- Cell#2 500 cycles @ 45°C 10 

Type C- Cell#2 500 cycles @ 45°C 14 

Type D- Cell#2 500 cycles @ 45°C 16 

 

Based on the results, it can be seen that all four cell types 
experienced capacity loss after 500 cycles. Cell types B and A 
demonstrated the lowest and second-lowest capacity loss, 
respectively, under both aging conditions. Cell types D and C 
showed the highest and second-highest capacity loss, 
respectively, under both aging conditions. 

By comparing the capacity loss results of the same type of 
cell under the two aging conditions, it is evident that all four 
cell types suffered from a higher capacity loss at 45 °C than at 
25 °C, which suggests that high temperature can lead to more 
significant aging effects and capacity degradation in Li-ion 
batteries. 

Table IV presents the capacity loss of the stored lithium-ion 
cells at both charge and discharge states, which are stored in a 
temperature chamber for six months at temperatures of 25 °C 
and 45 °C. After storage, all cells are cycled at a C/3 rate for 
three standard cycles at 25 °C to compare their capacity loss 
and SOH with that of fresh cells. 

The results show that for cells stored at 100% SOC, cell type 
B#3 stored at 25 °C had the lowest capacity loss of 1%, while 
cell type D#4 stored at 45 °C had the highest capacity loss of 
7%. For cells stored at 0% SOC, it can be observed that cell 
type B#5 stored at 25 °C had no capacity loss, while cell type 
D#5 stored at 25 °C had the highest capacity loss of 3%. 
Similarly, for cells stored at 0% SOC and 45 °C, cell type B#6 
had the lowest capacity loss of 1%, while cell type D#3 had the 
highest capacity loss of 4%. 

Moreover, cells stored at 100% SOC experienced higher 
capacity loss than cells stored at 0% SOC. This is expected 
since storing cells at high SOC can lead to increased 
degradation of the cell's electrode materials. 

The cells stored at 45 °C also exhibited higher capacity loss 
than cells stored at 25 °C. This is due to the accelerated aging 
of the cells at higher temperatures. Higher temperatures can 
increase the rate of chemical reactions within the cell, leading 
to faster degradation of the cell's materials. 

Cell types B and A demonstrated relatively better 
performance under the six aging conditions, while cell types D 
and C exhibited higher capacity loss. 
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TABLE IV 
CAPACITY LOSS OF THE STORED LITHIUM-ION CELLS AT BOTH CHARGE 

(100%) AND DISCHARGE (0%) STATES FOR 6 MONTHS AT TEMPERATURES OF 

25 °C AND 45 °C 

Cells Aging Conditions Capacity Loss (ΔQir, %)

Type A- Cell#3 Stored at 100% SOC @ 25°C 2 

Type B- Cell#3 Stored at 100% SOC @ 25°C 1 

Type C- Cell#3 Stored at 100% SOC @ 25°C 4 

Type D- Cell#3 Stored at 100% SOC @ 25°C 5 
Type A- Cell#4 
Type B- Cell#4 
Type C- Cell#4 

Stored at 100% SOC @ 45°C 
Stored at 100% SOC @ 45°C 
Stored at 100% SOC @ 45°C 

3 
2 
5

Type D- Cell#4 Stored at 100% SOC @ 45°C 7 
Type A- Cell#5 
Type B- Cell#5 
Type C- Cell#5 
Type D- Cell#5 

Stored at 0% SOC @ 25°C 
Stored at 0% SOC @ 25°C 
Stored at 0% SOC @ 25°C 
Stored at 0% SOC @ 25°C 

1 
0 
2 
3

Type A- Cell#6 Stored at 0% SOC @ 45°C 2 

Type B- Cell#6 Stored at 0% SOC @ 45°C 1 

Type C- Cell#6 Stored at 0% SOC @ 45°C 3 

Type D- Cell#6 Stored at 0% SOC @ 45°C 4 

 

Overall, these results suggest that the choice of battery cell 
chemistry and operating conditions can significantly impact the 
performance and lifespan of Li-ion batteries. 

Fig. 2 presents the results of the aging test conducted on four 
different types of cells, each represented by two cells (Cell#1 
and Cell#2) that have undergone 500 cycles at two different 
temperatures (25 °C and 45 °C). The aging condition is an 
important factor that affects the health of the cells, and the state 
of health (SOH %) is a measure of the cells' capacity to store 
energy compared to their original capacity. 

For the cells cycled at 25 °C, cell type B performed the best 
overall with an average SOH % of 94, followed by cell type A 
with an average SOH % of 92. Cell type C had the average SOH 
% of 90, while cell type D had the lowest SOH % of 87. 

 

 

Fig. 2 State of heat of the cycle-aged lithium-ion cells, up to 500 
cycles at temperatures of 25 °C and 45 °C 

 
In addition, the cells that are aged at 25 °C generally 

performed better than those aged at 45 °C. All cells aged at 25 
°C had an SOH higher than that of the same cell type aged at 45 
°C. This suggests that higher temperatures have a more 
significant impact on the cells' aging process. 

Overall, the results suggest that cell type B may be the most 
suitable for applications where longevity and stability are 

critical factors, and that lower temperatures should be used to 
extend the lifespan of the cells. The variability in performance 
between cells of the same type also highlights the importance 
of quality control in the manufacturing process. 

Fig. 3 shows the SOH charts of a test conducted on four 
different types of cells, each represented by two cells (Cell#3 
and Cell#5) that are stored for 6 months under two different 
SOC conditions (100% and 0%) at room temperature (25 °C). 

 

 

Fig. 3 SOH of the stored lithium-ion cells at both charge (100%) and 
discharge (0%) states for six months at temperature of 25 °C 

 
Cell type B performed the best overall SOH, followed by cell 

type A, while cell type D had the lowest SOH. The cells that are 
stored at 0% SOC generally performed better than those stored 
at 100% SOC.  

Fig. 4 shows the SOH charts of a test conducted on four 
different types of cells, each represented by two cells (Cell#4 
and Cell#6) that are stored for 6 months under two different 
SOC conditions (100% and 0%) at high temperature (45 °C). 

 

 

Fig. 4 The stored lithium-ion cells at both charge (100%) and 
discharge (0%) states for six months at temperature of 45 °C 

 
From the results, we can see that for Cells #4, the SOH % 

values for cell types B and A are higher compared to cell types 
C and D. Additionally, for Cells #6, we can see that the SOH % 
values for cell type B are the highest, followed by cell types A, 
C, and D. This suggests that the cell type B have better 
longevity and is more resistant to degradation when stored at 
high temperature of 45 °C. 

In summary, these findings highlight the importance of 
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temperature and SOC control in mitigating capacity fade and 
prolonging the life and performance of lithium-ion batteries. 
Lower temperatures and lower states of charge are generally 
associated with better state of cell health and lower capacity 
loss. Furthermore, it is essential to carefully select cell 
chemistry and operating conditions, including temperature and 
SOC, to ensure optimal battery performance and safety, 
especially in hot desert conditions. 

IV. CONCLUSION 

LIB, as the primary energy storage solution for the 
transportation and stationary sectors, is an integral part of 
current research. Furthermore, aging effects occur at every 
moment of the battery's life and are one of the most critical 
factors affecting this technology. 

In conclusion, our study focused on investigating the aging 
mechanisms of four commercial 18650 LIB cells from different 
manufacturers. We utilized various methods to measure their 
capacity loss and SOH before and after aging. Our findings 
indicate that temperature is a critical factor that affects the 
performance and lifespan of lithium-ion batteries. Specifically, 
the capacity loss and SOH of all cells showed a strong 
dependence on the cycling and storage temperature. 

Therefore, careful selection of cell chemistry and operating 
conditions, including temperature control, can help to mitigate 
the impact of aging and ensure optimal battery performance and 
safety. By implementing these measures, we can prolong the 
lifespan and enhance the performance of lithium-ion batteries, 
which are essential components for both transportation and 
stationary sectors. This research contributes to the 
understanding of aging effects and can aid in the development 
of new and improved battery technologies for future 
applications. 
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